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Résumé— Simulation 3D de la combustion et de la formation des polluants dans un moteur Diesel a
injection directe en utilisant un carburant de référence a deux composants- En séparant calculs aérodyna-

miques et calculs chimiques, le modeéle instationnaire de «flamelet» permet d'introduire des mécanismes chi-
miques complets qui comprennent plusieurs centaines de réactions. Ceci est indispensable pour décrire les diffé-
rents processus qui ont lieu dans un moteur Diesel a injection directe (ID) tels que l'auto-inflammation, la fin de
la phase de prémélange partiel, la transition vers une combustion diffusive et la formation de polluants tels que
les NQ et les suies. Il n’est pas nécessaire de simplifier les taux de réactions hautement non linéaires, d’autre
part, la structure compléte du processus de combustion est conservée.

En utilisant le modéle de type « Representative Interaction Flamelet» (RIF), 'ensemble monodimensionnel ins-
tationnaire d'équations différentielles aux dérivées partielles est résolu en interaction avec le code CFD 3D. La
solution ainsi obtenue est couplée avec les flux gazeux et le champ de mélange par 'intermédiaire de plusieurs
parameétres dépendant du temps (I'enthalpie, la pression, le taux scalaire de dissipation). En retour, le modéle de
« flamelet » fournit les concentrations moyennes des especes chimiques, qui sont ensuite exploitées par le code
CFD 3D pour calculer les champs de températures et les densités. La densité est nécessaire au code CFD 3D
pour déterminer les flux turbulents et le champ de mélange.

La formation des polluants est déterminée expérimentalement dans un moteur Diesel Volkswagen DI 1900. Le
moteur est alimenté avec du gazole et deux carburants de référence. Un des carburants de référence est du
n-décane pur. Le second est un carburant bicomposant formé de 70 % (du volume liquidéralee et de

30 % d'o-méthylnaphtaléen@ldea-fuel).Les résultats expérimentaux indiquent un bon accord sur toute la phase

de combustion (délai d'allumage, pression maximale, couple et formation des polluants) entre le carburant de
référence bicomposant et le gazole. Les simulations sont réalisées pour les deux carburants de référence et sont
comparées aux données expérimentales. Neuf calculs de « flamelet » différents sont effectués pour chaque simu-
lation de maniéere a prendre en compte la variabilité du taux scalaire de dissipation dont les effets sur le déclen-
chement de la combustion sont ici commentés. Nous établissons la formation des pollugatss(éS) pour

les deux carburants de référence. La contribution des différents mécanismes de réactions pour la formation du
NO est indiquée (thermique, prompt, protoxyde, recombustion). Enfin, nous dressons un examen de I'impor-
tance du processus de mélange pour la prévision des suies.

Mots-clés : moteur Diesel, polluants.

Abstract—3D Simulation of DI Diesel Combustion and Pollutant Formation Using a Two-Component
Reference Fuel— By separating the fluid dynamic calculation from that of the chemistry, the unsteady flamelet
model allows the use of comprehensive chemical mechanisms, which include several hundred reactions. This is
necessary to describe the different processes that occur in a DI Diesel engine such as autoignition, the burnout
in the partially premixed phase, the transition to diffusive burning, and formation of pollutants ljkandO

soot. The highly nonlinear reaction rates need not to be simplified, and the complete structure of the combustion
process is preserved.
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Using the Representative Interactive Flamelet (RIF) model the one-dimensional unsteady set of partial differential
equations is solved online with the 3D CFD code. The flamelet solution is coupled to the flow and mixture field by
several time dependent parameters (enthalpy, pressure, scalar dissipation rate). In return, the flamelet code yields
the species concentrations, which are then used by the 3D CFD code to compute the temperature field and the
density. The density is needed in the 3D CFD code for the solution of the turbulent flow and mixture field.

Pollutant formation in a Volkswagen DI 1900 Diesel engine is investigated experimentally. The engine is fueled
with Diesel and two reference fuels. One reference fuel isrpdegane. The second is a two-component fuel
consisting of 70% (liquid volum&}decane and of 30% (liquid volume)methylnaphthalenddea-fuel).The
experimental results show good agreement for the whole combustion cycle (ignition delay, maximum pressures,
torque and pollutant formation) between the two-component reference fuel and Diesel. The simulations are
performed for both reference fuels and are compared to the experimental data. Nine different flamelet
calculations are performed for each simulation to account for the variability of the scalar dissipation rate, and
its effect on ignition is discussed. Pollutant formation (Bl soot) is predicted for both reference fuels. The
contributions of the different reaction paths (thermal, prompt, nitrous, and reburn) to the NO formation are
shown. Finally, the importance of the mixing process for the prediction of soot emissions is discussed.

