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Abstract

This research is an investigation into the performance and combustion characteristics of
a two-cylinder, four-stroke compression ignition engine fuelled on diesel and then on
dimethyl ether (DME). Baseline tests were performed using diesel. The tests were then
repeated for dimethyl ether fuelling. All DME tests were performed at an injection
opening pressure of 210 bar, as recommended for diesel fuelling. The tests were all
carried out at constant torque with incremental increases in speed and an improved
method of measuring the DME flow rate was devised. It was found that the engine’s
performance characteristics were very similar, regardless of whether the engine was
fuelled on diesel or DME. Brake power, indicated power and cylinder pressure, during
the highest loading condition of 55 Nm, were virtually identical for diesel and DME
fuelling, with the most significant finding being that the engine was more efficient when
fuelled on DME than when fuelled with diesel. Another interesting finding was that the
energy release of diesel decreases with increasing load, whilst the energy release of
DME increases with increasing load. At the highest loading condition of 55 Nm, the
energy release of DME was approximately 210 joules higher than that of diesel. This

investigation concluded that DME may definitely be a suitable substitute fuel for diesel.
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1. Introduction

Human society in its modern form is heavily dependent on the provision, conversion and use of
non-biological forms of energy and it is reasonable to assert that current world population levels
would not be sustainable without this output. Energy is thus one of the most critical of the world’s

resources.

Biological systems, such as fuel cells, operate by directly converting the chemical energy of a fuel
to work, while non-biological systems convert chemical energy firstly to raise the temperature of the
working substance to a high level before generating work output. It is likely that market introduction
of biological systems may take a very long time before they have high enough work outputs and
compact sizes. Combustion engines are likely to dominate for a long time, thus the development of
fuels to produce high-temperature working substances by combustion should therefore be carefully
studied ™,

For a number of years, emissions from transportation engines have been studied widely because of
the contribution of such engines to atmospheric pollution 2. The single greatest contributor of air
pollution is the diesel or compression ignition engine, which dates back to initial conception by
Rudolf Diesel in 1892 ¥, Since that time, these engines have continued to develop due to our
progression in knowledge in the field of engine development, but for the last twenty years, engine

development has focused on developing cost effective and cleaner fuels.

Due to limited fossil fuel reserves, and the detrimental effects that diesel fumes have on the earth’s
atmosphere, the development of renewable, alternate fuels that can be manufactured from non-
fossil sources would inevitably have to be introduced. Interest in this field has created market
awareness in fuels such as methanol, ethanol and dimethyl ether (DME), the latter being the fuel of

concern in this report.

The overall aim of this research report is to study the performance and combustion characteristics
of an engine fuelled on an alternative fuel, with as little modification to the engine as possible.
Studies on DME fuelled compression ignition engines, inside and outside the University, have

shown that the characteristics of DME make it a favourable alternate fuel to diesel.



2. Objectives

The objectives of this project were to:

1) improve the fuel delivery and measuring systems for DME fuelling;

2) compare the performance of the engine fuelled on DME and diesel during constant
torgue and increasing speed testing;

3) compare the energy release of both fuelling systems; and

4) compare the results with those of other research done on this fuel.



3. Literature Survey

3.1. Background

The emphasis on the background of this report is to develop an understanding on the basic
operation of compression ignition engines in terms of performance, efficiency, details of the
combustion process, fuel requirements and emissions formation. It is also required that a sound
understanding of alternative fuelling is established, in order to deduce useful engine operational

differences produced from alternative fuelling.
3.1.1. Basic operation of compress ion ignition engine

The compression ignition engine that was used is of a four-stroke, direct injection type. The

basic operation of this engine is illustrated below.

B COMPRESSION STROKE

o

o

O fig
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o
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AR AIR: FUEL MIXTURE

¢y i EXHALST

Figure 3-1: Four-stroke cycle of a compression ignition engine



The four-stroke compression ignition cycle consists of four keystrokes:
* Intake Stroke;
e Compression Stroke;
« Power Stroke; and

« Exhaust Stroke.

The compression ignition engine differs from a spark ignition engine in that it only draws in
air during the intake stroke rather than an air-fuel mixture. Also, the compression ignition
engine has no spark plug. The air from the intake stroke is compressed, and thus its
temperature increases significantly. The fuel is then directly injected into the hot pressurised
air and ignites due to the combustion characteristics of the fuel. The ignition process
causes expansion, forcing the piston down the cylinder through the power stroke. As the

piston returns up, the exhaust valve is opened, and the burnt gases are expelled.
3.1.2. Torque and power
Engine torque, as in the case of this research report, is measured using a dynamometer.

The dynamometer rotor is coupled electro magnetically (Wits research), hydraulically, or by

mechanical friction to a stator. The stator is balanced with the rotor stationary.

Force F

b .|

[Load

cell

Figure 3-2: Schematic of the principle of operation of a dynamometer &.

The torque exerted on the stator with the rotor turning is measured by balancing the stator
with weights, springs or pneumatic means . Using notation in figure 3.2, the torque, in

Newton Metres (Nm), exerted by an engine T is calculated using:



T=Fb 1)

Where:  F =Force (N)

b = Moment arm (m)

The power delivered by the engine and absorbed by the dynamometer is the product of

torque and angular speed, as is given by the following equation:

P=2/NT )

Where: N = Crankshatft rotational speed (rpm)

It should be noted that torque is defined as the measure of an engine’s ability to do work,
and power is the rate at which work is done ¥, and is known as brake power due to the

method of dynamometer measurement described above.
3.1.3. Efficiency

In order to calculate the mechanical efficiency of any engine, the indicated power must be
determined. The definition of indicated power is the rate of work transfer from the gas within
the cylinder to the piston, which differs from brake power in that brake power takes into
account the power lost in overcoming engine friction, driving engine accessories and

pumping power. Indicated power (P)) is calculated using the following equation:

p= (3)

Where: W, = Indicated work per cycle (J)

ng = Number of crank revolutions for each power stroke per cylinder

Thus, the mechanical efficiency can now be calculated, and is defined as the ratio of brake
power delivered by the engine, to the indicated power:



Na=7% (4)

The air filter, intake manifold, intake port and intake valve together restrict the amount of air
which an engine of given displacement can induct. Volumetric efficiency is the parameter
used to measure the effectiveness of an engine’s induction system and is defined as the
volume flow rate of air into the intake system divided by the rate at which volume is

displaced by the piston, and is calculated using the following equation:

__2m, -
I7V Ioa,ivd N

Where:  m, = Mass of air (kg)
a i = Inlet air density (kg/m°)

V4 = Displacement volume (m®)

3.1.4. Fuel consumption

Fuel consumption is measured as a flow rate, i.e. a mass flow per unit time (m; ) . A more

useful parameter is the specific fuel consumption (sfc) and is defined as the fuel flow rate

per unit power output:

sfe="10 ©6)

3.2. Combustion

As explained above, a compression ignition engine experiences spontaneous ignition as fuel is
sprayed at high velocity into hot compressed air at the end of the engine’s compression stroke.
As the fuel is injected through orifices at the injector tip, it atomises into small droplets and
penetrates into the combustion chamber. The fuel vaporises and mixes with the high-
temperature, high-pressure air. At this point spontaneous ignition of portions of the already



mixed fuel and air occurs due to the air temperature being above the fuel's ignition point,

however this only happens after a delay period of a few crank angle degrees.

Thus the

combustion process in a compression ignition engine is dependent on fuel spray behaviour,

ignition delay and fuel characteristics ©.

3.2.1. Fuel Spray Behaviour

As explained above, fuel is introduced into the combustion chamber of a diesel engine

through nozzles or orifices with a large pressure differential between the fuel supply line and

the cylinder. The liquid column leaving the nozzle disintegrates within the cylinder over a

finite length called the break-up length into droplets of different sizes. As the column moves

away from the nozzle, the mass of the air within the spray increases, the spray diverges, its

width increases, and the velocity decreases, as can be seen in the schematic below:
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Figure 3-3: Schematic of diesel fuel sprays, defining its major parameters ..
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In direct injection engines used in the transportation industry, fuel is injected into swirling air,
to increase fuel-air mixing rates. The schematic below illustrates the spray pattern resulting

from a fuel jet injected radially outward into a swirling flow.

Nozzle hole

/'\\ // Air swirl

Downstream edge

Figure 3-4: Schematic fuel spray injection into swirling airflow ..

To couple the spray development process with the ignition phase of the combustion, it is
essential to know which regions of the spray contain the fuel injected at the beginning of the
injection process, since it is these regions of the spray that are likely to auto ignite first. The
shaded area, labelled , represents equivalence ratio. Equivalence ratio is defined as the
ratio of actual fuel/air ratio divided by the stoichiometric fuel/air ratio, and from the diagram it

can be seen to be zero at the downstream edge and increases towards the core.

Also, droplet size distribution at a given location in the spray may also change with time
during the injection period. Since the details of the atomisation process are different in the
spray core than at the spray edge, and the trajectories of individual drops depend on their
size, initial velocity, and the location within the spray, the drop size distribution will vary with

position within the spray . Droplet size distribution is also highly dependent on injector



nozzle length/diameter ratio, air and fuel characteristics, such as viscosity and surface

tension, as well injection pressure.
Atomisation

Under diesel engine injection conditions, the fuel jet usually forms a cone-shaped spray at
the nozzle exit. This type of behaviour is classified as the atomisation break-up regime, and
it produces droplets with sizes very much less than the nozzle exit diameter ¥, The most
significant variables affecting atomisation are gas/liquid density ratio and nozzle geometry,
which include jet spreading or spray angle, and the length/diameter ratio of the injector. For
diesel injection, typical density ratios range between 15 x 10° and 30 x 107, and it has been

found that the length/diameter ratio is the most significant ratio.

Also, for jets in the atomisation regime, the spray angle was found to follow the

relationship:
1
2
tang :34 & ﬁ (7)
2 A o) 6
Where: A = Constant for a given nozzle geometry
o = Gas density (kg/m°)

= Liquid density (kg/m?)

Spray Penetration

The speed and extent to which the fuel spray penetrates across the combustion chamber
has an important influence on air utilisation and fuel-air mixing rates . In some combustion
chambers, where walls are hot and high air swirl is present, fuel impingement on the walls is
desired. However, this is not desired on multi-spray direct injection engines where over
penetration on cool walls and little air swirl result in low mixing rates and increased
emissions of unburned and partially burnt species. The penetration of liquid fuel sprays

under typical diesel engine operation conditions has been extensively researched.



A formula developed by Dent best predicts the penetration (S) of the fuel spray tip across

the combustion chamber for injection into quiescent air as a function of time:

1 1
Ap )\ 294)

$=3.07 =2 | (td, )2| == 8

{pgj ta.) [Tg ] “

Where: p = Pressure drop across the nozzle (Pa)
t = Time after the start of injection (s)
o = Gas density (kg/m®)

dn = Nozzle diameter (m)
3.2.2. Ignition Delay

Ignition delay in a compression ignition engine is defined as the time (or crank angle)
interval between the start of injection and the start of combustion. The start of injection is
taken as the time when the needle lifts off its seat and is known as needle lift. The start of
combustion is more difficult to determine and is in most cases identified from the change in
slope of the heat-release rate determined from cylinder pressure data. The ignition
characteristics of a fuel affect the ignition delay, and it is therefore important in determining
diesel engine operating characteristics such as fuel conversion efficiency, smoothness of

operation, misfire, smoke emissions, noise and ease of starting.

3.2.3. Fuel Characteristics

The ignition quality of a diesel fuel is defined by its cetane number. The cetane number is
determined by comparing the ignition delay of the fuel with that of primary reference fuel

mixtures in a standardised engine test !, and is given by:

CN =%n - cetanetr 0.15x %0HMN 9)

Where: HMN = Heptamethylnonane

n = Hexadecane

10



For low cetane fuels with long ignition delays, most of the fuel is injected before ignition
occurs, which results in very rapid burning rates once combustion starts with high rates of
pressure rise and high peak pressures, resulting in incomplete combustion, reduced power
output and poor fuel conversion efficiency. Under extreme conditions, when auto-ignition of
most of the injected fuel occurs, an audible knocking sound is produced and is often
referred to as diesel knock. Diesel knock is a result of a large amount of fuel reacting

because of a very high rate of pressure rise at the beginning of the cycle.

For higher cetane number fuels, with shorter ignition delays, ignition occurs before most of
the fuel is injected. The rates of heat release and pressure rise are then controlled primarily

by the rate of injection and fuel-air mixing, and smoother engine operation results.

3.3. Emissions

Since the 1950’s it has been recognised that transportation engines in the developed countries
are the major sources of air pollution. One of the major drives in the research and development
of alternative fuels is the need to discover fuels with less harmful emissions. In order to solve
the problem of emissions reduction, a sound understanding of emission cause and effect need

to be established.

3.3.1. Carbon Monoxide (CO)

The formation of carbon monoxide is attributed to a lack of oxygen during the combustion
process, which theoretically should correspond to the chemical equilibrium equation that

follows @'

H,0+CO=H,+CO, (10)

At maximum flame temperatures, combustion yields insignificant quantities of CO relative to
CO,, but as the combustion gases become cooler, the equilibrium shifts in a direction
favouring oxidation of CO to CO,. The toxicity of carbon monoxide is well known, and it is a
fact that its effects, such as the death of humans, are dependent upon both time and

concentration.

11



3.3.2. Nitric Oxide (NOy)

The principal oxide of nitrogen formed in combustion processes is nitric oxide, NO. Nitric
oxide is a high-enthalpy species relative to N, and O, from the standpoint of basic
thermodynamics. Therefore, its presence is favoured by the existence of high temperature
@ The most undesirable toxic effect of nitric oxide (or any of the oxides of nitrogen) is the
very small, but cumulative joining with moisture in the lungs causing respiratory problems. It

is also a necessary component of photochemical smog ™.

3.3.3. Hydrocarbons

Unlike carbon monoxide or nitric oxide, hydrocarbons are not substances that one expects
to find in high-temperature combustion gases . The appearance of unburned
hydrocarbons in the combustion process is a result of insufficient ignition. Ignition inhibition
can be attributed to three engine conditions that can affect either the rate of internal heat

generation or the rate of heat loss ?:

1. Local mixture composition may be too rich or lean, causing slow oxidation reactions,
resulting in ignition inhibition due to heat losses.

2. For very small isolated elements of fuel-air mixture the element surface-to-volume
ratio may become so large and heat losses consequently so great that ignition
cannot occur.

3. Heat losses from fuel-air mixture adjacent to a cool surface may be so great that

ignition cannot occur.

Unburned hydrocarbons, combined with oxides of nitrogen and sunlight form photochemical
smog, which causes watering and burning of the eyes and can also cause respiratory

problems.

3.3.4. Parti cul ates

Particulate material may be formed in solid, liquid or gaseous state. Liquid particulates are
observed primarily in diesel engines at light load where ignition in very lean mixtures fails to
occur. Particulate matter is made up from hydrocarbons, lead additives and sulphur dioxide

Bl Lead is well known as a toxic compound, and remains airborne in the atmosphere for
12



appreciable times. Detrimental human effects from lead additives are inconclusive, and thus

of less concern in comparison to the other harmful emissions.

