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SYNOPSIS

Controlled Auto Ignition (CAI) uses compression thiaauto ignite a homogeneous air/fuel mixture.
Using internal exhaust gas re-circulation (IEGRpasndirect control method, CAl offers potentially
superior fuel economy and pollutant emission radast The local chemical and thermal conditions
of the engine charge towards the end of the coraarestroke have significant influences toward fuel
auto ignition performance. In this study, KIVA-3\a$ been employed to investigate the mixing
process involving the fuel, air and the IEGR insa@entroof engine. The calculated results were
compared with experimental data. A mixing index vi@snulated to show the level of homogeneity
in the mixture during the compression process. Gootdelations were obtained between the
measured and calculated data. Results showedhnévtel of mixing between trapped burnt gas and
the fresh mixture is enhanced by increasing thegm¢age of trapped IEGR.

1. INTRODUCTION

Controlled Auto Ignition (CAl) compared to gasoliragines has the potential to be highly efficient,
leading to lower emissions than conventional sparkion (SlI). The CAI engines can have efficierscie
as high as compression ignition (Cl) engines, wipileducing ultra-low oxides of nitrogen (ND
and particulate matter (PM) emissions [1,2,3]. &sib terms they represent the next major step loeyon
Cl and Sl engines for use in transportation vehicl€Al engines incorporate the best features tf bo
Sl and Cl engines as well as able to operate asligasdiesel fuel, and most alternative fuels [1].

The mixture in a CAl event can be achieved by ngxime fuel and air in the intake port, or by injegt
fuel directly into the cylinder at a very early ggtain the cycle. It is now generally agreed thatl CA
combustion is dominated by local chemical-kinegaation rates [2,5] with no requirement for flame
propagation. If a truly homogeneous mixture exatthe time of combustion, it is considered that th
turbulence has little direct effect on CAl combastibut it may have an indirect effect on alteriing
temperature distribution and the boundary layecktieéss within the cylinder. Small temperature
differences inside the cylinder have a consideraifect on combustion due to the sensitivity of
chemical kinetics to temperature. As a result, lveaisfer and mixing are important in forming the
optimum condition of the charge prior to igniti@ithough they play a secondary role during the CAI
combustion process itself due to its ultra-hight nelease rate.

Modelling of CAl until recently has generally laghbehind experimental work. However, with the
understanding of the fundamentals and advancesnrpatational power, more researchers have
begun to provide in-depth descriptions of CAIl comstian. These models, depending on their
intended use, have been developed using differestrgptions for both the in-cylinder and the
engine process. A survey of the CAl/Homogeneousdeh@ompression Ignition (HCCI) literature
has shown that model development in the field teaodscus on the following approaches:

1. Zero-dimensional thermo-kinetic
2. Multi-dimensional approach
3. Segregated, sequential fluid mechanic - thermetic multi-zone



The basic modelling approach is the zero-dimengitmemo-kinetic approach. This assumes that
the fluid mechanics have no implications on the bastion event, aside from possible heat
transfer effects. Examples of this approach arentloelels reported by Christensen [4,6]. In an
attempt to improve the single-zone modelling apphdiveland and Assanis [7] have reported
the development of a complete, four-stroke cyclausation that integrates complex chemical

kinetic mechanisms with physical models of gas exgfe and in-cylinder processes, including
turbulence and heat transfer. Overall, while zeérnemhsional models have shown the ability to

provide satisfactory accuracy against measurenwrgagine performance, they are considered to
suffer when predicting the rate of heat releasmhgstion completeness, and emissions.

Attempts have been made to use three-dimensiomapuitional fluid dynamics (CFD) models
coupled with detailed chemistry to study compressignition under CAI like-conditions.
Agarwal and Assanis [8], reported on the couplifigaaletailed chemical kinetic mechanism for
natural gas ignition, which included 22 species d40d elementary reactions, with the multi-
dimensional reacting flow code KIVA-3 to exploresthuto-ignition of natural gas injected in a
guiescent chamber under diesel-like conditions. d<eh al [9] also proposed a more practical
approach to account for the turbulent effects adistion of ignition by proposing a reaction rate
incorporating the effects of both chemical kinetesd turbulent mixing through characteristic
timescales.

In order to retain some of the resolution givendiD models and reduce the computational time, a
segregated, sequential multi-zone modelling apfreeas proposed by Aceves et al [5,10]. In the
latter, a computational fluid dynamics code is awer part of the engine cycle, typically from
bottom dead centre (BDC) until a transition poiefdre top dead centre (TDC), and then the
fluid is divided into mass-temperature groups. E&eimperature group is solved within the
context of a single zone, but the groups are sobigtlltaneously. The model shows promise
in capturing inhomogeneities in the temperaturédfieesulting from heat losses occurring near the
wall and in the crevices.

