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ABSTRACT 
This thesis comprises of the testing and evaluation of a modern diesel engine running on both 

biodiesel and mineral diesel on the upgraded Bio-fuels Testing Facility (BTF) at Stellenbosch 

University. The project was motivated by the need to install a modern diesel engine onto the 

existing BTF test rig for biodiesel testing. In this project, the BTF was re-designed to support a 

new Volkswagen 1.9L TDI engine. The capabilities of the BTF were then expanded further 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 14% 

lower than that of the tested mineral diesel. The ignition 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 heat-release analysis, it was determined that there was no 

significant difference in the combustion process of biodiesel and that of mineral diesel. The 

conclusion could be made that biodiesel is suitable for use in modern TDI engines. 

Testing validated the operation of the upgraded test cell, and in trials it was determined that the 

test results are highly repeatable. The pressure indicating set proved to have some limitations. 

Only simplified heat-release analyses and reasonable indicated power calculations could be 

performed with the indicating set. Recommendations were made for improvement in future 

research. 
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1 INTRODUCTION 
Sustainability issues are prominent stumbling blocks in modern automotive engineering. The 

current challenge is to curb carbon dioxide emissions. Switching to bio-fuels seems to be a 

simple solution to the problem. Two examples of bio-fuels are biodiesel and bio-ethanol. 

Manufacturers of bio-fuels claim that unmodified engines can run on biodiesel and bio-ethanol. 

Automotive manufacturers and authorities have concerns about the quality and the long term 

effects that these fuels have on current engines. Further research is required on quality control, 

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

2009). 

The internal combustion testing facilities at Stellenbosch University closed down in 2004. This 

project is a joint effort between the Department of Process Engineering and the Department of 

Mechanical & Mechatronic Engineering to restore the internal combustion engine test facilities. 

The long term objective is to develop an engine testing facility for bio-fuels research. In 2007/8, 

Palmer (2008) built an engine test facility as part of his MSc thesis, establishing the 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, Volkswagen donated two new 1.9L TDI engines with pump unit injection systems. The 

new engine expands the research capabilities of the BTF to a new level, where the research is 

more applicable to the current state of diesel technology in passenger cars. The pump unit 

injection system also makes the engine less susceptible to problems normally associated with 

biodiesel, making it a more stable platform for biodiesel testing. 

In this project the test rig built by Palmer for his MScEng thesis was modified to accommodate a 

Volkswagen 1.9L TDI engine of the ATD variant. The engine was instrumented to allow 

autonomous control of the engine from the test cell’s control computers. Even though the test 

cell is heavily modified, most of the original hardware from the previous phase of the project 

was employed to create a cost effective test setup.  

To advance the capabilities of the BTF further, research was done on in-cylinder 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 to be very expensive and the 

decision was made to start indicating work in the test cell by implementing a cost effective 

system with the intent to upgrade the indicating equipment further at a later stage. 

For the reasons above, the objectives for the project was set out to be:  

 To commission and run a modern diesel engine on the test rig built by Palmer (2008). 
 To be able to read and log as many engine sensors and operating parameters as possible. 
 To compare the effects of biodiesel to ultra low sulphur diesel in the engine by the 

measured output performance of the engine. 
 To implement cost effective pressure indicating instrumentation (measuring in-cylinder 

pressure). 
 To use the pressure indicating set to calculate heat release data and indicated power. 
 To evaluate the engine test setup. 
 Propose design changes and future work on the test cell.  
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This thesis consists of: 

 A literature study. (Chapter 2) 
 A section on experimental setup and the redesign of the test rig. (Chapter 3) 
 A section on calibration of instrumentation and repeatability analysis. (Chapter 4) 
 Experimental procedures and measured results. (Chapter 5) 
 Conclusions and recommendations. (Chapter 6) 
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2 LITERATURE REVIEW 
Before test cell alterations and testing could be done, a proper literature study had to be done to 

acquire the appropriate background knowledge needed for the project. This chapter highlights 

basic knowledge needed to understand the rest of this report and is by no means a 

representation of all 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 

1800’s, Dr. Rudolf Diesel and Akroyd-Stuart. The idea of a compression ignition engine was the 

brainchild of Dr. Rudolf Diesel, and in 1892, he filed a patent on an 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 engine. Through over a century 

of development, diesel engines have become the workhorse of the modern world, and can be 

considered the heart of commercial transportation since the Second World War. (Heywood, 

1988) 

Diesel engines have much more torque at low speed and better thermal 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 reputation of being noisy and 

smoky. This made diesel engines an unpopular choice for use in passenger cars. Legislative 

pressure from first world governments such as the members of the European Union, public 

environmental awareness and a rise in fuel prices pressured automotive manufacturers to 

utilize the efficiencies of diesel engines to comply with standards (Heywood, 1988) (Dieselnet, 

2007). Recent developments in diesel technology made diesel engines more suitable for 

passenger vehicles and efficiency of diesel engines made these engines popular for the general 

public. In the light of sustainable development, this is a step towards 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 discuss diesel technologies that are 

relevant to the research done and the specific engine that is used in this project.  

2.1.1 TURBOCHARGED DIRECT INJECTION (TDI) DIESEL ENGINE 
Some of the more common diesel engines available for public use today is turbocharged direct 

injection engines. Specifically the TDI trademark is a registered trademark of the Volkswagen 

Group (includes the passenger car brands VW, Audi, SEAT, Skoda, Lamborghini, Bentley and 

Bugatti). As the name suggests, the main features of these engines 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) donated the engine along with all its auxiliary parts that are 

needed to run the engine. The specifications of the engine are as follows: 

 Engine Code:   ATD 

 Type:    4-cylinder, in-line engine 

 Number of valves per cylinder : 2 

 Displacement:   1896 ml 
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 Stroke:    95.5 mm 

 Bore:    79.5 mm 

 Connecting rod length:  144mm 

 Compression ratio:  19:1 

 Max. Output:   74kW at 4000 rpm 

 Max torque:   240 Nm at 1900 rpm 

 Idling speed:   800 rpm 

 Cut out speed:   5000 rpm 

 Engine management:  Bosch EDC 15 P 

 Exhaust gas after treatment: EGR and two-way catalytic converter. 

 Exhaust emission standard: EU3 

2.1.2 SUPERCHARGING 
The power output of a four-stroke engine is primarily determined by the amount of fuel burned 

in the cylinder during the combustion stroke. The amount of fuel that can be injected is limited 

by the mass of air (oxygen) that is present in the cylinder after the inlet valve closes. One way to 

increase the mass of air in the cylinder is to pressurise the induced air, known as supercharging. 

Either one of two (in some cases both) devices are commonly in use to pressurise the air 

induced into the cylinders. These are: 

 Mechanically driven compressor, pump or blower 

 Turbocharger 

The mechanically driven superchargers are driven from the crankshaft by a belt or gear. There 

are numerous designs for compressors of which the Roots blower, Sprintex (screw) and sliding 

vane designs are the most common. A turbocharger is a type of supercharger that is driven by 

the engine’s exhaust gasses. It consists of a turbine and a compressor. The exhaust gasses drive 

the turbine, while the compressor is used to compress the air that goes into the cylinders 

(Heywood, 1988). A cutaway of a turbocharger is shown in Figure 1 with the compressor side 

marked in blue and the turbine marked in red. The turbocharger used in this project is a 

Variable Geometry Turbocharger (VGT). In a VGT the boost pressure, the rotating speed of the 

turbine and the backpressure are regulated by changing the pitch of the guide vanes in the 

housing of the turbine. 

 

FIGUR E 1 -  TUR BOCH AR GER  CUTAWAY (COU RTES Y NASA/JPL-CALTECH) 



 

5 
 

Due to the compression process, the supercharged air is heated which reduces its density. 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 exchanger that 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 (exception is with Fuel Stratified Injection (FSI) engines). There are two ways 

in which diesel can be injected into an engine cylinder. These can be classified as either Direct 

Injection (DI) or Indirect Injection (IDI). 

IDI systems utilize a combustion pre-chamber that is connected to the main combustion 

chamber through a narrow passage. Air flows through this passage during the compression 

stroke, causing a fast spinning “whirl” in the pre-chamber. As the piston reaches Top Dead 

Centre (TDC), the fuel is injected 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 system, the fuel is injected directly into the combustion chamber at 

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 TDC. A 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 machined to induce a flow 

pattern in the air to improve air-fuel mixing (Heywood, 1988) (Owen, et al., 1990). 

Because diesel has to 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 operate at up to 1000 bar 

(Owen, et al., 1990). However, higher injection pressures are favourable and new generation 

injection technologies have been developed to increase efficiency and reduce emissions. 

Two common DI systems are: 

 Common rail injection system, and 

 Pump unit injection system. 

The common rail system uses a central diesel pump that supplies a high pressure fuel line that 

supplies the solenoid valves on the diesel injectors. Currently third generation common rail 

injection systems are common, featuring piezo-electric valves for increased accuracy. Common 

rail systems can inject diesel at pressures of 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 is a new diesel injection technology (where unit pump is the 

older related technology). A small number of car manufacturers like VW, Audi and Volvo 

embrace it. The pump-unit fuel injector system is marketed under the brand Pumpe Düse (PD) 



 

6 
 

in VW engines. The injection pressure of pump-unit injection systems is as high as 2050 bar 

(VWAG, 1998). Since the engine that is used in this project is of the pump-unit injection type the 

rest of this chapter will discuss the working of pump-unit injectors. 

The high injection pressure associated with the PD system has a few significant advantages 

above older distributor type engines. These are (VWAG, 1998): 

 Lower combustion noise (in comparison to the distributor pump system used in older 

VW engines) 

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

 Lower emissions  

 Better efficiency 

 21% more torque compared to engines fitted with distributor pump systems 

 Increased power density 

A pump unit injector is a single unit that combines the function of the high-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 injector and Figure 3 shows 

the how the unit injector is fitted into the cylinder head. 

 

FIGUR E 2 -  PU MP  U NI T INJECTOR  (VWAG,  1998) 

 

FIGUR E 3 -  PU MP  U NI T INJECTOR FITTED INTO ENGI NE  (VWAG,  1998) 

In the layout in Figure 4 it can seen that the unit injectors operate like a big syringe. The pump 

consists of a tube with a plunger fitted in it. The plunger is kept back into the “full” position by a 

spring. During injection, under action of the rocker arm and cam assembly, the plunger rams the 

diesel down to the injector. The solenoid controls the flow of the fuel during injection. By 

opening and closing at the right moment during the injection cycle, the pressurized diesel can be 

diverted either to the injection needle, or to the fuel return line in the side of the motor head. 
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When the solenoid valve is energized, flow of the fuel is directed to the needle (otherwise, 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 ECU uses a number of input signals to 

determine exactly how much and when diesel needs 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 during combustion.  

 

FIGUR E 4  -  SCH EMATI C OF A P U MP  U NI T INJECTOR  WI TH ROLLER CAM CONNECTI ON (VWAG,  1998) 

The cam system of the PD fitted engines is similar to that of other comparable diesel engines 

except for the fact that injection cams are also machined onto the same camshaft with the cams 

that open the valves. Thus, the camshaft has a third more cams on the camshaft as compared to 

a normal four-cylinder diesel engine. As can be seen in Figure 5, the pump injection cams are 

connected to the injectors via a rocker arm, and the valves are opened directly by the overhead 

cam. 



 

8 
 

 

FIGUR E 5 -  OVER HEAD CAM I N AN EN GI NE FI TTED WITH  PU M P UNIT I NJECTORS   (VWAG,  1998) 

Figure 6 and Figure 7 show how the cam operates to actuate the piston of the pump unit 

injector. 

 

FIGUR E 6 -  INJECTI ON CYCLE  (VWAG,  1998) 

 

FIGUR E 7  -  INJECTOR RECOI L,  TAKI NG IN MOR E FU EL FR OM TH E LOW PR ESS UR E LIN E  (VWAG,  1998) 

Each of the pump unit injectors are connected to a low-pressure supply line and a fuel return 

line. A fuel pump feeds the supply line, which supply the pump injectors with fuel. In Figure 8 

the layout of one of the pump injectors and the low-pressure fuel pump is shown in along with 

the supply line. 
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FIGUR E 8 -  CONNECTI ON TO TH E LOW  PR ESS UR E FU EL LINE AND LOW PR ES SU RE FUEL P U MP   (VWAG,  1998) 

The low-pressure fuel pump is a positive displacement, blocking vane type pump. The camshaft 

drives the fuel pump. 

The fuel injection is 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 in two phases, the pre-injection 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 piston reaches TDC. This 

causes the temperature and pressure in the cylinder to rise to levels higher than normally 

obtained and the fuel during the main injection cycle ignites faster and burns more completely. 

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 from the nature of the fuel injection system, the modern pump unit injector 

system needs to be under the control of a computer to operate effectively. The engine is 

controlled by an ECU. Modern ECUs are considerably more advanced than when they were first 

introduced into the first vehicles in the mid-80’s. 

The first ECUs were simple, hybrid digital designs, using analogue electronics to process input 

signals and then using a digital look-up 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 fixed control 

system cannot compensate for the changing parameters anymore and the engine will lose some 

performance. 

Modern ECUs use microprocessors that process the input parameters from the engine in real 

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

EPROM’s (electronically programmable read only memory) or flash memory chips. This means 

that the ECU’s program can be altered electronically via the ECU’s communication port using 

proper software and the appropriate interfacing hardware. The modern ECU does more than 

only control the engine. 

The ECU that is used with the ATD engine is a Bosch EDC 15 P. It is an ECU specially designed for 

diesel engines. It communicates via a CAN-bus (Controller Area Network), which is a standard 

developed for vehicles and it allows microcontrollers from various devices in a car to 

communicate with each other without the need of a host computer. The ECU communicate with 
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a variety of sensors and actuators directly and has a number of safety and security features 

included in it (Bauer, 1999). 

The ECU used in this project is a modified version of the one used in a production car. Only the 

basic sensors were monitored that will allow the engine to run. The programming of the ECU is 

changed to stop the engine from going into limp mode due to the missing input and output 

signals. The CAN bus will be utilized to communicate with the ECU via a USB connection. 

2.1.5 DIESEL ENGINE SUMMARY 
In this section, the diesel engine used in this project was discussed. A few features relevant to 

the 1.9L TDI engine of the ATD variant were discussed. These features include: 

 Turbocharger and intercooler, 

 Fuel injection and Pump Unit Injectors, 

 Engine Control Unit. 

Aspects such as Exhaust Gas Recirculation, engine design, CAN communication protocol and 

automobile electronics have been excluded, as it is not relevant to this project. 

