NREL/TP-425-6354 « UC Category: 1504 » DE95000238

Diesel Fuel Com ent Contribution
to Engine Emissions and
Performance

Final Report

Jimell Erwin

Thomas W. Ryan, 11

David S. Moulton
Southwest Research Institute
San Antonio, Texas

NREL technical monitor:
C. Colucci

National Renewable Energy Laboratory

1617 Cole Boulevard

Golden, Colorado 80401-3393

A nafional laboratory of the U.S. Department of Energy
Operated by Midwest Rsearch Institute

for the U.S. Department of Energy

Under Contract No. DE-AC36-83CH 10093

Prepared under Subcontract Number YZ-2-11215-1

DISTRIBUTION OF THIS D UNLIMITEB




This publication was reproduced from the best available camera-ready copy
submitted by the subcontractor and received no editorial review at NREL.

NOTICE

This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any
warranty, express or impiied, or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the United
States government or any agency thereof.

Available to DOE and DOE contractors from:
Office of Scientific and Technical Information (OSTI)
P.O. Box 62
Oak Ridge, TN 37831

Prices available by calling (615) 576-8401

Available to the public from:
National Technical Information Service (NTIS)
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161
(703) 487-4650

F 4
L .‘ Printed on paper containing at lsast 50% wastepaper and 10% posteconsumer waste




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document. |



Table of Contents

SECTION PAGE
INTRODUCTION ... .ttt it te e e e me e aee et aaaeaseianssssnnnnnsss 1
Background Literatare .. ... ... .. it it it i ittt sttt e e 2
OBIECTIVE ..t ittt ittt ettt eee i e tnaarstnonacaronnsooeeansnnasennns 2
APPROACH . ...ttt ittt ittt ce it e e it ot oatonenaroansonaaaseanannnnsn 3
Materials and ProCESSINg . ... v it r i i ettt 4
Petroleum Stocks and Products ... ..o i ci i i s it s 4
Fischer-Tropsch Liquids . ...................... e e e et aec e 4
o 1T 1 e e et e e 6
F 01541V 8
Laboratory Evaluation . ... ... ..t iinrenntosnrean v rarenerananeeotonasssoonens 8
Combustion EXPEeHMENtS . . .. ... oottt ittntrsonnecosronocnsoaansonenneonananes 11
Ignition Quality . ... ... ... ..ttt ittt titee i ontsaersr i annan s 11
Engine Tests . ................ 5000000500000 a000 0000000006800 a0069300000000 0 11
Test Engine . . ....... et e e e et e e e 12
Instrumentation . .............. i e e st e e 12
TSt PIOCEAUIES . . v v vt i i v ettt e e e s s maene s ettt e 14
RESULTS AND DISCUSSIONS . . ... ... i ittt e ittt aanasannnen 16
AN . o ittt ittt et e aaa it et 16
ATOMALCS .+ . v v v vt v et ee s aa e ca et 16
Cetane INAeX . . ... ot i e i e el ee e e er e e e 22
CVCA ReSUIS . . ..ttt ittt insasacanneoenronerosonssninsannorannneenaeees 24
Engine Ignition Quality .. ... ... . ittt ittt i i e et 32
Performance and EmisSions . ... ... ... i it i i it s st 39
Task 3 Clean-Fuel SIudy . ... .ottt e iitnteetoieninoeseroeoanorenanasaanans 47
Determining Biend Composition for Low-Emission Fuels . . .. ... ... ... ... ... 47
Clean-Fuel Experimental Results and Discussions . .........c.cc0iiieinrermcnnaaaaaann 49
Fischer-Tropsch FURLS . . ... it ittt ittt e it i it e eeesnasnreaennn 49
Low Emissions Fuels ......... feenas B 00O bCO00000GD000D00000G0000060000000aacC 55
Clean-Fuel DiscussiOn . ... ..ttt ittt sttt sereeaaeasonaanantanan 60
SUMMARY AND CONCLUSIONS .. ... . it enatrtssaacaeeaanaaananes 61
ACKNOWIEAGIMENLS . . .. .ottt it ittt et e e e ee e et e e ee et 64
2 7 = o P 65
Appendix A. Detailed analytical TeSUIS, .. .. .. ... v'vvnnnnnernnennenaneeeannennss A-1
Appendix B. VCR Enginemodification . ... ..... ... ... .. ittt aiiennennn B-1
Appendix C. Task 3 "Clean Fuel" results ........ e e e e e i e C-1




List of Figures

FIGURE
1 Sequence of operations formaking thetestfuels . ............ ... .. ..o i i,
2 Schematic diagram forthe diesel-fuel assay . ... ........ .. . i ineiann.n
'3 Constant volume cOmbuUSHON aPPATAMIS . . . . .4 ..o vt it it
4 Variable compression ratio profile schematic . ......... ... .. ... ..o i il
] Cetane number calibration curve . ... ... .. ... ... i i i
6  Aromatic carbon vs. the 50% point temperatures for LCGOs . .. ........ ..o vvunt
7 Aromatics vs. boiling point for LCOS . .. ... ... it it e
8 Aromatics vs. boiling point for LCGOS . ... . ... ot i e
9  Aromatics vs. boiling point for SRDS . .. ... . ..ttt i i i
10 LCO aromatics distribution .. ... . ... . ..t it ittt e mar s
11 Cetane index by ASTM D 976 & D 4737 vs. LCO D 86 50% temperature . . ..........
12 Cetane index vs. the S0-percent point for LCGOs  ......... . ot
13 CVCA cetane number calibration curves .. ... i in ittt arenoannsnses
14 CVCA cetane number of LCOs at 582°C . . ... ... . ittt iaananans.
15 CVCA cetane number of LCGO at three test temperatures .. ..........c.ccvuunn..
16 CVCA cetane number of SRD at three test temMperatires . . .. .o v v v vi v vernmorenanas
17 CVCA cetane number of LCGOs at 582°C . . ... ... . it a s
18 CVCA cetane number of SRDs at 582°C . ... .. ... ittt it it iarannnn
19 CVCA cetane number vs. aromatics for the three feedstocks . . ............. ... ...
20  CVCA cetane number vs. cetane index for the lightcycleoils . . ... ................
21 CVCA cetane mumber vs. cetane index for the straight-run diesel fuels . ... ...........
22 VCR cetane number vs. CVCA cetane mumber .. ......civi it onvuannnny
23 Cetane number (VCR) vs. the average boiling point for the light-cycleoil ............
24 Cetane number (VCR) vs. the average boiling point for the light-cokergasoil .........
25 Cetane number (VCR) vs. the average boiling point for the straight-run diesel fucls
and Fischer-Tropsch fuels .. ... .. ... ... i i it
26 Effect of hydrogenation by boiling range . . ... .. co vt ittt ittt
27  Cetane numbers of biends of F-T distillate with diesel components .................
28 Hydrocarborn: emissions vs. viscosity for the Mode 1 test condition .. ...............
29  Power variations in Mode 1 vs. apparent combustion efficiency ....................
30  NOx emissions vs. NMR aromaticcontentforMode 1 . ............. ... .. ... ...
31 NOx vs. cetane number (VCR) for Mode 1 .. .. . .t it it e e e et e e ee e
32 HC emissions vs. fuel fractions forthe F-T fuelsatMode 2 ......................
33 Bosch smoke number vs. fuel fractions for the F-T fuelsatMode 2 .. ...............
34 . VCR cetane ratings of the Fischer-Tropschmaterials . ............cc0venuennnnn
35 Nitric oxide emission data for the Mode 2 testcondition . ., .. ...... ... ... o v oty
36  Bosch smoke numbers for the Mode 2 test condition . ..........................
37 Hydrocarbon emissions for the Mode 1 testcondition .. .. .. .....................
38 Hydrocarbon emissions for the Mode 2 testcondition .. ... ....... ... ..t aa..
39 Emissions parameters for all test materials at the Mode 2 test conditions ..... e
40 Aromatic content of the low-emission fuels .. ... ....... ... .. i,
41 VCR cetane numbers of the low-emissionfuels . ... ... ... ... .. ... ... ... ...,
42 NOx emissions for the low-cmissions fuel at Mode 2 .. ... .. ittt ittt enernnsn
43 Hydrocarbon emissions for the low-emissions fuelsat Mode 2 ....................
44 CO emissions for the low-emissions fuel at Mode 2 . ... ..., ... ... ...

iii




List of Figures

(Continued)
FIGURE | PAGE
45 Bosch smoke for the low-emissions fuelsatMode 2 .. ... ... ... it ieennnnn. 58
46 Emissions parameter, calculated and measured, atMode 2 . ... . ... ....... ... ..., 59
47  Emissions parameter, calcuiated and measured, atMode 1 .. ... ... ... .. ... ... 59
48

Emissions parameters for all test materials at the Mode 1 test conditions ............. 60

iv




List of Tables

TABLE

Feedstock PrOperties . . ... cv ittt it it ittt e it s
Processing Parameters . . .. . ..o v iuinmrens sttt
Corresponding Boiling Ranges of Fractions . ........... ... . i,
Engine Specifications . . ... ... ...ttt i i i et
Test Condition for Ignition Quality Rating ............... . ... i,
Test Condition for Performance and Emissions .. .......cciviii i inn v nsnns
Partial Results for Distiflation Fractions . ......... ... .0l iainann
Ignition Delay Times, CVCA Cetane Numbers, and Arrhenius Coefficients
Low-Emissions Fuels Description . . .. .. v v it v tnn i iencrarrriaosunssrsasanesns
Computed and Measured Properties of the Low-Emissions Fuels . ..................
Task 3 Correlation Inputs . . .. . ...t i it it i it

OV WN =




Executive Summary

Emissions and performance have become the dominant factors governing the acceptability of diesel fuel.
The properties of the diesel-blending components and the role of altemative fuels for exhaust emissions
are the subjects of this report, Correlations were made for exhaust emission components and engine
performance from a very carefully prepared set of test fuels designed to reveal the relationships arising
from blendstock composition and origin.

Because full-boiling diesel fuels show wide quality variations and the history of most commercial fuel is
difficult to determine, a detailed study was made of three petroleum blendstocks and two alternative
components in the diesel boiling range. The blendstocks were hydrogenated at two severities to make
reduced sulfur (0.05 mass%) and low aromatic-content (10 vol%) products for each one. The original
stocks and components and their processed products were then each distilled into six to eight narrow
boiling fractions at 40°F intervals. This effort produced a set of 80 test fuel sampies for the program.

Each sample was then subjected to physical and chemical analyses in the laboratory followed by
combustion festing in a constant volume combustion apparatus (CVCA) and a variable compression ratio
(VCR) engine. Ignition quality was measured in several ways, and exhaust emissions composition were
obtained for ali samples that could be run in the combustion tests (several fractions were t00 viscous to
test), The matrix of results thus obtained was examined statistically for coverage of the variable space and
for autocorrelation. This large data set was used to construct correlations for cetane number and the key
emissions components.

The properties of the test fractions and the correlations were inputs to the last phase of the work — a
"Clean Fuel Study”. A set of fuel specifications was devised to represent a future low-emission diesel
fuel. Using linear programming to caltculate proportions of each component to use, several blending
concepts were examined. These included:

¢ minimum overall emissions with and without altemative components,
s a series of varied aromatic compositions at 55 cetane number,
+ a series of blends with 15 vol% aromatics having variable cetane number.

A set of 10 minimum-emissions recipes was developed, test fuels were blended, and combustion tests were
made just as had been performed on the 80 fractions. The predictions compared very well with measured
results and were the basis for 13 conclusions. The rest of the executive summary outlines some of the
“details of the project.

RATIONALE

The broad objective was to relate diesel fuel exhaust emissions 0 chemical composition and physical
properties, The approach usually used for such 2 study has been to blend or analyze full boiling-range
test fuels for engine studies. In the current work, the broadest region of concentrations -of the various
hydrocarbon types encountered in diesel fuel was preserved by working with the diesel fuel components
directly, rather than specification fuels. To separate the effects of boiling range (or molecular weight),
distiliation was used as a probe of the test fucls and by this means, a broad range of physical properties
was also obtained.

This emphasis on stretching the boundaries of physical and chemical variables assured good coverage of
the variable space for the mathematical correlation of measured performance and emissions. This course
was settled upon because a study of pure compounds in the diesel range represents an impossible amount
of work, and the ability to describe the multiple interactions is not developed. The more practical approach




of making narrow boiling-range cuts and using hydrocarbon type analyses gave good coverage of the
variables and still allowed attribution of results to the hydrocarbon stream used for the source.

The correlations were used to design low-emission, proof-of-concept test fuels in the last phase of the
work. This too required careful reasoning in the choice of general diesel specifications. While exploring
the lowest emissions available from the current set of 10 diesel blendstocks, the blends were kept within
specifications recognizable by contemporary engines. Also, by making several low-emission test fuels,
the effect of cetane number was allowed 1o float and represents the options facing engine designers and
regulators today. '

FEEDSTOCKS

In today’s refineries, diesel fuel is blended from a variety of streams in the 350° - 650°F (177°- 343°C)
boiling range, but it is the materials made from boiling-range conversion processes that are most often
implicated in poor performance and emissions. These problem materials include products of coking and
cracking, Accordingly, feedstocks for the Diesel Assay were:

® light cycle oil (LCQ), product of catalytic cracking
m light coker gas oil (LCGO), made by thermal cracking

Cracked materials typically come from gas oil or residuum conversion and thus represent the higher-
boiling, more aromatic materials in the refinery. A typical, high quality diesel component was selected
to balance the blends:

® straight-run diesel (SRD), a paraffinic basestock

An alternative fuel stock available in pilot-plant quantities and attractive to consider for future use in diesel
fuel is the diesel fraction of indirect coal liguefaction such as Fischer-Tropsch (F-T) liguid.

In this study, two different F-T diesels were included:

& diesel distillate (F-T1), from Arge wax cracking
® straight-run diesel (F-T2), from the Air Products DOE pilot piant

These materials are almost all paraffins and represent a high cetane-number candidate for diesel blending.
PROCESSING

Hydrogenation was used at two severities: (1) to lower sulfur to ~0.05 mass%, and (2) to lower aromatic
concentration 1o 10 vol%. These levels were chosen in view of current and projected pollution-control
regulations, which prescribe limits on sulfur and aromatics. For all work, commercial nickel molybdenum
catalyst was used with reactor temperatures in the 630° — 710°F range and pressure 600 — 2300 PSIG.
The SRD was low in sulfur, so only a low aromatic, straight-run diesel was produced (LASRD). For the
LCO and LCGO, both low sulfur (LSCLO and ISLCGO) and low aromatic (LALCO and LALCGO)
products were produced. The F-T liguids required no processing. All the processing work was done in
the U.S. Department of Energy (DOE) Alternative Fuels Utilization Program, Alternative Fuel Center at
Southwest Research Institute, which was established under the DOE Altemnative Fuels Utilization Program
(AFUP). -

This work yielded 10 materials for further study. The first step was to distill each of the 10 liquids into
six to eight fractions of approximately 40°F (22°C) boiling range. The distillations were conducted with




a procedure similar to the ASTM D 2892 vacuum distillation. This gave a set of 80 samples, ¢ach
approximately two liters in volume, for 1aboratory and combustion testing.

LABORATORY ANALYSES
The suite of laboratory analyses was applied to the 80 fractions made by vacuum distillation. These tests

were selected to emphasize the properties believed to be most responsible for performance and emissions,
aromatic structure and boiling range. The tests included:

® Distiliation ® Hydrocarbon Type
-D 86 _ - D 1319, FIA
- D 2887 - D 2425, GC-MS
- NMR
- UV Aromatics
n Density
® Elemental
- carbon, D 3178
- hydrogen
- sulfur, D 2622
B Aniline Point
® Smoke Point
® Pour Point & Cloud Point B Viscosity
- 40°C
- 100°C

B Refractive Index

The multiple measures for aromatics represented by the four hydrocarbon type methods were chosen
because of variation in values determined among aromatics content measurement methods. While some
duplication resulted, different purposes were served including a more definitive determination in the case
of the NMR analysis and more widespread availability exemplified by ASTM D 1319 Fluorescent
Indicator Analysis (FIA)

COMBUSTION TESTING
CVCA

The 80 fuels in the main fuel matrix were tested at three different temperatures and pressures in a constant
volume combustion apparatus. The results of these experiments, in the form of autoignition delay times,
were used o develop Arrehenius expressions of the delay time as functions of temperature. These resulis
indicated that the ignition delay times were strong functions of the boiling point distribution and the
temperatures. The activation energies were also observed to be related to the boiling point distribution.
Cetane numbers, determined from the delay times, also were strongly related to the boiling point of the
fuel fractions and the feedstocks used to produce the fractions.




VCR Engine Tests

The 80 fuels were also tested at six different speed-load conditions in a direct-injection, variable-
compression-ratio (VCR) test engine. The engine was designed specifically for fuels evaluation, and
incorporated a bore-to-stroke ratio, swirl ratio, injection system characteristics, and combustion chamber
geometry similar to current technology, two-valve engines. The engine was used to rate the ignition
quality of the materials and to document the performance and emissions characteristics at five different
speed-load test conditions.

STATISTICAL ANALYSIS

The results of the ignition quality measurements, in terms of a VCR cetane rating, compared very well
with stmilar results obtained in the CVCA. The performance and emissions data were used to develop
regression equations for the emissions and selected performance parameters in terms of the fuel
composition and properties. Eighty-one different fuels and engine combustion variables were included
in the statistical analysis. Preliminary analysis indicated the importance of (1) aromatic type and guantity,
(2) cetane number, (3) boiling point, and (4) relationships to other hydrocarbon constituents. These
relationships all appeared to be linear in the range of interest in this study.

CLEAN FUEL STUDY

The fact that the fuel properties were linearly related to the emissions justified the use of linear
programming to design 10 low-emissions fuels using the same blendstocks and components that were used
to develop the data base. These new fuels were tested following the same procedures that had been used
in measuring the properties of the 80 test fuel samples. The results indicated that using standard linear
programming techniques, where the emissions were treated as properties of the components used in the
biending, that low emissions fuels can be formulated using the emissions as blending parameters of the
fuel.




Introduction

Contemporary diesel fuel is a blend of several refinery streams chosen to meet specifications. The need
to increase yield of transportation fuel from crude oil has resulted in converting increased proportions of
residual oif to lighter products. This conversion is accomplished by thermal, catalytic, and hydrocracking
of high molecular weight materials rich in aromatic compounds. The current efforts to reformulate
California diesel fuel for reduced emissions from existing engines is an example of another driving force
affecting refining praciice: regulations designed to reduce exhaust emissions.  Although derived from
petroleum crude oil, reformulated diesel fuel is an altemative to current specification-grade diesel fuel, and
this aliernative presents opportunities and questions to be resolved by fuel and engine research.

Various concerned parties have argued that regulations for fuel reformulation have not been based on an
adequate data base. Despite numerous studies (Ryan et al., 1981; and Ryan, and Erwin 1994}, much
ambiguity remains about the relationship of exhaust parameters to fuel composition, particulatly for diesel
fuel. In an effort to gather pertinent data, the automobile industry and the oil refiners have joined forces
in the Air Quality Improvement Research Program (AUTOQ/OIL) to address this question for gasoline
(Bumns, et al., [1992]). The objective of that work is to define the relationship between gasoline
composition and the magnitude and composition of the exhaust emissions. The results of the AUTO/OIL
program will also be used, along with other data bases, to define the EPA "complex model” for

' reformulated gasolines. Valuable insights have been gained for compression ignition engines in the
Coordinating Research Council’s VE-1 program, but no program similar to AUTO/OIL has been started
for diesel fuel reformulation. A more detailed understandmg of the fuel/performance relationship is a
readily apparent need.

The increasingly stringent restrictions on emissions from diesg! fuel-powered vehicles pose a challenge
for both existing petroleum fuels and proposed fuels from alternative sources. The U.S. Environmental
Protection Agency (EPA) regulation limit particulates to 0.25 grams per braking horse power-hour{g/ohp-
hr) in 1991 for trucks and 0.1 g/bhp-hr for city buses in 1993; in 1994, the limit will drop to G.1 g/bhp-hr
for all vehicles (Slodowske et al., [1992]). Canada is expected 1o adopt the same limits eventually, and
Mexico will have similar standards for urban vehlcles '

EPA has not prescribed the method for meeting the emissions requirements for diesel engines. Engine
manufacturers have developed significantly cleaner engines without meeting the proposed standard in ali
cases. EPA issued regulations that limit sulfur content of diesel fuel to 0.05 weight percent (wi%) and
impose a minimum 40 cetane index to cap aromatics content at present levels (Federal Register, 1989).
The California Air Resources Board has also announced regulations that control diesel fuel sulfur content
to less than 0.05 wt% and the aromatics content to less than 10 vol%.

Available data indicate that the control of sulfur, aromatics, and cetane number will add significantly to
the cost of producing diesel fuel. Moreover, the cost will probably increase further because the legislative
forces driving the quality of gasoline generally have adverse effects on the quality of diesel fuel feed and
blending stocks. These factors, and the ultimately hmltcd supply of petroleum, place continued importance
on the role of alternative fuels in transportation,

This report presents the findings, of our study "Diesel Fuel Assay of Performance and Emissions”. With
the broad objective of relating diesel exhaust emissions and diesel performance to chemical composition
and physical properties, this sndy also addressed the more specific concerns of the effect of hydrocarbon
type. Southwest Research Institute (SWRI) chose the starting materials to provide insight about source and




upgrading method as they affect ignition quality and emissions from different samples meeting the same
limits on sulfur and aromatics, but with different processing histories.

Background Literature

Sulfur and aromatics concentrations increase with boiling point. For example, Jower concentrations of
aromatics and sulfur typically occur in D-1 fuel, whose boiling range of 300°— 550°F (149° — 288°C) is
lower than that of D-2 fuel with a 350°~ 650°F (177°— 343°C) range. What has not been shown is which
of the highest boiling components are most responsible for particulate emissions or which components of
refinery streams would benefit the most from processing to reduce emissions precursors (Grant et al.,
1991). The approach vsed for detemmining the effects of fuel composition on engine behavior has been
to blend or measure full boiling range fuels for engine tests (Tosaka et al., 1989). For instance, siudies
at the University of Wisconsin (Foster ¢t al., 1987) and the Pennsylvania State University (Buzza et al,
1987) found little effect on performance and emissions attributable to fuei composition.

“In contrast, Weidmann (1988) found that fuel properties have a small, measurable effect on emissions
using a VW 1.67-liter, 4-cylinder engine. Hydrocarbon emissions were found to be a function of fuel
cetane number, with volatility exerting a stronger influence for low cetane-number fuels. Particulate
formation was a strong function of fuel density and distillation range.

Southwest Research Institute studied engine emissions for the U.S. Burean of Mines to investigate the
effect of diesel fuel composition to benefit engines used in underground mines (Ryan, 1986). Test fuels
included reference diesel, JP-7 (a narrow-cut jet fuel with extremely low aromatic and sulfur contents and
naturally high cetane number), alcohol/diesel mixtures, water/diesel emulsions, and methane with pilot
injection. The results of these experiments indicated that the jet fuel was lower in emissions than diesel,
but that the water emulsions were more effective in reducing both nitrogen oxides (NOx) and particulates.
Aromatics and sulfur were also shown to affect particulate emissions. Fortnagel et al., {1983) found NOx,
hydrocarbon (HC), carbon monoxide (CO), and particulate emissions to be subject to aromatic content in
a Mercedes Benz prechamber-type engine. Gairing (1985) found Iarge effects on exhanst emissions and
fuel consumption attributable to fuel properties.

The work of Ullman et al., (1989,1990), in support of the CRC VE-1 Program, demonstrated that
dominant fuel parameters affecting diesel engine performance and emissions are sulfur content, cetane
number and aromatics content. Recently reported work by Miyamoto et al., (1992), McCarthy et al.,
(1992), Nikanjam (1993), and Cowiey et al, (1993) all confirmed these findings, with the general
consensus that sulfur content has a significant effect on the particulate emissions, and the cetane number
may be the dominant factor in controlling both the particulate and the NOx emissions.

The diversity of these results is typical of the literature and emphasizes the strong influence that the engine
type has on emissions from a given fuel. These studies were also performed with full-boiling fuels and
made no attempt to segregate fuel properties by boiling range. Cookson et al., (1988) attempted to
determine the effect of hydrocarbon-type composition on the diesel index (Method IP21) and cetane index
(ASTM D 976) in 54 fuels, again using full-boiling materials.

Objective

The overall objective of this work was to determine the relationships between the fuel feedstocks and fuel
processing, properties, and composition, and the resulting combustion and emissions characteristics in a
diesel engine. One tool for this determination was the selection of blendstocks, rather than fuli-boiling




dieset fuels; therefore, a subordinate goal was 10 choose materials with greatest significance for
performance and emissions — the cracked stocks and aromatics.

Approach

Achieving the primary objective required meeting several intermediate objectives. These intermediate
objectives included producing a consistent set of performance, emission, and composition measurements
on a matrix of diesel fuel components distinguished by source and processing history. To do this, we had
to obtain careful physical and chemical characterizations. '

The next step was the use of boiling range as a probe for the measured properties, and this goal was
achieved by producing narrow distillation cuts of the test fuels much like fractions are produced in a crude
oil assay. This led to the nickname for the project, the Diesel Fuel Assay. '

The results obtained were evaluated for their ability to describe the influence of the measured properties
on the ignition quality and exhaust composition of the test samples. These results were then
mathematically fit to the property descriptions to derive predictive equations. Finally, 2 matrix of test
fuels was prepared. In summary, the steps were: '

Feedstock selection and characterization

Processing feedstock to controlled sulfur and aromatics compositions
Fractionation and detailed anatysis of products and fractions
Updating combustion tests to reflect near-term technology
Performance and emission tests of stocks, products, and fractions
Smdy and correlation of analyses and combustion tests
Demonstration and verification by low-emission fuel blends

- . & @ » » -

Figure 1 shows the sequence of operations for making test fuels. Petroleum and coat-derived components
were selected to represent the most difficult portions of the blending pool to conform to performance and
emission goals of modem diesel engines. The petrolenm components were reduced in sulfur and aromatic
content by pilot-plant hydrogenation before distillation into selected boiling point ranges. The approach
attermnpted t¢ improve on the resolution of previous studies using full-boiling test fuels by examining the
five starting materials in narrow fractions of the diesel fuel boiling range.

Sstumies
Compone Pilot Plant > . Columh 5| | shoratory [ ™] Combustion
Selection | [Processing Ple | |separation | Aromatics
: Distiliation 5| Anclyses Tests
SFemistocks 2 Saverities £3 Fractions 2Types 14 Methods 2 Approaches
SRD Low Sulfur 400*F cuts pius Suturates ASTM CVCA
1CO Low Aromatics ond cuts Aromatics Instrumental VCR
F1-1
FT-2

Figure 1. Sequence of operations for making the test fuels




We analyzed the resulting fractions of feedstocks and products for chemical composition and physical
properties that would be most revealing for ignition quality and particulate generation. All samples were
then tested for engine performance and emissions. Correlations of the emission behavior were used to
guide the biending of proof-of-concept test fuels, This "Ciean Fuel Stady” was intended to deliver low-
emission fuels while observing all other necessary (ASTM D 975-type specifications) properties. The low-
emission fuels were tested in a similar manner as were the original samples. The details for each of the
steps are presented in the following sections.

Materials and Processing

In modem refinery practice, diesel fuel has become a blended product composed containing a variety of
streams in the 350°F — 650°F boiling range. The need to increase the yield of transportation fuel from
crude oil has resulted in converting increased proportions of gas oil (>440°F-or >227°C) and residual oil
(resid) to lighter products. This is accomplished by thermal, catalytic, and hydrocracking of higher carbon
number compounds rich in aromatics. Of the refinery streams blended into diesel fuel, the higher boiling
and more aromatic ones are implicated in particulate and hydrocarbon emissions.

Products from resid conversion and gas oil cracking contribute a variety of aromatic and high molecular
weight compounds to the diesel fuel blending component pool. In this study, we chose the test
components to emphasize the streams which present the greatest challenge to performance and emissions.

Petroieum Stocks and Products

Efforts were made to obtain typical streams of the desired composition from willing refiners. Accordingly,
we choose feedstocks for this study to include products from resid conversion and gas oil cracking. The
test components ultimately chosen were:

. full-boiling straight-run diesel (SRD)
v light cycle oil from catalytic cracking (LCO)
. light coker gas oil (1.CGO) -

These materials, their products of pilot-plant processing (having controlled sulfur and aromatics
concentration), and two Fischer-Tropsch samples were examined in laboratory and engine tests. The
properties of the feedstocks appear in Table 1.

Fischer-Tropsch (F-T} Liquids

Two F-T liquids were considered in the current work to compare with the petroleum stocks. Indirect coal
liquids pose opportunities for diesel fuel both as a Bz source for motive force and as a high-cetane, low-
emission component for exhaust emissions control. F-T liquids are synthetic products made from coal or
other sources by gasification followed by reaction over a polymerization catalyst bed. The products of
this process are almost entirely normal paraffins. The DOE Office of Coal Conversion provided the first
material. The production and properties of this F-T distillate are fully described by Bludis et al., 1991.
An imported Arge wax was subjected to hydrocracking to produce liquid in the distillate boiling range.
We have designated this material FT1.

The second F-T sample was made by Air Products under DOE Contract (Bhatt et al., 1993), The
materials were supplied as hydrocarbon liquid and light wax. These samples were combined in a ratio
of 1.6:1 according to their proportion in production. This materiai, being lower in boiling range than the




Table 1. Feedstock Properties

ASTM Straight- Lightof..?ycle Light Coker Fischer-  Fischer-
[

Test Method Run Diesel as Qil  Tropschl  Tropsch2
Density Specific Gravity D 1288 0.8458 0.9480 0.8676 0.7770 0.8081
°API 358 17.6 31.6 50.6 436
g/miL 0.8453 0.9485 0.8671 0.7767 0.8077
Distiliation, °C/°F D 86
IBP* 353 367 385 368 363
5% : 428 457 420 396 3N
10 466 476 435 407 406
30 523 509 462 449 461
50 551 536 492 - BO2 509
70 : 581 . 573 528 550 547
90 635 €634 574 sg2 588
95 657 656 5380 606 606
EP* 672 689 608 620 627
Carbon, wi% D 3178 86.82 88.84 85.18 8492 82.62
Hydrogen, wi% 13.31 9.84 12.58 15.12 13.76
Sulfur, wi% D 2622 0.052 0.69 1.41 0.003 0.031
Hydrocarbon Type, vol% D 1319
Saturates ' 747 209 41.7 97.8 ND
Olefins ' 1.0 3.6 5.9 1.1
Aromatics 23.6 755 52.4 1.1
Viscosity @ 40°C D 445 3.52 316 2.56 2.42
@ 100°C . 1.34 120 . 110 1.05
Refractive Index @ 20°C D 1218 1.4718 1.5537 1.4797 1.4342 1.4414
Cetane index D 976 526 261 393 75.4 62.2
D 4737 546 23.89 389 81.4 . 648
UV Aromatics Total 11.4 437 15.7 0.2 1.6
Analysis Mono 4.3 6.3 8.4 0.0 0.1
Wt Aromatic Carbon  Di 58 28.3 5.9 0.0 0.0
Tri ' 1.3 9.1 1.4
Cloud point, °C/°F D2500 1/34 -10/14 Too 'dark -20/-4 -5/23
Pour point, °C/°F D 97 -1/30 -12/10 -30/-22 -20/-4 -9
Aniline point, °C/°F - bei1 73.0/163 9.8/50 47.6/118 928199  43.2/10
Smoke point, mm D 1322 17.2 6.2 133 35+ 40.0

* IBP - Initial boiling point; EFP - End point; ND - Not Determined




Arge wax, contained light process oils and oxygenates. From this mixture, a 350°~ 650°F straight-run
diesel sample was distilled, designated FT2.

Both F-T liquids were fractioned into controlied boiling-range samples. Batches of about 40 liters were
distilied in a stainless steel distiliation column under vaceum, and these samples were reserved for
laboratory and engine testing.

Processing

The three petrolewn feedstocks were processed to reduce sulfur and aromatics, then distilled into anatytical
samples. The processing and distiliation sequence was shown in Figure 2. The LCO and LCGO were
hydrogenated at two severities to reduce sulfur to 0.05 mol% and aromatic concentration to 10 vol% (per
ASTM D 1319), These levels were chosen in contempiation of the limits being applied to diesel fuel in
California and nationally. The straight-run diesel was naturally low in sulfur and was hydrotreated at one
severity to reduce aromatics to 10 vol%. The F-T stocks required no hydrogenation.

The hydrotreating was performed in the pilot plant of the U.S. DOE Alternative Fuel Center at Southwest
Research Institute.! The reactor was a fixed bed (7.5 ft X 2 in. diameter), containing 1.56 galions of
Criterion Trilobe HDN 60 nickel-molybdenum catalyst. The feedstocks were combined with hydrogen
gas preheated, and fed to the top of the reactor bed. After the reactor, two stages of pressure letdown and
product separation removed unreacted hydrogen and byproduct gases. The hydrogen was cleaned and
recycled, and the product was stripped to remove light ends and dissolved gases.

