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ABSTRACT

High EGR rates combined with turbocharging
has been identified as a promising way to increase the
maximum load and efficiency of heavy duty spark
ignition Natural Gas engines. With stoichiometric
conditions a three way catalyst can be used which
means that regulated emissions can be kept at very low
levels. Most of the heavy duty NG engines are diesel
engines which are converted for S| operation. These
engine’s components are in common with the diesel-
engine which put limits on higher exhaust gas
temperature. The engines have lower maximum load
level than the corresponding diesel engines. This is
mainly due to the lower density of NG, lower
compression ratio and limits on knocking and also high
exhaust gas temperature. They also have lower
efficiency due to mainly the lower compression ratio and
the throttling losses. However performing some
modifications on the engines such as redesigning the
engine’s piston in a way to achieve higher compression
ratio and more turbulence, modifying EGR system and
optimizing the turbocharging system will result in
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improving the overall efficiency and the maximum load
limit of the engine.

This paper presents the detailed information
about the engine modifications which result in improving
the overall efficiency and extending the maximum load of
the engine. Control-related problems associated with the
higher loads are also identified and appropriate solutions
are suggested.

INTRODUCTION

Most of the existing heavy duty engines are run
on diesel. The overall engine efficiency and the
maximum load of diesel engines are good however they
suffer from high levels of emissions mainly NOX and
soot. Natural Gas (NG) is an alternative to Diesel due to
the lower emissions level, lower cost and vast available
resources [1]. Two main concepts for operating heavy
duty NG engines exists namely Stoichiometric or Lean
operation. Recent studies at department of energy
science at Lund University has shown good potentials
with  stoichiometric operation since stoichiometric



operation with a three way catalyst results in very low
emissions while keeping efficiency at a reasonable level
[2]. Still the heavy duty NG engines have lower overall
efficiency and lower maximum load in compare with
diesel engines. The lower overall efficiency is due to
three reasons. First the lower compression ratio used
with NG engines due to knocking phenomena results in
higher heat losses in form of exhaust energy and
thereby lower efficiency. Second, the use of throttle
results in throttling losses and thereby higher pumping
losses. Finally, due to the stoichiometric operation of the
engine somewhat lower combustion efficiency is
achieved in compare with diesel engines [2]. Normally
heavy duty diesel engines are converted to NG engines.
Diesel engines have lower exhaust gas temperature due
to their higher expansion and also lean operating
conditions. The NG engine operates stoichiometric, with
lower compression ratio which results in higher exhaust
gas temperature. These limitations on the exhaust gas
temperature level together with knocking and lower
density of NG limits the maximum load level of the
engine.

There exist big potentials to improve the overall
efficiency and extend the maximum load level of the
engine. Increasing compression ratio and extending the
dilution limit can be good strategies to improve the
engine efficiency. At low and part loads the throttling
losses are high. Using EGR minimizes throttling losses
at lower loads and results in higher Gas-Exchange
efficiency however the amount of EGR and the gain is
limited due to longer combustion duration which results
in increasing cyclic variation [3]. The benefits of running
the engine on the maximum dilution limit are reported in
[4], [5] and [6]. The dilution limit can be extended by
increasing the turbulence level in the engine. Higher
turbulence level results in faster combustion which
consequently extends the dilution limit. The shape of
pistons can affect the turbulence level in internal
combustion engines. In [7], [8] and [9] the effect of
different combustion chambers shape on gas flow,
combustion and emissions have been studied.

The main objective of this paper is to improve
the overall engine efficiency and also extend the
maximum load level of the engine. It is also desired to
characterize the control-related problems associated
with higher loads at higher engine speeds. Some
modifications are performed on the engine to approach
this target. The compression ratio of the engine was
increased from 10.5 to 12 and the piston shape was
designed in away to reduce the combustion duration.
The chosen piston shape is based on the results
reported in [7]. The new piston modification resulted in
some changes in the exhaust gas characteristics. This
was the reason to replace the turbocharger with a
Variable Geometry Turbocharger (VGT) for adjusting the
boost pressure level and thereby the maximum load.
The engine’s EGR system is also modified in a way to

deliver more EGR rate into the engine and also to
enable us to control it in a faster and more robust way.

The results showed good improvements in
engine efficiency and also significant extending in the
maximum load level of the engine.

