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Abstract

Background

Homogeneous Charge Compression Ignition (HCCI) is a new intemal combustion
system that promises high efficiency and dramatically reduced nitrous oxide (NO,)
and particulate matter (PM) emissions when compared to current spark ignition (SI)
and compression ignition (Cl) engine technologies. In its simplest form, HCCI can be
described as lean autoignition of a homogeneous fuel/air mixture that occurs without
a flame front. HCCI can in theory be achieved using aimost any fuel, provided that it
evaporates readily and has a short enough ignition delay that it can be made to
autoignite under the conditions typically found in an IC engine.

Basically HCCI incorporates the best features of a Si (petrol) and Cl (diesel) engine.
Like in a Sl engine, the fuel and air in the cylinder is allowed to be well mixed before
the onset of combustion which promotes cleaner buming (Low PM) and like in a Cl
engine the engine is operated overall fuel-lean and therefore has no throttling losses
and near zero NOy emissions. The mixture is also compression ignited in the same
way as in a Cl engine. This causes combustion to occur simultaneously throughout
the combustion chamber and thus no flame front is present.

Motivation

Controlling combustion phasing is one of the biggest challenges with HCCl. The
purpose of the study was to determine the effectiveness of a Hot Tube igniter for

- initiating HCCI combustion. The igniter consists of a capped tube that protrudes from
the combustion chamber and is heated from the outside. By controlling the
temperature of the tube, it is possible that some control can be gained over the start
of combustion.

Sasol sponsored this research project and their interest in HCCI lies on the fuels side
where HCCI testing capabilities are a prerequisite for any fuels research that the
company wants done in this field. Upgrading an existing single-cylinder research
engine with a fuel injection system and comprehensive instrumentation, data
acquisition and control hardware provides this capability.

iv



Results

After spending a lot of effort on upgrading the engine, HCCI running was achieved
with great success from the start.

A series of tests were done using high and low octane fuels and stable HCCI
operation was achieved with all fuels tested. The fuels used were n-Heptane (low
octane) and Methanol (high octane, low surface ignition temperature).

The Hot Tube igniter was tested concurrently for temperatures up to 400°C and was
found to be ineffective in initiating HCCI combustion. This was a surprising resuilt
because with Methanol, which is known to have a low hot surface ignition
temperature, the Hot Tube had no effect on combustion. The modelling suggested
that autoignition should be initiated in the Hot Tube. The Hot Tube did, however,
lower that rate of pressure rise in the cylinder.

The experimental results for normal running (without the Hot Tube) correlated well
with combustion modelling that was done prior to the test program.

Conclusion

The Hot Tube igniter proved ineffective in initiating HCCI combustion for the relatively
low tube temperatures that were investigated.

The work done during this project provides the Sasol Advanced Fuels Laboratory
with a tool with which further HCCI research can be done.

Recommendations

Refinements to the instrumentation and data acquisition system are strongly
recommended.

If a way can be found to reliably heat the Hot Tube to higher temperatures than the
ones used in this study, more tests can be done to confirm the findings.
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Determination of the effectiveness of a Hot Tube igniter for initiating HCCI combustion

1 Introduction

1.1 HCCI Combustion

The continued pressure placed on engine and fuel manufacturers to reduce intemal
combustion (IC) engine emissions has lead to a global drive to develop new cleaner
engines and combustion systems. The possibility of a looming global fuel crisis has
also focussed manufacturers’ attention on improving engine efficiency and reducing
fuel consumption.

Homogeneous Charge Compression Ignition (HCCI) has been identified as being a
promising new combustion system that could provide solutions to the challenges
mentioned above. HCCI combines the advantages of both spark ignition (SI) and
compression ignition (Cl) in a single system that offers both dramatically reduced
emissions and improved efficiency. As with any emerging technology, there are a
number of challenges that will have to be overcome before the system can be
commercialised. Continued research is being done worldwide to bring HCCI into the
market.

In principle HCCI combustion is the controlled autoignition of a lean homogeneous
fuel/air mixture. Premixed fuel and air gets compressed during the compression
stroke and the pressure and temperature rise causes the mixture to autoignite.
Combustion is purely controlled by the chemical kinetics of the fuel and thus there is
no direct control over the start of combustion. This lack of control over combustion
phasing is one of the biggest challenges facing HCCl development.

1.2 Hot Tube ignition

This study investigates the use of a Hot Tube igniter fo initiate HCCI combustion. Hot
Tubes were originally used on Sl engines before the electric spark plug ignition was
developed. The igniter consists of a capped tube that protrudes from the combustion
chamber and is heated from the outside. During engine running some portion of the

Sasol Advanced Fuels Laboratory
University of Cape Town 1



Determination of the effectiveness of a Hot Tube igniter for initiating HCCI combustion

mixture gets compressed in the tube exposing it to the hot inner surface. Heat
transfer from the tube to the mixture can cause a sufficient rise in the temperature to
make the mixture in the tube autoignite before the rest of the mixiure in the
combustion chamber. The pressure and temperature rise due to autoignition can
then “nudge” the bulk of the mixture into autoigniting. By controlling the temperature
of the tube, it is possible that some control can be gained over the start of
combustion.

1.3 Objectives

o For the purpose of this study it is necessary to upgrade and modemise an
existing experimental engine setup. A Ricardo E6 single-cylinder
experimental engine dating from 1968 is available as test engine but needs a
lot of work to get it up to modem engine test standards.

o By upgrading the engine, create a tool with which further HCCI research can
be done.

o A Hot Tube igniter needs to be designed and fitted to the engine

» A range of tests with and without the Hot Tube needs to be done with different
fuels to capture engine data for analysis and comparison.

o Through analysis of the data captured during the tests, the effectiveness of
the Hot Tube needs to be determined.

1.4 Thesis Outline

This document is structured in such a way that the scientific method used for the
investigation can be followed.

Chapter 2 is a review of the relevant literature. It starts by giving a broad overview of
HCCI in general and this is followed by a discussion on the proposed use of a Hot
Tube igniter.

Chapter 3 discusses the experimental design and the computer modelling that was
done to determine experimental operating conditions.

Sasol Advanced Fuels Laboratory
University of Cape Town 2



Determination of the effectiveness of a Hot Tube igniter for initiating HCCI combustion

Chapter 4 covers the experimental setup. The test apparatus and procedures are
discussed.

Chapter 5 gives the results of the engine testing and analyses done on the engine
data. The results are also interpreted and discussed throughout.

Chapter 6 gives the conclusions of the study and recommendations for further work.

Sasol Advanced Fuels Laboratory
University of Cape Town 3



Determination of the effectiveness of a Hot Tube igniter for initiating HCCI combustion

2 Literature Review

2.1 Whatis HCCI?

Homogeneous Charge Compression Ignition is an internal combustion process that
promises high efficiency and dramatically reduced nitrous oxide (NO,) emissions
when compared to current spark ignition and compression ignition engine
technologies. In its simplest form, HCCI can be described as lean autoignition of a
homogeneous fuel/air mixture that occurs without a flame front [Zhao F. et al.,
2003(a)]. HCCI can in theory be achieved using almost any fuel, provided that it
evaporates readily and has a short enough ignition delay that it can be made to
autoignite under the conditions typically found in an IC engine.

Basically HCCI incorporates the best features of an SI and Cl engine. Like in a Sl
engine, the fuel and air in the cylinder is allowed to be well mixed before the onset of
combustion which promotes cleaner burmning and like in a Cl engine it is operated
overall fuel-lean and can therefore benefit from a higher thermal efficiency and no
throttling losses. The mixture is ignited by compressing it and thereby raising the
temperature and pressure of the mixture in the same way as in a Ci engine. This
causes combustion to occur simultaneously throughout the combustion chamber and
thus no flame front is present. The absence of a flame front also means that the
flammability limits associated with S| combustion is irrelevant for HCCI running.

The reduction in emissions is due to the fact that 1) the peak bumed gas
temperatures are much lower than in the flame front of a Sl engine or the diffusion
flame combustion in a Cl engine. This causes much lower NO, emissions; and 2)
there is no fuekrich diffusion buming taking place. Particulate matter (PM) emissions
are therefore reduced to near-zero levels.

HCCI engines potentiaily offer efficiency levels comparable to those of diesel engines
while engine-out NO, emissions can be as low as tailpipe NO, emissions of a
conventional Sl engine with aftertreatment.

Sasol Advanced Fuels Laboratory
University of Cape Town 4
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Determination of the effectiveness of a Hot Tube igniter for initiating HCCI combustion

Despite all the advantages mentioned above, HCCI poses its own unique set of
challenges:

o High hydrocarbon (HC) and carbon monoxide (CO) emissions

« Narrow operating range in terms of load and speed

¢ Difficulty in controlling combustion phasing

o Low specific power output

As is the case with all homogeneous combustion systems, a significant amount of
fuel is stored in in-cylinder crevices and escapes combustion [Zhao F. et al,
2003(b)}. In a normal Sl engine, bumed gas temperatures are high enough to
consume this unbumed fuel during the power (expansion) stroke. In an HCCI engine
this is not the case with bumed gas temperatures being much lower due to lean
operation and therefore HC emissions are high compared to conventional Sl engines.
The bumed gas temperatures are also too low to complete the CO to CO, oxidation
reaction during combustion and CO emissions increases.

