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ABSTRACT

Onc of the main challenges of Ican bum open chamber
spark ignitcd gas cngincs is to achicve a stable and fast
burning at the air/fucl ratios and spark timings nccessary for
the desired low NO, emission of 1 g/kWh and below, In
pursuit of this challenge a novel combustion system for lean
burn gas cngincs called TRI-FLOW fulfilling these
requirements was developed at AVL. In the present paper it
is dcmonstrated how advanced  multi-dimensional
computational fluid dynamics calculations of mecan flow
velocity. turbulence, and progress of combustion have been
integrated into the development process of the TRI-FLOW
combustion system. After giving a general view of the
challenges with lean burn gas engincs, the evolutionary
TRI-FLOW devclopment procedure will be outlined. Flow
and combustion patterns as calculated by the FIRE code in a
conventional bathtub bowi and in two TRI-FLOW chambcrs
will be presented. Correlating this data with experimentally
determined combustion parameters allows 0 identify the
mechanisms leading to stable and fast burn conditions in
TRI-FLOW combustion chambers.

INTRODUCTION

In response to the ever tightening cxhaust cmission
standards for NO, and particulatc matter around the world in
recent years, natural gas (NG) is now scriously considered as
a mcans of rcducing exhaust cmissions when used as an
alternative fuel in automotive or industrial medium- and
hcavy-duty dicsel engines (buses and commercial vchicles
e.g. garbage trucks. power generation and co-gencration
systems). In converting this category of dicsel engines to
operation on natural gas particulates are  essentially
climinated. To reduce NO,. HC and CO there arc two
possible emission control technologics established  today,
namely (i) open chamber spark ignition of stoichiometric
air/fuel mixture with a three-way exhaust catalytic converter
for simultancous NO4. HC and CO emissions control, and
(ii) open chamber spark ignition of lcan mixtures for NOy
control in conjunction with an oxidation catalyst for HC and
CO emission control. In the past heavy-duty dicsel engine
conversions into lean burn gas engines were favoured due to
their higher thermal cfficiency and potential for higher

BMEP-level, the latter being comparable to that of
turbocharged and intercooled diesel engines, since this
boosting technology is equally applicable to lean burn gas
engines (References 1 - 10).

One of the main challenges of open chamber lean burn
gas engines is to achieve a stable and fast combustion at
air/fuel ratios and spark timings necessary for achieving the
desired low NOy-cmission. For a satisfactory operating
behaviour cycle-by-cycle variations have to be maintained
within acceptable limits. A fast heat release is mandatory in
order to achieve competitive thermal efficiency while
benefiting from the low NOy emissions achievable under
lean burn conditions. As a consequence, a variety of bowl
shapes have been conceived and developed at various places
in recent ycars which in principle follow two strategics. The
first is relying on low turbulence combustion with its inher-
ent lower NOy-formation and thus reduced requirement for
lean opcration (3). The second strategy is aiming at
generating a certain in-cylinder flow pattern in conjunction
with either intake swirl and/or squish in order to promote
flame kernel development at the spark plug and flame
propagation throughout the combustion chamber (1, 2. 4 -
10). To achieve low NOy emission along this "turbulent"
route even leaner operation than with the first (low
turbulence) strategy is required, due to the higher
NOy-formation associated with faster burning. However, the
potential of higher efficiency and better combustion stability
along this route is attractive enough to be pursued further.

As a consequence of these considerations a novel lean
burn combustion system called TRI-FLOW has been devel-
oped at AVL in the last three years along the "turbulent”
route. The objective of this programme was to achieve NOy
emission levels as  low as with  stoichiometric
three-way-catalyst systems while approaching diesel like
thermal efficiency and BMEP level. Some results of this de-
velopment programme have already been published else-
where (11, 12, 13). In the present paper it is to be
demonstrated how computational fluid dynamics (CFD)
calculations have been integrated into the development
process of thc TRI-FLOW combustion system. At first, a
general view of the challenges with lean burn gas engines
will be given. Then, the evolutionary development process of
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the TRI-FLOW combustion chamber will be outlined and its
performance  achicvements  presented.  After a section
explaining the calculation mcthods and the combustion
model, flow and combustion pattcrns in a conventional com-
bustion chamber and in two TRI-FLOW chambers will be
presented as calculated by the CFD code FIRE having been
developed at the authors' company (14, 15, 16. 17, 18).
Correlating this data with cxperimental results allows to
identify the mechanisms leading to stable and fast burn
conditions in TRI-FLOW combustion chambers.