Keywords: Diesel engine, pollutant.

INTRODUCTION combustion process is investigated and the computational
results are compared to the experimental data-fiegcane

The physical and chemical complexity of Diesel-fueland ldea-fuel.

considering its many compounds imposes insurmountable

problems to the modeler. As a remedy reference fuels

are considered, for which chemical reaction mechanisnis RIF MODEL

have been developed. Diesel and Idea-fuel (70% (liquid

volume) n-decane and 30% (liquid volume)}methyl-  Flamelet modeling has the advantage of separating the
naphthalene) show good agreement in their physicalumerical effort associated with the resolution of small
(density, viscosity, etc.) and chemical (cetane numbethemical time and length scales from the CFD-computation
aliphatic and aromatic compounds) similarity. This Idea-fuebf the engine combustion cycle [4]. Concluding from the to
and a second reference fuel (poveecane) are compared to eddy dissipation models analogous assumption that the
Diesel experimentally in a Volkswagen DI Diesel engine athemical time and length scales are much smaller than the
different loads. turbulent ones, follows that the flame sheet can merely be

Simulations with the two reference fuels were performedtretched and distorted by the smallest turbulent eddies.
applying the “Representative Interactive Flamelet” (R”:)Therefore, the laminar _flame structure is dlstu.rbe.d locally,
model is rigorously derived from the equations governing thBUt preserved. Introducing a conserved saglarich is the
physics of combustion [1] and does therefore not require tHBixture fraction, defined by the transport equation:
tuning of parameters. Since it is based on the flamelet
approach, it allows the application of detailed chemistry. p‘LZ + pvqy oz —a(pDZ az) =0 @)
Hence, auto-ignition, partially premixed burning, diffusive ot 0Xgq  0Xq 0Xqy
combustion and pollutant formation need not to be modeled
separately, but are part of the comprehensive chemicgi, the poundary conditior&=1 in the pure fuel stream
mechanism, which consists of 118 species and 557 elemel;y7 = in pure oxidizer stream one can show that the
tary reactions including fuel oxidation, and low temperatur%radiem of Zis perpendicular to the flame sheet. The
degengrate chain br:_;mching to dgscribe auto—ignitior_m It al%ﬂffusion coefficientD,, in Equation (1) can be defined
comprises a reaction mechanism for N@rmation  arpitrarily and was set such that the Lewis-nunitesris
including thermal (Zel'dovic), prompt, nitrous NO, andgqa) 1o one. Considering a locally defined coordinate
reburn by hydrocarbon radicals and a detailed description gg/stem, where one coordinatg is Z and thereby
benzene and polycylic aromatic hydrocarbon (PAHhemendicular to the flame sheet and the othenxdye, lie
formation as part of the soot model. within the flame sheet, the conservation equations for the

This model was already applied to the simulation ofpecies and temperature can be transformed. After an order
a combustion bomb andreheptane fueled Diesel engine of magnitude analysis of the terms of the resulting equations
[2, 3]. Recently, the RIF concept was extended to multipland the neglect of the terms, which are small to leading
flamelets. The effects of multiple flamelets on theorder, the equations appear in one-dimensional form [1, 5].
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These are the so called flamelet equations: N = =
2 CFD T(x) Hi(x) =3 hYi(x)
p0T _px 0T _ o x 9T %% code - ]
ot 2572 2¢ 0z 9z ) 1 H®
N , N - 1
_Zpiﬁ%al+lzmihi_L‘Lp=o J=- — ‘Y,-()’():lPZZfz(Z)Y,-(Z)dZ
T 2le & 020z G 4 G ot Z(x),Z'2(x)
and: , i) |
2 ~ ~ _| Flamelet
p%_ LaYzi_mi+l px%aﬁ XstP code
ot 2lg 57 2 Le 0Z (3)
Fi 1
+1(1_1)(6px+ o Cpa(A))}aYi:o o | |
2 Le/\ oz \ 97 Cp 07 Sg:ceeziructure of Representative Interactive Flamelet (RIF)

