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This project shows the development of a flexible, re-cenfigurable electronic control
unit {ECU) fitted to a diesel engine. The engine in question was a single cylinder
Ricardo Hydra research engine. It was configured in the direct injection diesel mode

using a high pressure commean rail fuel injection system.

The ECU was built around a platform consisting of a PC and FPGA (Field-
Programmable Gate Array) data acquisition card. This PC runs a hast program and
nerforms in a supervisory capacity. It reads in the data from the FPGA card and
displays it on a graphical user interface; additionally, does calculations and updates
the injection parameters. The FPGA program runs on the data acquisition card
which does all the deterministic control and data capture. The relevant front end
circuitry was designed and built to mimic current production ECU's. This system now
becomes a useful tool for flexible fuel research and rapid development of control

strategies.

A control strategy was developed with two fuels in mind. Namely, a European
specified diesel (ENS90) and a Gas-to-Liquid (GTL) diesel from Sascl Ltd, as well as

bBlends of these two fuels,

The focus of the control strategy hypothesis was to mirimize the emissions based
on the fuel's properies. The thinking behind this was that with the addition of new
fuels inta the market place, fram various alternative sources, the engine
manufacturers can no lenger rely on open-loop control using a traditional engine
map. Each fuel has different combustion characteristics that need to be exploited by
the ECU in order to benefit from any possible emission reductions. This inherently

implies the introduction of closed-loop control systems.

Control Strategy Hypothesis
The control strategy hypothesis was defined as follows: Firstly. o detect a change in
the fuel type. Thereafter. the controller would use this knowledge of the fuel to

optimise the engine emissions.
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In order to detect a change of the fuel type going into the engine. a parameter was
defined based on the fuel's Hydrogen/Carbon (HIC) ratio. This was calculated only
once the controller had adjusted the injection settings to yield the same load (as was
produced by the reference fuel for a known set point) and combustion phasing:
thereafter the calculation was done using the aspirated air-mass flow, gravimetnc
fuel flow and the axygen content in the exhaust, in the form of lambda. After the H/C
ratio was calculated in the aforementioned manner, a supendisory controller can

optimise the combustion based on this information.

Az iz known with Nitrous Oxides (NO,) and Scot/Particulate Mass {PM) exhaust
emissions. there is 4 trade-off. Additionally. there is an approximately linear
relationship hetween H/C ratio and Soot/PM. This, in turn, implies that there are
different NO, — PM trade-off curves based on the fuel's H/C ratio. which therefore
can be traversed to minimise the emissions as shown in the graphic below, by
changing the injection timing. There are timing limits on either end of these curves
that the controller would not be allowed to exceed. The timing advance would be
limited by the maximum allowable cylincer pressure that the engine was designed
for. On the other end, the timing retardation would be limited by unburned

hydrocarbons or BSFC (hrake specific fuel consumption) for example,
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Validation

In order ta validate the contral algorithm five different fuels (EN5S0, GTL, and 3
blends in between) were used with varying H/C ratios and cetane numbers. These
were run at the same engine operating point with and without the cantrol; the
control-off operating point for all the fuels was the chosen point for EN590.
Additionally, a timing sweep was done for each fuel to ascertain its NO,-Soot trade-
off curve, and where the operating point was on this curve. Furthermore, the tests
were run with and without pilot injections to gain further insight into the performance
of the controller, Emission data, fuel consumption and power output were recorded
to highlight the benefits of the control system. The success would be judged on the
controller’s ability to identify the fuel in use, and what emission improvements could

potentially be achieved.

Conclusions

The ECU was fully functional and fulfilled all its requirements. Additionally,
satisfactory control aver the combustion phasing as well as the load was achieved.
This cantrol technigue compensated for any differences in fuel energy content,

injection delay and ignition delay.

Different Soot - NO, trade-off curves were clearly identified based on the fuel's H/C
ratio. These distinct curves have the potential to be traversed, with knowledge of the
H/C ratic and the end limits, to significantly optimise emissions perfermance in

favour of either NO, or soot.

Furthermere the results confirmed that there was a clear linear relationship between
soot concentration and H/C ratic — reducing soot with increasing HfC ratia. An
insignificant change between the NO, emissions and the H/C ratio was noticed.
despite the difference in cetane numbers. It is speculated that this may be caused
by the increased flame radiation heat loss for EN590 combustion, due to its higher

saot levels.

The H/C ratio detection followed the trend of the actual fuel's H/C ratio, but to an

unsatisfactory level without correction. An empirical correction factor was developed

page vi



1= = oy i
AR O R T TS oot s i s L S R S e i s o R S i
B T o TR e e, i
T I b e T B I e B B i s s e I
TS T o 0 o A A i s 5 8 A s S R s il
(I o o N [T = G T L= U PO OTEUPO X
o S Y s s e W e B e B A i e LR il
PEUTOTIITIR. ovuvcmmmen s v ra s S A A VRS S B R s e I S S S xii
e T R T oo i s s o S S T e s s NG o P B T A 1
2. Terms of RefErENCE . oo e crre e e e re e e e e ea et nee e e sa rrnaracre e 3
& Backgrountd-and Lileratiite BeweWe s pagNG s imimimnnmisisanisas 4
4. The Do SO0 s snmmmissssmomflr sl s ol 6o s s s s e S s SyeA ERRT 13
£, Electromic Gantrel WL .. &0 i i s R S B e 13
e O oy e o T = g ) Ty PP R s 13
412 ENQING SEBMSOMS Lttt eeiee et rai e et e e e e e et saren s nrnn s oy
D I s e g N o o M B D R S s 18
S ERQIne. SUNISRITE - . o v e e e e S e 19

G e S RN T Y D O Rl s o v ot s T G B S S S s sy 23
B Malidation o OGMNG! AIGOHIIT .« v s oo etmmseimm e ok s Rssssesss il 25
o B T LT (T o 25
o T B Rl oo vt R o A T A 5 S s Y s A s T 32
£, Results Aand DISCUSSION ..ottt rniees e ia s e e iamtas et e e e e e aeeaesiae e 33
G O R D N s o e o T o S B T S B R R 3
B RIS o oo s i 00 S O S R S A S B S B ek 35
5 Sl e T T B s e A R e T e e SO P 44
e RIS i e e S e Y e 459
B e et rs e b i S e R e B e a0
R B e s P B B W B RN BT S A R T A Gl
Sopendiefy BEEEEBBEININ o s v o s i s s e e A-1

page vii



Appendix B:
Appendix O
Appendix O
Appendix E;
Appendix F:

Combustion Analysis Formula . B-13

Test FLek Propertias o suiiian e S s e v v C-1
O NN TE= T =1 T PSSP UPN I S|
Bosch-detuatgriGensor I mformmalionr i E-1
o L L T —— F-1

papE w



List of lllustrations

Figures
Figure 3-1. Triggering sequence of a solenoid-valve injector [15]. i 5
Figure:3-2- T Ldiesel fuel properies-compaisan [T aismsinmaien e i, 9
Figure 3-3: Linear relationship between PM and HIC ratio [2] .o 10
Figure 3-4: Calculated adiabatic flame temperature as a function of atomic H/C ratio
for avanety of hydriocgrbon fuels [2Hv i i 11
Figure 4-1. NI 7231R data acquisition card........ccooiiiiniciesieeecee e ec e 14
Fignare:%:2: Bysterns struatbre: o i aiiiissinmmnmainasemilmmannm. s 17
Flgure 430 BLU seEenebinl o smasssmnamasissimimesnsela Vi i as i 18
Figure 4-4: Injector current profile [16] o 20
Figlre-4-3; Smplified injecior drvar CIreU . cuv v s N e s e i vas dissdi s 21

Figure 4-6: Actual injector current waveform ... 22

Flgyure-4-F.: Nl BM Trade-ofl cupees i NGl i v i 25
EiglieAo8 Ganbol TaGEElaml, . mammillualies i s e s s s R 26
Figure 4-2: Instantaneous combustion heat release e 27
Figure 4-1( Cumulative combustion heat release. . e 26
Figure 5-1: Hydra Engine Test Call. .. e er e 30
Figure B-1: Pressure:drace phl)h]jecion surmenb:is o viiaeiimiemiamsidasis J3
Figure B-2: Step changeiesponse for BS0 controller ... ..o 34
Figure 6-3: Step change respange for IMEP contralier .......occoocviveeiviveiiiees s 35
Figure 6-4;: Fusl flarves. HIC ratio (aithout PHOY o ainisainmimimsiisismmaiim 35
Figure 6-3: Fuel flow vs. BH/C ratio (wath Pilat) e 38
Figiire B:6: Plot of HIG ratiows. SoblBMISSIONS v sraaminmisnibiimsnwisiies a9
Figure 6-7: Plot of NO, emissions vs. HiC ratio . 40
Figtie G-8 Heal et e COTMDANSED vt i i v s o s T L s A0
Figure 6-3: Sonot-NO, trade-olf curvas (PO OnY. e 42
Figure 6-10: Emission change after fuel change . 43
Figure 6-11: Emission change after optiimiSation . ..o eeeeie 43

Figure 6-12: Companson between calculated and measured H/C ratios with pilot
TR G s vno s sy i S S ) S e S S e e i S e s A
Figure 6-13: Comparnson belween calculated and measured H/C ratios without pilot

N NI i o S S A B B A o A e e S 45

page %



Figure 6-14: Air density and H/C ratio comparison ............ccccevveinicieeniin e 46

Figure 6-15: Corrected H/C ratios (Pilot injection on) ............cccocviiiincicniiienenne. 47
Figure 6-16: Corrected H/C ratios (Pilot injection off) ... 47
Figure 6-17: H/C ratio comparison (Pilot-injection-on) ...........c...coocciciiiiii, 48
Figure 6-18: H/C ratio comparison (Pilot-injection-off) ..............ccccooviiiiiiinnn 48
Figure A-1: Flowchart of shaftencoder..............coccoi i, A-5
Figure A-2: Shaft encoder waveforms .............ccooccn i A-6
Figure A-3: Flow chart of injector driver............ccocorviice e A-7
Figure D-4: Injector driver CirCUIt.............cceeiiciiiriice e e D-1
Figure D-5: Voltage regulator CirCuit ............cooviiiiii e D-2
Figure D-6: Thermocouple multiplexer circuit .................ooccon i D-3
Figure D-7: 1s0lation CIrCUIt ............ooooiiiiiiiei e e e D-4
Figure D-8: Relief valve driver Circuit ...............cccooiiiiiiiiiic e D-56
Figure D-9: Safety Relay DAVEr............coiiiiiicceee s D-6
Figure F-10: Pressure traces for all test fuels with pilot injections ......................... F-6
Figure F-11: Pressure traces for all test fuels without pilot injections .................... F-7
Tables

