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ABSTRACT

Investigation on a Multi-Point Direct Injection and
Control System for Gaseous Fuels in Diesel Engines

Domenico P, Miele

The gaseous fuels are the recognized alternatives for
hydrocarbon liquid fuels in automotive engine use. While
methanol and other alcochols are more suitable for use in
automobiles, mainly due to the existing infrastructure for
liquid fuel distribution, Natural Gas is considered as the
prime replacement candidate for the commercial vehicles.
This is because most commercial vehicles operate from a
centrally located distribution center.

To obtain the highest efficiency, the gaseous fuel has
to be directly injected into the cylinder of an engine and
a suitable technology has still to be developed to allow
the proper use of the alternative gaseous fuels.

The direct injection system proposed consists of
solenoid operated injectors interfaced with a metering
valve that is controlled by a linear digital actuator. The
injected gas dose can be controlled by both the metering
valve opening and the time of injection, or injection
duration. The mathematical model for the injection system

has been formulated and validated experimentally. It was
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then used to calculate the injected gas dose for various
metering valve flow area and time of injection. The
obtained gas discharge characteristics could be used to
select the required design parameters of the injectors and
the metering valve and also to optimize the gas injection

system for a particular diesel engine.
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NOMENCLATURE

a - speed of sound, m/s

A, - metering valve flow area, m®

A, - injector flow area, m°

A - injector orifice area, n’

Ane odle - injector needle cross sectional area, m®
A e - injector nozzle area, n

Zi.mpe - fuel pipeline cross-sectional area, n’
ct - conversion factor, 448.93 GPM—s/fta

. - discharge coefficient

c, - mass flow coefficient, s /'E/ m

C:v - flow coefficient, GPM/ /;;;

C+ - positive wave flow characteristic

c- - negative wave flow characteristic

d,D‘,lpe - diameter of fuel pipeline, m

dme Al - diameter of the injector needle, m

d“ - diameter of the injector inner seat, m
dae - diameter of the injector exterior seat, m
do - nozzle orifice diameter, m

dmt - metering valve hole diameter, m

Df - damping force, N

DT - diameter of injector needle + clearance, m
dt - time increment, s

dx - length increment, m
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1. THESIS CONCEPT DEFINITION

A large quantity of fuel available as an alternative
energy source for combustion engines is in the gaseous
state. Most of these fuels are Hydrogen, Natural Gas, and
Propane. Some of these gaseous fuels have been already
used as a secondary source of energy, together with
gasoline for spark ignition engines, in so called dual fuel
engines. In the case of gas fueled diesel engines, called
dual fuel diesel engines, liquid diesel fuel is still
injected in small doses to obtain ignition due to the low
cetane number of the gaseous fuels, which are introduced
into a diesel engine by aspiration, through the intake
manifold, as in spark ignition engines. The main objective
of this investigation is to develop an improved design of
electronically controlled multi-point diesel fuel supply
system which would provide direct injection of gaseous
fuels into the cylinder of the diesel engine, rather than
by the method of aspiration. See Figure 1.1.

There are several known advantages of the direct
injection system for gaseous fuels; the nost important
being: higher specific power output and thermal efficiency.
The proposed addition of an electronic contrel system
allows for a large degree of flexibility in shaping of the

gas discharge characteristic and of the fuel delivery dose
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versus the engine speed, i.e. in producing the required
engine’s operational characteristic.

The design of the proposed gaseous injection system
consists of several injectors actuated by solenoids which
are interfaced with one metering valve actuated by a
stepper motor, which is placed at some distance from the
injectors. In the design of this injection system, the
pressure waves propagating in the pipe between the metering
valve and the injectors are taken into account due to their
impact on the instant rate of gas injection and on the gas
mass dose injected. These two factors affect the
performance of the diesel engine and must be well optimized
in order to produce the required characteristic of a gas
fueled diesel engine. The control of the direct gas
injection process will be accomplished by adjusting both:
the metering valve flow area and the time of injection
duration (pulse % idth regulation).

The existing version of the gas injection system will
be reviewed first and then the modifications will be shown.
Next, a mathematical model of a multi-point injection
system for gaseous fuels will be formulated including the
effects of pressure waves propagating between the injectors
and the metering valve, on the injected fuel mass dose and
the rate of fuel discharge. Then, experiments will be
performed to validate the mathematical model and to match

the operational characteristic of a diesel engine. The
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validation will be followed by an attempt to optimize the
gaseous injection system via the simulation process.
Finally, a summary will be made and recommendations for
improvements of the injection system for gaseous fuels will

be presented.



2. GASEOUS FUEL INJECTION AND CONTROL SYSTEMS.
LITERATURE REVIEW

The potential for the use of alternative gaseous fuels
in automotive engines can be judged presently as being
high. In current research, four «critical areas of
challenge can be observed leading towards the
implementation of these fuels which are: 1) their
inexpensive availability, 2) the effective on-board storage
systems for gaseous fuels, 3) the efficient energy
conversion in the combustion engine, and 4) the effective
control system for the gaseous fuel supply, as required for
the automotive engine characteristics.

The ability to retrieve commercially competitive
gaseous fuels is dependent on the relative cost of the
production or extraction methed. A fuel such as Hydrogen
can be obtained from water by electrolysis; however, quite
a substantial amount of electrical energy is required to
obtain Hydrogem by this method because the ionization
energy of water is quite high. As a solution, the
inexpensive off-peak hours energy abundance could be used
to produce Hydrogen. Natural Gas is a more readily
available fuel which is found in large quantities in North
America. Natural Gas is extracted from the underground
reservoirs by drilling and piping methods combined with

those of obtaining crude oil.

g 1oAY



On-board storage systems for Hydrogen and Natural Gas
are vital for the implementation of gaseous fuels which are
occupying a considerable amount of space in the vehicle.
This represents a significant problem because the gas
si:orage system should provide sufficient amount of fuel for
the required operational range of the vehicle, while
leaving enough space for passengers and their cargo.

The next major concern is the energy conversion of
gaseous fuels in automotive engines. The existing types of
gas supply systems, through the intake manifold, may be
considered as adequate but they are usually not quite able
to extract the maximum efficiency from the engine. The
main problems remained to be solved are related to the fuel
supply node and to some undesir-ble combustion
chara.:teristics of the gaseous fuels. Some progress has
been made recently, thanks to the advancing microprocessor
technology in the area of electronic controls, which can
now be applied to improve the effectiveness of gaseous fuel
use in automotive engines.

There are two ways in which an air-fuel mixture can be
obtained: by external mixing in the intake manifold or by
internal mixing in the engine cylinder chamber. External
mixing can be achieved by aspiration, single point
{(throttle body) injection, and by multi-point port
injection, which is wusually found in spark ignition



engines. Internal mixtures are achieved by direct
injection of fuel into the combustion chamber of an engine.
Under the term of direct injection, the fuel injection into
the divided chambers of a diesel engine is also considered,
which in diesel engine technology is designated as indirect
injection (IDI) chambers. Direct injection (DI) chambers
are now being favored in diesel engines because they offer
several advantages such as higher thermal efficiency and
improved starting. Presently, in some research, direct
injection has been also used in spark ignition engines, as
well as in diesel engines with ignition support from the
spark plugs.

H. R. Ricardo was one of the first researchers to
investigate the possibilities of a Hydrogen fueled spark
ignition engine back in 1923. He determined that Hydrogen
was impractical for most uses due to the flashback and the
pre-ignition phenomena [1] :

Rudolf Erren, before World War II, designed several
direct Hydrogen fueled engines in which no detonation
occurred. This was due to the direct injection of the
Hydrogen fuel, which Erren introduced early in the
compression stroke in order to maximize mixing [1]. Other
researchers such as Oehmichen and Schoeppel, followed
Erren’s path, in realizing that direct injection of

Hydrogen fuel was the best solution to avoid undesirable

* Number in brackets refers to References.




combustion phenomena.

Homan et al [1] addressed the undesirable combustion
ax;zd emissions in Hydrogen fueled engines and they proposed
some remedies to rectify these problems. Homan found that
mixtures achieved by aspiration or manifold point injection
are prone to pre-ignition, knock and flashback. Some
remedies to these undesirable phenomena are water
injection, exhaust gas recirculation, and low equivalence
ratios. Homan developed a scheme called LIRIAM, for Late
Injection Rapid Ignition And Mixing, in a spark ignition
engine. The advantages of this scheme were: no flashback
and no pre-ignition due to the late direct injection of the
fuel dose into the cylinder of a combustion engine. The
pressure rise in the cylinder was controlled by the
pressure changes in the injector, which affected the rate
of injection. Homan found that the most difficult problens
to overcome in direct gas injection were: creation of the
high injection pressure necessary for rapid mixing of the
Hydrogen with air and the lack of fast operating injectors
with sufficiently high flow rates to supply the required
fuel dose during the required short injection time period.
Homan confirmed that with Hydrogen fueled diesel engines,
the best results are achieved with direct injection as
compared to manifold supply and diesel fuel injection to

provide ignition. He acknowledged that the majority of



research is directed towards the use of direct injection
diesel engines converted to run on Hydrogen, using some
type of ignition support such as spark plugs, glow plugs,
and other hot surfaces.

Varde [2], using a spark ignition engine, managed to
avoid pre~-ignition and knock by developing a scheme where
the port injector released Hydrogen late in the suction
s£roke so that the residual exhaust gases were first cooled
by the incoming air, before coming into contact with the
Hydrogen gas.

Peschka [3,4], using a spark ignition engine, applied
water injection, as denoted by Homan et al [1], to solve
the flashback problem and to obtain higher power output
from the engine, when using multi-point port injection.
Peschka [4] also experimented with direct injection of
both: 1liquid Hydrogen as well as gaseous Hydrogen in a
spark ignition engine and he received favorable results.
He found that direct gas injection eliminated the need for
wéter injection to prevent pre-ignition and flashback, as
well as reduced nitrous oxide (NOx) emissions.

Furuhama [5,6,7,8] has accomplished the most
successful research results using direct injection of
Hydrogen, in both spark ignition and diesel engines.
Furuhama succeeded in developing a complete supply system

for Hydrogen fueled two stroke and four stroke engines. He
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built a special pump, to bring the cold liquid Hydrogen to
the required high operating pressure. He also used a hot
surface igniter (glow plug), with a platinum wiring
producing a catalytic effect to ensure fast Hydrogen
ignition. Furuhama’s success has been demonstrated by
several "Musashi" vehicles which operated on Hydrogen fuel.
Martorano (9] adopted a two-stroke spark ignition
engine for direct Hydrogen injection. With the aid of
spark plugs, he received favorable results in power output
which was much higher than that of the gasoline engine.
Ikegima et al [10] used indirect injection diesel
engines for his experiments with Hydrogen because of their
lower sensitivity to the "diesel knock". One engine had a
swirl chamber while the other was equipped with a
prechamber. By experiments, he found that the swirl
chamber diesel engine did not run smoothly and misfired
intermittently ([10). Even though ignition did occur, the
ignition delay varied from cycle to cycle and sometimes
produced the "diesel knock” phenomena. The outcome was
similar with the prechamber diesel engine, in which
explusions occurred in the prechamber and additionally
severe explosions followed in the exhaust pipe due to the
accumulated unburnt fuel. When normal ignition did occur
by chance in the prechamber, the engine ran in a knock-free

manner, probably due to hot residual gases in the



prechamber, but there was no ability to reproduce the
results when the engine was stopped and restarted.
Finally, the swirl chamber engine was chosen for further
development, because it showed less undesirable phenomena
as compared to the prechamber engine. Ikegima noted that
minute gas leakage from the injector, between injections,
allowed for a smooth combustion to take place in the swirl
chamber engine, so consequently he tried with the pilot
injection. He found that the earlier the pilot fuel jet
was released, the smaller was the pilot fuel dose necessary
to achieve a smooth engine operation over a certain speed
range. However, at lower speed range, the pilot injection
caused a pre-ignition and the eng’1e was prone to rough
operation. Thus, it was confirmes that the gas dose of
pilot injection played an important role in the ignition of
the main dose, similar to the amount of the residual gases
rémaining in the swirl chamber [ ¢ "erall, a conclusion
was drawn that the swirl chamoer diesel engine may
successfully operate on Hydrogen if the correct pilot gas
dose is introduced prior to the injection of the main dose.

Most of the direct injection systems for gaseous fuel
in diesel engines being investigated presently by the
researchers, have injectors which are actuated mechanically
by rocker arms and camshafts, or hydraulically by modified

in-line diesel engine pumps. However, the port injectors




used in spark ignition engines with gaseous fuel supply,
are actuated electronically by means of a solenoid.
Following this lead, MacCarley [11] developed a high speed
electronically controlled injector for injection of
Hydrogen in spark ignition engines. This injector operated
at high frequency during short time periods for engine
speeds of 4000 revolutions per minute (rpm) and it was
capable of reaching maximum 1ift in 0.6 milliseconds.
Presently ava 'able solenoid actuated injectors [12,13,14]
for spark ignition engines, deliver quite similar results
for opening time and injection duration as those developed
by MacCarley. A new concept on fuel control systems for
gas fueled diesel engines was suggested by Krepec et al.
[15,16,17] which consists of a complete fuel supply system
under microprocessor control. The fuel supply system
contains a semi~-cryogenic tank for gaseous fuels, a gas
pressure ragulating system, a preheating system using
engine exhaust gases to increase the temperature and
pressure of the fuel, a gas injection and metering system
and an electronic control unit, with sensors and actuators.

Krepec et al’s concept led Tebelis [18] to develop an
electronically controlled gas injector for high speed
diesel engines. This injector was a modified diesel
injector which was actuated by a solenoid, whose power was

supplied by a standard 12 Volt car battery. Tebelis’
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injectors were able to operate with engine speeds exceeding
2000 revolutions per minute (rpm).

Giannacopoulos ( nee Tebelis ) ([19,20] also proposed
further development possibilities of more advanced
electronically controlled Hydrogen gas injection systems in
diesel engines, which will be discussed more specifically
in the ensuing chapter. He investigated three different
injection system configurations, which are: a) a simple
common rail supplied solenoid operated injector, b) a
metering valve and a solenoid actuated injector, and c) a
control valve and a solenocid actuated injector in series
[20]. He found the metering valve-injector configuration
as the most promising. However, he developed a
mathematical model for the simplest configuration only.
This model did not account for the case of pressure waves
and considered all the processes occurring instantaneously
in the injection system. In the case of multi-point
injection, the mathematical model for an injection system
with a metering valve placed at some distance from the
injector, would differ greatly from the aforementioned
model and would include the pressure waves traversing
between the injectors and the metering valve, and the
volumetric changes in the injector’s volume due to the

movement of the needle.




3. PROPOSED MULTI-POINT DIRECT INJECTION
SYSTEM FOR GASEOUS FUELS

As mentioned in the literature review, several
researchers have used various types of injector opening
mechanisms to inject Hydrogen Gas into the combustion
chamber of an internal combustion engine, mainly spark
ignition engines. The aim of this research is to
investigate the feasibility of an electronically controlled
multi-point direct injection system for gaseous fuels for
application in the diesel engines.

This electronically controlled injection system offers
several advantages over mechanically operated injectors.
One of the major advantages is the high degree of
flexibility which the electronic system offers in matching
the engine’s operational characteristics to the
requirements of the vehicle.

The proposed multi-point injection system will be
affected by the pressure waves in the injection system
tubing, between the injectors and the metering valve.
These pressure fluctuations can alter the injected fuel
dose and the rate of injection of the proposed system, as
compared to a single injector connected to a common rail

gas supply system, as analyzed by Giannacopoulos [19,20].
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3.1 BACKGROUND

Present conventional injection systems for 1liquid
fuels are not suited to appropriately inject gaseous fuels
such as Hydrogen and Natural Gas. Some sort of injection
pump cannot be used and it is clear that an external force
must participate in the lifting of the injector’s needle
together with the gaseous fuel supply pressure, or even
without the assistance of the gas pressure.

The proposed multi-point gaseous injection system is a
modified and extended version of the one developed by
Giannacopoulos [20]. Some similarities are in the
switching circuit, in the control circuit, and in the
solenoid actuated injector, see Figures 3.1, 3.2 and 3.3;
hqwever, significant controlling parameters had to be
altered so that the solenoid actuated injectors could
achieve the required gas flow rates at much lower supply
pressure of 100 bar only. The new gaseous injection system
also differs by: a) the addition of a digitally actuated
metering valve, b) the incorporation of the second
injector, in order to obtain a multi-point injection
system, and c) the location of the components, which are at
some distance of each other and are connected by steel
tubing.

