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ABSTRACT

This thesis comprises of the testing and evaluation of a modern diesel engineunning on both
biodiesel and mineral dieselon the upgraded Bioefuels Testing Facility (BTF) at Stellenbosch
University. The project was motivated bythe need to install a modern diesel engine ontthe
existing BTF test rigfor biodiesel testing. In this project, the BTF wasre-designedto support a
new Volkswagen 1.9L TDI enige. The capabilities of the BTRwvere then expandedfurther by the
implementation of a low-cost pressure indicating system utilising an optical pressure
transducer.

During the testing of biodiesel, it was found that the calorific value of the biodiesel was %
lower than that of the tested mineral diesel Theignition quality (cetane index)of the biodiesel
was also lower than that of the mineral diesel. Even so, the engine only experienced a maximum
power loss of 4.2%. During heatelease analysis it was determined that there was no
significant difference in the combustion process of biodiesehnd that of mineral diesel. The
conclusion could be made that biodiesel is suitable for use in modern TDI engines.

Testing validated theoperation of the upgraded testcell, and in trials it was determined that the
test results arehighly repeatable.The pressureindicating set proved to havesome limitations .
Only simplified heat-release analyse and reasonable indicated power calculationscould be
performed with the indicating set Recommendationswere made for improvement in future
research.
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NOMENCLATURE

Abbreviation

Meaning ‘

BDC Bottom Dead Centre

BTF Bio fuels Testing Facility

CAE CapeAdvancedEngineering
CCWwW Counter Clock Wise

DI Direct Injection

ECU Engine Control Unit

EP End point

FAME Fatty Acid Methyl Esters

FSI Fuel stratified injection

IBP Initial Boiling Point

IC Internal combustion

IDI Indirect Injection

OEM Original Equipment Manufacturer
PD Pumpe Dise

ROM Read Only Memory

sfc Specific Fuel Consumption

TDC Top Dead Centre

TDI Turbo Direct Injection

VGT Variable Geometry Turbocharger
VW Volkswagen

VWSA Volkswagen of South Africa
Symbol Represented property \
a Crank radius

B Bore

G Specific heat under constant pressure
G Specific heat under constant volume
F Force

L Stroke

| Connecting rod length

m Mass

N Rotational speed

P Power

p Pressure

Q Energy

Tr Torque

T Temperature

\ Volume

I Crank angle

1 ECE Correction factor

h Enthalpy

s Efficiency

r Ratio of specific heats

Xi



1 INTRODUCTION

Sustainability issues areprominent stumbling blocks in modern automotive engineering. The

current challenge is © curb carbon dioxide emissions Switching to bio-fuels seens to be a
simple solution to the problem. Two examples of bio-fuels are biodiesel and bieethanol.

Manufacturers of biofuels claimthat unmodified engines can run on biodiesel and biethanol.

Automotive manufacturers and authorities have oncerns about the quality and the long term
effects that these fuels have onurrent engines.Further research isrequired on quality control,

engine compatibility and mass manufacturing of bio-fuels (Dieselnet, 2009) (Jaaskelainen,
2009).

The internal combustion testing facilities at Stellenbosch Universityclosed downin 2004. This
project is a joint effort between the Department of Process Engineering and the Department of
Mechanical & Mechatront Engineering to restore the internal combustion engine test facilities
The long term objective is to develop menginetesting facility for bio-fuels research In 2007/8,
Palmer (2008) built an engine test facility as part of his MSc thesiestablishingthe Bio-fuels
Test Facility (BTF) The first test rig was built to support an old Toyota engine, which was not
representative of the engines used in modern cars.

In 2007, Volkswagn donated two new 1.9L TDEngines with pumpunit injection systems The
new engine expands the research capdities of the BTFto a new leve] where the research is
more applicable to the current state of diesel technology in passenger cars. Thamp unit
injection system also makes the engine less susceptible to problems naaitty associated with
biodiesel, making it a more stable platform for biodiesel testing.

In this project the test rig built by Palmer for his MS&ngthesis was modified to accommodate a
Volkswagen 1.9L TDI engine of the ATD varianfThe engine was instrumerted to allow
AOGOTTT1TI1T OO0 Ai106011 1T &2£# OEA AT CETA EOI 1T OEA OAOGO
cell is heavily modified, most of the original hardwarefrom the previous phase of the project

was employed to create a cost effective test setup.

To advance the capabilities of the BTRurther, researchwas done on incylinder pressure
indicating (or indicating for short). It proved to be a good tool to measure fuel performance in
an engine. Off the shelf indicating sets from Kistler and AVL proved be very expensive and the
decision was made to start indicating work in the test cell by impi@enting a cost effective
systemwith the intent to upgrade the indicating equipmentfurther at a later stage

For the reasons above, the objectives for therojectwas set out to be

1 Tocommission and runa modern diesel engineon the test rig built by Palmer(2008).

1 To be able taread and log as rany engine sensors and operating parameteras possible

1 To compare the effects of biodiesel to ultra low sulphur disel in the engine by the
measured output performance of the engine

1 To implement cost effective pressue indicating instrumentation (measuring in-cylinder

pressure).

To use the pressure indicating set to calculate heat release data and indicated power.

To evaluate theenginetest setup.

Propose design canges and future workon the test cell.
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This thesis consistof:

1 Aliterature study. (Chapter 2)

1 A =ction onexperimental setup and the redesign of the test rig(Chapter 3)

91 A =ction on calibration of instrumentation and repeatability analysis. (Chapter 4)
1 Experimental procedures andmeasuredresults. (Chapter 5)

1 Conclusiors and recommendations. (Chapter 6)



2 LITERATURE REVIEW

Before test cell alterations and testing could be done, a proper literaturewsdy had to be done to
acquire the appropriate background knowledge needed for the projecthis chapter highlights
basic knowledge needed to understand the rest of thigeport and is by no means a
representation ofall the literature that was surveyed.

2.1 DIESEL ENGINE

The invention of the first compression ignition engine can be attributed to two men in the late
pynnd Oh $ 08 2 OAI -bdart. FikeAdéalot a cdnipissidnkgbifiot) éhgine was the
brainchild of Dr. Rudolf Diesel, andn 1892, he filed a patent on a engine initiating combustion
by injecting liquid fuel into air heated by compression. With the resources of the Ausburg based
company, M.A.N, Diesel took five years to build the first practical engirnéirough over a century
of development diesel engineshave become the workhorse of the modern world, andcan be
considered the heart of commercial transportation since the Second World War(Heywood,
1988)

Diesel engines have much more torque at low speed and battinermal efficiencies than spark
ignition engines. The efficiencies of diesel engines may approach 40% where that of spark
ignition engines are between 25 and 30%Diesel engines have a reputationf being noisy and
smoky. This made diesel engines an ungmular choice for use in passenger card.egislative
pressure from first world governments such as themembers of the European Union, public
environmental awarenessand a rise in fuel prices pressuredautomotive manufacturers to
utilize the efficiencies ofdiesel enginesto comply with standards (Heywood, 1988) (Dieselnet,
2007). Recent developments in diesel technology made diesel engines more suitable for
passengervehicles and efficiency of dieselengines made these engines popular for the general
public. In the light of sustainable deelopment, this is a step toward better utilization of
resources

It is assumed that the reader is familiar with the basic workings of a four stroke diesel engine,
and it will not be discussed in this chapter. This chapter will discusdiesel technologies that are
relevant to the research done and the specific engine that is used in this project

2.1.1 TURBOCHARGHDIRECTINJECTIONTDI) DIESEL ENGINE

Someof the more comnon diesel engines availabldor public use today is turbochargeddirect
injection engines. Specifically the TDI trademark ia registered trademark ofthe Volkswagen
Group (includes the passenger car brands VW, Audi, SEAT, Skoda, Lamborghini, Bentley and
Bugatti). As the name suggest the main features of heseengines are direct fuel injection and
that the air intake is turbocharged.

The specific engine that is used in this project is a VW TDI engine of the ATD variant.
Volkswagen of South Africa (VWSA)ahated the enginealong with all its auxiliary parts thatare
needed to run the engine. The specifications of the engine are as follows:

1 Engine Code: ATD

1 Type: 4-cylinder, in-line engine
1 Number of valves per cylinder : 2

1 Displacement: 1896 ml



1 Stroke: 95.5 mm

1 Bore: 79.5 mm

1 Connecting rod length: 144mm

T Compression ratio: 19:1

1 Max. Output: 74kW at 4000 rpm

1 Max torque: 240 Nm at 1900 rpm
1 Idling speed: 800 rpm

1 Cut out speed: 5000 rpm

1 Engine management: Bosch EDC 15 P

1 Exhaust gas after tratment:. EGR andwo-way catalytic converter.
9 Exhaust emission standard: EU3

2.1.2 SUPERCHARGING

The power output of afour-stroke engine is primarily determined by the amount of fuel burned
in the cylinder during the combustion stroke. The amount of fuel that cabe injected is limited
by the mass of air (oxygen) that is present in the cylinder after thimlet valve closesOne way to
increasethe mass of air in the cylinder is o pressurise the induced air known as supercharging
Either one of two (in some cass both) devices arecommonly in useto pressurise the air

induced into the cylinders. These are:

1 Mechanically driven compressor, pump or blower
1 Turbocharger

The mechanically driven superchargers aredriven from the crankshaft by abelt or gear. There
are numerous designsfor compressors of which the Rootblower, Sprintex (screw) and sliding
vane designs are the most common. A turbocharger is a type of suplearger that is driven by
the engine® exhaust gasses. It consistsf a turbine and a compressor. fie exhaust gasses drive
the turbine, while the compressor is used to compresshe air that goes into the cylinders
(Heywood, 1988). A cutaway of a turbocharger is shown irfFigure 1 with the compressor sde
marked in blue and the turbine marked in rel. The turbocharger used in thisproject is a
Variable GeometryTurbocharger (VGT). In a VGT the boost pressure, the rotating speed of the
turbine and the backpressure are regulated by changing the pitch of theguide vanes in the
housing of the turbine.

FIGUREL - TURBOCHARGER CUTAWAYCOURTESYNASA/JPL-CALTECH)



Due to the compression process the supercharged air is heatedwhich reduces itsdensity. In
some supercharger configurations to increase the density of the air before it enters the
cylinders, the air is passed through an intercooler. An intercooler is a heat exchangbat cools
the air in order to approximate isothermal compression of the charge air to increase the
volumetric efficiency of the process

2.1.3 FUEL INJECTION

As mentioned earlier,in a diesel engine, the fuel is injected into the combustion chamber during
the combustion stroke of the piston, instead of with the intake stroke as in normal spark
ignition engines (excepion is with Fuel Stratified Injection (FSI) engines). There are twavays
in which diesel can be injected into an engine cylindefThesecan beclassified as either Direct
Injection (DI) or Indirect Injection (IDI).

IDI systems utilize acombustion pre-chamber that is connected to the main combustion
chamber through a narrow passage Air flows through this passage duringthe compression
stroke, causing aA OO ODET T ET C CchdiBed IAS theBpiston Gdadhed BpCDkad
Centre (TDQ, the fuel is injeckd into the pre-chamber via a pinhole. The fuel ignites and the hot
burning gasses are forced through the passageway into the main cylinder where it pushes down
the piston (Heisler, 1995).

On the other hand, in a DI systenthe fuel isinjected directly into the combustion chamberat
high pressure Diesel is atomized into very fine droplets as it is injected into the cylinder right
above the piston crown as the engine reaches TD& number of parameters, of which the sizes
of the atomized fuel droplets are one of the most important, influence the emissions of a DI
diesel engine Higher injection pressures ensure finer atomisation of the droplets and reduce
emissions (and improve performance).The crown of the piston is machinedto induce aflow
pattern in the air to improve air-fuel mixing (Heywood, 1988) (Owen, et al., 1990)

Because diesel hat be injected into the cylinder when it is under pressure, the injectors and
pumps have to operate at extreme pressures. Regular distributor type injector pumps in IDI
engines operate in the range of 300 bar where traditional DI systems operagt up to 1000 bar
(Owen, et al., 1990) However, higher hjection pressuresare favourable and new generation
injection technologieshave been developed to increase efficiency and reduce emissions.

Two commonDI systems are:

T Common rail injection system and
1 Pump unit injection system

The common rail system use a central diesel pump that suppliesa high pressure fuel line that
supplies the solenoid valves on the diesel injectors. Currently third generation common rail
injection systems are common, featuring piezelectric valves for increased accuracy. Common
rail systems can inject diesel at pressuresf up to 1800 bars. Most car manufacturers such as
BMW, Daimler, Fiat, Ford, Honda and Toyota use common rail injectors in their production
vehicles(Heisler, 1995).

Pump-unit injection technology isa new diesel injection technology(where unit pump is the
older related technology) A small number of car manufactuers like VW, Audi and Volvo
embrace it The pumpunit fuel injector system ismarketed under the brand Pumpe Diis€PD)



in VW engines.The injection pressure of pumpunit injection systems is as high as 2050 bar
(VWAG, 1998) Since the engine that is useih this project is of the pumpunit injection type the
rest of this chapter will discuss theworking of pump-unit injectors.

The high injection pressure associated with the PD systefimnas a few significant advantages
above dder distributor type engines. These are(VWAG, 1998)

M
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Lower combustion noise (in comparison to thelistributor pump system used in older
VW engines)

Better fuel economy (compared to common rail and @tributor pump systems)

Lower emissions

Better efficiency

21% more torgue compared to engines fitted with distributor pump systems
Increased powerdensity

A pump unit injector is a single unitthat combines the function of thehigh-pressure pump,
solenoid valve and the injector all in one. Each cylinder is fitted with a pump unit injector that
injects fuel directly into the cylinder. Figure 2 shows a pump unit njector and Figure 3 shows
the how the unit injector is fitted into the cylinder head.

FIGUREZ2 - PumP UNIT INJECTOR(VWAG, 1998)

FIGURE3 - PUMP UNIT INJECTOR FITED INTO ENGINE(VWAG, 1998)

In the layout in Figure 4 it can se@ that the unit injectors operate like a big syringeThe pump
consistsof a tube with aplungerfited ET E 08 4EA P11 01T CAO EO EADPO
spring. During injection, under action of the rocker arm and cam assemblihe plunger rams the
diesel down to theinjector. The solenoid controls the flow of the fuel during injetion. By
opening and closing at theight moment during the injection cycle, the pressurized diesel cape
diverted either to the injection needle, or to the fuel return line in the side of the motor head.



When the solenoid valve is energized, flow of thieiel is directed to the needle ptherwise, fuel is
returned back to the fuel return channel). As pressure builds up in the needle barrel, the needle
is lifted up, and the fuel is ejected out of the holes on the end of the injector. The event of the
needle departing from its seat is known as needle lift This marks the start of the first
combustion phase.

The Engine Control Unit (ECU) controls the amount of diesel that is delivered to the combustion
chamber and the injection timing electronically The EClWuses a number of input signals to
determine exactly how much and when diesateeds to be injected into the cylinder.

The injector needle is similar to those used in common rail systems and is designed to atomize
the diesel as it enters the cylinder duringcombustion.
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FIGURE4 - SCHEMATIC OF A PUMP NIT INJECTORWITH ROLLER CAM CONNECTIOIWWAG, 1998)

The cam system of the PD fitted engines is similar to that of other comparable diesel engines
exceptfor the fact that injection cams are also machined onto the sanmamshaftwith the cams
that open the valvesThus,the camshafthasa third more camson the camshaftascompared to

a normal four-cylinder diesel engine. As can be seen Kigure 5, the pump injection cams are
connected to the injectors via a rocker arm, and the valves are opeahdirectly by the overhead
cam.
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FIGURES - OVERHEAD CAM IN AN EBINE FITTED WITH PUMP UNIT INJECTORS(VWAG, 1998)

Figure 6 and Figure 7 show how the cam operates to actuate the piston of the pump unit
injector.
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FIGURE7 - INJECTOR RECOILTAKING IN MORE FUEIFROMTHE LOW PRESSURE LIE (VWAG, 1998)

Each of the pump unit injectors are connected to lw-pressure supply line and a fuel return
line. A fuel pump feeds the supply line, whiclsupply the pump injectors with fuel. InFigure 8
the layout of one of the pump injectors and théow-pressure fuel pump is shown in along with
the supply line.
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FIGURE8 - CONNECTION TO THE LOWRESSURE FUEL LINEND LOW PRESSURE FUERUMP (VWAG, 1998)

The low-pressure fuel pump is a positive displ@ement, blockingvane type pump. Thecamshaft
drives the fuel pump

The fuel injectionis controlled electronically by the ECU The ECU measures the engine speed,
crank angle and accelerator pedal position. It uses these inputs to determine when and how
long to fire each injector.