2.2 DIESEL FUEL 
The first compression ignition engine, conceived by Diesel (1892), was powered by pulverized 

coal, injected by air blast into the combustion chamber. The idea of injecting liquid fuel into the 

combustion chamber was a patent filed by Akroyd-Stuart in 1892, predating that of Diesel by 

two years (Owen, et al., 1990). Around the turn 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 engines (Owen, 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: Daimler-Benz 

and M.A.N, who had commercial road vehicles in mind. By the time the Second World War broke 

out in 1939, diesel was well established in Europe.(Owen, et al., 1990). 

Diesel fuel started off as vegetable oil, and in Rudolf Diesel’s mind, the future of compression 

ignition engines was to run on vegetable oils, such as peanut and sunflower oil (Owen, 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 

was burned, the heavy residues were dumped into pits and the “middle distillate” was used to 

enrich town gas, hence gas oil. With the invention of diesel engines, a better use was found for 

the middle distillate fraction (Owen, et al., 1990). 

2.2.1 MINERAL DIESEL PRODUCTION 
Crude oil is a complex mixture of hydrocarbons which can be can be separated from each other 

by distillation. In modern refineries, crude oil is 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 down to 

form lighter fractions and streams that can be mixed with the lighter side streams (Owen, et al., 

1990). 
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Modern diesel is a mixture of hydrocarbons, and it is mixed from 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 PROPERTIES THAT INFLUENCE COMBUSTION1 
The composition of diesel fuel is a mixture 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. The main properties that influence combustion are: 

 cetane number, 

 volatility, 

 density, and 

 fuel viscosity 

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 a fuel that is easier to autoignite, in other words a higher ignition quality. The 

cetane scale is deduced by taking the combustibility of cetane (n-hexadecane) as 100 and 15 for 

heptamethyl nonane. A fuel’s ignition quality is measured by comparing its combustibility with 

that of a mixture of cetane and heptamethyl nonane in a test engine. For more information on 

the testing procedures, refer to ASTM D 613. 

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

the Cetane value, the shorter the delay. In practice, a lower Cetane number 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, causing inefficiencies in the engine 

and excessive emissions due to unburned fuel that leaves the engine. Modern diesel fuels have 

Cetane numbers in the range of 45 to 52. 

To measure a fuel’s cetane number is a complicated process, and therefore a cetane index can be 

calculated from 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 done in 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 removed, and 

 Percentage residue of non-volatile matter. 

The volatility of the fuel is closely linked to the flashpoint and the cloud point of the fuel.  

Flashpoint is the lowest temperature at which volatile fractions of the diesel come off to form a 

combustable vapour. Cloud 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 

result in a vapour lock of the engine’s fuel injection system, causing the engine to misfire or to 

fail to restart in hot conditions. 

Fuel density is typically measured in kg/m3. Higher density fuels mean heavier hydrocarbons 

that are present in the fuel and more chemical energy in a given volume of fuel. Thus, for a given 

fuel injection system, the volume 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. 

Fuel viscosity is the fuel’s resistance to flow. It is measured in poise (P) and is the force required 

to move an area of 1cm2 at a speed of 1cm/s past a parallel surface 1cm away and separated 

from it by the fluid in question. 

The fuel’s viscosity alters the way the fuel is injected and it has been shown that an increase in 

viscosity decreases a fuel injector’s penetration rate, cone angle and droplet size. This 

dependence of the injection system on the viscosity of the fuel makes viscosity a very important 

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

while low viscosity will cause starting problems for the engine in cold weather. On the other 

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

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

2.2.3 OTHER DIESEL FUEL PROPERTIES 
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 considered. They are listed below along 

with a brief description of the reason why it is important or a description of the property itself: 

 Low temperature characteristics: 

o Cloud point: The highest temperature at which the diesel clouds up with wax 

particles. 

o Wax appearance point: Similar to cloud point, just a different testing procedure. 

o 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 wax precipitation in 

the fuel is sufficient to clog a fuel filter. 

 Other diesel specifications: 

o 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 vaporise and be ignited by an ignition source. 

o Electrical conductivity: Storage. 

o Water and sediment content: Fuel quality and storage. 

o Sulphur content: Emissions. 

o Ash content: Fuel quality. 

o Carbon residue: Fuel quality. 

o Corrosivity: Fuel quality, storage and engine lifetime. 

o Appearance and colour: Consumer  

o Lubricity: Engine performance and fuel injection equipment life. 

o Heating value (calorific value): Energy contained in the fuel. 
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o Aromatics content: Emissions. 

Most of the low temperature characteristics are of importance in areas where low temperatures 

prevail for long periods of the year such as in the northern parts of America and Europe. 

2.2.4 FUEL STANDARDS 
Because diesel fuel is a mixture of chemicals that are determined by the refining process, the 

chemical composition of diesel fuels vary from one batch to another. To ensure that engine 

performance is consistent and to ensure the integrity of the supply lines, fuels must adhere to 

certain standards. Some of these standards are listed below: 

 Europe: 

o Automotive diesel fuel: EN 590:1993/1999 (Dieselnet, 2009) 

o Reference diesel fuel: EU 2002/80/EC (Dieselnet, 2009) 

o Biodiesel fuel: EN 14214 (for B100) and EN 590 (blending up to B5) (Dieselnet, 

2007) 

 North America: 

o Automotive diesel fuel: ASTM D975 (Dieselnet, 2009) 

o Biodiesel fuel: ASTM D6751 (Dieselnet, 2009) 

2.2.5 DIESEL FUEL SUMMARY 
This section briefly overviews various aspects of mineral 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 classified as: 

 Properties that influence combustion. 

 Low temperature properties. 

 Properties that is applicable to the fuel’s lifecycle and fuel injection system. 

It is clear that stringent control of these properties ensure consistent performance and 

reliability for diesel engines and therefore the properties of diesel fuels are governed by 

standards set up by government.  

2.3 BIODIESEL 
From section 2.2 it is apparent that any fuel that has appropriate properties can be used to fuel 

a diesel engine and it is not limited to traditional oil or coal-derived diesel. More importantly, if 

the properties of the alternative fuel closely match that of the fuel that the engine is designed to 

run on, it can be used in the engine without modification. Biodiesel is the most widely accepted 

alternative fuel for diesel engines currently available because it can be used on an unmodified 

engine and due to the fact that it is considered a sustainable fuel source. 

Biodiesel is the term coined for vegetable oil or animal fat derived diesel fuel that have been 

refined so as to obtain the necessary properties. This section is intended to discuss the 

production of biodiesel and the properties of biodiesel. 

2.3.1 BIODIESEL PRODUCTION 
Biodiesel consists out of long-chain alkyl esters that are produced by reacting lipids with 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 a feedstock is determined by factors such as water supply, 
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yield of the feedstock and shortage of available agricultural space. The most popular current 

feedstocks are sunflower, soybean, cottonseed, rapeseed, peanut oil, oil 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 is most commonly available is a Fatty Acid Methyl Ester (FAME), and is the 

result of a process called transesterfication. Vegetable oils are made of triglycerides. Alcohol 

esters and glycerol are formed by creating a reaction between triglycerides and an alcohol 

utilizing a catalyst (Demirbas, 2006). The reaction is shown in Figure 9. 

 

FIGUR E 9 -  REACTI ON TO CR EATE BI ODI ES EL  (VAN GERP EN, 2005) 

The alcohol of choice is methanol along with either sodium or potassium hydroxide as the 

catalyst (Demirbas, 2006).  

The reaction can be performed in a batch reactor, inline reactor, ultra-shear/high-shear 

reactors or ultrasonic reactors. In the case of a batch reactor, it is important that the molar ratio 

is correctly calculated and mixed into the reactor along with catalyst. The reactor is heated to 

speed up the reactions, and the mixture is stirred continuously to ensure mixing. 

After the reaction is complete, the glycerol (which has a higher density than biodiesel) is 

separated from the biodiesel through settling and centrifugation. The catalyst is also removed 

since it is more soluble in the glycerol (Van Gerpen, 2005). After the excess glycerol is removed 

the remaining suspended glycerol, methanol, catalyst and other impurities are washed out with 

water or a 0.5% HCL solution.   

2.3.2 PROPERTIES, STANDARDS AND COMPOSITION OF BIODIESEL 
Due to variation in feedstock for the production of biodiesel, the properties and composition of 

biodiesel vary, but similar oils produce similar biodiesels. The composition of some biodiesels 

from the most common vegetable oils is shown in Appendix A. The properties of each of the 

components are also listed in Appendix A. (Dieselnet, 2009) (Jääskeläinen, 2009) 

Because biodiesel must be able to run in petro-diesel engines, its physical properties need to be 

regulated stringently. Generally, biodiesel have physical properties that are more or less the 

same as in mineral diesel. Some of the more important observations that can be made when 

biodiesel is compared to petrochemical diesel are (Jääskeläinen, 2009): 

 Low temperature properties: Biodiesel performs poorer than regular mineral diesel. 
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 Lubricity: Biodiesel is an excellent lubricant and may even be used as an additive for 

ULSD to improve its lubricity. 

 Cetane number: Biodiesel generally has higher cetane numbers than mineral diesel. 

 Fuel stability: There are some thermal and oxidative instability issues with biodiesel, but 

if fuel is up to standard and kept in a cool place this is no problem. 

To ensure that biodiesel can be used in unmodified diesel engines, there are standards set out 

by standards organisations. Two of the most prominent diesel standards are the European 

EU14214 and the North American ASTM D6751. These properties are listed in Appendix B. 

2.3.3 BIODIESEL COMPATIBILITY WITH MINERAL DIESEL ENGINES 
Even with standards in place and the fact that engines run well on biodiesel 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 and regular mineral diesel engines. Potential issues can be classified as 

follows (Jääskeläinen, 2009): 

 Material compatibility 

 Oil dilution 

 Fuel injection equipment 

Depending on the model and year of an engine, the engine may consist of materials that are 

adversely affected by biodiesel. A table that shows the compatibility of some of the common 

elastomer materials used in piping and sealing in engines are given in Appendix C. Changes in 

sealing materials may cause leaks, which will cause engine malfunction or loss of performance 

(Jääskeläinen, 2009). 

A study that was done on the effect of biodiesel on metals included copper, steel, brass, 

aluminium and bronze. The metals were placed in biodiesel at 51.6°C for six months. Copper 

alloys showed severe corrosion. Steel and aluminium showed no corrosion, but the biodiesel 

obtained high acid numbers, which could affect elastomers. Zinc was also corroded. Thus, 

special materials should be used in engines intended to run on biodiesel (Jääskeläinen, 2009).  

During engine operation, the biodiesel may leak from the fuel pump or bypass the piston rings 

into the oil reservoir in the crankcase. The extent to which this happens depends on the 

condition of the engine. This happens with both Ultra Low Sulphur Diesel (ULSD) and biodiesel, 

but in the case of ULSD, the heat of the engine oil will cause the diesel’s volatile fractions to 

evaporate and join the blow-by stream. In the case of biodiesel, a significant amount of methyl 

esters will remain in solution with the oil. This adversely affects the oil’s lubricating ability, and 

causes wear on the engine (Jääskeläinen, 2009). 

The fuel system of an engine may be negatively impacted by biodiesel. The adverse low 

temperature characteristics of biodiesel may cause fuel filters to clog. Biodiesel and its blends 

also cause finer water droplets to form, which is more difficult to separate from the fuel. 

Biodiesel does not affect the injection 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 deposits. The high viscosity of pure biodiesel 

may cause the injector to inject less fuel into the cylinder than normally achieved with ULSD 

(Jääskeläinen, 2009). 
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There is a list of problems that automotive manufacturers are concerned with included in 

Appendix D. Currently, 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 (Jääskeläinen, 2009). However, specially designed 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 lies in the specific engine’s design and materials used. It is 

recommended that the biodiesel compatibility of an engine be checked with the Original 

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

2.3.4 BIODIESEL SUMMARY 
This section discussed: 

 Biodiesel production 

 Biodiesel properties 

 The compatibility of biodiesel with regular petro-diesel engines. 

From the discussion, it is clear that it is possible to use biodiesel blends in most diesel engines, 

but problems may be expected with 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 running on biodiesel. To evaluate the engine’s performance, there are a 

number of engine parameters that can be monitored. Only those parameters applicable to this 

project will be elaborated on. 

In Appendix E the geometrical properties of an 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 the instantaneous piston velocity. 

Whenever a test is conducted on an engine, one has to decide what needs to be measured to 

answer the research question at hand. In this project, the question is to see to what extent 

biodiesel affects the performance of a modern diesel engine with a high-pressure injection 

system. The secondary question is to find out what causes the performance (if observed) 

difference using combustion analysis. Thus, the engine’s maximum output needs to be measured 

and analysis on the combustion process of biodiesel is needed. The combustion analysis of an 

engine is a very complicated process, and merits further discussion on section 2.6.  

To evaluate the engines output performance, the maximum 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 is then loaded 

in increments to “step” its speed down to idle speed. Throughout this process the engine torque 

and speed is measured and plotted onto a graph with engine speed as an independent variable. 

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

 𝑃 =
2𝜋𝑁𝑇

60
 [2.1] 
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With N as the engine speed in rpm 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 is measured using a load cell on the side of the dynamometer and the engine 

speed is measured using a hall sensor in proximity to a toothed wheel. The load cell measures 

the force needed to stop the dynamometer from rotating, which can be reworked into torque 

using the dynamometer geometry. The hall sensor generates a series of pulses as the toothed 

wheel passes it. The frequency of the hall sensor signal can be used to calculate engine speed by 

dividing the frequency of the signal by the number of teeth on the toothed wheel. Figure 10 

shows a diagram of a dynamometer.  

The BTF is equipped with a Schenk D360 waterbrake dynamometer. A waterbrake 

dynamometer dissipates the engine’s energy into water by using viscous sheer. Control of the 

load applied to the engine is achieved by varying the water level in the stator. The water level 

control is done using a butterfly valve actuated by a servomotor. A PID controller controls the 

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

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

 

FIGUR E 10 -  DYNAMOMETER  

Another measure of performance is the engine’s specific fuel consumption and efficiency. Fuel 

consumption can be measured using a fuel consumption meter.  Specific fuel consumption (sfc) 

is a measure of how efficient an engine is using its fuel to do the work (Heywood, 1988): 

 

 𝑠𝑓𝑐 =
𝑚 𝑓

𝑃
 [2.2] 

 

Where 𝑚 𝑓 is the mass flow rate and P is the corrected brake power of the engine. 

The thermal efficiency of the engine can be measured if the energy content of the fuel is known 

and engine power output can be compared to the rate of fuel energy consumption. 

 𝜂 =
𝑃𝐸𝑛𝑔𝑖𝑛𝑒  𝑜𝑢𝑡

𝑃𝐹𝑢𝑒𝑙  𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 [2.3] 

 

StatorRotorRotor

Stator

Load cell

N F

Hallsender

D



 

18 
 

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 monitoring the mass of fuel in a vessel. The fuel is supplied 

to the engine from this vessel, and the engines fuel return is added to the vessel. The vessel is 

refilled if the vessel’s fuel level falls below a minimum.  