The objectives of this work are to utilise KIVA-3Y§ investigate the mixing process among the fuel,

air and the IEGR during the intake and comprespiatesses, and characterise a methodology for
assessing the homogeneity of the fresh chargeth@thEGR inside the cylinder.

2. SIMULATION STUDY

The technique used to initiate and | INLT EXHAUST INLT EXHAUST
control the CAI in the experimental - y : -

study was to trap a pre-defined quantity
of exhaust gas using a very early
exhaust valve closure (EVC) event
coupled to a very late inlet valve
opening (IVO) event on a single-
cylinder research engine equipped with
Lotus’ Research Active Valve Train
(AVT) System. The valve lift was
reduced to 6mm to reduce the valve | . . siokearyEve
dynamic loading to an acceptable level.
Using symmetrically advanced EVC Fig.1 Valve events suitable for CAl combustio

and retarded IVO timings, various

amount of IEGR was trapped inside the combustiamtier. The general principle can be seen in
Figure 1 [11]. The trapped exhaust gas was therpoesaed during the final stages of the exhaust
stroke. As the piston descends on the inductiooksirthe inlet valves were opened and the fresh

Key

EVO- exhaust
valve closing

IVO —inlet
valve opening

Induction Stroke- Late IVO




charge was drawn into the cylinder partially filleh exhaust gas. At the end of the inductionkstro
the inlet valves were closed and the fresh-chanmgg @xhaust gas mixture compressed. CAI
combustion occurs as the mixture ramps up in teatper in the final stages of the compression
stroke. Once CAI has occurred, the power strokeedrihe piston down and the cycle is repeated.

The centre interest of this research work is t@stigate the local air, fuel and IEGR mixture ctinds
prior fuel auto ignition. Only induction and comgsen strokes during a CAl combustion process were
therefore simulated. In order to supply the modigh neasonable initiation conditions to calculdte t

mixing mechanism insider the cylinder, some engirperimental results were introduced into the
model.

The calculations were performed using a 4-Valveti®eh (an angle of 140°) engine geometry. The
rest of engine geometry parameter was: Bore = 92stmoke = 85 with a compression ratio of 10:1.
These geometric parameters are slightly differemtnfthe actual engine used in the experiments.
However, since the purpose of using the experinheatailts was to initiate the start of modelling.
The obtained mixing results from the model simolatwill still be able to explain the mixing
mechanism in the real world. Table 1 listed theiahiconditions input into the simulation model
obtained from the experimental study.

Study | IEGR (%) wall In-Cylinder Exhaust VO EVC

Temperature | Temperature | Temperature CA CA

(K) (K) (K) (Degrees) | (Degrees)

Case 1 36 393.69 881.79 761.25 425 295
Case 2 39 394.21 872.31 751.25 428 292
Case 3 41.5 395.03 862.21 741.05 431 289
Case 4 44.3 395.65 854.05 731.55 434 286
Case 5 47 397.19 848.99 724.95 437 283
Case 6 49.8 399.06 841.86 715.95 440 280
Case 7 52.5 400.19 840.29 713.25 443 277
Case 8 55.2 402.14 839.14 710.15 446 274
Case 9 57.9 402.24 837.64 708.55 449 271

Table 1: Initial modelling conditions

All calculations were performed at a fixed engipeed of 2000rpm. The simulation started at EVC.
The pressure and temperature of the trapped gake itiee cylinder at this crank angle position were
taken from experimental results. The wall tempeestuntroduced into the calculation were obtained
from experimental results and were assumed to recwmistant during the calculated cycle. For the
initial conditions, the engine charge in the intakanifold was assumed to be a homogeneous fresh

charge, and the in-cylinder was homogeneous exhgast(IEGR) with a uniform pressure and
temperature.

The maximum number of grid cells at BDC was abd@y060 cells. Figure 2 shows an example of the
grid being used. It has been found that that cetistty did not lead to noticeable differences ia th
calculated temperature field [12]. However, cenpacessing unit (CPU) time was greatly reduced
by using coarse grids whilst maintaining sufficianturacy in combustion and emissions predictions.
Therefore, this study considers 60 000 cells teufécient.



