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Abstract 

Low Temperature Combustion (LTC) 1 is a strategy that harnesses the properties of exhaust 
gas, through the use of large quantities of exhaust gas recirculation (EGR), to reduce the 
peak combustion temperatures below that favoured by the formation processes of oxides of 
nitrogen ( Ox) and those of soot. There is interest within the fuels research community 
in investigating the effects of diesel fuel formulations on LTC, using a suitable engine test 
platform. The objective of this study was to design and set up a test apparatus capable 
of achieving LTC in a diesel research engine, that could subsequently be used to study 
LTC behaviour with different fuels. In addition, it was necessary to present test data 
demonstrating the engine's performance, in terms of engine-out emissions and indicated 
specific fuel consumption (ISFC) , transitioning between conventional diesel combustion 
(CDC) and LTC. 

The mechanical, electrical and control requirements for attaining CDC and LTC conditions 
were investigated in the literature and through consultations with experts in the fuels 
research field. These requirements were distilled into a definitive System Requirement 
Specification. 

Where possible, off-the-shelf equipment that met the performance requirements stipulated, 
was chosen for the test apparatus. Components that were beyond the project budget were 
designed in accordance with their individual requirement specifications. A state-of-the-art 
single cylinder diesel research engine (AVL5402), representative of a modern-day light duty 
vehicle, was integrated with various ancillary systems. These systems performed tasks such 
as conditioning and metering of the intake air and fuel, as well as the analysis of exhaust 
gas emissions. A custom-built air supply and exhaust system was implemented for accurate 
control of EGR rate, the facilitation of measurements of important temperatures, pressures, 
intake and exhaust gas species, as well as minimisation of gas pressure pulsations in the 
system. 

The apparatus was integrated with a control system necessary for managing the operation 

1There are many LTC strategies that exist. For the purposes of this project, LTC will refer to the 
smokeless rich diesel combustion strategy. 
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of the engine and its ancillary systems, as well as recording user-specified data. In addition, 
custom engine maps were constructed for injection pressure, intake boost pressure and 
exhaust back pressure (to simulate the back pressure generated by a turbocharger) in an 
attempt to achieve operating conditions representative of those in a commercial vehicle. 

The project culminated in a fully-functional test facility that addresses the requirements of 
CDC and those of the LTC operating regime. Experimental investigations were conducted 
using the designed test apparatus in conventional diesel combustion mode, with user control 
of the relevant diesel engine and fuel research parameters. 

The results of a parametric investigation, which involved transitioning the engine opera­
tion mode between CDC and LTC at different operating conditions (by individually chang­
ing intake boost pressure, intake air mixture temperature and fuel injection pressure) at 
nominally constant fuelling , demonstrated heightened emissions sensitivity at EGR rates 
between approximately 45 % and 58 % (this is before the LTC zone). In addition, it 
was discovered that the peak engine-out soot levels during the transition between CDC 
and LTC were most effectively reduced by increasing the injection pressure. Furthermore, 
it became apparent by the contradictions between some of the results presented in this 
project and what was demonstrated in literature, that the effects of different operating 
parameters on combustion characteristics and corresponding engine-out emissions cannot 
be generalised for all operating conditions. 

Control and general test apparatus operational challenges experienced at certain stages 
of this study were documented, and many of them were resolved. However, some of the 
suggested modifications were not implemented, and are therefore presented as recommen­
dations in this report. The chief recommendations include the implementation of closed 
loop control of combustion phasing and EGR rate in order to improve combustion control 
and the efficiency of obtaining setpoint stability for data capturing during test work. 

lV 
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Chapter 1 

Introduction 

1.1 Current state of diesel engine technology 

In the past, diesel engines have typically been viewed by the public in a negative light, 
due to their large black clouds of particulate matter (PM), oxides of nitrogen (NOx) and 
sulphurous emissions. With increased recognition and usage of the diesel engine in the 
1990s came public pressure to mandate stricter regulations of emissions. Since then, with 
the ever increasing diesel legislations focussing on emissions of Ox and soot, the need for 
advanced methods of reducing engine-out emissions has been on the rise. 

European vehicle emissions are representative of international best practice. Furthermore, 
the South African automotive industry standards are aligned with those in Europe [7]. It 
is therefore appropriate that South African vehicle emissions follow European standards. 
South Africa is currently compliant with the requirements of Euro 2. Furthermore, the 
South African Petroleum Industry Association (SAPIA) stipulated in 2011 that they are 
in support of a quantum leap from Euro 2 to Euro 5 by 2017 [8]; however, since then the 
department of energy has announced that this deadline will be delayed [9]. 

Over the past few decades, reduction in exhaust emissions from diesel engines has been 
achieved using a combination of cleaner fuels, improved combustion strategies and innova­
tive mechanical design. Some of these methods include uncooled Exhaust Gas Recirculation 
(EGR), widely accepted as the primary Euro 21 light-duty vehicle NOx reduction strat­
egy in 1996 [10], and cooled EGR which became the standard in light-duty engines after 

1The different stages of the European light-duty standards are commonly referred to as Euro 1, 
Euro 2 etc, where the number is applied chronologically. For heavy-duty European emissions standards, 
the number is replaced by Roman numerals. 
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CHAPTER 1. INTRODUCTION 

Euro 4 (after 2005) [10]. With Euro 2 and Euro 3 emissions legislations (1996 and 2000) 
came the widespread use of oxidation catalysts primarily to reach the required reduction 
in carbon monoxide (CO) and hydrocarbon (HC) emissions [11]. In addition, the use of 
after-treatment systems such as NOx reduction catalysts and diesel particulate filters were 
used after Euro 3, in an attempt to meet regulated emissions standards. However, the 
high fuel sulphur content (50 ppm and greater) prior to 2004 (before the launch of the 
Euro 4 enabling fuel specifications) [12] caused a reduction in DPF and NOx catalyst ef­
ficiencies, as well as increased PM. Consequently, in some cases, the expensive exhaust 
after-treatment systems, have a fuel consumption penalty ( cost of regeneration at reduced 
operating intervals due to high fuel sulphur content) [11]. This issue hyped the much an­
ticipated launch of EU Directive's 2009.01 'Sulphur-free' diesel specification (10 ppm) for 
vehicle manufacturers in 2009 [12]. Similar sulphur-content specification diesel standards 
were implemented in Japan [13] and North America [14] over the same time period. The 
rest of the world began to follow suit, including South Africa. With Sasol's launch of Sasol 
turbdiesel™ ULS 2 1 Oppm in 2013, they have already reached the South African Clean 
Fuels 2 sulphur restriction standard, which was originally set to be implemented in 2017, 
but has since been delayed [9]. 

1.2 Pressures on future engine development 

With Euro 6c emissions legislations set to take effect on 01 September 2017 and corre­
sponding potential for tightened NOx, CO and HC emissions (still to be confirmed [15]), 
new and innovative ideas are required. As combustion understanding and technology has 
improved, researchers have increasingly been using in-cylinder approaches for investigating 
means of reducing emissions to meet regulatory requirements. The result of this could 
have the potential to eliminate the need for, or reduce the complexity of, after-treatment 
systems. In addition, after-treatment catalysts, such as diesel particulate filters (DPF) 
require regeneration, typically using fuel, therefore, improvements of engine-out emissions 
can in some cases indirectly improve fuel consumption. An example of an in-cylinder ap­
proach for achieving cleaner emissions is Low Temperature Combustion (LTC). If success­
fully implemented, LTC could provide engine manufacturers with an alternative method 
to conventional diesel combustion ( CDC) for achieving future emissions legislations. 

2Ultra-low sulphur diesel is a globally recognised term referring to low sulphur-content diesel fuel. 
There is no single standard set of specifications and the definition is permanently evolving with stricter 
government mandated standards 
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1.3 Low temperature combustion 

The phrase 'low temperature combustion' encapsulates numerous combustion strategies 
which share a common characteristic, specifically that the majority of the fuel is premixed 
before the start of ignition. This form of combustion is typically characterised by low peak 
cylinder temperatures, reduced NOx and PM emissions, and generally increased HCs and 
CO. 

Due to the need for advanced injection timing, and the corresponding low in-cylinder charge 
density and temperature that exists at this point, there is typically a longer liquid jet 
penetration which can result in fuel accumulation on the cylinder surfaces. Consequently, 
only partial burning of the fuel occurs , combustion efficiency deteriorates, and HC and 
CO emissions rise. Normally oxidation catalysts could be used as a counter measure, 
however LTC exhaust gas temperatures are often too low for them to work effectively 
[16]. Therefore, a significant technical challenge with LTC is improving the combustion 
efficiency, whilst simultaneously reducing the NOx and PM emissions. 

Additionally, unlike conventional diesel cycles, where phasing controlled combustion is 
precise and directly related to start of injection (Sol) [17], LTC cycles have less authority 
on phasing control, especially in homogeneous charge compression ignition (HCCI). Sig­
nificant cycle-to-cycle variations in EGR-induced LTC, such as the smokeless rich diesel 
combustion strategy, is common. This is predominantly caused by the increased ignit ion 
delay due to raised CO2 and lowered 0 2 concentrations present in the combustion cham­
ber. The lengthened ignition delays typically increase air-fuel mixture homogeneity before 
combustion starts . This makes predicting the start of combustion (SoC) challenging, there­
fore adding a degree of complexity to combustion phasing control. Combustion efficiency 
deteriorates with increased ignition delay and as a result there is a fluctuation in the com­
bustion products. This causes enhanced consecutive cycle variation due to varying cylinder 
charge temperature, pressure and composition [18]. 

In summation, it has been demonstrated in the literature that LTC is effective in reducing 
NOx and soot emissions. However, it would appear that there are still many challenges 
associated with LTC that are yet to be addressed. Until such a time as these challenges 
have been sufficiently resolved, implementation of LTC strategies into product ion engines 
does not seem to be a viable option. 
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CHAPTER 1. INTRODUCTION 

1.4 Project scope 

The project entailed the design, construction and commissioning of a test facility, which 
utilises a light duty single cylinder diesel research engine, capable of operating under CDC 
as well as in the LTC regime. For the purposes of this work the t est facility will refer to 
the room and all of the testing apparatuses included in the room. The project objectives 
were to: 

1. understand diesel combustion and emissions characteristics under LTC conditions in­
duced by EGR, 

11. perform, where necessary the mechanical design, fabrication and construction of some 
of the contents of the facility, 

iii. integrate the mechanical and electrical aspects of the test apparatus, 

1v. design and integrate aspects of the control system, 

v. perform proof of design tests on the facility for commissioning and to assess whether 
LTC (as defined in Chapter 5) could be achieved with the designed test apparatus, 
without the need for exhaust gas after-treatment systems, 

v1. perform a basic repeatability study illustrating the effects of transitioning between 
CDC and the LTC regime, on emissions and engine performance, and 

v11. undertake a simple parametric assessment of the engine's operational characteristics 
as EGR rates are increased, focusing on the operational areas of LTC transition and 
LTC mode. 

The operation of the engine needed to be representative of a light duty, commercially 
available vehicle, and so it was assumed that fuel injection pressure maps, as well as inlet 
air boost pressure and exhaust gas back pressure maps based on existing data were to 
be designed and implemented into the control system. The aim of the objectives was to 
develop a practical and theoretical understanding of LTC and the challenges involved, as 
well as to provide Sasol with a tool to further their fuels research in LTC. 
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Chapter 2 

Literature review 

Understanding the pollutant formation processes and what factors affect their production 
rates during combustion is key for understanding the reasoning behind existing combustion 
strategies and the development of alternative ones. The combustion process is largely 
impacted by in-cylinder conditions such as intake temperature, boost pressure, degree of 
fuel atomisation and oxygen. Thus, understanding how they affect engine-out emissions is 
critical for emissions reduction. 

Due to the large demand for high-performance and fuel-efficient vehicles, as well as the 
increasingly stringent emissions legislations on the horizon, technologies for the control of 
in-cylinder conditions have been and continue to be developed. These technologies have 
the potential to improve fuel efficiency and reduce emissions. After-treatment systems 
currently play a major roll in reducing tail-pipe emissions; however, alternative in-cylinder 
approaches are becoming increasingly attractive. 

The aim of this chapter is to summarise key literature and concepts pertaining to CDC 
and LTC technology. Alternative LTC combustion strategies will also be discussed along 
with their benefits and shortcomings. 

2.1 Diesel engine emissions 

Regulated diesel em1ss1ons are the em1ss1ons discharged from the exhaust which have 
legal upper limits attached to them specified by various standards such as Euro and EPA 
emissions legislation. These include [19]: 

1. Diesel particulate matter (PM), comprising predominantly carbon molecules with ad-
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sorbed HC's. 

11. Nitrogen oxides (NOx), composed of nitrogen dioxide (N02 ) and nitric oxide (NO). 
Other nitrogen containing oxides, such as N20, are not regulated. 

m. Hydrocarbons (HC), regulated as either total hydrocarbon emissions (THC) or as non­
methane hydrocarbons (NMHC). In some cases a combined limit for HC and NOx is 
used in place of the separate limits. 

1v. Carbon monoxide (CO). 

Additionally, internal combustion (IC) engines emit H20 and carbon dioxide (CO2 ). The 
significant quantities of the greenhouse gas, CO2 , being pumped into the atmosphere draws 
extensive attention to engines. Diesel combustion noise pollution is also an area of concern 
with relation to vehicle comfort and overall refinement . This noise is related to the pressure 
rise rate within the cylinder. The maximum rate of pressure rise is a constraint on diesel 
operation and studies have shown that this operating parameter is typically limited to 
10 barj°CA (bar per degree crank angle) [20,21]. However, since a single injection strategy 
(typically resulting in greater peak pressure rise rates) was employed for this project , the 
maximum allowable rate of pressure rise was increased to 15 barj°CA. However, this is not 
a focal area for the purposes of this project and will therefore not be discussed at length. 

The primary aim of the subsequent sections is to provide the reader with background on 
the various emissions and how they are formed ( as a means of contextualising the purpose 
of this particular study) 

2.1.1 Nitrogen oxides (NOx) 

Nitrogen oxide pollutants contribute to the production of acid rain, photochemical smog 
and nitrate chemicals [22]. These resulting substances are acidifying the earth's waters, 
detrimental to the rain forests , and adding to the tropospheric smog, thus causing damage 
to human health and the environment. 

There are many different nitrogen oxides emitted as a result of diesel combustion; how­
ever, the two most important are NO and nitrogen dioxide (N02 ) . Collectively these two 
molecules are referred to as NOx. 70 % to 90 % of engine-out NOx is comprised of O [23]. 
NOx is a direct result of high temperature combustion, where as other emissions are due 
to incomplete combustion. NO formation can be described by the extended Zeldovich 
Mechanism (also referred to as the thermal mechanism [24]) as follows: 
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0 + N2 +-+ NO+ N 

N + 02 +-+ NO+ 0 
N +OH+-+ NO+H 

(2.1.1) 

(2.1.2) 

(2.1.3) 

At temperatures above 2200 K molecular oxygen forms elementary oxygen [24] . In lean 
areas and temperatures generally above 2000 K this elementary oxygen reacts with N2 to 
form NO and N. The N formed in the initial reaction then reacts with 0 2 to form NO and 
0. This process repeats itself, forming NO. Thus two prerequisites for NO formation are: 

1. High localised peak temperatures 

11. Excess air, especially in these peak temperature regions 

Gases burnt before compression top dead centre1 (TDC) are of great importance. This hot 
burnt gas is compressed to higher temperatures and pressures. The temperatures reached 
are higher than that of any other region of the charge. It is for this reason that almost all 
of the NOx formation occurs within the first 20 °CA (degrees crank angle) after the start 
of combustion [24]. It is therefore typically the focus area when trying to minimise NO 
formation. 

There are other mechanism of NO formation such as: 

1. Prompt NO, otherwise known as the Fenimore O mechanism [25], resulting from the 
reaction of N2 with fuel radicals 

11. NO from the reactions of fuel-based nitrogen 

111. The formation of NO from N20 

These mechanisms tend to be considered as secondary and less important in conventional 
diesel combustion. However, Fenimore discovered that there is NO being promptly formed 
in the diffusion flame of a hydrocarbon fuel [25], before that formed by the Zeldovich 
Mechanism [26]. He called this promt NO. The most critical pathway for this means of NO 
formation is the rapid reaction of hydrocarbon radicals, from fuel, with molecular nitrogen. 
The resulting amine species react to form NO. Prompt NO is most prevalent in rich flames, 
and at temperatures lower than 2000 K it dominates the thermal NO formation rate [26]. 
Therefore, for LTC, where richer overall air-fuel ratios exist and temperatures are lower, 
relative to conventional diesel combustion, and thermal O formation is practically non 
existent, promt O becomes important. 

1Compression top dead centre (or compression TDC) refers to the instantaneous point at which the 
piston is at the top of its compression stroke, i.e. just before the commencement of the expansion stroke 
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2.1.2 Particulate matter (PM) 

Particulate matter comprises an insoluble fraction (ISF) and soluble organic fraction (SOF). 
Carbonaceous compounds (soot) make up the bulk of the ISF. Diesel particulate matter 
contains a variable quantity of soot, but typically exceeds 50 % [27]. 

Soot formation has been commonly accepted to take place in five steps, namely: 

i pyrolysis , 

ii nucleation, 

iii coalescence, 

iv agglomeration, and 

v oxidation. 

Pyrolysis involves the changing of an organic compound's (fuel) molecular structure at 
elevated temperatures (typically > 750 K [28]) and limited oxygen availability, without 
significant oxidation. Since these reactions are generally endothermic, their rates can be 
temperature dependent. When a fuel pyrolysizes, polycyclic aromatic hydrocarbons form 
(PAH) form and these species are soot precursors. The presence of these precursors are 
a result of competing fuel pyrolysis with precursor and pure fuel oxidation. The rates of 
pyrolysis and oxidation increase with temperature; however, oxidation increases faster [27]. 
The condensation of PAH's and other unsaturated hydrocarbons lead to the appearance 
of minuscule soot particles ( diameter < 2nm [17]), these are commonly referred to as 
nuclei [17] . The nucleation process is temperature dependent and nominally begins to 
occur between 1300 K and 1600 K [27]. Whilst the presence of these nuclei add negligible 
soot mass; they provide a hot reactive surface to which gas phase hydrocarbons can attach 
themselves. Typically, during this process, the number of particles remain constant and 
only the particle mass increases [27,29]. This process is commonly known as surface growth. 
Coalescence and agglomeration both involve the combining of particles. Their point of 
difference is that coalescence involves the combining of two spherical shaped masses to 
form a single spherical shape of combined mass, whereas agglomeration is when individual 
particles stick together, each keeping their original shape. 

Soot and soot precursor oxidation can take place at any point where both soot and oxidising 
species are present in temperatures exceeding 1300 K [25]. Soot oxidation rates are very 
dependent on temperature, pressure and equivalence ratio . Tree and Svensson found that 
soot oxidation will effectively cease at temperatures below 1300 K and soot formation rates 
favour temperatures above 1500 K [27] . From the well known ¢ - T map (illustrated in 
Figure 2.2 and discussed in more detail in Section 2.3) which illustrates the conditions 
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for NOx formation, soot formation and soot oxidation, it can be seen that combustion 
processes containing high equivalence ratios and temperatures favour all phases of diesel 
soot formation. Combustion pressures also have a significant effect on soot formation rates. 
Tree and Svensson found that an increase in pressure increases soot formation at a rate 
which could be as high as the square of the pressure [27]. 

During diesel combustion, both soot formation and soot oxidation take place. The nett 
result of these two reactions is the soot emitted from the engine. Refined mixing between 
the fuel and charge typically has a result of lowering the local equivalence ratios resulting 
in less soot formation. The impact temperature has on soot formation and oxidation 
is somewhat complex, the extent of which is dependent on local air-fuel ratios (¢ - T 
map [3]). The presence of elevated temperatures, soot, and their oxidisers in the later part 
of combustion can improve the efficacy of the oxidation reactions, typically reducing the 
emitted soot. Furthermore, these conditions are somewhat undesirable as they increase NO 
formation rates. However, if local temperatures are reduced to below the soot formation 
temperature at corresponding equivalence ratios ( ¢ - T diagram) , soot oxidation reactions 
would become less critical, and thus both NOx and soot engine-out emissions could be 
reduced. This fact facilitates the concept of LTC for combined soot and NOx reduction. 

2.1.3 NOx-soot trade-off 

The preceding section has highlighted that conditions that have adverse effects on engine­
out soot, promote Ox formation, and that the converse applies. Reducing combustion 
temperatures by means of retarded start of injection (Sol) or exhaust gas recirculation 
(EGR) can be effective in reducing NOx; however, the lowered cylinder temperatures in 
the later parts of combustion slow oxidation rates, subsequently increasing engine emitted 
soot. Advancing Sol typically results in a larger premixed phase of combustion and thus 
elevates peak cylinder temperatures, as well as shortening the overall combustion duration. 
As mentioned in Section 2.1.2, soot oxidation increases faster with temperature than the 
soot formation process, therefore reducing soot emissions. Although higher injection pres­
sures can also be an effective means of reducing soot emissions, by promoting mixing and 
increasing premixed combustion, the resulting elevated temperatures and lean environment 
are favourable for NOx formation rates. 

There are a few strategies that exist to effectively reduce both the rox and soot emissions 
simultaneously. Two of these are outlined below: 

i. Homogeneous charge compression ignition (HCCl) involves producing a very lean and 
homogeneous charge, the effect of which both reduces the peak in-cylinder tempera­
tures below that required for the formation of NOx, and lowers the local air equivalence 
ratio inhibiting soot formation. 
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11. Smokeless rich diesel combustion is a strategy that uses high EGR rates (typically 
greater than 50 %) to reduce the peak combustion temperatures below that favoured 
by soot and NOx formation processes. 

2.1.4 Hydrocarbons and carbon monoxide 

Engine-out hydrocarbons in diesel engines comprise of unburned fuel and partially oxi­
dised fuel species. The magnitude of these emissions vary greatly with engine operating 
conditions , and it is probable that a wide variety of different formation mechanisms will 
be at work. The two primary conditions in conventional diesel combustion that result in 
HC formation are over-mixing and under-mixing within the cylinder [17]. Over-mixing is 
when the air fuel mixture becomes leaner than the lean combustion limit (¢ ~ 0.3). In 
swirling flow, the auto-ignition point is typically located in-between the rich core and lean 
outer boundary of the injected plume. The lean outer boundary zone contains fuel that has 
been mixed beyond its combustion limit, and is unable to auto-ignite, generally resulting 
in partial oxidation via thermal oxidation reactions. The quantity of HC's formed in these 
lean regions is dependent on ignition delay, fuel injection quantity during the ignition delay 
period, rate of mixing during this period and how conducive the prevailing cylinder condi­
tions are to auto-ignition [17]. Experimental data from a DI, naturally aspirated engine, 
demonstrates that there is a strong correlation between ignition delay and engine emitted 
HC's [17]. As ignition delay increases, HC emissions rise at an increasing rate. Hence, fuel 
injected during the ignition delay period has a significant contribution to HC emissions. 

The sources of HC emissions due to under-mixing have been limited to two mechanisms. 
The first is the low velocity fuel which leaves the injector (injector dribbling) , most im­
portantly the nozzle sac volume (volume in the tip of the injector after the needle seats), 
and the second being the quantity of excess fuel when the engine is over-fuelled [17, 23]. 
An additional source of hydrocarbon emissions exist and is said to be due to quenching 
outside the piston bowl, in the squish volume. Heywood refers to an experiment in a di­
rect injection engine that showed a 30 % decrease in hydrocarbon emissions when the oil 
and coolant temperatures were increased from 40 °C to 90 °C [17]. Since ignition delay 
was kept constant, the possible change in HC emissions due to over-mixing can be consid­
ered negligible, therefore leaving the primary source of increased HC's to the quenching 
phenomena. 

The CO emitted from IC engines is primarily controlled by the equivalence ratio [17], and 
is a direct outcome of incomplete combustion. Any CO formed in a diesel engine is due 
to insufficient mixing, and therefore higher peak local equivalence ratios exist during com­
bustion which increases the tendency for incomplete combustion [30]. Since diesel engines 
run lean, CO formation is not commonly a concern with respect to regulated emissions. 
However, in the case of LTC where EGR rates are high, the air-fuel ratios can become too 
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rich, resulting in incomplete combustion. 

HC and CO are transitional species, and given high enough temperatures and mixture rates, 
will oxidise almost completely before being pumped out the engine. Thus, in conventional 
diesel combustion these emissions are not of great concern. However, using strategies such 
as LTC, where ignition delays are substantial, peak combustion temperatures and over 
all equivalence ratios are lower, typically result in THC and CO being unable to oxidise 
sufficiently. Since the use of LTC to achieve regulated emissions limits can be used at 
loads up to 50 % [31], HC emissions caused by injector dribbling will be dominant as far 
as under-mixing mechanisms are concerned. This is due to low combustion temperatures, 
especially later-on in combustion, being unable to fully vaporise and oxidise the fuel from 
the sac volume (to a greater extent than usual). Additionally, it is necessary to substan­
tially advance injection timing, sometimes as much as -25 ° ATDC ( depending on the EGR 
rate), in order to maintain optimum combustion phasing in terms of best indicated spe­
cific fuel consumption (ISFC) . The cool, low density mixture formed during early injection 
results in a longer liquid jet penetration relative to that present during conventional diesel 
combustion Sol. Dec illustrated that in conventional diesel combustion, liquid jet pene­
tration length is in the region of 25 mm [25]. Musculus demonstrated that typical liquid 
jet penetration when operating under LTC operating conditions, is lengthened (35 mm or 
greater) [32]. The extended penetration suggests a likelihood of wall wetting and possible 
flame quenching, resulting in increased CO and unburned hydrocarbons. 

2.2 Current diesel engine technologies 

2.2.1 Fuel injection system s 

Fuel injection systems have advanced extensively since the 1990s. The objectives have been 
to provide driver comfort in terms of engine noise and vibration comparable to that of a 
gasoline fuelled engine, future emissions compliance and improved fuel consumption [33]. 
Systems, including electronically controlled distributor pumps, electronically controlled 
unit injectors and common rail systems have all been an area of focus to varying degrees . 
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Common rail injection systems have distinct advantages over other fuel system architec­
tures. These include the: 

1 possibility of multiple injection events used for: 

• pre-injections (1 or 2) for NOx and noise control, 

• rapid injection rates for heat release control, 

• post injection for soot burn-up and additional post injection for exhaust catalyst 
heating or regeneration when needed. 

11 decoupling of rail pressure from engine speed, 

iii smoothing of torque fluctuation on the drive-shaft. 