Injection takes place intwo phases, the preinjection cycle and the main injection cycle. The pre
injection cycle ensures that the combustion process is as smooth and quiet as possible; a tiny
amount of fuel is injected into the combustion chamber just before the pistoreachesTDC. This
causes the temperature ard pressure inthe cylinder to rise to levels higher than normally
obtained and the fuel during the main injection cycle ignites faster and burns more compléye
During the main injection cycle all the fuel required for a single stroke is injected at high
pressure.(VWAG, 1998)

2.1.4 ENGINE CONTROL UNIT

As can be deduced fnm the nature of the fuel injection system, the modern pump unit injector
system needs to be under the control of a computer to operateffectively. The engine is
controlled by an EQJ. Modern ECUsre considerably more advanced than when they were first
introduced into the first vehiclesin the mid-y 18 O 8

The first ECUs were simplehybrid digital designs, using analogue electronics to process input
signals and thenusing a digital lookup table stored in a ROM chip to determine the output of
the ECU. This technique of engine management is relatively simple and robust but lacks
flexibility and is only optimal on new engines. As soon as the engine wears out, the fi>xahtrol
system cannot compensate for the changing parameters anymore and the engine will lcseme
performance.

Modern ECUs usenicroprocessors that process the input parameters from the engine in real

time and provide calculated output values. The progranthat controls the ECU is stored on

EPROMS (electronically programmable read only memory) or flash memory chips. This means
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proper software and the appropriate intrfacing hardware. The modern ECU doesnore than

only control the engine.

The ECU that is used with the ATBngineis a Bosch EDC 15 R.is an ECU specially designed for
diesel engines. It communicates via a CAbus (Controller Area Netwolk), which is astandard

developed for vehicles and it allows microcontrollers from various devices in a car to
communicate with each other without the need of a hascomputer. The ECU communicate with

9



a variety of sensors and actuators directly and has a number of safeapnd security features
included in it (Bauer, 1999).

The ECU used in this project is a modified version of the one used ipraduction car. Only the
basic sensorsvere monitored that will allow the engine to run. The programmig of the ECU is
changed to stop the engindrom going into limp mode due to the missing input and output
signals.The CAN bus wi be utilized to communicate withthe ECU via a USB connection.

2.1.5 DIESEL ENGINEWVIMARY

In this section, the diesel engine usedn this project was discussed.A few featuresrelevant to
the 1.9L TDI engine of the ATD variaiwere discussed. These features include:

1 Turbocharger and intercooler,
9 Fuel injection and Pump Unit Injectors
1 Engine Control Unit

Aspects such as Exhaust Ga&ecirculation, engine design, CAN communication protocol and
automobile electronics have beemxcluded,as it is not relevant to this project

2.2 DIESEL FUEL

The first compression ignition engine, conceived by Dies¢l892), was powered by pulverized
coal, inected by air blast into the combustion chamberThe idea of injecting liquid fuel into the
combustion chamber was a pant filed by Akroyd-Stuart in 1892, predating that of Diesel by
two years (Owen, et al., 1990) Around theturn of the century, the development of the diesel
engine (spearheaded by Dr. Diesel), its injection system (by Robert Bosch) and diesel fuel were
being developed in parallel with spark ignition engineqOwen, et al., 1990)By the time of the
First World War, the shortage of gasoline in Germany spurred the development of compression
ignition technology, of which the most notable contributors were the companies: DaimleBenz
and M.A.N, who had commercial road vehicles in minBy the time the Second World War broke
out in 1939, diesel was well established in EuropOwen, et al., 1990)
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ignition engineswas to run on vegetable oils, such as peanut and sunflower ¢Dwen, et al.,
1990). The abundance of crude oil caused industry to investigate and develop ways to utilize

this abundant resource.

In early years,the most valuable fraction of crude oil was kerosene lamp oil. The excess gasoline
xAO AOOT AAh OEA EAAOU OAOEAOAO xAOA AOI PAA
enrich town gas, hence gas oiWith the invention of diesel engines, a better use was fourfor
the middle distillate fraction (Owen, et al., 1990)

m\
—_
O

2.2.1 MINERALDIESEL PRODUCTION

Crude oil is a complex mixture of hydrocarbonsvhich can becan be separatedrom each other
by distillation. In modern refineries, crude oil 5 typically distilled into three fractions in an
atmospheric distillation tower. In each fraction there are some heavier and some lighter
hydrocarbons present(Owen, et al., 1990) The heavier fractions can also be broken dowto
form lighter fractions and streams that can be mixed with the lighter side stream@wen, et al.,
1990).
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Modern diesel is amixture of hydrocarbons, and it is mixed fran a number of streams derived
from the middle distillate to achieve appropriate fuel properties to meet specifications. There
are a number of fuel properties that influence combustion; these will be discussed in the next
sub sections.

2.2.2 DIESEL FUEL PROPERSBIEHAT INFLUENCE CBMSTION

The compostion of diesel fuel is amixture of hydrocarbons and the exact composition of the
diesel is never the same. In order for a diesel fuel to perform properly in an engine, the diesel
should have certain properties. Thamain properties that influence combustion are:

cetanenumber,
volatility ,
density, and
fuel viscosity

= =4 -4 A

The readiness of diesel fuel to combust under high temperatures and pressures (similar to those

in a combustion chamber of a diesel engine) is measured by its Cetane number. A higher Cetane

number indicates afuel that is easier toautoignite, in other words a higher ignition quality. The

cetanescale is deduced byaking the combustibility of cetane (nhexadecane) as 10@nd 15 for

EAPOAI AOGEUI 1T11TATA8 ' £EOAI 60 E CitsEdnBubtibility\ihrA1 EOU E
that of a mixture of etane and heptamethyl nonanén a test engine For more information on

the testing procedures, refer to ASTM D 613.

Naturally, the Cetanenumber indicates an ignition delay in the engine after injection;the higher

the Cetane value, the shorter the delay. In practice, a lower Cetam@mber can be linked to

heavier fuels, which is preferable due to higher heating values of the longer hydrocarbon chains.

However, lower Cetane values give longer ignition delays, causimggfficiencies in the engine

and excessive emissions due to unburned fuel that leaves the engiModern diesel fuels have

Cetane numbers in the range of 45 to 52
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calculated fom other fuel properties. This is also a estimate of ignition quality.

The volatility of diesel fuel is expressed in terms of the temperature at which fractions of the

fuel are distilled from the fuel under controlled heating. This is donén standardized apparatus
and the most widely used test is published as ASTM D 86 in the ASTM book of standards.

Information recorded during the distillation is:

Initial boiling point (IBP) ,

End point (EP)

Percentage of condensate remove@and
Percentageresidue of nonvolatile matter.

= =4 —a A

The volatility of the fuel is closely linked to the flashpoint and the cloud point of the fuel.
Flashpoint is the lowest temperature at whichvolatile fractions of the diesel comeoff to form a
combustable vapour. @ud point is the highest temperature at which wax particles are visible.

1(Owen, et al., 1990)
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By lowering the front-end boiling point, the vapour pressure of the diesel increases and might
OAOGOI O ET A OAPI OO 1T AE 1T &£ OEA AT CET A60 toEOAT EI
fail to restart in hot conditions.

Fuel density istypically measured in kg/m3. Higher density fuels mean heavier hydrocarbons
that are present in the fuel and moreehemicalenergy in a given volume of fuel. Thysor a given
fuel injection system, thevolume of the injected fuel must correspond the energy needed in each
cylinder to let the engine run optimally. Another factor is that higher density fuel is linked to
more particulate matter in the exhaust gasses.

&OA1T OEOAT OE ésthnce tflovd Eid meadrddinpdse @)and is the forceequired
to move an area of 1crhat a speed of 1cm/s past a parallel surface 1cm away and separated
from it by the fluid in question.
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dependence othe injection system on the viscosity of the fuel makes viscosity a very important

factor in diesel quality. A too high vécosity will increasethe droplet size of the atomized fuel,

while low viscosity will cause starting problems for the engine in cold weatherOn the other

hand, lower viscosity diesel will leak out of the barrel of thehigh-pressure diesel pump and

cause gvere pressure loss, and cause the engine to lose power.

2.2.3 OTHER DIESEL FUEL PRERTIES

To ensure that the fuel is suitable for use in engines and is suitable throughout its lifecycle, there
are a number of different properties that need to be consideredlhey are listed below along
with a brief description of the reason why it is important or a description of the property itself

1 Low temperature characteristics
o Cloud point The highest temperature at which the diesel clouds up with wax
particles.
0 Wax appeaance point Similar to cloud point, just a different testing procedure.
0 Pour point: The temperature at which the amount of wax out of solution in the
fuel is sufficient to gel the fuel together.
o Cold filter -plugging point: The highest temperature when waxprecipitation in
the fuel is sufficient to clog a fuel filter.
9 Other diesel specifications:
o0 Fuel stability: A measure of how long a fuel can be stored.
o Flash point The lowest temperature that will cause volatile fractions of the
diesel to vaporiseand beignited by an ignition source.
Electrical conductivity: Storage
Water and sediment content Fuel qualityand storage
Sulphur content; Emissions
Ash content Fuel quality.
Carbon residue Fuel quality.
Corrosivity: Fuel quality, storage and engine lifetne.
Appearance andcolour: Consumer
Lubricity : Engine performanceand fuel injection equipment life
Heating value(calorific value): Energy contained in the fuel

O O 0O OO0 o o oo
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o Aromatics content Emissions

Most of the low temperature characteristicsare of importance in areas where low temperatures
prevail for long periods of the year such as the northern parts of America and Europe.

2.2.4 FUEL STANDARDS

Becausediesel fuel is a mixture of chemicals that are determined by the refining process, the
chemical composition ofdiesel fuels vary from one batch to another. To ensure that engine
performance is consistent and to ensure the integrity of the supply linesuels must adhere to
certain standards.Some of thesestandards are listed below:

1 Europe:
0 Automotive diesel fuel:EN 590:1993/1999 (Dieselnet, 2009)
0 Reference diesel fuel: EU 2002/80/E@Dieselnet, 2009)
0 Biodiesel fuel: EN 14214 (for B100) and EN 590 (blending up to BfPieselnet,
2007)
M North America:
o Automotive diesel fuel: ASTM D97%Dieselnet, 2009)
o Biodiesel fuel: ASTM D6751Dieselnet, 2009)

2.2.5 DIESEL FUELWMARY

This section briefly overviews various aspects omineral diesel fuel such as production and fuel
properties. It is established that diesel fuel has to have certain properties to be an effective fuel
in a compression ignition engine. These properties can be classifiad:

1 Properties that influence combustion.
1 Low temperature properties.
T 00 PAOOEAO OEAO EO Apbi EAAAT A O OEA &EOAI 60

It is clear that stringent control of these properties ensure consistent performance and
reliability for diesel engines and therefore the properties ofdiesel fuels are governed by
standards set up by government

2.3 BIODIESEL

From section2.2it is apparent that any fuel that has appropriategproperties can be used to fuel
a dieselengineand it is not limited to traditional oil or coalderived diesel. More importantly, if
the properties of the alternaive fuel closely match that of the fuel that the engine is designed to
run on, it can be used in the engine without modificatiorBiodiesel is the most widely accepted
alternative fuel for diesel engines currently availablebecauseit can be used on arunmodified
engine anddue to the factthat it is considereda sustainable fuel source.

Biodiesel is the term coined forvegetable oil or animal fat derived diesel fuethat have been
refined so as to obtain the necessary propertiesThis section is intended to discuss the
production of biodiesel and the properties of biodiesel.

2.3.1 BIODIESEL PRODUCTION

Biodiesel consists out of longchain alkyl esters that are produced by reacting lipids wth an
alcohol with the help of a catalyst. Biodiesel can be derived from any oil or fat (lipids of various
chain lengths); however, feasibility of afeedstockis determined by factors such as water supply,
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yield of the feedstockand shortage of availableagricultural space.The most popular current
feedstocks are surflower, soybean,cottonseed rapeseed, peanut oilpil palm and jatropha
curcas to name a few(Swanepoel, 2008) New developments in algae based oils make algae a

very good potential feedstock as it has very high yields per hectare, and do not take up
agricultural soil (Swanepoel, 2008)

The biodiesel that ismost commonly available is a Fatty Acid Methyl Ester (FAME), and is the
result of a process called transesterfication. Vegetable oils are made of triglyceridedcohol
esters and glycerol are formed by creating a reaction between triglycerides and an alcohol
utilizing a catalyst(Demirbas, 2006). The reection is shown inFigure 9.
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triglycerides methanol mixture of fatty acids glycerol

FIGUREQ - REACTION TO CREATE BDIESEL (VAN GERPEN 2005)

The alcohol of choice is methanol along with either sodium or potassium hydroxide as the
catalyst (Demirbas, 2006).

The reaction can beperformed in a batch reactor, inline reactor, ultrashear/high-shear
reactors or ultrasonic reactors. In the case of a batcteactor, it is important that the molar ratio

is correctly calculated and mixed into the reactor along with catalyst. The reactor is heated to
speed upthe reactions, and the mixture is stirred continwusly to ensure mixing.

After the reaction is complete, the glycerol (which has a higher density than biodisel) is
separated fran the biodiesel through settling and centrifugation.The catalyst is also removed
since it is more soluble in the glycero{Van Gerpen, 2005)After the excess glycerol is removed
the remaining suspended gfcerol, methanol, catalyst and other impurities are washed out with
water or a 0.5% HCL solution.

2.3.2 PROPERTIESSTANDARDSND COMPOSITIODF BIODIESEL

Dueto variation in feedstock for the production of biodiesel, the propertiesand composition of
biodiesd vary, but similar oils produce similar biodiesels.The compasition of some biodiesels
from the most common vegetable oils ishown in Appendix A. The properties of each of the
components are also listed ilppendix A. (Dieselnet, 2009) (Jaaskelainen, 2009)

Becausebiodiesel must be able to run in petradiesel engines, its physical properties need to be
regulated stringently. Generally, biodiesel havephysical properties that are more or less the
same as inmineral diesel. Some of the more importantobservations that can be madewhen
biodiesel iscomparedto petrochemical dieselare (Ja&skeldinen, 2009)

1 Low temperature properties: Biodiesel performs poorer than regulamineral diesel.
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1 Lubricity: Biodiesel is an excellent lubricant and may even be used aasn additive for
ULSDto improve its lubricity .

1 Cetane number: Biodiesel generally rehigher cetane numbers tharmineral diesel.

1 Fuel stability: There are some thermal ad oxidative instability issues with biodiesel, but
if fuel is up to standard and kept in a cool place ik is no problem.

To ensure that biodiesel can be used in unmodified diesel engines, there are standards set out
by standards organisations. Two of themost prominent diesel standards are theEuropean
EU14214 and the North American ASTM D6751. These properties are listeddppendix B

2.3.3 BIODIESEL COMPATIBILY WITHMINERALDIESEL ENGINES

Even with standards in place and the fact that engines run well ondaliesel in the short term,
manufacturers limit the use of biodiesel and blends of biodiesel in some engine models and will
void warranties on engines running on biodiesel. The reason for this is due to various issues
inherent to biodiesel andregular mineral diesel engines Potential issues can be classified as
follows (Ja&skeléainen, 2009)

1 Material compatibility
1 Oil dilution
1 Fuel injection equipment

Depending on the model and year of an engine, the engine may consist of milsrthat are
adversely affected by biodiesel. A table that shows theompatibility of some of the common
elastomer materials used m piping and sealing in engines are given iAppendix C.Changes in
sealing materials may causéeaks, whichwill cause engne malfunction or loss of performance
(Jaaskelainen, 2009)

A study that was done on the effectof biodiesel on metalsincluded copper, steel, brass,
aluminium and bronze. Themetals were placed in biodiesel at 51.6°C fasix months. Copper
alloys showedsevere corrosion. Steel and aluminium showed no corrosion, but the biodiesel
obtained high acid numbers, which could affect elastomer<inc was also corroded.Thus,
special materials should be used in engines intended to rumdiodiesel (Jaaskelainen, 2009)

During engine operation, the biodiesel may leak from the fuel pumpr bypass thepiston rings
into the oil reservoir in the crankcase The extent to which this happens depends on the
condition of the engine.This happens with bothUItra Low Sulphur Diesel JLSD and biodiesel,

but in the case of ULSD, thbeat of the engine oil will causeDEA AEAOAT 8O0 O1 1 AOEI]

evaporate and join the blowby stream. In the case of biodiesel, a siifitant amount of methyl

AOOAOO xEIIT OAi AET ET O11 OOEIT xEOE OEA T EISB

causes wear on the engine(Jaaskelainen, 2009)

The fuel system of an engine may beegatively impacted by biodiesel. Theadverse low
temperature characteristics of biodiesel may cause fuel filters to clog. Biodiesel and its blends
also causefiner water droplets to form, which is more difficult to separatefrom the fuel.
Biodiesel dees not affect theinjection system if appropriate detergent additives are used. The
detergent additives prevent deposit formation in the injector. This is especially important in IDI
engines as the pintle type injectors tend to form depositsThe high viscosity of pure biodesel
may cause the injector to inject less fuel into the cylinder than normally achieved with ULSD
(Jaaskelainen, 2009)
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There is a list of problems that automotive manufacturers are concerned with included in

Appendix D. Curently, European automotive companies are settling on a maximum biodiesel

blend of B7 (7% biodiesel, 93%mineral diesel) on account of problems encountered with

biodiesel in engines(Jaaskelainen, 2009) However,specially desgned engines and retrofit kits

are available for customers who want to use biodiesel in high concentrations. It must be noted

that biodiesel only increased the maintenance cost for some of the engines of fleets running on

biodiesel blends The difference EAO ET OEA OPAAEZAEA Al CEfid6 O AAC
recommended that the biodiesel compatibility of an engine be checked with th®riginal

Equipment Manufacturer (OEM before it is run on biodiesel for extended periods.

