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ABSTRACT

Detailed numerical studies of spray formation, auto-
ignition, envelope flame development and combustion in
a simple axi-symmetric geometry are presented for high
pressure small orifice injection in order to evaluate the po-
tential of low emission Diesel engines. An advanced spray
formation model coupled with complex chemical kinetics
model for n-heptane involving 17 species and 59 reactions
was used in the simulation. Incorporation of the com-
plex chemical model in a non-stationary turbulent reactive
two-phase code was possible following the observation that
local reaction dynamics depends on global concentration
of radicals and branching agents and not on the particular
nature of the species. Thus only the following 8 species
are transported by the flow: reactants, sums of radicals
and branching agents, intermediate fuels (CO, H3) and
products. A local stirred reactor approximation is used
as a model for turbulence ~ chemistry interaction allow-
ing to account for species segregation, micro-mixing and
complex chemistry effects. The calculation show distinctly
why high pressure, small orifice injection is superior both
in NO, and soot emissions. The main reasons are short
combustion times and strong dilution of the spray by air
during both premixed and diffusion combustion. The last
effect, usually overlooked, is caused by very substantial
flame lift-off.

INTRODUCTION

Spray combustion includes an interaction of many com-
plex physical and chemical processes such as droplet for-
mation, collision, coalescence, secondary break-up, evap-
oration, turbulence generation and modulation, as well
as turbulent mixing, heat, mass and momentum transfer
and chemical reactions in a highly non-uniform environ-
ment. The complex interactions make it extremely dif-
ficult to systematically study the particular effects in a
well defined physical experiment, but are well suited for
numerical studies based on advanced detailed models of
the processes involved. The paper presents results of such

a numerical experiment for high pressure small orifice in-
jection systems which were shown experimentally to have
superior emission characteristics in for instance references
(1, 2, 3, 4] to name only some few important examples of
the large literature of the subject. The reasons for that
behavior deserve extensive investigation due to the impor-
tance of the Diesel emissions. The detailed Diesel spray
combustion models known from the literature (5, 6, 7] ex-
cept for the very recent one (8] use very crude chemical
reaction models — either single step chemistry or eddy
break-up or both with a switching criterion — and thus
are unable to reproduce the very complex ignition and
combustion behavior of higher hydrocarbons, particularly
the negative temperature coefficients within the very im-
portant for Diesels 650 - 1000 K temperature and high
pressure range. In the paper an advanced chemistry model
and a new turbulence — chemistry interaction model are
used to remove the limitations of current approaches. Sim-
ple axi-symmetric spray geometry is studied to reproduce
the basic features of future direct injection (D.I.) Diesels
with quiescent combustion systems characterized by low
mechanical and heat losses and thus superior fuel econ-
omy.

THE MODEL

Spray Formation

For the spray formation and evaporation the model pro-
posed by Reitz and Diwakar [9] and Reitz [10] was used
with some modifications to improve the droplet break-
up and droplet collision mechanism for high evaporation
rates.

The model was adopted because it removes the need to
specify the initial droplet size distribution at the nozzle
which is always a serious problem.

The Chemistry

The detailed chemical kinetics of hydrocarbon combus-
tion contains typically 1000 species and about 10 000 re-
actions. Reacting and transporting all these species in a
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turbulent reacting code is not possible at present. A so-
lution of this problem is to introduce generic species and
a series of quasi-global reactions which represent families
of individual reactions. The approach known from knock
studies in homogeneous charge engines (see for instance
[11] for a current review) was introduced recently into a
Diesel spray model by Kong and Reitz [8]. In the appli-
cation the simplest possible kinetic model was used with
rate constants selected to reproduce dodecane spray ig-
nition data in a combustion bomb. Trying to apply the
model to n-heptane, the simplest fuel with a cetane num-
ber of 50, typical for contemporary Diesel fuels, for which
both detailed chemistry models and fundamental ignition
delay data are known we discovered however that a much
more advanced chemical model is needed to reproduce the
chemical behavior of the fuel over a wide range of pressure
and temperatures typical for Diesel engines. To reproduce
the known data [12] with a 10% accuracy and include all
the basic oxidation steps of higher hydrocarbons the sys-
tem shown in table 2 in appendix 1 was developed.

