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. ABSTRACT =

i

-Canadian diesel fuels could see degradation in fuel Properties
by the 1990's. This thesis is directed at understanding the effects
these off-specification fuels may. have on the Canadidn Forces AVGP~
GM6VS53T engine. .

To understand these effects, and to-develop an R &D base cap=" .,
able of projecting and testing engine specification changes required
for operation on these fuels, a program invelving not only engine-

fuels testing but alsc indicated performance and combustion ‘monitoring
was structured. :

For thée engine test pragram,‘fuel~to—fuel comparisons reguire
combustion menitor and indicated parameter determination. Thus,
cemputerized engine contrcl/data acquisition/datg reduction and pre-
sentation systems' were developed to meet the rquﬁred precision, re-
peatabilitv and massive data collection required for such studies.
The heart of the data acquisition system is an LSIll computer which
controls, monitors and samples endine data and interfaces with the
lab computer (EPLO0O) for both on-line and off-line data analysis
which, in turn, interfaces with the mainframe Amdhal and Calcomp
mecel 906 plotter for data presentation and modeling interaction.’

Approkimately ten.millicn samples ¢f data were collected and
-aralyzed for each fuel tested. Full load and part lcad brake; indi-
cated and combustiecn characteristic performance curves are presented
plus fuel-to-fuel compariscn plots of each ‘marameter. To understand
the engine-fuel behaviour, the most informative presentation Sformat

was found to be parameter maps contoured over the comDTete operating
range of the engine. »

Concern exists over the ccmpatibility of the ¢fi-specification
fuels due to very high pressure rates and gas vibrations whlch accur
over large operating ranges of the engine. The problems are rocted
in the early ccmbustion periocd and an easy 'fix', egq. derating the
engine for operation cn these fuels, is not to ke expected. This
combustion behavior could result in DPrematurxe comgonent Zailure and
it is advised that controlled "Gurability ané transient ducy cvele”
tests be gerfcrmed bafore -no1eme"yxng any extensive Ziels wuse of

these fuels. Hcwever, braks characteristic serformance Sr-m -hese
offi-specification fuels were ecual ts and befrar than the refsrernce

- . \
(high quality) 3GP30 diesel Zuel.



FUEL SPECIFICATION . « « o v v v o o 5 0 o v v s

TABLE ‘OF CONTENTS
! | ' ¢
. ; , Page
ABSTRACT « « v v v v e e e e e i
TABLE OF CONTENTS .+ o v v v v v oo i v s
LIST OF FIGURES - « « « v v v v e e e v e e e e e e e v
LIST OF TABLES « = v v v v v v v v v v o s e e e e
NOMENCLATURE . .+ . % « « - - . S S - xi
CHAPTER 1: [INTRODUCTION . . e e e e e e e e e '
1.1  BACKGROUND . . . -+ « - . [ R
1.2 LITERATURE SURVEY . « v ¢ ¢ o o v v v v o o o e
1.3 THESIS OBJECTIVES . . « - v v v v o v o« v o s
1.4  THESIS OVERVIEW . .« v v v v v v v v o v oo o
X .
CHAPTER 2: RESEARCH FACILITY . ... .. .- .. e .. 5
2,1 INTRODUCTION .+ = v« ww i o e o iv oo o 5
2.2 ENGINE INSTRUMENTATION AND TEST CELL
FACILITY + v o ¢ o o o o o o o o o a o o o o v v o 5
2.3 SYSTEM CONTROL AND DATA ACQUISITION 14
2.3.1. System Control.. + v o o e e e e e e e e 14
2.3.2 Data Acquisition . . . . . . . . e e e e e 15
2.4 DATA PROCESSING. . - + - - - « - - S e e e 17
2.4,1 Hardware . . . . . . . - . . e e e e e 17
2.4,2 On-line Data Processing . ... . . . . . .. 18
2.4.3 0ff-line Data Process1ng ........... 18
2.4.4 Amdahl Data Processing . . . . . . . . . . . 19
2.5  TEST PROCEDURES . . . « - « « « - . . ... .. 20
2 5.1 Brake Performance Tests . . . . . L. 20
2.5.2 Combustion and Indicated Perrorwance . 21
2.5.3 TDC Location Tests . . . .7. . . « . « + - . 22
2. 5.4 General Test Procedure . . . . . . - . .« . . 22
2.6 28



CHAPTE

h.4

CHAPTER 5:

“ 5]

5.2
5l3

wowu
L) QN oy

CHAPTE

- iii -,

v

. TOP DEAD CENTRE (TDC) ANALY'SISI.

INTRODUCTION . . . S IR
TDC LOCATIONAL ERROR ANALYSIS . . . . . .
PHYSICAL MEASUREMENT GF DYNAMIC TDC . .
ANALYSIS QOF EXPERIMENTAL RESULTS . .

GLOSURE . ..

. .

ENGINE/FUEL CHARACTERISTIC PERFORMANCE.
BRAKE CHARACTERISTIC CURVES - « - - » - -
INDICATED CHARACTERISTIC CURVES

COMBUSTION CHARACTERISTICS .:v ' v . . .

4.3.1 Test Methodology/Event Definitions
4.3.2 Combustion Characteristic Data. . . . .

PRESSURE CURVES . « . % v ¢ vh v v v o 4

ENGINE/FUEL CHARACTERISTIC PERFORMANCE
COMPARISONS . . . .. ... . .. ... ..
BRAKE CHARACTERISTIC PERFORMANCE

- COMPARISONS . - & & & v v v vt v v o v v s

5.1.1 Maximum Torque Tests . . . .. . . ..
5.1.2 Constant Torque (Part Load) Tests . . .

 INDICATED CHARACTERISTIC PERFORMANCE

COMPARISON « o v v v v v v v v v v v o v & .

COMBUSTION PARAMETER CHARACTERISTIC
COMPARISON - « + = v « « v o« . e e

5.3.1 Maximum Torqué TestS' .........
5.3.2 Constant Torque Tests . . . . . . . ..

PRESSURE CURVE COMPARISQNS . . . . . . ;
CLOSURE . . . . . e e e ..

ENGINE PERFORMANCE MAPS . . .. . . ...
BRAKE PERFORMANCE MAPS . . . . . . . ...
INDICATED ENGINE MAPS . . . . . . . ...
COMBUSTION PARAMETER MAPS . . . . . . . .

78

79

80
80



- iy -

Page
S CHAPTER 7:  CONCLUSIONS « - v v v o v v vee e e 168
| 7.1 OVERVIEW COMMENTS . . . . . . . .. e e 168

7.2 ENGINE-FUEL ASSESSMENT . . . . . o o+« o 17
BIBLIOGRAPHY + o o 'oie v e e v e P

\

-;:""“’. ) £
. -
7



Fig.
~Fig.
Fig.
F%g.

Fig.

Fig.

Fig.

Fig.:

Fig.
Fig.

‘Fig.
-Fig.
Fig.

’ Fig.

Fig.

Fig.
Fig.

Fig;

2.1:
2.2:
2.3:
2.4:
2.5:
2.6:

2.7

3.2

4.1

4.2:

4.9:

Facility/Data Acguisition and Control Overview . . . . . 6

Data Processing Systems . . . . . . . . . .

‘Schematic Layout of the Engine Test Cell Facility . .. 8

-
[

Engine (Test Cell) . . . .. .. [N 11

Single Cylinder Testing Hardware e e e e 10

Main Operator-Control PaneT and Computer Monitor/

Interface Terminal . . . . . . . . I A
ControI/Data Acquisition and Processing Systems . . . .12

Calculated IHP Error vs. TDC. Locatwona1 Error, 2800
RPM, Full Rack, 3GP30 Fuel .

Study of TDC Shift at” 2200 RPM . . o o o v v o s e 34

: Engine Brake Performance Characteristics. 6V53T Eng1neqa

Full Rack, Fuel 1 (3GP30, reference) . . . . . . . WL . 45

Engine BraKe Performance Characteristics. 6V53T ‘Engine,
Full Rack, Fuel 2, (#2-D) . . . . . . . . . . . ... .86

Engine Brake Performance Characteristics. 6V53T Engine,

Full Rack, Fuel 3 (Shell, 1990) . ... . . . . . . .. 47
Engine Brake'Performance Characteristics, 6V53T Engine,

- Full Rack, Fuel 4 (7990) . . . . . . . . . . . o .. 48 -
Engine Brake Perfonmanée Characteristics, 6V53T Engine,
Fuel 1 (3GP30, reference) . . . . v v v v v v o o« .. 49
Engine Brake Pérformance Characteristics, 6V53T Engine,
Part Load, Fuel 2 (#2-D) . . . . . . . . . .. e v . .. 50
Engine Brake Performance Characteristics, 6VS3T Engine,
"Part Load, Fuel 3 (Shell, 1990) . . . . . .. ool 5]
Engine Brake Performance Character1s»1cs, 6V53 Engine,

Part Load, Fuel 4 (1990) . . . v v'v v v v v o e 52

-

Engine Indicated Performance Characteristics, 6V83T7
Engine, Full Rack, Fuel 1 (3GP3Q0, reference} . . . . . . 53



-] b ]

;F

Fig.

-Fig.

Fig. 4.10:

Fig. 4.11:

Fig.
Fig.
Fig.

Fig.

4.12:

4.13:.

4.14:

4.15:

Fig. 4.16:
S—

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.17

\x

4.18:

4.19:

4,20

4.21:

4.22:

4.23:

4.24:

4.25:

4.26:

4.,27:

-vi - -,

Engine Indicated Performance Characteristics, 6VS3T

Engine, Full Rack, Fuel 2 €725 ) B

Engine Indicated Performance Characteristics, 6V53T

Engine, Full Rack, Fuel 3 (Shell, 1990) . .« 4 4 . .-

Engine Indicated Performance Characteristics, 6V53T

Engine, Full Rack, Fuel 4 (1990) . . . ¢ « v o o7v o«

Engine Indicated Performance Characteristics, 6V53T

Engine, Part Load, Fuel 1 (3GP30, reference} . . . . .

Engine Indicated Performance Characteriétiés, 6v53T
Engine, Part Load, Fuel 2 (#2-D) .« <« v o o 0 e e e

Engine In&icated Performance Characteristics, 6V53T
Engine, Part Load, Fuel 3 (Shell, 1990) . ... .

"Engine Indicated Performance'Characteristics, EV53T

Engine, Part Load, Fuel 4 (1990) . . . « v v « & - -«

Effect of Crank Angle Span on the CaTcu]at{on of
Maximum Pressure Rates . . . + « « o« « « o = « « = .

Engine Combustion Characteristic Curves, 6YS3T
Engine, Full Rack, Fuel 1 (3GR30, reference) e

Engine Combustion Characteristi%/%hrves, 6V53T
Engine, Full Rack, Fuel 2 (#2-0) . - « « - v v v - -

Engine Combustion Characteristig Curves, 6Y53T
Engine, Full Rack, Fuel 3 (Shell, 1990) . . . . . .

Engine Combustion Characteristic Curves, 6VS3T
Engine, Full Rack, Fuel 4(1990) . . v - v e e - s
Engine Combustion Characteristic Curves, 6V53T

Engine, Part Load, Fuel 1 (3GP30, reference) . . . .

Engine Combustion Characteristic Curves, 6VS3T
Engine, Part Load, Fuel 2 (§2-D} . . . e . . . . -
Engine Combustion Chﬁracteriétic Curves, 6V537
Engine, Part Load, Fuel 3 (Shell, 1950)
Engine Combustion Characteristic Curves, 6V53T
Engine, Part Load, Fuel 4 (1990)

Ignition and Combusticn Delays, 6Y53T Engine, )
Fuel 1 (3GP30), Full Load . . . « « « « o o« + v -

Ignition and Combustidn Delays, 6Y537 Engine,
Fuel 2 (#2-D), Full Load . . . . -« « « = « o « « -« .

56
57
58
59
60
61
62
63
64
65

66

68

. 69

A

~ )



_-'-vi:L-.

’
. Page

Fig. 4.28: Ignition and Combustion Delays, 6V53T Engine,
’ Fuel 3 (Shell, 1990), Full load . . . . . .« « v« « . 72

Fig. 4.29: Ignition and Combustion Delayé, 6VS3T Engine, ’
Fuel 4 (1990) Full Load oo v ¢ v v o @ o ¢ o s s oo 13

Fig. 4.30: Typical Average P-CA Curves (Motored and Fired), _
6V53T Engine, Full Load, 2200 RFM . . . . . . . . .. B 74

. Fig. 2.31: - Typical Average P-CA Curves (Motdred and. F1red),

6VE3T Engine, Part Load, 2200 RPM . . . . .. . . . 75
‘f .
Fig. 4.32: Typical Average P-V Diagram, 6V53T Engine, -
. CFull Load, 2200 RPM . . . v v v v v e e e e e e e e 76

Fig. 4;33; Typical Average P-V Diagram, 6V53T Engine,
Part Load, 2200 RPM . . . . . . . « . . . . . e e . 17

Fig. 5.1: Brake Horsepower Comparison at Full Load

Fig. 5.§i .. Brake Torque Comparison at Full Load . .. ... .. 394

Fig. 5. Fuel Consumption Comparison at Full Lead . .. ... 9
Fig. 5.4: Brake Specific Fuel Consumption Comparison at -
Fullload . . . . « v ¢« & « « + . R 98
Fig. 5.5: ° Brake Thermal Efficiency Comparison at Full Lead . . 100
Fig. 5.6: Smoke Number Comparison at Full Load . .. . . . .. 102
Fig. 5.7: Fuel Consumption Comparison at Part Load (Constant
TOrQuUE) - & v ¢ v v e e e e e e e e e e e e e e 103
Fig. 5.8: Brake Specific Fuel Consumption Comparison at Part
Load (Constant Torque) . . . « v ¢ v v ¢ v & o « o« 105
Fig. 5.9: Brake THermal Efficiency Comparison at Part Load :
(Constant Torgue) . . . v v ¢ v ¢ v 4 v v v viv o o 107
Fig. 5.10: Indicated Horsepower Comparison at Full Load . . . . 109

Fig. 5.11: Indicated Specific Fuel Consumption Comparison at
Full Load



L I PRSI EPE PR it

Fig. 5.12:
Fig. 5.13:

Fig. 5.14:
Fig. 5.15:
Fig. 5.16:
Fig. 5.17:
Fig. 5.18:

- Fig. 5.19:
Fig. 5.20:
Fig. 5.21:
Fig. 5.22:
Fig. 5.23:

Fig. 5.24:

Fig. 5.25:
Fig. 5.26:
Fig. 5.27:
Fig. 5.28:

Fig. 5.31:

. Page
Indicated Horsepower Comparison at Part Load. i
(Constant Brake Torque) -~ . . - .+ . « « . . R Rk
Indicated Specific Fuel Consumption Compar1son at
Part Load (Constant Brake Torque) . . . « « « ¢ « « & 115
Mechanica] Efficiency Comparison at Full Load . l . . 117
Mechanlcal Eff1c1ency Comparison ‘at Part Load .'. .- 19
Onset of Combustion Compar1son Curves at Full Load 121
Ign1t10n Dg]ay Compar1son Curves at Full Load . . . . 123
Onset of’Rapid Combustion Comparison Curves at Full
57 Y= 124
Combustion Delay Comparison at full Load . . . . .. 126
Maximum Pressure Comparison Curves at Full Load . . . 127
Maximum Pressure Rate Comparison Curves at Full Load. 129
Onset of Combustion Comparison Curves at Part Load . 131
Onset of Rapid Combustion Comparison Curves at Part
Load . . - . v e e e e e e e e e e e e 133
Maximum Cylinder Pressure Comparison Curves at Part .
Load & o v e e e e e e e e e e e e e e e e e e e 135
Maximum Pressure Rate Comparison Curves at Part Lead. 137
Multi-Span Pressure Rate Comparison Plots . . . . . . 139
Pressure Trace Comparison (2800 RPH, Full Load) . . . 140
Pressure. Trace Comparison over TDC (2800 RPM, Full
Load) & & v ot e e e e e e e e e e e e e e e L. . L 14
Pressure.Trace Comparison (2800 RPM, Part Logd) ... 147
Pressure Trace Compariscn over 7DC (2800 RPM, Part
Load) » v v e e e e e e e e e e e e e e e e e e e e 143
Pressure Trace Comparison (1500 RPM, Full Load) . . . 134

Presiure Trace Comparison over TDC (1500 RPM, Full
Load) .+ . . e e e e e e e e e e e e e e e e e e



Fig. 5.33: Pressure Trace Comparison (1500 RPM, Part Load) -

Fig. 5.34: Pressure Trace Compar1son over TDC (1500 RPM Part
Load . . . . . . . e

Fig. 5.35: Cracked Head Gasket. Cy]inder Number Two, Right Bank.

Fig. 5.36: View of the Head and Block Failed Right Cy11nder
! Bank . ® @ o 8 9 & s a - . - . s . e »

Fig. 5.37: View of the Head and Block. Left Cylinder Bank
(Unfailed) . . . . . . ... .. .

Fig. 5.38: Instantaneous Pressure,ﬁate/Combustion Development
' Period Relationship .7. . . . .

Fig. 6.1: B.S.F.C. Map Comparison . . ... ... ......
Fig. 6.2: Brake Thermal Efficiency Map Comparison . . .. ..
Fig; 6.3: Fuel Consumption Map Consumption Map Comparison.
Fig. 6.4: Indicated Specific: Fue1 Consumpt1on Map Comparison .
Fig; 6.5: Indicated Horsepower Map Comparison . . .. .. ..
Fig. é.s: . Indicated Mean Effective Pressure ﬁap Comparison . .
Fig. 6.7: Onset of Combustion Map Comparison . . . . . . . . .
Fig. 6.8: Onset of Rapid Combustion Map Comparison . . . . . .
Fig. 6.9: Maximum Cy]inder-P}essure Map Comparison . . . . . .

Fig. 6.10: Maximum Pressure Rate Map Comparison . . . e e e

Fig. 6.11:- Maximum Instantaneous Pressure,Rate Map Comparison .

Page
146

147
148

149
150.

151
157
158

. 159

160
167
162
163
164
165
166
167



) LI .
Table 2-1: = List of Test Ce1§ ‘Equipment . . . . . . . .

Table 2-2: Test Engine'Specificaiicns e e e e e

Table 2-3: Fuel Specificat{on. T T I R

Table 3-1: Experimental Measuréments TOC Location
Table 5-1: Numerical Values and Statistical Results. .
Combustion Parameter Data (Full Load) . . . .

Table 5-2: Onset of Rapid Combustion Vs. Engine Speed-

Table 5-3:  Numerical Values and Statistical Results.
* Combustion Parameter Data (Part Load) . . .



=

CGSB
Ccu. IN.
DIA

°C
Deg

°F

FBP
FT
Ft;lbs
GM
@D
GPM

HP

IBP
THP .
IMEP

IN

-xi-

- Altermating current
Brake_horsepower
Brake mean effective pressure
Brake specific fuel consumption
British thermal unit
Crank angle
Cubic feet per minute
Canadian General Standard Beard
Cubic inches
Diameter
Degree celcius
Degrees
Degree Fahrenheit
Final boiling peoint
Feet .
Foot pounds
Genefél Motores
General Motors Detroit Diesel
Gallons per minute
'Horsepower
Initial beiling point
1 ~
Indicated horsepower
Indicateé mean efféctive pressure

Inches



- xii -

1/0 Input/output )
“ISFC Indicated specific:fuel éonsumption
KHz .~ Kilo hertz \\
MHzZ Meéal hertz L
s Milli-seconds
v mlii—v,olts
NRC-FLL National Research éouncil Fuel and Lubficant Lab
P | - Preésﬁre
P-CA Pressure vs crank angle
PSI Pound @er square inChés '
P.T. Pressure ;ransducer
B~y ~ Pressure vs volume
RAM © Random access memory
R &D Research and Develcopment
RFM Rotation per minute
SAE So;iety of Automotive Engineer
TDC Top dead centre
UsSGPM United States gallon per minute
v ? Volume
-
WBRF Wide boiling range -fuel

WOT Wwide open throttle



+

CHAPTER 1

INTRODUCTION

BN
~

While Canadian Tar Sands crude oil penetration forecasts vary,
it is clear that these vast reserves will eventually provide a signi-
ficant portion of the Canadian oil demand. It is projected that such
penetration will result in off-specification diesel fuels. 1In this -
ragard, the CGSB fuels panel, through a nation wide survey of the oil
industry, concluded that 35 cetane fuel with high end points (to 380°C)
could result in the 1990-2000 time frame. It is generallv accepted
ncw that this fuel is more likely to see penetration in Canada after
the year 2000 and the I@QO‘fuel will most likely,be a 37 cetane with
no significant changes in the end products. As a result, the NRC FLL
has produced a 35 cetane fuel, representative of the original 1990 pro-
jection, for R & D purposées. ’ -

1.1 BACKGROUND

-

* .

Independent of Yar Sands penetratibn, the need to develop centers
for advanced Canadi R & D into intérnal combustion engines in general,
and compression ignition engines in particular, is beccming increasing-
ly clear. The ability of the Canadian research chmdnity to respond to
such developments was weak. As obsepved in a recent paper by Webster
[241: "To date only limited fuel/engine researgh has been carried cut and
virtually ncne directed towards military land and marine powerplants.®
Further, military requirements makeg this point even mcre pressing in
that: "military vehicles have a lifetime of 15-30 vears, long term en-
gine/fuel ccmpatibility must be designed into new vehicles and medifi-
cations made for existing wvehicles" [24].