HCCI engines need to be operated fuel-lean to limit the rates of pressure rise due to
the near simultaneous combustion of all of the in-cylinder mixture. This limits the load
range over which the engine can be operated and thus the maximum power output
for a given engine displacement will always be lower than a Sl or Cl engine.

Since a homogeneous mixture is compression ignited, there is no direct control over
the start of combustion {combustion phasing). The timing of the autoignition event is
controlled purely by the pressure and temperature history of the charge in the
cylinder. This means that the mixture conditions at inlet valve closure (IVC) and the
subsequent development thereof needs to be precisely controlled. This is easy
enough at steady state conditions but becomes especially difficult during transient
engine operation.

HCCI engines can be used wherever an IC engine is used today — from automotive
to heavy duty truck engines and every size class of transportation engine. HCCl is
particularly well suited to stationary applications where operation is limited to
narrower load and speed ranges, because of the engine's characteristic narrower
band of operation. HCCI combustion, its challenges and other aspects of this
research project will be discussed in greater depth in the remainder of this chapter.

Sasol Advanced Fuels Laboratory
University of Cape Town 5
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2.2 Why HCCI?

The driving force behind all the current HCCI research around the world is the ever
increasing pressure to reduce vehicle emissions and improve fuel economy. This
inevitably means that engine manufacturers have to find new and innovative ways to
get their engines to run cleaner and more efficiently.

As mentioned in the previous section, HCCI offers significant emission reductions
and this makes it a very attractive combustion system to achieve future emissions
targets. The regulated exhaust emissions from vehicles are the following [Schaberg,
2005}

¢ Total hydrocarbons (THC ~ Europe) and non-methane hydrocarbons (NMHC

- USA)

o Carbon monoxide (CO)

o Nitrogen oxides (NO,)

o Particulate Matter (PM) (diesel only)

HCCI combustion principles can be applied to both Sl and Cl engines and the results
are equally impressive. In Sl engines, NO, emissions can be reduced to near-zero
level without any aftertreatment due to the lean autoignition causing lower peak gas
temperatures during combustion which practically eliminates the formation of NO,.

Cl engines have the characteristic that one can either reduce PM or NO,, but not
both at the same time and as one is reduced, the other increases. It is referred to as
the PM — NO, trade-off and is illustrated qualitatively in Fig. 2-1. In Fig. 2-2 the
attainable HCC! operating range is compared to the cument Cl range. Pollutant
formation is not the focus of this review but a detailed discussion of it can be found in
Heywood (1988a).

Due to its premixed nature, PM emissions are virtually eliminated under HCCI
conditions in a diesel engine, while NO, emissions are also reduced dramatically due
to lower peak gas temperatures in the cylinder.

Sasol Advanced Fuels Laboratory
University of Cape Town 6
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Although HC and CO emissions are higher for 3l and Cl engines running in HCC
mode, the potenttal benefits of dramatically reduced NO, and PM oubweigh these

disadvaniages and work continues to find ways to eliminate these problams.
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HCCI also offers the potential to reduce fuel consumption by 15 — 20 %, especially at
low load conditions in an S| engine. This is possible because the engine can be
operated unthrottled and therefore pumping losses are eliminated. Reductions in fuel
consumption are also made possible by improved thermodynamic efficiency due to
lean operation. Fuel economy and CO, emissions are linked to a large extent and
since there has been a stronger focus on CO, emissions of late, HCCI might be part
of the solution to achieving some of the CO; reduction goals [Schaberg, 2005].

2.3 Challenges with HCCI

As stated previously, HCCI combustion poses a unique set of challenges that have to
be overcome before it can be commercialised on a large scale. These challenges
include expanding the limited operating range, finding ways to accurately control
combustion phasing and gefting the engine to run smoothly during transient
operation. Each of these chalienges will be discussed below.

2.3.1 Control of combustion phasing

Combustion phasing is controlled by the chemical kinetics of the fuel meaning that
the pressure, temperature and concentration history of the fuel/air mixture in the
cylinder determines when autoignition will occur. Also, because autoignition is time
dependent, engine speed will also influence combustion phasing. Therefore the
parameters that influence the mixture history, need to be controlied.

The key parameters that can be utilised for HCCI combustion phasing confrol can be
summarised as follows:

¢ |nlet conditions (temperature and pressure)

e Fuel type, concentration and additives

o Compression ratio

e Amount of EGR or residuals trapped in the cylinder

o Glow plugs

o Water injection

Sasol Advanced Fuels Laboratory
University of Cape Town 8
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To achieve steady HCCI operation one requires a critical amount of thermal energy
to be present in the cylinder at IVC. The lower the load and the higher the speed, the
more energy is required. For Sl-like HCCI some form of energy input is usually
needed to assist in getting the fuel to autoignite since Sl fuels are generally very
resistant to autoignition. This energy input can be in the form of inlet air heating or
EGR.

The effect of intake air temperature has been studied widely in the literature and has
proved to be very effective in initiating autoignition. A higher intake temperature
advances autoignition and increases heat release rates. Due to the fact that
autoignition is very sensitive to changes in temperature, the controllable range when
using intake heating is fairly limited. Compounding this problem is the fact that when
engine speed and load changes, autoignition timing will also vary, unless the intake
temperature can be changed to compensate for the change. Temperature
compensation is very slow on a cycle to cycle basis and it is therefore not an
effective means to control autoignition [Zhao F. et al., 2003(c)].

EGR promotes HCC! combustion by heating the intake charge. EGR makes use of
the thermal energy in the exhaust gases to heat the fresh intake charge. This can be
achieved by either routing some of the exhaust gases back into the intake (external
EGR) or by trapping some exhaust gas in the cylinder (intemal EGR) through
vaniable valve actuation (VVA). A further advantage of the use of EGR is the dilution
effect which can be used to control heat release rate, due to its effect on chemical
reaction rates. This increases the ignition delay and lowers heat release rate and
peak cylinder pressures [Ishibashi Y. et al., 1996].

Using the compression ratio as a means to control HCCI has also been investigated
[Christenson, 1999]. A higher compression ratio will increase the mixture temperature
during compression and thus advance the autoignition timing. A higher compression
ratio lowers the optimum intake temperature which results in higher intake density
and higher output [Hiraya, 2002]. It also improves the thermal efficiency of the engine
due to larger expansion ratios. High compression ratios can however lead to knock
problems at higher engine loads especially when low octane fuels are used. A
variable compression ratio could solve this problem, but the control response of the

Sasol Advanced Fuels Laboratory
University of Cape Town 9
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systems tried to date are once again too slow for control during rapid transient
operation [Zhao F. et al., 2003(d)].

Fuel selection is obviously a very important factor for HCCI engine development. In
theory, an HCCI engine can run on any liquid or gaseous fuel that can be mixed with
air prior to autoignition [Aceves et al., 2003]. Volatility and autoignition characteristics
have been identified as important fuel parameters and the choice of fuel will greatly
influence engine operating parameters such as compression ratio, intake
temperature and EGR required. Fuels with single-stage ignition' are less sensitive to
load and speed changes and thus allow HCCI operation over a wider range of engine
operating conditions [Zhao F. et al, 2003(e)]. HCCl fuel requirements will be
discussed in greater depth in section 2.6.

Forced induction or boosting can be used to increase the engine’s IMEP by
increasing intake charge density and extend the engine’s operational range of air-fuel
ratio for HCCI operation [Zhao F. et al., 2003(f)]. Boosting leads to high cylinder
pressures and this could limit its application. Studies done by Christensen et al.
(1998) and Olsson et al. (2001) showed the potential benefits of boosting to be
higher achievable IMEP and efficiency at high loads, but drawbacks included lower
efficiency at low loads and increased turbocharger pumping losses due to lower
exhaust temperatures.

The use of glowplugs for HCCI control has been investigated. Problems with
response time, limited heating capacity and complicated control were identified as
being key issues for their application especially during rapid transients [Zhao F. et al.,
2003(g)]-

The use of water injection to control phasing and heat release has been studied
lately. Christensen et al. (1999) showed that water injection could be used to control
ignition timing, but that it caused an increase in the already high emissions of HC and

' Single stage ignition refers to the way certain fuels react when autoigniting. The heat
release associated with combustion occurs in a single stage once a certain level of pressure
and temperature is reached. This is opposed 1o two-stage ignition where oxidation happens in
two stages — partial oxidation followed by a distinct time delay before oxidation goes to
completion.
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CO. N, emissions were even lower than for normal HCCl combustion. Water
consumed was in the order of the fucl flow [Zhao F. ot al, 2003(h)]. Kaneko et al
{2002} investigated the eftect of water injection on diesel HCCI combustion. Theay
tound that it had a significant offcct in suppressing the heat release rate and that the

low M, smokeless combustion range could be extended to kigher Ioads.

2.3.2 Expansion of Operating Range

Currently the load and speed mnge for which acceptable HCCl combustion ¢an he
achieved is in the order of 0.5 — 4 Bar BMEP and 600 — 4000 rpm |Zhao et al 2002].
although Butfy et al {2005) reporled a2 BMEP of over 10 Bar achieved in tests done
at Caterpillar. Fig. 2-3 shows a comparnson between the load and speed ranges
achigvable with HCCI, 51 and Cl. The figure was adopted from a presentation by Xu
(20058% but it seems to indicate that neither Cl nor 51 engines can be operated at low
speed and high load. 1tis known that heavy duty engines are operated in this region.
Hawever, the point made that BCC! engines can not be aperated of the same |ovels

of speed and lnoad as Sl and O, is valid.