3.3.5. Sulphur Dioxide

Sulphur dioxide from automotive vehicles is small in comparison to the content released due

to coal burning. However, sulphur dioxides combined with fog were the primary ingredients

responsible for the famous 1952 London Smog and the deaths at Donora, Pennsylvania in

1948 . The combination of sulphur dioxide and moisture produce sulphuric acid, especially

at high temperatures, which results in acid rain. They are also known to be particular

harmful to human lungs and are related to the amount of soot formation and hence the

amount of particulates introduced to the atmosphere during diesel combustion .

3.4. Comparison of Fuels

In order to establish whether a certain alternative fuel is suitable for fossil fuel replacement,

their characteristics need to be compared before testing commences.

3.4.1. Fuel Properties

The table below shows a comparison of the properties of four different fuels, namely

dimethyl ether (DME), diesel, propane and butane.

Table 3-1: Fuel Properties ©.

Property DME Diesel
Chemical formula C,HsO Cia.4H240
Mole weight (g) 46 >100
Boiling Point (°C) -24.9 180 — 350
Vapour Pressure @ 25°C (bar) 5.1 <0.01
Liquid Density (kg/m°) 668 840
Liquid Viscosity (cP) 0.15 44-54
Low Heat Value (MJ/kg) 28.43 42.5
Explosion Limit in air (vol %) 3.4-17 0.6-6.5
Ignition Temperature (°C) 235 250
Cetane Number 55 - 60 40 - 55
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Table 3-1 continued

%wt of Carbon 52.2 86
%wt of Hydrogen 13.0 14
%wt of Oxygen 34.8 0

From the table it can be seen that DME is a favourable alternative fuel to diesel since it has

a similar ignition temperature meaning that glow plugs for cold starting can be excluded.
DME has a cetane number higher than that of diesel, which results in more favourable
combustion, and it also has a much lower weight percentage of carbon in comparison to
diesel, resulting in cleaner emissions.

DME has the disadvantage, however, of possessing a boiling point of —24.9°C, which

makes fuelling a rather tedious task, requiring pressurising or cooling of the fuel delivery

lines.

3.5. DME fuelling

Research and development of DME fuelling on standard diesel engines has been performed
inside and outside of the University for a number of years. The section that follows outlines the
findings of DME fuelled engine testing that has been completed at various institutions.

3.5.1. Previous Work

Outside of the University of the Witwatersrand

Sorenson and Mikkelsen presented an experimental study in which the use of neat DME in
a small non-turbo charged diesel engine was demonstrated . They found that with only
minor fuel system modifications, such has having to pressurise the fuel line to prevent

cavitations, DME gave very satisfactory combustion, performance and emissions.

It was concluded that DME was successfully tested as an alternative fuel for a small, non-

turbo charged, direct-injection diesel engine, and obtained the following results
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¢ Equivalent thermal efficiency
* Near-zero smoke
¢ NO, emissions reduced by approximately 75%

¢ Lower engine noise

The engine, set at an injector opening pressure of 80 bar, operated for more than 500 hours
without any lubricating additive and at 590 hours the conventional pump failed. It was also
found that by incorporating 30% EGR (exhaust gas re-circulation), a 90% reduction of NOy
could be achieved, with no loss in thermal efficiency and no visible smoke, but with a 70%

increase in CO emissions.

At the X’ian Jiaotong University, a light-duty direct—injection diesel engine with DME fuel

was studied experimentally "%

. The effects of fuel injection parameters, in-cylinder air
motion (such as a pump plunger diameter), nozzle type, fuel injection timing, nozzle tip
protrusion, nozzle opening pressure and swirl ratio, on performance and emissions of the

DME engine were investigated.

The investigations found that by installing a low-pressure pump, a fuel pressure regulator
and a buffer in the fuel supply system, the vapour lock of DME in the fuel system is
eliminated. Also, it was found that the engine ran smoothly on DME over a wide range of
speeds and loads, with a thermal efficiency 3% higher than with diesel fuel. It was

concluded that 1

* Pump plunger diameter, nozzle type, fuel delivery advance angle, vertical protrusion of
nozzle tip into cylinder, nozzle opening pressure and swirl ratio greatly affected DME
fuelled engine performance

* DME fuelled engines can significantly reduce NO4 emissions and achieve zero-smoke
combustion

« With DME fuel, the injection delay was longer, the ignition delay was shorter, the peak
pressure, maximum rate of pressure rise and the combustion noise were lower, in
comparison with using diesel fuel

» DME is a prospective alternative fuel for compression ignition engines
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A study performed at the National Traffic Safety and Environmental Laboratory by Li Jun,
investigated DME fuelling on a direct injection single-cylinder diesel engine equipped with a
test common rail fuel injection system to clarify how DME injection characteristics affect the
heat release and exhaust emissions ™.

Firstly, to characterise the effect of DME, physical properties on the macroscopic spray
behaviour, injection quantity, injection rate, penetration, cone angle and volume were

measured using a high-pressure combustion chamber (4 MPa).

The following results were found ™

e Spray penetration using the 3-hole injector was a little longer, spray angle was wider
and bigger spray volume was obtained compared with the 5-hole injection system. Fuel
atomisation speed of the 3-hole injection nozzle was slow at the beginning of the
injection process

e With the 5-hole injection nozzle, the rate of heat release in premixed combustion
increases by faster atomisation and quicker vaporisation around the spray core. HC and
CO emissions are sufficiently low when a small quantity of fuel is injected, but increases
due to poor air introduction to the spray at a large quantity of fuel injection

* With the 3-hole injection nozzle, delay of fuel atomisation inhibits premixed combustion
and results in an increase of unburned components at small quantities of fuel injection.
However, when a large quantity of fuel is injected, diffusion combustion is active
compared to that with the 5-hole injection nozzle and it is possible to suppress an
increase in CO and HC emissions

» Atomisation speed of the 3-hole injection nozzle is low, and higher injection rates result
with longer ignition delay, allowing spray to be distributed in a combustion chamber
more extensively. Unburned components are decreased and an increase in CO
emissions is inhibited at large quantities of fuel injection.

* When the 5-hole injection system was used, a higher swirl ratio results in a longer
ignition delay with large quantity of injection fuel. During this time the spray is distributed
in the combustion chamber, where mixture with air is enhanced. Therefore contributing
to the reduction of HC and CO emissions with the 5-hole injection nozzle in particular

* Due to the differences in injection process of the nozzles, when a large quantity of fuel is
injected, the 3-hole injection nozzle with an equivalent energy consumption rate to the 5-

hole injection nozzle results in less NO, emissions.
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In a study performed at the Hiroshima University, experiments were performed of ignition
characteristics of the DME and diesel fuel sprays injected by a DI diesel injector into a high

temperature, high-pressure vessel 2

. A Schlieren optical system was adopted for
visualising the ignition process as well as the vaporisation process of the DME and diesel

fuel sprays.

Ignition delay was measured using a photo-sensor of high sensitivity. Pressure and
temperature of the ambient air and oxygen concentration of the ambient air were changed

as experimental parameters. Under the specified conditions, the following was found *2:

¢ A non-luminous flame is observed in the ignition process of the DME spray.

¢ In the case of the ordinary air (concentration Xo, = 20.6%), the ignition delay of the DME
spray is almost the same as those of the diesel fuel spray under the high ambient
pressure, whereas under the low ambient pressure the ignition delay of the DME spray
is shorter than that of the diesel fuel spray

e The ignition delays of the DME and diesel fuel sprays in the low oxygen concentration
air (Xo, = 10%) are longer than those in the ordinary air (Xo, = 20.6%). The ignition
delays of the DME and diesel fuel sprays in the low oxygen concentration air are
decreased as the ambient air pressure is increased, even in the high ambient air
pressure range. In the case of the ordinary air, there is not much difference in the
ignition delay with the ambient air pressure for the DME and diesel fuel sprays in the
high ambient air pressure range

* In the case of the low oxygen concentration air (Xo, = 10%), the ignition delay of the
DME spray is shorter than that of the diesel fuel spray under any ambient air pressure.
An increase in the ignition delay with decreasing oxygen concentration of the ambient
air from Xo, = 20.6% to X0, = 10% is smaller for the DME spray than that for the diesel
fuel spray

e The gradient of the ignition delay line of the diesel fuel spray in the high ambient air
temperature range is smaller in the case of the low oxygen concentration air (X0, =
10%) than that in the ordinary air (X0, = 20.6%).

17



At the University of the Witwatersrand

Kaczor submitted a research dissertation in 2002 entitled “A comparative study of the
combustion and emissions of a compression ignition engine fuelled on Diesel and Dimethyl
Ether”.

His testing was conducted on the same engine as that used in the present investigation, but
his methodology was different in that constant speed testing at an injection pressure of 100

bar was conducted. Kaczor reported the following findings ™

* Energy release in DME was higher than diesel at the same load and speed

¢ An additional phase of energy release was found during DME fuelling

* The engine was capable of producing 75% of the maximum torque at each of the
speeds when fuelled on DME

¢ The maximum torque obtained during DME fuelling was approximately 50 Nm

e The fuel consumption during DME fuelling was, under certain speed and loading
conditions, almost 300% greater than that of diesel

« DME was found to be a desirable alternative fuel to diesel

18



3.5.2. Applicati ons and Characterist ics of DME

The term ‘Alternative Fuels’ considers alternatives to conventional diesel and gasoline fuels
31 Figure 3-5 below shows a schematic overview of commonly used fuels for internal
combustion engines and a variety of substances, which are currently, discussed as

alternative fuels %,
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Figure 3-5: Overview of fuels for IC engines and their resources ™.

It is estimated that in terms of energy, the fossil gas resources of the world are equivalent to
those of oil. Although widely used as automotive fuel, natural gas (CNG — Compressed
Natural Gas and LPG - Liquefied Petroleum Gas) has the disadvantage of a cost intensive

fuel storage and transportation.

LPG has been introduced as an alternative automotive fuel for several decades but has
gained importance in recent years because of its ultra clean combustion properties. LPG
(propane and butane) is a by-product of both the crude oil refinery process and natural gas
preparation. In contrast to natural gas, LPG is a liquid at moderate pressures.

Before DME was tested as a pure fuel, it was considered as an ignition promoter for other

fuels, mainly methanol. The idea of using pure DME as a fuel was challenging until it was
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found that DME could be produced economically in large scale. Due to extensive research
in this field, today it is obvious that DME’s excellent ignition and combustion properties are

best utilised by high-pressure direct injection of liquid DME into the cylinder.
DME is the fuel of concern in this report, and has the following chemical formula:
CHz; — O — CHj3

It is currently used as a propellant for spray cans because of its favourable environmental
characteristics . The properties of DME are given in Table 3-1, where its properties are

compared to those of diesel.

From table 3-1, it can be seen that one of DME’s most important characteristics is its low
ignition temperature, which is similar to that of diesel fuel Bl There are also, however,
problems with the use of DME. Firstly, its high vapour pressure may require fuel system
attention and secondly its low viscosity, which is expected to give problems with injection

system durability in a conventional type of fuel injection system.
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4. Analysis

To improve the results obtained in previous testing conducted at the University, certain adjustments

and modifications were made to the test rig.
4.1. Adjus tments and Modifications

The first adjustment made to the engine was setting the injection timing. Previous testing
resulted in advancement and retardation of the injection timing, and thus the correct timing

position was uncertain.

At a load of 35 Nm and a speed of 1500 rpm under diesel-fuelled operation, the maximum
cylinder pressure was approximately 6000 kPa prior to the injection timing adjustment. The
timing on cylinder 1 (cylinder closest to the flywheel of the engine) was advanced by
approximately 5°, which resulted in the cylinder pressure increasing from 6000 kPa to 6800
kPa. The timing was also advanced on cylinder 2. This adjustment resulted in a further increase

in cylinder pressure to 7500 kPa.

Preliminary testing showed that diesel and DME fuel flow rates recorded in previous testing
may have been inaccurate due to fuel overflow from the injectors that was not accounted for.
This was correct for diesel operation by rerouting the overflow fuel line from the overflow of the
injectors to the fuel line, just after the fuel flow meter. For DME, a calibrated rotameter was
fitted to the overflow fuel line. The reading obtained from the overflow rotameter was subtracted

from the primary rotameter to give an accurate measurement of actual DME flow rate.

Measuring DME fuel flow has been a major obstacle in the past due to a positive displacement
pump incorporated into the DME fuel line to ensure pressurised operation. The reason for this is
that the positive displacement action of the pump causes fluctuation in any types of fuel
measuring systems previously used. Thus, in the past cumbersome load cell measuring
devices requiring counter weights were experimented with, and it was found that fluctuations in
the load cell output voltages were too great to produce accurate data. In order to rectify this, a
diaphragm pump, which is also a positive displacement pump, with a smaller and more rapid
stroke, was used. This allowed DME mass flow measurement with a calibrated primary

rotameter, fitted down stream of a non-return valve, directly out of a pressurised DME bottle.
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Prior to the diaphragm pump being fitted to the system, a damping system was designed to try
and dampen the pulsations of the pump. A T-shaped damper was manufactured from seamless

steam pipe, but was found to be unsuccessful due to DME being capable of dissolving in air.

At early stages of testing, whilst calibrating the airflow measurement device, it was found that
during acceleration of the engine from 1150 rpm to 2000 rpm, the airflow increased linearly, but
dipped between engine speeds of 1600 — 1700 rpm. This was believed to be due to the air
choking through a 38 mm orifice plate. A 52.4 mm orifice plate was then fitted and the
calibration was repeated. It was found that a similar dipping characteristic was found but this
time between 1700 — 1800 rpm. It was decided to revert to the small orifice plate to allow
comparison between results obtained during this investigation and results obtained from past

investigations.

An electronic throttle controller, with Pl feedback control was fitted to the engine. This allowed,
for the first time, performance of constant torque testing instead of constant speed testing. Also,
the controller allowed the operator to adjust the engine speed from a knob on the controller, or
to control the entire engine, both speed and load, from the speed \ torque controller unit in the

computer room of the test cell.

The engine also underwent a few other minor modifications. Firstly the engine mountings were
changed due to excessive vibration caused by worn and old engine mountings. Towards the
end of testing the engine seized, which in all probability was caused by excessive heating of the
engine due to poor cooling by the fans, which may have been placed too far from the engine,
and poor lubrication characteristics of DME. The engine was stripped and rebuilt replacing
gaskets, pistons, rings and having the cylinder sleeves honed due to scouring caused by the

seizure.

Finally, the most important modification made was to allow the engine to run for extended
periods while fuelled on DME. Previously, the average operating time for a DME fuelled run was
approximately 15 minutes. The problem was thought to be vapour locking caused by the
vaporisation of DME due to excessive heating at the engine. Numerous methods to solve the
problem, such as water-jacketed fuel lines, ice packing and rerouting of fuel lines, all proved to
be inadequate. After the diaphragm pump was fitted to the DME fuel line, operating runs for
longer than 15 minutes were still impossible. A simple simulation was performed whereby the

pumping system was isolated from the engine, and DME was allowed to circulate through the
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pumping system in a closed loop formation. It was found that whilst isolated from the engine,
the pumping system held a pressure of 50 bar for approximately 15 minutes, and then suddenly

experienced a complete pressure drop.

Pipe lines were shortened, needle valves were fitted and the pump was lowered from a high
shelf to floor level. Unfortunately, this was not the solution. By circulating water rather than
DME, in a closed loop system, it was found that a pressure of 50 bar could be maintained for as
long as required. This meant that it was not a faulty pumping system but rather that DME was

vaporising long before reaching the engine, and in fact at the pump (see Figure 5-14).