In these equationdl denotes the number of chemical
species,p the pressure, ¢ iy, h, and Y are the heat Vice versa, the coupling between the flamelet code and
capacities at constant pressure, the chemical production rat} CFD code is obtained by computing fhe local temperature
the enthalpies, and the mass fractions of the chemical specie the CFD code from the local enthaldyand the species

i, respectively. mass fraction¥; extracted from the flamelet solution via the
The Lewis-numbers in Equations (2) and (3) are definelflentity:
by: ~ N -
H=SYih (T (6)
oz A @ 3 Yih (M)
PDi G, The mean species mass fracti&ﬁsin Equation (6) are

In Equations (2) and (3), no convective terms appear. Thggmputed by integrating the current flamelet solution
is due to the fact, that all scalars, €gT, Y, are transported Weighted with a presumed probability density function (PDF):
with the same convection velocity. In Equation (3) however, -1
the last term, accounting for the differential diffusion in yi(Q) =| Psz@QYi2) & @)
mixture fraction space, may also be interpreted as convective
term [6]. The influence of the flow field is now represented

by the scalar dissipation rate: The beta-PDIP; 73 (Z) employed here is a function of Z
_ 07 2 (5) only, but its shape is_ determine_d~by tvyo par_amet which
x=2D, ( % ) are the local mean mixture fractiorad its varianc .

K Hence, the mean speqies] mass fractions also depend on th
which is a crucial parameter in flamelet modeling accountingpcal values of Zand only, and although the same
for strain effects. Further parameters, which influence thamelet solution is used for different locations different
flamelet solution, are the pressure and the boundamean species mass fractions are obtained. The beta-PDF he
conditions. These are discussed in the following. been shown to be a good approximation for turbulent jets [7].

The history of the flamelet parameters is important for the
solution of the flamelets, which consequently have to bg 4 Multiple Flamelets
solved unsteadily. This leads to the RIF concept. The
flamelet equations are solved in a separate code, interactivaijie unsteady flamelet equations represent a parabolic set o
coupled with a CFD code. Each time step the CFD codeoupled partially differential equations. Hence, the flamelet
solves its own set of equations, it also makes a call to thlution is defined by the initial and boundary conditions,
flamelet code, which solves the unsteady flamelet equationgd by the time-dependent scalar dissipation rate. In most
with time steps that can be much smaller, e.g. during ignitiomechnical applications like gas turbine combustors and Diesel
In this way the time scales of the fluid dynamics and thengines the initial conditions do not vary in space. Under the

Jo

chemistry are decoupled. assumption that the composition of the fuel and oxidizer
The interaction between the CFD code and the flamelstream do not vary in time, the boundary conditions for the
code is shown schematically in Figure 1. species conservation equations remain constant, also.

The coupling between the CFD code and the flamelet The scalar dissipation rate additionally varies in space
code is established by extracting the flamelet parametevgthin the combustion chamber. Thus, mass particles with
from the CFD code by statistically averaging over thenitially different locations will experience a different history
representative flamelet domain. for the scalar dissipation rate.
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Hence, a concept for multiple flamelets must account for: o
— the spatially varying scalar dissipation rate and f I (X) p(X) Xst (X) p dF(Zgp) AV’
- mus_t relqte the histo_ry of the scalar dissipation rate to mass )@t(') _Jv
particles in the flow field; ~ o 1y
— an additional requirement is the independence of the f i (%) PX) Xst (X) p d(Zgy) V*
concept from the geometry of the problem. v

The tracking of the mass weighted fraction of particles
corresponding to the flamelétis achieved by solving a
marker equation for each particle (flamelet) which has th
following form for a laminar flow field (neglecting
diffusion):

(14)

In order to determine the numbgrof different particles
that are needed for the computations, we determine how
much the scalar dissipation rates for each of the different
particles vary. Each particle covers only a specific range in
the distribution of the scalar dissipation rate and is thereby

opl, O-@l,v)=0 (8)  defined. The variance of the scalar dissipation rate is a
measure for the inhomogeneity of the distribution of the
scalar dissipation rate in a particle. If the variance of the

with p denoting the density, the mass fraction of particle  scalar dissipation rate, calculated from its distribution within
among the total number of particles, anthe velocity a particle, exceeds a certain limit, this particle must be
vector. In a turbulent flow field this advection equationsubdivided corresponding to the level of the scalar
converts to a convection-diffusion equation due to thelissipation rate.
turbulent diffusion:
%+D-(§ﬂ3)—m-(5ﬁmﬂ):o ©) 1.2 CFD Code
ot Sq For each flamelet a particle equation of the type of
where the bar denotes ensemble averaging and the til&guation (9) has to be solved in the CFD code, which in this
denotes Favre ensemble averaging. The coeffigjeistthe case is a modified version of the TurboKiva code. Since
turbulent viscosity an8¢ is the turbulent Schmidt number.  these equations are of a simple convection-diffusion type,