1.2 LITERATURE SURVEY ¢

Ciesel engine testing is commenly used to desizn, rate and noniter
zollutants on cenventional = Siesel Zfuel, Zur as ressresd 2o Whvse ans
Moves [Z1] "Diesel Zpgines hawve traditicnally keen develozed and coera-
ted on straicnt run distillatzs Ircm conventicnal crude giving ceténe
nurcers in the range 35-53 and little e2xperience is zvailzbla = the
senalcies, i any ¢f operating on lower zualicy fusls”



. the engine design standards.

\

Preliminary runs were performeé on a Detroit Diesel 3-7IN, direct
injection, two stroke, compression ratio of 18.7 to 1l using standard
N65 injectors by Whyte and al. [23]. The fuels used Ior these tests
were blended from various refinery streams to give approximate properties
of the 1990-2000 fuels. High cylinder pressure rates and longer than
normal ignition delays which might afféct engine durability and noise
level were of primary concern, whereas the other rarameters were within

Tar sand fuels were run in a Deutz Fil 511D four strcke, naturall?
asplrated air cooled, direct injection diesel engine [24] ‘which is re-
presentative of future small power plant that may be used by the Canadian
Armed Forces. Rated and high output testswere run using 1990-2000 fuels
with no part load tests performed. Small differences in brake data were
noticed with respect to the data obtained with the high stability reference
fuel, with an increase of 7% in BHEP for the highest density Zuel (Fuel ).
Further, only five engine speeds were tested cver the entire engine opera=
ting range, thus accurate parameter trends could nact e determined. . The
rates of pressure rise were noted as high but acceptable, although one
should examine the method used to calculate them. It consisted of fitting
a polynomial to the cempression stroke and rapid ¢combustion chase which
generated a derived, not measured, value of Dressure rate. Derating of
the engine was suggested due to high maximum pressures and rates of pres-

‘sure rise, however it is known that higher pressure rates occur at part
ioad rather than full lcad engine settings.

Canadian alternate fuels were tested in a 2351 Bombardier, 12 cvlincer
four stoke, turbocharged, direct injection, marine/r
diesel engine ([25]. The lower engine speed desi ima .\;muzi llOO rml
made it easier to burn cff-specificaticon fuels: "Io“e cf these test £
caused any apparent engine operational difficulties over the speed ran
rested" [25]. The author recommended Zurther tests to monitor cylinder
deposits and engine durability.

Light duty automotive dlesel engines (as compared to ﬁéavv Futv'nili-
tary engines) have also been tested (1,26) with fuels close to the same
properties as the 1990-2000 fuels with low cetane 30-40 and wider tciling
range. Again, pressure rates seem to be the main cecncern of these studies
with acceptapble variations 2f =zhe ¢ther narameters.
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In order to carry out that research, a highly accurate and repeat-
able data acquisition/contxol system is required [12, 13, 14; 15].
Such a system was implemented to produce high precision and reliable
data without the human factor required to judge equilibrium. :

Accurate indicated parameter data can cnly be achieved with a high
precision encoder [1,2] phased to TDC with less than 0.1 C.A. Dag. error.
An error of one degree on the location of TDC gives an IHP errokr of 5-10%
{7, 14, 15, 17, 18, 22]. An efror of this maanitude would“be unacceptable
for comparing suttl: differences in IHP measurements Srom Zuel co fuel.

-

1.3 THESTIS OBJECTIVES

While diesel engine test ccodes, zrecedur=s and data analysis/
presentaticn are well established for engine to engine gerformance
comparisons; fuel to fuel comparisons on a given encine do not enicy
the same level of procedural, test and intercretaticn standards. on-
trary to the literature reviewed earlier, indicated parameters will
also be presented to access fuels. In order to produce reliable indi- '
cated data, high-precision sampling with an averaging technique to
prcduce average indicator cards is required. As previcusly menticned,
it is first necessary to accurately locate both static and dynamic tecp
dead center. Moreover, no set procedure had been established, there-
fore advanced locational methods needed to be develoned and TDC measured
for the complete RPM range ©f the engine.

7 combusticn
since combus-
vsis is reguired

H-

n

llJ
()

In additicon to indicated Der:ormance, hi
parameters will alsoc be developed and studied.
tion parameters are single event data, statisc lca
to study the cvcele to cycle wariation. Alsc, comb parameters
could become more critical at part lcad cengiticons compressicn
temperatyres and pressures are at the minimum. Thus it was decided
that indicated periormance and combusticn parameters, as well as stan
ard brake performance characteristics, shouls ke analvzed at beoth fu
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and rart load characterizations to produce £111l range maps ¢f all
parameters of interest.

s

The main objectives of this thesis were to:

a} Develop an engine test facility that wo
and repeztable brake data to SAE standa
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1.4 THESIS OVERVIEW

To meet the preceeding, cbjectives, the cell instrumentation was up-
graded to SAE standards. However, indicated performance ard fuel-to-fuel
combustion characterization comparisons required diagnostics well beyond
conventional engine testing requirements. To perform-the task, it was
recognized that repeétable, accurate and extensive amounts of data would
have to be collected, handled, reduced and interpreted. Conventionally
availabkle data acquxs;tlon systems did not provide the perceived capacity
nor the vital research component requirement of computer software develop-
ment flexibility so as to allow investigative ‘massaging' of the data.
Chapter two gives a summary of the system from the hardware, operaticn
and software points of view.

Indicated performance characterization can be complex. Precision
P-CA data, exact TDC lecation, exact engine physical values and precise
numerical integration must ccome together. Chapter three presents the de-
‘tailed studv conducted so as to precisely define TDC location cver the
ccmplete éngine speed range. ]

Chapters 4,5 and 6 present the experimentally measured data
for the four fuels tested: (i) reference fuel for base comparisens:
(ii) commerciallv available No. 2-D; (iii) an off-specification fuel
typical of a best case 1990 product and (iv) a second off-specificat-
ion fuel typifying the projected 1990 {ncw 20C0) Zfuel.

Maximum torque and part load characteristic curves of brake,
indicated and combustion parameters together with averaged P-CA, P-V
and Log P-Log- V plots are sresented first, for each engine-fuel com-
bination, in Chapter 4. -

Multi-fuel comparison plots, for all parametexs at both load
settings, are presented in Chapter 5 hogethe“'WLth a set of single-
shot P-CA curves for detailed viewing of fuel combustion character-
istics. ) -

In Cﬁapter 6, complete encine maps cf &ll parameters ( e’
indicated ané comsusticn), most of which have never mesn srevicusly
iewed, are presented They orovide an excitliag b Eheled

tehavicur, trending and Zuel w“at*"‘l*" avalua

h o<
i

zel



CHAPTER 2

RESEARCH FACILITY ~

2.1 INTRODUCTION

The engine research facilify at the University of Ottawa is design-
‘ed to permit complete engine-fuel performance and comparison tests to SAE
.standards. A high speed data acquisition and control system allows ac-
curate repeatability from fuel to fuel for brake pexformance, indicated
characteristics and analysis of combustion related parameters. Combustion
studies can be performed using the entire engine or, should the fuel
under test not be suitable for engine operatmon, in cylinder #l only.
\\Enrther, cylinder #1 instrumentation also allows' virtually back-to-back
motored/fired P-CA curves to be taken {computer controlled).

On-line statistical analysis of combustion parameters is performed
by the HP1000 mini-computer.* Off-line data reduction and processing is
performed by the HP and the University malnframe, data transfer being per- '
formed by a computer hardware interface. Figures 2.1 and 2.2%give a gen-

eral overview of the- facillty, data acquisition, control and data proces-
sing systems.

™

2.2 ENGINE INSTRUMENTATION AND TEST CELL FACILITY

In developing the research test facility, attention was given to the
. need for high speed data acquisition and precise control for engine-fuel
comparisons. Figure 2.3 and Table 2.1 provide a schematic of the faciiity
together with an instrumentation and equipment list. The engine and in-
strumentation is pictorially presented in Figure 2.4 (enélne), Figure 2.5
(single cylinder hardware); Figure 2.6 (contzol panel) and Figure 2.7 {(con-
trol/data acquisition and processing systems). .
All tests were performed on the AVGP-Canadian Forces Issue - of the
6V53T Detroit Diesel Engine, with specifications.as listed in Table 2.2.
Of the auxiliarv ecuipment, only the AilResearch :turbc chargex, air cleaner,
fuel filter and engine oil filter are in use. The Canadizn Forces Tersconnel
carrier vehicle uses an electrically driven fan, thus the fan was ramoved
(as recommended by the SAE code for "Met" _brazke perfcormance testing). Bers
fore any tests were performed, all the eqUL:ment instrumencaticn znd encine
ere calibrated to specificaticn. ‘ ~

* See reference 86.
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ENGINE TESTING -

ONTROL, -*DATA ACQUISIf!ON

. + . . -
L ENGINE RuEs '
o4z D
) . GM 6VS3T . 3GPI0 (referesnce)
. r - Diesel. + . Shell {off-spec}
. Unit injectors . Cr - 1999
. . 2 Stroke . WBRF (family)
. Turbocharged . Dther
L~ |
W ] ‘
. _ " ENGINE TEST FACILITY
Y | 3
\
’ TEST CELL ~ : ENGINE INSTRUMENTATICN

.Tmmmmmcwuﬂhm}m1ﬂwawwm-
tilation system. (61750 CPM)

. Glycal heat exchanger, {Engine & Oynamometer)

. Fuel supply system

. Engine cooling system (closed system)

. Vibration isclated engine mount pad

, Saund proof walls

. Thermocolples (K and T Types)
. 450 HP Eddy current dynamometer
. Autotronic atr flow transducer
. Mancmeters (Pressure)
. Pressure gauges
EDS throttle controiler
, Multiple solencid valves
. Celesco 107 smokemeter
. Tolado fuel scale
. Fuel cooler,
. Heating tapes
. AVLYpIOQCYX pressure transgucer
.. Taeledype Gurley crank angie marker
. SingYe cyliader fuel pump
Lebow torque/rpm display
. Cole Parmer fuel heater control
. ohnson fuel cooler centroller

Y

INGINE CCNTRCL & DATA ACQUISITION

l

Y

Wl

. Current testing is executed under full

SYSTEM CONTROL

HP-1000

DATA ACCUTSITION
- CAMES

.~ tas: point location and hoid

. Future atjectives:

numerica) cantrol (with cperater
override).
Physical Control .

. dyramometer - consfamt torque

- constant RPY

. rack (throttle} position

. an-of f switching {solenoids, etc}
Software Control

. equilibrium evaluation

, data collection and sequencing
Used for all steady-state and limited
sransient {point to point} tests in-
cluging: ‘ .

. brake performance .

. mapping data (brake, indicated}

. sincle cylinder cembustion

. ulti-¢ylinder comoustion

. Totored curves )

, TOC anaiysis

. completa system automation
. transisnt {canstant torgue or APM)
. aycliz variaple torgue ang 3FYS

-!rﬁ

~ Disk loading T
- Pressture data transfer/storage test
Optigns: . store all or average curves
{max. 32}
. with/without motored curve
. with/without statistics*
. an-line display of statistics
« Statistics include: {average and standard
. o deviation)
, peak pressure & peak pressure angle
. maximum pressure rate for precisions
ef 0.2, V.G, 2.0, 3.0, 4.9, 5.0 ceo.
. onset of combustion
. anset of rapid cembustion
o end af r3pid combustion
- %n cue from CAMAC transferss drike 2a%d

i

lsems Monitored

. Temoeratures

. Low speed digitizer {100 XHz!
torque

rem
airflew
Fuel weight
time
sPokemeter
. High speed digitszer {1 “HI)

- cylinger arassure
. Crank angle marker {18CC julses

i

rev;
Jurpose: . oJodate temdgrature on

screen  avery T @l

, Srovize a2eritir atI”
sn Tine zata

. eneiIng equilcorud =gnc S
o) T'TI_:

. sravice ¢

avery .0
. Tenitor foe o

Y

Y

. "o sravide raliable and receatiple 2atd streams 1t iny 2ncing Zesicnatec
sperating point or seguence of Zoints for any 3f the “uels testec.

. To ai‘ow canventignal angine characteristic zerfirmance

. Ta -rovige cylinder oressure Qata capture aceguate “Tr ICMDJITION rnalysis,

Lo lnte]
peinil

arisgns.,

5 . N

-

Te mama = mame e
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. DATA PROCESSING

F .

-

‘ _ AMOHAL

. . . KP=1000 RS232 .

12 K RAM ’
540 X FLOPPY DISK
16.5 Mb HARD DISK

- CRT & THERMAL PRINTER

GRAPHICS SOFTWARE

Using predefined formatted #{las from

DATA REDUCTION/ A ~TH00, create isoc)ine map of stored .
GRAPHICS SOFTWARE ' [ © qata/ Isalevel selectad at file
1 tation time.

FUNCTTON , DESCRIPTION

. = specify angular {ncrement .
i s::::‘:“ of sressure [ _ cpecity angular range Using data set containing full rack )
' - - printout/diselay values- * data, creates tultfaxis plat of brake, -
“ ** | = specify tsentropic regian r=—  indicated and combusticn charactar- .
= specify integral precision tstics )
Calucation and print- | - evaluate & display: )
\ Kut of fpdicated - spaad, torque, current TDC shifd
s IParameters. - indicated power, pumping power
' - net indicatad power .
- power at the shaft U{tn"g data sst containing map cata,
. - IMEP, peak pressure + angla plot multifuel comparison.
- GAMMA (slope} Bf isentropic regton
v oo - Y-intercept, r-correlaticn factor :

) - specify qraph type: ) A .
- ~ prassure vs crank angle.
g:g::f_ed::g;:y of - pressure vs volume
. . - log (pressurelvs log {valume)
display pressure curve with selected
format . .

¥

= specify TOC correcticn *
Pressure data shift, =on all future caiculaticns,data will b
shifted = x degrees
Statistics display. = locate and display pressure curve
statistics compiled at test time
. =~ specify options:
. = with/without indicatad paramaters
’ , - with/without statistics
. $ingle shat curve . !
Full disk data . average curve
lorocessing, . motored curve . ,
- process a1l pressure datay Files on . .
current disk based on optigns
. = display results A
- - repeat with new disk or terminate
= specify opticn:
- mechanical efficiency
- specific fuel consumption
- Deéak pressure .
- maximum pressure rate .
, ?.2 degrees 3.0 degrees
; .0 degrees 4.0 cegrees
iz::nggndata File 2.0 degrees 5.0 degrees b
i * snset of cambustion
- onset of rapid comoustion t—J—-—
~ smeke nuTher . '
cycle through 211 préssure 2ata
files to create scecifiec file
type (30 or multi-axis} .
- 11al mainframe ' +
create mnframe precefined for. -
‘ Tatces file ang run mapping ) . «
i aroarar . 1
’

+

L]

]
[ =
o]

2.2: Data Processina Svstens
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TABLE 2-1: LIST OF TEST CELL EQUIPMENT

LIST OF TEST CELL EQUIPMENT

ITEM NAME

SYSTEM "A": CELL VENTILATION /_\/ —
A=l |Supply fans (2} - 10 H.P. motdrs, 61,750 Crm
A-2 |Hot water condenser coils 00 GPM, 2 rows of tubas, 4,000 RPM
A=2 |Bot wvater mupply pump B.P. motor, 200 GPM, 25 ft. of haad
A=4 Jsupply dampers Prihumatic controls in D=1
A-5 [Exhsust damper Pneugatic controls in Drl
A~6  [Exhaust fan 20 H.A, motor, 61,750 CFM

SYSTEM "B": ENGINE COOLING ¥ *

. - *
B=1 |Glycol condenser coils 200 GPM, 2 rows of tubes, 4,000 MER .
B=2 |Glycol circulation pump 5 B.P. motor, 300 GPM, 52 fu. of head
B=] |Thres=way valvae Divarts glycol to B=4 whan supply air is hotter
than 60°F.
.B=4 Fluid cooler 5 H.P. motors {2), forced convecticon
B=5  JHeat exchanger - 185 GPM of watar, range (190/170°F), 1,850 M
B8-6 Ted-way valve Diverts glyceol into B=5 when cooling water is
hottar than the set point adjusted in D=1

B=7 Cool.inq%attr pump 3 H.P. moter, 6] GPM, 100 €. af head
B-8 |Surge tank 45 gallon drum
B=9 |Engine cooling tower 22,000 BTO/Mr open heat exchanger A

SYSTEM "C": FUEL SYSTEM
) [
C=1 |Gagcline tank S0Q0 IMP gallons
C-2 |WBRF tank 500 IMP gallona
C~3 |Diesel tank ' . 500 IMP gallcns
C=d4 |Supply pumps {3: Viking) 1/3 H.?. notars, S5USGPM, 60 ft. of head
C=-5 {[Cell tanks (1) Return lines and vents, piping meets ASTH svandards
C-6 |Weigh scale and fuel tank 50 lbs/6 gal. capacity
C~7 |Fuel cooler Fuel raturn cooler - fual/water
C~8 (Auxiliary fuel pump 5ingle cylinder monitoring

H » 3

SYSTEM "D': CONTROL AND MONITORING
D-1 Benaywall cabinet Controls for systens A and B
D=2 |IDynamometer controls Engina speed and
D-3 JDynamometsr (Dynamatic) Eddy current absorpticn; 450 E.P., l§ 6000 RPM
0-4 |RPM counter (Standard) Model 5G6,0-6000 = 10 RPM .
0-5 Alr flow transdicer/analog cocoputer Autotronic Controls Corporatien
D-6 Prassure transcucer AVL QPIQOCVK water cooled
D-6a |Single cylier tascing accesorias Multiple Asco valrves
0=7 Temperaturs control Cole Parmar fuel heater control :
D=8 Teoperature contrel = Johnson qontrol fuel cooler centrol
D=3 |Smokemeter ,omh . Celescy model 107
D-10 |Amplifier ' : s AVL 1059 P.T. ampiifier
J-11 lWeight . ' 5130 Toledo scale (fuel)
0-12 IDigital readout ' Lebew (RPM, Torgue, HP)
3=13 |Temperatura menizors 3 ELPH Thermo electric
O=1i4 |Throttle ccntrel E.D.8., 5PC 7100
D-15 |Dynamcmeter zcntrol Cte rom, cte tafgue -
J-lé |Prassure reading Multicype pressure Zayges/mancmecer
3-17 |Switches -
J-l8 |Cnline comoustisn space monitar Tektronix scoge
S-19 |CAMAC czate
D-390 |8P lo0o
2=21 |Thermocsuple “oards
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Fig. 2.4: Engine (Test Cell)

Fig. 2.5: Single Cylinder Testing Hardware
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Fig. 2.6: Main Operator Control Panel and
Computer Monitor/Interface Terminal



ey
s

-12 -

Fig. 2.7: Control/Data Acquisition and Processing Systems
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TABLE 2-2
TEST ENGINE SPECIFICATIONS
Manufacturer Detroilt Diesel Allison Division (GMDD)
Model 6VSIT (5063-5394), Turbocharged
Type Two cycle; compression idnition

Cqmpression_ratio

Compression pressure

Idle speed

Governed speed

Number of cylinders

Firing order

Rotation

Boré

Stroke

Piston displacement
Gross horsepower
Valve clearance

Coolant temp.

Auxiliarvy equipment:

17.5:1 , &
525 psi @ 600 rp&nl
500-600 xpm |
2800 rpm

6

1L=-3R=-3L=-2R-2L~1R
Right hana {clockwise)
3.875 in (98.4 mm)
4.500 in (114.3 mm)
318 cu. in (5.22 1)

" 27S~@ 2800 rpm (neminal)

cold - 0.026 in.
hot = 0.024 in.

160 - 180°F (72-82°QC)

- 100 amp Motorola alternator,

- AiResearch turbocharger

- Ailr ccmpressor

- Hydraulic pump

- Alr cleaner

- PFuel Zilters

- Engine oil filter

- Cold start attachment

- Jacebs brake
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2.3 SYSTEM CONTROL AND DATA ACQUISITION

This section providgs an overview of the control/data acquisition
system (Fig. 2.l1) developed for the engine-fuels research objectives,

"2.3.1 SYSTEM CONTROL

The control system is divided into three parts, namely:

1) CAMAC Hardware,
i1} . Test Cell Bardware, and

iii) Control Scftware

CAMAC Hardware

The CAMAC controlling hardware consists mainly of two control cards in
the crate.itself. '

. The model 3112, eight channel, 12 bit D/A converter is mainly
used to proportionally coentrol the dynamcmeter and throttle con-
troller. The precision on the instrumert is 1 part in 4096 on a

range of 0-10V which gives a minimum voltage increase of 2.4 av
per unit digit increase.

The model 3080-8 hit output register with AC switches controls’
the on/off requirements of the system. Being a normally open
switch, it provides an easy way to design a failsafe system:

The present use of this card is to contrel the taking cf the
motored curve.
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Test Cell Hardware '

The test cell'hardwareg}s divided into two groups.

. Proportional control: This section inciudes both dynamcmeter

controls and the throttle controller. The first dynamcmeter
control sets the desired RPM for the engine whereas the svcond
control applies a constant torque over the entire range of the
engine. For its part, the throttle controller. sets the injector
\rack position from a reference signal from the CAMAC. '
r3
- ‘Onfbff control: The engine motored curve facility is controlled
in this manner. Wwhen the solenoid is activated, the fuel is cut
to cylinder #l. This is deone at the command of the operator and
' /or the CAMAC control card.

