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ABSTRACT

A study of n-heptane combustion in an HCCI engine was
carried out by a multi-zone numerical simulation that covers a
complete engine cycle. A reaction mechanism that includes 177
chemical species and 1638 reactions was used. The results of
the numerical simulations were compared to existing
experimental data for a range of air/fuel ratios, compression
ratios and engine speeds.

It is shown that the numerical simulation is able to
reasonably capture the experimental cylinder pressure data over
a wide range of operation conditions. It also provides a
qualitative trend of CO emissions. The numerical simulation
overpredicted the combustion at some operating conditions,
such as at extremely high air/fuel ratios and higher engine
speeds.

Some differences were observed between the experimental
and numerical data for NOx emissions. The numerical
simulation predicted a monotonic decrease in NOx emissions as
air/fuel ratio increased or compression ratio decreased, while an
increase in NOyx emissions was observed experimentally when
combustion became very weak at extremely high air/fuel ratios
or low compression ratios. It is suggested that further
experiments and numerical simulations should be performed to
explain this discrepancy.

INTRODUCTION

Since it was initially introduced about 30 years ago [1-3],
Homogeneous Charge Compression Ignition (HCCI) engine
technology has attracted the attention of many scientists and

engineers. Especially in recent years, more and more studies are
being conducted for this advanced engine combustion concept
due to its significant advantage in improving fuel efficiency and
reducing pollutant emissions.

Combustion in engines under HCCI conditions may offer
the opportunity to virtually eliminate NOyx emissions from
engine combustion. Meanwhile, since usually operated at
extremely lean or highly diluted conditions, particulate matter
(PM) emissions are also very low. The disadvantages of HCCI
combustion are high carbon monoxide (CO) and unburned
hydrocarbon emissions, along with high peak pressures and
high rates of heat release [4]. It is of great importance to control
the combustion of a HCCI engine so that the advantages can be
maintained while the disadvantages are overcome as much as
possible.

Similar to the study of other combustion processes,
numerical simulation plays a significant role in the study of
HCCI combustion. The modeling study of HCCI combustion
can be classified to two categories: zone model and detailed
complex Computational Fluid Dynamics (CFD) model. The
former focuses on the detailed chemical kinetics process inside
cylinder, but usually simplifies the treatment of fluid mechanics
and heat transfer. In contrast, the latter pays more attention to
the fluid mechanics and heat transfer processes while usually
employs simplified/skeletal chemical mechanisms for kinetics
process due to the significant computational cost. Since it has
been well accepted that HCCI combustion is mainly controlled
by chemical kinetics [3] and less affected by fluid mechanics
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inside cylinder, more numerical studies on HCCI combustion
have been conducted by zone model.

Zone model includes single-zone and multi-zone models. In
a single-zone model, the entire cylinder is treated as a
homogeneous reactor with a variable volume [3,5-7]. Therefore,
the biggest advantage of single-zone model is that the
computational cost is low. However, since it ignores the
inhomogeneity in composition and temperature inside cylinder,
the combustion duration is usually underestimated and peak
pressure is overpredicted [6]. In addition, start of combustion
cannot be correctly predicted at some extreme conditions, such
as extremely lean and high Exhaust Gas Recirculation (EGR)
conditions.

To take into account the inhomogeneity inside a cylinder,
multi-zone model divides a cylinder into several zones, each of
which has different composition and temperature. The
interaction between zones exists due to exchanges of heat, mass
and work. Various multi-zone models have been developed and
applied based on different strategies to treat the exchanges of
heat, mass and work among zones. Aceves et al. [8, 9] first used
a multi-zone model for prediction of HCCI combustion and
emissions. They assumed that there was no mixing, diffusion or
heat transfer between zones. The only interaction between zones
in this early model is work. The model did reasonable job at
predicting peak pressure, burn duration and combustion
efficiency. However, the predictions of CO and unburned
hydrocarbon were not satisfied. Mehl et al. [10] recently
developed a similar multi-zone model for HCCI combustion
with detailed chemical kinetics. The model predicted reasonable
profiles of temperature and species inside cylinder.

Easley et al. [11] developed a multi-zone model which
accounted for not only the interaction due to work, but also the
mass exchange between zones. Similar approach has also been
employed by Ogink and Golovitchev [12,13].