Table 2-1: High level specifications ..........cc..cooeiiiiiiiii e 3
Table 4-1: Control ConStantS............ooocvvee e 26
Table 5-1: Specifications of the Ricardo Hydra Engine.................ccooivniiiineennnnnn. 29
Table 5-2: Test fuel MatriX..........c.ooviiiiii e e s 32
Table 5-3: Engine operating POiNt.........ccooeiiiiiiiiie e e 32
Table 6-1: Injection timing effect from control system without pilot injections........... 36
Table 6-2: Comparison of measured flow differences with calculated ones ............ 37
Table 6-3: Injection timing effect from control system with pilot injections .............. 37
Table A-1: Data acquisition board requirementS................ovvviiiiviiiiiieieeeeeeen, A-3
Table A-2: Channel assignment..............ccooviiiiiiiiieee e A-d
Table C-3: FUEI PrOPerties .......c...oooiiiiiiieeee et re e ee e e C-1
Table F-4: EN590 Test réSURS ..o e F-1
Table F-5: GTLESt r@SURS .....covviiiii e e F-2

page xi



Table F-6: 25% GTL + 75% EN590 test resulS ........oovvieeeeeeeeee e F-3

Table F-7: 50% GTL + 50% ENS590 test results.........cccoovvereeieeeriviee e, F-4
Table F-8: 75% GTL + 25% EN590 test results...........cooecccereiieiciiiiee e F-5
Table F-9: EN590 Test results (No pilot) ........oovviiiiiiieeriiic e F-1
Table F-10: GTL test results (NOPIlot) .......cocovreeiieie e, F-2
Table F-11: 25% GTL + 75% EN590 test results (o pilot) ........oooovvvveeeiiiiiiinnnen.. F-3
Table F-12: 50% GTL + 50% EN590 test results (no pilot) .........cc.ccoceveineniiinnnnnnn. F-4
Table F-13: 75% GTL + 25% EN590 test results (no pilot) ............c.coovvvieneieeennn, F-5

page xii



Lambda (%) This is defined as the excess-air factor, or the ratio of the actual

airffuel ratia (AFR) to the theoretical stoichiometric AFR.
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1. Introduction

With ever stricter diesel exhaust emission legislation being implemented there is
great demand for cost competitive solutions 1o achieve these emission lovels. The
gasy way ouf would be 1o use expensive exhaust gas after-treatment systems, but &
muore challenging way is to implemeant a navel engine control strategy to optimige the

combustion process.

Optimisation of the combustion process 15 most effectively achieved in a closed-loop
control envirenment. Combustion parametars, ke peak pressure, maximum
pressure rise rate, heat release and start-of-combustion, need to be measured and

contraled,

Im order to develop these strategies i s therefore advantageous 1o have a flexible,
re-configurable electronic contro! unit (ECU) fited to the engine in question. Current
production ECUs would abviousky not provide this since they are hard coded and do

nat give access 1o their lookup izbles.

A platform like this would allow the user {o develop strategies to optimise exhaust
pollutant emission levels while the engine 1s runming, regardiess of ambient
conditions or what fuel is being used. The twa fuels that were concentrated on in this
report were a fuel meeting the EN5S30 specification and a gas-to-liguid (G TL} diesel
fuel. This natural gas derived diesel was chosen on the hasis of it being speculated
that this will be a reliable future fuel source. Bio-diessl is also making inroads with
the implementation of mandatory blending into conventional diesel; but there is still &
lot of research to be done to allay fears of food crop offsets and other engine effects
not yet known. As this transition happens there will. more than likely, be a gradual

increase in GTL blending. rather than an avernight swiich.

There are a few closed-loap control strategies built inta the more modern ECUs, but
these involve the control of more localised variables (i.e. start-of-injection or idle
speed). Combustion analysis is a relatively new concept for production ECUs, Media
reparts have suggesied that the engine manufacturers are on the verge of

implementing full combustion contral in some of their engines,
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This document describes the development of such a flexible, re-configurable
electronic control unit (ECU), and aims to demonstrate a control strategy hypothesis

to help meet the stringent emission levels.

Report Structure

The layout of this report starts in the next section with a table containing the terms of
reference that had to be achieved. Thereafter, a brief theoretical background is
given followed by the literature review.

Next, the design solution is presented which is broken down into two subsections;
the electronic control unit design and the control strategy. Following that, the
validation process of the controller is described. Included in this section is the

engine setup that was used for the validation.

This report concludes with the discussion of the various results and draws

conclusions based on these results.
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2. Terms of Reference

Table 2-1 shows the terms of reference that will guide the scope of this project. It will
be seen that there are two main paris to this project; Firstly, to design and build a
versatile PC-based ECU for the Ricardo Hydra, and secondly to implement a novel

injection control strategy which can capitalise on cleaner-burning characteristics of

diesel fuels with lower aromatics content.

Tahle 2-1: High level specifications

suitable validation process

Nao. | Specification | status '
Part 1 - Design and build a versatile PC-based ECU
for the Ricardo Hydra
1.1 ~ Normal diesel engine ECU features Achieved
1.2 | Production standard injector driver Achieved
1.3 | Pilot and main injection events Achieved
1.4 | PC based Achieved
1.5 | Fail safe Achieved
1.6 | Programmed in LabVIEW Achieved
1.7 | User friendly interface Achieved
Part 2 - Implement a novel injection control strategy '
| into the ECU
2.1 | Centrol load and injection timing to a desired set point Achieved
Develop a parameter to identify fuel type during normal i
2.2 operation Achieved
53 Demonstrate the control system's potential through a Aekisyad

Refer to Appendix A for more detail on the contents of the above table.

Once the ECU with contrel algorithm support is completed. various conclusions will

be drawn about how the control strategies interacted with the fuels.

Tarms of Reference
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3. Background and Literature Review

Electronic Controf Unit {ECLY)
An ECU, also known as an Electronic Diesel Control {(EDCY in a digsel engine, 15 a
control unit which controls various aspects of an intermal combustion engine's

operation.

Some of the first generation ECUs anly cantralled the injected fuel quantity for each
cylinder, cach enging cyclc - proviously this was dong mechanically. ECUs have
evolved and taken on more tasks as the fuel injection systems have tecome more
floxitle. [15] Nowadays advanced ECUs found an most modern diesel passenger
cars also control the injection timing. rail pressure, exhaust gas recirculation. boost
level of the turbocharoer and other peripherals. These control parameters are
calculated by monitaring the varous cnging sensors, These can include cnging
speed, fuel rail pressure, manifeld-air pressure., intake-air mass flaw, intake-air
temperature. accelerator position, exhaust lambda and various others. This
enhanced functionality and flexibility lets the ECU designers implement complex
injection strategies; far example, the several small pilot injections (used to
precandition the cylinder for the main combustion} that can be injected before the
main injection. Additionally, the occasional late injection for regencration of exhaust

catalysts would just nat have becn possible witheut this level of cantral.

Currently, most ECUs de not implement clescd-laep cantral of the combustion
process. Mostly the injection settings are provided from lookup tables. These tables
cansist of two-dimensianal or multi-dimensional data maps that have injectian
zettings mapped as a function of enoine speed and load. Correction factars and
multipliers are used to account for changes in ambicnt conditions and transient

operation.

There are closed-loop elements in modern ECU's (i.e. control of idlc specd, start-of-
injection. lambda) but there are still many develocpment areas related to this. In
particular, combustion analysis, which alang with other clesed-lacp cantral

strategies are discussed later in this Literature Review section.

To summarise, there are three primary functions that an automotive ECU fulfils.
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Firstly. to detect the current engine gperating conditions, Secondly, these variables
need to be processed in a control unit which decides cn an appropriate action and
generates the required output signals for the actuators. Finally, the actuatars convert

the signals from the centrol unit into the physical warld.

A more complex actuator that needs more explanation s the solenoid-valve injector

driver. Thrs is expanded on below,

fnjector Driver

A solenoid-valve injectar is a high current, electre-hydraulically activated device.

I his device needs to be controlled to a great level of accuracy and repeatability to
ensure reliable fuel delivery. In order to achigve these needs a compiex driver
gystem is required. The driver circuit activates the injectors by the use of a clurrent

waveform consisting of several phases [15], as shown in Figure 3-1 below,
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Figure 3-1: Triggering seguence of a solenoid-valve injector [15]

Opening phase
The rapid cpening of the salencid injector is achieved by applying a high voltage
from a boost capacitor. up to 100V, until the injector current reaches approximately

20 A By using a high voltage this currant level is achigved much faster than when
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conventional battery voltage is used. This current ramp-up takes in the region of 30

ps.

Pickup-current phase

Once the peak current is achieved by the previous step, the high voltage is turned
off and the battery voltage is applied. The current is held at this 20 A level for the
remainder of the pickup phase which assists in opening the valve rapidly. This

phase is usually around 200-250 ps.

Holding-current phase

After the previous two phases are complete the injector is guaranteed to be open.
Implying that the armature of the solenoid has pulled in completely, thus reducing
the air-gap to the stator. This consequently reduces the required current to maintain
the injector open. The current is now dropped to around 12 A for the remainder of
the injection duration to conserve power and prevent overheating.

Switch off

Once the injection event is complete the injector is required to close as quickly as
possible. The back EMF (electromotive force) that is generated from switching off
the solenoid is usually directed to the high voltage boost capacitor.

Closed-Loop Control of Combustion Process

With the current demand for continued reduction in emissions and fuel consumption,
any improvement in diesel engine control is welcome. One area that would be
influential in meeting this demand is more direct control of the combustion process.
The current industry norm is open-loop control, which is probably explained by the
expense and added complexity of adding the necessary feedback sensors for
closed-loop combustion control.