EXPERIMENTAL SETUP

In this section the specification of the
experimental engine and its control system, new
modification on the engine, measurement system and
gas data are described.

The experimental engine

The experimental engine was originally a diesel
engine from Volvo which has been converted to a NG
engine, see Table 1 for specification. The engine is
equipped with a short route cooled EGR system and
also turbocharger with wastegate.

Number of Cylinder 6
Displacement 9.4 Liter
Bore 120 mm
Stroke 138 mm
Compression ratio 10,5:1
Fuel Natural gas

Injection System Multi-port

Table 1: Specification of the engine

Engine Control System

A master PC based on GNU/Linux operating
system is used to operate the engine and data
acquisition. It communicates with three cylinder-control-
modules (CCM) for cylinder-individual control of ignition
and fuel injection via CAN communication. Crank and
cam information are used to synchronize the CCMs with
the crank rotation. Flexible controller implementation is
achieved using Simulink and C-code is generated using
the automatic code generation tool of Real Time
Workshop (RTW). The C-code is then compiled to an
executable program which communicates with the main
control program.

New modifications on the engine

Some modifications have been performed on the
engine in order to improve the overall efficiency and
extend the maximum load limit of the engine. The main
modifications were performed on the pistons and the
EGR system. In the following subsections these
modifications are described in detalils.

Combustion chamber

As it is described in the introduction section, in
order to approach the objectives of this project the
original pistons were replaced by new ones. Figure 1



shows the original combustion chamber which has 10.5
in compression ratio. New pistons called Quartette was
designed mainly based on the results presented in [7]
(see Figure 2). Quartette has shown good ability to
generate high turbulence level and it is pointed out as
fast combustion chamber in [7].

The differences between the design of the piston
shown in Figure 2 and the combustion chamber design
in [7] are two points. The existing pistons have oil
galleries and in order to not machine them some fillets
are designed. In the bed of the piston bowl reported in
[7] the form is completely flat but this piston has a
conical form. The compression volume of the
combustion chamber is decreased in order to increase
the compression ratio from 10.5 to 12.

Figure 1: The original piston of the engine

Figure 2: The new piston of the engine (Qurtette)

EGR System

The engine is equipped originally with a short
rout EGR system. This EGR system is also called High
Pressure (HP) EGR system. In order to increase the
ability for delivering more EGR and also controlling the
EGR rate in a faster and more robust way a long rout
EGR system so called Low Pressure (LP) is added to

the engine. Figure 3 shows the long rout EGR system
added to the engine. Moreover a back pressure valve
was installed after the catalyst for increasing the exhaust
pressure and delivering more EGR. This type of EGR
system (HP + LP) is previously presented in [10].
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Figure 3: The engine setup with both short and long rout
EGR system

Measurement System

Each cylinder head is equipped with a piezo-
electric pressure transducer of type Kistler 7061B to
monitor cylinder pressures for heat release calculations.
Cylinder pressure data are sampled by a Microstar
5400A data acquisition processor. EGR was calculated
by measuring CO2 at inlet and exhaust. Emissions (HC,
CO, NO, NO2, CO2, 02) are measured before and after
catalyst. Also, temperatures at inlet/exhaust, pressures
at inlet/exhaust, fuel and air flow, lambda, torque and
engine speed are measured.

Gas Data
The composition of the NG, is shown in Table 2.
The lower heating value of the NG is 48,4 MJ/Kkg.

Composition % Structure
Methane 89,84 CH4
Ethane 5,82 C2H6
Propane 2,33 C3H8
I-Butane 0,38 C4H10
N-Butane 0,52 C4H10
I-Pentane 0,11 C5H12
N-Pentane 0,07 C5H12
Hexane 0,05 C6H14
Nitrogen 0,27 N2
CO2 0,6 CO2

Table 2: The natural gas composition



EXPERIMENTS

To investigate and quantify the effects resulted from
the modifications on the engine; different experiments
were designed and performed. The experiments were
performed in three stages as follow:

1. To quantify the effects of the combustion
chamber modifications, the engine was operated
at different load and engine speeds. Since it was
desired to quantify the impacts especially at
higher loads, and also to identify the control-
related problems at higher loads extra focus was
done on engine operation with Wide Open
Throttle (WOT) at different engine speed.

2. An EGR sweep was performed in order to
guantify the extension of the dilution limit. The
engine was operated at 1000 RPM and 10 bar
Brake Mean Effective Pressure (BMEP).

