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BABSTRACTIl A novel engine cycle-simulation program has been developed to reproduce the diesel
combustion process for wide changes in engine operating parameters, such as injected fuel quantity, injection
timing, and EGR ratio. The approach described in this paper employs a zoning model, where the in-cylinder
region is divided into a maximum of 5 zones. A Probability Density Function (PDF) concept is also applied
to each zone to consider the effect of spatial inhomogeneities, such as local equivalence ratios and
temperature, on the combustion characteristics. This program was linked to the generally used commercial
GT-Power" software. As a result, transient engine behavior was reproduced very accurately.
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1. Introduction

Diesel engine vehicles have been gaining greater
market penetration as environmental issues gain
prominence around the world, especially in Europe and
Asia, because of their good fuel economy.
Unfortunately, diesel engines emit more soot and
nitrogen oxides (NOx) than gasoline engines, and
reducing these emissions while maintaining a high
thermal efficiency presents an urgent and major
challenge. In recent years, Low Temperature
Combustion (LTC),(I) Modulated Kinetics (MK),(z) and
Homogeneous Charge Compression Ignition (HCCI)G)
have become the focus of engine research around the
world due to advantages such as high thermal
efficiency and very low NOx and soot emissions.
These types of engines have great potential to gain
acceptance as a way of meeting challenging future
emission regulations. However, the combustion
robustness of these engines is relatively poor owing to
the use of a larger amount of EGR gas than in
conventional diesel combustion. In addition, the
switching between clean high-EGR and conventional
combustion modes that will be required during
transient operation is very difficult to control, because
engine control parameters such as EGR ratio and
injection timing change in a discontinuous manner
throughout the mode-switching process. To solve the
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above problems, it is necessary to develop a novel
combustion controlling system. Forming an
understanding of the transient cycle-to-cycle
combustion process is the key to effective and fast
development of such a system.

Under this background, the purpose of this study was
to construct a unique method of engine cycle-
simulation to enable accurate prediction of engine
transient performance within a reasonable calculation
time. It was clarified that the developed simulation can
be applied to the prediction of combustion
performance in a wide range of engine operating
conditions, using a newly developed multi-zone model
that employs the Probability Density Function (PDF)
concept.

2. Simulation Method

Recently, 3D-CFD has become the general method
of reproducing the in-cylinder combustion process.
However, because it often needs much time to execute,
typically some hours to a few days for a single engine-
cycle calculation, it is not a practical method of
predicting transient behavior over several tens of
engine cycles. On other hand, 0D engine cycle-
simulations have been introduced together with some
phenomenological spray and combustion models.*”
While execution time is much shorter than with 3D-
CFD, a key issue is how accurately prediction can be
made with such a spatially simplified 0D-model. To
meet both accuracy and time requirements, a multi-
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zone model combined with a PDF concept has been
developed, which was designed to cover cases of
multi-injection using double pilots and single main
injections. The principal models are summarized in
Table 1. Each model is detailed in the following
section.

2.1 Zoning Model

Figure 1 illustrates an outline of the zoning model.
In the model, in-cylinder volume is divided into an air
zone (Zone 2), and a spray zone. The spray zone is sub-
divided into two regions, Zone 1 and Zone 3. Zone 1
is formed during fuel injection before ignition, and
Zone 3 after ignition. These correspond to the so-called
premixed and diffusive combustion zones,
respectively. According to the model, if ignition occurs
after injection, only Zone 1 is formed as the spray
zone. Ignition timing is defined as the timing when the
temperature of Zone 1 exceeds 1000 K. Until ignition
begins, the air is transferred from Zone 2 (air zone) to
Zone 1, while fuel droplets are injected into Zone 1.
Then, once ignition occurs, both air and fuel droplets
are introduced into Zone 3 in turn. The entrained air
volume 1is calculated based on the Hiroyasu
equations((’) shown in Eq. (1) to (4), together with an
assumption that the spray shape is a simple circular
cone with a height of spray penetrating length
expressed in Eq. (1), and with a cone angle in Eq. (2).

0.392AP/p, -t

295(AP/p, )" Jdyt  (t>1,)
[m] P (1)

(0<t<t)

Table 1 Models used in cycle-simulation.