Contr01 Software

The software resides in the brains of the CAMAC crate, namely the
Digital LSI 11/23 micro computer system which contains a dual diskette
drive, terminal interface, diskette interface and a ¢rate controller.

. The software uses a feedback control system in that it samples the re-
quired parameter, makes the necessary correction and sends it to the
control card. This correction is performed at .0.25 sec intervals.

This feedback control system provides an accuracy of * 3 RPM and * 2 ft-
lbs. torque for discrete point testing. The software also centrols
timing for data sampling and the. sequencing of the meotored curve.

2.3.2 DATA ACQUISITION

The CAMAC data acquisition compeonents process/digitize signals
from the engine-dynamcmeter mounted transducers. The control software,
dictated by the requirements of a specific test, identifies the data,
rate and secuence <f sampling.

The fcollowing CAMAC cards are used in the datz acguisition porticn
of the CAMAC crate. ‘

. LeCrov 35210 digitizer with one memorv meccdule:

Freguency: 1 MHz (MAX)
No. of channels: 4
Precisicn: 10 bits
Storage: 32 Xword
Functicn: <channel 1 - digitize cvlinder pressure, triggered
. by pulse gemMerator (1800 samples per
revolution) .

channel 2-4 - not used
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. LeCroy 8212 digitizer:

Frequency: 100 KBz (MAX)
No. of channels: &8 R .
Precision: 12 bits

Function: channel 1 - rpm .
channel 2 - torque
channel 3 - air flow
channel 4 - fuel flow {weight)
channel 5 - K units (smoke) —
channel 6§ « opacity (smoke)
' channel 7-8 - not used

Y

. Two Kinetic Systems 3525 temperature monitors:

Scan time/channel: 175 ms

Update time (16 chan.): 2800 ms

Accuracy: = 0.1°C -

No. of channels: 16/card '

Function: K-type thermoccuples:
channel 1 - ‘exhaust before turbo charger
channel 2 - exhaust at smokemeter
channel 3-16 - not used

Function: T-type thermocoubles: : ;
channel 1 - oil
channel 2 - air box

channel 3 - coclant left bank
channel 4 - coolant right bank .
channel 5 - coolant inlet
channel 6 - inlet fuel
channel 7 - air inlet
channel 8 - fuel tank
9_

channel 16 - not used

. Kinetic Systems 3655 timing pulse generator:

Frequency: 1 MHz (MAX) -
No. of channels: 8
Function: to provide counting system time base

. Xinetic Systems 3610 ccuntex:

Freguency: 50 MEz (MAX)
Mo. of channels: &
Function: to provide precisicn timing of events Zor testing.
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2.4 DATA PROCESSING

¥ .

The bulk of the data reduction and processing is handled by the -
EP-1000 operating in both on-line and off-=line modes. The on-line task
consists of uploading P-CA data sampled by the CAMAC, analyzing the com-
bustion related parameters and establishing the statistics, Sverage
fired P-CA curve and motored curve.. . :

Off-line functions include uploading the brake test data, genera-
ting and analyzing brake and indicated characteristic performance and

isocline map data packages, reformating and transferring the data to the
mainframe for graphical presentation

2.4.1 HARDWARE

EP 1000:

The usable random access memory (RAM) is 512K partitioned into

segments plus two 270K mini floppy disk drives and one 16.5 megabyte
Winchester hard disk.

Communication. paths are provided firstly to the CAMAC system via
twoe 16 bit parallel I/0 cards accessible through system software and
secondly to the Amdahl mainframe via an eight port RS=-232 serial I/0 in-
terface also accessible through system software. It should be noted that
only one of the eight ports is used for communication with the mainframe.

The remaining seven ports are for use by other terminals attached to the
HP-1000.

Data display is effected on the system graphic terminal using,
again, system software. A thermal printer is contained in the terminal
thus providing a hardcopy of the data present on the screen.

Amdahl:

The usable virtual memory is 2 Megabyte. Mass storage is provided
by seven 3350-disk cylinders which vield approximately 3.2 Megabyte- in
total.

The facilities of the Amdhal include a CALCOMP Mcdel 306 plotter
capable of producing plots to a maximum size of 87.35 cm by 100 meters.
Extensive sofiware libraries are provided both Zor the CALCOMP »lotter
as well as program develorment support.
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2.4.2 ON-LINE DATA PROCESSING

This and the next two sections are used to describe the various
data processing capabilities now offered at the-University of Ottawa
facilities. The term On-line refers to data orocessed while the test
is on-going, specifically:

- Pressure data storage, and

- Statistical evaluation of pressure data

Pressure Data Storage *

This is the main combustion test feature in that pressure digi~
tized data is transferred from the LECROY memory to HP mass storage in
two formats. The first stores the entire digitized curve into a perm-
anent RPM and Torque name dependent file. The second is a transient
data file containing-a specific region of the pressure data to nganal—

vzed statistically once all pressure traces at a given torgque and RPM
are amassed.

-

statistical Evaluation* u

Thé basic objective of the statistical analysis pack is to gstab-
lish combustion parameter evaluation for individual pressure curves.
Once these parameters are evaluated, the mean and standard deviation as
well as the mean and standard deviation of the angular cccurence.are cal-

culated. A list of the current statistics available are given in Figure
2.2. ’

] »

2.4.3 OFF-LINE DATA PROCESSING

During an engine-fuel test, only P-CA data is transferred to the
HP for on-line analysis thus providing a pressure monitor capability to
the test engineer. All other brake and gross parameter data can be men-
itored directly by the operator on the CAMAC terminal. Both data sets
are permanently stored on floppy disk. For off-line processing, the
CAMAC stored data is reformatted and forwarded to the HP.

The HP is used for.all ex:erlmental data analvsis. This includes

speciflc investigations (eg. TDC analysis, P-CA data shift, b-v and Log P-
Log V, etc); data reduction- (eg. brake perZcrmance characteristics, in- ;
tegral P-dVv ané indicated performance characteristics, etc.); generation

of plot and isocline map files* (eg. brake and indicated cerformance plots’
- constant torque or full rack; brake, indicated or combusticn isecline
map f£iles - BSFC, ISFC, peak pressure, pressure rite, =tc.); and Zor the

routing of data to the system graphics terminal or to_ the Amchal main-

frame. The list of functicns is outlined in ~1guve 2 2. -

-

B < N Y %,
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2.4.4 AMDAHL DATA PROCESSING

The HP forwards to the mainframe all reduced data for charact-
eristic plots and isocline maps plus, for each test point, the cylin-

- der -pressure traces (1B00 points per trace) in three formats: the

averaged fired curve, the averaged motored curve and a single shot
fired curve. | . '

X
Graphical presentation by the mainframe takes several forms:
engine-fuel performance curves and isocline maps; multi-fuel ccomparison
plots; and exggrimentalf§nalytical comparison plots.

Characteristic Performance Curves

This program utilizes either brake or indicated parameters and -
creates multi-axes plots of the engine-fuel characteristic performance
at full-rack or at any specified brake torque. Two options exist for
the curve fit.  Option l: usfng cubic regression, a 'smooth' 'curve is
fit to the data points which, in turn, do not necessarily fall on the
line. oOption 2: using a cubic spline a 'cgntinucus' curve is drawn
'through' all data points. This routing us¥¥ a piecewise third-degree

polynomial sfor each set of two adjacent points. The polyncmial passes

through the plotted peints and matches the first and second derivatives
of neighboring segments at the points.

L

Isocline Mapping*

The program is essentially an isccline or contour mapping program
applied to a grid matrix. Grid ordinates are engine tercue (or EMEP)
and engine RPM. Any type of grid data can be used; brake, indicated or
combustion parameters - the most common being brake specific fuel con-
sumption to produce an "engine map".

To increase precision, this program first expands the grid data
(every 100 RPM and 50 ft-lb brake torgue) by interpolation to a matrix
of size 10l by 101 from which the operator-specified isoclines are
searched, evaluated and plotted. '

v .
Pressure Trace Plotting

This software package is responsible for producing high precision/
high resolution plots to provide in-depth insight inte the character of
the fuel burn. From the pressure vs. crank angle trace a wealth of in-
formation is obtained: Pressure versus Crank Angle, Pressure vs. Volume
Log (pressure} vs. Log (Volume), pressure rates, peak pressure and lo-
cation, onset of combustion and rapid combusticn, net indigated werk and
virtually all indicated characteristic parameters.

It should be noted that all of the above information is- preprocessed

by the HP-100C and the data transmitted toc the Amdahl mainframe via the
RS-232 data link.
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Multi-Fiel Compariscon Plots

',":.""":wﬁl v

This program is used to compare the characteristic performance of
the engine when operated -on different fuels.

is read and presented '6n"a common plot.

tions of the engine are usef: full rack or maximum- torque ahd brake tor~

Data from each fuel 'file’
Typically, two cperating condx--

que egual to 250 ft—lbs., Curve plotting optionS‘are as discussed prev-

iously under 'Characteristic Performance Curves

4
1]
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r

5.5 TEST PROCEDURE

A number of ekperimental tests were .performed to'derive the fuel-

v

engine interaction with respect to the four fuels tested

'a) Engine. characterlstlc cu*ves (full rack)

.. Brake Performance Tests:

b} Engine mapping (part fack)

.’ Combustiecn Monitor:

aj Single cylinder
b) Multi cylinder
, c) * Motored

TDQ'Bocation Study!

_Proximity probe

a2

Vo
E+A

i

P
.

2.5.1 BRAKE PERFORMANCE TESTS

» torque) wére canduc:ec for =sach
frem 1500-2300 RPH.

:ue.. .

“4

namely



Additionally, each fuel was tested over the complete operating
grid used for mapping and intermediate setting performance curves.
The grid consists of 149 test points: every 50 ft-lbs of brake torque
from 100 to maximum at every 100 RPM from 1500 to 2800 RPM.

L

v

2.5.2 COMBUSTION AND INDICATED'PERFORMANCE

Three types of combustion monitorlng and indicated performance
tests were performed:

aj Single-Cylinder {P-t, P-CA},

b) Multi-Cylinder  (P-t, P-CA on ‘cylinder #l), and

¢) Motoring (P-t, P-CA on cylinder #1). T
] . N
a) SINGLE-CYLINDER TEST C o

Single~cylinder combustion tests are used for a nomber of purposes,

'..‘
n. .

viz:

. As a preliminary test to evaluate the fuel‘s suitability for:the
engine (eag. observe pressuke ‘rates, knock, operability, etc.).

: To perform combustlon characteristic studies on fuels that would
: not otherwise operate in the engine (can be executed at any
engine speed chosen by the’ operator)

b .
- ¢

.To perform combust;on testg on fuels that would harm the stan-
dard fuel dellverv system of the englne.

To perform comoustlon tests on fuels that reoulre higher feed
pressures to avoid flashing.

k]

. To perform complete combustion analysis studies on any specialty
fuel when brake performance data are either already known or not
desired or when specialty fuel 'supply is limited.

A

This test is performed using the specialty fuel in cylinder #1l
only and #2D or reference fuel in the other five cylinders. Therefore,
brake results are meanlngless but combustlon analvs;s and data are T
complete.

‘e

N

A different proceéu*e is used for this tyope'cI rest. The standard
start-up procedure using #2D or reference Zfuel in all six cylinders is
followed. Once the proper operating temperature is reacheg Zcr the fl*st
testing point, the specialty fuel is then switched on for the combusticn
data recording. This prccedure is £cliowed Zor the required testing
points after which the engine is switched back o regular Zuel for the
cocl off period. . '
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b} MULTI-CYLINDER TEST

.

Multi-cylinder combustion monitoring was carried out for each of
the four fuels in the same manner as the Brake Performance tests using
the. specialty fuel in all six cylinders. A complete set of data, brake
and/or combustion, was taken over the full torque-RPM range of the
engine. Such a data set is used when fuel supplies are adequate and
_combustion characteristics suitable for complete engine/fuel aqalysis.

c) MOTORING TEST : . :
. Motoring tests are not independent from any of the above pe;fcr;ﬂt
mance or combustion tests described. . To perform the test, No. l'cylin-'",
der injector is simply switched to the NO-FUEL position (computer con- '
trolled). In this manner, a motored P-t (P-CA) curvercan be recorded
virtually back-to-back with firing P-t (P-CA) curves, cduring any of the’
above test procedures, when desired by the-operator. Such tests pro-
vide valued data re pumping losses (any engine rpm), indicated perfor-
mance analysis, engine modeling data correlation and provide a kKey in-
dicator test on engine conditicn and wear. '

:

r

2.5.3. TDC LOCATION TESTS .

“These tests were-used to calibrate the location of the crank-angle
marker with respect to dynamic top-dead-centre. Precise measurement of
TDC is quite critical due to the sensitivity of indicated performance
- calculations with respect to TDC location. The general subject is treat-
ed in Chapter 3.

.ot . 1)

To ogrform the tests, a oroximity probe fresoonse to &00, OOO RPM)
was inserted.into the engine in lieu of the pressure transducer, and
adjusted so as to provide the closest apprcach of the piston. The in-
strumentation of cyllnder No. L alloweéd a ccmplete range of TDC tests
ineluding: cold motored, hot motored and fired, at any RPM. A total of
four probes were used in order to complete all tests.

2.5.4. GENERAL TEST PROCEDURE

A general procedure is used in testing together with 'eptions'
which allow tailoring a test toc a specific cbjective.

General Procedure

Manuallwv start instrumentaticn Izr warmup.
- Lebow digital displavy

- = weigh scale (teledo) :
- Celesco smokemeter (afzer warmup verify czlibraticn)
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Pressure transducer amplifier
air flow computer -

throttle controller

crank angle marker -

- Start and boot CAMAC and HP computers

. -'Verify.

engine cil level :
coolant flow in pressure transducer
air flow in smokemeter

water coolant in smokemeter
dynamometer bearing oil level

fuel level in tank

-

. Open water supply to dynamometer

. Turn on main power switch to dynamometer and engine cooling system

2 Turi on enginé ceoling circulation pump

’

- - Turn on main ventilation system

At this point it is recommended that the system instrumentaticn
and equipment be allowed a thirty minute warm-up period.

. Verify smokemeter calibration - calibrate if necessary

. Turn on dynamometer

. Start main testing programs on HP and CAMAC.

At this time, the CAMAC takes. over the test cell and prompts op-
erator assist as required.

. First, the CAMAC executes the following:

verify if there is enough space on disk to store required test
data

sets initial crate condition (initial cards, set limits....)

ask the cperator if this is a fully automated test or if QD-
erator- interaction is required (operator interaction is defired
2s tc supplying points to be tested)

the program now ente*s the warm-up cubroutine, sets the dyna-
mometer and throttle 3051t*on initial values

the operator is now asked to start engine and turn on fuel
heaters
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. ' The warm up subroutine will let the engine idle for 1.5 minutes
then slowly bring it up to 2000 rpm, 200 ft-lbs until the cool-
ant temperature has reached 70.0°C. '

. The operator is prompted for the different options and the first
test point. If the fully au;gpatgd version was chosen at the
start, then the CAMAC will look in a data file to set the re-
quired option and test point.

. Using the feedback control system, the engine is brought to the
required test point. The engine is then monitored for critical
parameters until the engine has reached equilibrijum. (Tempera-
ture variation less 2°C in two minutes.a

.

At this point, the CAMAC takes the required data in sedquence.
Throughout the data collection sequence, the engine is held at the. pre-

cribed test point by monitoring and updating the engine RPM and torque
every 0.25 second.

A complete set of brake, gross parameter and auxiliary (eg.
temperatures) data is taken and stored, (set l).

A P-CA shot is taken (four consecutive P-CA curves) and a
signal sent to the HP to upload the pressure curves, (set 2).

- Set 2 data is repeated eight times in order to provide thirty-
two P-CA curves to the HP for statistical analysis (on-line}
of the pressure and combustion related parameters.

- Two further samples of set 1 data are taken, the second
sample after sixteen pressure curves (mid point) and the
third sample at the end.

- During the taking of the cylinder pressure traces, the opera-
tor manually takes the different manometer readings and en-
vironmental conditions.

~ The motored curve is then automatically taken and sent to the
EP.

-~ Set 1 and set 2 data (reduced) are stored on the dual diskette
drives of the CAMAC and HP respectively. The EP will display
the P-CA combustion data and statistics.

A complete set of data for a discrete test goint is5 ncw recorded
and stored. The CAMAC will ncw proceed to the next LTa2sSt 2OLnt Or promst
the coperator for the next point and the cycle is repeatec When the end

.of a test segquence is reached, the engine will be set tc idle Ior three

‘minutes then shut-off.
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lggtions

Multiple test options give the test procedure flexibility to

accommcdate the range of tests performed.
)

.

Option No. 'Function/Purpose
1l Manually (through keyboard} tell the HP that

there is no other pressurse curve coming. This
is used when the operator finds an erxror in
the system.

2 Will send the actual wvalues of the torque to
the HP for file creation during maximum torque
) test instead of the nominal value given at start
> ‘ of the test.

3 The program will not send any pressure traces to
the HP.' Used to calibrate instrumentation or to
perform a brake test alone.

64;

4 Used to resume sending of pressure traces to HP -
nulls option 3.

5 Used to enter new equilibrium timé, default
value is two minutes.

5] .Used to change the number of P-CA traces sent to
HP, default value is 32.

7 Used to change equilibrium temperature, default
value is 2°C.

8 Equipment calibration test for motored curve.

9 Nulls opticn B.

10 Nulls option 2.

11 The cylinder pressure traces are taken bv LSI 11/23. -
and stored on diskette (can do eonly cne test point
at a time).

12 Special TDC test with proximity srobe, no engine

warmup 1s used. A special code is entered when
the cperator is prompted for autcmated or operatsr
control. L

]"f‘\
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FUEL SPECIFICATIONS ’

A total of four fuels were tested. ‘Two 'standard or conventional'

fuels and two ‘off-specification' fuels. A list of fuel specificaticn
data is given in Table 2-3.

CONVENTIONAL FUELS

a)

b)

3GP30 reference fuel (Fuel l: FLO 79657). This fuel meets the
Canadian Geperal Standard Beard (CGSP), 3-GP-30 standard for*
high stability diesel and was selected as the reference Iuel.

Cemmercial grade #2D from a lccal supplier, (Fuel 2). This fuel
was used for all preliminary testing, calibration runs, proof-
ing of the D/A system, etc....and providing commercial grade
engine fuel characteristics. Due toc the great amcunt of char-
acteristic variability between each shipment,no complete an-
alysis was performed on this fuel and, thereiore, cdoes nat
appear in Table 2-3.

OFFT-SPECIFICATION FUELS

aj)

b)

"Shell' test fuel (Fuel 3) - A blend comprising 40% of a dis-
tillate cut from western Canadian tar sands crude with 60%
£rem conventional western Canadian crude both from the St.
Boniface Refinery. This fuel provided an example of a best
case fuel with a substantial percentage of tar sands der-
ived products.

Low Cetane (Fuel 4) - A blend comprising 78% of a distillate
cut from a 50/50 mixture of conventional western Canadian
ané tar sands crude and 22% of hydrogen treated cracked
stock. This provided a fueiéccntaining a substantial level
of arcmatics and cracked ccmponents and is typical of die-
sel fuel cuality predicted for the 1990-2000 time frame.
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TABLE 2-3

~

FUEL SPECIFICATION

FUEL 1

'FUEL 3

PROPERTY FUEL 4

Density @15°C, kg/L (D1298) .8403 .8463 .8783
Distillation (D86)

I.B.P., °C 173 171 164

10% recovered, °C 203 196 196

50% recovered, °C 257 236 268

90% recovered, °C 323 . 287 354

F.B.P., °C 351 306 gy

Recovered % vol. 98.0 98.0 98.3
Carbon Residue, % mass (D524) 1.9 1.6 1.8
Cloud Point, °C (D2500) 12 -43 -8
Pour Point, °C {(DS7) ~18 -54 -39
Kinematic Viscosity @40°C, mm2/S (D445) 2.41 1.90 2.78
Ash, % mass (D482) 0.000 0.000 0.002
Water and Sediment, % vol. (D1796) 0.000 0.000 0.000
Sulphur, % mass . (D1552) 0.21 0.21 0.53
Nitrogen Content (chemiluminescent)ppm by wi - 30 -
Flash Point, °C (D93) 57 60 60
Total Acid No. mg KOH/g (D974) 0.03 081 0.03
Corrosion, 3 hr. @LOQ°C (DL30) la la la
Cetane Number (D613) 46.7 36.9 35.9
Cetane Index, ASTM (D976) 48 .0 4.0 40.0

CGSB

Aniline Ppint, °C (DEll) 64.4 49 .8 46.9
Carbon (By Difference) % mass 86.86 86.39 87.83
Hydrogen Content, % mass (D3701) 13.4 ° 12.08 12.17
C/H-Ratio 6.8 7.13 7.2
Smoke Point, mm (Dl322) 17.0 14.7 12.1
Heat of Combustion, 4J/kxg (23.4M) 45.63 43.54 44 .24
Hydrccarbhon Tyoe Analysis

Saturates and Olefins, % . 77.8 60,4 56.02

Poly~Aromatics and Polar Compounds, % g.e 0.2 1.6
Total Arcomatics % 21.3 39.4 42,35
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TOP_DEAD_CENTRE (TDC) ANALYSIS®

3.1 - INTRODUCTION

Precision in the determination of indicated and combustion param-
eters are of prime importance for the work related to this thgsis. The
high precision of these parameters permits close fuel to fuel cpmpari-
son necessary to properly evalute each fuel.