In this chapter, the injector’s adaptation to lower
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sﬁpply pressure will be discussed along with the metering
valve and the electronic fuel control unit, being used to
operate the solenoid actuated injectors and the digitally
actuated metering valve. First, the <concept of a

multi-point gaseous fuel injection system will be reviewed.
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3.2 PROPOSED GASEOUS INJECTION SYSTEM MODIFICATIONS

The proposed multi-point gaseous fuel injection system
is a part of a concept for Gaseous Fuel Supply System [21],
as seen in Figure 3.4. It consists of the following major
components: a semi-cryogenic storage tank, a pressure
régulator, a gas conditioner, a digitally actuated metering
valve, the solenoid actuated injectors, different sensors
and a central processing unit. The electronic control
unit’s function is to acquire the input signals regarding
the fuel supply parameters and the engine demand to compute
and to command the injection of the required fuel dose for
maximum engine performance. The use of an electronic
control allows for greater flexibility in engine operation
due to its ability to adequately adapt to the constantly
changing engine parameters.

This system differs significantly from previous
pfoposals made by Furuhama (5,6,7)] and Krepec [15,17] for a
Hydrogen fuel supply system. High pressure pump for liquid
Hydrogen is no longer required as well as the cryogenic
tank operating at 1liquid Hydrogen temperatures. The
semi-cryogenic tank concept allows the storage of gaseous
fuels at much higher temperature than in the cryogenic
tank; however, at higher energy density than in standard

cylinders for compressed gas. The concept can be explained
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by viewing the T-v diagrams for Natural Gas and Hydrogen
presented in Figures 3.5 (a) and (b) respectively.

Point 1 on the diagram for Natural Gas, based on
Methane Gas tables [22], is at atmospheric pressure and at
the temperature of 110 K; it corresponds to the cryogenic
tiank storage point. Point 2 corresponds to the storage of
compressed Methane Gas in standardized cylinders at 200 bar
pressure and atmospheric temperature. It can be seen that
three times more Methane can be stored in a cryogenic tank
than in a standard cylinder of equal volume [13]. Point 3
is the ©proposed storage point for Methane in a
semi-cryogenic tank at a pressure of 200 bars and at a
temperature of 200 K. The amount of Methane stored in the
semi~-cryogenic tank is approximately twice higher than that
in the ©present standardized cylinders for compressed
Natural Gas (CNG); however, it is one and a half times
16wer than in a cryogenic tank of equal volume. The most
important issue is that the gas is already under high
pressure and does not require to be pumped to the required
injection pressure level; it rather has to be regqulated
down to the injection pressure of 100 bar.

When the pressure in the semi-cryogenic tank drops to
the 100 bar level, due to the gaseous fuel consumption, an
exhaust gas preheating system would be used to increase the

temperature of the gas in the tank as required, up to 400 K
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approximately. This system allows the user to extract more
fuel from the tank (approximately three times more) (17]
than in present (NG cylinders for the 200 to 100 bar
pfessure drop.

Storage for other gaseous fuels, such as Hydrogen, can
also be explained in a similar way based on Figure 3.5 (b).
Point 1 on the diagram for Hydrogen is at atmospheric
pressure and at a temperature of 20 K; it corresponds to
the cryogenic storage point. Point 2 shows the storage
capabilities in present standardized cylinders, at a
pressure of 200 bars and at atmospheric temperature. The
graph indicates that there is five times more Hydrogen
stored at point 1 than at point 2 [21]). Point 3 shows the
proposed storage point at 200 bar pressure and at a
témperature of 200 K. At this point, the amount of
Hydrogen stored is approximately 1.5 times greater than in
the standardized cylinders and about 3.5 times lower than
in a cryogenic tank. Point 4 shows a more effective
poseible storage point for Hydrogen at 100 K. The
respective storage values at this point are approximately
three times higher and two times lower as compared to the
standard pressurized cylinders and to cryogenic tank
respectively.

In the case of Hydrogen stored at 200 bar pressure and

100 K temperature, the pressure must be requlated down to
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100 bar. As the pressure in the tank drops due to fuel
consumption, the temperature of the Hydrogen Gas in the
tank can be raised, first to ambient temperature and then
up to 400 K. This would be accomplished by controlling the
amount of exhaust gases passing through the heat exchanger
in the semi-cryogenic tank. This gas preheating system
allows the user to extract almost five times more fuel for
the 200 to 100 bar pressure drop, as compared to the amount
provided by the standard pressurized cylinders [21].

The metering valve - injector system for gaseous fuels
was first proposed by Krepec et al [15]. It relies on the
use of a metering valve to throttle the gas mass flow rate
to the injector during the injection process. The newly
proposed multi-point injection system, in this research,
for gaseous fuels, has one metering wvalve interfacing
several injectors. However, it will be affected by the
pressure waves which are present in the fuel supply line
between the injectors and the metering valve during the
injection period and the refilling period as well. Thus,
the metering valve must be strategically located in order
to produce the required discharge characteristics of the
gas injection system. The effect of the gas throttling in
the metering valve is a definite decrease of pressure in
the injector during the injection period and a slow rise in

pressure during the refilling period. The benefits from
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such a pressure pattern are the shortening of the injector
closing time due to the decrease in pressure under the
injector needle, and the drop in fuel leakage from the
injector due to the lower initial gas pressure and to the
slower rise in pressure during the refilling period. This
pressure pattern can be significantly changed by the
presence of pressure waves. The difference, regarding the
new system, lays also in the fact that two or more
injectors are interfaced to one digitally controlled
metering valve, as shown in Figure 3.6.

Thus, the main objective of this research will focus
on the ability of the solenoid operated injectors and on
the digitally controlled metering valve to deliver the

appropriate fuel dose to the engine.
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3.3 GASEOUS FUEL INJECTION SYSTEM DESIGN

In the design of the gaseous fuel system there are two
components which must meet certain specifications and these
components are: the solencid actuated injector and the

metering valve.

3.3.1 Injector Design

The solenoid actuated injectors which are used in this
research have been originally developed by Giannacopoulos
[19,20] and have undergone some modifications for lower
supply pressure. The design of such an injector relies on
several engine parameters and fuel supply requirements, as
well as on the ambient conditions. Engine parameters on
which the design is dependent are: engine size, engine
speed, and engine power, which depict the required fuel
mass dose and the mass flow rate. The fuel parameters are:
the supply pressure and temperature, which alter the
properties of the gaseous fuel.

The engine for which the injectors were designed is a
Peugeot Idenor high speed diesel engine for a passenger
vehicle. It is a two litre, four cylinder, four stroke

water cooled engine with a compression ratio of 22:1 and



with a Ricardo Comet Mark V swirl type combustion chamber,
see Appendix A.

Some basic calculations for Hydrogen Gas dose and
average discharge rate have been performed by
Giannacopoulos [20]); thus, to complete the subject, the
calculations for Natural Gas (Methane) will be performed in
this investigation. The stoichiometric equation for the
complete combustion of Methane Gas with Oxygen [23] is the

following, as shown in equation (3.1).

CH4 + 202 —_ COa + 2H20 (3.1)
Since air is used as the oxidizer and consists of 79
percent Nitrogen and 21 percent Oxygen by volume [23] the
chemical equation for air is the following:

02 + 3.762 Nz — 4.762 Air (3.2)

and thus, the stoichiometric equation becomes the

following:

CH, + 2(0, + 3.762N_) —> €O, + 2H,0 + 7.524N, (3.3)

The stoichiometric fuel/air ratio is calculated from

the aforementioned reaction and is presented below for
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Methane Gas.

kg CH‘
FA = 0.05824 —m ™

stolch kg air

1 Note that for a significant reduction of pollutants

such as hydrocarbons (HC) and Nox, it is necessary to use
an equivalence ratio, ¢, of less than 0.8, i.e. excess air.
Thus, the actual FA ratio is written below.

kg CH‘
= 0.04659

actual kg air

Assuning that the air pressure is 1 bar , the
temperature is 295 K, and knowing that the volume per
cylinder of the engine is 0.5 litres, the fuel dose can be
calculated by using the equation of state and the above

mentioned fuel/air ratio, as follows,

_ _ PV
mf - malr FAactual - RT actual

=1 (10%) * 0.5 (107) , (5. 04659)
287 * 295

m = 27.52 mg CI-I4

Maximum fuel mass flow through the injector occurs at
maximum power at which the speed of the engine is assumed

to be 2000 rpm. Assuming that the injection duration is to



last 30 degrees of the crank angle, the duration can be

calculated in terms of time, by equation (3.4).

(3.4)
6N

where ¥ is the crank angle and N is engine speed in rpm.
Substituting the previously mentioned values in equation

(3.4), time t is found to be,

30
6 * 2000

t = =2.5 (107%) sec.

In order to calculate the required mean gas mass flow rate
through the injector, the mass dose is divided by the time
of injection duration calculated previously and the

following average mass flow rate is obtained.

27.52 mg CH
- ‘- 1.1008(10°%) XL

av 2.5 ms 8

Ho

This mass flow rate will determine the injector nozzle
orifice flow area in order to achieve the required power of
a diesel engine operating on methane gas. The remaining

fuel doses are summarized in Table 3.1 for Methane Gas as
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well as for Hydrogen Gas. This is calculated by using the
sane scheme as mentioned above, and knowing the required

doses as mentioned in Appendix A.

Table 3.1 Fuel Dose vs Engine Speed

Engine Speed Methane Gas | Hydrogen Gas
(rpm) dose (mg) dose (mqg)
starting / 600 44.03 22.18
idle / 600 5.50 2.77
max. torque / 1600 35.78 18.02
max. power / 2000 27.52 13.86
max. idle / 2300 5.50 2.77
3.3.1.1 Nozzle Area "

to5%

The fuel injector must be capable of discharging the
fuel mass dose in the time required and at the gas supply
pressure indicated. This states that the injector must
have an orifice with the flow area sufficient to allow for
the aforementioned flow rate at the given gas supply
pressure. Assuming isentropic flow through the injector
nozzle orifice and the fact that Methane Gas behaves as a
perfect gas at the given conditions, the required discharge
area can be calculated. Figure 3.7 demonstratec the

original pintle and the modified injector needles and
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nozzles.

Before finding the required discharge area it is vital
to understand how the critical flow areas are formed in the
pintle nozzle injector. 1In Figure 3.7 (b), the situation
is first discussed for the original pintle nozzle. As the
injector needle is lifted off its seat, the critical or
minimum flow area is first formed in the seat at the outer
diameter. As the needle continues to rise, the critical
flow area shifts its location, to the inner diameter of the
seat. Finally, as the injector’s needle continues to rise
to the maximum 1lift, the critical flow area shifts again
and is formed by an annulus, at the pintle’s circumference.
In the next modified version of the needle, shown in Figure
3.7 (a), where the pintle has been partially removed, the
last maximum critical flow area is formed at the nozzle
orifice diameter, and has a greater flow area-than in the
original pintle nozzle. The equations describing thz flow
area characteristics are shown in Appendix B. Figure 3.8
b) shows a graph of the flow area versus needle lift of the
modified pintle injector nozzle, while a) shows the flow
area versus needle lift of the original injector nozzle.

The mass flow rate through a nozzle can be calculated
by using the equation of continuity which can be expressed
differently for compressible gases under isentropic

conditions in equation (3.5) [24]. The following equations
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will be used to calculate the required nozzle flow area for
the Natural Gas dose at maximum power.
cd cn Acs Pl

m = (3.5)
f ar

The discharge coefficient, C 4+ depends on the shape of
the nozzle orifice surface. Based on literature review,
the coefficient lies between 0.60 and 0.80 [25]. Since the
injector flow rate is considered turbulent and unsteady, a
value of 0.65 will be used.

The mass flow coefficient, c_, depends on tlhe mass
flow rate, through the injector orifice area, which can be
choked or unchoked. The coefficient is dependent on the
ratio of the downstream pressure to the upstream pressure.
The following equation can be used to determine if the

choked mass flow condition is reached [26],

P_ [ 2 ] 7T -1 (3.6)

where P 3 is the downstream pressure, in this case
combustion chamber pressure, and P2 is the upstream
pressure and 7 is the isentropic constant for Methane Gas.
Thus, if the pressure ratio is greater than 0.5457, then

the flow is not choked and C_ can be calculated using
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equation (3.7) [24].

ol

2 ¥y + 1
Pz Pz

2 7 [
C = ——er———
° R(7 - 1)

If pressure ratio is less than 0.5457, then the mass flow

is choked and c_ is calculated from equation (3.8) [24].

2 7 2 —
c = 7 (3.8)
R(z +1) |7 +1

The engine cylinder maximum pressure at the end of the
compression stroke is approximately 40 bars and the
maximum injector pressure is 100 bar. Thus, the flow can
alternate from choked flow to unchoked flow during the
injection period. Values for c_ are shown below for both

types of flow.
C; unchoked = 0.0260 s vV K
m

Cm choked = 0.0293 s Vv K
m

Thus, an average value for Cn will be used to calculate the

average orifice area required for the mentioned mass flow



rate.

By rearranging eguation (3.5) to solve for the
required orifice area A° and substituting the values for
pressure, temperature, ca' Cm, and the required mass flow
rate, calculated before, the following answer for the

required flow area is obtained:
A =1.1397 (10”°) n® = 1.1397 mn®
and in terms of nozzle orifice diameter do,
do = 1.205 mm

This is the required nozzle diameter in order to achieve
the mentioned flow rate and gas dose; however, with the
conventional pintle nozzle injector needle it would be
impossible to achieve the required area. By modifying the
pintle, as shown in the Fiqures 3.7 and 3.8, the required
flow area can be achieved with the available nozzle orifice
diameter of 1.5 mm. After having cut the pintle from the
needle of the present injector nozzle, the orifice diameter
of 1.5 mm becomes the last critical flow area. With
parallel calculations for Hydrogen Gas, the required nozzle
orifice diameter is 1.418 mm; thus, for Hydrogen Gas the

same modified nozzle can be used to satisfy the engine
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requirements as with Methane Gas. Knowing that the most
severe case has been dealt with, all other conditions of

the engine’s operational characteristic can be satisfied.

3.3.2 Metering Valve Design

The metering valve is an essential component of the
gaseous fuel supply system which throttles the gas flow to
reduce the pressure in the fuel injectors and; thus, shapes
the gas discharge characteristic. Its distance from the
injector has an impact on the gas discharge rate due to the
change in volume and to the generation of pressure waves in
the fuel line between the injectors and the metering valve.
In order to throttle the gas flow, the metering valve must
have a much smaller minimum flow area than the fuel supply
line.

The metering valve flow area characteristics are given
by the manufacturer in Appendix D. In Figure 3.9, shown
are the graphs of C,6 versus the number of revolutions and
number of revolutions versus the metering valve flow area.
The reasons for using the flow coefficient C  for
calculating the flow area, is due to that the producer is
giving the flow area of the metering valve which has been

obtained experimentally; to calculate it via theoretical
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equations, as given in Appendix D, requires the knowledge

of the datum position of the valve which is not given.
Knowing the flow of water across the metering valve

and the pressure drop, the flow coefficient of the valve

can be calculated via equation (3.9), from the

manufacturer’s data.

Q
c, = (3.9)
v dar
where,
Cv = flow coefficient
dP = pressure drop across valve in psi
Q =

water flow in Gallons per minute (GPM)

The full equation for water flow across a valve is given by

equation (3.10) [26].

e=c,a / 2% dP cf * 12 in (3.10)

where cf is the conversion factor for changing GPM into

ol

ft’/s, 448.93 GPM-s/ft®. Equations (3.9) and (3.10) can be

combined to solve for the flow area A, as shown in equation

(3.11).

-

A= —~ 55' (3.11)

0
=
ol
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Assuming that the discharge coefficient , C4, for the open
valve is 0.70 and that the flow coefficient, cv for 18
revolutions of the metering valve handle, is 0.024 and
knowing that the density of water is 62.4 lb/fts, the flow
area for the fully open metering valve is found to be
6.2647 (10'6) £t? or 0.58201 mm®. Figqure 3.10 shows the
direction of flow in the metering valve which is opposite
to the injector nozzle. It is a poppet type valve, whose
C, can be approximated to 0.85 [25], i.e considerably

higher than for the injector nozzle, since there are no

sharp edges.
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OQutflow of Gas

Figure 3.10.