Note that due to the turbulent mixing process severdheir solution does not result in a significant penalty in

particles can be found at the same location. Therefore, t§@mputational cost.

expected value of the occurrence of a particieill be In addition two transport equations fgrthe mixture
smaller than one, but: fraction ) and the mixture fraction varian have to
N be solved in the CFD code to define the local mean species
Z =1 (10)  composition:
will hold everywhere. Here, represents the total number of o) 0-euz)=0- {L 0 Z} + ps (15)
different particles present in the computation. ot S¢
The Z-dependence of the scalar dissipation xa#s taken 3 ,“"‘z) ey ~
from [1]: L+D.(§uz”2):g. K gz
| a2\ ot Sg2
X @2)=24 exp\—Z[erfc (ZZ)} f (11) > ~2 (16)
. T + 2K (@z) -pX
This can be expressed as: .2

> Xet (Q) (12) One more change to the original TurboKiva code was
X (2, %) ‘Tf(z) made. In order to avoid the chemical source term in the
o s conservation equation for the internal energy, the formulation
which is modelled as: was altered to the total enthalpy:
S=c E77 13 T
X C”‘;Z &) H:Ahf°+fcpdT an
wherec, = 2.0. A surface averaged value for the scalar ™

dissipation rate at stoichiometric mixture for each flamelet igvhich includes the chemical heat of formation of the species
computed following Pitsch [8] by converting the surfaceAh?.

integrals into volume integrals. Here it is weighted o~ - . s
additionally with the expected value of the occurrence of o(pH) + - @G ﬁ) =Dp _ O-J+pe+ Q (18)
particlel: ot Dt
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In these equations, the heat flux vectds the sum of the experiments the mexican hat shaped piston bowl of the
contributions from heat conduction and enthalpy flux termproduction engine was inserted in the piston instead of the
O andps represent the heat and mass transfer from dropletgiartz glass window. The decreased stiffness of the extendec
to the gas%jjs phase, and are determined by the spray mogiston, which was constructed for the optical access through
S¢/ andSc;Z are constants. For the present study a value dhe piston bowl, reduced the compression ratio to 17.5:1. The
0.9 was chosen for both. All other models are describgabllutant concentrations (and soot) in the exhaust gas were
in [9]. measured by Antoni [26] and Douch [27]. The exhaust
gas analysis was carried out using standard exhaust
instrumentation and a heated gas probing valve and line
positioned just downstream of the exhaust valve. The soot
bing technique was the Bosch method applying a Bosch
oke meter and NEprobing was carried out with a

1.3 Chemistry Model

The complete chemical reaction mechanism comprisé%,ro
557 elementary reactions and 118 chemical species. TH

mechanism describes low and high temperature aut§? emiluminescence a”a'Yzer (CLD). ) )
ignition, fuel decomposition, and fuel oxidation, as well as FOr the thermodynamic measurements of the in-cylinder

formation of soot precursors and NOThe ndecane pressure a standard water-cooled piezo-electric pressure

mechanism was taken from Pitsch [10]. The-C, and the transducer (Kistler 601, sensitivity 16 pC/bar) was used,
O/H chemistry mainly has been taken from Bauéttal. which was mounted instead of a piston side window. At top

[11]. Low temperature kinetic rate data have been taken frofffad center this location is in the crevice region. Due to this
Benson [12] and Chevaliet al.[13]. The rates for external p_osmonl_ng _the measured pressure traces are disturbed by
as well as internal H-abstraction reactions from fuel and frofiP€ oscillations. N

species, which are involved in the low temperature chemistry The intake air mass flow rates were jointly measured for
have been calculated following Westbraetkal. [14]. The all four cylinders with a hot film anempmeter (Deguflow
NO, submechanism taken from Hewsetnal. [15] accounts 8740-20 300, range < 400 kg/_h). Pulsatpns from the intake
for thermal, prompt, and nitrous oxide contributions to, NO mamfolq were compensated V‘{'th a damping tube.

formation, and for NQreburn by hydrocarbon radicals and ~ The injection system consisted of a Bosch VP37 pump
amines (NH). Soot precursor chemistry is described up t@nd a one spring five hole nozzle with a nozzle diameter of
benzene via the £ as well as via the £chain, following 0.184 mm. The injection rates were measured with a Bosch-
Mauss [16] based on Frenklaehal.[17] and Milleret al.  tube with neecane by Wolter [28] and are shown in Figure 2.
[18] and simplified by Pitsch [19]. Further formation andEach rate represents the average of 50 cycles. They show i
growth of small polycyclic aromatic hydrocarbons (PAHSs) idinear increase of the injection duration with increasing
included in the mechanism up to PAHs consisting of foutnjection volume.

aromatic rings.