Such parameters are difficult to measure and if any validity
is to be placed on the experimentally derived values, agguracy must
be guaranteed. A number of potential 'traps' exist, all of which
can give rise to substantial experimental errors. One of these is
the precise determination of TDC for the complete speed range of the
engine and the exact correlation between crank angle position and
cylinder pressure measurements.

The critical nature of TDC and its potential as a source of
large errors, easily rendering all indicated calculations useless,
cannct be over emphasized. Because of its importance, together with
the difficulty of defining and locating TDC, a number of special
studies were conducted prior to any fuels testing. This chapter re-
ports on these special investigations and defines the locational ac-
curacy required and achieved for the 6VS3T engine-fuel studies.

.

3.2 TDC LOCATIONAL ERROR ANALYSIS

To demonstrate and establish the accuracy regquired in locating
TDC, Fig. 3.1 plots the absclute value of the calculated IEP error,
i.e.| THP (calculated) -IHP (actuazl) | , against the crank angle ce-
gree error in locating TDC. The demonstration plot is at 2800 RPM,
full load with Fuel 1.

The results of Fi

ra
0
el
-
M
o
11
wn
9]

g mewnat surprising but clearly de-
nonstrate “he point in guestion. For the 5Y3iT engine, a =£1.0 cranx
angle degree error in TDC locaticn results in a calculated IHP error
of 11.5 ED {(+1.0° ©o 32.3 P (-1.3°%), or zooroximatsely 10% 2rrcrs
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For fuel-to-Ifuel comparisons, an errcr band of 1.0% or less is
regquired. Thus, from the figure, the locatioral accuracy of TDC must

ke within *0.1 crank angle degree during the dynamic conditions of
pressure measurement. '

The. problem is further complicated since the required accuracy
gives rise to the question of static vs. dynamic TDC location. Under
dynamic conditions, gas pressures and, inertia fcrces (which maximize
over TDC), bearing clearances, component stressing (tersicnal and elen-
gaticnal strains), etc., can be expected to affect TDC with respect to
a static determination. Further, even without this cemplication, it
is virtually impossible to lecate static TDC te within 20.1 crank angle

-

degrees as this angular motion of the crank represents only about Zour

millionths of an inch in translaticnal moticn of the piston.

T~

3.3 PHYSICAL MEASUREMENT OF DYNAMIC TDC

Cf the wvarious technigues ccnsidered, an in-cvlinder ncn-contact,
direct measurement technique was chosen. A Rently-Nevada 7200 Series
proximity prcbe was inserted into the ccmbustianspace and adjusted so
as to measure the closest apprcach of the ziston (i.e. TDC). FPrcbe
sensitivity is 200 mv/mil and can sense proximity of 2 metallic cbiect
(piston) tc approximately 1 mv. Freguency response is 0-63C,CCQ RBM.
Thus, the prcke can sense pisten proximity te within =0.1 crank angle
degree, &s recuired.

It should be notef that thermal Zrift and 1
impertant to the measurements since conlvy the =zl
o

1

in

Us]

cn T2 the cSroie was Teing meascoreld, o
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The probe system was interfaced with the data acqiisition
system, the probe signal being fed'into the 8210 Lecroy high speed
digitizer. The digitizer was triggered by the 1800 pulses/revolution
rotational marker used for engine testing.. The pllse generator was
synchronized with static TDC using the probe and a millivolt meter.
Thus, static TDC was set to within 20.2 crank angle degrees (accuracy
of the pulse generator or crank angl mar%e:).

A total of four probes were us with a burn-ocut (major problem)
of the first probe before any measurements could be made. A series
of 107 TDC measurements were taken over the®operating speed range of
the engine under three operating condffions: (i) cold motored; (il)
hot motored; and (iii) fired. The various conditicns were selected
to observe the effect of oil viscosity and thermal expansion (cold
motored vs. hot motored) and the effect of gas pressures (motored vs.
fired) omdynamic TDC location. It should be noted that the instru-
mentation afd physical set-up of cylinder number (Chapter 2) was
well suited to these tests, particularly for the fired tests where
fuel was injected in the cylinder only éuring the TDC measurement.

Table 3-1 lists the experimental data measured with each probe
and the test conditicn. Engine RPM was changed for each measurement,
i.e. back-to-back measurements at a given RPM were nct used. All

measurements of TDC location are relative to the static setting of the
crank angle marker. .

Proke I was used for repeat studigs/measurements (L2000 and 2000
RPM) and for hot-cold comparison studies. The probe three study was
conducted differently from probes 2 and 4 in that the engine was start-
ed and data collected against increasing RPM until prcbe burn-cut at

2700 RPM. Probe 4 was used to check fired TDC in both the low and
high RPM range. C

3.4 ANALYSIS OF EXPERIMENTAL RESULTS

From the experimental data (Table *.1), three imperzant chbser-
vations can be made: .

1. Dynanic TDC fcr the 6VS3T engine 4.3 not shift “or the varigus
tast conditicons, viz: =dlé motored -~ hot motcred - fires.
2. TDC measurements waxe highly repeatakle Ior all test cenditizns

ané test prches.

31

There is a2 clear TOC 'HSump' at 22C0 ’PM.
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Analysis of the data reveals that from idle to 2100 RPM, dynamic
TDC can be considered constant at an average value of 0.20 crank angle
degrees (relative to the static settlng of the crank angle marker)
with a standard deviation of only 0.08., Likewise, from 2200 RPM to
maximum (2800 RPM) dynamic TDC is constant at an average value of 1.00
crank angie dégrees (relative to static setting) with a standard de-
viation of, again, only 0.08. Further, linear regression curve fit-
ting to the data shows virtually a straight, near zero slope line with
a maximum deviation from the average of 0.03 crank angle degrees.

The experimentally observed shift at 2200 RPM from 0.20 to 1.00
degrees required further investigation to determine whether this was
indeed an angular displacement shift, as observed, or just a local-
ized shift (i.e. restricted to the TDC area}.

Te resolve this, a maximum torcque engine test was conducted
over the operating'speed range of the engine. Brake horsepower and
two sets of indicated horsepower were plotted. The first IHP calcul-
ations were corrected according to the measured TDC locatidn: namely,
shifted by 0.20 crank angle degrees from 1500-2100 RPM then shifted’
by 1.00 degree from 2200-2800 RPM. The second IHP curve was calculated
using a 0.2 degree shift for the full speed range.

Figure 3.2 plots the resulting measured BHP and calculated IEP
for the two TDC shift conditions. The smoothness of the BHP curve
through this region (2100-2200 RPM) together with the two IHP curves
clearly establishes that the cbserved TDC shift at 2200 RPM is indeed
lecalized at TDC and .cannoct be used for IHEP integration over the com-
plete cycle. Further, the smoothness of the constant 0.2 degree shift
THP curve suggests that the observed shift is verv localized and
should be ignored for IEP and indicated parameter _calculations and that
the 0.2-degree shift shculd be used for the full engine speed range.

Y

3.5 CLOSURE

!

From this analysis, dvnamic TDC for the 8VS53T engine was accufx
ately determined within the required #0.l crank angle degrees. Fur-
ther, TDC deces not change with RPM within the bounds of the recuired
accuracy, nor dees it change for any dvnamic operating conditicn:
namely, cocld motored, hbt motered or fired. )

Turther, the maximum difference petwean static and dynamic TDC
that cpuld pe inferrad ZIrem this studv is a shift cf 0.4 degrees,
the minimum change beinc zére. Although the crank zngls marker was
zeéroed at static TRC using the probe, the setting accuracy of the
marker is £.2 crank angle degreeg (i.e. the fulse step of the marker).
Thus, static andé dynamic TDC Zor.the &Y33T engine would appear to be
very close. >
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CHAPTER &

»

o ENGINE/FUEL CHARACTERISTIC PERFORMANCE

Engine brake characteristic curves (full rack or WOT) have become
an industry standard for éﬁgine 'perforniance’ comparison} and are high-
ly suited for erngine-to-engine comparisons when operated on standard N
fuels. However, the thesis objective is to assess not only engine 'per-
.formance' but, in particular, engine operability and fuel suitability
to a particular engine (6VS3T) with respect to sub-standard fuels. Full
rack characteristic performance provides valued, but very limited in-
sight into operability and fuel suitability. .

-For this objective, approximately ten million samples of data are
taken for each fuel tested. This data bank for each fuel allows reduc-
tion and presentation in both standard and unconventional- formats includ-
ing: brake, indicated and combustion parameter characteristic presentation
at full rack or any selected torque setting: statistical analysis of com-
bustion parameters;** mapping of all parameters over the operating speed-
load range of the engine and the viewing of ?-CaA, P-V gr Log P-Log V
curves, averaged, single-shot ¢r motored at any desired operating point.

Brake performance characteristic curves reflect those parameters
that a vehicle operator will observe. These are presented for each Zuel
in section 4.1. Both full rack and part load* characteristic curves are
presented. To further understand the characteristic rcerformance behavior,
a complete set of indicated characteristic curves, at both load settings,
are also presented in section 4.2. ’ '

It i3 believed that combustion chiaracteri

..... izoics will onreovide the
greatest insight into operability and suitability o2 =sach fuel to the
engine. As such, combustion characteristics of each Zfuel are presented
in section 4.3 together with P-CA ané P-v plots (secticn 4.4).

The main purpose of this chapter is to 'dgsent’ the braxe, indi-
cataed znd combusgion characteristics of the ‘engine when operzrted on sach
cf the Zour f:é-s tested, whereas Chagter I will present comparissn $I12tT3
and aroropriszte 2iscussion. )

£
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4.1 BRAKE CHARACTERISTIC CURVES

Brake characterLSCLC\curves are the most ccmmonly used oa*amete*s
for engine performance comparison. These curves include: brake horse-
power, brake torque, brake mean effective pressure, brake specific fuel
consumption, brake thermal efficiency and smoke. The fircst five param-
eters are corrected for ambient conditions unae* SAE test code \J1349.

. Full rack brake performance curves are presented in Figures 4 i-
4 4, whereas part load (torque = 250 £t.lb) characteristics are given in
Figures 4.5~4.8, for each of the four fuels tested. It should be noted
that the ccmmercial grade #2-D (Fuel 2) was used to establish calibra-
tion procedures and use of the smoke meter,. as such, smoke is not plot-
ted on the #2-D:characteristic parameter plots, Figures 4.2 and 4.6.

4,2 INDICATED CHARACTERISTIC CURVES
. : “ .

Indicated performance characteristic curves show what is actually
developed within the combustion space of the engine and, as such, provide
a clearer insight into engine-fuel performance. Basically, the para-
meters are the same as their brake countervarts, numerical differences

;being directly accountable to engine mechanical losses.

.

However, indicazted performance is difficult to measure; the essence

"of the calculations being the experimentally recorded P-CA Zata and the

accurate location of top dead centre (TDC). For this calculation, data
was recorded every 0.2° CA (1800 points per revolutien) with a cylincder
pressure sensitivity of *2psi. Further, an average P-CA curve,.based cn
32 single-shot curves, was used for the P-dV numerical integration. Sep-
arate tests show very high repeatability on indicated parameter calcula-
tiona (less than 1% variaticn on the tests‘performed);

Indicated characteristic curves include: indicated horsepower,
indicated torque, indicated mean efiective pressure, indicated srecific
fuel consumption and indicated thermal efficiency. The plots alsc show
the smoke number recorded. Again, indicated parameters are correctad
£or ambient conditions under SAE test cede J134%.

.
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aspired engine, this roll-off will he substantially more proncunced ..
due to the roll-off in volumetric efficiency.

4.3. COMBUSTION CHARACTERISTICS

Combustion characteristic data provides considerable insight into
the suitability of a fuel and a means of interpreting characteristic
performance results. However, unlike brake performance characteristics,
combustion parameters are not well defined arid methods of data collection,
evaluation and presentation are not an established practice. The com-
bustion characteristic data evaluated in this study are: (i) start of
injection; (ii) onset of combustion; (iii) onset of rapid combusticn; (iwv) .
maximum pressure rate locatien; (v) location of maximum pressure; (vi)
maximum cylinder-pressure and (vii) maximum pressure rate.

~

4.3.1 TEST METHODOLOGY/EVENT DEFINITIONS

For the seven combusticn characteristic events identified{abcve,
a test and data collection procedure had to be established. Further,
while identification of some of the events is obvious, athers, é in
‘particular: start of injecticon, onset cof combusticn, onset cf rabid com-
bustion, delay perioé and pressure rate calculations must be clarified or

defined. .

Test Procedure

It is iﬁportant to recognize that ccmbustion characteristic data

are "instantaneous" events occuring once per revolution of the engine
two-stroke) as opposed to engine performance data which are "average" .
events, eg. RPM, torque, etc. Further, of particular interest in under-
standing the combustion behavior cf off-specificaticn, fuels is the gues-
tion of cycle-to-cycle repeatability and the variability or scatter ‘of

the data set itself. Thus, statistical analvsis of the ccmbustion events
was considered to be imrortant.

The procecdure acdopted was te extract all ccocmbustion eve
'single-shot' P-Ca curves. A total of thirty-twe such curve
to allow calculation oI the average value o the event zand the
deviation. For Zurther clarity, it could zZe notad that the T
avents are not c¢alculated from the average P-C3 curve (an averaged turve
would conceal combustion events but i1s reguired Zor indicated seriormance
calculaticns} but rather Zrom the single-shot curves To provicde a dacta

in
u
t b W

1]
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set of thirty-two samples for each event. Ffurther, a digitizing rate
of 0.2 CA degrees was used at all test points (1800 points per revolu-
tion) and eight sets of four consecutive single-shot P-CA curves were
sequenced and collected as outlined in Chapter 2. ;

Start of Injection

The 6VS3T, being a unit injection design, does not allow easy access
for instrumentation in order to monitor fuel injection timing. Various
techniques were assessed and reviewed. The following excerpt summarizes:

"I have enclosed a copy of SAE Paper 780161 which describes Detroit
. Diesel's injection system model. At your request, we have used this
model to simulate the N-65 injectors in yoir 6V-53T engine (medel
no. 5063-5394) for 14 .engine speeds and 5 throttle settings at each
speed. The 70 computer outputs showing the injection rate, injec-
‘tion pressure, beginning of injection, etc. are enclosed.
A * o

In response to your regquest to measure the Yuel injection timing
on an engine, I have reviewed the following methods with our
injecticn group:

'strain-gaged injector tip -

strain-gaged check valve cage:

needle lift indicator

strain-gaged rocker amm

load cell on injecter Zcllcower

accelercmeter on injector bcdy
slone of these methods would give vou satisfactory accuracy and
reliability, so we canneit reccmmend any of them. For cur cwn
combustion simulation work, we use the beginﬁing of injecticn
provided by the injecticn simulaticn proegram with the reccgni-
ticn that it mav be in error by a degree or two because O manu-
facturing and adjustment tolerances."*

Kimum teorgue!
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accuracy was found to be scmewhat coarse for both the experimental data
and therefore, the model is being refined. !

the ana
the GM

L

Thus, for this study, start of injectidn'is taken directly Ifrom
lytical model, the full-rack data being retrieved directly frem
data supplied while part-load data was interpolated to =0.5°

Onset ©

point w
appreci
of a pu

of pres
outline
back-to
as deta
for cye

f Combustion L

Onset of combustion is Lnternreted in this study, to mean the
here combustion is sufflciently sustained so as to create an

able or measurable deviation‘of the cylinder pressure over that
rely motored pressure curve.

Depending on the experimental set-up, identificaticn of this éoint
sure deviation c¢ould be very difficult to measure. Hcowever, as

d in Chapter 2, our cylinder instrumentation allows virtually
-back motored/fired pressure measurements to ke taken. rurther,
iled in Chapter 3, highly accurate crank angle position phasing
le~-to-cycle comparison has been achieved.

.
.

A number of technicues to videntify motored/fired pressure curve

deviation were explored. The most reliaple indicator for a single-shot .
pressure curve, which typically exhibit short duration fluctuations, was

found t
sure ra

© be the slopes of the pressure curves, i.e. instantaneous pres-
tes, AP/AD where A8 = 0.2°CA. A set of numerical experiments were

conducted te evaluate the 'slope indicator' cver the operating range of
the engine. The maximum motored instantaneous pressure rate for the
6V53T was found to be 38.5 psi/°CA.with a typical upper rance of 34-36

psi/°CA. Thus, onset of combustion was taken tco gccur 'when the fired

pressur

e gradient exceeded 40 psi/°CA for threg consecutive reacdings

(0.6 crank angle degrees). The following observaticns are also-worthy of

note:
(1)

onset oI Rarpid Combusticn

The slope indicator used cculd not be generally applied and weculd
not likely be censtant for any throttled engine (Otte), in such
cases, direct comparison of the pressure curves (or slopes) at
each test point would likely be recuired. ‘

slope indicator. However, such ccmmustlcn dees nct providie a
'sustained, appreciable’ affect cn the cvlinde r

"
el
o
D
(]
1]
i

b

ion is

rate of

In 2 diesel engine, the ignition delay ric n
followed bv a 'rapid combustion pericd' characterized bv a high
energy (heat) release and a corresponding high rat x
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rise.*  This results from autoignition and flame propagation occuring
smmultaneously in the spary envelope and is alsc the 'diesel knock’
region. The severity of the pressure rate or knock intensity is routhy
proportional to the mass rate of fuel

Thus, the onset of rapid cembustion (high heat release rate) is

characterized by a high pressure ' rate and can be identified as that point
' when pressure rate reaches a 'threshold value'*. The difficulty arises
in defining the threshold value to be used. Here however, the threshold
rate value should be a constant and applicable to all diesel engines,
both naturally aspirated and turbocharged. However, no standard values
could be found, thus, it again became necessary to define a suitable
threshold value. Defining this value became further complicated due to
the fact that no standard exists for pressure rate caleculations (see fol-
lowing section - Hyessure Rate Calculation).

To gain perspective, numerical pressure.raté experiments were con-
ducted from which a threshold value o 75 psi/®CA, based on an instan-
ecus rate calculaticn, was selected. The basis of the selection is as
fellows: .

(1) The lowest pressure rates were found to occur at full locad and
maximum speed for the 6VS3T engine. Instantaneous rate values

up to about 134 psi/°CA (about 90 psi/CA using a one degree

CA span) were reached.

-

(ii) Whenever the pressure rate reached the selected value, all ex-
periments showed that) the high energy release period was occur-—
ing and maximum cyclelrates always followed usually within cne
crank angle degree. The folleowing data sets, taken from average
P=-CA curves and representing the two extreme operating regicns
of the engine, exemplify:

1500 RPM, PART LCAD (T = 250 Ft.lbs.)

lnstantanecus

°CA {(TDC = 18Q) Pressure Rates
174.0 S4.9
.2 78.5
! 119.5
.8 128.3
‘ 173,30 Zi5.8
.2 2Z2.%
e 3C.3

tal
[N )
gnic —iming s2 23 o Zrin
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2800 RPM, FULL LOAD (T = Max)

Instantaneocus
°CA (TDC = 180) Pressure Rates.:

- 168.8 50.0

169.0 57.0 ,

.2 56.5

.4 73.5

.6 . 97.5

.B 104.5

170.0 96.5

.2 62.5

(b)

Thus, the selected value of 75 psi/°CA, based on an Instantanecus
rate calculation, is sufficiently above onset of combustion rates for a
turbocharged diesel engine yet shculd be low enough to be suited toc a
naturally aspirated engine. More importantly, it was a threshold value
which always indicated cnset of rapid combusticn. ‘

For this study, the instantanecus pressure rate is taken to be
equal to AP/A6 where A8 = 0.2°CA. Clearly, if larger crank angle meas-
urements are used, this basic relatignship would nc longer be represen-
tative of instantaneous rates. As such, cother approaches, such as curve
fitting, would be required.

Delay Period Definitions

In studying the combustion event data, it -became clear that the
classical terminology of 'injection timing' and 'ignition delay' were
not adequate to completely describe the observed results. Hence, two
new additicnal terms are used, namely: K (i) combusticn delav and (ii) com-
bustion develorment period.

Combustion delay is similar to ignition delay and is the period
(measured here in °CA) from injection to the cnset of well developed cr
established combustion in the cylinder. 1In this study, the onset of es-
tablished combusticn is taken as the 'onset of rapid ccmbustion' defines
apove, :

The period (measured here in °CiA) from where ccmoustica is in
evidence until cocmbustion is well established is defined here as the
'combustion development pericd' andé is, cumerically, simply the 2
Zetween ccmbustion éelg} and igniticn delavy.
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Pressure Rate Calculation

While it is not uncommon to see pressure rate data in the litera-
ture, there again does not appear to be a standard established for its
calculation. Studies made indicate that the crank angle span {angular h
displacement over which the rate calculation is made) must be defined.

Figure 4.17 shows, for Fuel 1 (3GP30), typical maximum pressure
rates calculated from the same data using crank angle span as a parameter.
The search uses, for all spans, a 0.2°CA step. It is clear that this
parameter plays an important role in the numerical value determined for

pressure rate and must be derlned if such rates are tobe used in enqlne/
fuel studies.

