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Abstract

As my master thesis, | have studied a gaseous sequential injection system (GSI) consisting of
a fuel tank, safety shut-off valves, a vaporiser/pressure regulator (V/P), injectors and an
electronic control module. The aim of this study was to make a mathematical description of
the behaviour of the GSI. The main question has been how to inject the correct amount of
fuel. It was important that the ddeped models could be transformed into real-time running
algorithms.

As the GSI injectors were still under development, no study of the injectors has been done.
The work has instead been focusedieternining theparameters that affect the actual
injected amount of fuel, and how to derive them from therparers measured by the

available sensors.

Steady state models describing the pressures and outlet temperature of the vaporiser/pressure
regulator, the temperature change of the fuel between the V/P and the injectors, outdoor
temperature and tank temperature, haeenmade The pressure modelgvebeen made by
identification, while the models for the outlet fuel temperature of the V/P and the change in
temperature before the injectors are based on physical knowledge. The models are all
describing the measured data well.

Transient models have been made for the outlet temperature of the V/P and the change in fuel
temperature between the V/P and the injectors. When making these models, emphasis was put
on making the algorithms easy to calculate in the electronic control module. The transient
behaviour has thus been approximated with first order filters and offsets, which gave rather
good results.

The developed models can be transformed into real-time running algorithms.
There are some things left to be described, but it seems to be possible to make a real-time

running software which calculates how to inject the cormactumt of fuel from the
information given by the available sensors.
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1 Introduction

1.1 Background

In some countries liquefied petroleum gas (LPG) is readily available and is a relatively cheap
fuel, which creates a wish to have camring on LPG. Since it can be very hard to find LPG

in other places and since the engine does not run properly on LPG in some cases, people like
their cars to run on petrol too. The department of combustion engines at TNO has developed a
LPG injection system, which together with an ordinary petrol engine makes a petrol/LPG dual
fuel engine system. This system has been in commercial use for many years already.

With higher environmental requirementsd moredemanding customersere has emerged a
need for a conmiptely new injection systen®ne of the planned impvements is to use
models to calculate how to inject the correabant of fuel, i.e. the amount of fuel that gives
a stoichiometric mixture=1).

1.2 The thesis

This thesis is a study of the new injection system.

The main goal of this master thesis was to know how to inject a desired amount of fuel. The
injection is controlled by shutting on and off a current through the injeétionsré 1).

Besides the injection time, the actual injected amount is depending on a lot of different
parameters, for example pressure, temperature and engine speed.

As the injectors are still under development, no study of the injectors has been included in this
thesis. Instead, the work has been concentrated on determining what parameters affect the
actual injectedrmount of fuel, and how to derive them from the parameters measured by the
available sensors. Implementation aspects have been considered, because the developed
algorithm is meant to be used in a normal car. As a consequence, theicalsitablved in

the algorithm should be kept simple.

The study has been limited to include only normal operation behaviour of the system. That
means that the system is assumed to be fully functional and that the fuel becomes completely
vaporised inside the vaporiser/pressure regulator.



The aim of this study is to work as basis for further dgwalent of the system algorithms.

;""rx

Figure 1: The injectors are controlled by an electrical current

1.3 The report

The purpose of this report is to déberand discuss the work | haglene. This is dne in the
following chapters:

Chapter 2:Description of what the studied system looks like and how it works.

Chapter 3:Description of the system from a modelling point of view

Chapter 4-6:Modelling discussions concentrated on particular parts of the system; the
connection between the vaporiser/pressure regulator and the injectors, the vaporiser/pressure

regulator and the tank. The main effort has been put on temperature models.

Chapter 7:Implementation issues



Chapter 8:An account of things that not have been considered when developing the models
but nevertheless might influence the system.

Chapter 9:Conclusions and recommendations

Appendix Aincludes explanations for some symbols and abbreviations used in this thesis.
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2 The system

The studied system consists of a gaseous sequential injection system (GSI) and an engine.
There is always at least one extra fuel supply systemexted to the engine; a petrol

injection system. There might also be some other fuel supply systems. These fuel supply
systems do not belong to the studied system.

Figure 2: The gaseous sequential injection system

The gaseous injection systeRigure 2 consists of the following parts: A fuel tank, some

safety shut-off valves (at the tank and vaporiser/pressure regulator), a vaporiser/pressure
regulator, injectors and an electrical control module (ECM). The fuel is fed from the tank into
the vaporiser/pressure regulator, where it is vaporised and h@#ted.the fuel is flowing

from the vaporiser/pressure regulator to the injectors, the pressure is set by the
vaporiser/pressure regulator to a specific value relative to a reference pressure, which most of
the time is the same as the inlet manifold presque Cater, it is injectednto the inlet

manifold by the injectors. If LPG is not in use, the shut-off valves close to prevent a flow of

11



LPG into the engine. This is donesaffety reasons. The whole injien process is controlled
by the ECM.

For this study, the interesting engine parts are the throttle, the inlet manifatdntbestion
chambers (cylinders), the exhaust manifold, the catalyst and the cooling siystare Q.
These parts are made for the use of petrol, but they don’t have to be modified to make it
possible to run the engine on LPG. This report will not inclurtdedetailed description or
discussion of the engine. This can be found elsewhere. [3]

Figure 3: The engine

To make it possible to control the system, differemsers are included in the systerhe3e
are e.g. sensors for measuring coolant temperature, battery voltage, manifold air pressure
(pim), throttle angle, engine speadd the air/fuel ratio.

2.1 Fuel tank

At room temperature combined with normal sea level pressure, LPG gmseaus state.
Therefore, a special LPG fuel tank is used, which can stand the vapour pressure at ambient
temperature.

12



When the tank is refilled, the LPG will start to vaporise. Due to this changatef the

pressure will at the same time start to rise. The vaporisation of fuelbntihcie until the

pressure is as high as the boiling pressure. This means that there will always be a layer of gas
on top of the liquefied fuel. The fuel taken from the tank is iguad gate due to the

construction of the outlet valve.

2.2 Vaporiser/pressure regulator

It is important for the injector perforance that the fuel is fully vaporised when it is injected

into the engine cylinders. Therefore, a vaporiser is included in the system. At the moment the
fuel is taken from the tank, the fuel is in a liquid state, but on the edge of boiling. When

entering the vaporiser/pressure regulator, the pressure decrease causes the fuel to vaporise. To
make sure that all fuel will vaporise, and to prevent the vaporiser/pressure regulator to freeze
up, the fuel is heated. Thisdene by letting the coolant flow through the vaporiser/pressure
regulator and thereby heat up the metal surrounding the fuel.

To make it possible to inject the fuel into the inlet manifold easily, the pressure in the inlet
manifold must be lower than the pressure in the connection between the V/P and the injectors.
For the control of the injection process, the difference between these two pressures must be of
a certain known value. That is why a pressure regulator is needed. In this system the desired
pressure difference is 0.96 bar. Unfortunately, the target iached for all combinations of

fuel flows and temperatures.

2.2.1  Principal behaviour of the vaporiser/pressure regulator

The vaporiser/pressure regulator consists of two stages. The purpose of the first stage is to
vaporise the fuel and to control the pressure, while the aim of thedsstage is to regulate

the pressure. Schematic pictures of the vaporiser/pressure regulator are shigureid and
Figure 5.

When the gas pressure in the first stage (a) of the vaporiser/pressure regulator is not
significantly higher than the reference pressure (b) (the same as the infeldnanaissure in
steady state conditions), the fuel can flow from the tatkthe first sage. This idecause the

first stage spring (1) is pressing down the siphon (2) that otherwise would cover the first stage
inlet valve (3). Due to the fact that the tank pressure is higher than the pressure in the first
stage, fuel will flow into the vaporiser/pressure regulator and the pressure will rise. When a
certain difference bet®en the firsttage pressure and the reference pressure is reached (1.40
bar at nominal conditions) the diaphragm (4) will, together with the spring (5) connected to

13



the siphon, press back the spring on top of the diaphragm and close the inlet valve with the
siphon. Inside the first stage chamber, the fuel is heated with energy transferred from the
coolant (d) via the walls enclosing the chamber.
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Figure 4: The vaporiser/pressure regulator
. First stage spring

. Siphon

. First stage inlet valve

. First stage diaphragm

. Spring connected to the siphon
. Second stage inlet valve

. Second stage diaphragm

. Second stage spring
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After having passed through the first stage chamber, the fuel reaches the second stage

chamber (c) by the open secomage inlet valve (6). The purpose of tleesnd sage is to

stabilise the pressure at 0.96 bar overpressure (relative to thenoefearessure). When the

pressure has reached a level of 0.96 bar overpressure, the force on the second stage diaphragm
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(7) will be greater and opposite to the force of the second stage spring (8), thus pressing down
on the spring and closing the valve. [4]
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Figure 5: The vaporiser/pressure regulator

a: First stage pressure

b: Reference pressure

c: Second stage pressure
d: Coolant

2.3 The connection between the V/P and the injectors

The connection between the vaporiser/pressure regulator and the injectors consists of hoses
and a rail. There is a hose going from the regulator to the rail and a hose for each injector
going from the rail to the injector&igure 6. The hoses are made of rubber and their lengths
depend on which type of car thaseous injection system is used in. Thecami be of several
different shapes and is made of metal, rubber or plastic.
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Figure 6: The connection

2.4 Injectors

The last part the fuel will pass before entering the manifold is one of the injé&atpne(7).
Its task is to inject the fuel into the inlet manifold. It is important to inject the correct amount,
not too little and not too much.