The formation, the growth, and the oxidation of soot 25
particles is described by a kinetically based model. A metho
using statistical moments is employed [16, 20]. For the
present study only the equations for the first two statistice
moments are solved, which can physically be interpreted ¢
the particle number density of soot particles and the numbx
density of the smallest counted mass units representing tl
soot volume fraction. The soot model accounts for particl¢
inception due to PAH coagulation, condensation of PAHs ol
the soot particle surface, coagulation of soot particles, ar
heterogeneous surface reactions, leading globally to so
mass growth by acetylene addition and particle oxidation b
OH and molecular oxygen attack. 0

4 mg
5.5mg

10 mg
11 mg

10

Injection rate (mm3/ms)

T T
0 0.2 0.4 0.6 0.8 1
Time (ms)

2 EXPERIMENTS Figure 2
Measured injection ratea{decane).

The experiments were performed with the Volkswagen
transparent DI 1900 Diesel engine. The transparent engine The engine was fueled with three different fuels: two
was experimentally investigated during the Idea and the Idemodel fuels, and Diesel. The first model fuel was pure
Effect program by Arcoumanét al.[21], Béckeret al.[22],  n-decane. Due to the reduced lubrication and the lower
and Hentscheét al. [23-25]. In contrast to this previous density of ndecane compared to Diesel fuel, the fuel mass of
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11 mg per injection was the maximum the injection pumg. 80 _

was able to supply without damage. oL sotircasroc My [ :?j':;e'
The second model fuel was a mixtureneflecane and Fuel mass: 16 mg

a-methylnaphthalene. The liquid mixture consisted of 70% 60

(volume)n-decane and 30% (volume}methylnaphthalene. T 50

It was thoroughly investigated in the Idea-Effect program %

and will be called Idea-fuel in the following. The physical z “°

and chemical properties of the Idea-fuel and Diesel are vel § 30

similar. The densities at standard conditions are 8173g/n

for the Idea-fuel and 840 kgAvior Diesel compared to 20

730 kg/n# for n-decane. The cetane number for Diesel is 10

53 and 56 for the Idea fuel. o ‘ ‘ ‘ ‘ ‘ ‘ ‘
This similarity results in an almost identical behavior of 60 -40 20 0 20 40 60 80 100

both fuels concerning vaporization, ignition, and heat releast Crank angle (°CA)

This is shown in Figure 3, where the measured cylinder _
pressures are plotted versus crank angle (CA) for both fuels. Figure 3
The start of injection is 11° CA before top dead center  Comparison of the pressures obtained for Diesel and Idea-
(BTDC). The injected fuel mass is 16 mg. The pressure fuel
traces are hardly to distinguish, and thereby, proving the
similarity.

Figures 4 and 5 show the dependence of the pollutant Th€ SO0t mass concentration increases approximately
formation on injected fuel mass for all three fuels. In thesgXPonentially with increasing torque for Diesel and Idea, as

figures the exhaust gas values are plotted versus torque raffigPlayed in Figure 5. In thoe range of the torque between
than injected fuel mass, since the injected fuel mass was {80 Nm Idea produces 30% less soot than Diesel, whereas

measured online with the experiments, but the torque wae deviation for higher and Iowerlloads is around only 10%.
The start of injection (SOI) was at 11° CA BTDC for Diese|FOr n-decane soot shows only a linear dependence and only
and Idea, and 8° CA BTDC fordecane. In all cases ignition & absolute amount of 30% of soot is produced compared to
occurred at TDC. Figure 4 reveals an almost linear increadiesel- The difference in the soot production is probably due
of the NQ, concentration in the exhaust gas with increasing® the fact that slecane does not contain aromatic
torque. The gradient for Diesel and Idea is the same, wiffPMmpounds, which are important as soot precursors for the
slightly higher absolute values for Diesel (difference 3-79p)formation of soot.