BMEP {Liank

B

T

i e 2niin ang i ST
enidilne spasl [Ipey

Figurg 2-2 Compansan between load and speed ranges far HCC! and S renning. Adopted
fram Xu (2008)

Expanding the operating range of HCC! engines is as important as flinding ways to
accurately control cambustion phasing. Hgh load operation s limited by excessivaly
high rates of heat release and hugh engine noise tevels. Thus, HCCI operation is
fimitcd to part-inad canditions and this reduces the bencfits af this toechnolagy.
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Various techniques to widen the operating range have been investigated. These
include different fuel injection strategies, the use of in-cylinder residuals or EGR,
water injection, fuel additives and boosting. The pros and cons of these were
discussed in section 2.1.1. Until now no single technigue has been found that can be
applied to mass production.

Supercharging has been named as a promising way to expand the operating range,
but questions surrounding engine structure limits and combustion noise remain
unanswered [Zhao F. et al., 2003()}.

High load diesel-HCCI shows very small NO, emission benefits over normal Cl
running and the efficiency advantage of gasoline-HCCI is almost lost at high load due
to the essentially unthrottled operation of an Sl engine at these loads. Emissions
from a gasoline-HCCI engine compared to a stoichiometric Sl engine with three-way
aftertreatment, does not show a great advantage for HCCI.

HCCI operation at near idle loads and at cold start is also still problematic. At low
loads there is not sufficient thermal energy available in the residuals or EGR to
trigger autoignition. Also, HC and CO emissions increase at iow loads due to reduced
combustion efficiency. For cold start heat loss to the combustion chamber walls are
very high and therefore HCCI operation becomes a problem.

Taking all of the abovementioned into account, it seems inevitable that for HCCI to
be commercialised, it will have to be run as a dual-mode engine switching between
HCCI and Sl or HCCI and Cl to maintain good combustion. The challenge will remain
to expand the HCCI range to maximise the benefits of this technology.

2.3.3 Transient Operation

Under normal driving conditions an engine will only run at steady state conditions (ie.
fixed load and speed) for limited periods of time. Thus, for HCCI engines to become
a viable power source for automotive applications, they will need to be able to handle
transient operation very well.

Sasol Advanced Fuels Laboratory
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HCCI combustion is very sensitive to changes in operating conditions, especially any
changes that affect intake charge temperature. Many of the measures used to control
autoignition in the engine are not suited to transient operation, since the speed with
which they can be confrolled simply is not fast enough to keep up with rapid transient
operation. Intake air heating, variable compression ratio mechanisms and glow plugs
for instance can not react fast enough during rapid transients to maintain good
combustion. Many of the issues regarding transient operation and mode-switching is
currently being researched and good progress is being made in finding ways to
ensure smooth operation [Xu, 2005].

2.4 Gasoline HCCI Combustion

Most of the current research in the HCCI field concentrates either on gasoline-like
HCCI or diesel-like HCCI. In this section aspects specific to gasoline-HCCI will be
discussed as the work done during this study will concentrate on gasoline-like
operation.

The biggest challenge with HCCl combustion is to find a way to use existing
mechanical measures like different fuel injection strategies and VVA [Zhao F. et al.,
2003(j)] to control combustion phasing and duration. For gasoline-HCCI a thermal
energy input is required to promote combustion due to the resistance of gasolines to
autoignition. While raising the compression ratio and intake temperature promotes
combustion, it is not a very practical approach to controlling combustion. For a dual-
mode gasoline HCCI engine the compression ratio is limited to around 12:1 to still
allow acceptable full load operation without severe knocking and there are limits to
the amount of intake heating that can be done using heat available in the exhaust or
engine coolant. The most efficient way to promote autoignition is the use of high
levels of EGR and various strategies exist to implement it in the engine.

To get the full efficiency benefit of HCCI, the engine will have to be operated where a
normal Sl engine is highly throttled. A number of aspects conceming gasoline-HCCI
will be discussed below.

Sasol Advanced Fuels Laboratory
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2.4.1 Dilution Strategies

The use of EGR has been found to be the most practical approach to achieve good
HCCI combustion in gasoline engines.

EGR can either be implemented by routing some of the exhaust gases back into the
intake (external EGR) or by trapping exhaust gases in the cylinder through VVA
strategies. A disadvantage of extemal EGR is heat loss that occurs along the transfer
route, while VVA increases mechanical and control complexity.

EGR is very effective at light loads, but falls short at idle and near-idle loads where
there is not enough thermal energy available in the exhaust to heat the intake charge
sufficiently and at high loads there is too little dilution to moderate the heat release.

2.4.2 Compression Ratio

Raising the compression ratio is one of the most obvious ways to promote
autoignition, but the need to integrate gasoline-HCCI into a dual-mode S| engine
limits it to around 12:1. Increasing compression ratio also creates problems with
combustion noise and the higher in-cylinder gas temperatures cause higher levels of
chemical reactivity, advanced ignition timing and much higher heat release rates.
Studies performed by Najt et al. (1983) and Thring (1989) both concluded that lower
compression ratios suited gasoline-HCCI better.

Christensen et al. (1998) showed the potential of using a variable compression ratio,
but such systems are complex and difficult to implement.

The best compromise seems to be to select the highest compression ratio for which
full-load SI running is possible. Other ways will have to found to promote autoignition
at low loads.

Sasol Advanced Fuels Laboratory
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2.4.3 Fuel Iinjection

For fuel delivery one has the choice of two systems — port fuel injection (PFI) or direct
injection (DI). PFI gives a long mixing time and therefore a very homogeneous
mixture. DI offers the potential advantage for combustion phasing control through
changes in injection timing. The charge stratification that can be obtained with DI can
influence heat release significantly [Marriot et al. 2002).

2.4.4 Autoignition Control

Gaining direct control over autoignition is the aim of much of the current HCCI
research. It would solve many of the inherent difficulties with HCCI combustion.

Marriot et al. (2002) used a secondary direct injection to trigger combustion but this
increased NO, emissions. With late injection timings the combustion was more
stratified and smoke emissions increased.

The effect of a spark seemed to yield conflicting results. Ishibashi et al. (1996) found
it to be effective in a two-stroke engine, but Ma et al. (2001) and Law et al. (2000)
found it to have no effect in a four stroke engine.

2.4.5 Emissions

in HCCI mode, low peak bumed gas temperatures result in dramatically reduced
NOx emissions, while the same low temperatures cause increased HC and CO
emissions. At low lpads HC emissions increase due to reduced combustion efficiency
and due to the lower temperatures, CO can not be oxidised to CO,. HC and CO
emissions can be as much as 50% higher than in normal S| engines.

Higher EGR levels causes the emissions to be reingested into the engine and it can
be bumed during following cycles. The high EGR levels also cause reduced exhaust
temperatures at lower loads which could cause problems with catalyst functioning
[Zhao F. et al., 2003(k)].
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2.5 Hot Tube Ignition

The main focus of this study is to determine the effectiveness of a Hot Tube igniter in
initiating HCCI combustion. It is proposed that similar to their initial use as igniters in
early Sl engines, the Hot Tube could be used to initiate autoignition in an HCCI
engine.

Hot Tube ignition was used on many of the very early IC engines. Designers like
Wright, Kjelsberg and Day {Little, 2003} used it on different types of engines, but
Daimler and Maybach gave this type of ignition a definite boost and consolidated it as
the state of the art when they used it on their first ever gasoline driven engine in
1883.

They also used this ignition on their “Grandfather Clock” engine which had an output
of 0.75 kW at 600rpm with a displacement of 0.246 litres [Little, 2003]. From this time
Hot Tube ignition was the preferred ignition system used by most designers.

The hot tubes of that era all consisted of a capped tube with the open end connected
to the combustion chamber. Heat was supplied to the outside of the tube, usually
with a Bunsen-type burner. Most designs featured another tube surrounding the first
to isolate the system against heat loss and asbestos was often used to line the outer
tube. Ignition was achieved when the fuel/air mixture gets forced into the tube at the
end of compression stroke and the fuel ignited off the hot inner surface of the tube.
The flame then propagated to the rest of the combustion chamber. Fig. 2-4 shows a
typical Hot Tube design.
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Figure 2-4 An 2arly Hot Tube design

The populanty of the Hot Tube was due to the fact that, by changing the effective
iength of the tube, the ignition timing could be set. Longer lengths advanced gnition
and shorter lengths retarded it. Hot Tube durability was, however, a senols problem
due to the poor quality of materials available at the time. The earliest iron tubes had
to be replaced almost un a daily basis [Litte, 2003). Thicker iron tubes and later
ceramic versions improved durability dramaticaily, but it was still fairly poor compared

to what 1s achievable today,

Hot Tube ignition was stil used until around 1910 when Roberl Bosch introduced its
glectrical ignition using a spark plug similar o what s Used currently. This electrical
syslem improved ignition dramatically and the use of Hot Tubes quickly went out of

fashion.