These sensors would primarily come in the form of a pressure transducer,
accelerometer and/or wide-band lambda sensor. There is a lot of focus on bringing
down the cost of in-cylinder pressure transducers for this very purpose. Moriwaki et
al. (2003) [13] developed a combustion pressure sensor installed inside a glow plug
which showed good accuracy at a low cost. Ricardo UK (20086) [10] also found this
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when investigating the current sensor technologies that would be fit-for-purpose in
closed-loop combustion control systems, and found a glow plug mounted pressure
sensor as the target sensor option. It has been subsequently announced by GM
[11], who worked in conjunction with Ricardo, that these sensors will be
implemented in the 2009 Cadillac GTS. Alternatively, there has been good progress
in simple optical sensing techniques. This sensor consists of a silicon diaphragm
which responds to the applied pressure, and the deflection is detected using an
optical interferometer. Fitzpatrick (2000) [12] showed good performance with this
sensor type, and low cost production capability.

These sensors will enable cycle-by-cycle combustion analysis on which new control
strategies can be designed. The necessity for this is the current inability of open-
loop control systems to adapt to changing environmental conditions, as well as to
detect faults or performance reductions in the engine with more accuracy. As the
engine ages its tolerances change through wear or deposition which could result in
cycle-to-cycle and cylinder-to-cylinder variations. Additionally, there are substantial
differences in the EN590 fuel specification; e.g. fuel density varies from 820-845
kg/m?® (Yates and Rabe [14] observed a slight drop in power from this density
change). All these changes could potentially be detected and compensated for. The
benefit of reducing these variations is that the engine could always operate at some
optimum point. Beasley et al. [10] have demonstrated a control strategy which deals
with these variations, and have shown significant reductions in exhaust emission
dispersion. The strategy involved, among other things, controlling the B50 point
(50% point of the fuel's heat release) rather than the SOI (start-of-injection) point.
This improves combustion phasing between cylinders and cycles by compensating
for changes in injection and ignition delay.

The previous few paragraphs have been discussing the injection control strategies.
Another method of closed-loop control, developed by Bosch, is the lambda-based
exhaust gas recirculation (EGR) control. Lambda control is imperative for the
regeneration of NO, storage devices. This type of catalytic converter is regenerated
when the overall AFR is rich and stores the NO, when the engine is running lean
(A>1), as in normal diesel operation. Rich conditions (A<1), are achieved by
periodically increasing the amount of EGR, retarding injection and/or throttling the
intake. There is quite a challenge in doing all this without affecting driveability.
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Nevertheless, it has been done quite successfully and enables significant emission

reductions.

Fuel Effects

With the threat of diminishing crude oil supplies, it is likely that fuels for internal
combustion engines will be produced from a wider variety of feedstocks (e.g. natural
gas, biomass, waste animal fats) in future. A particular challenge facing automotive
manufacturers is to ensure optimal engine operation with fuels from these diverse

sources.

Thus, it would be beneficial to detect, while running, different types of diesel fuel,
and optimise the injection settings to suit the change in fuel properties.

This would require a method or an on-board sensor that could detect the change in
fuel composition. A news report [17] has made mention to a company (SP3H) that is
developing an in-tank near-infrared (NIR) sensor which categorises the composition
of the fuel by hydrocarbon family. They intend on going into commercial production
for the 2010 model year. This would give the ECU estimations of valuable fuel
property information (i.e. Density, viscosity, heavy aromatic content, bio-fuel type
and content, Distillation curve and cetane).

To get an idea of how these fuel properties will change with different fuels, a
comparison is made between GTL diesel and the typical range for crude oil derived
diesel (See Figure 3-2 below). Appendix C contains a full comparison of the fuels
used in this project.

Background and l.iterature Review page 8



Fuel Property Typical GTL Diesel Fuel

Density (ka/m* at 15°C) 520-845 | 750 M — 550

Viscosity {'CS? at 4&'—'(:} A e g R 20 _ a4 5

Heating Valie {RAY, MJikg) 455-460 |45

Aromatcs Content (%2 mass) 20-30 4 ‘——_—| 40

SIC ratio (molar) 180-190 | 1.8 —H )

Sulptiir Content (makg) =50 g . 50
Cetane Number B0~ 54 A0 ———’~ 20
w7 1(Cal range for crude-derived diesel ’ G Tl diess! fusf

Figure 3-2: GTL diesel fuel properties comparison [17]

Cefane number (CN}

The cetane number is described as the fuels propensity to auto-ignite, Thus GTL
diesel with an estimated cetane number of greater than 74 wculd have a shorter
ignition delay than the EN590 diesel (54 8 Cetane). A shorter ignition delay implies
that less fuel is burned during the uncentrelled premixed combustion phase —
responsible for high pressure rise rafes - thus reducing the peak pressures and
temperatures. There are additional benefits from the shorter ignition delay such as

reduced engine noise.

Density ()

Fuels are metered to the combustion chamber by volume. So if there is a reduction
in density. as in GTL diesel, there will be a reduction in energy content for a
hydrocarbon fuel, Conseqguently lower power and, in some cases, a decreased soot

emigsion will he ohserved.
Heating Value (HV)

The heating value is the amount of chemical energy released by combustion of a

Lnit quantity of a fueal.
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The gross heating value is obtained when all products of the combustion are cooled
down to the temperature before the combustion. Also, the water vapor formed
during combustion is therefore condensed.

The net or lower heating value is obtained by subtracting the latent heat of
vaporisation, of the water vapour formed during combustion, from the gross or
higher heating value.

GTL’s higher heating value compensates slightly for the lower power due to its lower
density.

Hydrogen to Carbon Ratio (H/C Ratio)

The H/C ratio is the hydrogen to carbon ratio of the fuel on a molar basis (mol/mol).
The H/C ratio is determined from the molecular structure of the fuel, which is the
fundamental property that affects all other fuel properties. The affected properties
are, among other things, the heating value, density and stoichiometric air/fuel ratio
(AFR) of the fuel. As seen in Figure 3-2 the H/C ratio varies from 1.87 with crude oil
derived diesel to 2.11 with GTL diesel.

it has been shown that there is an approximately linear relationship in pure
hydrocarbon fuels between its H/C ratio and particulate matter (PM) exhaust
emission [2], as shown below in Figure 3-3.

10+

Eﬁﬁql
%nr
06+

Qi 1

13 1R 20 28 2% 2N
HioCAomRaio

Figure 3-3: Linear relationship between PM and H/C ratio [2]
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Farticulates are fermed in two stages, particle formation and particle growth. which
include surface growth, coagulation and aggregation. Particulates are formed
through the oxdation and/or pyrolysis products of a fuel. [ hese products typically
inclrde unsaturated hydrocarbons which are the most likely precursors to soot
farmation. Throughaout this process these products are dehydrogenated. The
addition of mass occurs when the soot particles react with gas-phase molecu es,
thereafter growth continues with ceagulation and aggragation [1]. Fundamentally the
formation of soot 15 primarily from the carbon content of the fuel. Thus with a higher
i1/C ratio there is less carbon available for this process. [t can be seen from the
figure above that the linear relationship only helds for hydrocarbon fuels, and

excludes oxygenated fuels.

Additionally, the H/C ratic affects the NG, emissions. The heating value per
stoichiometne air-fuel mixture becomeas lower for a higher H/C ratio fuel; thus,
reducing the adiabatic flame temperature. Since NO, production has strong
temperature dependency [18], the main effect of this is lower NO, emission. Figure
3-4 shows how the adiabatic flame temperature is lowered with increasing HIC ratio
fuels. It must be noted that an improved gnition quality can also contribute to lower

burned gas temperatures.

T=G0D K
=50 bar
Equmw. Ratio = 1.C

at0n b

Adiabtic Flame Temporalare: (1)
b
[y
m
=
T

2-—15{,' i St B L T (I LR S M S ST M S P R R T F [
o.c L 2d 5 N £
H!iZ Ralio

Figure 3-4: Calculated adiabatic flame temperature as a function of atomic H/C ratio for a
variety of hydrocarbon fuels [20]

The same effect 1z achieved by retarding the injection timing. which also lowers

peak temperatures and pressures. Also, by reducing peak temperatures and
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reducing the effective time before the exhaust valves open, the rate and time for
soof oxidation decreases, vielding increased levels of particulate emissions.
Conversely. if the timing is advanced the NOx emissions will increase due to the
higher temperatures. and the particulate emissions will decrease due to increased

sout oxidation rates This leads to the NO, — Soot trade-off in diesel engines.

GTl is not yet commonly found in the forecourts but it is certainly headed for large
scale integration into the market as it reduces dependence on crude oil [22]. Maore
importantly it lowers exhaust emissions with virtually zerg percent sulphur; this aids
in reducing particulates and prevents catalyst poisoning. It can be appreciated that
there will not be a transition overnight. but rather a gradual increase in the blending
of the GTL diesel into conventional diesel. This imphes that without some novel
contral strategy the fuel bencfits would go largely unnoticed. that is until there are

engines that are modified for GTL diesel and this diesel ig freely available.

It is possible to run an unmodified engine on neat GTL diesel and notice emission
reductions without noticing a significant performance change [3-7]. But, as
mertioned above, it would be more advantageous to aptimise the engine to suit the
fuel, While hardware changes would yield a higher reduction in emissions [8, 9],
injection control would be much easier to implement in the form of ECU software

upgrades.
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4. The Design Solution

The following sections describe the final sclution that was implemented for each of

the sub-systems.

4 1. Electronic Control Unit

The existing Bosch ECU was removed from the engine. leaving the ariginal sensors

and actuators in place. and designed from this state. The follovang chapter goes into

the details of these electranic systems.

Essentially there are three functicns that an automctive ECU fulfils:-

Firstly, to detect the current engine operating cenditions. This is done by
acquiring feedback from the various sensors on an engine — Discussed in
Sections 411 and 4.1.2.

Secondly, these variables need to be processed in a control unit: thereafter.

generate the reguired output signals for the actuators — Shown in Section 4.1.3.

Finally, the actuaters convert the signals from the contrel unit into the physical

world — Explained in Section 4.1 .4,

4 1.1. Hardware Platform

The hardware platform that was selected for the project nesded to meet quite a
high specification. It needed to fulfil several roles; along with capturing the data.
it needed to control the various actuators at a high speed and to high accuracy.
Flexibility was another requirement. This was needed to ensure a user-friendly

platform to rapidly prototype the control algorithm.