Inflow of Gas

Direction of Flow in Metering Valve




3.4 ELECTRONIC INJECTION SYSTEM

3.4.1 Electronic Controller

The electronic controller developed for the gaseous
multi-point direct injection system, as it has been used
for the fuel system investigation, is shown schematically
in Figure 3.11. The system configuration consists of an
IBM microcomputer, a Lab Master data acquisition and
control system, and in house built circuits: a control
circuit, two switching circuits for the solenoid operated
injectors, an actuating circuit for the stepper motor,
amplifiers, and finally, the converters for the analog
sensors.

The computer is interfaced with the electronic
circuits via the data acquisition and control card, which
is located inside the computer on the 62 pin IBM PC bus.
The acquisition and control system has input/output (I/0)
ports which are connected to the electronic circuits. The
computer executes the control program and accesses the I/0
ports of the acquisition and control system to read or
write bytes in order to acquire information about events
external to the program, or to perform some action required

by the control program.
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The computer’s main functions in the controller are to
synchronize the injectors opening with the engine cycles,
to calculate the required fuel dose; thus, timing and
duration of injection, to adjust the metering valve flow
area due to the engine speed changes and to energize and
de-energize the solenoid injectors.

The data acquisition and control system used is the
Lab Master made by Scientific Solutions Incorporated. The
system consists of a motherboard, installed on the 62 pin
bus inside the computer, and a daughterboard, external to
the computer; the two boards are connected by a 50 pin
cable. The system contains four basic I/O ports: the
parallel ports, the timer ports, and the analog to digital
(A/D) and digital to analog (D/A) ports. The parallel
ports are originating from the Intel 8255 chip on the Lab
Master motherboard in the computer. This chip has three 8
bit parallel ports, which can also be divided into two
twelve bit ports, and can be used for bidirectional data
transmission. The timer ports are 1located on the
motherboard and the chip is AMD’s 9513 Timer chip. The
main features of this chip is that it contains five 16 bit
independently programmed timers which can be cascaded to
form two 32 bit counters and one 16 bit counter. The
counts can be hexadecimal or binary coded decimal (BCD).

The counters can count forwards or backwards. The counting
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source is either an external signal or an internal
signal, with an integrated frequency divider. Also, the
chip can output a terminal count when the count is over,
which is ideal for interrupts. The A/D module is mounted
in the daughterboard and has 12 bit resolution with a
conversion rate of 30 KHz. The A/D module is equipped to
handle 16 single-ended or 8 true differential analog inputs
and can be multiplexed to handle 256 single-ended and 128
true differential inputs. The D/A also has 12 bit
resolution with a 5 microsecond settling time. There are
two independent D/A chips, of type ADDAC80, with jumper
selectable output ranges.

The controller uses a total of 5 analog input ports, 2
digital output ports and one timer input port. The entire
controller circuitry is shown in Figures 3.12 and 3.13, as

well as in Figures 3.2 and 3.3.

3.4.2 Control Circuits

The control circuit for the solenocid injectors is
shown in Figure 3.3. The main purpose of this circuit is
to latch the data which were sent out by the computer,
through the parallel port of the Lab Master, to energize or

de-energize the selected solenoid injector. The circuit
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consists of TTL (transistor-transistor-logic) chips for the
latching and buffering of inputs. This circuit is similar
to the one used by Giannacopoulos ([19,20] in his
experiments; however, he used a less powerful, Z-80 based,
MicroProfessor Controller which 1limited his data
avquisition potential.

There are 6 inputs to the control circuit and they
come from the parallel port of the Lab Master, shown in
Figure 3.12. The inputs Q0 and Q2 to the control circuit
have the value of bit 3 of the control word, while inputs
Q1 and Q3 have the value of bit 2. Bits 0 and 4 select
which injector, EO01 or E23, will be chosen to latch the
output data of bits 2 and 3 . The inputs Q0, Q1, Q2, and
Q3 represent whether the injector selected is energizing,
de-energizing or off, while inputs E01 and E23 select which
injector is in operation. When EO01 is high and E23 is low
(because of bit 4), injector 1 is in operation and when EO1
and E23 are high, injector 2 is in operation. The TTL
74154, 4 to 16 demultiplexer, is used to determine which
injector is to be selected with the changes in bits 0 and 4
of the parallel port. No injector is selected when bit 0
is high. But when bit 0 is low, bit 4 determines which
injector is selected, i.e. injector 1 when low; thus, EO1
high, and injector 2 when high; thus, E23 high.

When an injector is selected, Q0 and Ql are latched by



the 7475, a bistable latch, when EO01 is high, assuming
injector 1 is selected. Q0 and Q1 are then processed
through a logic circuit and 4 outputs, D1, D2, D3, and D4,
are obtained. These 4 outputs are then sent to the
solenoid switching circuit, Fiqure 3.2, vwhere, in turn,
they activate and de-activate the solenoid actuator. As
mentioned previously, Q0 and Q1 are determined by the value
of bits 3 and 2 respectively and, in turn, determine the
state of the injector solenoid actuator. Table 3.2
summarizes the 8 bit control words in hex format, the bit
values of bits 4, 3, 2, and 0, injector selection, and the

state of the selected solenoid actuated injector.

Table 3.2 Summary of Control Words for Solenoid Injectors:*=

Control Bit Status Injector States

Word 4 3 2 0 Injectors 1 & 2
OCH 0 1 1 0 Injector 1 De-energize
1CH 1 1 1 0 Injector 2 De-energize
O08H 0 1 0 0 Injector 1 Close
18H 1 1 0 0 Injector 2 Close
O4H 0 0 1 0 Injector 1 Energize
14H 1 0 1 0 Injector 2 Energize
O9H 0 1 0 1 Both Injectors Disabled
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3.4.3 Solenoid Switching Circuit

The solenoid switching circuit is used to energize and
de-energize the injector solenoid; thus, the circuit
affects the performance of the solenoid actuators. In this
investigation, the switching circuit was duplicated twice
to operate the multi-point injection system, see Figure 3.2
for the schematic of the switching circuit. It was also
adapted for operation with the Lab Master data acquisition
board.

The inputs to the switching circuit actuate the high
power transistors to release the high current required by
the solenoid. The switching circuit functions as follows:
when the control word to open injector 1 is transmitted by
the computer through the Lab Master parallel port and the
control circuit, transistors Tl and T2 are actuated and
current, from a 12 Volt battery, is applied across the
solenoid actuator circuit which is then energized. When
the injection period is terminated, the control woréd to
turn "off" transistors Tl and T2 is sent. In oxrder to
de-energize the solenoid and to decrease the closing time
of the injector, a control word to open transistors T3 and
T4 is transmitted and the current flow is reversed through
the magnetic core of the solenoid. This action decreases

the residual current and allows for a faster closing of the
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ir.mjector.. The transistors T3 and T4 are “on" for a very
short period of time, i.e. << 0.5 millisecond, and then
turned "off" so that one injection could be completed.

The solenoids used in the fuel injectors are quite
powerful and require a high amount of current to develop
the magnetic flux required to move the solenoid armature
and overcome the spring preload force. In order to
generate the necessary current, Giannacopoulos [19,20] used
a 12 Volt battery and high power transistors. These
transistors required some time in order to saturate and to
switch the current to the solenoid. The switching circuit
was also found successful in the present investigations.
The solenoid also requires some time to generate the
magnetic flux to move the armature; the proof of this was
found when the control program reguested a 6 millisecond
solenoid energizing period and only a 2.5 millisecond
injection period was recorded on the oscilloscope, without
achieving full needle lift. When longer injection periods
were requested, an inherent 3.5 to 4 millisecond time delay
was encountered, as can be seen from Figure 3.14, which
confirms the delay from the initial current rise to the
initial needle lift.

Faster and more powerful solenoids seem becoming
readily available as new concepts in solenoid design are

emerging f20]. These new concepts can be seen in the



a) 6 ms injection

b) 5 ms injection

Figure 3.14 Needle Lift and Solenoid Current Demand.
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design of the HELENOID and COLENOID type solenoids, as
described by Seilly [27,28). Similar solenoids have been
used in diesel engine injectors for liquid fuels and for
electronically controlled spill valves in diesel engines
[29,30,31,32]. They have proven themselves in terms of
speed and force, and should be scrutinized for future
applications in electronically controlled gaseous fuel

injectors.

3.4.4 Input and Digital Actuator Circuits

The inputs to the controller and the digital actuator
circuits are shown in Figures 3.12 and 3.13. There are 6
input signals in all: a speed signal, an interrupt signal,
a needle lift signal from an LVDT, and three pressure
signals from strategically located pressure transducers,
required for testing. All signals are in the form of
analog voltage, except for the interrupt signal, which has
been digitized. The analog signals are fed to the analog
input ports on the Lab Master daughterboard. The digital
actuator circuit is a single chip circuit with two outputs
from the Lab Master parallel port which are being used to
control the actions of the actuator.

The speed signal is actually a sine wave generated




- 56 =

from a magnetic pick-up and a multi-toothed gear located on
the engine crankshaft. This signal is first filtered and
ié then fed to a frequency to voltage converter chip,
Teledyne 9400CJ. The input frequency is converted to an
analog voltage and this output voltage is input to the
analog port of the data acquisition system. The operating
range of this circuit is between 500 and 3500 rpm (see
Appendix C for the calibration curve) with an output
voltage between 0 and 4.14 volts. This analog input is
converted to a digital value by the A/D converter and the
control program converts this digital value into engine
speed in rpm. This speed value is used to determine
injection timing and duration, as well as metering valve
obening.

The interrupt signal is generated from a single tooth
rotating against a magnetic pick-up on the engine
crankshaft. This signal is filtered and amplified to

generate a square wave and is then inverted, by a TTL 7404

chip, in order to resemble a clock pulse. This pulse is
fed into a ti >rt of the lLab Master. Since the engine
operates on 2 stroke cycle, an injection occurs in the

first cylinder o =2very second revolution. Thus, after the
second pulse to the timer, the timer reaches a terminal
count and generates an interrupt on 1line IRQ3 of the

computer, interrupt number 3. This interrupt is
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acknowledged by the computer and an interrupt routine is
executed. The interrupt routine recalls the injection
timing and injection period and the time difference between
the closing of injector 1 and the opening of injector 2 and
then waits for the correct moment to open injector 1. When
the correct moment has arrived, injector 1 is opened for a
certain period of time and is then closed; at this point
the computer counts down the time to open the second
injector. once the second injection is finished, the
interrupt routine outputs a signal to the interrupt
controller to signify that the interrupt has been serviced
and the control program is executed from the line where it
was interrupted.

The signals from the lift transducer and the pressure
transducer are converted to digital signals and recorded
into a file which is to be compared later with simulated
data.

The digital actuating circuit’s purpose is to drive
the actuator so that the metering valve flow area can be
varied according to the changes in engine speed and torque
requirements. The circuit consists of several resistors
and capacitors, as well as a SAA 1027 driver chip and a
K82954-M1 Airpax stepper motor. The stepper motor is
capable of attaining 48 steps per revolution, 7.5 degrees

per step, at a maximum speed of 125 Hz. Two signals are



required to operate the stepper motor, a trigger signal and
a rotation signal. Both signals are the outputs of the Lab
Master parallel port. Both signals are amplified to give a
high of 12 volts, while retaining a low of 0 volts, or
ground. The amplification 1is necessary due to the
operating voltage of the stepper motor driver chip.

The trigger signal is basically a group of square wave
pulses, with a high of 5 volts and a low of 0 volts. The
number of pulses represents the number of steps to be
executed by the stepper motor.

The rotation signal is either a high signal, which
causes the stepper motor to rotate in the clockwise
direction, or a 1low signal, <to rotate in the

counterclockwise direction.




4. COMPUTER SIMULATION OF THE ELECTRONICALLY
CONTROLLED GASEOUS FUEL INJECTION SYSTEM MODEL

The objective of this chapter is to develop a
mathematical model for the gaseous injection system and
simulate its behavior on a computer to verify the
experimental data. The need for such a mathematical model
is to reduce the number of experiments required to
investigate all the engine operating characteristics, so
that only some essential points will be verified
experimentally.

The mathematical model of the gaseous fuel injection
system allows for the following: a) computer aided design
(CAD) of the injection system, b) optimization of the
present design and of newer and more efficient designs, as
well as c¢) reduction of the costs of running many
experiments for each design alteration.

. No such mathematical model has been found, in the
literature, to be developed for a multi-point gaseous fuel
injection system consisting of multiple injectors, a single
metering valve, and a fuel pipeline between the mentioned
components. However, many mathematical models have been
developed for 1liquid injection systems and some
consideration has been given to the methods already used in
order to develop the mathematical model for the gaseous

injection system.
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In this chapter, the main objectives and assumptions
pertaining to the mathematical model will be presented.
Then, the transient flow equations will be described, as
well as the steady state equations and the method of
solution to these equations. Then, the boundary conditions
in the gaseous injection system will be discussed, as well
as the development of the method of solution to a
particular boundary condition, i.e to the gaseous fuel
injector. Finally, the total system model will be reviewed
and a computer simulation will be performed. But first,
some background literature review on previous mathematical
msdels developed for liquid and gaseous fuel injection

systems will be presented.



4.1 OVERVIEW OF MATHEMATICAL MODELS OF LIQUID AND
GASEOUS FUEL INJECTION SYSTEMS

Mathematical modeling is vital for the optimization of
any type of system which can be improved. Many researchers
have successfully modeled liquid fuel injection systems for
diesel engines, but not many researchers have modeled or
attempted to model a gaseous fuel injection system. As
mentioned in the literature review, most researchers were
using direct fuel injection of Hydrogen Gas, and this
direct injection was achieved through modified in-line
diesel fuel pumps or by rocker arm and cam actuated
injectors. Only Giannacopoulos [19,20] developed a simple
mathematical model for a gaseous fuel injection systen,
consisting of a single solenoid actuated injector, without
the interfacing metering valve.

Wylie et al [33,34,35) developed a mathematical model
for an entire diesel fuel injection systemn. The model
takes into account wave propagation in the fuel pipeline
and the friction in the system. The model was simulated on
a computer, by solving the equations via the method of
characteristics in the pipeline and a modified
predictor-corrector method for the boundary conditions,
i.e. for fuel injectors and delivery valves. The
mathematical model was successfully validated through the

experimental results of the actual fuel injection system.
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Scullen and Hames [36] developed a mathematical model for
the GM Unit Injector, and they too were able to validate
their model by the experimental results. However, to solve
for the system equations, a fourth-order Runge Kutta
procedure was used with no error checking. Goyal [37] also
developed a mathematical model similar to Wylie et al
[33,34,35], but he simplified the simulation by using a
modular approach. The modular approach divided the fuel
injection system into several subsystem models, and in turn
each model was turned into a subroutine. The subroutines
were then linked together to simulate the entire model.
Goyal also used a fourth~-order Runge Kutta method to obtain
a solution for his mathematical model. Smith and Spinweber
[38] developed a mathematical model for an electronic fuel
injector for spark ignition engines. In this model, even
the solenoid properties were physically simulated. The
modal successfully retraced the experimental data. Marcic
and Kovacic [39] developed a similar model as Wylie et al
[33,34,35]; however, with 1less simpl.fications. The
tl;ansient conditions were solved by the method of
characteristics in the fuel pipeline and a fourth-order
Runge Kutta procedure was used for the boundary conditions,
i.e. fuel injectors and delivery valves.

The mathematical model developed by Giannacopoulos

[20] for a single gaseous fuel injector is very simple;
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however the model was validated with the data obtained
experimentally. The method of solution that he used was a
fifth and sixth-order Runge Kutta subroutine, that was
obtained from the International Mathematical and
Statistical Library (IMSL). This is the only available
model for a gaseous fuel injector simulation. The model to
be developed in this investigation will consist of multiple
injectors, a metering valve and the fuel pipeline

connecting these two components.




4.2 MATHEMATICAL MODEL FOR THE MULTI-POINT GASEOUS
FUEL INJECTION SYSTEM

As mentioned in the wrevious section, mathematical
modeling is the key factcr to the optimization of any
system. The model of the injection system will be divided
into three sections. The first section includes the
unsteady flow equations in the fuel pipeline, which
describe the pressure wave propagation. The second section
cgnsists of the boundary conditions to the transient flow
equations. The third section will discuss the entire
mathematical model of the gaseous fuel injection system.
But first, the objectives and assumptions of the

mathematical model will be discussed.