CHALLENGES WITH LEAN BURN GAS ENGINES

Fig. 1 shows the typical behaviour of an Otto-Cycle
open chamber spark ignited gas engine with regard to
exhaust emissions of NOy. HC and CO when increasing the
air excess ratio A from stoichiometric (A=1) to lean (A>1) .
To achieve NOy cmissions as low as 1 g/kWh under Ican
conditions, which is thc NOy-level of A=1 three-way catalyst
(TWC) systems, the air excess ratio needs to be increased at
least up to 1.6 (the precise A is also depending on spark tim-
ing and intake manifold temperaturc and burn rate). As a re-
sult, CO and HC increase so that an oxidation catalyst is re-
quired in order to reduce them to levels normally seen with
A=1 TWC-systems. The magnitude of the necessary conver-
sion rates of HC and CO in the oxidation catalyst is indicated
by arrows in Fig. 1.

Fig. 2 shows. supplcmentary to Fig. 1. the remarkable
increasc of brake thermal cfficicncy when going fean. This
increasc of cngine cfficiency is the result of two
countercurrent  cffects: On the one hand the thermal
efficiency incrcases thermodynamically at the higher air
excess ratios, and this effect is enhanced by reduced wall heat
losses at the reduced gas temperatures. On the other hand the
thermal efficiency is decreasing with increasing A-ratios as
the rate of heat release is continuously slowing down with
leaner mixtures. Therefore the full thermal efficiency
potential of lean operation can only be uscd totally when the
combustion process is equally fast as it is at stoichiometric
opcration,

As shown in Fig. 2 there is a significant decrease of ex-
haust temperature (from about 830°C 10 650°C from A=1 to
A=1.6) being conducive in reducing the thermal load of pist-
ons and cylinder heads, but the lower temperature is also in-
creasing the demands on oxidation catalyst conversion effi-
ciency. Also shown in Fig. 2 is the progressive increase of
coefficient of IMEP-variations (CIV, that is the standard de-
viation of IMEP of a certain number of combustion cycles
divided by the mean IMEP. expressed in pereent) when ap-
proaching the lean limit. In the example shown for a conven-
tional combustion chamber., CIV increases o 12% at A=1.6
which is necessary for NOy of 1 g/zkWh. However, in prac-
tice, CIV of 5% is the upper limit tolerated in power genera-
tion and for driveability reasons in  automotive
applications.Thus, the rcal challenge in low NO, lcan burn
operation is 1o achicve stable and fast combustion with CIV
well below 5%.

EVOLUTIONARY DEVELOPMENT PROCESS

Design Rules of Combustion Ch I
In designing lean burn combustion chambers two hypo-
thetical rules have been kept in mind:

1-To improve combustion stability:
Control of mean flow velocity at the spark position in order
to prevent the ionised atmosphere between the spark plug
electrodes from being blown away, and to increase tur-
bulent kinetic energy around the spark area for quick flame
kemnel growth

2-To accelerate combustion progress:
Maximisation of the turbulent kinetic energy level through-
out the combustion chamber for enhancement of flame
propagation.

These rules have been derived from screening tests of this
programme and are in line with research on flame kernel de-
velopment having been performed at various places in recent
years (19, 20, 21, 22). Similar rules have been pursued by
others in improving lean burn combustion (1. 6, 7) but so far
only in (7) some experimental flow and turbulence data have
been successfully correlated with the combustion behaviour
of different combustion chambers.

in the present case of the TRI-FLOW chamber develop-
ment the flow within the chamber was calculated by the CFD
code FIRE in order to prove the hypothetical rules stated
abovce and to identify directions for further improvement.

Test Engine
The TRI-FLOW development work was carried out on a

turbocharged and intercooled (TCI) 9.6 litre heavy-duty truck
engine which was converted from direct injection diesel to
open chamber spark ignition.

Main specifications and features of the engine are listed
in Table 1. The spark plug is located at the original position
of the injector slightly shifted away from the centre of the
cylinder. By positioning the gas admission device upstream
of the inlet of the turbo-compressor a homogeneous mixture
of air and gas was provided to each cylinder. Maintaining
turbocharging and intercooling allowed operation at very
high BMEP levels competitive with advanced low emission
heavy-duty dicsel engines.