For this study, pressure rates are calculated using a one degree
crank angle span unless noted as Lnstantaqéous rates where a 0.2°CA span
is used. The choice of 1°CA is scmewhat" arbltrarv however, much smaller
spans could be misleading due to rough combustion effects, etc., and lar~
ger values tend to conceal the maximum pressure rate regicn.

s

4.3.2y COMBUSTION CHARACTERISTIC DATA

Full rack combustion characteristic |curves are oresented in Figures
4.18-4.2%1, paft load settings are presented in Figures 4.22-4.23, for each
of the fuels tested. It is worth noting, at this time, that maximum pressure
rate conditions will occur (typically) at low-speed/gart-lcad operation
whéreas maximum pressures will occur at high-speed/maximum-~icad settings.

) On the right hand ordinate, the plots provide, as a function of
RPM, the crank angle pesition {(TDC=180°) where combustion related events
cccur in the cylinder starting with the location of start of fuel injec-
tiocn (from the model developed with GM data), followed bv the onset of
combustion, the onset of rapid combustion and ending with the location
of maximum pressure. Clearly, the relative position of the first three
curves gives directly the ignition and combustion delay perieds. In addi-
tion, maximum pressure rates (psi/deg) and maximum cycle pressures (psia)
are plotted against the left hand ordinate. These parameters are consid-
ered to he impeortant in assessing fuel suitability.

Finallwv, Figures 4.26-4.29

D directly the ignition &hé combustion
delavs, measurec in crank angle deg z

T

. decrees, for each of the Zour fuels tested
at full rzek (maximum torcue) ccnditiocns. These values are not independ-
encly clottad Zcr the zars lcad conditicns since the calculaticn of star:
% injection (£5.5°CA) was Ifzund to be e coarse. Heowever, full insicho
into their trends and behavicr is =2asily seen Ircm the combustion charac-
ceristic plets, Tigures 4.22-4.25. It should be notad, at this time, that
the comoustion delay.pericd (°CA) is very much independent of engine RPM,
wheresas the ignicion delay pericd 1z not.



4.4 PRESSURE CURVES o

In addition to the combustion data of the p aceeding section, a
study of .the pressure trace itself p:ovides,valueyzz insight into the
roughness ®»f combustion and knock. Figures 4.30%nd 4.31 present typi-
cal (2200 -RPM) motorgd and fired P-CA curves for each fuel at full razk
and part load settings. The averaged data (32 curves) is used for
these plots while Chapter 5 will show single-shot P-CA data plots for
fuel-to-fuel comparison.

. Figqures 4.32 and 4.33 give the corresponding pressure—volume
plots (used to calculate indicated parameters), Even from the these
averaged curves, it is worth ncting the rougher combusticon asscciated
with pdrt'load coperation. ' ‘

-
T
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CHAPTER 5

f . .

ENGINE-FUEL CHARA IC_PERFQRMANCE COMPARISONS

Both the standard maximum ﬁorque characteristics as well as part
load characteristics (brake torque of 250 ft.lb. held constant over the

RPM test range) are presented in multi-fuel ceomparison plots in this :
chapter,

Each of the curve sets allows a subtly different view-.or compari-
son of the engine-fuel performance. In the first case, maximum torgue
is a fixed rack (full) setting and gives the maximum output of the engine
on each of the fuels tested. The second family of curves are at variable
rack settings selected so as to produce a f£ixed hrake torque or, power
output from the engine. Thus, they assess the ability of each particular
fuel to perform a fixed amount of work.

As was mentioned elsewhere, any brake torgue could be selected
from the engine-fuel data bank for the part lcoad setting. Throughout
this study a brake torque of 250 ft.lbs. was selected as being repres-
entative of the mid operating (power) setting for the engine.

The orj:r of presentation set cut in Chapter 4 will be followed:
Section 5.1 g$ves the Brake Characteristic PerZormance Compariscns;
Sectien 5.2 the Indicated Characteristic Performance Compariscns; Sec-
tion 5.3 the Ccmbustion Parameter Characteristic Ccmparisonsband Sec-
tion 5.4 presents Pressure Curve Compariseons. )

of the results was an important factor., With ccmputer control on the en-

For comparison of these test fuels, it was found that the precisf:ifi:)

gine giving control updates every cne-gquarter seccnd, RPM and torque mea
urements are expected to be with %3 RPM and %2 £t.lb. respectivelv. This
represents a maximum possible measurement error of *=0.55% (0.51%) on BHP
at 1500 (2800) RPM. However, three sets of brake data are measured during
the test pericd which lasts about ‘six minutes. The average ot the brake
data were used to calculate the brake Daraneters, thus, errcrs are etnectec
to be censiderably lower.

-

For IEP and related parameters, engine speed {23 RPM); reccrded
cylindéer pressure (=2 psi from the transducer signal) énd the L“;egral ol
P-3dV ccmbined to give the error kand assuming TDC 1s accurately lcea

-

It is, however, nct the reading cf the cvlinder zressure signal buc ra
the siqnql-generating equirmant that gives rise to'the maximum “csslul
arror in recorded pressure. Here the transducer/ampiliffier lineariov
sgecifijec to be within 1% which can result in pressure errors greater than
:2 osi Zor most of the pressure curve. Further, the integrateﬁ-effed:

M
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would be very difficult te determine; if at all.possiblb. Again

however, an average of 32 P-CA curves are used for the indicated power
calculations and errors due to linearity can be expected to be minimal.

Concerniné.the numerical integration, a number of ekperiments
were conducted involving both the lab computer and the University main-
frame including single and double precision numerical evaluations,

single-shot and averaged pressure curve evaluations and repeat engine-
fuel (3GP30) tests.

It was found that variations of calculated IHP due to single or
double precision, mainframe or HP computer, single shot or averaged
pressure curves were typically within ¥%. As a final check, a repeat
engine - 3GP30 full test was run. Variation in the calculated IHP was
only 0.6%. Thus, the ‘error band for IHP and related parameters is
taken to be, in the worst case, very similar to the BHP error band of
just over 4%. . ‘

. . I
- Lt

Thus, it is the opinion of the author, that the brake :and indi-
~cated performance data presented here are of a very high degree of pre-
cision. However, in making fuel-to-fuel comparisons, no differentiation
should be made between curves which fall within the projected error
bands. It should alsc be noted that for combusticn related parameters,
a statistical analysis and standard deviation are presented directly.

available) was used for callbratlon of the test cell/data acquisition/

- software systems. More importantly, the fuel was purchased, as requirxed.,
froem a local supplier. Thus, fuel variability can be expected (indeed,

+this is vxglble,ln the results) and further, average #2-D fuel properties
were used for the calculations, eg. fuel density and heating value. . The
No. 2-D characteristic curves arxe presented for three reascns: (i) to pro-
vide a typical data set for engine behavicur on commercially available
_fuel; (ii) to show the variability experienced with commercially avail-
able fuels, and (iii} the results provide some interesting insight at
speciﬁ:ctgperating points. in, however, any detailed compariscns be-
tween ®he .#2-D and the othefr three ‘controlled’ fuels should not be made.

Finally, the reader should note that fuel 2 (#2-D, commercially ] \\‘

5.1 BRAKE CHARACTERISTiC PERFORMANCE COMPARISONS

For all ccmparison curves, the plotting cpticen for a 'smooth'
curve was chosen, on a full axis scale, to show the general characteris-
tic trends (plot set (a)}). In additicn, a second plot set (k), which uses an
expanded axis and the 'continuous' curve f£it passing through the poiats,
is presented. This latter set allows detailed comparisons to be made
and subtle engine/fuel trends to be identified.
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5.1.1 MAXIMUM TORQUE TESTS | _ ' -

Figures 5.1 - 5.6 plot the brake characteristic parameter com-
parisons for the fuels tested: namely, BHP, torque, fuel consumptiocn,
BSFC, thermal efficiency and smoke number.

Brake power for the first three fuels (Fuels 1, 2 and 1) are
virtually the same and within the experimental error band.. .However,
Fuel 4 (1590) shows a consistant torque increase (about 20 ft.lbs. on
the average) resulting in a BHP maximum output increase of from 1% :
(1500° RPM) to 4.5% (2800 RPM). Since fuel injection is a volume metered
quantity, this power increase is attributable to the higher fuel density
and hence mass of fuel injected as can be clearly seen in Fig. 5.3.
However, the increase in power is not directly proportional to the mass
increase since -this fuel also shows the ‘highest - BSFC (Fig. 5.4) andg,

after incorporating heat values, marginally lower brake thermal efficie-

ncy (Fig. 5.5). The thermal efficiency and higher smoke numbers (Fig.

5.6) of the off—specification 1990 fuel' suggest a higher degree of incom-

plete combustion (likely the high end components), especially at lower
RPM. .

In all -respects, Fuel 3 (Shell, 1990) shows brake characteristics
very similar to the reference fuel and shows less variability than com-
mercially available No. 2-D.*

5.1.2 CONSTANT TORQUE (PART LOAD) TESTS

The constant torque tests (fuel consumption, BSFC and thermal
efficiency; Figs. 5.7, 5.8 and 5.9 respectively) show characteristics .
very similar to the full load tests. Again, for a given engine brake
power setting, Fuels 1, 2 and 3 are virtually indistinguishable. How-
ever, Fuel 4 does require a slightly higher mass flow rate of fuel (Fig.
5.7) to produce the output energy demands and results in a higher BSFC
compared to all other fuels (Fig. 5.8). However, brake thermal effic-
iencies of all the fuels (Fig. 5.9) are very close with Fuel 4 tending
to be slightly lower at the higher engine ‘speeds.

* Note: The reader should note that the No. 2-D tests were conducted with

two commercial supplies of fuel, the changeover cccuring about the 2200-

e

2300 RPM range. This is clear from the plots, especially fuel ccnsumption.

It is especially interesting to note that the lower RPM tests (1500~2200)
were conducted with a moderatelvy high density fuel (about half way between

Fuels 1 and 4) and, as will be shown later, resulted in moderately rough
combustion aﬁ per the P-CA data measurements.
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5.2 INDICATED CHARACTERISTIC PERFORMANCE COMPARISON

Indicated hoxsepower and ISFC characteristics are shown in'
Figures 5.10 and 5.11 for the maximum torque tests (full power) while

Figures 5. lZ'end 5.13 give the results of the part load tests (con= S
stant brake torque). C _ \ i o RN
At full load, all fuels produce very s;milar IHP's over the speed
range of the engine, The only excepticn being Fuel 4, and then only at
higher RPM's (2400-2800} , where slightly higher IHP's.occcur. Likewise,
at a given power output (Fig.’5.12), all IBP's are very clese and within
 the experimental/calculation error range. It thus follows,. fcr both" test
cases, that Fuel 4 will show moderately higher ISFC (Figs. .11 and 5.13)
and correspondingly lower indicated thermal efficiency (not plotted) re-
lative to the other three fuels which show virtually the same results.

Full load IHP was expected to show Fuel 4 proeducing a higher IHP
for the full RPM range in line with the BHP results. Due to this, a
number of numerical experiments were run using both lab and mainframe
computers as well as an experimental retest (3GP30 fuel), as described
at the beginning of the chapter. The results of all the experiments
confirmed the accuracy of IHP calculations. In short, this apparent
discrepancy remains unexplained. Fuel 4 resulted in rough combustion
giving rise to substantial pressure waves (see Section 5.4). A fixed
digitizing rate of five peoints per crank angle degree (180Q/revolution)
was used for all fuels at all RPM's. For Fuel 4, a higher digitizing
rate may be required to completely charactexize the pressure curve.
However, should this be true, then the part load calculated IBP (Fig.
5.12) should be lower for Fuel 4 than the others, which it isn't. This
phenomena is further examplified by the ccmparison of the mechanical
efficiency curves. Figure 5.14 shows the mechanical efficiency of Fuel
4 at full load about two percentage polints hlqher than the other fuels
while at part load (Fig. 5.15), mechanical efficiencies of all fuels are
virtually the same. In Chapter 6, engine ‘mapping will help clarify this
phencmena ‘and show that it is related essentially to the maximum torque
curve onlv.

Thus, based on both brake and indicated characteristic perfor-
mance ccmparison (at both full and part load), no major discernable
differences are evident. The high.BSFC (IFSC) of Fuel 4 is principally
a result of high fuel density and hence would not represent significant
changes in operator costs. Further, the high BHP performance available
with Fuel 4 would be both discernable and cdesirable to an operator.
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5 3 COMBUSTION PARAMETER CHARACTERISTIC COMPARISON

~
i
o

The ‘onset of combustion' and ‘onset of rapid combustion'
parameters together with the corresponding ignitiocn and combustion
delay periods are primarily diagnostic and provide considerable in-
sight into the 'ignition and burn' character of a fuel. . ‘

On the other hand, peak pressures and in particular maximum pres-~
sure rates, while they do provide significant diagnestic information,
are the principal parameters relating to engine mechanical stressing.

As such, they provide information on engine durability and fuel
suitability.

-

. 5.3.1 MAXIMUM TORQUE TESTS

The onset of combustion is ccompared in 5.16 (relative ignition
delay can be read from the curves) while Fig. 5.17 plots the ignition
delay (°CA) for each of the fuels tested. Fuels 1, 2 and 3 show fairly
consistant trends (Fig. 5.l6a) with respect to onsat” of .combustion or
ignition delay, Fuel 3 being 1.Z-1.4°CA later than Fuel 1 with Fuel
2 (No. 2-D) falling about half way between Fuels 1 and 3, but apprcaching
Fuel 3 (longer I.D.'s) at the higher engine speeds. (Note again the
changeover in the No. 2-D fuel supply at 2100-2200 RPM). However, Fuel
4 follows Fuel 3 very closely at low RPM's but has a pronounced roll-off
with increasing éngine speed and exhibits shorter ignition delays at
higher RPM's than the No. 2-D.

Further insight can be gained from Table 5.1 which lists .the nu-
merical wvalues of the combustion events (eg. onset of combustion) to-
gether with the standard deviation of each value as determined from the
statistical analysis of thirty-two single-shot pressure’ curves. The
standard deviations provide considerable insight. Large standard devia-
tions, especﬁhlly on the 'onset of tombustion', indicate large cycle=-to-
cycle variation. In this regard, Fuels 3 and 4 show the greatest cycle-
to=-cycle varlability, the extreme being reached by Fuel 4 at 2800 RPM.

On the other hand, the statistical data shows a remarkable cycle-to-cvele
repeatability at the low-to-mid speed ranges of 'the engine. —

In general, all fuels show a slight roll-off in both igniticn de-
lay and onset of combustion with increasing engine sveed (measured in °CA).
Further, the detailed jnflections of the curves are remarkably similar for
all fuels, the earlier cnset of cembustion (relative to the general trend)
at 1700 RPM being a good example. It should be noted that such an inflec-—
tion can be traced through the other measured events (eg. the higher cy-
linder pressure at 1700 RPM, etc.) as well as both brake and 1ndicated
parameters (see brake torque curve, Fig. 5.2b).
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- The correlation between subtle inflections in the onset of com-
bustion fapproximately 0.4°CA early at 1700 RPM) and what is actually
produced by the engine (brake torque or power) is quite intriging and
reinforces the reliability and aqcuracy of the data. It is particularly .
interesting to observe that the previously unexplained drop in brake ,
torque and powar for the No. 2=-D fuel at 2400-2600 RPM (see Fig. 5.l1b and
5.2b) can now be explained and is a direct result of long ignition delays
or late onset of combustion of the No.2-D at these. speeds evident in Fig.
5.1e(b).

Onset of rapid combustion (Fig. 5.18) and combustion delay (Fig.
5.19) exhibit very similar trends and relative behavior (fuel-to-fuel)
as do onset of combustion and ignition delay with one’ subtle but impor-
tant exception, that being the roll-off with RPM is now almost nen-exis-
tent. Thus, onset of rapid combustion appears ‘quite independent of engine
speed. The following table summarizes: -

TABLE 5.2
ONSET OF RAPID COMBUSTION VS. ENGINE SPEED
REM FUEL (1) FUEL (2), FUEL (3) FUEL (4) |
3

1500 169.49 170.15 \ 170 84 170.82
1600 _ 169.40 170.15 170.77 170.70
1700 | ) 169.20 169.90 170.33 170.37
1800 | 169.64 | 170.18 170.78 170.71
1900 169.61 170.18 170.76 170.67
200 169.58 170.21 170.79 170.67
2100 169.44 169.91 170.38 170.19
2200 169.26 170.01 170.36 170.09
2300 169.25 170.06 170.34 170.09
2400 169.31 y170.12 V- 170.24 170.04
2500 169.12 170.24 169.98 - - 169.73
2600 169.14 169 .86 170.04 169.69
. 2700 169.28 169.86 170.01. 169.72
2800 169.27 169 .80 169.94 169.62
AVE. 169.36 170.05 170.40 170.22
STD.DEV. 0.17 0.15 0.34 0.43
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~
) Thus, combustion delay becomes quite independent of engine
. speed making it a considerably more attractive (and tractable) para-
meter to study and work with (including engine modeling) than ignition
delay. : : :

It should also be noted, at this time, that the combustion de-
velopment period (°CA) increases with engin= speed (0.Q-0.2°CA at 1500
RPM increasing to 1.4-1.8°CA at 2800 RPM) and shows a similar behavior
for all fuels. This parameter will be discussed lager,

The maximum cylinder pressure curves vs. engine speed (Fig. 5.20)
show classical trends. At full lead, Fuel -4 produced the highest cylin-
der pressureg followed by Fuels 1, 3 and 2 respectively. The lower peak
cylinder pressures associated with the No. 2-D, relative to the reference
3GP30 fuel, werenot expected but does correlate nicely with the relatively
longer combustion or ignition’delays observed. The maximum cylinder pres-
sure prcduced by Fuel 4 was only about 30 psi higher [L.7%) than that pro-
duced by the reference fuel but about 80 psi higher than that produced oy
the No. 2-D. X :

In general, maximum cylinder pressures appear well behaved for all
fuels (Fig. 5.20a) and none of the fuels produced pressures that would

' appear to be unacceptable to the engine from'a design stress point of view.

On the other hand, the maximum pressure rate curves (Fig. 5.21, 1°Ca
span) begin to reflect the severity of the off-specification fuel combust-
ion and will be an important parameter in assessing fuel suitability and
engine durability.

In general, low RPM (andepart rack) settings produce the highest
rates. This will be identified in engine mapping, Chapter 6. It is
clear that both Fuels 3:and 4 give rise to pressure ratés that are zushing
the design-limits of the engine. .

5.3.2 CONSTANT TORQUE TESTS

As in the previous section, ccmbustion parameter comparison plots
{(Fig. 5.22 - 5.25) and statistical data (Table 5.3) are presented for
the part load engine setting.

Since these curves are generated at a constant cower cutput Ircim
each fuel, caution should be exercised in interpreting ignition and ccm-
tustion delav since rack setting, hence start oI injectien, can vary Irenm
fuel to fuel. A review of Fig. 5.7 suggests verw similar rack settings
“or each fuel at each RPM, thus, the curves do ovravide a good indication
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"of the delay periods. In general, relative delay appears more pro-

. nounced at part load (Fig's. 5.22 and 5.23) and results in wvery similar
onset of combustion and onset of rapid combustion crank angle positions.
Thus, short ccmbustion development pericds, especially for the off-speci-
fication fuels, are associated with part-load cperation. : '

It should alsoc be noted that the crank angle positions remain
. better ordered (i.e. no major crossing of the curves) at the part leoad
setting. The No. 2-D now consistently follows the reference fuel and,
in general, Fuel 4 exhibits the loangest delay pericds with minor cros-
sings with Fuel 3 at -the higher RPM ranges.

Maximum cylinder pressures at part load (Fig. 5.24) are not of
any numerical significance. Hoyevér, it should be noted that the order-
ing of the curves is again more logical with the reference and No. 2-D
fuels grouping and exhibiting lower values than the off-specification 7
fuels. - .

As expectea,‘maximum preSsure rates 1Fig. 5.25) show a substantial
increase at the part load setting reaching values in the order of 300 psi
/°CA (using a 1°CA span). Indeed, instantaneou’s pressure rates (based on
a 0.2°CA span), at these settingé, can reach 500 osi/°CaA for the off-
specification fuels-as shown in Fig. 5.26. Such rates suggest diesel
knock and, as a minimum, substantial pressure waves can be expected as
will be viewed in the following secticn.

5.4 PRESSURE CUBVE COMPARISONS

Pressure curves will be presented .in the order:of increasing maxi-
mum pressure rate severity as evident from Figures 5.21 ané 5.25, wviz:

.

1. 2800 RPM, FULL.LOAD: LOW PRESSURE RATES:

Tuel 1: 92 psi/°Ch

Fuel 2: 105 psi/°cCa

Fuel 3: 110 psi/°Ca

Fuel 4: 110 psi/®°Ca
{(Pigures .27 and 5.25)°

2. 2800 REM, PART LCAL: MODERATE PRESSURE RATES
\ﬁ el 1l: 123 psi/PCa
¢ Fuel 2: 140 z2si/°CA
Fuel 3: 173 pyi/°Ca
Fuel 4: 1E4 $si/RCA
(Figures 5.29 and:t.3C)



3; 1500 RPM, FULL LOAD: HIGH PRESSURE RATES:

- Fuel 1: :135 psi/°CA
o Fuel 2: 174 psi/°Ca
Fuel. 3: 208 psi/°Cca
.; Fuel 4: 237 psi/°CA '
' (Fiqures 5.31 .and-5. 32)

4. 1500 RPM, PART LOAD:  VERY EIGH PRESSURE RATES:

Fuel l: 207 psi/°Ca _
‘Fuel 2: 249 psi/°ca : ,
Fuel 3: 289 psi/°Ca
‘Fuel 4: 303 psi/°Ca
{Figures 5.33 and 5.34)

It should be noted that all the statistical values+(eg. maximum
pressures, pressure.rates, etc.) are based on the average of thirty-
two single-shot P-CA curves. For all comparison studieg (Figures 5.27
= 5.34), single-shot P-CA curves are presented. As such, the statisti-
cal data will not correspond directly with the curve. ‘

The comparison figures show first the complete P-CA curve (£ired
and motored) -for, K each fuel followed by an expanded axis plot .which
focuses on the injection-combustion-peak pressure region 'of the curve
(i.e. *20° about TDC). '

Evaluating the single-shot P-CA curves can be difficult fcr'two
reasons: Lirst, the interpretation of pressure fluctuations can be mis-
leading and seceond, it must be realized that any discrete single-shot
may not represent the nermal engine—~fuel behaviour. Further, interpre-
tation must objectively account for the digitizing rate.