4.2.1 Objectives and Assumptions

The objectives of formulating the mathematical model
for the gas injection system, is to obtain a reasonable
computer generated eimulation of the actunal injection
pfocess and needle valve motion, which will be used to
optimize the gaseous injection system.

The governing equations of the gas injection system
consist of the equation of continuity and the equation of

motion. However, before proceeding with the actual



modeling of the gaseous injection system, it is necessary
to make several assumptions in order to simplify the
mathematical model to a certain extent. The assumptions are

as follows:

1) The gaseous fuel behaves as a perfect gas.

2) The mass flow within the pipeline is isothermal.

3) The mass flow through the orifices is isentropic.

4) The pressure underneath the needle valve has
uniform distribution.

5) One-dimensional flow equations will be used.

These assumptions will be used throughout the entire

modeling procedure.

4.2.2 Transient Flow Equations

The transient flow equations are actually the equation
of continuity. and the momentum equation in the fuel
pipeline between the metering valve and the injectors.
Recall that isothermal conditions exist in the pipeline.
Thus, the equation of state for the gaseous fuel [40] is as
follows,

P = PRT (4.1)

and the speed of sound in the gaseous fuel is expressed

below in equation (4.2) [40].
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a= —g‘— = VIRT (4.2)
These two equations are to be taken into account for the

next two subsections.

4.2.2.1 Equation of Continuity

The equation of continuity states that the rate of
change of mass in a control volume must be equal to the
rate of mass that crosses the control surface. Knowing
that the control surface is the pipeline cross sectional
area and that the control volume is the cross sectional
area times the length dx, as seen in Figure 4.1, the

equation of continuity can be written as follows:

d(p A u) 8
—~— dx = - — (p A dx) (4.3)
ax at

Knowing the equation of continuity in its simplest form
which is the following, m = pAU, and recalling equation
(4.2), equation (4.3) can be rearranged to obtain the

following:
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(4.4)

This equation is the continuity equation for unsteady flow

in the pipeline.

4.2.2.2 Momentum Equation

The momentum equation for a given length of pipe,

from Figure 4.2, is the following:

PA - A(P + 2B dx] = % (pndx u) + T mD dx + J‘ puda  (4.5)
ox ot ° P cs

The last term on the right hand side is the momentum of the
gas entering and exiting the control volume via the control
surface, and since the flow area is constant the term can
be neglected.

From Wylie [40]), the shear stress, T . can be

expressed in terms of the Darcy-Weisbach equation as,

02 _4
o = P £ u® - pfm a (4.6)
2,2
8 .. 8P Aplpe
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By recalling equation (4.2) and substituting T, equation

(4.5) is transformed into the following:

o o2 _ 2
a2, fna _, (4.7)

ox ot 2PAD

Equation (4.7) is the momentum equation for the gaseous

fuel in the pipeline between the injectors and the metering

valve.

4.2.2.3 Method of Solution

The method of solution to be used in the case of the
tfansient flow equations is the methnd of characteristics.
By recalling equations (4.4) and (4.7), and combining and
rearranging the two equations ard letting A be an unknown

multiplier, the following equation is obtained.

0 0 02 2
A [ SE , 18E ] + [ 2a?dl 4 om ] + EJE—%— =0 (4.8)
at AdX ax at 2PA"D

Knowing that the first term is the total derivative
for the pressure with respect to time and that the second

term is the total derivative for mass flow with respect to



time, A can be solved for. The two equations for the total

derivatives are shown below as:

DP _ 2P , oP dx (4.8)

Dt ot dx dt

© L] ©

DM _ oM , oM dx (4.10)

Dt ot ox dt

Thus, in equation (4.9), 1/A is equal to the value of
dx/dt, and in equation (4.10), Aa’l equals the value of
dx/dt. In summary, dx/dt is equal to two results which
must be equal.

& .12 ,a (4.11)
A

By solving for A, it is found through equation (4.11) that
A equals * 1/a2 and thus, dx/dt equals 7 a. Recalling
equation (4.8) and by substituting A and the total
derivatives, the following two sets of equations are

obtained:

1dp 1dan £ n° a’

S+ = — =0 (4.12)
a dt A dt 2 PA" D
when dx/dt = + a, and,
o o 2 2
-1df,1dn_ fn a _, (4.13)

when dx/dt = - a.




Equation (4.12) is the characteristic equation for the
g#s propagating in the positive direction , from high
pressure to low pressure,and equation (4.13) is the
characteristic equation for the gas propagating in the
negative direction, from low pressure to high pressure.
Figure 4.3 shows the method of specified time intervals and
how the wave propagation corresponds to the aforementioned
equations and the ensuing equations below. The positive
waves are denoted by C+ and the negative waves are denoted
by C-.

The following equations are obtained by rearranging
equation (4.12) in finite difference form and by
mﬁltiplying through with dx = a dt, and then integrating
from point x to point 2z, along the C+ characteristic.

Similarly for equation (4.13) along the C- characteristic.

C+

fa’Ax (l‘;lz + Mx
2

Pz = Px - & (mz - i‘lx) - )llcl’lz'l'ﬁlx (4.14)

A (Pz + Px) 4DA

2 ° °
fa Mx (M2 * Wy) |5, 4| (4.15)
(Pz + Py) 4DA

Pz=Py+-a-(l?lz-ﬁly)-
A

These equations are the solution to the transient flow

equations, and since steady state flow is a special case of
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Figure 4.3 Method of Specified TIime Intervals [40].
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transient or unsteady flow, steady state flow can be solved
for as well. These equations are used for the internal
pipe sections and the ends or boundary conditions are
necessary to complete the mathematical model of the gaseous

fuel injection system.

4.2,3 Boundary Conditions

Having solved for the equations describing the
transient and steady state flows in the fuel pipeline, the
next step in the procedure is to solve for the boundary
conditions. As mentioned before, there are two boundary
conditions: the metering wvalve and the gaseous fuel

injectors.

4.2.3.1 The Metering Valve

The metering valve represents a passive boundary
cgndition to the transient flow equations. The metering
valve’s only function is to throttle the fuel flow from the
supply to the fuel pipeline.

The mass flow through the metering valve is dependent

on the pressure ratio between the supply pressure, or



upstream pressure, and the fuel pipeline pressure
immediately following the throttling area of the metering
vglve, or downstream pressure. The mass flow can either be
choked or unchoked, and the equation which determires the
choking condition is eguation (3.5). From Zalmanzon [26],
when the pressure ratio is less than 0.5457, the mass flow
is choked and the equation which describes the choked mass

flow is shown below as:

(-]

2 2
m_=CaA /EPI 7 2 2 (4.16)
12 d 12 RT (7 + 1) [1 ¥ 1] v-1

where C_ is the discharge_ coefficient of the metering
valve, A12 is the throttling area of the metering valve, as
calculated in Chapter 3, using the manufacture’s data given
in Appendix D and P, is the supply pressure. In the case
of the pressure ratio being greater than 0.5457, the uass
flow 1is considered to be wunchoked and the formula

describing the mass flow is:

ﬁum:chlz‘/zmz ¥ P )2 () T (4.17)
RT (7-1) Pi P1

where P_ is the downstream pressure immediately following
the throttling area of the metering vaive.
This boundary condition is to be applied to the

transient flow equations, after the internal points or the
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mass flow and the pressure are solved for each pipe
increment. The metering valve condition is applied only
then to find out if the mass flow through the metering
valve is moving towards the fuel injectors or if it is
returning to the supply source , due to the pressure waves,

and their magnitude.

4.2.3.2 Gaseous Fuel Injector

The second boundary condition is the gaseous fuel
injector. The injector is considered as an active boundary
condition, since the flow area varies with respect to time.
There are several equations used to model the effects of
the injector on the entire fuel injection system. The
basic equations describing the behavior of the injector are

the equation of continuity and the equation of motion.

4.2.3.2.1 Equation of Continuity for a Fuel Injector

The control volume is considered as the injection
chamber. There are three different mass flows which affect
the quantity of gas in the chamber. i.e. the injector

pressure. The three mass flows are: a) the mass flow into

1
.
:
E
;
:
:
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the chamber, m b) the mass flow into the combustion

n-1'

chamber of the engine, m 5t and c) the mass flow out of the

injector into the atmosphere, leakage flow, m Figure

24’
4.4 demonstrates the three mass flows affecting the
injector chamber pressure. Thus, the equation of
continuity for the change of mass in the injector volume

is:
(4.18)

where g%? is the change in mass with respect to time in the
iﬁjection chamber. The mass flow ﬁn_I is the quantity of
gas entering the chamber from the fuel pipe. The value is
obtained from the previous iteration of the time interval
method (Method of Characteristics).

The mass flow ﬁzs is the rate of gas mass entering the
combustion chamber of the engine, or the discharge
characteristic of the injector. This accumulated flow
results in the fuel dose delivered to the engine for
combustion. The mass flow is definitely turbulent, and the
equations describing this flow are similar to those found
for the metering valve modeling, as seen in equations
(4.16) and (4.17). The equations are shown below for the

injector:
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-for choked flow

o 2 2
f._-CcaA /2P2 7 2 12 (4.16)
23 23/ R T+ 1) [1 ¥ 1] 7

-for unchoked flow

° 2 2 v+ o

m__.= CA 2P2 7 P3 ) = _ P3| =~ (4.17)
23 “3/—RT'T7-—1)'[(P2)’ (8] 7]

where the C a for 1‘1’\23 is much lower than the C 4 for ﬁ1 2"

Azs is the injector flow area, which is dependant on the
injector needle 1lift. Calculations of the flow area are
given in Appendix B.

The mass flow ﬁla ., Tepresents the amount of gas that is
leaked to the atmosphere. The leakage flow can be
represented as flow between two parallel plates [26]), as

seen in equation (4.19).

2 2
ns® (P, - P ) D, (4.19)

m =
24 2 uRTL
The mass flow in this case is considered laminar due to the
small clearance, §, of 0.5 um and its interactive length,
L, of 20 mm. D is equivalent to the diameter of the

nheedle plus the clearance, §. See Figure 4.5.

Now that the mass fluctuation model has been
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developed, by use of the continuity equation, the pressure
fluctuations in the injector chamber must be accounted for.
Using the equation of state, the mass of gas in the

injector chamber is solved for as such,

m = —22 (4.20)

However, the mass m, in the injector chamber is calculated
by the use of the continuity equation, equation (4.18);
multiplying the net mass flow change by the time increment
and adding it to the initial mass in the chamber as shown

by equation (4.21).

5 =5 4 4m2 4 (4.21)

2f 21 dt

Thus, by knowing that the mass changes in time and that the
gas constant and the temperature are constant, the pressure
and the volume also change in time as invoked by the
equation of state.

The injector volume changes due to the injector needle
motion, i.e. needle lift h. The equation describing the
volume of the injector chamber is shown in equation (4.22)

[41].



v. =V, +22at (4.22)

where,

Finally, by rearranging equation (4.20) and solving
for the pressure, P, in the chamber after each iteration
and substituting m and V with their iterative values, the

pressure is solved for.

p =-2f (4.23)

This is how the above mentioned equations will be utilized
in the simulation program to solve for the changes in the
injection chamber. Note that for the change in volume, the
value of dh was necessary and it will be obtained from the

equation of motion of the injector needle.

4.2.3.2.2 Equation of Motion of the Injector Needle

Many of the researchers in this chapter’s overview
have modeled an injector by a physical approach, i.e.
mass-damper-spring model; thus, indicating a similarity

amongst all 1liquid fuel injector models. A model of
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complex injector is shown in Figure 4.6 (a) and that of a
simplified model, which will be used in this case, is shown
in Figure 4.6 (b) [42].

The equation describing such a system is a second
order differential equation. The equation for the model in

Figure 4.6 (b) is as follows;

2
massu-i-b -5‘2+Kh=F
dtz f at s e

e (4.24)

where mass is for all the moving parts of the injector, D,
is the damping coefficient, K is the spring force, and
F .. is the total sum of the forces acting on the moving
injector mass. The values of d°h, dh, and h describe the
moving mass acceleration, velocity, and displacement
(needle lift).

The total mass of the injector is considered to be the
sum of the injector needle, the spring holder and the
solenoid armature, plus one-third ( % ) the mass of the

spring [42]. Thus, the equation for the total moving mass

is:

mass = mass_ ,t mass, + 1 mass (4.25)

eedl rmature 3 spring

The total mass involved in this case resulted in 0.094 kg.
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The derivation of the dJamping coefficient, D is

e’
given in more detail in Appendix E, and the spring force,
K., was already discussed in Chapter 3, with the
calibration curves for the springs given in Appendix C.

The effective force, F“T. represents the total sum of
the forces acting on the moving mass. The forces which act
upon the mass are the following: a) the solenoid (electric)
force , F“my which lifts the injector needle of its seat.
b) the spring preload force, me' which maintains a
constant force to return the needle to its seated position.

c) the Coulomb friction force [19], F which is the

fric’
friction between the surfaces of the injector needle and
the injector housing and d) the gaseous force, F;“, which
is the force of the gas acting upon the injector needle.
The manner in which the forces affect needle movement are

shown in Figure 4.7, and the sum of the forces is shown in

equation (4.26).

Feff = Felec+ ans- Fpret Ftrlc (4'26)

Note that the friction force is dependent on the direction
of the moving mass.

Thus, the equation of motion can be expanded, using

equations (4.24) and (4.26), in order to model the motion

of the injector needle.
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Figure 4.7 Simplified Free Body Diagram




a’n dh - _
mass -d-t-—z + D!‘ -d—t + K.h Foloc+ Fq.. Fpre: Ffric (4.27)

where D, g% is the damping force acting upon the needle,

(see Appendix E). Thus the modeling of the injector needle
motion is complete and what remains is to solve for this

equation.

4.2.3.2.3 Method of Solution

The method of solution for the equation of motion of
the injector needle is by the use of a fourth-order
Runge-Kutta approximation. This numerical method was used
by many of the investigators and modelers mentioned in the
overview. A self starting routine was an essential factor
in choosing a numerical method to solve for the injector
needle motion. Even though higher order (fifth and sixth
order) Runge Kutta routines are available, a fourth order
routine provides enough accuracy and flexibility. Another
factor involved in the solution was the size of the time
step; however, the time step for this method of solution is
dependent on the gaseous fuel properties as depicted by the
method of characteristics, i.e. speed of sound of the gas.

The Runge Kutta equations were taken from James et al



[43], and this method can be considered as a typical Runge
Kutta method of solution.
In order to begin the simulation, some initial value

must be assumed for the forces acting upon the injector

needle.
ans = PZ( Aneedle- Anozzle) + PaAnozzle= 233.36 N
Fpre = Px (Aneedle- Anozzle) = 264.51 N
F = 0.5 N

fric

To start the injector needle movement, the electrical
force, Fem. must overcome all forces opposing the upward
motion of the needle.

F

elec= pre fric anl

= 264.51 + 0.5 - 233.36

¢ 32 N

Thus, the solenocid must provide a minimum force of 32 N in
order to start the needle motion. In order for the needle
to reach its full height off its seat, the solenoid must
also overcome the additional spring force, which increases
with needle displacement, h. The additional force is a
product of the spring force and needle displacement; thus,
the total electrical force required is the sum of this
additional force due to the needle displacement and the

force required to start the need'e motion.




Bn bl

F =32+K'h=32+321*0.55

elec

€ 209 N

Now, after some preliminary values have been found in
order to commence the Runge Kutta routine, these parameters
must be upgraded so that a more accurate simulation of the
injector needle motion can be obtained. Fron all the above
mentioned equations, a computer code for the model was
developed and parameters optimized so that the model of the
needle motion would closely match the preliminary

displacement diagrams shown in Figures 3.14 a) and b).

4.2.3.3 Multi-Point Injectors

In the case of multi-point injection system, for
example a twin injector system, the second injector and
feeder pipe act as an accumulator in the fuel system. At
the point where the tee joint exists, an exclusion is made
in the model in order to account for the larger volume of
gas, which affects the pressure and mass flow fluctuations
ix.a the fuel pipe. The following equations are inserted

into the model to account for the accumulator effect:
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a) volume of accumulator

v, .~ length of pipe * cross-sectional area of pipe
= lplpe* Apipe
b) equation of continuity

dmace = -m m =m - dmacc At
—— ace+l acc-1 ace acc —
dt dt
c) equation of state
P _macc R T
acc = ———
v

acec

These three equations are the only difference between a
multi point-injection system and a single-point injection
system model. The effect of the additional volume will be
definitely noticed in the pressure wave effects of the

discharge characteristics.