Figure 7: Injectors
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The injector is controlled by a an electrical circuit. When a current flows through the injector,
an electromagnetic force is created inside the injector. This will cause the injector to open,
and the fuel will flow into the inlet manifold due to the lower pressure there.

2.5 ECM

An electronic control module (ECM) controls the gaseous injection system. It determines
what to do and checks how the engine is performing with the help of various sensors. These
are sensors for measuring coolant temperature, battery voltage, inl&lchpréssure,

throttle angle, engingpeed and air/fuel ratio.

The calculation time avable each cycle is very limited (about 8ms). Atbe storage
capacity is limited, but that usually causes minor problems compared to the short time
available. Therefore, look-up tables are often used instead oficatag calculations.

2.6 LPG

LPG stands for liquefied petroleum gas. It consists mainly of propane and butane. The ratio
between propane and butane changes between different countries and also with the time of
year. In the Netherlands, the ratio is often 60/40, and the ratio between i-butane #tkn-bu
is roughly 1/3. About half the LPG is produced in association with production of natural gas
and the other half is produced in association with crude oil refining.

The advantages of using LPG are, exéepbeing relatively inexpensive in some countries,
that it is better for the environment in some aspects and that it mixes very well with air.
Hardly any fuel will condense on the walls of the inlet manifold when LPG is usedyse
the fuel wants to stay in gaseous form. The disadvantages are that LPG is more space
consuming due to the lower energy concentration and the availability is scarce. [ 5]

Appendix Bcontains some useful LPG data.
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3 The system - Modelling

From a modelling point of view, the system looks as folldvigure 8:

A driver controls the airflow into the engine via a ttleo The ECM gets information about

the magnitude of the airflow. It calculates theoamt of fuel to ifect and determines the

injection time ;). After that, it creates a current through the injectors duxjngeconds. The
injector opens and fuel flows into the engine. Air and fuel mixes and is set on fire. On the way
out from the engine the air/fuel ratio of the burned mixéasured. This ratio gives feedback

to the ECM, so it knows if the algorithm works properly or if correctimenge to be done.

The models below and in the following chapters are all mean value models. This means that
the signals, parameters and variables considered asgadesver one or several engine

cycles.
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Figure 8: The system

3.1 The air intake

According to [3], the air mass flow into the engine is

)Vd ncyI pim N

m; N’ im’Tc = Vo N’ im
Lir (NS Pims Ten) =140 (N P 60n, RT,

18
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Vy is the displaced volume,y, is the number of cylinders, is the number of revolutions per
engine cyclerf, = 2 for a four stroke engingR the gas constant afdd, the charge
temperaturer),q is called the volumetric efficiency and has to be measured for each type of
engine.

T.n causes problems, since there is no sensor for measuring the charge temperature. One
possibility is to relatd¢, to the airflow, coolant temperature and ambient temperature. The
background for the choice pirameters is that before the air enters the engine, it has ambient
temperature. Inside the intake it is heated, because the engine has a temperature about the
same as the coolant. How much the airdated depels on how much time is spent inside

the intake manifold.

Table 1: f as function of airflow
Scaling factor for the air flow (linear) F
0 0.47
8 0.47
16 0.47
32 0.566
48 0.664
64 0.715
80 0.754
96 0.8
112 0.84
128 0.86
144 0.88
160 0.9
176 0.918
192 0.938
208 0.945
224 0.957
240 0.977

This is a model for the charge temperature used at TNO:
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Tch = cool + f (mair) |:(Tamb _Tcool) (2)

f (mair ) is given by a look-up tabl&able 1contains the values for an engine with an

aluminium manifold and a long intake duct (in the cylinder head).

There is no sensor for measuring the temperature enclosed in the system. The ambient
temperature must hence be determined in some other way. One way is to use the information
given from the coolant temperature sensor at the moment the engine is turned on. If the car
has not been in use for a long time, the coolant temperature is the same as the ambient
temperature. The first measured value of the coolant temperature is thus the same as the
ambient temperature. Obviously, thisiist the case if the eirge has been turned of for just a

few minutes. The temperature of the coolant changes slowly and will notdzehed the

ambient temperature.

A model describing the ambient temperature that works well in most cases is

Ijrcool (O) If Tcool (0) s Taverage
average if Tavera e < Tcoo (O) = Tmax andt ey-0 = tmax
Tamb = E-I— ’ : ’ | v (3)
[ cool (O) If Taverage < Tcool (O) < Tmax andtkey—off > tmax
Braverage If Tcool >Tmalx

Teoo0) is the temperature of the coolant at the time the engine is turned dg,.a4id the
amount of time the engine has been turned off. Suitable valugégfQge Tmaxandtyaare
10°C, 35C and 3-4 hours respectively.

3.2 ECM

The amount of fuel to inject depends on how much air is flowing into the engine. This can be
described by

m — mair (4)
el /\ |1r‘nair /mfueI)S

20



(mair / M;e )s is the stoichiometric air/fuel ratid. should be equal to 1.

The other models used by the ECM are described in the following chapters.

3.3 Injection system

The purpose of the injectors is to inject fuel into the intake manifold. Thelarhount
injected depends on a lot offdrent things: Density,upply voltage, enge speed and pulse

width of the injector current.

The density is given by the ideal gas law:

PV =My RT; )

which means that

pinj
RT

inj

pinj = (6)

Ris the gas constant and should not be mixed up with the molar gas constant.

The temperature as well Hee pressure iV affect the behaviour of some paitside the
injectors. This will have influence on the aumt injected.

The injectors open faster when the voltage supply is high. Thex@ube the magnetic force
created in the solenoid is stronger.

It takes some time for the injectors to open. If it has to open and close very frequently, i.e. if

the engine speed is high, it is not completely open during a great part of the electrical pulse.
As a result, the fuel flow is affected.
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Figure 9shows a flow chart for the injection algorithm. Engine speed and supply voltages are
measured directly by the GS#rssors T andpi,; have to be measured indirectly. The models
creating the necessary links between the GSI sensofgpaddp;,; will be discussed in the

following chapters.

Fressure  Temperature

i

wiclth — N Fuel flcwe

ro

Woltage Frequency

Figure 9: Injection model
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4 Modelling the tank temperature

Most likely, the temperature of the tankiMae close to the ambietémperature.

Unfortunately, there is not any sensor that measures the temperature of the tank or the
ambient temperature. Therefore, the temperature must be estimated with the help of other
sensors. This is done in the same way as with the ambient temperadute in

An approximation of the tank temperature that works well in most cases is

IjI_cool (O) If Tcool (O) s Taverage
average If Tavera e < Tcoo (O) < Tmax andt ey-0 < tmax
TTank = EI- ’ . ’ | et (7)
D cool (O) If Taverage < Tcool (O) < Tmax ar-]dtkey—off > tmax

%raverage

If Tcool (O) > Tmax

Suitable values fof yerage Tmax@Ndtmaxare 10C, 35°C and 3-4 hours respectively.
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5 Modelling the vaporiser/pressure regulator

The interesting properties in the vaporiser/pressure regukiguré 10 are the second stage
pressure and the outletdl temperature. This @ue to the facthat the fuel temperature at the
injectors depend on the fuel temperature at the vaporiser/pressure regulator (V/P), and the
pressure at the injectors depends on the se¢agd pressure.

The first stage pressure is needed for the calculation of the outlet temperature. One of the
reasons is that the boiling temperature in the first stage chamber, which is included in the
expression for the outlet temperatuwtepends on the firstage pressur@he oher reason is
that the pressure drop between the first and sedagd shamber will affect the temperature.

Below, the modelling of the first stage pressymgde), the second stage pressuysgg) and
the outlet fuel temperaturd\(p) are described.

Figure 10: The vaporiser/pressure regulator
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51 Pressures - Steady state

The principal idea behind the vaporiser/pressure regulator is a pressure working on a
diaphragm, which in its turn presses down a spring. The first and second stage pressures
caused by this action should be 1.4 and I8a®@8espectively above the reference pressure.
Experience shows that this is not always the case. The pressure variethdtuéeht

behaviour of the diaphragm and springs depends on temperature and flow.

The V/P encloses a lot of parts that almost all affect the pressure in some way. Add that the
quality of the pieces fluctuate. Then inist difficult to realise that it is hard, if not to say
almost impossible, to get a higlecuracy of the physical model in the whole working range.

At the departrant of enginenanagement systems (TNO), a model dbswy the pressures in

the VIP has been developed, but it is not working sufficiently. Insteayliog tio improve

this model, which is a very time consuming job and most likely results in an exceedingly
complicated algorithm when implemented, identification has been used.

51.1 Measurements

For the identification of how the pressures are depending on coolant temperature and mass
flow, the first and second stage pressures were measured. This was done for nine coolant
temperatures (10, 20,...,%), six fuel mass flows (1, 3, 5, 6, 8 and 10?/\?1%) and one inlet
manifold pressure of 100kPa.

The results of the measurements are showipjmendix G

The discussion of causes of measurement errd@idis valid also in this case, since the
steady state measurements for the pressures as well as the temperature were done at the same
point in time.