The multi-zone model developed by Komninos et al.
[14,15] accounted for both heat and mass exchange between
zones. Similar strategies were employed by Kongsereeparp et
al. [16] and Kongsereeparp and Checkel [17] in their multi-zone
model.

Each of those previous multi-zone models has its
advantages for the predictions of some parameters and may not
be good enough for the predictions of other parameters. The
selection of a strategy to build a multi-zone model depends on
the purpose of the study and the computational cost allowed.

The purpose of this paper is to develop a multi-zone model
to investigate the performance of a HCCI engine operated with
n-heptane. The focus is on the performance of the multi-zone
model in predicting the effects of various parameters on the
engine operation. The details of the multi-zone model are
described first, followed by the description of the studied
engine. Then the results from simulation are compared against
the existing experimental data, and finally some conclusions are
drawn.

MODEL DESCRIPTION

We first describe the main assumptions for the model in
this section. Then, the zone specification method is provided.
The section ends with the descriptions of governing equations,
various sub-models and the employed chemical mechanism.

Assumptions

The working fluid is assumed to be an ideal gas. The model
simulates a full cycle of engine operation, starting from the top
dead center (TDC) during the exhaust process and finishing at
the same point after the processes of intake, compression,
combustion and exhaust, i.e. from -360 degrees to 360 degrees
ATDC. The pressure in cylinder is assumed to be uniform and
only a function of time.

The gas exchange during the intake and exhaust processes
is included in the model. However, a single-zone model is
employed for the gas exchange processes (intake and exhaust).
The multi-zone calculation starts from the intake valve closing
(IVC) and finishes at the exhaust valve open (EVO). Such a
combination of single- and multi-zone model simulation for the
full circle of engine can provide a reasonable estimate of
various parameters at IVC, while does not need significantly
extra computational cost. Meanwhile the inhomogeneity inside
cylinder is considered during compression, combustion and
expansion processes.

The model assumes that the cylinder pressure at TDC (the
starting point of the simulation) during the exhaust process
equals the exhaust tank pressure which usually can be easily
obtained from experiment. For every case, iteration calculation
is conducted for the full engine circle. The composition and
temperature from the previous iteration are used as the input for
the next iteration. The simulation stops until the differences in
composition and temperature between two consecutive
iterations are smaller than specified values.

In previous studies, three kinds of strategies have been
employed to deal with the interaction between zones. The first
kind of strategy only considers the interaction due to work
exchange [8-10], while the second kind takes into account both
work and mass exchanges [11-13] between zones. The third
kind of models accounts for the exchanges of work, mass and
heat between zones [14-17]. It has been shown that the sole
inclusion of work exchange in the model might cause significant
error in the predictions of CO, unburned hydrocarbon and even
pressure. The effect of mass exchange is negligible, but the
effect of heat exchange is significant. Therefore, to simplify the
calculation and obtain relatively reasonable prediction, the
model in this paper accounts for the exchanges of work and heat
between zones. The mass exchange between zones is neglected.
As a result, the mass fraction of each zone is kept constant
during the whole multi-zone simulation process.

The result from single-zone calculation for intake process
provides pressure, mean composition and mean temperature
inside cylinder at IVC. Then the multi-zone calculation starts by
assuming a temperature distribution around the mean value
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obtained from the single-zone calculation. Details of zone
temperature specification will be discussed later. Mehl et al.
[10] showed that the stratification of composition had negligible
effect on calculation result. Therefore, the stratification of
composition at IVC is neglected in the current model, i.e.
assuming the composition of each zone is the same as that
obtained from the single-zone calculation for intake process.
The multi-zone calculation ends at EVO, followed by another
single-zone calculation for the exhaust process until TDC is
reached. The input for the single-zone calculation of the exhaust
process is the mean result from multi-zone calculation at EVO.

Zone Specification

During the compression, combustion and expansion
processes (from IVC to EVO), cylinder is divided into three
types of zones: one crevice zone, one boundary zone, and six
core zones. The crevice zone represents a fraction of gas
trapped by all the crevices in the cylinder. It has been assumed
that the mass in the crevice zone takes into account 2.5% of
total mass in the cylinder. Boundary zone is the region around
the cylinder wall. Heat transfer between cylinder and wall
happens through this boundary zone due to convection. Other
zones are core zones that are surrounded by boundary zone.
Each core zone exchanges heat with its neighboring zones due
to conduction and with cylinder wall due to radiation. The
shape of boundary and core zones is cylindrical. In the current
model, six core zones are used. The schematic shapes of zones
are shown in Fig. 1.