Chemistry — Flow Interaction

In the development of the simulation flamelet models
[13] were tried with limited success. The flamelet mod-
els predicted ignition to occur at the top of the vapor jet
in the rich regions a behavior not supported by exper-
imental observations. As the whole flamelet framework
seems to be questionable for Diesel auto-ignition where
the ignition delay is usually many times longer than the
integral time of turbulence within the spray a new turbu-
lence — chemistry interaction model was devised based on
the assumption that each computational cell is a separate
stirred reactor exchanging mass and energy with neighbor-
ing cells according to the finite difference solution of the
basic equations and requiring a certain turbulence time
Tm to achieve micro-mixing and allow the chemical reac-
tions to proceed. Due to the delay in micro-mixing only
a fraction of the local reactor volume is available for the
chemical processes. The problem then arises how to esti-
mate this fraction. It seems to be quite clear that it shall
be proportional to the ratio of the chemical time .1 to the
total conversion time in the reactor i.e. the sum of micro-
mixing (eddy break-up) time 7, and reaction time 7.
The estimate of 7, as the ratio of turbulence kinetic en-
ergy to the energy dissipation rate 7, = k/e is obvious but
for 7.5, we have so many times as reactions and thus a syn-
thetic quantity must be selected representing the changes
in the reacting system. In the global conversion the rate
of energy release is the most important and thus the local
reaction time may be calculated as 7., = Ah/w) where
Ah = hy — hy is the total enthalpy change during com-
bustion and wy the chemical heat release rate.

The generic reaction system still contains 17 species
which are difficult to follow in a turbulent flow as 17 par-
tial differential species equations have to be solved for
that purpose. We have noticed however that the behav-
ior of the reacting system does not depend on accurate

composition of the radical and branching agent pools but
only on their total concentration. Thus only the two
pools have to be transported. The pools are: [X)
[R]+[ROO] +[ROOH] + [HOOROO] +[HOOROOH) +
(OH)+[HOO]+[H]+2[O] and [Y] = [ROOH]+[HOOH).
This reduces the computational effort by almost two or-
ders of magnitude because in addition to the reduction
of the number of equations to be solved also the system
stiffness is reduced very much since the rates affecting the
concentration of X and Y are slow, but the rates deter-
mining the fractions of species within X and Y are very
fast. We thus have the following species which are trans-
ported by the flow: Reactants (RH, O,); Sums of radicals
and branching agents (X, Y); Intermediate fuels (CO,
H,); Products (COz, H,0). The fractions of R, ROO,
..., etc. of X and ROOH and HOOH of Y are deter-
mined locally from the full mechanism causing that reac-
tions quickly evolve towards the unique local system much
more complex than considered in the transport equations.

COMPUTATION DETAILS

The simulation of the gas phase involves solving tran-
sient Eulerian conservation equations for mass, species,
momentum, energy, turbulent kinetic energy, turbulent
energy dissipation rate and the state equation. In addi-
tion to conventional single-phase flow analysis a droplet
source term is added to the conservation equations rep-
resenting the exchange of mass, momentum and enthalpy
between the gas and the drops. For dense sprays the void
fraction effect is also included in the equations. Drops ef-
fects on turbulence are not considered. Droplet motion,
break-up, collisions, evaporation and turbulent diffusion
are considered. The spray formation is initiated by in-
jecting large droplets with size equal to the nozszle exit di-
ameter with the velocity and frequency determined from
the fuel flow rate, uniformly within an assumed spray an-
gle. Open space with a side wall where the injection oc-
curs is used as the computational domain. The initial and
boundary conditions are as follows. The gas is stagnant
initially. However, for numerical reasons, the kinetic en-
ergy of the turbulence of the gas and its dissipation rate
are assumed to have small non-zero values. All gas prop-
erties are assumed to be uniform initially. For the gas
phase a control volume formulation is used and a fully
implicit “SIMPLE-C” algorithm applied except for chem-
ical source terms. For the liquid phase Euler integration
is used with explicit position, semi-implicit mass and en-
ergy and implicit momentum integration scheme. Adap-
tive time step is used with the limitations 6t < 1/2Az /Uy
and grid size (Az) so that 8 > 0, where Uy is the droplet
velocity and 8 is the void fraction.