2.3.4 BIODIESEL SMMARY
This section discussed

1 Biodiesel production
9 Biodiesel properties
1 The compatibility of biodiesel with regular petro-diesel engines.

From the discussion,it is clear that it is possible to use biodiesel blendsh most diesel engines,
but problems may be expected wh material degradation. A slight loss in performance due to
lower injector performance and lower heating value of biodiesel can also be expected.

2.4 ENGINE TESTING

In this project the performance of an engine running on normal ULSD will be compared to its
performance when OOT T ET ¢ 11 AEIT AEAOAI 8 41 AOAI OAOA OEA
number of engine parameters that can be monitoredOnly those parameters applicable to this

project will be elaborated on.

In Appendix E the geometrical properties of a IC engine is discussed along with some
equations for calculating the volume of the cylinder(as a function of crank angle)the average
velocity of the piston and theinstantaneouspiston velocity.

Whenever a test is conducted on an engine, one haso decide what needs to be measured to
answer the research question at hand. In this projecthe question is tosee towhat extent
biodiesel affects the performance of anodern diesel engine with ahigh-pressure injection
system. The secondary question is toifid out what causes the performance(if observed)
difference using combustion analysisThus, OE A AT CE1 Aduput neddgidte Méasured
and analysis on thecombustion process of biodiesels needed The combustion analysis of an
engine is a verycomplicated process, and merits further discussion on section 2.6.

To evaluate the engines output performance, thenaximum power and torque need to be
determined; this is called a power curve A dynamometer is used to load the engine during a

power curve. The engine is run at 100% throttle at maximum speed. The engine then loaded
inincrementsO1 OOO0ADP6 EOO OPAAA Aix1 O EAI A OPAAA8S 4
and speed is measure@nd plotted onto a graph with engine speed aan independent variable.

The power is calculated as a product of engine torque and engine speed:

2°0"Y

— [2.1]

0=
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With N as the engine speed inom and T is the engine torque in Nm. Torque is a measure of the
engines ability to do work, while engine power is a measure of the rate at which an engine can
do work (Heywood, 1988).

The engine torque ismeasuredusing a load cell on the side of the dynamometer and the engine
speed is measured using a hall seor in proximity to a toothed wheel. The load cell measures
the force needed to stop the dynamometer from rotatingwhich can be reworked into torque
using the dynamometer geometry. The hall sesor generates a series of pulseas the toothed
wheel passest. The frequency of the hall sesor signal can be used to calculate engine speed by
dividing the frequency of the sgnal by the number of teeth on the toothed wheelFigure 10
shows adiagram of a dynamometer.

The BTF is equippedwith a Schenk D360 vaterbrake dynamometer. A waterbrake
dynamometer AE OOEDAOAO OEA AT CET dng Oscolid sheerCantroEok thel  x A OA (
load applied to the engine isachievedby varying the water level in the stator. Thewater level

control is done using abutterfly valve actuated by a servomotorA PID controller controls the

servomotor. A waterbrake dyramometer can only load the engine, and cannot be used to motor

the engine (to drive the engine like giston compressor) as in the case of a DC dynamometer.

——Hallsender

Load cell

FIGURE10 - DYNAMOMETER

Another mea® OA 1T £ DPAOAI O Ailpécilic fielondumgtion Anid @fficiered. Buel O
consumption can be measured using a fuel consumption meteSpecific fuel consumption(sfc)
is a measure of how efficient aengine is using its fuel to dahe work (Heywood, 1988).

I
Uz [2.2]
U

Where G -ds the mass flow rate and P is theorrected brake power of the engine.

The thermal dficiency of the engine can be measured if the energy content of theel is known
and engine power output can be comparetb the rate of fuel energy consumption.
U "o00 £60

—-=% [2.3]
Uoarditioanse:
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The BTF is fitted with an AVL 7030 mass fuel balance. A mass fuel balance measures the rate at

which the engine consumes fuel by monitoringhe mass of fuel in a vessel. The fuel is supplied

to the enginefrom this vessel, and the engines fuel return is added to the vess€he vessel is
refiledifthe OAOOAT 6 6 A£OAT 1 AOGAT EAAT 1 O AAT T x A TETEI OI 8

Humidity, air pressure and temperature affecthe performanceof an engine, which means that
power curves of an engineperformed on different days and locationswill not be comparable.
Therefore, a correction factor is used to adapt the torque readings read off by ETAhe
correction factor recommended by VWSA is from the 80/1269/EEC European Union agreement
on automotive testing (Palmer, 2008). The following equation is the correction factorused for
turbo-charged engines:

0.7 o 15
_ %0 T X [2.4]
U4 Uo 298

Where:
Ps = Air pressure at the engine inlet in mbay

Py = Vapour partial pressure in mbar (Calculated by taking the product of the relative humidity
and the saturation vapour pressure at ambient temperaturg and

T = Ambient temperature at the inét of the engine

All of these properties are continually measured by ETA during testing, correcting the torque
output from the engine. As mentioned in this chapter, the ECE correction factor is effective in
ensuring that the test results are repeatable rgardless of the atmospheric conditions of the day.

2.5 COMBUSTION IN A DIESEENGINE
The combustionprocess of diesel fuel in a DI diesel engine can be divided into four phases:

ignition delay period,
premixed burning period,
diffusion burning period, and
after burning period.

= =4 4 A

These phases will be discussed imore detail the next four paragraphs

2.5.1 IGNITION DELAY PERIOD

The ignition delay period starts with the beginning of needle liftwhenfuel injection starts. The
injected diesel atomises into a spray of fia droplets. As the droplets mix with the hot air, the
diesel heats up and evaporate from the droplet. The vapour mixes with the air and forms a
flammable mixture, which initiates combustion. An auto-accelerating reaction takes place,
where the heating ofthe combusted diesel vapouicauses the temperature to riseThis causes
more diesel toevaporate rapidly and combust. This reaction acceleratesntil it reaches auto-
ignition, which marks the end of the ignition delay. The end of this phase is marked bypatable
rise in the pressure of the cylinder(Hsu, 2002)

2.5.2 PREMIXED BURNING PERD
The explosive stage marks the start of the premixed burning period, where flames start to
spread rapidly through the flammable, airvapour mixture. Consequently the heat release rate
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of the burning diesel vapour causes a rapithcreasein cylinder pressure, which is characteristic
of this phase. In thisphase chemical kinetics controkhe reaction rate, and therefore this phase
is also called thekinetic phase. In thisphase,the fuel that is burned is the part of the fuel that is
in vapour form and already mixed with air, fully prepared for combustion The premixed
burning period finishes as soon as alhe evaporated fuel is burned The amount offuel that is
burned in this phase is dependent on the length of the ignition delay period. The longer the
ignition delay, the more fuel can premix with the air and more fuel is burned in this way. The
heat release rate will be higher if the ignition delays longer.(Hsu, 2002)

2.5.3 DIFFUSION BURNING PE®

After all the vaporized fuel is burned, tle diffusion-burning phase starts (Hsu, 2002). The
aerodynamicdrag of the moving piston causes the jet ofiél to break up into more droplets. The
droplets evaporate and mix with the air forming a more flammable fuetair mixture. The

mixture combusts and causs the temperature of the cylinderto become very high. The high
temperature causes the pressure of theylinder to rise accordingly, pressing thepiston down.

The high temperature causes more fuel to rapidly evaporate, where the el mixture is lean

further away from the droplet, and very rich closer to the dropletDue to the high temperature
of this processand the lack of oxygen near the droplet surfacenot all the fuel can undergo
oxidation and falls into pyrolysis. This causes soot geeration. The soot is burnedas it is

exposedto the available oxygen in the cylinder(Hsu, 2002)

2.5.4 AFTER BURNING PERIOD

After the end of fuelinjection, the remaining fuel and soot willcontinue to combust There stillis
excess oxygen leftor combustion becausediesel engines always run lean. Piston motion is now
in the expansion phase, ah the temperature of the cylinder will start to decrease. The lower
temperature will cause the soot burnup to accelerateand the formation of NQ to cease.
Unburned soot, hydrocarbons, N O AT A AAOATT 1111 @EAA xEI I
opens. t will be released into the atmosphere as unwanted emission@dsu, 2002)

2.5.5 COMBUSTIONWMARY

The combustion of diesel fuel in the cylinder of a diesel engingas discussed in this section.
From this discussion it is clear thaffiner droplets (or finer atomisation) of diesel as it is injected
into the combustion chamber lower soot formation, shorten ignition delay, lower emissions and
ensures complete combustion of the fuel. Finer atomisation can be achieved by using higher
injection pressures.

By knowing the combustion phases,it is possible to pass informed judgement on the
combustion process using heat release analysis or cylinder pressure curve analysis.
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2.6 PRESSURBNDICATING

Pressure indicating, or indicating, as it is refeed to in industry, is the measurement of
pressures inside different components of the enginéhese pressure measurements indicatthe
operating conditions in various parts of a engine such as:

1 Intake and exhaust manifold pressures
1 In-cylinder pressure
1 Fuel injection pressure

As internal combustion engine are heat enges, thermodynamic analysis canprovide

significant information T T OEA AT CET A3 O b A OlEihi® praektAnk fodus id A E/EE A
on the comparison of the performance of biodiesednd mineral diesel in an internal combustion

engine. One way of comparing the performance of the diesel engine runniog the different

blends of fuel is to compare the output of the engine. Thwill give the difference of ne¢ power

output of the engine,but still does not give an intuitive understanding of what is causing the

difference in performance.

In thermodynamic analysis the work done on the piston head per cycle is calculated by the
equation (Heywood, 1988):.

Oger 7DD (2.5
Where p is pressure in Pa and V is the piston volume in3praubscript c is for cycle and i is for
indicated.

And the power per cylinder is related to the indicated work per cycle byHeywood, 1988).
U= — o
Ev

Where s is the number of crank revolutions per power stroke per cylinder (2 for fourstroke

engines) and N is thecrankshaft rotational speed. Using this information one can calculate the
mechanical efficiencyof the engine

[2.6]

0':‘
— = = [2.7]
Uq
Where R, is brake power.Naturally, the indicated power per cylinder must be multiplied by the
number of cylinders.

If the calorific value of the fuel and the injected quantity of fuel per cycle is known, the chemical
energy conversion efficiency can also be calculated, but due some limitations with the fuel
consumption measurementhardware, suchmeasurements could not be made.

Further analysis of cylinder pressure versus crank angle data can be used to obtain quaatiie

information on the progress of the combustion of fuel in the cylindemMethods exist to calculate

OEA OAOA AO xEEAE OEA ~£EOAI 60 AEAI EAAI AT AOcCU EO
fuel that is burned (Heywood, 1988). Applying the first law of thermodynamics on a model
OADPOAOGAT OET ¢ A AEAOAT AT CET A0 AT i AOOOEIT AEAIA
equation:
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Where%is the heat transfer rate across thesystem boundary into the system and‘]%)

represents the rate of work transfer done by the system due to system boundary displacemnen
a -ds the mass flow rate across the system boundary at locatian(if the flow is out of the
system, it would be negative, '@js the enthalpy of fluxi crossing the system boundary, and) is
the energy of the material contained inside the boundaries of the syste(hleywood, 1988).

This model ishowever very difficult to apply to a real world diesel engine due to the following
(Heywood, 1988):.

1 Due to the injection into the cylinder and the non uniform mixture of fuel to the air in
the cylinder, the process is not quasstatic.

1 The composition of the burning gasses are not uniform andan be considered to be
unknown

1 The heat transfercorrelations for diesel engines are not defined well and ar@accurate.

1 Crevice regions like the volumes between the piston ringsand the cylinder wall,
constitute a few percent of the clearance volume. The gas in these regions is cooled to
close to the wall temperature, which increases the density of the gasses in these
crevices, making these volumes relatively importantThus, these creices add to the
heat transfer across the walls of the work volume, and ma&kt a non-negligible fraction
of the combustion gases.

The situation is further worsened by other factors such as measurement errors, filter behaviour
and signal roise. However, it is possible to usesimplified indicating methods to give

approximate answers and is able to serve as a commative basis in fuels analysigHeywood,
1988).

In this project, a direct injection engine is used. Theombustion chanber model for this type of
engine describes the cylinder contents as a single open system with the only mass flow (while
valves are closed) beinghe fuel injection and crevice flow The model then yields the equation:

) Qo aqy
=+ 4= — 2.9
@ Mg'dddeg o 129
There are two popular ways to obtain combustion information using this equation, in which the
assumption is made that thetemperature of the combustiongasses at any instant of time is
uniform. Only the heat release analysis method will be used in this project to compare the

performance of the fuels.In Appendix F, thederivation of the simplified heat release model is
presented.

QD o . 1 ,7Q)
&= et 1% [2.10]

Where: [2.1]]

1
ERE
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Using numerical methods, an estimation of the heat released can be calculated using pressure

and crank anglevalues. The volume of the combustion chamber can be calculated using
equation E.1 (in Appendix E)The heat release can also be calculated agunction of crank angle

instead of time.

Another and more direct aspect of fuel performance that can be measured using cylinder

indicating is the ignition quality of the fuel. As discussed in sectio2.2.2h OEA £EOAI 80 #
number is an indicator of the ignition quality of the fuel, but it is hard to measureand
Stellenbosch Universitydoes not have the necessary equipment to perform such test¥he most

common test method is the ASTM D 613 testhis test involves the fuelto be compared to

premixed blends of ncetane and heptamethyl nonane in a test engin@Owen, et al., 1990)

Another option to estimate the ignition quality is to calculate the cetane index. The cetane index

is an estimation of the cetane number.

A third way is to compare ignition delay of a fuel by comparing the pressure curves inside the
engine. A later rise of pressure relative to crank angle indicates that the fuel is of a lower
ignition quality than the fuel to which itis compared,vice versa

To perform indicating a shaft encoder is needed to read off the angle of tleeankshaft, a
pressure transducer is needed to measure the cylinder pressure and appropriate hardware is
needed forhigh-speeddata acquisition.

2.6.1 SHAFT ENCOLR2

To measure thecrank angle of the engine, a device called a shaft encoder aotary encoder is
needed.Two main typescan be used for angular encoding: absolute and incremental. Both of
these have advantages and disadvantages, but the most importasglection criteria for this
project were cost, since dimited budget was available.

The most common type of angle encoder is dhe incremental type. Incremental type shaft
encoders use a rotating disk with incremental slots cut into it. The incremental ais can be
picked up either by a photo diode or a hall sensotJsing one rotating disk with slots cut at
regular intervals only the speedof the shaft can be calculatetby relating the output frequency
of the hall sersor or the photo diode with the number of teeth or slots on the rotating wheel.
Angle encoding can be done busing a second wheel (or another slot on the same wheel)
indicating the 0° mark. Therefore, by counting the number of pulses that passed by on the first
wheel, after the pulse made byhe second wheel or slot, and taking it as a fraction of the total
number of slots in the wheel, the angle can be calculated in real tim&n electronic signal
condition unit can be used to convert the raw signals from the hall ssor or the photoelectric
diode, to a more usetfriendly signal such as 0 to 10VThe advantage of this type of encoder is
that it is robust, but the problem is that the resolution ofthe measurements taken is limited to
the number of slots cut into the wheel.