3. RESULTS AND DISCUSSION

In order to explore and analyse the output data fro
the KIVA-3V calculations for temperature @ and

CO, distribution inside the cylinder during the
induction and  compression  processes, ¢
methodology needs to be developed to characteris
the mixture homogeneity. This is based on defining
a mixing index among the fresh air, fuel, and the
trapped IEGR, which represents the number of cell i ‘
havm_g high temperature or.8 density or CQ i u.,‘,',',',!,!;;;g;{,%{!,;ﬁg_
density than average level. ' .

R tnaggy 0 i

Fig 2: The computational grid used in the current

The averages for in-cylinder temperature,OH study (shown is the grid at 60° BTDC)

density or CQ density were calculated as follows:

Negils
2.4

a= - (1)
otal

where:

a = average temperature inside cylindesOHlensity or C@density
a = cell temperature, ¥ density or C@density

n_,,.= number of cells

cells

Ny = total number of cells within the cylinder

Since the auto ignition can only occur when a aerkavel of temperature has been reached, it is
therefore the interest to investigate the distrdyubf the temperature above the average. Agam, th
H.O and CQare the main components of the IEGR, their distidiouabove the average values were
also studied. The cells with the value above theragye, the so called positive cells, were idermtifie

by:
Nealls

Postive Cells = Zq{g;g

i=1

2= )

where:
b = Number of positive cells abowva

Once the positive cells were identified, they wgpét into groups to see how the cells deviate from
the averages. A two percent increment was usethéotemperature and a six percent increment used
for H,O and CQ densities to define each group. The mixing indiegach group can then be obtained
as

Mixing Index = N 3)

rlTotaJ

where:
n; is the number of cells counted for the individgadups, andhrg is the total number of cells of the
entire cylinder where both inlet and exhaust madgare excluded.

The mixing index served as a tool that can be usetharacterise the mixture homogeneity. This
mixing index has been used below to analyse the alasiained from the simulation. Figure 3 shows
the computed and experimental in-cylinder presageenst the crank angle. Both graphs show a peak
cylinder pressure of slightly above 14 bar with #iping mirroring each other. Good correlations



were obtained between the measured and calculated or the computed plot, the profile starts at
295CA with 36% of IEGR down to 271CA with 57.9% IRGThese locations are the EVC timing

used to initiate the CAIl combustion and are thetiata position of the calculation. It demonstrates
that in both cases, as the level of IEGR increabesn-cylinder pressure increases.

To capture the image of initial
modelling conditions which have
been highlighted in Table 1,
Figure 4 has been plotted.
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Figure 4a shows one of the
calculated results with 49.8%
IEGR. The initial conditions of
the calculation were given in the
Table 1. It is assumed that a
Stoichiometric air/fuel mixture
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calculation.
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At the BDC (540CA) position, the
opening of the inlet valve reduces
the in-cylinder temperature, and
the uniformity of the mixture is
= lost. Figure 4b shows that a non-
e e e T ey uniformed distribution of the in-
cylinder temperature occurs. This
indicates that the mixture inside
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(b) the cylinder becomes in-
Fig 3: Cylinder pressure vs. crank angle (a) comgut homqgeneous as the fresh air and
(b) experiment fuel is charged into the cylinder

which is initially in a
homogeneous condition.

Once the inlet valve closes and the mixture is cesged, the homogeneity of the temperature
distribution improves. This can be seen Figure6#OCA). As the piston moves further upwards, the
homogeneity further improves. However, when theéopiseaches the TDC position (720CA), it has
been found that the mixture inside the cylindestiff a certain level away from homogeneous, as
shown in Figure 4d. The region close to the exhaalse appears to be hottest, while the regioneclos
to the inlet valve appears to be colder than tmérakpart.
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Fig 4. Temperature profile at different crank asgl@) shows the initial conditions for start of
calculation (b) BDC (c) 630 crank angle (d) enadtafpression stroke

Figure 5 shows the average in-cylinder temperaamek the calculated mixing index. It can be seen
that the average temperature increases as IEGBas&s. This is because as the IEGR increases the
temperature of the bulk gas mixture increases. Isinailar trend, as the IEGR increases, the
temperature mixing index for the highest grade betw10%-12% above average, increases, too. It
indicates that the number of the cells with thenbgj temperature also increases. This means that as
the IEGR is increased, the temperature of the maxis increased, which in turn increase the total
number of cells which has a greater temperatune the@ average one. The hotter ones will start the
auto ignition first, and the increase in their n@nimakes the auto ignition stronger.



9 Figure 6 shows all seven
calculated grades of the
temperature mixing index at
varying IEGR. It is interesting to
note that the different temperature
grades vary differently as the
IEGR increases. Grade 1 and 2,
which represent the number of
cells with a temperature of 0 to 4%
above the average value, generally
decreases as the IEGR increase.
This indicates that as the IEGR
increases, less cells have the
temperature close to the average
Fig 5: In cylinder average temperature and tempegahixing level. In other words, the cells’
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index vs. IEGR at 720 crank angle temperature deviate further from
the average value as the IEGR
increases.