Zone 3 Zone4 Zye 5
N\

Zone 6 —]_:
Boundary zone (2)

Zone 7—_]

Zone 8 —

Crevice zone (1)

Piston

Fig. 1 Schematic zone geometry.

Ogink and Golovitchev [13] indicated that chemical
reaction never happens in crevice zone due to the large ratio of
surface area to volume. Therefore, the model assumes that the
temperature of crevice zone is always lower than or equal to
cylinder wall temperature. The mass distribution in boundary
and core zones is assumed to be a normal distribution, as shown
in Fig. 2, where zone 1 represents crevice zone, zone 2
represents boundary zone and others represent core zones. Zone

5 is the middle zone which has the most mass inside cylinder
and whose temperature is the average temperate at IVC.

30.0

Mass fraction, %

Zone number

Fig. 2 Mass distribution inside cylinder. Zone 1 is crevice zone,
zone 2 is boundary zone, and others are core zones.

Temperature inhomogeneity is caused by the mixing
between residual gas and intake gas. As Kongsereeparp et al.
[17] indicated, colder gas usually appears near cylinder wall
region while hotter gas exists in cylinder center region. The
model assumes that at IVC, temperature is the lowest in the
crevice and boundary zones (zone 1 and 2) and hottest in the
cylinder center zone (zone 8). The temperature of middle zone
(zone 95) is supposed to be the mean cylinder temperature which
is obtained by the single-zone calculation during intake process.
From zone 5 to zone 2, temperature evenly decreases from
mean cylinder temperature to intake temperature. In contrast,
temperature from zone 5 to zone 8 evenly increases from mean
temperature to the highest temperature, with the temperature of

zone 8 equalling 27, ... — T uie » Where Tpeq, and Ty, are the

mean temperature at IVC and the intake temperature,
respectively. The temperature of crevice zone is assumed to be
identical to the intake temperature.

Governing Equations

Conservation of Species Mass

Based on fundamental mass conservation law, species mass
conservation can be described by:

av,, o.M, 1 I A
et me;( ~Y,) (1)

dt P PV

where subscript i, k, and j represents species number, zone
number and mass exchange port number (intake or exhaust),
respectively. Y is species mass fraction, w the formation rate
(mole/cm’s) of a species, M the molecular weight (g/mole), p
the density (g/cm’), v the volume of a zone, and me the mass
flow rate (g/s) from a mass exchange port (intake or exhaust).
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Conservation of Energy
Energy conservation equation of each zone can be obtained
from the first law

d dH d
&z—[(—vk—p (2a)
dt dt dt
- my dT;
AT, | 1 d0, NP i RT, | Mo di 14y
a |m dt M, d M, iﬂTz V dt
I=1 M,

where T}, is the temperature of zone k/I, subscript [ inside
summation calculation represent zone number (similar to k), Ay ;
is specific enthalpy of species i in zone k, R is universal gas
constant, my, is the mass of zone k/I, N is total number of zone
(8 for multi-zone model in this paper), C,,; is specific heat of
species i in zone k, M, is the mean molecular weight of zone [,
and V is cylinder volume. Note that the ideal gas state equation

KK
and the correlation H, =m, zﬁhk’ ; have been used for the
=1 i

conversion from Eqs. 2a to 2.

Global Pressure Change
The rate of pressure change inside the cylinder can be
obtained by differentiating the ideal gas state equation

d _Rsom dl _pdV Rspm . dMy o
dt V&aM d Vd VEME dr

Please note that Eqs. 1-3 also apply to single-zone model
when N equals unity. Therefore, an entire engine cycle can be
simulated using Eqs. 1-3, with N = [ for intake and exhaust
processes and N > [ for compression, combustion and
expansion processes. This set of equations is solved by an ODE
solver [18]. Thermal properties and chemical reaction rates in
these equations are calculated by the algorithms given in [19].