Humidity, air pressure and temperature affect the performance of an engine, which means that 

power curves of an engine performed on different days and locations will not be comparable. 

Therefore, a correction factor is used to adapt the torque readings read off by ETA. The 

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 factor used for 

turbo-charged engines: 

 𝛼 =  
990

𝑃𝑠 −𝑃𝑑
 

0.7

×  
𝑇

298
 

1.5

 [2.4] 

Where: 

Ps = Air pressure at the engine inlet in mbar, 

Pd = Vapour partial pressure in mbar (Calculated by taking the product of the relative humidity 

and the saturation vapour pressure at ambient temperature), and 

T = Ambient temperature at the inlet 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 regardless of the atmospheric conditions of the day. 

2.5 COMBUSTION IN A DIESEL ENGINE 
The combustion process 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. 

These phases will be discussed in more detail the next four paragraphs. 

2.5.1 IGNITION DELAY PERIOD 
The ignition delay period starts with the beginning of needle lift, when fuel injection starts. The 

injected diesel atomises into a spray of fine droplets. As the droplets mix with the hot air, the 

diesel heats up and evaporates 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 of the combusted diesel vapour causes the temperature to rise. This causes 

more diesel to evaporate rapidly and combust. This reaction accelerates until it reaches auto-

ignition, which marks the end of the ignition delay. The end of this phase is marked by a notable 

rise in the pressure of the cylinder. (Hsu, 2002) 

2.5.2 PREMIXED BURNING PERIOD 
The explosive stage marks the start of the premixed burning period, where flames start to 

spread rapidly through the flammable, air-vapour mixture. Consequently, the heat release rate 
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of the burning diesel vapour causes a rapid increase in cylinder pressure, which is characteristic 

of this phase. In this phase chemical kinetics control the reaction rate, and therefore this phase 

is also called the kinetic phase. In this phase, 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 all the evaporated fuel is burned. The amount of fuel 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 delay is longer. (Hsu, 2002) 

2.5.3 DIFFUSION BURNING PERIOD 
After all the vaporized fuel is burned, the diffusion-burning phase starts (Hsu, 2002). The 

aerodynamic drag of the moving piston causes the jet of fuel to break up into more droplets. The 

droplets evaporate and mix with the air forming a more flammable fuel-air mixture. The 

mixture combusts and causes the temperature of the cylinder to become very high. The high 

temperature causes the pressure of the cylinder to rise accordingly, pressing the piston down. 

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

further away from the droplet, and very rich closer to the droplet. Due to the high temperature 

of this process and the lack of oxygen near the droplet surface, not all the fuel can undergo 

oxidation and falls into pyrolysis. This causes soot generation. The soot is burned as it is 

exposed to the available oxygen in the cylinder. (Hsu, 2002) 

2.5.4 AFTER BURNING PERIOD 
After the end of fuel injection, the remaining fuel and soot will continue to combust. There still is 

excess oxygen left for combustion because diesel engines always run lean. Piston motion is now 

in the expansion phase, and the temperature of the cylinder will start to decrease. The lower 

temperature will cause the soot burn-up to accelerate and the formation of NOx to cease. 

Unburned soot, hydrocarbons, NOx’s and carbon monoxide will remain until the exhaust valve 

opens. It will be released into the atmosphere as unwanted emissions. (Hsu, 2002) 

2.5.5 COMBUSTION SUMMARY 
The combustion of diesel fuel in the cylinder of a diesel engine was discussed in this section. 

From this discussion it is clear that finer 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 PRESSURE INDICATING 
Pressure indicating, or indicating, as it is referred to in industry, is the measurement of 

pressures inside different components of the engine. These pressure measurements indicate the 

operating conditions in various parts of an engine such as: 

 Intake and exhaust manifold pressures. 

 In-cylinder pressure 

 Fuel injection pressure 

As internal combustion engine are heat engines, thermodynamic analysis can provide 

significant information on the engine’s performance and efficiency. In this project, the focus is 

on the comparison of the performance of biodiesel and mineral diesel in an internal combustion 

engine. One way of comparing the performance of the diesel engine running on the different 

blends of fuel is to compare the output of the engine. This will give the difference of net 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): 

 𝑊𝑐.𝑖 =  𝑝𝑑𝑉 [2.5] 

Where p is pressure in Pa and V is the piston volume in m3, subscript c is for cycle and i is for 

indicated. 

And the power per cylinder is related to the indicated work per cycle by (Heywood, 1988): 

 𝑃𝑖 =
𝑊𝑐.𝑖𝑁

𝑛𝑅
 [2.6] 

Where nR is the number of crank revolutions per power stroke per cylinder (2 for four-stroke 

engines) and N is the crankshaft rotational speed. Using this information one can calculate the 

mechanical efficiency of the engine. 

 𝜂𝑚 =
𝑃𝑏
𝑃𝑖

 [2.7] 

Where Pb 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 to some limitations with the fuel 

consumption measurement hardware, such measurements could not be made. 

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

information on the progress of the combustion of fuel in the cylinder. Methods exist to calculate 

the rate at which the fuel’s chemical energy is released (known as heat release) and the mass of 

fuel that is burned (Heywood, 1988). Applying the first law of thermodynamics on a model 

representing a diesel engine’s combustion chamber (the work volume), results in the following 

equation: 
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𝑑𝑄

𝑑𝑡
− 𝑝

𝑑𝑉

𝑑𝑡
+ 𝑚𝑖 𝑖

𝑖

=
𝑑𝑈

𝑑𝑡
 [2.8] 

Where 
𝑑𝑄

𝑑𝑡
 is the heat transfer rate across the system boundary into the system and 𝑝

𝑑𝑉

𝑑𝑡
 

represents the rate of work transfer done by the system due to system boundary displacement. 

𝑚𝑖  Is the mass flow rate across the system boundary at location i (if the flow is out of the 

system, it would be negative), 𝑖  is the enthalpy of flux i crossing the system boundary, and U is 

the energy of the material contained inside the boundaries of the system (Heywood, 1988). 

This model is however very difficult to apply to a real world diesel engine due to the following 

(Heywood, 1988): 

 Due to the injection into the cylinder and the non uniform mixture of fuel to the air in 

the cylinder, the process is not quasi static. 

 The composition of the burning gasses are not uniform and can be considered to be 

unknown 

 The heat transfer correlations for diesel engines are not defined well and are inaccurate. 

 Crevice regions, like the volumes between the piston rings and 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 important. Thus, these crevices add to the 

heat transfer across the walls of the work volume, and make it a non-negligible fraction 

of the combustion gases. 

The situation is further worsened by other factors such as measurement errors, filter behaviour 

and signal noise. However, it is possible to use simplified indicating methods to give 

approximate answers and is able to serve as a comparative basis in fuels analysis (Heywood, 

1988). 

In this project, a direct injection engine is used. The combustion chamber model for this type of 

engine describes the cylinder contents as a single open system with the only mass flow (while 

valves are closed) being the fuel injection and crevice flow. The model then yields the equation: 

 
𝑑𝑄

𝑑𝑡
− 𝑝

𝑑𝑉

𝑑𝑡
+ 𝑚𝑓 𝑓 =

𝑑𝑈

𝑑𝑡
 [2.9] 

There are two popular ways to obtain combustion information using this equation, in which the 

assumption is made that the temperature of the combustion gasses 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, the derivation of the simplified heat release model is 

presented. 

 
𝑑𝑄𝑛
𝑑𝑡

=
𝛾

𝛾 − 1
𝑝
𝑑𝑉

𝑑𝑡
+

1

𝛾 − 1
𝑉
𝑑𝑝

𝑑𝑡
 [2.10] 

 

Where: 𝛾 =
𝑐𝑝

𝑐𝑣
 [2.11] 
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The value of γ, or the ratio of specific heats that will give the most accurate heat release data is 

not very well defined but a value of γ between 1.3 and 1.35 is recommended (Heywood, 1988). 

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

and crank angle values. The volume of the combustion chamber can be calculated using 

equation E.1 (in Appendix E). The heat release can also be calculated as a function 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 section 2.2.2, the fuel’s Cetane 

number is an indicator of the ignition quality of the fuel, but it is hard to measure and 

Stellenbosch University does not have the necessary equipment to perform such tests. The most 

common test method is the ASTM D 613 test. This test involves the fuel to be compared to 

premixed blends of n-cetane and heptamethyl nonane in a test engine (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 it is compared, vice versa. 

To perform indicating a shaft encoder is needed to read off the angle of the crankshaft, a 

pressure transducer is needed to measure the cylinder pressure and appropriate hardware is 

needed for high-speed data acquisition. 

2.6.1 SHAFT ENCODER2 
To measure the crank angle of the engine, a device called a shaft encoder or a rotary encoder is 

needed. Two main types can be used for angular encoding: absolute and incremental. Both of 

these have advantages and disadvantages, but the most important selection criteria for this 

project were cost, since a limited budget was available. 

The most common type of angle encoder is of the incremental type. Incremental type shaft 

encoders use a rotating disk with incremental slots cut into it. The incremental slots can be 

picked up either by a photo diode or a hall sensor. Using one rotating disk with slots cut at 

regular intervals only the speed of the shaft can be calculated by relating the output frequency 

of the hall sensor or the photo diode with the number of teeth or slots on the rotating wheel. 

Angle encoding can be done by using 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 by the 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 time. An electronic signal 

condition unit can be used to convert the raw signals from the hall sensor or the photoelectric 

diode, to a more user-friendly signal such as 0 to 10V. The advantage of this type of encoder is 

that it is robust, but the problem is that the resolution of the measurements taken is limited to 

the number of slots cut into the wheel. 

The second and more 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 (Kübler being one more well known supplier), but the most appealing feature of these 

                                                           
2 (Figliola, et al., 2006) 
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encoders is the fact that the encoder itself delivers a signal where 0V correlates with 0° 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 incremental 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 piezo-electric type. 

Two of the most popular 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. 

Piezo-electric crystals are crystals that generate electric potential when stressed. Generally, 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 piezo-electric crystal materials used today is 

quartz (SiO2) and Gallium Orthophosphate (GaPO4) due to their long term stability (AVl, 2002). 

Even though piezo-electric pressure transducers are the industry standard, the great cost 

associated with these sensors made alternative and more cost effective sensors a viable option. 

A company called Optrand created a fibre optic based pressure transducer that is favourably 

priced within budget. The prices of the sensors (all excl VAT) were: 

 AVL – R 50700 (AVL, 2008) 

 Kistler – R 37470 (INHER S.A, 2008) 

 Optrand – R 8327.82 (Optrand, 2008) 

The Optrand sensor uses two optical fibres, one carrying light from an LED light source, and the 

other returns reflected light off the diaphragm to the measuring electronics. The light carried by 

the one optic fibre is directed onto an Inconel diaphragm. The second (return) optic fibre picks 

up the light that is reflected by the diaphragm. As pressure increases, the diaphragm deflects. 

This deflection causes the 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 piezo-electric sensors (see Table 

1). (Wlodarczyk, et al., 1998) 

 

TABLE 1 - COMP AR IS ON BETWEEN PR ESS UR E TR ANS DUCER S (AVL,  2008) (AVL,  2008)  (AVL,  2002)  

(WLODAR CZ YK,  ET AL. , 1998) (WLODARCZ YK , 2008) (INHER  S.A,  2008) 

The placement of a pressure transducer is also very important due to the flow patterns inside 

the cylinder of a diesel engine. But due to the fact that the only easily accessible way to insert a 

pressure transducer is by installing it in one of the glow plug holes, it has became the industry 

standard. Thus, glow plug type pressure transducers were used. 

 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
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2.6.3 PRESSURE TRACE PHASING 
It is important to have the pressure data and the shaft encoder data in proper phase for both 

heat release calculations and for the calculation of indicated power. Both 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) It is not always possible to 

locate the engine’s TDC position mechanically, and even if attempts are made to calibrate the 

shaft encoder relative to TDC, perfect phasing is not guaranteed. Dynamic phasing techniques 

can be used align the signals (Lancaster, et al., 1975). 

To adjust the phase of a indicating set, the engine must be motored (driven by an electric motor, 

not firing). By plotting the cylinder pressure of a motored engine against the cylinder volume on 

a Log-Log graph, one can see the pressure curve running up and down itself. The line that forms 

should not (Lancaster, et al., 1975): 

 Cross over itself, 

 Have a broadening of the spike near the tip, or 

 Form a curvature near the tip. 

Hence, the spike formed on the Log-Log graph should be sharp and straight, as shown in Figure 

11. By using the phasing used to obtain the correct Log-Log pressure spike, the rest of the 

indicating work on that setup can be properly phased. 

 

FIGUR E 11 -  DYNAMIC P H ASI NG T HR OU GH THE US E OF A LOG P-LOG V GR APH  (CALLAH AN,  ET AL. ,  1985) 
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2.6.4 INDICATING SUMMARY 
In this section cylinder pressure indicating, or simply “indicating” was discussed. It was 

established that there are three ways in which the pressure 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 

 Pressure trace phasing 

Furthermore the shaft encoder technology and pressure transducers used for indicating was 

discussed. The use of an alternative pressure transducer was validated in the light of budget 

restrictions and the high cost of industry standard piezo-electric sensors. Its performance was 

compared, and the conclusion was made that an Optrand sensor was an appropriate sensor to 

use in this project. 

2.7 LITERATURE REVIEW SUMMARY  
In this chapter, a literature review was done in order to shed some light on the research 

question and project at hand. The following aspects were discussed: 

 Details on the 1.9L TDI engine that is used in this project 

 Various aspects of diesel fuel, including production, fuel properties and fuel standards 

 Biodiesel production, properties, standards and biodiesel compatibility with regular 

engines. 

 Testing procedures 

 Diesel combustion in the engine’s combustion chamber. 

 In-cylinder pressure indicating. 
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3 REDESIGN OF EXPERIMENTAL TEST CELL 
For this project, the setup used by Palmer (2008) had to be reconfigured to accommodate a new 

engine. In this chapter, 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 SETUP (PALMER, 2008) 
As mentioned in section 1, this project follows on a project completed by Palmer (2008). The 

objective of his project was to develop an autonomous and reconfigurable test cell to 

accommodate a newer engine in future work, like the project at hand. By the end of the project 

an entirely autonomous test cell was developed and tested and was ready for further 

development for bio-fuels testing. The test cell layout at the end of Palmer’s thesis is shown in 

Figure 12 and the completed test bed is shown in Figure 13. 