Both values are lower fan-decane. It produces approxi- Overall, good agreement is found between ldea and

mately 30% less NCthan Diesel. Diesel, qualitatively as well as quantitatively.
600 ° 250
Ignition at TDC lgnition at TDC
500 L
200 [—— Diesel
------------ Idea

400+ w’g - --- Decane
=3 > 150 ® Idea (simulation)
s g . .
Z 300l < (@) Decane (simulation)

X o

e g 100

200 Diesel

S Idea 50
100+ -=-=-- Decane
[ Idea (simulation)
(@) Decane (simulation) 0
0 T T T T
0 20 40 60 80 100 0 100
Torque (Nm) Torque (Nm)
Figure 4 Figure 5

Exhaust gas values of N@r different fuels and loads. Exhaust gas values of soot for different fuels and loads.
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3 NUMERICAL RESULTS hence, an individual level of the scalar dissipation rate. Thus,
the flamelets ignite consecutively. The heat release in the so
The computations were performed fordecane (7 and called partially premixed phasg of the combugtion i; more
11 mg, SOI 8° CA BTDC) and Idea-fuel (16 mg, SOI 11° camoderate, and the pressure is almost identical Wlth.the
BTDC). The computations started at 70 degrees crank and]éeas'ured curve. Only in the very earl)_/ and the Igte pa'rtlally
BTDC and ended 100 degrees after top dead center (ATDéjem'X?d phase the heat release slightly deviates in the
at the point where the exhaust valve opens. The averaghuiation.
cylinder pressure and temperature at the beginning of the The very rapid heat release in the case with one flamelet
calculation were taken from previous calculations by Straudeads to a likewise strong expansion. As a consequence the
[29] including the intake valve. This calculations againturbulence intensitk rises stronger than in the more realistic
started from experimentally obtained data by Arcoumenis case with 20 flamelets. This is documented in Figure 7,
al. [30]. The wall temperatures were set such that pressuragich shows the cylinder averaged values for the turbulence
matched for the compression phase before injection startddtensity. The first increase of the turbulence intensity is
They were held constant during the computations. The swigenerated by the injected fuel. In contrast the turbulent
was set to 2.5 times the number of revolutions of the engirigtegral length scalk remains the same in both cases. Since
(tr/min) in correspondence to the measured swirl. Althougkthe turbulent viscosity is defined by= Lk%5 the mixing
the injection nozzle was located slightly off the axis ofprocess is faster with one flamelet than with 20 flamelets
symmetry due to the different sizes of the intake and exhausiding to a stronger heat release and a higher pressure.

valves in the engine, only a sector of 72° with periodic Also shown in Figure 6 is the pressure of a simulation
boundaries was simulated in favor of computationalyith nine flamelets, which is identical with the pressure
resources. The number of grid cells at TDC was 20 in radighptained with 20 flamelets except for the very early partially
24 in azimuthal, and 10 in axial direction. The applied mesBremixed phase. The resulting exhaust gas concentration for
resolution proved to give reasonable results in previoufe pollutants NQand soot for these to cases only differed
simulations [3, 31]. by less than 1%. Therefore, all following simulations were

The influence of the number of flamelets on heat releadeerformed with nine flamelets. It is emphasized that none of
and pressure is investigated in Figure 6. For the case of 7 it model constants in any model was changed to obtain the
injected fuel mass with start of injection at 8° CA only thefollowing results. Only the injection rates and fuel masses
number of flamelets was changed (1, 9 and 20 flamelets) Were prescribed corresponding to the measured ones.
the simulations. The simulation with one flamelet shows a Figures 8 and 9 compare the measured and simulated
very strong heat release right after ignition occurs resulting ipressure traces. Again, it has to be noted that the measure:
a strong pressure rise. This is due to the fact that all thpressure traces are disturbed by pipe oscillations as
mixture that is close to stoichiometric ignites at once. In thenentioned above. Therefore, these oscillations cannot be
case with 20 flamelets each flamelet has its own history anteproduced by the simulations. Apart from that they agree

52

68 6.5
LY/} I Pe—— Experiment ./ e -\- e - 6 [ 1 flamelet i
et | Sy T |2 el [T aoances
E 601 | - - -~ 20 flamelets R N ‘g 5
e 2
S 56 ) S 45
2 Inj. fuel mass 7 mg [
(8]
o SOI 8°CABTDC S
& Q
)
£
2