The pump has a return line so that the pump is able to deliver more fuel than the engine can
consume at any given time. A pressure relief valve that was used to maintain a constant 50 bar
pressure upstream of the pump and 4 bar pressure in the return line was fitted to the beginning
of the return line. As the system operates, more fuel is circulated through the return than
pumped to the engine. Thus, the pumping action of the pump does work on the pumping fluid,

which in turn causes heating, and vaporisation of DME in the return line.

Using a basic cooling system rectified this problem. A copper brake line was bent into a 50 mm
diameter, 120 mm long cylindrical coil. This coil was fitted to the return line and placed into a
polystyrene box of ice and water. Using this new cooling method on the DME fuel line, the
engine ran at 1600 rpm at a load of 60 Nm for 40 minutes before it was voluntarily turned off.

Never before had the engine run at a load of 60 Nm while fuelled on DME.
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5. Experimental Facili ties

5.1. General Layout

The test cell in which this particular alternative fuel research was performed is test cell No. 3, in

the Applied Thermodynamics Laboratory at the University of the Witwatersrand. The cell is

divided into two rooms, one containing the data acquisition system, comprising of a computer,

amplifiers, meters, an analogue to digital converter and an engine speed / torque controller unit.

The other room contains an engine test bed, comprising of a 1.33 litre Lister Petter

compression ignition engine coupled to an eddy current dynamometer, fuel tanks for both DME

and diesel fuel, cooling fans and a pump for feeding DME from the fuel tank to the engine.

Dynamometer DME fuel pump DME and Diesel Switch over
fuel tanks 3-way valve
Injector pumps
Control room
]
C I I I Jr ]
Fngine test ‘
bod Engine

Figure 5-1: Test cell floor plan
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5.2. Apparatus
5.2.1. Engine
The engine utilised for the purpose of this research project was a 4-stroke, 1.33 litre, direct-

injection, two cylinder, air-cooled compression ignition engine. The engine was coupled to

an eddy current dynamometer, which is used to simulate loading conditions on the engine.

Figure 5-2: Lister Petter engine

As described in the chapter 4, modifications made to the engine set up were the rerouting of
the injector overflow fuel line and the replacement of the old engine mountings by an engine

cradle that was fixed to the steel test bed via new engine mountings.

The overflow line configuration for diesel and DME testing are slightly different and will be

described and illustrated later in the report.
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Table 5-1: Engine specifications

Engine Manufacturer

Lister Petter

Model R V19 PH2 40 9602
Displacement 1330 cc

Cylinders 2

Bore 87.74 mm

Stroke 110.0 mm

Maximum power

13.4 kW @ 2200 rpm

Maximum torque

59.4 Nm @ 2200 rpm

Compression ratio

165:1

Fuel Injection Pressure

900 rpm — 1099 rpm

137 /152 bar

1100 rpm — 2000 rpm

197 / 217 bar

Fuel Injection Timing

Up to 1650 rpm 24° BTDC
1651 to 2000 rpm 28° BTDC
Valve Timing

Inlet valve open 13.5° BTDC
Inlet valve closed 38.5° ABDC
Outlet valve open 38.5° BBDC
Outlet valve closed 13.5° ATDC

Figure 5-3: Engine mounting cradle

Cradle

mounting

Engine

mounting
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As illustrated in figure 5-3, the engine was fixed to a cradle that was built from two lengths of
U-channel and then fixed to the steel test bed with engine mountings that were offset
slightly outside the engine width due to lack of access to the existing engine mounting
holes. It was found that the vibration of the engine during operation was reduced with this

set up.

5.2.2. Cooling Systems

Due to the fact that the engine used for this research was air cooled, proper cooling was
essential for maintaining a reliable engine. Two fans were used , one on either side of the
engine, and pointed to ensure maximum air flow over the cylinders. As mentioned
previously, the engine seized at one point. This was believed to be due to insufficient
cooling. After the engine was rebuilt, the fans were pushed as close as possible to the

engine, and heating problems were resolved.

Figure 5-4: Fans used for cooling of the engine

Another important cooling system is that used to keep the pressure transducer cool. The
pressure transducer is fitted into a water-jacketed housing that comprises of an inlet and

outlet nipple that were directly fitted to a water supply with plastic tubing.
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Figure 5-5: Pressure transducer housing

5.2.3. Engine Contr ol

Figure 5-6 below illustrates the previous (on the left) and the new (on the right) throttle
controllers. The old controller was a manual control that had to be set by hand each time the
engine speed was changed. It also had the disadvantage that only constant speed tests
could be performed. With the new controller the engine could either be controlled manually
by a knob on the box, or it could be switched over to be completely controlled by the speed /

torgue controller, figure 5-7, in the computer room.

Figure 5-6: Previous and new throttle controllers
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Figure 5-7: Speed / torque controller

The new controller not only eliminated the operator having to constantly move between the
test cell and the computer room when settings needed adjustment, but also enabled, for the
first time, the operator to perform both constant speed and constant torque tests.

5.2.4. Dynamomete r

A Borghi & Saveri eddy-current dynamometer was coupled to the engine drive shaft and

used to apply various loading conditions on the engine.

Due to excessive heat, generated by loading operations, the dynamometer was kept cool by

circulating cold water inside it.

Inlet water

pipe

Outlet water

pipe

Figure 5-8: Borghi & Saveri Dynamometer

29



The torque is measured using a load cell, which is mounted in compression between the
dynamometer base and its circular housing. The load cell outputs a voltage that is
converted into torque by an analogue to digital converter, using calibration coefficients

established by a method of calibration that is described in Appendix A.

Figure 5-9: Dynamometer Load Cell

Table 5-2: Dynamometer Specifications

Manufacturer Borghi & Saveri
Model FE 150 S
Maximum Speed 13000 rpm
Maximum Torque 280Nm
Maximum Power 110 kW

5.2.5. Fuelling Systems

Diesel Fuelling System

The diesel fuel system simply consists of standard fuel line hose connected between the
diesel fuel tank, a diesel fuel flow meter and a switch over 3-way valve. At this point the
diesel fuel line and the DME fuel line become common, and thus the rest of the line from the
valve, through the high pressure reservoir and terminating at the injector pumps is made up

of high pressure Balfex piping that can withstand high pressures required for DME fuelling.
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Figure 5-10: High-pressure reservoir

Diesel is gravity fed from a raised tank, and its mass flow rate is measured by the flow
meter illustrated in figure 5-11. The flow meter is calibrated and connected to the computer
in the control room, to enable an operator to record a fuel flow at any captured data point.
Flow meter specifications are summarized in table 5-5 and the method of calibration is
outlined in Appendix A.

Figure 5-11: Pierburg PLU 106 diesel flow meter
Diesel is then pressurised and fed to the injectors at 210 bar by two independent injector

pumps. The injectors overflow routed excess diesel back into the main fuel line, after the

flow meter, to prevent the same diesel from being accounted for again. In so doing, less
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diesel would need to be drawn through the flow meter from the diesel tank, resulting in

accurate mass flow rates.

Overflow

pipe

Injector

Figure 5-12: Diesel overflow arrangement

DME Fuelling System

As mentioned in the adjustments and modifications section of this report, the first most
critical change was made on the DME fuelling system. This change involved replacing the

reciprocating pump (Figure 5-13: left) with a diaphragm pump (Figure 5-13: right).

The original pump is a positive displacement piston pump, which caused large pulsations
resulting in large fluctuations between readings on the flow meter. The diaphragm pump is
also a positive displacement pump, however it operates at a higher speed, resulting in

smaller and more readable fluctuations on the flow meter.

Figure 5-13: Previous and new DME pumps

32



Previous DME testing was performed with the reciprocating pump mounted at a height of
approximately 2 metres off the floor. The diaphragm pump was mounted on a frame at

ground level to eliminate unnecessary lengths of hosing to reduce flow restrictions.

DME, either stored in a 65 kg bottle located next to the pump frame or in a 10 kg bottle hung
upside down above the pump, was fed to the pump through a non return valve and a

calibrated rotameter (See Appendix A), which measured the amount of liquid DME exiting
the bottle.

Small DME bottle

DME primary
rotameter

Non-return valve

Return line

pressure gauge

Return line

Cooling caoil

Polystyrene

icebox

Figure 5-14: DME fuel pump configuration

DME operation, in testing performed in the past, was limited to approximately 15 minutes
due to engine cut out. It was initially thought that this was due to the vaporisation of DME at
the engine due to excessive heat. It was found that excess DME was in fact vaporising, not

at the engine, but in the return line as it re-entered the pump.
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The pump system was fitted with a return line routing excess DME back to the delivery side
of the pump. This configuration was essential because the pump was capable of delivering
more DME than the engine required, ensuring that the pump was never short of liquid, thus
preventing pump cavitation. The pressure gauge in figure 5-15 measured the pressure in
the delivery line, which must remain at 50 bar at all times. This pressure is maintained at 50

bar with the aid of a pressure relief valve fitted in the return line, as shown in figure 5-15.

The return line pressure gauge, shown in figure 5-14, measured the pressure in the return
line. This pressure is required to be equal to the DME bottle pressure, namely 4 bar. A non-

return valve was fitted at the exit of the bottle to avoid any DME from returning to the bottle.

The cooling system was simple and comprised of two elements; a polystyrene icebox and a
cooling coil. The coil was placed in the icebox and submerged in water and ice during
operation. The excess DME, circulating through the return line, was cooled by the water and

ice mixture preventing vaporisation of the fuel.

DME delivery line

Delivery line

pressure gauge

Pressure relief

valve

Figure 5-15: Pressure relief valve on DME fuelling system

The remaining DME passes through the pump and is pumped to the engine via the delivery
line, which terminates at the 3-way valve mentioned previously in the diesel fuelling system.
This valve allows quick change over between the fuels and at this point the fuelling system

for diesel and DME become common.
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Figure 5-16: Schematic of fuel line system

DME is then pumped to the independent injector pumps, which in turn pump the DME to

210 bar delivering to the injectors. Previously, DME injector pressures were rarely set above

100 bar.

Lastly, the DME overflow was accounted for by a second (overflow) rotameter that was

calibrated to measure DME in a gaseous state, and was connected to the injector overflow.

Thus the subtraction of the reading on the overflow flow meter from the reading on the

primary flow meter resulted in an accurate DME mass flow rate for any speed or torque

setting.
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Figure 5-17: DME overflow rotameter

5.3. Instrum entation

In order to capture valuable test data, a full spectrum of instrumentation was required. As can
be seen from figure 5-1 in chapter 5, the test facility comprises of a test cell where the engine is
located and a computer room, where the majority of the instrumentation is found. All
instrumentation, except for the flow meters used to measure DME mass flow rate, are
connected to a computer via a analogue to digital converter, converting analogue signals to
voltage signals via data acquisition software, which are then displayed on the computer screen.
This software is capable of capturing a full range of data every 0.2 degrees of crank angle

revolution.

Prior to commencing testing, each voltage signal needs to be properly calibrated. Each
measurement device is calibrated independently, and the data obtained is used to draw graphs.
Lines of best fit are fitted to each graph, and an equation is obtained. The equation constants
are programmed into the software program, and each voltage signal then outputs readings in
units of actual measurement. The method and results of each calibration can be found in

Appendix A.
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Figure 5-18: Computer room

The computer room comprises of the following instrumentation:

» Computer

» Speed / torque controller (figure 5-7)

» Digital engine oil / temperature gauge

* Analogue diesel meter

» Pressure transducer charge amplifier

* Crank Angle (CA) and Top Dead Centre (TDC) marker

¢ Manometer

» Signal amplifiers

Digital
engine oil /
temperature

gauge

Diesel

meter

Pressure
transducer
charge

amplifier

CA and
TDC

marker

Manometer

Figure 5-19: Instrumentation
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The speed / torque controller receives torque signal from the dynamometer and the speed

signal from a crank angle encoder that is coupled directly to the crankshaft of the engine.

Figure 5-20: Crank angle encoder

A thermocouple in contact with the engine oil through the dip stick hole of the engine outputs an
engine temperature measurement to the digital thermometer in the computer room. The
analogue diesel meter receives signals from the Pierburg flow meter that is depicted in figure 5-
11. A piezoelectric pressure transducer measures cylinder pressure and a charge amplifier
processes the signal received from the transducer. The pressure transducer (figure 5-5) is

mounted in a water-cooled housing, which is mounted in the cylinder head of the engine.

Pressure tapings on a 38 mm diameter orifice plate are used to measure the amount of air the
engine draws during operation. These tapings (figure 5-21) are connected to a manometer. The
manometer measures the pressure difference across the orifice plate in units of mmH,O. This
signal is amplified and fed to the analogue to digital converter.

Orifice

plate

Pressure

tapings

Figure 5-21: Orifice plate
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The acquisition system has provision for dynamic and steady state input channels. The steady

state inputs are continuously updated during operation, and can be visually observed on the

computer screen. All steady state input channels are tabulated below. The conversion factor is

obtained from the slope and the calibration factor from the y intercept from the various

calibration graphs obtained.

Table 5-3: Steady state channel settings

channel No. Input Units Conver sion Calibrat ion
Descript ion (MU/Volt) (MU)
2 Fuel flow (diesel) g/s 0.9709 -0.0067
3 Barometric pressure | bar 1.0000 0.0000
4 Air flow mmH,O | 4.1111 0.1166
5 Engine speed rpm 994.86 4.6838
7 Load Nm 27.819 0.7247
9 Ambient °C 98.0200 1.8629
temperature
Exhaust
10 temperature (Before | °C 98.5030 -2.5197
catalytic converter)
Exhaust
11 temperature  (After | °C 98.891 -0.7402
catalytic converter)
12 Air temperature °C 98.9710 1.1938

MU = Mechanical units

The dynamic variables, and the steady state variables are observed simultaneously on the

same computer screen. These variables are triggered so as to start reading at Top Dead

Centre (TDC) and all channels are read in at 0.2 degrees crank angle intervals, as set on the

encoder. The results are displayed on the screen and can then be accepted and stored for

analysis.
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Table 5-4: Dynamic channel variables

Channel No. Description

Trigger

Fuel line pressure

Cylinder pressure
N/A

Degrees crank angle
Top dead centre (TDC)

o O A W N|

The table that follows lists all of the above-mentioned hardware that is interfaced with the data

acquisition system

Table 5-5: General instrumentation

Parameter | Device Type Operation

Measured by an analogue meter in
Pierburg PLU | litres/hour. The signal is amplified and

Fuel flow Flow meter 106 converted to a computer voltage by an
ADC

Barometric Barometer Digital Converts pressure to a voltage

pressure

Pressure iS measured on a
. - Manufacture . . .
Air flow Orifice plate micromanometer in mmH,O, which

dto BS 1042 also outputs a voltage to the computer
Load Load cell S - type Mounted on the dynamometer, and
outputs a voltage
Ambient All three thermocouples measure the
Thermocouple K - type :
temperature temperature as a pre-calibrated
Exhaust voltage. They are connected directly
temperature Thermocouple | K - type into the appropriate steady state
Air channel.
temperature Thermocouple K - type
, Piezoresistive _ The transducers measure the pressure
Fuel  line | 5 ' oire Kistler 4065 | 55 a pre-calibrated voltage. Each of
pressure transducer A1000A1 these transducers have their own
_ Piezoresistive _ charge amplifiers that_ amplify this
Cylinder Pressure Kistler voltage before computer input.
pressure 6121A1
transducer
When TDC is detected, the signal is
TDC Pulse multiplier | AVL sent to the data acquisition system via

the trigger
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6. Experimental Proce dure and Data Processing

Once calibration was successfully completed, testing commenced. The following sub-section

describes the steps required to safely perform either diesel or DME fuelled operation.