Multi-zone model

PDF model

Fuel injection process

Local inhomogeneity of mixture

Air entrainment Hiroyasu model©

(7)

Droplet size Kawamuras equation

Droplet evapolation Spalding model®
Ignition Multi-step shell model?
Combustion Kong model!"
Turbulence Tkegami model®
Bulk flow (Swirl/Squish flow) Arai model?
Heat-loss Woschni model"?

Combustion noise calculation Taki model ¥

2
0 =o.os(pazﬂj [deg] - - - (2)
Vi = Yy an*0-° '] - - ()
av,, ="/ M’ @)

where, §: spray penetrating length, AP: pressure
difference between injection and ambient pressures, py:
fuel density, #,: droplet breakup time, p,: ambient
density, d,: injection nozzle orifice diameter, §: spray
full cone angle, u,: air viscosity, V., spray volume,
At: time step.

Fuel droplets are treated according to the Discrete
Droplet Model (DDM), droplet size is obtained from
Kawamura’s equation,m and fuel vaporization is
modeled by Spalding’s model.®

2.2 Probability Density Function (PDF) Model

A zoning model is not sufficient enough by itself to
reproduce a real diesel combustion process accurately,
because the inside of a spray contains a wide range of
fuel concentration distribution, and its inhomogeneity
that changes temporally and spatially must be
modeled. A PDF model is appropriate to express such
a changing heterogeneous condition.”” However, since
a large increase in execution time would be a
drawback, a new and very simple PDF model aiming

* Air zone (Zone 2)

- Spray zone
-Premixed combustion
zone (Zone 1)

- Diffusive combustion
zone (Zone 3)

octor _,

'_'_Q?@:‘Fue;l droplets (Zone 1, 3)

)
1

Fig.1 Schematics of zoning model
(Zone 1: premixed combustion zone of spray,
Zone 2: air zone,
Zone 3: diffusive combustion zone of spray).
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at fast calculation is proposed as described below, and
is linked to the zoning model.

Figure 2 shows an outline of the PDF model. In the
PDF model, the mixture within each zone is treated as
a cluster of discrete mixture fragments, which are
called packages. In the first stage, entrained air
designated by the terms G; (fuel vapor mass fraction
f, = 0) and fuel vapor G; (f, = 1), exist independently
in a spray zone, as shown on the left side of Fig. 2.
During time step Az, G;and G; are mixed partially and
Gy that has a different fuel mass fraction (0 <f,<1)is
newly formed, as shown on the right side. Such mixing
between packages results in a probability density
function in terms of the fuel vapor mass fraction or
equivalence ratio. G; as air and G; as fuel vapor are
continuously introduced into the spray zone during the
injection period.

It should be emphasized that the key point of the
PDF model is how to define the mixing rate between
packages. In this model, mixing mass AM; ; between G;
and G; during At is given by Eq. (5) and (6).

AV, =025m-d° v, =v|-At  [m] - (5)

sweep

AM"J za.p.AI/sweep.I/i/zV/ [kg] B (6)

where, d;: equivalent spherical diameter that has the
same volume as G; v;: velocity of G, AV,,,,: volume
swept by G; over G; during Az, V;: volume of G, p:
mixture density, o: adjustment parameter of mixing rate.

The subscript 7 is given to the larger gas package in
terms of volume, and j to the smaller. The volume

swept by G; during Az, or AV, is calculated as a

Newly generated gas
package (GK) after mixing

Initial gas condition of spray zone
before mixing

i Air ------------------------ ,
i Fuel vapor At N
| F O = 0Gj |
| i FCI
5 | ‘i AN
g i S |1 New package .
= ; 2 i '.
E ! 5 '.
£ ( E
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>
> 0 ] - 1

Fuel vapor mass fraction Fuel vapor mass fraction

Fig.2 Image of air/fuel mixing process using PDF gas
package model.

cylindrical volume from Eq. (5). AM;; is simply
assumed to be proportional to AV, the ratio of V; to
the whole spray volume and Az. New masses of G;, G;
and Gy are obtained respectively by Eq. (7) so that the
total mass is conserved. Similarly, new velocity v; ,
fuel mass fraction f; and enthalpy %, of gas package G,
after mixing are given by Eq. (8), (9) and (10) so that
the total momentum, fuel mass and enthalpy are
conserved, respectively.