5.1.2  First stage pressure

When the relationship between the heatdfanfactor and hose lengths was determined (in
6.1.3.1and6.1.3.3, the general idea of the modelas clear from the bémning. Only the

model parameters had to be identified. In this case however, there was no obvious form of the
model. Different types had to be siedl andcompared vith each other.

1 .
Normal cubic meter per hour
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The following attempts were made (units i . and T, are kg/s and Kelvin)

1 pstagél =a+t bmfuel +CT,

cool

2. pstagél =at bm

fuel

— 2
3. pstagél =at bmfuel + Cmfuel +dT,

cool

— 2
4. pstagel =at bmfuel +CT, +dT

cool cool

The parameters were estimated by regression analysis. After that, a comparison was made
between the standard deviations between the values predicted by thentbted measured
ones Table 9.

Table 2: The average difference between the measured and predicted values
Model std
1 1.81
2 181
3 1.82
4 1.83

According to the standard deviations, the models are almost equally good. Since model 2 is
the simplest one, it is the best choice. The look of model@®,is (100kPa)

pstagél[kpa] = 242_ 33 EI'OS Ijmfuel (8)
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The first stage pressure depends of the inlet manifold pressure. This is an approximation that
2
works at inlet manifold pressures close to 100kPa

Pyiaga = Pim +142-3.3 [10° [, (9)

5.1.3  Second stage pressure
The following models were studied

1. py,p =a+bmg, +cCT

cool

2. pyp =a+tbm

fuel

— 2
3. pV/P =at bmfuel + Cmfuel + chooI
— 2
4. pV/P =at bmfuel + CTcool + chooI

2
fuel

5. Py,p =a+bmg, +cm

The standard deviations between the valuesigiestiby the modeland the measad ones
are shown imable 3

As can be seen, model number 3 gives the best resuevdo, the model is more

complicated than model number 1. Although model number 1 is not really as good as number
3, itis stilldescibing the meased data very well (the standard deviation is about 0.5% of the
pressure value) and would be geassbugh.

Model number 1 has the following appearangg £ 100kPa)

2 . .
The measurements were done for only one inlet manifold pressuget @n
expression that works on a wider range, new measurements have to be
made.
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p,,»[kPd = 221-1.0010° (in,,, — 0.068LT, (10)
Table 3: The average difference between the measured and predicted values
Model std
1 1.03
2 1.7
3 0.84
4 1.04
5 1.59
An approximation that works when the inlet manifold pressure is dlf@kPa is
P, o[kPa =121-1.0010° ., —0.068(T_, (11)

5.2 Temperature - Steady state
Most of the formulas used below can be found in [1].

The pressure in the vaporiser/pressure regulator is lower than the pressure in the tank. A lower
pressure also means a lower boiling pemature. The liquid fuel vaporises due to the pressure
decrease. The energy needed for the vaporisation process is taken from the internal energy of
the fuel. If there is no external energy supply, the temperature will decreaseneathits

boiling temperature or the fuel is fully vaporised. In this case however, energy is transferred
from the coolant. When the fuel is completely vaporised, the temperature will rise on

condition that it is #lf lower than the coolant temperature. To summarise the paragraph

above, energy is coming from

— The coolant by heat transfep,)
— The heat released by the pressigereaseQe)

while energy is consumed by

28



— Vaporisation K)
— Heating of fuel Qap9

or, written in another way,

Qtr + Qrel =H + Qabs (12)

The heat change caused by a temperature increase of the fuel can be written as

Q=c,mAT (13)

whereg, is the heat capacityfinis the mass flow andT is the change in temperature of the
fuel. ¢, is fluctuating somewhat with the temperature, but the most dramatic difference is
when the LPG changes from liquid to gas. As a consequeniein this work approximated

with two fixed constantsg, jq andcy gas Q. and Qs can now be witen in thefollowing

abs
way
Qrel = Cp,qu IT'fuel (TTank - Tboil ) (14)
Qabs = Cp,gasmfuel (Tstagel _Tboil) (15)

Trankrepresents the fuel temperature in the tankTapcthe boiling temperature
corresponding to the pressure in the first stage chamber. The relationship bmikegn
temperature and pressure is showFRigure 11

Energy consumed by the vaporisation process is

H=rmg, (16)
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wherer is the heat of vaporisation.

65

5571

Fressure [bar]

50 260 270 280 290 300
Temperature [K]

Figure 11: Absolute pressure as function of boiling temperature (60% propane and 40%
butane).

The heat flow from the coolant to the fuel is

Q, =UAAT (17)

whereU is a heat transfer constamdA is the area the heat is transferred through. It is
difficult to determine the area in this case, heldéewill be treated as a single constant,
instead of two separate constadf§.is the mean temperature difference between the coolant
and the fuel, which can be written as (if assumed that the coolant tempeiltsirzywhe

same between the inlet and outlet)
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T, tagel _’Tboil

S

Tboil )/(T

cool

T

cool
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An explanation of the expression above is giveAppendix D

(12) together with (14) - (18) gives

___UA H f (Thoi) H

—_ _ _ mfuelcp,gas Hrslagel _TDDII +f (Tboll) H
T, tagel — T, ool (T ool Tboil ) [e

S Ci [of

where

~Chiiq (TTank - Tboil )

p,gas

r
f(Toor) =

(18)

(19)

(20)

(19) can not be solved fGk.ge: TO be able to calculate its value for a certain fuel mass flow,
one can calculate it recursively, i.e. use the value calculated for a somewhat lower flow. The

initial value to this recursive l00p Bage{0) = Tcoor

When entering the second stage chamber, the pressure drops. This resultpératuesn

decrease. Due to that [2]

k-1

Tp * =const

Typ May be written
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k-1

T\//p — T pstagd E (22)

stagel
Pv/p

5.2.1 Measurements

For the calculation 0dJA and to check whether the model describes the behaviour of the
vaporiser sufficiently, the fuel temperature after the regulator was measured. This was done
for nine coolant temperatures (10, 20, ..’ ®0and six fuel mass flows (1, 3, 5, 6, 8 and
10Nnt/h ).

5.2.2  Results of the measurements

The measurement results are presentédgare 12andAppendix EThe results foll ¢y =
10°C have been removed, because these measurementiowerat another point in time
than the other ones were. The adjustments of the vaporiser/pressure regradifferent at
the two occasions, which affected the outcome of the experiments. This is no big loss,
because the only time the fuel did not come out as liquid wiB gt = INnt/h.

Things that might have reduced the accuracy of the regeittsa fluctuating coolant
temperature, and that we sometimes might have been too impatient when we measured. As
will be described irb.3 the fuel temperature changes slowly for a step in flow, and in some
cases we might have thought that it was stetatgwhen it was notM; ., was not always

at the desired value. The inaccuracy could be as high as &5ktrhigh flows or 20% off at

low flows. Finally, the sensor’s ability to measure the temperature correct decreases with
3

decreasing flow.

: It can be noticed from the experiments that part of the fuel catnef the
vaporiser/pressure regulator in liquid form at temperatutesh higher
than the boiling temperature (about minusA@henp;,, = 100kPa). The
model assumes that the fuel becomes fully vapdrbefore it leaves the
regulator, which means that it is not valid when part of the fuel comes out
as liquid even iffyp is far above boiling temperature. Probably, the
lowest temperature at which the fuel is stilly vaporised depends on

Pim-
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Figure 12: Measured outlet temperature

5.2.3 Determining UA
By inverting and combining (19), (20) and (22), one gets the following expressions

k-1
Tstagd = TV/P H;)V/P E (23)
stagel
UA = mfuel (r + Cp,gas(Tstagel _Tboil )_ Cp,liq (TTank _Tboil )) (24)

AT
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The calculatedJA values can be found ippendix F When calculatingJ A for a flow of

1INm?/h the value becomes complex, siffge is higher thar ., minus the temperature drop
caused by the decrease in pressure. This means thadiagdmthe model Tgage iS higher

than the coolant temperature. This is of cause not possible. An explanation of this strange
calculation outcome is that the fuel is heated up a bit in the setagalchamber and not

only in the first stage chamber.

After removing theJA values for 1Nrifh, the average value is 50W/K.

40t x :

35t 1

T wip[C]
)
n

]
L]

101 1

0 2 4 4] g 10
Fuel flow [Mm3h]

L]

Figure 13: Tup as function offMy | at Teee = 50°C. The darker line shows the
calculated values while the lighter line shows the measured values.
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5.2.4  The model’s ability to describe the temperature
A comparison between the measuredperatures after the regulatnd the ones prexed

by the model aT,,, = 5PC with UA = 50W/K, gives that the model describes the reality very
well (Figure 13.

85

80t

55}

50 : : : :
0 2 4 4] g 10
Fuel flow [Mm3h]

Figure 14: Tue as function ofiMy, at Teee = 90°C. The darker line shows the
calculated values, while the lighter line shows the measured values.

The model performance &, = 50°C is interesting, because for lower temperatures the fuel
came out in liquid form when the flow was high. At highergenatures, the measurement
error is bigger, because it was difficult tedp the temerature othe coolant stable. The
greatest deviation between thedeland the reality is &f.,q= 90°C (Figure 14. At this
temperature, we had to heat the coolant up after having measured for some of the flows,
because it was far too low (almo$Csoff). This explains the strange shape of the curve.