There were several aptions that could potentially fulfil the reguirements One

option was to use a standard PC with a traditional data acquisition card. This
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wolld have been a user-friendly, flexible and an inexpensive sclution. but lacked
severely in the high speed and determinism areas. This was due to the fact that
Microsoft Windows ™ cannot parflorm true deterministic contral as it prioritises
systern processes over software timing loops. A second option would be to use a
microcontraller. Here there would have been high speed and accuracy, but this

solution was discarded due to insufficient flexibility and user-unfriendliness.

The option that fullilled all the requirements was achieved by using a PCIl data
acguisition card fram National Instruments (Nl 7831R) with 2 Field-
Programmable Gate Array (FPGA) chip. This is a reconfigurable chip that
rewires its internal gate array to perform the function of a program written in the
LabVIEWE FFGA software. In short this is a hybrid between the first two options
rmentionad above. The PC provides the flexible and user-friendly platform, while
the FRPGA card provides true deterministic control over the actuators.
Additionally. fast and accurate data capture is supported. The cnly disadvantage

to this system was the higher price over the other sclutions.

Figurc 4-1: NI 73231R data acguisition card

the following list gives the specifications of the NI 7831R device (Figure 4-1):-
« 3 Analogues inputs, 16-hit resolution. 200 kHz simultanecus sampling,
+10 Y

» 8 Apalogue cutputs, 16-bit resolution, 1MHz simultanecus updating,
10V
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» 95 Digital inputfoutput/counter lines, 40 MHz, 3.3V /5 V
+« 1 Million gate FPGA chip

The analogue and digital channel assignment for the data acquisilion card is

shown in Appendix A

4 1.2 Engine Sensors

As mentioned above this PC-based ECU was developed using all the existing
sensors. Appropriate interface circuitry was designed and cannected up to these
sensors. All input signals were isolated from the data acquisition card as a
pracautionary measure. Additionally thermocouples were multiplexed to save on
the analogue channel count. Refer to Appendix D for the circuit diagrams,
additionally to Appendix E for the Bosch sensor information. All sensors are

listed below.

Type of Sensor
Engine Spead
s«  Crankshaft encoder (AVI. 364)

Engine Phase

+ Proximity sensor mounted on the fuel pump driveshaft (Bosch 0 231 002
408)

Thermocouples
+ |ntake-air temperature (K-type)
+ Exhaust-air temperature (K-type)
« Air-flow Meter temperature (K-type)

« Coolant temperature (K-type)

Fressures
+ Rail pressure sensor (Bosch 0281 002 260)
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+ Intake-air pressure Sensor (KISTLER 7505)
e Cylinder pressure (AVL QH32C Quartz Pressure Transducer)

Flow
=  Laminar air-flow meter (Cussons P7200)
o Gravimetric fusl-flow meter (AVL 730)

Emissions
» Lambda {Horiba MEXA 1104)
+ NO, (Horba MEXA 720NO,)
»  Smoke meter (AVL 4135)

4.1.3 Software

The programming language that was chosen for this project was LabVIEVW®,
This is a graphical based language which is easy to learn and very powerful. The
development time is drastically reduced by using a language in this form.
Additionally LabVIEW® easily integrates with all National Instruments data
acquisition cards, thus giving the user a reliable PC-based control and

acqguisition system.
All the systems in the design solution were mapped in the following block

diagram (Figure 4-2) to show the underlying system structure behind the user

interface.
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Figure 4-2: Systems structure

A host program runs on the PC and performs in a supervisory capacity. It reads
in the data from the FPGA card and displays it on the graphical user interface
{GUIY, does calculations and updates the injection parameters. Figure 4-3 below

is a screenshot of the user interface that was programmed for the ECU.
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Figure 4-3: ECU scroenshot

The FPGA program runs on the data acquisition card which does all the cantral

and data capture. This contral includeas the thermocouple multipiexer channel

selection, rail pressure relief valve, shaft encoder and injector solenoid driver

(See Appendix A for selected flowcharts of these programs). The pressure signal

is captured every 0.1 CAD and transferred through a direct memory access

(DAY buffer to the PC. The remaining signals are acquired and storad as often

as possible since they are not time critical.
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4.1.4. Engine Actuators

In essence the anly engine outputs this ECU had were the injectar and the rail
pressure control valve. The rait pressure relief valve (Bosch 0 281 002 483) was
driven using the 12 V battery and switching it using a MOSFET to obtain the

desired rail pressure (circuit diagram contained in Appendix D).

The injector driver has a mare complex driver circuit. In order to have precise
metering of the fuel during injection, the injector {Bosch 0 445 110 030) needs to
be opened and closed as quickly as possible. Typically the cpening time is
approximately 30 us; this cannot be achieved by using the 12 V battery supply.
The solution was to apply 95 V to the injecter solenoid until the imecter reached
the required peak current of 15 A. A 150 Watt DC-DC converter was used to
boost the 12 V to 95 V which was stored in a 100 uF capaciter. This capacitor
can be fully charged in 6 ms by the DC-DC converter, and was chosen to ensure
enough energy is stored, between injections, to supply boost voltage for pilot and

main injection events each cycle.

Once the injector was opened it was held at this peak value for 200 us, thereafter
dropped to a lower holding current level of 12 A for the remainder of the injection
event; this was dore to reduce power consumption and therefore extend the

battery life.

After injection closure there was a capacitor recharge period of around 300 s
where the injector could not be switched on. This is required so that the 100 F
capacitor could be charged up to 85 V again to ensure reliable opening for the
next injection event. This injection waveform is depicted graphically in Figure 4-4

below.
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A haif-bridge driver chip was used to drnive the high- and low-side MOSFETS to
control the above mention current waveform. Additionally a low-side current
shunt was used to measure the injector current for the current control. This
control method was to hold the current between two current levels which creates

the saw tooth wave seen above.

There were a couple of off-the-shelf injector driver chips {e.g. LM1948)} that could
have done this but were not suitable. They did have a similar current control
method, as menticned above, but were primarily for petrol injectors. The problem
with that was the peak to hold ratio was hard wired into the chip at 4 to 1.
Additionally, there was no pickup-cumrrent phase, only the peak-current phase
was evident. Because of these reasons the driver circuitry was designed

specifically for this project.

Ancther issue that had to be overcome during injection closure was the back
EMF generated when the solenoid is switched off. This high voltage will damage
the MOSFET if nothing is done akout it. There are various methods to cater for
this problem; among others the methods include snubber circuitg, fly-back diodes
or zener diodes. The optimal solution found in this project was to place a 50V
zener diode across the MOSFET. This creates a ground path, through the low-
side current shunt, for the back EMF to bypass the MOSFET. This is a beneficial
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arrangement as the injector current is still known when the injector is switched
off, and can therefore be controlled more accurately. A simplified circuit diagram
is shown below in Figure 4-5. For the full detailed circuit diagram refer to

Appendix D.

4*95v A+120
Boost .
capacitor _| l
106uF el 4700uF
||<1-— AV4
}-.—.
High Side
MOSFET __u__
Solenoid
Injector
o S@v
lh" Zener diode
}—-
Low Side
MOSFET
<
$Shunt Resistor

v v

Figure 4-5: Simplified injector driver circuit

To summarise how this injection driver works, the MOSFET switching sequence
will be stepped through:-
o Opening phase: High- and low-side ON.
The injector is powered from the 95 V source through a protection diode
(ultra-fast recovery type) and is blocked from flowing to the 12 V rail by
another protection diode

e Pickup-current phase: High-side OFF and low-side ON.

The injector is now powered from the 12 V source

e Holding-current phase: High-side OFF and low-side PULSED.
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The injector current is held at the holding current level by pulsing the low-
side MOSFET. The current feedback comes from the voltage drop across
the shunt resistor

e Switch off. High-side OFF and low-side OFF.
Both MOSFETSs are switched off and the back EMF that is generated by
the injector solenoid flows through the zener diode to ground.

The actual current waveform that was generated from the designed injector

driver is shown in Figure 4-6 below.

16+
13-

Current (A)

30 200

Time (Ls)

Figure 4-6: Actual injector current waveform
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4.2. Control Strategy Hypothesis

The increase in enging sensors that are required by current closed-lnop control
strategies opens up new opportunities for novel contrel strategies. As this control
strategy is aimed at aptimising emissions when varying fuel blends of GTL and
ENSS0 are used, there needs to be one fuel property that can be measured 1o
indicate a change. After analysis of literature and the fuel properties tahle in
Appendix C it was decided that one of the srucial measurable differences between
the fuels was the H/C ratio. If a sensor existed that cauld directly measure this
property, the fuel type detection would be greatly simplified - the literature review
reports a senseor like this which is in a development stage. However, this property
could ke caleuiated by measuring the aspirated air-mass flow. gravimetric fuel-flow
rate and the oxygen content in the exhaust in the form of lambda — this will be

explained in greater detall later.

Real World Implementation

As this control strategy is a hypothesis and is aimed at becoming ane of the many
functions perdormed by an ECU. these aforementioned vanables would need to be
measured. Currently no gravimetric fuel flow sensors are fitted to production cars
which present a problem in caleulating the H/C ratio. A solution to this might include
fitting a density meter in the fuel line, or alternatively to measure pressure at the
battom of the fuel tank when at a known volume to calculate the density. Combine
this with the volumetric flow rate, inferred fram the injection duration or fugl flow
sensor, to calculate the gravimedtric flow. A relative flow value is all that is necessary,

rather than an absaolute value.

YWide-band lambda sensors are surrently besoming standard eguipment on late
model diesel cars. With the addition of NO. accumulatar type exhaust after-
treatment systerns and lambda closed-lcop control, these will becorme standard if

the stringent emission levels are to be met.

Hot-film air-mass meters have been fitted to all types of engines for some time now

and will give reliable air-mass flow measurements.
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With these three sensors in place the H/C ratio can be calculated and the following
control strategy hypothesis implemented.

A better method would involve measuring the CO, concentration in the exhaust.
With the additional knowledge of ambient O,, N, and exhaust O, (from thedambda
sensor) concentrations, the H/C ratio can be calculated from an atom balance. This
method would be virtually instantaneous and more accurate than measuring

gravimetric flow rates.

Hypothesis

If EN590 diesel runs at a set operating point, it will have an associated B50 point
(see Figure 4-10 later) and a smoke limitation based on the AFR. Control of the B50
point, as opposed to the SOC point, was chosen because the combustion event can
be phased more reliably when tracking the mid-point of the cumulative heat release;
it is particularly advantageous when balancing different cylinders with each other.
Additionally, this control parameter was found to be more sensitive to small changes
in ignition delay [10].