The use of intake swirl at the same level as with the
original diesel engine has becn maintained as one of the in-
gredients mandatory for increased turbulence in lean burn
engines.

Devclopment Pr ures

All engine testing was performed with natural gas of
the properties listed in Table 2. In order to expedite the
development process on the engine test bed a new procedure
was pursued by taking advantage of development tools
available at the authors' company. First of all, each of the 6
cylinders was cquipped with a cylinder pressure transducer
(AVL type 8QP500ca). Furthermore, in the first phase of



combustion chamber assessment cach cylinder was equipped
with a different combustion chamber in the piston. Cylinder
pressures from cach cylinder were simultaneously monitored
and recorded on the test bed by an AVL Indiscope type 647.
This data acquisition system also provides the function of
calculating the cocfficient of imep variation (CIV) during a
presclectable number of engine cycles. In this case 256 cycles
were taken for CIV-assessment. Another function of the data
acquisition system provides the calculation of rate of heat
release (ROHR) from the mean pressure trace of the 256
cycles. Thus, combustion stability (CIV) and burn rate
(ROHR) could be assessed  immediately  for all - six
combustion chambers at a time for different loads. speeds,
spark timings, and air exccess ratios.

Table 1

Specifications and featurcs of
TRI-FLOW test engine

- Displacement 9.6 litre

- Bore x Stroke 121g x 140 mm

- 6 cylinders. in-line

- 2 valves/cylinder

- Intake swirl by helical
intake ports
Swirl level 2.6 (AVL swirl number)

- Combustion chamber in piston

- Compression ratio 12:1

- Turbocharged. with waste gate

- Air/air intcrcooled

- Gas admission system {from Deltec
positioncd before turbo-compressor

- Spark ignition by Altronic DIS60()
high energy capacitor discharge system

As an cxample, cylinder pressure traces of six different
combustion chambers tested simultancously at high load
(BMEP 9.6 bar) and A=1.61 arc shown in Fig. 3. and at low
load (BMEP 2 bar) and A=1.50 in Fig. 4. In Figs. 3 and 4,
also appertaining CIV values arc shown on the pressure
traces. CIV-ratings were then also plotted versus the air ex-
cess ratio A, as shown typically for six chambers in Fig. 5.

Table 2
Propertics of natural gas (by Vol.%)

CHa4 98%

C2 He 0.7%

C3 Hs 0.2%

Ca+ 0.1%

CO: 0.2%

N2 0.8%

Lower heating value 48.635 MJ/kg
Methane No. 92

Along this procedure a varicty of combustion chambers
having been designed in pursuit of special strategics (c.g.
squish flow, diverted intake swirl, or a combination of both)
was evaluated for CIV and ROHR. As these chambers were
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designed to determine the strength of a certain parameter,
e.g. to evaluate increasing squish by increasing squish area,
an evolutionary development of the combustion behaviour
was possible. As a consequence of each test run, the best
chambers were selected and modificd for the next step for
further improvement.

This cxperimental process was supported in parallel by
multi-dimensional calculations of flow velocity and turbu-
lence patterns (by FIRE) of promising combustion chamber
shapes (as identificd by the experimental procedure men-
tioned before), in order to better understand the in-cylinder
processes and to derive guidelines for further improvements.
As a result of this procedure certain criteria for a stable and
fast combustion process were identified and finally verified
in the TRI-FLOW design. as described in more detail in a
later section.

Performance achicvements of the TRI-FLOW combustion

As a result of this development process a low NOy lean
burm combustion system with very attractive performance
was established. Full load and part load achievements of the
9.6 litre TCI NG-¢engine with TRI-FLOW combustion system
are shown in Figs. 6 and 7, respectively. It has to be noted
that under all of these test conditions NO, was maintained at
I g/kWh. and the coefficient of IMEP-variation was around
2% or below. Furthermore it is shown that full load BMEP
and brake thermal efficiencies are competitive with those of
highly turbocharged heavy-duty DI diesel truck engines. Part
load efficiency above BMEP of 6 bar was improved by avoid-
ing throttling losscs by mcans of a specially designed waste
gate which allows to control part load operation at fully open
throttle. Thus the throttle is operated only below BMEP of 6
bar, above 6 bar BMEP the engine is operated unthrottled,
and the load is controlled by the waste gate only.