Despite the big measuring error, the difference between the values predicted by the model and
the measured values is not alarmingly big.
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5.3 Temperature - Transient behaviour

The temperature of the fuel after the vaporiser/pressure regulator depends mainly on three
parameters, according to (19) and (22). These are the fuel masthéoeolant temperature

and the pressure ratipfe/Pstage)- The temperature of the coolant changes so sldhdy the
transient behaviour of the fuel temperatocaeised by a change in coolant temperature is not
worth mentioning, while the transient behaviour caused by a change in fuel mass flow and
pressure ratio has to be described. Experiments, done at the same time as the steady state
measurements, show that the fuel temperature changes significantly slower than the fuel flow
does. The flow changes almost immediately, while the change in temperature takes a couple
of minutes(Figure 15.

The slow change of the temperature of the fuel coming out of the vaporiser/pressure regulator,
is probably due to that the wall separating the coolant from the fuel is affected not only by the
temperature of the coolant, but also of how hot the fuel ikelfuel is cold, the part of the

wall that is closest to the fuel will also be cold. If the mass flow is decreased, more heat is
transferred to the fuel because it stays longer inside the regulator. That means that the fuel
temperature will increasand so will the temperature of the part of the wall closest to the

fuel. Some of the heat released by the coolant will thus be used to heat the vealts afishe

fuel.

It is natural that the bigger the difference is between the steady state temperature and the

actual temperaturé¢he qucker the temperature of the fuel wéhange. A simple model
describing the transient behaviour is thus

Q~[TV/P]SS_TV/P (25)

dTV/P

P Q (26)

where [TV,P ]ss is the value given by (19).

36



28

26}

16+

14

] 20 40 B0 20 100 120
Time [5]

Figure 15: Response of a step in fuel mass flow (13 mwhen the coolant
temperature is 3.

(25) and (26) gives

dT, 1
#/P:?EQ[TV/P]SS_TV/P) (27)

5.3.1 Measurements

To be able to study the transient behaviour, steps in mass flow (2 -¥5Nm> 2Nni/h, 2 -

> 8Nn/h and 8 -> 2Nrilh) were made. Each step was done twieeahse these

measurements were combined with the transient measurements for the connection between

the vaporiser/pressure regulator and the hoses (they were done foffénenthose lengths).
The coolant waabout 86C.
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Unfortunately, at the time the measurements were done, it was not clear that the ratio
Pstage{Pvie Was an important parameter for the caltafaof Ty,e, SO N0 measurements were

done for steps in inlet manifold pressure.

The results of the measurements are showipjrendix H

50

100
Time [5]

150

200

Figure 16: The response from a step in mass flow (2->8NmiThe lighter line shows
the measured temperature, while the darker line shows the predicted

temperature.

5.3.2 Determining 1k

The solution to equation (27) is

T, e(t) = [TV/P]SS_ ([TV/P]ss_TV/p(O))@_

38

~N |~

(28)



where [TV/P ]o is the value given by (19) when using the previous fioean thus be

calculated with the following expression
lzllnETV/P(o)_[TV/P]SSE (29)
r t [TV/P]SS_TV/P(t)

The calculated t/values were between 0.086d 0.068, the higher values for the higher
flows. A compromise was to setrb 0.0458.

5.3.3  The models ability to describe the temperature

To set 1t to 0.0458 gave the result that the difference between the measured temperature
and the one given by the transient model was never highed.5C (seeFigure 16which

shows the step response that had the worst correspondence with the model). This will cause
an inaccuracy of the density di@ut 1.5%.

The model derived above is very simple. In fact, the heat has a two dimensional spreading
through the wall that separates the fuel fittva coolant. A combination of two first order
filters with different timeconstants might give a higher corresporweto the measured data.
On the other hand, this might make the model unnecessarily complicated.
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5.4 Summary

Whenp,, is close to 100kPa are

pstagél[kpa] = pim +142-3.3 D'Os Ijmfuel

P, o[kPd = p,, +121-1.0010° in,, —0.068(T,

dT, 1
#/P :?[([TV/P]SS_TV/P)

=
K
_ pstagd
[TV/ P ]SS - Tstagél E
Pv/p
__UA H f (Tooit s Trank) H
—_ _ _ rT"fuelcp.gas Hrslagel _Tbon +f (Tbml vTTank) E|
Tstagél - Tcool (Tcool Tboil ) [e

r-— Cp,qu (TTank _Tboil )

Cp,gas

f (Tooit s Tran) =

UA =50w/K and1/T = 0.045™
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6 Modelling the connections between the
vaporiser/pressure regulator and the injectors

The temperature of the fuel close to the point where the fuel is injéiGigds(a very

important parameter in the calcutats of the injection time,dzause when the temperature
changes, the density will change. After the fuel leaves the vaporiser/pressure regulator and
before it enters one of the injectors, it will pass through a couple of hoses and a rail. Naturally,
the fuel will either warm up or codlown during this path if its temperature differs from the
surrounding.

The locations of the temperatures that are mentioned in the subchapters below are shown in
Figure 17

B

»

Figure 17: The different temperatures of the connector

6.1 Temperature - Steady state

The heat flow to/from the surrounding air is

qurround,i = U i A ATl (30)

whereU; is a heat transfer constant for the part ke, , andT;, A is the area the heat is
transferred through and
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AT, = — - (31)
ln |.(Tengc. - T| -1 )/(Teng.c. - Tl )J

if assumed that the temperature of themumding air will be the same everywhere around the
4
connection. This temperature is calléd,g ¢ as in engine compartment temperature.

The heat absorbed/emitted by the fuel is

quel,i = Cgasmfuel (Tl _Ti—l) (32)

Since the heat transferred to/from gwerounding air is absorbed/gted by the fuel, the two
energy flows above are equal, i.e.

qurround,i = quel,i (33)

This results in

__UiA
Ti = Tengc. - (Teng.c. _Ti—l)@ Mef.0s (34)
Simple calculations give that
1
e zUiAi
Tinj :Teng.c. - (Tengc. _TV/P)E et (35)

! See Appendix D
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Ty is the temperature of the fuel coming out of the vaporiser/pressure regulator

There will be a temperature drop over the injectanssed by thdecrease in pressure. If
assumed thaky,; = 5°C, p,; = 196kPa ang, = 100kPa, the temperature drop is as big as
22°C. However, this temperature drop is of no importance to the algorithm.

6.1.1 Measurements

For the calculation of the different heat transfer factors, temperatures were measured at five
places: Just after the vaporiser/pressure regulator, before the rail, after the rail, before one of
the injectors and after one of the injectors. This was done for three flows: 2, 4 aﬁﬂh56Nm

The sensor measuring the temperature after the rail was in all cases but one placed at the hose
farthest from the hose connecting the regulator to the rail. So were also the sensors for
measuring the injector temperatures. To see the difference in temperature between the hose
closest to the hose connecting the regulator to the rail and the farthest, a set of measurements
were done with the sensorgpéd at the former and at the inggdbdonging to it.

Different hose lengths were used. The hose connecting the regulator to the rail was 0.5, 1.0,
1.5 or 2.57m long, while the hoses between the rail and the injectors were 0.3, 0.5, 0.75, 0.97
or 2.0m. To make sure that all the connections between the rail and the injectors were of the
same length although sensors were placed before and after one of the hoses, the measured
hose was shortened. This resulted in the following hose leng#®s;0038, (63, 0.85 and

1.88m. Note that the difference in lengths for the shortest hose is only 8cm compared to 12cm
for the other hoses. This is because we would not have been able to assemble the different
parts with a shorter hose.

The coolant temperature was between 80 afi€ 90
The experiments were made in a special test set-up. It consisted of a vaporiser/-pressure

regulator, a rail made of metal, metal injectors, metal inlet manifold and rubber hoses.

6.1.2 Results of the measurement
The results of the measurement are presenteddppendix C

5 .
Normal cubic meter per hour
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An important factor for the calculation bfA; is the ambient temperature. It was during these
experiments about 1@, but varied somewhat depending on where it was measured. For
example, it was a couple of degrees higher close to the vaporiser/pressure regulator.

32 - . .

25 : : :
0 h0 100 150 200
Time [g]
Figure 18: Response for a step in fuel mass flow (8->%N)mThe lengths of the hoses

used are 2.57 and 2.00mm¢ hose between the V/P and rail mentioned first).

It took a long time for the system to stabilise. The temperature atj#iogors
increased/decreased very slowly, about one degree a minute ,maduehit difficult to notice
the change. A step response for a change in fuel mass flow is shBiguia 18 The
response was measured during @09 seconds, and it @vious that the temperature did
not reach steady state during that time. lioisgible that the steadtate measurements were
done too early.

The values for the temperature of the fuel after the injectors are unreliable. They are highly
correlated to the temperature of the manifold, since the manifold as well as the injectors are
made of metal and joined together. The manifold warms up/cools down very slowly. That
means that if there héeen a big fuel flow for a time, the manifold withve been heated up
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and when the flow changes to a much lower value, the temperature after the injectors will still
be high for a very long time. Luckily, the heat transfer factor theinjectors are not of

much interest. The new injectors will be made of plastic, which do not conduct heat very well.
The most interesting temperature is thus the temperature just before the injectors.