MM =M -AM,

n+l _ n n+l _ n
L M =Mr-AM M =M] +2AM,

[ke] - - (7)

iJ

S =M+ - AM o+ ) 'AM:‘,_/)/(M1:+2AMI'J)

v =(VZ'Mk+Vin'AMi,j+v;'AMi.j)/(M:+2AMi’f)

[m/s] - - - (9)

h:+l =(hA" ‘Mk+h‘_" .AML/.+h]’-l-AM )/(M£+2AML/)

iJ

[J/kg] - - - (10)

As initial values, injection velocity is set to v; of the
pure fuel package Gj, and zero is set to v; of the pure
air package G;. a in Eq. (6) is an adjustment constant
parameter related to mixing efficiency. Once a was
tuned for a certain engine operating condition so as to
match the corresponding measured heat release rate, it
was kept constant even for the other different
conditions in order to assess the robustness of
predictability.

2.3 Ignition and Combustion Model

Shell model"” is used until the temperature of gas
package exceeds 1000 K, and a simplified version of the
Laminar-Turbulence Characteristic Time Combustion
(LTCTC)(“) model is used after 1000 K, as shown in

Eq. (11)

dy, Y,
@,
1, =1/([ fiel][0,]exp(—E / RT))
7,=C,-kl/e
T.=7,+f1,
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where, Y;: fuel mass fraction, 7;: laminar characteristic
time, 7. turbulent characteristic time, k: turbulent
kinetic energy, ¢: dissipation of turbulence kinetic
energy.

Turbulent kinetic energy & and its dissipation ¢ is
calculated by the Ikegami model,” as shown in Eq. (12)

kG g gy d0000)
dt ! dt

2k /3)" .
8=( )/, Gj:(nj/ZM)-mfujz,

0.5
G, :(HSMS)3/L.i’ Lj :<'Df/pa) do

where, M: total mass of spray zone, 71,: injection mass
rate, u;: injection velocity

2.4 Extended Multi-Zone Model for Multi-
injections

In the latest diesel engines, a multi-injection strategy
is used with a common rail injection system to improve
emissions performance. In order to analyze such multi-
injection strategies up to double-pilot and single main
injections, an extended version of the multi-zone
model was developed, as shown in Fig. 3. Zone 4 and
5 are newly introduced to express the 1st pilot and 2nd
pilot sprays, respectively. In the multi-injection case,

1t pilot

Air
(Zone 2)

Main spray

Fig.3 Schematics of zoning model for multiple injection
(Zone 1: premixed combustion zone of main spray,
Zone 2: air zone,
Zone 3: diffusive combustion zone of main spray,
Zone 4: 1st pilot spray zone,
Zone 5: 2nd pilot spray zone).

gas is entrained into the spray zone from not only the
air zone (Zone 2), but also the other spray zones. As
an example, the main spray (Zone 1) has Ist pilot
(Zone 4) and 2nd pilot (Zone 5) sprays as source zones
for gas entrainment besides the air zone (Zone 2), as
shown in Fig. 3. The quantity of burned gas from the
pilot zones included in the total volume of the gas
entrained into the main spray is important, because this
can affect the main spray temperature and then the
following ignition event. In this study, each percentage
of the gas originating in the pilot and air zones in the
total entrained gas is given proportionally to each
volume fraction for the pilot zone and air zone.

2.5 Other Physical Models

In-cylinder gas motions of swirl and squish flows are
modeled by Arai’s Method"? to account for the effects
of gas flows on the gas entrainment of the spray. Heat
loss from the in-cylinder gas to the wall is accounted
by the Woschni model,"” considering the swirl flow
effect. Combustion noise is calculated by the Taki
model"” from simulated pressure traces. Consequently,
the simulation has the same functions as the AVL
Combustion Noise Meter commonly used in engine
experiments, and diesel or HCCI knocking is also
predictable.

2.6 Linked to GT-Power® for More Realistic
Engine Simulation

This cycle-simulation with a multi-zone PDF model
was linked to the commercial software code GT-
Power” in order to conduct more realistic engine
simulations. As a result, it became possible to model
intake and exhaust strokes with actual pipes and engine
accessory components such as turbo-chargers and the
EGR system. Figure 4 shows an example of an engine
model. In this linked version, the cycle-simulation is
used during the compression and expansion strokes,
which is the period from the closing of the intake
valves to just before the opening of the exhaust valves.
When the switch occurs between the cycle-simulation
and GT-Power”, gas properties such as mass, velocity
and enthalpy are inherited. The efficiency map for a
turbo-charger was obtained from Uchida’s program.(m
This version was used to demonstrate an analysis for
transient behavior from a conventional combustion
mode to HCCI mode, as described later.
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3. Results

3.1 Predictability of Diesel Combustion Process by
Multi-zone PDF Model

Experiments were conducted using a single cylinder
diesel engine to examine the predictability of the diesel
combustion process by the proposed multi-zone PDF
model. The engine specifications are listed in Table 2.
Some combustion control parameters such as injection
quantity, injection timing and injection pressure were
changed widely, and in-cylinder pressure based
analyses were performed. HCCI experiments using
intake port injection of n-pentane fuel were also
conducted with the same engine.