The secondand mare attractive type of shaft encoder is a multi turn, absolute encoder that is
designed to give a 0 to 10V output depending on shaft position. There are a number of designs
available (Kubler being one more well known supplie), but the most appealing feature ofthese

2 (Figliola, et al., 2006)
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encodersis the fact that the encoder itself delivers a signal where 0V correlates with® and 10V
correlating with 360° and with perfect linearity between 0° and 360°. These shaft encoders are
robust, compact and they are much cheaper than the inareental type encoders are There is
also no need for signal post processing since the signal is already in a 0 to 10V format.

2.6.2 PRESSURE TRANSDUCER

Traditionally pressure transducers used in automotive testing are of the piezelectric type.
Two of the most ppular brands are Kistler and AVL, where Kistler is synonymous with piezo
electric pressure transducers itself and AVL being the leading name in engine testing
equipment.

Piezoelectric crystals are crystals that generate electric potential when stresseenerally,an
electric potential is generated across the faces of the crystal, which can be picked up as a signal
using a charge amplifier Two of the most popular piezeelectric crystal materials used today is
quartz (SiQ) and Gallium Orthophosphate (GaBs,) due to their long term stability (AVI, 2002).

Even though piezeelectric pressure transducers are the industry standard, the great cost
associatedwith these sensors made alternative and more cost effective sensaisviable option.
A company called Optrand created a fibre optic bad pressure transducer that is favourably
priced within budget. The prices of the sensors (all excl VATere:

1 AVLz R50700(AVL, 2008)
1 KistlerzR 37470(INHER S.A, 2008)
1 Optrand z R 8327.82(Optrand, 2008)

The Optrand sensor usetwo optical fibres, one carrying lightfrom an LED light source, andhe
other returns reflected light off the diaphragm to the meauring electronics. The light carried by
the one optic fibre is directed onto an Inconel diaphragm. Theecond (return) optic fibre picks
up the light that is reflected by the diaphragmAs pressure increases, the diaphragm deflects.
This deflection causeghe reflected beam of light to shift relative to the inlet of the return optic
fibre, hence altering the light intensity in the return optic fibre.The design had been proven to
give excellent linearity and the sensor performs well against piezelectric sensors(see Table
1). (Wlodarczyk, et al., 1998)

Kistler AVL Optrand
Measuring range: 0 to 200 bar 0 to 250 bar 0 to 200 bar
Lifetime: 1.00E+09 1.00E+09 1.00E+09
Overload: 250.0 bar 300.0 bar 400 bar
Sensitivity: 15 pC/bar 15 pC/bar 1.42mV/psi
Natural frequency: 130 kHz 130 kHz >120 kHz
Nonlinearity: <+0.6 %FSO Not quoted +1% FSO
Operating temperature: -50 to 350 °C up to 400°C -40 to 300°C

TaBLE 1 - COMPARISON BETWEEN PRSSURE TRANSDUCERYAVL, 2008) (AVL, 2008) (AVL, 2002)
(WLODARCZYK ET AL.,1998) (WLoDARCZYK 2008) (INHER S.A,2008)

The placement of a pressure transducer is also very impant due to the flow patterns inside
the cylinder of a diesel engineBut due to the fact that the only easily accessible way to insert a
pressure transducer is by installing itin one of the glow plug holes, it has became the industry
standard. Thus, glav plug type pressure transducers were ged.
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2.6.3 PRESSURE TRACE PHASIN

It is important to have the pressure data and the shaft encoder data in proper pha$ar both
heat release calculations and for the calculation of indicated poweBoth the heat release
calculations and the indicated power calculations are sensitive to phase shift, and a very small
phase difference can alter results significantly(Callahan, et al., 1985}t is not always possible to
shaft encoder relative to TDC, perfect phasing is not guaranteddynamic phasing techniques
can be used align the signald_ancaster, et al., 1975)

To adjust the phase of a idicating set, the engine musbe motored (driven by an electric motor,
not firing). By plotting the cylinder pressureof a motored engineagainst the cylinder volume on
a LoglLog graph, one can see the pressurerse running up and down itself. The line that forms
should not (Lancaster, et al., 1975)

1 Cross over itself,
1 Have a broadening of the spike near the tip, or
9 Form a curvature near the tip.

Hence, the spike formed on the Legog graph should be sharp and tsaight, as shown inFigure
11. By using the phasing used to obtain the correct Ldgpg pressure spike, the rest of the
indicating work on that setup can be properly phased.

10 50 100

PERCENT CYLINDER VOLUME

FIGURE11 - DYNAMIC PHASING HROUGH THE USE OF LOGP-LOGV GRAPH (CALLAHAN, ET AL, 1985)
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2.6.4 INDICATING SMMARY

Yyl OEEO OAAOQEIT AUIETAAO DOAOOOOA ET AEAAOQET Ch
established that there are three ways in which the i@ssure and crank angle data could be used

to compare the performance of diesel in an engine:

Calculate indicated work done

Calculate the approximate apparent heat release rate
Comparing ignition delay

1 Pressure trace phasing

= =4 =

Furthermore the shaft encoder &chnology and pressure transducers used for indicating was
discussed. The use ofraalternative pressure transducer was validated in the light of budget
restrictions and the high cost of industry standard piezeelectric sensors. Its performance was
compared, and the conclusion was made that an Optrand sensor was an approprigensor to
use in this project.

2.7 LITERATURE REVIEW SUAARY

In this chapter, a literature review was done in order to shed some light on the research
guestion and project at hand. The #owing aspects were discussed:

9 Details on the 1.9L TDI engine that is used in this project
1 Various aspects of diesel fuel, including production, fuel properties and fuel standards
1 Biodiesel production, properties, standards and biodiesel compatibility wi regular

engines.
9 Testing procedures
T $SEAOCAT AT 1 AOOOEIT ET OEA AT CETAB0 Al i AOOOEI

1 In-cylinder pressure indicating.
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3 REDESIGN OFYPERIMENTAITEST CELL

For this project, the setup used by Palmer (2008) had to be reconfiguredto accommodatea new
engine. In thischapter,the new test setup will be discussed, starting with the old setup, then the

physical connection of the new engine to its support systems and then the engine control and

monitoring systems.

3.1 PREVIOUS SETURPALMER 2008)

As mentionedin section 1, this project follows on a project completed byPalmer (2008). The
objective of his project was to develop an autonomous and reconfigurabléest cell to
accommodate a newer engine in future work, like the project hand.By the end of the project

an entirely autonomous test cell was developed and tested and was ready for further
development for biofuels testing.4 EA OAOGO AAIl |

Figure 12 andthe completed test bed is shown irfrigure 13.

I Aui 60 AO OEA
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FIGURE12 - TEST CELL LAYOUXPALMER, 2008)

26

AT A



(LD LU TLLL LLLELELLLL

FIGUREL13 - COMPLETED TEST BED ATTHE END OFPALMER'S PROJECT(PALMER, 2008)

The engine used in thdirst phase was a2-litre Toyota 2C turbo diesel engine. The reason for
using the Toyota engine was to validate thevorking of the test bedwith a simple engine before
using engines hat are more complex

The hardware that was included in thanitial test cell was asfollows:

1 Test stand

9 Large capacity tube and shell heat exchanger

1 Schenck Dynobar 360 (wterbrake dynamometer) with load cell and controller

1 AVL 7030mass fuel balance

9 Two spot fans for aircirculation

1 Ventilation ducts (built into the room)

1 Cold water supply for cooling

1 Allen Bradley Micrologix 1200 PLC along with all the necessary software, 4 channel
analogue input module, a two input and two output analogue module and the
thermocouple modules.

1 Two computers

1 VaisalaHMDG60 Relative humidity sensor

I Vaisala barometer

1 K-type thermocouples

1 Honeywell three-way mixing valve and temperature controller.

The entire system hadA AAT ET OACOAOAA OOEIT ¢ 21 Afoktwadebnd! OOT 1 A
%4! 1T 0 O%l CETA 4A00 ! OOisérkiéndly SCADAGeEOextdp@rformOT A OA
automated tests.
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The decision was made to use as muchs possibleof the test cell layout as it was at the endf
0A1T I AO8 Go nbniniz& dogt Gor more information on the old test setup and detail on
some of the equipment, refer to resourcéPalmer, 2008).

3.2 NEW ENGINE ANPERIPHERAL COMPONESIT

As mentioned in sectionl, VWSA sponsored twal.9 litre TDI engines to theStellenbosch
University to be used in theBTF. The engines that they sponsored were of the BKC variant,
which is a European variant of the 1.9L TDI engine found in the Golf. The problem was that the
engine was not locally suppaed, and most of the associated parts for the engine needed to be
imported. One of the engines wasouriered back to VWSA Blant to fit the engine with the
necessary parts to runit. The engineers at product development at VWSA decided that the best
route was to sponsor docally supported engine. VWA sponsored a third engine, a 1.90°DI of
the local ATD variant along with all the associated parts thatvas neededto set up the engine.

The 1.9L TDI engines described in detailin section2.1.1

3.3 ENGINE MOUNTING

Before installation of the engine began, the entire test rig was disassembled (shownFigure

14). In order to accurately align the engine with the dynamometer a speci@ADmodel of the

engineand the test bed was created. All the test bed elements were measured up accurately and

each element was cortsained to its movable axis inthe#! $ AOOAT AT U 11T AAI 8 41
mounting interfaces were also measured up and @& accurate CAD model was createdof the

engine interfaces The engine model was used to space thest bed eements and to serve as a

basis br the design of custom mounting brackets. By using the dimensions off the CAiddel, it

was possible to accurately align the engine with minimal gjustments. The CAD model along

with the mounting brackets is shown inFigure 15.

FIGURE14 - STRIPPED DOWN TEST BB BEFORE ENGINE INSALLATION
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FIGUREL15 - CADMODEL FOR ACCURPE MOUNTING OF THE EGINE

The engine was mounted using the standard front engine mounting (near the #1 cylinder), the
standard torque arm (bolted to the sump) and using the bell housing along with an adaptor
plate that was supplied by VWSA. The adaptor gi&abolts onto the open end of the bell housing
and has a bracket at the top for a standard engine mounting, also supplied by VW$HRus, the
engine hangs on the two engine mountings and is restrained by the torque arm.

The engine is designed to run with & pistons at a 13.5° angle CCW to the vertical if observed
from the #1 cylinder to ensure proper flow of lubricants through the engine The enginé O
running angle wascheckedafter it was mounted by takingoff the motor head and measuring its
angle with adigital level on the flat face of the block. The same was done to ensure that the
engine was installed horizontally along the length of the motor. Both anglegere measured and
found to be correct.A set of pictures of the setup is included in Appendix @here the engine
mountings are visible

3.4 DRIVE SHAFT AND COURG

For the new experimentalsetup,the connection point for the motor was the clutch splineVWSA
test engineers recommended that the original clutch splinffom a VW Polo gearbox (which was
supplied with the engine) should be modified to transmit powerfrom the engineto the cardan
shaft rather thanto make a new splineThe shaft that they supplied is shown irAppendix H A
power transmission assembly was designedshown in Figure 16) roughly based ona similar
design used by VWThe gearbox spline was casehardened and was too hard for conventional
machining techniques, thus the shaft had to be precisiaground.

After the mounting of the engine was complete, the neearf a torsional damper was realised.
The rubber damping-element from a BMW 530dpropshaft was usedand a set of adaptors was
designed to incorporate the damper into the drive trainThe CV jointwas shortenedto allow all
the rotating parts to fit under the safety cover.

29



The ability for the transmission assembly to take the load of the 1L9TDI engine is justified by
the following:

1 Splined shaftz The shaft was designed for the specific engine, thereforensuring
sufficient strength.

1 First CV joint adaptorz It is made of similar material (EN36a) as the gearbox shadind it
is thicker than the shaft in all places. The spline is hardeneohd wire cut.

1 Cv-joint z The same CV jointvas used in the previous research projecfPalmer, 2008),
AT A OEA TAx AT CET A0 DPAOA& Oi ATAA Z£A1T1 O ET OI
joint catalogue used for the selection of that CV joint.

1 Rubber damperz The rubber damper is designed to operate with a much larger engine
(3L turbo diesel out ofa 5 series BMW) and will be able to transmit the power without
any foreseeable problem.

1 Damper adaptor platesz The adaptor plates have a much larger crgsection than any
other part of the drive train. It is made of bright mild steel.

1 All the bolts usedin the assemblyare high tensile bolts and secured with LOCTITEA
adhesive.

To ensure that the engine and the transmission componentsere running true, a clock gauge
was used to check for rurout and a digital level was used to see if the shafterere perfectly
horizontal. The use of locating spigots ensured that all parts ran true on connecting interfaces.
Minimal adjustments to the torque arm ensured that the whole setup was running trueThe
power transmission unit and therear end mounting of the engne with the adaptor plates are
shown inFigure 17.

FIGURE16 - POWER TRANSMISSION UN
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FIGUREL17 - REAREND MOUNTING AND POWER TRANSMISSION

3.5 COOLINGAND WATER SUPPLY

In this sedion, the cooling of the engine, fuel and the dynamometer water supply will be
discussed.The cooling of the engine, fuel and thdynamometer all make use othe cold water

supply of the mechanical engineering building. This consists ohainderground storage tank,

rooftop storage tank, pumps, a small cooling tower and a network of pipes built into the

AOGEI AET ¢8 &I O 11T OA ET & OFAGEIT 11 OEA AADPAOOI A
Palmer(2008).

3.5.1 PRIMARY EGINE COOLING

The VW ATD engine is watercooled andhas its own coolant pumptemperature cortrol valve

and atemperature transducer. To cool he enging water has to be takenZEOT i  OEA AT CET A8
water outlet, cooked, and returned to theenginA &d@d-water intake.

Initially the heat exchangemwas set up with a counter current flow configuration, and with the
cold water supply (shell side) wide open. A Honeywell thregvay mixing valve is used to mix the
cold-water stream from the heat exchanger outletand the hot water streamfrom the engine

outlet to regulate the coolant inlet temperature. The inlet and the outlet temperaturef the

engine coolantare measured usingK-type thermocouples. All the piping used in the cooling
system is a-inch water hose.

To be able to control he coolant inlet temgerature, aseries of trial and error tests had to be
done to determine some characteristics of the cooling system. The reasthiat calculationswere
not possibleis due tothe following unknown aspects of the cooling system:
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1 The capacity of the shell andube heat exchanger.

The flow rate of thecooling water through the shell.

1 The flow rate of the coolant is unknown and will vary as the engine regulates the flow
rate.

=

A Honeywell 6420A3007-3 valve actuator along with a Honeyweltemperature controller was
used to try to control the temperature of the inlet water supply. Initially a PID controller was
implemented, but the overshoot in the transient conditions aused overheating of the engine.
Another attempt using a bangbang type control system (the same t@aperature control
program used byPalmer (2008)), had an evenworse effect on the temperature controlPalmer
(2008) encountered the same problemsn his project, but it was attributed to the $ow-acting
valve actuator used.This phenomenon raised questioa aboutthe compatibility of the heat
exchanger,coolant temperature control system, thetemperature control system of the engine
and the nature of the cooling system in generahf series of experimentswvere done to find the
problem.

Through testing,itwA O &£ OT A OEAO OEA AT CET A8O 1 x1 OAI PAOA
such that the outlet temperature of he coolant ismaintained around a set pointof 90°Cto 95°C

However, if the inlet coolant temperature is too low, the engine throttles down thdlow of the

coolant. Thus, if the inlet temperature is too low, the coolant flowate will be low. Thus, the

response of the temperature control is slow.

As soon as the inlet temperature isat approximately 75°C, anothereffect kicks in. The engine
opens ts coolant regulator valve andthe coolant flow is now regulated by the speed of the
engine (which governs the speed at which the coolant pump turns). The water thgbesthrough

the heat exchanger comes back at temperatures approaching room temperatuesd is mixed
with the hot water source (from the engine) at 90°C. This makest a very difficult system to
control with a feedback type controller, since very small adjustmens in the position of the
three-way valve causes a large change in thealant supply temperature (the same problem
experienced in the shower if the geyser temperature is set too high and a sticky tap is used to
try and control it).