 

FIGUR E 12 -  TES T CELL LAYOUT  (PALMER,  2008) 



 

27 
 

 

FIGUR E 13 -  COMP LETED TES T BED AT  TH E END OF PALMER'S PR OJECT (PALMER,  2008) 

The engine used in the first phase was a 2-litre Toyota 2C turbo diesel engine. The reason for 

using the Toyota engine was to validate the working of the test bed with a simple engine before 

using engines that are more complex. 

The hardware that was included in the initial test cell was as follows: 

 Test stand 

 Large capacity tube and shell heat exchanger 

 Schenck Dynobar 360 (waterbrake dynamometer) with load cell and controller 

 AVL 7030 mass fuel balance 

 Two spot fans for air circulation 

 Ventilation ducts (built into the room) 

 Cold water supply for cooling 

 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 three 

thermocouple modules. 

 Two computers 

 Vaisala HMD60 Relative humidity sensor 

 Vaisala barometer 

 K-type thermocouples 

 Honeywell three-way mixing valve and temperature controller. 

The entire system had been integrated using Rockwell Automation’s ladder logic software and 

ETA or ‘Engine Test Automation’ software to create a user-friendly SCADA interface to perform 

automated tests. 
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The decision was made to use as much as possible of the test cell layout as it was at the end of 

Palmer’s project to minimize cost. For more information on the old test setup and detail on 

some of the equipment, refer to resource (Palmer, 2008). 

3.2 NEW ENGINE AND PERIPHERAL COMPONENTS 
As mentioned in section 1, VWSA sponsored two 1.9 litre TDI engines to the Stellenbosch 

University to be used in the BTF. 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 supported, and most of the associated parts for the engine needed to be 

imported. One of the engines was couriered back to VWSA B-plant to fit the engine with the 

necessary parts to run it. The engineers at product development at VWSA decided that the best 

route was to sponsor a locally supported engine. VWSA sponsored a third engine, a 1.9L TDI of 

the local ATD variant, along with all the associated parts that was needed to set up the engine.  

The 1.9L TDI engine is described in detail in section 2.1.1. 

3.3 ENGINE MOUNTING 
Before installation of the engine began, the entire test rig was disassembled (shown in Figure 

14). In order to accurately align the engine with the dynamometer a special CAD model of the 

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

each element was constrained to its movable axis in the CAD assembly model. The engine’s 

mounting interfaces were also measured up and an accurate CAD model was created of the 

engine interfaces. The engine model was used to space the test bed elements and to serve as a 

basis for the design of custom mounting brackets. By using the dimensions off the CAD model, it 

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

with the mounting brackets is shown in Figure 15. 

 

FIGUR E 14 -  STRI PP ED DOWN TEST BE D BEFOR E ENGI NE I NS T ALLATI ON  
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FIGUR E 15 -  CAD  MODEL FOR  ACCUR ATE MOUNTI NG OF TH E E NGINE  

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 plate bolts onto the open end of the bell housing 

and has a bracket at the top for a standard engine mounting, also supplied by VWSA. Thus, the 

engine hangs on the two engine mountings and is restrained by the torque arm. 

The engine is designed to run with its 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 engine’s 

running angle was checked after it was mounted by taking off the motor head and measuring its 

angle with a digital 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 angles were measured and 

found to be correct. A set of pictures of the setup is included in Appendix G, where the engine 

mountings are visible.  

3.4 DRIVE SHAFT AND COUPLING 
For the new experimental setup, the connection point for the motor was the clutch spline. VWSA 

test engineers recommended that the original clutch spline from a VW Polo gearbox (which was 

supplied with the engine) should be modified to transmit power from the engine to the cardan 

shaft rather than to make a new spline. The shaft that they supplied is shown in Appendix H. A 

power transmission assembly was designed (shown in Figure 16) roughly based on a similar 

design used by VW. The gearbox spline was casehardened and was too hard for conventional 

machining techniques, thus the shaft had to be precision ground. 

After the mounting of the engine was complete, the need for a torsional damper was realised. 

The rubber damping-element from a BMW 530d propshaft was used and a set of adaptors was 

designed to incorporate the damper into the drive train. The CV joint was shortened to allow all 

the rotating parts to fit under the safety cover. 
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The ability for the transmission assembly to take the load of the 1.9L TDI engine is justified by 

the following: 

 Splined shaft – The shaft was designed for the specific engine, therefore ensuring 

sufficient strength. 

 First CV joint adaptor – It is made of similar material (EN36a) as the gearbox shaft and it 

is thicker than the shaft in all places. The spline is hardened and wire cut. 

 CV-joint – The same CV joint was used in the previous research project (Palmer, 2008), 

and the new engine’s performance falls into the same selection bracket in the Löbro CV 

joint catalogue used for the selection of that CV joint. 

 Rubber damper – The rubber damper is designed to operate with a much larger engine 

(3L turbo diesel out of a 5 series BMW) and will be able to transmit the power without 

any foreseeable problem. 

 Damper adaptor plates – The adaptor plates have a much larger cross section than any 

other part of the drive train. It is made of bright mild steel. 

 All the bolts used in the assembly are high tensile bolts and secured with LOCTITE™ 

adhesive. 

To ensure that the engine and the transmission components were running true, a clock gauge 

was used to check for run-out and a digital level was used to see if the shafts were 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 true. The 

power transmission unit and the rear end mounting of the engine with the adaptor plates are 

shown in Figure 17. 

 

FIGUR E 16 -  POWER TR ANS MI SSI ON U NI T  
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FIGUR E 17  -  REAR END MOUNTI NG AND P OW ER  TR ANS MIS SI ON  

3.5 COOLING AND WATER SUPPLY 
In this section, the cooling of the engine, fuel and the dynamometer water supply will be 

discussed. The cooling of the engine, fuel and the dynamometer all make use of the cold water 

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

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

building. For more information on the department’s cooling infrastructure, please refer to 

Palmer (2008). 

3.5.1 PRIMARY ENGINE COOLING 
The VW ATD engine is water-cooled and has its own coolant pump, temperature control valve 

and a temperature transducer. To cool the engine, water has to be taken from the engine’s hot 

water outlet, cooled, and returned to the engine’s cold-water intake.  

Initially the heat exchanger was set up with a counter current flow configuration, and with the 

cold water supply (shell side) wide open. A Honeywell three-way mixing valve is used to mix the 

cold-water stream from the heat exchanger outlet and the hot water stream from the engine 

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

engine coolant are measured using K-type thermocouples. All the piping used in the cooling 

system is 1¼-inch water hose. 

To be able to control the coolant inlet temperature, a series of trial and error tests had to be 

done to determine some characteristics of the cooling system. The reason that calculations were 

not possible is due to the following unknown aspects of the cooling system: 
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 The capacity of the shell and tube heat exchanger. 

 The flow rate of the cooling water through the shell. 

 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 Honeywell temperature 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 caused overheating of the engine. 

Another attempt using a bang-bang type control system (the same temperature control 

program used by Palmer (2008)), had an even worse effect on the temperature control. Palmer 

(2008) encountered the same problems in his project, but it was attributed to the slow-acting 

valve actuator used. This phenomenon raised questions about the compatibility of the heat 

exchanger, coolant temperature control system, the temperature control system of the engine 

and the nature of the cooling system in general. A series of experiments were done to find the 

problem.  

Through testing, it was found that the engine’s own temperature control keeps the coolant flow 

such that the outlet temperature of the coolant is maintained around a set point of 90°C to 95°C. 

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

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

response of the temperature control is slow. 

As soon as the inlet temperature is at approximately 75°C, another effect kicks in. The engine 

opens its coolant regulator valve, and the coolant flow is now regulated by the speed of the 

engine (which governs the speed at which the coolant pump turns). The water that goes through 

the heat exchanger comes back at temperatures approaching room temperature, and is mixed 

with the hot water source (from the engine) at 90°C. This makes it a very difficult system to 

control with a feedback type controller, since very small adjustments in the position of the 

three-way valve causes a large change in the coolant 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 capacity and a ball valve 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 opened fully (maximum 

cooling) and the coolant flow regulating valve was adjusted to make the engine inlet coolant 

temperature 65°C. By doing this, the cold stream was throttled to 65°C, and hot stream was 

90°C at most operating conditions (may vary due to engine control). 

During preliminary testing it was found that the most effective way to regulate the coolant inlet 

temperature was to adjust the position of the three-way valve using toggle switches from the 

control room. The temperature control was done this way during testing. A schematic of the 

engine-cooling pipe is shown in Figure 18 
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FIGUR E 18 -  ENGI NE COOLI NG PIP E FLOW DI AGR AM  

3.5.2 FUEL COOLING 
During testing the engine returns hot fuel to the fuel supply vessel (in this case it is the AVL 

mass fuel balance) at temperatures in excess of 100°C. The reason for the hot fuel return is the 

injector bypass that takes place after compression (see section 2.1.3). The bypassed fuel is 

added to the rest of the fuel in the mass fuel balance’s control vessel. Due to the small size of the 

control vessel, the supply fuel temperature leaving the vessel approaches that of the return fuel, 

which is too high (depending on engine, the supply fuel temperature should not exceed roughly 

55 °C, based on the flash point of diesel). 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 cause the mass fuel balance to oscillate as the fuel spurts out 

irregularly into the measuring vessel. Therefore, the fuel needs to be cooled before the fuel is 

returned to the mass fuel balance.  

Normally in test cells there is a fuel conditioning unit that supplies cooled fuel to the engine and 

conditions the return fuel, but due to the fact that the test cell is still a work-in-progress, an 

intermediate solution had to be found. An old annulus type cooler was used to cool the return 

fuel. It consists of two copper pipes, a ¾ inch (OD) copper pipe and another 1 ¼ inch (OD) 

copper pipe brazed eccentrically around each other with appropriate fittings to allow water to 

be passed down the inner tube and diesel to be passed along the outer tube. The cooler is 1.2m 

long and is set up for counter current flow. A K-type thermocouple was installed to measure the 

temperature of the fuel that is returned to the mass fuel balance.  

During preliminary testing, it was found that the fuel temperature was kept under 50°C. To see 

if the fuel affected the readings of the experimental setup temperature, a few tests were done 

with higher, lower and no water flow through the diesel cooler. Neither the power/torque curve 

nor the pressure profile was affected by the diesel temperature; however, the effects on the 

mass fuel balance were profound. See Section 4 for more information on the preliminary test 

runs and commissioning. 
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3.5.3 CHARGE AIR COOLING 
The new VW engine installed on the test bed is equipped with a charge air cooler (also known as 

an intercooler), shown in Figure 19. The intercooler is usually located in a car’s wheel well 

where there is a lot of airflow. Therefore, to cool the charge air, the intercooler needs to be 

supplied with a steady flow of cool ambient air through its radiator.  

 

FIGUR E 19  –  INTER COOLER WITH  COOLI NG FAN (DU CTING R EMOVED FOR DETAI L) 

Rose+ Krieger scaffolding elements that are bolted to the test bed itself support the 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 CONVECTION OF THE ENGINE BLOCK 
In a car, there is a considerable amount of airflow under the bonnet of the car and especially 

under the sump of the engine. This also cools the engine to a certain extent. As stated by Palmer 

(2008), the ventilation system of the test cell does not allow enough air flow over the engine 

itself since the air inlet is halfway up the wall on the one side of the test cell, and the extraction 

duct is near the roof. Thus, any airflow caused by the test cell’s own ventilation system will not 

flow over the engine. To remedy this, two spot fans were implemented to move hot air away 

from the sump and engine block. 

3.5.5 DYNAMOMETER WATER SUPPLY 
The Schenck D360 is a waterbrake dynamometer, and needs water to dissipate the energy of the 

engine. The water supply of the dynamometer 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 L/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 engine. This was done by Palmer 

(2008) when he set up the engine and dynamometer control system according to the method is 

prescribed in the Schenck installation manual (Schenck Pegasus GmbH, 2001). The optimal flow 

rate of the dynamometer is set by running the engine at full load and 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, therefore the dynamometer water supply valve was kept 

at the same setting. 

3.5.6 COOLING AND WATER SUPPLY SUMMARY 
This section dealt with the cooling of the engine, charge air, fuel and 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 parallel flow and temperature control is done by using a 

three-way mixing valve with a Honeywell temperature controller and valve actuator. The test 

cell ventilation system and two spot fans, enable forced convection to occur around the engine 

block, providing secondary engine cooling 

Fuel is cooled using a copper annulus type cooler 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. The charge air is cooled using the engine’s OEM supplied 

intercooler unit and is cooled using a centrifugal fan.  

The dynamometer water supply is also included in this section because it is part of the coolant 

water supply loop of the test cell. The dynamometer’s water supply rate had been set up in a 

way to allow optimal control of the dynamometer. In Figure 20 a diagram of the entire test cell’s 

water supply network is shown. 
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FIGUR E 20  -  WATER  S UPP LY DI AGR AM  
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3.6 VENTILATION AND EXHAUST GAS EXTRACTION 
To extract hot air and exhaust gasses from the test cell the test cell’s built-in extraction and 

ventilation system is used. The extraction system consists of a fresh air duct and an extraction 

duct on either side of the test cell (the extraction duct is located on the door side of the test cell). 

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 steel hose that is bolted via a steel pipe to the extraction 

duct.  

The original Polo exhaust system is used on the engine, including the catalytic converter and the 

silencer box. These components with proper mountings were supplied by VWSA along with the 

engine. The mid-section of the exhaust was omitted from the test setup, as there was no space 

for it. The first section of the exhaust system (the catalytic converter) is suspended 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 from the ceiling and the steel hose couples over the two 

exhaust pipes. Figure 21 shows the layout of the ventilation system and a photo of the exhaust 

system are shown in Figure 22. 

 

FIGUR E 21 -  VENTI LATION S YSTEM  
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FIGUR E 22 -  EX H AU ST S YS TEM  

3.7 FUEL SUPPLY 
Normally in a test cell, an entire fuel delivery and conditioning system would be available to 

deliver fuel to the engine. Because the test cells are still a work-in-progress, a temporary fuel 

delivery system is implemented. No endurance tests needed to be performed during this 

project, and only small batches of 15L of diesel at a time were needed for experiments. It was 

found during testing that 15L of diesel fuel was enough for warm-up, three power curves, and 

three cylinder pressure measurements. 

The fuel to be tested is placed in a 15L jerry can, which is pumped up to the AVL mass fuel 

balance via a filter using a Bosch fuel pump. The fuel pump relay is wired in parallel with the 

mass fuel balance’s refill valve, thus allowing the AVL to be refilled with no pressure head. The 

fuel flows from the AVL mass fuel balance through a fuel filter and a priming bulb towards the 

engine. The fuel return line is connected to the AVL via an annulus cooler and the return fuel is 

added to the AVL’s measuring chamber. Standard 8mm fuel hose is used throughout. A sketch of 

the fuel delivery system is shown in Figure 23. 
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FIGUR E 23  -  FUEL DELI VER Y DI AGR AM  

3.8 VACUUM SYSTEM 
The vacuum system built into a standard VW Polo is used to operate a large number of actuators 

throughout the car. Only three actuators are actually necessary to operate the engine, namely; 

exhaust gas recirculation valve, throttle vane, and turbo vain adjusting capsule. 