The subsequent use of heated sudfaces in the combustion chamber were mostly
limited to glow plugs used in C) engines to assist combustion during cold starting.
The use of glow plugs to initiate or assist HCCI combustion has been investigated,
but its operation proved to be probiematic {Zhao F. et al., 2003¢)].

tn this study, the use of an electrically heated Hot Tube is proposed as a possible
means to contral HCCH combustion. When riunning an engine in HCCl mode, fuel and
air is mixed hamogeneously and compressed to such levels that it autoignites, The
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rationale behind using a Hot Tube is that it is possible that by exposing some portion
of the mixture to elevated temperatures in the Hot Tube, one can initiate HCCI
combustion at that point. This primary autoignition in the Hot Tube can then cause a
sufficient rise in pressure and temperature to “nudge” the rest of the mixture in the
combustion chamber into autoigniting. In this way control can be gained over
combustion phasing. This study will test this hypothesis.

The advantage of using a Hot Tube over other approaches found in literature is that a
small portion of the mixture is forced into the tube and is exposed to a relatively large
heated area. Heat can then be transferred to the mixture to heat it. One of the
problems with glow plugs is that they have a relatively small surface area and with
the fluid motion in the cylinder during compression, the heat transferred to the
mixture is spread to the whole mixture, which limits the heating effect.

2.6 The role of the fuel

Considering the nature of HCCl combustion it is obvious that the choice of fuel is
vital when designing such an engine. Engine hardware and control strategies have to
be tailored around making the fuel autoignite at the right moment during every engine
cycle to maximise the fuel economy and emissions benefit of this combustion
systemn.

The autoignition timing of a fuel depends on the temperature, pressure and
concentration history of the charge during compression [Zhao F. et al., 2003(m)]. All
the proposed HCCI control strategies employ different dilution, valve timing, fuel
injection and charge heating strategies to control this mixture history and get the fuel
to autoignite at the right time.

It is accepted that current HCCI operation is limited to part load. High loads cause
excessive rates of pressure rise and engine noise becomes unacceptably high, while
at near idle loads peak gas temperatures are too low to sustain combustion and CO
and HC emissions increase dramatically [Zhao F. et al., 2003(n)]. For these reasons,
an HCCI engine for automotive use will inevitably be a multi-mode engine, switching
between HCCI and Si or HCCI and Cl running depending on load. For such engines
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the fuel requirements are extreme. One would need a gasoline that autoignites
readily while in HCCI mode (fuel must have a low octane rating) and when in Si
mode the fuel will need to have a high octane rating to avoid knocking. For diesel the
opposite is true. In HCCI mode a low cetane fuel is ideal, while at full load a high
cetane fuel with short ignition delay is preferred.

Taking the above into account it is possible that HCCI engines might have to be dual-
fuelled, with one fuel for HCCI running and another for Si or Cl full load operation.
This is a concemn because of the cost penalty of having two fuel systems and the
increased complexity of controlling transient operation.

The use of fuel additives can be a possible solution to the problem of needing
different fuel characteristics for different operating modes. On board blending of
ignition promoters or inhibitors according to engine requirements can be used to
tailor the fuel to specific running conditions.

A large amount of research has been done to determine the effects different fuels
have on HCCI combustion. Especially the primary reference fuels (PRF’s) n-heptane
and iso-octane have been studied extensively. These fuels are particularly attractive
because of their relative simplicity compared to gasoline and diesel and the fact that
their behaviour can be modelled accurately using existing chemical kinetic
mechanisms. These results can then be compared to actual experiments and have
been useful for finding the effect of fuel octane rating on HCCI combustion [Zhao F.
etal., 2003(0)].
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3 Experimental Design

This chapter discusses aspects of the experimental design such as the combustion
and ignition delay modelling and how these were used to determine the engine
operating conditions needed for the different experiments.

3.1 Combustion Modelling

Computer modelling is used extensively in research to predict the behaviour of
systems and substances under hypothetical conditions and therefore it can
dramatically reduce the need for costly experimental work. For this exact reason, an
engine and ignition delay model was developed to predict the behaviour of different
fuels in an engine under HCCI conditions. The model predictions give a very good
idea of what can be expected in the engine and at what conditions it needs to be run
at to obtain a certain response. The models used will be discussed below.

3.1.1 Engine model

Even though there is an ever growing understanding of physics and chemistry, this
understanding is still inadequate at a fundamental level to develop complete engine
models incorporating the mechanics, thermodynamics and fluid dynamics into one
model. For this reason, all modelling focuses only on certain limited aspects of an
engine and its working.

The engine model used for the combustion modelling was originally developed to
model an S| engine and was adapted for HCCl modelling. The model was developed
in Microsoft Excel® using recognised techniques found in literature [Heywood, 1988].
it is a zero-dimensional thermodynamic model that predicts engine and fuel
behaviour from IVC to EVO, by applying the laws of conservation of mass and
energy. Combustion phasing is predicted using the ignition delay model discussed
below.
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The Hot Tube igniter is included in the model and is treated as a separate volume to
the combustion chamber where heat is added to the charge. Pressure is assumed to
be equal in the combustion chamber and the Hot Tube volume and the effect of
different tube temperatures can easily be modelied.

3.1.2 Ignition delay model

An ignition delay model is incorporated in the engine model to predict combustion
phasing. Ignition delay is the time it takes for a fuel/air mixture to autoignite under
specific pressure and temperature conditions. Thus, ignition delay is a critical
parameter for HCCI combustion since the combustion event and phasing is purely
controlied by the ignition delay chemistry.

in the ignition delay model used, the predicted combustion phasing is based on a
three exponential equation description of ignition delay as proposed by Yates et al.
(2004) and Viljoen et al. (2005).

The three exponential equation description of ignition delay is a vast improvement
over the single exponential equation description proposed by Douad and Eyzat
(1978) as it can account for the so-called Negative Temperature Coefficient (NTC)
behaviour of some fuels. The three exponential equation model involves two
regimes; a two-stage low temperature regime and a single stage high temperature
regime. The ignition delay for each of the different stages are given by a single
Arrhenius equation:

5._
T

r,=4,pTe

The two stages of the low temperature regime are sequential and are therefore
expressed as the sum of the individual ignition delays, ty and t,, while the high
temperature regime presents a third competing reaction pathway and an ignition
delay value of 3. The description of ignition delay for the full temperature and
pressure spectrum is then given by the inverse sum of the two options:
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Coverall = {71 +7, )—I + (73 )-1 }1

This model for calculating ignition delay was originally developed for predicting knock
in S| engines which are operated at around stoichiometric air/fuel ratios. HCCI
engines are operated much leaner than this and therefore an air/fuel ratio correction
factor was incorporated in the model. It was adopted from the unpublished work done
by Londieni (2005). The correction is applied t0 t,...; and is in the following form:

0.775
T A

corr,overall = z-ove.ra

This corrected overall ignition delay value is then used to calculate the combustion
phasing by applying the conservation of ignition delay model of the form:

fa

to Tcorr,om‘all

The ignition delay value is calculated at every timestep in the model and at the
timestep at which the integral reaches a value of 1, autoignition occurs.

Figures 3-1 and 3-2 show the ignition delay maps for the full temperature and
pressure spectrum for n-Heptane and iso-Octane respectively. These maps illustrate
visually how ignition delay is affected by pressure and temperature.
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Figura 3-1 n-Heptane ignition delay map

These maps show the difference in ignition delay of iso-Cctanc (octanc number =

100} and n-Heptane (octanc number = 0% It is clear that iso-Octane wilh ils higher

actanc rating cxhibits a highor resistance to autaignition. &lso wvisibite on both maps is

the so-called MNegative Temperaturg Coefficien! (NTC) regicn where ignition delay

becomes longer the higher the lemperaturg. This phenomenon is charactenstic of

parafinic fuels and is visible as a two-stage heat release on cylinder pressure traces.

An example of such a pressure trace 1s shown in Fig. 3-3 where it is compared to a

motored pressure trace to highlight the shape of the pressure developmaont,
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Figure 3-3 Graph showing typical lwo-stage HCC| ignition of n-Heptane
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3.1.3 Modelling Results

Table 3-1 gives the predicted combustion phasing for n-Heptane. The prediction is
for an inlet air temperature of 340 K and an engine speed of 1000 rpm. These values
and the compression ratios indicated in table 3-1 were chosen after preliminary
engine testing showed it to be where stable HCCI running was achievable.

Table 3-1 Predicted combustion phasing for n-Heptane

HT* Normal*
lambda CR Phasing | Phasing
2 7.65 4° 12°
2.5 8.2 2° 6°
3 9.2 -2° 0°
3.5 11.8 -6° -6°
4 14 -6° -6°

*HT = Running with Hot Tube, Normal = Running without Hot Tube
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4 Experimental Setup

In this chapter the experimental apparatus, test procedures and operating criteria are
discussed. One of the main objectives of the project was to develop a tool with which
further HCCI research can be done. Most of the work discussed in this chapter went
towards achieving this objective.

The design and impiementation of the Hot Tube igniter is also discussed.

4.1 Apparatus

In the foliowing sections various aspects of the sefting up of the engine and
instrumentation is discussed.

4.1.1 System requirements

To establish a tool for fundamental fuels research there are a number of
requirements that need to be met. Ideally, the engine setup that is used must be as
flexible as possible in changing various operating parameters to affect overall engine
operating conditions. Parameters like engine speed and load, inlet air temperature
and pressure (density), the amount of fuel supplied to the engine, vaive timing, EGR,
spark ignition timing etc. need to be easily varable. Also of great importance is the
ability to capture engine data and store it for post-processing.