The process parameters for the hydrogenations are summarized in Table 2. The principal measure of

processing severity is the liquid hourly space velocity (LHSV), an inverse expression of residence time
in the reactor equal to the feed flowrate divided by the reactor volume expressed in consistent units.

Table 2. Processing Parameters

Avg Total Feed TJotal LHSV,
Temp, Press, Rate, H,, hr
*F/°C psig galtw SCFH

STRAIGHT-RUN DIESEL

High severity — low aromatics 630/332 1500 1.6 60 1.03
LIGHT-CYCLE OIL

Low severity — low sultur 710377 &850 19 110 1.05
High severity — low aromatics 686/363 2300 0.74 130 0.41
LIGHT COKER GAS OIlL

Low severity — fow sulfur 650/343 600 22 140 1.22
High severity — low aromatics 676/358 2200 0.88 117 0.56

'DOE Subcontract XS-2-12130-1
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Distillation

Efforts to separate fuels such as these into the individual compounds have been partially successful in the
laboratory. However, the number of compounds is extremely large, and therefore; it is, not possible o
study the combustion of each individual compound and all the possible interactions among the various
compouris. A more practical approach -— and the one used in this project — is to separate the fuels into
a reasonable number of fractions that can be studied in detail.

Each of the five feedstocks and the five hydrotreated products were distilled under vacuum into congruent
(comresponding cut point) boiling-range fractions. The foliowing beiling point ranges were selected for
the cuts: . '

Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 " Fraction 6 Fraction 7
Initial Bolling 440° - 480°F 480° - 520°F ' 520° - 560°F §60° - 600°F 600" - 640°F &40° - End
Paint Point

- 440°F
<227°C 227°— 249°C 249°%. 271°C 271°- 203°C 203°~ 315°C 315°—33s°C »338°C

Approximately 40 liters of each material were charged to a stainless steel ketfie and column, which was
operated along the lines of a ASTM D 1160 distillation. The actual ranges of the sample fractions differed
from these ideal cuts, and boiling range compariscns should be made among the cuts of closest
temperature range rather than fraction number. The number of fractions distilled from each feedstock and
product vary in number depending on the boiling range of the starting material. The most even alignment
of fractions is presented in Table 3. With the original five materials, the processed products, and all their
fractions, 8C sampies comprised the test fuel matrix for the Diesel Assay. _

LABORATORY EVALUATION

The five basestocks, five hydrotreated products, and their distillation fractions were characterized by
physical and chemicat tests and by combustion experiments as shown in Figure 2. The results appear in
Appendix A as Tables A-1 through A-10 and were the subject of an American Chemical Society paper
(Erwin, 1992). The laboratory measurements listed in the tables were applied to each of the 80 fractions
made by vacuum distillation. The Iist includes two measures of aromatic content: D 1319 and the
ultraviolet (UV) method (Kohl et al., 1991). Similar information can be inferred from the nuclear
magnetic resonance (NMR) measurements. The fluorescent indicator analysis (ASTM D 1319) is widely
used and is inciuded in emissions regulations. This analysis is regularly applied to diesel fuel samples,
although the method is designed for depentanized gasoline and relies on measurements of column length
taken up by saturates, aromatics, and olefins, made visible by fluorescent dye, hence the name FIA
(fiuorescent indicator analysis). The vol% aromatics determined this way can be affected by
cycloparaffins or polar materials. The low aromatic content and high cycloparaffin content of FT1, as well
as the oxygenates in FT2, made the results of D 1319 unworkable for these samples.

The UV method compares sample absorbance at selected wavelengths with reference spectra of solutions
of aromatics composed of representative compounds in the diesel boiling range. Because the absorbance
is proportional to the aromatic rings, wi% aromatic carbon is reported without regard to substituents. Both
methods are indirect, so instrumental analysis by gas chromatography/mass spectrometer (GC/MS) and
NMR were indicated.

The hydrocarbon-type determinations by ASTM D 2425 are presented in Appendix A, Tables A-11
through A-15. This method requires a separation of each sample into polar and nonpolar fractions, which




Table 3. Corresponding Boiling Ranges of Fractions

Feed #1 #2 #3 #4 #5 #6 #7 #8
:E %elected. <400 400-440 440480 480520 520-560 560-600  600-640 640+
Flaa?';lgpés <204 204-227 227-245 249-271 271-203 293-316  316-338 338+
IBP-EP and 5%-95% shown (°F)
STRAIGHT-RUN DIESEL
FL-1627 = FL-1793 FL-1794 FL-1795 FL-1796 FL-1797 FL-1798 FL-1798 FL-1800
°F - 353-672 282475 452515 476529 502-556 536-576 570-610 610-643 657-698
°C  178-356 139-246 233-268 247-276 261-291 280-302 299-321  321-330 347-370
°F 428.657 324-462 464506 484521 509-550 542568 576-802  616-638  663-691
°C 220-347 162-219 240283 251-272 265-288 283-208 302-317  324-337 351-366
Voi% 11.5 9.0 8.0 16.5 16.5 14.0 11.0 135
LOW-AROMATIC STRAIGHT-RUN DIESEL
FL-1873 FL-1876 FL-1877 FL-1878 FL-1879 FL-1880 FL-1881  FL-1882 FL-1883
°F  262-664 201-351 3614556 427488 474526 520-562 559-597  605-641 659-715
°C  128-357 94-177  183-235 219-253 246-274 271-204 293-314  318-338 348379
°F 380-644 212-334 381447 438480 480-515 528-557 567-591 613-635 670-705
°C  193-340 - 100-168 194-231 226-249 249-268 276-292 297-311 323335 354-374
Vol% 5.0 10.0 9.5 15.0 16.5 17.5 135 . 13.0
LIGHT-CYCLE OIL
FL-1538 FL-1555 FL-1556 FL-1557 FL-1558 FL-1559 FL-1560  FL-1561 -
*F 367689 382450 442-492 477-518 50B-544 542575 578-614 616734 -
°C  186-365 194-238 228256 247-270 264-284 283-302 303323 324390 -
°F  457-656 3B4-449 444479 481-503 514.534 546-566 582-801 635709 -
°C 286-347 196-232 229-248 249262 268-279 286-297 306-316 336376 -
Vol% 8.9 9.2 18.9 15,0 143 11.7 21.0 -
LOW-SULFUR LIGHT-CYCLE OIL .
FL-1615 FL-1850 FL-1851 FL-1852 FL-1853 FL-1854 FL-1855 FL-1856 -
°F  392-682 317-510 422544 458548 495572 533-505 593630 641738 -
°C 200361 158-266 217-284 237-281 257-300 278-312 312-332 324390 -
°F  436-642 356-481 440-516 460-533 502-5590 541-585 593-622  645-727 -
°C  224-339  1B0-249 227-260 243-278 261-203 283-307 312-328  341-386 -
Vol% 12.3 15.7 205 16.5 14.1 10.0 10.9 -
LOW-AROMATIC LIGHT CYCLE OIL
tcégrom (#0)* #y (#2)"  (#3) (#4)" (#5)" (#6)* -
FL-1562 FL-1566 FL-1567 FL-1568 FL-1560 FL-1570 FL-1571  FL-1572 -
°F 390-657 340419 402-453 433-488 472-514 511544 543574 599715 -
°C  199-347 171-215 206-234 228-253 244-268 266-284 284-301 315379 -
°F 354-684 354-411 411439 444474 476501 513-534 S46-565 603694 -
°C 1798388 179-210 211-226 220246 247261 267279 286296  317-368 -
18.3 15.1 10.0 13.6

Vol% 11.3 13.9 17.8




Table 3. Corresponding Boiling) Ranges of Fractions

{Continue
Feed #1 #2 #3 #4 #5 #6 #7 #8
LIGHT-COKER GAS OIL
FL-1440 FL-1548 FL-1547 FL-1548 FL-1549 FL-1550 FL-1551 - .
°F  B85-608 379481 440-401 480-526 521565 559-595 599-845 - -
°C 196-320 193238 227-255 248274 272-206 293-313 315341 - -
°F  420.500 391436 445478 485512 529-551 564-583 601-635 - -
°C 218310 199-224 220.248 252-267 276288 206306 316-335 - -
Vol 250 17.0 17.0 16.0 13.0 18.0 - -
LOW-SULFUR LIGHT-CYCLE GAS OiL
FL-1442 FL-1862 FL-1863 FL-1864 FL-1865 FL-1866 FL-1867 - .
°F  380-599 337-457 379-453 421-492 462-526 500-550 558-807 - -
°C 183315  160-236 193234 216256 239-274 260-288 292-319 - .
°F  416-572 354-441 885-467 430-481 472512 510543 585624 - -
°C  213-300 179227 202242 221-249 244267 266284 296329 - -
Vol 135 155 195 180 15.5 18.0 - -
LOW-AROMATIC LIGHT-CYCLE GAS OIL
FL-1443 FL-1597 FL-1598 FL-1598 FL-1600 FL-1601 FL-1602 FL-1603 -
°F 412512 358-430 304-466 429485 466-520 498-546 537-574  585-644 -
°C 211322 181-221 201241 221-252 241271 250286 281301  307-340 -
°F  429-597 871-421 401-449 442477 472-509 506-536 547-570  594-632 -
°C 221314 188216 205232 208247 244265 263280 286-209  312-333 -
Vol% 8.5 155 183 16.1 15.0 125 14.0 -
FISCHER-TROPSCH 1
FL-1840 FL-1898 FL-1869 FL-1800 FL-1901 FL-1802 FL-1803  FL-1904 -
°F 368-620 336456 386474 424-488 467521 511-557 547589 505638 -
°C  187-327 169-236 197-246 218-253 242272 266-282 286-308  313-337 -
°F 306606 352-438 305463 436-482 477511 519-549 555-583 605633 -
°C 202-319 178-226 202-239 224-250 247-266 271287 291-306 318334 -
C Vobb 20.0 115 11.0 115 13.0 155 157 -
FISCHER-TROPSCH 2 -
FL-2095 FL2115 FL-2116 FL-2117 FL-2118 FL2119 FLP120  FL-2121 -
°F 363-627 216392 316-428 358-537 302522 442506 482565  529-603 -
°C  184-331 102200 158-220 181-281 200-272 228-274 250286 276317 -
°F  301-606 266-372 326-408 377-450 418482 462-516 506-558  549-591 -
°C 199319  130-188 163-209 192-237 214250 230268 263292  287-311 -
Vol% 16.3 10.1 12.0 10.5 182 17.3 157 -

¢ LA-LCO fractions were numbered differently as shown,
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is a laborious process. To remain within budget, groups of samples were mixed 10 represent the middle
portion of the boiling range in some cases, as noted on the tables. We believed that little information
would be Jost by combining similar samples in this way. This presumption was verified by measuring
the whole set of sampies for the low-aromatic straight-run diesel. In these tables, the usual D 2425 report
for saturates and aromatics was simplified into a unified listing of hydrocarbon types for each sampte.

This characterization of the test fuel and fuel fractions was aimed at identifying the components in fuel
that contribute to differences in engine performance in terms of both power and emissions. A
comprehensive anatysis of the diesel fuel would entail identifying each compound present in the fuel Gf
such level of detail were possible). This approach would create more data than could be reasonably
handled and is extremely time-consuming and expensive, requiring two- dlmenswnal GC analysis and
laborious interpretation of the resulting data.

The next set of results concern the nuclear magnetic resonance spectroscopic.examination of the samples,
The work was performed at the University of Utah Chemistry Department. Table A-16 lists the regions
of chemical shift into which the responses for the samples were divided. The instrumental procedures for
the integration of these samples included: _

1. Long acquisition time (AT) is used to gearantee the necessary digital resolution.

2. Wide spectral width (SW = 20000 — 40 ppm) is used to guarantee that all protons are
equally excited.

3. Long d1 delay vsed to Iet protons fully recover between pulses.

The procedure for making the guantitative integration of the NMR spectra was as follows: Each spectrum
was first phased manually to have as flat a baseline as possible. Next, the spectrum was individually
referenced to the observed TMS line. The spectrum was then accurately divided into five chemical-shift
regions {Table A-16). This division of shifts has been used for correlation of fuel properties in the past
(Bailey et al., 1986). The baseline was again corrected with the TMS line also covered by a segment of
the integration line; integration was taken after the segment has been removed.

The results for all samples are reported in Table A-17. Variability (uncertainty) with each value is
reported in the tabie because the reproducibility of manual phasing could not be guaranteed. By repeated
integration on selected spectra the variability was estimated as around * 1.0%. For example, 30.5 should
be read as 30.5 10%

COMBUSTION EXPERIMENTS

SwRI has developed two different apparatus and procedures specifically for determining the effects of fuel
composition on performance and emissions. Several different pure compounds, fuel biends, and fuel
components have already been evaluated in these devices in previous DOE-sponsored projects at SwRI
(Ryan, 1987).

Ignition Quality

Ignition quality was determined in a constant volume combustion apparatus (CVCA). A small quantity
of sample is injected into a volume of hot air to simulate the conditions in a compression ignition engine
cylinder for estimation of cetane number. The CVCA, described in detail by Ryan (1985) and Ryan et
al, (1987, 1988) is shown schematically in Figure 3. The equipment consists of the constant volume
combustion bomb, a single-shot fuel injection system, and a data acquisition system to monitor the various
temperatures and pressures as the fuel is injected into the bomb, ignites, and bums. The pressure in the
bomb is measured and used o determine the ignition delay and the combustion rates. The ignition delay
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times, measured at various initial temperatures, have been used to develop Arthenius expressions for the
delay time as functions of temperature. In addition, the ignition delay time has been used to determine
the cetane number using a procedure described below.

The CVCA has been used to determine the cetane number of unknown fuels by comparing the ignition
delay time of the unknown fuels to a calibration of cetane number versus the ignition delay time. The
calibration is developed using several different blends of the primary reference fuels — hexadecane and
heptamethylnonane. Researchers have observed in previous studies that the calibrations shift periodically.
They have found, however, that the calibrations can be checked and adjusted wsing the results of
measurements of the 100 cetane number (CN) reference fuels. In the work reported here, the calibrations
were checked daily, and the calibrations did not shift appreciably over the duration of the measurements.
The CVCA measurements were stdied by Ryan et al, (1992), who measured the ignition and basic
combustion characteristics at three different initial temperatures in the CVCA.

Engine Tesls

The results obtained to measure combustion quality and emissions were from a single-cylinder research
engine designed at SwRI for studying fuel effects on combustion. The engine, described in detail by Ryan
(1987), was modified for this work to be representative of current-technology, two-valve per cylinder
engines. The engine was used to perform two types of experiments. Each fuel was rated for ignition
quality in one procedure and tested for emissions and performance in another procedure involving five
speed-load test conditions (termed Modes 1 through 5). Details of the engine 'design and configuration
are presented in this section, as are the test conditions and test procedures,
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Figure 3. Constant volume combustion apparatus
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Test Engine

The test engine is a single-cylinder research engine designed at SWRI for fuel-combustion research. The
general configuration is a two-valve, direct-injection, variable compression ratioc (VCR) engine. The
design is based on a CLR-type crankcase and a head and cylinder liner assembly designed and built at
SwRI, Variable compression ratio is achieved by moving the head and cylinder liner assembly relative
to the centerline of the crankshaft. A variation from 12:1 to 20:1 compression ratio was possibie in the
configuration used for these experiments.

The engine was modified to be geometrically similar to current, two-valve engines. The modifications,
as compared to the previously reported configuration Ryan et al., 1988) , included a new connecting rod
length and stroke length to achieve the desired bore-to-stroke ratio, and a modified intake port and valve
to achieve a swirl ratio of 2.7. The analysis used to arrive at this head design is presented in Appendix
B. The head and cylinder liner assembly are shown schematically in Figure 4, and details of the engme
configuration are presented in Table 4. _

Instrumentation

The amounts of test fuel available for testing were generally limited; therefore, efforts were made to
minimize the quantity of fuel required for flushing and filling the fuel system. Fuel flow was measured
volumetricaily using a calibrated burette that was connected to both the fill and retum ports of the
injection pump. The intake air was supplied using a large compressor. The air temperature, pressure, and
humidity were all conirolled, and air flow rate was measured and controlied wsing a metering contro}

valve.
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Figure 4. volume COMDUSTION ratio profile schematic
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Table 4. Engine Specifications

Bore x Stroke {(mmy) 86.5 x 104.9
Rod Length (mm) 166.5
Corrosion 12:1 to 20:1
Dispiacement (cnv®) 767.2
Deck Height (mm) 791004
Injection Pump (mm x mm) 11 x 1%
injection Pressure {MPa) 100
Combustion Chamber Mexican Hat
Re-enirant

Re-entrant Angle 25°

Bow! Opening (mm) 43.3

Bowl Depth (mm) 19.3

Swirl Ratio 2.7

The engine temperatures and pressures were monitored using a PC-based data acquisition system that
logged the data every 30 seconds. A water-cooled piezoelectric pressure transducer was installed in the
combustion chamber to measure the cylinder pressure. These data, as well as the corresponding injection
pressure and nozzle needle 1ift data, were logged every 0.5 degree of crankshaft rotation, using a Preston
Scientific A/D and Hewleit Packard AS00 computer system. We used a First Law Analysis of the cylinder
pressure data to compute heat release rates, which were used as an indication of combustion quality.

The exhaust emissions were sampled downstream of a mixing tank located in the exhaust of the engine.
The gases were analyzed for CO, and CO using nondispersive infrared spectroscopy. Hydrocarbons were
measured using a flame ionization detector. Nitrogen oxides (NOx) were measured using a
chemiluminescence instrument, and smoke was determined using a Bosch smoke meter.

Test Procedures

Each of the test fuels was examined in two different types of experiments in the engine. First, each fuel
was rated for ignition quality following a procedure very similar to that used in the standard cetane rating
procedure (ASTM D 613).

The procedure developed for ignition quality rating was based on operating the engine at a selected
"standard condition™ for both the test fuels and selected blends of the primary reference fuels for cetane
rating (Hexadecane with a CN of 100, and Heptamethylnonane with a CN of 15). Table 5 lists the
conditions that were selected for this work. The injection timing was fixed at 12° Before Top Dead
Center (BTDC). The engine was operated on each reference fuel blend, and the compression ratio varied
until ignition occurred at Top Dead Center (TDC). A calibration curve was then developed in which the
cetane number was presented as a function of the compression ratio. The test fuels were then operated
at the “standard condition,” and the compression ratio was varied to give ignition at TDC. This
compression ratio was then used in the calibration curve to determine the cetane number.

Table 5. Test Condition for Ignition

Quality Rating
Speed 200 rpm
Air/Fuel Ratio 50:1 i
Injection Timing 12° BTDC
Intake Temperature 38°C
intake Pressure &5 kPa
Coolant Temperature C
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The calibration curve used in this work is presented in Figure 5, along with the regression equation for
the data. The test conditions were selected to give the broadest possible variation of compression ratio
for the range of cetane number used in the reference fuel blends.
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Figure 5. Cetane number calibration curve

Performance and emissions data were obtained at five different test conditions or modes. These data
consisted of the normal power and efficiency measurements, as well as engine heat-release analysis and
gaseous emissions and smoke. The test conditions inciunded rated torque at fixed timing, rated torque
using the best torque timing for each fuel, the rated power condition, and two part-load conditions at the
raied power speed. Details of the modes are presented in Table 6.

Table 6. Test Condition for Perfornmance
and Emissions.

Mode  Speed (rpm) Air Fuel Ratio Injection Timing
1 1200 28:1 3° BTDC
2 1200 28:1 Variable
3 1500 28:1 3° BTDC
4 1500 40:1 3° BTDC
5 1500 50:1 3°BTDC
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Results and Discussion

ANALYSES

The laboratory analyses were selected to cover the ASTM D 975 specification properties and to measure
gross chemical composition categories, which cormrelate most strongly with performance and emissions.
The set of ASTM tests in Figure 1 were applied to the cuts from fractional distillation. Table 7 presents
a partial list of the results, with the complete set in Appendix A.

Aromatics

Figure 6 shows the effect of hydrotreating the LCGO as reflected in the changing aromatic carbon
distribution. The curve for the feedstock shows high aromatics across the beiling range with increasing
vahies in the high end of the curve. This result is one reason that some people have suggested a limitation
of the 90% distillation temperature as a way of reducing particulate emissions. Mild hydrotreating to
reduce sulfur concentration lowered the curve about 20%. High severity hydrotreating made the desired
reduction in aromatics, but made the greatest reductions in the upper end of the boiling range representing
polycyclic aromatics, which contribute most strongly to particulate emissions. The distribution of
aromatics by all of the fuels are presented in Figures 7 t0 9. Figure 10 details the distribution of aromatic
carbon by UV for LCO by ring type and processing severity '
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Figure 6. Aromatic carbon versus the 50% point temperature for LCGOs

The trend for high-severity hydrogenation to limit total aromatics showed the greatest decrease in
polycyclics. The overall reduction in monocyclic aromatics was slightly greater for higher boiling ranges.
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Table 7. Partlal Resulis for Distillatlon Fractions

Property Feed #1 #2 #3 #4 #5 #6 #7 #8
STRAIGHT-RUN DIESEL
Specific Gravity 08458 08146 08445 08483 0848 0.845 0.847 0.859 0.863
Distribution °F 241/288  170/207  241/249  252/259  268/273  284/288  303/307  325/328  352/356
TO/TS0°C 116/142  426/97 1161121 122126 131/134 1407142  150/152  163/164  178/180
TOU/EP °F 335/356  233/246  261/268  269/276  283/201  206/302  314/321  334/330  364/370
°C 168/180  112/118  127M131 132136  139/144  147/150  157/161 ~ 168/171  184/188
Cetane Index DO76/D4737 52.6/54.6 41.4/415 4481451 46.0/470 49.0/522 528/593 545648 52.7/662 520807
LOW-AROMATIC STRAIGHT-RUN DIESEL |
Specific Gravity 08280 07892  0.8251 0.8373  0.8368 08304 08203 08314 08373
Distribution °F 228/282  116/137  197/207  227/233  250/257  277/281 207/303  324/327  356/362
T10/50 °C 109/139  47/58 92/97 108/112 121125  136/138 1477151 1627164  180/183
TOO/EP °F | . 328/351 162177  226/235  246/253  266/274  289/204  308/314  333/338 - 371/379
°C 1641177 728t 1081113 1191123  130/134 148146  1583/157  167/170  188/193
Cetane Index D976/D4737 67.7/60.1 13.0/238 37.4/38.1 42.6/427 493/513 56.7/64.1 621784 61.7/81.5 60.5/82.2
LIGHT-CYCLE OIL \
Specific Gravity 09490 08849 09147 09321 09440 09541 09685 09979 NS
Distribution °F 247/280  196/210  231/237  251/254  268/272  287/289  306/309  339/344 NS
T10/T50 °C 119/138  91/99 - 111114 122123 131133 142143 152164 171173
TOO/EP °F 334/365  228/256  245/256  ©250/270  277/284  204/302  313/323  358/390 NS
¢  168/185  109/124  118/124  126/132  136/140  146/150  156/162  181/199
Cetane ndex D976/D4737 26.1/238 20.2/194 22.6/17.8 238475 255186 26.7/201 26.9/202 24.9/206 NS
LOW-SULFUR LIGHT-CYCLE OIL
Specific Gravity 09200 08849 09082 09153 09230 09352 00484 09497 NS
Distribution °F 239/270  188/218  220/242  244/253  262/271  284/292  313/317  343/351 NS
T10/T50 °C 115132 87/103 109/117 1181123  128/133  140/144  156/158 1731177 NS
TOO/EP °F 323/361  243/266  261/284  272/287  287/300  394/313  325/332  372/392 NS
°C 1621183  117/130 127140 133142  142/149  201/156  163/167  189/200 NS
Cetane Index D976/D4737 435/44.1 36.4/37.4  38.0/38.2  40.7/405 42.7/42/7 445/455 47.2/526 NS NS

NS - No Sample




81

Table 7. Partlal Results for Distliifation Fractions

(Continued}
Propetty Feed #1 #2 #3 #4 #5 #6 #7 #8
LLOW-AROMATIC LIGHT CYCLE OIL
Specific Gravity 0.8628 0.8479 0.8623 0.8676 0.8708 0.8745 0.8703 0.8448 NS
Distribution °F 215/253 183/196 2117217 230/234 247/252 268/271  286/282 319/327 NS
T10/50 °C 102/123 84/91 99/103 110/112 119/122 131/133 141139 159/164 NS
TOO/EFP °F 305/347 208/215 222/234 243/254 259/268 2771284 294/301 354/379 NS
°C 1521175 98/102 106/112 117123 126/131 136/140  146/149 179/193 NS
Cetane Index DI76/D4737 40.1/39.8 24.6/245 288/265 33.3/31.0 37.4/353 40.9/40.3 4500473 569723 NS
LIGHT-COKER GAS OIL
Specific Gravity 08676 0.8403 0.8565 0.8740 0.8871 0.8927 0.9094 NS NS
Distribution °F 224/256 202/210 230/236 252/256  277/281 206/299  317/321 NS NS
T10/T50 °C 107/124 94/99 110/113 122/124 136/138 147/148  158/161 NS NS
TOO/EP °F 301/320 221/238 245/255 264/274 286/2066 304/313  329/341 NS NS
°C 149/160 105/114 118/123 129/134 141/147 151/156  165/172 NS NS
Cetane Index D976/D4737 39.3/389 33.3/326 37.0/356 37.9/36.0 39.2/383 40.6/41.8 388416 NS NS
LOW.-SULFUR LIGHT-CYCLE GAS OIL ' :
Spacific Gravity 0.8463 0.8184 0.8209 0.8403 0.8524 0.8628 0.8697 NS NS
Distribution °F 219/247 182/198 204/213 222/231 245/251 267/273  297/303 NS NS
T10/T50 °C 104/119 83/92 96/101 106/111 118/122 131/133 147/154 NS NS
TOO/EP °F 289/315 219/236 228/242 245/256 262/274 282/288  314/329 NS NS
°C 143/157 104/113 109/117 118/124 128/134 139/142 1571165 NS NS
Cetane Index D976/D04737 43.5/44.1 38.0/38.2 40.7/405 42.7/427 445/455 47.2/526 NS NS

NS - No Sample

36.4/37.4
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Table 7. Partial Results for Distlliation Fractions

(Continued
Property Feed #1 #2 #3 #4 #5 #6 #7 #8
- LOW-AROMATIC LIGHT-CYCLE OIL
Specific Gravity - 0.8393 0.8203 0.8265 0.8324 (.8418 0.8490 0.8498 0.8524 NS
Distribution °F 224/255 190/199 207/214 225/231 246/251 264/268  287/291 315/317 NS
T10/T50 °C 107/124 88/93 971101 107/111 119/122 129/132  142/144 157/158 NS
TOO/EP °F. 302/322  212/221 227/241 242/252 262/271 277/286  297/301 328/340 NS
°C 159/161 100/105 108/116 1171122 128/133 136/141 147149 164/171 NS
Cetane Index D976/D4737 48.0/49.2 36.1/366 39.7/399 43.6/440 46.1/472 47.9/50.3 51.7/57.7 538659 NS
FISCHER-TROPSCH 1 | |
Specific Gravity 07770 0.7538 0.7633 0.7710 0.7783 0.7853 0.7913 0.7989 NS
Distribution °F 208/261 179/189 203/213 226/234 248/264  272/277 29_2!29? 319/324 NS
T10/T50 °C 98/127 82/87 95/101 108/112 120/123 133/136  144/147 159/162 NS
TOO/EP °F : 311/327  216/236 233/246 246/253 264/272 285/292  304/309 331/337 NS
°C - 155/164 1021113 112/119 119/123 129/133 141/144  151/154 166/169 NS
Cetane Index D976/D4737 75.4/81.4 62.7/67.2 67.9/73.3 71.0/789 73.2/842 74.9/804 75.1/95.4 ;4.6!102. NS
FISCHER-TROPSCH 2
Specific Gravity 0.8081 0.7783 0.7936 0.8058 0.8086 0.8104 0.8132 0.8146 NS
Distribution °F 406/509 274/306 334/354 380/403 424/442 468/489 514/537 557/571 NS
T10/750 °C 208/265 134/152 168/179 193/206 218/228 252/254  268/281 292/299 NS
TOO/EP °F 588/627 354/392 395/428 442/537 470/522 508/526  553/565 585/603 NS
°C 3009/31 179/200 202/220 228/281 243/272 264/274  289/296 307/317 NS
Cetane Index DS76/D4737 62.2/64.6 28.9/35.3 37.3/405 44.7/462 51.6/53.8 586/63.2 632723 655801 NS

NS - No Sample
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Figure 10. LCO aromatics distribution
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The aromatics are uniformiy distributed over the boiling range for the light-cycle oils, as seen in Figure 7.
Moderate hydrotreatment accomplished significant reduction of the sulfur without a significant effect on
the aromatics content. Severe hydrotreating had a significant effect on the aromatics, and hydrotreating
was effective in reducing the aromatics over the entire boiling range, as seen in Figure 7.

The results for the light-coker gas oils presented in Figure 8 indicate that the aromatics are concentrated
in the heavier fractions, at least for the raw material. Hydrotreating first to the low-sulfur level and then
for reduced aromatics was effective in lowering the aromatic content of the heavier fractions.

The aromatic content of the straight-run diesel fuel is uniformly distributed across the boiling range.
Unlike the higher aromatic content light-cycle oil, however, hydrotreating was much more effective in
reducing the aromatics content of the heavier fractions.

The results for aromatic composition of the LCO are presented in the series of graphs of Figure 10. This
series of graphs is representative of the changes made by hydrogenation. The total aromatic carbon was
reduced moderately in concentration as the sulfur was reduced by low severity treatment. The distribution
of aromatics decreased most in the highest-boiling point fractions, which display the most tricyclic
compounds. A similar decrease is noted for dicyclic aromatics, but monocyclics increase across the
boiling range. In addition to creating corresponding cycloparaffins from the two- and three-ring aromatics,
the hydrogenation opened rings in the multicycles to form alkylbenzenes distributed throughout the lower
boiling ranges.

The above results suggest that hydrotreating could be used more effectively to reduce the aromatics
content of fuels if selected fractions of certain feedstocks are treated. The results also suggest that the
proposed reductions in the end point of diesel fuels for emission control will have a significant effect on
the aromatics content of fuels from selected feedstocks, in addition to the benefits obtained from the
decrease in volatility,

Cetane Index

The plot of cetane index versus 50% recovered temperatures (T50) by D 86 in Figure 11 was made by
fwo estimating methods — ASTM D 976 and D 4737. Both correlations use density and T50, but in
different ways. D 976 uses API gravity and T50 in two terms, while D 4737 uses specific gravity and
T50 in four terms. Furthermore, the new four-term correlation used a larger fuel matrix including cracked
components and shale oil 1o develop its comrelation. D 4737 gave lower cetane index in the front end of
the boiling range and higher estimates in the back end. These calculations may be compared with the
CVCA and VCR results below where the fractions at highest boiling ranges increased the most in ignition
quality from the whole fuel. This is consistent with the results of Weidmann et al., (1988) for full-boiling
test fuels.
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The corresponding results for cetane index of the LCGO and its hydrotreated products are presented in
Figure 12.
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CVCA RESULTS

The early goals of the CVCA development work inctuded both the shori-term goal of determining cetane
number and the broader goat of providing an improved measure of ignition-quality specification. The
CVCA was also developed to rate nonspecification fuel. For the latter goal, we measured the ignition
delay times on each test material at three initial temperatures (427°, 482°, and 582°C) and constant
density,

The data generated at these initial temperatures were used to examine the Arrhenius nature of the ignition
data. In addition, we used these data to examine a potential technique for directly rating the cold-start
characteristics of fuels for diesel engines. In this cold-start study, calibrations using several different
blends of the primary reference fuels were generated at each of the three different initial temperatures.
The lower temperatures were selected to correspond to compression temperature during cold start, and the
higher temperatures were selecied to correspend to the estimated range of compression temperamres in
the standard CFR engine during a fuel cetane rating evaluation.

The test fuels were rated vsing the three test conditions and calibrations. The effects of the three different -
initial temperatures are demonstrated in Figure 13 for the same blends of the primary reference fuels. The
data have been reduced to hyperbolic form in terms of cetane number as functions of the ignition delay
times. The results of this comparison indicate that even the primary reference fuels for cetane rating
display different relationships between the cetane number and the ignition delay, depending upon the test
temperature.
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The experimental results are presented in Table 8 in the form of the ignition delay times and the
cormresponding cetane numbers for the three test temperatures. Included in Table 8 are the coefficients for
the Arrhenius expressions of the ignition delay time as functions of the temperazre. The activation
energies that are a part of the A2 coefficients in Table 8 are significantly different for some of the
materials, but are very similar for most of the materials. The values are in the range of 5 to 15 keal,
somewhat low, relative to other reported ignition values, but within the range of data obtained earlier with
this apparatus Ryan et al., 1988; Siebers, 1985; Spadaccini et al., 1983),

Figure 14 is a bar chart showing the cetane ratings of each fraction for three light cycle oils at 582°C.
The indicated cetane numbers of the light-cycle oils are low, but the addition of hydrogen causes the CN
to increase somewhat in going to the low-sulfur material, and even more in the more severely processed
Jow-aromatic material. Also, the cetane number is a function of the boiling point of the material. This
is shown clearly in Figure 14 by the fact that cetane rating of the lower boiling fractions are all similar
and the ratings of the heavier fractions are higher. The results for the other materials are similar, but
the relationship between cetane number and the boiling point is not as pronounced for the light-coker gas
oils and the straight-run diesel fuels. This can be seen by comparing the results for the LCOs in Figure 14
to the corresponding results for the light-coker gas oils in Figure 15 and the straight-run diesel fuels in
- Figure 16. As seen in Figures 15 and 16, the test temperature also has an effect on the ratings, with the
rating generally increasing as the test temperature is reduced. '

The cetane rating of the full-boiling materials is a volume-weighted composite of the individual ratings
of the fractions. Consequentily, the proposed reduction in the end-point specification of diesel fuels for
particulate emission control will apparently have an adverse affect on the overall cetane number of the
fuel, and possibly have a corresponding adverse effect on the NOx emissions.