6.1. Experimenta | Proced ure

10.

11.

All instrumentation and the computer are switched on

Open the windows in the test cell and switch the extraction fan on

Create an appropriate folder in windows explorer to which the individual tests will be
saved

Adjust the BP program in DOS to read the saved files from the folder created in the
step above

Enter the acquisition program in windows, and set the destination of the tests to be
saved to the same directory as the folder created in step 3

Prepare spread sheets on clip boards to record air flow, speed, torque, file name and
fuel flow

Turn on the pump to fill the overhead water tank used to cool the dynamometer

Make sure that the dynamometer water pressure is high enough by turning the inlet
valve open and checking if the red light on the speed / torque controller turns off when
the appropriate knob is pressed

Make sure that the charge amplifier is in the reset position, and connect the pressure
transducer cable to the pressure transducer

Connect the cooling water supply to the pressure transducer housing and turn the
water on

Place the cooling fans as close as possible to the engine’s cylinders and switch them

on

At this point, either diesel fuel or DME fuel can be used, and for each fuel the appropriate

steps need to be followed.
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Diesel Fuelling

i.  Ensure that the injector opening pressure is set at 210 bar

i.  Connect the diesel overflow line back to the main line after the flow meter
iii.  Open the valve to the flow meter fully
iv.  Open the 3-way valve to the appropriate direction

v.  The engine can now be started

DME Fuelling

i.  Ensure that the injector opening pressure is set to 210 bar
ii. Place the cooling coil into the polystyrene cooling box
iii.  Fill the polystyrene cooling box with water and ice until the coil is submerged
iv.  Wrap an ice cold wet cloth around the non-return valve
v.  Disconnect the diesel over flow pipe and plug it
vi.  Connect the one side of the DME over flow pipe to the injector and the other side to the
secondary rotameter
vii.  Close the DME dump valve on the delivery line
viii. ~ Open the DME cylinder valve fully
ix.  Open the valve on the DME primary rotameter
X.  Wait for the pressure gauge on the return line to reach a pressure between 4 and 5 bar

xi.  Open the 3-way valve to the appropriate direction

Xii.  Switch the pump on
xiii.  As the pressure on the gauge on the delivery line increases towards 50 bar, start the
engine

At this point the operating procedure becomes common for both fuels

12. Allow the engine to warm up by letting it run at a low load for a few minutes
13. Once the engine is warm, testing may commence
14. Flick the switch on the throttle controller up, so that the engine’s speed and torque can

be controlled by the speed / torque controller in the test cell
15. Set the load on the engine to 25 Nm and the speed to 1100 rpm
16. Set the charge amplifier to operate

17. During the test, readings of air flow, fuel flow and the pressure trace should always be
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monitored to ensure that all is functioning well

18. As the computer automatically triggers, the operator must decide whether to accept or
discard the test. If the test is accepted the test name, speed, torque, air flow and fuel
flow (for DME manual readings must be recorded from both flow meters) must be
written down

19. Five tests must be captured at each speed

20. With the torque remaining constant, the speed is increased in increments of 100
rpm until 1900 rpm

21. Once the testing is completed, bring the engine down to a speed of about 1350 rpm and
a torque of 20 Nm

22. Enter the test cell and flick the switch down on the throttle controller so that the engine
can be controlled manually

23. Switch off the engine (and the pump for DME)

24. Close the water valve to the inlet of the dynamometer
25. Close all fuel valves (and open dump valve for DME)

26. Switch off the dynamometer cooling water pump

27. Conversion and printing of the data may then commence

6.2. Experimenta | Precautions

Precautionary measures should be strictly adhered to in order to maintain the reliability of the
test equipment and the safety of the operator. The precautions followed prior to the

commencement of any performance testing on the test rig are listed below.

6.2.1. Engine

« Ensure that the battery is fully charged, that the water level in the battery covers the
plates and that the battery is correctly connected

« Ensure that the injectors are set to the required opening pressure

¢ Check that the engine oil is at the correct level

« Ensure that the cooling fans are pushed as close as possible to the engine and that
the air is blowing directly over the cylinders

» Ensure that the pressure transducer cooling water has been turned on
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e The operator must be aware of moving engine parts during operation and be careful

not to trip over anything

6.2.2. Fuel systems

« Bleed the fuel system when changing between fuels

« Ensure that there is enough fuel in the diesel tank or in the DME bottle to complete
a full range of tests

¢ Check that all fuel line connections are appropriately sealed

¢ Check that the overflow configuration is correct for the fuel that is going to be used

For DME:

¢ Check that the oil level in the pump is correct

» Ensure that a wet rag has been wrapped around the non return valve

» Ensure that the cooling coil is completely submerged in water and ice

» Ensure that the dump valve is closed before opening the bottle

» During operation, make sure that the return line gauge is always reading 4 bar and
the delivery line gauge is reading 50 bar

« When the engine is cut after a test, the pump must be immediately switched off and

the dump valve opened

6.2.3. Dynamomete r

» Ensure that the water supply pressure is adequate by pressing the correct button on

the speed / torque controller box after the inlet valve has been opened

6.3. Developme nt of the DME Fuelling System

During testing, a number of experimental difficulties were encountered, and are described

below.
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6.3.1. DME fuelli ng syste m

One of the objectives of this research experiment, with regard to DME fuelling, was to
measure the mass flow rate of DME more accurately. Two pumps are available in the test
facility to pressurise the DME to a pressure of between 30 — 50 bar. Previous testing
concluded that the reciprocating pump was the better pump because the diaphragm pump

was unable to pressurise the DME to the required pressure.

Initial testing was performed with the reciprocating pump, but accurate DME mass flow
readings were impossible to record. The original system incorporated a cumbersome
counter weight load cell configuration to measure the DME mass flow rate. This system was
very inaccurate due to a 20-volt fluctuation in the readings due to the pulsation caused by

the reciprocating pump.

The load cell measurement device was discarded, and the decision was to incorporate a
rotameter that was fitted directly in the DME line, as close as possible to the bottle. This was
still unsuccessful, due to pulsation in the flow meter caused by the reciprocating pump. The
next step was to design and build a cheap and simple damper system. It was believed that
the damper would dampen out the pulsations caused by the positive displacement action of

the pump.

A T-piece damper was constructed from seamless steam pipe, and fitted to the DME line
between the flow meter and the pump. Before the DME bottle was opened, a valve on the
T-piece was opened and immediately closed to trap air in the damper. The theory was that
as the DME flowed through the damper, the trapped air would compress, damping the
pulsations of the pump. This seemed to work for a short time, but the pulsations

subsequently returned due to DME vaporisation.

The next option was to try the diaphragm pump, which operated at a much higher stroke
rate and had a much smaller displacement. The diaphragm pump was fitted in the place of
the reciprocating pump and switched on. It was found that previous findings were in fact
correct, and that this pump could not pressurise the DME to the required pressure.
However, prior to this, the diaphragm pump was sent to its original supplier for testing, and
was able to supply a constant pressure of 100 bar whilst pumping water.
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This suggested that the pump was in fact capable of supplying the required pressure, and
that perhaps it was the rest of the system that was at fault. The pump was removed from its
original position, approximately 2 metres off the ground, and mounted on a frame a few
centimetres off the ground. All pipe lengths were revised to ensure the least amount of
piping was being used, which minimised flow restrictions. It was found that this system
could supply the required pressure, and solved the problem of pulsation, which allowed for

steady readings to be observed on the rotameter.

The engine could not however, run for more than 10 — 15 minutes on this system. The
possibility of DME vaporising at the engine was investigated, but it was found that during
any test the engine temperature rarely exceeded 100°C, and that would not cause DME at
50 bar to vaporise. After many hours of unsuccessful consultation with specialists in the flow

management business, it was decided to try the system described with water.

The inlet line was disconnected from the DME bottle and placed into a bucket of water. The
3-way valve at the end of the delivery line was closed to prevent water from reaching the
engine, and to allow water to simply be supplied from a bucket, and circulated through the
return line. It was found that by circulating water, the system was capable of maintaining a
pressure of 50 bar indefinitely. The same was tried with DME, isolating the flow from
reaching the engine and simply allowing it to circulate through the return line. Again, the
pressure would hold at 50 bar for approximately 10 — 15 minutes, and then drop to zero
pressure. This proved that the system was correct, and that the problem had to be

vaporisation of DME at the pump.

Due to the pump being able to deliver a flow that is significantly higher than the flow
consumed by the engine, the majority of DME exiting the delivery side of the pump was
being circulated through the return line. Thus, as the pump circulates the DME continuously
through the return, the DME at 4 bar pressure eventually vaporises. A cooling coil was
manufactured from copper brake line and fitted to the return line. This coil was submerged
in water and ice, and DME was allowed to circulate through the system, but still isolated

from the engine.

On the first attempt, it was found that by circulating the DME through the cooling coil, the
pressure remained at 50 bar for 30 minutes at which time the pump was voluntarily switched

off by the operator. This set up was then tested during a proper engine run. The system
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proved successful in that the engine was ran for 40 minutes at a speed of 1600 rpm and a
load of 60 Nm, at which point, the engine was voluntarily switched off by the operator. The

DME fuelling system described is illustrated in figure 5-16.

It was found that the system could be fuelled from either small or big bottles of DME, and
that during operation, ice needed replenishing to maintain a 50 bar pressure. Also, during
one DME engine run, the engine made a thumping noise, and then white smoke was
observed exiting through the injector pump inspection covers from the crankcase. The
engine had seized and it required opening. When the engine was opened, the rings on the
piston in cylinder 1 had melted due to excessive heating due to lack of cooling over the
cylinders, and perhaps due to the poor lubrication characteristics of DME. The engine was
completely rebuilt, and care was taken in later engine tests to bring the cooling fans as

close as possible to the engine.

6.4. Data Capture and Processing

During a test the data captured by the “Enginetest” program was automatically saved in a
directory created by the operator prior to testing. In the case of DME testing, manual readings
from the primary and secondary fuel rotameters were recorded. These test were then converted
into an alternative format with the DOS based program “CONVERT”. The tests, in their new
format, were then analysed with a second DOS based program “HRCA” (heat release

combustion analysis).

For conversion of the DME tests, the manual flow readings were converted into a grams/second
flow rate and subtracted from one another, to account for DME overflow at the injectors. This
reading was then inputted into the “CONVERT” program for each test. The analysed results and
graphs from “HRCA” were printed out and inputted into Microsoft Excel spread sheets. The
spread sheets were designed to automatically construct graphs, plotting data point for diesel

and DME on the same set of axis for comparison purposes.
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7. Results and Discussion

The basis of this project was to investigate and compare the performance and combustion
characteristics of a compression ignition engine fuelled on diesel and subsequently on DME, both
set at an injector opening pressure of 210 bar. The testing was performed by capturing tests at
incremental speed increases of 100 rpm at a constant load. The three constant loads used were 25
Nm, 40 Nm and 55 Nm. This would ensure comparison data for low, medium and high loading
characteristics on the engine.

In order to discuss the graphical results as clearly as possible, it was decided to present the results
in terms of grouped parameters rather than grouping the results into sections representing the three
loads.

7.1. Brake power versus speed

Brak e Power vs Speed
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Figure 7-1: Brake power vs. speed at low, medium and high loading conditions

In figure 7-1 above, brake power, which is defined as the usable power developed by the
engine, is plotted against speed at low, medium and high loads. As can be seen from the above
figure, the trends for diesel and DME lie exactly over one another at each specific loading
condition, suggesting that in terms of power output, both fuels perform virtually the same

through the full range of loading conditions.
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As the load was increased, the trends shifted up on the brake power scale and became
steeper, indicating that the engine is capable of developing more power at higher loading

conditions.

7.2. Indicated work/cycl e versus speed

Indicated work/cycle is defined as the amount of work delivered to the piston by the combustible
fuel mixture in the cylinder for a single stroke. As can be seen from figures 7-2, 7-5 and 7-8 the
trends at low loading conditions are different from those at medium and high loading conditions.
At low loads (figure 7-2) the diesel and DME fuels follow linear trends that are approximately
parallel with a shallow positive gradient suggesting small increases in indicated work/cycle for
large increases in speed. The diesel trend lies at higher values of indicated work/cycle at any
particular speed indicating that at low loads, a diesel-air mixture is capable of delivering more

work to the piston than a DME-air mixture during a single stroke.

Indicate d Work/Cycle vs Speed
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Figure 7-2: Indicated work/cycle vs. speed at 25 Nm

As defined above, indicated work/cycle is the amount of work done on the piston. The work that
is performed on the piston is the amount of energy that a combustible mixture is capable of
releasing during the expansion stroke. The two figures that follow illustrate the energy release
characteristics of diesel and DME at low loading condition and a speed of 1600 rpm. As can be
seen, the peak energy released by diesel is approximately 200 joules greater than the peak
energy released by DME, which corresponds to the trends in figure 7-2.
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Also, the diesel energy release curve shows a sharp increase in energy release at the point of
ignition and then a levelling off as the diesel mixture expands, forcing the piston down the
cylinder. The DME energy release trend shows a slight kink at £330 degrees crank angle,
followed by a sudden increase in energy release, reaching a maximum at about 390 degrees
crank angle and a decreasing tail end. The kink is believed to be attributed to DME leakage at
the injector whilst the decreasing tail end may be due to cooler fuel temperature characteristics

at the point of injection due to low engine temperatures at low loading conditions and medium
speeds.
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Figure 7-3: Cumulative energy release vs. crank angle for diesel at 25 Nm
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Figure 7-4: Cumulative energy release vs. crank angle for DME at 25 Nm
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The reason for considering the energy release characteristics of the fuels at a speed 1600 rpm
only becomes apparent with the explanation of the figure that follows. From figure 7-5, it can be
seen that under a 40 Nm loading condition, the indicated work/cycle of diesel is slightly higher
than that of DME between the speeds of 1100 to 1600 rpm. Between speeds of 1600 to 1900
rpm, the indicated work/cycle of diesel is slightly lower than that of DME. The greatest
difference in indicated work/cycle between DME and Diesel is 74.5 J at 1100 rpm, with DME
showing a far more constant indicated work/cycle over the speed range. Both fuels show similar
characteristics in that the indicated work/cycle for both diesel and DME follow a decreasing
linear trend with increasing speed. DME is therefore as capable, if not better than diesel, of

providing a constant amount of work to the piston during combustion.
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Figure 7-5: Indicated work/cycle vs. speed at 40 Nm
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Figure 7-6: Cumulative energy release vs. crank angle for diesel at 40 Nm
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As can be observed from the energy release curves for diesel and DME at medium loading
conditions from figures 7-6 and 7-7 respectively, the diesel energy release curve now follows
the trend seen in the DME energy release curve at low loading conditions showing a decrease
energy release for increasing degrees of crank angle, while DME, even though at slightly lower
values of energy release and with a kink similar to that seen at low loading conditions, shows
an increasing trend at the end of the energy release cycle. This is believed to be due to higher
engine temperatures caused by higher loading conditions, which overcome the lower fuel

temperature characteristics of DME.
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Figure 7-7: Cumulative energy release vs. crank angle for DME at 40 Nm

In figure 7-8, the trend is more similar to the trend observed under the medium loading
condition than the trend observed under low loading conditions. It therefore seems that as the
loading condition of the engine increases, the indicated work/cycle trends for DME and diesel
become more similar. Also, under medium loading, DME produced high values of indicated
work/cycle at speeds in excess of 1600 rpm while at the highest loading condition diesel
produces higher values of indicated work/cycle at a similar engine speed. This suggests that
the fuels, in the context of indicated work/cycle, are capable of similar outputs but have slightly
different optimum operating conditions.