FLOW AND COMBUSTION MODELLING

alculation Mcthod, Mathematical Framework

The computational fluid dynamics code system FIRE
solves the density-weighted ensemble-averaged differential
conservation cquations of mass, momentum, and stagnation
enthalpy in addition to the transport equations of the k-¢ tur-
bulence model in three space dimensions and time. In the
case of reactive flows, additional conservation equations are
solved in order to determine the thermochemical state of the
mixture and the mean rate of chemical heat release.

The hydrocarbon oxidation process is expressed, follow-
ing the common practice, by a single-step irreversible com-
bustion reaction of the form

1 [kg] Fuel + [kg] (0.2320, + 0.768N,) -

0.232

(1+S)[kg] Products +3.31S [kg] N, Equ. (1)

where S is the stoichiometric oxygen requirement per unit
mass of fucl.
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mbustion Model

In order to express the reactive system, partial
differcntial transport cquations for the mixture fraction "f"
and the probability density function (PDF) of a rcaction
progress variable "c" arc solved (23). The numerical
integration of these conservation cquations cnables the
determination of the mean rate of chemical reaction fully
taking into account the turbulence/chemistry interaction and
thus obviating thc need for any prior assumptions as (o
whether one or the other process is controlling the mean rate
of combustion. With the aid of auxiliary rclations the
determination of composition ficlds and the thermochemical
statc of the charge is cnabled. The conservative scalar
variable f is cquivalent to the total (burnt + unburnt) fuel
mass-fraction and thus a mcasure of the mixing between the
air and the fuel, irrespective of their taking part in the
combustion process. Therefore, in the present case of
homogencous premixed charge combustion [ is a constant
value, independent of space and time. The reaction progress
variable ¢ is equivalent to the reaction product mass-fraction
normalised by the maximum product mass-fraction that can
occur such that either all the fucl or all the oxidant is
depleted. It is cvident that ¢ is bounded by the values of zero
and unity corresponding to the unburnt and burnt states,
respectively. regardless of the equivalence ratio.

Adopting the standard gradicent diffusion approximation
and a stochastic mixing modcl (24) for modclling turbulent
convection in physical space and molecular mixing in
composition spacc. the modclled transport cquation for the
reaction progress variable probability density function P(c)
can be written in the form

9 [ 9 | . Py | _
’a‘;{p p(c)}+ ax; PUPo— Tem ==
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Equ .(2)
where p¢) is the probability that at location x and time t the

quantity c is within the range ¢ < ¢ < c+dc. The mean density
is then given by

Equ. (3)

In the above. p is the mixture density, Uj arc the components
of the velocity vector and TI'¢is the diffusion cocfficient. In
the present case of turbulent flow. the diffusion cocfficient is
calculated based upon the solution of the k-g cquations,

In equation (2) T = k/e is the turbulent mixing time and
C., amodel constant. The first term on the right hand side of

equation (2) represents the effect of chemical reaction, and
s(c) is assumed here to be of the standard Arrhenius type.

Solution Meth

The partial differential transport equations governing
general compressible reacting flows are recast into the curvi-
linear non-orthogonal form and transformed to an Eule-
rian-Lagrangian coordinate system, so to enable their solu-
tion on body-fitted computational grids with moving bounda-
rics. The diffcrential transport/conservation equations gov-
erning mean fluid motion are discretised adopting the fi-
nite-volume approach. The temporal integration is Euler im-
plicit, in order to cnsure unconditional numerical stability,
and for approximation of the spatial derivatives a hybrid cen-
tral/upwind differencing scheme is used. This practice leads
to coupled algebraic equation systems solved iteratively on a
SIMPLE based pressure-velocity coupling procedure. The
PDF transport equation for the reaction progress variable c is
solved using a Monte Carlo simulation approach in which
the continuous probability density function P is repre-
sented by an ensemble of notional elements located at the cell
centres of the finite-volume computational mesh (25). In or-
der to advance the PDF from time t to t+At the notional ele-
ments are transported across physical and composition space
according to the processes of convection, diffusion, reaction,
and mixing. simulated sequentially based upon an explicit
opcrator splitting method.