Heat Transfer Model

The quantity Q, in Eq. 2 represents heat obtained by zone
k. It consists of convective heat transfer to cylinder wall, heat
exchange with other zones due to conduction, and heat loss to
cylinder wall due to radiation, i.e.

ko — dannd,k + er,k + dQC
dt dt dt dt

“)

where Qy is the heat obtained by zone k due to heat exchange
with other zones and cylinder wall, H; is the total enthalpy of
zone k, vy is the volume of zone k, and p is cylinder pressure.
The calculation of Q; will be discussed later.

Equation 2a can be re-written as:

m . dM,
BT A
mp " oar ||| &y, R mT, 5
N m Crki T T E )
m i=1 i k m
2" 2"
=1 1 =1 "1
d do, d
where M, & and O are the heat exchange rates
dt dt dt

due to conduction, radiation and convection, respectively, in
zone k.

The convective heat transfer to cylinder wall only happens
for the boundary zone. It is calculated by

dQ.
dt

=Aa, (T, -T,) (4a)

where ¢, is heat transfer coefficient, T,, and T}, are temperatures
of wall and boundary zone, respectively, and A is cylinder wall
(including piston and cylinder top) area. The widely applied
Woschni model [20] is used to calculate heat transfer coefficient
.

Radiation heat loss of a zone is calculated by an optically
thin model [21]

(4b)

d

%k = v ok,(T) ~T)
where o is the Stefan Boltzmann constant, and &, is the Planck
mean absorption coefficient that is calculated by the method
recommended by Tien [22], considering the radiating species:
CO,, H,O and CO.

Heat exchange between a zone and its neighboring zones
due to conduction is calculated by a method suggested by
Komninos et al. [14]. Heat is conducted to zone k from zones
k+1 and k-1. The conduction heat flux obtained by zone k is
obtained by:

dend k

4
& (4c)

= Acond,k Kot Tk = Ti)

where A, is the interface area between zone k and its
neighboring zone k+1/k-1, K,, is the thermal conductivity,
Ty+14-1 1s the temperature of the neighboring zone k+1/k-1. The
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thermal conductivity K,, consists of laminar and turbulent
thermal conductivities, i.e.

K

o =K, +K, (4d)

The laminar thermal conductivity K; of each zone is
calculated by the algorithm given in [23] based on the
composition and temperature. The turbulent thermal
conductivity K; is calculated by assuming that turbulent Prandtl
number equals the laminar Prandtl number. Therefore:

K =K (4e)
Hi

where y, and y; are the turbulent and laminar dynamic
viscosities, respectively. Similarly, the laminar dynamic
viscosity is calculated according to mixture composition by the
algorithm described by Kee et al. [23]. Then the turbulent
viscosity is obtained by [24]:

A Ky, [1 —exp(—2a1(y;)} (49
H
and
% Y
u
y:l— = pdyn (4g)
Hy

where ¥ = 0.41 is the Karman constant, y, is the dynamic
viscosity at wall, u” is the friction velocity, and y, is the normal
distance from the wall. The quantity « is a constant equal to
0.06. The friction velocity is supposed to be proportional to
piston speed as:

u =cv, (4h)

where V, is piston speed (cm/s), and c¢ is a constant equal to
0.05 in this paper.

Gas Exchange

The gas exchange during intake and exhaust processes is
calculated by a one-dimensional quasi-steady flow model [6,
25]. The intake and exhaust system pressures are taken from
experimental data. Since the discharge coefficient is not known,
it has been assumed to be unity in the current model. However,
the flow area is calculated based on the three stages of valve lift
[25].

Chemical Kinetics

The chemical kinetics of n-heptane combustion has been
relatively  extensively studied. Detailed and reduced
mechanisms for combustion of n-heptane have been developed
by various groups. This paper investigates the combustion of n-
heptane in a HCCI engine by a multi-zone model. A reduced
mechanism is preferred to decrease the computational cost. Two
reduced mechanisms developed by Seiser et al. [26] and
Golovichev [27] were tested.

It was found that the former includes more species and
provides more reasonable qualitatively prediction for CO and
pollutant emission. However, it predicts a later start of
combustion and lower peak pressure. The reason may be that
the mechanism in [26] was validated by a counterflow flame in
which high temperature ignition dominates. Therefore, some
features of low and intermediate temperature ignition might
have been neglected. The mechanism developed by Golovichev
[27] provides better prediction for the start of combustion and
peak pressure. However, its capability to predict pollutant and
CO emissions is relatively poor.