3. Based on the results from experiment 1 it was
decided to change the turbocharger. The
turbocharger was replaced by a VGT and new
experiments were performed mainly to
investigate how the maximum load limit can be
extended and also to identify the possible
problem associated with the higher loads
operation.

Lambda is kept equal to one and the start of
injection is fixed for all operating points. The ignition
timing is set at the Maximum Brake Torque (MBT) until
knock was observed. When observing knock, EGR is
added and ignition timing is adjusted based on that. The
inlet temperature was maintained constant at 313 K. For
each operating point 300 cycles data were sampled and
a mean value of them are presented in the plots.

RESULTS

The results of the experiments are evaluated in
form of combustion duration, efficiency, maximum load
level, emissions and other important parameters.

Combustion Duration

As it was discussed in the previous section the
main feature of the Quartette combustion chamber is its
high ability to generate turbulence. Figure 4 shows the
combustion duration comparison for the two piston
configurations. The Quartette piston speeds up the
combustion due to its high turbulence level and thereby
it shortens the combustion duration by almost 40%.
Combustion duration is calculated in the period of 10%
to 90% mass burned fraction.

Combustion Duration Vs. Engine Speed @ (WOT)
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Figure 4: Combustion duration (CA10-CA90) @ different

engine speed (WOT)
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Efficiency

A fast combustion chamber shortens the
combustion duration which consequently reduces the
heating losses and also extends the dilution limit of an
engine. Gross indicated efficiency is an indication of how
good the combustion is and also how big the heat losses
are. It is defined as

! MEP"“’SS Where

Nt =\ 77—~ ~
° M Qyy
Vo

I MEP@“’SS = Gross Indicated Mean Effective Pressure

m
' = fuel mass per cycle

QLHV: lower heating value of the fuel
V, = displacement volume

Gross indicated efficiency was plotted versus
different engine speeds when the throttle is fully open.
Figure 5 shows that gross indicated efficiency is
improved by at least two percent unit. This improvement
was expected since the heat losses was expected to be
lower with the new combustion chambers due to two
main reasons. Two major modifications were performed
on the combustion chambers namely their shape and the
compression ratio. The modifications on the pistons
shape minimize the heating losses in form of wall heat
losses since the combustion is much faster. Increasing
in the compression ratio increases the expansion ratio
which results in lower exhaust losses.



Gross-Indicated Efficiency Vs. Engine Speed @ WOT
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Figure 5: Gross indicated efficiency @ different engine

speed (WOT)
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Gross indicated efficiency is a product of
combustion efficiency and thermodynamic efficiency.
The combustion efficiency is an indication to how good
the fuel burns in the cylinder. Thermodynamic efficiency
is an indication of the amount of heat losses in form of
wall, blow-by and Crevices heating losses and also
exhausts energy.

Figure 6 show that the Quartette piston offers
higher Thermodynamic efficiency due to partly its higher
compression and partly due to the faster combustion
chamber.
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Figure 6: Thermodynamic efficiency @ different engine
speed (WOT)

Dilution Limit

As it is mentioned in the introduction and
experimental setup sections, some modifications have
been performed on the EGR system. The engine was
only equipped with a short rout EGR system and the

amount of deliverable EGR was limited to only 20%. A
long rout EGR system and a back pressure valve were
added to the engine. The main reason for this
modification was to increase the EGR rate and also to
control the amount of EGR in a faster and more robust
way.

An EGR sweep was made basically for two
reasons. First, to investigate the maximum level of EGR
rate that can be delivered by the new EGR configuration
and second, to find out how much the dilution limit is
extended since a faster combustion chamber is also
used. The engine was able to deliver about 20% EGR
with the original short rout system but by the new system
this amount is only limited to the dilution tolerance of the
engine. Figure 7 and Figure 8 show how cyclic variation
of each cylinder for the original and the Quartette piston
looks like by increasing EGR rate. They show that the
dilution limit is extended from about 18% EGR to about
24 % EGR with the Quartette piston.