Addition of hydrogen to the feedstock has the effect of increasing the cetane number, as shown for the
LCOs in Figure 14. The cetane rating trends upward in going from the feedstock to the processed
materials. The 582°C test condition shows in Figure 14 that the effects of hydrogenation are more
dominant in the higher boiling fractions. These trends are also more apparent at the lower test
temperatures, as shown in Figures 14 to 16. These results also suggest that the proposed reduction in end
point will have an adverse impact on the cetane number for the same level of hydrotreamment as the lower
boiling ranges. '

The light-coker gas oils all had higher cetane ratings than the corresponding light-cycle oils, as seen by
comparing the results in Figure 14 to those in Figure 17. While there is a trend for concentration of the
cetane rating in the higher boiling fractions, this trend is not as strong as for the light-cycle oils. In
addition, it appears that the effects of hydrogenation are reduced; they are more uniformly distributed over
the boiling range; and, they show less of an effect arising from test temperature than for the light-cycle
oils. _

Figure 18 presents the results for the straight-run diesel fuels at the $82°C test temperature. The cetane
rating is distributed over the boiling range and is a function of the test temperature, with a general upward
trend as the test temperature js decreased. The addition of hydrogen appears to have little effect on the
cetane number of the materials. If there is a trend for hydrogenation severity, it appears to be one of
reduced cetane number.

The relationships between cetane number and aromatics content are shown in Figure 19 for the three

feedstocks used in this work. The cetane number appears linearly related to the aromatics content, at least
for the specific samples used in this work. The intercepts of the two blendstocks are similar to each other
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Table 8. Ignition Delay Times, CVCA Cetane Numbers, and Arrhenius Coefficients
For Delay (ms) = A, exp {A,/T)

ID @ CN@ @ CN@ @ CN@ Ln Al
No. 582°C 582°C 582°C 482°C 426°C 426°C (A1)
{ms} {ms) {ms}

FL-1538 6.2  15.5 8.0  18.6 14.2 = 216 -05 0.6
FL-1555 6.3 15.2 12.2 11.9 23.8 11.0 -1.8 0.2
FL-1556 6.6 17.0 10.8  14.3 16.2  18.1 1.2 0.3
FL-1657 - s - - - . - . -
FL-1558 6.9 139 112 135 249 104  -1.6 0.2
FL-1559 6.2 156 106  14.7 181  15.6  -1.1 0.3
FL-1560 5.9  16.3 9.5 6.6 14.7 206  -0.7 0.5
FL-1561 5.0  19.1 81 222 6.0 184  -1.6 0.2
FL-1615 5.4  17.9 8.1 205 11.2 304 -0.3 1.3
FL-1850 6.9 140 11.0  13.1 186 123  -0.9 0.4
FL-1851 6.2 154 105  14.3 176 16.2  -1.0 0.4
FL-1852 6.1 157 111 133 181 181 0.9 0.4
FL-1853 5.6  17.3 9.5  16.9 150 201 -1.0 0.4
FL-1854 5.1  18.6 7.4 252 11.8 282  -0.7 0.5
FL-1855 50 19.9 95  16.7 142  21.0  -1.3 0.3
FL-1866 - - 6.8  38.1 9.7  37.8 - -
FL-1562 2.8  38.4 57  37.9 76  57.0 1.7 0.2
FL-1566 4.4  22.4 7.0 27.0 105 335 0.9 0.4
FL-1567 4.0  24.5 4.7 305 9.2 415  -09 0.4
FL-1568 3.4  30.1 6.0  36.3 9.0 432  -15 0.2
FL-1568 3.3  31.4 6.3 329 9.2 417 -1.8 0.2
FL-1670 2.8  39.6 5.7  39.9 87 450  -2.1 0.1
FL-1671 2.6 42.1 5.6  41.1 79 535 2.0 0.1
FL-1572 1.9  77.2 42 743 63 834 2.8 0.1
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Table 8. Ignition Delay Times. CVCA Cetane Numbers, and Arrhenius Coefficients
For Delay {ms} = A, exp {A,/T)

{continued}
Sample ID @ CN@ @ CN@ @ CN@ Ln A1 A2
Name No. 582°C - 582°C 582°C 482°C 426°C 426°C (A1)
{ms) {ms) (ms)
LCGO FL-1440 3.5  28.0 6.1  35.1 9.2 41.2 1.4 0.2 1556
FRAC. 1 FL-1546 3.9 256 = 6.4 324 9.0 428 -1.0 0.4 1356
FRAC. 2 FL-1547 3.6  27.9 6.0 .365 9.0 426  -1.2 0.3 1469
FRAC. 3 FL-1548 3.4  30.1 6.6  30.6 9.8  37.1 1.7 0.2 1715
FRAC. 4 FL-1548 3.5  29.1 6.9 28.4 87 454 1.3 0.3 1480
FRAC. 5 FL-1550 3.2  32.8 6.3  32.8 85 472  -1.6 0.2 1598
FRAC. 6 FL-1551 3.2  31.7 6.1  34.9 83 486  -1.4 0.2 1524
LSLCGO FL-1442 31 333 59 370 92 415  -1.8 0.2 1726
FRAC. 0 FL-1862 3.6  28.2 6.3  33.6 10.6  33.1 1.7 0.2 1734
FRAC. 1 FL-1863 3.4 295 6.4 325 9.4 398 -15 0.2 1618
FRAC. 2 FL-1864 3.5  29.2 6.1 353 8.8  44.1 -1.3 0.3 1502
FRAC. 3 FL-1865 3.4  30.4 65  31.3 7.7  56.1 -1.0 0.4 1348
FRAC. 4 FL-1866 3.1  33.7 63 329 86 463  -1.7 0.2 1651
FRAC. 5 FL-1867 2.8  37.8 58  38.6 7.5  59.3  -1.B 0.2 1564
LALCGO FL-1443 2.2 37.7 5.6 422 83 49.4 -1.9 0.2 1710
FRAC. 0 FL-1597 3.6  28.2 6.8 28.9 11.7 28.5 -2.0 0.1 1887
FRAC. 1 FL-1598 3.3 30,5 6.1 34.8 9.3 40.4 -1.6 0.2 1642
FRAC. 2 FL-1698 3.2  31.7 5.8 38.0 8.3 48.7 -1.4 0.2 1515
FRAC. 3 FL-1600 3.1  33.7 5.7 39.8 8.2 50.6 -1.5 0.2 1557
FRAC. 4 FL-1601 2.8  39.0 5.7 3.2 7.9 53.7 -1.8 0.2 18681
FRAC. 5 FL-1602 2.6  44.1 5.3 45.7 6.7 72.2 -1.7 0.2 1564
FRAC. 6 FL-1603 2.2  54.9 4.9 39.2 7.2 . 62.86 -2.4 0.1 1887
SRD FL-1627 2.2 56.2 5.3 459 7.5 58.6 -2.6 0.1 1976
FRAC. 1 FL-1793 3.1 33.9 5.8 379 8.9 43.4 1.8 0.2 1705
FRAC. 2 FL-1794 2.7 41.1 4.3 70.8 8.0 52.6 ~ -2.0 0.1 1717
FRAC. 3 FL-1795 2.7 405 5.3 456 7.6 58.8 -1.8 0.2 1664
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Table 8. Ignition Delay Times, CVCA Cetane Numbers, and Arrhenius Coefficients
For Defay (ms) = A, exp {A,/T)

{continued)
ID @ CNe @ CN@ @ CN@ Ln Al
No. 582°C  582°C 582°C. 482°C 426°C 426°C (A1)
(ms) ims) {ms)

FL-1796 2.6 425 53 446 7.8 54.6 2.0 0.1
FL-1797 2.5 451 47 565 7.3 61.8 20 0.1
FL-1798 2.1 64.2 4.5 82.0 6.8 70.0 2.6 0.1
FL-1798 - . 45 603 6.2 84.0 - -

FL-1873 2.1 613 50 516 7.0 66.2  -2.5 3.0
FL-1876 4.2 231 7.6 245 127 253 -1.6 0.2
FL-1877 3.2 317 6.0 364 9.4 402  -1.7 0.2
FL-1878 2.8 386 57 394 7.4 59.9 -1.6 0.2
FL-1879 2.6 443 55 419 8.0 51.9 -2.2 0.
FL-1880 2.4 488 50 508 7.4 60.6  -2.2 0.1
FL-1881 2.1 642 46  60.1 7.2 62.6 -2.7 0.1
FL-1882 1.9 79.1 4.1 78.0 6.9 68.4  -3.0 0.1
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CVCA CETANE NUMBERS
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Figure 14. CVCA cetane humbers of LCOs at 582°C
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Figure 15, CVCA cetane number of LCGO at three test temperatures
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and significantly different from the straight-ruri diesel fuel. However, the slopes of all the lines are
similar, suggesting that the sensitivity of cetane number to aromatics is uniform for the test materials.

The correlation of CVCA cetane number to the cetane index are presented in Figure 20 for the light-cycie
oils and the ASTM D 976 Cetane Index Method. 'The Index — an empirical correlation developed for
fully formulated commercial diesel fuels — is a computed parameter based on the 50% D 86 temperature
and the API gravity. As seen in Figure 20, the correlation between the CVCA cetane number and the
cetane index is good at the higher cetane numbers, corresponding to the lower aromatic contents that are
more typical of the commercial diesel fuels. In addition, the correlation is very good for the straight-run
diesel fuels, as shown in Figure 21. These results indicate that it is probably not appropriate to use cetane
index for materials that are either higher in aromatic content, or significantly different than the commercial
diesel fuels used in the development of the Index.

Engine Ignition Quality

The engine tests were performed in the VCR described earlier in this report, in Appendix B, and by Ryan
et al.,, 1993. The performance and emissions tests were performed at five different test conditions, where
the speed and air-fuel ratio (load) were held constant for all of the fuels. The data from these tests were
separated and treated in the preliminary analysis as independent experiments. This approach made it
possible to examine the fuel effects independent of the normally dominant effects of speed and load.

The complete data set is presented in Appendix A. The results of the ignition quality rating experiments
are plotied in Figure 22 as the cetane number determined in the VCR engine versus the cetane number
obtained in the CVCA. The important points to note from the comparison presented in Figure 22 are:

1. The data are highly correlated, indicating that both techniques provide consistent indications of
the ignition quality of the fuels.

2. The data scatter which increases significantly as the cetane rumber increases, is associated with
defining the start of combustion in the engine at the low compression ratios needed for these fuels.
The problem in the CVCA is because the ignition delay times are so short that the normal error
represents a larger fraction of the total delay time.

3. The CVCA consistently rates the fuel lower than the engine test. This difference has been
observed ami reported previously Ryan et al., 1988). The CVCA technique involves calibration
using the primary reference fuels, which consists of two pure hydrocarbons. We believe that the
- difference between the engine and the CVCA is because the CVCA responds to the reference fuels
differently than the engine techniques. This difference is manifested by the CVCA consistently
displaying two-stage ignition (ignition and slow combustion, foliowed by an abrupt increase in
the combustion rate) on the 15 CN reference fuel. The difference between the engine and the
CVCA is consistent and can be accounted for by applying a constant correction factor to the
calibration curve.
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The trends of the VCR engine ratings of the various fuels and fuel fractions are the same as those reported
for the CVCA data Ryan et al., 1992). The results for all of the LCO-based fuels are presented in
Figure 23. Cetane Number, or ignition quality, is uniformly distributed across the boiling range of the
base material. Hydrotreating to the low-sulfur level had only minor impact on the cetane number, mainly
in the higher boiling point fractions. Hydrotreating to the low-aromatic level, however, had a significant
effect on the cetane number of all fractions; again, hydrotreating was most effective in increasing the
cetane number of the higher boiling point fractions. Based on the corresponding data on aromatic content,
it is clear that the sulfur reduction was accomplished with very little consumption of hydrogen. It also
appears that the heavier fractions consume more hydrogen than the lighter fractions.

The light coker gas oil (LCGO) data are presented in Figure 24, The results are very similar to those of
the LCOs, with a uniform distribution of cetane number across the boiling range for the base material.
The one exception is that cetane numbers of all of the fractions are higher than those of the corresponding
LCOs. The aromatic content of these materials are lower than the aromatic content of the LCOs, and
hydrotreating apparently produces a more-uniform effect on reducing the aromatic content and increasing
the cetane number across the boiling range. Hydrotreating does, however, have a more pronounced effect
on increasing the cetane number of the heavier fractions. Similar results for cetane index were given in
Figure 12, :

The results for the straight-run diesel (SRD) fuel and the Fischer-Tropsch (F-T) distillate are presented
in Figure 25. The cetane number of these materials are higher than the other components, and all three
have a high proportion of the cetane number concentrated in the higher boiling-point fractions. Because
the sulfur content of the SRD was already very low, hydrotreating was used only to reduce the aromatic
content of the fuel. Similar to the other fuels, the processing was more effective in increasing the cetane
number of the heavier fractions. The F-T distillate, already a highly processed material, had effectively
no sulfur or aromatics and was not further processed in this project.
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These results indicate that, while hydrotreating has a nearly uniform effect in reducing the aromatic
content across the boiling range, it is more effective in increasing the cetane number of the heavier
fractions. Consistent with the results of the CVCA measurements, hydroprocessing apparently not only
reduces the aromatics content, but aiso produces materials in these heavier fractions that have much higher
cetane number than the products appearing in the lighter fractions.

Preliminary stepwise regression analysis of the VCR resulis indicated that 89% of the variation in the
cetane number in the test fuel matrix can be accounted for by using only the average boiling point and
the specific gravity. The analysis also indicated that wt% carbon and concentration of alkyl groups
associated with aromatic rings were directly related to the cetane number.(12) These relationships are
reflected in the final regression equation:

CN = A+A,x(Alkylbenzenes)+A x(T50%)
+Ax(IndenesHA x(Paraffins)
+AX(Specific Gravity)+A,X(Viscosity@40°C)

where the concentrations are in wt%, specific gravity is in gM/mL, viscosity is in centistokes (cSt), and
where:

A = 2771 R? = 094
A, = 0.54 A= -0.13
A, = 0.31 Ag= ~4373
A, = -183 A= - 1.98
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The direct relationship between the cetane number and the aromatic associated alkyl groups and boiling
point information is consistent with the preliminary analysis. The inverse relationship with the viscosity
is probably related to the effect on fuel atomization and evaporation, and the resulting influence on the
physical aspects of the ignition delay time. The specific gravity effect is consistent with previous findings,
as reflected in the correlations used to compute cetane index. The inverse relationship with the indenes
is consistent with the fact that indenes have relatively high octane numbers, high autoignition temperature,
and correspondingly low cetane number.

The inverse relationship with the paraffins, however, is somewhat surprising in that the autoignition
temperatures of the paraffins are generally low, and the corresponding cetane numbers are high relative
to the aromatic materials. This relationship is reflected in the numerically small coefficient of the paraffin
term, A = "0.13, in the cetane manber equation. The inclusion of the paraffins may possibly account for
the fact that hydroprocessing did not result in an increase in the paraffins in all cases; most noticeably,
the tight-cycle oil as multicyclics were converted to monocyclics and were still aromatic. Hydroprocessing
did, however, always increase the cetane number of the products, due to the increases in higher-cetane-
number compounds, including paraffins and cycloparaffins. The conversion process and the distribution
of products is dependent on the composition of the feedstock.

The effect of boiling range for the straight-run diesel (SRD) fuel and the Fischer-Tropsch (F-T) distillate
are presented in Figure 26. The cetane numbers of these materials are higher than the other components
and all three have a high proportion of the cetane nmumber concentrated in the higher boiling-point
fractions. Because the sulfur content of the SRD was already very low, hydrotreating was used only 10
reduce the aromatic content of the fuel. Similar to the other fuels, the processing was more effective in
increasing the cetane number of the heavier fractions.
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Figure 26. Effect of hydrogenation by boiling range
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Of particular interest is the value of F-T distiliate as a cetane blending stock. We did a blending study
in which F-T fuel was blended in different concentrations with each of the three petroleur blendstocks.

The cetane number of these blends based on the CVCA technique is plotted in Figure 27 versus the
concentration of the blendstocks in the F-T fuel. The cetane number of blends appears to be a linear
function of the concentration for the three materials. While the relationships are essentiafly linear, the
nonlinearity occurs for each material as cetane number decreases:

Sample Cetane Number Max-.-Deviation of Bm
of Sample from Linear, %
D-2 324 21
| Leeo . 292 66
g LCO 159 15.7

This progression tracks the increase in differences in hydrocarbon types between the F-T component and
the other three samples. These deviations are small enough to permit an approximation of the cetane
number of F-T blends as a linear combination of the volume-weighted values of cetane number for the
.blend components,
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Figure 27. Cetane numbers of blends of F-T distillate with diesel components
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Performance and Emisslons

Each of the test fuels was run in the VCR engine at five different conditions, representative of rated
torque, rated power, and part Ioads at the rated power speed. The basis for selection of these conditions
was an extensive engine mapping done early in this project to define the rated torque point, rated power
point, and the timing settings for both the best torque and for the equivaient of a 5-gM/hp-hr NOx level.
To revxcw, the test condmons were defined as follows:

Mode 1  Condition is representative of rated torque speed and overall eqmvalencc ratio, using an
injection timing (3° BTDC) for the controlled NO, condition on a baseline diesel fuel.

Mode 2  Includes the same speed and load conditions as Mode 1, but using the best torque
injection timing for each test fuel.

Modes 3-5 Rated power and part load conditions at the rate power speed, using a fixed timing of
3" BTDC.

The engine settings for the five modes were given in Table 6.

Nommally, the results of engine studies of fuel effects on performance and emissions are dominated by

variations in the engine test conditions — in particular, speed, load, and ignition timing. The data

obtained in this study are separated into five data sets that can be treated independently, thereby
eliminating the dominance of the engine conditions in the results,

Preliminary Examination — We initially developed scatter plots showing the relationships among the
dependent vartable and each of the independent variables. Statistical analysis of the data sets indicated
that fuel properties do play a role in most of the engine performance and emissions characteristics
measured. In some cases, the majority of the variation of these characteristics could be related to the fuel
properties. In many other cases, however, only a portion of the variations were accounted for in the fuel
properties, and the rest of the variations were due 0 the fact that the effects were small and experimental
error becomes a more significant factor.

Power — Our analysis of the power in a given data set (Mode) indicated that the power was not a very
strong function of the fuel properties. The scatter plots did indicate that the power within a Mode was
directly related to the combustion efficiency of the fuel, as shown in Figure 28 for Mode 1. These results,
indicated graphically and in linear regression analysis, showed that the variations in power within a given
mode were not highly correlated with the fuel properties.

CO Results — The behavior of CO emissions was very similar to the power data, at least in the higher
power modes, where the emissions levels were related more strongly to the combustion parameters than
to the fuel properties, within the data sets for each Mode. The power in these experiments was fixed
within some range of variation that depended on minor variations in the combustion process. The power
settings were defined based on fixed overall air-fuel ratios held constant for all tests within the given
- Mode, It appears that of the fuels that would actually run in the engine, the properties of the fuel must
be within a range of acceptability that produces similar resuits in the global periormance parameters, such
as the power and the CO emissions. At the lighter load conditions, the initial statistical analysis indicated
that the fuel properties did play a role in the CO emissions, with the boiling-point distribution and the
aromatic structure playing the most impostant roles.




5.0 : 1

POWER (kW)

4.0

3.9 ' : :
0.65 0.70 .75 0.80 0.85

APPARENT COMBUSTION EFFICIENCY

Figure 28. Power variations in Mode 1 versus apparent combustion efficiency

Hydrocarbons — Scatter plots of the hydrocarbon emissions indicated that the fuel physical properties
dominated the results within each mode. Figure 29 shows the hydrocarbon emissions piotied versus the
viscosity for the Mode 1 test condition. Similar results were obtained for the other test conditions. The
preliminary statistical analysis indicated that the relationships between the hydrocarbon emissions and the
fuel properties were, in fact, dominated by the boiling-point distribution and the viscosity for all test
conditions.

Smoke — Statistical analysis of the smoke data indicated that fuel properties play a significant role in
controliing these emissions. Fuel structure appears to dominate these relationships, with total aromatic
content an important factor at all test conditions. Other important fuel properties are the sulfur content,
the aromatic ring structure, and the boiling-point distribution. The order of importance of these properties
varies somewhat as the engine load is reduced: the boiling-point distribution and viscosity become more
important at the lighter loads, where the injection process might be more affected by these properties than
at the higher load conditions.

NOx Results — Scatter plots of the NOx data indicated dominant effects of fuel composition and cetane
number at all but the lightest load condition. These trends are demonstrated in the scatter plots of these
fuel variables, presented in Figures 30 and 31 for the Mode 1 condition, The preliminary statistical
analysis indicated that the aromatic content and structure, and the structure of the alkyl groups are
important. '
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Statistical Analysis — The results of the statistical analysis verified that Mode 2 represented the best test
condition for examining the furel composition and property effects on the NOx, smoke and HC emissions.
The stepwise analysis was first performed using three subsets of the independent variables. The subsets
were defined to include the combustion parameters, the physical properties, and the chemical properties.
Although different properties could have been included in each subset, the goal was to determine where,
or if, the physical properties or chemical properties, or combustion parameters dominated the emissions
characteristics. For instance, one result was that power and CO emissions did not display significant fuel
dependence at any combination of test conditions.

The combustion properties include the air-fuel ratio, peak combustion pressure, peak heat-release rate, the -
angles of occurrence of these peak values, beginning of injection, indicated and brake power, energy input,
cumulative heat release, and the combustion efficiency. NOx emissions were highly correlated with the
combustion characteristics at the rated power and rated torque conditions, with R? in the range of 0.97.
The R? value dropped dramatically at the part-load conditions. The other emissions were not highly
correlated with the combustion parameters, based on R? values below 0.5.

The fuel physical properties include average boiling point, heating value, initial boiling point, T50, T95,
specific gravity, viscosity, cetane number, vol% aromatics, olefins, and saturates, and wi% carbon,
hydrogen, and sulfur. The NOx emissions displayed dependence on T50, specific gravity, the heating
valye, and vol% aromatics at all but the lightest load condition. The smoke number correlated mainty
with boiling point distribution and viscosity across the load range (R? in the range 0.5 — 0.75), indicating
a dominance of the physical processes on the soot formation and oxidation.

The stepwise regression analysis included a very broad range of chemical composition variabies. In

stepwise regression, the computer method substitutes a succession of regression models into the data to
determine the best fit each model can obtain, thereby exploring several functional forms for the
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correlation. The initial analysis included both the NMR characterizations and the GC/MS hydrocarbon-
type breakdowns. As expected, the NMR and GC/MS data were highly colinear. The NMR data provide
a great deal of structural information regarding the location and environment of the hydrogen within the
fuel molecules, and in that sense provide more information regarding the structure of the fuel. The
statistical analysis indicated that both the NMR and GC/MS data provided nearly equivalent
representations of the results. We believe that NMR analyses is less routine than GC/MS; therefore, the
subsequent statistical analysis included only the component hydrocarbon composition data obtained by
GC/MS. NOx emissions displayed a strong dependence, (across the speed and Ioad range of the engine)
on the hydrocarbon-type data, with R? in the range 0.6 — 0.8. The ignition quality, in terms of the engine-
based cetane number, was also highly comrelated with the chemical composition.

Following the stepwise regression analysis, we calculated lincar fits using afl possible combinations of
those fuel variables found to be important in one or more of the fits for each subset. We used these
results as the basis for selecting the best linear models for each independent variable at each test condition.
Although scatter plots of the residuals (degree of statistieal fit of each dependent variable) were indicative
of linear behavior, we tried to improve the linear models by using natural-log-transformed, curvilinear,
and interactive terms. The R?, or fit, of the model was not improved by the inclusion of these nonlinear
terms.

We developed the final models for each of the emissions at each speed-load condition. The results of
these analyses for the Mode 2 test condition appear to present the best indication of the effects of the fuel
properties and composition on the cetane number and the emissions. We discussed the Mode 2 models
in detail in the following paragraphs, and definitions of the terms are presented in Appendix B.

NOx - The NOx emissions were highly correlated with the combustion parameters, reflecting the Kinetic
nature of the NOx formation mechanism. The Zeldovich kinetic model for NOx relates the formation
process to the concentrations of the nitrogen and oxygen species in the flame zone and the time and
temperature of reaction (Zeldovich, 1946; Hanson & Salimian, 1984). The local adiabatic flame
temperature is appropriate for use in the Zeldovich mechanism, The adiabatic flame temperature and the
overall combustion rate are directly related to the chemical composition of the fuel. These dependencies
are reflected in the regression equation that was developed for NOx:

NOx = A +A,x(AlkylNaphthalenes)
+A.X(IndenesHA x(% Carbon),

where concentrations are in wt% and the coefficients are:

A, = —-96.34 R*= 082
A = 0.22 '
Ay = 0.24
A, = 1.17

The regression analysis included several variables describing the aromatic structure:

* Alkyl benzenes s  Alkylnaphthalene
o Indanes/Tetralin s Acenaphthylenes
» Indenes » Acenaphthenes

e Naphthalene s Tricyclics
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The results indicate that two-ring structures lead to higher NOX levels, while the level of unsamration
indicated by the indenes tends to lower levels of NOx. The importance of the total aromatic nature of the
fuel is refiected in the carbon content.

As indicated in the stepwise regressions discussed under "Statistical Analysis”, the fuel physical properties
provided a good indication of the NOx trends when they alone were used in the regression analysis. The
final regression equation did not include fuel physical properties, however, because the stepwise analysis
indicated that the physical properties added little to the prediction of the NOx emissions when the
chemical composition parameters are included in the analysis. This finding is related to the fact that the
physical properties and the chemical composition are colinear in many cases, that is, they tend to change
in the same way if a fuel blend is varied, i.c., aromatic content increases with boiling point.

Smoke — The smoke number reflects the scot fraction of the particulate emission. Soot emissions depend
on the difference between the soot formation and the soot oxidation rates in the engine. A great deal of
soot is formed during combustion in diesel-engine cylinders, but most of this soot is oxidized prior 10
exhaust. The soot formation mechanism is dependent on fuel composition, the thermodynamic state in
the combustion chamber, and the mode of combustion (premixed versus diffusion). The soot oxidation
mechanism is dependent mostly on the thermodynamic state and the physical processes associated with
mixing. Regression of the Bosch smoke data indicated that only a part of the variation could be accounted
for in the fuel properties. This probably reflects the fact that the soot oxidation mechanism depends more
on the physical processes than on the chemical composition of the fuel. That portion of the smoke
emissions that can be accounted for in the final properties is best modeled using the following equation:

Bosch Smoke = A;+A,X(Acenaphthylenes)
+A x(Alkylbenzenes)+A x(Tricyclic aromatic)
+Ax(Total aromatics)+Azx(vol% aromatics),

where concentrations are in wt% except as indicated, and where:

A= 224 R*= (.61
A, = ~0.065
A, = —-0.029
A, = 008
A’ = 0027
A® = —0.013

Most of the combustion event in the test engine occurred in diffusion buming of the fuel jets. Palmer and
Curtis (1965) indicate that the tendency for soot formation in diffusion flames decreases in the order:
naphthalenes>benzenes>diolefins> monolefins>paraffins, where the tendency to form soot decreases in
each group with increasing molecular weight (except the paraffins) and increasing compactness.

The results of the regression analysis indicate a direct relationship with the total aromatic content and the
concentration of three-ring aromatics. We expected this effect based on the conclusions of Palmer and
Curtis. The inverse relationship with the acenaphthylenes and the alkyl benzenes may be related to the
decreased stability of the tertiary carbon atoms in these structures, the increased molecular weight, or the
compactness of these groups of compounds. Inclusion of the vol% aromatics provides a marginal
improvement in the R? and may reflect an interaction with the density.
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It should be noted that the Bosch smoke number is not an accurate measurement of the total mass of
particulate emissions. The regression equations generated using these data reflect this limitation, and the
resulting discussion should be considered in light of this limitation. Futere experiments should consist
of total mass measurements, with actual breakdown between the soot and the soluble fraction

HC - Surprisingly HC emissions decreased with increasing boiling point at all speed-load conditions.
This relationship is demonstrated in Figure 32 for the Fischer-Tropsch fuels, where the HC emissions are
plotted versus the fuel fraction or average boiling point. Figure 33 is a similar plot of the Mode 2 smoke
data, showing that the smoke tends to increase with fraction number. The regression equation for the HC
emissions reflected this inverse relation with the boiling-point distribution, as reflected in the T50
coefficient. As indicated above, the regression equations for smoke did not include boiling-point
information. They did indicate, however, that boiling-point data could be used in lieu of some of the
composition data to account for some variation of smoke. The regression equation for the HC emissions
is:
HC = A+AXx(AlkylbenzenesHA x(T50)

+AX(IndenesH A x(Monocycloparaffins)

+A(% Carbon)

where concentrations are mass percentage, and where:

A, = 2161 R*’= (.83
A, = 0095
A, = —0.004
A, = —0.15
A’ = 0.029
A® = -021

The unburmed hydrocarbon emissions from diesel engines are dependent on both the physical processes
that occur in the engine and the fuel properties that affect combustion efficiency. The physical processes
include fuel atomization, vaporization, mixing and impingement, as well as quenching in the bulk gas due
to over-rich or over-lean conditions and thermal quenching in the boundary layers; all these processes
result in incomplete burning. If the HC emissions are in fact dominated by the physical processes that
iead to incomplete combustion, the properties that lead to increased soot production will likely produce
reduced HC emissions. One possibility is that the total mass of unreacted carbon is accounted for in either
the HC or the smoke emission, with the distribution also dependent on the conditions in the engine and
on the fuel properties. ' '

The direct relationship between the HC and the alkylbenzenes and monocycloparaffins most probably
reflects the stability of these structures relative to the other hydrocarbon groups. This hypothesis is
supported by the inverse relationship with the less stable indenes. The relationship to the wt% carbon
probably reflects the propensity of the fuels to form soot rather than HC.
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TASK 3 CLEAN-FUEL STUDY

The goal of Task 3 was to study the results of the fuel fraction analyses and the emissions measurements
to recommend methods to produce reduced-emissions diesel fuels. During the foregoing studies, the
concepts of aromatics identity, aromatics concentration, and ignition quality (cetane number) emerged as
the central variables for emissions control for a given boiling range. The comparisons with the F-T
materials showed that the aromatics in the petroleum blendstocks are a crucial determining factor for
emissions. With these observations in mind, we developed an approach to the Clean Fuel Study in which
we would use the emissions measurements for the samples to select a formulation via linear programming
for the lowest-emission test fuel meeting possible future diesel specifications — with and without F-T
material. Continuing this approach, we used linear programming to formulate three fuels spanning the
range of aromatics concentrations likely to be encountered at about 55 CN. The complementary set of
three formulations spanning the likely cetane range at 15% aromatics were also developed by linear
programming. These levels of aromatics content and cetane number are representative of those vsed in
fuels certified as reformulated diesel fuels in California. (Nikanjam, 1993).

We processed enough of the selected materials to perform performance and emission tests similar to those
in Table 6, which were obtained for the sample fractions. This testing was carried out on the same engine
configuration and with the same standard diesel fuel as before. We then compared these results with the
predicted values and the values of the correlations.

Determining Blend Compositions for Low-Emissions Fuels

The preliminary statistical analysis of the engine performance and emissions data indicated the dominant
effects of the aromatic content, aromatic type, and cetane number, on the emissions. However, much more
detailed analysis is required to develop relationships between the various fuel properties and the emissions.
A simplified approach was therefore taken in the design and formulation of "low emissions™ diesei fuels.
The approach consisted of including the emissions data for each cut as properties that could be modeled
using linear programming techniques.

Distillation of original components provided a large number of potential blend componenis. Collectively,
they contained a wide range of properties, and in general, several different blend formulations could be
determined with properiies meeting any particular set of specifications. In general, our goals were to
produce full-boiling-range fuels that would either provide the lowest possible emissions, or would indicate
the independent effects of aromatic content and cetane number. The blend compositions of 10 different
low-emissions fuel concepts were determined using the linear programming (LP) technigue for selecting
an optimal solution from many acceptable solutions. This process allowed us to rapidly select a biend
formulation that was best for each particular concept.