Three distinct characteristics of the P-CA curves can be id nti-
fied and defined.

1.

-

1. "Normal" Combustion: During the main combustion period (from
onset to peak”prESSure) normal combustion can be moderately
smooth (Fig. 5.28, a and b) to fairly rough (Fig. 5.30, a and b).
These pressure undulations are characterized bv: random shape
and frecuency, relatively small £luctuaticns, no sharp peaks and
result in smooth expansion curves. They are considered to be a
direct and expected result of the heterogenecus ccmbusticn of a
diesel engine. TFurther, due to their random nature, the average
curve.will be guite smooth (see Chapter 4 curves).

* See reference 36
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2. "Pressiure Waves": Pressure waves are a direct result of . high

' pressure rates and/or diesel knogk. They are gas vibrations within

the combustion zone and as such are independent of the fuel and will

show a cyelic, sinusoidal type motion which will continue during

expansion. If digitizing rate is adequate, the undulations will

show smooth tips and the highest frequency at TDC. Typical gas

vibrations .are shown in Figu e 5.32 (b,c,d) and larger amplltude

vibrations in Figure 5. 34 (b
L ) -

Gas vibration frequency af 1500 RPM, from any of the figures men-

tioned, is about seven cycles per 10° period over TDC (:5° TDC)

reducing to about six cycles/10° C.A. on expansion. Thus, at a

digitizlng rate of five points/C.A. degree, the pressure wave is

characterized by only 7-8 points. This is barely sufflcient but
- adequate as can be seen from the plots. :

3. "Kpock" Knock is uncontrolled detonation of excessive amounts of

' Uﬁepared fuel and will result in extreme pressure rates provxdea
the transducer and digitizing rates are fast enough to follow the
pressure rise. It will always occur at the beginning of combust-
ion during the 'classical' rapid pressure rise region of the P-CA
curve (i.e. always well before TDC).

In.these tests, it is now recognized that the dlgltlZlng rate was
not adequate to properly characterize knock. However, sharp points on
the;pressure rise curve (eg. first two points in Fig. 5.32, ¢ and d) can
be suspected of knock belng as they are clearly nct gas vibrations.

Thus a general overview of the P-CA plots can now be taken. At 2B00
. RPM, full load (Figs. 5.27, 5.2B) ccmbustion is judged to be normal, .
slightly rougher for Fuels 3 and 4 but nothing that would suggest engine

durability/operability problems. The saqg/ﬁEIEE“eQE\fie part load, 2800
RPM setting (Figs. 5.29, 5.30}.

ey e
o

Bowever, at 1500 RPM, full load (Figs. 5.31, 5.32) the combusticn
character changes. Fuels 2, 3 and 4 all show moderate pressure waves.
Further, fuels 3 and 4 can be suspected of knock and, as ncted egrlier,
produce average maximum pressure rates in excess of normal design limits.

This cbservation is furthered at thé 1500 RBEM, part load setting where
substantial pressure waves result (Figs. 5.33, 5.34}. Interestingly,
Fuel 3 does not result id a pressure wave characteristic that would ke
expected from other evidence (eg. excessive average maximum pressure rate,
étc.). Two possible explanations are offered: (a) the single shct P-CA
curve captured is nct representative (supporting evidence: even the
average P-CA curve at this point shows substantial pressure waves) and/or
(b).the curve is characterized by knock which cculd not e captured at
the digitizing rate used (supporting evidence: the high freguency, sharc

T

sointeé undulaticns in the curve just befcre TDC suggest pessible Xnock}.

Naa
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In summary, combustion evidence suggests that Fuels 3 and 4 may _
not be engine compatible and could possibly result in premature engine
component failure. Further, a direct correlation between mdxxmum pres-"
sure rates measured and severity of combustion is evident.

Two last observations are of interest, the No. 2=-D (Fuel 2) shows
quite severe combustion at 1500 RPM and resembles the off-specification
fuels while at 2800 RPM similarity with the reference (Fuel 1) is more
notable. As pointed out earlier, the 1500 RPM and 2800 RPM tests were
performed with two different supplies of commercial grade No. 2-D.
Clearly, the variability in the commercial products is evident, the »
first supply (1500 RPM tests) being a fairly low grade fuel. Secondly: .
it is interesting to note the cylinder bressure drop (relative- to the
motored curves), due to fuel vaporization, visible on many @f the curves
bresented (eg. Fig. 5.34,d).

5.5 CLOSURE

The characteristic performance (both brake and indicated) Epiggll
and partload settings of the engine did not reveal any evidence t

.

would cause concern over using the off-specification fuels in tn§’6V53T e T
.engxne. However, combustion analysis and P-CA readings do give riser !0
concérns over fuel compatibility and engine life or.durability. Scme
experimental evidence does exist to substantiate this although, in the
opinion of the author, it is likewise not comoletely conclusive.

Fuels were tested in the order of their suspected ccmbustion
severity. Following the initial system calibration runs (#2-D, Fuel 2,
aoprox;mately 100 hours), engine-fupl tests were conducted on Fuel I, 3
and 4 respectively. A ‘complete test requires approximately forty hours
of engine operation. :

. Nearing the end of the Fuel 4 tests, coolant was found in the oil
pan-and the préblem was traced to a crack in the cvlinder head gasket
(Fig. 5.35) on cylinder number two, right bank which, in turm, precipi-
tated a burn out of the ccolant o-ring. Figure 5.36 shows the head and
block of the failed right cvlinder bank. For comparison, the lefs bank
is shewn in Fig. 5.37. It should be noted that the pressure transducer
is fitted to cvlinder NMo. 1 on the left tank (-
shotograph con left at 6.00 o'clock).

- e z 7=

-2y Nexl

A loose head bolt was found at the failure lecation. The lcosening
of the bolt and gasket failure could have been rromoted bv the head vi~'
brations which would.result £rom the substantial zressure waves known o
be produced by Fuel 4. However, as stated, no Zirm conclusion =7 this
fact could bHe drawn. )
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Throughout the Chapter, the combustion development period
was seen to increase with increasing engine speed and to decrease with

-decreasing lcad. Further, the maximum pressure rate was found to ex-

hibit an inverse relationship. Thus.a correlatioh between the. com-—
bustion development period and maximum pressure rates {or severity. of
combustion) was examined. ' .
. 3

Figure 5.38 plots maximum instantaneous pressure rate (0.2°CA
span) vs. the combustion development peried (°CA). Each data point on
the plot is the average value of thirty-two measurements (i.e. from
the statistical data) and represent both full lecad and part lecad meas-
urements taken over the camplete operating speed range of the eﬁgine
for all fuels tested.

Clearly a direct correlation exists and is particularly interes-

Ling in that it is directly applicable to all fuels tested and at all

engine speeds and loads.

Finally, examining Figures 5.17 and 5.22 suggest that a direct
corrglation between fuel cetane number and ignition delay does not
exist at full load (Fig. 5.17) but could exist at part lead (Fig. 5.22).
Considering the nature of the fuel cetane test procedure, cone wculd ex-
pect a correlation to exist only if the physical conditions {(injectioen,
turbulence, etc.) of the engine under test and the ASTM-CFR engine were
similar. " :
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Fig. 5.l(a}: B3Brake Horsepcwer Ccmparison at Tull Load.
full Scale Characteristic Trends.
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FPig. 5.1(b): Brake Horsepower Comparison at Full Load.
Expanded Axis Detailed Ccocmparisen.
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Fig. 5.2(a): Brake Torgque Compariscn at Full Load.
Full Scale Characteristic Trends.
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' JUEL CONSUPTION VS RPM
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Fig. 5.3(a): Fuel Consumpticn Comparison at Full Load.
Full Scale Charactsrigstic Trerds.
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Fig. 5.3(b): Fuel Consumption Comparison at Full Load.
Txpanded Axis Detailed Comparison.
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Fig. 5.4{(a): Brake Specific Fuel Censumption Ccmparison
at Tull Load.
Full Scale Characteristic Trends.
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ig. 5.5(a}: Brake Thermal EfZiciency Compariscn at full Load.
Full Scale Characteristic Trends,
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Fig. 5.6: Smoke Number Compiriscn at Rull Load.
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Fig. £.7(a): Fuel Ccnsumpticn Ceompariscn at Part Load
(Constant Torague).
Full Scale Characteristic Trends.
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Pig. 5.8(b): Brake Specific Fuel Censumpticn Consavlson

at Part Load (Constant Torgue).
Expanded Axis Detailed Comparison.
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Fig. 5.11(b): Indicated Specific Fuel Consumption Comparison

at Full Load.
Expanded Axis Detailed Ccmparison.



Foe s SR AP T e - - W

6 V53T TWO STROKE ENGINE
. mﬂm POWER V3 RPM .ot

240

n
N
=]

llllllll_‘

200~

HORSE POWER (HP)

| 0 R A Trrrrrvyrry | L L L Trrrrrrrer TYYTYrrrrory | AR T T 7"

1500 . 1700 1900 2100 2300 2500 2700
RPM

LEGEND: FUEL iy | -0 2 ——— 3 ttr—A 4

Fig. 5.12(a): Indicated Horsepcwer Ccmpariscn at Part Lead
(Constant 3raxe Torzue).
Full 3cale Characteristic Trends.



L

- 114 -

-6V53T TWO STROKE ENGINE

MWHPMVSRPR

HORSE POWER (HP)

1500 1700 - 1900 2100 - 2300 2500 2700

RPM
LEGEND: FUEL —t—ie | +>-- 2 4= 3 —t—& 4
Fig. 5.12(b): Indiéated Horsepower Ccmparison at Pars

Load (Constant Brake Torcue).
Expanded Axis Detailed Cemparison.



- 115 -

V53T TWO STROKE ENGINE

INDICATED SPECIFIC FUEL CONSUPTION VS RPM
TORQUE = 250 FT-LBS

i

0.30- '
0.274
S~ 0.24
= :
] 0.214 ) S
EEE ]
NG 0.18- . -
- )
't 0-15-
~— )
RS 0.125
B 5
U2 0.09
| .
0.06-
0.03
q. ooi -
MM AU T ————— — S S —
1500 1700 1900 2100 2300 2500 2700
) RPM '
LEGEND+ FUEL —— | e 2 4++=+ 3 —A-a 4

Fig, 5.13%(a): Indicated Scecific Ffuel Consumption Compariscn
at Part Load (Constant Srake Torgue).
\ " Full Scale Characterisﬁic Trends.
: /
[



I.S.F.C. (LBS/HP—HR)

-’

..‘ .

[, ll& -

6V53T TWO STROKE ENGINE

- INDICATED SPECIFIC FUEL CONSUPTION VS RPM

- TORQUE = 250 PT-LBS

a5

0.285{
0.2804
0.275-
0.270-

———— e T T e -

1500 1700 1900 2100 2300 2500 2700

RPM
LEGEND: FUEL e >- 2 G 3 Atk 4
Fig.

5.13(b): Indicated Specific Fuel Consumption Comparison

at Part Load (Constant Brake Torque).
Expanded Axis Detailed Comparison.
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Fig. 5.36: View of the Head and Block,
Failed Right Cylinder Bank
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: View of the Bead and Block, .
Lefc Cvlinder Bank (Unfailed)
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6V53T TWO STROKE ENGINE

MAX PRESSURE RATE (0.2 DEG.) VS COMB. DEV. PER.

TORQUE = MAX

+ o
*
< C
a '° .
e 5
* o
* !
<  { .
4 ~ -
% X
+ o ,
+ * [
< 3 s b
. < * -
W .
q e
xMx A% At
- - -
» oA VV@.. > .
Yv g~ (Yﬁovlco..ﬂ.(.ﬁ. v
1
-—d -ﬂ—ﬁ-u— L] q—-ql — ﬂ-— --—- d—
o o o o o o o o
w (@] D o w (o] [Tg) ' .

(DAA/18d) FLVY FTANSSHId XV

COMBUSTION DEVELOPMENT PERIOD (°CA)

+ + + 3 A A & 4

s o 0 2

YYY?

-4



. - 152 -

CHAPTER 6 ' .

. ENGINE PERFORMANCE MAPS

Engine performance and combustion parameter mapping is a new
concept being used here for engine-fuel studies. The maps provide a
perspective and an insight into engine-fuel behaviour not attainable
from classical brake. characteristic (maximum torgue) testing. The maps
provide, in a single plot, the behaviour pattern of any parameter over
the complete speed/load operating range of the engine. Thus, engine-
fuel trends become highly visible and extremum conditicns (optimum or
critical) can be located. One incidental advantage of mapping is the
high visibility of a bad test point which appears as a nested ring oI
isocclines (i.e. location of a sensor malfunctiory, etc.).

For mapping purposes, an RPM-brake torcue grid is used with ap-
proximately 154 test points plus the maximum torgue curve. At each
test pclnt, approximately 64,000 data samples are taken {(ccmplete data
set) or, for the maps, approximately 10,000,000 data samples per fuel
tested. This data is reduced by the lab ccmputer (HP.1000} and gener-
ates a map data matrix for each parameter (brake, indicated or combus-

tion) of interest. This data matrix is then “drwarded to the univer-
sitv mainframe. '

1
The general mapring programy resident™on the mainframe, expands
the data matrix supplied to a 101 by 101 mat-*t, through interpolaczi

. . . - . ¥
to increase map precision. Freom this 101x10l matrix, scecified iso-

cline values are searched and drawn and minimum,/maximun values are ,
located and printed. :

r

A.,-

However, if the surface being mapped is of low curvature, I.e.
a plateau or 'flat' surface, the precision of the sregram creates a
preblem in that the plotted isoclines will follow very slight fluctua-
tions in the data (eg.. fluctuations within the experimental measurement
error band, *i% on BHP, etc.). .This appears as distortions of the isc-
cline curve. Thus, this fact must be considered in reading 'flat' maps,
eg. BSFC, ISFC and .thermal efficiency. To remedy this, the program
should be medified to acceount for the level of data accuracy and smocth
the isoclines accordingly. ‘

On the ctner nand, where iscclin

€5 2re drawn con steers gradisnt
surfaces (eg. IHP, maximum pPressure, etc.), this &iffiguley is no longer
 experienced. All parameters are marcped against the grid crdinaces of
braxe torgue (or BMEP) and ancgine szpeed (R2M)

{1

* See reference 36
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6.1 BRAKE PERFORMANCE MAPS

The only engine map commonly seen in engine research i1s that of
BSFC, Fig. 6.1 plots these maps for the four fuels tested. From the
maps, engine trends is similar on all four fuels: a very flat perior-
mance, espécially about the optimum region, which is a very desirable
engine characteristic. Further, all fuels show optimum peints around
1800 rRPM, 450 ft.lbs. torgque. Fuels 1 and 2 show scme variations in
the RPM location of the optimum, however, it should be noted that the
surface is so-flat in this region that minor fluctuations in the data
would result in the RPM shift. HNumerically, Fuel 4 shows notably
higher fuel consumption (pounds of fuel per unit energy cutput), how-
ever this is vexry much a conseguence of fuel density. )

This latter point is clarified in Fig. £.2 which maps the brake
thermal efficiencies. Eere acain, all fuels show very similar trending
as well a numerically similar wvalues. Fuels 3 and 4 give optimum effic-,
iencies just slightly lower than Fuel 1 but ecual to the No. Z-D (Fuel
2). Indeed, the similarity of thermal efficiency hetween all fiels is
quite strikxing (larger variaticns Srem engine-te-encine for a Fixed
fuel can be expected). The major difference in the maps is the higher
brake torzue achieved with Fuel 4.

. Finally, the fuel consumpticon (mass) maps are presented in Fig.
6.3. As can be expected, Fuel 4 shows the higher’ fuel consumption (mass)
with the cther three fuels showing pearly identical results. These mads
dc not provide much diagnostic value’but do give directly the pecunds oI
Zuel ceonsumed per hour at anv engine operating ccint.

6.2  INDICATED ENGINE MAPS - e

Indicated parameter maps reflect what is cccuring within the com-

HDustion space. As such they are judged to provide ketter insight into
taengine-Zuel combusticn behaviour than dc brake parameter maps. The “ndi-

cated parameters mapped and presented in this secticn are: indicated

specific Ifuel ccnsumption (Fig. 6.4); indicated heorseccwer (Fig. &.3)

anc incicated mean effective pressure (Fig. &




The IEP maps are very similar for all fuels. This was a very
exciting result for the following two reasons:

&
¥

“(a) The result confirms the accuracy of both the brake and indicated

results presented for the complete engine operatlnq range. The
IHP isoclines are plotted on a BEP grid thus confirming that the
engine mechanical efficiency does t change appreciably from
fuel to fuel, which is to be expe;qu

(b} The concern expressed earlier with respect to IHP numerical in-
tegratlon (Eor rough combustion fuels) is hereby dispensed with
and the concern is limited to the maximum torque region of Fuel
4 only. An examination of the IEP isoclines show a steeper grad-
ient (i.e. increasing mechanical efficiency) relative to the
other fuels as they approach the maximum torque curve.

Mean effectlve pressure curves are a normaliced parameter often
used for engine-to-engine comparisons and provide a measure of engine
stress levels. BMEP is an ordinate of all maps and IMEP is shown in
figure 6.6. The result is interesting in that, for all fuels, the maxi-
mum IMEP is virtually the same (highest for No. 2-D) and of very similax
characte-.

6.3 COMBUSTION PARAMETER MAPS

Five combustion parameter maps are presented: onset of combustion
{Fig. 6.7); onset of rapid combustion (Fig. 6.8); maximum cylinder pres-
sure (Fig. 6.9); maximum pressure rates (Fig. 6.10) and maximum instantan-
eous pressure rates (Fig. 6.11).

As mentioned earlier, mabping of these parameters is new. There
was early concern that these particular parameters would simply not be
mapable in that a diesel engine is not a susf fficiently precise instrument
to zllow mapping of, say, onset of cembustion. ‘However, the statistical
studies on these parameters showed very high repeatability {small stand-
ard deviaticns) and indeed, all these Da*amete*s are highly magoakls,

4

Considerable amounts of infcrmaticn are contaired in “hese maps
ané it is only hgre that Fuel co £y
Substantial changes. The essentia
suitability and sngine durability are cdnta;ned in these maps.

el variavisnsz MG o Erm o imoadeal Tranas

Onset of combustion (Fig. 5.7) and cnset of rapii comzustizn
(Fig. 6.3} show similar general trends. Ignition delay ircreased Zronm
F 1 1 threugh 4 in order and shows a consistant nehavi Qver the oSpera-

ng range of the 2ngine. The most notable exception : &
'1 cher speeds and semewhat mors oroncunced az hicher zcroues., Th



behavior of Fuel 4 was noted earlier at the discrete load settings
presented (full and part load) and is here seen to be a general be-
havioral trend. :

Thus, a correlation between fuel cetane number and ignition
(or combustion) delay would seem to exist at lower operating speeds
of the engine but not, due to Fuel 4, at the higher operating speeds.

» One interesting outcome of these map sets is that the parameters
are highly ordered and mapable. It is also interesting to overlay on-
set of combustion and ‘onset of rapid combustion. In so doing, the dif-
ference between respective curves for the 3GP30 fuel progressively
widens with increasing load, whereas Fuels 3 and 4 show virtwally no
difference until 'loads approach maximum torque.

The maximum cylinder pressure (Fig. 6.9) varies the least and,
as concluded earlier, in itself would not give rise to any substantial
concerns over fuel compatibility. Fuel 3 provides somewhat lower peak
pressures than the reference fuel (Fuel 1) while Fuel 4 gives somewhat
hibher peak pressures. However, both Fuel 3, and 4 provide higher maxi-

mum pressures for most (Fuel 3), all (Fuel 4) of the engine operating
range. '

The main maps of interest are the maximum pressure rate (Fig.
6.10, based on a 1°CA span) and the maximum instantaneous pressure rate
{(Fig. 6.1l1, based cn a 0.2°CA span).

The character <¢f these maps are very similar ané show the critical
region for all fuels to be in the 1600-1700 RPM range at 150-200 ft.lbs.
torque. Thus, the critical area for 'knock' and engine-fuel compatibil-
ity studies is uniquely located. Eowever, the important shift (Ifuel-to-
fuel) in these curves 1s in the numerical rate values. Both Fuels 3 and
4 project pressure rates in excess of 300 PSI/°CA with instantanecus
rates in the 500 PSI/°CA range. Further, the iscclines show that the
engine will be subject to these very high pressure rates when operated
on off-specification fuels for a very substantial oortion of the engine
cperating range.

. The second important observation is that, if cnly maxioum torgue
testing were conducted, these results wculd not be evident. Thus,
engine-fuel compatibility and engine Gurability Studies do recuire par
load investigation, 1 nct complete engine mapging.