The solution of the coupled equation systems of the hy-
brid finite-volume mean flow/Monte Carlo PDF method is
advanced from the initial conditions in a time marching
method, updating velocity, pressure, and mean scalar fields
according to the solution of the Monte Carlo simulation that
determines the thermochemistry of the mixture.

alculation Procedur

The calculations commenced at inlet valve closure (140
deg. crank angle before firing top dead centre) with a pre-
scribed swirling velocity field according to values obtained
on a steady flow test rig adopting the paddle-wheel method.
The thermodynamic initial conditions were taken according
to the measured inlet manifold data.

The ignition process is simulated through prescription
of the temporal variation of the reaction progress variable ¢
in a number of computational cells at the spark location. An
's'-shaped variation over a 4 degree crank angle period has
been used in the present calculations. Although the mean
value of the reaction progress variable is thus fixed, there ex-
ists an infinite number of possible PDF shapes that satisfy
this. "Maximum" variance ignition has been used in the pre-
sent case.

ENGINE TEST AND FIRE CALCULATION RESULTS

mbustion Chamber Geometries
Within the scope of this paper the presentation of re-
sults will be limited to three combustion chamber shapes.
Fig. 8 shows in axonomectric form the computational meshes



of the threc chambers in their position of 20 degree crank
angle before top dead centre (BTDC). All three bowls arc
located in the piston crown. and the cylinderhead firedeck
plane is forming the upper boundary surface of the chamber
geometry. All three bowls are operated with intake swirl
(swirl number 2.6) which is rotating clockwise when looking
from top onto the chambers in Fig. 8.

The conventional axisymmetric bathtub chamber being
positioned off-center towards the exhaust valve (for directed
squish into a hot zonc) is selected for reference in order o
demonstratc deficiencies lcading to slower and less stable
burning under lcan conditions. The TRI-FLOW [ chamber
represents an intcrmediate status of the development process,
whereas the TRI-FLOW I chamber is one of the latest de-
sign versions. Both arc located centrically below the spark
position.

Combustion Stability and Rate of Heat Releasc

Figs. 9 and 10 show combustion stability in terms of
CIV as a function of thc air excess ratio A at 2000
rpm/BMEP 10 bar and 1500 rpm/BMEP 10 bar, respectively.
Under both opcrating conditions, it is obvious that all three
bowls are about cqually stable (well below CIV 2.5%) as long
as A stays below about 1.45. Above this A-valuc, however,
CIV of the conventional bowl increases dramatically whereas
the TRI-FLOW I chamber is approaching the critical CIV
limit of 5% not until A=1.7 (1500 rpm) to A=1.8 (2000 rpm).
At CIV of 5%. th¢ TRI-FLOW 1 chamber is about 0.05 to
0.10 A-units less tolerant than the TRI-FLOW II chamber.

Fig. 11 shows ratc of heat relecase and accumulated heat
rclease at constant air excess ratio A=1.6 (2000 rpm/10 bar
BMEP). Spark timing was sct at 20° crank BTDC. It is obvi-
ous that the rate of heat relcase is increased in all combustion
phases (initial phase and main phasc) when changing from
the conventional chamber to the TRI-FLOW 1 and II cham-
ber, respectively. The favourable behaviour of  the
TRI-FLOW bowl shapes is obviously the result of special
flow effects affecting both CIV and ROHR, as shown in the
following scctions.

Mean Flow Velocity and Turbulence

Mcan flow velocity and turbulence distributions within
the combustion chambers were calculated by the FIRE code
at the following operating conditions:

- Engine spced 2000 rpin

- BMEP 10 bar

- Spark timing 20° crank BTDC

- Air excess ratio (A) 1.6

These conditions correspond to the ROHR-cases shown in

I;ig. I1. and the appertaining ClV-values are indicated in
ig. 9.

Mean flow velocity ficlds in three sections through the
three combustion chambers at the crank angle of spark tim-
ing (20° BTDC) arc shown in Fig. 12(a-c). In this Figurc the
sections through the bowls' gecometry within the computa-
tional mesh arc indicated in red. Since the flow conditions

around spark location have becn found to be most important
for flame kernel development (19, 20, 21, 22) attention will
be drawn to this fact in the following considerations.

In Fig. 12a for the conventional bowl it can be seen that
at the spark location there is a strong cross flow due to over-
shooting swirling squish from the clearance volume, whereas
in the TRI-FLOW chambers, Figs. 12b and 12c, there are
much lower mean velocities, and a stagnation area near the
spark plug is being formed as a result of the combination of
squish and diverted and colliding swirl motion being gener-
ated by the combustion chamber shape.