6.1.3  Determining the heat transfer factors
UA can be calculated using the followinguation

UA=m,_C MH (36)

pgas _
e T

As the temperature values might have been measured before steady state was reached, one
have to be careful when using the measured values. In addition to the measurements defined
above, there were also some step responses made vilthish descibedlater on €.2.1). By
studying these step responses, it is possible to see that one héat t@rstant converges

towards a certain value.

The transient temperature behaviour is deljgg both directly and indirectly on a change in

fuel mass flow. A higher flow means a lower temperature loss/increase in the connection, but
it also means that the temperature after the vaporiser/pressure regulator will drop. A change in
temperature will spread its effect slowly through the connection, which means that with
shorter hoses, it will reach steady state faster than with long hoses. Thus, the results for short
hoses can often bewesidered moreetiable than the ones for long hoses.

6.1.3.1 The hose between the vaporiser/pressure regulator and the ralil
The heat transfer factors (calculated from the measured data) for the hose that connects the
vaporiser/pressure regulator with the rail are showfaisle 4 By studying the step responses
mentioned earlier (one of them is showrrigure 19, one can see that the heat transfer

factor relatively early converges towards a specific value. This value is about the same as in
Table 4 It seems like the calculated values are reliable.
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The heat transfer factor can also bétemn kl, wherek = 2rrU andl is the hose length. This is
convenient in practical use, because there is no fixed value for the hose length. The length of

the hose depends on the type of car in which the GSl is implemented.

25

A WK
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Time [5]

Figure 19: The heat transfer factor for the hose between the regulator and the rail as a
function of time after a step in fuel mass flow (2->8Nm3/h). The hose is 1.0m

Table 4: Heat transfer factor for the hose connecting the regulator with the rail
Hose length [m] UA [WIK]
0.5 0.68
1.0 0.88
15 1.2
2.57 1.9

Regression analysis [6] gives the following expression for the heat transfer factor
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UAW,] =0.60 +0.33 (37)

which means thdt = 0.60W/Km and that the error caused by the test set-up (for example
extension of the tee) can bédentified to 0.33W/K. The heat transfer factoadculated from
the measured data compared to the ones predicted by theaanded seen iRigure 20

1.8}
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Hose length [m]

Figure 20: Heat transfer factor as function of hose length. The line shows the values
predicted by the model and the x represents #eesored values.

6.1.3.2 The rail

Step responses for the heat transfer factor show that the factor for the rail does not converge
as quick as the factor for the hose. The information the step responses made with long hoses
can give, is that the factor is higher than 0.4W/K and lower 0.7W/K. For the short hoses
however, there is a tendency to converge towards a value close to 0.55W/K.
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There were no step responses made when the sensors were placed closdstse
connecting the regulator to the rail. The only available data is theidfsasurement 1a,
Appendix EThis gives a heat transfer factor of 0.37W/K.

Table 5: Heat transfer factor for the hose connecting the rail with the injectors
Hose length [m] UA [WIK]
0.22 0.82
0.38 1.13
0.63 1.95
0.85 2.77
1.88 4.37

It is not possiblebased on the available data, to determine exactly how big the influence is
from the measurement equipment. If assumed that half the heat transfer for the short part of
the rail is caused by the measurememiipment, the resulting factors becomes 0.37 and
0.18WI/K respectively.

6.1.3.3 The hoses between the rail and the injectors

Studies of the step responses show that the heat transfer factor that converges most slowly
towards a stable value is the factor for the hoses between the rail and the injectors. The values
could therefore be suspected to be inaccurate. Nevertheless, the information given by the step
responses is th&atA has a value between 0.9 and 1.2W/K when the hose is &nfshetween

2.2 and 4.5W/K when the hose is 2.0m. This is according to the valliabl® 5

Regression analysis results in the following relationship betWdeand hose length

UA",] =2.15 +0.50 (38)

kin UA = klis thus 2.15W/Km and the error caused by the test set-up 0.50W/K. The values
predicted with this model compared to the measured onstiawne inFigure 21

48



6.2 Temperature -Transient behaviour

A change in mass flow has both a direct and an indirect effect. If the flow is reduced, the fuel
will spend longer time in the connection, which causes a higher rate of heat transferred
through the walls. On the inside of a hose, the temperature is close to the fuel temperature,
while at the outside it is close to the surrounding temperature. Asaq@nce, the

temperatures of the walls have to change when the fuel temperature changes. This might take
some time.

] 05 1 15 2
Hose length [m]

Figure 21: Heat transfer factor as function of hose length. The line shows the values
predicted by the model and the x represents #asored values.

The indirect effect of a decrease in fuel flow is thap will be closer to the coolant

temperature than before. The temperature of the part of the connection closest to the rail will
be about theame ad\» while the part on the other side, closest to the injectors, will be
related toT;,;. WhenTy,p changes, the teperature of the connection walls also has to change.
This will take quite some timéecause the change in temperature has a long way to travel.
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A very simple description of the transient behaviour gfis

Q- [Tinj ]ss _Tinj (39)
T _ Q 40
e (40)

(39) and (40) gives

dT,;
d_tJ - % ([Tinj ]ss a Ti“J' ) “1)

6.2.1 Measurements

Steps in mass flows (8 -> 2Nifh, 5 -> 2Nni/h, 2 -> 8Nni/h and 2 -> 5Nriith) were made.

Two combinations of hose lengths were used; 1.0m together with 0.5m and 2.57m together
with 2.0m (the hose between V/P and the rail mentioned first). Theetatares irFigure 17
were all measured as well as the mass flow.

The sample time was 0.5s.

6.2.2 Determining t

As explained before, there are difatcauses for the transient behaviour. Steps in fuel mass
flow gives both direct and indirect effects and the temperature change in the walls are two-
dimensional (radial direction and along the lengths of the hoses). The transient model above,
represented by equation (41), is too simple to describe the behaviour sufficiently. However, if
the first quick change is ignored (s&éppendix §, the model describes the changes quite

well.
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(41) was implemented in MatrixX, a software application that allows you tdaemodels.
[Tinlsswas calculated from the measufieghaccording to (35). This waone foreach

sample. By trying various time constants and making a qualitative comparison between the
results, the time constargBown inTable 6proved to be the ones who described the slow
changes best. The graphs generated for the medium long hoses are shppenitix C

Table 6: 1t [sY
Medium long hoses Long hoses
8->2Nm’h 0.0065 0.0019
5->2Nm’h 0.007 0.002
2->8Nm’h 0.0095 0.005
2->5Nm’h 0.007 0.0045

Note that the temperature adjusts much faster to the stedeyaluavhen the shorter hoses
are used. This is exactly what could be expedéten the hose lengthdreases, the effect of
a change imy;p will have a greater length to passaigh. Note also that there seems to be a
correlation between the time constant and mass flow.

When doing the fittingabove, the first quickhange had to be removed in some way. This

was done by setting the initial tperature value to a value such as the calculated and the
measured values became equal at the point where the quick change faded out. The differences
between the initial temperatures used in the caloulatand the measured temperatures are

shown inTable 7 It was difficult to make a good fit with the measuremeiatse for thdong

hoses. Thus, the values for the long ha$esild not be put to much weight to. It is good,

though, to observe that these values are about the sameoass$Her the medium sized

hoses.

Table 7: Correction values
Medium long hoses Long hoses
8->2Nm°h -1.3 -1.55
5->2Nm’/h -2.0 -0.7
2->8Nm°h 5.8 1.2
2->5Nm’/h 2.7 0.4
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What can these values be related to? By studying the exmeade inl;, steady state
values afly,p(t=0), caused by a change in fuel mass fldahle §, one might suspect that
there is a correlation between this difference and the correction values. This is not the
complete explanation.eBsorcharacteristics influence tishape of the teperature curve.
These are unfortunately unknown.

Table 8: Changes of;] steady state value at steps in fuel mass flow
Medium long hoses Long hoses
8->2Nm’h -15.2 -12.7
5->2Nm’h -15.5 -9.8
2->8Nm°/h 26.1 22
2->5Nm’h 18.4 12

The transient model, consisting of a first order filter, leaves a great deal to be desired. With a
correction of the initial value, it can give a good corresieoige with the rdigdy. A more

physically correct model would perhaps gbedter results, but it is both difficult to develop

and probably much more time consuming in the software.

6.3 Temperature in the engine compartment

When air enters the engine compartmerttag ambient temperatui@ecause of the hot

engine, the air heats up inside the engine compartment. The magnitude of the air draught
depends on the speed of travel. From this we can draw some conclusions. The temperature in
the engine compartment depends on coolant temperatuggranemperature and speed of

travel. When the car is going very fast, the temperature in the engine compartment is close to
ambient temperature. Qhe other hand, when tloar has been standing still for a while, the
temperature will be close to coolant. The temperatiitenat be the same in the whole engine
compartment. Some places are more protected from air draught than others, which will result
in a higher temperature at those locations.

6.3.1 Measurements
Temperatures of the air in the engine compartment and coolant were measured at 30km/h, at
100km/h and when the car was standitiiy Ambient temperature was also measured.
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The sensor for measuring the temperature in the engine compartmeatated at a place
well exposed to draught. The reason for this was that the hoses in the experiment car were
located in such a place.