We calculated a blend formulation for each low-emission fuel concept, which differed in the constraints
placed on the problem or in the property that was optimized. Table 9 gives a description of each
calculated blend. Of the four "minimum-emissions” test fuels, Fuel 1 was designed for the lowest possible
emissions, using all of the available components. Fuel 2 had the added constraint of using the most of
one of the least valued products — LALCO. Concentrations of LCO and LCGO, typical of actual refinery
operation, were used to design the lowest possible emissions in Fuel 9. Fuel 10 had the same constraints
as Fuel 1 except that the high-quality Fischer-Tropsch materials were not included in the blend.
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Table 8. Low-Emisslons Fuels Descriptions

Blend No. _ Blend Concept Description
Minimum emissions
Minimum emissions with maximum use of light-cycle oil product (low-aromatics LCO)
Minimum aromatics concentration with CN 55 to 56
Maximum aromatics concentration with CN 55 to 56
Maximum cetane number with aromatics 15-16%

Minimum cetane number with aromatics 15-16%

50:50 mixiure of blends 3 and 4*

50:50 mixture of blends 5 and 6°

Minimum emissions with LCO and LCGO products in typical abundance
10 Minimum emissions, F-T products excluded

* Not caiculated directly by linear programming

Next, two sets of three test fuels each were devised to test two important trends. Fuels 3 and 4 were
designed to examine the effects of aromatic content, at a constant cetane number of 55. Fuels 5 and 6
were designed to examine the effect of cetane number at constant aromatic content of 15%. Fuels 7 and 8
were designed to be the midpoints between Fuels 3 and 4 and Fuels 5 and 6, respectively.

w0 o ~N O ¢ b W N -

Several preliminary actions facilitated the selection process. The Mode 2 data were selected as the most
appropriate for the selection. Because the LP method optimizes on a single property, we defined an
“emissions parameter” for cach component by nomnalizing and adding the normalized emissions data in
each concept. We normalized the emissions data by dividing the measured or predicted emissions data
by the respective target value for each component. I the target emissions levels are achieved exactly for
each emission, the emissions parameter (EP) equals 4. Values of EP below 4 indicate emissions levels
better than the target, and values greater than 4 indicate that the target levels are not achieved, The EP
provides a convenient parameter to compare different fuels, even if the target values are never achieved.

The targets, based on the rated torque condition, were:

4 gfhp-hl' fOl' Co|

2 g/p-hr for HC,

5 gfhp-hr for NOx,

Z for Bosch smoke number.

The LP problem was computerized using the optimization feature of Quatiro Pro to include as many
components as practical, and preliminary runs were made with the individual distillation cuts. The results
showed that adjacent cuts were in general not selected in similar quantities, so more realistic, broad-range
cut properties were calculated by linear combination of the individual cuts weighted by their yield. The
goal was to select one, or at most two, cut points for a given stock. Accordingly, the LP was provided
with artificial stocks comprising adjacent fractions, for example, fractions 1 through 4, or fractions 3
through 5, etc. The possible combinations of adjacent fractions provided the LP problem with about 215
different blendstocks, including the full-boiling-range products.

Two further actions helped reduce the scope to manageable proportions, The component properties were
entered in a Quatirc Pro spreadsheet library and set up so they could be input to the problem readily,
allowing a large number of components to be tried rapidly by manual action. The other action reduced
the rumber of artificial stocks requiring trials. In addition to the blend formuiation, the LP solution
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indicates the relative utility of unused components to the blend. Preliminary LP runs quickly established
that similar cuts had similar utilities to the blends. For example, if a blend made of cuts 3 through 5 was
not used in a blend and had low utility, a biend made of cuts 3 through 6 of the same product would also
have low utility and would not be used. These actions aliowed calculation of optimal blends from a set
of fuels including the parent stocks, products, and all the practical distillation cuts.

In this way, lincar programming computed the biend compositions based on the property and emissions
data for each component. The properties of each of the blends were also computed based on the
assumptions of linear blending. The resuits of these caiculations for the aromatic content and the cetane
number are summarized in Table 10. The measured cetane numbers, also listed in Table 10, are in some
cases significantly different than the computed values, indicating the nonlinear namre of the cefane scale.

Table 10. Computed and Measured Properties of the

Low-Emissions Fuels
Fuel Aromatics Computed VCR _
Number {wt %) -GN Measured CN
1 10 76 62
2 7.8 66 40
3 0.7 57 43
4 29 63 41
s 15 75 60
-6 7.7 63 29
7 15 60 41
8 11.3 69 44
g 8.7 73 56
10 13.9 55 50

Clean-Fuel Experimental Resuits and Discussion

The Phase IIT test fuels included the 10 "low emissions™ fuels described in the previous section, as well
as repeats of the fractions of the Fischer-Tropsch wax material (FT1) and fractions of a straight-run
material (FT2) from the Fischer-Tropsch processing of coal.

Linear programming was also used to compute the other properties and compositional data for each of the
fuel blends. The statistical models for emissions are based mainly on the composition of the fuels and
physical properties that are also linear functions of the composition. It is reasonable, therefore, to assume
that the computed vaiues of these properties arc appropriate for use in the statistical models of the
emissions. The results of the calculations of the properties and compositional data are presented in
Table 11. These are linear combinations of component properties and variables such as viscosity which
have blending indices were not transformed via a blending index.

Fischer-Tropsch Fuels

The Fischer-Tropsch fuels consisted of two different materials produced from the indirect liquefaction of
coal. Each of these materials and seven fractions of both materials were subjected to both CVCA ignition
experiments and VCR engine ignition and combustion and emissions testing. Both F-T liquids were added
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to the project after its inception, but FT2 came at about the time Task 3 was started, so its evaluation was
- done as part of Task 3 and reported here.

The CVCA and VCR ignition quality ratings of the various materials were in excellent agreement with
each other, both demonstrating that the full-boiling-range base materials had relatively high cetane
numbers in the range of 65 to 85. The cetane numbers of the fractions of both materials demonstrated
strong relationships to the boiling point, as shown in Figure 34 for the VCR cetane ratings. The lower-
boiling fractions of each of these materials had relatively low cetane numbers. The cetane numbers
increased dramatically in the higher-boiling-range fractions, to the point where it was not possible to
provide accurate ratings of the highest-boiling-point fraction because the compression ratio of the VCR
engine could not be lowered sufficiently to accomplish ignition at TDC.

Figure 34 shows that the cetane numbers of all fractions of the FT'1 material were higher than the
corresponding fractions of the FT2 material. These differences are clearly related to differences in the
composition of the two materials. However, although the total aromatic contents of both materials were
very low, the FT1 material had significantly higher levels of aromatics than the FT2 material.

All of the Fischer-Tropsch materials were tested at five different speed and load conditions in the VCR
engine. As described previousty, Mode 2 was the rated torque condition for the test engine. The injection
timing was adjusted for each fuel to give the maximum torque output of the engine. Mode 2 represents
a test condition at which the NOx emissions are sensitive to the ignition quality of the fuel. The NOx data
for this condition are presented in Figure 35. Although data are missing for the FI2 materials, the NOx
emissions are clearly higher for the FT2 materials than for the FT1 materials. In addition, the differences
are larger for the lower-boiling-point fractions, where the differences in the ignition quality are also larger,
The corresponding data for the Mode 1 condition, a retarded timing and low-NOx condition, indicated no
systematic differences between the two fuels.

The smoke data at all test conditions indicated a systematic difference between the two materials, with the
FT1 always higher than the corresponding FT2 fraciions. This difference is probably related to the
differences in aromatic content of the two materials where FI'1 has effectively zero aromatic content and
FT2 has only 2% vol aromatics. In addition, there was a trend at all test conditions for the smoke
emissions to increase with boiling point, due most likely to the physical effect of the boiling point on the
evaporation rates of the fuel in the engine. These trends are demonstrated in Figure 36 for the Mode 2
test condition.

The unburmed hydrocarbon (HC) emissions displayed an interesting trend that was consistent at ail test
conditions. The trend consisted of a dramatic, systematic decrease in the HC emissions with increasing
average boiling point. These results are demonstrated in Figures 37 and 38 for the Modes 1 and 2 test
conditions, respectively. These results are not consistent with the intuitive impression that the higher-
boiling fractions would produce high HC emissions. The results are probably because the higher-boiling
fractions are higher molecular weight components that are emitied as particulate, or that agglomerate or
condense in the exhaust system.

The value of the Fischer-Tropsch materials is indicated by the fact that the emissions parameters, or EPs,
averaged over all of the fractions of both materials, were well below the averages for all of the test
materials. The EP values for all of the test materials are presented in Figure 39 for the Mode 2 test
condition. The dashed line in Figure 39 represents the average EP of approximately 4.3, indicating that
on average, the emissions were above target values, The average EP for the FT1 fuel fractions was 3.8
and that for the FT2 fractions was 2.86, both well above average and both below the target value.
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Table 11. Task 3 Correlation Inputs

Name of Variables _

Acnaphthe
Acnaphthy
Alkbenz
Alk_naph
Arotricy
Aro_tot
Indans
indenes
Naphth
nmrAlp
nMrAro
nmrCh
nmrCh2
nmrCh3
Para
Para_di
Para_tr
Par_mono
Sat_tot
SpGr
Total UV
Uvdi
UVmono
Uvirt
Vis40
Vis100
VParom
VPolet
VPsat
WtPC
WtPH
WLPS




Low-Emissions Fuels

As discussed above, ten low-emissions fuels were formulated using linear programming techniques. The
constraints on the properties and the compositions used in the calculations had to be relaxed in several
cases to meet the emissions requirements. The aromatic content and the cetane number data, presented
in Table 10, are plotted in Figures 40 and 41, respectively, for the ten low-emissions fuels. The target
cetane number for fuels 3, 4, and 7 was 55 CN, while the aromatic content was to vary over a range from
less than 10%—30%. The actual cetane numbers for these fuels were in the range 42 to 43 CN and the
aromatics ranged from 1%—30%. The target aromatic content for fuels 5, 6 and 8 was 15%, with cetane
number varying from 63 to 75 CN. The actual cetane numbers of these fuels ranged from 30 0 60 CN
and the aromatic content varied from 8%~15%, with variation due to limits imposed by the available
blending materials. It should be pointed out that several of the fuel components had to be recreated from
the feedstocks for Task 3, making some variation of originally measured properties and the ones prevalent
in Task 3. Further these materials were available in short supply making it impractical to perform the
number of CN replicates necessary to reduce variability of results.

These results reiterate that the cetane number does not always blend linearly. The resulting fuels, aithough
lower in cetane number than originally planned, do offer the opportmity to study the effects of variation
in aromatic content at nearly constant cetane number (Fuels 3, 7 and 4 in order of aromatic content) and
the effects of variation in cetane number at modest variation in aromatic content (Fuels 5, 8, and 6 in
order of cetane number), :

We believe that the Mode 2 test conditions provide a more-sensitive measurement of the fuel effects on
the NOx emissions than the other modes because the injection timing was adjusted for maximum torgue
on each fuel. The Mode 2 NOx data for the 10 low-emissions fuels are presented in Figure 42. The
corresponding data for HC, CO, and smoke emissions are presented in Figures 43 through 45, respectively.
The results in Figure 42 indicate a trend towards increased NOX emissions as the aromatic content is
increased from 1%-30%. In addition, HC emissions appear to decrease and CO and smoke emissions
increase with the increase in aromatic contenit, _

Increasing the cetane number from 30 to 60, while holding aromatic content in the range from 8 to 15,
results in a significant reduction in NOx emissions. This variation in the cetane number results in a
corresponding increase in HC, CO, and smoke emissions.

Fuel 1 was designed to be the lowest-emissions fuel that could be produced from the large number of
poiential blending materials that were available in this study. Although the NOx emissions of this fuel
were clearly the lowest, other firels had lower levels of the other emissions. This demonstrates the utility
of using the emissions parameter for the fuel-to-fuel comparisons.

The EPs computed from the linear programming model and the actual values based on the measured
emissions are presented in Figure 46 for the Mode 2 test conditions, and several points can be made.
First, the predicted EP values are all very close to the target level of 4. This is indicative of the resulis
of the linear programming model, in which the EP was set as one of the constraints. The second point
is that the actual EPs follow the same trends as the predicted, indicating that the basis of the modeling
work is correct in a linear sense. The same conclusion was also arrived at in the detailed statistical
analysis, where the relationships between the emissions and the fuel properties and composition are linear.
The third observation is that the actual EP values are significantly below the predicted and the targets in
& out of the 10 cases, with EPs in the range of 3.5.
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As shown in Figure 39, the average EP for the 80 fuels examined in this project was 4.3 at the Mode 2
test condition. The reduction from 4.3 to 3.5 indicates that full-boiling-range low-emissions fuels can be
designed and produced using actual blendstocks. Similar conclusions can be drawn from the data at the
other test conditions, as can be verified by examining the Mode 1 EP values for the low-emissions fuels
and all test materials, in Figures 47 and 48, respectively. The corresponding data for the other test
conditions are presented in Appendix C.
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Clean-Fuel Discussion

The results of the experiments indicated that aromatic content, aromatic type, cetane number, distillation,
and density are all important in affecting the engine performance and emissions. These results agree with
recent findings reported in the Yiterature. The results, however, also indicate that the overall chemical
structure is important in controlling the emissions and cetane number. It is simply not enough, for
instance, to reduce the total aromatic content; the reduction of the tricyclic aromatic content also appears
to be very important for NOx and smoke control. This may be most efficiently accomplished by
hydrotreating the heavier fractions of the diesel fuel. Also, the cetane number refationship to the emissions
is simply a manifestation of chemical structure that inheritently produces lower emissions. The data base
from these experiments is extensive and could be the subject of much additional analysis. The following
section is a brief summary of the most important conclusions drawn from analyses that have been
completed to date.
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Summary and Conclusions

Five different diesel-fuel feed and biendstocks were hydrotreated to at least two levels of sulfur and
aromatic content. These materials were then distilled to seven or eight fractions by boiling point. The
raw materials, as well as all of the fractions making 80 samples overall, were then subjected 0 a series
of combustion-bomb and engine tests to determine the ignition, combustion, and emissions characteristics
of each material. In addition, all materials were characterized extensively in terms of physical and
chemical properties and chemical composition.

The resulting data base was statistically analyzed to develop preliminary relationships between the
emissions characteristics and the fuel properties and composition. The results of these analyses indicated
linear relationships. Linear programming techniques were then used to formulate 10 different low-
emissions fuels based on biending to meet specific emissions targets designed to be indicative of future
emissions standards. The predicted emissions performance and the actual emissions were trendwise similar
over the speed/ioad range of the iest engine. The actual emissions characteristics were, in fact, much
better than targets and the corresponding baseline data for most of the fuels. -

The following specific conclusions can be drawn from the results of this project:

1. Ignition quality and emissions characteristics are related to boiling point as indicated by the strong
functional relationships between these parameters and the average boiling point of each fraction.

2. The proposed new specifications for reformulated diesel fuel limiting the end point and the aromatics
content may not be compatible with each other and may lead to increased particulate emissions.
Reducing the end point will reduce the cetane number in some feedstocks and can also reduce the
effectiveness of hydrogenation in reducing the aromatics content. This overall cetane number
reduction could have an adverse effect on NOx also. :

3. Ignition and emissions characteristics are directly related to aromatic content and type of fuel, where:
CN = A+Ax(Alkylbenzenes)+A,x(T50%)
+A x(Indenes)+ A x(Paraffins)
+AX(Specific Gravity)+A,x(Viscosity@40°C)

where the concentrations are in wit%, specific gravity is in gM/mL, viscosity is in centistokes (cSt),

and where:

A = 27171 R = 0.94
A, = 0.54

A, = 0.31

A, = -183

A; = =013

A, = -4373

A, = -198
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4. Because of the relationship between ignition quality and aromatics, the variation of the emissions
characteristic is accounted for in the aromatic description of the fuel.

5. The aromatic content of the fuel is not always uniformly distributed across the- boiling range of the
fuel. In some cases, such as for the light-coker gas oil, the aromatics are concentrated in the heavier
fractions.

6. Within the range of variation possibie in the project, the relationships between emissions and fuel
composition are linear, so that linear programming techniques can be used to design low-emissions
diesel fuels.

7. Low-emissions diesel fuels can be formulated using raw materials that can, on the average, have
relatively high-emissions characteristics. This is accomplished by processing and blending to achieve
the emissions and cost goals.

8. The F-T diesels showed superior performance by two measures of cetane number determination. FT-1
blended linearly with petroleum stocks having a wide range ‘of cetane mumbers. The results did not
show whether the contributions of aromatics dilution versus paraffin structure provide this good cetane
number behavior.

9. The aromatics are distributed over the boiling range of the straight-run diesel fuel, simiiar to the
light-cycle oils. Unlike the light-cycle oils, however, hydrotreatment appears 10 be much more
effective in reducing the aromatics content of the heavier fractions of this fuel In fact, cetane
number was decreased by hydrogenation in mid boiling range.

10. The power output of the engine was not strongly affected by large variations in the fuel properties
as long as the air-fuel ratio set point is held constant. Ignition depends on the cetane number, but
the power is related mainly to the apparent combustion efficiency.

11. The emissions characteristics of the materials tested in this program are dominated by composition
of the materials. The compositional data always provided more information in the regression models
than the physical properties.

12. The nitric oxide emissions are modeied as:

NOx = A+Ax(AlkylNaphthalenes)
+Ax(IndenesH+A x(% Carbon),

where concentrations are in wi% and the coefficients are:

A, =-9634 R’= 0.82
A, = 022
A, = 024
A, = 117

where the aromatic structure dominates the relationship.
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13. The smoke emissions are related to the fuel properties in the following relationship where:
Bosch Smoke = A,+A,x{Acenaphthylenes)
+A.X(Alkylbenzenes)+A X(Tricyclic aromatic)
+A(Total aromatics)+AX(vol% aromatics),

where concentrations are in wi% except as indicated, and where:

A = 224 RZ= (.61
A, = - 0.065
A, = -0.029
A, = 008
A= 0,027
A% = 0013

And where a significant portion of the variation in smoke could not be accounted for in the fuel variables.
Experimental error or physical processes may account for the remainder of the variations.
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A. Dissolving and Head End

Irradiated slugs from the pzles were charged to the dissolver with

the aid _hen"éi‘u'gs"i;gg had, 5% general, an

' 1rrad1at10n level of a ou

ec1al slug charger

T egawatt-days per ton (MWD/T) and were .

about 100 days from pile discharge when chargedf A sufficient number

Py Awwﬂn S A g

issolver of 250 or 500

pounds of uranium after two 250-pound cuts had been dissoclved.

\‘bf'S'Itfgs were charged to provide a heel in the

The first step following charging was the removal of the aluminum
alloy slug jackets, These were removed with a NaQOH -NaNO3 solution by
a standard procedure which paralleled that used in the production plant.

A The chemistry of the process is discussed in the Redox Technical Manual
(p. 303). (1) For a normal charging of 500 pounds of new slugs, 333
pounds of 26% NaNO3 solution was added, the temperature was raised
to about 95°C. , and the air sparger was operated to give 2. 5 SCFM.
Eighty~seven pounds of 50% NaOIH solution and 14 pounds of water were
added and, after the reaction had subsided, the temperature was raised
to 100 to 110°C. This amount of NaOH represents a NaOH/Al mol ratio
of 1. 8. The solution was maintained at the boiling point for three hours.
It was then cooled, the sparger was turned off, and the solution was sent
to the waste storage tank. The de-jacketed slugs were rinsed in hot water

for an hour and were then ready for dissolution.

Two dissolution procedures were utilized. In the updraft procedure,
which was followed in a majority of the runs, the E-1-1 reflux condenser
was used., For a normal cut of 250 pounds of uranium, 600 pounds of
60% HI.\T()3 was added to the dissolver and the temperature was raised to
the boiling point. The solution was maintained at the boiling point, generally
without air sparging, until the specific gravity had reached about 1. 79 at
the temperature of the solution. The solution was jetted to the oxidizer
and a second cul was made by the same procedure. The two cuts were

combined in the oxidizer to provide the feed for a run.
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component [12]

10. Experimental summary

Fffective methods have been developed to search for the
low tate of events from #f production in the presence of
iarge backgrounds. These methods include the ability
to identify b-jets, whose presence is a characteristic of ¢
events. Another important facet of the analysis is the
way backgrounds in the counting experiments have been
estimated directly from the data, essentially without
reliance on Monte Carlo methods. - The inclusion of
the two W 4 jets + b-tagging searches together with
the simpler dilepion search has increased the overall
sensitivity for if events by about a factor of five.

Because of the lack of dependence of the result of
the counting experiments on Monte Carlo, too little has
been said in this report about this important subject.
The ISAJET program by Paige and Protopopescu [9],
the HERWIG program by Marchiesini and Webber [10],
and the VECBOS program by Berends, Giele, Kuijf
and Tausk [11] in particular have been used exiensively
in all phases of the analysis to understand the data.
All the estimates of acceptances, and therefore also the
calculated ¢ production cross section, depend on Monte
Carlo methods for event generation, parton evolution,
jet fragmentation and detector simulation. The mass
fitting techniques used to determine the most likely top
mass also rely heavily on Monte Carlo event generators,
both for the development of the fitiing methods and for
their validation (if an input top mass of M, is used,
what is the output? does it equal the input?).

Finally, to summarise the experimental results: The
data obtained so far gives ecvidence for, but do not
firmly establish the existence of top quark production
in 1.8 TeV gp collisions. Under the assumption that
the excess of events over background found by the three
counting experiments is due to t{ production, mass
fitting of a subset of events yiclds a top quark mass,
Mip = 174 = 10 tig GeV/c? and a ¢f production

cross section of 13.9151 ph.

11. Prospecis for top physics

Given the results summarised in this report, the
immediate priority for the experiment iz to collect
more data to confirm the evidence obtained. The
data collection process started again at the beginning
of 1994, and has so far (July, 1994) resulied in
an additional 10 pb~! of integrated luminosity being
recorded, containing one additional ey event. The
new data includes information from a radiation hard
Silicon Vertex Detector (SVX’) which has replaced the
earlier, radiation-soft SVX. Work is now in progress
to align the new detector, and to measure iis tagging

1 =
8 Curves by Burgers, Hollik and Martinez
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Figure 14. The calculated dependencs of My on Megp in the
standard model, using the LEP value of
Mgz = 91.1895 + —0.0044 GeV/c?, is shown for Higgs masses of
50, 250, 500 and 1000 GeV/c3. The width of the band for each
Higgs maas does not include the uncertainty on e{Mz). The
data point is at Meap = 174 £ 17 GeV/c? | My = 80.23+£0.18
GeV/c?, where the value for M,y is from the CDF mass fit,
while the value for My is from direct My -measurements alone.

efficiency. News that the Tevatron Collider has reached
a record luminosity of 1.4 x 10%'em2sec™! arrivad
during the conference. This improvement means that a
total integrated luminosity of 200 pb~! could be reached
within the next 2 years.

Longer term, the Main Injector, which is scheduled
to turn on in 1998, should provide luminosities in the

‘rarge 5 10 x 103lem=~25ec™! and therefore, after a few

years of operation, data sets in excess of 1000 pb—1.

Given the good prospects for significant increases
in lzminesity over what has been used for the analysis
described in this report (19.3 pb~' ), let me now
turn briefly to the physics of top quarks that may be
addressed,

What makes the top quark interesting is that it is
surprisingly heavy, much heavier than all other fermions.
Said differently, it is strongly coupled to the Higgs
boson, breaker of the electroweak symmetry. To see this,
recall that the fermion-Higgs coupling in the standard
model is given by the term

ﬁ}’nkuws = _Gjerms'tm (ﬁ(é" L) + (E¢)R)

where Gf.rmion is an arbitrary coupling constant, & is
the Higgs field and R and L are the Right and Left
fermion fields. This Yukawa coupling generates the
fermion masses M;ormion = Germion X v/\/i, where v
= 246 GQeV is the vacuum expectation value parameter




N/A = Not applicable

ABORATORY SES FOR DIESEL FR CHER-TROPS GE W, 1
| Tost Gomed | Fiitho | AEds | fitiss | direce | Fiaol | Aiascr | fiascs | fiisos
T8P Cut Pts. °F - <400 400-440 4405-480 480-520 520-560 560-800 _600 +
AL =204 204-227 227-249 249-271 271-293 293-315 315+
Yield, Vol% 0-20 20-31.5 :i 1255- 42,554 54-67 §7-82.5 82.5-100
Vol% of Fraction o 20 11.% 11.0 11.5 13.0 15.5 17.5
Density D 1298
Specific Gravity 0.7770 0.7539 ©.7632 0.7711 0.7783 0.7852 | 0.7914 0.7930
*AP) .06 56,2 539 52.0 50,3 42.7 47.3 45,6
_giml 0.7767 0.7536 0.7630 07708 | 07780 i 0.7345 0.7910 0.7986&
Distiltation, °C/°F, )12
1ep 187/368 168/3386 187/386 218/424 2421467 266/511 286/547 313/585
5% | 202/398 1784352 202395 1| 224/436 1 247/477 271/518 290/555 1 212/60%
10% ! 208407 172355 2031397 226438 2481478 272)522 292/558 318/607
30% | 232/449 | 183/352 | 207/404 | 229/244 | 252/485 | 274/528 | 2945882 | 322/811
50% [ 281/502 189373 213/416 234453 2547490 1 277/531 297/566 324/615
70% _ 287/550 1.198/3g8 2217429 2387461 | 252/496 | 279/538 299/571 | 3J26/819 |
90 | _311/592 218/420 233/452 246(475 264/507 285/545 304/573 331/628
95% 318/606 2268/438 233/4863 250/482 268/511 287/542 30£/583 334/633
EP 3271620 236/456 246/474 253/4A8B8 272521 2921557 309/589 337/638 |
Carbon, wi% D 2178 | 8492 84.653 £84.68 84.78 85.0 84.85 25,18 84,82
Hydrogen, wt% 15.12 15.32 15.44 15.29 15.0 15,20 14.91 15.22
| _Sulfur, wi% D 2622 0.003 0.001 0.003 0.002 0.003 0.001 0.002 0.003
Aromatics Hydro- 1.1 1.3 - - 0.9 - - 1.4
Olefins ?:pﬂ;on 11 0.6 - e 0.9 = - 0.8
Saturates Vol% 97.8 98,1 - - 88,2 - o 978 _ |
Vis, @ 40°¢ D 445 2.42 1.16 1.48 1.85 2.37 3.31 4.01 5.71
@ 100°C 1.08 0,62 0,74 0.86 102 1.24 1,48 1,88
|_RI @ 20°C D 1218 1.4342 '[..4214 1.4266 1.4303 1.4344 3.4382 1.4411 1.4450
I Cetane No. CVCA 64 8 51.2 80.1 86,0 72.1 711 823 873 |
Cetane index D 976 75.4 62.7 67.9 71.0 73.2 74.89 75.1 746 |
D4737 t 214 67.2 73.3 738 84.2 90,4 95.4 _102.2
uv JOTAL _ 0.2 0.4 0.3 0.2 0.2 0.1 a.1 0.1
Aromatics |_MONO 0.2 0.4 0.3 0.2 0.2 0,1 0.1 0.1
Analyses DI 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Wézﬁngtaf TRE 0.0 0.0 0.0 o0 0.0 Q.0 0.0 0.0
f;lﬂllfl PL. °C/oF _D 2500 -20/-4 _<-80/-76 -B5/-67 -50/58 -37/-35 -22/-8 -12/10 +1/34
Pour Pt., *C{°F D a7 -20/-4 <-60/-78 -55{-67 ~AS 49 -35{-31 -25/-43 171 -4/25
{|_Aniine P, *C/°F D611 92.8199 | 80.6/178 [ 84.0/183 8.6¢1 92001983 | 96.3/206 | 99.7/212 | 1047221
Smoke Pt., rom B 1322 +35 +50 +50 +50 +45 +35 +35 NiA




TABLE A2. LABORATORY ANALYSES FOR F-T STRAIGHT-RUN PROBUCT (FT2)

Tost &.?m"’t‘d FL-209 ,_.F[?;i 5 ;&ci 126 ;lf-aéci 13 7 FFL?;{ 18 gfaéci 159 Fplf-acéi a;eo ;Lr?zci 2?1
TBP Cut Points, °F . 300-400 400-440 440-480 480-520 520-580 580-600 600+
°C 149-204 204-227 227-249 249-271 271-804 304-315 315+
Vol% of Fraction 16.3 10.1 12.0 10.5 18.2 17.3 15.7
Density D 1298
Specific Gravity 0.8081 0.7783 0.7936 0.8058" 0.8086 0.8104 0.8132 0.8146
°AP| 43.6 50.3 46.8 44.1 435 43.1 425 42.2
g/mL 0.8077 0.7780 0.7932 0.8054 0.8082 0.8100 0.8128 0.8142
Distillation, °C/°F D86
1BP 184/363 102/216 158/316 181/358 200/392 208/442 250/482 276/529
5% 199/391 130/266 163/326 192/377 214/418 239/462 263/506 287/549
10 208/406 134/274 168/334 193/380 218/424 252/458 268/514 2027557
30 238/461 1447292 173/344 199/391 223/434 250/482 276/520 297/566
50 265/500 152/306 179/354 206/403 228/442 254/489 281/537 | 299/571
70 286547 | 162/a04 188/370 214/418 233/452 259/498 283/542 3035577
90 309/588 179/354 202/395 208/442 243/470 264/508 289553 | 307/585
95 319/606 189/372 208/408 138/459 250/482 269/516 | 292/mss8 311/591
EP 331/627 | 200/392 220/428 281/537 272522 2741526 206/565 317/608
n, Mass% D 5291 82.62 79,18 77.78 80.71 82.17 8203 82.72 84.21
Hydrogen, Mass% | 13.76 13.11 13.27 13,54 13.88 13.30 13.49 13.96
fur, Mass% D 2628 0.031 0.001 <0.001 0.002 0.001 0.003 0.003 <0.001
ydrocarbon Type D 1318 Unreliable readings .
Aromatics
Qiefins
Saturates
is. @ 40°C
@ 100°C
| @ 20°C
No, CVCA
tane Index D 576
D 4737
ing Carbon w
Mono
Di
Tri
foud Point, °C D 2500
aur Point, °C De7
niline Point, °C D &1l




TABLE A3. LABORATORY ANALYSES FOR STRAIGHT-RUN DIESEL

Tast ASTM Feed Frac. 1 Frac. 2 Frac. 3 Frac. 4 Frac, 5 Frac. 6 Frac 7 Frac. §
Meathod FL-1627 FL-1763 FL-1794 FL-1795 FL-1798 FL-1797 FL-1798 FL-179% FL-1800
TBP Cut Pts. °F <400 400-440 440-480 480-520 520-560 560-600 600-640 &40+
°C <204 204-227 227-2459 249271 271-293 253-315 315-338 338+
Cut Range, Vol ¢-115 11.5-20.5 205285 28.5-45 45-615 615755 | 755865 B6.5-100
Yield, Vol 11.5 8.0 8.0 16.5 16.5 14.0 110 13.5
Sp. Gr. @ 60°F{°C) D 1298 0.8458 0.8146 0.8445 0.8483 0.848 0.845 0.847 0.859 0.863
Gravity, *AP| 35.8 42,2 36.1 353 35.3 36.0 35.5 a3.3 32.4
Density, o/mL 0.8453 0.8142 0.8440 0.8479 0.8476 0.8446 0.8466 0.8586 0.8625
’I)Bigtiiaﬁon, °CrF, Des 1781353 g1/282 139/452 247/476 2617502 280/536 289/570 321610 347/657
5% 220/428 104/324 162/464 251/484 265/500 283/542 302/576 324/616 3351/663
10% 2417468 116/338 170/465 252/486 268/514 284/544 303/578 325617 352/666
30% 273/523 134/377 192/473 256/492 270/518 2B5/546 305/581 275820 354/669
50% 288/551 142/404 207/480 258/498 273/523 288/550 307584 | 328822 356/673
70% 305/581 152/425 218/488 263/5068 275/527 291/565 300/588 330626 3686877
90% 335/635 168/452 233/501 269516 2837542 256/564 314/597 3347634 364/687
95% . 347/657 175/462 230/506 e72/521 288/550 298/568 A7/602 337/638 A66/691
EP 356/672 180/475 246515 2761529 282/556 302/576 321610 335/643 Jress
Carbon, wt% D 3178 B86.82 B6.64 87.08 87.14 87.10 87.06 86.27 86.47 86.38
__H)ﬂen, wite 13.31 12.82 12.49 12.44 12,56 12.68 13.58 13.41 13.89
Sulfur, with D 2622 0.052 0.007 0013 0.018 0.026 0.043 0.073 0121 0111
Aromatics Hy!g;s 23.6 23.4 245 25.0 254 23.3 229 237 too heavy
Olefins %;b:ﬂ 1.0 1.1 1 .0. 1.5 1.6 16 1.1 1.2 too heavy
Satrates Vol% 747 755 74.5 73.5 73.0 75.1 76.0 75.1 too heavy
Vis. cSt @ 40°C D 445 3.52 1.26 2.28 260 3.18 3.85 5.00 6.86 10.41 i
cSt Q100°C 1.34 0.58 0.89 1.10 1.25 142 1.70 2.08 2.7%
| Rl @ 20°C D 1218 14718 1.4550 1.4717 1.4742 1.4737 14713 1.4726 14787 1.4873
Cetane Ne. CcVCA 56.2 33.9 . 411 40.5 42.5 45.1 64.2 - -
Cetana Indox D 978 52.6 41.4 44.8 46.0 49.0 52.8 54.5 52.7 52.0
D 4737 54.6 415 45.1 470 52.2 59.3 54.8 86.2 80.7
Aromatic, wtte uv
Totaf 114 12.3 135 - 13.3 12.5 10.9 8.7 83 17.2
Mono-aromatic 4.3 7.8 . 48 4.4 4.3 4.0 3.2 3.1 57
Di-aromatic 5.8 4.4 8.6 85 7.4 57 3.7 3.5 6.2
Tri-aromatic 13 0.1 0.4 0.4 0.8 1.2 1.8 2.7 5.2
Cloud Pt, °CrFF D 2500 1/34 -44/.47 -28/-18 -21/-6 -1477 -6/21 /43 12/54 36/97
Pour Pt, °CFF D 97 -1/30 -45/-49 -25/-13 -18/0 ~-12M10 3127 8/43 15/59 38/102
Aniline Pt,, °C/°F D 611 73.0/163 54 41130 62.4/144 | 64.4148 68.6/155 75.0M67 80.1176 | 82.1/180 88.4/1891
Smokg Point, mm D 1322 17.2 19.5 15.7 15.0 15.3 15.8 16.2 NA NA