More specifically for HCCl combustion testing the following requirements were set:

e The engine used must be flexible enough to easily change compression ratio,
inlet air temperature and amount of fuel supplied to the engine.

e |t must have a wide enough speed range to cover as much as possible of the
known HCCI operating range.

e The engine has to be instrumented to such an extent that condition
monitoring, control and data acquisition (DAQ) can be done.
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» The engine must be safe to operate. Covers and safety guards need to be
fitted to reduce the possibility of injuries resulting from contact with moving
parts.

4.1.2 Suitability of Ricardo E6 Engine

it was decided to use a single-cylinder Ricardo E6 experimental engine. Being an
experimental engine it is ideally suited to the purpose of HCCI research. The
following characteristics made the engine especially attractive:

¢ The engine is fitted with a DC dynamometer to motor or load the engine.

o The engine is fitted with a laminar flow element for air flow measurement and
a heating element for inlet air heating.

o The engine is very robust.

¢ The compression ratio can be varied between 4:1 and 20:1 while the engine
is running by simply tuming a handle on the side of the engine.

o The engine has a usable speed range of 600 — 3000 rpm.

e The cylinder head has two spark plug holes, making it very easy to fit a
pressure transducer and the Hot Tube igniter simultaneously.

Looking at the characteristics mentioned abowve, it is clear that the Ricardo E6 offered
a good platform from which to start. Modifications and additions to the existing engine
is discussed in the following section.

4.1.3 Modifications to Ricardo E6 Engine

The University of Cape Town acquired the E6 engine in 1968 and since then IC
engine technology has developed dramatically. Extensive modernisation was needed
to upgrade the engine to present standards.

In its original form the E6 was fitted with a single barrel downdraught carburettor, a
magneto-type ignition system and analogue temperature and pressure gauges. Fuel
and air flow measurements were performed using a pipette and manometer
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respectively, while engine speed and load control was handled by a very clumsy
manually operated unit that controlled the dynamometer. Although these systems
were not necessarily inaccurate, much more elegant electronic solutions exist today
for engine control and condition monitoring. It was therefore decided to make the
following modifications and additions to the engine:

¢ Disable the carburettor and design and fit an electronic fuel injection system
for more accurate fuel delivery. See Appendix A.

 Replace the manual dynamometer controller with an electronically controlied
DC drive that offers seamless switching between motoring and loading
conditions. See Appendix A.

e Replace analogue temperature and pressure gauges with thermocouples and
pressure transducers, the output of which can be fed into a computer for
control and monitoring purposes.

¢ Fit a crank angle encoder to the engine for use with the DAQ system.

¢ Fit an engine coolant heater to control the coolant temperature.

s Install feedback control on both the inlet air and engine coolant heaters.

o Fit a lambda sensor.

o Replace the analogue spring balance used for torque measurement with a
loadcell.

o Build a mobile cabinet to house the different control units and a computer
from which data acquisition can be done.

o Fit the necessary safety guards to ensure that engine is safe to operate.

e Design and fit a new adjustable ignition distributor to replace the existing
magneto-type ignition system for altemative S| operation.

All of the above was done and figures 4-1 — 4-4 show some of the resulis of these
changes. The modification and preparation of the engine was a very time-consuming
operation and took a significant amount of time to finalise.
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Figure 4-1 The fuel injection system hardware.

Figure 4-2 Tle ignition distributor that replaced the old magneto ignition,
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Figure 4-4 The cabinet hausing the instrurmeant raesd-outs and the DAQ computer.
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4.1.4 Hot Tube igniter

The Hot Tube gniter was proposed as a possible means o intiate HOC! combistion
by exposing some portfion of the fucl and air mixtiere in the combustion chamber 1o
the hot inner surface of the fube at the end of the compression stroke. Such an

igniter needed to be designed for this purpose.

The design reguirements for the Hol Tube was as follows:

= The igniler musi be of simple and robuest design,

»  The igniter must fit onto the engine without modifications to the engine itself.

»  Since the tube will form parl of the combustion chamber its volume will affect
gverall combustion chamber wvolume and thus the compression ratio.
Theraforg it was decided that it must nod limit the maximum compression ratio
of the engine to below 16:1 [(CRma. of the standard enging is 20:1).

= The tube must be electrically heated and autmmatically condrollad.

With these criteria i mind work went ahcad to dosign the Hot Tubo. It seemead
logical to design the tube to fit into one of the existing 14mm spark plug hales, The
lube lenglh and inside diameler delermines ils volume and these were chosen to
meet the maximwm compression ratio criteria. The tube was machined from stainless
steel It was chosen as matcrial for its corrosion rosistance, case of machining and
availability, Heating would be done ihrough a 300W coiled electric heater wound
arpund lhe ouiside of the twbe The maximum temperature that the fube can be
healed 1o is 400°C and is limited by the heating slement. Figures 4-5 and 4-6 shaw
the design of the tube and the lube installed on the engine respectively.
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b 4 x1.25 Thread

Figure 4-5 Design drawing of the Hat Tube igniter.

Figurg 4-6 The Hat Tubc igniter installcd on the engine.

4.2 Experimental Procedure

With the engine and Hot Tube gniter prepared, suitable tost conditions and an
experimental procedure had o ke decided on for assessing the offectiveness of the

Hot Tube. Those am discussod in the following two sections.
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4.2.1 Test conditions

As this was the first time ever that the Ricardo E6 was run in HCCl mode, it was
necessary to first determine the achievability of HCCl combustion with this engine.
Using the combustion model discussed in the previous chapter, a set of operating
conditions was determined for the preliminary HCCl experiments. HCCl combustion
was easily achieved under these conditions, proving both that the model was fairly
accurate and that the engine could easily be run in HCCI mode.

Since the operating conditions used for the preliminary tests fell within the known
HCCl range and stable operation was achieved, it was decided to run the
experiments for this study at the same conditions. The operating conditions used are
given in Table 4-1.

Table 4-1 The operating conditions used during the HCCI experiments.

Engine Speed (rpm) 1000

inlet Alr Temp (K) 340
Engine Coolant Temp (°C) 60

Hot Tube Temp (°C) varied 150 - 400
Lambda varied2-4
Compression Ratio varied

4.2.2 Test procedure

To determine the effectiveness of the Hot Tube igniter, a series of experiments would
be done where the minimum compression ratio needed for complete combustion at
different A-values and Hot Tube temperatures would be determined. The theory is
that the hotter the tube becomes, the more heat will be transferred to the mixture
inside it which would raise the mixture temperature and shorten the ignition delay.
The shortened ignition delay should then promote combustion. The minimum
compression ratios needed at each A-value for Hot Tube and normal running can
then be compared to see the effect of the Hot Tube igniter.

Fig. 4-7 shows a flowchart of the experimental procedure.
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Start up engine and heaters and
allow to reach working temperature

Ready the DAQ system

A
Set CR to high value*

5
Start injecting fusl

A

3
Set A to specified value®

J

Switch off fuel injection

A
Set CR to low value”™ and switch on fuel injection

A
Slowly raise CR until A shows set value

orCD) ¥
Measure CR (start point) Log Pressure data

Raise CR until knock occurs

1y
OR Y

Measure CR (knock point) 4{ Log Pressure data

v
Lower CR until misfire occurs

7T
ORCT7 ¥

Measure CR (misfire point) |4 Log Pressure data

A

Switch off fuel

Done 3 runs?

DONE!

Figure 4-7 A Flowchart of the experimental procedure used. (*Elaborated in text)
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For each test the engine would be motored and run until all the operating parameters
set out in Table 4-1 reached steady state. Due to the large thermal inertia of the
system this takes 10 -15 minutes. The DAQ system would also be readied. Once the
conditions reached steady state the experiments could be started.

With the Hot Tube installed the minimum compression ratios needed at a certain A-
value was determined for a range of Hot Tube temperatures. This meant that for
each A-value from A = 2 to A = 4 (in 0.5 steps) the minimum compression ratios
needed for complete combustion were measured at different Hot Tube temperatures
(150°C — 400°C in 50° steps). Three runs were done at each temperature point
resulting in 90 experiments (5 A-values * 6 Temperature points * 3 runs at each
point). After each change in Hot Tube temperature the system is left to reach steady
state before measurements are done.

Lambda (A) was set to the specified value by adjusting the fuelling and checking the
lambda sensor readout at a reasonably high compression ratio where one could be
sure that complete HCCI combustion is occurring based on the combustion model. A
is calculated based on airflow. Then the fuelling is switched off and the compression
ratio is decreased to well below where any combustion would occur.

The procedure for the experiments without the Hot Tube is essentially the same as
the one described above, but instead of having to do 90 experiments, only 15 is
necessary — 5 A-values * 3 runs at each point.

The exact criteria for the different conditions — starting, knocking and misfiring — are
as follows:
e Starting — The “start” point would have been reached when, while raising the
compression ratio, the indicated A-value gets to within 0.1 of the set A-value.
¢ Knocking — The “knock” point would have been reached when, while raising
the compression ratio, the typical pressure oscillations associated with this
phenomenon reaches a magnitude of 0.2 Bar.
o Misfiring — The “misfire” point would have been reached when, while
lowering the compression ratio, the indicated A-value increases to a value 0.1
greater than the set A-value.
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4.2.3 Data Acquisition and Post Processing

The only meaningful way to compare Hot Tube and normmal running was to analyse
the in-cylinder pressure development. A pressure transducer was fitted to the engine
for this purpose and its output was captured using a PC-based data acquisition
system. The stored data was then processed and analysed using a spreadsheet
application such as Microsoft Excel®.