Cyclic variation Vs. EGR rate / Original Piston

70 \ ‘
— Cylinder 1 :
60~ ——Cylinder2 ----- = - - -
— Cylinder 3 1
50 ——Cylinder4 - - - - B il e
—— Cylinder 5 |
¥ 40r Cylinder6 ----- Aty ik
2 l l
030~ I e S
| |
20f------- . e
| |
| |
10F -~~~ R
| |
0
0 5 10

EGR Rate [%)]

Figure 7: Cyclic variation Vs. EGR rate for the original

piston
Cyclic variation Vs. EGR rate / Quartette Piston
80 T T T T T
— Cylinder 1
70 —— cylinder 2
| — Cylinder 3
i p— Cylinder 4
50 — Cylinder 5
3 Cylinder 6
20 o .
O | |
30F----- e N
| |
20/ - B T T ISR
| |
10f - - T :
1 1
0 ‘
0 5 10

EGR Rate [%]
Figure 8: Cyclic variation Vs. EGR rate for the Quartette
piston



The Maximum Load Limit

Since one of the objectives of this project is to
extend the maximum load level of the engine, the
maximum load for both pistons was compared. Figure 9
shows BMEP versus different engine speeds at WOT.
By using Quartette pistons the maximum achieved loads
are somewhat lower than the loads achieved by the
original pistons. To investigate the reason, the pressure
after the compressor for the corresponding operating
points are plotted and compared in Figure 10.

Maximum Load Vs. Engine Speed @ (WOT)
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Figure 9: Maximum Load @ different engine speed

(WOT)

The pressure after the compressor is higher with
the original pistons which mean that the work delivered
by the turbocharger is more. Work is done by the flow to
turn the turbine and the shaft. From the conservation of
energy, the turbine work per mass of airflow (W) is equal
to the change in the specific enthalpy (h) of the flow from
the entrance to the exit of the turbine. By specific
enthalpy means the enthalpy per mass of airflow.

W = hin - hout
The enthalpy at the entrance and exit of the turbine is
related to the total temperature T at those points.

W= Cp(Tin _Tout)
This equation can be rewritten to [11]

W =(c,xnxT,)x|1- F’r(yylJ

From this equation it is clear that the inlet
temperature of the turbine will affect the amount of work
done by the turbine. Figure 11 shows the exhaust gas
temperature which is same as inlet temperature of the
turbine versus the different engine speed for the
experimented operating points. With the Quartette
pistons exhaust gas temperature is lower than the
original pistons. This is due to the higher compression
ratio of the Quartette which results in more expansion.
More expansion means that more heat converted into
mechanical work in the cylinder and less energy in form
of exhaust gas are available. The lower exhaust

temperature means lower exhaust energy and thereby
less charging from turbocharger.

As it is mentioned in the introduction section, the
exhaust gas temperature from these types of NG
engines must be kept at low levels. According to the
manufacturer the exhaust gas temperature should be
lower than 760° C with this engine. The lower exhaust
gas temperature is beneficial in two ways. First, the
higher margin is available to the highest allowable
exhaust gas temperature and second, there exists
potential that by replacing the turbocharger by a better
matched turbocharger, the maximum load limit will be
extended.
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Figure 10: Pressure after compressor @ different engine
speed (WOT)

Exhaust-Gas Temperature Vs. Engine Speed @ (WOT)
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Figure 11: Exhaust gas temperature @ different engine
speed (WOT)

Extending the Maximum Load Limit

It was showed and discussed in the results
section that the lower exhaust gas temperature with the
Quartette pistons results in lower boost pressure from
the turbocharger. This fact plus the need to extend the



maximum load limit of the engine (one of the objectives
of this work) points out the need for more boost
pressure.

A well matched VGT is a good alternative to be

used instead of the existing turbocharger with wastegate
for achieving the right amount of boost pressure. VGT is
a good choice since compare with the bypass control
turbocharger it offers the flexibility to adjust the required
boost pressure. Moreover, There is also potential to
reduce the throttling losses by means of VGT. This will
be investigated in the next paper.

VGT is used widely in turbo diesel engines.
Traditionally turbochargers with wastegate have been
used on Sl engines. VGT is not used on Sl petrol
engines. This is because petrol engine exhaust gases
are a lot hotter than diesel engine exhaust gas, so
generally the material used to make VTG turbo could not
stand this heat [12]. The heavy duty SI NG engines have
higher exhaust gas temperature than the diesel engines
but it is stil much lower than the exhaust gas
temperature from the petrol engines. So there is no
limitation to use VGT on the NG engine.