A-4




TABLE A4, LABORATORY ANALYSES FOR LOW-AROMATICS STRAIGHT-RUN DIESEL

st ﬁfufk‘d Ff—i;%% FFLfr.ic'a;ts lflf-.}cé% ;&cé}'sa g&cé;s if&céaso ;Iﬁcég lfi.micsgz :ﬁcéssa
BP Cut Ps.°F 18P-400 | 400-440 | 440-480 | 480520 | 520.560 | 560-600 | s00-640 | 640+
°C IBP-204 | 204-227 | 227245 | 249-27% | 271208 | 203315 | 315938 | 3384
ut Range, Vol2% 05 515 | 15245 | 245305 | 30586 | 56735 | 73587 | &7100
Yield, Vol 5 10 95 15 | 165 175 135 13
Sp. Gr. @ 60°F D1208 | 08280 | 07832 | 08251 | 08373 | osses | 08304 | 08246 | 08314 | 08373
Gravity, °API 39.4 478 40.0 375 37.6 38.9 401 38.7 375
Density, g/ml 08276 | 07888 | 08247 | 08368 | 08364 | 08300 | 08242 | 08310 | 08368
Distillation, °C/°F, IBP Dss | 128262 | o420t | 183@61 | 21s/27 | 246474 | 271520 | 20050 | 3teos | 346659
5% 183/380 | 100/212 | 194781 | 2o6/a38 | 24eis0 | 27ems2s | 20767 | 2zami1s | ssam7o
10% 2o8/a42 | 116241 | 197mse | 2277440 | 2s0ms2 | 2vimao | 2ovmser | azamrs | ssemme
30% 2645507 | 126r258 | 202/908 | 2o0mas | 2s4mse | 27omse | sousrs | scemis | asemrr
50% 282530 | 137278 | 2070404 | 233452 | 257:404 | 281538 | soams7z | s27me20 | se2ses
70% 3005572 | 147297 | 2141418 | 288/481 | 260500 | 284/544 | 3047580 | 329624 | 364/688
90% spas22 | 162/323 | 206i3s | 24674 | 26em10 | oserss> | soessy | sssmesi | s7ises
95% 3405644 | 168/334 | 231447 | 24080 | 268m15 | 20257 | 311591 | 335635 | 373705
EP as1/664 | 177/a51 | 2asuss | osamss | o7amzs | 20s4mez | 31eme7 | azesar | amemis
on, Wi%% D3178 | 8599 86.61 86.26 86.07 86.00 8587 | 8580 | 8562 85.68
drogen, W% 14.86 13.62 14.03 13.91 14.01 1437 | 1480 | 1467 14.53
Sulfur, wivh D2622 | <0001 | <000t | <0001 | <0001 | <0001 | <0001 | <0001 | <0001 | <0.001
Aramatics p 130 0.8 227 146 14.9 125 9.1 76 76 NA
Olafins garbon 0.6 0.7 0.9 0.8 27 18 1.0 238 NA
Saturates Vol% 80.6 76.9 84.5 84.2 848 | 801 91.4 89.6 NA
is. oSt @ 40°C D 445 3.7 0,75 1.53 212 2.81 346 | 435 5.80 8.70
oSt @ 100°C 1.29 0.45 0.75 0.96 1.16 1.32 158 1.94 2.54
Rl @ 20°C D1218 | 14580 | 1.4403 | 14857 | 14610 | 14608 | 14576 | 14585 | 1.450s NA
stane No. CVCA 61.3 23.1 31.7 386 443 488 ss2 | 791 -
stane Index D 976 57.7 13.0 37.4 426 493 56.7 52.1 61.7 §0.5
D4737 | 0. 238 38.1 427 51.3 84.1 78.4 815 822
matic, with w
Tol 3.3 7.7 58 5.0 36 26 15 1.1 08
Morno-aromatic 30 7.7 56 46 3.2 2.2 13- 0.9 08
Di-aromaic 0.3 0.1 0.3 0.4 0.4 0.3 0.2 0.2 02
Tri-aromatic 0.0 0.0 0.0 00 0.0 0.0 05 00 0.0
loud Pt °GFF D 2500 134 | <78/108 | 5363 | -34.20 | 2004 916 032 15/59 26/79
bour Pt., *CIPF D 97 ar7 | <78.108 | 5160 | aa2z | -1s0 7189 387 | 1861 28/82
Aniline Pt,°C/F pet1 | 80877 | 354m6 | 470117 | ea0n4a7 | 72763 | 810178 | esenter | s32m00 | 1017215
Emoke Point, mm D 1322 255 205 215 212 259 206 NA NA
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TABLE AS. LABORATORY ANALYSES FOR LIGHT-COKER GAS QIL

Moo | FLaado | Fiasis | riaser | fiase | Rlasi | flisso | Fiass
TBP Cut Pts. °F - - 330440 | 440480 | 4sos20 | 520860 | 560600 | eno-est
°C 166227 | 227240 | 249.271 271208 | 208315 | s315-384
Cut Range. Vol% - - 0-25 25427 | 427687 | s597.758 | 758888 | sss100
[ Yield, Vol - - 25.0 17.7 17.0 161 13.0 11.2
Sp.Grviy@60°F | D128 | ose7s | 08403 | oasses 0.8740 0.8871 0.8927 0.9054
Gravity, APl 31.6 3.9 337 30.4 28.0 27.0 24.1
Density, g/mL 08671 | 08398 | 08561 0.8735 0.8867 0.8922 0.9089
Distiflation, °F, I8P D86 | 196/85 | 193879 | 227440 | 249/480 272/521 203550 | 315599
5% 516420 | 19991 | 200445 | 250/485 o76/529 | 206584 | 316/01
10% 224/435 | 202/395 | 23046 | o5p486 | o77mmo | 2eemes | azmecs
30% 230M62 | 206103 | 23351 | 255101 278/533 | 208569 | 310/506
50% 256/492 | 210/410 | 236/456 | 257/495 2815537 | 20071 | 321/800
70% 276528 | 21417 | 230ms2 | 2e0m00 | 283m41 so1574 | azamia
50% 301574 | 201420 | 245473 | osamos | 2sesar | s04mso | szomra
95% 310/590 | 224143 | 24878 | 267512 | 288551 306/583 | 335/635
EP 32008 | 2386t | 28591 | 27426 206665 | 313595 | 341/ses
Carbon, Wit D378 | 85.18 85.36 86,70 85.68 85.77 85.95 85.82
Hydrogen, W% 12,58 13.16 12.46 12.35 12.08 1227 11,97
Sulfur, wi% D 2622 141 1.16 1.08 136 148 132 133
Aromatics gy 1919 52.4 29.1 31.8 387 464 49.0 100 hoavy
Olefins '?'arypb:n 59 180 170 158 12.7 14.9 too heavy
Saturates Vol% 41.7 529 51.2 45.8 40.9 26.1 too heavy
Vis. St @ 40°C D 445 2 56 1.46 2.01 277 397 5.64 10.08
cSt @ 100°C ' 1.10 0.73 0.90 1.14 1.40 169 2.40
Ri @ 20°C Di218 | 14797 | 14620 | 14728 1,4831 1.4907 14842 | Too dark
Getane No. CVGA 29.0 25.6 27.9 30.1 29,1 328 31.7
Cetana Index D 976 393 333 37.0 37.9 39.2 406 38.8
D4737 | 387 32.0 31.9 356 37.5 412 412
Aromaiic, Wit uv
Total 167 114 138 144 16.1 14.7 15.2
Mono-aromatic 8.4 9.1 8.6 7.1 6.7 6.2 56
Di-aromatic 59 15 44 6.3 7.2 6.8 6.1
Tri-aromatic 14 06 08 1.0 13 17 3.5
Claud Point, °C/°F D2500 | Tooodark | -65-85 | —54.65 | -ass6 | 2717 | 2136 | Too dark
Pour Point, “C/°F Do7 | -sor22 | —esi85 | -Ssi67 | -ssis 27117 —21/-6 -&/23
Aniline Point, °C/°E D11 | 476118 | 4341130 | 46796 | 462115 | 4as0n20 | 534128 | Too dark
Smoke Point, mm D132z | 138 166 167 12.4 11.9 11.0 NA




TABLE AG. LABORATORY ANALYSES FOR LOW-SL

JLFUR LIGHT-COKER GAS OiL

ASTM Feed Frac. 1 Frac. 2 Frac. 3 Frac. 4 Frac. 5 Frac. &
Test Method FL-1442 FL-1862 FL-1263 FL-1864 FL-1865 FL-1866 FL-1867
TBP Cut Pts. °F <400 400-440 440-480 _480-520 520-560 560 +
°C <204 204-227 227-248 249-271 271-293 293 +
Cut Range, Vol% 0-13.5 13.5-29.0 29.0-48.5 48.5-66.5 £6.5-82.0 32-100
Yield, Vol% 13.5 15.5 18.5 18.0 15.5 18.0
Sp. Gr. @ 60°F D 1298 0.8463 0.8184 0.8299 0.8403 0.8524 0.8628 0.8697
Gravity, APl 35.7 41.4 38.0 36.9 345 32.5 31.2
Density, g/mb 0.818Q C.8285 0.83938 0.8520 0.8623 0.8682
ggtiliation, °C/°F, Dse 193/380 1697237 193/379 | 218/421 239/462 260/500 292/558
5% 213/416 179/354 202/385 221/430 244/472 266/510 286/565
10% 219/427 182/360 204/3839 222/432 245/473 287/512 297/567
30% 2347854 1907374 208/407 226/438 24B/478 270/518 300/572
50% 2471476 198/38% 213/415 231/447 251/484 273523 303/577
70% | 266/5171 2071405 2182/425 236/456 256/492 276/522 307/584
20% 289/552 218427 228/442 245/473 262.-'504 282/539 314/598
95% 300/572 227!441 234/453 245/481 267/512 . 284/543 319/607
EP 315/599 236/457 2427467 256/482 2741526 288/550 328/824
| Carbaon, wt% D 3178 BE.85 86,48 86.43 86.59 26.29 86.74 86.72
Hydragen, wt% 13.31 13.66 13.59 13.54 13.18 13.17 12,96
Sulfur, wt% D 2622 C.04 0.007 0.009 0.014 0.024 0.041 0.052
Aromatics EVL?;-Q 275 22.1 22.9 24.7 28.2 32.5 312
Olefins carbon 2.1 1.9 3.8 1.9 1.9 1.6 1.3
i Type
Saturates Vol% 70.4 78.0 75.3 73.4 £9.9 65.9 87.5
{l_vis. cst @ 40°c D445 | 231 1.26 1.52 1.90 2.52 3.45 5.81
¢St @ 100°C 0.58 0.76 .87 1.06 1.30 1.58
| Rl @ 20°C D1218 1.4676 1.4537 1.4598 1.4646 1.4716 1.4771 1.4810
Cetane No, CVCA 33.3 28.2 29.5 29.2 30.4 33.7 37.8
Cetane Index B 976 43.5 3&.4 28.0 40.7 42.7 44.5 47.2
D 4737 . 43.5 37.4 38.2 40.5 42.7 45.5 . 52.6
Aromatic, wt% uv
Total 10.5 10.0 10.9 10.2 11.0 11.2 11.4
Meno-aromatic 8.2 9.4 9.8 84 8.2 7.7 7.2 |
Di-aromatic 2.3 0.6 1.1 1.8 2.8 3.4 3.5
Tri-aromatic 0.0 0 o D 8] Q.1 0.7
Cloud Pt., °C/°F D 2500 =35 <-65/-85 -62/-80 -48/-54 -38/-36 -27417 -5/23
Pour Pt., °C/°F D a7 -38/-38 <-85/-85 -6/-80 -45/-49. -35/-31 -274-17 -2/28
Aniline Pt., °C/eF D611 58.6/137 | 51.7/125  53.5/128 56,2/133 58.2/137 61.2/142 69.6/157
Smoke Point, mm 01322 16.2 18.1 18.3 16.7 15.5 14.7 14.1
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TAELE A7. LABORATORY ANALYSES FOR LOW-AROMATICS LIGHT-COKER GAS OIL

Test oot | FLasas | Fioser | fisss | fiasee | Piaeob | fLasor | Plaeor | Finteos
TBP Cut Pts. °F - = 326-400 400-440 440-480 480520 | 520-560 | 560-600 | 600-746
°C 163-204 204-227 227-249 249271 | 271-203 | 293315 | 315.397
Cut Range, Val% 0-85 85-24 24-423 | 42.3-584 S%ﬁ 73.4.859 | 859100
Yield, Vol% - . 85 15.5 18.3 16.1 15.0 125 14.0
Sp. Gr. @ 60°F D 1208 0.8393 0.8203 0.8265 0.8324 0.8418 0.8450 0.8498 0.8522
Gravity, °AP| 37.1 41.1 39.7 38.5 36.6 35.1 35.0 45
Density, g/mL 0.8388 0.8158 0.8261 0.8319 0.8413 0.8486 0.8494 0.8518
Distillation, °C/°F, IBP D 86 211/412 181/358 | 201/394 221/429 241466 | 259/488 | 2815537 | 307585
5%, 221/429 188/371 205/401 224/436 2441472 | 263508 | 288/m47 | 3127504
10% 224/436 190/374 207/404 225/437 246/474 | 2645508 | 287548 | 313585
30% 2407464 194/382 210/410 228/442 248/479 | 267/512 | 289/552 | 315/599
50% 255/481 199/290 2141417 231/448 251/483 | 269516 | 201586 | 31702
70% 274/526 204/400 218/425 234/453 255/491 272522 | 293/560 | 3215610
90% 302/576 212/414 227/440 242/468 262/503 | 277/530 | 207566 | 3zsm22
95% 314/557 216/421 232/449 247/477 265/600 | 280/536 | 2995570 | 333632
EP 322512 221/430 241/465 252/486 271/520 | 286/546 | 3015574 | 340/644
Carbon, wi% D 3178 86.20 86.22 86.40 86.53 86.53 86.66 B86.42 86.73
| Hydrogen, wt% 13,69 13.50 13.52 13.51 13.41 12.35 13.41 13.58
Sulfur, wth D 2822 <0.001 0.003 <0.001 <0.001 <0.001 <0,001 0.002 0.002
Aromatics Byll er.;g 10.4 105 8.1 87 10.2 11.9 13.0 14.3
Olefins ,crayg::n 0.4 0.7 0s 06 0.5 0.7 0.9 1.0
Saturates Vol% 89.2 88.8 90.4 g0.7 89.3 87.4 86.1 84.7
Vis. cSt @ 40°C D 445 267 1.35 1.58 1.98 261 3.37 4.63 7.10
cSt @ 100°C 1.10 0.69 0.78 0.90 1.08 1.28 1.55 2.07
| RI@ 20°C D 1218 1.4508 1.4500 1.453% 1.4569 1.4616 1.4852 1.4662 1.4676
Cetane No. CVCA 37.7 28.2 30.5 31.7 33.7 39.0 44.1 54.9
Catane Index D 976 48.0 36.1 39.7 43.6 46.2 47.9 §1.7 53.8
D 4737 49.2 36.6 39.9 44.0 47.2 50.6 57.7 £5.9
Aromatic, wi% uv
Total 33 45 39 35 3.4 33 27 2.2
Mono-aromalic 3.0 43 3.7 33 3.4 2.9 23 18
Di-aromatic 0.3 0.2 0.2 0.3 04 04 0.4 0.4
Tri-aromatic 0 0 0 0 0 0 0 0
Clond Pv., °CPF D 2500 -28/-18 <-48/-54 <-48/-54 <-48-54 -41/-42 -31/-24 -21/-6 -4/25
Pour Pt, °GrF bs7 83/-27 <-48/-54 <-48/-54 <-48/-54 -37/-35 -28/-18 1711 -4/25
Aniline Pt, °C/F D 811 712160 | 574135 | 629145 | s6.0/151 69.5/157 | 73.00163 | 79.7/175 | 83.6/191
Smoke Point, mm D 1322 231 25.9 238 23.5 224 21,0 224 NA




TABLE AS. LABORATORY ANALYSES FOR LIGHT-CYCLE OIL

Test ASTM Feed Frac. 1 Frac. 2 Frac. 3 Frac. 4 Frac. 5 Frac. 6 Frac. 7
Mathod FL-1538 FL-1555 FL-1556 | FL-1587 | FL-1558 | Fi-1559 | FL-1560 FL-1561
TBP Cut Pts. °F = = 367-440 440-480 480-520 520-560 560-600 S00-640 640-689
' °C 186-227 227-249 249-271 271-293 293-315 315-338 338-365
Cut Range, Vol% - - 0-89 8.9-18.1 18.1:38 38-53 53-67.3 67.3-79 78-100
Yield, Vol% = = 8.9 9.2 19.9 15.0 14.3 11.7 21.9
Sp. Gr. @ 60°F D 1208 0.9490 0.884% 0.9147 0.9321 0.9440 0.9541 0.9685 0.8979
Gravity, *APl 17.6 284 23.2 20.3 184 16.8 14.6 10.3
Density, g/mL 0.9485 0.8844 0.9142 04316 0.9434 0.9536 - .9679 0.9973
Distillation, °F, IBP D8t 186367 194/382 228/442 2471477 264/508 283/542 303/578 324/616
5% 236/457 196/384 229/444 249/481 268/514 || 285/546 306/582 336/636
10% 247476 196/384, 231/447 251/483 268/515 | 287/548 306/583 339/643
30% 265/509 203/397 235/455- | 252/486 | 270/518 288/550 | 308/586 341/645
50% 280/536 210/410 237/458 | 254/490 | 272/522 | 289/552 | 5309/88 343/651
T0% 301573 218/424 240/464 256/492 274/525 291!55_6 311/591 345/858
20% 334/634 228/443 245/473 259/49% 277/531 294/562 313/596 358677
95% 3471656 232/449 248/479 262/502 279/534 207/566 | 3165801 376/709
EP 365/688 238/460 256/492 270/518 284/544 202575 323/614 390/734
Carbon, wi% D 3178 88.84 £9.00 .89.36 88.63 89.80 89.97 89.41 88.67
Hydrogen, wite 9.84 10.74 10.08 9.69 8,65 9.70 841 9.18
Sulfur, wi%t D 2622 0.69 0.16 0.35 0.45 - 041 0.32 057 1.85
Aromatics ayLS‘jr.-Q . 755 76.6 741 7re 81.7 808 81.0 75.0
Olofins _Ie_t':lygbeon 36 27 54 5.1 45 30 3.0 1.8
Saturates Vol% 20.9 20.7 20.5 17.7 13.8 16.2 16.0 23.2
Vis_ ¢St @ 40°C D 445 3.16 1.25 1.73 2.14 2.78 3.74 547 11.38
¢S5t @ 100°C 1.20 0.65 0.81 0.94 1.09 1.31 1.64 2.40
Rl @ 20°C D 1218 1.5537 1.5047 1.5279 1.5431 1.5532 15672 1.5841 1.5858
Cetane No, CVCA 15.5 15.2 _17.0 4,33 13.9 15.6 16.3 19.1
Cetane Index D 976 26.1 202 226 238 255 26.7 269 24.9
D 4737 23.8 19.3 17.5 17.0 18.1 18.5 19.7 17.6
Aromatic, wt% uv
Total 437 42.5 55.3 57.2 60.6 46.1 412 46.7
Mano-aromatic 6.3 267 14.5 6.8 5.1 3.3 4.9 6.4
Di-aromatic 28.3 15.0 39.8 48.6 53.9 37.2 2b.2 11.8
Tri-aromatic 9.1 0.8 1.0 0.8 1.6 22 6.3 19.6
Cloud Pt °C/°F D 2500 -10/14 «<—65/-85 —45/-49 —40/=—40 ~35/3—1 —22/-8 818 9/48
Pour Pt.. *CPF D 97 «12/10 <6585 —45/-49 ~40/~40 —35/ 31 —22/-38 —8/16 9/48
Anilina Pt.,, °CF°F D &1 9.8/50 35/23 0.5/33 1.3/34 2.0/36 6.5/44 17.3/63 34.0/93
Smoke Point, mm D1322 6.2 7.2 6.0 6.2 6.0 6.1 54 4.1




TABLE Ag. LABORATORY ANALYSES FOR LOW-SULFUR LIGHT-CYCLE OIL

Test m Fﬁ?&s !ffaic 880 FFﬂcéé lfﬁcassa lfanaé‘s . iflﬁc' 3554 Qﬁcssfs lfs_mic 6575
TBP GCut Ps. °F 400-440 | 440-480 | 480-520 | 520-560 | 560-600 600-640 640+
oG 204227 | 227049 | 249271 | 271208 | 203.315 | 315338 338+
Cut Range, Vol% 0123 | 12328 | 28485 | 48565 | 65701 | 791801 | se.t-100
Yield, Vot 12.3 15.7 20.5 16.5 14.1 10.0 10.9
Sp. Gr. 60°F(°C) 0.9200 08349 | 0082 | 09153 | 0820 | 09352 0.9484 0.9497
Gravity, °AP! 223 28.4 24.3 23.1 21.8 19.8 17.7 17.5
Density, g/ml 09195 08844 | 0g077 | 05147 | o0s225 | 00347 0.9478 08491 ||
Distillation, °GF°F, BP D 86 200@02 | 158/317 | 217422 | o2874ss | 267mes | 27esas | sizmes | 3ssman
5% 204/43 | 1807356 | 227:440 | 2431480 | ze1m02 | 2835541 312/593 341/845
10% 2a0/a62 | 188/370 | 20044 | 24472 | 260508 | osamas | siamos | 34ams0
30% 2551491 | 208408 | 236/456 | 248478 | 2685510 | 28740 | atsmen | ademss
50% 2voist8 | 218/424 | 242mev | 2sauss | 2visie | 29257 | aizmos 351/663
70% 200/554 | 220/a44 | 248479 | o250M9s | 27e/s20 | ooemes | 32100 356/673
90% 30314 | 24suee | 261802 | 27221 | 287545 | acamye | seseiy | amemor
95% 330842 | 249181 | 2805516 | 278533 | 20amso | asormes | zcemz 386/727
EP 361682 | 266510 | o28as4s | 287548 | 300m7e | s1ames | asesmo 302/738
Carbon, Wit D 3178 20.08 88.79 89.36 89.16 89.40 89.69 89.80 89.41
| Hydrogen, wit% 10.65 11.08 11.10 11.07 11.04 10.78 10.50 10.86
Sulfur, wi% D 2622 0.026 0.005 0.002 0003 | 0004 0.008 0.040 0.114
Aromatics D ,,13; 9 73.1 89.1 756 76.0 76.0 76.7 763 Too
Olefins garbon - 06 10 1.2 20 10 10
Sarates Vold% 26.9 30.3 25.4 228 220 223 22.7
Vis. cSt @ 40°C D 445 2.96 139 1.99 2.34 295 411 6.41 13.87
cSt @ 100°C 1.16 0.70 0.88 0.99 102 1.39 1.85 2.89
RI@20°C D1218 | 15240 14980 | 15125 | 15185 | 45084 | 1s3s 1.5466 1.5505
Catane No. CVCA 17.9 14.0° 15.4 157 17.3 18.6 19.9 -
Cetane Index D 976 208 23.1 25.3 26.9 29.2 30.4 30.9 321
D 4737 28.6. 21,6 22.1 23.4 25.1 26.0 27.7 35.5
Aromatic, Wit uv
Total 358 29,1 35.4 358 36.8 34.1 32.8 318
Mono-aromatic 16.6 233 229 20.4 16.7 11.8 68 24
Di-aromatic 15.0 5.8 125 15,1 19.0 18.6 17.5 85
Tri-aromatic 42 0 0 03 12 2.7 8.6 20.1
Cloud Pt, °C/F D2500 | 12011 | <5085 | 60i76 | 4345 | -3tr2 -18/0 3727 100 dark
Pour Pt, °G°F D o7 2513 | «65:85 | .58r72 | 4345 | 3oz -18/0 032 16/61
Aniine Pt °CFF D 811 16.6/62 <846 8/46 8/46 14.057 | 17.0%3 20285 | 552.2/126
Smoke Point D 1322 7.1 87 7.1 7.1 73 7.1 54 NA

A-10




TABLE A10. LABORATORY ANALYSES FOR LOW-AROMATICS LIGHT-CYCLE OIL
o=t Mahod Flf?;%g frases | rase | fiyses Fiased | miasro | raeni | feaige
BP Cut Pts. °F - 326-400 | 400-440 | 440-480 | 480-520 | 520.560 | 560-600 | 800-746
°C 163-204 | 204-227 | 227-248 | 249-271 | 271-293 293-315 | 315.397
ut Range, Vol% 0-11.3 11.2.25.2 | 25.2.43 | 43-61.3 | s1.3.76.4 | 76.486.4 86.4-100 II
isld, Vol% - 11.3 13.9 17.8 18.3 15.1 10.0 13,6 “
. Gr. @ 60°F D1298 | 0.8828 0.8483 0.8628 0.8681 0.8713 0.8740 0,8708 0.8453 ||
Gravity, ®AP 32.5 35.3 325 31,5 30.9 30.4 31.0 __35.9 ]l
Density, g/mL _0.8623 0.8479 0.8623 0.8676 0.8708 0.8735 0.8703 0.8448 ||
igtillatiun. °C/°F, D 86 199/390 | 171/340 | 206/402 | 226/43% | 244/472 | 266/511 | 284/543 | 315/599
59 215/419 | 179/384 .| 2117411 2287444 | 247/476 | 267/513 286/546 | 317/603
10% [ _223/433 | 1837362 gi 1/412 | 280/448 | 247/477 | 268514 | 286/547 | 319/608
30% 239/463 | 189/372 | 213/416 | 232/450 | 250/482 | 2695517 288/550 | 323/613
50% 253/488 | 196/384 | 217/422 | 234/454 | 2521486 | 271s820 289/552 | 327/620 |k
70% 270/518 | 202/396 | 219/428 | 237/459 | 2547490 273/523 281/556 | 336/636
20% 305/581 | 208/406 | 223/43¢ | 2431470 | 259/499 | 277/530 294/561 | 354/5669
95% | _325/617 | 211/411 | 226/439 | 246/474 | 261/501 278/534 | 296/565 | 368/694
EP 347/657 | 215/418 | 234/453 | 283/488 | 268/514 | 284/544 | 301574 | 379/715
arbon, Wi% o 2178 86,49 86.67 85.78 86.73 86.73 86.68 86.55 £6.07
rogen, wt% 13.55 13.19 13,26 13.04 13.08 13.04 13.07 13.80
ulfur, wi% D 2622 0.003 <0.001_| -~ <0.001 <0.001_| <0.001 <0.001 <0.001 <0.001
Aromatics D 1319 10.10 12.6 e 11.7 11.6 9.9 10.3 8.1
Hydro-
Olefins _?%a:n 0.8 0.8 o8 0.8 0.7 0.9 1.1 0.9
Saturates Vol % 89.3 86.6 900 | 875 §7.7 89.2 88.6 91.0
is. cSt @ 40°C D 445 2,86 1.33 1.75 2.7 2.7% 3.50 4.47 7.02
cSt @ 100°C 1.1 0.70 0.84 1.12 1.12 1.32 1.54 2.15
| @ 20°C D1218 | 1.4708 1.4621 1.4681 1.4716 1,4738 1.4750 1.4741 1.4645
etane No. CVCA 38.4 22.4 245 30.1 31.4 29.5 42. 77.2
etane Index D 976 40.1 24.6 28.8 33.3 37.4_ 40.9 45.0 56.9
D 4737 39.8 24.8 26.7 31.2 35.5 40.5 47.3 72.6
romatic, wt%% uv
Total 35 5.6 3.6 4.1 3.9 2.9 2.5 1.4
Mono-aromatic 3.1 54 3.4 3.7 3.4 2.5 2.0 1.0
Di-aromatic 0.4 0.2 0.2 0.4 0.5 0.4 0.5 0.4
Tri-aromatic 0 [s) 0 Q o} 0 O 0
loud Pt., °C/°F D 2500 -13/8 >-50/58 | >-50+58 | »>-50/58 | >-50/58 | -40.5441 -25.5/-8 +12/54
our Pt., °C/°F D97 -19/-2 250158 | >-50488 | »-50/-58 | >-50/-58 | -41/-42 -27.5/-18 +9/48
niline Pt., °C/°F D611 | 63.6/148 | 43.0/109 | 49.3/121 | 53.7/129 | 58.5/137 | 66.3/151 | 78.6/164 | 93.3/200
moke Point, mm | D 1322 20.4 19.5 19.8 19.3 18.1 18.5 19.3 NA
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TABLE All. COMPONENT HYDROCARBON COMPOSITION BY GC/MS n
SRD SRD SRD SRD SRD SRD LCO LCO Lco | Lco LCO
Hydrocarbon Type, |  Feed #1 #2134 #516 #7 #8 Feed #1172 #31415 #6 #1
Wt%/Vol% 1627 1793 179496 | 1797/98 1799 1800 1538 1555/56 | 1557-59 1560 1561
Paraffins 50.1/54.6 | 46.7/50.0 | 44.7/47.1 | s56.2/57.2 | 50.8/54.0 | 45.8/49.6 || 17.6221.2 | 25.0/27.9 | 27.8531.9 | 23.1253 | 18.6/22.5 ||
Monocycloparaffins | 15.1/15.7 | 20.5/20.7 | 18.6/18.6 | 14.2/14.0 | 14.5/14.8 | 20,1208 || 7.3/8.5 | 128136 | 54559 | 3639 | 6979 ||
Dicycloparaffins 5857 | 5.4/50 | 7467 | 4.4/40 | s5.4/51 | 5856 [ L41s | 1110 | swsaT | 5350 | 2204 ||
Tricycloparaffins 1716 { 2521 | 2017 | 2007 | 2724 | 2512 0/0 0/0 0.3/0.3 1.0/0.9
w%mwz“——%xé%m
Alkylbenzenes 6.0/5.5 | 12.5/12.0 | 7.0/7.0 | 4.4/48 | 4.8/47 | 5.0M4.6 | 10.6/11.3 ) 27.1/26.5 | 13.1/13.2 | 6.2/6.0 | 2.512.7
» || Indans/Tetraling 3126 | 4035 | 3.853.7 | 2021 | 2321 | 2622 | 1615 | 4240 0/0 0/0 0.9/0.9
S || todenes | 3730 | 06/0.5 | 4542 | 3.55.4 | 3426 | 2923 | 1816 | 2523 | 1917 | 0303 0/0
Naphthalene 0302 | ts/M1 | 0705 | 0.1/0.1 0/0 0/0 0.5/0.4 | 3.0/24 | 04/03 | 02/0.1 0/0
Naphthalenes, atkyl | 7.1/5.6 § $.5/4.5 | 8.0/7.4 | 57/55 | 4438 | 4082 | 31.2/28.0 | 22.1/20.1 | 28.024.9 | 11.2/10.5 | 14.0112.7
Acenaphthenes 3.5/2.8 | 0605 | 22020 | 3937 | 5042 | 3.830 § 128115) 1.6/1.5 | 117104 | 24.8123.1 | 12.6/11.4
Acenaphthylenes 2421 | 0101 | LML | 2729 | 4240 | 40535 | 9494 | 0707 | 5655 | 207214 | 16.6/16.7
Tricyclic Aromatics | 1.0/0.7 0/0 0/0 0.6/06 | 2823 | 3.629 | 5750 0/0 0/0 3.83.5 | 25.1/22.3
Total Saturates 72.8/77.5 | 75.1/71.8 | 72.7/74.2 | 76.8/77.0 | 73.4176.4 | 74.2/78.2 || 26.4/31.2 | 38.9/42.5 | 39.3143.9 | 33.0135.2 | 28.3/33.4 ||
Total Aromatics 27.2/22.5 | 24.9/22.2 | 27.3/25.8 | 23.2/23.0 | 26.6/23.6 | 25.8/21.8 | 73.6/68.8 | 61.1/57.5 | 60.7/56.1 | 67.0/64.8 | 71.7/66.6 H
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TABLE Al12. COMPONENT HYDROCARBON COMPOSITION BY GC/MS