Therefore, the mechanism developed by Seiser et al. [26]
has been selected as the primary mechanism. However, the rate
data of several reactions for low and intermediate temperature
ignition have been slightly modified based on those in the
mechanism developed by Golovichev [27]. The reactions whose
rates were modified include: NC;H;s + OH = C;H;5-1 + H,O0,
NC7H|6 + OH = C7H|5-2 + Hzo, NC7H16 + OH = C7H]5-3 +
HzO, NC'/H]G + OH = C7H15-4 + HQO, OH + OH (+M) =
H,0, (+M).

The original mechanism in [26] does not include NOx
chemistry, while that in [27] includes an over-simplified NOy
chemistry that is not enough to provide reasonable prediction of
NOy emission. Therefore, the NOyx chemistry in the GRI
Mech3.0 mechanism [28] was added to the above modified
mechanism to model NOx emissions. The final mechanism used
in this paper includes 177 species and 1638 reactions.

Cylinder Bore 82.55 mm
Stroke 114.3
Displacement Volume 611.7 cc
Connection Road Length 254 mm
Compression Ratio 4.6 ~16
Combustion Hammer Pancake shape
Intake valve open 10 CAATDC
Intake valve close 34 CAABDC
Exhaust valve open 40 CABBDC
Exhaust valve close 5 CAATDC
Fuel System Air-assisted port fuel
injection

Table 1 Engine Specifications
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ENGINE DESCRIPTION

Our previous experimental data [7,29] obtained by a Co-
operative Fuel Research (CFR) engine were used to validated
the modeling results in this paper. This engine is a single-
cylinder, variable compression ratio, four-stroke engine. Table
1 provides the basic specifications of the CFR engine. More
details about the engine and data acquisition system can be
found elsewhere [7,29].

RESULTS AND DISCUSSION

The multi-zone model developed above was used to
investigate the effects of various parameters on the performance
of a HCCI engine operated by n-heptane. The calculated results
were compared to the data previously measured in our
laboratory [7,29].

As described above, the inputs to the model include
compression ratio, engine speed, exhaust pressure and
parameters (pressure, temperature and composition) of intake
mixture. The data from experiments [7] for these parameters
have been used, with a slight adjustment for intake temperature.
The intake temperature used in the model is 10K higher than
that in experiments for all simulations at different operating
conditions. The purpose of the adjustment is to match the
position of peak pressure. It should be noted that this is the only
adjustment in the simulation and should be acceptable given the
uncertainty in experiments.

Effect of Air/Fuel Ratio

Similar to spark ignition and diesel engines, air/fuel ratio
(AFR) is an important parameter to control the combustion of a
HCCIT engine. The effect of air/fuel ratio on the combustion of
the HCCI engine was investigated first. Figure 3 shows the
variation of pressure calculated by this paper and measured
previously [7,27] at air/fuel ratios (mass based) of 45, 50 and
55, when other parameters are constant. It is observed that
simulation successfully captured the experimental phenomena
for all three air/fuel ratios. The start of combustion, the peak
pressures and the positions of peak pressure were reasonably
calculated. These imply that the multi-zone model developed in
this paper is able to predict the primary phenomena of HCCI
combustion using n-heptane.

Both simulation and experiment results demonstrate the
well known two stage ignition phenomenon for n-heptane, i.e.
the pressure experiences a first quick rise relative to the
increase due to compression at about -10 degrees ATDC and
then another quick rise until peak pressure is reached. As has
been extensively discussed in the literature, the first quick
pressure rise is due to the low temperature heat release (LTHR)
and the second one is caused by the main combustion stage.

The experiment and simulation also show that decreasing
air/fuel ratio advances the position of peak pressure and
increases the peak pressure. This is because the air/fuel mixture

approaches stoichiometric conditions when the air/fuel ratio is
decreased. Moreover, it is noted that the variation of air/fuel
ratio causes more significant changes in peak pressure and its
position, while has relatively less effect on low temperature heat
release stage.

50 T

[ ] Measured, AFR45
[n] Measured, AFR50
A Measured, AFR55
Calculated, AFR45
————— Calculated, AFR50
Calculated, AFR55

40 -

30

Pressure, bar

20

. . . . .
-60 -40 -20 0 20 40 60

Crank angle, degrees

Fig. 3 Effect of air/fuel ratio on HCCI combustion.
Compression ratio (CR) = 10, intake temperature (Tjuke) =
40°C, intake pressure (Pj) = 95 kPa, exhaust tank pressure
(Pexthaus) = 104 kPa, engine speed (n) = 900 RPM.