The DAQ system was developed using National Instruments® hardware and
software. A 1 MHz DAQ card was used in conjunction with LabView® software to
create an application that can store cylinder pressure data in a format that can be
exported to MS Excel®.

Inherent to HCCI combustion is very low cycle-to-cycle variability. Due to this, smaller
amounts of data can be analysed and taken to be representative of a certain set of
operating conditions. To verify this, pressure data from a large number of
consecutive engine cycles were analysed and the coefficient of variation (COV) of
IMEP and maximum cylinder pressure was determined from it. The COV of IMEP
was 2.7% and COV of maximum pressure was 1.6%. The low variability made it
possible to capture data of very few engine cycles and then select any single cycle to
base the analysis on.

Fig. 4-8 is a graph showing an average pressure trace and ones for +1 and -1
standard deviation.
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Figure 4-8 Graph showing low HCC| combustion variability.
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5 Experimental Results and Discussion

The objective of the experimental work was to determine the effectiveness of the Hot
Tube igniter when used as an initiator for HCCI combustion. The tests were done
with two different fuels, N-Heptane (PRF 0) and Methanol. N-Heptane was chosen
because it autoignites under very mild engine operating conditions and thus it should
be easy to achieve steady HCCI running. Methanol was chosen because it is known
that although it has a high octane number, it has a low hot surface ignition
temperature [Hagen, 1977 and Downs, 1950] which could make it a suitable fuel to
use in conjunction with the Hot Tube igniter.

The results are presented graphically or in table form with a discussion under each
heading.

5.1 Hot tube test results

The first set of tests were conducted with the hot tube fitted to the engine and using
N-Heptane and Methanol as fuels. Tests were done at five different lambda values,
each time keeping lambda constant and adjusting the Hot Tube temperature (HTT) to
determine the effect this had on the compression ratio needed to sustain the different
running conditions i.e. starting, knocking and misfiring. A detailed discussion of the
engine operating conditions and the exact test procedure that was followed can be
found in Chapter 4.

5.1.1 N-Heptane
Tables 5-1 — 5-5 show the results of tests done at the five different lambda values

using N-Heptane. The values shown are averages of three runs at each operating
point.
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Table 5-1 Compression ratios needed at A= 2.0

Lambda 2.0
HTT* | Start | Knock | Misfire
150 | 8.17 8.17 7.64
200 | 7.97 7.97 7.57
250 | 7.96 7.98 7.50
300 | 7.94 7.98 7.47
350 | 8.09 8.12 7.54
400 | 8.04 8.08 7.47

*HTT = Hot Tube Temperature.

Table 5-2 Compression ratios needed at A= 2.5

Lambda 2.5
HTT | Start | Knock | Misfire
150 | 8.78 9.46 8.46
200 | 8.73 9.38 8.43
250 | 8.71 9.19 8.40

300 | 8.68 9.01 8.42
350 | 8.76 9.35 8.45
400 | 8.73 9.32 8.45

Tabie 5-3 Compression ratios needed at A= 3.0

Lambda 3.0
HTT | Start | Knock | Misfire
150 | 10.14 | 1144 -
200 | 1006 { 1144 -
250 | 994 11.20 -
300 | 973 11.24 -
350 | 9.95 11.44 -
400 | 10.04 | 11.20 -
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Table 5-4 Compression ratios needed at A= 35

Lambda 3.5
HTT | Start | Knock | Misfire
150 | 10.98 - -
200 | 10.92 - -
250 | 10.89 - -
300 | 10.34 - -
350 | 10.53 - -
400 | 11.00 - -

Table 5-5 Compression ratios needed at A= 4.0

Lambda 4.0
HTT | Start | Knock | Misfire
150 | 11.86 - -
200 | 11.55 - -
250 | 11.87 - -
300 | 11.53 - -
350 | 11.47 - -
400 | 11.50 - -

The reason for there not being any data listed for the knocking and misfiring
conditions for A = 3, 3.5 and 4 is that accurate measurements could not be made at
these conditions. At A =2 and A = 2.5 there was a very definite combression ratio at
which the main heat release started or stopped occurring, whileat A = 3, A = 3.5 and
A = 4 there was a gradual increase or decrease in heat release as one increased or
decreased the compression ratio. In other words, at A = 2 and A = 2.5 the engine was
either running or not, while at A =3, A = 3.5 and A = 4 partial combustion would take
place for a range of compression ratios smaller than the ones listed as the starting
compression ratio. A possible explanation for this can be thatat A =2 and A = 2.5 the
fuel concentration in the cylinder becomes too high to allow only partial combustion
of the mixture. Once the main heat release starts occurring at some point in the
combustion chamber the bulk of the mixture is “nudged” into autoigniting due to the
high concentration and the rise in pressure and temperature in the cylinder.

Sasol Advanced Fuels Laboratory
University of Cape Town 40



BDetermination of the eliectivencess of a Hot Tube igniter for initiating HCC! combustion

The presence of the Hot Tube in the combustion chamber gave it acoustic
characteristics which made measuring knocking very ditficult as it introduced
combustion chamber resonances which caused pressure ascillations that interferad
with the identitication of knacking at & = 3 - 4. Thesa prassure oscillations will be
discussed in greater depth later in this chapter,

Fram these results it can be seen that for a set aicfuet ratio {(fambda vafue) the
campraession ratio needed to sustain the different engine running conditions show no

dependence on the Hot Tube temperature.

Table 5-6 and Fig. 5-1 below shows the average comprassion ratios (calculated tram

the results given above) needed to sustain the three operating conditicns.

Table 5-8 Averaged comprossion ratios

Lambda i Start Knock Misfire
2 803 _ 805  7.53
2.5 873 | 928 843
3 998 | 1133 1 -
35 | 1078 | - -
4 1163 | - -

Compression raties needed to sustain the i
| different operating conditicns

12.0
11.0
1020
9.0
8.0
7.0
5O |-

Compressicn Ratic

Figure 5-1 Comprasgsien ratios nesdod o sustain the difforent aperating candstions
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As was expected the compression ratio needed increases as lambda increases dug

to the higher pressures and temperatures needed to achieve autoignilion of the
leaner mixtures.

| Comparative Pressure Traces

80 - e
- -—_ambdz ||
| - Rl A R
1 50 7}
—arbda 25 |

‘ CarlEla s

ambelad

20

Pressure (Bar)
&
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Figure 5-2 Comparalive gressure traces for different A-values.

Frum Fig. 5-2 above it can be seen lha! N-Heplane shows very distinc! two-stage
ignition which is a characteristic of paraffinic fugls. These pressure traces were not
laken at the same compression ratio and that explains the shift in phasing as A
iNCreases.

5.1.2 Methanol

After finishing the N-Heplane tests, it was altempled o run the engine on methanal.
Although il has a high ortane number, methano! is also known to have a low surface

ignifion temperature [Taylor, 1977} which could make it suitable for use in conjunction
with the Hot Tube.
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Every attempt was made to get the engine to run in HCC! made using the identical
parameters set out for the MN-Heptane test, but to no avail. Thereafter the lallowing
steps were taken to try and make the engine run

= Raising the compression ralio to the maximum value of 16,61
« |ncreasing the inlet air temperature from 340 K to 380 K
» Decreasing Afrom 2 to~1.25

» Lowenng the engine speed from 1000 rpm tg 800 rpm

All of the above changes could still not get the engine to run. It seems then that the

Hat Tube was also not effective in initiating HCCI combustion with mathanal.

5.2 Comparison between Hot Tube and Normal Running

After running lhe enging with the Hol Tube filted, lhe tests were repealed for the
same conditions but this time without the Hot Tube. As was the case when festing
with the Hot Tube, A was kept constant and the compression ratio changed to
determine the compression ratio's needed to sustain the thres differenl enging

running conditions.

5.2.1 N-Heptane

MN-Heptane was used [or the first sel of {ests and the results are prasented below

3.2.1.1 Required compression ratio determination

Takie &-7 shows the compression ratios needed to sustain the different engine
running canditions for the five A-values tested. The values are averages of three nins

at each operating point
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Table 5.7 Compression ratios needed for different engine mnning conditions

Lambda Start Knock @ Misfire
2 7.57 7.57 7.24
2.5 8.32 8.32 8.02
3 9.05 9,39 8.79
- 35 | 996 | 12.19 -
4 11.13

Mow Tabie 5-8 shows a comparison botween the compression matios nesded for Hot

Tube and nomal rurning.

Tabie 5-8 Comparison between Hot Tube and nommal minming

Lambda Start Knock Misfire
Normal | HT | Normal | HT | Normal [ HT |
2 757 | B03 | 757 | 805 | 724 753
2.5 832 873 8.32 9.28 802 843
3 905 | 998 939 | 1133 879 -
3.5 996 1078 1219 s : Eow
3 1113 11163 : 2

It 15 interestitg to nofe the diference in the comgression ralios needed for the
different running conditons when comparing Hot Tube and normal running.