In the case of globally higher equivalence ratios, such as the high EGR LTC conditions, 
high injection pressures improve the air utilisation with enhanced mixing and better fuel 
vaporisation and thus optimising the combustion efficiency. Han et al. demonstrated suc­
cessful reduction in peak soot levels across the EGR range when comparing tests conducted 
at 400 bar and 1200 bar injection pressure [34]. Many studies have shown a reduction in 
peak soot levels across the EGR range with little or no effect on NOx ( depending on EGR 
rate) at similar high injection pressures (typically over 800 bar) [1,35]. 

2.2.2 Turbocharging 

Turbochargers consist of a compressor wheel and an exhaust gas turbine wheel coupled by 
a solid shaft. The exhaust gas turbine extracts energy from the exhaust stream, ultimately 
resulting in the rotation of the compressor wheel. Consequently, inlet air is drawn into the 
compressor wheel and pumped into the engine under pressure. This increases the mass 
of oxygen in the cylinder allowing for greater quantities of fuel to be injected whilst still 
operating the engine at favourable air-fuel ratio [36]. That is to say, turbochargers increase 
the engine's power density (power per unit of engine volume) by utilising the exhaust gas 
mass flow rate and enthalpy. The main incentives behind turbocharging include [37]: 

1. maintaining power at different altitudes, 

11. the ability to use smaller and lighter engines to provide output power equivalent to 
that of larger capacity naturally aspirated engines, 

m. raising the engines peak torque and power output, and 

1v. improving the fuel efficiency of engines, particularly the such engines that operate 
predominantly under full-load conditions. 
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Simple fixed geometry turbochargers have to make a compromise between maximum power 
and the shape of the torque speed curve. If a turbocharger of this type is matched to an 
engine such that it provides high torque at low speeds, it is probable that at high engine 
speeds, large exhaust back pressures, over spinning of the turbine and over boosting of 
the engine will occur. As a counter-measure, a waste-gate is generally utilised to by-pass 
excess exhaust mass flow at high engine speeds. However, this is not very efficient and 
results in large quantities of potentially usable hot exhaust gas being wasted. A potential 
means of eliminating the inherent compromise is through the use of variable geometry 
turbochargers (VGTs) which utilise servo-controlled guide-vanes to control the angle of 
the air-flow onto the turbine blades. This enables improved control of the exhaust back 
pressure (EBP) and inlet boost pressure. Therefore, VGT's can indirectly reduce pumping 
losses, fuel consumption and result in enhanced engine transient response [30, 38]. 

In addition to being used for charge densification, modern day VGTs are also play a major 
role in the combustion process control. With the added element of nozzle size control, 
VGTs are being used to control the EBP, and thus EGR rate, in conjunction with boost 
pressures. Compared to naturally aspirated engines, intercooled turbocharging, where the 
boosted air is cooled using an intercooler before it enters the cylinder, has the ability to 
increase the air-fuel ratio (for a given fuelling condition) and reduce soot [38]. NOx is 
typically reduced through the use of EGR and once again can benefit from the VGT's 
functionality. It follows that the turbocharger's role within and transitioning to the LTC 
regime is critical. 

2.2.3 Exhaust gas recirculation (EGR) 

EGR is a process by which a portion of the exhaust gas is recycled and mixed with fresh 
charge before entering the cylinder. This process results in in-cylinder 0 2 reduction and 
exhaust gas species increase, specifically CO2 and H2 0. There are two ways that EGR is 
typically achieved [10, 24], via a: 

i high pressure loop (HPL or high pressure EGR), or 

ii low pressure loop (LPL or low pressure EGR). 

The HPL extracts exhaust gas upstream of the turbine and generally cools the gas in a 
dedicated EGR cooler before mixing it with the fresh charge (atmospheric air), typically 
just before the intake plenum chamber where the intake charge is at boost pressure. In 
order to support EGR flow, the EGR has to be at a pressure above the boost pressure. 
The LPL extracts exhaust gas down stream of the turbocharger and passes it to the inlet, 
upstream of the compressor. This form of EGR involves a longer pathway and therefore 
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results in a decreased transient response rate [10,24]. Using a LPL also puts added stresses 
on the compressor and dedicated EGR cooler system in terms of corrosion and/or erosion 
due to the presence of sulphur dioxide and sulphuric acid typically expected in the exhaust 
stream [24]. However, improved mixing with the fresh charge and cylinder to cylinder 
uniformity is generally achieved. 

When exhaust gas is mixed with the fresh charge, it can either replace a portion of the 
fresh air that would typically enter the cylinder "replaced EGR" or be additional air to 
the mixture "additional EGR" (where the words 'replaced' and 'additional' are referring 
to the fresh charge) [24]. For the purposes of this project, only "replaced EGR" will be 
used and will henceforth be referred to as "EG R" . 

In the 1990s, Ladommatos et al. worked extensively toward the description of the effect of 
EGR on diesel combustion. The mechanisms, according to Ladommatos et al. [10, 39- 42] 
are: 

1. The dilution effect describes how the replacement of oxygen with exhaust gas results 
in flame temperature and NOx reductions. This effect is the most significant for NOx 
emissions reduction. 

11. The added-mass effect describes how by adding a denser diluent ( exhaust gas) to the 
intake air , the engine-in (into the cylinder) mass flow rate is increased. The change in 
heat capacity due to the additional mass flow can be termed the added-mass effect . 
This effect works hand-in-hand with the thermal effect. 

iii. The thermal effect is typically a direct consequence of the addition of the tri-atomic 
molecules CO2 and H20, present in exhaust gas, to the intake charge, both of which 
have significantly greater specific heat capacities than fresh air . This effect is only as 
a result of increased specific heat capacity in the combustion zones. It has been shown 
that this effect is secondary to that from lowering the 0 2 concentration. The equation 
shown below describes the increase in heat absorption ( 6-Q) of the non-reacting gasses, 
where 6-mo is the increase in mass entering the cylinder, Cp is the average specific heat 
capacity at constant pressure and 6-T is the temperature differential between that of 
combustion and the EGR. 

6-Q = 6-mo ep(Tcombustion - TEcR) (2.2.1) 

1v. The chemical effect (EGR species affecting chemical reactions and peak cylinder tem­
peratures) is due to the reactions that may take place as a result of intake exhaust gas. 
For example, the heat absorption due to the endothermic dissociation reactions of CO2 
and H20. However, these effects have been shown to be very small relative to the other 
mechanisms at work. It is suspected that at high EGR rates the partially cracked HCs, 
CO and OH radicals in LTC could have a significant effect on auto-ignition time-scales. 
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These mechanisms all cause a reduction in combustion temperatures, thus having a large 
effect on emissions. Thermal NO formation effectively ceases and if temperatures drop be­
low 1600 K, soot formation will slow and potentially stop [27]. However, the temperature 
reduction is not sufficient to stop the prompt NO formation, which then becomes the dom­
inant NOx contributor at high levels of EGR. As a consequence of the lower temperatures, 
THC and CO oxidation rates slow. 

Uncooled EGR can result in an increased mixture temperature in the manifold. There 
is an inherent lower density and therefore less mass is able to enter the cylinder. The 
effect of this is called thermal throttling [43] and is dependent on EGR rate, exhaust gas 
temperature and rate of heat transfer from the EGR system. However, at low loads, 
uncooled EGR can cause improved combustion stability, shorter engine warm-up time 
and prevent condensation in the intake manifold [10]. Cooled EGR results in both an 
increased mass in the cylinder and a greater difference between combustion temperature 
and EGR temperature. Therefore as seen in Equation 2.2.1, the resulting effect is greater 
heat absorption and even lower combustion temperatures, leading to lower NOx emissions. 
At high EGR rates combustion becomes very sensitive to small changes in EGR, and can 
impact phasing, emissions and cycle-to-cycle variation. 

2.3 Low temperature diesel combustion 

In literature there are many strategies that fall under the LTC umbrella term, such as 
HCCI, partial premixed compression ignition (PPCI) and premixed charge compression 
ignition (PCCI). These strategies use methods such as EGR that result in lowered peak 
flame temperatures which inhibit thermal NO formation. However, different means are 
used for the reduction in PM, such as ultra lean combustion in the case of HCCI; improved 
air-fuel mixing as in the case of PPCI; or lower local equivalence ratio by not using EGR 
and increasing the premixed burn rate via controlling injection timing and pressure as 
in PCCI [4]. Another LTC combustion strategy termed smokeless rich diesel combustion 
[3], uses additional EGR (typically more than 50 %) to further lower the peak flame 
temperatures to below the soot formation temperature. For the purposes of this project 
LTC will refer to smokeless rich diesel combustion, and abbreviations corresponding to 
other 'LTC' strategies will be used when referring to them. 

The point at which LTC is achieved is typically defined by target rox and soot engine-out 
emissions. However, these values tend to vary among researchers; for example, Yao et al. 
used 1.5 g/kWh and 0.1 g/kWh for indicated specific2 Ox (IS Ox) and indicated specific 
soot (ISSoot) respectively [1], whereas Asad et al. used 0.2 g/kWh and 0.01 g/kWh (also 

2Indicated specific emissions are reported in terms of mass flow rate of the exhaust species over indicated 
power (calculated from cylinder pressure) in g/kWh. 
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on an indicated basis) [2]. In this project a similar approach is used to frame LTC relative 
to typical emissions standards and is discussed in more detail in Section 5 .1. 

Figure 2.1 shows data from EGR sweeps performed by Yao et al. [1] and Asad et al. [2]. 
It demonstrates ISNOx and ISSoot as a function of EGR and the trade off that exists 
between ISNOx and ISSoot as discussed in Section 2.1.3. Two of the data sets are of tests 
performed by Yao et al. and illustrated by the blue and black curves. The orange curve 
is the test performed by Asad et al. and only included an EGR sweep from 45 % EGR. 
All three tests show how ISNOx decreases with EGR and how ISSoot initially increases to 
a maximum with increasing EG R before dropping off. Until the ISSoot maximum turning 
point all three tests show the trade-off between reducing ISNOx and increasing ISSoot. 
The different data magnitudes and peak soot values and location relative to EGR rate can 
be attributed to the different test conditions. 
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Figure 2.1 : ISNOx and ISSoot as a function of EGR using data taken from tests performed by 
Yao. et al. and Asad et al. [1, 2}. 

Akihama et al. developed a map to show how soot and NOx formation varies with local 
equivalence ratio and temperature ( ¢ - T map) [3]. A detailed chemical kinetic model was 
used which accounted for most of the processes involved in soot formation as discussed 
in Section 2.1.2. Very coarse combustion regions within this map were defined for HCCI, 
smokeless rich diesel combustion (LTC) and an ideal high temperature combustion (CDC) 
region. It was realised that increased EGR rate shifts combustion to lower temperatures 
and that if these temperatures are low enough to inhibit soot formation, fuel-air mixing 
has no effect on soot formation. Neely et al. used a similar map and refined the regions in 
which smokeless rich diesel combustion, HCCI, PCCI and conventional diesel combustion 
occur [4] . Adomeit et al. showed soot oxidation's dependency on local equivalence ratio 
and temperature [5] . For the reader's ease of comparison, these three maps in the cited 
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Figure 2 .2: Local equivalence ratio and temperature map compiled from data taken from studies 
performed by Akihama et al.,Neely et al. and Adomeit et al. (¢- T), {3- 5}. 

literature have been combined to produce Figure 2.2 showing soot formation (ranging from 
approximately 1 % soot in the outer ring to 25 % in the inner) , soot oxidation (increasing in 
rate towards the inner contour) and NOx formation (roughly 500 ppm in the outer ring and 
5000 ppm in the inner), as well as the various combustion regions. From this map it is clear 
that soot and NOx formation and soot oxidation are very dependent on local equivalence 
ratio and temperature. The different combustion mechanisms on the map indicate that 
by using different operating parameters, such as EGR, multiple injections and strategic 
Sol strategies, one is able to control the combustion process to within favourable ¢ - T 
conditions. Relative to PCCI and HCCI, LTC has a much wider local equivalence ratio 
range and lower temperatures, primarily because PCCI and HCCI have greater premixing 
and use less EGR, resulting in leaner mixtures and generally higher peak temperatures. 
However, controlling combustion in terms of phasing and stability, when lean homogeneous 
mixtures are present, is a great challenge. The shape of the LTC and CDC regions are 
similar; however , the LTC area is at lower temperatures. As in the case of CDC where 
combustion control is easier due to the wide equivalence ratio range, according to Figure 
2.2 LTC has a similar combustion control advantage over the other combustion strategies. 
However, LTC is not without its limits, such as , load (50 % [31]) and speed, generally 
increased CO and THC emissions due to incomplete combustion, poor combustion stability 
and various challenges associated with transient operation [44]. 
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Ogawa et al. performed steady-state experiments on a single-cylinder, naturally aspirated, 
four-stroke, ll direct injection (DI) engine with a common rail injection system, with the 
aim to characterise the effects of various operating parameters on LTC. Sol was controlled 
such that the start of combustion (SoC) occurred at TDC. Rail pressure, injection quantity, 
Sol and compression ratio were considered. Other researchers have done similar experi­
ments which involved changing the same parameters, as well as boosting pressure and 
intake temperature. The effects of changing some of the aforementioned operating param­
eters on LTC and emissions within the LTC regime are discussed below, with respect to 
the different researcher's or research group's results. 

2.3.1 Injection pressure 

Increasing the injection pressure results in improved fuel atomisation and more energy 
being added to the mixing process. Consequently, fuel penetration and air utilisation is 
enhanced, which typically results in an increased premixed portion of combustion, in terms 
of quantity of fuel being burnt . Soot is typically understood to be formed during diffusion­
controlled combustion [2], since this is reduced at higher rail pressures, soot formation is 
too. 

The results from the experiments performed by Ogawa et al. [45] show that within the LTC 
regime, NOx emissions were all very similar and thus were not influenced by rail pressure. 
Higher injection pressures resulted in lower peak soot levels and also significantly delayed 
the point (in terms of EGR rate) at which soot levels increased noticeably. Peak smoke 
levels were all experienced at roughly the same EGR rate for the different rail pressures. 
Yun and Reitz [46] performed similar tests with NOx and soot results that were in line with 
Ogawa et al. The reduction in soot formation was hypothesized to be due to improved 
mixture preparation for the early heat release, inhibiting the soot formation processes. 
In addition to these findings , Asad et al. [2] found that the effectiveness of rail pressure 
in reducing soot out is not linear and decreases with increasing rail pressure. It was 
also noticed that HC emissions are reduced at higher rail pressures (improved combustion 
efficiency). This was most commonly noticed at high EGR rates. The benefit of this 
reduction was that increased EGR rates can then be achieved, thus further reducing soot 
and NOx emissions. 

2.3.2 Boost pressure 

Increasing the boost pressure increases the 0 2 mass that enters the cylinder for a constant 
EGR % and fuelling , increasing lambda and thus reducing the effectiveness of the EGR. 
For this reason it is often advisable to compare the LTC emissions against 0 2 % intake as 
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oppose to EGR [35]. In order to keep the 0 2 % intake constant whilst raising the boost 
pressure, the EGR rate would need to be increased accordingly. 

Asad and Zheng [35] found boost pressure had indistinguishable effects on NOx emissions 
at LTC. However, peak soot levels were noticed to be lower for the cases of higher boost 
pressure. It was concluded that higher boost pressures could make a significant improve­
ment to engine-out soot emissions at high EGR (low intake 0 2 %) rates without affecting 
NOx. For a fixed oxygen concentration, the EGR rate at which CO and THC's signifi­
cantly increase, is increased at higher boost pressures. This can be attributed to the leaner 
cylinder charge formed, on a mass basis, at higher boost and the same intake oxygen [2]. 
The occurrence of these emissions was stipulated to be as a result of the reduced flame 
temperatures and 0 2 availability. 

Conversely, Yao et al. [1] found that for an increase in boost pressure, there was an in­
crease in peak soot levels. However, the EGR rate at which they began to increase was 
also retarded. It was hypothesised that the increased boost pressure resulted in a charge 
which was more prone to ignite, consequently shortening the ignition delay. The short­
ened ignition delay allows for less air-fuel mixing and thus higher local equivalence ratios, 
therefore higher peak soot . 

2.3.3 Intake temperature 

Higher intake temperatures result in hotter initial mixtures, therefore reducing ignition 
delay. The reduced ignition delay shortens mixing time and thus causes increased soot 
formation. Asad et al. [2] found that it was possible to keep the peak soot emissions, 
experienced during transition between CDC and LTC, below their target value of 0.01 
g/kWh, if the EGR was cooled such that the intake temperature was 28 °C. 

2.3 .4 St art of injection (Sol) 

Ogawa's LTC test [45] included an Sol sweep from -28 ° ATDC to 5 ° ATDC and results 
showed that for 11 % intake 0 2 concentration, soot emissions varied significantly with Sol, 
reaching a maximum at -10 ° ATDC and approached zero as Sol was both advanced and 
retarded. As intake oxygen was further reduced to 9 % by higher EGR rates, soot was no 
longer formed and thus Sol had no effect, but CO and THC levels increased with lower 
oxygen and increased further as Sol was retarded. At high levels of EGR, where the 0 2 

intake concentration was below 11 %, NOx was not affected by Sol. 
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Chapter 3 

Defining the requirements of the test 
facility 

The primary aim of this project was to build a test facility capable of operating under 
conventional diesel combustion (CDC) and low temperature combustion (LTC) using a 
state-of-the-art single-cylinder research engine and modern combustion testing instrumen­
tation. This chapter details a summary of the desired operation of the test facility as seen 
in literature and from exposure to some of Sasol's other test facilities. A list of requirements 
are then derived and briefly discussed. 

3.1 Summary of the test facility's desired operation 

A summary of the intended system operation is presented here. Figure 3.1 shows a block­
diagram of the test facility and the various important systems that were necessary for the 
construction of this test apparatus. The different systems in the figure are numbered and 
are referred to within the summary of the test apparatus operation. Similar apparatus 
layouts were used for LTC test work performed by Asad et al. [2] and Yao et al. [1]. 

The standard configuration for diesel research test facilities utilising a research engine is 
generally accepted as per the following [47,48]: A boost conditioning system (1) supplies 
pressure and temperature controlled air to t he engine, simultaneously measuring the mass 
flow rate. Fuel is supplied to the engine's (2) high pressure fuel pump by a fuel conditioning 
and metering system (3) at a regulated pressure. The high pressure fuel pump pressurises 
the fuel to a user-specified injection pressure. The injection quantity, injection timing, 
injection pressure, boost pressure and temperature, EBP and EGR valve position are pro-
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Figure 3.1: Typical diesel research test facility subsystems and integration. 
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vided to the engine control unit (ECU) user interface (UI) ( 4) by the test facility operator. 
The in-cylinder pressure is measured and typically processed in real-time to determine 
operating parameters such as indicated mean effective pressure (IMEP), heat release rate 
(HRR), integrated heat release rate and combustion phasing in terms of fuel mass frac­
tion burned (MFB). In-cylinder pressure, HRR and the integrated heat release rate are 
generally plotted in real-time against °CA and monitored during testing to ensure system 
operation limits are not exceeded. Some of these parameters can be used by the ECU to 
perform closed-loop control, i.e. the 50 % mass fraction burned signal (MFB50) can be 
utilised by the ECU to perform closed-loop control on combustion phasing by adjusting 
Sol. The measurement, determination and real-time display of the aforementioned operat­
ing parameters has previously been achieved using a shaft encoder ( crank-angle position 
determination), relative piezoelectric pressure transducer (in-cylinder pressure measure­
ment), and a high-speed indicated signal processing unit (4) connected up to and operated 
from a computer. This data is usually captured up to a resolution of 0.05 °CA. 

Controlled engine speed or brake torque is typically achieved using a controller, variable 
frequency drive (VFD) and dynamometer system (5) integrated with a load cell (or torque 
flange), which measures the engine brake torque. Complex drive cycles can be programmed 
into the dynamometer controller to simulate conditions representative of those experienced 
by engines in commercial vehicles. The engine flywheel is coupled with the dynamome­
ter via a shaft with flexible couplings (6) to help absorb torsional oscillations and shock 
loading between the two units. Due to the increased temporal separation of the exhaust 
stroke (and intake stroke) intrinsic in a single cylinder engine (relative to a multi-cylinder 
engine), pressure pulsations are inherently present in the exhaust system ( and the intake 
manifold). These pulsations cause fluctuations in pressure measurement, inconsistent sam­
ple quantities, and make exhaust gas fl.ow control challenging, for example, EGR rate 
control. Therefore, the design and construction of large-volume vessels (7) are required 
and installed inline with the exhaust and inlet system, with the sole purpose of damping 
these pulsations. 

The exhaust gas is analysed by two systems (8); namely, a smoke meter for soot concen­
tration measurement, and an exhaust gas analyser multi-system (i.e. the Horiba MEXA-
7200D) for the determination of the remaining important exhaust gas species concentra­
tions (CO, CO2 , N02 , NO, HC, 0 2 and EGR %). The EGR % is a measurement derived 
from CO2 concentrations in both the exhaust and inlet manifold. The high pressure loop 
EGR rate (9) is controlled using two valves; namely, an EBP valve and an EGR valve. 
The EBP valve is used to simulate the EBP that a turbocharger would otherwise generate. 
Exhaust gas in the EGR loop is driven to the intake manifold due to a pressure differential 
set up by the two valves and the specified boost pressure. The EGR valve is also used to 
control the fl.owrate of the exhaust gas whilst an inline dedicated EGR cooler is utilised 
for EGR temperature control. Typically a conditioning unit is used to supply coolant and 
lubrication to the engine at a controlled temperature (10). The oil supply is also generally 
pressure regulated to ensure a constant supply of lubrication. 
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A crucial element of the remote workings of the engine and its ancillary systems is the 
control system (4). This is achieved by using a high-speed controller that is programmed 
to operate as an ECU for engine parameter control, such as injection pressure, and a 
programmable logic controller (PLC) for the operation and control of ancillary systems. A 
more detailed requirement specification for the test apparatus control system is presented 
in Section 3.2.3. Finally, a multitude of software types with the ability to capture user­
specified test data, as well as act as the user's control user-interface, exist. Some of theses 
programs include Horiba's STARS, LabVIEW and AVL's Puma and Indicom. Each of 
these software packages is merited; however, constraints such as functionality and cost 
generally result in the number of these packages used being limited to 2 or 3. 

3.2 Requirement specification of the test facility 

After the intended system operation had been established a detailed list of requirements 
for the LTC test apparatus construction was produced and divided up as follows: 

1. Requirements of the test facility venue 

11. Required ancillary systems 

iii. Sensor, control and data acquisition system requirements 

The specification process for the test cell systems involved numerous decisions regarding 
numerical specifications of size, power, flow rate, measurement range, sensitivity etc. The 
full decision making process and justification of chosen values based on literature sources 
of best practice is too onerous to contain in this report and only the most important 
specifications are detailed in the following sections. 

3.2.1 Requirements of the t est facility venue 

The test facility venue must be configured to provide all the basic requirements of the test 
apparatus, as well as to isolate the system from the operator in case of dangerous leaks or 
catastrophic failure. Based on a review of literature and the suite of components that were 
to be included in the test facility, a performance requirement specification was drawn up. 
The following requirements must be provided: 

1. A means of controlling the ambient room temperature to a variety of setpoints between 
15 °C and 35 °C 
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11. A means of isolating the noise of combustion 

111. Test facility cooling water supply at 2 bar and approximately 20 °C 

1v. Test facility ventilation flow rate of at least 2 m3 /s ( determined in accordance with 
the methodology presented in [48]) 

v. Electrical power (single-phase and three-phase) 

v1. Engine and dynamometer test bed with anti-vibration mountings 

vn. High-pressure (7 bar) pneumatic lines with assorted pressure regulators between 3 and 
6 bar 

Discussion of requirements 

The research testing was to be conducted at an educational facility with noise constraint 
requirements. Therefore, due to the obtrusive noise levels inherent in diesel engine com­
bustion as a result of high peak pressure rise rates, the venue should employ noise isolating 
techniques. In addition, the engine ancillaries have a range of different requirements which 
also must be met by the test venue. 

The performance of an engine is affected by the condition, temperature, pressure and 
humidity of the air entering and surrounding the engine. The engine and exhaust system ( as 
well as other ancillaries) consistently radiate heat in varying quantities, which is changing 
the condition of this air. Therefore, not only do the exhaust gasses need to be extracted but 
also the excess heat within the test facility, in order to maintain a constant and repeatable 
environment. 

3.2.2 Fundamental m echanical syst em s 

The research engine requires ancillaries responsible for critical measurement and control of 
fluids to and from the engine as well as detection of combustion product species. Based 
on the information from literature and standard practice for engine test facility building, 
the following requirement specification was distilled: 

1. Dynamometer and variable frequency drive controller system 

11. Temperature and pressure controlled air supply system with air mass flow measurement 
capabilities 

m. Fuel mass flow measurement system 
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1v. Fuel temperature conditioning system 

v. Coolant and lubrication conditioning system 

v1. Intake and exhaust system 

v11. High pressure EG R loop 

v111. Intake charge and exhaust gas pulsation damping systems 

1x. Artificial EBP generation system capable of generating up to 1300 mbar (mechanical 
engine limit) 

x. Exhaust gas analysing systems for measurement of particulate matter, CO, CO2 , N02 , 

NO,HC 

x1. Physical layout of the components of the test facility must provide sufficient space for 
the operator to move safely 

Discussion of requirem ents 

The critical system required for achieving LTC is the high pressure EGR loop. This EGR 
loop requires an EBP valve for generating a pressure differential between the exhaust and 
intake manifold (the driving force for the exhaust gas flow to the intake manifold), and an 
EGR valve with inline dedicated EGR cooler for EGR flow and temperature control. In 
addition, the EBP valve can be used to simulate the EBP that in the case of commercial 
vehicles, would otherwise be generated by the turbocharger. 