Figure 4 displays the variation of CO concentration in
exhaust gas when air/fuel ratio changes. It is noted that although
there is a difference between numerical and experimental
results, they are qualitatively consistent. Both the experimental
and simulation results demonstrate that when air/fuel ratio
increases from about 33 to 50, CO emissions only slightly
changes. However, with further increasing air/fuel ratio to
higher values, CO emissions significantly increase. This is a
result of incomplete combustion inside cylinder at extremely
lean conditions.

20000

@ Measured
—— Calculated

15000

10000

CO, ppm

5000

30 35 40 45 50 55 60 65
Air/fuel ratio

Fig. 4 Effect of air/fuel ratio on CO emission. CR = 10, Tpuke =
40°C, Piyrake = 95 kPa, Peyipanse = 104 kPa, n = 900 RPM.
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However, we also note from Fig. 4 that the measured CO
emissions reaches its maximum at an air/fuel ratio of around 57,
while the calculated keeps increasing until the maximum
air/fuel ratio (about 63) in the simulation is reached. The
experimentally observed decrease in CO emissions at extremely
high air/fuel ratios is a result of failure of ignition and
combustion inside cylinder. The difference between
experimental and simulation data at those extremely high
air/fuel ratios suggests that the current multi-zone model
fails/overpredicts the lean limit of ignition/combustion in a
HCCI engine using n-heptane. The numerical simulation was
not conducted for cases with air/fuel ratio higher than 63, since
the calculated cylinder pressure significantly oscillates at these
conditions and it is hard to get a converged solution. Therefore,
further improvement is needed in the future to reasonably
predict CO emissions and lean limit of ignition/combustion.

Figure 5 shows the effect of air/fuel ratio on NOx
emissions. It is found that the simulation captured the
qualitative trend of experimental data when air/fuel ratio is
smaller than 50, i.e. increasing air/fuel ratio leads to a decrease
in NOx emission. However, when air/fuel ratio further increases
from 50, the experiment showed a slight increase in NOx
emissions, while simulation predicted a monotonic decrease.

200

@® Measured
—— Calculated

150 [

100

NO, concentration, ppm

65
AFR

Fig. 5 Effect of air/fuel ratio on NOx emission. CR = 10, T;pxe
=40°C, Pjpuare = 95 kPa, Pegihaust = 104 kPa, n = 900 RPM.

It is not difficult to understand the mechanism of the
decrease in NOy emissions with increasing air/fuel ratio when
air/fuel ratio is smaller than 50. This is due to the decrease of
temperature in cylinder when air/fuel ratio is increased.
However, it is not clear what caused the slight increase in NOx
emissions at higher air/fuel ratios during the experiment.
Although it was suggested [29] that the slight increase in NOx
emissions might be due to the significantly increased unburned
hydrocarbon that caused the increase in the formation rate of
NOx by the prompt route, the current simulation cannot confirm
this. The predicted monotonic decrease of NOx emissions at
higher air/fuel ratios is a result of the continuous temperature
decrease with further increasing air/fuel ratio, which causes the
decrease in NOyx formation from all possible routes. The NOx

formation mechanism used in this paper [28] includes all the
four possible NOyx formation routes, i.e. the thermal route, the
prompt route, the N,O and NNH intermediate routes [30]. The
inconsistency between the experiment and simulation suggests
that either the current understanding on NOy formation is not
sufficient or the method used to measure NOx concentration in
experiment is questionable under lean conditions. Therefore,
further study is needed in the future for NOx emissions at
extremely high air/fuel ratio conditions from both experimental
and simulation.

Effect of Compression Ratio

Figure 6 displays the calculated and measured variations of
cylinder pressure at three compression ratios. It shows that the
calculated and measured data agree well for three compression
ratios. The increase in compression ratio increases the peak
pressure and advances the position of peak pressure. This is
because a higher compression ratio causes higher compression
temperature and pressure, which in turn shortens the ignition
delay and intensifies combustion process inside cylinder. The
fact that the three pressure curves in Fig. 6 start to deviate at
earlier compression stage (starting from about -50 CA) than
those in Fig. 3 clearly shows this.