6.3.2 Results
The results are shown Fable 9 The ambient temperature was'C6

Table 9: Measurements for the temperature in the engine compartment
Standing still 30km/h 100km/h

angc 65°C 33°C 27°C

85°C 80°C 72°C

6.3.3  Conclusions

It can be noticed that there is a big difference between a moving and a stationary car. This

was expected. A decrease in temperature in the engine compartment caused by an increase in
speed of travel inot confirmed by the measurements however. It is trughbdaemperature

in the engine compartment decreased wherspeed increased, but so did the coolant
temperatur%

6.4 Pressure

Pressure waves travel with the same velocity as the speed of sound. The connection parts have
such shapes that the restrictions are minimal atrmamw flows. Achange of pressure at one

place of theconnection will thus change the pressure at another place almost instantly (within
100 ms). Hence, the pressure will be apprately the same in the whole connection at all

times.

6
The reason why the measured coolant temperature decretisggreasing
speed, might be that the part where the temperature of the coolant is
measured is exposed to draught.
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6.5 Summary

dTinj _ 1

dat 1 ([Tinj ]ss ~ T )

Tinj (ti[Tinj ]SS) = T'inj (t) + f ([Tinj ]SS)

1
= Tonge = (Tonge, = Tusp )& ™05

engc.

zUiAi
[Tinj ]SS engc.
UA=% U;A =060, +0.28+2.15,
I, = length of hose between V/P and rail [m]

I, = length of hose between rail and injector [m]
1k is about 0.0075whenl; = 1.0m and, = 0.5m

P (1) = Py /e (H)
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7 Implementation

In this chapter there is a discussion of how to implement the ECM algorithms based on the
models in chapte3-6. The models are sometimes very complicated and would take a long
CPU time to calculate in the ECNFijure 22. Most calculations must thus be made on
another computer and only the results, in form of look-up tables, will be implemented.

Things that are easy for the ECM to calculate are addition and subtraction of two variables. It
is also easy to do a multiplication with a constant. Most other mathematical operations are
time consuming, like multiplication/division between twariables or egonential

expressions.

Figure 22: The ECM

Look-up tables can be designed in different ways. The values the look-up tables give can
either be the values corresponding to the table inputs that are closest to the actual input, or
interpolated ones. There are both two-dimenai and multi-dimensional tables, but it takes
much longer time to look something up in a multi-dimensional table than in a two-
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dimensional one. Therefore, it is better to use a couple of two-dimensional tables than one

multi-dimensional.

7.1 Air and fuel flow

Inlet manifold
Engine speed  pressure

by

Fuel mass
™  flow

T

Ambient Coolant
temperature  temperature

Figure 23: Flow chart for desired fuel mass flow

When calculating the desired amount of fuel, the following data is needed: coolant
temperature, ambient temperature, engine speed and inlébldamessureFigure 23. The
calculations are done with the help of four look-up tables. The first one contains a map of the

volumetric efficiency, according to

nvol :nvoI(N’ pim) (42)

The second look-up table tak€8,;, andv = T,m,— Teog @S input, and gives
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gl(mair 'V) = f (mair ) v (43)

as output. The currerfl; is of course unknown, but the latest calculated airflow serves as a

good approximation. The ambient temperature is determined according to (3).

The third table giveg, as a function o, andTe, = Teoo + 01

V,n,, PN
_ yl Mim
9o (Pim: Ten) = ——— (44)
2 im? "ch 60ni R-I;h
The resulting airflow can be read from the last table, ugiramd /], as inputs.
mair (r,vol ' 92) = r,vol wZ (45)
SinceA = 1, the fuel mass flow is
_ 1
My = My, (46)

(mair / mfuel ) S

7.1.1  Table properties
The values used in the tables have the following ranges:

— N: 600 -> 6400rpm
—  Pim: 10 -> 100kPa

— Tamg 273 -> 308K (-10 -> 3E)
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—  Teoor 273 -> 373K (0 -> 10WT)

7.2 The tank
The temperature of the tank is determined according to (7).

7.3 Vaporiser/pressure regulator

Coolant
termperature

!

I Pressure

I

Fuel flow

Figure 24: Flow chart for the V/P pressures

7.3.1 Pressure

The data needed to calculate the first and second stage pressures of the V/P are: coolant
temperature, fuel mass flow and inlet manifold presskigrite 24. In 5.1it was shown that
PstagercoUld be approximated by

pstagel[kpa] = pim +142_33 D'Os |]nfuel (47)
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andpy,p by

py,p[KP& = p,, +121-1.0010° O, ., — 0.068[T, (48)

fuel ool

(47) and (48) are simple expressions, which means that it will take hardly any time to evaluate
them. They can be implemented without modification into theveoét

7.3.2 Temperature

The data needed to calculate the temperature of the fuel after the vaporiser/pressure regulator
are: coolant temperature, boiling temperature, tank temperature, first stage pressuct, s

stage pressure and fuel mass fl&ig(re 25).

Bailing Tank
temperature  tEMperature

.

Coolant
temperature  ——M

Temperature
—®  afterthe W/P

Fuel mass
flow

—

T

Pressure Pressure
first stage  second stage

Figure 25: Flow chart for Jp
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The temperature after the vaporiser/pressure regulator is (accordir) to

dT, 1
#/Pz?[ﬂ:TV/P]SS_TV/P) (49)

This can be implemented fdlows

T _
T, =T, (t-t,) +t, [—I(M —

dt

(50)
=Ty p(t-t) +1 G;I_:([TV/P]SS_TV/P(t _ts))

The expressions for the temperature after the V/P at steady state (defiyedeivery
complicated. It would take a long time to calculate thim,Jong to be ofiny use in a real
time running algorithm. The solution is to use look-up tables.

The temperature has to be detierad inseveral steps. The first table takes as inp&t Tgiager
- Thoi @ndV, = Trank - Thoil » @Nd gives as an output a value cafled

fi(vi,v,) =1- (51)

f, is used as input to the next table together Wil . The output of the table is calléd

UA

fi

f2 ( fl, mfue|) —e mfuelcp,gas (52)
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The next table includes the multiplication betw&gandv; = T — Tyoi- Multiplication of
two variables takes a long time to calculate. That is why a look-up table is used.

f(f,,vs) = v, O, (53)

The value in the last table represents the temperature at steady stapelt Nsiiables is
Tstage1= Tcool - f; andpiny.

k-1

_ pim +Apsa a H*
[TV/ P ]SS(Tstagél’ pim) - Em E D-stagél_ (54)

ApsiagerandApyp are the mean differences betm the inlet manifold pressure amd; siage
respectivepy,p. According to the measurements, these values are 132kPa and 95kPa. The error
caused by this approximation is less thafi@..5

7.3.2.1 Table properties

The ranges for the temperatures are
—  Thoi: 243 -> 263K (-30 -> -1{T)

—  Teoor 273 -> 373K (0 -> 10WT)

—  Trane 273 -> 308K (0 -> 3%T)

Totagei 243 -> 368K (-30 -> 9)

which means that; to v; are
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— vq-20 -> 125K
— V10 -> 65K

— vz 10 -> 130K

The remaining inputs have the following ranges:
Pim: 10 -> 100kPa

M, : 0 -> 6.4g/s (0 -> 10Nh)

f, does not have to be very accurate. A 4x4 look up table where the output is the value given
by the table inputs closest to the actual input values might be good enough. The outputs from
the other three tables must be more accurate c@hibe achieved by a lineatémpolation or

more points in the tables.

7.4 Connection between the V/P and the rail

7.4.1 Temperature

The inputs to the temperature algorithm are: temperature in the engine compartment,
temperature after the vaporiser/pressure regulator and fuel massilpuve(26.
According t06.2, the temperature at the injectors can be estimated by

dT .
dltnJ = % E([Tim. ]ss ~Tin ) (55)

This can be implemented in the following way
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o (t—ty)
|nJ (t) |nj (t t)+t E'Ji

(t-t)+1t, Bl-([,m] T, t-t,)

|nj

Fuel flow

)

Temperature after
vapariser/-
pressure regulatar

—

I

Temperature in

engine compartment

Temperature
at injectors

Figure 26: Flow chart for ;

To make this model work properly, an offset has to be added. This is done by first

determining the offset

f - f([ |nj]SS)

and then adjustingj,;

Ir‘lj (t) = Inj (t) + f ([ inj ]ss(t)) f ([ inj ]SS(t _ts))
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[Tinj ] sscan be calculated with the help of a look-up table, which gjsoutput and takes

V = Teng.c.— Tvpand My, as input.

UA

g(v.my) =vie MiuelCp,gas

[T

inj ] ssis then given by a simple subtraction

[Tinj ]ss = Tengc. -9

7.4.1.1 Table properties

The values used in the tables have the following ranges:

M, : 0 -> 6.4g/s (0 -> 10Nh)

- V. -85-> 75K, Sincdeng o 283 -> 348K andye: 273 -> 368K

Secand stage
pressure of WP — W -

Pressure at
injectors

Figure 27: Flow chart for g

7.4.2 Pressure

(59)

(60)

The pressure at the injectors is the same (approximately) as just after the vaporiser, i.e.
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Pinj = Pvip (61)
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8 Factors that might effect the system

A model can never describe thelityaexactly. It is usubly wise to keep models as simple as
possible. Thus, a lot of factors that affect the modelled system should be ignored as long as
their impact is not significant.

Below, there is a discussion about factors that have not been taken into account when deriving
the models, but still might have an effect on the system behaviour.

Radiation — The exhaust manifold, cooling system and other hot parts radiate heat to the
colder parts of the system. This can hasasequences for the temperatures of the GSI.