An interesting observation is that at the lowest loading condition, diesel and DME trends are
parallel and spaced apart by approximately 200 joules, while at the highest loading condition,
their trends tend toward a correlating, similarly sloped relationship. It is noted that a point of
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intersection again exists at approximately 1600 rpm during high load testing, and therefore
seems to be the optimal operating speed for this engine for both fuels. This is later reinforced
by other significant observations at this particular speed. Figures 7-9 and 7-10 show, for the first
time, DME’s capability of producing an energy release of approximately 210 joules higher than

that of diesel.
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Figure 7-8: Indicated work/cycle vs. speed at 55 Nm
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Figure 7-9: Cumulative energy release vs. crank angle for diesel at 55 Nm

Finally, comparison between the cumulative energy release of diesel at 55 Nm (fig. 7-9) and the
cumulative energy release of DME at a similar loading condition (fig. 7-10) shows interesting
differences. Firstly, DME shows a peak cumulative energy release of approximately 200 J
higher than that of diesel. Secondly, there is a striking difference in the energy release of the

two fuels. Diesel has a far quicker energy release, rising from lowest to highest energy release
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is just 75 degrees crank angle as compared to DME's release over 95 degrees crank angle.

Finally, there is a kink in the DME trace at approximately 350 degrees crank angle. This kink is

attributed to DME leakage into the combustion chamber of the engine past the injectors during

testing.
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Figure 7-10: Cumulative energy release vs. crank angle for DME at 55 Nm

7.3. Equivalence ratio versus speed
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Equivalence ratio is defined as the actual fuel/air ratio to the stoichiometric fuel/air ratio. By

monitoring this parameter an operator can deduce whether the engine is running lean or rich,

and can thus compare the characteristics of the various test fuels.
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Figure 7-11: Equivalence ratio vs. speed at 25 Nm
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In figure 7-11, it can be seen that the diesel equivalence ratio trend increases as the speed of
the engine increases, whilst the DME equivalence ratio trend decreases as the engine speed
decreases. This means that at low loads and from speeds of 1600 rpm, the engine is more fuel
efficient when fuelled on DME than when fuelled on diesel. The comparison between the trends
in figure 7-11 and figures 7-12 and 7-13 which follow, shows that the trends for DME and diesel

move further apart as the loading condition of the engine increases.

Also, on both trends it can be seen that the equivalence ratio is at its lowest between 1500 and
1600 rpm, again suggesting that the engine’s optimum operating speed for both fuels, in terms

of fuel consumption, is between these speeds.
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Figure 7-12: Equivalence ratio vs. speed at 40 Nm

At a load of 40 Nm (figure 7-12), the diesel and DME trends are similar to those in figure 7-11 in
that at speeds greater than 1600 rpm, the diesel equivalence ratio trend increases as the
engine speed increases, whilst that of DME decreases. This therefore suggests that the engine
is more fuel efficient when fuelled on DME than when fuelled on diesel at speeds greater than
1600 rpm and for loading conditions between 25 and 40Nm. Also, the optimum operating speed
in terms of equivalence ratio for both fuels seems once again to be at approximately 1600 rpm,

shown by the lowest data points in each of the DME and diesel trends.

In figure 7-13, the diesel and DME trends are different to what was illustrated in figures 7-11
and 7-12. Diesel fuelled operation shows a minimum value of equivalence ratio at 1600 rpm,

with higher values of equivalence ratio on either side. DME shows an initially decreasing
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equivalence ratio with increasing speed up to its lowest point at 1600 rpm, and then a slight
increase through the rest of the speed range. It must be noted that DME consistently has a

lower equivalence ratio than diesel, except at the lowest loading condition and generally at low

speeds.
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Figure 7-13: Equivalence ratio vs. speed at 55 Nm

Since the amount of air drawn into the cylinders during DME and diesel testing at a given speed
is the same, a decreasing equivalence ratio implies a more fuel-efficient engine when fuelled on
DME.

7.4. Fuel conversi on efficiency versus speed

The fuel conversion efficiency graphs that follow merely substantiate what has been discussed
in the preceding subsection. Figure 7-14 shows that at low loading conditions and at speeds
below approximately 1600 rpm, diesel has a better fuel conversion efficiency, and thus, a better
fuel consumption than DME. However, at speeds greater than 1600 rpm, the DME fuel
conversion efficiency trend is above that of diesel. This suggests that at low loading conditions
and at higher speeds, DME is more fuel-efficient than diesel. An interesting point to note is that
the DME fuel conversion efficiency trend steadily increases with engine speed, whereas that of

diesel decreases.
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Fuel Conversion Effici ency vs Speed
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Figure 7-14: Fuel conversion efficiency vs. speed at 25 Nm
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Figure 7-15: Fuel conversion efficiency vs. speed at 40 Nm

From figures 7-14 and 7-15, it can be seen that at loading conditions between 25 and 40 Nm,
the most fuel efficient speed range for DME is between about 1600 and 1900 rpm, whereas the
most fuel efficient speed range for diesel is between about 1400 and 1600 rpm. Diesel
however, shows a trend which increases to a peak at about 1500 rpm and a gradual decrease
as the speed continues to increase. It is noted that for loading conditions between 40 and 55
Nm, DME is consistently more fuel-efficient than diesel over the entire speed range.
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At 55 Nm, the DME trend is different from that observed at 25 and 40 Nm. At the two lower
loading conditions, the DME fuel conversion efficiency trends increased as the speed of the
engine increased. However, at 55 Nm, the DME fuel conversion efficiency in consistently higher
than that of diesel over the entire speed range, peaking between speeds of 1400 and 1600 rpm
and dropping off at speeds of 1800 and 1900 rpm. Interestingly, the diesel fuel conversion
efficiency trend also seems to peak between speeds of 1400 and 1600. This suggests, as has
been indicated before, that the optimum operating speed for the engine fuelled on either DME

or diesel is approximately 1600 rpm.
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Figure 7-16: Fuel conversion efficiency vs. speed at 55 Nm

The results of tests performed Stan Kaczor showed that diesel consistently had higher fuel
conversion efficiencies than that of DME. It was believed that this was due to the inaccuracies

of the DME fuel flow measurement method and to leakage of DME gas past the injector seats
[14]

The present tests show results that are different to those obtained above. By using a more
accurate DME fuel flow measurement method that takes DME overflow into account, DME

seems to be a more efficient fuel than diesel, especially at higher loading conditions.
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7.5. Ignition delay versus speed

Ignition Delay vs Speed

12

g 10 # Diesel
< EDME
E 8
8 6
c
S 44
5 2 n
0

1000 1200 1400 1600 1800 2000
Speed (rpm)

Figure 7-17: Ignition delay vs. speed at 25 Nm

Ignition delay is the difference between the point of injection and point of ignition measured in
degrees crank angle and is affected by factors such as air temperature and pressure, injection
timing, engine load, speed and fuel characteristics . For low and medium loads, as illustrated
in figures 7-17 and 7-18, the diesel has decreasing values of ignition delay for increasing speed

while DME follows an increasing trend, but at values consistently lower than those of diesel.
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Figure 7-18: Ignition delay vs. speed at 40 Nm
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The reason for low values of ignition delay for DME fuelling is believed to be attributed to
vaporisation at the point of injection and can be explained by comparing the injection pressure

curves for diesel and DME fuelled tests at a similar loading condition.
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Figure 7-19: Injector pressure vs. crank angle for diesel at 25 Nm

Figure 7-19 shows a steep increase in pressure at approximately 330 degrees crank angle for a
diesel test at low load and 1600 rpm. The pressure peaks at approximately 300 bar. The peak
is marked with a triangle that indicates the point of injection. The pressure then decreases as
the fuel is being delivered to the combustion chamber and ignition is indicated by the rectangle

about 5 degrees crank angle short of top dead centre.

Figure 7-20 shows a similar curve for DME, but with three distinct differences. The first is that
as the pressure trace approaches the sudden pressure rise it is very wavy in comparison to the
diesel straight line, indicating that DME is more compressible than diesel. The second and most
significant difference is that along the steep increasing pressure curve of the DME graph, a kink
is observed at approximately 190 bar and 340 degrees crank angle. This kink has already been
pointed out in section 7.2 and is attributed to DME leakage past the injector seats due to the
low viscosity characteristic of DME. The reason for this is that the data capturing software is
written to capture the highest point of injection pressure and indicates that point as the injection

point.
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Figure 7-20: Injector pressure vs. crank angle for DME at 25 Nm

The third difference is that the peak injection pressure during diesel fuelling is much higher than
the peak injection pressure during DME fuelling. This is believed to be due to differences in

compressibility characteristics of the two fuels.

At 55 Nm DME, due to its vaporisation properties, vaporises instantaneously as it is delivered to

a high-temperature, high-pressure cylinder. Low ignition delays were thus observed as

expected.
Ignition Delay vs Speed
12
R & Diesel
N V\
< g
g
8 61
c
o 41
5 2 m
o,_l-m:—'_?_'
1000 1200 1400 1600 1800 2000
Speed (rpm)

Figure 7-21: Ignition delay vs. speed at 55 Nm
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At this loading condition, DME follows a similar trend to those observed at 25 and 40 Nm.
However, the diesel trend is completely different. At 25 and 40 Nm, diesel ignition delay trends
illustrate a decreasing ignition delay for increasing speed. At 55 Nm, diesel has an increasing
ignition delay peaking at approximately 1700 rpm, followed by a sharp decrease for the

remainder of the speed range.

This result is in contrast to what should be happening in theory ¥, where ignition delay should
decrease with increasing load as a result of increasing residual gas temperature. This should
result in a higher charge temperature and pressure and a shortened ignition delay. If, in theory,
an increased load should have resulted in a decreased ignition delay and only the load was
change between testing, then the cause must be attributed to a physical aspect of the engine,

such as seizure of the injectors.

7.6. Maximum cylinder pressure versus speed

Cylind er Pressure vs Speed

. 10000

©

o

X 8000 -

o

7 6000 - — .ﬁnﬁ:‘;‘;‘:
0]

o

& 4000 {

g @ Diesel
2 2000 - B DME
>

O O T

1000 1200 1400 1600 1800 2000
Speed (rpm)

Figure 7-22: Cylinder pressure vs. speed at 25 Nm

The cylinder pressure trends for both diesel and DME, at all loading conditions, were linear.
The trends at 25 and 40 Nm almost lay over one another at speeds of 1100 to 1300 rpm. At
higher speeds, the DME trend drops off. At 55 Nm (see fig 7-24) the DME and diesel cylinder
pressure trends were the closest, although at this speed, the steepest drop off in cylinder

pressure for both fuels was observed.
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Before testing commenced, the injector timing of the engine was advanced enabling cylinder
pressures as high as 8000 kPa to be achieved where, in the past, cylinder pressures in excess

of 6000 kPa during DME testing were rarely observed.
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Figure 7-23: Cylinder pressure vs. speed at 40 Nm
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Figure 7-24: Cylinder pressure vs. speed at 55 Nm

When comparing the cylinder pressures of diesel in figures 7-22, 7-23 and 7-24, one would
expect higher values of cylinder pressure at higher loading conditions. This is observed at low
and medium loading conditions, but not at the maximum loading condition. This is best

explained by comparing DME and diesel cylinder pressure traces at 55 Nm.
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Figure 7-25: Cylinder pressure vs. crank angle for diesel at 55 Nm

During testing, it was found that injection started much later at 55 Nm than it did at 25 and 40
Nm loading conditions. This was especially the case during DME testing. Accordingly, a later
ignition, or in other words, a greater ignition delay during DME testing would have been
expected. Figure 7-25 shows the cylinder pressure trace of diesel at 1600 rpm and at a loading
condition of 55 Nm. Figure 7-26 shows a cylinder pressure trace for DME at 1600 rpm and the
same loading condition. It can be seen that the peak cylinder pressure for both fuels is at
approximately 355 degrees crank angle, even though the point of injection for DME is

approximately 10 degrees crank angle later than diesel.

Therefore, the peak cylinder pressure for DME should be significantly lower than that of diesel
since a delayed injection should result in delayed combustion and thus a decreased peak
cylinder pressure. However, it is believed that leakage of DME past the injector seats may be
the cause of early combustion before the injectors open during DME operation, causing peak

cylinder pressures similar to those of diesel.
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Figure 7-26: Cylinder pressure vs. crank angle for DME at 55 Nm

7.7. Mechanical efficiency versus speed
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Figure 7-27: Mechanical efficiency vs. speed at 25 Nm

Mechanical efficiency is the ratio of brake power over indicated power. Since indicated power is
derived from indicated work/cycle, similar trends to those observed in section 7.2 were
expected. Figure 7-27 illustrates a linear mechanical efficiency trend for diesel and, a DME
mechanical efficiency trend that initially increases between speeds of 1100 and 1200 rpm, then
decreases between speeds of 1200 and 1600 rpm and then flattens out during the remaining

speed range. The DME trend is consistently higher than that of diesel by more than 20%.

Since brake power is almost identical for the two fuels at any given load or speed, the
differences in mechanical efficiency must be attributed to differences in indicated power. If

indicated power is a theoretical measure of brake power plus power which has been consumed
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by the engine due to friction in bearings, propulsion of other mechanical components and the
work required for the replenishing and expulsion of fuel mixture in the cylinder, then differences
in indicated power can only be as a result of differences in fuel properties. One fuel property to
which a higher mechanical efficiency can be attributed is the higher cetane number of DME. As

explained previously, a high cetane humber results in more favourable combustion.
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Figure 7-28: Mechanical efficiency vs. speed at 40 Nm

At loads of 40 and 55 Nm, DME and diesel show that the mechanical efficiency of the engine
increase with increasing loading conditions. Also, the trends in both figure 7-28 and 7-29
intersect once again at 1600 rpm. This shows that for both fuels, in the context of performance
parameters such as mechanical efficiency and fuel efficiency, the optimum operating speed of
this engine is 1600 rpm.
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Figure 7-29: Mechanical efficiency vs. speed at 55 Nm
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7.8. Volumetric efficiency versus speed

From the three figures that follow, it can be seen that the volumetric efficiencies for diesel and
DME follow trends that overlay each other, regardless of speed and load condition. This is
expected since volumetric efficiency is used to describe the amount of fuel/air mixture in the
cylinder in relation to regular atmospheric air. If the cylinder is filled with a fuel/air mixture at
atmospheric pressure, then the engine is said to have 100% volumetric efficiency. On the other
hand, super chargers and turbo chargers increase the pressure entering the cylinder, giving the
engine a volumetric efficiency greater than 100%.
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Figure 7-30: Volumetric efficiency vs speed at 25 Nm
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Figure 7-31: Volumetric efficiency vs. speed at 40 Nm
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Volumetric Effici ency vs Speed
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Figure 7-32: Volumetric efficiency vs. speed at 55 Nm

In other words, volumetric efficiency is not dependent on the type of fuel used in an engine, but
rather an indication as to the losses caused by air restrictions in the engine, such as in the

carburettor, the manifold and intake valves.