LoA SRD | LoA SRD | LoA SRD | LoA SRD | LoA SRD | LoA SRD LoA SRD LoA SRD | LoA SRD_
Hydrocarbon Type, Feed #1 #2 #3 #4 #5 #6 - # #8
Wt%/Vol% 1873 1876 1877 1878 1879 1880 1881 1882 1883 4
Paraffing 57.2/60.2 23.3/25.0 | 37.7/40.2 | 40.7/44.0 | 49.3/53.2 | 59.4/62.6 64.6/67.6 62,6/65.5 | 60.9/63.9
Monocycloparaffins | 16.9/16.8 | 38.8/39.1 | 32.1/32.2 | 20.4/20.9 | 18.6/18.8 | 16.4/16.4 21.0/20.5 21.2/20.8 | 23.7/23.2
Dicycloparaffins 11.3/10.3 0.8/0.8 14.8/13.6 16.8/15.7 12.4/11.7 8.8/8.1 4.7/4.5 6.6/6.0 7.216.5
Tricycloparaffins 6.2/3.2 0/0 2.2/1.8 5.5/4.8 4.9/4.3 5.1/4.3 3.1/2.7 3.7/3.1 3.3/2.8 |
Alkylbenzenes 4.5/4.1 37.1/35.1 7.6/1.3 | 1.3/6.7 6.6/5.7 4.8»’4.4 3.272.5 2.9/2.4 2.3/1.9 -
Indans/Tetralins 2.3/2,0 0/0 5.3/4.7 7.7/6.5 5.5/4.2 2.2/1.8 1.1/0.7 0.8/0.5 0.7/0.5
Indenes 1.4/1.1 0/0 0.1/0.1 0.8/0.7 2.7/2.0 2.21.7 1.5/0.¢ 0.9/0.6 0.7/0.5
Naphthalene 0/0 0/0 0.1/0.1 0.2/0.2 0.0 0.2/0.1 0.1/0. 0/0 0/0
Naphthaleﬁes, alky! 0.2!0.2 0/0 0.1/0.1 0.5/0.4 0.1/0 0.6/0.4 0.5/0.3 0.7/0.5 0.5/0.3
Acenaphthenes 0.1/0.1 0/0 0/0 0.1/0.1 0.1/0.1 0.2/0.2 0.2/0.1 0.4/0.3 0.4/0.3
Acenaphthylenes 0/0 0.0 0/¢ 0/0 0/0 0.1/0.1 0/0 0.1/0.1 0.1/0.1
Tricyclic Aromatics 0/0 0.0 0/0 0/0 0.0 0/0 . 0/0 0.0 0.1/0.1
Total Saturates 91.4/92.5 | 62.9/64.9 | 86.8/87.7 | 83.4/85.5 | 85.1/88.0 | 89.8/91.4 | 93.4/95.4 94.1/95.5 | 95.1/96.4
Total Aromatics 8.6!‘7.5 37.1/35.1 13.2/12.3 16'_.61'14.5 - 14.9/12.0 10.2/8.6 6.6/4.6 5.9/4.5 4.9/3.6

rrr—
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TABLE Al13. COMPONENT HYDROCARBON COMPOSITION BY GC/MS

LoS§ LCO LoS LCO LoS LCO LoS L.CO LoS LCO LoS L.CC LoA LCO LoA 1.CO LoA LCO LoA LCO LoA LCO
Hydrocarbon Type, Feed #1 #213 #415 46 #7 Feed #1122 #3/4 #516 n
Wi%/Vol % 1615 1850 1851/52 1853/54 1455 1856 1562 1566/67 1568/69 1570/7) 1572
Paraffins 27.8/3L.5 22.5/24.9 28.0/31.0 28.7/30.5 20.1/33.5 29.3/32.6 23.0/25.2 4.1/4.2 13.5/14.9 30.9/34.1 55.1/57.8
Monocycloparaffins 1L1/11.9 17.7/18.2 10.9/11.5 9.3/0.4 8.5/9.3 1.5/8.0 30.3/31.6 54.6/57.3 42.3/43.8 16.2/16.8 20,2/20.0
Dicycloparaffins 3.0/2.9 5.2/4.9 4.1/3.9 2.22.0 2.5/2.5 3.5/3.5 22.6/21.6 31.911.0 24.4123.3 16.0/15.3 B.6/7.8
Tricycloparaffins 0.0 . 1/0.1 0.4/0.3 0.1/0.1 0.1/0.1 1.5/1.4 14.1/12.3 0/0 B.9/7.9 26.6:"21.6 8.0/6.8
Alkylbenzenes 18.5/18.4 31.5/30.4 22.121.9 13.7/13.0 6.6/6.6 2.4/2.4 4.7/4.6 1.0/5.6 5.2/5.1 3.8/2.9 2.4/12.3
Indluns/Tetraling 1.5/6.9 15.4/14.7 13.4/12.7 4.5/4.6 0.2/0.2 2.6/2.6 1713 2.3/1.7 4.714.2 3.2/3.1 L.t/
Indenes 3.71133 2.212.0 3.9/3.6 5.5/5.4 2.9/2.6 1.31.2 1.3/1.1 010 0.8/0.7 2.6/2.4 1.6/1.5
Naphthalene 0.8/0.6 0.1/0.1 0.1/0.1 0.6/0.5 0.1/0.1 0/0 0/0 0/0 00 0/0 00
Maphthalenes, atky! 9.218.0 4.3/3.8 10.3/9.1 12.9/12.3 5.414.7 5.34.8 0.1/0.1 010 o/c 0,3/0.2 1.2/1.1
Acenaphthenes 9.4/8.1 0.9/0.8 4.8/4.3 14.54'.33.9 21.3/18.6 12.5/11.3 0.1/0.1 0/0 o.1/0 0.4/0.3 0.9/0.8
Acenaphthylenes 6.4/6.2 0.1/0.1 1.2/1.2 7.718.1 17.5/16.9 14.9/15.0 0.1/0.1 0/0 0/0 0,2/0.2 0.7/0.7
Tricyclic Aromatics 2.5/2.1 0/0 0.2/0.2 0.1/0.1 5.14.9 19.3117.2 0/0 0/0 0f0 0/ » 0.2/0,2
Total Saturates 41.9/46.4 45.5/48.1 43.4/46.9 40.4/42. 40.3/45.4 41.8/45.5 90.0/90.7 90.6/92.5 89.1/89.8 89.6/89.7 91.9/92.4
Tutul Aromatics 58.1/51.6 §$4.5/51.9. { S56.6/53.1° .59.6!5?.9 59.7/54.6 58.2/54.5 10.0/9.2 9.4/1.5 10.9/10.2 10.4/10.3 8.1/1.6
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TABLE Al4. COMPONENT HYD

r——

ROCARBON COMPOSITION BY GC/MS

LCGO

— e — —— __—— ————— __ ______—————— _—___———— . ____— - —1

- LCGO LCGO LCGO LCGO LoS LoS LCGO | LoS LCGO | Los LCGO | Los LCGO
Hydrocarbon Type, Feed #n #13 #4/5 #6 LCGO nn #3/4 #5 #6
Wt%/Vol % 1440 1546 1547/48 1549/50 1551 Feed 1862/63 1864/65 1866 1867
1442
Paraffins 249083 | 27.6/29.6 | 21.729.8 | 23.4245 | 2260244 | 26.8/20.7 | 32.6/35.0 | 33.8/35.9 | 32.533.6 | 34.93.3
Monocycloparaffins 25.7127.7 | 38.3/38.6 | 28.2/28.8 | 24.0/243 | 19.019.9 || 26.828.2 | 35.4/35.8 | 25.5m5.6 | 240235 | 21.621.3
Dicycloparaffins 10.510.5 | 10.910.0 | 11.17102 9.1/8.5 11.0/t0.6 §§ 13.0/12.5 | 9.6/8.9 12.1/11.0 9.8/8.7 10.1/9.0
Tricycloparaffins 3.212.9 1.8/1.5 4.213.6 - 4.2/3.7 4.23.8 4.0/3.5 0.4/0.4 3.1/2.6 3.6/3.0 4.0/3.3

Alkylbenzenes 8.5/8.0 9.8/9.9 9.09.1 | 1001103 | 8789 9994 | 1n8/112 | 7519 1.2/1.6 1317
Indans/Tetralins 8.5/7.3 8.1/7.5 8.8/85 | 5.1/5.3 4.6/4.6 107/9.3 | 9078 | 124120 | 93199 5.6/5.9
Indenes 6.4/5.2 1.2/1.1 6.1/5.6 8.8/8.6 4.8/4.5 6.0/50 | 0.3/0.2 4.03.7 8.4/8.5 7.0/1.0
Naphthalene 0.7/0.5 0.5/0.4 0.2/0.1 0.2/0.2 0/0 0/0 0.3/0.2 0/0 0.7/0.6 0.2/0.2
Naphthalenes, alky! 5.1/4.1 0.8/0.7 3.4/3.1 6.9/6.6 7468 | 1613 | 0504 1.2/1.1 2.6/2.6 3.3/3.2
Acenaphthenes 3.8/3.1 0.7/0.6 0.6/0.6 | 4.7/4.5 9.0/8.2 0.8/0.6 0/0 0.2/0.2 1.211.2 3.213.2
Acenaphthylenes 2.2/1.9 0.1/0.1 0.4/0.4 2.8/3.0 6.2/6.3 0.4/0.4 0/0 0/0 0.7/0.8 2.312.5
Tricyclic Aromatics 0.5/0.4 0/0 0.2/0.2 0.6/0.6 | 2.31.1 0.1/0.1 0/0 0.1/0 0/0 0.4/04 |
Total Saturates 643/69.5 | 787191 | 72m24 | 0610 | seoisss | 705740 | 1s.m00 | 7asmso | eosess | 706699 ||
Total Aromatics 35.050.5 | 213703 | 288276 | 30390 | 4a.1mi4 | 205260 | 219199 | 255050 | 300512 | 20401




TABLE A15. COMPONENT HYDROCARBON COMPOSITION BY GC/MS

]

" LoA LoA LCGO ;i LoA LCGO | LoA LCGO | LoA LCGO FT FT FT FT FT
Hydrocarbon Type, LCGO #1112 #3/4 " #5160 #7 Feed #1/2/3 #4/5/6 #6 #1
Wt%/Vol% . Feed 1597/98 1599/1600 1601/02 1603 1840 1898-1900 1901-03 1903 1904
1443
" Paraffins 32.5/35.0 26.6/28.6 31.9/34.3 36.9/39.6 43.7/46.4 89.5/90.7 94,8/95.2 83.3/84.2 89.3/90.4 | 88.1/89.5 "
Monocycloparaffins 35.3/36.5 49.6/50.4 | 40.0/40.7 29.2/29.6 29.0/28.3 1.3/6.9 4.3/4.1 14.0/13.4 8.5/8.0 9.7/9.0
Dicycloparaffins 13.9/13.4 13.3/12.4 14.0/13.2 15.0/13.9 14.6/13.6 0/0 0/0 1.9/1.7 1.0/0.8 0.3/0.2
Tricycloparaffins 3.172.8 0.7/0.6 3127 8.4/7.2 6.3/5.4 /0 0/0 0/0 0/0 0/0
';,: Alkylbenzenes 8.8/7.7 6.5/5.5 5.1/4.5 3.9/3.8 2.6/2.3 27121 0.7/0.6 0.5/6.5 0.7/0.5 1.6/1.1 l
Indans/Tetralins 4.1/2.9 3.612.2 4.4/3.5 3.2n29 0.9/0.7 0.1/0.0 0.2/0.1 0.1/0.1 0.1/0.1 0/0
" Indenes 1.3/0.9 0.2/0.1 1.4/1.1 3.02.6 2.5/1.9 0.4/0.3 0/0 0/0 0.1/0 0.4/0.2
| Naphthalene 0.1/0.1 0.1/0.1 0.1/0.1 0/0 0.5/0.3 0/0 0/0 0/0 0/0 0/0
Naphthalenes, alkyl 0.6/0.4 0/0 0/0 0.3/0.2 0/0 0/0 6/0 0/0 0/0 0/0
Acenaphthenes 0.1/0.1 ¢/0 0/0 0.2/0.2 0/0 0/0 0/0 0/0 6/0 0/0
Acenaphthylenes 0/0 0/0 0/0 0.1/0.1 0/0 0/0 0/0 /0 0.3/0.2 . 0/0
Tricyclic Aromatics 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0
l Total Saturates 84.8/86.9 90.2/92.0 89.0/90.8 §9.4/90.3 93,5/94.7 ] 96.8/97.6 99.1/99.3 99.2/99.3 08.8/99.2 | 98.0/98.6 ||
|| Total Aromatics 15.2/12.2 2.8/8.0 11.0/9.2 10.6/9.7 6.5/5.3 Jl 3.2/2.4 m0.9f0.7 0.6/0.6 l.i_f(}.B 2.0/1.4 "




ASTM D2425 HYDROCARBON TYPE CLASSIFICATIONS

HYDROCARBON TYPE

GENERAL STRUCTURES
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|

Monocycloparaffins '

Dicycloparaffins

{n‘ﬁ
Tricycloparaffins
{n'R
Alkyl Benzenes .
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CO= 00w
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Naphthalene

Alky] Naphthalenes
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Acenaphthenes |

&

Acenaphthylenes -

I
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«~R

{

Tricyclic Aromatcs

SSSL
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H ' TABLE A16. PROTON NMR CHEMICAL-SHIFT ASSIGNMENTS

——trrs

—_— .}

Proton Type

Abbreviated
Symbol

Description

Chermical Shift
Region {ppm, A}

1. Alkane methy!

CH,4

Terminal paraffin
chain protons

0.5-1.05

2. Gamma methyl

CH,

Terminal alkyl chain
protons at least
three carbons from
an aromatic ring

0.5-1.05

3. Alkane methylene

CH,

Mid-paraffin chain
proton with no
branching

1.06-1.4

4. Beta methyi

CH,

Terminal alkyl
proton exactly two
carbons from an
aromatic ring

1.056-1.4

5. Gamma methylene

CH,

Mid-alkyl chain
proton at least three
carbons from an
aromatic ring

1.05-1.4

6. Alkane methine

CH

Mid-chain proton
with branching

1.4-2.0 §

7. Cycloalkane methylene

CH

Cycloalkane
{naphthene) proton

1.4-2.0

8. Beta methylene

CH

Mid-alkyl chain
proton exactly two
carbons from an
aromatic ring

1.4-2.0

9. Alpha methyl

ALP

Termina! alkyl chain
on carbon adjacent
to an aromatic ring

2.0-4.4

10. Alpha methylene

ALP

Alkyl chain proton
on carbon adjacent
to an aromatic ring

2.0-4.4

11. Alpha methine

ALP

Alkyl proton on
carbon adjacent 1o
an aromatic ring
with branching

20-4.4

12. Aromatic

ARQ (DI & MONQ)

All aromatic ring
protons on di- or
mono-ring
compounds

6.2-9.2
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VARIOUS CHEMICAL-SHIFT RANGES

TABLE A17. PER CENT OF TOTAL PROTON RESONANCE INTENSITY FOR

Chemical-Shift Ranges in ppm referred to TMS

SAMPLENO. | 0.5-1.05 | 1.05-1.4 1.4-2.0 2.0-4.4 6.2-9.2*

1440-F 30.5 33.3 17.1 14.9 4.2 |

1442-F 33.0 38.2 15.4 9.5 3.9 |
| 1546-F 33.6 30.8 17.3 14.9 3.4 "
| 1538-F 11.9 27.4 5.8 29.8 25.1

1538 13.0 27.3 5.5 29.3 24.9 I

1546.F 33.3 31.4 17.7 14.1 3.5 |

1547-F 33.5 315 16.4 14.7 3.9

1548-F 31.6 33.2 16.2 14.5 4.5

1549-F 30.1 35.2 15.8 14.6 4.3

1550-F 29.8 35.6 15.7 14.3 4.6

1551-F 27.5 36.9 15.6 14.6 5.4

1569-F 36.9 32.4 25.0 4.0 1.7

1570-F 36.8 35.5 23.4 3.1 1.2

1571-F 35.0 39.9 20.8 3.3 1.0

1572-F 27.1 56.5 13.2 2.5 0.6

1603-F 39.9 46.2 12.7 0.4 0.8

1615-F 16.6 29.1 11.4 27.0 15.9

1627-F 27.9 53.9 8.8 4.9 4.5

1793-F 321 44.9 10.9 6.5 5.5

1794-F 31.7 45.6 10.3 6.6 5.8

1795-F 30.2 46.6 10.5 7.3 5.4

1796-F 29.2 49.1 9.7 7.0 5.0

1797-F 28.6 53.3 9.0 6.1 4.0

1798-F 27.6 55.5 8.4 5.1 3.4

1799-F 24.7 57.1 9.1 5.5 3.6

1800-F 23.4 55.9 10.6 62 3.8

* This range contains the resonance from the residual protons in the solvent CDC1,
_ corresponding to approximately 0.3%.
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YARIOUS CHEMICAL-SHIFT RANGES

TABLE Al7. PER CENT OF TOTAL PROTON RESONANCE INTENSITY FOR

_ {Continued)
_Chemical-Shift Ranges in ppm referred to TMS
1840-F 37.2 59.3 2.8 0.3 0.4
1850-F 18.8 2.3 13.9 27.7 15.3
1851-F 16.4 25.2 13.4 29.2 15.8
" 1852-F 15.4 26.7 12.8 28.9 16.1
1 1853-F 17.1 28.2 11.1 27.6 16.0
| 1854-F 14.3 30.0 103 28.1 17.3
| 1855-F 14.7 1.6 8.6 25.8 17.3
1856-F 14.8 41.7 8.3 20.2 15.0 i
1862-F 37.2 36.3 14.3 8.2 4.0
1863-F 36.7 36.9 14.6 8.0 3.8
1864-F 36.0 37.2 14.6 8.5 3.7 I
1865-F 35.3 37.6 14.2 8.9 4.0
1866-F 32.5 39.3 14.8 9.8 3.6
1867-F 32.3 41.5 13.9 8.7 3.6
1898-F 41.4 53.3 3.2 0.1 2.0
1899-F 38.6 56.8 3.4 0.4 0.8
1900-F 37.4 58.4 3.2 0.5 0.5
1901-F 36.2 60.3 2.4 0.0 1.1
1902-F 32.2 _62.8 4.2 0.6 0.2
| 1005-F 33.4 63.1 2.5 0.3 0.7
1904-F 31.7 64.7 2.9 0.4 0.3
1443-F 33.3 38.8 20.5 6.0 1.3
1555-F 16.5 24.4 7.5 31.9 19.6
1556-F 15.7 26.1 6.1 28.6 23.5 I
1557-F 13.1 25.7 5.6 30.1 25.4
1558-F 12.6 25.4 5.0 31.6 25.5
1559-F 11.6 27.1 5.5 31.9 24.0
* This range contains the resonance from the residual protons in the solvent CDC1,
corresponding to approximately 0.3%. _
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TABLE Al7. PER CENT OF TOTAL PROTON RESONANCE INTENSITY FOR

VARIOUS CHEMICAIL-SHIFT RANGES
(Continued)

Chemical-Shift Ranges in ppm referred to TMS

1560-F 13.2 29.4 5.5 29.1 2.8

1561-F 12.5 33.7 4.7 24.2 25.0

1562-F 35.9 35.0 23.9 3.7 1.5

1566-F 39.6 24.9 27.9 4.8 2.8

1567-F 41.9 25.4 27.9 3.1 1.7

1568-F 39.5 28.7 26.3 3.7 1.9 {

1597-F 43.8 33.3 17.5 3.3 22 |

1598-F 40.9 35.0 18.5 4.0 1.6

1599-F 40.3 36.7 17.8 3.9 1.3

1600-F 38.7 38.3 17.8 4.0 1.2 {

1601-F 415 39.7 15.2 2.2 1.3

1602-F 37.1 42.7 16.1 3.3 0.9

1873-F 31.0 52.1 12.5 2.9 1.5

1876-F 34.3 37.9 13.9 9.1 4.7

1877-F 34.9 39.8 17.1 5.3 2.9

1878-F 34.4 46.7 13.7 3.5 1.7

1879-F 34.5 41.4 16.9 4.9 2.4

1880-F 31.4 52.3 12.4 2.9 1.1

1881-F 30.5 57.6 9.6 1.6 0.7

1882-F 27.4 61.3 9.4 1.4 0.6
1883-F 27.9 59.9 10.3 1.2 0.7

* This range contains the resonance from the residual protons in the solvent CDC1 ,

oorre'sponding to approximately 0.3%.
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TABLE A18. COMBUSTION ANALYSES FOR FISCHER-TROPSCH DIESEL (FT1)
Properties FT 1 FT1 #1 FI1 #2 FT1 #3 FT1 #4 FT1 #5 FT1 #6 FT1 #7
1«*11;53(1)) 1898 1899 1900 1901 1902 1903 1904
VCR 87.8 48.1 52.9 53.5 82.4 86.0 89.6 87.3
Cetane No.
CVCA 64.8 51.2 60.1 66.0 7.1 71.1 82.3 87.3
Cetane No.
M1 CO 6.29 6.15 5,67 4.68 4.97 5.87 4.32 5.83
M1 HC 2.45 3.40 2.12 1.92 1.83 2.06 1.98 2.44
M1 NOx 3.54 3.34 3.37 3,59 3.43 3.30 3.58 3.20
M1 Smoke 2.00 1.83 2.05 1.80 1.85 2.00 2.10 2.60
M2 CO 5.43 6.24 5.91 4.65 4,56 6.35 4.94 5.66 "
M2 HC 2.03 2.94 1.91 1.36 1.06 1.41 1.78 124 |
M2NOx_ | 353 | 3.49 335 3.51 3.57 3.18 32 | 321 |
M2 Smoke 2.00 2.30 2.00 1.85 1.90 2.00 2.30 2.00
M3 CO 5.50 7.25 6.42 6.60 5.26 6.55 4.82 6.17
M3 HC 1.55 2.27 1,74 1.71 1.35 1.33 1.43 1.87
M3 NOx 3.33 2.91 3.50 3.57 3.34 3.21 3.43 3.34
M3 Smoke 1.90 1,75 1.75 2.00 4,25 1.70 2.00 2.05
M4 CO 3,95 4.44 4.04 3.94 4.08 3.93 3.48 -
M4 HC 3.71 5.49 3.63 2.79 2.06 1.55 2.07 -
M4 NOx 2.97 4.35 3.77 3.75 3.61 3.97 3.36 .
M4 Smoke 0.90 0.80 1.00 1.00 0.90 1.20 1.25 -
M5 CO 4.95 4.60 4.15 4.54 4.35 4.89 4.56 -
M5 HC 7.21 6.92 5.72 3.28 1.45 1.52 2.30 -
M5 NOx 3.62 5.00 4.25 4.30 4.20 4.48 3.64 -
M5 Smoke 0.60 0.60 0.60 080 | 070 0.95 1.00 -
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TABLE A19, COMBUSTION ANALYSES FOR STRAIGHT-RUN DIESEL

" Properties | SRD Feed | SRD#1 | SRD# | SRD#3 | SRD#4 | SRD#5 | SRD# | SRD# | SRD #8
- 1627 1793 1794 1975 1796 1797 1798 1799 1800
VCR 58.5 40.3 40.5 43.5 60.7 63.3 63.3 69.4 .
Cetane No. ' _
CVCA | 56.2 33.9 41.1 40.5 2.5 45.1 64.2 . ;
Cetane No, il
Mi CO 5.21 5,39 5,59 6.65 4,70 0.93 1.00 0.87 ] i
M1 HC 2.42 3.41 2.99 1.72 238 037 0.43 0.38 :
M1 NOx 3.48 3.49 3.78 - 3.87 3.90 5.29 5.62 5.67 : |
M1 Smoke | 2.30 2.50 2.80 2.50 2.03 3.70 2.65 2.40 -
M2 CO 5.01 6.27 : 5.50 5.20 . 0.89 1.01 0.82 - "
M2 HC 2.01 3.11 - 1,31 1.65 0.47 0.59 0.34 - "
M2 NOx 3,64 3,63 - 399 | 3.98 634 6.49 6.39
M2 Smoke |  2.40 2.60 - 2.40 2.50 3.00 2.10 2.30 -
M3 CO _6.18 6.14 4.89 5.41 5.08 0.76 0.78 0.92 ;
M3 HC .15 2.21 1.96 1.56 1.37 0.38 0.47 0.32 :
MC NOx 3.55 3.65 3.39 1.83 4.02 6.23 6.33 6.16 -
M3 Smoke | 2.60 2.40 2.50 2.15 2.75 1.60 1.05 1.25 ;
M4 CO 3,78 3.57 3.96 4.06 2.18 1.68 1,95 _ -
M4 HC 6.46 2.74 2.04 3.42 0.57 0.46 0.53 : -
M4 NOx 4.45 3.62 4.91 4.23 6.14 5.30 5.26 - -
M4 Smoke | 1.30 1.60 1.00 .50 | 1.60 1.25 1.25 . -
M5 CO 5.19 5.73 5.35 5.34 5.36 3.77 4.15 : -
M5 HC 7.01 6.27 3.45 3.80 2.71 0.85 0.95 _ -
M5 NOx 4.95 3,94 5.76 4.62 6.98 5,27 5.36 . -
MS Smoke | 0.90 1.20 0.80 1,40 1,70 1.15 135 | - -




L TABLE A20. COMBUSTION ANALYSES FOR LOW-AROMATICS STRAIGHT-RUN DIESEL
| Properties | LoA SRD | LoA SRD | LoA SRD | LoA SRD | LoA SRD | Lo SRD | Lo SRD | LoA SRD | LoA SRD
Feed 1873 | #11876 | #21877 | #31878 | #41879 | #51880 | #61881 | #71882 | #8 1883

VCR 58.9 40.3 40.3 41.3 49.8 67.1 75.3 93.0 -
Cetane No. )I
CVCA 61.3 23.1 31.7 18.6 44.3 48.8 64.2 79.1 -
Cetane No. '
M1 CO 7.3 3.18 5.69 5.26 5.57 5.43 4.70 2.17 .
M1 HC 2.14 8.75 3.45 3.39 1.08 1,99 1.03 0.80 -
M1 NOx 3.31 4.51 3.86 3.47 3.31 3.60 3.39 2.48 -
M1 Smoke 2.55 1.70 2.65 2.15 2.35 1,90 2.40 1.10 -
M2 CO 5.48 3.24 5.68 5.65 5.01 5.69 6.25 6.96 -
M2 HC 1.86 7.20 2.87 2.38 1,28 1.31 1.24 1.37 -

> | M2 NOx 3.50 5.40 3.38 3.76 3.55 3.49 3.26 3.39 -

X ]| M2 Smoke 2.60 1.80 _2.50 2.35 2.35 1.95 2.20 2.35 -
M3 CO 5.01 - 4.78 4.91 5.23 5.67 4.40 5.68 -l
M3 HC 1.70 - 1.95 1.96 1,33 1.02 1.36 1,27 -
MC NOx 3.57 : 3.75 3.79 3.52 3.62 3.70 3.59 -
M3 Smoke 2.30 - 2.15 2.10 2.15 2.00 1.80 2.00 -
M4 CO : - 4.02 3.73 3.99 3.54 3.56 - -
M4 BHC - - 4.52 2.44 1.15 1.78 1.66 - .
M4 NOx - - 4.42 4.45 4.17 4.20 4.05 - -
M4 Smoke - 0.95 1.20 1.00 0.90 1.10 1.00 - -
M5 CO - - 4.77 4,86 4.74 4.59 4.47 - .
M5 HC - ; 5.31 1,33 1.50 1.70 1.79 - -
M5 NOx . ; 5.14 4,74 4.48 4.64 4.40 ] -
M5 Smoke Y 1.80 | o085 o8| o090 o8| - -

15—
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TABLE A21. COMBUSTION ANALYSES FOR LIGHT-COKER GAS OIL

Properties | LCGO | LCGO #1 | LCGO #2 | LCGO #3 | LCGO #4 | LCGO #5 | LCGO #6
Feed 1440 1546 1547 1548 1549 1550 1551
VCR 443 31.8 34.8 33.1 35.5 34.2 37.6
Cetane No.
CVCA 29.0 25.6 27.9 30.1 29.1 32.8 317
Cetane No. '
M1 CO 7.97 5.43 4.55 6.11 4.89 5.60 5.80
M1 HC 3.63 2.60 3.18 1.88 0.98 1.52 1.23
M1 NOx 3.82 3.71 3.97 4,04 3.89 3.89 4,05
M1 Smoke 2.10 2.10 2.35 2.50 2.10 2.30 1.80
M2 CO 6.41 5.17 426 5.84 4.38 5.98 4.94
M2 HC 2.18 3.01 2.67 2.31 0.91 1.55 1.18
M2 NOx 478 412 435 4.40 4.18 4.10 4.36
M2 Smoke 2.20 2.50 2.20 2.50 2.35 2.40 1.90
M3 CO 5.80 7.32 5,65 4.63 487 4.50 5.17
M3 HC 1.07 2.36 2.09 171 102 1.50 1.17
MC NOx 3.91 376 4.11 3.95 3.83 3.82 3.98
M3 Smoke 1.80 2.40 2.45 2.20 2.20 2.20 2.80
M4 CO 3.30 473 4,00 3.83 3.51 3.74 .
M4 HC 2.86 7.30 5.95 327 | 1.85 1.22 -
M4 NOx 4.95 4.26 5.20 4,36 4,37 4.25 -
M4 Smoke 0.50 1.10 115 1.10 1.45 1.35 -
M5 CO 7.59 6.15 6.73 6.62 6.04 8.96 -
M5 HC 13.73 722 6.31 2.58 3.55 2.10 ;
M5 NOx 6.22 6.09 5.30 5.59 5.29 5.46 -
M5 Smoke 0.80 0.40 0.90 1.00 1.40 1.60 -




TABLE A22. COMBUSTION ANALYSES FOR LOW-SULFUR LIGHT-COKER GAS OIL___|
Properties LoS LoS LoS LoS LoS LoS LoS
| LCGO | LCGO#1 | LCGO#2 | LCGO #3 | LCGO #4 | LCGO #5 | LCGO #6
Feed 1442 1862 1863 1864 1865 1866 1867
VCR 38.1 31.9 34.6 4.8 47.0 19.5 a1.1
Cetane No. _ -
CVCA 33.3 28.2 29.5 29.2 30.4 33.7 37.8
Cetane No.
M1 CO 5721 548 5.13 4.55 7.05 4.13 5.36 |
M1 HC 1.79 3.74 2.29 1.76 2.14 1.08 1.69
M1 NOx 3.74 3.86 3.76 3.73 3.38 4.00 3.90
M1 Smoke 2.15 2.40 2.10 2.03 2.70 2.20 2.40
M2 CO 4.95 6.28 5.12 4.47 6.70 4.60 6.02
M2 HC 1.31 4.71 2.13 1.72 1.50 0.72 1.58
§ M2 NOx 4.15 ~ 4.45 4.08 4.16 3.93 4.07 3.71
M2 Smoke 2.30 2.10 2.20 2.00 2.85 210 2.10
M3 CO 4.32 5.73 4.55 4.57 | 6.14 4.16 5.14
M3 HC 1.51 2.30 1.73 1.58 1.25 0.97 1.63
| MC NOx 3.71 3.36 3.84 3.74 3,70 3.80 3.69
M3 Smoke 1.95 2.15 215 | 2.00 2.65 2.15 2.50
M4 CO 3.92 3.54 3.34 3.90 3.16 3.4 -
M4 HC 6.09 3.97 3.85 2.34 1.09 1.5t -
M4 NOx 3.79 4.66 4.44 4.39 4.54 3.72 -
M4 Smoke 1.40 1.20 1.25 1.30 1.10 1.60 -
M5 CO 5.66 5.47 4,95 5.27 4.68 5.68 -
M5 HC 7.37 6.94 4.98 4.73 1.18 3.07 -
M5 NOx 4.55_ 5.51 5.09 __4.69 522 385 - "
M5 Smoke 1.30 0.80 0.75 1.00 0.80 1.30 - ||
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" TABLE A23. COMBUSTION ANALYSES FOR LOW-A

ROMATICS LIGHT-COKER GAS OIL

B

\ Properties LoA LoA LoA LoA LoA LoA LoA LoA
LCGO | LCGo#1 | LCGO # | LCGO #3 | LCGO #4 | LCGO #5 | LCGO #6 | LCGO
Feed 1443 | 1597 1598 1599 1600 1601 1602 | #71603
VCR 46.7 34.8 37.4 39.5 42,4 47.7 539 | 651
Cetane No.
CVCA 37,7 28.2 30.5 31.7 33.7 39.0 44.1 54.9
Cetane No. ' _