One final note shculd be made. The maxim

m Dr2ssureé rates reccr-
ded and presented in this rerort zare ccmputer cea*cH d, every 2.2 Zecrae
crank angle step using a cne degree crank anc‘e span whiile instantanecus
rates are likewise searched zut use the 0J. cegree span Zirsctlv (l.=.
Ap/h2, A5=0.2 degrees). Further, all values used for tThe map grids are

. the average result of thirty-two single—shoz prassure curwves which,
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together with the statistical data (standard deviations, see Chapter
5}, suggest that a high confidence level can be placed on the numeri-
cal data presented. ' '



- 157 -
B.S.F.C. MAP B.S.F.C. MAP
BRAKE SPECIFIC FUEL CONSUMPTIDN BRAKE SPECIFIC FUEL CONSUPTION .
FUEL » JGF3IQ  (REFERENCE) EMGINE +  @v337 FUEL 1'2,2 DIESEL ENGINE + 4&VS3T
: ] 1 Bl T ‘ :
<. : : § b 2
- - —F,—.—_‘ - — -
- 14 .-:"“"--L__' g _r,/';_.'—-'r'“ \L‘---._ -
] o
;/_ | A -~ \ | 8 - P I ;1_5 '--:'L\I R;‘
- 7 A uh Y - L]
) /{-‘\.L-/ -l A JS}S ) /°$-
a4 L Ll s g ::\ 372 18
2; 1 ) / ! A 3 ‘/ E“‘-" g:-. ’ J‘/_/} / L 1/ /1 Sk""
= / w = ' W
SO NI o | SN e HVARY
5 TN 3" e I AT T 5=
[ — 1 A, ~ S 1 I
~——t j/ A x L el - ! — =
® | T |33 T : ’ T ga
- L : ‘ E . { i e 2 H E
b T 3 = . . N i
- T s e RS e S S L R T e e
.l—-——I-“'T_T——'-‘-""ﬁLMg iy | o i |
"™3%2.00 tro.00  1%9.00  2\c.co 239,00  2¥0.c0  2rc.oe - ™33.00  170.00  1%.00 29.00 230,00  2%0.00  2*0.00
SPEED (RPH) w#10 SPEED (RPM) 10
FUEL 1) FUEL (2)
B.S.F.C. MAP B-S.F.C. MaAP
BRAKE SPECIFIC FUEL CONSUMPTION BRAXKE SPECIFIC FUEL CONSUPTION
FUEL + SHELL 1990 (BEST CASE) ENGINE «  8YS3T . FUEL- + 1950 WORST CASE ENGIKE + 6V53T
~ T | g & ; I 2
: HEEREN | 3 SRR .
z e S — ! 3 T T T ‘ ¢
L I g I I ;-‘//?\ |/_’|>\‘\ - | !
n v - - i - " 7 hd [ i 3 !
A B P AR EN RN
- 7 L - -V 2 K ‘ -2
1——-./ |‘:-‘4 / _.»/ | /u$ ‘ r /;\ l | L" | /‘/ $
- \ < ar -~ \n-\'.'." e 3
s S L AN L A% CE T T BT 8
L= Voo, A\ . ™ = \-L—‘]V" AR T
- \U Y Lt s 2 L o [ 3
. .- 1 W [ i
BN AT ] L= BN L V] g
= o } I "I ~ | i i ‘ | [ , i i ; g :
| | ] - “’/J.GE | RN ERNE P i:; !
T Y N ’ ; " y T ; Y -]
R s N e
T T /= ST T
i ! ) | | ! ; T ! ! e i ; ' e
S S ——— R -7 . X A g
™%0.c0 170.00 190.c8 210.ca 130.00 i50.00 Fi4- - . ™ig.ce 17,30 1%0.50 218,80 230.350 30.¢ce rg.a0
SPEED (RFM) 10’ v SPEED (RPH) o1’
FUEL (3} I FUEL 14)
Tig. 5.1 53.5.7.C. Map Cempariscnh



i' .
e - 158 - _
4 R
THERMAL EFFICIENCY THERMAL EFFICIENCY
' FUEL « 3JCP30 {REFERENCE) ENGINE 1 6YSJ3T FUEL + #2D DIESEL ENGINE « &v¥3537
. i
3 g 3 g
sb 3 : 3
- I ol o — - n
a/ﬂ/ R e N 3 N i 2
: / - [ m e s i L N I S
{ fem B T ,—J il $ : / f/ ?
- L 7 ra B - . 3-3—
Eg k 25 o ”“ ’/ g& E; e J/'/ e / .i ‘
: ( /"_J \___‘/ | 133 cga = \ » 34 /»-!J / 2 !
R T in 3 &%
r.n: P =2 // g"' @ T~ 1 e . S
Tt . L w L) — 1l
’ P b et ' o ] SE b ] 10 . 85
o — = P e | e [t B
- s =25 -L/ ‘;m - _..--/1 2g ] 2 .
- p - —t - —
:jJ./ ] ‘ ;_‘.-—-—-I Pl —C_____ .
2 1 e w
; "1 22 g : : T sl :‘Br:; 2
[ n + =1
M%2.00 170.00 194.00° 230,00 330.00  2rQ.00 " “50.00  170.00 ﬁa 00 210 733,60 .00  270.00 7 |
.E‘Eﬁ' (RPH) *i0 r—r— SPEED (RPHJ *i0 . :
{FUEL 1) (FUEL 2
THERMAL EFFICIENCY THERMAL EFFICIENCY '
FUEL + SHELL 1990 (BEST CASE) EHGINE 1 SVSST FUEL + 1990 WORST CASE ENGINE + 6YS3IT |
g g A | Bk !
< 2 ) 2
= 3 = 7 = -
" vt r — . A% A ""':-\-‘- : 3 ‘
e a7 AT i
s A7 15 B e AT L~
v f ‘ "’ mg ' v / A L "o .
// 4.8 ™ ’:—'/ 4 3'.‘ v f’l-"‘/ 1/ 4.7
— ) — ~~ -
23|\ W T Lt ] 13 | g3l [ ] -~ gt
= J, | U Y = " 7 "y |
=1 . L1 =1 !
e L-._.— - 3 Sg a_ - ! == : y T g2
eI T o lE | BN 7 DT AE
' oy T } =y
| |_.-—- ' i /I, ”g “--___—-—‘——“_-‘/r/!—’ LJO | | % ng
o~ 125 ~ I 8z
K —-—!—...__ %%1 ,—i- ”/ é,m T | ! ‘T - | | l‘,_.lz ;?’T-‘l—-_-l:._.— gq
M L~ _'/r‘r’/'r.,—lf-r"“ T ),J\I/'\— L ,_:—”/,_“

v ] U H - | H ! T " .
c—_ ey f- N T f-‘ S —18
S T s i = ———— LT .. 3
Nsg.00 tra.cc  134-¢ 10.06 239,00  233.88 279.00 T “so.20  170-c0  1$0.00_ 210,00 230,30 1%6.36  2r0.30 T

SFEED (RPM} =10' SPEED (RPM) 12’

(FUEL T} S
Tig. &.2; Brake Thermal Efficiency Map Comgarison



J o _

L

FUEL » .3JGP30 ' (REFEREKCE)

FUEL CONSUPTION MAP

ENGINE + &VS3T

b

FUEL CONSUMPTION MAP

5\
ENGINE | » evs:?

FUEL. . 42D DIESEL

3 T . g 3 Wt
o e [ 2 b a
- f— ] - - -
» : NG ] N TITE - N1 7 N 3
Hiaa N \\'\ o~ \\\_‘ , Q:\#&a S N ™~ N~ \\\:"‘-:: ‘H:;
M~ . ) 1. Y s @ - M T ks L [V
=< a1 \5\.\\ 4 i 3: ~ . I \..\ - 8*":
-~ b S L ] 3 . o " . 3 ~ ’
- . - , ’: 'm -- " - . ."‘7‘ S 'm
] . N R i) 2 ] » ;
@ ™~ - \"'\\ 2 g: M ™ ™~ 5=
~ ‘ Fee 1 - u = LS T
- \*-.__‘_ \\\ \\ 35 o, \\_\ -_"""'-..\ T\k SE
-1: \ PR . ~ 'M J , -1 : o . 4
% e = -~ ~2 S -] - RL&
T sy \J\ i I ~L | r\___~__|\
- o 3 - - .- Ty 3
b ; . L ™~z g 3 \T\ ] @
" T : — 3 " P e, ‘ 3
™30.00 tro.o0 u-;.oc . 210.00  230,00° 250.80  270.00 V50.00 170,00 190.00 2%10.00 230.00  2%0.00  jre.co ~
SPEED: (RPM) =10 . SPEED (RPM} «10'
FUEL 114 - FUEL {2)
L) ' . 3 R
FUEL CONSUMPTION MAP FUEL CONSUMPTION MAP-
FUEL + SHELL :990 (BEST CASE}@ - . ENGINE sVS3T FUEL 1+ 1990 WORST CASE ENGINE + &v53T
2 3 R ‘ g
g o~ : | lsi - 3 | | | g
- = -~ g - - R o — C
. e R s ' % ' N \\\\; S '
:‘: ~— o — Fos g 4 : \\ ) ~ ] ~ T — e
. ~J N N T Ky I _ NEERNNEEN \ﬂga
\\ \\ \';n ™~ i 'Js‘ m - \-\ ™ \":', ﬂm
- o B = \'\ "\\ :,_‘ . N - _ ; \.\\r N 7
— N —_ : S s
NN NE: G- S SN S NN o
- § kN Tw ‘e .. |~ Tw
a \\ ™, \“*-- [~ gé sy ‘\<| \T Ty \&-\! . aé
o e ? ok . : L 3
£2 \\ - T - 42 . g" ~l 1. sl ) \\ \\ NS
— - I ~T . "'--. o ey oy,
" w B \L - w
‘,. s \\‘-.. \ s \{—-& gé - I " - ~— : ! \L\ o
" >~ \‘\- \\J a7 s | ! : """--..__\ :\\\ | Zm.
7 e —— 12 = ~ < -3
o T Tl TR
= N . b Q = : i : - 3
it L | N e W P [ g = & -L_kl ' | T~ 1 4\{\;
“%S0.ea. ira.ed  tho.o0  o.o0 230,08 256.80  27C.00 ™%s.c6  170.00 1B $a_ 2.0 230,00  238.20  zr0.00 T
SPEED (RPM) +10 SPEED (RPM) Q'
FUEL (33 ° FUEL (4! “
. : ‘»\\. B -
Fig. 6.3: Fuel Consumption Map Co‘mparisdn‘ :

-~




T. 160 - .

N "‘ I'S'F!C" HAP I.S-F-Cl MAP
- =t C ) )
- . INDICATED SPECIFIC FUEL CONSUMPTION - INDICATED SPECIFIC FUEL CONSUMFTION
- FUEL 1+ "JGP30 (REFERENCE). ENGINE Y337 FUEL » #2D DIESEL ENOINE + 8VS]JT
P
2 [ g A TT 771 7] ;
- 2 . | | 2
- v —_— - - a
,_')fiﬁ-i";/ ____./"‘-‘ | 7/-25;;‘,' T R e S s
w
L v 3 - - 4
;./ 3 T o _/"J:- | \-"‘-— g,.. = ./) / L':J‘ o R B ;--
-1 [ - = —— win
’ ./ / Py ,3‘."\ $ L /./ /J \h\ $
~ I . 8= - L/ { 2=
. a2 AT TIN5t el | AT AN
o= - ~ N g L= S , . , \ “w
< 21 L J o2
. .
£ / T §= e ) o] |g®
- _— . A ~ T A CTw
1! ﬂ .32 \ A } x - (/ !l/ > / ( ! ‘ /%
-~ . . 4 2 o~ ] { bl SE
- - . - il - ! e
N / ( { N : 2 N \-\ : . [ \] I 2
—-.\ / ] 1 ~
’.:.‘ I f‘\\L f’l S | ' \1.:: I \L ~_| I 4\ o
=[N \{\\ / N o~ T~LA2 A NIRY ) T EE ANt
= [‘3|+//\ / BRI | A < " i‘\‘\ .| ﬂ": /’F d. ‘-'\\\\-//'r"tlg'
™30.00 ira.co0 1m0 230,00 230.00  270.00 . “hs.00 7o 1% 00.00 130,00  130.00.° 770.00 ~
SPEED (RFH) sig' SFEED (RPM) o110 )
' FUEL (1) ) FUEL (2}
I.S.F.C. MAP . J.S.F.C. MAP
INOICATED SPECIFl‘!C FUEL CONSUMPTION ~ [HDICRTED SPECIFIC FUEL CUNS‘UPTIDH
FUEL + SHELL 1990 (BEST CASE} ENGINE « 6v237 ‘I-TUEL v 1590 WORST CASE ~— ENGINE ¥337.
I | | LLET T 1
ot - 2 bl - 3
s - 2 - — - 2
| el - A ]9_/ /:_L/’ I “'-}\ E
* " ‘.'/r;)._c‘ir e p— _— o “/“.!:z R ' /'- s A >|,h-""‘-.__\ o
el 4 ': L. “e3 B / B ﬂ‘ ', i . 4 ‘ = —-:1 > A o.
- _,//_;.- IF; 733{—\ T \“‘\\ 2 = ‘//// — 1 ‘]/ .} A L/ \}—- F
., - L - N - F; e \J/I vt L1
s AN N Rk T LT ENEE
. - —~ y / P + -
2/ L L f 8% e A -~ i s
= - Ny ~— . x T, = i P -
o a-t” / | E] o / / ’r - I | §
AR go a7 _,_ = = \ gar
sl ( | -V .“ 1T [ |3
. ~ D (2] (1) I
\ \ /T g T ,/I L \L/r\
~ -~ g @_!_ g; ? ~ i - L —— ‘T\l & T T \ gl;
eh \\ l \51 > gm 3 i ‘ -\.\ i\__. | I ‘_I_—\J-—_\' N E‘:m
- N 7 < T ™ . T T T ; ) T \\_“ T
1 RSN - L ! ] - /X Lol P
) : T = Y =, 2 t - N N N 3
I AN = e D U S - S| W N 1_1\\i I I
“~%a.08 170.00  19g.00  210.0c0 730, ;00 230. ao a70.00 = ! ™xp.00  17c.00  150.c0 219.00  230.00  2%0.40  179.%0 -
4 SREED [(RPH) o1t { | : SPEED (RPM) »10'
. v 1 P
. FUEL 3 ' . FUEL (4}
l - \ : i
.
B . ; s
] L.) %
> . . = ol . : P .
i €.4: Indicated Specific Fuel ‘Consumption Map Comparison
g 15 E <




MAP
[MDICATED HORSEPOWER
ENGINE «  8¢33T

#30 DIESEL

[.H.P.

r

FUEL

. . ) - 33vyn
(S41-14 u:c.%rmimm.s - = (5§7-14) 3INOYOL uvyd

- 161 = 4
8v3aIT

i
]

INDICATED HORSEPCVER
(REFERENGE) ENGINE

[.H.P.

R 10

FUEL

o
e
———
T
——
2%0.00

Ll LY 00095 o pgr 4 0o-oql 00'0qY _ ,ooHnn S.cn___ 04- 07 !
HAAIANITE - = LA
VY sy [ A I A / Eil_...{\.
BN AV A X lmm o . w\hw\\ Al
N EH : mm m,. Pm L \t ....m,.i.n\iﬂt!.ﬂ| i x 2
K AALVIN 28 LA A /|
AL LA A S R I R \l\...., / \
A /1 A AW, \lu R ) S AN VAN Y
WA VAL s8I A A
A 1A aViN) = le \\\ \\ AW avi 1,
¢ /1Y AAN 13
-.4,:2__. L1 88 1] -_-H.m“: J _.m~ ey dr [P {4 . to [T 4211 nn.-..‘. ‘.-nnﬂ.w-m_ 4“_mns._._.m: [A08] [Tt
00 0qY s.cmmmdlb..mr vmbouoc.rnwx<w%.0n 14 00" 09 _.u n,;ﬂ.ﬂnu cc..lonm-mﬁn_lhn.: vwacm%wn.nmu:—mom.ann 0001
AATAALANTE \V|¢\_\ \ {_ \
HEy AVAVAVAV, - \ vl

\3&
LN IS

75600

1%0.00

y
/ /
/. /
/] m S _J y
AV A . VAL /|
NAAY Vs o8 AR AL I
\\\. \ /] \ \..%,..n = mm. NI\\ \\ \_. / a
TR AY VI e | - o« S AT VIS
AViVE STV e 3 LA LY
ﬁl‘ P oL 4 F \u.“ ~mm — mm Jaa i I
VA A4V, ; AV AV,
\\ /] N m g 2y \\\ \\I -
7

M~
B
A
e
[N
AN
RN

FUEL

i%0.c0 79,52

230,30
Q'

210.30 +

arisch

=

It}

SPEED (RAM)

i%0.00

170.80

i%3.00 2ro.60 <

g

21a.00
(FUEL T

SPEED (RFM)

170.00

“xo.60

wrtry 11 ]

" ™Ya.00

sl 110 1 v-.muu a—g.m_n LA AN 1t

USSR S J Sy




- 182 -

)
.

_ 1:M.E.P. MAP  *

INDICATED MEAN EFFECTIYE PRESSURE

Yy

* T.M.E.P. MAP :

INDICATED MEAN EFFECTIVE PRESSURE

FUEL + 3JGPJ0 (REFERENCE) ENGINE 1+ 48YIIT FUEL + #3D CIESEL ENGINE . 8Y3I3T
A T ] T 18, % T §
1S ‘ ! L1 ! ] s
T p— — - | - kb ¥ t
~. ey .
- - ' l M-.‘ ~--J.--'---‘ | l _— = HERm : ] :
- f—j——— — 50 g - |
- ‘-\{\L____‘ ﬂ\ S‘.—. 'l - - (\"-—__ '._ PR
-~ i 1 <G - T ﬂg - lﬂg LI
[T s S N R N 8-" .. | 8-'4 |
o= Bt | [ 0 -3 | (P
LA T B e L DL 1S
= w -] e T
& ——L_ | 1 g 0. e = 3
a —— : ] —lg= o - —~ & :
Y'-“ ! | | - l R i = LSO e o |
B e 1 2 o t— - il &z i Lol ||
) o » LY e
.o { ——— uw P —— Tw
| — | | o \..——l_' ] SE Pt . 35 l
} o ——— ] R 23 ‘
| e e I T DT e e I .| L.l 13 -
. - T ' N ‘——'-....___.J p 1 1 (7] . - | ( .
. i T A T B R e s | —l. ] e
' H v | Y | L m————
'j - . . T T T 2 — 8 - N . ———— T | — 2
- T T T s o o PSR N B - o | s
9.0 170.00  1%.00  3V0.00 330,00 730.00  370.09 NS0.00 170,00 1.0 214.00 139,60 230.00 - I0.00 T .
SPEED (RPM) =10 SPEED (RPMY #10 ,
(FUEL 1) . (FUEL 2} 1
|
1 . E i
| |
! l
. — |
. |
; [.M.E.P. MAP {.M.E.P. MAP t
i K . | .
[MDICATED MEAN EFFECTIVE PRESSURE . THDICATED MEAM EFFECTIYE PAESSURE 1
FUEL + SHELL 1990 (BEST CASE) ENGINE\ » ° 8VS3T FUEL ' 1980 WORST CASE ENGIKE + 8Y53T |
. : !
: ‘ o |
: ‘ \ g I RN -
g ) s 2 ! g
h IR s = o TESE -
. i M LR e ~ 1‘ T R s N = S \3 :
n [T et 3 - ~_ | o :
. ” -_--__""‘.'—--'.CJ—-..__,__ — . ‘r_‘ - DRy o N | /_L\ l ] g?; :
' - T 2 = ——] T— “a
' 118 e S_Il i I 1z Tl i-ho-" \
e e i 3T v =% - ] L
i ———— e e T
= ta Twoo® i S - : wo
- : — - - T8
2 ~iac T - { '.::"‘—'LH-___INL\ 1128
g’r — ¢ - ! g_ — : ! —-'—'--__1 -
= e Tw ! T L1 R T
— i — i ! —— ] | ] ‘ x
2 I s il B = S0 A S ; g T T [ g
T —— ] | ‘_!\A,r_ "‘. h —“'-'L-—n-\_‘l_ | ! i [ 1 > . | =
(e i1 3 | 1 o —— | ] -
= R S [T T e e NN | =l . —~—— . i — ]2
nle i | T T T~ | L T alel 1 T e N s
™%0.00 1v0.086 Y0.00  210.00 239,00  230.00 2r0.00 7 ™Yc.00 170.00 tha.go 16.00  230.00°  230.00  270.00 T
SPEED (IHPH) «|10 . EED (RPM) erQ’
(FUEL 33 TRUEL % .
e
F]
-]
Fia. 6.6: Indicated Mean Effective Pressure Map Comparisen