After consulting with the R&D group from engine
contractor Company a VGT was delivered and mounted
on the engine. The engine is operated at the same
engine speeds at WOT and the boost increased until the
knock occurs. EGR is added to suppress the knocking.
The black line in Figure 12 shows the maximum load
when the engine was operated on VGT. In the same plot
it is compared with the two previous experiments. The
peak BMEP is increased by at least 3 bar from 16 to 19
which is a significant improvement.
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Figure 12: Maximum load after replacing the
turbocharger to a VGT in compare with the other
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Control-related problems associated with the higher
loads and suggested solution

Higher boost pressure and higher loads in the
engine is limited to knock phenomena. A very
sophisticated control strategy should be designed to
control the knock at the higher loads. To suppress knock
at the higher loads, right amounts of EGR have to be
added and the ignition timing should to be adjusted
based on that. The new configuration of the EGR
system (LP+HP) plus fast measurements of the EGR
rate are the right tools to control that in a fast and robust
way. Measurements of EGR have to be done in a very
fast way to delete the measurement lag.

Midrange control of EGR is an appropriate
option for controlling the 2 EGR valves. Mid-range
control structure is used for processes with two inputs
and only one output [13]. A classical application of this
type of controllers is valve position control. Figure 13
demonstrate a mid-range control strategy. The faster
process input u; should be used for a small range valve
and then the slower process input u, should be used for
the large range valve. The controllers should have
separate time scales to avoid interactions.

U»EEE:H Ca w Gy

oo g—“l G o P

Figure 13: Mid-range control strategy
SUMMARY / CONCLUSION

The main objective of this work was to improve
the overall efficiency and extend the maximum load
level. It was also desired to identify and characterize the
problems associated with higher loads. Some
modifications were performed on the combustion
chambers, EGR system and the turbocharging system.
The pistons shapes were modified in away to increase
the turbulence level and also the compression ratio. A
LP EGR route and a back pressure valve were also
added to the engine to increase the EGR deliverability of
the engine and also to control the EGR rate in a faster
and robust way. The turbocharger was also replaced by
a VGT in order to adjust the boost pressure at higher
loads.

The achieved results are evaluated in terms of
combustion duration, efficiency, dilution limit and the
maximum load limit. The Following conclusions obtained
after this study:

» Improving Engine Efficiency
0 Gross indicated efficiency was increased with
the new combustion chambers due to the lower
heating losses



= The higher compression ratio results in more
expansion and thereby lower heat losses in
form of exhaust energy

= The shape of the combustion chamber results
in more turbulence and thereby much faster
combustion. This fact results in lower heating
losses to the walls and Crevices

0 Extending the Dilution Limit

= By the new EGR system higher EGR rate can
be achieved and for controlling the EGR rate
more freedom of degree are available.

= Dilution limit is extended from about 18% EGR
to 24% EGR due to the faster combustion
chamber

= Extending the dilution limit means reducing the
pumping losses at lower load and thereby
improving efficiency

» Extending Load Limit

0 Somewhat lower Maximum load level achieved
with the new combustion chambers due to the
lower exhaust gas temperature. The higher
compression ratio resulted in more expansion
and thereby lower exhaust temperature. This
resulted in lower boost from turbocharger and
lower inlet pressure.

0 Better matched turbocharger was needed, so
the turbocharger with bypass was replaced by a
VGT

0 The heavy duty SI NG engines have higher

exhaust gas temperature than the diesel
engines but it is still much lower than the
exhaust gas temperature from the petrol
engines. So there is no limitation to use VGT on
the NG engine.

0 Using VGT resulted in significant improvement
in maximum achievable load

» Higher load Problems

o In this type of NG engines, exhaust gases
temperatures are limited to 760°C. By the
Quartette pistons since the compression ratio is
higher that results in more expansion and
thereby lower exhaust temperature. This means
that higher compression ratio is a remedy to this
problem

0 Knocking seems to be a limit for more boost
pressure and higher BMEP level

0 Sophisticated controllers should be developed to
suppress the knock at higher loads.

0 HP+LP EGR configuration combined with Mid-
range control strategy seems to be a promising
concept to be used in controlling the EGR rate

In the next work it will be tried to implement the Mid-
range control of EGR. The EGR controller can be used
to suppress knock at higher loads and reducing throttle

losses at lower loads. Minimizing the throttling losses by
means of VGT will also be studied.
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