48
44 T T 2.5 T T T
-5 0 5 10 -10 -5 0 5 10
Crank angle (°CA) Crank angle (°CA)
Figure 6 Figure 7
The influence of the number of flamelets on pressure. The influence of the number of flamelets on the cylinder

averaged turbulence intensity.
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70 - 80
............ Simulation | jn Fuel: n-decane (11 mg) —— Simulation | (\4 Fuel: Idea (16 mg)
60 Experiment ’ SOI: 8°CABTDC TO ||eeerenrenns Experiment| | "\ SOI: 11°CA BTDC
B B
= =
g g
> >
[9] [9]
(%] %]
o o
o o
0 T T T T T T
-60 -40 -20 0 40 60 80 100 -60 -40 -20 0 40 60 80 100
Crank angle (°CA) Crank angle (°CA)
Figure 8 Figure 9
Measured and simulated cylinder pressunedgcane). Measured and simulated cylinder pressures (Idea).

very well over the whole cycle for both cases. Especially thkne with dots in Figure 10. The process of flamelet
ignition delay time is predicted accurately. The ignition delaysubdivision is then repeated until the maximum number of
time of a homogeneous mixture midecane and air for an flamelets in the computation is reached. The average value
equivalent pressure and temperature and an equivalence ratfothe scalar dissipation rate in the combustion chamber
@ = 2 is approximately 0.4 ms, corresponding to 4.8° CAdecreases due to the mixing process, which diminishes the
The heat and radical production by chemical reactions ariance of the mixture fraction field.

balanced by the diffusive transport, which is proportional to

the local strain in the combustion chamber. Ignition occurs,

when the chemical production exceeds the diffusive 120

transport. Therefore, the ignition delay time is controlled by — E:ng:g;

strain effects, which are represented by the scalar dissipatii i %% — Flamelet 3

rate in the flamelets. 3 80 —— Flamelet 4
In Figure 10 the temporal evolution of the scalar £ - E:ng:gig

dissipation rate conditioned at stoichiometric mixtygeor 2 60 — Flamelet 7

all nine flamelets and its cylinder averaged value isg 20 —— Flamelet 8

displayed. Shortly after start of injectigy starts to increase 2 — Ezgnnelet 9

due to the evaporating fuel. Initially only one flamelet is% 20

needed, since the extension of the mixture field is small i 3

the beginning, and only a small portion of the total fuel mas 0= 4

is injected yet. As the mixture field extends in the turbulen Ignition

flow field the value forx, begins to vary locally from its 200 T : I 5 - 20

mean value in the flamelet domain, which is the whole Crank angle (°CA)

combustion chamber initially. When the variance become. Figure 10

large, the flamelet domain is subdivided. Corresponding to
the local level ofx,, one new domain contains all the Scalar dissipation rates of the flamelets.
regions, where st is lower than the former mean valyg, of
of the old domain, and vice versa. At approximately 7° CA

BTDC this process occurs the first time. Both resulting The effect of the different histories of the flamelets is
flamelets start from the solution of the former singleshown in Figures 11 and 12. Three temperature profiles in
flamelet (temperature, species mass fractions), therelixture fraction space corresponding to flamelets 1, 4, and 8
inheriting the history of the old flamelet. But from this pointare displayed at TDC, where ignition occurs and 1° CA
they experience a different evolution)Qf, because of there ATDC. In Figures 11 and 12 the value )Qf is lowest for
different paths through the turbulent flow field. This isflamelet 1 and highest for flamelet 8. The valuggffor
represented by the two fine lines departing from the bolflamelet 4 represents approximately the average value in the
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Crank angle: TDC Crank angle: 1° ATDC
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Figure 11 Figure 12
Temperature in different flamelets at TDC. Temperature in different flamelets at 1° CA ATDC.

combustion chamber. The laminar diffusive transport in the Figure 13 shows the temporal evolution of the cylinder
flamelets is proportional to the value)Qf. Therefore, alow averaged mole fractions for NONO, and NQ for the
X<t IS equivalent to a low heat loss and low radical transpogimulation of 16 mg Idea-fuel. NO and N@rmation starts
from the reaction zone in the flamelets resulting in an earlievhen ignition occurs. At 40° CA ATDC the NQevel
temperature rise. At TD&, is low, long enough to allow reaches its maximum. Approximately 13% Né&e subse-
flamelet 1 to ignite. Under Diesel engine conditions Ignitiongquently consumed. At the end of the combustion cycle NO
occurs in the rich part of the flame £2.2). The value of,,  consists of 85% NO and 15% NO
in flamelet 4 has reached a level, where ignition is possible, The temporal evolution of the cylinder averaged soot
and hence, a moderate temperature rise can be obserygglss concentrations is plotted in Figure 14. Soot formation
compared to flamelet 8, wheyg, is still too high for any  starts with ignition. At 12° CA ATDC the soot mass concen-
temperature rise in the flamelet. tration reaches a maximum value of approximately 18 g/m
One degree CA ATDC flamelet one is fully ignited and(1210 mg/kg). This corresponds to 3.9% of the injected fuel
has reached its maximum temperature (Fig. 12). Flameletrass. After that oxidation exceeds soot formation and the
has ignited and is approximately in the state flamelet 1 was §p0t mass concentration decreases rapidly to a final value of
1° CA earlier. For flamelet &, is still too high for a visible 235 mg/ni (153 mg/kg). Hence, 87.5% of the maximum soot
temperature rise. This process of consecutive ignition of tHBass is oxidized again.
flamelets is responsible for the gradual pressure rise in the The effect of multiple flamelets on pollutant predictions is
combustion chamber as displayed in Figure 6. investigated in Figures 15 and 16. The NO and soot concen-