Installation — The GSI components areapkd where there is enough space to put them. The
actual location depends on the type of car that is used. In some cars the hoses might end up
close to the usually very hot exhaust manifold, while in other cars they are placed relatively
far from the heat sources. This will have effect on the temperatureinjetiors, because the
temperature of the air surrounding the hoses will fferdnt.

Fuel type—The ratio between propane and butane is not always 60/40, as assumed in this
thesis. A different fuel content will affect a lot of parameters, for example the density, lambda
and thermal propertieFhis will have consequences for the temperatures in the system, the
amount of fuel ifected as well as thertégbda control. IrFigure 28is shown how the

temperature after the V/P varies degieg on fuel type. As can be seen, thféedénce is 5

degrees or less between two fuels with very unequal propane/butane ratios (70/30 and 40/60).

Pressure oscillations- There are some pressure oscillations in the connection between the
V/P and the injectors. These are caused by the opening and closing of valves. The magnitude
is about 10kPa. The pressure oscillations will reduce the accuracy of the pcat=ulegions,

and thus the density of the injected fuel.

Air contents — Variations in air composition might be suspected to be of some importance for
the air/fuel equivalence ratio. However, in the calculations of the stoichiometric proportions
of air and fuel, oxygen and nitrogen are used. These are nearly constant at heightsmlower
90 kilometres (less than 1%). [8]
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O 1 L L L
0 2 4 ] & 10

Fuel flow [Mm3/ih)

Figure 28: Simulated J for three different fuel types ag.f; = 50°C — dotted line: 70%
propane/30% butane, dark solid line: 60% propane/40% butane, light solid
line: 40% propane/60% butane

Ambient pressure— The barometric pressure decreases with increasing height. The decrease
is about 350Pa per 30 metres near the surface of the earth [8]. That means that on a height of
1000 metres, the pressure has dropped about 12 percent. This affects the airflow into the
engine. A change in pressure can be identified, because at full throttle the inlet manifold
pressure is the same as the ambient pressure.

Engine wear- The quality of an engine will change during its lifetime due to wear. What
consequences this has depend on how the engine changes.

Differences between hosesWhen the system is implemented in a car, the hoses between
the rail and the injectors are usually not of equal length. That means that the injection
temperature will differ from one injector to another. The position of the hose at the rail (close
to or far away from the hose connecting the V/P to the rail) will also be of some importance.
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In Figure 29is shown thénjection temperature at steady state simulated for two different
lengths of the connection. The biggest deviation between the two lines is alfi@sbit@e it

is not possible to control the injectors individually, some problems might occur if the length
of the hoses between the rail and injectors vary much.

35

30t

25t

1571

107

0 2 4 4] g 10
Fuel flow [Mm3/ih)

Figure 29: Simulation of if; for two different lengths of the connection. The darker line
shows the values for when the hose between the rail and injector is 1.5m and
connected to the part of the rail that is as far as possible from the hose
between the V/P and the rail. The lighter line is when the hose is 0.5m and
connected to the opposite side of the raife{d= 5°C and Tng.= 20°C)
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9 Conclusions and recommendations

The derived models describe the measured data well, especially the steady state models.
However, to make the mathematical description of the GSI complete, there are some things
that need to be described. There are also some things that aameti® dnprove the

accuracy of the models.

The derived models can be transformed into ECM algorithms and can be run in real-time.

As long as the injectors are made of metal, the temperature of the fuel after the injectors will
be highly correlated to the temperature of the inlet manifold. The fuel temperature changes a
lot over the injectors, which makes it very difficult to determine the fuel temperature exactly
at the injection valve. It is better in a modelling point of view to use plastic injectors. The
injection temperature will then be about the same as the fuel temperature just before the
injectors.

Differences in hose lengths of theskaconnecting the rail to the injectors will result in

different injection temperatures feach injector. Not only the steadiate values Wl be

unequal; there will also be a difference in time constants. It is recommended to keep the hoses
of as equal lengths as possible.

If short hoses are used, the errors in predicted temperatures caused by air draught and
uncertain engine compartment temperatuiteb& smaller then when long hoses are used. On

the other hand, the shorter the hoses are, the bigger the relative impact of the hose position at
the rail is. In this aspect, a rail made of plastic or rubbeetier then a rail ade of metal.

The fuel content (the proportion between propane and butane) does not matter much for the
injection temperature.

There are some thinglsat can go very wrong. One example is when the tank temperature is
estimated. Therefore, the ECM has to use the information given by the lambda sensor and do
temporary corrections to the algorithms. Permanent changes, for example systehawveear,

to be learned in the software.

9.1 Things needed to complete the description of the system

Injector model — The behaviour of the new injectors has to be desdr
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Minimum temperature — The LPG did not vaporise coletely, even if its temperature was
much higher than the boiling t@erature. The lowest possible fuel temperature, for which the
fuel still becomes fully vaporised, must be determined.

Transient behaviour of Tjy; for different hose lengths—With longer hoses, it takes longer

time for T;; to stabilise after a change Tge. To make it possible to use different hose

lengths, the relationship between the time constant and hose lengths has to be described. It
may be wise to include fuel mass flow in the model, since it seems like it has a big influence
on the time constant whearlg hoses are used.?)

Offset for the transient behaviour of T;;; — The offset as function (ffTinj (TV, P)] sghasto

be determined. A look up-table might be an appropriate way to doebade the physical
background to the offset factor is complex2j

Temperature in the engine compartment- The temperature in the engine compartment has
to be desébed, as it is of importance for the temperature at the injectdherki function

given by regression analysis or a look-up table mayooe gvays to do this. It is ipprtant to
study the transient behaviour, because the changes are relativelyesBw. (

Transient behaviour of psage;and pye - The pressures in the V/P changes relatively fast, but
it will still take a @uple of engine cycles before the pressihave reached their steady state
values. A model of the V/P transient behaviour would result in a better estimation of the V/P
pressures 4|

Relation betweenp;, and psiage10r Py - With decreasing pressures, the density decreases.
This will effect the performance of the V/P. Thus, the relation is not linear.

9.2 Recommended improvements

Sensor behaviour— The influences the sensors have on the measured datachdeen
compensated for when the different parameters were calculated. To make the models more
accurate and reliable, the behaviour of thiesershave to be studieand compesated for.

Typ response after a step in inlet manifold pressure A step in fuel mass flow is usually a
result of a change in inlet manifold presslkgs is depending on the fuel mass flow and
indirectly on the inlet manifold pressure, due to that the pressuregagidpy,e is included in
the model. It would thus give a more reliable model if not only responses for steps in fuel
flow are studied, but steps in both inlet manifold temperature and fuel flow.
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Time constants as function of fuel flow it seems like the time constants used in the
transient temperature models depending on the fuel flow. The physical background to this
can be well worth studying. It might both give some valuable knowledge as well as help
improving the transient model$.2 and5.3)

Ambient temperature model—Under unfortunate circumstances, the estimated ambient
temperature can be as much as 20 degrees off. Assume that it is a very nice and sunny day and
the temperature is about 30. If the coolant temperature has not had time to cool down

enough since it was last used, the coolant temperature might beTaQeve5°C. Tampis

thus set to 18C. Another example of when the estimation can give wrong values, is when the

car has been standing in a garage when started.

Errors in the estimated ambient temperature have effect on the calculation of air and fuel mass
flows as well as the temperature in the engine compartn®har(d6.3)

Tank temperature model—The model for the tank temperature is made in the same way as
the one for ambient temperature, which means that it causes the same kind of préplems. (

Air draught — Apart from conductive heat transfengte is also convective heat transfer
between the GSI parts and its surrounding. Thempart of theconvective heat transfer is
caused by the air draught through the engine compartment. This increases with increasing
speed. The part that is most sensitive to aught is the aonection. It has a bigea for a

not so big volume.

The air draught depends on the speed of travel, but it is difficult to get good information about

the speed. One way to compensate for the air draught is to simply add a correction factor to
the UA value of the connection when the camigving.
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Appendix A Used symbols and units

A-2

Tinj
Tup

TTank

Sensor signals

Coolant temperature [K]
Voltage of the car battery [V]
Engine speed [rpm]

Inlet manifold pressure [Pa]

. . . I’nair / mfuel - .
Air/fuel equivalence ratio 5 (S = stoichiometric)

IT'air /mfuel S

Other symbols

Fuel temperature at the injectors [K]
Fuel temperature just after the vaporiser/pressure regulator [K]
Fuel temperature in the tank [K]

Tsuround  T€Mperature of the air surrounding the connection [K]

Tamb
Tboil

Pstage1
Pvip
Pinj

m

tkey_off

[lss

A-3

GSI
LPG
VIP

Temperature outside the car [K]
Boiling temperature [K]

Pressure in the V/P first stage chamber [Pa]
Pressure in the V/P second stage chamber [Pa]
Pressure at the injectors [Pa]

Mass flow [kg/s]
The amount of time the engine has been turned off

Steady state value

Abbreviations
Gaseous sequential injection system

Liquefied petroleum gas
Vaporiser/pressure regulator
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ECM

Electronic control module
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Appendix B LPG properties

The LPG used in this study consisted of 60% propane and 40% butane. 25% of the butane
was i-butane, the rest was n-butane.