3.2.3 Sensing, control and data acquisition system requirements 

Based on literature and exposure to Sasol's test facility sensor, control and data acquisition 
systems the following requirement specification was arrived at: 

1. Automated and manually actuated safety shutdown procedures must be implemented 

11. Precise control of EGR rate (accuracy to within ±1 % EGR about the setpoint) and 
recirculated exhaust gas temperature (accuracy to within ±1 °C about the setpoint) 
must be achieved 

111. Manual injection timing, injection mass and injection duration control must be imple­
mented 
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1v. Engine fuel consumption (mass flow rate) must be measured with measurement accu­
racy of 0.01 kg/ h 

v. Fuel supply temperature to the high pressure fuel pump must have a setpoint control 
accuracy of ±1 °C 

v1. Manual intake air temperature and pressure adjustability as well as control accuracy 
of ±5 °C and 10 mbar [49] respectively, must be provided 

v11. Intake air mass flow rate must be measured 

v111. Different exhaust gas species must be measured as a concentration and the necessary 
data must be recorded for conversion of these species concentrations to an indicated 
specific format 

1x. Closed loop rail pressure control with the capability for manual and mapped rail pres­
sure selection must be implemented 

x. User must be able to set engine speed and accurate setpoint speed control must be 
achieved 

x1. Implementation of closed-loop lubrication and coolant temperature control with the 
addition of lubrication pressure control must be achieved. A temperature control 
accuracy of engine outlet coolant and engine inlet oil of ±1 °C 

xii. Must be able to measure indicated data at a resolution of at least 0.05 °CA ( crank 
angle degrees) 

x111. Must be able to measure and capture assorted temperatures, pressures, flow rates and 
emissions accurately 

xiv. Simultaneous capturing and real-time processing of data must be achieved 

Discussion of requirements 

The engine runs at speeds up to 4300 rpm with maximum combustion temperatures that 
typically exceed 2000 Kand a peak cylinder pressure of 170 bar [6]. Therefore, it is critical 
that the engine's control system is extremely accurate and operates at a high frequency. If 
catastrophic failure occurs safety control features such as automated shutdown procedures 
need to be in place to minimise collateral damage and risk of harm to operator health. 
Temperatures, pressures, emissions and flow-rates are changing all the time in response 
to various anomalies. If proper analysis of tests is to be carried out, this data must be 
recorded, collated and output into a usable format. 
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Measurement and control accuracy of the rail pressure is considered to be critical. This 
is because during steady-state testing it is important that injection quantity per cycle is 
'constant '. Conventional means of specifying the injection quantity (mg/cycle or ms/cycle) 
result in an injection duration setpoint, and in the case of setting the mass per cycle, 
the injection duration is a function of the rail pressure. However, the high frequency 
at which the rail pressure fluctuations typically occur, make it difficult for the duration 
corresponding to the instantaneous pressure in the rail to be implemented. Therefore, it is 
acceptable for the duration to be a function of the setpoint rail pressure and not the actual 
rail pressure. Since injection duration is therefore a constant for both setpoint methods, 
if rail pressure control is not precise the injected mass will oscillate with the changing 
rail pressure, producing an operating condition which is not steady-state. Therefore it is 
critical that rail pressure fluctuations be minimised. 

In order to be able to compare the recorded emissions with data in literature, which may 
include tests performed on engines of different sizes operating under different conditions, 
it is common practice to present emissions data as a ratio of species mass flow rate to 
indicated power (indicated specific emissions format). This ratio is not dependent on 
engine size or friction and can therefore be directly compared with data in literature of the 
same format . For calculating the indicated specific emissions the critical measurements 
needed are exhaust species concentrations, exhaust mass flow rate, intake air humidity 
and indicated power. A detailed break-down of the calculations involved in this process 
is presented in Appendix B.3. A more in-depth discussion of the justification for using 
indicated data as opposed to brake data in this project , is presented in Section 5.2. 

For successful LTC achievement, EGR rate control is critical. The engine needs to be able 
to transition between CDC operation (from O % EGR) to LTC (EGR rates upwards of 
approximately 55 %). In addition, it must be noted that at EGR rates in and around 
the LTC regime, combustion stability becomes increasingly sensitive to EGR rate (shown 
by the increased coefficient of variation in indicated mean effective pressure ( COVrMEP) in 
literature [50]) , therefore minimising the variation in EGR rate becomes key. 
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Design solution for the test facility 

In Chapter 3 the requirements and intended layout of the test apparatus were presented, 
and ancillary system-types were identified. This chapter presents the final design solution 
which includes the: 

1. selection of fundamental mechanical systems, 

11. design of control and data acquisition systems, 

111. integration of mechanical and electrical system, and 

iv. design of system control methods 

4.1 Selection of fundamental mechanical systems 

Various testing instrumentation was procured and custom designed to be used in this 
project. These systems are briefly discussed here. 

4 .1.1 Boosting syst em 

Within the constraints of the project the only boosting system available was the AVL 
515X supercharger unit. This unit comprised of a screw-feed Atlas Copco compressor 
which supplied pressurised air to a boost air conditioning unit. The boost air conditioning 
unit controlled the temperature and pressure of the air being supplied to the inlet manifold. 
It is a requirement of this conditioning unit to be positioned inside the test facility room 
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and as close to the inlet manifold as possible, in order to reduce heat loss between the 
conditioning unit and the engine. The compressor has a rotary piston gas meter which 
measures the inlet volume flow rate to it. An ambient relative humidity sensor was used 
in conjunction with the meter to determine the intake air mass flow rate. 

Furthermore, the compressor makes use of two water separators, which remove moisture 
from the compressed air, essentially reducing the mass of air being supplied to the condi­
tioning unit relative to what was originally measured. The system was therefore, inade­
quate in its original form and thus had to be modified. A high-pressure relative humidity 
sensor had to be installed downstream of the water separators. This sensor was used to 
correct the intake mass flow for the moisture removed by the water separators. A detailed 
analysis of this process, as well as the calculations used is presented in Appendix B.1. 
Table 4.1 summarises the unit requirements and the functional performance specification 
of the boosting equipment. 

Table 4 .1: AVL 515X supercharger unit requirements and performance specifications. 

Parameter 

Power 
Electrical power supply 
Compressed air supply 
Pressure control range 
Accuracy 
Temperature control range 
Temperature accuracy 
Boost conditioning unit location 
Pressure setpoint control 
Temperature setpoint control 

Value 

17 kW 
3x400 V / 50 Hz 
3 - 6 bar 
800 - 4000 mbar (absolute) 
±10 mbar 
30 - 130 °C 
±1 °C 
Close as possible to the inlet manifold 
0 ... 10 V = -800 ... 3000 mbar (gauge) 
0 ... 10 V = 30 ... 130 °C 

4 .1.2 Fue l conditioning and mass flow m etering sy st em 

A fuel conditioning and metering system was available from Sasol. It comprised of two 
units , namely the AVL fuel mass flow meter unit (AVL 735S) and the AVL fuel temperature 
control unit (AVL 753C). The AVL mass flow system operates in series with the temper­
ature control system. The mass flow system makes use of a coriolis mass flow sensor for 
fuel consumption determination. A controlled constant volume and pressure measurement 
circuit is used to transport conditioned fuel to the engine and return fuel from it. As fuel 
is used by the engine there is a corresponding pressure drop in the circuit . To maintain 
pressure, additional fuel is passed through the coriolis mass flow sensor into the circuit. 
The addition of fuel to the circuit is measured as the engine's fuel consumption in kg/ h. 
Table 4.2 summarises the fuel conditioning unit 's specifications, requirements and control. 
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Table 4.2: A VL fu el conditioning unit requirements and performance specifications. 

Parameter 

Power 
Electrical supply 
Compressed air supply 
Mass flow range 
Fuel supply pressure 
Temperature control range 
Temperature accuracy 
Fuel return temperature from engine, 
at system inlet 
Unit Location 
Fuel supply pressure setpoint control 

Value 

2.25 kW 
220 V / 50 Hz 
3 - 6 bar 
0 ... 125 kg/ h 
±4 bar 
10 ... 80 °C 
±1 °C 
max. 110 °C 

Inside the test facility 
Manual adjustment of pressure control 
valve 

4 .1.3 Single-cy linder research engine 

AVL's 5402 single-cylinder light-duty diesel engine was available from Sasol and met the 
requirements of the apparatus. It is representative of a commercial four-cylinder high­
speed direct-injection engine. By using a single-cylinder engine the interactions among 
the cylinders are avoided. In addition, there is the advantage of advanced operational 
flexibility, especially noticeable when operating at the engine's combustion limits. The 
engine came fitted with balancer shafts designed to counter 1st order reciprocating engine 
vibrations. Table 4.3 shows the engine design specifications. 
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Table 4.3: A VL 5402 single-cylinder research engine specifications. 

Parameter 

Engine 
Fuelling 
Compression ratio 
Bore/stroke 
Swept volume 
Valves per cylinder 
Inlet ports 
Fuel injection system 
Inlet valves open (IVO) 
Inlet valves close (IVC) 
Exhaust valve open (EVO) 
Exhaust valve close (EVC) 
Installation and control 

Value 

Single-cylinder four-stroke 
Diesel, direct-injection 
17.0: 1 
85.0 mm / 90.0 mm 
511 cm2 

2 x intake, 2 x exhaust 
Tangential, helical, neutral 
Common rail CP4.1 
8 °BGTDC 
226 ° AG TDC ( after gas TDC) 
128 ° ATDC ( after TDC) 
18 °AGTDC 
AVL engine manual [6] 

The engine also came complete wit h a common rail fuelling system capable of operating 
at a range of pressures up to a maximum of 1800 bar. The standard injector used was a 
piezoelectric injector. The specifications of the fuel system are summarised in Table 4.4. 

Table 4.4: Fuel injection system specifications. 

Parameter 

Injector type 
Maximum injection pressure 
Nozzle type 
Number of nozzle holes 
Hole diameter 
Spray angle 
Flow 
Needle lift 
Minimum energisation duration 

Value 

Piezoelectric 
1800 bar 
DLLA 162 P 2160 
8 
0.12 mm 
162 ° 
370 ml/ 30 s 
0.20 mm 
100 µs 

The combustion chamber geometry is typical of what is found in passenger vehicles. Figure 
4.1 shows a technical drawing of the piston and bowl geometry. 
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Figure 4.1: Piston and bowl geometry /6}. 

4.1.4 Dynamometer equipment 

The dynamometer equipment chosen for this project was available from Sasol, and consisted 
of three integrated sub-systems supplied by Horiba: 

1. Dynas3 LI 145 AC induction motor with torque and speed acquisition 

11. Variable frequency drive (VFD) for the Dynas3 LI 145 

111. SPARCE test stand controller 

The asynchronous dynamometer used is able to accurately perform load and speed control 
individually. The VFD comprises of one mains converter and one machine inverter. These 
are used to convert the constant amplitude and frequency mains voltage into a system with 
a variable voltage and frequency. Both the converter and inverter made use of insulated 
gate bipolar transistors to allow for dynamometer load absorption and driving operation. 
The test stand controller is used for the accurate speed and load control. It also has the 
facility for performing road load simulations, both customised and standard. 
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Table 4 .5: Horiba dynamometer equipment requirements and performance specifications. 

Parameter 

Rated power (absorbing) 
Rated current 
Rated speed (absorbing) 
Rated torque (absorbing), continuous operation 
Rated power ( driving) 
Rated speed ( driving) 
Rated torque (driving), continuous operation 
Max. speed gradient up to rated speed 
Speed measurement accuracy 
Torque control accuracy 
Torque measurement error 
Electrical requirements 

4.1.5 Exhaust gas analysis system 

Value 

145 kW 
245 A 
4500 rpm 
308 m 
135 kW 
4380 rpm 
294 Nm 
13.60 rpm/s 
1 rpm 
< ±0.17 % 
~ ±0.05 % 
3 AC 400 V / 50 Hz 

Two systems were provided by Sasol for the exhaust gas analysis, namely the AVL 415S 
variable sampling smoke meter and the Horiba MEXA-7200D exhaust gas analyser. The 
AVL 415S makes use of the filter paper method to measure the soot concentration in the 
exhaust. The mass of exhaust gas sampled is measured using an orifice flow meter. As the 
exhaust gas is directed over the filter paper , it blackens. The amount by which it blackens 
for a measured exhaust gas quantity (the soot measurement) is detected using an optical 
reflectometer head. The soot content is reported as a filter smoke number (FSN) or soot 
concentration (mg/m3 ). Integration of the smoke meter with the automation system is 
achieved over RS232 interfaces. The smoke meter 's specifications and requirements are 
highlighted in Table 4.6. 

Table 4.6: AVL 415S variable sampling smoke meter requirements and performance specifica­
tions. 

Paramet er 

Electrical requirements 
Smoke value measurement range 
Soot concentration measurement range 
Resolution 
Repeatability 

Value 

230 V / 50 Hz 
0 .. . 10 FSN 
0 ... 32000 mg/m3 

0.001 FS / 0.01 mg/ m3 

w :S ±(0.005 FS + 3 % of meas. val.) 

The Horiba MEXA analyser equipment is capable of measuring all the essential exhaust 
gases such as CO, CO2 , 0 2 , HCs, NO , and N02 , using best practice methodology. The 
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unit facilitates three sample lines; namely, two heated and one at ambient temperature. 
The heated lines prevent the condensation of high-boiling-point HC or water vapour and 
consequent absorption of water soluble exhaust gas species. The singular purpose of the 
ambient line is for the measurement of CO2 in the intake manifold for EGR rate determi­
nation, as discussed in Section 5.5 . Table 4.7 highlights the MEXA's analysers used for 
the determination of different exhaust gas species concentrations. In addition, a series of 
analyser calibration and operation gases are required for the system and were procured in 
accordance with the MEXA-7200D user manual. 

Table 4.7: MEXA-7200D exhaust gas analysers used for exhaust species concentration determi­
nation. 

A nalyser 

Non-dispersive infrared (NDIR) absorption detection 
Flame ionisation detection (FID) 
Chemiluminescene detection (CLD) 
Paramagnetic analyser 

Emission(s) 

CO, CO2 
THC 
NO, N02 
02 

4 .1.6 Coolant and lubrication conditioning unit design 

Whereas the previously mentioned systems were available off-the-shelf, for reasons such as 
financial constraints, the coolant and lubrication conditioning unit was custom designed 
for this engine. A summary of the final design solution is presented here. For the detailed 
design description, the interested reader can refer to Appendix C. In addition, some of the 
conditioning unit computer-aided design (CAD) drawings are presented in Appendix F.7. 

The final design of the conditioning unit housing had top and side perforated plates to 
allow for air cooling of the electric motors (seen in Figure 4.2). The back, front and floor 
panels were laser cut from 3 mm stainless-steel to support the load of the heat exchangers, 
pumps, fittings, pipes and the smaller components that also made up the conditioning unit. 
The wet sump was suspended from the floor panel of the housing such that the oil level in 
the sump was always at lease 100 mm lower than the oil drainage point of the engine. 

Figure 4.3 shows the schematic layout of the conditioning unit. The four different circuits 
that were necessary for the final design are encapsulated and labelled within numbered 
boxes. 
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Oil filling point _.. 

(a) Housing 
(b) Wet sump 

Figure 4.2: Three-dimensional representation of the conditioning unit housing ( a) and wet sump 
{b) assembly. 

The four functional circuits are as follows: 

1. Oil conditioning circuit: This circuit performed accurate control of the oil temperature 
and pressure inlet to the engine. 

11. Coolant conditioning circuit: This circuit performed accurate temperature control of 
the coolant outlet from the engine. 

111. Distilled water circuit: This circuit was used for maintaining a constant temperature 
within the piezo-resistive inlet manifold pressure sensor. Distilled water was used 
because deposits can form in the transducer cooling jackets if water contains calcium. 
This has the potential to result in cooling channel blockages. 

1v. EGR cooler circuit: This circuit controlled the temperature of the high-pressure EGR 
loop gas by controlling the cooling water flow rate through the dedicated EGR loop 
cooler. 

All the heat exchangers utilised the test facility chiller water as the active coolant cool­
ing fluid. The performance specifications and system requirements of the coolant and 
lubrication conditioning unit final design are presented in Table 4.8. 
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Figure 4.3: Layout of the lubrication and coolant conditioning unit. 

Table 4.8: Coolant and lubrication requirements and performance specifications. 

Parameter 

Nominal circuit temperature 
Maximum circuit temperature 
Conditioning unit circulation flow 
Engine circulation flow 
Heat exchanger cooling capacity 
Heating element heating capacity 
Working fluid 
Circuit pressure 
Control accuracy 
Electrical power requirements 

Oil circuit 

85 °C 
130 °C 
10 l/min 
5 ... 6 l/min 
5kW 
4kW 
Castrol Magnatec lOW-40 
3.5 bar 
±2 °C 
220 V / 50 Hz 
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Coolant circuit 

90 °C 
120 °C 

20 l/min 
20 kW 
3.5 kW 
25 % ethylene glycol 
1.5 bar 
±2 °C 
3x 220 V / 50 Hz 
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4.2 Control and data acquisition instrumentation 

The test facility was fully instrumented with pressure, temperature, flow rate and humidity 
measurement equipment, some of which has already been presented in Section 4.1. The 
following section highlights the critical hardware and components used for the test facility 
control system and for the acquisition of indicated data as well as temperature and pressure 
measurements. 

The test facility control system was separated into two integrated subsystems as follows: 

1. Peripheral system controller (PSC) 

11. Engine control unit (ECU) 

The PSC comprised of a fully functional Allen-Bradley programmable logic controller 
(PLC) with a selection of signal processing modules. These included digital, analog input 
and output, thermocouple, and frequency counter modules. This system was required to 
control the engine's ancillary systems as well as act as a channel through which relevant 
pressure, temperature and flow rate data could be measured by external devices. 

The ECU comprised of a National Instruments CompactRIO containing an eight-module­
slot chassis. Modules for the CompactRIO were chosen based on the components that 
needed to be controlled or sensors that were used for feedback control. The ECU's primary 
functions were to control the engine systems which required high-frequency closed-loop 
control such as rail pressure, and ensuring that the ECU's clock (measured crank angle 
position) was in phase with the engine's actual crank angle position. 

Temperatures in the exhaust and EGR loop streams, and engine ancillary systems were 
measured using standard accuracy Wika Instruments K-type thermocouples . The tem­
perature of the air entering the cylinder was measured using a standard accuracy WIKA 
J-type thermocouple. Both of these thermocouple types have a measurement resolution 
of 0.1 °C. The pressures in the intake, exhaust and EGR loop air streams were measured 
with WIKA A-10 pressure transducers. The exhaust pressure measurement was used as 
the feedback signal for manual EBP control. 

The inlet manifold pressure was also measured with an absolute piezo-resistive transducer 
(Kistler 4075A10) . This transducer was fitted with a coolant adapter which utilised the 
distilled water cooling circuit of the coolant and lubrication conditioning unit to min­
imise error due to variable intake temperature. The in-cylinder pressure was measured 
using a flush-mounted AVL piezoelectric relative pressure transducer (AVL GU22C) . For 
in-cylinder pressure signal amplification and real-time in-cylinder performance data de­
termination AVL IndiSmart Gigabit™ system was available. The IndiSmart unit has 
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a variety of inputs for processing and recording different signal types ; for example, the 
injector current analogue signal, and plotting them against °CA in real-time. The crank 
angle position was measured using a crank-shaft encoder (AVL 365C angle encoder) in 
conjunction with the IndiSmart system. 

The computers and software packages available for the interfacing with the different systems 
were as follows: 

• LabView 2012 SPl, CalVIEW V2.90, IndiCom Mobil™, RSlogix, STARS and the 
Horiba MEXA-7200D software packages were provided with their respective licenses. 

• Three desktop computers and one laptop computer were provided, three of which 
were running Windows operating systems and the other, Linux. 

The integration of these computers and software packages with the various systems in the 
test facility is discussed in Section 4.3.3. 

The ECU and IndiSmart unit had to be positioned in the test facility room and as close 
to the engine as possible. To achieve this a custom-built stand was designed and manufac­
tured for the test facility that would position this hardware and allow for the mounting of 
additional instrumentation where necessary. CAD drawings for the instrumentation stand 
are presented in Appendix F.3. 

4.3 Mechanical and electrical system integration 

4.3.1 Air-exchange system design 

A custom-built air-exchange system was implemented to achieve the requirements pre­
sented in Chapter 3. Figure 4.4 shows the layout of the air exchange system which can be 
broken down into the intake, exhaust and EGR systems. 

The intake system comprised of AVL's 515X supercharging equipment. This system was 
used to determine the intake mass flow rate and control the air supply pressure and tem­
perature to the engine. The boost conditioning unit also acted as a pulsation steadying 
vessel to improve measurement accuracy and control in the intake manifold. The unit was 
connected to the engine via a 6 m long, 70 mm diameter, spring-steel reinforced hose which 
was insulated to reduce heat loss. The inlet manifold comprised of a 5 l plenum chamber 
to improve the mixture homogeneity of the charge air entering tbe cylinder in the case 
when EGR was used. 
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Figure 4.4: Layout of the gas flow paths through the air-exchange system. 

The low frequency and large amplitude vibrations characteristic of single-cylinder re­
search engines when experienced in combination with a rigid coupling between the exhaust 
manifold and exhaust system, can result in fatigue failure, typically occurring where the 
manifold is welded to the flange, which mounts to the engine block (this is typically where 
the bending stresses are maximum). This issue is combated by inserting a section of flexi­
ble exhaust between the engine's exhaust manifold and the custom-built exhaust system. 
This allows the engine and exhaust system to vibrate freely relative to each other. 

The exhaust system was fitted with 1/4" NPT bosses along its length to allow for pres­
sure and temperature sensor installation. Additionally, fittings for the sample lines were 
positioned in accordance with the AVL 415S smoke meter and MEXA-7200D exhaust gas 
analyser manuals. An EBP valve was installed for turbocharger EBP simulation, which 
simultaneously acted as the driving force for EGR flow. Custom designed stands were built 
for the exhaust and EBP valve. CAD drawings for these stands are presented in Appendix 
F.5. 

A custom-built, 63 l pressure vessel was designed to act as an exhaust gas pulsation damp­
ing unit. Preliminary thin-wall analysis theory [51, 52] wall-thickness calculations were 
performed using the worst-case material yield stress at 500 °C for stainless steel grade 
304. Based on the calculations, space, and geometric limitations and volume requirements, 
a preliminary design was developed. The preliminary design was then taken over and 
completed and manufactured by VBV Holdings. Due to capital constraints the resulting 
vessel was made from boiler carbon steel. With the inherent wet conditions of the exhaust 
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stream, a 2 mm stress corrosion layer was added, resulting in a 6 mm vessel wall thick­
ness. The vessel was designed for a peak pressure of 3.5 bar (g) and tested up to 9 bar 
(g). A peak allowable vessel temperature of 500 °C at high pressures was designed for. 
The final product was sent to Intertek industry services for AIA approval. CAD drawings 
for the pulsation vessel and corresponding stands are presented in Appendix F.4 and F.6 
respectively. 

A high pressure EGR loop was designed to channel and control the temperature of a 
variable portion of exhaust gas to the plenum chamber of the inlet manifold. A standard 
EGR valve from a VW Polo 1.4 TDI engine was used. The valve came equipped with 
a cooling unit for EGR temperature control. Section 4.4.4 explains in more detail the 
operation and control of the EGR system. To protect the welded joint between the plenum 
chamber and the EGR line from fatigue, another flexible exhaust section was custom­
designed and inserted. 

4.3.2 Drive-shaft system 

Coupling the engine to the dynamometer and guarding it was achieved as follows: A shaft 
was supplied by Sasol with a radial bearing on each end for locating the shaft. Adaptive 
plates were designed in accordance with the shaft flanges and the coupling surfaces of the 
dynamometer drive and engine flywheel as was detailed in the relevant system manuals. 
The engine and dynamometer combination is susceptible to torsional oscillations which 
are easily excited by the powerful forces generated by the engine [53]. The magnitude of 
these oscillations is a function of the relative damping of each element in the drive train 
between (and including) the engine and the dynamometer. To minimise these undesirable 
oscillations, two flexible rubber couplings were integrated into the design. A cross-sectional 
view through the final design is shown in Figure 4.5. CAD drawings for the shaft assembly 
are presented in Appendix F.1. 
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Figure 4.5: Final design of drive-shaft assembly. 

A custom-built shaft guard (see Figure 4.6) was developed for the apparatus based on an 
existing Horiba guard design. The guard was made from 4 mm laser-cut and CNC bent 
mild steel welded together and powder-coated. The top surface of the guard was hinged 
to the bottom surface and fastened closed by means of an eye-bolt and nut assembly. The 
shaft guard was bolted to one of the cross-members of the ladder frame. CAD drawings 
for the custom designed shaft guard are presented in Appendix F .2. 

0 0 
0 

0 

(a) Dim ensioned and closed isometric view (b) Open isometric view 

Figure 4.6: Three-dimensional representation of the shaft guard dimensioned and closed ( a) and 
in the open position (b). 
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4.3.3 Electrical integration of the apparatus 

The electrical and mechanical integration of the test facility is displayed in Figure 4. 7. 
It demonstrates how the main components are connected in terms of hard wiring to the 
PLC, ECU, and computers. In addition the different communication methods such as 
local area network (LAN), controller area network (CAN) bus and RS232, are depicted. 
It also details a full breakdown of the two controllers and the modules used as well as 
the positioning of the various thermocouples and pressure transducers depicted by red and 
blue x's respectively. Unless specifically shown on the diagram, all of these signals were 
appropriately wired to the thermocouple and analogue input modules of the PLC. 

The system controller user-interface (UI) was spread over four computers within the control 
room as follows: 

Computer 1 : The ECU had its own dedicated computer running LabView 2012 SPl in 
conjunction with CalVIEW V2.90 for user-defined engine parameter control 
and system feedback. Communication between the ECU and Lab VIEW was 
achieved using a LAN connection. 

Computer 2 : The AVL IndiSmart was set up and controlled by a separate laptop computer 
using AVL's Indicom software. Communication with the IndiSmart was set 
up over a LAN connection. 

Computer 3 : The MEXA was controlled over a LAN connection by a computer running 
the Horiba control software on a Linux operating system. 

Computer 4 : The fourth computer was dedicated to the operation of the PLC, X-act 
dynamometer controller, AVL 415S, AVL 735S and the AVL 753C using 
the STARS software package. In addition, this computer was networked 
with the three other computers over a LAN connection, in order to receive 
and capture relevant data. A CAN bus was used to communicate with 
the X-act dynamometer controller and from the controller to the VFD and 
dynamometer. The setup of the PLC, such as system mapping and PID 
tuning was performed using RSlogix over a LAN connection; however, once 
setup was complete, operation of setpoint inputs was typically achieved using 
the STARS UI. The aforementioned AVL instrumentation required RS232 
for communication with STARS. 
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Figure 4. 7: Mechanical and electrical integration of the test apparatus. 
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4.4 System control methods 

This section highlights some of the control techniques implemented into the ECU. A brief 
summary of the injection calibration and corresponding injector lookup table as well as 
the boost and EBP lookup table development is also covered here. In this study, the term 
'lookup table' is also referred to as a map. 

4.4.1 ECU development scope 

The original development of the Lab VIEW programming code which was implemented 
into the Drivven and National Instruments custom ECU was not part of the scope of this 
project, and was completed as part of previous works [54]. Refinement of this code has 
occurred in successive projects undertaken at the SAFL [55]. 