Histories of mean flow velocity and turbulent kinetic
energy (TKE, defined as (3/2 u) where u' is the isotropic
turbulent velocity) at the location of the spark under
non-firing conditions are¢ shown in Fig. 13. There are several
peculiaritics in both, mean velocity and TKE. The cross flow
alrcady scen with the conventional chamber in Fig. 12a, is
increasing further after spark timing and reaches a maximum
ncar TDC, whereas the mean flow velocities of the
TRI-FLOW I chamber remain at the low level. The
TRI-FLOW I chamber exhibits a behaviour in-between the
other two chambers. As far as turbulence at the spark loca-
tion is concerned Fig. 13 shows clearly a steep increase of
TKE towards TDC for the TRI-FLOW II chamber whereas
the TKE levels of the conventional chamber, but also the
TRI-FLOW I chamber are much lower and not significantly
diffcrent from cach other. However, the history of the cylin-
der-mean TKE integrated over the whole combustion space
(i.e. over the chamber volume plus the disc shaped piston to
top clearancce volume), as shown in Fig. 14, exhibits a grad-
ual increase in turbulence level when changing from the
bathtub to TRI-FLOW I and further to TRI-FLOW I

Correlation of Combustion and Flow Parameters

It is appropriate now, to correlate experimentally deter-
mined CIV and ROHR data with calculated mean velocity
and TKE data. In doing so, Fig. 15 shows correlations for:

- Mcan flow velocity at spark location at 10° crank BTDC
vs. CIV (Fig. 15a) and vs. degree crank duration for 10%
mass burnt (Fig. 15b)

- TKE at spark location at 20° and 10° crank BTDC vs.
degree crank duration for 10% mass burnt (Fig. 15¢)

- Peak cylinder-mean TKE vs. pcak ROHR (Fig. 15d)

- Peak cylinder-mean TKE vs. degree crank duration for
10-90% mass burnt (Fig. 15¢).

The corrclations in Fig. 15(a-c) are related to phenomena of
the initial combustion phase. whereas the correlations in Fig.
15(d-¢) are rclated to the main combustion period.

As to the initial combustion phase it appears, as if CIV
was primarily affected by the mean flow velocity at the spark
location so that beyond a certain mean flow velocity level
CIV increases dramatically. The initial flame growth itself,
as characteriscd by the crank degree interval required to con-
sume 10% of the mass, seems to be affected by both, mean
flow velocity (the smaller, the better) and TKE (the higher,
the better) at spark location.
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The corrclations of Fig. 15(d-¢) for the main combus-
tion period clearly reflect the well known strong effect of

‘ TKE on ROHR and combustion duration.

Multi-Dimensional Progress of Combustion

As part of the development process of the TRI-FLOW
combustion chambers, and supplementary to the flow calcu-
lations presented in the previous section, also the combustion
process was modelled in order to better comprehend the
complex interaction of flow velocitics and turbulence pat-
terns and their effect on flame devclopment within the vari-
ous combustion chambers. As a result of these calculations,
progress of combustion in the three chambers. under the
same conditions as the flow calculations were based on, is
shown in Fig. 16(a-c). For cach chamber, combustion pro-
gress is imaged at four crank angle positions. In cach casc
the flame progress is shown on three planes through the
chamber, namely on a horizontal planc located halfway in
the disc shaped top clearance volume, and on two planes be-
ing perpendicular to the horizontal one and to cach other. In
the pictures the bluc colour represents unburnt mixture, and
the red colour completely burnt mixture. The yellow zones
indicate the momentary position of the flame front. On cach
picture the percentile of burnt mass is indicated as calculated
by the FIRE code.

Combustion progress in  the conventional  bowl,
Fig. 16a. shows first of all a strong displacement of the flame
kemnel away from the spark location deep into the ground of
the bathtub, as a result of the massive squish velocities from
the asymmetric squish arca opposite of the bowl. On the one
hand, the strong convective flow in the spark arca is known
to be conducive in activating or igniting larger mixture par-
cels, on the other hand the ignition cnergy brought in per
unit mass is reduced making the flame kernel prone to being
quenched. The latter and the unlavourable asymmetric posi-
tion of the flame kernel after the ignition phase is obviously
dominating and leads to a long ignition delay phase and later
on to slowed down flamc propagation from the bowl ground
towards the cylinder head. At 15 degree crank ATDC only
42.4% of mass is bumt (45% wcre measured).