To remedy the temperature control problem, the shell and tube heat exchanger was set up in
parallel flow configuration to decrease its cooling capacityand a ball vahe was installed
(coolant flow regulator valve) in the water supply line to the shell to throttle its water supply.
The engine was then ran at full power, the three way mixing valve was openedlyu(maximum
cooling) and the coolan flow regulating valve wasadjusted to make the engine inlet coolant
temperature 65°C. By doing this, the dd stream was throttled to 65°C, and hot stream was
90°C at most operating conditions (may vary due to engineoatrol).

During preliminary testing it was found that the most effective way to regulate the coolant inlet
temperature was to adjustthe position of the threeway valve using toggle switches frm the
control room. The temperature control was done this wayduring testing. A schematicof the
engine-cooling pipe is shown inFigure 18
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FIGURE18 - ENGINE COOLING PIPEIFOW DIAGRAM

3.5.2 FUEL COOLING

During testing the engine returns hot fuel to thefuel supply vessé (in this case it is theAVL
mass fuelbalance) at temperatures inexcess ofL00°C. The reason for thdot fuel return is the
injector bypassthat takes place after compression (seesection 2.1.3). The bypassed fuel is
addedi OEA OAOO 1T &# OEA &£OAI ET OEA 1 AOO £&EOAI
control vessel, the supply fuel temperaturdeaving the vessel approaches thaif the return fuel,
which is too high (depending on enginethe supply fuel tempemature should not exceed roughly
55 °C based onthe flash point of diese). The problem with high temperature fuel is that the
volatile components of the diesel will start forming vapour and may choke the injector nozzles
The vapour in the return line cawse the mass fuel balance to oscillate as the fuel spurts out
irregularly into the measuring vessel Therefore, the fuel needsto be cooled before the fuel is
returned to the mass fuel balance

Normally in test cells there isa fuel conditioning unit that supplies cooled fuel to the enginand
conditions the return fuel, but due to the fact that the test cell is still avork-in-progress, a
intermediate solution had to be found.An old annulus type cooler vasused to cool the return
fuel. It consistsof two copper pipes, a % inch (OD) copper pipand another 1 ¥ inch(OD)
copper pipe brazed eccentrically around each other with appropriate fittings to allow waterto
be passed down the inner tubeand dieselto be passed along the outer tubeThe cooler is 1.2m
long and is set up for counter current flow. A Kype thermocouplewas installed to measure the
temperature of the fuel that isreturned to the mass fuel balance

During preliminary testing, it was found that the fuel temperature was kept under 50°C. Tsee
if the fuel affected the readings of the experimental setupemperature, a few tests were done
with higher, lower and no water flow through the diesel coolerNeither the power/torque curve

nor the pressure profile was affected by the dieselemperature; however, the effects on the
mass fuel balance wergrofound. SeeSection4 for more information on the preliminary test
runs and commissioning.
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3.5.3 (HARGE AIR COOLING

The new VW engine installed on the test beid equipped with a charge air cooler (also known as

an intercooler), shown in Figure 19. The intercooler is usually located in a @8 O x EAAI
where there is alot of airflow. Therefore, to cool the charge air, thentercooler needsto be
supplied with a steady flowof cool ambient air through itsradiator.

FIGURE19 Z INTERCOOLERWITH COOLING FAN(DUCTING REMOVED FORETAIL)

Rose+ Krieger scaffolding elements that are boltei the test bed itself supportthe intercooler.
A centrifugal fan was installed over the intercooler, which is supported by a steel frame clamped
to the test bed.

3.5.4 FORCED CONVECTIONTE ENGINE BLOCK

In a car, thereis a considerable amounibf airflow under the bonnet of the car and especially
under the sump of theengine. This also cools the engindo a certain extent. As statedoy Palmer
(2008), the ventilation system of the test cell doesiot allow enoughair flow over the engine
itself since the air inlet is halfway up the wall on the one sidef the test cell, and the extraction
duct is near the roof Thus,AT U AEO&I | x AAOOAA AU OEA OAOO
flow over the engine. To remedy thistwo spot fans wereimplemented to move hot air away
from the sump and engine blok.

3.5.5 DYNAMOMETER WATER I
The Schenck D360 is a aterbrake dynamaneter, andneeds water to dissipate the energy of the
engine. The water supply of the ginamometer is included in this subsection because it forms
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part of the piping layout of the test cell.The water supply of the dynamometer has to have a
maximum pressure of 0.6 bars and a 1.6/s minimum flow rate (Stellenbosh Automotive
Engineering, 2006) To optimize the control of the dynamometer the flow rate of the
dynamometer had to be adjusted for the power range of the engin&his was done byPalmer
(2008) when he set up the engine@nd dynamometer control system according to thenethod is
prescribed in the Schenck installation manualSchenckPegasus GmbH, 2001Yhe optimal flow
rate of the dynamometer is set byrunning the engine at full loadand then closing the gate valve
until the water outlet of the dynamometer is at 50°C. For the new engine, the dynamometer
water supply settings were kept the same, and the engine was run at full load. The outlet
temperature did not rise above 50°C, thereforéhe dynamometer water supply valve was kept
at the samesetting.

3.5.6 COOLING AND WATER RIFY IMMARY

This section dealt with thecooling of the engire, charge air fueland the water supply of the
dynamometer. The engine is cooled primarily using a closed loop cooling system that utilizes a
shell and tube type heat exchanger in arallel flow and temperature control is done by using a
three-way mixing valve with a Honeywell temperature controller and valve actuatorThe test
cell ventilation system and two spot fansenable forced convection to occur around the engine
block, providing secondary engine cooling

Fuel is cooled using a copper annulus type oter configured for counter flow. The fuel return

temperature is effectively kept between 40 and 50°C but exact control of the fuel supply
temperature is still inadequate 4 EA AEAOCA AEO EO ATOENM dupplied OET C
intercooler unit and is coded using a centrifugal fan.

The dynamometer water supply is also included in this sectiobecauseit is part of the coolant

xAOAO 0OPPIU 11T1THP T &£ OEA OAOGO AAI 18 4EA AUTAITI
way to allow optimal control of the dynamometer.In Figure 20 adiagrami £ OEA AT OEOA OA
water supply network is shown.
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3.6 VENTILATION AND EHAUST GAS EXTRACNO

To extrad hot air and exhaust gassesrdm the OAOO AAT 1  OEiA ex@ahtiorOandA A1 |

ventilation system is used. The extraction systemonsists of a fresh air duct and mextraction
duct on either side of the test cell (the extraction duct is located on the door side of the testlel
The exhaust fumes are also extracted via the extraction duct, and the exhaust pipe of the engine
is connected to the duct via a flexible stedlose thatis bolted via a steel pipe to the extraction
duct.

The original Polo exhaust system is used on thengine, including the catalytic converter and the
silencer box. These components with proper mountings were supplied by V\&Slong with the
engine. The midsection of the exhaust was omitted from the tessetup, as there was no spce
for it. The first secion of the exhaust system (the catalytic converter) isuspended on its own
mountings, which is bolted onto a frame that is bolted to the test bed itself. The second section
(the silencer) hangs with chains fron the ceiling and the steel hose couples ovethe two
exhaust pipesFigure 21 shows the layout of the ventilation system and a photo of the exhaust
systemare shown in Figure 22.

>

Exhaust extraction pipe '{

L : 5
v

Spot fan ‘
Hole in the wall 7 *
For fresh air \
Extraction duct

* -

Spot fan

resh air duct

FIGUREZ21 - VENTILATION SYSTEM
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3.7 FUEL sSuppPLY

Normally in a testcell, an entire fuel delivery and conditioning system would be availalel to
deliver fuel to the engine Becausethe test cells are still a workin-progress, a temporary fuel
delivery system is implemented. No endurance tests neestl to be performed during this
project, and only small batches of 15L of diesel at a time weneeeded for experiments.lt was
found during testing that 15L of diesel fuel was enough for warrup, three power curves, and
three cylinder pressure measurements

The fuel to be tested is placed im 15L jerry can, which is pumped up to the AVL madsiel
balance via a filter using a Bosch fuel pump. The fuel pump relay is wired in parallel with the
i AOO £mEOAI efilivaeAthud dlldvidg tiie AVL to be refilled with no pressure head. The
fuel flows from the AVL mass fuel balance through fuel filter and a priming bulb towards the
engine. The fuel return line is connected to the AVlia an annulus coolerand the return fuel is
AAAAA O1T OEA ! 6, 8 StanbakdBoOrdiOdE Hosg is Adedithrdudhaus sketch of
the fuel delivery system is shown irFigure 23.
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FIGURE23 - FUEL DELIVERY DIAGRAM

3.8 VACUUM SYSTEM

The vacuum system built into a standardW Polo is used to operate a large number of actuators
throughout the car. Only three actuators are actually necessgrto operate the engine, hamely;
exhaust gas recirculation valvethrottle vane, and tirbo vain adjusting capsule

Since the original vacuum control system is redundant, VWSA supplied an alternative, simpler
vacuum control system along with thewiring loom. The control valves interface with the ECU
and the vacuum pump supplies vacuumThe vacuum pump fams part of the preliminary fuel
pump andis located m the back of the engine andiriven by the camshaft The layout of the
vacuum system is shown irFigure 24.

EGR valve
controller l/——\l

EGR
1 2

Vacuum Pump Throttle valve

actuator

Throttle(EGR Cooler valve)
1 2

Boost pressure
regulator

2
—
1 2

Turbo (control on the adjusting capsule)

FIGURE24 - VACUUM SYSTEM
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3.9 ENGINE EECTRC ANDELECTRONIC SYSTEM

One of thereasons that Palmer (2008) used an oler technology Toyota engne is becauseit had
no engine electronics and adanced control systems Thus, he could concentrate on the
development of the autonomous test bench. The aimf the project at hand was to utilize the
autonomous test bench built byPalmer (2008), and to integrate the new VW engine onto it. A
few decisionswere made that influenced the development of the engine control system and the
x AU OEA AT CEIT Ase and thé teshbed ifdetfacéd with thecontrol system in the
test cell. These were:

1 That a proper VW emgine test loom was to be usedor testing (no other options
available,discussed in sectior3.9.1).

1 That the original VW accelerator pedal was to be used to control the engineommon
practice in engine testing)

T 4EAO 11 AEAT CAO xAOA O61 AA T AAA O OEA o0, #
that Palmer(2008) created.

1 That the original wring of the test bed control gstems were to be used.

This section is integral with section 3.10, thus common components to the systems dealt with
will be mentioned. In this section the PLC terminals will only be indicated by the terminal
names, but the PL@ discussed in sectior8.10.1 The details of the connections of the engine to
the PLC will be discussed in sectio8.9.

3.9.1 Loom ANCECU

At the initial stages of the project a decision had to be madmncerning the use of a OEM
wiring loom and ECU, or the use ofnaaftermarket or makeshift engine control system. VWSA
agreedto sponsor a test loom, immobilizer and a custom test ECU along with the ATD engine.
The test loom is a simplified version of tk loom used in a regular car with only the necessary
components on it to run the engine. Features such adayv plug relays, oil pressure sensors, oil
temperature and a few other nonessential parts of the loom were removed, as they could be
measured usingtest cell equipment (making data acquisition easier)The ECU also had been
reprogrammed to accommodate the changes and hdo go into limp mode after a problem
occurred during testing. The immobilizer was also supplied along with thegnition key (cable
tied to the ignition switch).

A detailed wiring diagram of both the electronic and electrical system combined is shown in
Figure 27. The ECU that VW supplied is the same ECU used in the Polo TDI with the ATD engine
(shown in Figure 25), namely a Bosch EDC (Electronic Diesel Controllerfhe ECU has two
plugs. One plug has pins 1 to 81(plug A) andttaches to the part of the loom that goes to the
auxiliary parts of the engine.The other plug has pins 82 to 21 (plug B) on it and goes to the
engine block itself The plug layout and the wiring details of each piare listed in Appendix 1.

The loom is shownin Figure 26.
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FIGURE25 - BoscHEDC

FIGURE26 7 LOOM SPREAD OUT ON TEH FLOOR

I £#OAO0 OEA A1 CET A& Owabdhripietd, hllEh& sehsorg dndabdtdatois A& Eamé
with the engine were installed and the loom was connected to the appropriate sensors. The
entire loom including the vacuum system wadixed to an electrical backing plate that was
bolted to the side of the test bed via Rose + Krieger scaffolding. The VBGM plug was installed
to the CAN bus interface, and was connected to one of the computers via a 5m extensiainle.
The accelerator pedal was ingtlled onto the pedal actuator. Br more information on this, see
section3.10.1

The ignition was wired to the PLC via two Estop buttons, one inside the test cell and another
inside the cntrol room. The one Estop also has a hard stop function built into it, which gives a
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24V signal to the PLEsee wiring diagram inFigure 27). The ignition relay is switched through
the PLC switch terminalsOUT1and DC1lusing a 2V supply. The hard stop signal is picked up
via the digital input INO/ COMO All terminal allocations are the same asthose devisedin
Palmerd Q008) project to allow the same PLC program to be useBor more information on the
wiring of the electronic system, refer to the wiring diagram inFigure 27.

3.9.2 ELECTRIC SYSTEM

The new VW engine was supplied complete with an alternator and a starter motok 12V car
battery is used to power the starter motor, and the alternator is wired upd charge the battery
during testing. The starter motor is equipped with its ownrelay which needsa 12V supply to
switch on the starter motor. 4 EA  OOAOOAO OAI AUBO pcg¢6 DI xAO
relay. The PLC switch terminals OUT2 and DC2 #geh this relay, which is the same as the
OAOI ET A1 O OOAA [Edr m@rdiinfdrmfaind ¢ thB wiling &f A dectric system,
refer to the wiring diagram in Figure 27.

3.9.3 ENGINE ELECTRICAL ANEDECTRONICUBAMARY

In this section the electric and electronic system associated with the engine was discussed. The
loom was supplied by VWSA along with the engine, and it came complete with all the parts
necessary to run the engine. The wiring of the loom is briefly overviewed to see as a resource
during faultfinding. The wiring of the electric system is also discussed briefly, along with the
terminal wiring of the electric and electronic system to the PLCThe terminal allocation of the
PLC was keptthe same, making it possible tocontrol the engine without altering the PLC
program. A complete wiring diagram of the electronic and electric system is shown Figure 27.
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3.10TEST CELL ELECTRONICS

Palmer (2008) set up the test cell control systems and electnics during his project. Therefore
during this project, the control systems ad electronics were modified to accommodate the
requirements of the new enginelnitially, during the engine installation, it was decided to alter
the original test bed electronis and software as little as possibleThe annotation used in this
OEAOEO EO Ai1 OEOOAT O xEOE INLAI 1 OROBAGD OO EON O EGEhA
with the same label on the PLC. Standard electric notation is used throughout.

The PLC useds an Allen Bradley Micrologix 1200, and is used to sample all the analogue and
digital signals coming fran the test cell equipment andcontrols the test cell through its

analogue and digital outputs. Along with the Micrologix 1200 PLGye expansion modués are
used:

1 4 channel analogue input module
1 2 input, 2 output analogue module
1 3thermocouple modules

The PCL communicates to the PC using the serial port and Rslisoftware. The PLC is
programmed using RsLogiR, a ladder logic programming package by Rkwell Automation®.
For more information on the PLCrefer to Palmer (2008).

3.10.1TEST CELIAND ENGINEEONTROL SYSTEMS
The engine setup as described in this chapter only requires the following inputs for control of
the engine:

1 starter relay,
9 ignition relay, and
9 accelerator pedal

The wiring of the starter and the ignition relays to the PLC is discussed in sectid@9. The
accelerator pedal is fixed to thepedal actuator,and will be discussed in subsequent sections
The glow plug relayand wiring had been removed since the glowplugs are notused. Other
aspects of the test cell that need control are the dynamometer and the coolant inlet
temperature.

The dynamometer control was kept the same as witRalmerd (Q008) project. Thewiring of the
dynamometer to the PLC is shown iifrigure 28. The speed and the torque outputs of the D360
dynamometer are 0 to 10V signals and the controis done using a 0 to 10V signal.

Vout2
Control

COoM Schenck

dynamometer

INO+ control box

Speed [
INO-

N Dynamometer

Torque

IN1-

FIGURE28 - DYNAMOMETER @NNECTION TOPLC
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The same Estop aswas usedby Palmer is used in the new setup andone of the wiring has
been changedThus,the E-stop still gives a 24V signal between INO and COMO, whigtstructs
the PLC to brake the engingthe PLC program was kepthe same) In this way, the engine is
stopped in the fastest way possible.