This project resulted in further ECU development and modification. This included the 
implementation of: 

i new strategies for achieving accurate rail pressure control, 

ii intake boost and EBP maps custom designed for the AVL5402, 

iii a full injector calibration map for the piezoelectric injector used in this project, and 

iv a rail pressure map. 

These modifications as well as their respective implementations are discussed throughout 
Section 4.4. 

4.4.2 High pressure injection syst em control 

This section starts by reporting the two methods used for rail pressure control throughout 
the project. A summary of the piezoelectric injector calibration and injection parameter 
lookup tables then follows. A detailed look at the development of said injector calibration 
and map integration with the control unit is presented in Appendix A.1. 
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Rail pressure control 

Typically, for common-rail systems, rail pressure is controlled using two valves and a feed­
back pressure sensor on the rail. The first valve (metering unit) is used on the inlet to the 
high pressure pump. It has optimised control to ensure that the minimum required volume 
of fuel to maintain pressure is pumped per stroke at all operating conditions [30]. The 
rail is equipped with a pressure control valve (PCV) such that the additional fuel pumped 
into the rail can be relieved to maintain rapid and precise pressure control. That is to 
say, typically the metering unit and PCV have integrated controllers that are optimised 
to minimise the brake power losses and maximise the control accuracy. However, the time 
involved in optimising the rail pressure control for minimum brake losses is lengthy and 
unnecessary as this project is only concerned with indicated data ( discussed further in 
Section 5.2). Two modes of rail pressure control were implemented, namely metering unit 
mode and PCV mode. 

1. Metering unit mode: When operating in this mode the PCV's duty cycle is set to 
100 % (fully closed). The metering unit is used in isolation to control the rail pressure. 
To put it simply, whatever fuel is pressurised by the pump is either injected into the 
engine or returned from the injector. The only time the PCV will activate is in the 
case of extreme rail pressure as a matter of safety, or if injection is disabled, in which 
case the mode will change automatically to PCV. 

11. PCV mode: This control mode uses the PCV to regulate rail pressure. The metering 
unit duty cycle (the amount of fuel pressurised and bypassed) for this control mode is 
defined by the specified fuel injection mass, engine speed and an additional percentage 
of fuel (varying between 20 % and 70 %) to ensure there is always sufficient fuel in the 
rail to maintain pressure. The additional fuel pumped into the rail is relieved by the 
PCV and in that way the rail pressure is maintained. However, the quantity of fuel 
being pumped into the rail is not optimal in terms of minimising brake losses. 

Injector calibration 

The piezoelectric injector used in the AVL5402 was calibrated using the LR Diesel Injector 
Service Unit 8000. It uses a diesel substitute with similar flow characteristics but a much 
higher flash point (for safety) as the calibration fluid. The unit takes an injection duration 
and rail pressure input and outputs the mass per injection measured using the unit 's built­
in coriolis flow meter. 

45 



CHAPTER 4. DESIGN SOLUTION FOR THE TEST FACILITY 

Fuelling parameter lookup tables 

Two lookup tables were used: 

1. Rail pressure table: To determine the recommended rail pressure for a specified fuel 
quantity and engine speed. 

11. Injection calibration table: To determine the required injection duration to achieve a 
user-specified injection mass per cycle (mg/cycle) at a certain rail pressure. 

The rail pressure map was taken from a Mercedes-Benz passenger vehicle with a similar 
cylinder size (approximately 500 cm3

). The injector calibration map was constructed using 
a template which is used by Sasol's fuels research team. More detail on the injector 
calibration and map design and construction is presented in Appendix A.1. The maps 
were integrated with the control system as indicated in Figure 4.8. 

Fuel Quantity 
(ma/stroke) 

(i) 
Define Inputs 

(i) 

ID set-point at 
determined RP to give 
specified fuel quantity 

Figure 4.8: Engine fuelling map integration. 
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This diagram has three distinct steps: 

1. Engine speed and mass of fuel is defined and input by the operator. 

11. Corresponding rail pressure (function of engine speed and fuel quantity) is output 
from the rail pressure map and input to the rail pressure setpoint input and injection 
duration map input. 

111. Injection duration (function of rail pressure and fuel quantity) is output from the 
injector calibration map and input to the duration setpoint input . The rail pressure 
input can be overridden if it is desired. 

Fuelling parameter user operability 

The injection control system was designed with customisable user operation. The operator 
was able to choose: 

1. whether or not the rail pressure setpoint was controlled by the map or manually, 

11. to specify the fuel quantity as an injection duration or a mass per stroke (using mass 
per stroke makes use of the injector calibration map to determine the injection duration 
automatically), 

m. which mode of rail pressure control to use, namely metering unit control or PCV 
control, and 

1v. to use up to 5 injections (two pilot, one main and 2 post injections) per cycle. 

4 .4 .3 Boosting and EBP control 

Control of the boosting pressure was performed in isolation by AVL's supercharging equip­
ment; however , desired pressure set points were defined by the user and relayed to the boost 
control unit as a voltage signal. EBP typically generated by a turbocharger was simulated 
using a butterfly valve inline with the exhaust system. Generating a theoretical model to 
determine the exact EBP expected as a function of exhaust gas enthalpy and mass flow 
rate for a certain turbocharger is a complex task and is outside of the scope of this project. 
However, building a map based on existing engine test data and then calibrating it to the 
AVL5402 was achievable and acceptable for the purposes of the project. 
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Boost and EBP map 

A boost and corresponding EBP map was developed based on the performance of an 
existing turbocharged production engine. Test data from a multi-cylinder turbocharged 
engine was supplied from AVL. It included boost and EBP across the load and speed 
range. The data showed greater load and boosting conditions than achievable with the 
current research engine setup. The soft valve springs on the AVL5402 puts a limit on the 
allowable boosting pressure of 1300 mbar gauge (g). Exceeding this limit could result in 
unwanted valve and piston contact and consequent catastrophic failure. Since the work 
done by a turbocharger is primarily dependent on exhaust mass flow rate and exhaust 
enthalpy which are directly related to engine speed and load respectively, the boost and 
EBP maps were constructed as a function of load and speed. Maps from AVL's data were 
constructed to characterise the turbocharger (that was used in these tests) as a function of 
BMEP and engine speed. The boost pressure was then scaled to meet the research engine's 
(AVL5402) boost pressure limits, and the EBP was scaled such that the pressure ratio (ratio 
between boosting and EBP) of the turbocharger remained unchanged. The maps were then 
calibrated according to the engine's (AVL5402) peak BMEP at each speed. An in-depth 
look at how the maps were constructed and calibrated for the research engine is shown in 
Appendix A.2. 

Boost, EBP control and user operability 

Figure 4.9 shows a schematic of how the maps were integrated with the control system. 
The user operation and back-end control of these parameters can be summarised as follows: 

1. Engine speed and fuelling was defined by the user and input into the GUI. 

11. The control system calculated BMEP from the measured brake torque and speed. The 
BMEP and speed variables were then input into the boost and EBP maps to give the 
corresponding outputs. 

iii. The boost pressure map output was converted to a voltage between O and 10 V and sent 
to the boosting unit 's control system input. This input can be manually overridden 
and set to any other setpoint if the user wishes to disable the map. 

1v. The recommended EBP output is displayed on the GUI. 

v. The EBP valve position can then be appropriately adjusted by the operator according 
to the recommended EBP displayed on the GUI. 

48 



CHAPTER 4. DESIGN SOLUTION FOR THE TEST FACILITY 

(i) 
Define Inputs 

(i) 

Corresponding 
brake torque, T~~--,pt (11) IMIP • f(T,NI ~~~--, Speed, N 

--------------------------------- --------------

(v) Boosting unit Manual back 
control system pressure valve 

position control 
NO 

1 ·=:~:h::~ yes , (,;) Mao"'I back 

! _____________________________________________________________________ pressure valve control 

F igure 4 .9: Boosting and EBP determination process. 
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4.4.4 Intake charge temperature and EGR % control 

This section discusses the means of controlling the intake charge temperature and how it 
differed depending on whether or not the test involved EGR. A summary of the EGR % 
control is also presented in this section. Figure 4.10 illustrates the mechanical layout of 
the air exchange system relative to some of the signal wiring for the control of the EBP 
valve, EGR valve and EGR coolant valve, as well as the important temperature signals 
and sensor positions. 

Intake temperature control 

Intake air temperature control is important for maintaining constant intake mass fl.ow rates. 
The boosting unit controls the intake air temperature according to a temperature feedback 
signal measured by a resistance temperature detector (RTD) PtlOO sensor located on the 
boosting unit, 6 m from the intake manifold. This is not ideal due to excessive heat loss 
between the boosting unit and the engine. Fixing the problem was attempted by moving 
the PtlOO to the inlet manifold. However, this was unsuccessful due to significant control 
delay in the boost conditioning unit. 

There are two operating scenarios with this system that need to be understood when 
controlling the intake charge temperature. These are testing: 

1. without EGR, and 

11. with EGR. 

When testing without EGR the intake temperature was achieved by merely setting the 
boosting unit temperature higher than that required at the inlet manifold. When perform­
ing tests which include EGR, exhaust gas is introduced into the inlet manifold downstream 
of the PtlOO feedback sensor. Therefore, the boost conditioning unit does not automatically 
compensate for the potential change in intake air temperature. The intake air tempera­
ture becomes a function of the boosting air temperature and the recirculated exhaust gas 
temperature. Therefore, when testing with EGR, the intake temperature was manually 
controlled by controlling the temperatures of both gas streams to achieve the desired mix­
ture temperature (intake charge temperature). The EGR temperature was controlled by 
an electrically actuated mechanical proportional valve which appropriately controlled the 
coolant flow through the EGR cooler, according to the EGR temperature feedback sig­
nal located downstream of the cooler (illustrated in Figure 4.10). Using the PLC, a PID 
controller was set up to generate an analogue signal for the proportional valve position 
setpoint, based on the EGR temperature. 
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Figure 4.10: Mechanical layout of the air exchange system relative to the EGR rate and tem­
perature control systems. 
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EGR rate control 

The EGR % was a measurement derived from the CO2 concentrations in both the exhaust 
and inlet manifold using the MEXA exhaust gas analysis equipment. The details of this 
measurement are discussed in Section 5.5. The EGR system as displayed in Figure 4.10 was 
designed for full manual control of the exhaust gas flow through the EGR loop using two 
manually set valves; namely, an EBP valve and an EGR valve. The valve positions were 
set by manually adjusting the voltage setpoints in the controller UI which corresponded 
to specific valve positions. These valve setpoint positions were achieved with closed-loop 
control of the individual valve positions using the ECU throttle driver module. For the 
purposes of this project, 'EGR' will refer to the gas flowing through the EGR loop and 
into the inlet manifold. The EGR rate is dependent on the pressure difference between 
the exhaust and the intake manifold, as well as the EGR valve position. Therefore, the 
EGR was driven by manually setting the EBP higher than the intake manifold pressure 
(by adjusting the EBP valve accordingly) and opening the EGR valve to facilitate flow. 
The electrical diagram in Section 4.3.3 (Figure 4. 7) shows a detailed breakdown of the 
EBP valve and EGR valve actuator pins and hard wiring to the ECU throttle driver card. 

4.5 Data acquisition system design 

The data acquisition system was set up such that the raw data being measured by the var­
ious instrumentation could be processed and captured simultaneously. The user-interfaces 
across the four computers, the software, the purpose of each computer, and how they were 
networked was discussed in Section 4.3.3. This following section highlights how the data 
was captured. 

The instrumentation used for measuring some of the important experimental parameters 
and results was discussed in Section 4.1 and 4.2. As was previously shown in Figure 4.7 all 
four computers were networked. The STARS computer had Indicom, ECU, MEXA, AVL 
753C, AVL 735S and AVL 415S drivers , such that all relevant data could be captured in a 
single location (in STARS). STARS was set up to process some of the data before recording, 
therefore minimising post processing time. The averaged data captured in STARS was 
recorded at a frequency of 1 Hz and output as a .xls file. High speed real-time in-cylinder 
pressure data was also captured separately in Indicom at a high frequency and at 0.05 °CA 
intervals. This data was collected and averaged over 100 cycles per test point and output 
in AVL's .iFile format . Some of the critical experimental parameters and the equations 
used to define them in this project are presented in Section 5.5. 
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4.6 Final design layout 

The individual sub-system designs that comprise the test facility were integrated and the 
layout of the contents was optimised for safety and ease of operation. Before the com­
mencement of the test facility build, the key components of the apparatus were CAD 
modelled to ensure that all spatial constraints were taken into account. Figure 4.11 shows 
a CAD drawing of the test apparatus mechanical design layout with single-cylinder re­
search engine. The drawing is colour-coded for identification of the previously discussed 
components. A photo of the final installation is shown in Figure 4. 12. 

D Shaft assembly (not shown) 
: : : .. D Shaft guard : : . : : .. : .. 

D Instrument stand ..... 
: : . : : .. : .. D Pulsation vessel . . . . . . : .. . . . . D Conditioning unit .. : .. . . . . . . . . . 

D AVL5402 SCRE ... 
D Back pressure valve 

D EGR valve 

Horiba Dynas 145 

Figure 4.11: CAD drawing of the test apparatus design layout. 
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Figure 4.12: Photograph of the test facility installation. 
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Chapter 5 

Determination of best testing 
practice 

Over the course of this project the best methods of measuring certain parameters, in 
terms of repeatability and accuracy, were investigated. This section highlights the various 
methods and equations used for ensuring accurate and consistent data capturing, giving 
the reader a reference for comparing the data presented in following chapters. 

5.1 LTC emissions target 

The onset of LTC is not a sudden and precisely exhibited phenomenon, but rather a 
progressive change in combustion mode with conducive operational conditions for reducing 
engine out emissions of soot and NOx. However, for the purposes of this study a very 
specific working definition ( effectively arbitrarily defined) for the "point of LTC operation" 
( which does not actually exist) was therefore needed in order to compare operational 
conditions which resulted in similar LTC operational characteristics. This definition for 
LTC is often defined by target ISNOx and ISSoot values, which to some extent are arbitrary. 
Passenger vehicle emissions data would be ideal to use for these emissions targets; however, 
they are reported in g/km, deeming them unusable for the purposes of this study. The 
next logical choice was to use heavy-duty emissions standards which are reported in grams 
per brake horsepower (g/bhph) and can be converted to grams per kilowatt-hour g/kWh. 
The US 2010 EPA heavy-duty emissions restrictions are the strictest in the world and were 
therefore chosen as the target ISNOx and ISSoot values . As a result, for this study, LTC 
was only considered to be achieved when ISNOx and ISSoot values were less than or equal 
to the US 2010 limits of 0.268 g/kWh and 0.0134 g/kWh respectively. To clarify, these 
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target emission values had to be achieved without the use of exhaust gas after-treatment 
systems. Furthermore, using similar target values was found to be fairly common practice 
in literature [56]. 

5.2 Justification for use of indicated performance data 

Brake performance parameters are determined from the engine's output shaft. That is to 
say, it takes into account frictional and parasitic losses , such as those incurred by the high 
pressure fuel pump, and in the case of this engine the balancer shafts. These frictional 
losses vary among engines, especially when comparing single-cylinder engine data with 
multi-cylinder engine data, and therefore, result in differing brake data. In addition, the 
brake load is measured by the torque flange on the dynamometer. This is problematic in 
the case of a single cylinder research engine for two reasons: 

1. Most of the ancillary systems that are normally driven by the engine are powered 
separately, and therefore the load is no longer representative of a commercial vehicle's 
operation. The most significant difference is the turbocharged air being supplied sep­
arately. Although a map was constructed to help simulate the EBP generated by a 
turbocharger, it is not perfectly representative. 

ii. The test engine to be used is a small single-cylinder engine with a relatively low load 
capacity. In addition, the LTC tests will be conducted at low load conditions. The 
dynamometer used in this project is designed to be used with larger multi-cylinder 
engines. Therefore, at these low LTC load conditions, the accuracy of the torque 
flange becomes questionable. 

Indicated load is the load calculated as a function of cylinder pressure and is not affected 
by engine friction. Thus, comparing indicated data among engines is simpler (in terms 
of being able to directly compare the indicated data of one engine with that of another) 
than comparing brake data which would require the difference in brake losses to be known 
accounted for. Therefore, based on the aforementioned, indicated data was the suitable 
choice for this project. 

5.3 Fuel mass flow rate measurement technique 

Three methods of measuring the fuel mass flow rate were available in this project. These 
were using: 

1. the coriolis mass flow meter of the AVL 735S, 
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11. the wide-band ETAS lambda sensor measurement and the intake air mass flow rate to 
calculate the fuel consumption, and 

111. lambda calculated from the Spindt method which uses the fuel composition and ex­
haust gas composition to calculate the air-fuel ratio. Fuel consumption can then be 
calculated from lambda and the intake air mass flow rate. 

Due to the engine size and the low loads which were operated at for the most part, the 
fuel consumption during the EGR sweep tests was approximately 0.6 kg/ h. The operating 
range of the coriolis meter is between O and 125 kg/h. Therefore, these tests required the 
flow meter to operate at its lower limit , resulting in questionable accuracy. Furthermore, it 
was found that the lambda readings for repeat tests using the ETAS equipment were incon­
sistent. The lambda calculated using the Spindt method was found to be most repeatable. 
Therefore, fuel mass flow rate and thus exhaust gas mass flow rate were calculated as a 
function of lambda determined using the Spindt method. A detailed comparison and anal­
ysis of the determination of the best fuel mass flow rate measurement method, including 
the relevant repeat data, is presented in Appendix B.2. 

5.4 Injection parameter detection 

Up until this point Sol has been referred to throughout the document. Sol is defined as 
the exact point at which the fuel starts to pass through the injector tip into the cylinder. 
Since a needle lift sensor was not available for this project, it was impossible to determine 
the exact Sol. As a result , throughout the rest of the document Sol will be more accurately 
referred to as the start of energisation (SoE). To clarify, SoE corresponds to the crank angle 
position at which the piezoelectric crystals started being energised. 

The injector current signal was used to determine injection parameters such as SoE, start 
of de-energisation (SoD) , injection duration and ignition delay. The current in the injector 
was measured using a current clamp which was wired to the lndiSmart unit, where it could 
be processed against crank position (°CA). An injector current signal noise up to 0.8 A in 
magnitude existed. Therefore, a threshold current of ± 1 A for SoE and SoD detection 
was set. Therefore, SoE was defined as the crank position at which the injector current 
exceeded 1 A. Similarly, the start of de-energisation was defined as the crank position at 
which the current dropped below - 1 A, as illustrated in Figure 5.1. The injection duration 
was defined as the difference between SoE and SoD (°CA) , which could then be converted 
into a time using the engine speed. 
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Figure 5.1: Injector current signal illustrating how SoE, SoD and injection duration were mea­
sured. 

5.5 Experimental parameter processing 

During the testing phase of this project different operating parameters were adjusted and 
the results studied, to see the different effects on emissions and combustion. In this study 
parameters such as injection pressure, SoE, boost pressure, EBP and intake manifold pres­
sure were varied. The results of these studies will be presented and discussed in Chapters 
7 and 8. This section details some of the experimental parameters that this project incor­
porated. 

The relative in-cylinder pressure measurement was referenced to the absolute pressure 
transducer in the inlet manifold at the end of the intake stroke (intake bottom dead centre 
or IBDC). In an attempt to minimise pressure measurement noise, the inlet manifold 
pressure and in-cylinder pressure was averaged over 20 °CA from IBDC to 20 °CA after 
IBDC. The in-cylinder pressure was then adjusted to equal the intake manifold pressure 
and was achieved using the IndiSmart system. This process can be referred to as in-cylinder 
pressure 'pegging'. 

As previously discussed in this chapter the engine load in this work will be represented using 
the in-cylinder performance data. The gross indicated mean effective pressure (IMEP) is 
representative of this. It is a measure of the work done on and by the piston and neglects 
all frictional losses experienced by the engine, which can vary significantly between engines. 
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The gross IMEP is defined as 

IMEP = f pdV' [17] 
vd 

(5 .5.1) 

where IMEP is in bar, p is the cylinder pressure at a specific crank angle, V is the corre­
sponding cylinder volume at the same crank angle, Vd is the cylinder displacement volume 
and the limits of the cyclic integral are from -360 °CA to 360 °CA. The nett heat release 
rate (HRRnett) in Joules per degree crank angle ( J j°CA)was calculated post testing by 
using the rate of change of in-cylinder pressure and volume data, 

, dV 1 dp 
HRRnett = 'Y - 1 p dB + 'Y - 1 V dB ' [ 1 7] (5.5.2) 

where, is the specific heat ratio (ep/Cv) which was treated as a constant and Bis the crank 
angle position. Integrating the heat release rate from before Sol to 50 °CA after top dead 
centre (0 ATDC) gave the approximate total heat released (THR) in Joules ( J) during the 
combustion process. 

THR = J HRRnett dB (5.5.3) 

A number of points along the integrated HRRnett profile were of importance and used in 
various calculations. The crank angle values at 5 %, 10 %, 50 % and 90 % of the THR were 
used. The start of combustion (SoC) was defined at the crank angle for 5 % THR, this is 
also referred to as 5 % mass fraction burned or MFB5. Therefore, ignition delay in °CA 
( degrees crank angle) was defined as the difference between SoE and 5 % THR. Combustion 
phasing was controlled by adjusting 50 % THR °CA (or MFB50), the midpoint of the total 
heat release curve. The combustion burn duration was calculated as the difference in CA 
position between 10 % and 90 % THR (MFB90 - MFBlO). 

Cyclic variability in parameters such as IMEP, peak cylinder pressure and corresponding 
CA position at which such peak cylinder pressure occurs, are good indicators of combustion 
stability. Changes in any of these resulted in a change in the coefficient of variation for 
IMEP (CoVrMEP)- This was particularly useful when operating within the LTC regime 
where combustion stability is very poor , thus CoVrMEP was a way of comparing combustion 
across tests. The equation for Co VrMEP is defined as 

ITIMEP 
CoVrMEP = --

µrMEP 
(5 .5.4) 

where ITIMEP is standard deviation of IMEP and µIMEP is the average IMEP over 100 cycles. 
Equations 5.5.1, 5.5.3 and 5.5.4 were calculated in Indicom in real time. The indicated 
data was continuously averaged in real time in Indicom and then recorded in STARS at 
a frequency of 1 hz during tests. Typically, 100 seconds of data (100 data points per 
parameter) in STARS was recorded and averaged to give a data point. 

The majority of the testing in this project involved diluting the intake charge with exhaust 
gas (EGR). As a means of measuring the amount of exhaust gas dilution, the EGR rate 
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was calculated on a volumetric basis. The volume fraction of both the intake and exhaust 
CO2 (C02,int and C02,exh respectively) were measured. The ambient CO2 (C02,amb) was 
assumed to be O %. These values were combined to give the equation for the EGR rate. 

EGR% = C02,int - C02,amb X lOO = C02,int X lOO 
C02,exh - C02,amb C02,exh 

(5.5 .5) 

The dilution effect ( or effectiveness of the dilution in reducing peak combustion tempera­
tures) at nominally constant EGR % but at different operating conditions can vary. There­
fore, comparing results of tests conducted at high levels of EGR with respect to the intake 
oxygen concentration (02,int) as opposed EGR % can be more representative of the dilu­
tion effect. Rottger et al. proposed that the burnt mass fraction (FMAN) drawn into the 
engine is directly related to the intake oxygen concentration [57], 

FMAN = EGR X (1 - 02,exh ) = 1 - 02,int 
100 20.95 20.95 

(5 .5.6) 

where 0 2,exh is the oxygen concentration in the exhaust . By rearranging Equation 5.5.6, 
the intake oxygen was calculated. 

1-FMAN 
02,int = 20.95 (5 .5.7) 

The exhaust emissions were converted from measured concentrations (ppm or % ) to a 
mass flow rate basis (g/ h) and then to an indicated specific form (g/kWh). This process 
was repeated for each data point recorded in 100 seconds ( approximately 100 data points) 
and then averaged to give the indicated specific emission which could then plotted. The 
detailed conversion process can been seen in Appendix B.3. 
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Chapter 6 

Commissioning, verification and 
characterisation testing 

Before the complex-control LTC testing could commence, system testing was carried out 
to ensure the test apparatus performed according to its complete set of functional re­
quirements. The tests in this project were conducted using diesel fuel complying with the 
EN590:2009 specification. The interested reader can refer to Appendix D for a compre­
hensive fuel analysis. The purpose of this chapter is to detail these preliminary tests and 
results. This testing was divided into four main sections which were necessary for the 
commissioning of the test apparatus . These were: 

1. Run-in of the single-cylinder diesel test engine. 

11. Performance and control accuracy of the test facility sub-systems. 

m. Characterisation of the engine under conventional boosted and naturally aspirated 
combustion. 

1v. Assessing the attainability of LTC using the designed test apparatus. 

6.1 Engine run-in 

The most important factor that deems an engine run-in necessary is friction inherent in 
a new engine. Most of this friction is present in the cylinder liner. The research engine 
was run in according to AVL's five hour procedure. This included three 'motored tests' 
staggered by two 'fired tests' and is summarised as follows: 
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1. The motored test involved motoring the engine at 7 different speeds from 1000 rpm 
to 4000 rpm (500 rpm intervals). The engine was run at each speed for 15 minutes. 
After each motored test was complete, a fired test was carried out. 

11. The fired test comprised of four engine speeds (1000 to 4000 rpm and 1000 rpm inter­
vals) and three loads per speed (3 bar, 6 bar and maximum IMEP). Each operating 
mode was run at for 10 minutes. Following each fired test , a motored test was run. 

The test run-in was only considered to be complete once both the engine friction had 
stabilised and the five hour run-in procedure was complete. Engine friction was assessed 
by measuring the negative torque produced by the engine during the motored tests . When 
the difference in measured torque between motored tests was approximately zero, the 
engine friction had stabilised. 

6.2 System control performance 

This section highlights some of the critical control areas and how they perform during 
standard engine operation. Table 6.1 shows the system requirements and desired control 
accuracy. 

Table 6 .1: Operating parameters and their respective range and accuracy. 

System Variable Range Accuracy 

intake temperature 30 - 75 °C ±1 °C 
intake pressure 0 - 1200 mbar(g) ±20 mbar 
oil temperature 85 °C ±1 °C 
coolant temperature 85 °C ±1 °C 
EGR rate 0 % - ±70 % ±1 % 
rail pressure 200 - 1800 bar(g) ±15 bar 

Tests were performed to assess and verify the system's performance relative to the design 
requirements. The engine was run at 1500 rpm (the speed at which the LTC testing would 
be performed). Parameters such as boost pressure, injection pressure, intake temperature 
and EGR rate were adjusted individually. The measured parameters were compared to 
their setpoints and design accuracy as illustrated in Figure 6.1. Multiple setpoints for 
each parameter were tested; however, it was most appropriate to demonstrate the system's 
performance for operating conditions that were to be used for testing in the project. The 
tests were conducted over a 100 second time period, as typical 100 seconds of data was 
recorded at 1 Hz per test point during the CDC and LTC test work. 
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Figure 6.1: Control accuracy achieved by some of the systems, and how they performed relative 
to the design requirements over a 100 second time period. 