Since the original vacuum control system is redundant, VWSA supplied an alternative, simpler 

vacuum control system along with the wiring loom. The control valves interface with the ECU 

and the vacuum pump supplies vacuum. The vacuum pump forms part of the preliminary fuel 

pump and is located on the back of the engine and driven by the camshaft. The layout of the 

vacuum system is shown in Figure 24. 

 

FIGUR E 24 -  VACU U M S YS TEM  
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3.9 ENGINE ELECTRIC AND ELECTRONIC SYSTEM 
One of the reasons that Palmer (2008) used an older technology Toyota engine is because it had 

no engine electronics and advanced control systems. Thus, he could concentrate on the 

development of the autonomous test bench. The aim of the project at hand was to utilize the 

autonomous test bench built by Palmer (2008), and to integrate the new VW engine onto it. A 

few decisions were made that influenced the development of the engine control system and the 

way the engine’s own control system and the test bed interfaced with the control system in the 

test cell. These were: 

 That a proper VW engine test loom was to be used for testing (no other options 

available, discussed in section 3.9.1). 

 That the original VW accelerator pedal was to be used to control the engine (common 

practice in engine testing). 

 That no changes were to be made to the PLC’s control software or to the ETA interface 

that Palmer (2008) created. 

 That the original wring of the test bed control systems 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 PLC is discussed in section 3.10.1. The details of the connections of the engine to 

the PLC will be discussed in section 3.9. 

3.9.1 LOOM AND ECU 
At the initial stages of the project a decision had to be made concerning the use of an OEM 

wiring loom and ECU, or the use of an aftermarket or makeshift engine control system. VWSA 

agreed to sponsor a test loom, immobilizer and a custom test ECU along with the ATD engine. 

The test loom is a simplified version of the loom used in a regular car with only the necessary 

components on it to run the engine. Features such as glow plug relays, oil pressure sensors, oil 

temperature and a few other non-essential parts of the loom were removed, as they could be 

measured using test cell equipment (making data acquisition easier). The ECU also had been 

reprogrammed to accommodate the changes and not to go into limp mode after a problem 

occurred during testing. The immobilizer was also supplied along with the ignition 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 Controller). The ECU has two 

plugs. One plug has pins 1 to 81(plug A) and attaches to the part of the loom that goes to the 

auxiliary parts of the engine. The other plug has pins 82 to 121 (plug B) on it and goes to the 

engine block itself. The plug layout and the wiring details of each pin are listed in Appendix I. 

The loom is shown in Figure 26. 
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FIGUR E 25 -  BOSCH EDC 

 

FIGUR E 26 –  LOOM SPR EAD OU T ON TH E FLOOR  

After the engine’s mechanical installation was complete, all the sensors and actuators that came 

with the engine were installed and the loom was connected to the appropriate sensors. The 

entire loom including the vacuum system was fixed to an electrical backing plate that was 

bolted to the side of the test bed via Rose + Krieger scaffolding. The VAG-COM plug was installed 

to the CAN bus interface, and was connected to one of the computers via a 5m extension cable. 

The accelerator pedal was installed onto the pedal actuator. For more information on this, see 

section 3.10.1.  

The ignition was wired to the PLC via two E-stop buttons, one inside the test cell and another 

inside the control room. The one E-stop also has a hard stop function built into it, which gives a 
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24V signal to the PLC (see wiring diagram in Figure 27). The ignition relay is switched through 

the PLC switch terminals OUT1 and DC1 using a 24V supply. The hard stop signal is picked up 

via the digital input IN0/COM0. All terminal allocations are the same as those devised in 

Palmer’s (2008) project to allow the same PLC program to be used. For more information on the 

wiring of the electronic system, refer to the wiring diagram in Figure 27. 

3.9.2 ELECTRIC SYSTEM 
The new VW engine was supplied complete with an alternator and a starter motor. A 12V car 

battery is used to power the starter motor, and the alternator is wired up to charge the battery 

during testing. The starter motor is equipped with its own relay which needs a 12V supply to 

switch on the starter motor.  The starter relay’s 12V power supply is switched through another 

relay. The PLC switch terminals OUT2 and DC2 switch this relay, which is the same as the 

terminals used in Palmer’s project. For more information on the wiring of the electric system, 

refer to the wiring diagram in Figure 27. 

3.9.3 ENGINE ELECTRICAL AND ELECTRONIC SUMMARY 
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 serve 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 PLC. The terminal allocation of the 

PLC was kept the same, making it possible to control the engine without altering the PLC 

program. A complete wiring diagram of the electronic and electric system is shown in Figure 27. 
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3.10 TEST CELL ELECTRONICS  
Palmer (2008) set up the test cell control systems and electronics during his project. Therefore 

during this project, the control systems and electronics were modified to accommodate the 

requirements of the new engine. Initially, during the engine installation, it was decided to alter 

the original test bed electronics and software as little as possible. The annotation used in this 

thesis is consistent with Palmer’s thesis, hence labels like “IN1+” refers to the pin on the PLC 

with the same label on the PLC. Standard electric notation is used throughout. 

The PLC used is an Allen Bradley Micrologix 1200, and is used to sample all the analogue and 

digital signals coming from the test cell equipment and controls the test cell through its 

analogue and digital outputs. Along with the Micrologix 1200 PLC, five expansion modules are 

used: 

 4 channel analogue input module 

 2 input, 2 output analogue module 

 3 thermocouple modules 

The PCL communicates to the PC using the serial port and RsLinx® software. The PLC is 

programmed using RsLogix®, a ladder logic programming package by Rockwell Automation®. 

For more information on the PLC, refer to Palmer (2008). 

3.10.1 TEST CELL AND ENGINE CONTROL SYSTEMS 
The engine setup as described in this chapter only requires the following inputs for control of 

the engine: 

 starter relay, 

 ignition relay, and 

 accelerator pedal 

The wiring of the starter and the ignition relays to the PLC is discussed in section 3.9. The 

accelerator pedal is fixed to the pedal actuator, and will be discussed in subsequent sections. 

The glow plug relay and wiring had been removed since the glow plugs are not used. 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 with Palmer’s (2008) project. The wiring of the 

dynamometer to the PLC is shown in Figure 28. The speed and the torque outputs of the D360 

dynamometer are 0 to 10V signals and the control is done using a 0 to 10V signal. 

 

FIGUR E 28 -  DYNAMOMETER C ONNECTI ON TO PLC 
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The same E-stop as was used by Palmer is used in the new setup and none of the wiring has 

been changed. Thus, the E-stop still gives a 24V signal between IN0 and COM0, which instructs 

the PLC to brake the engine (the PLC program was kept the 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 generator can be used instead of the pedal itself, or the pedal could be actuated 

mechanically using a stepper motor or a linear actuator. On further investigation, the latter 

option appeared to be cheaper. VWSA supplied a decommissioned throttle actuator from one of 

their old test cells. The throttle controller needed reconditioning and modification. It consists of 

a servo motor and a controller unit. The controller unit has a 0V position adjustment (for 0% 

pedal adjustment) and a 10V position adjustment (for 100% pedal adjustment). The pedal is 

connected to the same PLC terminals that drove the PWM generator (Vout1 and COM, shown 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 in Figure 30 and Figure 31 

respectively. Calibration will be discussed in section 4.1. 

 

FIGUR E 29 -  W IRI NG OF TH E PEDAL ACTU ATOR  
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FIGUR E 30 -  THR OTTLE ACTU ATOR  CONTR OLLER  

 

FIGUR E 31  -  THR OTTLE ACTU ATOR  

As discussed in section 3.5.1, a Honeywell ML6420A (24V) valve actuator is used to control the 

coolant inlet temperature, and it was found that the best way to control the inlet water 

temperature was by hand. A set of manual switches is used to control the coolant temperature 

from the control room. Figure 32 shows the wiring of the valve actuator and Figure 33 shows 

how the valve actuator is wired to the test cell control switches. 
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FIGUR E 32 -  ACTU ATOR WI RING  (HONEYWELL,  2008) 

 

FIGUR E 33 -  VALVE ACTU ATOR  WI RING DI AGR AM  

3.10.2 ENGINE AND TEST CELL MONITORING 
There are a number of parameters that should be measured on the test rig, engine, ECU and in 

the test cell itself. These include:  

 Engine 

o Air inlet temperature 

o Exhaust gas temperature 

o Coolant inlet temperature 

o Coolant outlet temperature 

o Oil temperature 
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o Oil pressure 

 ECU 

o Fault signals 

o Engine operating parameters picked up by engine electronics 

 Test rig 

o Fuel consumption 

o Engine speed 

o Engine torque 

o Fuel inlet temperature 

 Test cell 

o Ambient temperature 

o Ambient barometric pressure 

o Relative humidity 

All the temperatures are measured by 3mm K-type probe thermocouples due to their high 

temperature resistance and robustness. All the thermocouples are connected to the junction box 

installed by Palmer, which is wired to the PLC thermocouple expansion modules. The only 

difference is that the spare thermocouple is used to measure the inlet fuel temperature. The 

thermocouple layout is shown in Figure 34. Labels T1, T2 and T3 represent the thermocouple 

expansion units from left to right. 

 

 

FIGUR E 34  -  THERMOCOU P LE WI RING  
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As discussed in section 2.1.4, the ECU monitors engine parameters and uses these signals as 

criteria in ECU algorithms to calculate the signal outputs to control the engine. Information, read 

and generated by the ECU, is 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, shown in Figure 27. Using a 

special hardware and software package called VAG-COM the CAN-bus can be used to: 

 Read off, analyze and clear fault codes. 

 Pair electronic components and immobilizers. 

 Read off all and log engine-operating conditions. 

 Read off and log all actuator commands in real time. 

 Read off and log all calculated engine parameters. 

 Display critical timing information in graphic form. 

In the experimental setup at hand, VAG-COM is used to measure the following: 

 Engine speed. 

 Injected fuel quantity. 

 Fuel consumption (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. 

Most of these parameters can be read from the mapping on the ECU, but some are readouts of 

the sensors. The mapping plays an important role in seeing what the engine is doing in terms of 

control, enabling further investigation in combustion analysis. This will be discussed in detail in 

section 5. 

The AVL 7030 fuel balance is a dynamic fuel balance that measures fuel consumption by mass. 

For more information on the working of the fuel balance, please refer to Palmer (2008). The 

setup of the fuel balance was not changed and the wiring was kept the same. Figure 35 shows 

how the AVL 7030 is wired to the 4-channel analogue input. 

The oil pressure is measured using a Wika Ecotronic 0-10 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 with a 1∕8” BSPF male fitting. A custom 

fitting was made to fit the socket and a 1m braided steel hose connects the engine oil system to 

the pressure sensor. The braided steel hose protects the pressure transducer heat and vibration. 

Figure 35 shows how the pressure transducer is wired to the PLC’s 4-channel analogue input 

expansion module. 
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The barometric pressure, relative humidity and ambient temperature have to 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 pressure transducer has a 0-5V output and is connected to the analogue input 

card as shown in Figure 35. The relative humidity is measured using a Vaisala HMD60 relative 

humidity sensor, which gives a 4-20mA output also connected to the 4-channel analogue 

expansion module. 

  

 

FIGUR E 35 -  4  CH ANNEL ANALOGUE I NP U TS  

Engine speed and torque is measured by instrumentation on the dynamometer. The 

dynamometer is fitted with a hall sensor picking up the engine speed (by sensing the teeth of a 

toothed wheel running past it) 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 section 4.1. Both 
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the hall sensor and the load cell signals are picked up by the dynamometer control unit and are 

translated to a 0-10V signal that is passed through to the PLC. The connection of the 

dynamometer to the PLC was discussed in section 3.10.1.  

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

 Control electronics  

 Measuring electronics 

The test cell is controlled and monitored using an Allen Bradley Micrologix® 1200 series PLC 

with expansion modules. This forms the centre of the test cell’s electronics. The PLC is 

controlled using a PC, using a SCADA package discussed in section 3.11.  

3.11 CONTROL AND MONITORING SOFTWARE 
To control and monitor the test cell the following software packages are used, namely ETA 

(Engine Test Automation), RSLinx® and RSLogix® 500. An additional package is used called 

VCDS, to interface with the VAG-COM diagnostics port to read off and alter ECU parameters. 

Two PCs are used for testing. The first PC with ETA is used to control the test cell and to record 

all the engine parameters measured by sensors wired to the PLC. The second PC is used either 

to log information extracted from the ECU or to store indicating data from the indicating 

equipment.  

With the first PC, the PLC communicates with it via a serial port. RSLinx® is then used to 

communicate with the rest of the computer software that is needed to interface with the user. 

RSLogix® is used to program the PLC using ladder logic programming. The ladder logic program 

is discussed in section 3.11.2.  ETA is a software package supplied by CAE (Cape Advanced 

Engineering) designed specifically to integrate a number of different components into one user-

friendly environment for engine testing. ETA communicates with RSLinx® via DDE 

communication protocol. ETA handles the user interface, calibration, data logging, etc. For more 

information on ETA and the program used in this setup, refer to section 3.11.1. 

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 software is discussed in section 3.12. VAG-

COM and VCDS is discussed in section 3.11.3. A depiction of how hardware and software relate 

to each other is shown in Figure 36. 
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FIGUR E 36 -  CONTR OL S OFTWAR E  

3.11.1 ENGINE TEST AUTOMATION (ETA) 
ETA (Engine Test Automation) is a software package sold by CAE (Cape Advanced Engineering) 

and was designed specifically for engine testing. It enables a user to interface with numerous 

different components connected to a computer in one user interface, to control an engine test 

cell.  ETA enables a user to: 

 Do signal acquisition and conditioning. 

 Calibrate sensors. 

 Customize a user interface. 

 Calculate virtual parameters. 

 Set alarms for operating parameters. 

 Log and analyze data. 

 Create automated test cycles. 

ETA communicates with the PLC using RSLinx® by utilizing DDE communication protocol. This 

means that the data are placed on the DDE client buffer registers in the form of raw data 

between zero and 32767. Thus, if a 0 to 10V signal is passed, 0V is passed as 0 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 all the input and output channels can be assigned, scaled, virtual channels can be set up, 

and the display can be customized. The new ETA interface is an adaptation on the one that 

Palmer (2008) used, and a few changes were made in terms of scaling of values and calculation 
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of virtual channels. A screenshot of the interface is included in Appendix J. More information on 

calibration, scaling and correction factors is discussed in section 4. 