4.3 SIMULATION RESULTS

The four major components of the mathematical model of
the fuel injection system have been discussed. The method
of solution for the pressure wave traversing is solved by
the method of characteristics. The boundary conditions of
tﬁis solution method have been discussed; these are the
metering valve and the gaseous fuel injector. Whereby the
fuel injector represents an active boundary condition with
an always changing flow area, the metering valve represents
a passive boundary condition with a constant flow area for
one particular engine operating condition. Recall that the
fuel injector was also modeled, with a fourth order Runge
Kutta method of solution to solve its equation of motion,
(a second order differential equation). Finally, the
second injector was discussed on how it affects the fuel
discharge characteristics.

Having defined the model, initial simulations of the
injector can begin to assist in fine tuning of the
parameters in order to obtain a more accurate model of the
entire gaseous fuel injection system.

Following are shown the results of simulations of a
single point gaseous injection system with a 125 mm pipe
connecting the injector and the metering valve. The system

operates on Natural Gas and Hydrogen Gas. The first graph,
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in Figure 4.8, shows the pressure drop and pressure waves

within the pipe, and the second graph, in Figure 4.8, shows

the gas mass flow out of the injector and through the
: metering valve. Figure 4.9 shows similar results for
Natural Gas at a different metering valve opening and
Figure 4.10 shows a simulation using Hydrogen gas. The
simulation will be discussed further in Chapter 6, when the
comparison between experimental values and the analytical
values are discussed, in order to validate the model.

As a note of interest, a finite difference approach

was also considered, the equations to be solved for were
parabolic. Using such a numerical method, one has to
restrict the time increment for stability considerations. A
very small At will require more computations which results
in increased computer time. Therefore, in order to obtain
one cycle of the injection process required a very small
+ime increment which was much greater than 1000 times that
of the used numerical method. The time increment was
decreased in order to maintain stability rather than to
improve on the accuracy of the method. Thus, the reasoning

behind the rejection of this method.
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5. EXPERIMENTAL INVESTIGATION

This chapter deals specifically with the experimental
investigation of the electronically controlled gaseous
iﬁjection system. The main focus of this investigation is
to ensure that both injection systems, single point and
multi-point, can match the operating characteristics of the
given diesel engine, as outlined in Chapter 3, |using
gaseous fuels, Hydrogen and Natural Gas. Thus, the
discharge characteristic and the injected fuel dose will
determine if the injection systems can satisfy those
characteristics.

In the ensuing subsections, the test set-up and
experimental procedure will be first discussed, followed by
the experimental results of the injection systems, using
the gaseous fuels aforementioned. During the tests, the
injection system will be subject to various parameter
changes in order to obtain the appropriate fuel discharge
characteristic and delivery curves. Then, a discussion
will follow in order to draw conclusions and make

recommendations.




R

5.1 TEST SET~UP AND PROCEDURE

A test set-up is required in order to measure and to
analyze the capabilities of the injection systems under
investigation. This set-up was developed specifically to
deal with gaseous fuels. It can be seen schematically in
Figure 5.1.

The test set-up consists of the following components:
a) bottle of compressed gaseous fuel, i.e Hydrogen or
Natural Gas. b) pressure regulator to bring the gaseous
fuel pressure to the required operating pressure level of
100 bars. c¢) metering valve operated by a lirear digital
actuator. d) modified diesel injector fitted with a
solenoid actuator. e) gas dose measuring chamber. £)
computer interface. q) microcomputer with a data
acquisition system and h) oscilloscope and other required
instrumentation for signal acquisition.

The metering valve configuration consists of a
metering valve, Hoke 1315M4B with a 3° taper, and a pipe
leading to the injector. This configuration can be altered
by varying the pipe length and pipe diameter. The solenoid
equipped injector, a modified CAV BKB - 40S5146V diesel
injector, can be altered by varying the spring stiffness
and also by altering the exit flow area of the nozzle by

either changing the injector nozzle or by modifying the
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pintle, as mentioned in Chapter 3. The computer interface
has been discussed in detail in the preceding chapter and
will not be repeated here. The last two items of
importance in the test set-up are the instrumentation and
the fuel dose measuring chamber. Tables 5.1 and 5.2 show
the different configurations for the experiments performed
with Hydrogen and Natural Gas. The configurations can also

be seen in Figure 5.2.

Table 5.1 Gaseous Fuel Injector Configurations

Injector Configuration No. 1

Injector Housing CAV BKB - 4085146V
Injector Nozzle CAV BDN4SD508W
Spring Constant 143 kN/mm

Needle Lift Limit 0.58 mm

Injector Configuration No. 2

Injector Housing CAV BKB - 4085146V
Injector Nozzle CAV BDN4SDS08W~
Spring Constant 321 kN/mm

Needle Lift Limit 0.55 mm

* The injector needle had a modified pintle
as noted in Chapter 3.
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Table 5.2 Metering Valve Configurations

Metering Valve Type Hoke - S/N 1315M4B

3° taper 1.19 mm diameter
Pipe Lengths 125 mm, 250 mm
Pipe Diameters nominal 3.0 mm, 4.5 mm
Configuration # 1 no pipe, metering valve only
Configuration # 2 125 mm pipe of 4.5 mm dia.,

between metering valve and
gaseous injector

Configuration # 2b same as # 2,with 3.0 mm dia.

Configuration # 3 250 mm pipe of 4.5 mm dia.,
between metering valve and
gaseous injector

Configuration # 3b same as # 3,with 3.0 mm dia.

Configuration # 4 metering valve attached to a
tee separating two injectors
connected by two 125 mm
pipes of 4.5 mm diam.

Configuration # 4b same as # 4,with 3.0 mm dia.

The instrumentation used for signal acquisition on the
injection system consists of two pressure transducers and a
linear variable displacement transducer (LVDT). The
pressure transducers are situated in the injector and in
the dose measuring chamber. They are both KISTLER
piezoelectric quartz transducers model 603B2. The one
located in the injector is used to collect data about the

fuel pressure variations in the injection chamber, which
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are vital in analyzing the discharge characteristics of the
injection system. The second transducer is located in the
fuel dose measuring chamber and is being used to measure
the pressure rise in the chamber, which determines the gas
fuel dose injected. This will be discussed further in the
next paragraph specifically describing the fuel dose
measuring chamber. The calibration curves for these two
pressure transducers are given in Appendix C. The LVDT, an
AVL 3075 - A02 transducer, is used to measure the travel of
the injector needle during the injection process. This is
essential in evaluating the effective spring constant, the
spring preload, and the nozzle exit flow area, to avoid
post-injection and chattering of the injector needle. The
calibration curve of the LVDT is also given in Appendix C.
The dose measuring system consists of a closed steel
chamber of fixed volume, a pressure transducer, a relief
valve, and an injector. The dose measuring chamber
principle is based on the perfect gas assumption; thus,
having a fixed volume at a constant temperature, the
pressure rise in the chamber should be proportional to the
mass change in the chamber, i.e. to the fuel dose. The
change in mass due to the change in pressure can be

calculated from the equation of state as follows [1]:

(5.1)

4 s o grech 3 (U
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vwhere, A m = the mass of gas injected
A P = the pressure rise in the
chamber after the injection
process
V = volume of the chamber
T = absolute temperature of the
gas in the chamber
R = the gas constant of the

gaseous fuel

Figure 5.3 shows an oscillogram of the pressure
increase during consecutive fuel injections into the dose
m=zasuring chamber. The step-like pressure increases
correspond to single injections and they are directly
proportional to the mass dose of injected fuel. The
chamber also provides the required back pressure, and is
reguleted thiough a relief valve. The relief valve serves
a dual purpose; first it acts as a safety valve so that not
too high pressure could built up in the chamber and second,
i; limits the maximum pressure level in order to avoid too
high pressure variations where the change in the gas
compressibility siLould be taken into account.

The procedure for investigating the electronic gaseous
fuel injection system is as follows: First, the appropriate
fuel doses are calculated for the key points of the engine
operating characteristic, as seen in Appendix A. The main
objective is to satisfy the 5 different doses of the
characteristic, which are: 100% or nominal dose, better

known as maximum power dose, 130% or maximum torque dose,



b) Channel 1, 25.5 mg/div using Hydrogen Gas

| Figure 5.3 Dose Measurement Calibration Curves.
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20% or minimum idle dose, 20% or maximum idle dose, and
160% or starting dose. Then, the pipes of various lengths
and diameters are cut, as required, to match the injection
configurations to be tested, as shown in Figure 5.2. These
configurations have been selected according to the possible
location of “hese components on an engine as seen in Figure
3.6. Thirdly, the injector is selected with the required
spring constant and preload to produce adequate needle 1lift
and to avcid post-injection problems, as well as to provide
the correct fuel discharge rate in order to assure a large
enough flow area through the injector nozzle. Once this
last step has been accomplished, the tests can be performed
for both gaseous fuels used for this investigation,
Hydrogen and Natural G@Gas. It was found that, at
particularly low doses, the injector needle has a tendency
to seize due to two factors which are the small clearance
between the needle and the nozzle kody and the limited
lubricating properties of gaseous fuels. Thus, in order to
avoid this problem the needle was lubricated with diesel
fuel during testing. This procedure proved successful for
tests with Natural Gas; however, with Hydrogen, some needle
sticking still occurred during lower frequency operations.
The four configurations, as shown in Figure 5.2, were
tested for each gaseous fuel, Natural Gas and Hydrogen.
Along with the four configurations, the pipe diameters were

varied from 3.0 mm to 4.5 mm, and the pipe lengths from 125
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mm to 250 mm. This was in order to demonstrate the effects
of the pipe flow area change and vclume increase between
the injector and the metering valve on the pressure waves
traversing the pipe, the fuel discharge characteristics and
the final fuel dose output from the injection system. The
results were recorded on oscillograms and are discussed in

the ensuing subsections.
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5.2 DISCHARGE CHARACTERISTICS

The intent of this section is to discuss the results
of the experimental investigation on the gaseous injection
system in the different configurations presented
previously, using both Natural Gas and Hydrogen as fuels.

All tests were conducted at the gas supply pressure of
100 bars, and the injector spring preload was set at 120
bars; however, the injector underwent two parameter changes
with Hydrogen as compared to Natural Gas. These changes
consisted of a stiffer spring and a larger nozzle exit
area, as mentioned previously and in Appendices C and B
respectively. Injector configuration 1 was used for
Natural Gas and injector configuration 2 was. used for
Hydrogen Gas. The fuel dose measuring chamber was close to
atmospheric pressure at the beginning of the injections and
was drained after each test run.

The following four key points were observed for the
given diesel engine characteristics which are described in
Appendix A: maximum power (nominal dose) @ 2000 rpm,
maximum torque dose (130% of nominal dose) @ 1600 rprm,
minimum/maximum idle (20% of nominal dose) @ 600/2300 rpm,
and starting dose (160 % nominal dose) € 600 rpm. These
four points were investigated for both gases in all the

configurations tested. See Figure 5.1 for the test set-up.
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The two subsections following are showing the test
results and include the discussions of the discharge
characteristics records when using Natural Gas and

Hydrogen, for all four configurations aforementioned.

5.2.1 Natural Gas Discharge Characteristics

The gas discharge characteristics for Natural Gas from
the four different configurations will be discussed;
however for only one pipe diameter of 4.5 mm. It was found
that the pressure wave amplitudes in the 3.0 mm diameter
pipe were too high and were disturbing the . _Jeration of the
injection system, i.e. the system couid not operate
correctly and post-injection was always present. Thus, the
3.0 mm diameter pipe was no longer considered for the
investigation using Natural Gas.

The test results for the first configuracion are shown
in Figure 5.4. As can be seen from the records, the
changes in flow area of the metering valve resulted in
variations of the fuel delivery characteristics, while the
solenoid remained energized for the same amount of time.
Notice that for the maximum torque and for the starting
conditions, the pressure rose quickly in the injector.

This was due to the high flow area in the metering valve
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b) Engine Speed at 1600 rpm c) Engine Speed at 1600 rpm

and y = 3.5 and y = 10.0

Figure 5.4 1Injection Cycles for Configuration 1 using
Natural Gas.
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and to the fact that there was very little volume of gas
between the metering valve orifice and the injector
orifice. Figure 5.4 a) shows the discharge characteristics
for the injection frequency at 2000 rpm, and Figure 5.4 b)
represents the injection frequency at 1600 rpm with the
same metering valve position as for the injection frequency
af 2000 rpm. However, the fuel dose achieved at that point
was not 30 % greater than at nominal dose, as required for
the nominal torque. In Figure 5.4 c), the 30 % increase in
fuel dose was achieved by increasin~ the metering valve
flow area. It can be concluded from these tests that the
first configuration is not providing the required 30 %
increase in fuel dose from the nominal fuel dose at maximum
power (at 2000 rpm) to 130 % of nominal dose at maximum
torque (at 1600 rpm) without altering the metering valve
position. The main factor in the first injection system
configuration that can contribute to this fact is the small
vélume between the injector and the metering valve.

Figure 5.5 shows the difference in the injection
characteristics between a partly open metering valve and a
fully open metering valve for the first configuration. 1In
the latter case, the injector pressure returns to the
system pressure immediately after injection, while in the
case of the partly open metering valve, the rise is much

slower. The quick pressure rise is much affected by the
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a) Partially Open

b) Fully Open

Figure 5.5 Effect of Metering Valve Flow Area on Pressure
in the Injector.




- 112 -

small volume of tubing between the metering valve and the
injector.

Figure 5.6 shows the fuel discharge characteristics
resulting in different gas doses for configuration 1, that
ié with no pipe separating the fuel injector and the
metering valve. The doses achieved for this configuration
for the 4 observed points, maximum power, maximum torque,

idle, and starting dose, are as follows:

Table 5.3 Configuration 1 results for Natural Gas

Engine Point | Fuel dose (mg) M. Valve (rev)
max. powver 27.86 3.5

max. torque 35.98 10.0

idle 5.22 0.98
starting 44.11 10.0

In each of the oscillograms in Figure 5.6, the upper
curve represents the gas fuel pressure in the injection
chamber and the 1lower curve 1is the injector needle
displacement. Note the small oscillations on the pressure
curve after minimum injection pressure has been reached.
These fluctuations result from the pressure waves generated
at high frequency between the injector and the metering
valve critical flow areas, which are very close to each

other. In the case of Figure 5.6 a), b) and d) the
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Figure 5.6
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Oscillograms of Needle Lift and Pressure Drop
for Configuration 1 using Natural Gas.

a) maximum power dose

b) maximum torque dose

c) maximum/minimum idle dose

d) starting dose

Calibration for pressure curve, 6.9 bar/div.
Calibration for needle 1lift, 0.3 mm/div.
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injector needle achieves full 1lift, while for the idle
engine point, the needle is not reaching the stop.

Figure 5.7 represents the test results of fuel
discharge characteristics for configuration 2 with Natural
Gas. Now a pipe of 125 mm in length has been inserted
between the metering valve and the gaseous fuel injector.
The results achieved for this test are presented below in

Table 5.4.

Table 5.4 Configuration 2 results for Natural Gas

Engine Point | Fuel dose (mg) M. Valve (rev)
max. power 27.86 2.85
max. torque 35.98 3.5
idle 5.22 0.98
starting 44.11 4.0

Notice how much more evident are the pressure waves in
this configuration, as compared to the previous
configuration, with no pipe between the metering valve and
the injector. Also, the pressure drop is significantly
lower due to the larger volume of gas that has been added
between the injector and the metering valve. By comparing
the metering valve openings with those of the previous
configuration, a considerable difference can be seen for

all engine operation ranges, except for the idle dose,




T AT R S P e P i

A

- 115 -

500
mv

HIRI1Z

5
ms

Figure 5.7 Oscillograms of Needle Lift and Pressure Drop -
for Configuration 2 using Natural Gas.
a) maximum power dose
b) maximum torque dose
c) maximum/minimum idle dose
d) starting dose
Calibration for pressure curve, 6.9 bar/div.
Calibration for needle lift, 0.3 mm/div.
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wﬁich happen to have identical flow area but with different
pressure drop. This can be, also in part, due to the
inaccuracies of the metering valve positioning during the
tests and will be discussed, in greater detail, later.
Figure 5.8 shows the oscillograms for the fuel
discharge characteristics for configuration 3 with a 250 mm
pipe length inserted between the metering valve and the
injector. The test results are summarized in the following

table.