When another fuel is used with a different H/C ratio and/or cetane number, the
injection duration must be adjusted to give the same load output (as was produced
by the reference fuel for a known set point); this must be achieved at the same B50
point and within the smoke limit of EN590.

After the controller has adjusted the injection settings to yield the same load and
B50 point, the H/C ratio is calculated in the aforementioned manner (explained in
more detail in Theory of Operation below). This H/C ratio is used by a supervisory
controller as an indicator of the pollutant formation potential of the fuel, and can
optimise the combustion accordingly.

This procedure would typically be run once after the driver has refuelled, as this is
the only time that the fuel blend would be changed. It would also have to be done at
the first opportunity when the engine is running at a steady state for a few seconds.

The example that was used to demonstrate this control strategy was to improve the
NO, and Soot emissions. There are many other parameters that could have been
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chosen: i.e. Noise or BSFC. And often theze parameters have conflicting
requiraments. which is where a high level supervisory controller would priontise

them.

As is known with NO, and Soot, there is a trade-off. Additionally, as mentioned in
the Literature Review, there ig a linear relationship between H/C ratio and Soot/PM.
This in turn implies that there are different NO, — Soot trade-off curves based on the
fuel's H/C ratio, which can therefore he traversed along to minimise the emissions.
The optimum peint would depend on what exhaust gas after-treatment devices are
fitted - the cheaper option, compared to fiting expensive MO, reducing catalysts,
wolld be to minimise the NO. and use a particulate trap. Alternatively, a gain on
toth emission fronts would involve moving towards the origin of the axes. Various
fuel imjection system parameters could be used. either individualiy, or in
combination. to optirmige the combustion process. for example injection timing or
exhaust gas re-circulation (EGRY. In this project injection timing was used as the
control parameter. it is known that a very similar trade-off curve can be generated
using EGR. With an injection timing control parameter there are timing limis on
either end of these curves that the controller would not be allowed to exceed. The
timing advance would be limited by the maximum allowable cylinder pressure that
the engine was designed for. On the other end. the timing retardation would be
limited by unburned hydrocarbons or BSFC, for example. This concept can be seen

graphicaliy below.

; Mctive

N AT o]
Hetard -

Uolimit

= 1

o
, T;?a
- ke

; +hsnoe T Fuel A
Oplimisaiion

*ZX- ~ . Fuel B

Timing chanyea Advance
limit

MOx

Figure 4-7: NOx - PM Trade-cff curves
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Theory of Cperation
The B50 and Ipad controliers that were implemented were simple Proportional &
integral (P1) controllers. If the control diagram (Figure 4-8 below) is followed the

control process can be seen.

A set point is defined at the start and compared to a measured value, The resulting
error is fed into the P controller to yield a SOl value. The injector controller uses this
and injects at the appropriate fime, which after the ignition delay produces the

combustion event.

A pressure transducer measures and sends the cylinder pressure trace via the
FGPA card fo the host computer for combustion analysis. Enging icad, or indicated
mean effective pressure (IMEP — explained below), and B50 are calculated and sent

to their control summing points to calculate the error for the next cycle.

BEL { IMEP E;;;Tiﬂ_n; Yo F % e W
Sat puir + -. Ermar Adp st 301 ki r Y
h-;_f ¥ = and integral 5 g!:erﬁ'zl + Combustion : ——t
S Zontroller
RS0 fram Heal Release ! Fease Fressung
IMEF from Fressure trace Sansar

Figure 4-8: Contrel flow chart

The Pl contral constants were tuned using the Ziegler-Nichois method which yielded

the following control constants.

Table 4-1: Control constants

IMEP B50
S ﬁrapoﬁionai 40 05
Integral 75 0.01 i

IMEP is calculated online by integrating the PV (Pressure vs, Volume) diagram over

each engine cycle to get work, and dividing by the displaced volume.
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_ Cj.p aVv
IVMEP=r - Equation 4-1

o

B50 is the point at which 50% of the fuel's heat is released. This is extracted from
the cumulative heat release diagram (Figure 4-10}, which is the sum of all the

instantaneous heat release calculations (Figure 4-3).
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Figure 4-9: Instantaneous combustion heat release
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Figure 4-10: Cumulative combustion heat release

The instantaneous heat release is calculated using the following formula [1].

do, vy dv 1, dp

dt y—1 . dr y—-1 dt Equation 4-2

rof 1.35 was used in the above formuia.

H/C ratio is calculated using a carbon balance derived formula, as shown below
The full derivation is found in Appendix B.

(0.338 M _ 4y
m_.ﬁﬂ.’."ﬂ'
i Equation 4-3
(1 0.029 "

H

H/!C Ratio =

L™
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5. Validation of Control Algorithm

In crder to validate the control algorthm several aifferent fuels weare used with
varying H/C ratios and Cetang numbers, and run at the same engine operating point
with and without the control. Additicnally. the tests were run with and without pilot
injections. Emission data, fuel consumption and power output were recorded to

highlight the benefits of the control system.

The engine that was used for the validation, and the way in which it was setup, is
described below. Following that, the test fuels, engine operating point and validation

procedurs are shown,

5.1. Engine Setup

A single cylinder Ricardo tlydra research engine was used for this project. It was
configured in the direct injection diesel moede Using a high prassure commaon rail.
The injecter is solencid actuated ang has a 4-hole nozzle (Bosch 7712} which is
located diagonally to the side of the combustion chambier. The ¢ylinder head has
ane inlet and one exhaust valve. The table below lists the specifications of this

engine:

Table 5-1: Specifications of the Ricardo Hydra Engine

: Cylinders _ 1
' Bare i 80.25
| Stroke . M 88.90 !
| Con Rod e 168.01
Swept Volume ) oo 1 430
Compressian ratio - 16:1
Max Engine Speed rpm 4300
Max Power kY g
Exhaust ¥alve Opening | 538" BBDC
Ini=t Walve Closing 42° ABDC
Fuel injectien system ) £ Commen rail - Ol

The engine’'s cutput shaft is coupled to a dynamometer which is a DG machine; this
can be set to load absorption or motoning. To measure this torque a lead cell 15 fitted

to the dynamometer, The test cell is shown below.
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Figure 5-1: Hydra Engine Test Cell

A roots blower is fitted to the intake manifold to simulate supercharging by
compressing the airto a set level, This air is ducted through an aftercooler and a
laminar air flow meter; thereafter, it's fed into an accumulator tank to reduce the

pressure pulsations which cause inaccuracies in the air flow reading.

In order to control inlet manifold temperature an air heater with temperature control
is fitted after the accumulator tank. Ambient air is controlled by the test cell air

ceonditioning.
A gravimetric fuel-flow meter (AVL 730) is fitted to the fuel line to measure fuel flow
rate by measuring the change in mass of the fuel reservoir. The fuel temperature is

also controlled by routing it through a water coocled heat exchanger

The engine speed and crank angle measurement are done by means of an AVL 364

light pulse erank angle encoder which is set to a resolution 0.1 crank angle degrees.
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Exhaust emissions are measured in the exhaust pipe using a smoke meter (AVL
415) and a NO, sensor (Horiba MEXA 720NO,). The smoke meter measurements
were converted from FSN (Filter Smoke Number) units to soot concentration.
Additionally, a lambda sensor (Horiba MEXA 110A) is fitted to measure oxygen

concentration in the exhaust gases.

The cylinder pressure measurements are made using an AVL QH32C Quartz
Pressure Transducer and a Kistler type 5015 charge amplifier.
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5.2. Test Fuels

A matrix was constructed for the volumetric blending ratios of the test fuels, as
shown below in Table 5-2. The H/C ratio of the blends was calculated using the

gravimetric blending ratio.

Table 5-2: Test fuel matrix

' Fuel % Blend of | % Blend of Density Lower heating | Effective
no. ENSS0 GTL (kgfl) value (MJ/kg) H/C ratio
1 100 0 - 0.8297 42.75 1.87
2 75 28 0.8147 4303 163 |
3 80 50 0.7998 43.30 1.99
4 25 75 0.7848 4356 . 205
5 0 ' 100 0.7698 4381 2.11

The enging operating point was fixed for Fuel no. 1 at 2000 rpm. With these settings
the engine, control disabled, was run with the remaining fuels and any changes
observed. Thergafter, the control system was enabled and the engine tests

repeated. The point that was chosen for the validation was as follows.

Table 5-3: Engine operating point

| Rail Pressure ' 650 bar
EBoost pressure (gauge) 200 mbar

 Speed 2000 rpm

 Load | 6 bar IMEP
S0 Pilot {Control OFF} 24 BTDC

| SOI Main {Control OFF} o 12° BTDC
Inlet-air temperature : 500e
B50 TDC

Additionally, an injection timing sweep was done for each fuel to ascertain the NO,-

Soot trade-off curve and where the operating point was on this curve.
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6. Results and Discussion

This section discusses how well the design solution integrated together, and sees
how effective the control system was. Firstly, the effect of the control system on the
imjection timing will be reported. Thersafter, the emission results for all of the fuels
will be presented; these will include the relationship between the fuel’'s H/C ratio and
NQ./Soot concentration. Finally, the accuracy of the fuel H/C ratio detection will be

shewn.

For the full test results and pressure traces please refer to Appendix F.

6.1. Control System

The control system is essentially changing the injection settings to achieve a desired
combustion result. Figure B-1 shows the resulting pressure trace from a pilot and
main injection sequence. This gives a feel for the ignition- and injection-delays that

the control system compensates for by tracking the BS0 point {(at TDC in this case).

Pressure trace
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ar Qo
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] i
220 —— L - s
- Pilat ¥ | 9 Main 10
40 | | injection [T | | Liniection
B0 | ' I i S S R A SRR R
-45 -30 -15 0 15
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— Pressure — Cumuiati\;e Heat Release Imjector Current |

Figure 6-1: Pressure trace with injector current
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IMEP and B50 controller performance
Controller performance was analysed by creating a step change of the controller
setpoint and capturing the response. Firstly, the results were shown for the BSO

contraller, then for the IMEP controller.

The B50 change is shown an the |left in the Injection Cantral graph (in Figure 8-23,
The setpoint was changed from 363 CAD to 360 CAD. On the right is the Inmjection
Timing graph. which shows how the controller changed the injection timing to

achieve the new setpoint.