Table 10: Properties [7]
Constants Propane i-butane n-butane
R [J/kgK] 188.53 143.1 143.1
C, o [KI/kgK] 2.76 2.35 2.39
C, 4as [KITKGK] 1.63 1.57 1.59
K [-] 1.13 1.11 1.11
Py [k/M] 2.011 2.697 2.708
r [kJ/kg] 427.0 366.4 385.6
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Appendix C Steady state measurements for the

connection

Table 11: Measurement la
My, = 2Nm’h M;,e = 4NmM’/h M;,e = 6NM’/h
My, [NM/h] 2.00 4.00 5.99

T ['C 91.7 90.6 84.2
T, [°Cl 81.1 75.7 61.3
T [°’C] 60.1 64.5 55.7
T, [Cl 51.6 60.5 54.3
Tl 'Cl 36.4 50.0 48.6
T, [C 30.7 43.7 457

Sensor on hose closest to hose connecting the V/P with the rail

Hose length v/p->rail: 1.0m

Hose length rail->injectors: 0.5m

Ambient temperature = 2&

Table 12: Measurement 1b

My, = 2Nm’h Mg,e = 4NmM’/h M;,e = 6NM’/h
My, [NM/h] 2.00 4.00 5.95

Tcoo/ [OC] 915 900 859
T, [Cl] 80.8 75.1 63.1
T, [Cl 58.7 63.3 57.8
T, [C] 43.6 55.6 55.2
T,,[Cl 33.1 47.3 50.4
T, [Cl 28.9 43.1 475

Sensor on hose most farthest from hose connecting the V/P with the rail

Hose length v/p->rail: 1.0m
Hose length rail->injectors: 0.5m
Ambient temperature = 2@
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Table 13: Measurement 2

Mye =2Nm%h My =4Nm7h My, = 6Nm’h
M;,e INM/h] 2.08 3.99 6.03

Tcaa/ [UC] 83-7 81.3 80_4
T, [C] 70.7 67.4 60.0
T e [UC] 45.6 55.5 53.7
T ['C] 32.2 46.4 49.6
T,.,['Cl 23.0 32.8 39.0
T, [Cl 21.0 23.1 26.3

Sensor on hose farthest from hose connecting the V/P with the rail

Hose length v/p->rail: 1.5m

Hose length rail->injectors: 0.97m

Ambient temperature = 2@

Table 14: Measurement 3

My, = 2Nm’h M;,e = 4NmM’/h M;,e = 6NM’/h
My, [NM/h] 1.99 4.01 6.04

T ['C 81.7 80.5 80.6
T, [°Cl 75.9 67.1 58.9
T [UC] 56.6 59.9 55.8
T ['C] 43.8 53.8 53.8
7,.,[Cl 34.8 47.0 50.1
T, [Cl 22.4 25.3 29.1

Sensor on hose farthest from hose connecting the V/P with the ralil

Hose length v/p->rail: 0.5m
Hose length rail->injectors: 0.3m
Ambient temperature = 2&
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Table 15: Measurement 4

mfuel =2Nm’h I’ﬂfuel =4Nm’h IT'fuel = 6Nm’h
M;,e INM/h] 2.03 4.00 6.00

T [C] 81.3 81.5 81.6
T, [°Cl 67.7 64.1 56.1
T e [UC] 47.2 52.9 51.0
T ['C] 33.8 42.7 465
T,.,['Cl 21.8 311 38.3
T, [Cl 16.6 16.7 17.4

Sensor on hose farthest from hose connecting the V/P with the rail

Hose length v/p->rail: 1.0m

Hose length rail->injectors: 0.75m

Ambient temperature = 2@

Table 16: Measurement 5

My, = 2Nm’h Mg,e = 4NmM’/h M;,e = 6NM’/h
My, [NM/h] 2.00 4.00 6.01

Toou ['C] 81.5 82.3 80.7
T, [Cl] 70.1 65.0 55.5
Ty [C 37.2 44.8 44.9
T [Cl 29.9 37.9 418
T,,['Cl 17.3 20.7 27.0
T, [C] 14.1 13.5 14.3

Sensor on hose farthest from hose connecting the V/P with the rail

Hose length v/p->rail: 2.57m
Hose length rail->injectors: 2.00m
Ambient temperature = 2&
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Appendix D Transient behaviour of the connection,
measurements and modelling

The following graphs show (top to bottonﬁl'inj ]SS calculated from the measured

temperature of the vaporiser/pressure regulator, calculgjdihcluding transient behaviour),
measured,; and difference between calculated and mea3yyedihe time constants used
are mentioned in the figure texts.

The hoses were 1.0 and 0.5m (the hose between the V/P and the rail mentioned first) when the
measurements were done.

The important outcome of this study is a first order filter time constant that gives a good
correspondance with the measured data.vbidathat the first gieck change (of both known

and unknown origin) has an effect on the choice of time constant, the initial value of the
calculatedT;y is set so that the calculated and measured values are the same when the quick
change fades out.
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Step in fuel mass flow 8->2Rim 1/r
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Figure 32:  Step in fuel mass flow 2->8Rim 1/r = 0.00958".

D-4



;Msmsm,-,mau,

||||||||||||||||||

pLE")

i

Tires

0.007s.

Step in fuel mass flow2->5Rn 1/r

Figure 33:

D-5



Appendix E The log mean temperature difference
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Figure 34: Temperature profiles

It can be shown [1] that the mean temperature difference in a heat exchanger is

_ (Th2 _Tcz)_ (Thl _Tcl)
) In[(ThZ —Te )/(Thl _Tcl)]
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(62)



Appendix F Measurements for T_v/p

Table 17: Tye [°C] (mass flow: 1-5Nh)

My, = INM’h M;,e = 3NM’/h M;,e = 5NmM’/h
T, =20°C 17 L L
T =30C 27 20 L
T, =40°C 37 32 26
T, =50C 45 41 35
T, =60°C 55 53 46
T =70C 64 62 57
T, =80°C 75 69 63
T =90°C 85 82 75
Table 18: Tye [°C] (mass flow: 6-10Nfh)
M, =INm%h M, =3Nm’h M, =5Nm’h
T =20C L L
T, =30°C L L
T =40C 19 0 L
T, =50C 31 20 4
T =60C 42 35 26
T, =70°C 52 45 37
T =80C 59 52 44
T, =90°C 67 60 54
L = Liquid
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Appendix G UA values

Table 19: UA [W/K] (mass flow: 1-5Nin)
My, = INM’h M;,e = 3NM’/h M;,e = 5NmM’/h

T, =20°C - L L
T =30C - 48

T, =40°C - 54 56
T, =50C - 45 51
T, =60°C - 63 50
T =70C - 49 51
T, =80°C - 34 a1
T_,=90°C - 51 44

Table 20: UA [W/K] (mass flow: 6-10N¥h)
My, = 6NmM’h M, =8Nm’h My, = 10Nm’h

T, =20°C L L
T =30C L L
T, =40°C 52 45 L
T =50C 52 52 49
T, =60°C 51 56 57
Tcnal = 7000 49 54 56
T, =80°C 44 49 52
T =90°C 40 46 51
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Appendix H Measurements for the V/P pressures

Table 21: Rrages [kPa] (mass flow: 1-5Nrih)

Mye =INMYh Mg =3NmYh My, =5Nmh
Tcool = ZODC 242 L L
T =30°C 237 234 L
Tcool =40C 242 237 232
Tcnal = SOUC 240 240 235
Tcool = 600C 239 232 231
Tcnal = 7000 238 237 231
Tcool = 800C 242 235 230
Tcnal = gouc 241 234 235
Table 22: Rrage1[kPa] (mass flow: 6-10Nfh)
My = 6Nm*h M = 8Nm?h Mo = 10Nm*h
Tcnal = ZOUC L L L
Tcool = 300(: L L
T,n=40C 230 228
Tcool =50"C 231 226 224
T,n=60C 229 225 220
Tcool = 700C 231 226 221
T,n=80C 228 225 220
T =90°C 230 225 220

cool
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Table 23: e [kPa] (mass flow: 1-5Nfih)

Mye =INMYh Mg =3NmYh My, =5Nmh
Tcnal = ZOUC 199 L L
Tcaol = 300(: 198 199 |_
T = 40°C 198 197 196
Tcaol = SODC 198 196 195
Tcnal = GOUC 198 197 195
Tcaol = 700C 197 195 195
Tcnal = 800C 195 195 195
Tcaol =90°C 193 195 194
Table 24: Re [kPa] (mass flow: 6-10NFh)
My =6Nm’h M, =8Nm’h M, =10Nm’h
Tcnal = ZOUC L L L
Tcaol = 300(: L L
Tcnal = 400C 196 195
Tcaol = SODC 194 193 193
T, = 60°C 195 192 190
Tcaol = 700C 195 192 190
T =80°C 193 191 189
T_,=90°C 193 191 189

cool
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Appendix | Transient measurements of the
temperature after the V/P

The measurements showere maddor one combination of hose lengths; 1m and 0.5m (the
one between the V/P and the connection mentioned first).

70

T wip [C]

45

] 50 100 150 200
Time [5]

Figure 35: Step response: 8->2Nim
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Figure 36: Step response: 5->2Nm3/h
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Figure 37: Step response: 2->8Nm3/hl-2
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Figure 38:

Step response: 2->5Nm3/h