Tha fact that the compressian ralio needed for slarting was consistently higher for the
Hot Tuba can be explained in the following way. Poor scavenging of exhausl gases
in the Hot Tube during exhaust siroke canses dilution of the fresh charge 1hat gets
comprassed inta the Hot Tube during the next cyele. This dilution causes an increase
in ihe ignition delay and to now obtain compiete combustion of all the charge in the
combslion chambar, iho comprossion ratio necds to be highor to get tho difuted

partion of the mixture in the Hot Tube to autoignite.
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This ts an unespected resuft as the combusiion model suggested that the heat
iransfer fram the wall of the Hol Tube to the compressed gas wauld heat the gas
sufficientty to make it autignite before the bulk gas in the main part of the
combustion chamber. The effect of exhaust residuals were not taken into accoont
explicitly in the model bul the work done by Londleni {2005} suggested that the level
of dilution expected in the Hot Tube would not infleence the ignilion delay
significantly. If poor scavenging is the reason for the poor performance of the Hot
Tubxe, the dilution cleary has a much greater influence than expected.

Lowest compression ratios needed for
complete combustion {starting)

12.0 | =
1o — 1
:E 11.0 4 s
gt £ &

= 10.0 et R :

2 e i

g 90 e |

E

E B 'l Tuabe |
‘ {3 7.0 o rre| _I |
| Eﬂ T T T 1
i

| 2 2.5 3 3.5 )
Lambda

Figure 5-3 Comparison of compression ratios needed for complete combustion.

Mot much can be said about the diference in comprassion ratio at knocking
conditions because the measuremenits faken with the Hot Tube fitted were much fess
accurale than those for normal running without the Hot Tube. This is due to
combustion chamber resonance effects as mentioned gartier, Much lower levels of
pressure oscillations (knock) were delectable under normal running condilions and
therefore all the comprassion ratios meaasured are lower.

5.2.1.2 Comparison of heat release

As discussed under "Hot Tube ignition” in Chapter 2 the use of the Hot Tube was not

only intended to initiate HCC! combustion, but to also lower the rate of heat release
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(ROHR) by prolonging combustion, By analysing the in-cylinder prossure data, the
rates of heat relgase and totat heat released (THR) can be calculated. A comparison
between the heat release rates will therefore shed further light on the etfectiveness of
the Hot Tube. The method tor calculating ROHR and THR is discussoed in Appendix
B.

Figures 5-4 = 5-8 below show & comparison of the heast relesse rates hetween Hot
Tube and normal running. The graphs show the mtes of heat release for the diflarent
Avalues where for each A-value the comprassion ratio was the same for Hot Tube

and normat running.

Comparative Rates of Heat Relkase - A=20

5 100 = - }
b T A EES T
% ; MHarmal
2 50 i P
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I T —_ S [Foptl
5 a
= : . sy & Wbt 10 4 ¢
20 - = — i
a __WM ; f
|
'2[] e ; 1
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15 G0 = 4] L 10 1% 20 2 3 ;
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Figure 5-4 Comparison o rates of heat release at A = 2
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Comparative Rates of Heat Release-A =25
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Figure 5-5 Compansan of rates of heat release atA= 25
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Figure 5-6 Compansan of rates of hegt release gt A= 3
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Comparative Rates of Heat Release - A =35

Ml |
I
- Haot Tube

ROHR (JCAD)

Figure 3-7 Comparison of rates of heat release at A=3.5

Comparative Rates of Heat Release - A = 4.0
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Figure 5-8 Companson of rates of heat release at A= 4

From Fig. 5-4 — 5-H a clear trend s visible where the heat release for Hot Tube
running oecurs later and the rate is lower than under normal running conditions.
Again, this can only be explained by lhe lact that there are more exhaust residuals
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present under Hat Tube running conditions compared to normal running. Diluting the
mixture delays heat reicase and alsa lowers the rate of heat release,

This is dl=o an unexpected result. It was thoyght that the Hot Tube woold advance
autoignition but judging by these results itis clearly not the case.

The usc of the Hot Tube causes the combustion chamber ta have anirreguiar shape
and it seems that this geometrical effect overrides any of the other expocted effocts.
As was shown in section 5.1.1 the Hot Tube temperalure has ng effect on engine
cperation and this strengthens the argument that its thermai effect is not nearly as
groat as was expected. it has (o be sald that the Hot Tube temporature cauld oniy be
contralied o valuas up to 400°C. It was limited by the heating slement used. Further
work could include finding a way to heat the Hot Tube to higher temperatures and

secing whethoer this has any effect.

5.2.1.3 Comparison of tolal heat released

Figures 5-9 — 5-13 show a comparison of the tofal heat released for the different A-

values,

Camparative Total Heat Released - A=z20
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Figure 5-9 Comparison of Wotal heat released — =2
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Comparative Total Heat Released -A = 2.5
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Figure 5-10 Comparisan of total heat reteased — A= 2.5
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Figure 5-11 Camparison ol tolal heat released - A = 3
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‘ Comparative Total Heat Released - A = 4.0
0 |
250
200
+ = Meormal
- Hot Tube

Total heat Released (J)
=D o
a (=]

Figure 5-13 Comparison of fotal heat released = A= 4

Figures 5-9 — 5-13 show that for each case total heat released is lower when uUsing
the Hot Tube. This ¢an be atirbuted to the increased amount of residual gases
present duning Hat Tube running. Due to the residuals less fuel and air can enter the
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cylinder than during normal running. Less fusl in the cylinder means less ensrgy and
this reflect!s cleardy on the graphs. A1 A =3 and A = 4 the diference is substantizl and
can not anly be due to the presence of residuals. It is suspzcted tha! inacourgts
fuzlling caused these discrepancizs. The method used to obizin the data, trom which
these graphs wers derived, was to first ren the enging with the Hot Tube fitted and
then remove the Hot Tube and repeat the runs at the different A-values. The fuelling
is adjusted manually on the engine and the airfuel ratio is checked using a lambda
senser. This s a rather crude method and thersfors i is impossible to be sure that

the exact same amount of fusl was injected for the two uns at each A-value,

To confirm the resulls shown above another les! was run. The result is shawn in Fig.
5-14.

| Caomparative Total Heat Released

240 ﬁﬂ_ﬁ_u‘_ ‘

300 —— - :
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Total Heat Released [

50 T as = ——
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Figure 5-14 Companson of total heat released with luclling kopt constant

This fime the Aot Tube was in Hace for the first run and then removed for the second
run. The tuelbng was not adjusted at all hetween the two runs and thus the result can
be considered repeatable. This proved bevond doutyd tha! fotal heat relessed was

loweer when using the Hot Tube.
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in all cascs, the calculated heoat releasc results obtained corrclate well with the
theoretical amount of heatl that should be released lor completa combustion based

on fuel mass tlow and the calorfic value of the tuel,

5.2.1.4 Correlation with combustion model

Having obtainod all the cxporimental rosults shown and discussed above, it can now
be compared to the results oredicted by the combustion maodel, Table 5-9 grves the
prodicted combustion phasing for Hot Tube and normal unring and compares it to
the actual results obiained rom the enging. The actual results were obtained by
noting the start of the main heat release an the ROHRE graphs {Figs. 5-4 - 5-8).

Table 5-2 Comparisan of prodicled and aclual combustion phasing (Unit "ATEE)

HT Normal
Lambda | CR Predicted | Actual | Predicted | Actual
2 75 | oW 1 AT
2.5 8.2 2 6 6 1 &
S 9.2 e 4 =
3.5 11.8 -B" 11 -5 SN
4 14.0 -6" -13° -B" e

The predicted results corrclate faidy woli with the actual results obtained espeacially
for normal running. The pradictad results for Hot Tube running do not correlate with
actual results as well as with normal running. The reasons for this wore discussed in
5212 and 5213 Faor the lcast it can be said thal tha rasulls are directionally

ronsistont with a reasonahle spread.

5.2.1.5 Summary

Table 510, gives saome turther results of the analysis of eylinder prossurc data from
the tests done with n-Heptane. In the table CA 10 and CA 50 arc the Crank Anglas at
which 10% and 50% of the total heat had boen relcased, rospoctively.

For each condition CA 50 corrasponds well with the position at which the maximum

ratc of heat reicase happencd, This is a trend that is in accordance with literature
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{kalghatgi ot al, 2003]. K is also imteresting to note that the maximum rate of pressure

rise is consistenlly lower for Hol Tube running. The pressure rise is caused by the

combustion of the fuel and the ROHR determines the rate of pressure rise. it was

shown praviously that the ROHR was lower for Hot Tubo running and it follows thon

that the rate of pressure rise will be lower for the same reasons.