Figure 5 shows the effect of the PDF model
parameter o in Eq. (6) on the simulated heat release
rate. The quantity of injection fuel was 36 mm’/st. In
the case of a larger a, fuel-air mixing is enhanced and
the mixture becomes more diluted, as shown in the
PDF graph in Fig. 5. It causes a shorter ignition delay
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Fig. 4 Engine model of GT-POWER".

Table 2 Engine specifications.

Engine type Single cylinder, 4 cycle
Bore x Stroke 96 mm x 103 mm
Displacement 750 cc

Compression ratio 16

Combustion chamber shape Shallow-dish type

Fueling system (direct inj.) Common rail type
Injector hole size x num. ¢0.15 mm x 7
Swirl ratio 23

and a decrease in the 1st peak of heat release rate in
the premixed combustion, as shown in the figure.
When a = 0.414, the simulated heat release rate agrees
well with the measurement. Therefore this a value is
used even for the other engine conditions to assess the
robustness of the PDF model.

Figure 6 shows the temperature change of each gas
package in relation to the equivalence ratio ¢ and crank
angle under the same conditions as Fig. 5. At around 1
degree ATDC before ignition, the fuel-rich gas package
decreases in temperature (Fig. 6 area A) owing to the
latent heat of fuel evaporation. Ignition starts from near
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Fig. 5 The effect of mixing efficiency o in PDF model.
Upper figures show histograms of volume fraction
regarding equivalence ratio ¢, lower figure shows
heat release rate with changes in o (amount of
injected fuel: 37 mm’/st., injection timing: —4.5°
ATDC, engine speed: 1200 rpm).
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Fig. 6 Changes in temperature vs. ¢ of gas mixtures of PDF
model.
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stoichiometric conditions (Fig. 6 area B) at around 2
degrees ATDC, and then the other packages rapidly
increase in temperature due to mixing of the gas
packages. For this single injection case, execution time
is about 30 sec./cycle on a PC, which is fast enough to
analyze engine transient behavior over several hundred
cycles.

Figure 7 shows the effect of the quantity of injection
fuel on the heat release rate. In the experiment (upper
figure), the ignition timing is slightly advanced as fuel
quantity increases. When this occurs, the first peak of
the heat release rate is smaller and the second peak of
diffusive combustion appears clearer. This shorter
ignition delay is caused by the effect that burned gas
residue in the cylinder, i.e., internal EGR gas, increases
the intake gas temperature of the following cycle as
the fuel quantity is increased. To account for this in the
simulation, internal EGR gas with a certain volume
fraction is mixed with the intake air through a multi-
cycle calculation. Consequently, the simulated results
show good agreement with measurement, as shown in
Fig. 7. Therefore, it was found that the models can
predict the combustion process accurately when the

200 |
Exp. = 27mm?%/st.
150 — 36mm?¥/st.
—  41mm?/st.

100

50

Cal. — 27mm?st.

— 36mm¥/st.

— 41mm?/st.

-10 O 10 20 30
Crank Angle ° ATDC

Heat Release Rate J/deg. Heat Release Rate J/deg.
o
o

Fig. 7 Effect of quantity of injection fuel on heat release
rate (upper: experiment, lower: calculation).

injection fuel amount changes.

Figure 8 shows the effect of injection pressure on
the heat release rate. In the experiment (upper figure),
the heat release rate peak became much higher as the
injection pressure increased. It was found that the
simulation reproduces this very well. Figure 9 shows
simulated histograms of volume fraction for an
equivalence ratio ¢ at 4 degrees ATDC. In the case of
higher injection pressure, ¢ distributions are shifted to
the leaner side, and the enhancement of air entrainment
with increased injection pressure can be reproduced well.