From the above figures, it can be seen that the engine has it's maximum values of volumetric
efficiency at speeds of 1100 and 1600 rpm. Once again, it seems as though an engine speed of
1600 rpm is the optimum operating speed for this particular engine and it is believed that future

testing conducted at 1600 rpm whilst varying load should produce some very interesting results.
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8. Conclusions

The conclusions are as follows:

e The brake power produced by the engine, during diesel or DME fuelling, at all loading
conditions is virtually identical

* The indicated power produced by the engine, during diesel and DME fuelling at a 25 Nm
loading condition, follow parallel trends. However, diesel at this loading condition produces on
average 48% more indicated power than DME across the entire speed range, caused by a
difference of approximately 200J in energy release as depicted by Figures 7-3 and 7-4.
However, the indicated power of the engine at 55 Nm, during diesel or DME fuelling is very
similar.

* The equivalence ratio of diesel and DME at 25 Nm is very similar, with diesel having a lower
equivalence ratio up to approximately 1500 rpm. It was found that as the loading condition
increased, the equivalence ratio of DME consistently remained below the equivalence ratio of
diesel. An interesting finding, illustrated by Figure 7-13, is that the equivalence ratio for both
diesel and DME fall off the line of best fit at 1600 rpm.

» The fuel conversion efficiency figures show that, with the exception of a loading condition of 25
Nm, the engine is more fuel-efficient during DME fuelling. At a load condition of 55 Nm and a
speed of 1600 rpm, the engine is almost 30% more fuel-efficient during DME fuelling.

* The maximum cylinder pressure for both diesel and DME fuelling follow similar trends,
especially at the highest loading condition. However, as can be seen, the DME cylinder
pressure dropped off slightly as the speed increased during all loading conditions. It is believed
that the drop off in pressure may be due to leakage, especially as the engine heats up at higher
speeds and extended periods of operation.

» The mechanical efficiency is almost identical, with the exception of the lowest loading condition,
regardless of diesel or DME fuelling. Also, a significant finding whilst analysing Figures 7-28
and 7-29 is that the diesel and DME trends intersect at 1600 rpm, implying that the optimum
operating speed of the engine for both fuels is at 1600 rpm.

* The volumetric efficiency trends are again similar for both fuels. The only point of significance
when analysing the volumetric efficiency trends is the fact that the data points seem to fall off
the trend lines at 1600 rpm, again suggesting that this is the speed of optimum performance for
this particular engine.
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It is therefore concluded that since a DME fuelled engine is capable of achieving similar
performance characteristics to those obtained from the engine fuelled on diesel, with a fuel
efficiency of approximately 30% better than that of diesel during certain operating conditions, DME

has great potential for becoming a substitute fuel for diesel.
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9. Recommend ations

The following modifications to the engine test facility are recommended to ensure continuous

improvements are achieved in the results that are obtained during engine testing in the future:

e It was observed during DME test runs that the 10 kg DME bottles seemed to work slightly less
efficiently than the 65 kg bottle. The 65 kg bottle always seemed to have sufficient bottle
pressure to ensure engine operation, where the 10 kg bottle would not always have sufficient
bottle pressure to ensure engine operation, especially if it had been used for one full test run
previously.

» During DME testing, it was found that cooling of the engine was a problem. Obviously a water
cooled engine would be the ideal solution to this problem. The best method of cooling the
present engine is to ensure that the two available fans are always pushed as close as possible
to the engine, directing air flow over the cooling fins on the cylinders of the engine. The cooling
problem may also be alleviated with a greater number of cooling fans and a better extraction
system to extract hot air out of the test cell.

» It is known that the lubrication characteristics of DME are much less in comparison to those of
diesel. It was thus concluded that the seizure of both the injector pumps and eventually the
engine itself during testing could be attributed to the lack of lubrication during a DME engine
run. Lubrizol has been experimented with previously, and it was found that it caused leakage
in the pump. It is thus suggested that a lower concentration of Lubrizol should be
experimented with, keeping in mind that the pump itself has also been changed.

¢ On the DME fuelling system, an icebox was used to keep DME cool as it passed through the
return line. This system does work, however it is tedious and messy, as it requires continuous
agitation and re-filling of ice. For this reason it is suggested that a small heat exchanger be
designed and built.

 The measurement of DME should be changed so that it can be outputted digitally on the
computer, just as diesel flow rate readings are. This would make it easier for the operator to
perform testing due to the fact that both the primary and the secondary flow meter must be
read during a DME fuelled test run. To achieve this, the primary flow meter could be replaced
by a digital flow meter, and the secondary flow meter could be replaced by rerouting the DME
overflow line back to the main line, similar to the return line incorporated in the diesel fuelling
system. The rerouting of DME would have to be considered, if the intention is to eventually

test this system in a moving vehicle.
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The throttle controller is fitted directly beneath one of the injector pumps. When a fuel change
over is required, the pumps have to be bled, and since the throttle controller is in this position,
it gets covered in fuel. This may later lead to electronic faults with the throttle controller. It is
suggested that either the throttle controller is moved to a better position, or a covering shield
be fitted over the controller to prevent fuel from entering its casing.

Lastly, the fact that the data acquisition seems to capture the highest injection pressure as the
point of injection during DME fuelling may be incorrect and should therefore be investigated. If
it is found that the software does in fact capture the incorrect point of injection, it should be

amended to eliminate this error.
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Appendi x A: Calibrati ons

The following calibrations were performed prior to testing:

¢ Dynamometer load

« Diesel fuel flow meter
e Speed

e Air flow

» Pressure transducer

« DME primary and secondary fuel rotameter

Note: As previously explained, the equations obtained are in the form of:

y=mx+c
where: m = Conversion factor (MU/volt)
¢ = Calibration factor (MU)

MU = Mechanical unit being measured

Refer to table 5-3.
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Dynam ometer control load calibrat ion

Procedure:

1. A pair of torque arms, of equal length and weight, was mounted onto opposite side of
the dynamometer.
2. One arm was incrementally loaded with mass pieces, applying a torque to the

dynamometer, calculated by the following formula:

Torque = Mass x Gravity x Arm length

Where:Gravity = 9.81 m/s?
Arm length = 0.7162 m

3. As the dynamometer was loaded, a change in torque reading on the speed/torque
controller (unit Nm) and a change in reading of torque on the computer screen (unit
Volts) was observed. For every recorded increase in load exerted on the dynamometer,
a corresponding value of torque on the speed/torque controller and the computer screen

was recorded. The tabulated recordings can be seen below:
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Dynamometer calibration

Reading [Mass Calculated |Torque [Torque
(kg) Torque V) (Nm)
(Nm)
1 0.0000 0.000 0.025 0
2 0.6198 4.355 0.183 5
3 1.6170 11.361 0.433 12
4 2.6170 18.387 0.683 19
5 2.8920 20.319 0.754 21
6 3.8890 27.324 1.007 28
7 4.8890 34.350 1.260 35
8 5.1650 36.289 1.331 37
9 6.1650 43.315 1.583 44
10 7.4330 52.224 1.903 53
11 8.4330 59.250 2.154 60
12 9.7070 68.201 2.478 69
13 10.7070 |75.227 2.731 76
14 11.7700 |82.695 2.996 83
15 12.7700 |89.721 3.251 91
16 14.0400 |98.644 3.569 99
17 15.0400 |105.670 3.826 106
18 14.0400 |98.644 3.573 99
19 11.7700 |82.695 3.000 83
20 9.4940 66.704 2.427 67
21 5.1610 36.261 1.332 36
22 2.8930 20.326 0.761 20
23 0.6198 4.355 0.185 4
24 0.0000 0.000 0.027
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Dynam ometer Calibrati on

120
100 A

Calculated torque
(Nm)
(o3}
o

¢ Dynamometer

y =27.819x - 0.7247

Torque (V)
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Diesel fuel flow meter calibrat ion

Procedure:

The pipe on the outlet of the Pierburg PLU was disconnected from the system and its

end was placed into a beaker

The valve at the diesel tank was opened to allow diesel to flow through the Pierburg

PLU

The diesel existing the Pierburg PLU was collected in the beaker under controlled time

conditions

Corresponding values of flow rate from the analogue flow meter (unit — litres/hour) and

from the computer screen (volts) was recorded.

The time allowed to collect diesel was recorded and the collected diesel was weighed.

The tabulated data follows:

Diesel fuel flow calibration

Reading [Mass Time Flow Flow Mass

flow

(9 (s) V) (I/h) (9/s)
1 0.00 0.00 -0.002 0.0 0.0000
2 15.60 121.04 |0.127 0.4 0.1289
3 31.50 121.50 ]0.259 1.0 0.2593
4 58.50 121.72 )0.487 1.9 0.4806
5 91.10 121.75 ]0.762 3.0 0.7483
6 113.00 |120.30 [0.962 3.8 0.9393
7 154.30 |120.30 (1.309 5.2 1.2826
8 178.00 |120.47 |(1.519 6.0 1.4775
9 210.20 |120.18 |1.796 7.2 1.7490
10 233.30 |120.28 |1.988 7.9 1.9396
11 263.80 |119.59 |2.257 9.0 2.2059
12 298.30 |120.24 |2.555 10.2 2.4809
13 325.60 |120.24 |2.784 111 2.7079
14 353.70 |120.96 |3.010 11.8 2.9241
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15 297.70 [120.85 [2.540 10.1 2.4634
16 238.80 [121.03 [2.000 8.1 1.9731
17 17450 [120.99 [1.485 5.9 1.4423
18 117.40 [121.07 [0.993 4.0 0.9697
19 59.70  [121.02 [0.502 2.0 0.4933
20 0.00 0.00 -0.007 0.0 0.0000
Diesel fuel flow calibration
4
o
23
E 2 | ¢ Diesel fuel flow
A1
‘2‘5 y = 0.9708x + 0.0068
0 - ‘ ‘ ‘
0 1 2 3 4
Flow (V)
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Speed cali bration

Procedure:

1. The engine was started and allowed to warm up

The engine speed is incrementally increased

3. At every change in engine speed, a reading of speed on the computer screen (unit volts)

was recorded against corresponding values of speed from the controller unit (unit rpm).

The following data was collected:

Speed calibration

Reading |[Speed |Speed
V) (rpm)
1 1.170 1160
2 1.210 1200
3 1.260 1250
4 1.315 1300
5 1.361 1350
6 1.416 1403
7 1.470 1455
8 1.512 1503
9 1.566 1550
10 1.611 1600
11 1.661 1648
12 1.714 1700
13 1.763 1750
14 1.814 1800
15 1.864 1850
16 1.915 1898
17 1.963 1950
18 2.015 1999
19 1.917 1902
20 1.815 1801
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21 1.713 1700
22 1.663 1650
23 1.612 1602
24 1.500 1488
25 1.319 1307
26 1.215 1203
27 1.160 1150

Speed calibration

Speed (rpm)
BN
al
o
o

y = 994.86x - 4.6838

Speed (V)

2
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Air flow calibration

Procedure

1. The engine was started and allowed to warm up

2. A micromanometer that is connected to pressure tapings on the orifice plate, monitors the
pressure drop through the orifice plate in mmH,O

3. The siganl from the micromanometer is connected to a voltage through the analogue to
digital converter, and can be viewed on the screen

4. The engine speed is incrementally increased, and airflow voltage readings as well as

corresponding micromanometer readings were recorded.

Air flow calibration (small orifice plate - 38mm)
Reading (Voltage |Voltage |Voltage Speed |Air flow
Lower (V)|Higher Average (rpm) (mmH20)
V) V)

1 -3.189 -3.273 -3.231 1160 -13.3
2 -3.219 -3.281 -3.250 1200 -13.5
3 -3.213 -3.288 -3.251 1250 -13.6
4 -3.439 -3.482 -3.461 1300 -14.4
5 -3.582 -3.637 -3.610 1350 -15.0
6 -3.675 -3.731 -3.703 1403 -15.3
7 -4.000 -4.130 -4.065 1455 -16.8
8 -4.599 -4.712 -4.656 1503 -19.2
9 -5.520 -5.618 -5.569 1550 -23.0
10 -5.430 -5.494 -5.462 1600 -22.5
11 -5.353 -5.395 -5.374 1648 -22.1
12 -5.490 -5.580 -5.535 1700 -22.8
13 -5.775 -5.847 -5.811 1750 -24.2
14 -6.131 -6.184 -6.158 1800 -25.4
15 -6.251 -6.361 -6.306 1850 -26.0
16 -6.835 -6.950 -6.893 1898 -28.6
17 -7.601 -7.696 -7.649 1950 -31.6
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18 -8.494 -8.565 -8.530 1999 -35.2
19 -6.883 -6.950 -6.917 1902 -28.5
20 -6.129 -6.224 -6.177 1801 -25.4
21 -5.541 -5.649 -5.595 1700 -23.2
22 -5.413 -5.481 -5.447 1650 -22.7
23 -5.500 -5.598 -5.549 1602 -22.8
24 -4.496 -4.626 -4.561 1488 -19.2
25 -3.558 -3.615 -3.587 1307 -14.9
26 -3.295 -3.361 -3.328 1203 -13.7
Air flow calibrati on
40.0
Q\ y=4.1131x + 0.1178
£ 30.0 |
£
E: 20.0
5:
10.0 ‘ ‘ ‘ ‘ ‘
3 4 5 6 7 8 9
Averge voltage reading (V)
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Pressure transduc er calibration

Procedure:

The pressure transducer was removed from the engine and mounted on the Budenberg

pressure tester

The transducer was connected to a charge amplifier and a volt meter

Mass pieces are loaded on the tester and rotated, causing a recorded increase in

voltage for the corresponding mass piece loaded.

The readings recorded follow:

Pressure transduc er calibration

Reading |Applied pressure |Output voltage (V) [Average voltage
Psi Bar Up Down V)
1 0 0.000 0.000 0.000 0.000
2 100 6.895 0.678 0.690 0.684
3 200 13.790 |1.388 1.360 1.374
4 300 20.684 (2.079 2.070 2.075
5 400 27574 |2.750 2.750 2.750
6 500 34.477 |3.470 3.480 3.475
7 600 41.369 |4.160 4.160 4.160
8 700 48.263 |4.880 4.870 4.875
9 800 55.158 [5.600 5.600 5.600
10 900 62.053 |6.280 6.260 6.270
11 1000 68.948 |6.970 6.970 6.970
12 1100 75.845 |7.620 7.890 7.755
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Pressure transd ucer calibrati on

80 A
60 -

(Bar)

40 -
20

Applied pressure

y =9.8175x + 0.2977

4
Average voltage V)

¢ Pressure
transducer
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DME rotamet er calibration

Initially, the primary and secondary rotameters were calibrated using the Fischer & Porter

Handbook. The handbook outlines the procedure that must be followed in calibrating the rotameter

of the tri-flat variable-area range. However, this calibration was extremely tedious and time

consuming, due to the fact that if one parameter was changed, the entire calibration needed to be

repeated.

After searching the Internet, a South African agent for Fischer & Porter rotameters was found. He

used a software package that was capable of calibrating any flow meter by simply typing in the

rotameter type, the model number, the material that the float was manufactured from, the density

and viscosity of the fluid to be measured, operating pressure and the operating temperature. The

computer package then returns data points, which are then plotted. A straight-line equation is then

obtained.