[njecticn Cortrl Injection Timing
20~
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-

4
'r't'
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-
(o]

In:=ction Tiveng (BTC-

0 e i 1275
Tire (21

Figure §-2: Step change response for BSD controller

The MEP change is shown on the left in the Load graph (in Figure 5-3. injection
duration is based on the injector current). The setpoint was changed from 5 barto 6
bar. On the night is the Duration Control graph. which shows how the controller

changed the injection duration to achieve the new IMEP setpoint.
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Figure 6-3: Step change responsc for IMEFP controller

Discussion
The step test was done to demonstrate the stability and response time of the
controllers. It can be seen that a satisfactary level of cantral was achisved by hath

cantrollers.

Fuel flow effects

The validation of the controller was done on all the fuels and the results were
tabulated below. Table 8-1 shows how the injectian settings (pilot injectian off) were
changed by the contraller to compensate for any change in the IMCP and B30 point
of each fuel. By controlling this point the fuel's energy content, injection delay and
ignition delay are all compensated for— yielding the same B50 point and same

tergue for any fuel at a given operating paoint.
It can be seen below that the fuel flow without pilot injections agrees with

conventional wisdom of a reducing gravimetric fuel flow, with increasing lower

heating value (LHW),
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Table 6-1: Injection timing effect from control system without pilot injections

Control
off [ On
’ Fuel Blend Irg?%gn rg_iirr; tl:zjs{étion hgﬁ%'g" r'gain I_r_iject'lon Fu;‘zl I|I10w
| (CAD) (53] (CAD) uration (s {kg/h)
I ENS590 156 436 158 486 .88
25%GTL + T5%ENG30 | 156 484 15.6 484 0.86
50%GTL + 50%ENS590 156 435 184 : 484 {85
TH%GTL + 25%EN590 15.6 485 16 485 .84 |
GTL 15.8 435 19.8 484 .84

Fuel flow vs HC Ratlo
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Figure 6-4: Fuel flow vs. H/C ratio [without Pilat)

To eonfirm what has been shown above, the expected change in gravimetric fuel
flow rate (kgfh) can be calculated using the change in the inverse of gravimetric
lower haating value (these units would now be kg/MJ). This compares the
gravimetric flow rate for the same ameunt of energy being put inte the engine, but
this is only viable if the fuel conversion efficiency of all the fuels is constant. It was
assumed that, to a first approximation, this would be the case, since the load and

combustion phasing (as descrnibed by the B50 point) were equalised for each fuel.
Table 6-2 below makes a comparisen between neat GTL and EN590 to see if the

results correlate with the above-mentioned relationship to gravimetric lower heating

value.
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Table 8-2: Comparison of measured flow differences with calculated ones

.  GTL . EN580 % change
. Measurad
Fuel flow rate (kgih) 084 0.88 | 45
Calouizated
LHY {MJ/kg) 43.81 4275
1/ LHY (kg/MJ; 00228 0.0234 2.5

It can be seen. when going from GTL to EN59Q, that there is a measured increase in

gravimetric flow of 4 3% and the theoretical calculation suggests a 2 5% increase.

Pilot injections were turned on to see if this expected flow reduction held, and the

results are shown in Table 6-3.

Table 6-3: Injection timing effect from control system with pilot injections

Control
Off | on |
|njection e A N Injection i 11}
Fuel Blend E]';TDC hEI}am |.I"I_jEDtI0:I"I BI“'T]'Z!C. hEI}am I_n;e::hcm Fu}:_al :L:Jw
(CAD) uration [us) (CAD) uration { s} {karh) |
. EN530 Tk 282 12.7 342 047
_25%GTL + T5%ENS90 12 286 12.3 382 088
50%GTL + 50%GENS30 12 =81 12.7 3480 0.88
T5%GTL + 25%ENS90 12 287 T 300 .85
GTL 12 390 12.8 342 0.88

What is interesting to note is that there is little to no difference in the injection
duration and fuel flow, despite there being differences in gravimetric lower heating
value — as shown with no pilot injections above.
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Figure 6-5: Fuel flow vs, H/C ratio {with Pilot)

Discussiorn

As the fuel conversion efficiency in the pilot-injection-off case was constant (GTL
24.48 % and ENSS0 24 45 %), the difference between the 4.5% measured increase
in gravimetric flow and the 2 5% theoretical calculation increase would be attributed

to experimental inaccuracies.

When using pilot injections it can be seen from Table B-3 that there appears to be
an insensitivity of the fuel flow to the injection duration. despite a difference in
volumetric heating value. A possible reason for this insensitivity could be attributed
to how the fuel flows during the short duration pilot injections. Recent unpublished
research conducted at the Sasol Advanced Fuels Laboratory has showed evidence
of inertia effects, due to the difference in fuel density, affecting the time taken for fuel
flow to stabilise: thus, implying that a lower density fuel will start flowing earlier. and

for longer during pilot injections when the injector needle barely lifts.

From Figure 6-5 it can be seen that the assumption of constant fuel conwversion
efficiency did not entirely hold for the pilot injections case, which could explain this
insensitivity to lower heating value. Fuel conversian efficiency vaned from 236 % to
241 % with GTL and ENSSO respectively. Therefore. the fuel flow results for this

pilot-injection-on case cannot be compared directly.
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6.2, Emissions

Soot and NO, emissions

As stated in the literature review there is an approximately linear relationship
betwaen H/C ratio and PM/soot concentration. The validation process of the
controller (pilot injections on) was completed using all five test fuels, and the soot
emissions were plotted against the HIC ratio (seen Figure 6-6). The linear
relationship was confirmed and similar trends were observed for the pilot injection

off case.

Soot conc. vs HIC Ratio
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Figure 6-6: Plot of H/C ratlo vs. Soot emlsslons

The difference between the NO, emissions and H/C ratio was largely unchanged.

See figure 6-7 below.
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Discussion
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Figure &-7: Plot of NO, emissions vs. H/C ratio

A shorter ignition delay, shown as a shorter start-of-combustion (SOC) seen in

Figure 6-8 below for GTL, implies that less fuel is burned during the uncontrolled

premixed combustion phase — responsible for high pressure rise rates - thus

reducing the peak pressures and temperatures. Mcreaver, the heating value per

stoichiometric air-fuel mixture becomes lower for a higher H/C ratio fuel; thus,

reducing the adiabatic flame temperature.
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Figure 6-8: Heat release comparison
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Therefore, it was expected with the lower temperatures generated by GTL that this
effect would be shown as a NO, reduction. This suggests that there is some
secondary mechanism that is reducing the combustion temperatures of the EN590
to that of the GTL,; thus, yielding similar NO, emissions (as shown previously in
Figure 6-7).

One mechanism that could explain this phenomenon is radiative heat transfer
caused by soot particules. The radiative heat transfer contributes approximately 20
to 35 percent of the total heat transfer in diesel engines [1]. Therefore, it is
speculated that the lowered combustion temperature of EN590 is attributed to a
higher flame radiation heat loss caused by its higher combustion soot level (almost
double that of GTL — shown previously in Figure 6-6).

NO,-Soot trade-off curves

NO,-Soot trade-off curves (pilot injection on) were generated from the timing sweep
that was done during the controller validation. Here (Figure 6-9) all fuels were
plotted on the same graph with the operating point shown as a red marker.

These are the curves that would be stored in the ECU in order for it to determine the
virtual emissions for each fuel during operation, and optimise the injection timing to
achieve desired emissions.
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To demonstrate the potential reduction in emissions, a case was used of changing
the fuel from EN580 to GTL. Figure 8-10 shows the fuel change effect where the
EN580 control point (red diamond in Figure 6-9) was moved to the GTL control point
{red square in Figure 8-8), After optimisation (Figure 6-11) the GTL control point was

moved to where a direct line, from the EN590 control point to the origin, intersects

the GTL trade-off curve. This gave a neutral gain in emissions, but the control

strategy could have been to aptimise a specific emission to suit the exhaust gas

afterfreatment system of a vehicle.

The difference between these two graphs was the effect of the control strategy.
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Figure 6-10: Emnission change after fuel change
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Figure 6-11: Emission change after optimisation
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6.3. H/C Ratio Detection

At each controlled point for a fuel, the H/C ratio was calculated using measured
values with the formula (Eqguation 4-3} in Secticn 4.2. These measured values are

compared with the actual values below in Figure 6-12 for the pilot-injection-on case.

HIC ratio comparison
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Figure 6-12: Comparison between calculated and measured HfC ratios with pilot injections

Pilot injections were turned off and another comparison was made. See Figure 6-13

below.
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Figure 6-13: Comparison between calcuiated and measured H/C ratios without pilot injections

Discussion
A good correlation was achieved when pilot injections were on. The offset in this

pilot-injection-on case could be due to a systematic measurement error. which could

be corrected by a correction factor which was developed later in this section.

In the no-pilet-injection case the change in air density. due to fluctuation in
atmospheric pressure on different test days, (which is used to calculate the air flow
and then H/C ratio) could explain the poor correlation in this case. This point is
highlighted in Figure 8-14 by showing how the air density change is directionally the

same as the H/C ratio change.
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HIC Ratio and Air Density Comparizen (no pilot)
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Figurs 6-14: Air density and H/C ratic comparison

An empincal carrection factar for density change and the systematic offset was
developed. This correction was based on the fraction error of the measured air
density with what the inlet rmanifold air density would be at standard conditions (i.e.
15 "G and 101.325kPa | boost pressure). The rest of the formula was developed by

numerically selving the constants to get the best fit with the empiricai data.

1645 :
HIC,, = [{1 5.6 Farme. = u] 053 < HAC. 1096 Egquation B-1
-'G.-.'I.l'.'.l'.'l-

As this js an empincal correction factor it should be used with caution. The
systematic offset could vary with different sensaors, and the air density could vary
with changing humidity levels or other ambient conditions. Also, improving the
accuracy of the data acquisition could improve the H/C ratio prediction capability.
That aside. the correction factor was applied to both sets of results shown above

and the new results are shown below in Figure 8-15 to 6-16.
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Figure 6-16: Corrected H/C ratios (Pilot injection off)

The comparisons are demonstrated mare clearly in Figures 6-17 and 8-18 by

plotting the calculated vs. actual H/C ratios.
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Figure &-18: HIC ratio comparisen {Pilot-injection-off}

It can be seen for the pilot-injection-on case that the H/C ratios are corrected, and

now predict the actual values to a good degree of accuracy.