3.11.2 PLC PROGRAM 
Palmer (2008) programmed the PLC in RSLogix®, and due to the wiring scheme used, 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 routines, IN and 

OUT. The IN ladder samples the channels on the PLC and passes the values to the N10: x buffer, 

which is read off by ETA. This is occupied as follows:  

 Thermocouple expansion module 1 – N10:1 to N10:4 

 Thermocouple expansion module 2 – N10:5 to N10:8 

 Thermocouple expansion module 3 – N10:9 to N10:12 

 4 x Analogue input – N10:13 to N10:16 

 2A2D – N10:17 to N10:18 

 Digital in – N10:99  

Similarly, the OUT ladder reads off buffer values from N14: x (written by ETA) and write it to 

the appropriate registers in the PLC. The N14: x Buffer is occupied as follows: 

 N14:1 – Torque setpoint 

 N14:2 – Speed setpoint 

 N14:6 – Throttle output 

 N14:99 – Digital OUT 

The coolant temperature controller has been deactivated in the new setup and the channels 

were left open, but the timer controlled grounding of the speed and torque setpoint pins were 

kept the same.  Thus, the PLC program operates essentially the same than the old program. The 

ladder logic program is shown in Appendix J. 

3.11.3 VAG-COM 
As mentioned in section 3.10.2, VAG-COM is used to interrogate the ECU’s data register for 

operating information and fault codes during testing. The VAG-COM 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 measuring blocks are measured in the specified order: 

 15 

 4 

 11 

 10 

 7 

 3 

Each of these measuring 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 to read off engine sensors during 

operation. 
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VCDS is set up to log all the engine parameters during testing in a comma separated value (.csv) 

file that can be opened in Excel® for further analysis. 

3.11.4 SOFTWARE SUMMARY 
In this section, the software used in the test cell (except for indicating) was discussed. There are 

three primary packages used: 

 RSLogix® – To program the PLC. 

 ETA – For a user interface and data logging. 

 VAG-COM – To interface with the ECU and to log operating parameters. 

A secondary package, RSLinx® is used to facilitate communication between ETA and the PLC. Al 

these packages were 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. 

3.12 INDICATING SETUP 
As discussed in section 2.6, cylinder pressure indicating serves as a valuable diagnostic tool to 

analyze and compare how a fuel performs in a diesel engine. To perform cylinder pressure 

indicating the following hardware is needed: 

 shaft encoder, 

 pressure sensor, and 

 high-speed data acquisition hardware. 

As discussed in section 2.6.2, an Optrand sensor was selected as a pressure sensor. An AutoPSI-S 

pressure sensor was purchased in the PSIglow-A format, which is a glow plug type pressure 

sensor. 

The Optrand sensor requires a power supply of 9 to 18V and 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 PSIglow-A sensors. 

 

FIGUR E 37 -  PSIGLOW-A PRESS UR E TR ANS DUCER S  

It was decided to use a Kübler 3671 singleturn absolute shaft encoder (shown in Figure 38). The 

specifications of the encoder are shown in Table 13. The shaft encoder was installed on the 

engine’s crankshaft pulley using a custom-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 setup is shown in Figure 39. 
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FIGUR E 38 -  KÜ BLER  TYPE 3671  SH AFT ENCODER  (KU BLER, 2009) 

 

FIGUR E 39  -  SH AFT ENCODER SETUP  

A National Instruments USB-9201 data acquisition card was used to record the pressure and the 

crank angle during tests. The NI 9201 is a high speed analogue data acquisition card. 

Both the pressure transducer and the shaft encoder are powered by a voltage source set at 18V. 

The power supply earths and the signal output commons of both sensors are all connected to 

both the voltage source earth and the COM of the data acquisition card to prevent a ground loop. 

The signal wire of the shaft encoder is connecter to AI0 and the signal from the pressure 

transducer is connected to AI1. The wiring schematic is shown in Figure 40. The specifications 

of the components of the indicating set are presented in Appendix K. 
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FIGUR E 40  -  INDICATING S ET WI RING .  

The data is captured, processed, displayed and stored using National Instrument’s LabView 

SignalExpress. As discussed in section 4, the settings for the data acquisition were obtained 

through a test program to determine the measuring system’s characteristics. The recording 

settings were as follows: 

 Data acquisition 

o Continuous sampling 

o Sampling speed: 24kS/s (per channel) 

o Signal scaling ON: 

 AI0: Linear – 0-10V to 0-360° 

 AI1: Scaled by function to kPa 

 Filter: 

o Butterworth 

o Low pass 

o Second order 

o 1.5kHz cutoff 

 Power spectrum: On 

 Log: Filtered data 

These settings gave the best results, as discussed in section 4. 

3.13 EXPERIMENTAL TEST CELL SETUP SUMMARY 
This chapter dealt with the experimental setup that was created to compare the effect of bio-

fuels compared on a modern 1.9L TDI engine with pump unit injection with normal mineral 

diesel. The following aspects were discussed: 

 Mechanical installation 

o Mounting 

o Drive shaft connection 
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 Engine cooling and water supply 

 Ventilation and exhaust gas handling 

 Fuel supply 

 Vacuum system 

 Engine electric and electronic system 

 Test cell electronics 

 Software 

 Indicating equipment 

All the topics were discussed in sufficient detail so that the setup can be reproduced from this 

section (with some references to Palmer’s thesis). The next phase of the project, following 

engine set-up, was preliminary testing and commissioning in which the set-up fine-tuned so as 

to achieve repeatable engine performance measurements. This is discussed in the next section. 

The completed test setup is shown in Figure 41. 

 

FIGUR E 41  -  COMP LETED TES T S ETU P   
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4 SYSTEM COMMISSIONING AND REPEATABILITY ANALYSIS 
To ensure the accuracy of testing, all the sensors had to be calibrated and the repeatability of 

the readings had to be evaluated before the test setup could be commissioned for research. This 

chapter deals with the calibration and preliminary tests that preceded commissioning. 

4.1 SENSOR CALIBRATION 
Before the test rig was evaluated, all the sensors were either calibrated or their calibration was 

checked. The sensors that were used in the old test rig were checked and verified. The sensors 

that were not moved, altered or changed in essential application were taken as calibrated and 

the calibration curve in ETA was kept the same. Table 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 prescribed in the 

Schenk manual (Schenck Pegasus GmbH, 2001) for calibration. An initial calibration was done; 

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

and accuracy of the load cell. The load cell’s initial calibration was still found to be valid. Before 

and after each testing session the torque arms were used to check the readings of the load cell. 

No inconsistencies were found throughout preliminary and final testing phases. 

The thermocouples were assumed to work correctly, as their readings were not critical to the 

research done during this project. 

The calibration of the AVL 7030 was re-evaluated as prescribed in the user manual (AVL, 1984). 

According to the calibration checks, the AVL 7030 mass flow meter’s readings were accurate 

and correlated with the previous calibration done by Palmer. However, it was found that the 

readings of the fuel balance fluctuated during testing. The reason for this problem is indirectly 

attributed to the engine’s high injection pressure; causing high temperatures in the return fuel 

line (in excess of 100°C). The high fuel temperature in the return line causes the formation of 

vapour. This causes irregular fuel flow as bubbles are formed inside the return line. Attempts to 

remove these fluctuations by cooling the fuel to a temperature below the fuel’s flash point, failed 

because the return line propagates these fluctuations in flow, even if the vapour is condensed in 

the fuel cooler. 

An interesting observation could be made regarding the nature of the problem by comparing 

the fluctuation of the fuel consumption reading for the engine running on bio-diesel versus that 

of normal diesel. Greater fluctuations was observed using ULSD than in the case of biodiesel. 

This phenomenon can be attributed to the lower flash point of the ULSD compared to that of the 

biodiesel (55°C to 120°C (Bioservices cc, 2009)) 
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4.2 ENGINE AND TEST RIG CONTROL CALIBRATION, TUNING IN AND ECU DIAGNOSTICS 
Before the engine could be tested, the following systems had to be tuned or checked: 

 throttle controller, 

 ECU diagnostics, and 

 dynamometer control 

The throttle controller was calibrated using the adjustment screws on the front of the servo 

controller. The throttle control in ETA was set to 0% and the zero screw was turned so that the 

throttle controller’s cable was tight but the pedal was not moved. Then the throttle control was 

set to 100% and the span screw was turned until the pedal was completely pulled in. Since only 

power curves will be run, the intermediate accuracy of the actuator was not of such importance, 

but it was verified using VAG-COM 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, VAG-COM was used to pull off the ECU’s fault 

codes and status. The results 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 be adjusted 

using the screws inside the controller box. Initially the PID controller was set to factory default 

settings, but during later testing, it was observed that the controller did not settle on a setpoint 

and kept the speed of the engine oscillating around the requested speed setpoint. On further 

inspection, it was also discovered that the belt that connected the servo to the butterfly valve 

(that regulates the water level in the dynamometer) was perished. This was replaced and the 

PID controller was re-tuned. The new optimal settings were found to be (the resistor number 

inside the controller is indicated in brackets). 

 Proportional (R461) – 3 

 Integral (R463) – 4 

 Differential (R453) – 2 

The dynamometer was retuned according to the Schenck user manual. (Schenck Pegasus GmbH, 

2001). 

4.3 TRIAL RUNS AND REPEATABILITY TESTS 
Before testing commenced, 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 to operating 

temperature at 2000rpm and 20% throttle. Initially the engine was run at partial load to see if 

all the bolts were secure and to check for abnormal vibrations throughout the speed range. No 

problems were found. Then the drive train was tested, running the engine at maximum torque 

for half an hour. There were numerous problems with the drive train, these included spline 

failure (manufacturing problem), vibration (originating form a climbing torsional damper) and 

the loss of a CV-Joint (bad installation). All these problems were solved and testing commenced. 

As discussed in section 3.5.1, there were a few problems with the cooling system, which were 

solved. The engine was then run for an hour at various speeds and power levels, and the test rig 

was considered safe and reliable and testing could commence. 
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A set of two power curves was performed on ULSD to evaluate the repeatability of the test 

setup. It was found that the repeatability of the tests were not completely up to standard and 

inconsistencies of up to 3% occurred between these initial power runs under similar conditions. 

The power curves are shown in Figure 42 and the difference in readings are shown in Figure 43. 

Even though the error does not seem to be great, the problem is that the difference in 

performance of biodiesel is expected to be in the order of 5%. Thus, the inconsistency is too 

great to allow for comparative studies between biodiesel and ULSD. 

 

FIGUR E 42 -  INI TI AL R EPEATABI LI TY TES TS  

 

FIGUR E 43 -  % D I FFERENCE BETWEEN TH E FIRS T TWO P OWER  CUR VES  
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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 test cell. 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 of the test setup was 

increased dramatically. 

During further trials, the accuracy of the test setup was validated. Three of the power curves are 

shown in Figure 44. All three power curves were done on different days with different weather 

conditions. The values of the average errors between the power curves are shown in Figure 45. 

It can be seen from these graphs that the test is highly repeatable and that the experimental 

setup can be used in comparative studies. 

  

 

FIGUR E 44 -  REPEATABI LI TY AFTER  M ODI FI ED ECE  COR RECTI ON FACTOR  

 

FIGUR E 45 -  % D I FFERENCE BETWEEN R UNS  AFTER  ECE  COR RECTI ON FACTOR MO DI FICATI ON  

4.4 INDICATING, DATA FILTERING AND ANALYSIS 
The indicating equipment enables a user to read off both the crank angle and the in-cylinder 

pressure of the first cylinder of the engine. Knowing the accuracy of the sensors enables one to 

know to which extent the data can be used to analyze and judge the performance of a fuel in an 

engine. This section deals with the integrity of the indicating set employed in this project. 
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4.4.1 ACCURACY OF THE INDICATING SENSORS 
The indicating sensors are the Optrand PSIglow sensor and the Kübler 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 done by running the PSIglow sensor alongside a Kistler 6121 piezoelectric transducer in an 

internal combustion engine. The data is then used to calibrate the Optrand sensor (Wlodarczyk, 

et al., 1998). The Optrand sensors have been proven 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 certificate. Thus by 

converting the output signal (between 0.5V and 5V) using the following equation, the pressure 

is given in kPa. 

 𝑃 =  
 𝑉𝑜𝑢𝑡 − 0.5 × 1000

1.47
 × 6.894 [4.1] 

The conversion factor from psi to kPa is taken to be 6.894. This conversion is programmed into 

SignalExpress®, and the pressure is stored in kPa. 

The rotary encoder has a specified linearity better than 1° on a 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 engine was first locked into TDC as 

prescribed by the Haynes owner’s workshop manual for VW the Polo (Jex, 2007). 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 multi-meter, 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 due to the Butterworth filter’s unit step 

response (see section 4.4.2). This prevents the noise in the shaft angle measurement from 

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 recorded 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. As mentioned earlier, it is unfavourable to have the break in the graph on the pressure 

curve for calculation purposes. To counteract the break in the pressure curve, the engine’s 0° 

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 to coincide with angles that are 

multiples of 180°. 

During the first tests, noise was noticed on the signal, clearly visible in Figure 46, and a filter had 

to be implemented.  
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FIGUR E 46  -  UNFI LTER ED DATA S ERI ES  

Before a filter could be applied to the signal, the 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 

frequencies of 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 engine. The solution was found 

by applying a low pass filter to the signal before the data was saved to the hard drive. The 

Butterworth filter was selected because it has no gain ripple in its frequency response and has a 

“flat” passband. The drawback of the Butterworth filter is that it has a very slow cut off gradient, 

which means that the filter needs to be designed with a smaller passband to allow the noise to 

be cancelled completely. If a first order filter was to be used, either some of the noise would be 

present or some of the vital information would be lost. A remedy to this is to use a higher order 

filter, allowing a sharper cut-off rate, widening the passband, and still cutting off the noise. This 

comes at a sacrifice; the higher order filters have a bad step response (a bit of an overshoot and 

a longer settling time), which gives bad data for the shaft encoder signal at the 0 to 10V 

transition point. 

The selection of the filter setup was done by filtering the same set of data using different filter 

configurations (keeping in mind the filter’s negative step response and the noise cancellation). 

The following setups were used: 

 1st order with 0.5 kHz cut-off 

 1st order with 1 kHz cut-off 

 1st order with 1.5 kHz cut-off 

 1st order with 2 kHz cut-off 

 2nd order with 0.5 kHz cut-off 

 2nd order with 1 kHz cut-off 

 2nd order with 1.5 kHz cut-off 

 2nd order with 2 kHz cut-off 
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 3rd order with 0.5 kHz cut-off 

 3rd order with 1 kHz cut-off 

 3rd order with 1.5 kHz cut-off 

 3rd order with 2 kHz cut-off 

On inspection, the best results were found using the second order low pass Butterworth filter 

with a cut off frequency of 1.5 kHz. The filtered data is presented in Figure 47, which represents 

the filtered version of the data shown in Figure 46. 

