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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




S TR TR e et g

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



- 39 -

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 rev