The plots in Figure 6.1 show a low setpoint on the left axis and a high setpoint on the right 
axis. The y-axes and plots are colour-coded. For each plot , design accuracy required is 
indicated by the shaded area. If the measured parameter moved outside of the shaded area, 
the design accuracy requirement was not being met and further work had to be done on 
the control or mechanical systems (sometimes both). The plots illustrate the operational 
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control of the final design and demonstrate that both setpoint and control accuracy criteria 
were met. Real-time rail pressure control was performed at a high frequency and in a 
closed-loop manner; however, the rail pressure data could not be recorded in the same 
fashion, hence the plot updates at inconsistent and extended time intervals. The chance 
of detecting inaccurate rail pressure using this pressure measurement is unlikely, due to 
its low update frequency. The rail pressure data was cross referenced with IMEP and 
CoVrMEP, as fluctuations in these parameters are indicative of poor rail pressure control. 

6.3 Engine characterisation 

This section highlights how the engine's optimum performance, in terms of maximum IMEP 
at optimised SoE for best indicated specific fuel consumption (ISFC), was experimentally 
established across the speed and load range. In addition, the engine operating limits which 
shaped its performance, and which limit took effect at what speed are presented here. 

The testing was carried out as follows: 

1. Naturally aspirated, full load test: to determine the peak torque the engine can produce 
under naturally aspirated conditions subject to the engine's mechanical limits. 

11. Boosted, full load test: to determine the maximum torque the engine can achieve across 
the speed range, based on the engine's mechanical limits. 

m. Boosted, engine performance test: to determine the engine's performance in terms of 
best ISFC with respect to load and speed across its operating range. 

It must be noted that for all tests SoE was optimised for best ISFC. Additionally, all 
tests made use of a single injection strategy, with rail pressure determination handled by 
the designed lookup table programmed into the ECU. The full engine speed range for the 
tests was from 1000 rpm to 4000 rpm at 500 rpm intervals. For the boosted tests, the 
compressed air source was treated as a turbocharger based on the boost and EBP lookup 
tables developed in this study. At each boost pressure and load condition, the model output 
a corresponding EBP, which was achieved via manual adjustment of the EBP valve. 

Characterising the engine was also a means to establish reference data that is comparable 
to future test results generated within this study, or throughout external studies. Simul­
taneously, a better understanding and feel for the engine's limitations, capabilities and 
operation was gained. This section presents and discusses the results of this test work. In 
addition, unless explicitly stated by the use of 'brake' before the performance parameter , 
the results reported are on an indicated basis. 
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6.3.1 R esults from the full load naturally aspirated and boosted 
t esting 

As an initial test, the full load capacity of the engine, both naturally aspirated and boosted, 
was determined. The hard test parameter limits responsible for shaping the engines load 
capacity were based on engine mechanical limits provided by AVL [6] and presented in 
Table 6.2. As expected, Figure 6.2 indicates that by boosting the engine and increasing 
the charge density, a greater peak IMEP results, due to the increased in-cylinder oxygen 
mass, and therefore, the ability to add more fuel. On average the IMEP values for the 
boosted curve were approximately 68 % greater than for the naturally aspirated test. 

Table 6. 2: Mechanical engine limits. 

Variable 

Max Exhaust Gas Temperature 
Max allowable Rmax 
Max allowable cylinder pressure 
Max allowable boost pressure 
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engine noise and wear 
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valve springs too soft, valve piston contact 
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Figure 6. 2: Peak IMEP data for naturally aspirated and boosted tests. 

The engine mechanical limits, comprising the maximum allowable levels of engine exhaust 
gas temperature, cylinder pressure, and rate of in-cylinder pressure rise, typically limited 
the load capability of the engine at different speeds. Figure 6.3 (a) to ( d) illustrates the 
indicated power and torqued results as well as the engine limiting operating parameters 
for both the naturally aspirated and boosted tests. Plots (a) and (b) correspond to the 
naturally aspirated test and (c) and (d) to the boosted test. 
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Figure 6.3: Naturally aspirated and boosted test results, including the indicated torque and power 
accompanied by the engine operating parameters that limit the engine's load capacity. 

Figure 6.3 (a) demonstrates that the peak naturally aspirated indicated power of 13.5 kW 
occurred at 4000 rpm and a peak indicated torque of 37 Nm, at 2500 rpm. 
Figure 6.3 (b) indicates that the maximum rate of in-cylinder pressure rise (Rmax) limits 
the engine's load capacity at speeds below 2500 rpm. However, from 2500 rpm the exhaust 
gas temperature at the manifold becomes the dominant limiting factor, therefore inhibit­
ing the use of any additional fuel as a means of increasing the engine's load capabilities. 
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Peak in-cylinder pressures were far from the engine's mechanical limit throughout the nat­
urally aspirated test. For the boosted full load test, a peak power of 24.3 kW occurred at 
3500 rpm and a peak torque of 86.6 Nm, at 2000 rpm (see Figure 6.3 (c)). The maxi­
mum rate of pressure rise only limited the boosted test at 1000 rpm. From 1500 rpm, 
peak in-cylinder pressures and exhaust gas temperatures were both approximately at their 
respective limits, and therefore, no additional fuel could be injected. 

The naturally aspirated test reached a peak IMEP of 8.9 bar at 2500 rpm, whereas for the 
boosted test, a peak IMEP of 20.3 bar was reached at 2000 rpm. The difference can be 
attributed to the fact that the injection pressure map was developed based on a boosted 
engine, where higher average injection pressures are typically used without significantly in­
creasing the HRR [17] . However, had other strategies been used for the naturally aspirated 
test; such as, the addition of a pilot injection, lower injection pressure, and reduced swirl, 
Rmax would have decreased [17]. Furthermore, since the exhaust gas temperature for the 
naturally aspirated test at 2000 rpm is still approximately 150 °C below the upper limit , 
additional fuel could have been injected into the cylinder, possibly shifting the maximum 
load of the naturally aspirated test to 2000 rpm. 

Comparing lambda for the two tests indicates that fuelling at low speeds is far more limited, 
in terms of quantity injected, for the naturally aspirated test. Conversely, for the boosted 
· test , lambda indicates that fuelling is far more limited at higher engine speeds. However, 
since peak in-cylinder pressure and the exhaust gas temperature are at their thresholds 
from 2000 rpm in the boosted test , increasing the applied engine load any more by running 
richer (by the addition of fuel) would typically have resulted in an engine limit being 
exceeded, and therefore possible engine component failure. 

6.3.2 R esults from engine p erformance testing 

The final characterisation test included optimised SoE for best ISFC across the speed and 
load range. The maximum load was defined by the full load boosted curve determined in 
the previous test. The result of this test was a performance map for the single cylinder 
research engine. Contours of best ISFC in grams per kilowatt-hour (g/kWh) were plotted 
on a graph of IMEP and speed in Figure 6.4. The speed and load points at which the engine 
was tested are indicated by the blue asterisks. As previously mentioned, the engine intake 
boost, corresponding EBP, and rail pressure were controlled using the maps developed in 
this study. The selection of the optimum ISFC point at each speed and load was performed 
manually, post testing. 
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Figure 6.4: Performance map illustrating contours of best JSFC (g/ kWh) plotted on a graph of 
IMEP and engine speed. 

Figure 6.4 illustrates a maximum ISFC at low load conditions across the speed range. It 
further demonstrates that ISFC reduced with increased load, particularly at speeds between 
1700 rpm and 2500 rpm. A global minimum ISFC was found to exist approximately at an 
IMEP between 13.5 bar and 17.5 bar at a corresponding speed between 2000 rpm and 2500 
rpm; this is roughly 78 % load at the corresponding engine speed. Any further increase 
in load, from this minimum, resulted in increased ISFC until peak load was reached. The 
aforementioned trends highlighted in the performance map are in line with the trends seen 
in literature [17, 38]. 

6.4 Baseline EG R sweep and LTC investigation 

In total, six tests were performed which involved transitioning the engine from CDC to 
LTC by adjusting the EGR rate. The first two tests were benchmark (or baseline) repeat 
tests and were required for the commissioning of the test facility, but also formed a part 
of the primary LTC tests (tests 3, 4, 5 and 6) presented in Chapter 7. Hereinafter these 
two tests will be referred to individually as baseline 1 and baseline 2. 
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The baseline investigation ( comprised of baseline 1 and baseline 2 ) was defined to: 

• determine if LTC could be achieved with the current test apparatus setup, and there­
fore achieve a range of EGR rates from O % to a maximum EGR rate ( defined by the 
point at which the engine begins to misfire) , 

• assess the inherent challenges associated with LTC and transitioning to and from 
CDC, 

• evaluate the test repeatability, 

• assess combustion and emissions sensitivity to EGR rate and intake oxygen concen­
tration, and 

• establish a set of reference results to which the outcomes of the parametric test can 
be compared. 

The EGR range for the tests can be divided into three sections, namely, CDC (from O % 
to 45 % EGR), soot hump (approximately between 45 % and 62 % EGR), and the LTC 
region (from approximately 62 % EGR upwards). The repeated test conditions used in 
this investigation are presented in Table 6.3 . Combustion phasing in terms of MFB50, was 
controlled between 6 ° ATDC and 7 ° ATDC by manual adjustment of SoE. In addition, it 
must be noted that all tests were performed at nominally constant fuelling. 

Table 6.3: LTC parametric test conditions. 

Test S eed Intake Boost & 
Rail P. 

Inj. 
MFB50 SoE Parameter p Temp. back P. 

[bar] 
dur . 

[
0 ATDC] [

0 ATDC] change no. [rpm] [0 C] [mbar] [µs] 

1&2 1500 40 400 & 800 600 484.0 6"' 7 Var. 

6.4.1 Investigation of ISNOx-ISSoot relationship 

The results of the first EGR sweep were positive as the typical ISNOx and ISSoot versus 
EGR rate curves, as well as the target emissions for the LTC operating regime, were both 
achieved; as commonly reported in literature. The first noted phenomenon discovered from 
this test was the fact that the relationship between the intake oxygen concentration and 
EGR rate was not linear (see Figure 6.5). The rate of reduction in intake oxygen with 
respect to increasing EGR rate, increased. This highlighted the importance of tightened 
EGR rate control at higher EGR rates. 
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Figure 6.5: Intake oxygen concentration against EGR rate for baseline 1. 

Figure 6.6 (a) and (b) demonstrates ISNOx and ISSoot as a function of EGR rate. Plot (b) 
is a magnified view of the LTC region on plot (a). The target ISNOx and ISSoot emissions 
are indicated by the red and blue dashed lines respectively. As expected, when the EGR 
rates were increased from zero, ISNOx immediately began to decrease from a maximum. 
At this point, ISSoot remained fairly constant, as peak combustion temperatures were 
assumedly still above that required for sufficient soot oxidation (> 1600 K as discussed in 
Section 2.1.2). Once EGR rates exceeded 40 %, the soot oxidation mechanism was quickly 
degraded, and soot formation became dominant, reaching a peak at about 58 % EGR. As 
EGR rates were further increased, causing the peak local combustion temperatures to drop 
to below those favourable for soot formation, soot emissions sharply declined. The ISNOx 
target was reached at approximately 50 % EGR. The soot emissions target, and thus LTC, 
was achieved at approximately 62.8 % EGR. It was expected that the ISNOx emissions 
target be reached first , whilst combustion was far more stable. The greater challenge was 
achieving the ISSoot emissions target due to the fact that combustion stability rapidly 
deteriorated as intake o~ygen concentration was reduced below 12 %. This is indicated by 
the change in coefficient of variance for IMEP ( Co VrMEP) as depicted in Figure 6. 7 and is 
briefly discussed in Section 6.4.2. 

6.4.2 Investigation of combustion stability and sensitivity 

From Figure 6.6 it is clear that engine-out soot was very sensitive to EGR rates greater 
than 40 %, especially between 58 % and 62 % EGR. The cylinder pressure and heat release 
rates for O % (CDC), 53.6 % (soot hump) and 62.8 % (LTC) EGR are plotted in Figure 
6.7. LTC is known to require a much longer ignition delay, which helps to improve the 
air-fuel mixing, reducing the tendency for rich mixture regions in the combustion chamber. 
Additionally, the high dilution (11.3 % intake 0 2) helps to reduce the maximum rate of 
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Figure 6.6: ISNOx and ISSoot as a function of EGR for the full EGR range (a) and a magnified 
view focussing on the LTC region (b) . 

heat release and lower the flame temperatures. The decreasing peak HRR, with increasing 
EGR, is clearly visible in the plot, as is the decreasing slope of the cylinder pressure during 
premixed combustion. A secondary consequence of the lowered peak HRRs in LTC was 
the audible reduction in engine combustion noise. 
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Figure 6. 7: Cylinder pressure and heat release rates for baseline 1. 
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A consequence of high EGR rates is heightened sensitivity to slight changes in EGR %, as 
indicated by the cylinder pressure and HRR curves in Figure 6.8 from baseline 1. The low 
combustion temperatures, as well as the high charge dilution, generally result in incomplete 
combustion as the available oxygen is consumed during the combustion process [50]. It 
was found that EGR rate changes of as little as 1 % had a large effect on ISSoot and 
ISHC emissions, as well as IMEP, even with SoE controlled combustion phasing (MFB50 
controlled between 6 °CA and 7 °CA) . The ISHC emissions can drain a significant amount 
of fuel energy away from the combustion event, therefore promoting the reduction in IMEP. 
The typical high ISHC and ISCO emissions generally present within the LTC regime result 
in the poor fuel efficiency currently associated with this type of LTC combustion strategy. 

80 
EGR: 60 % 

160 

0 2 in: 12.7 % -Pcyl 
IMEP: 3.8 bar - - - HRR 

.:;" 60 ISNOx: 0.08 g/kWh 
120 

"' ISSoot: 0.2 g/kWh 
2. ISHC: 5.8 g/kWh <1) ~ .... 
::, 0 
"' 0 

"' EGR: 62 % ----<1) 40 80 2 .... 
0. 

02 in : 11.6 % 0:: .... 
<1) 

IMEP: 3.3 bar 0:: -0 ,, 
:i:: .5 ,, .., 

ISNOx: 0.05 g/kWh ;;, 02 in: 12.3 % 
,, 

' 0 20 IMEP: 3.7 bar :,//'\ ISSoot: 0.009 g/kWh 40 ,, ~ ISHC: 12.2 g/kWh ISNOx: 0.07 g/kWh r \' 
I \' 

ISSoot :0.13 g/kWh 
J 

I '', ... _ 
ISHC· 6.2 g/ Wh " -----------0 0 

-20 -10 0 10 20 30 

° CA 

- - - EGR: 60 % - - - EGR: 61 % - - - EGR: 62 % 

Figure 6 .8: Sensitivity of LTC to EGR rate for baseline 1. 

6.4 .3 Test repeatability 

Figure 6.9 demonstrates the ISSoot, ISNOx, ISHC and maximum in-cylinder pressure re­
spectively, with regard to EGR rate. Where appropriate, error bars were plotted indicating 
one standard deviation, calculated from the data captured per test point , above and below 
said test point. The magnitude of the error bar is referred to as the standard error. The 
maximum standard deviation for EGR rate (on a volume basis) for the two baseline tests 
were both similar at approximately 0.50 % EGR; furthermore, they were not EGR rate 
dependant . The discrepancy in the emissions, possible causes for these differences, and 
repeatability within these regions are discussed now. 
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Figure 6.9: Baseline test results demonstrating the variation in ISSoot (a) , ISNOx {b), ISHC 
(c) and maximum in-cylinder pressure {d) with respect to EGR rate. Where applicable, the error 
bars indicating one standard deviation above and below the test point were included. 

CDC region 

ISSoot was consistently higher for baseline 2 within the CDC region (Figure 6.9 (a)) . 
However, the difference in IS Soot between the two tests was noticeably larger at lower 
EGR rates (0 % - 13 % EGR) within this region. The ignition delay recorded in baseline 
2 was marginally longer than that of baseline 1. Although the difference in ignition delay 
was small, this difference could have potentially resulted in reduced peak local equivalence 
ratios at the SoC, thereby reducing soot formation. The combustion duration in baseline 
2 was measurably shorter than that of baseline 1 (Figure 6.10) , therefore indicating an 
increased rate of combustion. It was speculated that improved air fuel mixing caused 
a faster combustion rate, and therefore an enhanced rate of oxidation in the diffusion 
flame. As is already known, engine-out soot is the nett result of the competing soot 
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formation and soot oxidation reactions. Both of the aforementioned hypotheses would 
have resulted in reduced engine-out soot for baseline 2 relative to baseline 1; however this 
is contrary to the ISSoot levels presented in Figure 6.9 (a). Tree and Svensson found that 
an increase in combustion pressure increases soot formation at a rate which could be as 
high as the square of the pressure [27] . It was therefore speculated that the peak cylinder 
pressure difference between the baseline tests ( see Figure 6. 9 ( d)) counteracted the assumed 
effects of lengthened ignition delay and shortened combustion duration, and was the main 
contributing factor to the discrepancy in ISSoot emissions. 

Additionally it was found that there was an expected correlation between ignition delay 
and ISNOx between baseline 1 and baseline 2 (Figure 6.9 (b)), i.e. longer ignition delays 
typically result in mixtures which are closer to stoichiometric, which are favourable for 
NOx formation reactions, therefore greater ISNOx. Additionally, as the intake charge was 
diluted with exhaust gas, the ISNOx steadily decreased at a declining rate. As discussed in 
Section 2.3 and 2.2.3, this is typically attributed to the reduction in peak combustion tem­
peratures, predominantly due to the dilution effect. As expected with stable combustion 
within the CDC region, ISHC was fairly repeatable (see Figure 6.9 (c)). 
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Figure 6.10: Combustion duration and ignition delay against EGR rate with standard deviation 
error bars. 

Figure 6.11 and 6.12 illustrate the in-cylinder pressure, heat release rate (HRR), and in­
jection current profile at 40 % EGR, as well as relevant test data for the two baseline tests 
at nominally the same operating conditions. SoE required for each baseline test at 40 % 
EGR, in order to maintain combustion phasing is indicated in the plots; SoC was also 
displayed for the two tests. 
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Figure 6.11: In-cylinder pressure and HRR at 40 % EGR for the two baseline tests. 
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Figure 6.12: Injection signal at 40 % EGR for the two baseline tests. 

The in-cylinder pressure profile and peak pressure were similar. There was; however, a 
noticeable difference in SoC and ignition delay. A longer ignition delay typically results 
in a greater premixed combustion portion and a corresponding increased peak HRR, as 
seen for baseline 2 (Figure 6.11). Additionally, ISNOx for baseline 2 at 40 % EGR was 
approximately 9 % greater due to the suspected improved conditions for NOx formation 
(Figure 6.9 (b)), as illustrated by the longer ignition delay and increased HRR in Figure 
6.11. It was noticed that although the SoC phasing was different , the combustion phasing, 
in terms of MFB50, was essentially the same (see data presented in Figure 6.12), again 
indicating that the rate of heat release for baseline 2 was greater than baseline 1. The 
actual injector current signal for the two tests (demonstrated in Figure 6.12) indicates 
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that, provided t he rail pressure control was accurat e, a similar quant ity of fuel would have 
been injected, and at approximately the same SoE. The cumulative heat release for the two 
baseline tests (421.4 J and 409.7 J) presented on Figure 6.12 are similar , again implying a 
nearly constant injection quant ity. 

Ignition delay is heavily dependent on the rate of mixture formation and therefore, hinges 
on injection pressure, boost pressure, swirl rate and intake temperature. However , these 
operat ing parameters did not fluctuate significantly during testing, indicating no obvious 
cause of change in the mixture formation rate. Figure 6.13 illustrates the control of these 
operat ing parameters during the baseline tests. 
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Soot hump region 

To reiterate, the engine-out soot is the nett result of the competing soot formation and soot 
oxidation processes. As EGR rate was increased, the peak in-cylinder temperatures were 
reduced, predominantly due to the dilution effect (lowered oxygen concentration). Because 
the rate of reduction in soot oxidation with lowered temperature is greater than that of 
soot formation, the result is increased engine-out soot. With the aforementioned in mind, 
as well as the effect of mixing on soot formation, it was speculated that the discrepancy 
in peak ISSoot levels could be attributed to varying mixing rates. Better mixing, in terms 
of lower local equivalence ratios, generally results in less soot formation. Therefore, the 
better mixing for this region was probably achieved in baseline 2. The longer ignition delay 
of baseline 2, although small, across the soot hump (Figure 6.10) could have caused less 
soot formation by comparison with baseline 1, and thus lower ISSoot. The results of this 
hypothesis are in line with the ISSoot demonstrated in Figure 6.9 (a). Furthermore, the 
phasing of the peak ISSoot, with respect to EGR rate, was similar as expected. The ISNOx 
results were fairly consistent and did not demonstrate any strong dependence on ignition 
delay or combustion duration at EGR rates within this region. 

As has already been discovered, ISSoot is very sensitive to EGR rates within the soot hump 
region. Therefore, the small control fluctuations in EGR rate have a significant influence 
on the measured engine-out soot. For this reason, there is a noticeable increase in the 
standard error of ISSoot across the soot hump, as demonstrated in Figure 6.9 (a) . 

LTC region 

As expected, once EGR levels were sufficiently high, such that LTC was achieved, oxygen 
levels were low (from approximately 11.8 % oxygen concentration in the intake air as seen 
in Figure 6.15). The lower the oxygen concentration entering the cylinder for a nominally 
constant intake boost pressure, the more the fuel and air need to mix before auto-ignition 
can occur, resulting in longer ignition delays. However, as commonly understood in the 
case of HCCI combustion, the more homogeneous the fuel and charge mixture is, the harder 
it is to control SoC. It was postulated that this phenomenon contributed to the significantly 
increased CoVrMEP (see Figure 6.15) and CoVMFB· It was further hypothesised that the 
significant combustion instability, also demonstrated by increased peak in-cylinder pressure 
and ignition delay standard error (indicated in figures 6.9 ( d) and 6.10 respectively) resulted 
in the inconsistent emissions (see increased ISHC standard error in Figure 6.9 (c)) and 
therefore varying proportions of intake charge mixture species. This varying intake charge 
mixture affects peak combustion temperatures , ignition delay, and thus mixture formation . 
It was speculated that this may have been part of the cause for the discrepancy in ISSoot 
between the two baseline tests within the LTC region (Figure 6.14 (a)). 
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ISNOx demonstrated little dependence on combustion variation at LTC EGR rates (Figure 
6.14 (b) ). This is to be expected, as peak combustion temperatures in this region are 
typically too low for thermal NO formation reactions. It is speculated that the measured 
NOx in this region is formed by the prompt NO mechanism, which favours rich flames 
and is suggested to be dominant over thermal NO formation rates at low combustion 
temperatures [26]. 
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Figure 6.14: ISNOx and ISSoot results with standard deviation error bars from baseline 1 and 
baseline 2. 
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6.5 Discussion 

The test results from this chapter demonstrated satisfactory control of the engine operating 
parameters. The results also indicated that the data acquisition system was capable of 
receiving, post processing, and storing significant test data such that further analysis of 
said data could be conducted. However, it must be mentioned that the transfer rate of 
data received by the ECU, such as injector rail pressure, to the computer running STARS, 
which ultimately stores the data, was slow and inconsistent. Recommended improvements 
to this setup are discussed in the project's recommendations chapter (Chapter 10). 

The major achievement of this chapter was the realisation of the LTC operating regime, 
as defined by the stringent emissions target discussed in Chapter 5. This demonstrated 
the engines ability to supply controlled and varying quantities of EGR to the engine in­
take, such that LTC could be achieved. It was noticed that the repeatability could be 
improved, especially in the case of the ISSoot emissions, and should be investigated. In 
addition, combustion phasing control was challenging, especially within the LTC regime, 
but was achieved through manual adjustment of SoE. After analysis of the test data, it 
was concluded that the test apparatus operation was satisfactory for the purposes of the 
next phase of LTC testing, as presented in Chapter 7. 
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Chapter 7 

Low temperature combustion testing 

The purpose of this project, as far as the LTC testing was concerned, was to achieve a 
general understanding of the regime and gain a practical feel for the factors that influence 
the performance, combustion stability, and emissions, whilst operating under LTC and 
CDC-LTC transition conditions. It must be noted that the results from the two baseline 
tests are discussed in Chapter 6, as they were required as part of the test facility commis­
sioning process. The test conditions are summarised for all six tests (including the two 
baseline tests) in Table 7.1 with bold text highlighting the parameters that were changed 
for each test within the parametric assessment. Tests 3 to 6 were defined as follows: 

1. SoE sweep within the LTC regime (test 3) to assess the effects combustion phasing 
and ignition delay have on engine performance and emissions. 

11. Parametric assessment ( tests 4, 5 and 6) to experimentally determine the effect that 
operating parameters, such as injection pressure, boost pressure and intake charge 
temperature have on engine performance and emissions in and around the LTC regime. 

Table 7.1: LTC parametric test conditions. 

Test S eed Intake Boost & 
Rail P. 

Inj . 
MFB50 SoE Parameter p Temp. back P. dur. 

no . [rpm] [0 C] [mbar] 
[bar] [µs] [

0 ATDC] [
0 ATDC] change 

1 & 2 1500 40 400 & 800 600 484.0 6""' 7 Var. 
3 1500 40 400 & 800 1000 402 .8 Var. -21 to -13 SoE 
4 1500 40 400 & 800 1000 402.8 6""' 7 Var. .6.Rail P. 
5 1500 40 100 & 200 600 484.0 6""' 7 Var. .6.Boost P. 
6 1500 75 400 & 800 600 484.0 6""' 7 Var. .6.Intake T. 
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In addition to the tabulated test conditions, it must be noted that all tests were performed 
at nominally constant fuelling . To achieve this for the two tests conducted at an elevated 
rail pressure, the injection duration had to be shortened accordingly to ensure constant 
fuel mass flow into the cylinder. 

7.1 The effect SoE has within the LTC regime 

An experimental study was conducted to assess the sensitivity of various engine operation 
parameters and emissions to SoE whilst operating under LTC conditions. The engine 
was operated as per the test 3 specified conditions in Table 7.1 at a nominally constant 
EGR rate within the LTC region, of approximately 65.6 % ( corresponding to an intake 0 2 

concentration of about 10.6 %). The SoE was adjusted from -13 ° ATDC to -21 ° ATDC. 
The results demonstrating significant dependence on SoE were plotted in the figures below. 
Figure 7.1 demonstrates the relationship between ignition delay and ISSoot and how they 
vary with SoE within the LTC region. Figure 7.2 indicates how SoE affected Co VrMEP, 

ISFC, ISHC and ISCO under LTC conditions. 
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Figure 7.1: The effect of SoE on ISSoot and ignition delay within the LTC region. 