The exhaust gas values of the pollutants for th&ation profiles of the same flamelets (1, 4, and 8), which
experiments and the simulations are shown in Table 1 aN¢ere considered during the ignition process above, are showr
Figures 4 and 5. The agreement for Ndd soot is very at100° CA ATDC. The low value of; of approximately 0.3

good. The maximum deviation for N@ lower than 7% and indicates that the mixture field is almost homogeneous.
soot 4%, respectively. Although the levels of, hardly differs for the different

flamelets, significant deviations of the NO mass fractions in
the flamelets are found. The relative difference between the

TABLE1 maximum mass fraction of flamelets 1 and 8 is 30%, and
Pollutant concentrations in the exhaust gas 20% between flamelets 1 and 4, respectively. This is caused
by two effects. Under Diesel engine conditions without
NO, (ppm) Soot (mg/rf) exhaust gas recirculation the thermal NO formation path is
Experimenn-decane 358 22 pr'edc')minant.. It is strongly temperature dependent (incrgasing
si . with increasing temperature). In a flamelet with a higher
imulationn-decane 383 21 / .
_ level of x_. the temperature will be lower than in a flamelet
Experiment Idea 541 244 . st .
T ulation Id with a low value ofx . Therefore, the NO formation by the
Simulation Idea 581 235 thermal path will be lower in this flamelet, and since NO
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Cylinder averaged NOmole fractions. Cylinder averaged soot mass concentration.
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Figure 15 Figure 16
NO mass fractions in different flamelets at 100° CA ATDC. Soot concentration in different flamelets at 100° CA ATDC.

consumption is negligible to leading order this results in avith the highest level of the scalar dissipation rate and the
lower overall NO level. longest ignition delay time lies within the other two.
The second effect is that in a flamelet, which ignites
earlier, more time is available in the high pressure and high
temperature phase around TDC. Hence, more NO fGONCLUSION

produced. For successful modeling of Diesel engine combustion a

The difference in the resulting soot concentrations (15%keference fuel, which accounts for the many compounds of
is not as strong as for NO. For the soot concentrations bothjesel-fuel, is essential. Two of them, for which chemical
formation and oxidation, are equally important. Bothyeaction mechanisms have been developed, were compared
processes are temperature dependent. to Diesel-fuel experimentally in a Volkswagen DI Diesel

Therefore, none of them can be neglected, and simpkngine. The engine was fired with Diesel and the two
correlations to the ignition delay time and the temperatureeference fuelsntdecane, Idea-fuel) at different loads. The
level in the flamelet are not found. This is reflected inresults show very good agreement between Diesel and Idea-
Figure 16 where the soot concentration profile for flamelet 8uel for ignition delay, heat release, and pollutant formation.
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This agreement is explained by the physical (density,8
viscosity, etc.) and chemical (cetane number, aliphatic and
aromatic compounds) similarity of both fuels.

Encouraged by this results simulations with the two
reference fuels were performed applying the RIF model,
which was recently extended for multiple flamelets.

First the influence of the number of flamelets used in theg
simulations was investigated. It was found that nine flamelets
gave sufficiently accurate results for whole combustion
process including pollutant formation. 1

Two simulations withn-decane (11 mg, SOI 8° CA
BTDC) and Idea-fuel (16 mg, SOI 11° CA BTDC) were
compared to the experimental data. All parameters ank?
model constants except for the injection rates and masses
were constant for the simulations. The agreement for the
cylinder pressures and exhaust gas concentrations of the
pollutants was excellent. 13

14
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