Agents details :

Name: Hanif Mohomed
Telephone:  (011) 854 - 5115
083 463 4028
Fax: (011) 852 - 8632
E-mail: hmahomed@global.co.za

Primary rotameter details:

Type:

Model:

Float:

Fluid:

Fluid density:

Fluid viscosity:

Flow meter scale:

Pressure:

Temperature:

FP-1/8-25-G-5/81
10A6132NalCXXXX
CA-18 (Carboloy)
DME (liquid phase)
0.668g/cm®

0.15cP

0-25

4 bar

25°C
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Prim ary rotam eter

Scale g/min g/sec
25 160 2.667
24 154 2.567
22 142 2.367
20 130 2.167
18 112 1.867
16 96 1.600
14 84 1.400
12 68 1.133
10 56 0.933
8 42 0.700
6 29 0.483
4 17.5 0.292
2 7 0.117

Primary rotameter calibration

3
g y = 0.0005x> + 0.1009x - 0.119
= 2]
O -
= + Primary
7 1- flow meter
@
=

0 I I

0 10 20 30

Scale reading




Secondary (overflow) rotameter details:

Type: FP-1/4-40-G-6/81
Model: 10A6132N

Float: SS-14

Fluid: DME (vapour phase)
Fluid density: 0.002084995g/cm?
Fluid viscosity: 0.006205cP

Flow meter scale: 0-150

Pressure: 2 bar

Temperature: 25°C

Secondary rotameter

Scale g/min g/sec
150 135 2.250
15 13.5 0.225

Secondar y rotameter calibrati on

o 3
(<)
£
S y= 0.015x
> ¢ Secondary flow
o meter
= 1 4
(7))
(7]
©
2 O I I I
0 50 100 150

Scale reading

It was found that the calibrations that were manually calculated were almost identical to those
supplied by Hanif's computer program.
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Diesel performance test results:

Constant torque diesel performance test results at 25Nm

Brake indicated Equivalence Fuel _ Ignition Cylinder Mech. Eff. | Vol. Eff.
Speed (rpm) | Load (Nm) work/cycle ) Conversion Presure

Power (kW) Ratio Delay (°CA) (%) (%)

() Eff (%) (kPA)

1101 24.6 2.83 373.4 0.399 21.5 7.5 6580.8 414 93.3
1202 24.9 3.14 416.7 0.442 20.5 7.2 6722.0 37.7 89.9
1296 25.2 3.39 442.2 0.480 20.1 6.6 6903.7 35.9 85.0
1398 24.8 3.63 427.2 0.469 20.7 6.0 6812.9 36.6 825
1498 24.8 3.89 424.1 0.447 22.1 5.6 6625.2 36.8 81.6
1604 25.0 4.19 436.0 0.428 21.3 5.9 6600.1 36.1 89.5
1705 25.0 4.46 442.5 0.529 18.4 6.2 6416.4 35.5 834
1803 25.0 4.72 457.5 0.588 16.9 5.8 6547.4 344 81.5
1902 25.0 4.96 440.2 0.661 154 5.2 6353.0 35.7 79.6
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Constant torque diesel performance test results at 40 Nm

Brake indicated Equivalence Fuel _ Ignition Cylinder Mech. Eff. | Vol. Eff.
Speed (rpm) | Load (Nm) work/cycle ) Conversion Pressure

Power (kW) Ratio Delay (°CA) (%) (%)

() Eff (%) (kPA)

1105 40.2 4.65 470.8 0.776 18.1 7.9 7636.7 53.8 93.1
1203 40.0 5.04 455.5 0.709 20.7 7.3 7325.0 55.3 89.2
1302 40.1 5.47 460.4 0.771 20.0 7.0 7336.8 54.8 845
1401 40.0 5.86 427.9 0.717 224 7.5 7175.3 58.7 81.2
1501 40.0 6.28 411.5 0.730 22.0 5.8 7016.3 61.1 80.8
1600 40.3 6.74 394.3 0.727 20.6 54 7182.4 64.2 87.3
1702 40.3 7.18 379.6 0.779 20.6 5.7 7319.0 66.9 81.4
1803 40.2 7.58 346.1 0.862 19.0 4.9 7253.3 73.0 79.6
1902 404 8.04 320.7 0.913 18.5 5.6 7492.6 79.1 77.7
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Constant torque diesel performance test results at 55Nm

Indicated ) Fuel o Cylinder
Brake Equivalence ] Ignition Mech. Eff.
Speed (rpm) | Load (Nm) work/cycle ) Conversion o Pressure Vol. Eff. (%)
Power (kW) Ratio Delay ("CA) (%)
J) Eff (%) (kPA)
1104 54.5 6.29 480.0 1.004 18.9 7.5 7916.5 71.4 93.2
1202 54.5 6.86 452.0 1.129 17.9 6.9 7544.4 75.9 87.6
1300 54.8 7.46 456.0 1.216 17.7 7.9 7352.8 75.5 82.9
1401 55.5 8.43 462.1 1.214 18.6 7.8 7184.8 75.5 80.5
1501 55.3 8.69 460.4 1.095 20.4 7.9 7012.8 75.5 80.1
1600 54.2 9.09 477.2 1.022 19.9 8.9 6864.6 71.4 86.4
1701 55.2 9.83 475.2 1.199 18.8 10.0 6728.0 72.9 79.4
1800 55.3 10.43 468.7 1.233 18.5 8.9 6514.3 74.3 78.6
1902 54.6 10.88 469.7 1.264 18.3 6.7 6535.4 73.1 76.7
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DME performance test results:

Constant torque DME performance test results at 25 Nm

Speed Brake indicated Equivalence Fuel _ Ignition Cylinder Mech. Eff. | Vol.  Eff.
Load (Nm) work/cycle ) Conversion Pressure
(rpm) Power (kW) Ratio Delay (°CA) (%) (%)
Q) Eff (%) (kPA)
1101 24.8 2.86 194.9 0.584 13.7 1.2 6704.6 80.3 91.6
1199 25.0 3.14 184.6 0.495 17.0 1.8 6766.9 854 88.0
1301 25.1 3.42 200.3 0.458 19.0 0.6 6642.6 79.5 82.3
1399 25.1 3.68 220.3 0.482 19.0 1.6 6462.8 71.9 81.3
1500 25.1 3.94 223.7 0.493 18.7 1.3 6391.4 70.7 80.6
1600 251 4.20 236.8 0.439 19.0 3.0 6152.0 66.6 88.7
1702 25.0 4.46 240.3 0.470 194 4.7 5818.8 65.7 80.9
1800 25.0 4.72 238.1 0.469 19.7 4.6 5329.6 66.4 80.0
1902 24.9 4.96 235.6 0.456 20.5 5.0 5108.9 66.5 78.7
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Constant torque DME performance test results at 40 Nm

Brake indicated Equivalence Fuel _ Ignition Cylinder Mech. Eff. | Vol. Eff.
Speed (rpm) | Load (Nm) work/cycle ) Conversion Pressure

Power (kW) Ratio Delay (°CA) (%) (%)

() Eff (%) (kPA)

1100 39.9 4.60 396.3 0.645 20.8 0.9 7339.9 63.3 88.0
1199 40.0 5.02 394.8 0.630 22.2 0.2 7173.8 63.7 84.4
1301 39.9 5.44 401.4 0.618 24.9 0.0 6916.9 62.6 76.9
1401 40.2 5.90 3914 0.615 25.9 1.0 6907.0 64.5 74.5
1502 40.2 6.33 401.1 0.637 23.9 1.3 6451.0 63.0 78.2
1600 40.1 6.73 365.7 0.545 244 1.1 6144.2 69.1 89.4
1702 40.1 7.15 376.9 0.599 244 2.6 5867.7 66.9 80.8
1802 40.3 7.60 389.0 0.561 26.8 14 5764.7 65.3 79.5
1899 40.2 8.00 363.1 0.555 27.6 3.1 5639.0 69.7 77.6
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Constant torque DME performance test results at 55 Nm

Brake indicated Equivalence Fuel _ Ignition Cylinder Mech. Eff. | Vol. Eff.
Speed (rpm) | Load (Nm) work/cycle ) Conversion Pressure

Power (kW) Ratio Delay (°CA) (%) (%)

() Eff (%) (kPA)

1103 54.9 6.34 489.3 0.975 18.1 0.3 7535.0 70.5 91.8
1200 54.6 6.87 494.3 0.908 20.5 0.4 7635.6 69.5 86.8
1303 55.1 7.52 497.7 0.798 254 0.2 7306.5 63.7 80.4
1405 55.2 8.13 486.9 0.758 27.9 0.1 7174.5 71.3 77.1
1501 54.9 8.63 468.1 0.791 27.0 0.4 6729.2 73.7 76.1
1602 54.2 9.09 483.0 0.681 27.9 1.7 6575.0 70.5 84.3
1702 55.2 9.85 459.7 0.767 28.0 0.6 6322.9 75.5 76.1
1802 54.7 10.31 459.6 0.846 25.6 1.6 6249.6 74.7 74.8
1900 55.1 10.96 425.3 0.941 231 0.8 5723.7 81.4 74.8
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Diesel at 25 Nm

File name |Fuel type |speed Load |Brake Power |Indicated work |Indicated imep [bmep |Equivalence [Air/fuel |Air Flow [Fuel Flow [Fuel Conversion [isfc bsfcf
(rpm) (Nm) [(kw) per Cycle (J) Power (kW) |(kPa) [(kPa) |Ratio Ratio (g/s) (ga/s) Efficiency (%) (kg/Jd) (kg/J)

di2501 Diesel 1101.260 (24.6 |2.8363 373.4 6.8529 561.5 (232.4 |0.399 37.67 11.391 0.31 215 4.44E-08 |1.09E-07
di2502 Diesel 1202.300 |24.9 (3.1411 416.7 8.3487 626.5 [235.7 (0.442 33.99 11.982 0.36 20.5 4.23E-08 (1.10E-07
di2503 Diesel 1296.560 |25.2 (3.3993 442.2 9.5558 665.0 [238.3 |0.480 31.21 12.220 0.39 20.1 4.10E-08 (1.14E-07
di2504 Diesel 1398.620 (24.8 |3.6380 427.2 9.9583 642.4 |1234.7 |0.469 32.04 12.786 0.40 20.7 4.02E-08 |1.12E-07
di2505 Diesel 1498.740 |24.8 ([3.8986 4241 10.5939 637.7 [234.7 |0.447 33.54 13.558 0.41 22.1 3.82E-08 (1.05E-07
di2506 Diesel 1604.229 (25.0 |4.1978 436.0 11.6558 655.6 |236.1 |0.428 35.16 15.903 0.45 21.3 3.90E-08 |1.08E-07
di2507 Diesel 1705.740 (25.0 |4.4660 442.5 12.5808 665.5 |236.2 [0.529 28.36 15.760 0.56 18.4 4.44E-08 |1.26E-07
di2508 Diesel 1803.675 |25.0 (4.7251 457.5 13.7545 688.1 [236.4 |0.588 25.47 16.292 0.64 16.9 4.65E-08 [1.35E-07
di2509 Diesel 1902.100 (25.0 ]4.9692 440.2 13.9543 661.9 |235.7 |0.661 22.67 16.784 0.74 15.4 5.33E-08 |1.48E-07
File name [Injection [Ignition |Ignition Patm |Exhaust Pmax |Position of Tmax [Position of Mechanical ITE |BTE [Volumetric

(°CA) (°CA) Delay (°CA) |[(kPa) |[Temperature (°C) (kPa) [Pmax (°CA) (K) Tmax (°CA) Efficiency (%) [(%) |[(%) |Efficiency (%)
di2501 343.2 350.7 7.5 82.9 |382.7 6580.8 |365.5 1753.7 |372.4 41.4 52.1 |21.5 [93.3
di2502 342.9 350.1 7.2 82.9 |417.6 6722.0 |366.0 1878.6 |374.1 37.7 54.4 120.5 (89.9
di2503 343.4 350.1 6.6 82.9 |438.2 6903.7 |366.2 2039.4 |373.8 35.9 56.0 [20.1 (85.0
di2504 344.8 350.7 6.0 82.9 |442.6 6812.9 |365.9 2058.0 [373.0 36.6 57.3 |20.9 (82.5
di2505 345.9 351.6 5.6 82.9 |428.2 6625.2 |366.3 2060.5 [375.3 36.8 60.1 [22.1 (81.6
di2506 346.0 351.9 5.9 83.0 [4454 6600.1 |366.1 1887.9 |376.2 36.1 59.0 [21.3 [89.5
di2507 346.2 352.4 6.2 83.1 |487.7 6416.4 |366.4 1990.9 |376.1 35.5 52.0 [18.4 (83.4
di2508 347.0 352.8 5.8 83.1 |502.3 6547.4 |1367.3 2106.6 [376.2 34.4 49.4 (16.9 |81.5
di2509 347.4 352.5 5.2 83.1 |515.7 6353.0 |367.0 2083.1 [376.8 35.7 43.3 (15.4 |79.6
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Diesel at 40 Nm

File name |Fuel type |speed Load |Brake Power |Indicated work |Indicated imep [bmep |Equivalence [Air/fuel |Air Flow [Fuel Flow [Fuel Conversion [isfc bsfcf
(rpm) (Nm) (kW) per Cycle (J) Power (kW) |(kPa) [(kPa) |Ratio Ratio (9/s) (9/s) Efficiency (%) (kg/Jd) (kg/J)

di4001 Diesel 1105.100 (40.2 |4.6573 470.8 8.6714 707.9 |380.2 |0.776 19.31 11.407 0.59 18.1 6.82E-08 |1.28E-07
di4002 Diesel 1203.280 |40.0 ([5.0436 4555 9.1350 684.9 [378.2 |0.709 21.25 11.888 0.56 20.7 6.18E-08 (2.86E-07
di4003 Diesel 1302.440 |40.1 (5.4738 460.4 9.9938 692.3 [379.2 |0.771 19.49 12.200 0.63 20.0 6.28E-08 (1.12E-07
di4004 Diesel 1401.500 (40.0 |5.8646 427.9 9.9964 643.5 |377.6 |0.717 20.98 12.605 0.60 22.4 6.03E-08 |1.02E-07
di4005 Diesel 1501.640 |40.0 (6.2899 4115 10.2991 618.8 [377.9 |0.730 20.51 13.442 0.66 22.0 6.38E-08 (1.02E-07
di4006 Diesel 1600.800 (40.3 |6.7495 394.3 10.5193 592.9 (380.4 |0.727 20.60 15.480 0.75 20.6 7.15E-08 |1.13E-07
di4007 Diesel 1702.800 (40.3 |7.1858 379.6 10.7715 570.7 (380.8 |0.779 19.23 15.353 0.80 20.6 7.43E-08 |1.10E-07
di4008 Diesel 1803.675 |40.2 ([7.5856 346.1 10.4038 520.5 [379.5 |0.862 17.86 15.914 0.92 19.0 8.83E-08 (1.20E-07
di4009 Diesel 1902.100 (40.4 ]8.0401 320.7 10.1664 482.3 (381.4 |0.913 16.38 16.379 1.00 18.5 9.85E-08 |1.20E-07
File name [Injection [Ignition |Ignition Patm |Exhaust Pmax |Position of Tmax [Position of Mechanical ITE |BTE [Volumetric