- 163 -

o

e

COMBUSTION ONSET

ONSET OF COMSUSTION (SLOPE OF 40.0 PS[/DEG FOR .8 CA)
FUEL ¢ 3JGPJ0

CCMBUSTICN ONSET

ONSET OF COMBUSTION (SLAPE JF 40.0° PST/DEG FOR .8§ &A)

i
1
(REFERENCE) ENGINE  a8vs3T FUEL + #20 OLESEL ~ 0 ENGINE + gYEIT :
i ' |
) !
] l I T 2 H I ) T 18
: 5 3 | | | I
- —j_ - - o
w —ﬁ'ﬁ__—-‘" 3 ™ -\'——-“'.L-q._ | ls \
T I~ -
; _-"\_/ """-\ , b7 N\J\ g'__ : : r : .J |\'ﬁl\| g'_ |
- s ~— w - e ~ 1 I nin
- —— ] L.:".-"""--_ 8$ W d ( - A Y \\; ruj\l\q 8$ 5
| s S— - o S e - 4 N | s 3= !
5 N N - I SRS
e M NERE IREESNNEENEY
o @ W
8= L) T — 3 3=-
ad [ e Y - " )
- . W ~ w
——— r——\.l__--———l--\ 82 _‘___',.-" ]—\ :_(N | i —iog
"5 nd 1 1 P : N =
— T T 15® AT LA DN T T
| [oms! ~ v ; : N o~ :
R T
=1~ - 1 k] _= - ] ‘o
Tl e T T T RO T
“NY3.00 170.03 1%0.00 0.0 39.c0 233.00 70,00 ~ ™i9.c0 1rosog 1%0.00 210.00 133.c0 150.00 rd.o0 T
_ SPEED (RPM) 10 SPEED (RPMI  #10'
FUEL ) FUEL () |
i
|
COMBUSTION ONSET CCMBUSTION CNSET
ONSET OF COMIUSTION (SLOPE OF 40.0 PSI/DEGC FOR .8 CA} ONSET OF COMBUSTICH (SLIPE JF 40.0 FSI)DE’G FQR .6 2A)
FUEL « SHELL 1990 [(BEST CASE) ENGINE + 8Y¥52T FUEL + 1990 WQRST CASE ENGINE 1+ &Y53%
] 2 8 !
; L] : 1] I
- - -/‘l ) — { i -
o F= \\L\ g o] N N N | e
v S~ ] " * S ]
- \h Sl ::.l\ . . — ‘L,.Lh_ 1 AN B Lot | 5 _
- R E e - T ] { ! N “3
| Tt | gT; | l__~___ | ~~— | IN\ -
- ] =~ - e - ] ~ RN
e I ~odgE T DI TTRNE
= ] | T Yy bt ~ T
a _ﬂ,#”"_"“xj ;-u‘hh‘ﬁ“i:\ag o b= | }ﬁ\T\“‘HL. T r\‘ 3
Lim e 8 n [ o — \ ~ R
5 /,_._./"‘-u.. el - g £ :.‘x'w/T T N L\
~ . ™) - | T ! | L LT ; RN i
LA I -l ¥ e e T s s N
[+] : H + [= R+
Ir ! | '—-.IT\-! ‘_--L\I{‘\i\gﬂ_ 3 ://‘T—‘\l\{ “‘--‘____ ] : .",‘!Zm
VT T T ] o~ T
- t - — — 5 _t - . e * 2
RN AR
"Y0.00  ire.00  19a.c0 210.09  299.00  259.08 270,00 - “Y0.00 iYo.ae  1Wo.co 219.6¢ 130,90 290,08 F9.55 -
SPEEDC (RPMY  e10' SPEZD (RPH) &1 ('
FUEL () FUEL (&)

-~

x

Onset oI Combustion Map Comparison



- 164 -

RAPID COMB. (START)

ONSET OF RAPID COMBUSTION (SLOPE » 75.0 P8I PER DEGREE)

RAPID COMB.

CNSET JF RAPID COMBUSTION

{START)

(SLOPE » 7%.0 PS! PER DEGREE)

FUEL « JGPJ0 (REFERENCE) EMQGINE : QVS3T FUEL  #20 DIESEL ENGINE « &Y33T
S g " " ta
: [ T | T N
b — p ] 2
. “'-.»..____“-_ "“,,__.__ | T
Lol
by e \ “w\" 8. b e T \~ - i
2 —] — — §g 2 ... ] - ™ 55
—— . =
S ——— \\ 3'.“ L — I \\ R -"‘-«-.k\ 3"“
~rl - = — | 272 —
;;; /-.—-—— - '\--._____‘_ \ R& - G: | | i “\\ \\ 25
3 ED A am -l A
SE ENEREw TN
o T 17— 3z e -3 =
£ . ! \33 £l | i | 55
~ 1. w [ T R I —— w
e e et '*|'-\~ e E /.l——" I 5\ | -~ E
3 A T % 3 ] 3E
: o : . .
- | | fa - . et T
T N RN
* k-1
5 | | 2 | || RN
- ! 3 3
"™s0.80  i¥o.co0  i¥0.00  219.00 230,80  250.00  270.00 - ™%e.00  tYa.a0 L 1%e.00  3'0.60  130.00  3%0.00  27C.00
SPEED (RPM) Q' SPEED (RPM) g
FUEL (1) FUEL (2}
r .
LY
-
RAPID COMB. (START) RAPID COMB. (START)
ONSET OF RAPID COMBUSTIOM  (SLOPE > 75.0 PSI PER DEGREZ) ONSET OF RAPID COMIUSTION (SLOPE » 7%5.0 PSS! PER, ISGR-EE)
FUEL + SHELL 1990 (BEST CASE) EN IME + &YS3T. FUEL 1+ 1998 WORST CASE ENGINE {"8y83T
2 8 % g
5 | 3 8 111 | i ;
- - - -
=T ., .’-—l\, -““"‘"-' ]
n - 37 "T\ ~T g " i /_{/]\\\ "\t_\ \ 3
- | ] q\‘ 3 _ - I e \L v } ‘9:,_‘
- vy L) - ———— o " wh L
: ~ “ B | ~S LN TS
- ] — a— e v g
e ——T . I \“‘-\ 5&5 ;: ----/‘]/ |\.__...l \[\~l\ ! -‘-‘L\ 3]
= ] T Tw " —1 : ™~ T e | Tw
T s 5 I e - [ I =l L T
wn I T = '
= A S i 2 S B 1 2 s - N N
= | T w ~V ! e T i LTI
I N A s - || | ~L TN ¥
oo ~ . [ oo
s ‘]I \T\‘;m - ! I [ J i ! e ‘F_—-\! \L;m
N N R o I i1 T~
l | l l i ! i ! ‘ | ( . IR
o . H B B i
2 N e
™56.00  t70.60  130.80 0.0 290,00 230.20  270.00 - | ~%2.90  178.c0 190,98 1g.c0 230,00  193.05  170.00 -
. SPEED (RPM) L 318 ) : SPEED (RPM) »1Q"
FUEL () FUEL (4) -

- Fig. 6.3: Cnset of Zapid Combustion Map Comparison.




£ . L
' - 165 -
MAXIMUM PRESSURE T MAXIMUM PRESSURE
FUEL + 3J0P30C :REFE!EN?E} EXQINE 1 8y33T FUEL IZD'TEL ENGINE + 6Y5]T
= 2 H g
: P | :
- - - - -
- \“-—J...________ 2 g =— 2N I'd o
- K RER) <3 . - ™\ I _g,..
- \ (7] - g
I L < T —— [ WA -
fod™ \’:5:__ 8-: o \.z.. "'--13-:
o3 e = i ——— — 3~
g Al Ty | ¢ B 3
o Ix 4
g": ~.i T~ = g'i e — 5;2
~— P\Lu I~ ey
. Y — [ TN i 1%
"~ il ~ - 5
2 I DL s == 85
.'.':_____“_‘ - \:;. -l —— !
g \__.-—1\ 8. - =~ ... —'-‘“"‘\ 8
[V ) o IR " o 2
™¥.00 170,00 1%0.00  210.00 . 23000 3%30.00 2ra.00 ~ “t30.00 170 19,00 110.20 130,08 390.00 .00 T
SPEED (RPM) 10 SPEED (RPM) #1Q
FUEL 1) FUEL ()
MAXIMUM PRESSURE MAXIMUM PRESSURE
FUEL v+ SHELL 1990 (BEST CASE) ENGINE + &¥S3T FUEL + 1990 WORST CASE ENGINE 1+ 6YVSJ3T
7 g 5 i | ] ! 8
s g Sl i - 2
- - - = 14 ]
H X ey T -] " \ -‘-\\I;_('l 3
: I O N A N ~
= ~~ ~ 215 = ~ T . A
[~ @ Ml | : =
- -t ~ .. -
o N e - = | Rl T
&= ] "_"'u:_ T =" . —{ "
Q. -__‘ \ ~= B Oca: o i t TN - né
Wiy v a Wiry M.
B [ = | g ~. s
[N *\‘nu e Ty \ i P
S~ L % 3 | e | Tt ] %
LI | T e L - 5 ] S | ] 188 .
TN L ~s d — | P ! FR
- T Vo ™~ - ] Tl H | N ~ N
| e LT T
3 |"‘=-:'~; ] 2 Shool b TN ] N] | | 8
S N B 5 | el L AT NI LT 5
“%0.00 . 170.00 19c.00 210.00 13¢.c0 250.00 ro.on T ™ %0.00 37a.00 1ho.o0 210.00 230,00 2%0.09 ro.a0 T
SPEED {RPM) 1Q' SPEED (RPM) «10Q° :
FUEL (3 . FUEL (4) ;
i
!
I

'5‘1'.7 6.9:

4

daximum Cvlinder Pressure Map Comparison



* MAXIMUM PRESSURg RATE

FUEL 1+ 3030 (REFERENCE) ENGINE «  8YAJT

MAXIMUM PRESSURE RATE

TUORUEL v 620 DIESEL

ENGINE »  4¥3]T

= [ 2 3 3
2 2 g 3
\'\ "--.J_:"- 1 . 2:—'—'\ =N —-? 3
- M ! LS
i N N o N 3| S AN S
™ ™ \\ \".'.3 8$ k TN \'—‘\\ i 8$
_ " Lol AT B \f 3=
o A J\L"\ N <t | B = \ \\ 3,
& p=""1 w Le AN R ‘e Y w
o N; \\ \ N — SE- . \\ \\ . I R M ™~ — 8§
BN —IN N s e | & RSN \3\#
- al™ -~ N Py
N \\\-‘ sl | TTINY NESNAWFNUIN 2
:___ i \ \% ,__\C‘ \.__/:"--.__\ \'gn : \'I \‘_-,i 1l \_.;;: \ \\\J/_____\ §_m
R :a.K ™ : \ ;_.,.“’U \\_ r-'_']\
- 3 - =713
N LU N R - sEREAL T g
“30.08 1ro.00 1M.00  210.00 2 10¢  339.00  270.00 ~ "30.00 170.00 130.00 210,00 I]00  199.00  2r0.00 "
SPEED (RPM) «1Q SPEED (RPIY 10
FUgL () FUEL (2
P
MAXIMUM PRESSURE RATE MAXIMUM PRESSURE RATE
‘ FUEL « SHELL 1990 (BEST CASE} ENGINE 1 6Y33T FUEL + 1980 'Jﬂ'l‘.AH' CASE ENGINE + &Y33T
P 3 2L T
: . - [} : \ Ty \_-‘ -
- \-\J’—u\ ~ b § - 3 - \\\ \\\ \?\ 8
s \\ "\\ \ ::: S LN \\'/ﬂ\ N H‘“\\ “‘J\ Aﬁ§5§~;$
A \‘--—--..\ AN \\\J\/\\ \\‘ 1 \_ 3? \ \ 1\/;-;. ™N i N °$
a3 \\ = N ~ AE E ‘ -_‘\\ \\ ALY — JL\ 5>
~ ¥ < -, w = | ] Tw
§" “--—-..\\-I < < \.i\ \\_ Sé bﬂ /"\.\‘\ ! f\\ V \ - ] gng:
CHI=N N o s N R AN I b SN\ _ a 52
~ - -y ! 3 hw "~ —-"!4 ..;, < My
AL ___,1\;\“1 SERNN I j4hN \"J‘:;'\ ¢ TN E:
SIS N N B sl ) U N FINATE {128
NN AN ] /f//l,-_«f{,-‘\/ /INC N
s ==l N R Y \: 5 — 1 ) =L TV B
Na0.00 179.90 lSP‘EngD (:gshn)o -11!8‘“ 2¥0.c0  2r0.00 " "ka.00 170,00 1%0.00  21e.00 Me.co  230.20 yo.c0 "

FUEL 3

SPEED (RPM) 10’

FUEL (4)

Fig. 6.10: Maximum Pressure Rate Map Comparison




- 167 -

INSTANTANEOUS PRESSURE RATE INSTANTANEOUS PRESSURE RATE
. ’ !l-
EUEL + JGPI0 (REFERENCE) ENGINE +« 8Y3JT . FUEL 1+ #20 OTESEL EHGINE v 8\‘531‘
A 3
: Il g | i ;
- h . TN -‘--"-“'--; 3 " \f\‘:\\ . 3
SNIVE TN PEANT I s HUENRN N i R
dh=NNa Rk NZaNE\4 N 2
- ~ -1 ol - [~ e -
23 — LT st | EALA N DL 5%
T NN s | AN e
§=f,5} A N N ;f\ gE L AN \inﬁ SN \x 3=
~- s B ; LJ™) ~. ) T (&M
P2V AS AN i i NN D\ L
:‘_ N :;r\\ \ \-\ \\ gm - \‘\\ /R o k\\-{ ;ém
T4 \‘__ ;5:_\\ ‘ N\ . . | (\ ? 1 1ag , 1 A)L\ | A
A VL IND NP LS g LN
“30.06 170.00  1%.00  210.00 330,00 a.0a  70.00 " "™%g.00 170.00 1B0.0 130,60 190.00  270.00 -
SPEED (RPM) 10 . . SPEED (RPH) =10
FUEL (1) ‘ _ FUEL (2)
INSTANTANEQUS PRESSURE RATE INSTANTANEQUS PRESSURE RATE
FUEL « SHELL 1990 (Be"ST C;SE] ENGINE « 8V353T FUEL 1+ 1990 WORST CASE ENGAINE ' GVSQT

S\ | ,

BRAKE TORQUE (FT-L83)

i.] 1 | ] :
b Ay \/[-':‘\\""" \"“'---.L___q ; 3—\\\\\1’ \_QCT\—\;:E =S - :
ANNEARNIN RN AEL Boo1 3 M T N A S T

TN ISP T | T A
KTTNSONE TR |l PN NS T
i AW IEN i \SES "‘:\:‘\\ E . _..l.\ AN N
AN BENERARERN AR NN NS
NS WIS | T LRl LV eSSy
AN \; CP1E ] RN LR ) ENT Y
I ZNIAN AN RN a7, Y NECATOREEN)
; ”::JJ(—\JI T\ | s [ D T 1\
N%g.06 iro.00  199.90  216.89 nnoo 150,60 270.00 - l ™Eclon  i7o.o0  :9a.co  230.3C 230,00 290.30  270.00 ©

- SPEED (RPM}) e1Q SPEEQ (RPM)  «10Q'

FUEL {3 FUEL #

-

Fig. &.11: Maximum Instantaneous Frassure Rate Map Comparison



- l68 -

CHAPTER 7

CONCLUSIONS

Throughout this thesis, specific conclusions particular to each

section were presented. As such, a set of general overview ccmments
will be given together with an engine-fuel assessment.

7.1 OVERVIEW COMMENTS

3

L

W

The University of Ottawa Facility, together with the computerizad
data acquisition, engine control and data reduction sofstware
systems developed, meet the reguired préciSLon and test repeata-
bility needed for fuel-to- uel comgarisons. '

TDC was accurately lccated for the engine tests. Further, it
was found that location of TDC must be within *0.l crank angle
degrees for accurate indicated horsepower or indicated para-
meter calculations. From the 107 TDC measurements made, the

standard deviation was 0.08, .thus the above lccaticnal precis-
ion is achievable.

For the 8VS3T engine, a *1.0 degree error in locating TDC would
result in a calculated IEP error of frem 31.5 zc 32.5 IEP, or
approximately 10%. For fuel-to-fuel comparisons, it was judged
that a 1% error was the maximum that could be tolerated, thus

‘the TDC locational accuracy of *0.1 crank angle degrees was

requ;red. .
A digitizing rate of 0.2 crank angle degrees (1300 points/revol-
ution) was found, through a number of cross-correlation and re-
peat test studies, to be adeguate for IHP calculations even cn
rough combustion fuels. However, this rate was judged to be the
minimum requirement as it just barely characterized pressure
waves adequately for integral evaluation. Furthekr, averaged >-CAa
curves were found to be very desirable, if nct necessary. How-
ever, this digitizing rate was not adeguate t©o characterize ex-
2losive detonation or knock.

Maximum torque Zrake characteristic curves (standard engine tesc
procedure), as well as nart lcad brake charactaristics, wers
found to preovide valued infermation. Howewer, such informaticn
did not provide any significant insight into ergine/fuel compat-
ibility and could; in fact, premote misleading judgements in this
area.
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Indicated parameters were judged to pr
into engine-fuel behaviour, as they ¢

combustion space monitoring. They too
any.obiective assessment of engine/fue
preliminary judgement of angine duraki
acteristics, thevy alsc cculd promote mi
these areas.

-

Unlike brake parameters howevér, indicated parameters are diZ-
ficult to measure and do require sophisticated instrumentat-
ion, numerical evaluation and precise kncwledge of beth the
engine under test and the location of TDC. Such measurements
do require ccmputerized systems and a very high digitizing
rate capability.

t1

o fuel-to=-Iuel ccmoa-isons, combustion garamater character-
- *and

zation was judged to be necessarvtand the onalv Daramears wilish
rovided some direct insighz into enclne/ “uel compatibility and
erhaps englne durability. Both maximum cylinder pressures and

ressure rates were judged to be lmoortaﬁﬁh¢n.such an assessment.
or the 8V53T, pressure rates were judged to be the major ecncern
or the off-specification fuels.

H\”l'U 'gog b

In general, it was found. that evaluaticn of pressure rates was
not defined (i.e. a standard of measurement with raspect to

crank angle spén must be identified) nor is the interprstation
of pressure rates well un?&:stood.

Zowever, it is well understocd that maximum pressurs ratss wiil
occur during the early stages of diesel zcmbusticn with ni
rates roughly correlating with ignition delavs or fuel cetaneg.
numbers. '

In this studv a 'combusticn delay' was defined which was judged
(for the engine and fuels tested) to be more tractable and appli-
cable than ignition delay. It further showed an independence
from engine speed. b '

»

The strongest correlation Zcund was between pressure rates apd the

combustion development pericd J(time Zrom onset Zo well
combustion in °CA or the differancs betwesn oom
= A

delays). The correlation asplied to all Zuels
lead settings.

SRFRISCEPRITPIL TR W~ - )
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: .8,  The concept of parameter mapping proved to be the most infor-
mative data presentation format of all. OQptigum or critical
engine operating areas became highlyj visible and dJefinable
and engine-fuel trends were éasily iYentified, none of which
gcould be determined or confirmed f£rom conventional character-
istic performance curves.

. The concept of mapping these parameters is new, thus, reading
' and interpreting the wealth of information contained in these
maps requires development. Computerized interpretation and
especially map-to-map comparison techniques deserve consider-
ation and investigation.

However, development of a complete engine~fuel map set (brake,
indicated and combustion parameters) requires massive data com-
pilation and handling as well as sophisticated software Icr re-
diction and presentaticn. For these studies, approximately
10,000,000 samples of data per fuel were recorded. This cem-
pilation of data is not considered tec be excessive for this
task and could easily increase substantially if higher digiti-
zing rates are invoked. '

Pl

7.2 ENGINE-FUEL ASSESSMENT -

Although further studies diregted at krock evaluaticn are re-
commended, the evidence developed to te strongly suggests:

1. _Fuels 3 and 4 (both off-specification fuels) result in very,
high pressure rates which occur over large portions of the op-
erating range of the engine. These rates were observed to give
rise to substantial pressure waves and gas vibrations. It is
the opinion of the author that such combusticn behaviour could
result in premature engine failure.

.

)

This concern was briefly reviewed with the engine manufacturer
who did not share the same degree of concern. Cylinder pres-
sures were seen to be the Xxey factor and the manner in wnhich
oressure built to that level (i.e. the pressure rate prciiles)
was 1ot too important.
Again, the author 3Joes not share that cpinicsn. Whil
rates perse may not be the facter, they do give rise to
- wvibrations which will Zatigue engine component
rortant, result in nigh metal temperatures and |

.%-
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Certainly, considerably more research has to be done in this
area before difinitive pressure rate thresholds can be estap-
lished. The author does believe that the acceptable pressure
rate threshold is being exceeded by these off-specificatioh
fuels. . : .

However, both Fuels 3 and 4 gave good characteristic performance
and would net result in a lower power response from the engine.
Indeed, for Fuel 4, the reverse is true, increases in power were
judged to be sufficient, to ke decernable by a vehicle operator
and could be the selected or preferred fuel. (Engine transient
studies, i.e. operation over a prescribed duty cycle, were not
conducted but should 'be considered).

b L7

The pressure rate problems .occur in the earlybccmbustion devel-
opment period and an easy (obvigus) 'fix' is not to be expected.
It is, hcwever; the opinion of the author that a physical (engine)
'“fix' is not to be eliminated. Research should centre about con-

trelled fuel injection timing and injection schedules.

In general, based on the experimental evidence' to date, the author

would advise caution against any extended or wide spread Zield use of

these fuels prior to beth transient and durability studies being conducted.
As a minimum, the author vecommenés a thorcugh review of these findings
with the engine manufacturer regarding engine desﬁgn limits (re. zressure
rates, cvlinder peak pressures, etc.) and engine warranties when using
these off-specification fuels.
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