Figure 10 shows the effect of injection timing on the
heat release rate. In the experiment (upper figure), the
ignition delay became shorter as the injection timing
was retarded because the ambient temperature is higher
at injection. It results in a smaller heat release rate
peak. On the other hand, when the injection timing is
retarded further, ignition delay becomes longer
because the ambient temperature is lower at injection,
resulting in a larger peak. These trends are predicted
accurately by the simulation.
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Fig. 8 Effect of injection pressure on heat release rate
(upper: experiment, lower: calculation).
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Fig. 10 Effect of injection timing on heat release rate
(upper: experiment, lower: calculation).

3.2 Predictability of Extended Multi-zone Model
for Multi-injections

Figure 11 shows an example of a case of multi-
injection using the 5-zone model explained in Section
2.4. The figure also shows the injection periods for the
Ist & 2nd pilots and main injections. It demonstrates
an excellent agreement between the experimental and
simulated heat release rates. Although it takes more
time, i.e., a few minutes, for a case of multi-injection
than a case of single injection, it can still be applied to
conduct a multi-cycle simulation. Major issues for
future work include whether the model is applicable to
a wide change of injection parameters, such as
intervals between pilot-to-pilot and pilot-to-main
injections, and pilot fuel amounts.

3.3 Predictability of HCCI Combustion

Characteristics

This section assesses the predictability of HCCI
combustion characteristics. Figure 12 shows the effect
of the EGR ratio on the heat release rates of HCCI. In
the experiment (upper figure), as the EGR ratio
increased, the heat release rate in Low Temperature
Oxidation (LTO) fell and the ignition timing was
retarded while the High Temperature Oxidation (HTO)
peak became lower. It was found that these trends
could be predicted well.

Figure 13 shows a comparison of HCCI combustion
noise between experiment and simulation. There is a
good agreement between experiment and simulation in
terms of the trend where combustion noise is reduced

60 Exp.
- Cal.

40 |

Injection
period

20

Heat Release Rate J/deg.

30
Crank Angle ° ATDC

60

Fig. 11 Comparison of heat release rate between experiment
and calculation for case of multiple fuel injection.
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as the EGR rate increases. This means that HCCI
knocking, which is one of the biggest problems for real
world application, is predictable. Good agreement was
also found for changes in intake gas pressure,
temperature, and injection fuel amount, although lack
of space prevents the display of the applicable graphs.
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Fig. 12 Effect of EGR ratio on heat release rate of HCCI
(upper: experiment, lower: calculation).
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Fig. 13 Comparison of combustion noise between
experiment and calculation with changes in
injection pressure.

3.4 Analysis for Transient Behavior from
Conventional Mode to HCCI Mode

Figures 14 and 15 show transient behavior during a
switch from a conventional combustion mode to HCCI
mode simulated by the version of the simulation linked
to GT-Power". As soon as the switch to HCCI mode
occurs, injection timing advances widely from —4.5 to
—40 degrees ATDC, and the EGR valve is opened to
achieve a target EGR ratio of 70%. Because the EGR
ratio cannot reach this target immediately, the heat
release rate of HCCI sharply increases just after the
switch occurs, and then combustion relaxes gradually,
as shown in the figures. This is typical of HCCI
knocking, which is one of the largest problems facing
practical use of this type of engine.

As demonstrated above, the simulation can predict
transient engine performance well. In the next stage, it
is planned to develop a novel control system together
with the simulation tool to solve problems related to
HCCI.
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Fig. 14 Transient change of heat release rate during switch
from conventional combustion mode to HCCI mode.
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Fig. 15 Transient change of EGR ratio during switch from
conventional combustion mode to HCCI mode.
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4. Summary

A novel engine cycle-simulation program has been
developed to reproduce both conventional diesel and
HCCI combustion for wide changes in engine operating
conditions. The principal results are as follows:

(1) Combustion characteristics were predicted well for
wide changes in fuel injection quantity, injection
pressure, and injection timing by the simulation
that uses a multi-zone PDF model.

(2) The combustion process of multi-injection (double
pilots and single main injections) is also accurately
predictable with the extended 5-zone model.

(3) The model is also applicable to HCCI combustion.

(4) Execution time is a few minutes/cycle for cases of
multi-injection case on a PC, which is acceptable
for simulating multi-cycle transient engine
performance.

(5) A version that is linked to GT-Power” software
allows more realistic engine simulations, and
accurate prediction of HCCI knocking when the
switch occurs from a conventional combustion
mode to HCCI mode.
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