To adjust the accelerator pedal position, one of two methods could have been used. Either a
pedal signal generatorcan beused instead of the pedal itself, or the pedal could be actied
mechanically using a stepper motor ora linear actuator. On further investigation, the latter
option appearedto be cheaper. VWSA supplied decommissioned throttle actuator fom one of
their old test cells. The throttle controller neededreconditioning and modification It consists of

a servo motor and a controller unit. The controller unit has a OV position adjustmer{tor 0%
pedal adjustment) and a 10V position adjustment (for 100% pedal adjustment)The pedal is
connected to the same PLC terminalhat drove the PWM generator (Voutl and COMshown in
Figure 29), thus no alteration had to be made to the PLC program to accommodate the pedal
actuator. The pedal actuator and control unit with the pedal is shown ifrigure 30 and Figure 31
respectively. Calibrationwill be discussed in sectiord.1.

Voutl

Pedal actuator

COM controller

240V AC power supply

Accelerator
pedal

Pedal actuator

o

Cable

FIGURE29 - WIRING OF THE PEDAIACTUATOR
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FIGURE31 - THROTTLE ACTUATOR

As discussed irsection 3.5.1, a Honeywell ML6420A (24V) valve actuator is used to contiahe
coolant inlet temperature, and it was foundthat the best way to control the inlet water
temperature was byhand. A set of manual switcheds used to control the coolant temperature

from the control room. Figure 32 shows the wiring of the valve actuator andrigure 33 shows
how the valve actuator is wired to the test cell control switches.
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FIGURE32 - ACTUATOR WIRING(HONEYWELL 2008)

24Vac L 24Vac N
|
Close i Manual Open i
Colder ( toggle Warmer
switches
erminal 1
Motor valve
erminal 2
3-way
Valve

FIGURE33 - VALVE ACTUATORWIRING DIAGRAM

3.10.2ENGINEAND TEST CELMONITORING

There are a number of parameters that should be measured on the test rig, enginelJE&hd in
the test cell itself. hese include:

1 Engine
o Airinlet temperature
0 Exhaust gas temperature
o Coolant inlet temperature
o Coolart outlet temperature
o Oil temperature
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o Oil pressure
1 ECU
o Fault signals

o Engine operating parameters picked up by engine electronics

1 Testrig
0 Fuel consumption
0 Engine speed
o Engine torque

o Fuelinlet temperature

1 Testcell

0 Ambient temperature
0 Ambient barometric pressure

0 Relative humidity

All the temperatures are measured by 3mm Kype probe thermocouples due to their high
temperature resistance and robustness. All the thermocouplesre connectedto the junction box
installed by Palmer, which is wired to the PLC themocouple expansion modules. The only
difference is that the spare thermocouple is used to measure the inlet fuel temperaturd@he
thermocouple layout is shown inFigure 34. Labels T1, T2 and T3 represent the thermocouple

expansionunits from left to right.
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As discussed in sectior2.1.4, the ECU monitors engine parameterand uses these signalas
criteria in ECUalgorithms to calculate the sigmal outputs to control the engine. Information, read
and generated by the ECls stored in a memory register that can be accessed via the CAN bus.
The CAN bus can be accessed via the diagnostics port in the loom, showRigure 27. Using a
special hardware and software package called VAGOM the CAMNbus can be used to:

Read off, analyze and clear fault codes

Pair electronic components and immobilizers
Read off all and logengine-operating conditions.
Read off and log all actuatocommands in real time
Read off and log all calculated engine parameters
1 Display critical timing information in graphic form.

= =4 -4 —a -4

In the experimental setup at hand, VA®OM is used to measure the following:

Engine speed

Injected fuel quantity.

Fuel consumgion (only according to mapping).
Engine mapping

Specified start of fuel injection
Specified injection duration
Synchronisation angle

Air intake pressure.

Air intake temperature.

Mass air intake

Mass air intake per stroke
EGR duty cycle

Coolant temperature.

Fuel exit temperature

Fuel cooling state

=4 =4 =4 4 8 8 48 - -5 -4 -4 -9 9 -9

=

Most of these parameterscan beread from the mapping on the ECU, but some are readaubf
the sensors The mapping plays a important role in seeng what the engine is doing in terms of
control, enabling further investigation in combustion analysis. This will be discussed in detail in
section5.

The AVL 7030 fuel bance is a dynamic fuel balancéhat measuresfuel consumption by mass.
For more information on the working of the fuel balanceplease refer toPalmer (2008). The
setup of the fuel balance was nathanged and the wiring was kept the samd=zigure 35 shows
how the AVL 7030 is wiredto the 4-channel analogue input.

The oil pressure is measuredusing a Wika Ecotronic 810 bar pressure transducer. The

pressure is measured right before the oil filter where the regular oil pressure sensor is installed

in the VW engine. The stock oil pressure sensor was fitted withtgd " 30 & | A cultom®EE OOET C
fitting was made to fit the sockeand a 1m braded steel hose connects the engine oil system to

the pressure sensor. The briged steel hose protets the pressure transduceheatand vibration.

Figure 35 shows how the pressure tAT OAOAA O E O x E ©hfarel &nblogdeEnput 0, # 6 O
expansion module.
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The barometric pressure, relative humidity and ambient terperature haveto be measured to
calculate a correction factor to compensate for differences in engine performance due to
changes in atmospheric conditions. For more information on the ECE correction factor, refer to
section 2.4. The barometric pressure is measured using a Vaisala PTB 110 barometric pressure
transducer. The pressuretransducer has a0-5V output and is connected to the analogue input
card as shown inFigure 35. The relative humidity is measured using a Vaisala HMD®60 relative
humidity sensor, which gives a 420mA output also conneted to the 4channel analogue
expansion module.

INO+
— -+ —AVL Fuel Balance
INO-
+24Vps
EcoTronic Pressure transducer
IN1-,,,IN1+
+24Vps
PTB 110 Barometric pressure
IN2-,,,IN2+
+24\V/ps
— Vaisala relative humidity sensor
IN3-,,, IN3+

FIGURE35 -4 CHANNEL ANALOGUE INPTS

Engine speed and torque ismeasured by instrumentation on the dynamometer. The
dynamometer is fitted with a hall sersor picking up the engine speed (by sensing the teetif a
toothed wheel running pastit) and the torque is measured using a load cell that is installed on
the one side of the dynamometer. The calibration of the load cell is discussed in sectibh. Both
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the hall sersor and the lcad cell signals are picked up by the dynamometer control unit anare
translated to a 010V signal that is passed through to the PLC. The connectiai the
dynamometer to the PLC wasliscussed in sectior3.10.1

3.10.3TEST CELL ELHRONICS SMMARY
In this section,the test cell electronics was discussed under two classifications:

i Control electronics
I Measuring electronics

The test cell is controlled and monitored using an Allen Bradley Micrologtx1200 series PLC
with expansion modules. This forms thecentre | £ OEA OAOO AAI 1460
controlled using a PC, using a SCADA package discussed in se@tibh

3.11 CONTROLAND MONITORINGOFTWARE

To control and monitor the test cell thefollowing software packages are usednamely ETA
(Engine Test Automation) RSLin® and RSLogi® 500. An additional package is used called
VCDS to interface with the VAGCOM diagnostics portto read off and alter ECU parameters.
Two PCs are used for testingThe first PC with ETA is used to contl the test cell and to record
all the engine parameters measured by sensors wired to thieLC.The second PC is useeither
to log information extracted from the ECUor to store indicating data from the indicating
equipment.

With the first PC the PLC communicates with it viaa serial port. RSLin® is then used to
communicate with the rest of the computer software that is needed to interface with the user.
RSLogi® is used to program the PLC using ladder logic programminghe ladder logic program
is discussed in section3.11.2 ETAIs a software packagesupplied by CAE (Cape Advanced
Engineering) designed specifically to integrate a number of different components into oneser-
friendly environment for engine testing. ETA communicates with RSLifxvia DDE
communication protocol. ETA handles the user interface, calibration, data loggirejc. For more
information on ETA and the program used in this setup, refer to sectich11.1

AT AAC

The reason for the second PC is the fact that the high speed electronics used to log the indicated

pressure in the cylinder is very memory intensive, and one PC cannot handle both the indicating
and the engine control.The indicating hardware and sftware is discussed in sectior8.12. VAG
COMand VCDSs discussed in sectior8.11.3 A depiction of how hardware and software relate
to each other is shown irFigure 36.
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Data
Storage

Communication to
hardware

Indicating LabView-
equipment NIDAQ USB Signal Express

FIGURE36 - CONTROL SOFTWARE

3.11.1ENGINETESTAUTOMATIONETA)

ETA (Engine Test Automation) is a software package sold BAE (Cape Advanced Engineering)
and wasdesigned speifically for engine testing. Itenables a user to interfae with numerous
different components connected to a computer in one user interface, to contrah engine test
cell. ETA enables a user to:

Do ggnal acquisition and conditioning
Calibrate sensors

Customize a user interface

Calculate virtual parameters

Set alarms for operating parameters
Log and analyze data

1 Create automated test cycles

= =4 4 4 - -4

ETA communicates with the PLC using RSLitby utilizing DDE communication protocol. This
means that the data are placed on the DDE client buffer registers in the fiorof raw data
between zero and 32767. Thus, if a 0 to 10V signal is passed, OV is passed and 10V as 32767
in whichever register it is placed. More information on the buffer addresses is given in section
3.11.2

In ETA allthe input and output channels can be assigik scaled, virtual channels can be set up,
and the display can be customizedThe new ETA interface is a adaptation on the one that
Palmer (2008) used, and a few changesere made in terms of scaling of valueand calculation

52



of virtual channels.A screenshot of the interface is included in Appendix More information on
calibration, scaling and correction factors is discussed in sectich

3.11.2PLCPROGRAM

Palmer (2008) programmed the R.C in RSLogix®and due to the wiring schemeised,no large
alterations to the PLC program had to be made. The only difference was that a new coolant
temperature controller was implemented, which was later discarded when it was found that
hand control of the temperature controller was more effective.

As in the previous setup, the MAIN program runs continually, calling two sub routineb\ and
OUT. The IN ladder samples the channels on the PLC and pasise values to the N10: x buffer
which is read off byETA This is occupied as follows:

Thermocouple expansion module  N10:1 to N10:4
Thermocouple expansion module Z N10:5 to N10:8
Thermocouple expansion module ¥ N10:9 to N10:12
4 x Analogue inputz N10:13 to N10:16

2A2Dz N10:17 to N10:18

Digital in z N10:99

= =4 =4 -8 —a -4

Similarly, the OUT ladder reads off buffer valuesrom N14: x (written by ETA) and write it to
the appropriate registers in the PLC. The N14: x Buffer is occupied as follows:

N14:1z Torque setpoint
N14:2 z Speed setpoint
N14:6 z Throttle output
N14:99 z Digital OUT

= =4 4

The wmolant temperature controller has been deactivated in the new setup and thehannels
were left open, but the timer controlled grounding of the speed andorque setpoint pins were
kept the same. Thughe PLC program operates essitially the same than the old program. The
ladder logic program is shown inAppendix J.

3.11.3VAGCOM

As mentioned in section3.10.2 VAG#/ - EO OOAA O ET OAOOI CAOA
operating information and fault codes during testing. The VAGCOM hardware is a CAN to USB
converter, and the VCDS software is used to perform tasks on the ECU via a computer. During a
test, the following measuringblocks are measuredn the specified order.

1 15
1T 4
1T 11
1 10
T 7
T 3

Each of these measunig blocks accesses a certain set of registers in the ECU and the result is the
ability to read off the engine mapping as it is accessed and read off engine sensors during
operation.
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VCDS is set up to log all the engine parameters during testing in a comseparated valie (.csv)
file that can be opened in kcel for further analysis.

3.11.4SOFTWARE SMMARY

In this section,the software used in the test cell (except for indicating) was discussed. There are
three primary packages used:

1 RSLogi® z To program the R.C
1 ETAZzFor a user interface and data logging
1 VAGCOM To interface with the ECU and to log operating parameters

A secondary package, RSLifxs used to facilitate communication between ETA and the PLAI.
these packagesvere integrated to give the operator of the test cell the ability to control the
engine autonomously and record all the critical engine parameters during test cycles.

3.12INDICATINGSETUP
As discussed in sectior.6, cylinder pressure indicating serves as a vahble diagnostic tool to

analyze and compare how a fuel performs in a diesel engine. To perform cylinder pressure
indicating the following hardware is needed:

1 shaft encoder,
1 pressure sensor and
1 high-speeddata acquisition hardware

As discussed in sectior2.6.2, an Optrand sensor was selected as a pressure sengan. AutoPSIS
pressure sensor waspurchased in the PSiglowA format, which is a glow plug type pressure
sensor.

The Optrand sensorrequires a power supply of 9 to 18Vand draws a maximum current of
85mA. The pressure transducer was installed into the number one cylinder via the glow plug
hole. Figure 37 shows two PSlglowA sensors.

FIGURE37 - PSIGLOW-A PRESSURE TRANBUCERS

It was decided to use a Kibler 3B1 singleturn absolute shaft encodefshown in Figure 38). The
specifications of the encoder areshown in Table 13. The shaft encoder was installed orthe

el C E IcrArikdbaft pulley using acustom-made steel adaptor. A small steel plate bolted to the
engine is used to keep the shaft encoder at the same angle relative to the engine after
calibration. A picture of the setups shown inFigure 39.
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FIGURE39 - SHAFT ENCODER SETUP

A National Instruments USB9201 data acquisition card wasused to record the pressure and the
crank angle during testsThe NI 9201 is a high speed analogue data acquisition card

Both the pressure transducer and the shaft encodeare powered by a voltage source sedt 18V.

The power supply earths and the signal output commons of botbensors are all connected to
both the voltage source earth and th€ OMof the data acquisition cardio prevent a ground loop.

The signal wire of the shaft encoder is connecter t&\l0 and the signalfrom the pressure

transducer is connected toAll. The wiring schematic is shown irFigure 40. The specifications
of the components of the indicating set are presented in Appendix K.
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FIGURE40 - INDICATING SET WIRING

The datais captured, processed, displayeddT A OOT OAA OOET ¢ . AOETT Al )~
SignalExpress.As discussed in section 4, the settings for the data acquisition were obtained
OEOT OCE A OAOO bpOI COAi OF AAOAOIETA OEA 1 AAOGOO
settings were as follows:
9 Data acquisition
o Continuous sampling
o Sampling speed: 24kS/s (per channel)
o Signal scaling ON:
A AIO: Linearz 0-10V to 0-360°
A All: Scaled by function to kPa
M1 Filter:
0 Butterworth
0 Low pass
o Second order
0 1.5kHz cutoff
1 Power spectrum: On
1 Log: Filtered data

These ®ttings gave the best resultsas discussed in section 4.

3.13 EXPERIMENTAL TEST CEISETURSUMMARY

This chapter dealt with the experimental setup that wasreated to compare the effect of bio
fuels compared on a modern 1.2 TDI engine with pump unit injection with normal mineral
diesel. The following aspects were discussed:

1 Mechanical installation
0 Mounting
o Drive shaft connection
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Engine cooling and water supply
Ventilation and exhaust gasandling
Fuel supply

Vacuum system

Engine electric and electronic system
Test cell electronics

Software

1 Indicating equipment

= =4 -4 -8 4 - -

All the topics were discussed in sufficient detail so thathe setup can be reproduced frm this
section @ith some referencs OT 0 Al I A OTh® nexd BhAge BIOIG Soroject, following
engine setup, was preliminary testing and commissioningin which the setup fine-tuned so as
to achieverepeatable engine performance measurementsThis is discussed in the next section.
The completed test setup is shown ifrigure 41.

L

—

FIGURE41 - COMPLETED TEST SETUP
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4 SYSTEM COMMISSIONINGND REPEATABILITY AALYSIS

To ensure the accuracy of testingall the sensors had to be calibrated and the repeatiity of
the readings had to be evaluated before the test setup couté commissioned for research. This
chapter deals with the calibration and preliminary tests thatpreceded commissioning

4.1 SENSOR CALIBRATION

Before the test rig wasevaluated all the sensors were either calibrated or their calibration was
checkal. The senors that were used in the old test rigwere checked and verified. The sensors
that were not moved, altered or changed iressential application were taken as calibrated and
the calibration curve in ETAwas kept the sameTable 2 summarizes the calibration of all the

sensors that had been reused.

The calibration of the load cell (for torque measurement) was repeated to ensure that the
calibration curve made in ETA was still valid. The torque arm was used just as prescribectie

Schenk manual (Schenck Pegasus GmbH, 200fgr calibration. An initial calibration was done

loading the load cell gradually with weights and unloading it, checking for hysteresidéinearity

and accuracy of the load cell. Theloal AT 1 8 © ET EOEAI AAI EAOAOEITT xAO
and after each testing session the torque arms were used to check the readings of the load cell.