As SoE was advanced, the ignition delay increased due to fuel being injected into a cooler 
and lower pressure environment. Additionally, as ignition delay was reduced, ISSoot typ­
ically increased. This can be attributed to less premixing and therefore greater inherent 
tendency for the formation of locally rich air-fuel regions in the cylinder. When the SoE 
was at -17 ° ATDC, Figure 7.2 demonstrates that combustion stability, ISHC and ISFC 
were at a minimum, and ISCO was close to its minimum for the test. It was also noticed 
that the changes in ISHC and ISCO (approximately 26 % and 31 %) were significantly 
larger than for ISFC (approximately 2 %), indicating that the changes in ISCO and ISHC 
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are not only due to a change in indicated power. Further advancing or retarding SoE 
from -17 ° ATDC, resulted in a deterioration in combustion efficiency, and corresponding 
increased unburned hydrocarbons. As expected, no significant change was noticed in the 
ISNOx. 
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Figure 7.2: The effect of SoE on JSFC, ISHC, ISCO and Co V1MEP within the LTC region. 

7 .2 Parametric sensitivity investigation 

This study ( test numbers 4, 5 and 6) involved looking at the effects of boost pressure, 
rail pressure and intake charge temperature relative to baseline 1 's results, for a range 
of EGR rates that corresponded to the turning point of the indicated specific soot hump 
and the LTC region. Hereinafter, the test conducted at increased rail pressure will be 
referred to as RP 1000 bar, the test conducted at increased intake charge pressure will be 
referred to as boost 100 mbar, and the test conducted at increased intake charge temperature 
will be referred to as intake temp 75 ° C. Figure 7.3 illustrates the results of the three 
parametric investigations relative to baseline 1 's test outcomes. Each graph within the 
figure represents a different measurement, while each test is colour coded. The ISSoot 
and ISNOx prerequisites for LTC are indicated by dashed lines in Figure 7.4, (a) and (b) 
which illustrate a close-up view of ISSoot and ISNOx transit ioning into the LTC region. 
The ignition delay, maximum rate of pressure rise and lambda for baseline 1 and the 
three parametric tests are depicted across figures 7.5 and 7.6. The following sections will 
highlight some of the results for each test and how they compare with literature. 
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Figure 7.3: Effect of individual operating parameters on indicated specific emissions and JSFC. 

7.2.1 Rail pressure 

Higher fuel injection pressure typically resulted in shortened ignition delays with intensified 
peak heat release rates as demonstrated in Figure 7.5, represented by the larger Rmax values. 
These effects are thought to have been due to the improved air-fuel mixing achieved with 
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Figure 7.4: Close-up view demonstrating each parameter's effect on ISSoot (a) and ISNOx (b) 
emissions operating within the LTC regime. 
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the three parametric tests. 

higher injection pressures, generating a more homogeneous mixture before the SoC. 

As discussed in Section 2.3.1, the nett effect of increased injection pressure is improved air 
fuel mixing before and during combustion. Consequently, leaner peak in-cylinder equiva­
lence ratios ensue, and hence lowered peak ISSoot, as seen in Figure 7.3 (a). The effect 
of increased rail pressure on ISNOx at high EGR rates was negligible, and assumed to be 
due to its temperature dependence. At high EGR rates in and around the LTC region, 
temperatures are typically below that required for thermal NO formation; however, as the 
prompt NO mechanism favours rich flames and is said to dominate thermal NO formation 
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at temperatures lower than 2000 K [25], it is suspected that the NO being emitted from 
the engine was predominantly via this mechanism. However, no significant dependence on 
rail pressure was noticed. These results agreed with those seen by Asad et al. [2], Ogawa 
et al. [45] and Yun and Reitz [46]. 

For RP 1000 bar, ISFC indicated an approximate 7.5 % increase between 50 % and 
60 % EGR relative to baseline 1. At high EGR rates, fuel had to be injected early in 
order to maintain constant combustion phasing. Injecting this early usually means in­
jecting into a low density and temperature environment, which can result in greater fuel 
plume penetration and possible impingement of fuel on the cylinder wall. This can greatly 
increase the amount of unburned hydrocarbons in the exhaust. 

7.2.2 Boost pressure 

By decreasing the boost pressure, the mass of oxygen entering the engine for a nominally 
constant EGR rate is effectively reduced , therefore reducing the air-fuel ratio (seen in Figure 
7.6 by the reduced lambda for the boost 100 mbar test relative to the baseline 1 test). The 
effectiveness of the air-fuel dilution in reducing combustion temperatures for the same EGR 
rate was increased, relative to the other parametric tests, due to the reduced oxygen mass 
intake at lower intake boost pressures. This resulted in similar trends, but at reduced EGR 
rates. Consequently, LTC was achieved at approximately 58 % EGR for the boost 100 mbar 
test, as opposed to the baseline 1 and other parametric tests, for which LTC occurred at 
approximately 62 % EGR. The increased effectiveness of the dilution in reducing peak 
combustion temperatures resulted in lowered ISNOx and increased ignition delay at the 
same EGR rates by comparison with the baseline 1 test. In order to maintain constant 
MFB50 between tests, whilst at similar EGR rates of approximately 57 %, SoEbaslinel was 
set to -7.7 °ATDC, and SoEboostlOOmbar was set to -14.3 °ATDC. 

ISCO and ISHC emissions were comparatively higher in the boost 100 mbar test for the 
same EGR rate. This can be attributed to the fact that, for a decreased boost pressure 
and a nominally constant EGR rate, a richer cylinder charge is formed on a mass basis. 
These results aligned with the findings of Asad et al. [35] and Yao et al. [1] under similar 
conditions. 

A discrepancy was noticed in the reduced peak ISSoot values measured at 100 mbar boost 
pressure. As discussed in Section 2.3.2 , Asad et al. [35] found that engine-out soot increased 
with decreasing boost pressure. However, Yao et al. [1] found that decreasing the boost 
pressure resulted in lowered peak soot values. He attributed his findings to the reduced 
propensity for auto-ignition at lower boost pressures, leading to increased ignition delay 
and thus a more uniform mixture during combustion. At the EGR rates corresponding to 
the peak ISSoot for the baseline 1 test and the boost 100 mbar test , the ignition delay was 
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Figure 7.6: Lambda calculated using the Spindt method against EGR for the baseline 1 and the 
three parametric tests. 

lengthened for the boost 100 mbar, corresponding with the findings of Yao et al. 

At LTC conditions soot formation is suppressed due to low peak combustion temperatures. 
Therefore, the effect of oxygen concentration on ISSoot becomes negligible. 

7.2.3 Intake charge temperature 

Peak soot em1ss10ns were noticeably higher for increased intake temperatures (75 °C). 
This is consistent with the findings of Asad et al. [2], who reason that the increased intake 
temperature shortens ignition delay, thus increasing the propensity for locally rich regions 
which are favourable for soot formation, as discussed in Section 2.3.3. 

However, Figure 7.7 demonstrates the relationship between combustion duration and ig­
nition delay as a function of EGR for the baseline 1 test, and the intake temp 15 ° C 
parametric test. The data indicated in this graph reveals that the parametric test had a 
lengthened ignition delay and combustion duration. The longer ignition delay contradicts 
the reasoning given by Asad et al. and therefore cannot be used to explain why the peak 
indicated specific soot results in the parametric test are greater than those of the baseline 
1 test. 

It is speculated that the lengthened ignition delay at elevated temperatures relative to 
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the baseline 1 test was influenced by the lowered mass of oxygen entering the engine 
(indicated in Figure 7.6 by the intake temp. 75 ° C test's reduced lambda at elevated intake 
temperatures relative to the baseline 1 test) . The effect of raising the intake temperature 
on intake oxygen mass, can result in lengthened mixture preparation times due to lowered 
oxygen availability and therefore also extended combustion duration (as demonstrated in 
Figure 7.7). A longer combustion duration can lead to longer residence times for soot 
formation reactions and therefore increase the engine-out soot . It is hypothesised that 
the effect of increased ignition delay on reducing soot formation was counteracted by the 
elevated intake temperature and consequently lowered oxygen mass. 
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Chapter 8 

Operational and control challenges 
experienced 

Due to the prototype nature of the test facility setup a number of startup, commissioning 
and early research testing problems were encountered. This chapter deals with some of the 
more significant challenges experienced. 

8 .1 Rail pressure fluctuat ions 

The quantity of fuel injected by the piezoelectric injector on a common rail system is a 
function of various parameters and fuel properties, including rail pressure, fuel viscosity 
and injection duration. The control system was set up such that the injection duration 
was determined by the user-specified injection mass and the setpoint rail pressure, not the 
actual rail pressure. Therefore, if the rail pressure fluctuated, the injected quantity would 
also, thereby causing a variation in the engine 's operating conditions. It is for this reason 
that accurate rail pressure control was required. This section will allude to the modes of 
rail pressure control as discussed in Section 4.4.2 whilst discussing some of the rail pressure 
challenges faced, and how they were resolved. 

8.1.1 Challenge description 

Throughout the course of this project, there were various rail pressure control challenges 
faced, each one giving new understanding to what is required for each mode of control. 
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The following two operating conditions where poor rail pressure control was most prevalent 
were: 

1. low load and low speed conditions using the metering unit control mode, and 

11. high load and high speed conditions using PCV control mode. 

8.1.2 Solution and discussion 

It was discovered that fluctuations in rail pressure, at low loads when using metering unit 
rail pressure control, is inherent; as the rail pressure cannot be relieved quickly enough with 
the small injection quantities in this mode. That is to say, this creates a situation where 
the fuel common rail can be quickly pressured by the metering unit valve, but very slowly 
depressurised by short fuel injections. It is common practice to switch to the PCV control 
mode during low loads and idle conditions. As the test data of interest was indicated, 
the increased brake losses associated with this approach would not have an effect on the 
results. 

The AVL team achieves accurate rail pressure using PCV mode control. Furthermore, 
it was discovered that AVL's PCV mode involved fixing the metering unit duty cycle to 
40 %, at a frequency of 400 Hz i.e. a constant volume of fuel is always being pressurised by 
the high pressure pump, regardless of the fuel quantity required by the engine. Therefore, 
the extra fuel present in the rail was relieved using accurate control of the PCV duty cycle 
at a fixed 600 Hz frequency. However, it was discovered that when operating the engine 
at high load and speed conditions the rail was effectively being starved of fuel , resulting 
in major rail pressure fluctuations. It was experimentally determined that at maximum 
fuel consumption a lower metering unit duty cycle was required ( effectively reducing the 
quantity of fuel being diverted back to the measuring circuit without reaching the common 
rail) in order to maintain pressure. One would expect that the engine would experience 
large continuous parasitic losses if the metering unit were always set to a 60 % duty cycle. 
Additionally, this excessive pumping of fuel to the rail also increases the fuel temperature 
leaving the rail, which, if not controlled, will affect the fuel consumption measurement 
stability. For this reason, the control system was modified such that, when using PCV 
mode, the metering unit duty cycle was determined as a function of the specified injection 
mass and engine speed. Therefore, a close to optimum amount of fuel is pressurised at all 
times when in PCV mode. 

After the rail pressure control issues were resolved it was noted that for all future testing, 
the rail pressure during low load conditions was most efficiently and accurately controlled 
using the PCV mode. Additionally, from medium to high loads and speeds, the metering 
unit control mode was the optimum means of controlling the rail pressure. 
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8.2 EGR valve servo mot or burnout 

The EGR valve used in this project was a standard original engine manufacturer (OEM) 
part from the Polo 1.4 l TDI. It was comprised of a sprung loaded poppet valve actuated by 
a geared servo-motor. When the valve was inactive, the spring held it in the closed position. 
The servo-motor operated off 5 V. The unit made use of a potentiometer for valve positional 
feedback. The analogue output signal from the potentiometer was a voltage between O V 
(valve in closed position) and 5 V (valve in fully open position), which was interpreted as 
the valve's position. The valve had two mechanical limits; namely, when the valve was fully 
open and when it was fully closed. In practice these correspond to a positional feedback 
voltage of approximately 0.8 V and 4.2 V. 

8.2.1 Challenge description 

Shortly after testing commenced, it was noticed that the EGR valve's servo-motor was 
operating at fairly high temperatures. The temperatures were not measured; however, the 
motor housing was too hot to touch at times . It was initially thought to be due to heat 
conduction from the hot exhaust gas being passed through the valve, this was until motor 
failure occurred. It was found that when the valve was set to the closed position ( originally 
thought to be at O V feedback), the valve reached the end-stop before the feedback signal 
displayed O V. Since the controller instructed the motor to hold its position at O V the 
motor continued to close the valve up against the end-stop. It was speculated that the 
inherent high current through the stalled motor and consequent temperature rise resulted 
in motor burnout. 

8.2.2 Protection m easures 

The National Instruments throttle driver module that was used to control the EGR valve 
has a 10 A and a 140 °C module temperature shutdown limit. Before motor failure, this was 
assumed to be sufficient to protect the servo-motor. After the motor burnout, additional 
motor protective precautions were installed. These are briefly summarised and explained 
as follows: 

1. The throttle controller was set up such the mechanical end-stops couldn't be reached 
by the user. To achieve the EGR levels required in this project, the maximum extent 
to which the valve had to be opened was approximately 75 %. To achieve the fully 
closed valve position the unit was deactivated and the spring loaded poppet valve 
closed automatically. 
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11. The motor was tested and it was noted that the typical current drawn by the motor 
was less than 1 A. It was observed that the only time the current exceeded 1 A was 
when the valve reached an end-stop. Since the valve was not to be activated at its 
end stops, a 2 A fuse was put in series with the electric motor. Therefore, if the 
program failed and the valve was driven against an end-stop, the fuse would burn out 
before motor failure . Additionally, the throttle driver module was set to shut down if 
it reached 85 °C or the motor current exceeded 6 A. 

After these fixes were made the servo-motor no longer experienced high temperatures, not 
even at high EGR rates. 

8.3 Fuel mass flow rate measurement challenges 

8.3.1 Challenge description 

On various occasions, at nominally constant fuel flow rates of approximately 0.55 kg/ h, 
fluctuations in fuel mass flow rate exceeding 0.1 kg/ h ( or 18 % ) were measured. The un­
certainty of the coriolis fuel mass flow meter at 0.55 kg/ h was calculated in accordance 
with the AVL 735S manual [58] to be approximately 0.63 %. This corresponds to a mea­
surement accuracy of 0.55 kg/ h ± 0.003 kg/ h. Initially it was assumed that the fuel mass 
flow meter was operating on the lower edge of its range (0 to 125 kg/ h) , and thus could 
not expect stable measurements. However, repeat tests showed that sometimes the unit 
would yield stable measurements. As a result , further investigations were performed in an 
attempt to find the root cause. 

8.3.2 Challenge discussion and solut ion 

The fuel is returned from the engine at three points, namely, fuel bypassed from the high 
pressure fuel pump, fuel relieved from the high pressure rail, and fuel returned from the 
injector. These three streams mix in the fuel return manifold before being reintroduced 
into the fuel measurement circuit. The temperature of the fuel was measured in the fuel 
return manifold. 

It was discovered that the high pressure fuel pump fuel supply pressure was not constant. 
This had a knock-on effect on the quantity of fuel being pressurised, and therefore, the 
quantity of fuel being relieved from the rail in order to maintain constant pressure. There 
was an inherent temperature rise associated with pressurising the fuel from the supply 
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pressure (nominally 5 bar), to the desired rail pressure of (approximately 800 bar). A 
corresponding temperature fluctuation was measured in the fuel return manifold which 
was in phase with the duty cycle of the PCV on the common rail. 

The two common causes of measurement error when using the AVL 735S are the [58]: 

1. mean fuel temperature change in the measurement circuit, and 

11. formation of vapour bubbles in the measurement circuit . 

It is speculated that the change in temperature in the fuel return manifold resulted in 
temperature (and density) inhomogeneity as well as a change in the fuel measurement 
circuit's mean temperature. As previously stated, this can cause measurement error. 

The following system changes were made: 

1. Increased fuel pump throttling in an attempt to achieve an enhanced balance between 
fuel being pumped and fuel being consumed, such that less hot fuel needed to be 
relieved from the rail, and therefore reduced amplitude in fuel return temperature 
fluctuations. 

11. Installation of a pressure regulator as a means of steadying the high pressure pump 
fuel supply pressure. 

These changes resulted in stabilised fuel return temperature. Consequently, the cyclic 
variations in the measured fuel flow rate ceased. However, it was later discovered that 
the repeatability of the AVL 735S was poor. Additional means of determining the fuel 
mass flow rate had to be investigated, the results and discussion of which are presented in 
Appendix B.2. 

8.4 D y namomet er cooling fan failure 

The dynamometer has a squirrel-cage cooling fan which is powered by an electric motor. 
This assembly is mounted on top of the dynamometer housing. Air is sucked in through 
an air filter and channeled downwards into the dynamometer. 

8.4.1 Challenge description 

During operation the squirrel cage broke up and fell into the dynamometer housing. Some 
of the fan blades landed on the stator winding, creating a conductive path to the housing, 
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subsequently causing a short circuit. The damage included the complete destruction of 
the cooling fan and breakdown of a small portion of the stator winding insulation. It 
was discovered that the engine balancer shafts moved out of phase, causing the test bed 
to vibrate vigorously. These vibrations were transmitted to the squirrel cage impeller, 
consequently the fan failed. 

8.4.2 Challenge solution 

To resolve the issue of the excessive engine vibration, the balancer shafts were realigned. 
As a preventative measure in the case of future fan failure, a metal grid was installed in the 
opening between the impeller housing and the dynamometer. Hence, if the impeller were 
to fail again, the debris would be contained within the impeller housing, thus protecting 
the dynamometer from further damage. 

8.5 Excessive pressurised oil flow out of the crank case 
breather 

The single cylinder research engine made use of a dry sump and utilises the wet sump built 
into the coolant and lubrication conditioning unit. Oil was pumped from the wet sump to 
the engine. The oil drained from the engine back to the wet sump under gravity. 

8.5 .1 Challenge description 

On numerous occasions during testing pressurised oil was forced out of the crankcase 
breather 2 m into the air. If the oil splurges were not noticed immediately, oil was forced 
out of the crank case breather until insufficient oil existed in the system to maintain oil 
pressure. At this point a the safety mechanism activated, bringing the engine to a standstill. 

8.5.2 Challenge solution 

An additional breather pipe was installed on the return line from the engine ( at the oil 
outlet from the engine). This resulted in the continuous drainage of oil from the engine, 
indicating that an air lock in the oil return pipe was blocking the flow of oil. A clear pipe 
was connected to the bottom of the dry sump such that when the crank case began to fill 
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up with oil, it could be seen from the control room. It was speculated that the oil in the dry 
sump collected until a point when its level was higher than the breather port, causing the 
pressure in the crank case to build up (as a result of blow-by) until it was sufficient to force 
the oil out through the crank-case breather. The installation of the additional breather 
proved to be a useful solution and no further oil drainage problems were experienced. 

8.6 Oil contaminated by excessive intake water 

One of the by-products of combustion is water vapour. When using EGR, the water vapour 
in the exhaust gas forms part of the charge air, and is reintroduced into the engine. If this 
water vapour condenses before it enters the engine, it collects in the plenum chamber of the 
inlet manifold. This liquid collects until it overflows into the cylinder. Some of this liquid 
water gets into the oil circuit, and changes the oils characteristics by, for example, reducing 
its viscosity. This problem was detected in the research engine during an oil change. The 
white foam that forms in oil when coolant is mixed into the oil circuit was noticed. 

A collection vessel was attached to the plenum via a ball valve. When operating the engine 
with EGR, the ball valve could be opened, such that water vapour that condensed in the 
intake manifold was able to drain out of the plenum chamber. It must be noted that this 
was a sealed unit and therefore air could not escape the system unless it was out of the 
exhaust. 

94 



Chapter 9 

Conclusions 

The two main objectives of this project were: 

1. To construct and attain accurate control of a safe state-of-the-art diesel research test 
facility which utilises a single-cylinder diesel research engine. In addition, it was nec­
essary to characterise the engine as part of the commissioning process. The character­
isation was in terms of peak load capacity across the speed range, and minimum ISFC 
across the full speed and load range of the engine. 

11. To assess whether LTC could be achieved using the designed setup operated at part­
load conditions. To clarify, the goal was to determine whether the 2010 EPA emissions 
standards for NOx and soot could be met using LTC without the use of exhaust after­
treatment systems. 

Based on the project activities and experience, the following conclusions could be drawn: 

9.1 Test facility performance 

Upon completion of the commissioning tests, both of the project objectives were success­
fully achieved. The following key conclusions were drawn: 

Operation across the engine's speed and load range at a variety of different parameter 
set-points was achievable. 
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11 LTC was successfully realised with the test apparatus by gradually increasing the EGR 
rate. A secondary conclusion to this, is that the EGR loop control methods used were 
sufficient to achieve controlled flow of exhaust gas to the inlet manifold. 

m During the testing involving the determination of the engine's naturally aspirated and 
boosted full load capacity, a single injection strategy was employed. It was discovered 
that increased peak engine-out torque could be realised using a multi-injection strategy 
in cases where the maximum rate of pressure rise limited the full load capacity of the 
engine. Therefore, the absolute maximum load capacity of the engine at certain speeds, 
was not in fact reached. 

iv The rail pressure control at low load and speed tests should be realised using the PCV 
control mode. However, from mid-range to high load and speed conditions the rail 
pressure should be achieved using the metering unit control mode. 

v The current state of the data capturing setup, in terms of data captured in STARS from 
the ECU and associated data transfer rates and apparent inconsistencies, is insufficient 
for the analysis of rail pressure stability as stochastic behaviour is seldom detected. 

9.2 Soot hump and LTC testing 

The conclusions drawn from the additional LTC investigations performed, were of sec­
ondary importance. However, the conclusions considered to be of interest are presented 
now: 

1 The effects of different operating parameters on combustion characteristics and cor­
responding emissions cannot be generalised for all conditions. Increasing the intake 
charge mixture (fresh air and exhaust gass mixture) temperature can potentially result 
in either an increase or decrease in ignition delay depending on the operating conditions. 
The increased charge temperature can result in higher in-cylinder charge temperatures 
earlier on in the compression stroke, such that combustion starts earlier. However, the 
increased mixture charge temperature will also result in less mass of oxygen entering 
the engine. If the the oxygen content in the cylinder, due to the EGR dilution, is 
already resulting in a close to stoichiometric mixture, the effect of increasing the intake 
temperature and corresponding reduction in mass of oxygen (for nominally constant 
fuelling) can lead to lengthened ignition delays. 

ii The emissions demonstrated in this study (with the exception of NOx) appear to be 
very sensitive to operating parameters in the soot hump region. The emissions are less 
sensitive to variation in operating parameters within the LTC regime. 
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m Increasing the injection pressure when transitioning from CDC to LTC was found to 
be the most effective means of reducing peak engine-out soot emissions. 

iv Optimising for best ISFC by adjusting SoE appears to be a critical measure in minimis­
ing emissions of ISHC and ISCO within the LTC regime. The results of the SoE sweep 
indicated that by optimising SoE for best ISFC , ISHC and ISCO were simultaneously 
minimised (see Figure 7.2 in Chapter 7). 

In conclusion, the results of the tes~s conducted in this project have aided in partially vali­
dating the original motivation for designing a test facility that could be used for subsequent 
LTC studies. Furthermore, the test apparatus, although subject to certain recommenda­
tions listed in Chapter 10, is now functional and available for further research into the 
effects of fuel formulation on LTC combustion and CDC-LTC transitions. 
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Chapter 10 

Recommendations 

During the commissioning and final testing phases of the project , a number of challenges 
associated with the testing apparatus and its control during certain operating conditions 
were experienced. Many of these were addressed and subsequently fixed; however, some of 
the modifications were not implemented and are addressed below: 

i. Closed-loop EGR rate and EBP control should be implemented into the ECU. The 
manual control of EGR rate is a tedious process and in some instances it can take 
over an hour to record one test point. It is expected, based on the experience gained 
during the course of this project, that closed-loop control would result in reduced 
time and resources wasted in achieving specified EGR rates. In addition, this could 
enhance the control accuracy of the EGR rate, which is crucial in and around the 
LTC region. The control algorithm should include an EBP setpoint and an EGR rate 
setpoint. It is recommended that the EBP valve is controlled in response to the back 
pressure feedback signal, and the EGR valve be controlled in response to the EGR 
rate measurement. 

11. Butterfly valve actuators with enhanced positional accuracy should be installed, in 
order to further improve the EGR rate control accuracy. The EGR and EBP valves 
used in this project are from a commercial multi-cylinder vehicle, and therefore, are 
designed for transient operation. These valves have coarse gearing with significant 
backlash. This causes hunting about certain setpoints . 

111. Closed-loop intake air temperature control should be implemented. In order for this 
to be achieved, it is recommended that the boost air conditioning unit be relocated 
closer to the engine (as close as possible for enhanced transient response). It is fur­
ther recommended that the RTD PtlOO temperature sensor which the unit uses for 
its temperature control feedback signal, be installed in the engine's inlet manifold. 
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The boosting unit's high-precision temperature control system could then be used to 
control the intake charge mixture temperature ( accounting for the temperature effects 
of EGR). This would result in intake temperature control using two setpoints, namely, 
the EGR temperature and intake mixture temperature. These changes are likely to 
result in improved intake charge temperature control and reduced testing time. 