On the other hand, grade 6 and 7 represents thawaber with a temperature of 10 to 14% higher
than the average. It can be seen that both gradesase as the IEGR increases. Such a phenomenon
represents the fact that as the IEGR increasegjuher of the cells with the highest temperature
increases, and the auto ignition improves.

Grade 3, 4 and 5 are the grades representing thaureber in the middle of these two extremes.
Grade 3 represents the number of cells with a teatyre of 4 to 6% higher than the average. As the
IEGR increases, it remains more or less unchanGedde 4 represents the cell number with a
temperature of 6 to 8% higher than average. When IBGR initially increases, it decreases.
However, when the IEGR further increases to a labelve 55%, it starts to increase sharply. Grade 5
represents the cell number with a temperature wf 80% higher than average. It mirrors with the
grade 4 as the IEGR increases.

20

‘ H,O and CQ are the typical
777777 ez Lo chemical species contained main in
777777 | ens@en) the IEGR. Their distribution inside

T —®n4 (6-8%) . .

e L e 0% the cylinder is therefore a good
indication on the mixing between
fresh charge and the IEGR. The
mixing index’s for both HO and

CO, were calculated and plotted in

Figure 7a and 7b, respectively. All

************* 6 calculated grades of the®l and

S i Il =t i i CO, mixing index at varying IEGR

0 At N L A R were shown in the Figure. It can be

30 * 40 oo s 60 seen that the mixing indexes for
Internal Exhaust Gas Recirculation / [%] HZO and CQ have a very similar

Fig 6: Temperature mixing index vs. IEGR variation trend against varying

amount of IEGR.
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For distribution of both KD and CQ species which further indicates the distributidrtiee IEGR
inside the cylinder, the calculated mixing gradasying differently as the amount of IEGR changes.
As the IEGR increases, grade 1 and 2 increasesle@rand 2 represent 0 to 12% ofCHand CQ
density above the average level. In other wordsh@$EGR increases, the number of the cells which



have a HO or CQ density close to average value increases. Theemystirns to be more
homogeneous.

On the other hand, as the IEGR increases, thedrgsades either decreases or remain unchanged.
These rest grades represent the cells with high@rathd CQ densities above the average level than
grade 1 and 2. Clearly, these results, again, dstradad that as the IEGR increases, the distributio
of H,O and CQ inside cylinder becomes more homogeneous.

4. CONCLUSION 30
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The CFD code KIVA-3V has been
used to investigate and identify the
charge mixing efficiency at various
IEGR levels.
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A methodology based on defining &
mixing index among the fresh air,
fuel, and the trapped IEGR has bee
defined. It represented the number
of cells having high temperature or
H,O density or CQ@ density than
average level.
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The calculated results showed th 30 : ‘ :
. 1 —4—nl(0-6% | |
as the IEGR increases, fewer cell | e | |
have the temperature close to th NI Sy S

average level. In other words, th
cells’ temperature deviate further
from the average value as the IEG
increases, which agrees with the fagt
that as the IEGR increases, th
number of the cells with the highes
temperature increases, and the auto
ignition improves.

CO, Mixing Index / [%]

HZO and CQ are the typlcal Internal Exhaust Gas Recirculation / [%]
chemical species contained main i (b)

the IEGR. Their distribution inside — — :
the cylinder is therefore a good _Flg 7: Mixing index plots vs. IEGR (a) index (b) CQ
indication on the mixing between index

fresh charge and the IEGR. The

mixing index calculations showed

that as the IEGR increases, the number of the wélish have a ED or CQ density close to average
value increases. The system turns to be more hameogs.

5. ABBREVIATIONS

AVT Active Valve Train

ATDC Top Dead Centre

BDC Bottom Dead Centre
BTDC Before Top Dead Centre
CA Crank Angle

CAl Controlled Auto-Ignition



CFD Computational Fluid Dynamics

Cl Compression-Ignition

CO, Carbon Dioxide

CPU Central Processing Unit

EVC Exhaust Valve Closing

EVO Exhaust Valve Opening

H.O Water

HCCI Homogeneous Charge Compression Ignition
IEGR Internal Exhaust Gas Recirculation
IVC Inlet Valve Closing

IVO Inlet Valve Opening

NOx Oxides of Nitrogen

PM Particulate Matter

SI Spark-Ignition

TDC Top Dead Centre
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