70 T T
[ ] Measured, CR10
[m} Measured, CR12 N
60 v Measured, CR14 AY
Calculated, CR10 ¢
s0|----- Calculated, CR12 {7
Calculated, CR14

40

30

Cylinder pressure, bar

20

Crank angle, degrees

Fig. 6 Effect of compression ratio. AFR = 50, Ty = 40°C,
Pimake = 95 kPa’ Pexthaust = 104 kPa, n-= 900 RPM

Figure 7 displays the variation of NOyx emissions when
compression ratio changes. It is noted that there is some
difference between experimental and simulation results. The
experimental result shows that NOy emissions first decreases,
then quickly increases and finally decreases again with
decreasing compression ratio. In contrast, simulation shows a
monotonic decrease in NOyx emissions with decreasing
compression ratio.

As has been indicated above, decreasing compression ratio
reduces the combustion inside cylinder. Therefore, both
simulation and experimental results show a decrease in NOx
emissions when compression ratio decreases from 16 to 11.

7 Copyright © 2009 by ASME



18.0

@® Measured
14.0 ® —— Measured 4

120 -

8.0 |

6.0 -

NO, concentration, ppm

40 -

20

0.0

Compression ratio

Fig. 7 Effect of compression ratio on NOx emission. AFR = 50,
Tintake = 4OOC, Pintake =95 kPaa Pexthaust = 104 kPa’ n = 900
RPM.

However, it is not clear why NOx emissions increased in
experiment when the compression ratio decreased from 11 to
lower values, since combustion intensity inside cylinder became
weaker for lower compression ratio cases, as shown in Fig. 6.
This inconsistency between experimental and numerical data is
similar to that observed above for higher air/fuel ratio cases,
suggesting that further study is needed for the cases at extreme
conditions when combustion intensity is relatively weak or near
misfire.
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Q Measured, RPM600

O Measured, RPM900
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Fig. 8 Effect of engine speed. AFR = 50, Tiyuke = 40°C, Pinake =
95 kPa, Pynause = 104 kPa, CR = 10.

Effect of Engine Speed

Figure 8 shows the measured and calculated variation of
cylinder pressure when engine speed is increased from 600 to
1400 rpm. It is found that the calculated and measured data
agree well until an engine speed of 1200 rpm is reached. At an
engine speed of 1400 rpm, simulation overpredicted the
cylinder peak pressure. We have noted from experiment that at
the engine speed of 1400 rpm and other parameters
investigated, engine is near a condition at which ignition and

combustion fail. Therefore, the overprediction of peak pressure
at the engine speed of 1400 rpm suggests that current multi-
zone model overpredicts the combustion intensity at some
extreme conditions. This is similar to the failure of the model at
extremely high air/fuel ratio conditions.

Both experiments and the numerical simulation show that
increasing engine speed causes the decrease in peak pressure
and the delay in the position of peak pressure. Relatively, the
effect of engine speed on low temperature heat release stage is
weak.

The effect of engine speed on the combustion of a HCCI
engine could be caused by two possible factors. Firstly, the
increase in engine speed intensifies the heat transfer to cylinder
wall and thus increases heat loss. In addition, the increase in
engine speed also results in the decrease in residence time of
mixture inside cylinder, which may also lead to the delay of
ignition and weaken the combustion process.

CONCLUSIONS

A multi-zone model for HCCI combustion has been
developed and used to simulate n-heptane combustion in an
HCCI engine. The numerical simulations were compared with
previous experimental data collected over a wide range of
air/fuel ratios, compression ratios and engine speeds. The multi-
zone model was able to reasonably capture the experimentally-
measured cylinder pressure variations over a range of operation
conditions. It also provided qualitative trends of CO emissions.
The numerical simulation overpredicted the combustion
completeness at extremely high air/fuel ratios and higher engine
speeds.

As for the prediction of NOyx emissions, the model
predicted a monotonic decrease in NOx emissions, when
air/fuel ratio increased or compression ratio decreased.
However, the previous experiment observed an increase in NOx
emissions when combustion became very weak at extremely
high air/fuel ratio or low compression ratio conditions. It is not
clear what caused the difference between experiment and
simulation in NOyx emission, although various possible NOx
formation mechanisms have been included in the chemical
mechanism employed. It is suggested that further study on NOx
emissions is needed in the future from both experiment and
simulation sides.
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