The correction factor also improved the pilot-injection-off case to a good degree of

accuracy, with the exception of one point.
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7. Conclusions

Bazed on the preceding results and discussion the following conclusions have been

trawn.

The ECU was fully functional and fulfilled all its requirements

Satisfactory control over the B5Q point as well as the load was achieved. This
conirol technique compensated for any differences in fuel energy content,

injection delay and ignition delay

Different Soot - NO,, trade-off curves were clearly identified based on the
fuel’s H/C ratic. These distinct curves have the potential to be traversed, with
knowledge of the H/C ratio and the end limits, to significantly optimise

emissions performance in favour of either NO, or soot

Furthermore, the fuel's H/C ratio had a clear linear relationship with soot
concentration — reducing soot with increasing H/C ratio. An insignificant
change between the NO, emissions and the H/C ratio was noticed, despite
the difference in cetane numbers. It is speculated that this is caused by the
increased flame radiation heat loss for EN590 combustion, due to its higher

soot levels

The H/C ratio detection followed the trend of the fuel's actual H/C ratio, but to
an unsatisfactory level without correction. An empirical correction factor was
developed which improved the correlation by compensating for changes in
the ambient conditions and correcting a systematic measurement error in the
lambda measurement

This document serves as a proof-of-cancept for a high level supervisory
controller to identify a fuel's H/C ratio and thereafter, to make the necessary
injection setting changes in order ta actively reduce emissions. Going from
ENS90 to GTL a 12% and a 31% reduction in NO, and Scot emission

respectively was achieved
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8. Recommendations / Future Work

Based on the conclusions, results and discussion the following recommendations

have heen made and further work suggested:

This proof-of-concept for a high level supervisory controller could be
developed further to see if there is a future in production engines for it. This
would involve refining the H/C ratio detection and developing an inexpensive

gravimetric fuel flow measurement technique

The results showed an apparent insensitivity in the fuel flow rate to injection
duration. Further studies into the differences in flow rate for fuels with varying
density and bulk modulus, in common rail fuel injections systems, would need
to be made to explain this, A comparison should be made between main

injections with and without pifot injections

An investigation into why the NQ, emissions were unchanged despite the

difference in cetane number and HC ratio should be made
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Appendix A. ECU Design

The project was braken down into two phases, namely the development of the ECU
systemn and the implementation of control algorithms inta the ECU. They are droken

down further as follows:

Specifications

The high tevel specifications will require that the ECU have the following:

¢ Normal diesel engine ECU features
The ECU will have to fulfil the standard ocperation of using look-up tables to retrieve
injection times. This will be the base system in which the following specification will

ke built upon.

+ Production standard injector driver
I'he injector driver must be capable of applying full current to the solenoid after 30-
50 ps. as is the current ability of production LCU's. Additionally, a peak then hold
current waveform is required. Finally, the system must be capable of having

injection events as close as 250 ps,

» Pilot and main injection events
In arder 1o mimic the modem ECU's ability of attaining the ideal injection
characteristics using a common rail injection system, pilot and main injection events
are required, These injection characteristics are explained in the Theoretical

background section.

»  Control algorithm support
This specification. required for part two of this project. is for the ECU to have the
ability to integrate some novel control algorithm inta the standard operation of the
ECL.
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e PC based
Since this ECU will be used for fuels research it is important to have a user friendly
PC interface to setup the ECU and its various control algorithms. This will ensure
accelerated development of new control strategies which will give insight into how
the most can be extracted from a certain fuel.

e Fail safe
The ECU should have the necessary procedures built-in in order to detect a
mailfunction and provide a suitable “limp home” mode.

¢ Programmed in LabVIEW
It is preferable that the ECU be coded in a visual programming package called
LabVIEW. Due to the ease of using this package, it would facilitate easier follow-on

MSc projects.

o Control load and injection timing to a desired set point
To improve the combustion phasing, injection timing control needs to be
implemented. Additionally, Load control will be required to correct for any
differences in a fuel's energy content or density.
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Data Acquisition Board

in order to ascertain how many inputsf/outputs are required of the data acquisition
hoard, the various sensor reguiremeants and driver outputs need to be idantified.

Figure 4-2 shows this. The requirements are tabulated below: in Table A-1.

Table A-1: Data acquisition board regquirements

Inputs Clutputs
Drigital {Clocked) Analogue Digital Analogue
Crankshaft-CDM Temperature Rail-pressure control valve
_ Intake-air _ R ¢ )
Crankshaft-Trig Injector solenoid high-side
pressure
Camshaft-Phase Rail pressure Injector solenoid low-side
Cylinder :
Multiplexer Cantral A
presstre
Lambda Multiplexer Control B

Flow sensor
presstre Safety Relay
difference
Flow sensor
absolute
presstire
RPM from
Injezt Trigger Cut Imect Trigge- In
Indesit

Filot Trigger Chat Filot Trigges In

Totalling up the above table, 5 digital inputs, 8 digital outputs, and 8 analogue inputs

will be required.
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The actual channel assignments that were used in the data acquisition card are

shown below in Table A-2.

Table A-2: Channel assignment

Analogue

Channel

Description

Cylinder Pressure

Inlet Pressure

Temperature

Injector Current

RPM from Indesit

Rail Pressure

Lambda

N O B W - O

Flow Sensor

Digital
Channel | Description
0 CDM
1 TRIG
2 High Side MOSFET
3
4
5
6 Inject Trigger Out
7 Inject Trigger In
8 Pilot Trigger Out
9 MUX A
10 MUX B
11 Safety Relay
12 Proximity Pump
13 Pressure Relief
14 Low Side MOSFET
15 Pilot Trigger In

Channel 6,7 are bridged together as well as 8,15

Channel 3,4,5 are not working
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Software

This section describes the software that was written with the use of flow charts and

signal waveforms. Only the more complex routines were shown.

Shaft Encoder

The flowchart below shows the algorithm designed for the AVE shaft encoder.
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Reset Cownt B

i
bl
r

s

1
N <

- m""-\

- .. False N
< GDM = COM - Incremtent Count
IPzrament an rising or falling ' "~J:‘_[Ef\.'|0u$_?.x"
edae of COR sianal e o 5 e i

Send Praszure and Caun;‘

Fiiid Value by DA Buffer

X

R I'E. --...____.l‘ Trug

Reset at TOC of exhaust - T;u:; AND Carm I—Hmt PR |
stroke &

=1 ruu:j
e i

False

]
3
~Cownt= PI\ Irue b ]
:
injection /—h Rur Inpectar Drivey

Cuunt:?/

False
When pilot and main
injection count salues are
reachod, star respechve

injechion aroceciure e

2

Is
/Cuunt Ma} Falzs

Injcctl-;:un / Run Inectar Dnver
-\_CDLII"I‘W_,,-'
\/

Trug

'.*.
o \\\__
f,_r = ) T
7 Injectian -, '™E
- continuous
-
Sy
Falze

[ Btp

Figure A-1: Flowchart of shaft encoder
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To see how the counter is reset at TDC of the exhaust stroke, the various signal

waveforms were plotted against time. See figure A-2 below.

smssmrvan| | [T TUUN G AE MU S UL LU UL

TRIG (TR Maker) % t +| +_i
I
—x L 1 _| T
AN (Eahausl slroke TG ; i }

Lycle Phase |

,i
|

Count fasat

Figure A-2: Shaft encoder waveforms

As the CAM signal is not a true TDC, the TRIG signal was used. This invalved some

maore logic to detect but pravided mare accurate triggering.
The rising edge of the CAM signal sets the Cyvcfe Phase signal high, whether it is
low (as in the initialisation} or high {during normal running). Additionally every TRIG

falling edge will invert the Cycle Phase signal.

With that logic in place Countis only reset when there is a falling edge on TRIG and

Cycle Phase is true.
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Appendix B: Combustion Analysis Formula

H/C Ratio Derivation
If we consider the complete combustion (steichiometric) of a general

hydrocarbon with air we have the following [1],

¢ H, +{a+ 'f:-}(oi +3I7IN, ) =aCO, + "; H,0+3.773a+ i) N, (B-1)

The above equation can be rearranged in terms of the stoichiometric AFR, using
a substitution for the H/C ratio, y, equal to b/a [1].

L (l+ v/ M32+3.773x28.16) (B-2)

AFR, ... =
SRR 12011+ 1008y

Additionally we have,

B R {B-2} , and AFR =—

AFR W

st Seivamishei

m.-.' ir

(B-4)

Rearranging B-2 in terms of y and substituting in B-3 and B-4, we get the

following.

H{C Ratin=y= (B-5)

(10029 "o )

mﬁrﬁ A
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Appendix C: Test Fuel Properties

The following table shows important property differences between the two fuels

that were used for the tests.

Table C-3: Fuel properties

Property | ~ Units |ENSS0|GTL
 Density @ 20°C | kgl 0.8297 | 0.76588
Cetane Number 54.8 >74 |
Total sulphur mag/kg <10 <1 |
ASTM D86 Distillation
10% | °C 212 208
50% | °C 276 269
i _ 85% | °C 350 363
Final boiling point ie 371 369
Flash point °C B0 63
Viscosity @ 40°C cSt 2.73 2.46
CFPP c -8 -19
DJ"U
Total aromatics m/m 27.8 0.14
%
Carbon content m/m 86.2 85
&,
Hydrogen content rﬁfm 13.8 15
H/C ratio (molar) 1.87 2.1
Lower heating value MJ/kg 4275 4381
Volumetric lower heating value | MJ/| axTe 3547
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Appendix D: Circuit Diagrams
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Figure D-4: Injector driver circuit
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Figure D-5: Voltage regulator circuit
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Figure D-6: Thermocouple multiplexer circuit
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Appendix E: Bosch Actuator/Sensor Information

Rail Pressure Relief Valve (Bosch 0 281 002 453)
Pin Layout

1 - Ground

;l"lr-(..—l_l'—u—' :N:T",_] B i 128
5 . T

" ;-‘1 2t 1
""-. g0 01 0 AT

! I
!

/Pin 1

Rail Pressure Sensor {Bosch O 281 002 260}
Pin Layout

e 1 - Ground
T s AR g Signal

- 4 = 12V

Measuring Circuit

Measurleg chrelt.