 

FIGUR E 47 -  FI LTER ED DATA S ET  

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

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

engine was running at 1500 rpm with 30% throttle. It can be observed that all four pressure 

curves run perfectly on each other. This would suggest that the engine’s pressure curve through 

a stroke is very repeatable under similar conditions. 
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FIGUR E 48 -  REPEATABI LI TY DEMONS TR ATI ON  
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4.5 SYSTEM COMMISSIONING AND REPEATABILITY ANALYSIS SUMMARY 
This section discussed the process of commissioning the experimental setup created in this 

project. All the sensors in the test cell were calibrated and it was found that the all the sensors 

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

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

the VW 1.9L TDI (ATD)’s fuel injection system.  

Through testing, the experimental test cell proved to be reliable. Through the alteration of some 

parameters in the ECE correction factor the tests proved highly repeatable through trials.  

The indicating set was successfully implemented and with a second order low-pass Butterworth 

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 biodiesel is in no way comparable to the chemical composition of regular 

mineral diesel, and naturally the question has to be asked; “How does the performance of the 

biodiesel compare to the performance of the normal diesel?” This is the same basic research 

question that was answered by Palmer (2008), using an older technology diesel engine. It was 

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

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

pressure injection technology (more specifically pump unit injectors) is suited to run on 

biodiesel and how the performance figures of the engine differs to that of the engine running on 

ULSD. This is important due to the recent rise in popularity of cars running on diesel and the 

prospect of running cars on biodiesel that could significantly affect the carbon footprint of the 

average road user.  

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

set. Combustion analysis in an engine will 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 with Palmer’s (2008) thesis, it was decided to test ultra low sulphur 

diesel (ULSD) and biodiesel as well as the blends (the blend number indicates the mixing ratio, 

for example; B5 means 5% biodiesel and 95% ULSD): 

 B5 

 B10 

 B15 

 B50 

To be able to do all the tests with the same diesel batch, the biodiesel and the ULSD were 

purchased in bulk, and a 210 Litre container of each was purchased for testing. A sample of each 

batch of diesel was sent away for testing to serve as a reference on the fuel quality used in these 

tests. The results of the biodiesel and normal diesel tests are shown in Table 3 and Table 4 

respectively. 

ANALYSIS SPECIFICATION SANS 
1935:2004 

RESULT 

APPEARANCE  CLEAR 

DENSITY @ 15 deg C kg/l 0.860-0.900 0.8904 (PASS) 

VISCOSITY @ 40 deg C 3.5-5.0 7.88 (FAIL) 

FLASH POINT deg C 120 MIN PASS @ 120deg c 
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 
SULPHATED ASH 0.002 max 0.002 

HEATING VALUE  39.360 MJ/kg 
TABLE 3  - BI ODI ES EL TES T R ES U LTS  
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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 2.2-5.3 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 
SULPHATED ASH 0.002 max 0.001 

HEATING VALUE  45.888 MJ/kg 

   DISTILLATION RANGE SPECIFICATION RESULT 
IBP deg 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 
TABLE 4  - ULSD  TES T RESU LTS  

It can be seen from the tables that the biodiesel fails the SANS1935:2004 standard 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). The 

cetane index of the biodiesel is below specification as well. Biodiesel is quoted in literature to 

have higher cetane indexes than that of normal diesel, but at 49, it is below average. The cetane 

index of the ULSD is at 56, which is better than expected.  

Thus, looking at the fuel properties, the expectation is that the engine’s maximum power output 

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 expected from biodiesel based on its lower cetane 

index. 

5.2 TEST PROGRAM 
The first set of tests that were done was the power curves with different fuels. Before a day of 

testing could commence, the calibration of the load cell was checked by loading the torque arm. 

The engine was run up to temperature using ULSD, and the testing commenced. A test cycle 

consisted out of the following steps: 

1. Change fuel (ULSD, B5, B10, B15, B50 and pure biodiesel) 

2. Bleed fuel lines 

3. Run engine up to temperature at 2500 rpm and 40% throttle 

4. Switch on VAG-COM to log ECU behaviour 
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5. Initiate test cycle 1: Power curve 

6. 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 of fuel 

These steps were repeated for each fuel mix. The reason for doing three power curves per fuel 

was to check for non-linearity and abnormal behaviour of the engine during any stage of testing. 

If any one of the three power curves differed from the other two, another power curve was run. 

During testing, a few problems were experienced with the test setup. These problems were 

corrected and all the samples were re-tested. All the power curves done on the test bed were 

consistent, and only two bad test cycles occurred during the testing of B5 and B50. The bad tests 

were due to a pinched vacuum line. These outliers showed a notable decrease in power during 

peak torque conditions and a lowering of pressure boost from the turbocharger. The vacuum 

line was re-routed and the problem was solved.  

5.3 TEST RESULTS 
To compare the performance of the biodiesel to that of regular diesel, power curves were 

performed with the engine running on the respective fuel samples. Figure 49 shows all the 

power and torque curves of the fuel samples tested on one graph. It can be seen from the graph 

that there is no significant difference between the performances of the engine running on ULSD, 

B5, B10 and B15. There is a clear power loss when pure biodiesel is used in the engine, and as 

expected, the performance of B50 appears to be half 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 in Figure 50. The slight power increase for the blends in the mid engine 

speed range region might be due to the improved lubricity of the biodiesel, improving the fuel 

pump and injector performance, but the subject need further investigation. The graph shows 

that the engine is most affected at high power conditions where more fuel is used, and that the 

loss in performance is only about 4.2 % at 4000 rpm (lower than the expected 14.22 % based on 

calorific content). 

To illustrate the difference of the engine running on ULSD versus biodiesel better, only the two 

power/torque curves are plotted against each other in Figure 51. The maximum power of the 

engine running on ULSD is 78.75 kW at 3250 rpm while it is 75.98 kW at 3250 rpm for biodiesel. 

The torque figures also look similar, where the maximum torque of the engine running on ULSD 

is 253.8 Nm at 2000 rpm and it is 249.7 Nm at 2000 rpm for biodiesel. 
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FIGUR E 49  -  POWER /TOR QU E CURVES  OF TH E ENGINE RU NNING ON ULSD,  BIODIESEL AND BLENDS  

 

FIGUR E 50 -  PERCENTAGE DI FFERENCE  I N CORR ECTED P OWER BETWEEN BI ODI ES EL AND BLENDS  COMP AR ED TO ULSD 
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FIGUR E 51 -  POWER /TOR QU E CURVES  OF TH E ENGINE RU NNING ON ULSD  AND BI ODI ES EL  

Even though the biodiesel used is of a very poor quality, it does not seem to affect the engine 

performance in the short term, except for a power loss that could be attributed to three factors: 

 Lower calorific value: (Energy input, the main contributing factor) 

 Ignition quality: (Ignition delay) 

 Viscosity   (Injector performance) 

What is even more notable is the fact that the engine only lost 3.53% in maximum power output 

(and 4.2 at top speed), while the calorific value of the biodiesel was tested at 14.22% 

The engine operating parameters were consistent throughout all tests and a slight decrease in 

oil and exhaust temperatures are observed. The long-term effects of biodiesel on the engine 

were not tested, and need further investigation. 

5.4 FUEL CONSUMPTION MEASUREMENT 
Fuel consumption measurement of an engine is a very important 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 testing (Heywood, 1988). 

It was seen from the fuel consumption readings that the data is scattered and only a faint trend 

in fuel consumption was visible. Initially it was thought that the problem was with the AVL mass 

fuel balance, but after re-calibration, necessary checkups and maintenance procedures, it was 

realized that the mass fuel balance was 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 that of 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 the biodiesel (flashpoint of 120°C) which 

gives a clue of the problem at hand. 

The problem originates with the high fuel return temperature of the engine due to the high 

pressure that 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 as 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 of 100°C, which is 45°C above the 

flashpoint of ULSD. The high temperature causes the 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 causes 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 on the problem. 

Regrettably, the problem remains unsolved, and all resources and equipment at the disposal of 

the BTF were used to try to correct the problem. 

5.5 PRESSURE INDICATING 
The pressure indicating experiments had two goals: 

 To validate the working of the implemented pressure indicating setup. 

 To see if the lower ignition quality of the Biodiesel affects the engine’s combustion 

process. 

This section discusses the indicating work done and observations based on the results obtained. 

Pressure indicating measurements 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 

5.5.1 PHASING 
All attempts were made to calibrate the shaft encoder mechanically, to ensure that the pressure 

signal and the shaft encoder signal are in phase. The engine’s crankshaft was locked with the #1 

piston at TDC. The shaft encoder was installed, and using a multi-meter, the encoder was fixed 

to the shaft in a position correlating with a reading of 5.00V. Later it was found that the 

clamping mechanism of the encoder had the tendency to become loose during testing. The 

encoder was recalibrated (5V to TDC), and bonded to the 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 cranked using its starter motor. This is far from ideal, since the starter 

motor could only rotate the engine at low speed, and the blow-by3 affected the pressure trace. 

                                                           
3 Blow-by is the leakage of gas past the pistons. 
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This can be observed from Figure 52 on the descending part of the pressure trace (a steeper less 

gradual pressure curve than on the ascending part). This causes the LogP-LogV graph in Figure 

53 to be curved (and not straight, as in Figure 11). Nevertheless, the motoring curve could be 

used to improve the phasing between the pressure and the crank angle signals. Using the LogP-

LogV graph in Figure 53, the phase difference was determined. The phase correction was an 

11.8° advance of the pressure trace. 

 

FIGUR E 52 -  "MOTORI NG"  PR ES SUR E VS.  CR ANK ANGLE  

 

FIGUR E 53  -  LOGP–LOGV FOR PH ASING  

5.5.2 INDICATED WORK CALCULATION 
The data obtained from the indicating set yielded the pressure vs. volume profiles shown in 

Figure 54 and Figure 55. The curves in Figure 54 were measured while the engine was running 

at 100% throttle and 1750 rpm (maximum torque) and Figure 55 shows the pressure/volume 

curves of the engine running at 100% throttle and 3250 rpm (full-power) 
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FIGUR E 54  -  PR ESS UR E VS . VOLUME GR AP HS  (100% THR OTTLE /  1750  RP M) 

 

FIGUR E 55  -  PR ESS UR E VS . VOLUME GR AP HS  (100% THR OTTLE /  3250  RP M) 
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Trapezium integration: 𝐼𝑖 =
∆𝑉(𝑃𝑖 + 𝑃𝑖+1)

2
 5.1 

 

Where P denotes pressure and V denotes volume. 

The results of the indicated power and mechanical efficiency are shown in Table 5. In Table 5 

the indicated power is displayed next to the measured power output of the engine at given 

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 errors (Callahan, et al., 1985). Taking into 

consideration the phasing issues of the experimental setup, these values for mechanical 

efficiency should not be used to form a basis of any argument. In this case, it is simply a 

demonstration of the consistency of the indicated power measurement. For the same reason, 

the percentage difference between the engine performances is shown running on either fuel. 

 

TABLE 5  - INDI CATED P OWER  

From Table 5 it can be deduced that the indicating set delivers 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 measured during 

dynamometer testing and indicating is very close. Thus, it is safe to assume that the loss of 

power observed during the testing of biodiesel is accounted for in the indicated power 

measurement. Variation of the comparative figures presented in Table 5 can be attributed to: 

 the inaccuracy of trapezium integration, and 

 the irregular increments at which the crank angle is measured. 

The irregular measurement of crank angle actually limits the pressure indicating analysis more 

severely. Due to various aspects of the physical experimental setup and the nature of the 

sensors, noise will always be present in the pressure indicating signals. One of the best ways to 

filter noise is to average indicating data between multiple power strokes (Callahan, et al., 1985), 

and with irregular crank angle measurement, this is not possible. The effects of noise are even 

more pronounced in the heat release analysis, where first derivatives of the pressure and 

volume signals 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 in Figure 54 and Figure 55, and is presented in Figure 56 and Figure 57. 

From Figure 56 and Figure 57, the following observations can be made between the biodiesel 

and ULSD heat releases for both the 1750 rpm and 3250 rpm tests: 

Indicated power
Indicated 

power (kW)

Measured 

power (kW)

% difference between 

indicated power values

% difference between 

measured power values

Mechanical 

efficiency (%)

Biodiesel 100% throttle / 3250 rpm 95.44 75.97 74.37

ULSD 100% throttle / 3250 rpm 99.09 78.75 74.18

Biodiesel 100% throttle / 1750 rpm 58.87 47.12 75.07

ULSD 100% throttle / 1750 rpm 59.23 47.32 74.83

3.53

0.42

3.68

0.61
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 Only a slight difference in ignition delay is observable for biodiesel in both the 1720 rpm 

and 3250 rpm tests. 

 Hence, it is normal to see that there is no significantly difference in the rise of heat 

release rate during the premixed burning period (since the amount of vaporised diesel is 

roughly the same by the end of the ignition delay). 

 Diffusion burning and after burning periods falls roughly into the same “time” slots in 

both the 1750 rpm and 3250 rpm cases. 

 The deduction can be made that the cetane index of the biodiesel does not affect the 

combustion process.  

 The peak heat release rate for ULSD is generally higher than in the case of biodiesel. This 

is expected, since biodiesel has a lower heating value. 

 

FIGUR E 56  -  HEAT RELEASE (100% THR OTTLE/  1750  RP M –  MAXI MU M TOR QUE) 

 

FIGUR E 57  -  HEAT RELEASE (100% THR OTTLE  /  3250  R PM –  MAXI MU M P OWER ) 
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5.6 SUMMARY 
A novel, low-cost 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): 

 The lower cetane value of the biodiesel do not significantly affect the ignition delay 

period of the engine. 

 It is evident from both the indicated power and the heat release curves that the lower 

heating value of the biodiesel lowers the engine’s performance. 

The following observations and recommendations can be made regarding the indicating set: 

 The analogue shaft encoder and data acquisition hardware makes it extremely hard to 

trigger pressure and shaft position readings at set angular increments of the shaft 

encoder. This makes it hard to filter out noise by averaging, and other filtering methods 

need to be used. 

 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 noise adversely 

affects the calculation of heat release. It was possible to do a simplified heat release, but 

the noise in the data made it difficult to do further analysis, since it yielded 

incomprehensible data or unacceptable errors. 

 The lack of motoring capability in the BTF does not enable operators to correct the 

phase between the encoder signal and the pressure trace. 

 The Optrand pressure transducer works exceptionally well. Given its low cost, low 

maintenance and simplicity, it can be recommended for future use. 

 The appropriate hardware to calibrate the Optrand sensors needs to be acquired. 

 The use of a FPGA (field programmable gate array) type data acquisition system is 

recommended for future research. This is due to its ability to process indicating data at 

high speed and in real time. One such system is the National Instruments Compact Rio 

system, and further investigation is suggested. 