RESULTS AND DISCUSSION

High pressure small orifice injection is considered. For
the injection pressure a 250 M Pa limit is used as for this
pressure some experimental data exist. Constant injection
pressure is assumed for the whole injection process. Injec-
tion orifices of diameter > 0.1 mm, which can be manufac-
tured without excessive expense were studied. The com-
bination of high pressure small orifice injection is essential
because the orifice diameter to spray velocity ratio deter-
mines the local turbulence times within the spray and thus
the local combustion mechanism approaching for fast mix-
ing the distributed, homogeneous reaction with low soot
and more uniform temperature i.e. low NO, emissions.
Figure 1 illustrates the auto-ignition flame formation and
combustion processes for p = 150M Pa and 0.1 mm orifice.
Similarly as for standard injection systems ignition occurs
locally in a small lean premixed region at the side of the
vapor jet, moves quickly towards the stoichiometric sur-
face as a non-adiabatic auto-ignition wave and proceeds
differently in the up-steam and down-stream directions.
The up-stream propagation is slow and the flame stabi-
lizes at a certain point by a mechanism of formation of
sequential ignition kernels produced in short intervals on
the stoichiometric surface. The flame is wide and has a
character of a distributed triple flame where the leading
point is at the stoichiometric surface and the combustion
occurs both on lean and rich side. The flame stabilization
at a distance from the cold fuel spray allows consider-
able amount of air to enter the central part of the spray
during the injection process. Although the spray ignition
and combustion mechanism has a qualitatively universal
character, considerable quantitative differences occur for
high pressure — small orifice injection. The major differ-
ences are: much larger volume of the lean premixed region
formed during the ignition delay, flame stabilization at a
larger distance from the injection nozzle allowing much
larger air entrainment in the core of the jet and it dilu-
tion. Figure 2 shows the energy release rate curves for se-
lected cases. The maximum energy release rates are close
to the ones observed experimentally for a similar case [14].
As it can be seen the ignition delay for the small orifice
case does not depend on pressure. This is again in agree-
ment with experimental data [1, 14] and follows from the
negligible physical delay times. The peak energy release
rates can easily be controlled by the orifice diameter and
for the small diameters do not depend on injection rates.
The calculation show that the rapid increase of energy
release rates after ignition (Diesel knock) is due to the
fast down-stream flame propagation and the following de-
crease to the constant values due to the up-stream flame
propagation and formation of the final stationary flame.
This is shown in Fig. 3 where the spray and flame devel-
opment is illustrated. The figure shows the location of the
maximum positive temperature gradient in the flow. Be-
fore ignition the maximum gradient occurs on the jet axis
at the tip of the spray. Later on it is located at the flame
edge, off-axis. One can see that the up-stream flame prop-
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Fig. 1 Temperature field [K] at different times after

injection start. Constant injection speed 458 m/s dur-
ing the whole calculation period. Injection nozzle diam-
eter 0.1 mm. Air temperature 800 K, pressure 50 bar.
Large chamber. Thick line shows the stoichiometric sur-
face. Maximum spray penetration ~70 mm.

agation has an oscillatory character which is due to the
formation of sequential auto-ignition kernels at the edge
of the flame. Thus the flame consist of an auto-ignition
wave. After the flame is formed the leading point is sta-
tionary and well defined. It position defines the flame
lift-off. Figure 4 shows that the flame lift-off scales well
with the diameter of the orifice and is a linear function of
injection velocity which indicates that the location of this
point is determined by the flame stretch criterion. The
flame lift-off leads to a considerable dilution of the fuel
Jjet by air. The overall equivalence ratio of the fuel jet in
the stationary diffusion burning phase is shown in Tab. 1.
The strong dilution of the fuel jet by air due to the flame

Table 1 Overall equivalence ratio of the fuel jet for sta-
tionary flame.

Pressure [MPa)]

Nozzle diameter | 37 | 150 | 250
0.2mm | 3.6 | — —

0.lmm | 3.2 21| 1.9
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Fig. 2 Heat release rate as a function of time after injec-
tion start. Constant injection pressure and total amount
of fuel (18.2 mg).
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Fig. 3 Spray and flame development for nozzle diameter
0.1 mm.

lift-off usually overlooked in Diesel combustion analysis
reduces the size of the flame, the after-burning time after
injection end and the internal reaction structure leading
to reduced soot and NO, emissions for the high pressure
small orifice injection cases.

CONCLUSIONS

1. Detailed numerical studies of spray formation, evapo-

ration, ignition and combustion have been performed
for high pressure small orifice injection in order to
evaluate the potential of low emission Diesel engines.

. A new turbulence - chemistry interaction model

based on stirred reactor approximation account-
ing for species segregation, micro-mixing and non-
equilibrium chemistry effects and an advanced chem-
ical model are used in the studies.
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Fig. 4 Flame lift-off as a function of injection velocity.

. The premixed flame is shown to consist of a con-

vected non-adiabatic auto-ignition wave. The rapid
down-stream propagation of the wave from the igni-
tion point is responsible for the high initial energy
release rates and Diesel knock.

. The up-stream flame propagation has an oscillatory

character and has a form of sequential ignition kernels
occuring on the stoichiometric surface.

. The final diffusion flame is stabilized at a considerable

distance from the nozzle. The lift-off distance scales
with flame stretch.

. The flame lift-off leads to considerable dilution of the

fuel jet by air and consequently reduces the size of the
flame, the after-burning time and the internal struc-
ture leading to reduced soot and NO, emissions for
the high pressure small orifice sprays.
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Table 2: Rate coefficients for the generic reaction mechanism, A [mol/m?], B and E, [kJ] are the Arrhenius
coefficients in k = A TP exp(—E,/RT) and [RH] is evaluated as [H2C7r/s).