Fressure sensod

+EW (L5,

P a8 yE resisior
Sl (150 =

L_: 2 : '
| | Al

conwerEr
armd
P i

. S
1 GHD
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Appendix F: Test Results

Refer to the front of this report if unclear on any of the acronyms in this section.
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Table F-4: EMN590 Test results

Pilot-injection-on resulta
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Table F-6: 25% GTL + 75% EN590 test results
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Table F-7: 50% GTL + 50% EMN590Q test results
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Table F-4: ENS90 Test resulis

Pilot-injection-on results
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Table F-9: EN590 Test results {no pilot)

IPilot-injection off results

n""""!“ :"" Speed | Torque :_::: Ait Flow "‘F""';:“ Iinlst T mlet [ Teth PHal |PUao :’; I_‘::' TRH m;::l n"‘“‘:!:" ' “'::.";:' .u:;’:;_ E50
| (min')| (Mm) (kgih)| (kgtht | (kgth) | (mhar) (0] L] [bar tmbar) | (%) [(of kg ain)| [} ey miGros desy micros
1 200 11 ls 12 I A T4 JLE B LEWR. ¢ i L =Rl lood 3 i G 1 LB 414t 5
F KD [ L ) v sinta | LESTE o 237 3ED R LT i 78 433 . -2
B IV i o S - L v TEihh | LFAP.L Bl b RN L2 i i 416 i
4 T T - 1% 373 | LEap [ L BR0 | touad | kAL 2 4 3 L 2
R BT T R i ot | LR ] S Rbili [ LT BN o4 ne_ . 47 1
Che 2:a0 R HRRZ J2EAE LE'AF Fi ol [BIE oo 4 BB, Bl = BE_ | 45K r
UF:;T;"’ fipred  NOX | 02 Lambda | FSN ::I:: D":;;::“g Speed | Turgue | r LEM ip "E:' LFMF | LFMT | Deusity | Air Flow
fmint] (ppm] | (%) Lytmi] [min') ; (Nm) | kv fmmH?0) [Pa) | (mbar) | (L)  (kyhni] | (kgth)
: L, 2130 -390 A 21ER 'R ] __2D0 56 I E i R l B 122 1 A, O LG [ ol
I : £ s | 3e Z136 cor T = 2000 L2 DB 427 AT 200 % B
2300 | i < T [T E] an i 2 SEUECT  sx3 oAlRgN AW =i "4 354
3 ] [ET] [EE] 18 L] 200 4 4 ELe] 2 TR W6 A 2% 11 A
’ W (53 <X} 235 K| nEns 5 2w B IR 25 4BdT] o == 1205 s
C-ech ] bt (- F22% g3 0. o e = 15 2E4LT ] 4753 e - i ) A=
Operating Mperating oot ; I amlvd s Cumbusion
poane MRS | l‘d__ poml sk Cone, SHehtio Cale _analyvic filename _ i
v [gih] B [9/kWh] | [glk'wh]| y Bore 011 )k m
I R | reETe - 4k, i, I, 635" 2416 Lhat e | I1410825 71230 21 Sirake ir 1883 m
[ ¢ | 105 | oses 2 SR RE Lol AL Fuel: [ET1590 ulphur k -ee ¥ DL 04498 m.
3 TR =i R il " 7oaes, 2ok _ S
1 CE7ES | D8TYE 4 P N4 Ak 2. i b stion Cewiflclent 006G 14795!
5 BB.'b | UL 5 P J058 LD ]
Lhe RERTTLRERTE B dud i 1751} are?

Appendix FoTest Resuits

page F-1
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Table F-6. 25% GTL + 75% ENS90 test results
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Table F-8: 75% GTL + 25% EN5S0 test results
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Takle F-10: GTL test results (ne pilot)
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Tahle F-11: 25% GTL + 75% ENS390 test resuits {no pilot)

Appendis FooTesl Resulls

; . o : - : - = - o Ty
iu";';::"g Speed | lurque E::-.: Air Clorw E:_':i‘;s‘ Pinlet Tinlet| Tesh PRal |PBaro| ::r:‘._ ::m ThH 5::‘:‘ D‘;ﬁ:’“l S'rfi:fjf" D‘:;:f::"'. 850 |Control
[min "]| (Mm) [kgthy| [kgth] | (kath] | (mbar] [*C] ") [bar] | mbar | i) [yt rgany () [ deq | micros deg | micros
I T R i 1 dfdd | LEnIE KL A0 EER Th I 55 £ 4 44l 4% [Nad
c g T TR 1l [ e | [EMP R 252 T R 1155 2k R 434 2 |oOnet
i ST TR - T ol | LFMP - E 221 450 i R 2 156 414 0 [Un
R R Y BT AN e R AR Em | ul L] o A [ T g
1 R TES: | 32ER2 | LFAP B 2~ 0 43412 R I 2 Ik i 23 |on-
e T T HEIR sitds | LRAE R i T AN A1 T [T | T 4 74| L i
L ek, S s N . PR e4vd LFAR & | 24 | 550 et | 775 11,55 & s [ i 0~
Operating . oad | HOX 02 |Lambda| ISN Sout FIBSFONI 1o Fanguie r ]' ferds | DT | pEE ERET Dersity | Sk
Pt ; Cone. . gpoint T i LR i
e [min 1]i [ppm) =] | [gimi] - [ore ) (L] kW wan HPOW) [Pa | {mbar]  [C) @ (kgim3] fkqglh]
1 o v A L ST ire iAnne 0 195 TEUE] a7 | 4imrm| o oF, Tosi T
g | ey 2537 0”0 roood 2 2 60 12 R P I ] I 25 1532 BT
iz T e 254 wid [ g 2 n I R e, W | L v T i La8 3150
(A o R 2 h S T T T 2100 13 L A e 2 i HEn
| SH0 | 3B 1351 | 2E4F [ 1 : P 113 sl s [ @iz o i 1387~ 5 zag]
o e O O R na T 5 260 R T N I if 138y MRl
Leed [ 7mn | Egz | 137E | 258 OEE j o The ok 2300 134 Sdgts] 40w [ AEiE] Fan & 1387 ERGEE
Dper.al.lng MO K had Flpen_utin MO I ?nut T_“: n.ﬂinu- Larnhda CDI‘!‘IbI.I_SlIDII
_point ® ! q point , Cune. C Cale | analyris filename i
[gih] | (g% wh) | [gfkWh] Lure [IDNED -
1 BT == R 111 Date. [Eh 200 07[ 1200 P Stroke | Duidy m
z SEANL ) 1.k | £ ] 200% Fuel- | 75" ER =30 ¥ LU 47 m: B
ER e S R [ i 25, GTL
g TR X 3 0.01 e e
B - B 1 mh ) il 'Calibrat on Coef fient  uOn 40k
L f T 5 ER 02
E-. 1077 | H dod A I




Table F-12: 50% GTL + 507 ENS5%0 test results {no pilot)
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Table F-13: 75% GTL + 25% EN520 test results (no pilot)

n’:;f:" Speed qune_;:: At 1 low E:':::" Pistet |Tintet| Tesh | PRail [PRMo l:':_t igesiem T H Sy '3“';“‘:’“ S‘r,f'::" ”“';;‘r:'“ Ese Control
(min )| [Nm) |(koth)| fkgmm] | (keth] | (mba) | [*C] [ ] (bar) | (mbar) | (%} fof kg air) (L) deg | mictns _ deg | micios
w: | W% | am 427 2287 | Limr | S = 653 32 | Wu v T 20 w ] 42 Ond
2 200; | nen | s A4/ 2%, | IFMF | &0 P byt W | T (] % I [TH -l 21 O
3t A | wen | nes | west | ez | LM [T = P53 e | ni Iss " i 48z I v Ow
LI 200, nas 134 LAET Aa | |#MF 0 Fo 65 et [T M M [ ; R
4 2001 il L ELEY BT | LMF B e W M2 T8 T EE m ¥ ITE iz A
B 2t | nec | _om: L3 e 50 26 B2 e ' B B o N 432 1 A1 [On: _
Chek . 2005 [ N7 | asa | Aa= | 22#%7 | *ME | 80 2o 1 wid Yl 78 185§ % " N | o fon
: | . e i 4 A ——
up;;f,::"' Sperd | NOX | 02 | Lambda | Fsn | D0 "”:;f;;“'” Speed . Tosque P | LEMdp "E:* CLFMP | LFMT | Density | An Flu.!
fmin “J| Qg | () [gtma) (min']  [Mm] kW fmm Helg (Pa) | [mbar) (c) | (kgtm3 [kgrhl_!
| . EAGT | 208F 1. PR ] I 1 Z.00 1.5 LT O L 26 ls.. n477
z ; 201 | aul R 7 ek (T A 2 210 19 | 24928 424 L AR 3ider
i 2N {0 Ez 2o 0o’ [T L 230 {3y P TAL A MRS et a7 Na4? 3l
3 0, “"@_;_"‘-._;,;:_ o (R Ur, 0| 3o dhwm ] ﬁéﬁ%"ﬁﬁﬁh o o L T
i gim | x| 13 ZE: 0l R 1 5 T 24t a4 awiE G4 % L2342 A4z
E T e 23e7 T Aren £ 2200 [ L R S il T T
Ch-k P e | s ERn [ Gis (. oo Lhegh | W 17 2454 di: L BT 2 .42 Mgt
Dperating B Upriating Soot _ | Lambda Combustion |
provint Lm " osies point s Lune. _|-_":_B_inn Calc | analysis Hilendsme
| fofk) | | [ykWh) [gikVh) B _ Bore | O5ECE m
L TE LK o i i-5 L5 e T Date: | 502006 <54 | Stroke 00823 [
7= 8 MERIAC] 136 % [ i ing B 2415 Fuel | 57155 =] ¥ LU 4377 m2
T T Y TR 3L 46  009] T — e GTL
RS S b R i il ] T3] D :
4 BEA510 | 1tk : =15 . o 1£05 = Tk g | [La'zeatin: Toathic wre [ 1000H-36]
y e % 236 | 0w % e
: A3.3902 | 1408 ‘ b TS 1784 L B4h)

Apoerdix F ~Tesl Results page F-5



Pressure traces
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Figure F-10: Pressure traces for all test fuels with pilot injections
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Pressure traces {no pilot)
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Figure F-11; Pressure traces for all test fuels without pilot injections
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