No inconsistencies werefound throughout preliminary and final testing phases.

The thermocoupleswere assumed to work correctly, as their readingsvere not critical to the
research done during this project.

The calibration of the AVL 7030wvas re-evaluated as prescribedn the user manual(AVL, 1984).

According to the calA OAQOET T AEAAEOh OEA 16, xmnon | AOGO A I>
and correlated with the previous calibration done by Palmer. However, it was found that the

readings of the fuel balance fluctuated during testingThe reason for this problem is indiredly
AOOOEAOOAA O1 OEA AT CETA80O EECE ETEAAOQOEITT DPOAOO
line (in excess of 100°C). The high fuéémperature in the return line causesthe formation of

vapour. This causesirregular fuel flow as bubbles are forned inside the return line. Attempts to

remove these fluctuations bycoolingthe fuelOT A OAT PAOAOOOA AAfailed OEA £
becausethe return line propagates these fluctuations in flow, even if the vapour is condensed in

the fuel cooler.

An interesting observation could be maderegarding the nature of the problem by comparing
the fluctuation of the fuel consumption reading forthe engine running on biediesel versus that
of normal diesel.Greater fuctuations was observedusing ULSDthan in the case of biodiesel.
This phenomenoncan be attributed to the lower flash pointof the ULSDcomparedto that of the

biodiesel (55°C to 120°{Bioservices cc, 2009)
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4.2 ENGINE AND TEST RIGDBITROL CALIBRATIGQNUNINGIN ANDECUDIAGNOSTICS
Before the engine could béested, the following systems had to be tuned or checked:

1 throttle controller,
1 ECU diagnosticsand
1 dynamometer control

The throttle controller was calibrated using the adjustment screws on the front of th servo
controller. The throttle control in ETA was set to 0% and the zero screw was turned so that the
OEOT OO1I A AT 1 001 11 A Opedal wAshdtrholed. THe®theQtfo@i&Edntrd W OE A
set to 100% and the span screw was turnedntil the pedal was completely pulled in Shce only

power curves will be run, the intermediate accuracy of theactuator was notof such importance,

but it was verified using VAGCOM by checking the accelerator pedal register while altering the
throttle control in ETA. Values between the requested accelerator position and the accelerator
position picked up by the ECU correlated well.

To check if the ECU was functioning normally, VA&/ - xAO OOAA O1 bOIl 1 [EA
codes and status. Theesults are shown in Appendix L and indicate that the ECU is ready to run
the engine.

A PID controller controls the Dynamometer The settings of the PID controller can badjusted
using the screws inside the controller box. Initially the PID controller was set to factory default
settings, but during later testing, it was observedthat the controller did not settle on a setpoint
and kept the speed of the engin®scillating around the requested speed setpoint. On further
inspection, it was also discovered that the belt that connectethe servo to the butterfly valve
(that regulates the water level in the dynamometer) was perished. This was replacethd the
PID controller was retuned. The new optimal settings were found to be (the resistor number
inside the controller is indicated inbrackets).

1 Proportional (R461) 7 3
1 Integral (R463)z 4
1 Differential (R453) z2

The dynamometer was retuned according to the Schenck user manug@chenck Pegasus GmbH,
2001).

4.3 TRIAL RUNSAND REPEATABILITY TESS

Before testing canmenced, the test rig with the new engine was tested for reliability, safety and
repeatability. All tests were carried out after the engine was allowed to run up toperating
temperature at 2000rpm and 20% throttle. Initially the engine was run at partialload to see if
all the bolts were secure ad to check for abnormal vibrations throughout thespeedrange. No
problems were found. Then the drive train was tested, running the engine at miaxum torque
for half an hour. Therewere numerous problems with the drive train, these included spline
failure (manufacturing problem), vibration (originating form a climbing torsional damper) and
the loss of a CMoint(bad installation). Al these problems were solved and testing commenced.

As discussed in sectior8.5.1, there were a few problems th the cooling system, whichwere
solved. The engine was themun for an hour at various speeds and power levels, and the test rig
was consideredsafe and relidle and testing could commence.
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A setof two power curves wasperformed on ULSD to evaluate the repeatability of the test
setup. It was found that the repeatability of thetests were not completely up to standard and
inconsistencies of up to 3% occurred between these initial power runs undeimilar conditions.
The power curves areshown in Figure 42 and the difference in readings are shown iifrigure 43.
Even though the error does not seem b be great, the problem is that thedifference in
performance of biodiesel is expected to be in the order of 5%. Thuke inconsistency is too
great to allow for comparative studies between biodiesel and ULSD.
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After much testing and manipulation of data the problem was found to be that the ECE
correction factor was calculated using the temperature at the wall of the testell. The problem
with this was that there was a temperature difference of up to 10°C between the air at the wall
and the air that is sucked in at the clean air intake. By altering the thermocouple used in the ECE
correction factor to the one located in the clean air system, the accuracy tbe test setup was
increased dramatically.

During further trials, the accuracyof the test setup was validatedThree ofthe power curves are
shown in Figure 44. All three power curveswere done on different days with different weather
conditions. The values of the average errors between the power curves are shownHigure 45.

It can be seen from these graphs that the test is highly repeatable and that the experimental
setup can be used in comparative stlies.
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4.4 |NDICATINGDATA FILTERING ANDMALYSIS

The indicating equipment enables a user toead off both the crank angle and the htylinder
pressure of the first cylinder of the engineKnowing the accuracy of the sensorgnables one to
know to which extent the data can be used to analyze and judge the performanafea fuel in an
engine. Thissectiondeals with the integrity of the indicating set employed in this project.
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4.4.1 ACCURACY OF THE INBTING SENSORS

The indicating sensors are the Optrand PSlglow sensor and the Kibler 7030 single turn
magnetic shaft encoder.The calibration certificate of the Optrand sensor was supplied by
Optrand. Optrand calibrates their sensors statically and dynamically before shipment. Static
calibration was done using a method described in the user manual. The Dynamic calibration
was dore by running the PSlglow sensor alongside Kistler 6121 piezoelectric transducer in an
internal combustion engine.The data is then used to calibrate the Optrand sens@vwlodarczyk,

et al., 1998) The Optrand sensors have begoroven to have a total error (taking thermal shock,
hysteresis, and nonlinearity in account) of between £0.4% and +1%Wlodarczyk, et al., 1998)

The sensitivity of the sensor is indicated as 1.47mV/psi on the calibration ceficate. Thus by
converting the output signal (between 0.5V and 5V) using the following equation, the pressure
is given in kPa.

v (J,@éb 05 x 1000
0= 147 x 6.894 [4.1]
The conversion factor from psi to kPa is taken to be 6.894hiE conversion is programmed ino

SignalExpress8, and the pressure is sired in kPa.

The rotary encoder has a specified linearity better than 1° oa 360° measurement range and

the repeat accuracy is better than 0.1° on a 360° measuring range. The measuring resolution is

12bit. To calibrate the sensor to TDC of the first cylinder, the enginveasfirst locked into TDC as

prescribed by the Haynesowned O x 1 OE OE T ®&W thé\Hol®(Aek, 20d1) Then the shaft

encoder was installed into position on the adaptor on the end of the crank pulley along with the

restraining plate (keeping the encoder aligned).Using a multtmeter, the hub of the shaft

encoder was adjusted until the meter read 5.000V, before it was clamped down over the shaft of

the adaptor. The reason TDC was assigned to 5V was diet OEA " OO OA ank stepOE EE T «
response (se section 4.4.2). This prevents the noise in the shaft angle measurementrom

interfering with the pressure curve by having the noise in a plane between pressure pulses

4.4.2 DATA FILTERING

Figure 46 shows a sample of the unfiltered data reaaed from the indicating set. It can be noted

that the graph is not continuous since the voltage of the shaft encoder only ranges between 0

and 10V. Agnentioned earlier, it is unfavourable to have the break in the graph on the pressure

curve for calculation purposes.41 AT O1 OAOAAO OEA AOAAE ET OEA PO
mark is calibrated to 5V so that the breaks fall in a valley between pressure spikes. The data is

then manipulated mathematically to allow TDC and BDC taoincide with angles that are

multiples of 180°.

During the first tests,noise was noticed on the signal, clearly visible iRigure 46, and a filter had
to be implemented
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Before a filter couldbe applied to the signalthe nature of the noise had to be determined. To
determine what the frequency of the noise is, a power spectrum analysis block was added to the
data analysis software From the power spectrum (shown in Appendix M) it was clear that the
frequenciesof the noise were at integer multiples of the engine speed, thus it is safe to assume
that the origin of the noise is mainly due to the vibration of the enginel'he solution was found
by applying a low pass filterto the signal before tte data was saved to the hard driveThe
Butterworth filter was selected becauseit has no gain ripple in its frequency response and has a

O&lI ADo

DAOOAAT A8 4EA AOAxAAAE 1 £ Oeuboff yr@d@OAOx 1 OO|

which means thatthe filter needs to be designed with a smaller passbando allow the noise to
be cancelled completelylf a first order filter was to be used, either some of the noise would be
present or some of the vital information would be lostA remedy to this is touse a higher order
filter, allowing a sharper cutoff rate, widening the passband, and still cutting off the noise. This
comes at a sacrifice; the higher order filters have laad step response (a bit o&dn overshoot and
a longer settling time), which givesbad data for the shaft encoder signal athe 0 to 10V
transition point.

The selection of the filter setup was done by filtering the same set of data usidgferent filter
i ETA OEA ££EI OA0OGS O ancdigidnDEOA 00

configuratons(EAADET ¢ EI1

The following setups were used:

= =4 4 48 -8 -4 -8 -9

1storder with 0.5kHz cutoff
1storder with 1 kHz cutoff
1storder with 1.5kHz cutoff
1storder with 2 kHz cutoff
2nd order with 0.5kHz cutoff
2nd order with 1 kHz cut-off
2nd order with 1.5 kHz cutoff
2nd order with 2 kHz cut-off
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3rd order with 0.5kHz cut-off
3rd order with 1 kHz cutoff
3rd order with 1.5kHz cut-off
3rd order with 2 kHz cutoff

= =4 4

On inspection, the best results were found using theecondorder low pass Butterworth filter
with a cut off frequency of 1.5kHz. The filtered data is presented inFigure 47, which represents
the filtered version of the data shown inFigure 46.
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FIGURE47 - FILTERED DATA SET

4.4.3 REPEATBILITY

To demonstrate the repeatability of the indicating system, a set of four complete engine cycles

are plotted over each other inFigure 48. The data was taken from four time intervals as the

engine was running at 1500rpm with 30% throttle. It can be observed that all four pressure
AOOOGAOG 001 PAOEAAOGI U 11 AAAE 1T OEAO8 4EEO xi Ol A
a stroke is very repeatable under similar conditions.
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4.5 SYSTEM COMMISSIONINGID REPEATABILITY AALYSISSUMVMARY

This section discussed the process of commissioning the experimental setup created in this
project. All the sensors in the test cellwere calibrated and it was found that the all he sensors

worked properly except for the AVLmass fuel balance The problem with the AVL mass fuel

balance is due to a irresolvable incompatibility between the AVL 7030 mass fuel balance and

OEA 67 p8w, 4%$) j!4%$q60 AOAI ETEAAOCEIT OUOOAI 8

Through testing, the experimental test cell proved to be reliable. Through the alteration of some
parameters in the ECEorrection factor the tests provedhighly repeatable through trials.

The indicating set was successfully implemented and with a second order lgpassButterworth
filter, a clean signal of the pressure trace in the first cylinder of the engine could be measured.
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5 FUELS TESTING

The chemical nature of biodiesels in no way comparable to the chemical composition of regular

mineral diesel, and naturally he questionhasOi A A A OE Askhg pefiqriamce & the
biodiesel AT | DPAOA O1 OEA DPAOA& OI ATAA T &£ OGEA 171 01 Al A
question that was answered byPalmer (2008), using an oler technology diesel engine. It was

found that even a lower grade biodiesel performs well withan unmodified engine.

The question that needs to be answered in this project is whether a modern engine wikigh-

pressure injection technology (more specifically pump unit injectors) is suited to run on
biodiesel andhow the performance figures of the engine differgo that of the engine running on
ULSD This is important due tothe recent rise in popularity of cars running on diesel and the
prospect of running cars on biodiesethat could significantly affect the carbon footprint of the

average road user.

A secondary project goal was to evaluate a cost effective alternative to ttraditional indicating

set. @mbustion analysisin an enginewill give more insight on the behaviour of biodiesel in an
engine. This section discusses the tests that were done on the new experimental setup based
around the 1.9L TDI engine that was sponsored by VWSA.

5.1 TESTED FUEL SAMPLES

For the sake of consistency wittPalmerd (2008) thesis, it was decided to tesultra low sulphur
diesel (ULSD and biodiesel as well as the blendé&he blend number indicates the mixing ratiq
for example; B5 means 5% biodiesel and 95% UL$D

1 B5

1 B1O
1 B15
1 B50

To be able to do all the tests with the same diesélatch, the biodiesel and the ULSDvere
purchased in bulk, and a 210 Litrecontainer of each wagurchasedfor testing. A sample of each
batch of diesel was sent away for testing teerve as a reference on the fuel quality used in these
tests. The results of the biodiesel and normal diesel testare shown in Table 3 and Table 4
respectively.

AWAREIS SPECIFICATION SANS RESULT
1935:2004
APPEARANCE CLEAR
DENSITY @ 15 deg C kg/l 0.860:0.900 0.8904 (PASS)
VISCOSITY @ 40 deg C 3.55.0 7.88 (FAIL)
FLASH POINT deg C 120 MIN PASS @ 120deg ¢
WATER CONTENT% 0.05 MAX 0.13 (FAIL)
ACID VALUE mg KOH/g 0.5 MAX 0.44 (PASS)
FREE GLYCEROL% 0.02 MAX 0.05 (FAIL)
TOTAL GLYCEROL% 0.25 MAX 1.16 (FAIL)
CETANE INDEX 55 TYPICAL 49
IODINE VALUE 96.1
SULPIATEDASH 0.002 max 0.002
HEATING VALUE 39.360 MJ/kg

TABLE 3 - BIODIESEL TEST RESULS
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ANALYSIS SPECIFICATION SABS 342 DIESEL SAMPLE

APPEARANCE CLEAR CLEAR
COLOUR YELLOW
DENSITY kg/l @ 20 deg C 0.800 MIN 0.8206
VISCOSITY @ 40 deg C 2253 3.49
FLASH POINT deg C 55 MIN PASS
WATER ppm 500 MAX 45ppm
SEDIMENT NEGATIVE NEGATIVE
CETANE INDEX 55 TYPICAL 56

IODINE VALUE 105.8
SULPATED ASH 0.002 max 0.001
HEATING VALUE 45.888 MJ/kg

DISTILLATION RANGE SPECIFICATION RESULT

IBPdeg C 184
10% 208
20% 221
30% 250
40% 267
50% 288
60% 300
70% 319
80% 330
90% 362 MAX 344

FBP deg C 384

TABLE4 - ULSDTEST RESULTS

It can be seen from the tables that the biodiesel fails the SANS1935:2004 stard and the ULSD
passes the SABS 342 standard.

The calorific value of the two fuel samples was measured using an IKA C200 calorimeter. The
calorific value of biodiesel(39.360 MJ/Kg) is 14.22% lower than the ULSD at (45.88MJ/kg)lhe
cetane index of the bdiesel is below specification as well. Biodiesel is quoted in literature to
have higher cetane indexes than that of normal diesel, but at 49js below average. The cetane
index of the ULSD is at 56, which is better than expected.

Thus, looking at theEOAT DOT PAOOEAOh OEA A@PAAOAOEIT EO OE/
will be lower when run on the biodiesel due to the lower calorific content of the biodiesel. A
slightly longer ignition delay can also be expged from biodiesel based on & lower cetane

index.