 It is recommended that a DC dynamometer be used for future indicating work at the BTF 

to obtain a set of hot motoring curves across the full speed range of the engine.  
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6 CONCLUSIONS AND RECOMMENDATIONS 
After the test cell was upgraded and the engine installed, it was commissioned and biodiesel 

was tested in a comparative study. Results from the new test setup proved to be highly 

repeatable and is suitable for fuel performance research. The performance of Fatty Acid Methyl 

Esters (FAME) biodiesel was tested and compared to Ultra Low Sulphur Diesel (ULSD).  

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

failed the SANS 1935:2004 standard. More notably the biodiesel had a cetane index of 49, where 

the ULSD was at 56. The energy content of the biodiesel also rated 14.22% lower, at 39.36 

MJ/kg where ULSD was at 45.88 MJ/kg. However, during testing it was found that the engine’s 

performance was only decreased by a maximum value of 4.2%. It is suspected that the higher 

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

injectors, which cause more fuel to be injected into the combustion chamber. If this were 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. 

The fuel consumption measurement equipment of the BTF was affected by the nature of the test 

engine’s pump unit injector system, and no accurate fuel consumption measurements could be 

done. Various approaches were used to correct the issue, but the problem remains unsolved. 

Thus, no investigation could be done on the performance of the injection system and 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 was purchased along with a magnetic type analogue shaft encoder 

and high-speed data acquisition hardware. This formed a cost effective indicating set. The 

indicating exercise in this project served a dual purpose, namely: to investigate the performance 

of this particular indicating setup and to investigate the effect that the lower cetane index of 

biodiesel has on the combustion process of the engine. 

The result of the indicating work showed that the combustion process of biodiesel is 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 significantly by the 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 system proved to be substandard. Another aspect of the indicating 

setup that proved to be a problem is the lack of motoring capabilities. Motoring the engine is 

needed to correct the pressure and encoder signal phase, which is vital in absolute heat release 

and indicated power analysis. Recommendations for future indicating setups include: 

 Incremental shaft encoder with one sample per degree resolution, digital output and a 

trigger output. A “through shaft” clamping mechanism is also recommended because of 

encoder calibration.  

 The use of a DC dynamometer. 

 The use of a National Instruments Compact Rio FPGA type data acquisition system (or 

similar). 
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A recommendation for future work on the BTF is to develop engine-testing software that 

integrates pressure indicating and the engine testing software packages into one work 

environment. This should preferably be done using a single FPGA type platform to improve 

system performance. 

Other recommendations are: 

 The installation of a fuel conditioning unit into the BTF. 

 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 testing (the appropriate hardware is however required). 
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APPENDIX A: BIODIESEL COMPOSITION 
These tables summarise the composition of some of the common fatty 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 carbon – carbon bonds. (Dieselnet, 2009) 

 

TABLE 6  - COMP OSI TI ON OF COMMON  FATTY OI LS,  %(M/M)  (DIESELNET , 2009) 
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TABLE 7  - PR OP ER TI ES  OF COMMON METH YL ESTER S  (DIESELNET , 2009)  
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APPENDIX B: US AND EU BIODIESEL SPECIFICATIONS 

 

 

  

TABLE 8  - US AND EU  BI ODI ES EL SP ECI FICATI ONS  (J ÄÄSKELÄI NEN,  2009) 
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APPENDIX C: BIODIESEL COMPATIBILITY WITH ELASTOMER 

MATERIALS 

 

TABLE 9  - BI ODI ES EL COMP ATI BI LI TY WI TH  ELAS TOMER  MA TER I ALS   (J ÄÄS KELÄI NEN,  2009) 
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APPENDIX D: POTENTIAL PROBLEMS IN FUEL INJECTION SYSTEMS 

USING BIODIESEL 

 

TABLE 10  - POTENTI AL PR OBLEMS  WI TH BI ODI ES EL -  FUEL INJECTI ON EQU IP MENT (FIE)  (J ÄÄS KELÄI NEN,  2009) 

TABLE 11  - POTENTI AL BI ODI ES EL CONCERN S BY BOS CH  (J ÄÄSKELÄI NEN,  2009) 
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APPENDIX E: GEOMETRICAL PROPERTIES OF A RECIPROCATING 

ENGINE 
An engine’s piston and crank action is more commonly known as the slider crank action in 

machine theory. Since the heart of all conventional reciprocating engines is based on the slider 

crank action, general machine theory dictates the movement of an engine’s piston and the 

volumetric changes in the cylinder. Figure 58 shows the geometry of a cylinder, piston, 

connecting rod and crankshaft. 

 

FIGUR E 58 -  GEOMETR Y OF A SI NGLE CYLI NDER AND CR ANK C ONNECTI ON  

In Figure 58 the legend and the values for these geometries for the ATD engine are: 

 B  → Bore   = 79.5 mm 

 L  → Stroke    = 95.5 mm 

 l   →  Connecting rod length = 144 mm 

 a  → Crank radius  = 47.75 mm 

 θ  → Crank angle  

 𝑆 = 𝑎 cos𝜃 +  (𝑙2 −𝑎2 sin𝜃2) 

 Vc → Clearance volume = 0.00002633 m3 

 Vd → Displaced volume = 0.00047405 m3 

The cylinder volume at any crank position is (Heywood, 1988): 

 𝑉 = 𝑉𝑐 +
𝜋𝐵2

4
 𝑙 + 𝑎 − 𝑠  E.1 

The ratio between the maximum cylinder volume and minimum cylinder volume is known as 

the compression ratio, designated rc. The compression ratio of the ATD engine is 19:1.  

B
L

l

S

Vd

Vc

θ

a
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With basic mathematical manipulation the surface area of the inside of the cylinder can be 

calculated as a function of crank angle (Heywood, 1988): 

 𝐴 = 𝐴𝑐 +𝐴𝑝 + 𝜋𝐵(𝑙 + 𝑎 − 𝑠) E.2 
Where Ach is the surface area of the cylinder head and Ap is the piston crown surface area.  

Mean piston speed is obtained from (Heywood, 1988): 

 𝑆 𝑝 = 2𝐿𝑁 E.3 
Where N designates the rotational speed of the crankshaft. 

The instantaneous speed of the piston can be calculated by (Heywood, 1988): 

 𝑆𝑝 =
𝑑𝑆

𝑑𝑡
 E.4 
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APPENDIX F: DERIVATION OF THE SIMPLIFIED HEAT RELEASE 

MODEL 
The energy balance for the cylinder of a direct injection diesel engine can be written as 

(Heywood, 1988): 

 
𝑑𝑄

𝑑𝑡
− 𝑝

𝑑𝑉

𝑑𝑡
+ 𝑚𝑓 𝑓 =

𝑑𝑈

𝑑𝑡
 F.1 

 

If U is taken to be sensible internal energy of the cylinder contents and hf is the sensible 

enthalpy of the injected fuel, then 
𝑑𝑄

𝑑𝑡
 becomes the heat released during combustion (positive 

value) and the heat transfer from the system (negative value). And with: 

 𝑈 = 𝑈𝑠 = 𝑈 𝑇 − 𝑈 298𝐾  F.2 
   
and 𝑠 = 𝑠,𝑓 = 𝑠,𝑓 = 𝑓 𝑇 − (298𝐾) F.3 
   
and 𝑠,𝑓 ≈ 0 F.4 
   

Then: 
𝑑𝑄𝑛
𝑑𝑡

=
𝑑𝑄𝑐
𝑑𝑡

−
𝑑𝑄𝑡
𝑑𝑡

= 𝑝
𝑑𝑉

𝑑𝑡
+
𝑑𝑈𝑠
𝑑𝑡

 F.5 

   

Thus the apparent net heat-release rate,
𝑑𝑄𝑛

𝑑𝑡
, is the difference between the gross heat-release 

rate, 
𝑑𝑄𝑐

𝑑𝑡
, and the rate of heat transfer to the walls of the cylinder, 

𝑑𝑄𝑡

𝑑𝑡
. And this is equal to the 

rate at which work is done on the piston, plus the rate of change of the internal energy of the 

cylinder contents.  

If we model the contents of the cylinder as an ideal gas, then the equation becomes, 

 
𝑑𝑄𝑛
𝑑𝑡

= 𝑝
𝑑𝑉

𝑑𝑡
+𝑚𝑐𝑣

𝑑𝑇

𝑑𝑡
 F.6 

   
From the ideal gas law, and with R assumed to be constant (for simplicity), the following 

equation can be written; 

 
𝑑𝑝

𝑝
+
𝑑𝑉

𝑉
=
𝑑𝑇

𝑇
 F.7 

   
And using this to eliminate temperature from the previous equation, the final equation can be 

written as; 

 
𝑑𝑄𝑛
𝑑𝑇

=  1 +
𝑐𝑣
𝑅
 𝑝

𝑑𝑉

𝑑𝑡
+
𝑐𝑣
𝑅
𝑉
𝑑𝑝

𝑑𝑡
 F.8 

   

Or 
𝑑𝑄𝑛
𝑑𝑡

=
𝛾

𝛾 − 1
𝑝
𝑑𝑉

𝑑𝑡
+

1

𝛾 − 1
𝑉
𝑑𝑝

𝑑𝑡
 F.9 

   

Where 𝛾 =
𝑐𝑝

𝑐𝑣
 F.10 
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APPENDIX G: PICTURES OF EXPERIMENTAL SETUP 
 

 

FIGUR E 59 -  BELL H OUSI NG ADAP TOR  P LATE  

 

 

FIGUR E 60 -  EX H AU ST TH ER MOCOUP LE INS TALLATI ON  
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FIGUR E 61 -  OI L TEMP ER ATURE TH ER MOCOUP LE  

 

 

 

FIGUR E 62  -  ELECTR ONICS BACKBOAR D  
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FIGUR E 63 -  ENGI NE COOLANT TEMPER ATUR E CONTR OL S YS TEM  

 

 

FIGUR E 64 -  SHELL AND TU BE HEAT E XCH ANGER  
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FIGUR E 65 -  CLEAN AIR  S YS TEM  

 

 

 

FIGUR E 66  -  COMP LETE TES T S ETUP  
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APPENDIX H: DRIVE SHAFT 

 

FIGUR E 67 –  SP LINED S H AFT FROM A POLO GEAR BOX  S UP P LIED BY VWSA 

 

FIGUR E 68 -  SH AFT WI TH GEAR S GROU ND OFF AND WI TH  BEARING LOCATORS  MACHINE D  

 

FIGUR E 69 -  COMP LETE P OWER TR ANS MI SSI ON  
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APPENDIX I: ECU PIN ASSIGNMENTS 
In Figure 70, the pin layout of the ECU 121 pin plug are shown. 

 

FIGUR E 70 -  DEPI CTION OF THE ECU 121  PIN P LU G TO TH E LOOM  

The loom connects to the following sensors and actuators on the engine (pin numbers shown in 

brackets): 

 Vacuum throttle valve actuator (81 – Plug A) 

 Vacuum boost pressure regulator (62 – Plug A) 

 Vacuum EGR Valve controller (61 – Plug A) 

 Air mass Flow meter(49, 68, 30, 37 – Plug A) 

 Boost pressure sensor (52, 73, 31, 71 – Plug A) 

 Accelerator pedal (63, 12, 50, 69, 70, 51 – Plug A) 

 Main relay (18 – Plug A) 

 Ignition (37 – Plug A) 

 12V Power supply + (1, 2 – Plug A) 

 12V Power supply earth (4,5 – Plug A) 

 CAN Pos (7 – Plug A) 

 CAN Neg (6 – Plug A) 

 CAN K/W (16 – Plug A) 

 12V Power supply + (88 – Plug B) 

 Coolant temperature thermistor (104, 112 – Plug B) 

 Hall sensor for cam shaft position (101,109 – Plug B) 

 Hall sensor for Crank speed/position (102,110 – Plug B) 

 Injector common (114 – Plug B) 

 Injector 1 (121 – Plug B) 

 Injector 2 (116 – Plug B) 

 Injector 3 (117 – Plug B) 

 Injector 4 (118 – Plug B) 
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APPENDIX J: TEST SOFTWARE 

 

FIGUR E 71 -  ETA US ER  I NTER FACE  
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FIGUR E 72 -  PLC LADDER  LOGI C PR OGR AM  (PALMER,  2008) 
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APPENDIX K: PRESSURE INDICATING EQUIPMENT 
The specifications of the indicating set is summarised in Table 12, Table 13 and Table 14. 

 

TABLE 12  –  OPTR AND AU TOPSI-S  PR ES SUR E TR ANS DU CER  PR OP ER TI ES  

 

TABLE 13  - SH AFT ENCODER  S PECI FI CATI ONS (KU BLER,  2009) 

 

TABLE 14  - NI  USB 9201  SP ECI FI CATI ONS   (NATI ONAL INS TR U MENTS,  2009) 

 Optrand

Measuring range 0 to 200 bar

Lifetime 1.00E+09

Overload 400 bar

Sensitivity 1.42mV/psi

Natural frequency >120 kHz

Nonlinearity ±1% FSO

Operating temperature -40 to 300°C

 Kübler 3671 

Max speed 6000 min^-1

Starting torque <0.06 Nm

Radial load capacity on shaft 40 N

Axial load capacity on shaft 20 N

Mass 200 g

Working temperature range -40 °C to +85 °C

Shock resistance 5000 m/s^2

Vibration resistance 300 m/s^2 , 10 to 2000 Hz

Permanent shock resistance 1000 m/s^, 2 ms

Vibration (broad-band random) 5 to 2500 Hz, 100 m/s^2 RMS

Supply voltage 18...30 V DC

Current consumption 38 mA max

Reverse polarity protection Yes

Resolution 12 Bit

Linearity < 1 °

Repeat accuracy < 0.01 °

 NI USB-9201

General
Form Factor USB

OS Support Windows

Measurement type Voltage

Isolation Type Ch-Earth Ground Isolation

Analogue input
Number of channels 8

Sample rate 500 kS/s

Resolution 12 bits

Simultaneous Sampling No

Max Voltage Range -10v to 10V

Range Accuracy .053V

Min Voltage range -10v to 10V

Range Accuracy .053V

Number of ranges 1

On-Board memory 0
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APPENDIX L: DEFAULT FAULT CODES FOR THE MODIFIED BOSCH 

EDC 
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APPENDIX M: INDICATING POWER SPECTRUMS AND FILTER 

 

FIGUR E 73  -  POWER SPECTR UM OF NOIS Y INDICATI NG SI GNALS  (SI GNALEXPR ES S) 

 

FIGUR E 74 -  POWER SPECTR UM OF I NDICATI NG SI GNALS  AFTER  FI LTERING (SI GNALEXP RES S) 