1v. Closed-loop control on combustion phasing, in terms of MFB50 ( or a user specified 
condition), by adjusting SoE should be implemented, especially for LTC testing. Im­
proved combustion phasing control could significantly improve combustion stability, 
and consequently stabilise HC and CO emissions measurement errors, particularly 
noticed in the LTC regime. 

v. The relative humidity sensor used for determining the drying effect of the compressor 
water-separators, should be relocated from the boost conditioning unit to the com­
pressor exhaust where the environment temperatures are below 80 °C. The saturation 
pressure of the air at the point where the relative humidity sensor is positioned, is cal­
culated in accordance with the SAE J177 [59] recommended equation. This equation 
becomes increasingly inaccurate at temperatures exceeding 80 °C. Therefore, exceeding 
this threshold intake temperature with the boosting unit , whilst the relative humidity 
sensor is installed in it , will result in the inaccurate determination of intake water 
vapour mass flow rate. This has a knock-on effect, and increases the error in the 
calculated exhaust mass flow rate and therefore the indicated specific emissions. 

v1. The boost and EBP maps should be calibrated and made a function of IMEP across 
the speed range, as opposed to BMEP. The two modes of rail pressure control have 
differing resulting frictional effects on the engine, and consequently cause different 
BMEPs for similar fuel quantities. The differing BMEPs result in different boost 
pressures. Making the boost pressure and EBP a function of IMEP will result in 
boost and exhaust back pressure conditions which are independent of the mode of rail 
pressure control used. In addition, if changes are made to the rail pressure control or 
any other operating parameter that may result in a change in engine friction, it will 
not have an effect on the boost and EBP setpoints. It must be noted that this did not 
have an effect on the test results obtained in this project , as the mode of rail pressure 
control was constant during operation that included using the boost and EBP maps. 

v11. A CAN bus communication platform should be set up to replace the Ethernet com­
munication among the test computers and controllers. This communication protocol 
has been employed in some of Sasol's other engine test facilities. It has successfully 
demonstrated an increase in reliable measurement data transfer rates. In addition, the 
inconsistencies associated with the variable delay time periods present when receiving 
data in STARS over the LAN connection (sent from the LabVIEW or Indicom PC), 
have been reduced by the implementation of a CAN bus communication platform. 

v111. EGR cooling and intake temperature should be controlled such that the dew point 
temperature of the mixture in the inlet manifold is not reached. Thereby, minimis-
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ing the quantity of condensation collecting in the inlet plenum chamber , effectively 
resulting in a lowered exhaust mass flow rate which is not detected. 

Chapter 6 highlighted that the system repeatability could be improved. Therefore in ad­
dition to the aforementioned modifications, it is recommended that the possible sources of 
repeatability error be investigated before further research is conducted on the test appa­
ratus. 
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Appendix A 

Control maps 

A.1 Injector calibration for rail pressure determina­
tion map 

In modern day vehicles, engine maps (also known as lookup tables) are used to define 
an optimal set of operating parameters that collectively result in improved combustion 
efficiency and output emissions. There are many variables to be considered when running 
an engine under LTC conditions, including injection timing, rail pressure, engine speed, 
injection mass, boost pressure etc. It is ideal if these parameters can be automated and 
optimised, such that they do not have to be physically adjusted between test points. 

In commercial vehicles, rail pressure maps are used and defined as a function of engine speed 
and required injection mass per stroke. A map of this kind for an engine of similar cylinder 
capacity to the AVL5402 was used. However , since the flow characteristics through every 
injector nozzle are different , the mass of fuel injected at a certain pressure for a specified 
duration was unknown. Thus a full injector calibration was performed on the piezoelectric 
injector. This section details the development of said injector calibration map and how it 
was integrated into the control system. 

A.1.1 D efining the problem 

Figure A.1 shows a flowchart of how the lookup tables will be integrated within the control 
system. This gives a better idea of the format of injector characterisation table needed. 
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The fuelling control is to operate as follows: 

1. User inputs the mass of fuel to be injected per stroke and the desired engine speed. 

11. The optimum rail pressure is determined using these parameters in conjunction with 
the rail pressure map. 

111. The rail pressure output from the map as well as the user-set mass of fuel are sent to 
the injection duration map. Here the required duration is output to the injector. 

Since an injection duration map needed to be generated and injection duration as a function 
of fuel quantity and rail pressure was unknown, the following was done: 

1. Full injector characterisation to define the mass per injection as a function of rail 
pressure and injection duration. 

11. Use of characterisation data to populate injection duration map of the form shown in 
Figure A.1. 

111. Integration of the lookup table with the control system. 

A.1.2 Apparatus 

The LR Diesel Injector Service Unit 8000 (DISU 8000) was used for the injector calibration 
(Figure A.2) . It uses a diesel substitute with similar flow characteristics and a much higher 
flash point (for safety) as the calibration fluid. The injection duration and rail pressure are 
input by the user and the mass per injection was measured using the units built-in coriolis 
flow meter . 

A.1.3 M ethod 

Injector characterisation 

Firstly the injection mass as a function of rail pressure and injection duration was experi­
mentally determined on the DISU 8000. Rail pressure and injection duration intervals and 
ranges were defined and laid out as shown in the Table A.1. The white blocks indicate all 
the test points that were run. The grey and yellow blocks were points to be determined 
by means of linear interpolation. 
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Figure A.2: LR Diesel Injector Service Unit 8000. 

Table A .1: Template used for calibrating the piezoelectric injector of the form injection mass as 
a function of rail pressure and injection duration. 

Injection 

Duration 

[µs/strk] 

Rail Pressure [bar] 

--+---+--+-----t--+--....__....___. _ _.__-+--+-----t--+---+--+-----1 Injection 
--+---+--+-----t--t Injection Mass [mg/strk]t-----t--t---+--+-----t--t 

--+---+--+-----t--+---+--+-----t--+---+--+-----t--+---+-- +-----1 

Mass 

[mg/strk] 

D Measured data D1nte rpolated 1'1 degree O interpolated 2nd degree 
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Table A.2: Template of injection duration map as a function of rail pressure and injection mass. 

Injection 

Mass 

[mg/strk] 

Rail Pressure [bar] 

--+--+---+--+-----f Injection Dur. [µs/strk] --+--+----+--+----+--t Injection 
--+--+---+--+---~-~~-~-+---+--+--+----+--+---1 Duration 

--+--+----+--+--t--t---+---1---+---t----1"--+--t----+--t--1 
[µs/strk] 

Populating the injection duration map 

The characterisation map then had to be converted to a usable format, i.e. a table that 
gives injection duration as a function of rail pressure and injection mass as indicated in 
Table A.2. This table shows the skeleton of the map that had to be populated in order 
to achieve this. Note the swap in position between injection mass and injection duration 
relative to Table A.1. The rail pressure and injection mass range and intervals were based 
on an existing lookup table used in modern motor vehicles. 

The table conversion was carried out as follows: 

1. The equation for the relationship between injection duration and injection mass at each 
rail pressure (rail pressures displayed in Table A.2) was determined. This was done by 
plotting each graph and manipulating the graph such that the injection mass was O g for 
injection durations less than 100 µs , as is typically the case for a piezoelectric injector. 
The graph below shows 1 of the 16 graphs plotted with a manipulated trendline and 
accompanying equation. 

11. Using the equation and the known injection masses (y) , the corresponding injection 
durations (x) could be determined. 

n1. This w~ repeated for each rail pressure, resulting in a complete injection duration 
map. The map was then implemented into the control system as shown in Figure A.1. 

111 



APPENDIX A . CONTROL MAPS 

160 

140 

~ 120 .. .... 
11'1 ...... 
bO 100 E .... 
11'1 
11'1 80 ra 
E 
C: 
0 60 :.:; 
V cu ·- 40 C: 

20 

0 
0 

•• •• •• 

.·•· .... 

.... ··· 
.··•·· 

_.,,i 

.-~········· 
.·· 

•..... ··· 
·····•······ 

• 1800 bar Rail 
Pressure 

......... Poly. {1800 bar Rail 
Pressure) 

•• 
• y = 3.67E-18x6 - 7.58E-1Sx5 - 5.SOE-12x4 - 5.39E-09x3 + 3.lSE-

_ .... •• 05x2 + 8.01E-02x - 8.SOE+OO 

500 1000 1500 2000 2500 

Injection Duration [µs/strk] 

Figure A.3: Relationship between injection mass and duration at 1800 bar rail pressure. The 
trend line and equation are also displayed. 

A.2 Boost and EBP maps 

The test apparatus makes use of a EBP valve which was used to simulate the exhaust's 
back pressure typically generated by a turbocharger. Generating a model to determine 
the exact EBP expected as a function of exhaust gas enthalpy and mass flow rate for a 
certain turbocharger is a complex task which is outside the scope of this project . However, 
building a map based on existing engine test data and then calibrating it to the AVL5402 
was achievable and acceptable for the purposes of the project. 

Test data from a turbocharged multi-cylinder engine was supplied by AVL. It included 
boost and EBP across the load and speed range. Since the work done by a turbocharger 
is primarily dependent on exhaust mass flow rate and exhaust enthalpy, which are directly 
related to engine speed and load respectively, the boost and EBP maps were constructed 
as a function of load and speed. 

The soft valve springs on the AVL5402 limited the intake boost pressure to 1300 mbar 
(gauge). Exceeding this limit could result in unwanted valve and piston contact and conse­
quent catastrophic failure. Figure A.4 shows the relationship between the boost and EBP 
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(taken from AVL's data) at full load across the speed range. It was made clear by the 
peak boost and back pressure conditions that this turbocharger is too powerful in terms of 
pressures, for the AVL5402. Additionally, it was suspected that the peak BMEP achievable 
by Sasol's research engine would be significantly lower than the larger engine AVL used to 
produce the test data. This was attributed to the fact that Sasol's engine was limited by 
lower peak boosting pressures. 

The following section details how the data was manipulated and calibrated to fit the 
AVL5402. 

A.2 .1 Method 

The steps involved in the boost and EBP map construction were as follows: 

1. The maximum boost pressure versus speed curve was scaled such that the curve shape 
remained the same but the peak boost pressure did not exceed 1200 mbar. Addition­
ally, the EBP was scaled such that the pressure ratio (ratio between boost and EBP) 
was the same as the original data supplied by AVL. Figure A.4 illustrates the boost 
and EBP scaling process. 

3,000 ,-----.----r---r----,----,----,----,----, 

, 
EBP 

• scaling 

,:;' 
,. for cons~ 

«l 2,000 P. ratio 
..0 
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~ fgr_]?. __ 
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-- Boost pressure, scaled BMEP ------- EBP, scaled BMEP 

Figure A.4: Graph showing how A VL 's peak boost and EBP versus speed data was scaled to 
meet the research engine's maximum allowable boost pressure specification. 

11. A full load test was performed using the peak scaled boost and EBP data as setpoints 
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for each engine speed (1000 rpm to 4000 rpm at 500 rpm intervals) to establish the 
maximum BMEP curve for the engine. 

m. AVL's data displayed load test points at each speed typically from O bar BMEP to 
maximum BMEP at 1 bar BMEP intervals. The boost and EBP at each speed was 
calibrated to the engine by using the percentage change between each load point in 
AVL's data (at a set speed) to scale the full load test results from maximum to Obar 
BMEP. That is to say, the BMEP data from the AVL test was proportionally replaced 
with the data obtained from the full load test. Figure A.5 illustrates how boost and 
EBP were scaled according to BMEP at 2500 rpm, in order to keep the curve shapes 
the same. This scaling was performed at each speed point. 
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-e- Boost pressure, scaled BMEP -- EBP, scaled BMEP 

Figure A .5: Graph showing how the boost and EBP at 2500 rpm (same method used at all other 
speed points) was scaled for BMEP such that the curve shapes remained the same but fit within 
the research engine's load range. 

1v. The equations for the trend lines of the boost and EBP as a function of BMEP at each 
speed was obtained. The coefficient of determination ( or r 2 also known as R squared) 
for each fit was greater than 0.990. The equations were used to populate the boost 
and EBP maps as a function of BMEP and engine speed. Note that each equation 
corresponds to either the boost or the EBP as a function of load at a certain speed. 
That is to say, one equation for boosting pressure and one equation for EBP as a 
function of BMEP, per test speed point was defined and used to populate the map. 

A three-dimensional representation of the resulting boost and exhaust back pressure maps 
using linear interpolation between adjacent points on the maps, is displayed in Figure A.6. 
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Each grid line intersection is representative of a data point in the populated maps. The 
grid lines in the BMEP-Boost pressure plain (and EBP plain) at each speed interval are 
representative of the equations that were defined and used to populate the maps. 
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Figure A.6: Three-dimensional representation of boost (a) and EBP (b) maps. 
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Appendix B 

Data processing 

This appendix details some of the more critical calculations that were performed in order 
to achieve the most accurate fuel and intake air mass flow rate as well as the indicated 
specific emissions. 

B.1 Exhaust gas mass flow rate calculation 

In order to accurately calculate the specific emissions, the exhaust mass flow rate had to 
be determined. This is defined as the sum of the intake air and injected fuel mass flow 
rates, as seen in Equation B.1.1. However , determining the intake air mass-flow rate was 
a complex task. 

r'nexh = in air + in fuel (kg/h) (B.1.1) 

The air enters the compressor through a volume flow rate meter. It then passes through 
the compressor, and before it is sent to the engine, the compressed air is dried. Therefore, 
the change in mass flow rate had to be accounted for . 

This section details how the change in moisture content is dealt with, with respect to its 
effects on the air mass flow rate. 
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1 

ri'lairl = 
ri'lv1 +ri,dl 

Compressor 

ri'lvout 

2 

ri'lair2 = 
ri'lv2 +ri,d2 

ri'ltuel 

Figure B.1: Air flow path from the atmosphere to the exhaust system. 

Figure B.1 displays a flow diagram of the water vapour and dry air from the ambient air , 
through the apparatus, to the exhaust of the engine. The subscript (1) denotes ambient 
conditions before entering the compressor and (2), the air to the engine. The assumptions 
made when tackling this problem were as follows: 

1. There are no significant unintended leaks between the inlet to the compressor and the 
exhaust. 

11. When the compressed air enters the water separator, only water is removed and no 
dry air. Therefore, it follows that the mass flow rate of the dry air entering the 
compressor (md1) is equal to the mass flow rate of the dry air entering the engine 
(md2). Consequently, the mass flow rate of the dry air will be denoted by md. 

111. The water vapour and dry air both behave like ideal gases. 

1v. Dalton's law of additive partial pressures applies. 

At the inlet to the compressor, the following variables were measured: the dry bulb tem­
perature (T1 ) in °C, barometric pressure (P1) in kPa , relative humidity (¢1 ) and volume 
flow rate (Vi) in m3 /h. 
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Step 1: Determine the equation for the air mass flow rate to the engine 

From the assumptions stated above, it is clear that rhair2 is the sum of the rhd and the 
mass flow rate of the water vapour after the air is dried ( rhv2). 

(kg/h) (B.1.2) 

Step 2: Calculate md 

Relative humidity is defined as t he ratio of the actual pressure due to the water vapour 
(Pv1), to the saturated vapour pressure (Psat©JTi) at a constant temperature. Psat@T1 is 
calculated using the Arden Buck equation at T1 , 

((18678-..2i..._ )( T )) 

P _ 6 1121 . 234 .5 257 .14+ T1 
sat@Tl - , e (kPa) (B .1.3) 

and thus, Pv1 was calculated from the relat ive humidity, 

(B. 1.4) 

(kPa) 

From Dalton's Law, the partial pressure of the dry air at 1 (Pd1 ), was calculated, 

(kPa) (B.1.5) 

Thus, from the ideal gas law, rhd was calculated, 

Pd1 Vi = rhdRdT1 (B.1.6) 

. Pd1 Vi 
md = RdT1 

Where Pd1 is the partial pressure of the dry air, Vi is the volume flow rate of the air and 
Rd is the gas constant for dry air (0.2870 kPa · m 3 /kg· K). 

Step 3: Calculate mv2 

Again, using the Arden Buck equation (Equation B.1.3), Psat@T2 was calculated. Since ¢2 
is measured, the partial pressure, Pv2 , could be calculated, 

(B.1.7) 

118 



APPENDIX B. DATA PROCESSING 

The humidity ratio, w, is defined as the mass of water vapour present in a unit mass of 
dry air and can be written as follows, 

(kg water vapour /kg dry air) (B.1.8) 

Using the ideal gas relationship and substituting for the partial pressure of the dry air, the 
humidity ratio can be expressed in terms of the total pressure, P2 , and the vapour pressure 
P v2-

riiv2 0.622Pv2 
W2=-= 

md2 P2 - Pv2 
(B.1.9) 

Equation B.1.9 can then be rearranged to solve for riiv2, 

. _ . (0.622Pv2 ) 
mv2 - ffid2 p. n 

2 - -'v2 
(kg/h) (B.1.10) 

Step 4: Calculate exhaust gas mass flow rate, rhexh 

Equation B.1.2 was used in combination with the fuel flow rate (riiJuel, determined in 
Appendix B.2), and Equation B.1.1, to determine the exhaust gas mass flow rate. 

These equations were programmed into STARS, such that riiexh could be calculated and 
thus used to determine the specific emissions in real time. 

B.2 Fuel mass flow rate determination 

The AVL 735S was used to measure the fuel mass flow being injected into the engine per 
hour . During data analysis, post testing, it was noticed that the mean fuel flow rate fluc­
tuated between tests, even though the tests were conducted at nominally constant fuelling. 
A carbon balance between the emissions and the fuel flow also showed a discrepancy of up 
to 22 % at specific test points where the fuel mass flow had a fluctuation amplitude of up 
to 16 %. Since emissions are typically reported on a mass basis, and thus are a function 
of exhaust gas flow rate, it was necessary to determine the actual fuel mass flow. Two 
additional options for determining the fuel mass flow rate were investigated: 

1. using the intake air mass flow and lambda measured from the ETAS wide band lambda 
sensor (>.ETAS), and 
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11. using the intake air mass flow and lambda calculated from the emissions using the 
Spindt method ( A spindt). 

The mass flow rate of the fuel was calculated from both lambda values and compared with 
the measured fuel flow rate (illustrated in Figure B.2) for three repeat tests at nominally 
constant fuelling . For these tests, the exhaust lambda ranged from approximately 3.3, at 0 
% EGR to 1.1 at approximately 68 % EGR. It was clear, for the higher lambda values, that 
there was a large discrepancy between the fuel flow rate calculated from the >.ETAS relative 
to the other mechanisms. It is speculated that this is due to the sensor's poor sensitivity at 
higher lambda values (small mV change results in large measurement change). In extreme 
cases, it was found that the fuel flow variation between tests for the AVL measured fuel 
flow rate exceeded 16 %. However, the fuel flow rate calculated from Aspindt, varied by 
approximately 6 % between tests. Although a variation of 5 % ( or less) would be ideal, 
this was the most repeatable measurement that could be achieved using the current setup. 
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Figure B.2: Fuel mass flow comparison between the measured and calculated quantities using 
the AVL 735S, ETAS wide band lambda sensor and the Spindt method, for three repeat tests. 

As a means of determining the relative accuracy of the fuel mass flow rate calculated 
using A spindt, it was cross-referenced with the mass of carbon measured in the exhaust . It 
was assumed that the exhaust carbon measurement was the most accurate measurement 
available for comparison. The percentage difference between the exhaust gas carbon mass 
and t he carbon mass of the fuel mass flow determined by A spindt was plotted against EGR 
in Figure B.3. The results of the carbon balance demonstrated a maximum uncertainty of 

120 



APPENDIX B. DATA PROCESSING 

approximately 6 %. This is a significant improvement on the 22 % uncertainty originally 
determined by means of a carbon balance between the fuel flow rate measured by the AVL 
735S and the mass of carbon in the exhaust stream. 
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Figure B.3: Carbon mass balance between measured exhaust gas carbon and carbon content from 
the fuel mass flow rate which was calculated using Aspindt. 

Since the fuel mass flow measurement determined by the AVL 735S was speculated to be 
inaccurate, a recalculation was a necessity for all the emission's test data, using the fuel 
flow rate as determined by Aspindt· The post processing methodology for the emissions data 
can be seen in the following section (Appendix B.3). 

B.3 Indicated specific emissions 

In order to directly compare the emissions of different engines and assess them within var­
ious combustion regimes, the exhaust gas emissions are normally reported on an indicated 
or brake specific basis [g/kWh]. The following section will explain the method used to 
determine the indicated specific emissions. This methodology is similar to that used by 
Horiba and in accordance with 88/77 /EWG [60] and the Directive 1999/96/EC of the Eu­
ropean Parliament and the Council [60]. Note that the numbers attached to the subscript 
in following equations pertain to Figure B.1, thus the subscript '2' refers to the conditions 
at the intake to the engine. 
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B.3.1 Conversion of emissions to a mass basis 

The calculated mass of a specific exhaust gas species is dependent on the exhaust gas mass 
flow rate and the species' concentration. The MEXA reports the water soluble exhaust gas 
emissions as a concentration on a dry basis (i.e. CO, CO2 , 0 2 and NOx), and the remaining 
(THC), on a wet basis. Since the dry basis concentrations are not representative of the 
actual concentrations, a factor (Kwr) needed to be determined to convert the concentrations 
from a dry to wet basis , which took into account the water content in the exhaust. There 
are sources of water vapour in the exhaust; these are the intake air humidity and the water 
vapour formed as a by-product of the oxidation of hydrocarbons (i.e. combustion). 

Intake humidity ratio 

The humidity ratio (w2 ) of the intake air defines the mass of water vapour entering the 
engine per equivalent mass of dry air. It was determined using the partial pressure of 
the water vapour (Pv2) and dry air (Pd2) entering the engine. These two variables were 
determined in appendix B.1 to calculate the intake air mass flow rate. The equation for 
humidity ratio follows: 

Dry to wet conversion factor 

The dry to wet conversion factor ( K w,r) is calculated as follows , 

Where 

and 

Kw,r = ( 1 - FFH X rii fv.el ) - K W2 

mdryair 

y 
F FH = _1 _+_( _.m_f_ue-l ~) ' 

ffidryair 

W2 

Kw2 = 1.608 x 1 + ( 1.608 x w2)' 
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Ox formation reactions are kinetically controlled during combustion and dependent on 
fuel composition and the t ime-temperature history of combustion [61]. Studies have shown 
that emissions are sensit ive to intake temperature and absolute humidity. Since there are 
benefits to testing at different intake temperatures and humidities, correction factors are 
typically required when these emissions are reported, as a means of enforcing consistent 
intake air conditions. 

Since intake air temperature was controlled to within 1.5 °C of the set point, and because 
as part of the parametric study it was desirable to see the effect intake temperature has 
on Ox emissions, NOx was not corrected for intake air temperature. 

Conversion from dry to wet 

All the dry emissions were converted to a wet basis, 

conewet = concdry X K W,r 

Water concentration 

The water concentration in the exhaust was then determined by a carbon balance, 

HO = (0 .5 x y x (CO + CO2 + 3THC) - 4TH C) 
2 

( 1 + 3.fc°o2 ) 

(B.3.5) 

(B .3.6) 

Where y is the fuel hydrogen to carbon ratio as determined by a GC - by - GC fuel 
analysis, and CO and CO2 are dry basis concentrations where as THC is wet. 

N2 concentration 

Assuming that no other exhaust gas species exist, the only remaining gas is N2 and is 
calculated as follows, 

(B.3.7) 

Exhaust molar flow determination 

Using the known molar masses of t he different exhaust gas species, as well their concen­
trations, the molar mass of the exhaust gas was determined, 
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mmexh = C02wet X COmm + COwet X COmm + 02 X 02mm+ 

NOXwet X NOmm +TH C X T H Cmm + H20 X H20mm 

where the subscript 'mm' denotes molar mass. 

(B.3.8) 

[kg / kmol], 

Using the calculated molar mass and the known exhaust mass flow rate, the exhaust molar 
flow was calculated, 

m exh 
inexhmolar = --­

mmexh 

Conversion to mass basis 

[kmol/h] (B.3.9) 

Finally, using the calculated wet concentrations, the known species molar masses , as well 
as the exhaust molar flow , the mass flow of each emissions could be calculated in this form, 

inspecies = mmspecies X CO'nCwet X inexhmolar [kg/h] (B.3.10) 

B.3.2 Conversion of mass basis em1ss10ns to indicated specific 

Since the research engine only has one cylinder, the friction mean effective pressure (FMEP) 
is not representative of a mult i-cylinder engine. For this reason the emissions were con­
verted on an indicated basis and not using brake power. The emissions were converted as 
follows: 

JS . _ ffispecies 
species - P, 

ind 
[g / kWh], (B.3.11) 

where the subscript 'species ' refers to the gas molecule being determined, (i.e. if the 
indicated specific CO was being determined, I Sspecies and inspecies would be replaced with 
I SCO and inco respectively), and Find is the indicated power. 

B.3.3 Indicated specific soot 

The conversion of the soot concentration to indicated specific soot (ISSoot) involved a 
different process. The specific gas constant (Rs) was determined from the specific ideal 
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gas law. Figure 1.3 in the SAE Engine Emissions Handbook [62] shows the relationship 
between exhaust gas density and the excess air ratio (>.) at standard conditions (T = 20 
~C and P = 101.3 kPa). It was realised that the exhaust gas density (Pexh2ooc) does not 
vary significantly for ,\ above .>. equal to 1. The exhaust gas density at standard conditions 
was found to be approximately 1.205 kg/m3 . 

PV=MRsT, 
m p 
V R 8 T ' 

p 
:.Rs=---­

Pexh200cT 
=286.92 J/kgK 

(B.3.12) 

The AVL smoke meter reports the soot concentrations corrected to 1 bar and 25 °C. 
Therefore the exhaust gas density was recalculated for these conditions, 

Finally ISSoot is determined using the measured soot concentration (sootconc [mg/m3]), 

the exhaust gas density at 25 °C, exhaust mass flow rate (inexh [kg/h]) , and the indicated 
power (Pind [kW]) as shown in equation 

( 
sootconc ) · X ffiexh Is Soot = _Pe_x_h2_so_c ___ _ 

Pind 
[g/kWh] (B.3.13) 

B.4 Dealing with the elevated intake temperature test 

The methodology carried out in Appendices B.1 and B.3, was successful in producing sound 
results for all the tests, except one. The LTC parametric test, involving an increased intake 
temperature of approximately 75 °C, required that the boosting unit be heated up to 
130 °C to compensate for the heat loss in the insulated pipe between the unit and the 
engine. The relative humidity sensor used to determine the water content in the intake, 
after the water separators within the compressor unit , was positioned in the AVL boost 
conditioning unit. The saturation pressure equation, defined within SAE Jl 77, becomes 
increasingly inaccurate in temperatures exceeding 80 °C. It was noticed that if this equation 
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was used to determine the saturation pressure, it resulted in the ambient air having a 
humidity ratio 60 % lower than the air entering the engine. Based on the fact that the 
average nett drying efficiency of the water separators is approximately 30 % (however, 
sensitive to the ambient humidity ratio), this is very unlikely to be a true phenomenon. 