5.2 TEST PROGRAM

The first set of tests that were done was the power curves with different fuels. Befoeeday of
testing could commence, the calibration of the load cell was checked by loading the torque arm.
The engine wasrun up to temperature using ULSD, and the testing commenced. A test cycle
consisted out of the following steps:

Change fuel (ULSD, B5, B10, B15, B50 and pure biodiesel)
Bleed fuel lines

Run engine up to temperature at 2500pm and 40% throttle
Switch on VAGCOM to log ECU belviour

PN PE
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5. Initiate test cycle 1 Power curve
Initiate test cycle 2 Power curve
7. Pressure indicating done at;
a. 3250 rpm at 100% throttle
b. 1750 rpm at 100% throttle
c. 1750 rpm at 45% throttle
8. Initiate test cycle 3 Power curve
9. Shut off engine and mix next batch dtiel

o

These steps were repeated for each fuel mix. The reastor doing three power curves per fuel
was to check fornon-linearity and abnormal behaviour of the engine during any stage of testing.
If any one of the three power curvesliffered from the other two, another power curve was run
During testing, a few problems were experiencedvith the test setup. These problems were
corrected and all the samples were rgested. All the power curves done on the test bed were
consistent, and only twobad test cycle occurredduring the testing of B5 and B50. fie bad tests
were due to a pinched vacuum line. These outliers showedrmtable decrease in power during
peak torque conditions and a lowering of pressure boost frm the turbocharger. The vacuum
line was re-routed and the problem was soled.

5.3 TESTRESULTS

To compare the performance of the biodiesel to that of regular diesel, power curvegere
performed with the engine running on the respective fuel samplesk-igure 49 shows all the
power and torque curves of the diel samples tested on one grapht can be seerfrom the graph
that there is nosignificant difference between the performances of the engine running on ULSD,
B5, B10 and B15. There is a cle@ower loss whenpure biodiesel isusedin the engine, and as
expected, the performance of BS@Gppears to behalf way between that of ULSD and biodiesel.

To show the effect of the biodiesel and blends more clearly, the percentage of performance loss
of the engine is shown inFigure 50. The slight power increase for the blends in the midengine
speed rangeregion might be due to the improved lubricity of the biodiesel, improving the fuel
pump and injector performance, but the subject need further investigationThe graph shows
that the engine ismost affected at high power conditions where more fuel is used, and that the
loss in performance is onlyabout4.2% at 4000rpm (lower than the expectedl4.22 % based on
calorific content).

To illustrate the difference of the engine running on ULSD versuwbiodieselbetter, only the two
power/torque curves are plotted against each other inFigure 51. The maximum power of the
engine running on ULSD is 785kW at 3250 rpm while it is 75.98 kW at 3250 rpm for biodiesel.
The torque figures also looksimilar, where the maximum torque of the engine running on ULSD
is 253.8 Nm at 2000 rpm andit is 249.7 Nm at 2000 rpm for biodiesel.
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Even though the bodiesel used is of a very poor quality, it does not seem to affect the engine
performancein the short term, except for a power loss thatould be attributed to three factors:

1 Lower calorific value: (Energy input, the main contributing factor)
1 Ignition quality: (Ignition delay)
1 Viscosity (Injector performance)

What is even more notable is the fact that the engine only 103t53% in maximum power output
(and 4.2 at top speed)while the calorific value of the biodiesel was tested at 14.22%

The engine operding parameters were consistent throughout all tests ana slight decrease in
oil and exhaust temperatures are observedThe long-term effects of biodiesel on the engine
were not tested, and need further investigation.

5.4 FUEL CONSUMPTION MEBREMENT

Fuel corsumption measurement of & engine is a veryimportant parameter in engine testing
because it is necessary to calculate specific fuel consumption, efficiency and air/fuel ratios.
These are important factors when it comes to engine testingleywood, 1988).

It was seen fom the fuel consumption readingsthat the data is scattered and only a fat trend

in fuel consumption wasvisible. Initially it was thought that the problem was with the AVL mass
fuel balance, but after recalibration, necessary checkups and maintenance procedures, it was
realized that the mass fuel balancavas not at fault. On further inspection, the problem was
found to be the engine itself.
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Notably the fuel consumption readings of ULSD is more scattered than thaf biodiesel, and the

trend is supported by the blends. This indicates that the problem is more prominent with the
more volatile ULSD (flashpoint of 55°C) than with thebiodiesel (flashpoint of 120°C) which

gives a clue of the problem at hand.

The problem originates with the high fuel return temperature of theengine due to the high
pressurethat the diesel is exposed to just before it is returned to the AVL mass fuel balance. In
the pump unit injector system the fuel is compressed to a pressure as high 2050 bar, and then
the fuel is either injected into the cylinder or it is shunted to the fuel return line. This causes the
fuel in the return line to have temperatures in the order of100°C which is 45°C above the
flashpoint of ULSD. The highemperature causesthe more volatile fractions of the diesel to
vaporise in the fuel return line.Vapour formation in the fuel line causes the fuel to be added to
the measuring chamber in an erratic fashion. This caes the mass fuel balance to oscillate
skewing the readings. The AVL user manual prescribes that the solution to this problem is to
cool the fuel to below its flashpoint, which was done, but had no effect on the readings of the
AVL mass fuel balance. The application of a damper also had little effect e problem.
Regrettably,the problem remains unsolved, and all resources and equipmeat the disposal of
the BTF wereused to try to correct the problem.

5.5 PRESSURBENDICATING
The pressure indicating experiments had two goals

9 To validate the working of the implemented pressure indicating setup
f To see if the lower ignition quality of the Biodiesel affects thed T C E tofbBustion
process.

This section discusses the indicating work done and observations based on the resuitsained.
Pressure indicating measrements were taken at the following conditions for the engine
running on both biodiesel and ULSD:

100% Throttle / 3250 rpm (full power) running on ULSD

100% Throttle / 1750 rpm (maximum torque) running on ULSD
100% Throttle / 3250 rpm (full power) running on biodiesel
100% Throttle / 1750 rpm (maximum torque) running on biodiesel

= =4 4

5.5.1 PHASING

All attempts were made to calibrate the shaft encoder mechanicallyo ensure that the pressure
signal and the shaft encoder signal are in pha8e 4 E A  AdnksEaftwiad I6cked with the #1
piston at TDC. The shaft enater was installed, and using a mulimeter, the encoder was fixed
to the shaftin a position correlating with a reading of 5.00V.Later it was found that the

clamping mechanismof the encoderhad the tendency to become looseduring testing. The

encoder was recalibrated (5V to TDC) and bonded tothe crankshaft with an epoxy-based
adhesive.

Motoring of the engine was not possible because the dynamometer is of the waterbrake type.
Thus, the engine was cranke using its starter motor. This is far from idealsince the starter
motor could only rotate the engineat low speed, and the blowby3 affected the pressure trace.

3 Blow-by is the leakage of gas past the pistons.
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This can be observedrom Figure 52 on the descending part of thepressure trace (a steeper less
gradual pressure curve than on the ascending part). This causes the LegByV graph inFigure

53 to be curved (and not straight as in Figure 11). Neverthdess, the motoring curve could be
used to improve the phasing between the pressure and the crank angle signals. Using the LogP
LogV graph inFigure 53, the phase differencevas determined. The phase correction wasan
11.8° advance of thepressure trace.
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5.5.2 INDICATED WORK CALCATION

The dataobtained from the indicating set yielded the pressure vs. volume profiles shawin
Figure 54 and Figure 55. The curves inFigure 54 were measured whilethe enginewas running
at 100% throttle and 1750 rpm (maximum torque) and Figure 55 shows the pressure/volume
curves of theengine running at 100% throttle and 3250 rpm (full -power)
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By integrating the compression and power stroke using equations 2.5 and 2.6, it is possible to
calculate the net indicated power supplied to the engineA shortcoming of the current
indicating set is the fact that the shdfencoder is analogue, and the pressure and shaft position
readings are measured at discrete increments of timeinstead of crank angle. To integrate the
pressure and volume data, numerical integration need to be performed. Only trapezium
integration (Equation 5.1) could be used since othenumerical integration techniques,such as
3EI BDOIT 1, 6ad ony dédhne on data that has discrete increments of the independent
variable (which is the crank angle in this case).
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Trapezium integration: 5.1

Where P denotes pressure and V denotes volume.

The results of the indicated power and mechanical efficiency are shown ihable 5. In Table 5
the indicated power is displayed nextto the measured power output of the engine agiven
conditions. The mechanical efficiency of the engine is shown in the last column. It should be
noted that this value is highly sensitive to phasing error§Callahan, et al., 198p Taking into
consideration the phasing issues of the experimental setupthese values for mechanical
efficiency should not be used to form a basis of any argument. In thisase,it is simply a
demonstration of the consistency of the indicated power meaurement. For the same reason,
the percentage difference between the engine performances is shown running on eitheel.

Indicated  Measured % difference between % difference between Mechanical
power (kW) power (kW) indicated power values measured power values efficiency (%)

Indicated power

Biodiesel 100% throttle / 3250 rpm
ULSD 100% throttle / 3250 rpm
Biodiesel 100% throttle / 1750 rpm
ULSD 100% throttle / 1750 rpm

TABLES - INDICATED POWER

From Table 5 it can be deduced that the indicating setelivers consistent data, but that the lack
of motoring capability in the BTF makes absolute measurements of indicated power and
mechanical efficiency of the engine impossible.

On a comparative basis, it can be observed that the percentage power loss measuduring
dynamometer testing and indicating is very close. Ths, it is safe toassumethat the loss of
power observed during the testing of biodiesel is accounted for in the indicated power
measurement.Variation of the comparative figures presented ifmrable 5 can be attributed to:

9 the inaccuracyof trapezium integration, and
1 the irregular increments at which the crank angle is measured.

The irregular measurement of crank angle actually limits the pressure indicating analysiore
severely. Due to various aspects of the physical experimental setup and the nature of the
sensors, noise will always be present in thpressure indicating signals One of the best ways to
filter noise is to average indicating data between multiple powertsokes (Callahan, et al., 1985)
and with irregular crank angle measurement, this is not possiblélhe effects of noise are even
more pronounced in the heat release analysis, where first derivatives of the pressure and
volume dgnals are taken.

5.5.3 HEAT RELEASE ANALYSIS

By applying equation 2.10 to the indicating data, a heat release curve is produced. The heat
release curve during the compression and power stroke of the engine is plotted for the same
sets of data displayed irFigure 54 and Figure 55, and is presented irFigure 56 and Figure 57.

From Figure 56 and Figure 57, the Dllowing observations can be madédetween the biodiesel
and ULSD heat releases for both the 1750 rpm and 3250 rpm tests
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Only a slightdifference in ignition delay is observablefor biodieselin both the 1720 rpm

and 3250 rpm tests

Hence, it is normal tosee that there is no significantlydifference in the rise of heat
release rate during the premixed burning period(sincethe amount of vaporised diesel is

roughly the same by the end of the ignition delay)

Diffusion burning and dter burning periods falls roughly into tE A OAT A OOEI Ad

both the 1750 rpm and 3250 rpm cases.

The deduction can be mad that the cetaneindex of the biodiesel doeshot affect the

combustion process.

The peak heat release rate for ULSD is generally higher than in the casbiodiesel. This

is expected, since biodiesel lea lower heating value.
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5.6 SUMMARY

A novel, lowcost indicating set was improvised, and it was used to obtain the indicated power
and heat release of the test engine running on ULSD and biodiesel. The tests were done at peak
torque conditions (100% throttle and 1750 rpm) and at peak power conditions (100% throttle

and 3250 rpm). The following observations can be made concerning the performance of
biodiesel in the test engine (compared to ULSD):

1 The lower cetane value of the biodiesel do not significantly affect the ignitiodelay
period of the engine

1 Itis evident from both the indicated power and the heat release curves that the lower
EAAOET ¢ OAI OA T &£ OEA AET AEAOGAT 11T xA0OO OEA

The following observationsand recommendationscan be made regarding the ingtating set:

1 The analogue shaft encoder and data acquisition hardware makét extremely hard to
trigger pressure and shaft position readingsat set angular increments of the shaft
encoder. This makes it hard to filter out noise by averaging, and othertéring methods
need to be used.

1 A low pass Butterworth filter is used to filter the signal. While this is adequate for
display and numerical integration, remnant first and second order noiseadversely
affects thecalculation of heat release. It was possiblto do a simplified heat release, but
the noise in the data made it difficult to do further analysis, since ityielded
incomprehensible data or unacceptable errors.

1 The lack of motoring capability in the BTF doesot enable operators to correct the
phasebetween the encoder signal and the pressure trace.

1 The Optrand pressure transducer works exceptionally well Gven its low cost, low
maintenance and simplicity; it can be recommended for future use

1 The appropriate hardware to calibrate the Optrand sensorseeds to be acquired.

1 The use of a FPGAfield programmable gate array)type data acquisition system is
recommended for future research This is due to its abiliy to process indicating data &
high speed and in real time One such system is the Nation&hstruments Compact Rio
system, and further investigation issuggested

1 Itis recommendedthat a DC dynamometebe used for future indicating work atthe BTF
to obtain a set of hot motoring curves across the full speed range of the engine.
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6 CONCLUSIONSND RECOMMENDATIONS

After the test cell was upgraded and the engine installed, was commissionedand biodiesel
was tested in a comparative studyResults from the new test setup proved to be highly
repeatable and issuitable for fuel performance researchThe performance ofFatty Acid Methyl
Esters FAMBE biodiesel was tested and compared tdJitra Low Sulphur Diesel ULSD.

In a chemical analysis the ULSD proved to be ofgaod standard, while that of the biodiesel

failed the SANS 935:2004 standard. Moe notably the biodiesel had a cetane index dB, where

the ULSD was at 56. The energy content of the biodiesel also rated 14.22% lower, at 39.36
_*TEC xEAOA 5,3$ xAO AO tusuyy -*TEC8 (1 xAOAOR A
performance was orty decreasedby a maximum value of 4.2%.It is suspected that thehigher

viscosity and improved lubricity of biodiesel improves the performance of the pump unit

injectors, which cause more fuel to be injected intehe combustion chamber. If thiswere the

case, it would suggest that pump unit injection technology is well suited for biodiesel
applications. Fuel consumption measurement is one tool that will shed light on this observation.

Thefuel consumption measurement equipment of the BTwas affected by the nature of thetest

AT CET A0 pOi D OTEO ETEAAOI O OQUOOGAI A ATA 11T AAAGQ
done. Various approacheswere usedto correct the issue, but the problem remains unsolved

Thus, no investigation could be done on the performare of the injection systemand fuel

efficiency of the engine

In-cylinder pressure indicating work is a powerful tool in combustion analysis.Traditional
piezo-electric indicating sets are expensive, and a more cost effective alternative was sought. An
optical pressure transducer waspurchasedalong with a magnetic typeanalogue shaft encoder
and high-speed dataacquisition hardware. This formed a cost effective indicating sefThe
indicating exercise in this project served a dual purposenamely. to investigate the performance

of this particular indicating setup and to investigate the effect that the lower cetanéendex of
biodiesel hason the combustion process of the engine.

The result of the indicating work showed that the combustion process of biodiesas very
similar to that of ULSD, even though the peak heat release rate of the biodiesel is lower. There
was no significant difference in ignition delay found during heat release analysis, which would
suggest that the engine is not affected significantlyylthe lower ignition quality of biodiesel.

The optical pressure transducer proved to work well, and it is recommended for future
indicating work if a cost effective alternative is sought. However, the performance of the shaft
encoder and data acquisition gstem proved to be substandard. Another aspect of the indicating
setup that proved to be a problem is the lack of motoringapabilities. Motoring the engineis
needed to correctthe pressure and encoder signgbhase,which is vital in absolute heat release
and indicated power analysis. Recommendations for future indicating setups include:

1 Incremental shaft encoder withone sample per degree resolution, digital output and a
OOECCAO 10600PDOO8 | OOEOI OCE OEA&AOOb6bedadsdofl DET C |
encoder calibration.

9 The use of a DC dynamometer.

1 The use of a National Instruments Compact Rio FPGA type data acquisition sysi{@m
similar) .
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A recommendation for future work on the BTF is to developenginetesting software that
integrates pressure indicating and the engine testing software packages into on&ork
environment. This should preferablybe done using asingle FPGA type platformto improve
system performance.

Other recommendationsare:;

1
1

The installation of a fuel conditioning unit into the BTE

The installation of another fuel consumption measurement device or modifications to
the current mass fuel balance in order to measure fuel consumption accurately.
Research on the performance of biodiesel in pump unit injectors.

Future work on emissions tesing (the appropriate hardware ishowever required).
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APPBENDIXA: BIODIESEL COMPOSITION

These tables sumnarise the composition of some of the common fagt oils used to produce

biodiesel. The designation Ca:b is used to describe the length of the fatty acid chains in carbon

atoms. b Designates the number of unsaturated carb@ncarbon bonds.(Dieselnet, 2009)
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TABLE6 - COMPOSITION OF COMMONATTY OILS %( M/ M) (DIESELNET, 2009)