(°CA) (°CA) delay (°CA) |(kPa) |[Temperature (°C) (kPa) [Pmax (°CA) (K) Tmax (°CA) Efficiency (%) [(%) |[(%) |Efficiency (%)
di4001 345.4 350.3 7.9 83.3 |420.2 7636.7 |365.0 1799.7 |371.0 53.8 33.6 [18.1 (93.1
di4002 345.8 350.2 7.3 83.2 |452.0 7325.0 |365.0 1993.8 |376.6 55.3 37.5 |20.7 (89.2
di4003 3475 351.7 7.0 83.2 |461.7 7336.8 |365.2 2136.9 [371.3 54.8 36.6 [20.0 (84.5
di4004 344.3 351.8 7.5 83.2 [496.1 7175.3 |366.2 2187.0 [371.9 58.7 38.2 |22.4 (81.2
di4005 346.0 351.8 5.8 83.2 |510.8 7016.3 |366.2 2164.1 |371.9 61.1 36.1 [22.0 (80.8
di4006 345.9 351.3 5.4 83.2 |529.0 7182.4 |366.9 2057.0 [373.0 64.2 32.1 |20.6 (87.3
di4007 346.5 352.1 5.7 83.2 |542.2 7319.0 |366.5 2247.8 |371.3 66.9 31.0 [20.6 (81.4
di4008 347.7 352.6 4.9 83.2 |5515 7253.3 |367.3 2308.8 [372.5 73.0 26.0 [19.0 (79.6
di4009 347.7 353.3 5.6 83.3 [560.3 7492.6 |367.1 2432.4 |372.4 79.1 23.4 |18.5 (77.7
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Diesel at 55 Nm

File name |Fuel type |speed Load |Brake Power |Indicated work |Indicated imep [bmep |Equivalence [Air/fuel |Air Flow [Fuel Flow [Fuel Conversion [isfc bsfcf
(rpm) (Nm) [(kw) per Cycle (J) Power (kW) |(kPa) [(kPa) |Ratio Ratio (g/s) (g/s) Efficiency (%) (kg/Jd) (kg/J)

di5501 Diesel 1104.140 (54.5 ]6.2991 480.0 8.8324 721.8 |514.7 |1.004 14.89 11.409 0.77 18.9 8.70E-08 |1.20E-07
di5502 Diesel 1202.300 (54.5 [6.8660 452.0 9.0565 679.6 |515.3 |[1.129 13.23 11.673 0.88 17.9 9.74E-08 |1.30E-07
di5503 Diesel 1300.725 |54.8 [7.4594 456.0 9.8860 685.8 [517.4 |1.216 12.30 11.951 0.97 17.7 9.78E-08 (1.30E-07
di5504 Diesel 1401.500 (55.5 8.1393 462.1 10.7947 694.9 |524.0 |[1.214 12.44 12.504 1.01 18.6 9.32E-08 |1.22E-07
di5505 Diesel 1501.640 |55.3 [8.6865 460.4 11.5234 692.4 [521.9 |1.095 13.66 13.334 0.98 20.4 8.48E-08 (1.10E-07
di5506 Diesel 1600.800 |54.2 ([9.0906 477.2 12.7300 717.5 [512.3 |1.022 14.65 15.337 1.05 19.9 8.25E-08 (1.15E-07
di5507 Diesel 1701.840 (55.2 ]9.8300 475.2 13.6808 714.7 |521.1 |1.199 12.48 14.976 1.20 18.8 8.90E-08 |1.20E-07
di5508 Diesel 1800.000 |55.3 (10.4316 468.7 14.0616 704.9 [522.9 [1.233 12.14 15.676 1.29 18.5 9.23E-08 (1.20E-07
di5509 Diesel 1902.100 |54.6 (10.8836 469.7 14.8899 706.3 |516.3 |1.264 11.85 16.160 1.36 18.3 9.14E-08 (1.26E-07
File name [Injection [Ignition |Ignition Patm |Exhaust Pmax |Position of Tmax [Position of Mechanical ITE |BTE [Volumetric

(°CA) (°CA) delay (°CA) |(kPa) |[Temperature (°C) (kPa) [Pmax (°CA) (K) Tmax (°CA) Efficiency (%) [(%) |[(%) |Efficiency (%)
di5501 344.0 350.3 7.5 82.8 |477.4 7916.5 |365.0 2026.0 [369.0 71.4 26.4 [18.9 (93.2
di5502 345.7 350.0 6.9 82.8 |5285 7544.4 1365.3 2068.5 [371.3 75.9 23.6 |17.9 (87.6
di5503 345.4 351.3 7.9 82.8 |549.3 7352.8 |365.8 2175.5 [371.6 75.5 23.3 |17.6 (82.9
di5504 347.6 352.3 7.8 82.8 |574.7 7184.8 |366.4 2232.4 |373.4 75.5 24.6 [18.6 (80.5
di5505 349.6 353.0 7.9 82.8 1602.3 7012.8 |366.4 2201.8 [373.2 75.5 27.1 |20.4 (80.1
di5506 347.4 354.3 8.9 82.8 |606.0 6864.6 |367.0 2061.5 [377.3 71.4 27.9 [19.9 (86.4
di5507 350.1 356.3 10.0 82.8 |618.3 6728.0 |367.0 2237.5 |376.6 72.9 25.8 [18.8 (79.4
di5508 349.6 356.3 8.9 82.8 [636.2 6514.3 |367.0 2223.6 |378.4 74.3 25.0 |18.5 (78.6
di5509 350.7 354.5 6.7 82.8 |641.3 6535.4 |368.4 2284.1 |378.0 73.1 25.1 |18.3 [76.7
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DME at 25 Nm

File name |Fuel type |speed Load |Brake Power |Indicated work |Indicated imep [bmep |Equivalence [Air/fuel |Air Flow [Fuel Flow [Fuel Conversion [isfc bsfcf
(rpm) (Nm) [(kw) per Cycle (J) Power (kW) |(kPa) [(kPa) |Ratio Ratio (g/s) (ga/s) Efficiency (%) (kg/Jd) (kg/J)

dm2501 DME 1101.100 (24.8 |2.8583 194.9 3.5773 293.1 |233.7 |0.584 15.40 11.183 0.73 13.7 2.05E-07 |2.53E-07
dm2502 DME 1199.100 |25.0 (3.1412 184.6 3.6893 277.6 [236.4 |0.495 18.15 11.687 0.64 17.0 1.75E-07 |2.05E-07
dm2503 DME 1301.950 |25.1 (3.4152 200.3 4.3414 300.9 [236.7 ]0.458 19.61 11.879 0.61 19.0 1.89E-06 |1.80E-07
dm2504 DME 1399.580 (25.1 |3.6844 220.3 5.1394 331.4 (237.5 ]0.482 18.67 12.612 0.68 19.0 1.30E-07 (1.82E-07
dm2505 DME 1500.660 |25.1 (3.9442 223.7 5.5933 336.3 [237.3 ]0.493 18.25 13.400 0.73 18.7 1.32E-07 |1.88E-07
dm2506 DME 1600.800 (25.1 |4.2049 236.8 6.3164 356.0 (237.0 ]0.439 20.45 15.739 0.77 19.0 1.22E-07 (1.82E-07
dm2507 DME 1702.800 (25.0 |4.4584 240.3 6.8208 361.4 (236.2 |0.470 19.13 15.265 0.80 19.4 1.18E-07 (1.80E-07
dm2508 DME 1800.000 |25.0 (4.7180 238.1 7.1438 358.1 [236.5 |0.469 19.14 15.965 0.83 19.7 1.18E-07 |1.78E-07
dm2509 DME 1902.100 (24.9 ]4.9638 235.6 7.4701 354.3 (235.4 |0.456 19.67 16.600 0.84 20.5 1.12E-07 (1.70E-07
File name [Injection [Ignition |Ignition Patm |Exhaust Pmax |Position of Tmax [Position of Mechanical ITE |BTE [Volumetric

(°CA) (°CA) delay (°CA) |(kPa) |[Temperature (°C) (kPa) [Pmax (°CA) (K) Tmax (°CA) Efficiency (%) [(%) |[(%) |Efficiency (%)
dm2501 350.4 354.8 1.2 83.1 |[331.0 6704.6 |363.5 1776.8 |367.6 80.3 17.2 |113.7 |91.6
dm2502 350.5 356.0 1.8 83.1 |353.8 6766.9 |363.8 1869.8 |368.3 85.4 19.9 |17.0 |88.0
dm2503 351.3 355.4 0.6 83.1 |360.7 6642.6 |364.8 1972.6 |367.7 79.5 25.0 [19.6 (82.3
dm2504 352.5 354.1 1.6 83.0 [360.1 6462.8 |364.1 1982.5 |370.1 71.9 26.5 [19.0 (81.3
dm2505 353.0 354.3 13 83.0 |364.4 6391.4 |364.2 1986.5 |370.8 70.7 26.5 [18.7 (80.6
dm2506 352.9 355.9 3.0 83.0 |[367.1 6152.0 |364.8 1762.1 |371.2 66.6 28.6 [19.0 (88.7
dm2507 352.7 358.5 4.7 83.0 [369.1 5818.8 |365.4 1865.3 |372.9 65.7 29.8 [19.4 (80.9
dm2508 353.2 359.1 4.6 83.0 [369.6 5329.6 |366.7 1770.6 |375.8 66.4 29.8 [19.7 (80.0
dm2509 354.1 359.1 5.0 83.0 |380.2 5108.9 |366.1 1736.3 |375.3 66.5 30.8 |20.5 (78.7
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DME at 40 Nm

File name |Fuel type |speed Load |Brake Power |Indicated work |Indicated imep [bmep |Equivalence [Air/fuel |Air Flow [Fuel Flow [Fuel Conversion [isfc bsfcf
(rpm) (Nm) [(kw) per Cycle (J) Power (kW) |(kPa) [(kPa) |Ratio Ratio (g/s) (ga/s) Efficiency (%) (kg/Jd) (kg/J)

dm4001 DME 1100.300 (39.9 ]4.5992 396.3 7.2669 595.9 (377.1 |0.645 13.94 10.726 0.77 20.8 1.08E-07 (1.70E-07
dm4002 DME 1199.420 |40.0 (5.0171 394.8 7.8916 593.6 [377.4 |0.630 14.27 11.225 0.79 22.2 9.82E-08 (1.58E-07
dm4003 DME 1301.460 |39.9 ([5.4438 401.4 8.7070 603.6 [377.4 |0.618 14.54 11.088 0.76 24.9 8.76E-08 (1.40E-07
dm4004 DME 1401.500 (40.2 |5.8985 391.4 9.1443 588.7 (379.7 ]0.615 14.60 11.576 0.79 25.9 8.68E-08 |1.32E-07
dm4005 DME 1502.511 |40.2 (6.3263 401.1 10.0458 603.2 [379.9 |0.637 14.11 13.029 0.92 23.9 9.17E-08 (1.44E-07
dm4006 DME 1600.800 (40.1 |6.7278 365.7 9.7571 550.0 (379.2 |0.545 16.48 15.855 0.96 24.4 9.92E-08 |1.40E-07
dm4007 DME 1702.800 (40.1 |7.1470 376.9 10.6968 566.8 (378.7 ]0.599 14.99 15.257 1.02 24.4 9.52E-08 |1.40E-07
dm4008 DME 1802.450 |40.3 ([7.5998 389.0 11.6867 585.0 [380.4 |0.561 16.08 15.884 0.99 26.8 8.50E-08 (1.30E-07
dm4009 DME 1899.650 (40.2 |8.0028 363.1 11.4959 546.0 (380.1 |0.555 16.19 16.340 1.01 27.6 8.80E-08 |1.30E-07
File name [Injection [Ignition |Ignition Patm |Exhaust Pmax |Position of Tmax [Position of Mechanical ITE |BTE [Volumetric

(°CA) (°CA) delay (°CA) |(kPa) |[Temperature (°C) (kPa) [Pmax (°CA) (K) Tmax (°CA) Efficiency (%) [(%) |[(%) |Efficiency (%)
dm4001 349.3 350.2 0.9 83.2 469.8 7339.9 |364.5 2086.4 [369.4 63.3 32.9 [20.8 (88.0
dm4002 350.5 350.7 0.2 83.2 |518.8 7173.8 |364.6 2136.9 [371.2 63.7 34.9 |22.2 (84.4
dm4003 352.9 352.9 0.0 83.2 |567.8 6916.9 |364.4 2295.6 [372.2 62.6 39.8 |24.9 (76.9
dm4004 354.7 356.3 1.0 83.2 |614.6 6907.0 |363.8 2368.0 [374.6 64.5 40.2 [25.9 |74.5
dm4005 355.1 356.4 1.3 83.2 |574.2 6451.0 |365.2 2184.2 |376.3 63.0 38.0 |23.9 [78.2
dm4006 353.8 354.9 11 83.1 |501.4 6144.2 |365.6 1796.2 |374.2 69.1 35.3 [24.4 (89.4
dm4007 355.2 357.8 2.6 83.1 |530.7 5867.7 |366.1 1954.1 |377.3 66.9 36.6 [24.4 (80.8
dm4008 356.6 358.0 14 83.1 |563.1 5764.7 |367.4 1992.3 |379.2 65.3 41.2 (26.8 |79.5
dm4009 355.6 358.7 3.1 83.1 |593.9 5639.0 |366.1 1981.9 |378.0 69.7 39.7 |27.6 |77.6
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DME at 55 Nm

File name |Fuel type |speed Load |Brake Power |Indicated work |Indicated imep [bmep |Equivalence [Air/fuel |Air Flow [Fuel Flow [Fuel Conversion [isfc bsfcf

(rpm) (Nm) [(kw) per Cycle (J) Power (kW) |(kPa) [(kPa) |Ratio Ratio (g/s) (ga/s) Efficiency (%) (kg/Jd) (kg/J)
dm5501 DME 1103.180 (54.9 16.3378 489.3 8.9975 735.8 |518.3 [0.975 9.21 11.229 1.22 18.1 1.32E-07 (1.92E-07
dm5502 DME 1200.380 |54.6 (6.8686 494.3 9.8896 743.3 [516.3 |0.908 9.89 11.549 1.17 20.5 1.18E-07 |1.70E-07
dm5503 DME 1303.420 |55.1 (7.5248 497.7 10.8122 748.5 [520.9 |0.798 11.26 11.618 1.03 25.4 9.48E-08 (1.40E-07
dm5504 DME 1405.420 (55.2 ]8.1300 486.9 11.4064 732.3 |521.9 |0.758 11.84 12.010 1.01 27.9 8.90E-08 |1.22E-07
dm5505 DME 1501.150 |54.9 (8.6283 468.1 11.7127 704.0 [518.6 |0.791 11.37 13.261 1.11 27.0 9.51E-08 (1.30E-07
dm5506 DME 1602.400 (54.2 ]9.0945 483.0 12.9011 726.4 |512.1 |0.681 13.20 14.973 1.13 27.9 8.80E-08 |1.23E-07
dm5507 DME 1702.800 (55.2 ]9.8502 459.7 13.0478 691.3 |521.9 |0.767 11.71 14.354 1.23 28.0 9.40E-08 |1.20E-07
dm5508 DME 1802.450 |54.7 (10.3111 459.6 13.8040 691.0 [516.2 |0.846 10.63 14.940 1.41 25.6 1.00E-07 |1.40E-07
dm5509 DME 1900.467 [55.1 |10.9574 425.3 13.4722 639.6 |520.2 [0.941 9.55 15.761 1.65 23.1 1.20E-07 (1.50E-07
File name Injj
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