The ambient humidity ratio for baseline test 1 (10.10 gwaterVapour/kgoryAir) and the elevated 
temperature parametric test (10.14 gwaterVapour/kgoryAir) varied by approximately 0.4 %. 
Since the ambient temperature, pressure and humidity ratio were similar, it was assumed 
that the drying efficiency experienced in the two tests was approximately constant. Since 
the ambient humidity ratio was measured and the drying efficiency was assumed, the 
engine intake air humidity ratio could be determined. The humidity ratio was then worked 
backwards to yield a more realistic intake air mass flow rate. 
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Coolant and lubrication conditioning 
unit design 

The primary objective of this unit was to achieve fluid flow and temperature control of 
the oil and coolant, as well as pressure control for the oil circuit. A conditioning unit 
based on the performance specifications of the AVL-577 (AVL's coolant and lubrication 
conditioning unit) was designed in an attempt to reduce overall test apparatus cos!s. The 
AVL-577 is a standardised unit that can be used for a large variety of engine types and 
sizes. Since the AVL5402 is a relatively small engine in relation to the other engines this 
unit can be used for , the unit 's design could be optimised by reducing the cooling and 
heating component capacities, as well as the pump sizes. The design solution could also 
eliminate all components that were not essential. 

C.1 Requirement specifications 

The requirement specifications for the conditioning unit are separated into two sections. 
These are the: 

1. operation requirement specifications, and 

11. spatial and geometric requirement specifications. 
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APPENDIX C. COOLANT AND LUBRICATION CONDITIONING UNIT DESIGN 

C.1.1 Operation requirement specifications 

The operation requirement specifications for the lubrication circuit and coolant circuit are 
presented in tables C.1 and C.2 respectively. 

Table C.l: Oil circuit requirement specifications. 

Oil pressure 
Relief valve setting 
Minimum 

Temperature 
Normal working 
Maximum 

Oil flow rate through the engine 
Conditioning unit circulation flow rate 

Heat exchanger cooling capacity 
Heater heating capacity 
Lubricant 

4 bar 
3 bar 

85 °C 
130 °C 

approx. 5-6 l/ min 
10 l/min 

5kW 
4kW 
Castrol 
lOW-40 

Magnatec 

engine inlet 

±2 °C 
engine inlet 

recommended 

Furthermore, the unit must incorporate two additional circuits with the following require­
ment specifications: 

1. EGR cooling circuit: This circuit is to make use of the test facility cooling water 
(chiller water) to cool the gas in the high pressure EGR loop. The gas temperature 
control must be achieved by controlling the flow rate of the test facility water through 
the EGR intercooler. The EGR temperature control is to be automated using the 
PLC. 

11. Distilled water circuit: This circuit must supply constant-temperature distilled water 
to the cooling jacket of the inlet manifold piezo-resistive absolute pressure transducer. 
The measurement of these sensors is sensitive to varying environment temperatures 
and therefore require cooling in order to minimise pressure measurement error. In 
addition this circuit must also supply the EBP valve electronics with cooling water. 
The distilled water is necessary, as if calcium-containing water is used it can result in 
the formation of deposits and consequently may cause a blockage in the cooling jacket 
of the piezo-resistive absolute pressure transducer. 

In addition, the unit must have two mechanical analogue temperature gauges, one for the 

128 



APPENDIX C. COOLANT AND LUBRICATION CONDITIOMNG UNIT DESIGN 

Table C.2: Coolant circuit requirement specifications. 

Coolant pressure 
Pressure 

Temperature 
ormal working 

Maximum 

Coolant flow 
Standard 

Heat exchanger cooling capacity 
Heater heating capacity 

Coolant 
Basic 
Anti-freeze 

approx. 1.5 bar 

90 °C 
120 °C 

20 l/min 

20 kW 
3.5 kW 

demineralised water 
25 % ethylene glycole 

engine inlet 

±2 °C 
engine outlet 

recommended 

engine coolant and the other for the oil circuit. This is required as a safety precaution, so 
that the temperatures can be monitored by the operator from within the test facility room 
if necessary. 

C.1.2 Spatial and geometric requirements 

The conditioning unit was to be mounted on the test bed. After assessing the layout of 
the test apparatus, and determining the spatial limitations that had to be considered, the 
optimum outer dimensions ( excluding the wet sump), in terms of minimising the units 
test facility foot-print and ease of installation were 800 mm x 700 mm x 400 mm 
(l x w x h). These dimensions also resulted in space for the mounting of the exhaust and 
pulsation vessel stands. All conditioning unit plumbing and sensors had to be contained 
within this housing. 

The engine made use of a dry sump (no oil collection within the engine) and therefore the 
addition of a wet sump (oil storage tank) to the conditioning unit was essential. In order 
to keep the test facility foot-print of the conditioning unit to a minimum, the wet sump 
must be positioned within the unit itself. However, the vertical position of the oil level 
in the sump relative to the oil return from the engine is very important. This is because 
gravity is the main driving force behind the oil being drained from the engine to the sump. 
According to AVL ( the research engine supplier) the difference in height between these two 
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levels must be at least 100 mm. Once the engine has been mounted to the test-bed, the 
oil return height will be approximately 440 mm from the test facility floor. Once the anti­
vibration mountings have been attached to the conditioning unit and the unit positioned 
on the test bed, the base of the unit will be approximately 300 mm from the test facility 
floor. Therefore, the design has to ensure that the minimum required difference between 
oil return height and wet sump oil level is achieved. In addition, the wet sump must have 
a capacity of at least 10 l. Furthermore, the sump's dimensions must take into account 
the: 

• size of the heating element fittings , 

• low power-density of heating elements required to prevent oxidation of the oil and 
therefore, the realisation that longer element lengths are necessary to achieve the 
same heating capacity as water heating elements, 

• positioning of conditioning unit components such that the sump can be easily fitted 
inside the conditioning unit and removed for maintenance, and 

• minimum volume requirement of the sump is 10 l. 

C.2 Design solution 

The final design of the conditioning unit housing had top and side perforated plates to 
allow for air cooling of the electric motors (seen in Figure C.1). The back, front and floor 
panels were laser cut from 3 mm stainless steel to support the load of the heat-exchangers, 
pumps, fittings, pipes and the smaller components that also made up the conditioning unit . 
The housing had rubber feet mounted to it and was positioned on the ladder frame. The 
wet sump was suspended from the floor panel of the housing such that the oil level in the 
sump was always at lease 100 mm lower than the oil drainage point of the engine. 

Figure C.2 shows the schematic layout of the conditioning unit. The four different circuits 
that were necessary for the final design are encapsulated and labelled within numbered 
boxes. These were: 

1. Oil conditioning circuit: Comprised of a wet sump with a submersible gear pump as 
well as two low watt density heating elements. The pump outlet was fitted with a 
4 bar mechanical relief valve as a safety precaution to prevent over-pressurisation of 
the circuit. A standard inline oil filter was integrated into the circuit. A three-way 
electrically actuated mixing valve was used to control the amount of hot oil from the 
wet sump being cooled by the 5 kW shell-in-tube heat exchanger. This was controlled 
according to the temperature of the oil entering the engine which was set to 85 °C. An 
oil circulation branch off the oil feed to the engine with an inline manually operated 
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Oil filling point ____.. 

(a) Housing (b) W et sump 

F igure C .l : Three-dimensional representation of the conditioning unit housing ( a) and wet 
sump (b) assembly. 

needle valve was included to promote oil circulation within the conditioning unit of 
approximately 10 l/min. The pump speed was controlled by a variable frequency drive 
(VFD) which adjusted the motor speed according to the oil pressure at the engine inlet 
(3.5 bar setpoint). If the oil pressure drops below 3 bar there is a hard-wired switch 
and a back-up program which will both result in complete engine shut-down, bringing 
the engine to a gradual stop. 

11. Coolant conditioning circuit: Comprised of a centrifugal pump capable of pumping 
20 l/min, a 3.5 kW heater, a 20 kW heat-exchanger and a three-way electrically 
actuated mixing valve. The mixing valve controlled the proportional flow of coolant 
from the heater and heat-exchanger according to the coolant temperature leaving the 
engine. This was set to 85 °C. 

111. Distilled water circuit: Comprised of a 1 kW heat-exchanger, accumulator and a small, 
5 l/min capacity pump. Distilled water was used in the circuit to minimise the risk of 
deposits in the cooling jacket of the piezo-resistive sensor, whilst simultaneously acting 
as the cooling fluid for the sensor and EBP valve. 

1v. EGR cooler circuit: This circuit used the test facility chiller water and an electrically 
controlled gate valve to appropriately control the flow rate of water through the EGR 
cooler according to the EGR temperature sensor and setpoint. 

All the heat exchangers utilised the test facility chiller water. The water was fed into the 
conditioning unit at one point and drained from one point to minimise clutter. 
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r-----------------------------------, 
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Figure C.2: Layout of the lubrication and coolant conditioning unit. 
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EN590 fuel analysis 
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Property Units Method Result 

Appearance Rating CAL TEX CMM 76 1 

Colour Rating ASTM D1500 <0.5 

Density at 15 °C kg/I 0.8358 
ASTM D4052 

Density at 20 °c kg/I 0.8328 

Distillation 

IBP oc 193.1 

5% oc 207.1 

10% oc 218.1 

20% oc 231 .1 

30% oc 246.4 

40% oc 262.2 
ASTM D86 

50% oc 277.0 

60% oc 288.2 

70% oc 298.8 

80% oc 311.7 

90% oc 333.0 

95% oc 347.9 

FBP oc 355.6 

Copper Corrosion ASTM D130 1A 

Total Sulphur mg/kg ASTM D5453 <1 

Nitrogen Content mg/kg ASTM D 4629 <0.3 

Water Content mg/kg IP438 44 

Acid Number/Total Acids mg KOH/g ASTM D664 0.064 

Bromine number gBr/1 OOg ASTM D1159 <0.01 

Kinematic Viscosity at 40°C est ASTM D445 2.79 

Flash point oc ASTM D93 84 

Derived Cetane Number Rating 
ASTM 06890 

56.1 (Mod) 

Cetane Number Rating ASTM D613 53 .8 

Cetane Index Rating ASTM D4737 54 .3 

Cloud point oc ASTM 02500 -21 

CFPP oc IP309 -22 

Pour point oc ASTM 097 -31 

Carbon residue mass% ASTM D4530 0.02 

Ash content mass% ASTM D482 <0.01 

Lubricity (HFRR) um CEC F06-A-96 327 

SL BOGLE g ASTM 06078 5100 

Oxidation stability mg/100 ml ASTM D2274 0.3 



Total contaminants mg/kg IP440 0.6 

Mononuclear Aromatics mass% 22.36 

Polynuclear (2+3) 
mass% 6.85 

Aromatics 

Total Aromatics mass% GCxGC 29.21 

Carbon Content mass% 86.80 

Hydrogen Content mass% 13.20 

Molar H/C ratio mol/mol 1.81 
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STANDARD OPERATING PROCEDURE FOR AVL5402 SCRE TEST FACILITY 

1. GENERAL 

Before the engine is operated user must have undergone specific engine testing and 

general test practice training . This SOP document is NOT sufficient by itself. 

Scope 

The Operating procedure described herein details the following : 
• Pre-start up inspections 
• Start-up procedures for each of the test facility supporting sub-systems 
• Start-up procedure of the AVL5402SCRE 
• Procedure for setting fuelling parameters 
• Shutdown procedure for the AVL5402 as well as supporting subsystems 
• Operating limits for the AVL5402 SCRE (single-cyl inder research engine) 

Objectives 
The aim of this SOP is to provide a comprehensive set of instructions that document the 
routine activity of starting and stopping the AVL5402SCRE test apparatus. This 
document will also cover a brief overview of the control system and data logging 
protocol. 

References 

Definitions 
AVL5402SCRE: AVL's single cylinder diesel research engine 
VFD: variable frequency drive 
SOP: standard operating procedure 
RT: real-time 
~CA: degrees crank angle 

2. PRINCIPLE HAZARDS 

• Flammable liquids 
• Oil , coolant and fuel spills resulting in slippery floors 
• Pressurized equipment 
• Temperatures up to 800K (hot equipment) 
• Electrical equipment shock/fire hazard 
• Toxic diesel exhaust gasses 

3. PERSONAL PROTECTIVE EQUIPMENT 
Closed shoes and long pants should always be warn in the laboratory, however, 
depending on area additional PPE should be worn . 

Control room 
• Ear protection during engine operation 

Test cell 
• Safety glasses 
• Laboratory coat or overall jacket 
• Ear protection 



4. FIRST AID AND MEDICAL CARE WITH RESPECT TO DIESEL FUEL AND 
EXHAUST GAS MSDS AND BURNS 

Eye contact 
If eyes come in contact with exhaust gases check for and remove any contact lenses. 
Immediately flush eyes with plenty of water for at least 15 minutes, occasionally lifting 
the upper and lower eyelids. Get medical attention immediately 

Skin contact 
If skin comes in contact with hot exhaust pipe, the aim is to cool the burn area down. 
This can be done by running under cool water or a cool , damp and clean cloth. Do not 
apply ice directly to the burn. Cool burn until patient feels the burn and heat going away. 
Apply sterile dressing immediately after cool to avoid infection. Seek medical attention 
depending on the degree of burn. First degree burns may not require medical attention. 

Inhalation 
If exhaust gases are inhaled move exposed person to an area containing fresh air. If not 
breathing , breathing is irregular or if respiratory arrest occurs, provide artificial 
respiration or oxygen by trained personnel. Loosen tight clothing such as a collar, tie, 
belt or waistband. Get medical attention immediately. 

Ingestion 
If coolant, fuel, oil or any other harmful fluid is ingested, wash out mouth with water. Do 
not induce vomiting unless directed to do so by medical personnel. Never give anything 
by mouth to an unconscious person. Get medical attention immediately. 

Protection of first-aiders 
No action shall be taken involving any personal risk or without suitable training . It may 
be dangerous to the person providing aid to give mouth-to-mouth resuscitation 

Notes to physician 
No specific treatment. Treat symptomatically. Contact poison-treatment specialist 
immediately if large quantities have been ingested or inhaled 

Lacerations 
Stay Safe. If you are not the victim, practise first aid measures and wear personal 
protective equipment, latex gloves, safety spectacles and long sleeves. 
Control the bleeding before anything else. Putting pressure directly on the laceration 
while holding it above the level of the heart for 15 minutes, should be enough to stop 
bleeding. Seek medical care; contact medical station immediately/dispatch ambulance. 

5. GENERAL PROCEDURE 
For human safety and the longevity of the research equipment, it is important that 
specific protocol be adhered to when starting up, running and shutting down the test 
apparatus. 

5.1. Apparatus 
The AVL5402 is a single cylinder diesel research engine that was installed at SAFL for 
diesel research purposes. This engine is accompanied by multiple supporting sub­
systems that work in unison. 

5.2. Preparation and preventative actions before start-up 
Prior to starting up any of the engine ancillaries, there are a number of checks that need 
to be carried out. These include: 

i. Check engine log book and ensure all maintenance is up to date 



ii. If maintenance has been performed check all associated parts, and make sure 
all electrical connections have been secured/fastened sufficiently. 

iii. Check the test cell floor for spillages that could result in engineer or technician 
slipping. 

iv. Check shaft assembly bolts are firmly fastened 
v. Check the shaft guard is securely closed 
vi. Check sensing and electrical lines are all securely connecting and are out of 

reach of hot surfaces and rotating parts. 
vii. Check air supply hose between the compressor and the boosting unit, as well as 

the hose between the engine and the boosting unit, and ensure that they are 
securely fixed to their corresponding hose tale fittings. 

5.3. Turn on supporting sub-system power 

i. Compressor circuit breaker 
ii. Boost conditioning unit circuit breaker on control box 
iii. Coolant and oil conditioning unit circuit breaker on control box 
iv. lndismart power button 

5.4. Switch on test facility water and ventilation 

i. On the facility control panel switch on the two black nobs labelled "COOL 
WATERPUMP" and "HOT WATERPUMP" to turn on the test facility cooling 
water. This water is necessary for supplying cooling to the fuel , oil and coolant 
conditioning units. The compressor also requires test facility water for cooling . 

ii. Turn on ventilation such that a vacuum is generated in the test cell. This will 
ensure that no exhaust gas enters the control room or any other unwanted 
areas. 

Test facility sub-system setup and activation via GUls 
Once power has been physically turned on to all the subsystems and the test facility cooling 
water and ventilation are being sufficiently supplied , controlled activation of each sub-system 
can commence. This is done using four programs namely, STARS, CalVIEW, AVL Fuel 
Measuring System and lndicom software. The following systems are activated respectively: 

5.5. Turn on the lubrication and coolant conditioning unit 

i. In STARS turn on "Oil Pump" and "Coolant Pump". This will automatically turn 
on heating and gradually heat the oil and coolant up to the required temperature. 

ii. Once the conditioning unit is on, wait until coolant temperature entering the 
engine exceeds 80°C and the oil temperature exceeds 75°C before turning the 
engine over (This could take up to 20minutes). 

5.6. Fuel supply 

i. In STARS, turn on the low pressure fuel pump from fuel drum by clicking "210L 
Fuel Pump" 

ii. In the AVL Fuel Measuring System program ("AVL735-AVL753C 2.1") start up 
the AVL fuel conditioning unit by selecting the drop-down menu in the top left 
corner. The fuel flow meter and the temperature control meter that make up the 
unit must be started up individually. From the drop down menu select 
AVL735/online and click "stand by". Again from the drop down menu select 
AVL753C/online and click "conditioning mode". 

iii. In STARS select "AVL Fuel solenoid" to allow for flow from the unit to the 
engine. Wait until fuel pressure reads 2bar abs, th is may take up to 1 minute. 



iv. In STARS select "Ignition On". Watch fuel pressure rise to ±6bar abs. If the fuel 
pressure does not rise above 4.5bar abs the engine should not be run until the 
problem is resolved and desired fuel pressure is reached. The diesel fuel is the 
high pressure fuel pump's only source of lubrication and thus insufficient 
pressure can result in pump failure. 

5.7. Start-up supercharging system 

i. On the "MAIN CONTROLS" tab in CalVIEW set the desired boost pressure to 
Ommbar gauge (1 atm) . 

ii. In STARS, select "Air Compressor" and "Compress RPM" so that the red dot 
next to each button turns green. This will result in a supply of air at 1 atm to the 
engine. 

5.8. Setting up and running dynamometer 

Before starting this step, make sure: 
• Oil and coolant temperatures are above 75°C and B0°C respectively, and 
• there is at least 4. Sbar fuel pressure in the fuel supply line to the HP fuel 

pump 

i. In STARS on the "Main" controls tab, under "Functions" select "Enable" and 
under "Control Modes" select "Throttle: Speed". 

ii. In STARS under "Ramp Mode" specify the time (typically five seconds) to reach 
speed setpoint ("Ramp Time") and specify first speed to be 1 OOOrpm. 

iii. Select "Apply Demands", dynamometer will start turning the engine, reaching the 
specified speed at the "Ramp Time" set point. 

5.9. Real-time AVL lndicom software 

This software is installed on a separate laptop as it needs to process and calculate a 
significant amount of data over very short instances of time. It is used for recording real 
time data such as in-cylinder pressure, heat release, injection timing and duration 
relative to °CA. 

i. Start up the designated laptop and open the AVL lndicom software (connection 
between the laptop and the lndismart equipment should be established 
automatically) . 

ii. Select the "Start continuous acquisition" button in order for the lndismart to start 
sending data, and for lndicom to display it and perform necessary RT 
calculations. 

Fault "SyncStopped": The ECU needs to synchronise the crank angle encoder with 
the cam phase sensor. It is synchronised when it measures one cam phase pulse for 
every 720 crank angle encoder pulses. If it does not measure the right amount of pulses 
it displays a fault indicated by a light that will either stay on or flash intermittently 
beneath "SyncStopped". In order to clear this fault select the EPT (Engine Position 
Tracker) tab and click "EPTFlagClear". This will clear the fault and retry synchronization . 
If the error persists, this will probably mean that the encoder or lndismart power is off. 

5.10. Setting up fuelling parameters (CalView "MAIN CONTROLS" tab) 
Before operating the engine under firing mode, correct injection timing and duration 
must be setup. 

i. Setup the fuell ing parameters in CalVIEW on the "MAIN CONTROLS" tab, under 
the "Fuelling" heading. Here you can set the injection duration and timing of two 
pilot, one main and two post ejections. 

ii. Under the "Engine Controls" heading the desired fuel rail pressure can be set. 



Once fuelling parameters have been set, select "MainEnable1" and select whichever 
pilot and post injections you setup and the injector will start injecting fuel accordingly. 

The engine will now be running in fired mode. 

5.11. General data logging 
There are two important programs where data can be logged, namely STARS and 
lndicom. In STARS we log the subsystem data such as certain pressures, 
temperatures or flow rates of for example oil , coolant, fuel or air supply that when 
varied could have an impact on the repeatability of combustion properties or 
exhaust gas analysis. The results from the exhaust gas analyser and smoke meter 
are also recorded here. In lndicom, combustion data such as in-cylinder pressure, 
injection timing and rate of heat release is recorded as a function of °CA. The data 
logging procedure should typically be carried out as follows. 

i. Reach desired operating mode and wait 1 minute in order to ensure 
combustion stabilisation. 

ii. Take smoke sample. Typically using the auto sample duration mode is 
sufficient. 

iii. Once the results of the smoke sample have been taken, 30seconds of 
STARS data logging can begin. It will input the same smoke value as 
recorded in when the smoke sample was taken into each line of data STARS 
logs. 

iv. Once data logging for the specific operating mode is complete the file can be 
exported as a *.csv file. 

v. Finally log approximately 1 Ocycles on lndicom. These files are save as AVL's 
iFile format. In order to convert this iFile into a usable format run the iFile 
through the iFile to M file conversion script. This data can then be accessed, 
plotted into graphs and saved. 

5.12. Engine shutdown procedure 
The engine shutdown procedure is very similar to the reverse order of the start-up 
procedure and will be summarised here:-

i. In CalVIEW turn off "EngineRunEnable". 
ii. Continue to motor the engine so as to pump out all residual gases and help 

remove particulate build up. This should be done for five minutes at a variety 
of speeds between 1000 and 4000rpm. During this process it is important 
that the heating elements in the boost conditioning unit are off such that the 
continued air flow through the unit causes cooling of the elements. 

iii. Bring dynamometer speed down to 1000rpm and then, in STARS, under 
"Functions", select "Disable". This will stop the dynamometer and turn the 
ignition off. 

iv. In the "AVL Fuel Measuring System" program turn the fuel conditioning unit 
off by selecting "Pause" on both the AVL735/online and AVL753C/online. 

v. In STARS deactivate the "AVL Fuel Solenoid" valve and turn off the "210L 
Fuel Pump". 

vi. In STARS turn off the "Oil Pump" and "Coolant Pump" 
vii. Turn off power to supercharging unit, compressor and oil and coolant 

conditioning unit. 
viii. Turn off test facility water 
ix. Turn off lndismart 
x. After approximately 30 minutes turn off the ventilation 
xi. The ball valve on the pulsation vessel must be opened to drain any potential 

condensate that may have collected during the test. This will prevent 
corrosion and thus increase the life of the vessel. 



5.13. Operating Limits for the AVL5402SCRE 
Temperature Limits for the AVL5402SCRE 

Measurement Lower Limit [0 C] Upper Limit [°C] 
Supercharger supply 30 130 

Exhaust gas @ manifold - 800 
Exhaust gas in pulsation - 700 

vessel 
Coolant enterinQ enQine 80 120 

Oil enterinQ enQine 75 130 

Speed limits for the AVL5402SCRE 

Measurement Lower Limit RPM 

800 

12500 for min oil flow 

U er Limit RPM 
4200 continuously 

or 4500 instantaneous! 
1375 

Pressure limits for the AVL5402SCRE 

Measurement Lower Limit mbar Upper Limit mbar 
200abs 4000abs 
200abs 

ln-c linder 170bar abs 
4000 

ine 1500 au e 
7500abs 

Rail pressure 
1800bargauge 

300bar start u 

Torque limits for the AVL5402SCRE 

Measurement Lower Limit [NM] Upper Limit [NMl 
Dynas 145 - 72 

lndicom - 87Nm 

6. EMERGENCY SHUTDOWN OF SYSTEM 

The goal of an emergency stop is to bring the engine down to a safe mode of operation 
as quickly as possible in the event of part, sub-system or control failure. If oil or fuel 
pressure drop below minimum allowable pressure or failure of the drive shaft occurs, 
simply stopping injection will not be sufficient, the engine will need to be brought to a 
complete stop. If for example, maximum allowable in-cylinder pressure is passed then 
bringing the engine to a complete stop is not required , instead forcing the engine into a 
state of idle mode and monitoring the engines pressure trace for irregularities will be 
sufficient. If there is a noticeable peak pressure difference or increased cycle-to-cycle 
variation , the engine should be brought to a stop and assessed. 

Engine conditions that can be monitored with senses have been integrated into the 
control system such that, should maximum or minimum conditions be reached (as 
specified in the tables above), the correct response will automatically and 
instantaneously be carried out. 



Emergency engine shut-off 
In the event where an emergency engine shutoff has to be carried out manually there 
are two main ways of doing this: -

i. In STARS, on the "Main" tab under "Functions", click "Stop Engine". This will 
automatically turn the ignition off (stop injection) and slow the engine down to 
Orpm in as shorter period as possible. 

ii. By physically hitting the red emergency stop button , power is completely cut-off 
to the test apparatus causing everything to shut down. This method of shutdown 
must be a last resort as the heating elements in the supercharging unit require 
the flow of air across them for cooling purposes before powering down. This 
method also puts a large amount of stress on the dynamometer, drive shaft 
assembly, engine and supporting subsystems. 

Emergency Fuel shut-off 
In the case where fuelling to the combustion chamber needs to be shut off in an 
emergency, the two most efficient ways of achieving this are as follows:-

i. In CalVIEW, on the "MAIN CONTROLS" tab, click "EngineRunEnable". This will 
stop all fuel injection and depressurise the common rail. 

ii. In STARS, on the "Main" tab, select "Ignition off'. This will disable the ECU and 
thus stop it from injecting fuel. 

7. CRITICAL EQUIPMENT LIST 

i. Fire extinguishers in case of a fire 
ii. Spill kit in case of fluid spills 

8. Cleaning procedure 
After running fired tests the engine should be motored for 5minutes at a range of pressures 
between O and 1.3bar gauge (the intake air heaters should be off at this time) . This will 
flush the engine of all residual gases, help remove soot particles and force cooling of the 
equipment comprising the air-exchange system. The ball valve on the pulsation vessel 
should then be opened to drain any potential condensate that may have collected during 
the test. This will prevent corrosion and thus increase the life of the vessel. 
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Appendix F 

Technical drawings 

This appendix presents technical drawings for some of the components designed. These 
include the: 

1. Flexible drive-shaft assembly 

2. Shaft guard 

3. Instrument stand 

4. Pulsation vessel 

5. Stands for back pressure valve and exhaust system 

6. Stands for pulsation vessel 

7. Condit ioning unit 

The test apparatus assembly drawing below highlights the aforementioned components. 
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APPENDIX F. TECHNICAL DRAWINGS 

F .1 Shaft assembly 
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