I M1 co 4.59 4.49 452 | am 5.95 5.67 575 | 527
M1 HC 2.78 4.38 2.33 2.44 1,94 1.49 140 1.32
M1 NOx 3.77 4.00 3.48 3.89 3.39 3,66 3.47 3.68
M1 Smoke 2.30 1,90 240 2.10 2.25 2.30 2.70 2.50 |
M2 CO 4.59 5.27 5.96 4.42 5.78 5.72 6.99 5.62 |

| M2 HC 2.78 4.51 3.81 2.27 1.17 0.95 1.47 1.51
M2 NOx 3.77 4.43 3.89 3.78 3.58 3.83 3.54 3.63
M2 Smoke 2.30 2.10 2,40 2.10 225 | = 225 2.10 2,20

L M3 co 5.54 6.10 6.29 5.77 4,59 4.49 08| 504
M3 HC 1.81 2.36 1.68 2.50 1.46 0.92 1.31 1.09
MC NOx 3.78 3.76 3,36 4.79 3.51 3.57 3.31 3.53
M3 Smoke 2.30 2.25 2.90 2.00 2.10 2.10 3.10 2.40
M4 CO 3.80 3.84 3.86 3.21 3.44 3.58 3.70 -

M4 HC 6.89 4.88 5.17 1.76 1.86 1.91 1.33 -
M4 NOx 4.73 3.77 4.43 4.38 4,06 3.28 4.26 -
M4 Smoke 1.85 1.30 0.95 1.00 1.20 1.60 1.10 -
M5 CO 4,90 4,82 4.50 4.69 4,28 5.23 4.97 -]
M5 HC 7.07 6.23 6.02 2.48 1.50 3.17 1.67 -
M5 NOx 5.14 4.36 4.79 4.95 4.46 3.48 4.52 -
Il M5 Smoke 2.55 1.00 0.75 0.70 | 0.80 1.05 110 -
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[f TABLE A24. COMBUSTION ANALYSES FOR LIGHT-CYCLE OIL _ ||
l Properties | LCOFeed | LCO#1 | LCO# | LCO# | LCO# | LCO# | LCO# | Lco# ||
1538 1555 1556 1557 1558 1559 1560 1561
" VCR 23.4 19.7 20.8 - 19.9 20.4 22.9 22.5
Cetane No. :
CVCA 15.5 15.2 17.0 - 13.9 15.6 16.3 19.1
Cetane No. : _
H M1 CO - L : - - : - 6.38 9.56
M1 HC - - : - : s 0.87 1.92
" M1 NOx - . - - : - 9.49 8.18
M1 Smoke _ - - - - - - 1.70 9.00 “
| M2 co 460 3.96 3.70 ] ] 4.72 42 4.09
. | M2 5C 1,75 3.62 | 3,04 ] ] 0.47 0.63 0.67
£ " M2 NOx 13.43 13.72 14,08 ] ] 14.16 123 | 1108
M2 Smoke 2.95 _1.80 2.10 - - 1.80 1.70 4.00
M3 CO - - - e - o 1.89 -
M3 HC - - - - - - 0.55 -
MC NOx - - - - - - 8.89 -
M3 Smoke - - - - - - 0.85 -
M4 CO - - : - : - s :
M4 HC - - : - e - - -
M4 NOx - . - | - - - - - 1
M4 Smoke - - - - - - - - l!
[ s co : : : : - . . :
M5 HC - - - - - - - -
M5 NOx . s - . - - - - -
MY Smoke - - - S - - - -
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TABLE A25. COMBUSTION ANALYSES LO‘!—SULFUR LIGHT-CYCLE OIL
Properties | LoS LCO | LoS LCO | LoS LCO | LoS LCO | LoS LCO | LoS LCO | LoS LCO | LoS LCO
Feed 1615 | #11850 | #2185 | #31852 | #41853 | #51854 | #61855 | #7 1856

VCR 23.4 29.8 21.6 2.5 2.7 23.9 2.4 35.0
Cetane No. _
CVCA 17.9 14.0 15.4 (5.7 17.3 186 | 199 ]
Cetane No. ' '
M1 CO 773 i ] 4.47 5,74 2.84 1.81 1,79 1‘
M1 HC 2,30 - i 1.31 1,74 0.47 0.32 0.71 ||
M1 NOx 5.53 ] ] 6.64 6.40 8.60 7.93 6.66 |
M1 Smoke 270 i ] 1.60 2.23 1.90 1,45 2.50
M2 CO 4.66 5.07 4.06 6.24 5.25 1.93 1,67 1,90
M2 HC 1.51 322 2.57 276 1,31 0.63 0.28 0.47
M2 NOx 6.83 12,52 12,60 7.90 8.05 10,83 9.62 8.15
‘M2 Smoke 1.85 220 1,70 220 220 1.80 2.00 1,90
M3 CO 531 i i 4.92 4.85 1.39 1,39 113
M3 HC 1.57 i ] 1.12 2.13 0.29 0.29 0.33
MC NOx 4.45 - - 467 4.92 7.68 1.72 7.49
M3 Smoke 2.64 ] ] 2.60 2.40 115 1,25 0.85 |
Mé CO 12,29 i ] 2147 | 14.00 8,78 5.0 3.82
M4 HC 5.50 i i 6.31 4.27 1.05 0.77 0.92
M4 NOx 6.82 ] i 7.34 .60 8.39 8.22 6.82

| M4 Smoke 0.30 ] ) 0.35 0.33 0.75 0.95 1.05

| M5 co ] ] i ] ] ] 8,77 ]
M5 HC ] ] ] i ] ] 1.50 ]
M5 NOx - - - - - - 6.91 -
M35 Smoke - - - - - 0.95 0.85 -
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L TABLE A 26. COMBUSTION ANALYSIS FOR LOW-AROMATICS LIGHT-CYCLE OIL
Properties | LoA LCO | LoA LCO | LoA LCO | LoA LCO | LoA LCO | LoA LCO | LoA LCO | Lo LCO
Feed 1562 | #11566 | #21567 | #31568 | #41569 | #51570 | 461571 | #7157
VCR 41.9 30.4 34.8 35.6 39.3 0.7 49.1 75.3
Cetane No.
CVCA 38.4 2.4 2.5 30.1 31.4 39.6 42.1 77.2
Cetane No.
| M1 co 1.16 4.40 1.42 1.14 1.21 0.95 5.30 2.48
| M1 uc 0.87 3.65 2,97 2.65 0.53 0.44 1,66 2,93
| M1 Nox 5.54 3.62 5.83 6.05 5.4 5.79 3.66 2.01
{ M1 Smoke 2.10 2.20 .90 2.10 2.50 1,70 2.40 1,20
l M2 co 1.07 4,25 1.46 1,20 1,14 0.91 5.13 5.35
| M2 HC 2.17 4.47 3.23 2.9 2.58 0.53 .45 1.48
l M2 NOx 6.86 4.28 7.41 7.15 7.05 6.64 3,97 3.45
M2 Smoke 1,90 2.20 2.10 2.10 2.10 2.10 2.40 2.50
| M3 CO 0.97 6.21 1,05 0.88 0.90 0.83 5.05 6.27
M3 HC 0.81 2.28 1.85 1.62 0.39 0.62 1.34 116
i MC NOx 5.76 3,56 6.36 6.41 6.13 6.27 3.30 1.29 |
M3 Smoke 1.45 6.00 1.05 0.85 0.95 1,25 2.20 4.50
M4 CO 2.10 4,03 2,28 2.22 2.17 2.51 4.06 3.16
M4 HC 2.33 6.59 4.58 4,20 2.52 0.96 2,82 L.10
I M4 NOx 5.57 4.08 6.00 5.56 5.70 5.50 3.79] 40
M4 Smoke 0.85 1,60 1.05 1.05 0.85 1.45 1.25 1,60
M5 CO 5.16 7,95 5.33 4.80 5.30 4.42 4.79 -
M5 HC 6.08 9.10 6.57 3.12 0.94 3,66 1.61 ]
M5 NOx 4.20 8.17 6.23 5.76 5.96 | 3.40 4.51 -
| M5 smoke 120 | 085 0.85 0.85 0.85 .10 1.40 i
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VCR Engine Modifications

The design target for this phase of the project was to develop a swirl ratio of 2.66:1 for the Variable
Compression Ratio (VCR) cylinder head. The following paragraphs give the chronological development
process, beginning with background information.

The VCR cylinder head was flow-tested on the SwRI Flow Bench. A schematic of the Fiow Bench is
shown in Figure B-1. The cylinder head was tested for performance characteristics such as flow
coefficient, swirl ratio, and pressure loss. We define these parameters in the ensuing discussion and
describe below the SwRI Flow Bench and the methods of analyzing the data. The output from the data
reduction program is shown in Appendix B. We used an impulse swirl meter. The impulse swirl meter
to determine swisl ratio. The impulse swirl meter is preferred over a paddie, or vane meter because the
latter tends to under predict the swirl level by as much as 30%. The pressure difference over all ports was
maintained at 20 inches (508 mm) of water to ensure that the flow was fully turbuient, and hence, yield
the equality between the steady-state flow bench and an actal operating engine,

Initially, a baseline test was performed of the un-modified head to provide 2 reference point for future
development. Sensitivity of swirl ratio and pressure loss were evaluated for changes in compression ratio
and engine speed. tests 14 consisted of a compression ratio of 16:1 and 22:1, each at an engine speed
of 900 and 1800 rpm. A summary of these results is shown in Table B-1. Both swirl ratic and pressure
loss proved to be insensitive to compression ratio. For the two engine speeds, the switl ratio changed less
than 2%. Pressure loss across the port changed with engine speed.

Table B-1. Compression Ratio and Engine Speed Sensitivity Results

Engine Speed, (rpm} Compression Ratio Swirl Ratio
Pressure Loss (kPa)
900 16 +0.228 248
1800 16 4+0.224 9.41
900 22 +0.228 2.49
1800 22 +0.241 9.48

The initial direction of development was to create a helical port out of the existing port because helical
ports have the ability to generate high levels of swirl most efficiently. Tests 5-14 created the helical port
by means of strategically placing modeling clay within the existing port to determine the correct port
geometry, This procedure was an iterative process, relying on test results and intake port design
experience. '

After nine iterations in creating a helical port, we perfonmed a so-called rotational test to determine the
location of the directed swirl component and the percent helical/directed flow. A rotational test consists
of moving the cylinder about the intake valve in 15 increments while maintaining the design distance
between the centers. In this manner, the location of the largest value of non-dimensional swirl can be
found. Non-dimensional swirl (N) is a measure of the level of swirl. The results of this test are shown
in Figure B2.
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The helical port of the swirl ratio is a horizontal line at Nr = 041. The directed component is the
sinusoidal curve in which the maximum directed portion is given as Nr = p.35 at 225° cylinder rotation
from datum. The normal position of the port is shown at 110 cylinder rotation from the datum. For the
optimum design, the Jocation of the maximum non-dimensional swirt (helical ples directed) should be
coincident with the normal position of the port. In this case the location of the maximum nor-dimensional
swirl was 115 out-of-phase with the normal position of the port. The locations of the velocity vectors are
illustrated in a top view of the cylinder in Figure B-3. The desired position of the velocity vector is
shown tangential to the nommal position of 110 counter-clock-wise from the datum. The actual velocity
vector is shown pointing towards the center of the cylinder.

From the location of the velocity vector, the value of swirl ratio and the value of pressure drop across the
port, we determined that the helical port solution to this problem is ineffective as tried. In Figure B4,
the velocity vector was oriented 115 from where it should be. Due to the spatial constraints of the VCR
cylinder head, the necessary geometry cannot be created to allow the proper orientation of the velocity
vector. Because swirl ratio is directly related to the velocity vector, the value of the swirl ratio cannot
be dramatically increased without the re-orientation of the velocity vector. The maximum swirl ratio
attained during clay modifications was 1.68:1 with a pressure drop of 6.85 (kPa). Table B-2 gives a
summary of the baseline, target, and best clay modification. The pressure loss of the clay modification
was 2,75 times higher than that of the baseline, and the swirl ration was 36% away from the target. We
decided that the helical port solution to this problem was ineffective and that another approach shouid be
taken.

Table B-2. Best Clay Modification

Baseline Target - Best Clay
Swirl Ratio -0.23:1 2.66:1 1.69:1
Pressure Loss (kPa} 2.43 ' — 6.85

The second direction of development was to employ a shrouded valve. A shrouded valve directs a large
portion of the air flow through an unrestricted section of the valve. Thus, the velocity vector can be
forced in a desired direction. A masked valve was manufactured in which the unrestricted section
measured 150, To determine the proper orientation, we performed a standard test (test #16) inn which
the shrouded valve was rotated until the torque readout maximized at each valve lift position. From these
results, we selected a valve position in which higher valve lifts were weighted more due to higher mass
flow rates. The standard test was repeated (test #17) at a fixed valve position, and the results are shown
in Table B-3. The pressure loss was 3.96 kPa and was only 1.6 times higher than the baseline pressure
loss. The swird ration was 16.5% away from the target swirl ratio. The orientation of the masked valve
is shown in B-6.

Table B-2. Shrouded Vaived Results

Baseline  Target Shrouded Vaive
Swirl Ratio -0.23:1 2.66:1 3.10:1
Pressure Loss (kPa) 2.49 — 3.96

We used two important non-dimensional parameters — non-dimensional swirl and non-dimensional flow
coefficient — to compare the masked valve to the baseline. Non-dimensional switl (Nr) is shown versus
non-dimensional vaive jift in Figure B-5. The nearly horizontal trend indicates that the baseline
configuration does not produce swirl. The masked valve exhibits traits of a helical/directed combination.
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Swirl is created at lower lifis and steadily increases. The non-dimensional flow coefficient (C,) is defined
as the actual flow divided by the ideal flow. Therefore, the larger C,. the less restriction offered. The
non-dimensional flow coefficient versus L/D is shown in Figure B-6. The baseline configuration is
revealed 10 have a higher C than the masked valve. This was expected, because the masked valve
obstructed the flow area and increased pressure loss. '

It is ofien desirable to compare the swirl ratio and pressure loss of various cylinder heads. To do this,
the cylinder heads must be evaiuated on an equal basis. SwRI has accumulated a data base of swirl ratios
and pressure losses and has determined the "state-of-the-art" for both 4-valve and 2-valve engines. For
our particular engine, and 11.2 m/s piston speed equates to 3527 rpm. The baseline and masked valve
configurations are shown in Figure B-6.

We selected the 210 masked valve to compiete the design phase of the project. Even though the swirl
ratio target was 2.66:1, we considered the masked swirl ratio of 3:10:1 satisfactory. Further, small
increases of the swirl ratio from the one obtained would be costly and time consuming and were not

pursued.

B 2-Valve Heads |  State-of-the-art
: for 4-valve engines . :

5] X 4-valve Heads

A VCR Head : : : '\
: _: : 8N o
4 ...... ........ ......... .mﬁwn ..................
. ; ; . o

SwRI Swirl Ratio

S e R A e B 1O e-valve elgilies
: A
ol . _ E]_ Masked Valvef
11+ e el e
, . o / Baseline
0 I pH Z | 1 | ﬁ i
0 5 10 15 20 25 30 35 40

Mean Pressure Loss Over the Port (kPa)

Figure B-6. Swhl swirl ratio comparison of different intake ports at the same mean
piston speed of 11.2 m/s
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FLOW BENCH and DATA REDUCTION TECHNIQUES

The flow bench is a time-tested steady-state air rig used to test the flow performance of the ports in a
cylinder head. The techniques and analysis are appropriate for either spark-ignited (SI) or compression-
ignited (CI) engines. A diagram of the SWRI Flow Bench is shown in Figure B-1.

¥ATER MANOMETER
TORQUE TRANSDUCER

INPULSE S¥IRL METER

/~mu[m DISPLAY

“77 =~ CYLINDER HEAD

DIAL INDICATOR | — VATER WANOUETER

FOR VALYE LIFT
FLOY

Voo

~— COMPRESSOR AIR SUPPLY

- ACCUTUBE FLOWMETER
Figure B-1. SWRI Flow Bench Schematic

Flow benches have been used extensively in the past to determine flow capacity, usuaily in (CFM) cubic
feet per minute. Since the 1970’s, the ability to estimate in-cylinder air motion is the main strength of
the flow bench. Swirl and tumble are the two components of the overall in-cylinder air motion that the
flow bench can predict. The concepts of swirl and tumble are illustrated in Figures B-7 and B-8,

respectively.

The generation of swirl and/or tumble is dependent upon many things, including port orientation, chamber
masking, number of valves, and piston crown, among others. It is also beneficial to analyze the flow
bench data in terms of non-dimensional parameters so as to allow comparisons independent of size. A
discussion of non-dimensional parameters will be given below.
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TOF VIEW
—— < == CRANK& -
QGENERALLY CONCIDENT -~ CRANKG
WITH BORE CENTERLINE
Figure B-7. Swirl Motion Figure B-8. Tumble Motion

The Purpose of Using Non-Dimensional Parameters

The non-dimensional parameters used to describe flow, swirl and tumble conditions at each valve lift are:

Flow Coefficient

Non-Dimensional Swirl

Coefficient of Performance

2 2
oA | I I
P 4-D -n 4 -L
Angle of Qutflow
4 | B LN
Theta = Tan _
n-D*-C,
Non-Dimensional Valve Lift = LD
where: o is crank angle degrees
A is valve seat area (m?)
A = D2 '
4
B is the bore (m)
D is the inner valve seat diameter (m)
G is the torque measured on the swirl meter (N.m)
I is the moment of inertia (kg-m?)
L is the valve lift (m)
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M is the total mass flow through the port (kg/sec)

n is the number of valves open, usually one or two

Q is the total volume flow (m%/sec)

r is the pressure ratio over the port (P/p.;)

R is the gas constant for air (287.1 Jkg. °K)

S is the stroke (m) :

T is the air temperature at the port (°K)

Y is the ratio of specific heats for air (C/C,)

Vv, is the velocity head upstream of the port (in/sec)
vV, = 2w -T 1_&%{1

y-1 €]

The port properties are described in non-dimensional terms as these do not vary with Reynolds number;
‘that is, the non-dimensional terms are unchanged when the pressure drop over the port varies. This is
because the flow is in the fully turbulent regime, so it exhibits Reynolds number similarity. This feature
is important as it means that the port has the same flow properties in the engine as on the flow bench.
This permits an emptying and filling engine model to predict terminal swirl from the non-dimensional fiow
propetties on the flow bench.

The independence of the non-dimensional port properties to pressure drop also means that it does not
really matter at what pressure differential the port is tested provided the flow is in the fully turbulent
region. For engines under 150 mm bore diameter, this is usvally above 350 mm water pressure
differential.

The independence of non-dimensional parameters with pressure differential over the port also allows the
emptying and filling model to predict conditions in an engine from the measurements made on the flow
bench even though the flow bench measurements were made at a different pressure differential. The
accurate extrapolation of flow bench measurements to mnning engine conditions allows the meaningful
prediction of swirl in the engine.

The significance of the non-dimensional parameters that have already been defined will now be discussed:

Flow CoefTicient
- Actual Flow

V Ideal Flow

o

c, = .2
.A.

n

This is analogous to a flow coefficient based in the valve seat area. For two intake valves (n=2) then C;
represents the average flow coefficient for both ports.
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Non-Dimensional Swirl or Tumble $-G

R M BV,

N = ©° B _ 2 x Swirl Velocilj’ at Cylinder Wall
e =
vV vV

o &

This is 2 measure of the level of swirl (or tumble), where w is the equivalent swirl velocity in radians/sec.
The non-dimensional switl is independent of the number of intake valves, as it is calculated from global
measurements, which by themselves, are not a function of the number of intake valves open.

Coéfﬁcient of Performance
2 2
c = B-NR . D-C
P 4D -n 4 - L
c - VTZ + V2
i V?

Coefficient of Performance = V/V,

Coefficient of Performance is the relative velocity vector at the valve seat in a plane perpendicular to the
valve stem axis divided by the maximum possible velocity upstream of the port. I is the weighted sum
of the radial (or flow) component (V) and the tangential (or swirl) component (V). Coefficient of
Performance is a useful parameter as it indicates the efﬁcnency of the port in its ability to generate flow
and swirl.

Angle of Out_ﬂow

B-L-N
Theta = Tan™
n-D*-C,
V.
Theta = Tan™' &
1%

Theta is the angle subtended by these two components, V. and V; and indicates the proportion of velocity
given to swirl or the flow. Theta increases with hlgher swirl.
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Discussion of the Various Swirl Models
All of the swirl models predict swirl ratio. This is defined as:

Swirl Speed at the End of Induction

Swirl Ratio R) = Engine Speed

As the flows in the engine are fully turbulent, swirl ratio does not change very much with engine speed.

The swirl models predict the solid-body terminal swirl by integrating the angular momentumn flux at each
crank position during induction. Dividing this value by the induced charge mass then gives terminal swirl
speed. :

SwRI Method

This method used the same equations as used by other, more sophisticated emptying and filling programs.
It integrates between TDC and inlet valve closing and assumes an initial pressure in the port and in the
cylinder of 1 bar, and assumes there is no heat transfer. Although this method requires compression ratio
as input, it calculates volumetric efficiency, while the other methods stipulate 100 percent volumetric
efficiency. This method also accounts for compressible flow.

Terminal Swirl (®) = —— I w-dt

where: I-@ is the angular momentum flux (kgm*/sec’)
I is the momeni of inertia of the induced charge at intake valve closing (kg-m?)

Ricardo Method

This method assumes a constant pressure drop over the port during induction. This pressure drop is
~ calculated from the mean flow coefficient during intake valve opening. The momentum flux at any crank
angle is then determined from this pressure drop and the valve lift at that crank angle. This method
assumed 100 percent volumetric efficiency and incompressible flow.

B-S- |12 Cp N, -do
Swirl Ratio =

2
n -m[ Y0 ¢, -da]
ve
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AVL Method

This method assumes that the flow rate equals the rate of piston displacement. It therefore integrates only
between top and bottom dead centers (TDC to BDC), and assumes 100% volumetric efficiency.

SwRI Impuise Swirl Meter

The swirl meter is shown in Figure B-9 below. This is the impulse type that has the advantage over vane -
or paddie wheel swirl meters in that it measures the torque reaction from the arrested swirl. This equals
momentum flux that is used directly by the swirl prediction model. A paddle wheel meter has the
disadvantage in that flow profiles in the flow bench cylinder must be assumcd and that these assumptions
can cause significant errors in the swirl predictions.

Figure B-9. Impulse type swirl meter on SwRI flow bench

It can be seen that for swirl, the cylinder head is tested in the upside down position on the SwWRI flow
bench. This allows simple repositioning of the flow bench cylinder. The swirl meter is positioned 1.75
bore lengths downstream of the head for swirl measurements. The flow bench is calibrated monthly with
a standard calibration cylinder head, and the impulse swirl meter is calibrated monthly with a static
deadweight procedure.
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SwRI Rotational Test

A more detailed characterization of the swirl motion can be gained with the use of the SWRI Rotational
Test. The measured swisl is comprised of a directed (or radial) and a Aelical (or tangential) component.
These two components add vectorially to produce the measured swirl. This test determines the percentage
of the directed and helical components of the swirl and also the orientation of the maximum directed
component. This test allows the designer to ensure that the directed component is effectively utilized.

The Rotaticnal Test consists of rotating the center of the cylinder about the center of the intake valve
maintaining the normally design separation distance between the two centers. This test is conducted at
a fixed valve lift; normally at maximum imake valve lift. Figure B-10 shows the principle of the
Rotational Test. This test can be conducted on individual ports for a four-valve head and also on heads
with an integral combustion chamber,

Rotation of cylinder

A a . about valve
Non-Dimensional Swirl, Nr from datum.
1 —
Datwm,
{crankshaft axis)
0.8
Measured swir/
0.6 \
onent
0.4 ry
0.2 > | Hetical component
0 ] 1 i \

0 40 80 120 160 200 240 280 320 360
Angle Between Cylinder and Valve

Figure B-10. Description of rotational test result
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Effect of Manifold on Flow and Swirl

Tests are also conducted with and without the intake manifold to assess the contribution of the manifold
to the overall calculated mean pressure loss, and to assess its effect on cylinder-to-cylinder air distribution.

Cylinder-to-Cylinder Variability Tests

In addition to the variability of the air quantity supplied to each cylinder due to the manifolding the
individuat cylinders or heads are tested to quantify the amount of swirl, fumbie, and flow variation from
cylinder-to-cylinder due to casting and/or machining defects. Fiow bench results quantify the effect of
any core shifts or machining errors and molds of the ports help visualize the direction and extent of any
anomaly. SwRI has port design techniques that make the performance of the port insensitive to any of
these defects. _

Tumble Testing

As shown in Figure B-8, tumble motion is defined as rotation about an axis perpendicular to the cylinder
centerline. Tumble is also thought of as an end-over-end cascading motion or a that of a vortex, Tumble
motion has been shown to break down into small scale turbulence near TDC helping flame propagation
rates in SI engines.

The SwRI approach to measuring tumble on the flow bench is illustrated in Figure B-11. The SwRI
convention for measuring tumble is shown in Figure B-12.

Combined Swirl Ratio

Rarely is in-cylinder air motion just comprised of swirl or just tumble through the entire intake and
compression strokes. The effect of squish motion, which plays an important role near TDC, has not been
considered either. However, in an attempt 10 better predict total in-cylinder swirl SWRI vectorially
summarizes the individual angular momentums of the swirt and tumble orthoganoi components and calls
this Combined Swirl. Figure B-13 illustrates the concept of combined swirl. The combined swirl ratio
has resulted in better engine/flow bench comelations than traditional swirl alone.
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Figure B-11. Measurement of Tumble
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Figure B-12. Tumble Convention

Figure B-13. Concept of Combined Swirl
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ANALYSIS OF SwRI FLOW BENCH RESULTS
Test Number 1 Date: 16 FEB 92
VCR Head: SwRI Project 03~4764-28B0. Standard Test.

Bore 96,52 (mm} Inner Vaive Seat 41,56 {mm) Valve Opens ~30.00 deg Compression Ratic 16€.00:1
Stroke 85.25 {mm} Maximum Valve Lift 8.3E (mm) Valve Closes 230,00 deg Engine Speed with
Connecting Red 166,62 {mm} Number Of Valwves 1 Engine Speed 900. rpm 11 .2 w/sec Mean
Piston Speed 3527 rpm
SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservation
Rleardo Method = Flow Dependent Upon Valwe Lift
AVL Method = Flow Equals Rate of Piston Displacement
BwRI Ricarde AVL
REM 200 3527 900 3527 ©§00 3527
Swirl Ratio -.228 -_249 -,208 —_208 ~ 226 =,226
Mean Flow Coefflclent .159 .199 214 -214
Gulp Factor »182 .621 226 .8BS 209 820
Mean Pressure Loss (kPa) 2.48 29.56 1.71 26.28 3.06 47,07
Fort Effectiveness (%) 25.49 25.49 23,13 23.13
Volumetrlc Efficlency (%) 1,028 B66
Maximum Mach Number 621 .B65

Max Flow Coeff = _411

Valve Valve Lift Differentlal Velume Mags Flow Targue N-D Coeff of Theta Momentum  AVL Swirl
Lift ~s——————  Pressure Flow Flow Coeff Swirl Performance Ratic Number
(=) Seat Diameter (mm water) {m**3/c) {kg/s) {CE) {8 .mm) {Nz) {Cp) {deg) (vr) {nd/n}
1.00 .024 508,00 0040 .0D49 032 .10 019 334 1.9 -997 984
2.00 .048 508.00 0128 0157 =104 .90 052 . 542 a.z 854 -843
3.0¢ 072 50B8.00 L0202 -0245 162 -40 .015 562 -8 .156 .154
4,00 096 508.00 L0273 0330 215 -. 60 -.016 569 -1.0 -.128 -.127
5.00 .120 508.00 3337 0406 . «2B69 ~1.60 -,D35 -1 -2.1 —-.2286 —.223
6.00 144 508,00 0397 L0479 317 -2,10 -, D39 .550 -2,4 ~-.213 -,210
T.00 168 50B.00 0456 0550 .364 =2.B0 —. 046 340 -2,8 -.216 -.213
£.00 .182 508.00 0502 0603 . 399 ~3.60 ~.053 518 —-3.4 -.230 —-.227
9.00 216 508.00 0540 0650 429 —-2.80 -.03as L4196 —-2.6 ~.154 -.152
1¢.00 242 3¢8.00 0569 .0684 .452 - =1.80 -.024 470 =1.7 -.08% -.0B8

ANALYSIS OF SwRI FLOW BENCH RESULTS
Test Number 2 Bate: 1§ FEB 92
VCR Head: SwRI Project 03-4764-280. Standard Test.

Bore 96.52 {mm} Inner Valve Seat 41.58 {mm)} Valve Opens =30.00 deg Compression Ratie 16,0031
Stroke 95,25 {mm} Maximum Valwve Lift 8,38 {mm) Valve Closes 230.00 deg Engine Speed with
Connecting Rod 166.62 {mm} Bumber Df Valves 1 Engine Speed 1200. rpm i1.2 m/5ec Mean

Plston Epeed 3527 rpm

SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservation
Rlcardec Method = Fiow Dependent Upon Vaive Lift

AVL Methed = Flow Equals Rate of Piston Displacement

SwWRI Ricarde AVL .
FFM 1800 3527 is00 3527 1836 3527
Swilrl Ratio —-.244 -—,249 -,208 - 208 -,226 ~,228
Mean Flow Coefficient .159 .199 214 214
Gulp Factor .348 .621 .432 .BBS .419 820
Mean Pressure Loss (kPa) 9.41 29.5% €.84 26,28 12.26 47.07
Port Effectiveness (%) 25.4% 25.49 23.13 23.13
Volumetric Efficlency (%} .989 866
Maximum Mach Number .331 .885

Max Flow Coeff = 411

Valve Valve Lift Differential Voluma Mass Fiow Torgue N=D Coeff of Theta Momentum  AVL Swirl
Lifc e ——————— Fressure Flow Flow Coeff Swirl Performance Ratio Number
(mm) Seat Dlameter (mm water) {m**3/g) [kg/s) {CEy {N.mm} {Hr) {Cp) {deg} {vr} {nd/n}
1.00 024 508.00 .D040 0049 .032 .10 .019 334 1.9 .987 .984
2.00 048 508,00 0129 .0157 104 . 9C 052 542 3.2 B854 .843
3.00 072 508.00 L0202 .0245 .162 .40 015 562 .9 .156 .154
4,00 .056 508.00 0273 .D330C 219 —. 60 -.D1€ .369 -1.0 -.128 -.127
5.00 120 508,00 2337 0406 269 =-1.,60 -.03% 560 =2.1 -.226 -.223
&.00 144 _S0B,00 L2397 L0479 317 -2,10 =-.039 550 -2.4 ~-.213 ~.210
7.00 -168 "50g.00 0456 0550 . 364 -2.B0 -.046 ~540 -2.8 —.21@ -,213
B.00 .182 SQB.00C 0501 D803 .399 «3.60 -,033 .51% -3.4 -.230 —-.227
9.00 .26 508.00 -0540 . 0850 .429 =-2,80 -.039 496 =-2,6 -.154 -.152
10.00 -241 : 508.00 L0565 . D684 .452 -1.B0 -.024 470 =-1.7 -~.0B3 - 088
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ANALYSIS OF SwRI FLOW BENCH RESULTS
Test Kumber 3 Date: 16 FEE 52

VCR Head: SwRI Prolect 03-4764-280, Standard Test. £

Bore 96,52 (Km) Inner Valve Seat 41.58 (mm) Valve Opens =30.00 deg Compression Ratio 22.00:1
Stroke 95.25 (mm} Maximum Valve Lift 8,38 (mm) Valve Closes 230,00 deg Englne 3peed with
Connecting Rod 166,62 (mm} Number Qf Valves 1 Engine Speed 200. rpm 11.2 m/sec Mean

. Eiston Speed 3527 rpm

SwRI Method = Slmulating Gas Exchange Based on Mass and Energy Conservation
Ricarde Method = Flow Dependent Upon Valve Lift

AVL Method = Flow Equals Rate of Piston Displacement
SwWRI Ricarde AVL

REM - [e]4] 3527 8300 3527 500 3527
Swirl Ratio - 228 -—.248 -.208 =,208 -, 226 —.226
Mean Flow Coefficient 189 .188 214 214
Gulp Factor .183 L.631 226 885 »209 820
Mean Pressure Loss {kPa) 2.49 30.14 i.71 26,28 3.06 47.07
Fort Effectiveness {4) 25.49 25.49 23.13 23,13
Velumetric Efficiency (%) 1.029 867

Maximom Maech Number 627 .BB4

Max Flow Coeff = 411

YValve Valve Lift Differential Volume Mass Flow Torque B=-D Coeff of Thata Moment um AVL Swirl
Lift = - — Pressure Flow Flow Coeff Ewirl Performance Ratio Number
(mm) Seat Diameter Imm water} {m**3/g) {kg/s} {cfy £ .. mm) {lr) {Cpl {deq) {vr} (nd/n)
1.00 024 508,00 .0040 .45 .032 =10 .015 334 1.9 . 997 984
2.00 048 508.00 .0129 .0157 104 80 052 542 3.2 B54 843
3.00 .072 508,00 0202 0245 162 =40 015 «a62 .9 156 .154
4,00 .0886 508,00 0273 .0330 219 -.60 -.016 .569 -1.D - 128 -.127
5.00 .1290 508.00 0337 .04D6 «269 =1.60 -.035 560 -2.1 -.226 -.223
6.00 «144 508,00 0397 0479 .317 -2,10 -,039 «550 =-2.4 - 213 -.210
7.00 -168 508.00 0456 0550 =364 =-2.B0 -, B 540 2.8 -.216 ~-.213
B8.00 .192 508.00 L0501 0603 399  -3.60 -.053 .51% -3.4 -.230 -.227
$.00 216 508.00 L0540 D650 .429 -Z.80 -.039 =496 -2.6& -,154 -.152
10.00 241 508,00 L0568 0684 .452 ~1.80 -.024 470 =-1.,7 —. 089 - 088

ANALYSIS OF SwRI FLOW BENCH RESULTS
Test Number 4 Date: 1& FEB 22
VCR Head: SwRI Projeect C3~4764-280. Standard Test.