Table 5.5 Configuration 3 results for Natural Gas

Engine Point Fuel dose (mg) M. Valve (rev)
max. power 27.86 2.0
max. torque 35.98 2.0
idle 5.22 0.95
starting 44.11 N.A.

The effects of the ©pressure waves in this
configuration seem to be smaller as compared with
configuration 2. This can be attributed to the only two
changes added to the system, the increased volume and the
increased distance between the injector and the metering
valve. Notice that the pressure drop for idle dose is
almost negligible, which indicates that there is almost

enough fuel stored in the pipe to supply the minimum engine



- 117 -

CH?2

500
myV

HORI1Z

5
wnS

Figure 5.8 Oscillograms of Needle Lift and Pressure Drop
for Configuration 3 using Natural Gas.
a) maximum power dose
b) maximum torque dose
c) maximum/minimum idle dose
d) starting dose
Calibration for pressure curve, 6.9 bar/div.
Calibration for needle lift, 0.3 mm/div.




requirement at idle speeds. For this configuration, the

metering valve position for both, maximum power and maximum
torque was found to be identical, i.e driveability of the
engine, is assured without the metering valve position
changing. The pressure drop and the metering valve flow
area for this configuration have decreased by a large
increment as compared to the values obtained for
configuration 2.

Figure 5.9 shows the discharge characteristics for
configuration 4 for Natural Gas. This configuration is for
the multi-point injection system and the results are shown

in Table 5.6.

Table 5.6 Configuration 4 results for Natural Gas

Engine Point Fuel dose (mg) M. vValve (rev)
max. power 27 .86 2.0
max. torque 35.98 '2.5
idle 5.22 0.98
starting 45,27 4.0

The volume in this configuration is identical to the
one in configuration 3. but the length of the pipes between
the metering valve and the injectors is identical to
configuration 2. Notice how more evident the pressure

waves are regarding the pressure drop curve, as compared
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Figure 5.9 Oscillograms of Needle Lift and Pressure Drop
for Configuration 4 using Natural Gas.
a) maximum power dose
b) maximum torque dose
¢) maximum/minimum idle dose
d) starting dose
Calibration for pressure curve, 6.9 bar/div.
Calibration for needle lift, 0.3 mm/div.




to those in configuration 3. The waves are dampened due to

the accumulator effect caused by the volume of the second
injector in the pipeline between the metering valve and the
first injector; thus, the effects on the pressure drop are
minimized, as can be seen from the pressure curves and
doses. However, the metering valve position for maximum
torque has changed as compared to those observed in
configuration 3, no longer maintaining the desired
driveability factor found in configuration 3.

From observations made with the four configurations,
it can be concluded that there was reduced mnozzle
chattering and less post-injection in the configurations
with higher fuel volume between the metering valve and the

injector.

5.2.2 Hydrogen Gas Discharge Characteristics

The tests of the gas discharge characteristics for
hydrogen gas were performed for all the configurations
mentioned in Table 5.3. The pressure wave amplitudes
during the tests were not as disruptive as those found
during the tests for Natural Gas. The injector
configuration number 2 was used due to the required flow

area for Hydrogen gas as calculated in Chapter 3.
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Figure 5.10 contains the oscillograms obtained for the
fuel discharge characteristics for configuration 1, i.e.
with no connecting pipe. Table 5.7 summarizes the fuel
doses and metering valve positions. Notice that the effect
of the metering valve on throttling of the incoming supply
gas is negligible. The pressure rise is almost immediate
and leads to higher amounts of leaked gas due to sustained

higher pressure in the injector.

Table 5.7 Configuration 1 results for Hydrogen Gas

Engine Point | Fuel dose (mg) | M. Valve (rev)
max. power 13.87 7.5

max. torque 18.25 13.0

idle 3.00 1.05
starting 22.63 8.0

Figure 5.11 are showing the resultant oscillograms of

the tests performed with configuration 2 of Table 5.3.

Table 5.8 summarizes the results obtained.
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Figure 5.10
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Oscillograms of Needle Lift and Pressure Drop
for Configuration 1 using Hydrogen Gas.

a) maximum power dose

b) maximum torque dose

¢) maximum/minimum idle dose

d) starting dose

Calibration for pressure curve, 13.8 bar/div.
Calibration for needle 1lift, 0.3 mm/div.
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Figure 5.11

Oscillograms of Needle Lift and Pressure Drop
for Configuration 2 using Hydrogen Gas.

a) maximum power dose

b) maximum torque dose

c) maximum/minimum idle dose

d) starting dose

Calibration for pressure curve, 13.8 bar/div.
Calibration for needle lift, 0.3 mm/div.
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Table 5.8 Configuration 2 results for Hydrogen Gas

Engine Point | Fuel dose (mg) M. Valve (rev)
max. power 13.87 1.9
max. torque 18.25 1.9
idle 3.00 1.03
starting 23.56 1.25

A large impact of the metering valve opening and additional
volume inserted between the metering valve and the injector
can be shown by comparing this figure to Figure 5.10. The
pressure wave effect is also seen in this series of
oscillograms; however, is less disturbing than found
previously for Natural Gas.

Figure 5.12 shows the results from tests of
configuration 2b. Table 5.9 summarizes the essential
values of the test results. Configurations 2 and 2b differ
by a cross sectional flow area and a different volume. The
first observation is that the metering valve positions are
not very different and that there is a definite dif€erence
in pressure drop in order to obtain the required doses.
The difference is approximately 6 bars at maximum power

between the two configurations.
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Figure 5.12 Oscillograms of Needle Lift and Pressure Drop
for cConfiguration 2b using Hydrogen Gas.
a) maximum power dose
b) maximum torque dose
¢) maximum/minimum idle dose
d) starting dose
Calibration for pressure curve, 13.8 bar/div.
Calibration for needle lift, 0.3 mm/div.
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Table 5.9 Configuration 2b results for Hydrogen Gas
Engine Point | Fuel dose (mg) M. Valve (rev)
max. power 13.87 2.0
max. torque 17.55 2.0
idle 3.00 1.08
starting 22.63 1.5

Figure 5.13 shows the results of test on configuration
3. Table 5.10 summarizes the metering valve positioning
and fuel doses achieved. The pressure waves have been
dampened more due to the larger gas volume inserted between
the injector and the metering valve and the pressure drop
has been reduced in half as compared to that in Figure

5.11.

Table 5.10 Configuration 3 results for Hydrogen Gas

Engine Point | Fuel dose (mg) M. Valve (rev)
max. power 13.87 1.85
max. torque 18.25 1.85
idle 3.00 1.05
starting 23.36 1.3

Figure 5.14 shows the results of configuration 3b

tests. The ensuing table summarizes the results.
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Figure 5.13 Oscillograms of Needle Lift and Pressure Drop
for Configuration 3 using Hydrogen Gas.
a) maximum power dose
b) maximum torque dose
c) maximum/minimum idle dose
d) starting dose
Calibration for pressure curve, 13.8 bar/div.
Calibration for needle lift, 0.3 mm/div.
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Figure 5.14 Oscillograms of Needle Lift and Pressure Drop
for Configuration 3b using Hydrogen Gas.
a) maximum power dose
b) maximum torque dose
c) maximum/minimum idle dose
d) starting dose
Calibration for pressure curve, 13.8 bar/div.
Calibration for needle lift, 0.3 mm/div.
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Table 5.11 Configuration 3b results for Hydrogen Gas

Engine Point Fuel dose (mg) M. Valve (rev)
max. power 13.87 1.9
max. torque 17.893 1.9
idle 2.63 1.04
starting 23.36 1.4

The results in Figqure 5.14 are very similar to those in
Figure 5.13, for configuration 3. The only exception is
that in this case, the pressure waves are more evident than
in configuration 2b. The amplification of these waves is
probably due to the larger distance that the pressure wave
must travel and that there 1is a more restrictive
cross-sectional area as compared to configuration 2b and 3
respectively.

Figure 5.15 and 5.16 are the test results of
configurations 4 and 4b respectively. These tests are for
the multi-point injection system, which are the pinnacle
for this entire investigation. Table 5.12 and 5.13
summarize the results respectively. In both cases the
pressure wave amplitude has been dampened; however, a
little less in configuration 4b. All doses have met the
requirements and once again, the metering valve positioning
is quite similar as is the pressure drop. This can help to

determine what direct relation the metering valve position
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Figure 5.15 Oscillograms of Needle Lift and Pressure Drop
for Configuration 4 using Hydrogen Gas.
a) maximum power dose
b) maximum torque dose
c) maximum/minimum idle dose
d) starting dose
Calibration for pressure curve, 13.8 bar/div.
Calibration for needle 1lift, 0.3 mm/div.
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Figure 5.16
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Oscillograms of Needle Lift and Pressure Drop
for Configuration 4b using Hydrogen Gas.

a) maximum power dose

b) maximum torque dose

c) maximum/minimum idle dose

d) starting dose

Calibration for pressure curve, 13.8 bar/div.
Ccalibration for needle lift, 0.3 mm/div.
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has on the pressure drop, given a known volume between the
injector and the metering valve. Furthermore, the pressure

drop difference between these two configurations has
decreased significantly as compared to the difference in

pressure drop between configurations 2 and 2b.

Table 5.12 Configuration 4 results for Hydrogen Gas

Engine Point

Fuel dose (mg)

M. Valve (rev)

max. powver 13.87 1.9

max. torque 17.52 1.9

idle 3.00 1.1

starting 22.63 1.3

Table 5.13 Configuration 4b results for Hydrogen Gas

Engine Point Fuel dose (mg) M. Valve (rev)
max. power 13.87 1.97

max. torque 17.89 1.97

idle 2.92 1.05

starting 22.63 1.3

Notice that out of all configurations tested, seven of

the configurations have met the desired driveability

parameter of the engine and that only the first

configuration did not. By comparing with Natural Gas, it
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seems that there is definitely an effect of the molecular
weight and molecular size of the gaseous fuel used during

the tests.



5.3 DISCUSSION OF RESULTS

The intent of this discussion is to summarize the
experimental results and to outline the key parameters that
affect the gaseous injection systems in question. There
are several conclusions which can be drawn from the test
results with Natural Gas and Hydrogen Gas. Some of the Kkey
parameters to analyze are the following: pipe diameter,
pipe length, injector configuration and gas dose size to
satisfy the engine characteristics, including driveability.

The pipe diameter and pipe length have a definite
effect on the pressure wave amplitudes in the injection
system and can cause instability in the system, i.e.
reasons for which the 3.0 mm pipe was not used in the
Natural Gas injection system tests. The smaller the pipe
diameter and the longer the length, the higher are the
pressure wave amplitudes. This can be shown by comparing
Hydrogen Gas tests of configuration 2 and 2b and then
comparing 2b and 3b, respectively. This is true for the
Natural Gas configurations as well.

The gaseous injection system was tested in different
configurations in order to establish the best possible
design, when delivering the required fuel doses. It was
shown that the larger the volume between the injector and

the metering valve, the easier it was to meet the required
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fuel doses at higher speeds; however, much more difficult
to achieve the required dose at low speeds.

In the case of the multi-point injection system, there
were several points observed. The points are: a) It
maintained a higher volume, such as configqurations 3 and
3b. b) It fed multiple injectors; thus, decreasing costs
of piping and metering valves required in an engine. And
c) it met all the required engine characteristics and met

the driveability requirements.



6. ANALYTICAL MODEL VALIDATION

The objective of this investigation is to develop a
new type of injection system for gaseous fuels. In order
to develop such a system, there are certain steps that must
be performed. An experimental investigation is required to
find out, wlat possible characteristics the injection
system possess and whether it can meet the requirements of
an engine’s operating characteristics. Then, a method of
prediction and optimization for such a system must be
developed which is necessary to achieve desired
improvements of the existing gas injection system. Thus,
in order to predict the behavior and to optimize the
injection system, a mathematical model must be developed,
as was presented in Chapter 4, and it must be validated by
comparing to the actual test results, such as the
experimental results discussed in Chapter 5.

This comparison determines how close the gas injection
system can be simulated for a given injection system on a
particular engine. First, several simulation results will
be shown plotted against the experimental results for both
Natural Gas and Hydrogen. This will be followed by a
discussion on the sources of error or discrepancies between

the simulation results and the test results.




6.1 ANALYTICAL AND EXPERIMENTAL RESULTS COMPARISON

The following configurations were simulated, on the
computer via simulation code in Appendix G, and plotted
against the experimental results. Configurations 1 and 2
were chosen for Natural Gas, and configurations 2 and 4
were chosen for Hydrogen to be simulated. These
configurations were chosen to reflect all the possible
configurations described in Chapter 5. The validation of
the model is performed not only on the gas dose value, but
also on two additional parameters, pressure in the
injector, and injector needle displacement.

Figures 6.1 and 6.2 compare the simulated results and
the experimental results of configuration 1 and
configuration 2 for Natural Gas, while Figures 6.3 and 6.4
show the comparison for configurations 2 and 4 for
Hydrogen. While the injector pressure and needle motion is
compared in the figures, the dose values are tabulated in
the following table with the metering valve position and

pressure drop for both experimental and simulated results.



- 138 =~
07
0.6
0.5
0.4 -
T
E
‘:‘ 0.3
5
% 0.2 =
$
4
0.1 T [\
, A_A_
yv-
-0.1 o
-~0.2 T T T T T T T T ™
60 62 64 66 68 70
time [msec]
—— gimuloted + expesrimental
a) Needle Lift versus Time
102
100 r
++}/
ol 7
A 7
I B4
2 \ 7
- [0
ot /
H
a 86 % //
84 \ /'
T3 A
80 \+/
78
76
60 80 100 120
time [msec)
—  simuloted + experimental
b) Pressure versus Time
Figure 6.1 Comparison of Experimental and Simulated
Results for Configuration 1 using Natural Gas.




- 139 -

0.7
AN
' |
0.5 ﬂ[ \\\
E 0.4
: Il A\
5 0.3
; 1 \
// \\//h\\ A
0 W '
-0.1
60 62 64 66 68
. time [msec] .
— simulcted + experimental
a) Needle Lift versus Time
100
99 ’////
-,
\ ///f”
98 - - F+
'\ et
o w A
+t
% \
: = \ Vs
g 95 !7/
7
+
94 . /
T
92
60 80 100 120
. time [msec) )
— simuloted + experimental

b) Pressure versus Time

Figure 6.2 Comparison of Experimental and Simulated
Results for Configuration 2 using Natural Gas.




- 140 -

0.6

0.5 +

0.4 -

0.3 -

0.2 -

Needle Lift [mm]

0.1 -

,, AN

VVVV

0.1 T ¥ T T
60 62 64

T L)

68 70

time [msec]
simuloted + experimentol

a) Needle Lift versus Time

“100
98 ]

QG-Y /(
\

94
92 -7
90 -
88

Preasure [bar]

80
78

N Y I 7
\
\
\

76
74

\.
S I W
4

70

60 80 100 120

time [msec]
—  gimulcted + experimentol

b) Pressure versus Time

Figure 6.3 Comparison of Experimental and Simulated
Results for Configuration 2 using Hydrogen Gas.




- 141 -

Needle Lift [mm])

100
99
98
97
96
95
94
93
92
91
90
a9
88
87
86
as
84
a3
82
81
8o

Pressure [bar)

Figure 6.4

66 68 70

time [msec]
simulated + experimental

a) Needle Lift versus Time

e
T+
s

| s

+ / +F

PR

| A

\ A &

\ 7T+

\ / .1

\ st

\ o+

\ Lot

\ A+

1 .

e

\1{4

60 80 100 120

time [msec])
—  simulated + experimentol

b) Pressure versus Time

Comparison of Experimental and Simulated
Results for Configuration 4 using Hydrogen Gas.




- 142 -

Table 6.1 Summary of Experimental and Simulated Results

Conf. Gas Press. drop M.V. revs. Gas dose
sim. exp. sim. exp. sim. exp.
1l CH4 23.0 22.8 4.0 3.5 25.8 27.9
2 CH4 7.82 7.59 4.2 2.85 28.2 27.9
2 H2 30.4 31.7 3.5 1.90 12.8 13.9
4 H2 19.3 19.1 4.3 1.90 14.1 13.9

Notice that for the pressure drop and the gas dose,
the percentage difference between the experimental and
simulated results is within a range of 10 £%. The only
vériables that can be changed in the simulation code is the
injector timing, ¥, which is adjusted in degrees of the
crank, and the metering valve opening, y. The only larger
discrepancy found in the entire comparison is the metering
valve positioning. The sources of possible errors in the
metering valve opening will be discussed in the ensuing
section.