A ﬁ Ea.
1 RH + 0, — R+ HOO 1.11 107 0.04 201.19
2 RH+OH — R+ H,0 1.01 103 1.25 3.42
3 R+ 0, — ROO 2.00 108 0.00 0.00
4 ROO — R+ 0, 2.00 1015 0.00 117.23
5 ROO — ROOH 5.44 10° 0.59  44.97
6 ROOH — ROO 6.01 101 0.59  44.97
7 ROOH+0, — HOOROO 2.00 108 0.00 0.00
8 HOOROO — ROOH + 0, 2.00 1018 0.00 117.23
9 HOOROO — HOOROOH 1.92 10° 0.71  44.48
10 HOOROOH  — £0,-RH+}CO+OH+ ROOH 1.00 10° 0.00  31.40
11 ROOH — ~150, 4+ 1CO+ OH + HOO 8.40 10  0.00 180.03
12 R+0; — -L0,+[CcO+HOO 2.00 10° 0.00  25.10
13 RH+ HOO — R+ HOOH 4.1110° 0.26  70.77
14 RH4+O — R+OH 2.15 108 0.31 21.13
15 O+ H — OH+0 2.00 108 0.00 70.30
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Table 2: Rate coefficients ...

(continued)

A B E,
16 OH+O — O,+ H 1.46 107 0.00 2.08
17 H,+0 — OH+ H 5.06 102  2.67  26.30
18 OH+H — Hy+ O 2.24107% 2,67  18.40
19 H,+OH — H,O+H 1.00 102 1.60  13.80
20 H,O+H — H,+OH 4.45 10? 1.60  77.13
21 OH + OH — Hy+ 0O 1.50 103 1.14 0.42
22 H,+0 — OH + OH 1.51 104 1.14  71.64
23 H+H+M  — H,+M 1.80 105  —1.00 0.00
24 H,+M — H+H+M 6.99 1012  —1.00 436.08
25 OH+H+M — H,O+M 2.20 101 —2.00 0.00
26 H,0+ M —~ OH+H+ M 3.80 1017 —2.00 499.41
27 O+0+M - O+ M 2.90 105  —1.00 0.00
28 O+ M - O+0+M 6.81 1012 —1.00 496.41
29 O,+H+M — HOO+ M 2.30 106  —0.80 0.00
30 HOO+ M — O+ H+M 3.26 1012 —0.80 195.88
31 HOO+ H — OH + OH 1.50 108 0.00 4.20
32 OH+OH — HOO+ H 1.33 107 0.00 168.30
33 HOO+ H — O, + H, 2.50 107 0.00 2.90
34 O+ H, — HOO+ H 6.84 107 0.00 243.10
35 HOO+ H — H,0+0 3.00 107 0.00 7.20
36 H,0+0 — HOO+ H 2.67 107 0.00 242.52
37 HOO+O — O;+ OH 1.80 107 0.00 —1.70
38 O,+ OH — HOO+ O 2.18 107 0.00 230.61
39 OH+ HOO — O3 + H,0 6.00 107 0.00 0.00
40 O, + H,0 — OH + HOO 7.31 108 0.00 303.53
41 HOO+ HOO — O+ 2.50 105 0.00 —5.20
42 OH+OH+M — HOOH+ M 3.25101° 2,00 0.00
43 HOOH+M — OH+OH+ M 9.87 1017  —2.00 206.80
44 H+HOOH — H;+HOO 1.70 108 0.00  15.70
45 Hy+ HOO — H+ HOOH 1.15 108 0.00  80.88
46 H+ HOOH — H,0+O0OH 1.00 107 0.00  15.00
47 H,0 +OH — H+ HOOH 2.67 106 0.00 307.51
48 O+ HOOH — OH+HOO 2.80 107 0.00  26.80
49 OH+ HOO — O+ HOOH 8.40 108 0.00  84.09
50 OH+ HOOH — H,0+ HOO 5.40 108 0.00 4.20
51 H,0+HOO — OH+ HOOH 1.63 107 0.00 132.71
52 CO+OH — CO,+H 4.40 1.50 —3.10
53 CO,+H — CO+OH 6.12 102 1.50  94.10
54 CO+ HOO — CO,+OH 2.70 107 0.00  98.70
55 CO,+OH — CO+ HOO 3.32 108 0.00 359.90
56 CO+O0+M — CO;+M 1.00 10! 0.00 —9.70
57 CO;+ M — CO+0+M 2.39 10° 0.00 515.60
58 O+ CO — CO;+0 2.50 106 0.00 200.00
59 CO;+0 — 0, +CO 2.54 107 0.00 228.90