Combustion in the TRI-FLOW [ chamber, Fig. 16b, is
spreading from a flame kernel which is stabilised around the
spark plug due to the symmetric squish arcas of this chamber
design causing a stagnating flow arca around the spark.
Combustion then progresses symmetrically from the spark
position into the chamber, but duc to the off-center position
of spark and chamber there is finally a slightly asymmetric
flame front. At 1S degree crank ATDC 77.5% of mass is
burnt (65% were measured).

Combustion progress in the TRI-FLOW I chamber,
Fig. l6c, is characterised by fast growth rate of the flame
kemncl which again is stabilised and centralised in its posi-
tion near the spark by the symmctric flow towards this arca,
and which is also due to very low mcan flow vclocitics but
very high turbulence level in the centre and throughout the
whole chamber. As a result, the flame propagates quickly
and rather symmectrically into the individual parts of the
chamber, so that at 15 degree crank ATDC 77.0% of the

mass arc burnt (80% were mecasured). This fast burning is
also reflected in Fig. 16¢ by the dominion of the red colour
filling nearly completely the whole chamber at 15 degree
crank ATDC.

SUMMARY AND CONCLUSIONS

In recent years spark ignited lean burmn open chamber
natural gas engines having been converted from heavy-duty
diesel engines have become increasingly attractive in auto-
motive and industrial applications due to their potential for
low NOy and particulate exhaust emissions, high thermal ef-
ficiency, and high BMEP level.

One of the main challenges of this engine category is to
achieve stable combustion at the lean air/fuel ratios necessary
for lowest NOy emissions. In taking up this challenge an
open chamber lean burm  combustion system called
TRI-FLOW has been established at AVL which allows to
achicve NO, cmissions as low as 1 g/&x<Wh while maintaining
stable combustion (coefficient of IMEP variation CIV £ 2%)
and diesel-like cfficiency at diesel-like BMEP-levels.

In elaborating the TRI-FLOW system novel experimen-
tal techniques and computational fluid dynamics (CFD) cal-
culations have been integrated into the development process
in order to expedite the evolution of the combustion chamber
shape. CFD calculations by the FIRE code for mean flow ve-
locity, turbulence. and combustion progress within the cham-
ber were performed in parallel to the experimental develop-
ment process on the testbed using a turbocharged and air/air
intercooled 9.6 litre in-line 6-cylinder engine (operated on
natural gas). which had been converted from a heavy-duty
truck dicsel engine. Thus. flow data could be correlated with
combustion paramcters in order to identify mechanisms for
stable and fast combustion.

As a result of these investigations which are exempli-
fied in this paper on a conventional bathtub bowl and on two
combustion chamber versions of the new TRI-FLOW system,
the following conclusions with regard to the mechanisms for
stable and efficicnt combustion can be drawn:

- Combustion stability in terms of CIV under lean conditions
(A 2 1.5) appears to be affected primarily by the mean flow
velocity at the spark location at the time of and after spark.
Beyond a certain mean flow velocity level CIV increases
dramatically.

- Initial flame¢ growth seems to be affected by both, mean
flow velocity (the smaller. the better) and turbulent kinetic
cnergy (TKE: the higher. the better) at spark location.

- Rate of heat relcase (ROHR) of the main combustion period
is mainly affected by the level of cylinder-mean turbulent
kinctic energy. The higher the latter, the higher peak-
ROHR and the shorter combustion duration.

- Multi-dimensional modelling of progress of combustion in
the various chambers revealed that in the TRI-FLOW



chamber there is a fast flame kemnel growth due to low
mean flow velocity but high TKE at spark location. Thus
the flame kernel remains stabilised in the centre arca of the
symmetric chamber. Duc to the rather high TKE level in
the bulk of the TRI-FLOW chamber the flume propagates
quickly and rather symmetrically into the individual parts
of the chamber, causing a stable and dicscl-like ROHR.

Thus. the integration of CFD calculations by means of
the FIRE code into the experimental development process
proved to be very efficient in dirccting the evolution of the
TRI-FLOW combustion system.
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a) Conventional chamber Sections

b) TRI-FLOW I chamber

@ Location of spark

¢) TRI-FLOW II chamber

Fig. 12 Flow pattern at spark timin

g P P 2
(20 °CA BTDC) in different
combustion chambers
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