Tabie 5-10 Further results of the n-Heptans tests

Max Position Position
Test  Max dP/dt | THR Max  MaxP
LAMBDA | oo dition  (par/CADY | (o | ©A10 | GASO [ig:gl ROHR  {Bar) :":;‘DF}'
(HCAD)
50 L Norma 46 508 | 08 145 . 1488 | 153 2.2 17.8
B Hot Tube 57 | 565 | 02 | 143 | 1294 | 153 | 308 17.9
N Normal 16 486 | a4 | 137 | 651 156 | 288 18.0
Hot Tubc 15 | 430 | -37 | 146 | s87 152 | 270 191 |

i Nomal | 16 360 | 101 | 53 a7 5.2 341 1.1
Hot Tube 14 347 | 88 8.1 26.4 74 | 278 1.8
- Nofmal 38 | 313 | 174 | 57 53.8 62 | 492 20
HolTube | 3.3 3037, 168 | 41 | M7 | 46 46.4 43
T Nommal | 4.6 275 | 202 | w0 | 438 92 56.0 16
Hol Tube 15 237 | -195 | -72 6.8 7.7 51.7 25

5.2.2 Methanol

Ag was mentioned in 5.1.2 the engine could nol be run on methangl in HOC mode

with tha Hot Tube in place, Remaoving the Hot Tube made it possibie to raise the CR

to a higher lovel than with the Hot Tube in place. This enatded HCC| running and tho

pressure trace, rato of heat release and total heat released are shown in fig, 515 -
5-17.
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Figure 5-17 Total fieat released

It is worth noting the single stage heat release of methanol compared to the two-

stage heat release experienced with n-Meptane. This is typical of nan-paraffinic fuels,

HCCI combustion was achieved at the following enging operating canditions shown

in Table 5-11:

Table 5-11 Engine operating conditions or HCCI using mathano

Lambda 4
T inlet  ~380K
RPM 1000
~ CR 19.56 |

Mo direct comparisen can be made between Hot Tube and normal running with

methanal singce HCC! was onby achieved withoul the Hot Tube, bul only because the

CR could be raised to 19.95:1 while the maximum CE thal could be used with the

Hot Tube was only 16.6:1.
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5.3 Pressure Oscillations

In-cylinder pressure oscillaticns were visible in several of the experiments in which
the Hol Tube was used. [Lis hought that ke presence of the Hot Tube gives the
combustion chamber certain acouslic characteristics that cause these oscillations.
These oszcillations are net to be confused with oscillations caused by knocking
combmstion for which lhe frequencies are much higher Fig %18 shows a typical
gxample of these oscillations in & test dong with n-Heptane at A = 4. Three
consecutrve traces are shown,

Furlher investigation into possible in-cylinder acoustic vibrations showed that the
characteristic frequencies experienced in the experimenis do nol corrglate with any
known acoustic vibration modes. The freguencies arg much lower and Table 5-12
compares the measured frequencies to the possible resonant freguencies given by
C.S. Draper's accustic theary {1938},

! Cylinder pressure oscillations
Fil - e
60 C B fi
= & = =
m
o
3 40 .
n 50
1
=
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S5 A% B P 3 e %5 a3 2E 3 85
!
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Figure 5-18 Cyhnder prossore traces showing pressure oscillations
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Table 5-12 Comparison of measured and theoretical resonant frequencies

‘Mode Frequency (Hz)
Measured Frequency +2200
First Circumferential 4616
Second Circumferential 7649
First Radial 10532
Third Circumferential 9602

This is a surprising result and the only possible explanation that can be given for
these oscillations are that the presence of the Hot Tube changes the combustion
chamber's acoustic properties significantly and therefore Draper's theory for
calculating resonant frequencies does not apply. Since acoustic analysis is not the
focus of this study, it will be left at that and be recommended as a point for further
investigation.

Pressure oscillations were also present during tests without the Hot Tube, but their
frequencies correlate with those found under knocking conditions in Sl engines and
the ones calculated from Draper’s theory. Studies by Eng (2002) and Vressner et al.
(2003) on pressure oscillations during HCCI combustion came to a similar conclusion
and thus this phenomenon can be attributed to known acoustic behaviour under rapid
pressure rise rates.
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6 Conclusions and Recommendations

6.1 Effectiveness of the Hot Tube igniter

6.2

The Hot Tube proved to be ineffective in initiating or advancing HCCI
combustion at all the conditions tested. It was expected that the Hot Tube
would advance or promote HCCI combustion, but in all cases it retarded
combustion. It is believed that poor scavenging of the Hot Tube causes
dilution of the mixture at the end of compression and this had a more
pronounced effect on ignition delay than was expected.

The temperature of the Hot Tube was 100 low to induce hot surface ignition of
the mixture. The maximum temperature the tube could be heated to was
400°C and this was limited by the heating element used. Therefore the only
way that the tube could influence combustion was by transferring heat to the
mixture to shorten the ignition delay.

The Hot Tube was effective in lowering the rate of pressure rise in all the
cases tested. This could be a useful finding as it shows that by introducing an
irregularity into the combustion chamber, combustion duration is increased.
The Ricardo E6 proved to be a suitable engine for HCCI research and the
improvements made to the existing engine setup makes it possible to use the
engine for further HCCI research and testing.

Recommendations for further work and system
improvements

Recommendations for further work include the following:

Experiment with the use of higher Hot Tube temperatures to determine
whether it has any effect on combustion.

Although it may be technically challenging, experiment with irregularly shaped
combustion chambers to see if it can reduce the rate of pressure rise during
combustion.
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Recommendations for system improvements include the following:

Currently the amount of fuel that is injected into the engine is determined by a
lambda sensor in the exhaust and adjusted manually by turning a dial on the
control unit. It is recommended that a more reliable and repeatable way is
found to measure fuel flow. All the instrumentation is in place, it is merely a
matter of sorting out the LabView application to read inputs and calculate
values correctly.

Related o the first point above is another software issue. As was mentioned,
the engine is fitted with all the necessary instrumentation to enable online
condition monitoring. A great deal of effort was spent to try and set up a
LabView-based application to read and display various operating parameters,
but a lack of computer programming expertise and some electronic bugs got
the better of the author. It is therefore recommended that an expert be
appointed to sort out these problems and set up a reliable and user friendly
control and condition monitoring software application.
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Appendices
Appendix A — Modifications to the Ricardo E6 Engine

Fuel Injection System

' ils original form the Ricardn EG was fitted with a carburettor far fuesl supply to the
enging. Il was fed from a fuel lank mounted on an ancient wooden cabinet, A pipette
was Lsed for fuel flow measurement and was also mounted an the original cabinat.

Figure A-1 shows the original cabinet.

Figure A1 The orginal cabinet hausing the fuel tank and fuel flaw measurement pipst.

For this project the fitment of a fuel injection system was a necessily. Howas decided
to design and build the system in-htouse and to keep it as simple as possitde. For this
reason all the system hardware used was chosen to be readily available. The fuel
pump, pressure regulator and injector are all standard Bosch unils while the bwo Tuel
tilters (high and low pressure) are GUD units acquired from a local molor spares

daaler,
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The elactronic contrel board was designed to take a trigger input from the crank
angle encoder and use a pulse width modulator to controf the duration ot the injection
pulses based on an input [rom a manually operated pot. Figure A-2 shows an early
version of the board usad and Figure A3 shows the final fuel system

Figure &-3 The fugl injection system.
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The fuel injector was calibrated (o determing the @mnge of pulse width outputs needed
and the calibration curve is shown in Figure A-4.

Injector Charactenstic Curve
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Figure A-4 injector catibration curve.

The angine is fitted with a laminar flow clement for air low measurement and this
was also calibrated for the purpose of being able to determine airfuel rativ, The

calibrabion curve is shown in Figure A-5.

Air Volume Flow Chart for Ricardo E6 LFM
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Figure A-5 Calibration curve for Lhe laminar flow clement
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Dynamometer Controller

The dynamomatcr controller that was uscd on the original E6 engime was a very
clumsy manually aporated unit that did not support intormittont cngine running very
well. Switching hotweon molonng and lpading conditions was difficult and it was
impossible to keep engme speed constant during intermittent engine running. The
dynamamitor uscd is assontially a DC motor and it was decided o fit a3 new
cloctronic DO drive to control the clectric matar, With this unit the specd can be kept
constant and the drive then automatically swilches between motoring and |oading
conditions to maintain the set speed. Figure A-G and A-7 show the old controller and

now DO drive rospectively.

Figure A-6 The old dyvnarnometer controller.
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Figure A-7 he new DO Drive used for dynamometer control.

The follewing pages are cxcerpts from the instruction manuaf for he DO Drjve.
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DC400
Thyristor power converter

for DC drive systems
20 to 1000 A
9 to 522 kW

INSTRUCTION MANUAL
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6 Operating Instructions
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Appendix

Appendix B — Heat Release Calculation Method

Using in-cylinder pressura history to analyse combustion s a recogrised techrigue
found in iiterature [Heywood, 1988]. For this study it was used as a means o
compare Hot Tube and narmal running of the engine by caloulating the rates of heal
release and total heat relcased as a function of crank angle degrees.

The equation used for caloulating the combustion cnergy theat) relcase rate was as

fallows and the [ull derivation can be found in Heywood (1988) pp. 385-387:

=

pdV (hr__ ot ﬂ,.T)dmm- kOGk:

g (C" .HEVI ! (L 11
L = i :
) R £ R

N % J

The first two terms on the right logether represent the sensible energy change and
work transter to the piston, while the third and fourth represent the energy change
due te crevice affects and the heat lransfer o the walls respectively. The first term
a0.n and the crevice and heat release terms on the right are often combined and ara
then termed net hoat refease. This net heal relcase rate was used during analysis of

datz during this study

The heal release rate is caloulated at every data point captured and are displayed in
the varicus graphs in Chapter 5 Total heat released is caloulated by using the heat
release rate ta determine the actual amount of heat released for each data point and

summing these values guor the whoic combistion cyele.
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