The overall result of the comparison is that the
simulation results quite closely match the experimental
results; thus, validating the mathematical model developed
in Chapter 4. Furthermore, it will be shown that a
simplified model can be developed which excludes the
pressure wave effects and; therefore, requires less time to
simulate the injection process; this will be discussed

further in Chapter 7.



6.2 ERROR ANALYSIS

There are three different possible causes of error for
the discrepancy between the experimental results and the
simulated results. The three possibilities are the
following: 1) reading of the oscillograms, 2) mnetaring
valve positioning and 3) volumetric calculations.

The oscillograms, as shown in Chapter 5, were quite
difficult to interpret correctly. A millimeter of error on
the curve for the pressure drop could result in a 1.5 bar
difference. Note also that the pressure transducer was not
located in the injector chamber, but at a distance of some
40 mm away from the actual point of observation; this was
another source of error. The same could be said for the
LVDT which was not located exactly on the injector needle,
but was attached to the solenoid armature. Thus, the
needle could move separately while the solenoid was still
dissipating its energy field. This possible source of
error from the LVDT is the evidence of overshoot and
bouncing in the oscillograms; the measurements could be a
little out of phase from the actual needle motion. Also,
the bouncing has the effect of adding additional fractions
of thefuel dose to the experimental values, while in the
simulation code bouncing is omitted. Another source of

error could be anticipated for the pressure transducer in
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the dose measuring chamber; it may have deviated from the
calibration regime, even though it was recalibrated after
each experiment for a particular fuel dose.

The largest source of discrepancy results from the
evaluation of the metering valve position. In the model
simulation for the metering valve, the first attempt was to
nar the theoretic2? sonroact ~rnd e o Tept ! e Ve
area; however, a larger discrepancy was observed when
matching the experimental results to the analytical ones.
Thus, the manufacture’s data, Appendix D, was taken into
account, as discussed in Chapter 3. Knowing the Cv, flow
coefficient for water, the metering valve flow area was
calculated, using water as the medium and with the use of
basic flow equations given by the manufacturer. Thus, the
metering valve flow area found was corresponding to the
flow coefficient of the metering valve and then the flow
area was matched to the notches on the thimble of the
metering valve. This relationship of metering valve flow
area to the notches permitted the correction of the major
part of the discrepancy in metering valve positioning, and
allowed the validation of the injection process, shown
previously.

The last source of error to be discussed was the
inaccuracies in determining the volumes in the pipes,
connections, in the injector and metering valve. In the

case of the pipe diameter it was assumed without production
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tolerances, stating it at nominal value of 4.5 mm diameter
when the real diameter was 5.5 mm. Also, some tees and
bends have been omitted, which have caused a lower
estimation of the actual volume in the system and it may
have also been reflected on the pressure wave simulations.

The injection chamber volume was easy to measure, but the

v, . . . . 1

RS
pressure transducer was more difficult to measure, what
would add to the inaccuracy of the volume estimation.

In summary, after all corrections, the simulated
results quite closely matched the experimental results.
With a 1little more parameter tuning and more precise
assumptions and measurements, the simulated results could
even more closely match the experimental results. Some of
the parameters to tune are the effective solenoid force,
the injection duration, the discharge coefficients for the
metering valve and the injector, the gas flow friction in
the pipe and the addition of some minor losses in the
conduits. Also, with more attention being paid to the
metering valve positioning and to the calibration of
pressure transducers and LVDTs, the results would be more

reflective of the actual process.



7. LMFFACT Or SibThM DESILGN PARAMEIERS ON THE
INJECTED GAS DOSE

The intent of this chapter is to use a simplified
model, as compared to that described in Chapter 6, and to
use it in order to optimize the design and to predict the
functioning of the electronically controlled gas injectian
syscen.

The present problem existing with the detailed model,
is the long time required to complete one simulation cycle
which amounts to approximately one half hour to perform all
the iterations and to reach non-zero flow conditions within
the fuel pipeline. Thus, the objectives of the simplified
model are to decrease the number of iterations required to
attain the steady engine operating state, while maintaining
a sufficient degree of accwuracy.

The test results presented in Chapter 5, are showing
that there is not a big impact of the system volume
distribution on the injected gas dose and that the most
important factor affecting the dose is the total system
volume, included behind the metering valve critical flow
area. The latter is throttling the flow of the gas to the
injection system and is providing some kind of barrier
which isolates the system from the gas supply 1line.
Therefore, a lumped volume assumption in making a

simulation model of the injection system has its




justification; however, it would be 1limited rather to the
injection systems for lower speed engines, as in large
truck diesel engines. In some cases of high speed diesel
engines, the injection system time would become shorter and
the impact of the pressure waves on the injected gas dose
will be more significant.

The prov-- ° NI ISR e Sanl o ey,
shown in Figure 7.1, should be evaluated regarding its
ability to inject a particular dose of gas within the
required time limit. To control the gas dose, the design
parameters of the gaseous injection system should be
altered. There are two groups of design parameters: a)
incorporated design parameters, which are included into the
system comnonents, and b) variable design parameters, which
can be altered during the operation of the gaseous fuel
injection systen.

The incorporated design parameters for the gaseous

fuel injection system are:

1) injector nozzle orifice flow area: Ao
2) injection system total volume : V2
3) injector system supply pressure : Pi

The variable design parameters for the gaseous

injection systenm are:

1) the metering valve flow area : A2
2) the injection duration time : tin)
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These parameters will be used in order to help to
optimize the gaseous fuel injection system, via the

simplified model simulations.



7.1 SIMPL1FIED MODEL OF THE GASEOUS FUEL INJECTION SYSTEM

Based on Figure 7.1, the simplified mathematical model
can be developed and used to calculate the injected gas
dose under certain engine operating conditions. For this
purpose, there is no special need to fully simulate the
unsteady Liow CudlaCiLerisvwuics, 1.6 110 pressure wave
influence would be considered. Instead, only the injection
system lumped volume between the metering valve and the
injector would be included in the simulation. This wvolume
in the open system, between the metering valve restriction
and the injector nozzle orifice, will be considered to be a
control volume, as shown in Figure 7.2.

The following equations are used to describe the

events surrounding the control volume:

Bo=h + 2BV . g (7.1)
dt
or
dpz, V
A12U12p12 = AoUopo + d—t * E * dt (7-2)

Calculations are done for At intervals from toto tfto
find the velocity of the gas, U,, and thus the dose will be

calculated by integrating ﬁle from t to t .
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The following is a list for the model simplification
assumptions:

l) The changes of physical properties of the gas
inside the control volume are instantaneous, i.e. the
propagation of the pressure waves across the control volume
occurs at an infinite velocity. This assumption is
justified by the following: assuminag an injectirmn Avvst inag
of 5 ms, the distance between the metering valve and the
injector orifice is 0.250 m and the velocity of sound is
300 m/sec for Natural Gas and 1300 m/sec for Hydrogen Gas
at 100 bar pressure. Then, for the case of Natural Gas,
the time for the pressure wava to traverse the distance is
0.83 ms; thus, the pressure wave traverses 3 times during
the injection period. It allows us to assume that the
pressure in the injection system can be considered constant
for the simplified calculations.

2) The injector processes are assumed isothermal.
They occur in ambient room temperature (see test
déscription in Chapter §5) without any heat release and
adiabatic compression or expansion processes.

3) The alternative gaseous fuels, Hydrogen and
Natural Gas, can be considered as ideal gases under
isothermal conditions, i.e. with no significant changes in

the gas constant of either gas.




7.1.1

Calculations

aforementioned simplified injection system model.
doses obtained were calculated for the same conditions as
the test results, shown in Chapter 5.

calculations are shown

have
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been

in Tahles 7 1

performed

Gas and Hydrogen Gas respectively.

and 7 92

Results and Validation of the Simplified Model

using the

The gas

The results of these

for Watunra?

Table 7.1 Comparison of Simulated Results and Experimental
Results using Configuration 1 with Natural Gas
Eng. Injection | Metering Fuel Dose Pressure
Point| time (ms) Position (mg) Drop (bar)
(rpm) (rev)
exp | sim | exp | sim | exp sim exp sim
2000 5.2 4.9 3.5 4.0 27.8 27.5 21.4 18.6
L6UU 6.2 5.8 10. 10. 36.0 35.9 13.8 16.1
600 7.2 6.9 10. 10. 44.1 43.6 16.5 18.5
Table 7.2 Comparison of Simulated Results and Experimental

Results using Configuration 1 with Hydrogen Gas.

Eng. | Injection | Metering Fuel Dose Pressure
Point| time (ms) Position (mg) Drop (bar)
(rpm) (rev)

exp | sim | exp | sim | exp sim exp sim
2000 5.6 5.4 ¢ 7.5 7.5 13.9 13.9 40,0 45.4
1600 6.1 3. 13. 18.2 17.5 34.5 31.5
600 9.0 1. 8.0 7.0 22.6 22.6 55.2 59.1
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Notice frem the two tables how close the comparisons
are in both fuel dose and metering valve positioning, as
compared to the simulations done in Chapter 6. There is a
higher degree of error in the injection time and in the
pressure drop, but not for all cases. This is probably due
t;; the model neglecting the pressure wave effects on the
injection process and to the inacrurate positionina nf the
metering valve. If the metering valve positioning were to
be corrected, the error could perhaps be smaller on the
injection duration. Also, the bouncing of the needle has
to be taken into account, since it results in an additional
amount of fuel: there is no accounting done for the
bouncing effect in the model presented.

Summarizing, the range of error is well within 10
percent and the simulated results in general conform with
the experimental results. Thus, the simplified model can
be considered useful in developing a gas injection system

and predicting its behavior.

s Pk B



7.2 EFFECT OF DESIGN PARAMETER VARIATIONS ON THE
INJECTED GAS DOSE AND PRESSURE DROP IN THE INJECTOR

The calculated gas doses presented in Tables 7.1 and
7.2 have been included in the plots showing fuel dose
versus the opening of the metering valve flow area for
varinus copficmratinne AMlan the v v 3 e
injector volume has been plotted versus the metering valve
flow area, and the gas dose has been plotted versus the
injection time. The graphs in Figures 7.3 through 7.16 are
showing the results obtained for Natural Gas and Hydrogen
injections, for three different engine speeds: maximum
power, maximum torque and starting.

The obtained simulation results can be used to predict
the effect of the design parameters of the fuel injection
system on the dose of gas injected and on the pressure drop
in the injector volume. By substituting different design
parameters and calculating the gas dose and pressure drop,
the relationship between the dose and the design parameter
variation can be calculated and plotted on a graph. Thus,
having such graphs for several design parameters,
optimization of the design of the injection system could be
performed. Such graphs are useful since they reduce the
need to test different configurations; thus, reducing the
necessary time and costs in developing a new gaseous fuel

injection systemn.
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Natural Gas Simplified Model
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Figure 7.3 Fuel Dose vs Metering Valve
Flow Area at 2000 rpm for Natural Gas.
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Figure 7.4 Pressure vs Metering Valve
Flow Area at 2000 rpm for Natural Gas.
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Natural Gas Simplified Model
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Figure 7.5 Fuel Dose vs Injection Time
for Natural Gas at 2000 rpm.
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Figure 7.6 Fuel Dose vs Metering Valve
Flow Area at 2000 rpm for Hydrogen Gas.
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Hydrogen Gas Simplified Model
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Figure 7.7 Pressure vs Metering Valve
Flow Area at 2000 rpm for Hydrogen Gas.
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Figure 7.8 Fuel Dose vs Injection Time
for Hydrogen Gas at 2000 rpm,




Natural Gas Simplified Model
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Hydrogen Gas Simplified Model
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Figure 7.12 Pressure vs Metering Valve
Flow Area at 1600 rpm for Hydrogen Gas.

25
20 -
15
10 - ~
5_-..—___..—..-. .t - - —
G - . |- - i i ]
0 0.1 0.2 0.3 0.4 0.5 0.8
Metering Valve Flow Area [mm2]
Injection time [ms]
—26 ——573 ——885
Figure 7.1 Fuel Dose vs Metering Valve
Flow Area at 1600 rpm for Hydrogen Gas.
Hydrogen Gas Simplified Model
Pressure Drop |bar]
100 ;
80 g
80
40 -
20 ‘ —
0 | - + } %
o 0.1 0.2 0.3 0.4 0.5 0.8




Natural Gas Simplified Model
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Figure 7.13 Fuel Dose vs Metering Valve
Flow Area at 600 rpm for Natural Gas.
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Flow Area at 600 rpm for Natural Gas.
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Hydrogen Gas Simplified Model
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Figure 7.15 Fuel Dose vs Metering Valve
Flow Area at 600 rpm for Hydrogen Gas.
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Figure 7.16 Pressure vs Metering VYalve
Flow Area at 600 rpm for Hydrogen Gas.




7.3 CRITICAL ASSESSMENT OF THE TEST RESULTS

After having computed the gas dose and comparing with
the experimental results, some inaccuracies in the test
results have been detected

1) There was a significant inaccuracy in the setting
of tne umetering valve position during the experimental
investigation, which was based on the notches machined on
the metering valve thimble. The clearance in the thread on
the screw of the micrometer handle and on the metering
valve spindle resulted in some kind of hysteresis in the
valve positioning. Not enough attention was paid to
approach the desired metering valve position from one side
only, by returning it to its datum point and then opening
the metering valve.

2) The results for Configuration 1 were more
scattered. This can be explained by the fact that in
Configuration 1 the gas volume is small and the impact of
the metering valve opening is more dominant for the gas
dose and pressure drop.

3) The gas dose and pressure measurements, for which
an oscilloscope was used, were not very accurate and
contributed to the deviations being observed in Chapter 5.

All these factors had some effect or the actual

accuracies of the test results and contributed to some
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deviation in model validation. The largest source of error
was on the metering valve positioning, as discussed in
Chapter 6, this is what caused the simulation results to
differ from the experimental results, obtained in Chapter
5. This is due to the improper attention paid to valve
positioning. Had more concern been paid to this detail,
the experimental vreanlte wonlA have Wreen were - 0 0

matched to the simulation results.



8. CONCLUSIONS AND RECOMMENDATIONS

The following chapter consists of conclusions and
recommendations regarding the investigation into
electronically controlled multi-point gaseous injection
systems.

The first section will deal with an overview oOL Lue
work presented and will draw several conclusions on the
outcome of the investigation.

The last section will deal with some recommendations
for future research and investigation into electronically

controlled gaseous injection systems.



8.1 SUMMARY AND CONCLUSIONS

In summary, the main objectives of this work was to
perform simulations of gaseous fuel injection for use in
high speed diesel engines.

First. a mathematical model was developed in ardny
simulate an injection process with the use of Natural Gas
and Hydrogen and to simulate the impact of the pressure
waves on the injection system. The results of simulation
were then matched with the experimental results to find out
the pressure wave effect on the injected gas dose.

A test set-up, with an electronically controlled
injector and a computer controlled data acquisition with a
novel dose measuring chamber, was equipped with
instrumentation to measure the needle displacement and the
injector pressure. This allowed to find different
injection characteristics for required gas doses of an
engine’s operating characteristics. The dose was found
versus the opening of the metering valve and the pulse
width of the current controlling the 2z2lenoid actuated
injector.

The comparison of the injection characteristics with
the simulated results allowed to validate the mathematical
model that was developed to emulate an injection system.

This validation was also helpful to predict the gas dose
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obtained from the injection system. Also, a simplified
model was developed whereby the pressure waves were
neglected and the injector and the metering valve were
placed close to each other. This approach reduced the
necessary calculation time significantly with the results

being close to the experimental results. Several

~ L

simulations were nerfarmad Ay AL Lo wn Y yine
openings and injection times, which allowed to predict the
gas dose of either Natural Gas and Hydrogen, as well as the
pressure drop obtained in the injection system. This
method was sought to be used when developing a new gas
injection system for predicting the gas injection process
for different engine sizes.

Thus, the following conclusions can be formulated from
the summary mentioned above:

1) The investigated systems responded well to the
metering valve opening and to the pulse width of the
current sent to the solenoid actuated injector. This
provides a great deal of flexibility for the designer who
can choose the best manner of operation for a particular
injection system.

2) The impact of the pressure waves between components
located at some distance was found not to be significant to
the amount of the gas dose injected and to the pressure
drop in the injection system. The same was found in the

case of the multi-point injection system. It can be
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concluded that the most important factor was the volume of
fuel between the metering valve and the injector nozzle;
much less significant was the actual volume distribution.

3) Based on the previous conclusion, the simplified
method of dose calculation can be recommended for design
purposes, giving to the designer the known values of
metering valve opening puler width cnrvent and
drop for a certain dose requirement.

4) The equipment used to operate the multi-point
injection system was slightly inadequate since it lacked a
high-speed A/D converter for data acquisition. The
conversion speed was too slow and not enough data points
were collected for the injection process which lasted a few
milliseconds; thus, a cathode oscilloscope was used for the

injection process records.




8.2 RECOMMENDATIONS

The following is a 1list of possible recommendations
for future work regarding multi-point electronically
controlled gaseous injection systemns.

| 1) The solenoid controlled injectors that were used in
this investigation were not designed as state of the art
equipment. The solenvids were heavy and bulky, which
affected the response time to the pulse width current.
Thus, more modern and more compact solenoids should be used
to operate the injectors.

2) The injectors that were used always had a tendency
to seize after several cycles of operation. They needed to
be lubricated often. Thus, the injectors to be used for
future work should have a higher clearance to avoid
seizures, and also the needle needs to be more pressure
bélanced in order to avoid sealing of the gas flow along
the nozzle gquide.

3) It can be predicted that the metering valve may not
always be required in an injection system. In case when
the gas supply to the injector is not obstructed or
affected by any pressure waves, it would eliminate the need
for a metering valve, without affecting the gas pressure
level in the injectors. Then, the only tool to modify the

injection characteristics would be the pulse width
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modulation to vary the injected gas dose.

4) More investigation should proceed with the design
of multi-point injection systems for gaseous fuels. The
designs should involve more than just two injectors fed
from the same reservoir and controlled from one metering
valve. As aforementioned in the conclusions section, the
most important feature was the volume between the meterine
valve and the injectors and not the volume distribution.

5) The control and data acquisition equipment also
need to be at the state of the art, as well as the
programming of the control codes. There is a definite need
for a multiprocessing and multitasking system in order to
enhance the capabilities and flexibility of the injection
systen. This means that the control equipment should be
able to effectively execute several control routines

simultaneously, by CPU time slices or parallel processors.
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APPENDIX A

Peugeot Engine Operating Characteristic

The engine used for the purpose of this investigation
is a 25 HP Peugeot Idenor Diesel engine, with a maximum
speed of 2300 rpmn. Four of its basic operating
characteristics were used to analyze the conversion of this
engine to operate on gaseous fuels such as Natural Gas and
Hydrogen. The four basic points are: minimum idle, maximum
torque, maximum power,and maximum idle. The following
table summarizes the speed of the engine and the fuel
requirements at each of the four points. The only dose
missing from the table is the starting dose, which is

equivalent to 160 % of the maximum power dose at 600 rpm.

Table A.1. Engine Operating Points.

point engine speed Fuel Requirement
min. idle 600 rpm 20% of max. power
max. torque 1600 rpm 200 g / HP-hr
max. power 2000 rpm 220 g / HP-hr
max. idle 2300 rpm 20% of max. power

In order to obtain a fuel dose versus speed graph, it



is essential to calculate the fuel dose at each point.

Knowing that the engine outputs 25 HP and that the torque
droop is 15%, the best point to calculate the dose as an
example would be at maximum torque. Solving for maximum
torque requires to first calculate the torque at maximum

power, and the following equation is used,

_ _7120 * HP
mp N

(r.1)

Substituting in values of 25 for HP and 2000 rpm for
N,the torque at maximum power equals 89 N-m. Thus, the
maximum torque can be calculated from the torque droop

equation, as shown below,

T -7
Torque droop = ——= 2P_ % 100 (A.2)
T

max

Substituting for torque droop and Tmp, the maximum
torque, T“x, is found to be 104.71 N-m. By rearranging
equation (A.1) to solve for HP at maximum torque, and by

sﬁbstituting the engine speed and the torque, the power at

maximum torque is found to be 23.53 HP. Now, solving for

the required fuel dose the following equation is used:

ﬁ‘r =W * ge (A.3)




- 178 -

Substituting in 23.53 HP for W and the fuel
requirement of 200 g/HP-hr at maximum torque, ge, the mass
flow of fuel is calculated to be 4706 g/hr. To obtain the
fuel dose per cylinder per injection, the following

equation is used,

m_ = (A.4)

Substituting the mass flow, the speed, N, as 1600 rpm,
and the number of cylinders, n, as 4, the mass dose per
cylinder per injection is found to be 2.451 (10 °) kg of
diesel fuel. The other points can be solved in a similar

manner and Table A.2 summarizes the results.

Table A.2. Engine Fuel Dose Results.

point engine speed Fuel Dose (166)kg
min. idle 600 rpm 0.4851
max. torque 1600 rpm 2.4510
max. power 2000 rpm 2.2920
max. idle 2300 rpm 0.4851

From this table, a rough but useful engine operating

characteristic curve can be plotted, as seen in Figure A.1.
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Fuel
Dose
160% start
130% max. torque
100% torque 1droop
max. power
_R0% min. idle max. idle
600 1600 2000 2300 RPM

Figure Al Engine Operating Characteristics




APPENDIX B

Derivation of Original Pintle Nozzle and
Modified Pintle Nozzle Flow Areas

The pintle nozzle and modified pintle nozzle shapes
have been shown in Chapter 3, as well as the plots showing
the flow area versus the needle lift or displacement. The
pintle nozzle has five critical flow areas, while the
modified pintle nozzle only has three. The first two
critical flow areas are identical to both nozzles [44].

First the shared «critical flow areas will be
presented, followed by the last critical flow area for the
modified pintle nozzle and lastly the three remaining
critical flow areas for the original pintle nozzle.

The first critical flow area for the nozzles is A,
and can be seen in Figure B.l1 corresponding to segment CD.

The flow areas can be described by the following equation:

A=2NIRL (B.1)

where,
critical flow area
average radius of the critical flow area

A
R
L = length of the cylinder of the flow area

Thus, for the flow area A__, R and L must be solved for in
terms of needle displacement h. From the flow area

triangle in Figure B.2, the following derivation fo. che
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Figure B.1 Original Pintle Geometry for
Flow Area.
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flow area can be said for the length L,

where,

BD = h sin 8 = AB tan B
and,

RC = BC ~in » AR tar
whereby,

AB = h cos B
thus, substituting all the above in the equation for the
length L, the {ollowing is obtained.

L =CD=hcos B8 (tan 8 - tan 7)

For the radius R,

o N

_  se CE
R=—5 4+
where,
CE = CD cos B
recalling that CD = L and substituting and solving for R,

the following is obtained,

dse + h coszﬁ

R=— 2

(tan 8 - tan 7)

Thus, substituting L and R into equation (B.1), the flow

area Ase is solved for as show below.




A“= nd“n(siu £ - tan 7 cus B) + Ilhzcos“}s(Cau b - tan 4)°

and, when 7y << 1,

A =1 d“h (sin B8 - cos B) + I h%cos B sin B

Qimivea-Te Froew D he vomeeb e e Gl e
second critical flow area, A” can be solved for as in the
case for the first critical flow area. Thus, the equation

obtained is as follows:

_ . - 2 .
A“— I d“hz(s:m B cos B) + 1 hzcos B sin B
where,
h2= h + Y,

and,

= se dsl * sin ¥
o 2sin B sin o

All that remains to derive now is the last critical
flow area for the modified pintle and the remaining three
critical flow areas for the original pintle nozzle. See
Figure B.3.

The last critical flow area for the modified nozzle is

the nozzle orifice area, which the equation is given below.

2
o

_ _ 1
Ao- Azs T T d
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The three remaining critical flow areas for the
original pintle nozzle are dependent on the actual value of
the ne=dle 1lift. That is that if the needle 1lift is not
greater than a certain value, then that flow area is non
exictent. The three critical flow areas fall into
existence with the following needle lift values: a) when
needle lift is greater than or egual to =0.2 ypwm and h) wvhewn
the needle 1lift is greater than or equal to =0.5 mm.
And the flow areas are solved similarly as shown for the
first critical flow area.

Before the needle 1lift approaches 0.3 mm, the critical
flow area shifts from the first two aforementioned flow
areas into the third critical flow area. It occurs between
the pintle shaft and the nozzle housing giving an annular
flow area. The equation describing this flow area is given

below.

n 2 2
=3 (4, - 4)

op [ op

This flow area ceases to exist once the pintle shaft is no
longer interfacing with the nozzle housing, i.e. once the
0.3 m: needle lift is achieved in the injector.

Then the fourth critical flow area 1is achieved,
between the upper pintle and the injector nozzle diameter.
This equation is only wvalid until the 0.5 mm needle lift

mark is achieved and then shifts to the last critical flow



area. The equation describing this flow area is given

below as: |
I 2 L2
Aup= i (do- dop) /] cos e
where,
hp:
e = atan z— a
] op
Gaad,

h =h - 0.3
pi
Finally, the 1last critical flow area is present

bétween the injector nozzle diameter and the lower pintle.

The equation describing its flow area is shown below.

A -MTd(h-nh)cos & -T (h~ h)? cos® sin @
1p o' o [
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APPENDIX C

CALIBRATION CURVES

This appendix will deal with the calibration curves of
the various measuring jinstruments, electronic ciramite and
injection equipment that were used in the progress of this
investigation.

The devices that were calibrated are: pressure
transducers, linear variable differential transformer
(LVDT), springs for the gaseous injector and a frequency to
voltage (F/V) converter integrated circuit (IC). The
calibration curves will be in the respective order, as
mentioned above.

The pressure transducers used are Kistler quartz
transducers Model No. 630B2 and Serial No. 5002 and C10864.
Figure C.1 shows the output voltage from the change: in
pressure, for both transducers. The calibration values for
the transducers are as follows: for No. 5002, the value is
10 mV/bar, and for No. C10864, the value is 10 mV/bar.

The linear variable differential transformer, by AVL,
was calibrated by measuring maximum displacement of the
injector needle movement possible after assembly of the
injector. The calibration curve is shown in Figure C.2 for

the LVDT. There were two springs to choose from, a red
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Figure C.1. Calibration Curve for
Kistler Pressure Transducers used in
Experimental Set-up.
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AVL LVDT Calibration
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Figure C.2. LVDT Calibration Curve
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Spring Calibration
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Figure C.3. Spring Calibration Curve
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spring and a grey spring. The force versus displacement
curves for the springs are shown in Figure C.3. The spring
selection was based on the maximum force a spring could
exert to maintain the closed position due to the number of
threads available to set the preload on the spring. The
red spring was chosen over the grey one due to its higher K
value and ite ability to maintain the injectmr in Hhe
closed position.

The calibration of the Teledyne 9400 F/V can be seen
in Figure C.4. This curve shows several non-linear
sections, a plateau, and a linear section between 500 and
2500 Hertz (Hz). The r.nge which is desired for the diesel
engine used in this investigation is between 500 and 2500
rpm, and by using a 60 tooth gear and magnetic pick-up it
matches the 1linear range of the frequency to voltage
converter. Figure C.5 points out the linear portion of the
curve which is output from the F/V chip.

Lastly, the last two pages of this appendix provide
the calibrations of the experimental set-up for the

injectors and the metering valve.
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F/V Calibration
Teledyne 9400
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Figure C.4. Frequency to Voltage
Calibration Curve
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F/V Calibration
Teledyne 9400
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Figure C.5. Frequency to Voltage
Linearized Curve
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Table C.1 Injector Configurations and Tnstrumentatinr
Calibrations for Experimental Test Set-Up.

INJECTOR CONFIGURATION No. 1

CAV BKB - 40585146V
CAV BDN4SD508W
143 kN/mm

0.58 mm

Injector Housing
Injector Nozzle
Spring Constant
Needle Lift Limit

INJECTOR CONFIGURATION No. 2

CAV BKB - 40585146V
CAV BDN4SD508W, with
modified pintle

Injector Housing
Injector Nozzle

Spring Constant : 321 kN/mm

Needle Lift Limit : 0.55 mm
INSTRUMENTATION

Pressure Transducers : Kistler

Injection Pressure Calibration : Model 603B2
S/N C10864
Range 10 : 144.93 mV/bar

Dose Pressure Calibration : Model 603B2
S/N 5002
Range 20 : 633.65 mV/bar
Range 50 : 253.46 mV/bar
Lift Transducer : AVL
Displacement Calibration ¢ Model 3075-A02
S/N 471

Injector 1 : 1557.1 mV/mm
Injector 2 : 689.7 mV/mm

L ety ™
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Table C.2 Metering Valve Configurations

METERING VALVE CONFIGURATIONS

Metering Valve Type

Pipe Parameters

Pipe Lengths
Pipe Diameters

Configurations:

Config.

Config.

Config.

Cconfig.

#1
#2
#2b
#3
#3b
#4

#4b

(1]

Hoke

SlN 1315M4B

3~ taper

1.19 mm diameter

125 mm, 250 mm
3.0 mm, 4.5 mm

e ofn

no pipe, metering valve only

125 mm pipe between injector and
metering valve, of diameter 4.5 mm
same as above, pipe diameter 3.0 mm
250 mm pipe between injector and
metering valve, of diameter 4.5 mnm
same as above, pipe diameter 3.0 mm

metering valve attached to a tee
separating two injectors connected
by two 125 mm pipes of 4.5 mm
diameter.

same as above, pipe diameter 3.0 mm



APPENDIX D

Metering Valve Flow Area Characteristics

The metering valve used in the experimental apparatus
is a HOKE metering valve, model 1335M4B. The valve is a
conical poppet type with a taper angle of 3 degrees on the
needle and a hole diameter of 1/16 inches. The valve
dimensions and angles can be seen in Figure D.1. Fronr the
figure, the angle, a, is half the taper angle and Y is the
height of the metering valve from its seated position.
D .. is the diameter of the hole, and L represents the
width of the flow area.

The flow area can be derived as follows: first, the

width, L, is calculated in terms of the height, Y, and half

of the taper angle, «, [26].

L=Y* sina (D. 1)

Then, the circumference is taken at the midpoint of
the width, L. This circumference can be found by
subtracting the difference between the metering valve
radius and the distance s, as seen in the previous figure.
Thus,

R =R -8 (D.2)
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Figure D.1. Metering Valve Poppet Geometry [24].
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where,

s = 0.5 * L * cos « (D.3)

from the geometry in Figure D.l.: thus, the equation for
the flow area due to the 1lift, Y, is the product of the
width, L, multiplied by the circumtierence at the mid-point
of the width.

- 0.5 Lcos «a] (D.4)

met met

Substituting the equation (D.1) in equation (D.4) and
rearranging the terms, the final equation for the conical

poppet type metering valve becomes the following [26]:

A =Ysina* [ D

met - Ysina cos a ] (D.S)

et
Finally, substituting values for the angle and the
diameter, the equation for the area is only in terms of the

lift, Y.

A, = 0.003479 Y - 0.01525 y? (D.6)

The manufacturer’s data have also been presented in

chapter 3 and in Appendix C.




APPENDIX E

Derivation of Viscous Damping Force

The viscous damping force is based on flow between two

parallel plates, or better known as Couette Flow [45]. The

equation for Couette Flow is given as follows:

damp= - necdle,[o yxdh (E.1)
where,
_ du
tyx— 73 dy (E.2)
aud,
u_yY b4 Y
7= % + oz ( 1+ 5 ] (E.3)
where
2
- - dp

In this particular case, for the injector needle
motion, y is the radial distance and x is the central axis
of the injector needle. L is the needle length along which
the Couette Flow occurs and § is the clearance between the
injector needle and the injector housing. Thus by

substituting equations (E.4) in (E.3), and solving for u,
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which is the velocity of the fluid flow, it can be

substituted in equation (3.2), which is then substituted in

equation (3.1) in order to obtain the following expression:

e T [y (B (B -F) o

=

By simplifying the above expression in equation (3.5)

and by letting y = §, it is reduced to the following:

L

5 dp
T ) (E.6)

Ly
Fdamp = -n dneedle H ( ‘[0 3- dh + IO

Integrating for this expression from L to 0, that is
from the top of the injector needle, close to ambient
pressure P , and the injection chamber, at pressure P,. The

following final equation is obtained:

Frump = CU +C, (E.7)

where,

-

cl =-TL dneedle 3'

c,=-0.518d __ _(P-P)

needle velocity

a
i

g
n
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Thus, the solution for the viscous damping force is
provided in equation (3.7) and is used as such in the

mathematical model for the injector motion.