Bore 96,52 (mm) - Innar Valve Seat 41 .58 (mm) Valve Opens =30.00 deg Compression Ratioc 22.00:1

Stroke 95,25 (mm) Maximum Valve Lift 8,38 (mm} Valve Closes 230.00 deg Englne Speed with
Connecting Rod 166,62 () Number Of Valves 1 Engine 3peed i8p0, rpm 11.2 m/sec Mean
Plston Spaed 3527 rem

SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservatleon
Ricardo Method = Flow Dependent Upon Valve Lift

AVL Mathod = Flow Eguals Rate of Piszton Dizplacement
SwWRI Ricards AVL

RPM 1800 3527 1800 3527 1800 527
Swirl Ratio -, 741 -—_ 248 -.20B -.208 —~.226 =_226
Mean Flow Coefficlent 199 199 .214 214
Gulp Factor 354 631 L4252 885 415 820
Mean Pressure loss {kPa} .48 30,14 6.84 26,28 12.26 47,07
Port Effectiveness (%) 25.4% 25.49 23.13 23.13
Volumetric Efficlency (%) ,.9B83 .867

Maximum Mach Number 596 B84

Max Flow Coeff = _41i

Valve Valve Lift Differentlal Velume Mass Flow Torgue  N-D Coeff of Theta Momentum — AVL Swirl
Ilfe — Pressure Fiow Flow Coeff Swirl Performance Ratio Number
{mm} Seat Diameter (mm water) {m**3/s} (kg/s} {CL) {N.mm} (Rx) {Cp) {deg) {Vr} {nd/n}
1.00 .024 508,00 L0040 -004% 032 .10 019 « 2334 1.9 .997 984
2,00 048 508.00 .01z2% 0157 104 .90 052 L5442 3.2 .854 843
3.00 072 508,00 0202 0245 162 .40 815 «562 .9 156 154
4.60 096 508.00 .0273 -0330 219 -.60 ~.01¢ «569 -1.0 -.128 -.127
5,00 120 508.00 .0327 .0406 .269 -1.69 ~. 035 «360 =2.1 —.226 -.222
6.00 144 508.00 .0397 L047e 317 =2.1D -.039 550 ~2.4 -,213 ~.210
7.00 -168 508,00 L0456 0550 364 =-2.80 -, 046 «540 -2.8 ~.216 -,213
8.00 .192 508.00 .0501 L0603 .399 -3.60 -.053 .519 -3.4 ~. 230 -, 227
$.00 .216 508.00 0540 .DE30 429 -2.80 -,039 L4596 =2.6 ~-.154 -,152

10.00 -241 508.00 L0569 0684 «452 -1.80 -.024 L4770 =1.7 -.083 -.088
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BANALYSIS QOF SwRI FLOW BENCH RESULTS
Test Number 3 Date: 16 FEB 92
VCR Head: SwRI Project (03-4764-280, Standard Test.

Bore 96.52 {om) Inner Valve Seat 41.58 (mn) Yalve Opens =30.00 deg Compression Ratio 16.00:1
Stroke 95,25 (mm} Maximum Valve Lift 8,38 (mm) Valve Closes 230.00 deg Engine Speed with
Connecting Red 166,62 (mm) Nomber Of Valves 1 Engine Speed 800, rpm 11.2 m/sec Mean

. Piston Spesd 3527 rpm

SwWRI Method = Simulating Gas Exchange Bazed on Mass and Energy Conservation
Ricardo Methed = Flow Dependent Upon Valve Lift

AVL Method ~ Flow Eguals Rate of Piston Displacement
SWRI Ricarde AVL

REM 900 as27? 9GO 3527 S00 as2y
Swirl Ratia —-.255 =272 ~.267 -.267 -.250 —-.250
Mean Flow Coefficient 2193 .193 .031 031
Gulp Faetor -188 624 -233 .13 1,438 5.637
Mear. Pressure Loss (kPa) 2.58 29,88 l.a2 27.92 144 .74 waxnnx
Port Effestivencss (&) ’ 23.99 23.9% -19 -4%
Volumerric Efficlency (%) 1.056 865

Maximum Mach Nueber 662 873

Max Flow Coeff = _410

Valve Valve Lift Differential Volume  Mass Flow Torgue  N=D Coeff of Theta  Momentum  AVL Swirl
Lift Pressure Flow Flow Coeff Swirl Performance Ratia Number
{mm}) Seat Dlameter Imm water} m**3/8) (kg/s) (cEr {N .mm} (NI} {Cp) (deg} {vr) {td/ny
1.00 024 508,00 .oo2e L0034 023 -10 028 .237 3.7 1,994 1.968
2.00 048 508.00 0127 0153 102 .50 - 030 .528 1.9 .498 492
3.00 072 508.00 . L0200 D242 -182 -20 -007 «35E .4 .080 .079
4.30 096 504.00 0272 0328 218 —.80 -, 022 . 266 -1,3 -.173 -1
5.00 .120 S0B.00 .D337 0406 269 =-1.B0 -. 040 560 —2.4 ~.254 -.251
6.0C .144 508.00 .D393 0480 .318 =-2.50 -, G47 «351 -2,8 —a252 -_.249
7.00 .168 508,00 0454 .9546 +361 -3.00 -.049 537 -3,0 -, 234 -.231
8.00 192 508,00 0501 0602 -398 -3.60 -, 054 -518 =-3.4 -, 231 —-.228
9,00 216 508,00 0539 0648 428 ~2.80 -.034 255 =-2.6 =155 —-.153
10.00 241 508.00 .0569 L0684 452  -1.70 =-.022 LAT0 -1.86 -.0B84 -,083

ANALYSIS OF SWwRI FLOW BENCH RESULTS

Test Rumber & Date: 19 MAR 92
VCR Eead: Mod 1 -~ Clayed Intake Port,
Bore 96.52 (mm} Inner Valve Seat 41 .58 {mm) Valve Cpens -30.00 deg Compresslon Ratie 16.00:1
Stroke 95.25 (mm) Maximum Vaive Lift 8,38 (mm) Valve Closes 230,00 deg Engine Speed with
Cennecting Rod 166,62 (mm) Number Of Valves 1 Engine Speed 900, rpm 1l1.2 m/sec Mean
Piston Speed 3527 rpm
SwRI Method ~ Simulating Gas Exchange Based on Mass and Energy Conservation
Ricardo Method =~ Flow Dependent Upon Valve Lift
AVL Methed ~ Flow Equals Rate of Pisten Displacement
SwRI Ricardo AVL
REM 800 3527 900 asz27 g0 3527
Swirl Ratio -. 248 -.1%9 ~,193 =,193 -.239 =_259
Mean Flow Coeffiecient L1985 L1385 =235 .235
Gulp Factor 180 +632 .230 - 900 191 .745
Hean Pressure Lass {kPa) 2.53% 30.37 1.77 21.1¢ 2,55 38,22
Port Effectiveness (%) 24.66 24.66 27.76 27.76
Veolumetric Efficiency (%) 1.012 .854
Maximowm Mach Number . 595 .21
Max Flew Coeff ~ 383
Valve Valve Lift Differential Velume Mass Flow Torque N-D Coeff of Theta Momentum  AVL Swirl
Lift ——— e e . Pressure Flow Flow Caeff Swirl Performance Ratie Number
{mm} Seat Diameter {(mm water} (m**3/5) (kg/s} [ od ] {N .M} {Nr} (Cp} {dag} {vr} nd/sny
l.o0 024 508.00 L0056 0089 045 -.94 -.125 478 -8.7 =-4_705 =4 .643
2.00 048 508,00 0147 017 .118 -1.82 -. 082 -61l6 =-3,0 =-1,.342 =1,325
3.00 072 S0B.00C 0218 D262 174 =2,50 ~,.08¢6 -b06 -q .7 —-. 844 -.832
4,00 .096 508.00 .0280 .0336 L.223 4,15 —-.111 . 584 -6.3 -.852 -.841
5.00 2120 508.900 .0337 .0403 .268 -5.22 -.118 =562 -6,9 - 742 -, 722
&.00 .144 S08,. 00 .03BE D462 307 -3.86 -.075% 534 -4,7 -.417 -. 412
7.00 : 168 508,00 L0430 L0515 342 ~. 63 =-.011 508 -7 - 057 ~.056
8,00 -182 S08.00 0469 0560 .372 .86 .014 LA83 .2 063 062
9.00 «216 508.00 0503 0601 .399 1,05 016 A6 1.1 067 .068
10,00 +241 S0E8.00 0529 D632 LA18 1.54 022 436 1.7 089 .088
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RNALYSIS OF SwRI FLOW BENCH RESULTS
Test Number 7 Date: 19 MAR 92

VCR Head: Mod 2 - 180 deg Masking (Clayed IP)

Bore 86,52 {zm) Inner Valve Seat 41,58 imm} Valve Opens —-30.00 deg Compression Ratieo 16.00:1
stroke 85.25 {mm) Maximum Valve Lift B8.38 imm} Valve Closes 230.00 dey Engine Speed with
Connecting Reod 166.62 {mm) Number Of Valves 1 Engine Speed 900. rpm 11,2 m/sec Mean

Plston Speed 3527 rpm

SwRI Method = Simuiating Gas Exchange Based on Mass and Energy Conservatlon
Ricarde Method = Flow Dependent Upon Valve Lift

AVL Method = Flow Equals Rate of Piston Displacement
SwRI Ricarde AVL

REM . 900 3527 900 3527 o 3527
Swirl Ratlo 639 .634 -583 583 628 .626
Mean Flow Coeffielent .194 .194 C . 232 232
Gulp Factor 181 .639 231 . 905 .193 =757
Mean Pressure Loss (kPa) 2.59 30,91 1.79 27.44 2.61 4D_o8
Port Effectivensss {%) 24,41 24,41 27.1B 27.18
voelumetric Efficlency (%} 1.002 .B47

Maximum Mach Number «579 .B49

Max Flow Coeff = _370

Valve Valve Lift Differential Volume  Mass Flow Torque  N-D Coeff of Theta Mcomentum  AVL Swirl
Lift e Pressure Flow Flow Coeff Ewirl Performance Ratia Number
{mm) Seat Diameter (mm water) (m**3/5} {kg/s5) {CL) {N .mm) {Nr) Cpl (deg} {Vr) (nd/n}
1,00 .024 508.00 00863 Q077 L0511 -.85 -.100 531 -6,.3 ~3.377 =-3,332
2,00 048 SO0B.00 0150 .0181 .120 -.46 -.023 625 -1.2 -.326 =-.322
‘3.00 072 soe, D0 L0216 0260 173 -.56 -, 019 .599 =-1.1 -.191 -.188
4.00 .096 508,00 L0217 .0332 221 -.17 -.005 575 -3 -.03% -.[35
5.00 +120 508.00 0338 .0400 266 1.983 -043 .554 2.6 .278 275
6,00 144 508.00 L0383 L0456 304 5.24 103 330 6.5 .579 571
7.00 +.168 508.00 04825 0505 «337 8.06 -142 507 9.4 726 716
8.00 192 508.00 +0458 .0543 .362 7.67 .126 478 8.8 .59&6 . 588
9.00 L2168 508.00 .0484 L0574 383 11.38 176 +A154 13.0 . 730 . 780
10.00 «241 508,00 0507 .0602 L4011 14 .30 211 -434 16.4 .904 892

ANALYSIS OF SwR] FLOW BENCH RESULTS
" Test Number 8 Date: 19 MAR 52

VCE Head: Mod 3 — 230 deg Masking {Clayed I?J.

Eore 96.52 {mm} . Inner Valve Seat 41,58 {mm} Valve Opens =30.00 deqg Compression Ratio 16.00:1
Stroke 95,25 {mm} Maximom Vaive Lift 8.38 {mm) Valve Closes 230.00 deg Englne Speed with
Contiecting Rod 166,62 {mm} Number QOf Valves 1 Engine Speed 990, zrpm 11.2 m/sec Mean

Plston Speed 3527 rpm

SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservation-
Ricardo Methed = Flow Dependent Upon Valve Lift

AV Method = Flow Equals Rate of Piston Displacement
- BWRI Rlcarde AVL

RFM 900 3527 800 3527 00 asa27

Swirl Ratio 012 034 .039 -.039 -,004 —,004

Mean Flow Coefficient .182 182 .218 .218

Gulp Factor 194 L6652 247 . 968 . 206 -BDG

Mean Pressure Loss (kFa) 2,92 33.%7 2.05 31.45 2.96 45.46

Port Effectliveness (%) 21.30 21.30 23.985 23,85

Volumetric Efficiency (%) 1.009 .B18

Maximum Mach Number .593 B7Z

Max Flow Coeff = _338

Valve Valwe Lift Differential Volume Mass. Flow Torque  N-D Coeff of Theta Momentum  AVL Swirl

Lift — — Pressure Flow Flow Coeff Swirl Performsance Ratic Number
{mm} Seat Dlameter (mm water) {me*3/5} (kg/s) {cH) {N . mm) (Nz) {(Cp) (deg) {vr) {nd/n)
1,00 -024 508,00 -00a9 0060 .039 —-.85 -.12% 416 -10.4 —~5.628 -5,554
2,00 048 508.00 -0136 .D0164 -109 -1.43 -.079 568 ~4.6 =-1.239 -1.223
3.60 072 508.00 0212 0256 170 =2,.50 - 0BE 591 -5.0 -.889 -.B77
4.0D -096 sog.on L0273 .0327 218 —-2.30 -.063 567, =-3.7 -. 489 -.492
5.00 120 508,00 0321 0384 2586 ~1.72 -.040 532 -2.5 ~.270 -.266
6.00 © o W144 s508.00 ~B365 L0436 .290 -.56 -,011 502 -.8 -.067 -. 066
7.00 .1€8 sce.00 D401 0477 .318 .58 011 472 i .057 056
B.00 192 S08.00 L3427 2507 338 2.51 044 440 Jod 224 221
.00 216 508,00 .0431 0312 341 T.28 .127 -401 10.86 . 638 .630
10.00 241 508,900 0448 L0531 =354 8,94 150 278 13.3 . 725 -716




ANALYSIE OF SwRI FLO“IBENCH RESULTS
Test Number % Date; 1% MAR 92

VCR Head: Mod 4 — Hellcal Port Attempt 1 {Clayed IF)

Bore %6.52 (mm) Inney Valve Seat 41.58 (mm} Valve Opens =30,00 deg Compression Ratio 16.00:21
Stroke 95,25 (mm) Maximim Valve Lift B.38 (mm) Valve Closes 230,00 deg Engine Speed with
Connecting Rod 166.62 {mm} Number Of Valves 1 Engine Speed 200, rrm 11.2 m/ses Mean

Piston Speed 3527 rpm

SwRTI Methoed = Simulating Gas Exchange Based on Mass and Energy Conservation
Ricardo Method = Flow Dependent Upon Valve Lift

AVL Method = Flow Equals Rate of Piston Displacement
SwWRI Ricards AVL

REM S0C 3527 q00 3527 900 asz7
Swiri Ratioe -513 AB0 426 +A26 .30 .330
Mean Flow Coefficient 173 L1173 206 206
Gulp Factor «201 .98 .259 1,016 .217 .852
Mean Pressure Lose (kPa) 3.27 35.55 2.25 34.8] 3.30 50.77
Port Effectivensss (&) 18.35 15.35 21.45 21,45
Volumetric Efficliency (%) .996 787

Maximum Mach Niumber .571 .99

Max Fiew Coeff - ,304

Valve Valve Lift Differential Volume Mass Flow Tarque N-D Coeff of Theta Momentum AVL Swirl
Lift — ———  Pressure Flow Flaw Coeff Swirl Performance Ratio Humber
{mm) Seat Diameter {mm water} (m**3/5} (kg/s} {CE) {N,mm) {NI) cp) {deq) {vr) {nd/n}
1,00 .024 508.00 D062 .0078 .051 .08 009 .528 .8 -311 <307
2,00 . 048 508.00 {145 0180 .118 .39 020 .B14 1.1 .287 «283
3,00 092 508.00 L0211 .0262 .171 1.05 037 .554 2.1 .368 363
400 096 508,00 0267 .0330 216 1.44 040 .363 2.4 .315 311
5.00 +120 508.00C 0206 0377 .247 2,61 063 516 4.1 437 431
6.00 144 508,00 0341 L0421 «276 3.00 0B85 .479 4.5 803 390
1.00 »168 508.00 .035¢% 0843 .290 3.00 062 -433 4.7 384 359
B.00 192 508,00 -0376 ~0462 .303 3,97 078 357 6.6 442 436
.00 216 508.00 0278 0466 . .308 5.82 .113 .359 10.6 . 637 628
10,00 «241 508.00 0381 0469 307 6,51 126 .328 12.5 103 694

ANALYSIS OF SwRI FLOW BENCH RESULYS
Test Number 10 Data: 19 MAR 92

. VCR Head: Mod 5 = Hellcal Port Attemp 2 {Claved IP}.

SWRI Project 03-4764-280. Labeco Variable Compression Ratlo Engine,

Bore 86,52 {mm) Inmer Valve Seat 41.58 (mm} Valve Opens -30.00 deg Compresstion Ratlo 16€.00:1
stroke 95.25 {mm} Maximum Valve Lift 4.38 (mm} Valve Closes 230,00 deg Engline Speed with
Connecting Red 166,62 {mm) KNumber Of Valves 1 Engine Speed 900, rpm 11.2 m/sec Mean

Piston Speed 3527 rpm

SwRE Metheod = Simulating Gaz Exchange Based on Mass and Energy Conservation
Ricarde Methed = Flow Dependent Upcn Valwe Lift

AVL Method = Plow Egquals Rate of Piston Displacement
SWRI Ricarde AVL

REFM 800 3527 500 3327 400 3527
Swirl Ratic 410 357 353 . 353 .407 407
Mean Flow Coefficient 159 .159 .180 190
Gulp Factor 217 LTAT 282 1.104 236 924
Mesan Pressure Loss (kPa) 3.B4 38.74 2.66 40,81 3,89 59,79
Port Effectiveness (%) 16.37 16.37 18,21 18.21
Volumetric Efficiency {%) .998 741

Maximum Mach Number .578 +94%

Max Flow Coeff = ,274

Valve Valve Lift Differential Volume Mass Flow Tarque K-D Coeff of Theta Momentum AVL Swirl
Lift e mmmm————  Bressure Flow Flow Coaff Swirl Performance o Ratio Number
(mm) Seat Diameter {mm water) (m**3/5) (kg/s}) [{=£4] {N .zm) {Nr} {Cp} (deq} {Vr) (nd/n)
1.00 .024 508.G0 JD0E2 0077 051 —-.26 -.031 528 -2.0 -1,053 -1.039
2,00 D48 508.00 .0146 0180 118 +20 .010 .613 o 147 145
3.00 072 508.00 D206 .0254 187 .88 L0312 578 1.8 316 £312
4.00 096 308.00 Q253 0311 . 204 1.05 .031 =531 1.9 .259 .255
5.00 =120 508.00 0288 L0353 232 1.73 045 .4B4 3.1 .329 .324
€.00 -1l44 S08.00 L0317 D388 236 2.32 054 444 4.1 +363 .359
7.00 .168 508.00 .0333 D408 . 268 2,03 045 .355 3.8 . 2BB - 284
8.00 192 S08,.00 0337 -0412 »271 2,61 057 254 5.4 .363 358
9.00 216 508.00 .0345 0421 278 2.51 054 322 5.0 .333 .329
0.0 241 508.00 0350 L0427 281 2.42 .051 -294¢ 5.8 312 .308
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ANALYSIS OF SwRI FLOW BENCH RESULTS
Test Number 11 Date; 23 MAR 92

VCR Head: Mod 6 - Helical attempt 3:isharp wall edges, more ramp,

SwRI Project 03-4764~280., Labeco Variable Ceompression Ratio Engine

Bore 96,52 (mm) Inner Valve Seat 41, 58 {mm) Valve Opens =30,00 deg
Etroke 55,25 (mm} Maximum Valve Lift 8.38 {mm) Valve Closes 230,00 deg
Connecting Rod 166,62 (mm} . Number 0Of Valves 1 Engine Speed 0. rem
SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservation

Blcardo Method = Flow Dependent Upon Valwve Lift

AVL Method = Flow Eqgquals Rate of Piston Displacement

EwRY "Ricardo RAVL

RPM 800 3527 b Jedi] 3527 0o 3527

Swirl Ratio 1.59%6 1.208 1.280 1.280 1.606 1.608

Mean Flow Coefficient .129 .129 .152 .52

Guip Factor . 266 864 .348 1.363 254 1,154

Mean Pressure Loss (kPa) 5,91 46,66 4,06 62.31 6,06 93,13

Port Effectiveness (%) 10,75 10.75 11.72 11.7%2

Volumetric Efficlency {%) .997 618

Maximam Mach Number .385 1,000

Max Flow Coeff = 209

Valve Vaive Lift Differential Velume  Mass Flow Torgue  N=D Coeff of Theta
e ~—————————  Pressure Flow Flow Coeff Swirl Performance

{imin} Seat Diameter {mm water) {m**3/5) (kg/s} {Cf} {H.mm) (N {CR) {daeg}
1.00 .024 508,00 LDOE3 0077 2051 .76 090 .531 5.6
2.00 048 508.00 .0143 0176 116 1,34 070 603 3.
3.00 072 508.00 0192 L0237 +156 .80 108 543 -
4,00 -086 508,00 .0223 0274 180 £.07 .135 +LA75 9.
5.00 «-120 508.00 Q247 -R3G2 .1599 5.14 154 424 1z,
€00 .144 508,00 .0253 L031¢C 204 5.348 .156 365 14.
7.00 -168 508.400 0257 0314 207 5.34 154 «320 16.
8.00 192 508.00 .0258 .3315 208 9.43 .156 »285 18,
9,00 -216 508.400 . 0261 0319 210 5.53 157 -260 20.
10.00 241 508,00 02581 L0319 210 5.53 157 .237 22.

ANALYSIS OF SwRI FLOW BENCH RESULTS
Test Number 12 Date: 23 MAR 92

Mod 7 - Hellcal attempt 4:filled in around valve stem, higher & steeper,

SwRI Project 03-4764-286. Labeco Variable Compression Ratic Engine.

Bore 96,52 (rmm} Inner Valve Seat 41,58 {mm) Valve Opens ~30.90 deg
stroke 9525 (mm} Maximum Valve Lift .38 (mm) Valve Closes 230,00 deg
Connecting Rod 166,62 {mm} Humber Gf Valves 1 Engine Speed 200, rpm
SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservation

Ricardo Methed = Flow Depengent Upon Valve Lift

AVL Method = Flow Egquals Rate of Pisten Displacement

SwRI Ricardo AVL
RPM 9060 3527 apg 3527 300 3527
Swirl Ratie 1.687 1,154 1.264 1.2864 1.693 1.693
- Mean Flow Coefficlent 123 123 141 141

Gulp Fastor -287 .B89 L3263 1.425 .318 1.246

Mean Pressure Loss {kPa} €.85 49,3B 4,43 6806 7.07 108,60

Port Effectivenass (%} 9.64 5.84 10.05 10,05

Volumetric Efficlency (%} .97 583

Maximum Mach Humber .351 1i.000

Max Flow Coeff = ,152

Valve Valve Lift Differential Volume  Mass Flow Torque N-D Coeff of Theta
Llft —— Pressure Flow Flow Coeff Swirl Performance

{mm) Seat Diameter (mm water} (m**3/5} {kg/s) (CL) {N .mm) {NxX) <p) (deq)
1.00 024 508,00 .0063 L0077 051 .08 009 .528 .6
2.00 048 508,00 0132 0161 107 1) 037 .354 2.2
3.00 .072 508,00 OIBS 02258 . 149 2.03 .082 .518 5.2
1.00 L0986 508.00 .0213 L0259 171 3.,1% 112 450 8.3
5.00 120 508,00 0228 0276 183 3,97 130 .3B8 1l.2
0.00 .144 508,00 0238 .028%° .191 4.46 .14C 341 13.7
7.00 .168 508,00 0229 0288 .191 5.14 161 299 18.2
g.00 192 508.00 0239 -.0288 .18l 5.24 .164 . 266 20.9
2,00 .218 508.00 Q240 .0290 193 5.34 166 242 23.4
1¢.00 241 508,00 0240 0250 .193 5.34 166 .222 25.7
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Compression Ratlio 16.00:1
Engine Speed with
11.2 m/sec Mean

Piston Speed 3527 rpa
Momentum  AVL Swirl
Ratie Number
{VE} (nd/n}
3.0321 2,991
1,031 1.017
1.189 1.174
1,288 1.211
1.330 1.213
1.312 1.295
1.281 1.264
1.289 1.272
1.283 1.264
1,281 1.264
Compression Ratio 16,00:1
Engine Speed with
11.2 m/sec Mean
Piston Speed 3527 rpm
¥Momentum  AVL Swirl
Ratio Number
{vr) {nd/n}
311 307
600 592
.93% 326
1,116 1,102
1.21% 1,202
1,252 1,235
1.443 1.424
1.470 1.451
1.477 1,457
1.477 1.457




ANALYSIS OF SwRI FLOW BENCE RESULTS

Test Wumber 13 Date: 23 MAR 92

Mod B - Helical attempt 5:lowered ramp’s roof.

SwRI Prolject 03—4764-280. Labece Variable Compression Ratio Engine.

Bore S6.52 {mm} Inner Valve Seat 41,58 {mm} Valwve Opens =30.00 deg
Stroke 95,25 {mm} Maximum Valve Lift 8,30 {mm) Valve Closes 230.00 deg
Connecting Rod 166.62 {mmn) Number Cf Valves 1 Engine Speed 800. rpm
SWRI Methad = Simulating Gas Exechange Based on Mass and Energy Conservatlon

Ricardo Method = Flow Dependent Upon Valwe Lift

AVL Method = Flow Equals Rate of Pisten Displacement

Swit] Ricards AVL

REPM 900 3527 o 1114} 3527 o0 3527

Swirl Ratio 1.431 .863 .833 .B33 1.431 1.431

Mean Flow Coefficient 116 .16 142 142

Gulp Factor .28% 852 .387 1,516 L316 1.23%

Mean Pressure Loss (kPa) 6,77 49.34 E.02 77.09 6,.9% 107,43

Port Effectiveness (%) 8.69 8.69 16.15 10.15

Volumetrle Efficiency {%)}) 1,015 .569

Mazimum Mach Number .B1% 1.000

Max Flow Coeff = 195

Valve Valve Lift Differential Voelume Mass Flow Torque  N-D Corff of Theta
Lift =~ -——mm—m— Pressure Flow Flow Coeff Swirl Performance

{mnty Seat Diameter {mm water} {m**3/%) {kg/g) cH IN.mm) NI} [ £45+3] {deg}
1.00 024 508,00 0049 .0060 -03% -1 101 .13 B.2
2.00 048 508.00 L0132 L0161 .107 -.65 -.037 .554 2.2
3,00 L072 508,00 L0181 D220 145 b3l -. 023 »504 -1.5
4.00 .096 508,00 .0215 L0261 173 .18 22086 449 .4
5.00 «120 S508.00 L0230 0278 .lB4 2.61 -GBS -3B7 7.2
6.400 =144 508.00 0237 -0286 .1890 4.17 L132 .338 12.¢
7.00 . 168 508,00 0242 L0282 194 4.75 147 300 16.5
8.00 182 508,00 .0242 0292 .194 5.14 159 .268 20.1
8.040 .21l 508.0C 0244 0294 .195 5.73 =175 .247 24,3
10.490 241 508,00 0244 0294 «195 6.12 .1B87 230 28,2

ANALYSIS OF SwRI FLOW BENCH RESULTS
Test Number i4¢ Date: 24 MAR 92

Mod 9 ~ Helical attempt £

SWRI Projeect 03-4764=-280, Labeco Variable Compression Ratlo Engine,

Bore 96.52 {(Fm) Inner Valve Seat 41,58 (twm} Valve Cpens =30,00 deg
Stroke 55,25 {tm) Maximom Valwve Lift B.38 {mm} Valve Closes 230,00 deg

Connecting Rod 166,62 (mm) Number Of Valves 1 Engine Speed 900, rpm

SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservation

Ricarde Method = Flow Dependent Upon Valve Lift

AVL Method = Flow Equals Rate of Pisteon Displacement

SwRiI Ricarde RVL

REM 900 3527 900 3527 800 3527

Swirl Ratie 1.456 984 1,013 1.013 1,464 1.464

Mean Flow Coefficient 121 121 145 .145

Gulp Factor » 280 BBl 372 1.4358 309 1.212

Mean Pressure Loss [kPa} 6.49 48,25 4,64 71.32 6,69 102,71

Port Effectliveness (%) 9.39 9.39 ig.62 10,62

Volumetric Efficlency (&) 1.009 .5B7

Mazlmum Mach Number .609 1.000

Max Flow Coeff = 187

Valve Valve Lift Plfferential Volume  Mass Flow Terque  N=D Coeff of Theta
Lifc —_— Pressure Flow Flow Coeff Swirl Performance

{mm) Seat Diameter {mm water) {m**3/8) {(kg/s) {CL) (N .mm) {Nr} {F-1] {deg)
1.00 .024 50B.00 Q056 0063 L0435 .86 113 477 7.9
2.00 .048 508.00 0141 L0171 .114 47 025 .390 1.4
3,00 072 soe, 00 LAi90 0229 152 1,44 057 .529 3.6
1,00 096 508,00 L0222 .0266 177 2,12 072 .463 5.2
S.00 .120 sce,00 -.0238 .0285 -190 3.49 .110 LADO 9.2
6.00 -144 S08.00 L0246 .029% .197 4.17 .127. .348 la2.2
7.00 .168 508.00 0247 .0295 .197 4.75% .145 =304 1.0
.00 .192 508,00 L0247 0295 L197 4.85 .148 .269 18.5
5.00 L2186 508,00 0248 .029¢ .198 5.34 161 .247 22,3
10.00 241 S0B.00 .0249 .0296 .198 5.33 167 -y 25.3
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Campression
Engine Speed

Ratic 16.00:1
with

11.2 m/sec Mean

Piston Speed

Momentum
Ratio
{vr}
4.403
-.591
-.270
.060
. 768
1.1846
1.297
1.403
1,542
1,647

Compression
Engine Speed

3527 rpm

AVL Swirl
Number
{nd/1y
4,345
-.583
—. 266
.05%
v )
1.171
1.280
1.385
1.521
1.625

Ratie 16.00:%
with

11.2 m/sec Mean

Piston Speed

Momentum
Ratlo
(Vr}
4,273
3713
.638
.693
.992
1.107
1.262
1.288
1.359
1.450

3527 rpm

AVL Swirl
Number
(nd/n)
4.217
368
=630
. 684
.978
1.092
1.246
1.271
1.380
1,431




SwRI Flow Bench Data Qutput from FLOWDATA,EXQ
ROTATIONAL TEST RESULTS
TEST NC, 15

Qutput FPile: werl2.oot Run Date: 372551952
Mcd 9 — Rotaticnal Test

/D kg/sec cf Kr vt Wr cp Theta

+1996 . 0293 .193%. 2187 1262 ,2428 . 2740 27.59
1996 .D294 .1952 .1515 L0878 L2445 2598 19.79
-1996 0292 .1939 . 0985 L0572 2428 « 2495 13.25
. 1996 0290 .1925 .8538 -0312 -2411 .2432 7.38
-1996 .0290 1925 L0478 +0277 2411 . 2427 6.56
.1996 0287 L1912 0788 .P456 .2395 « 2438 10.78
.1996 .0287 L1912 .1304 0757 2395 .2511 17.53
.1996 .0289 .1925 1980 -115% - 2411 L2674 25.59
. 1996 0289 .1925 »2051 L1190 2411 256889 26.27
.1996 .0291 .1939 .3839 -2228 .2428 .3295 42.53
L1996 .0290 .1839 .4860 .2820 .2428 L3722 49.27
.1996 0290 .1839 + 5971 +»3465 ~2428 L4231 54.98
.1996 » 02390 L1839 L6722 .3501 -2428 . 4595 58,10
.1996 -0290 .1938 7233 .4197 2428 4849 59.95
.1996 02388 1925 « 7404 »4297 2411 LA927 60.70
»1996 L0288 .192% . 7283 4227 -2411 4966 60.29
-1996 . 0286 .1912 «7121 .4133 . 2395 L4776 59.51
« 1996 .0286 .1912 7121 L4133 L2395 LATTE 59.91
« 1996 0288 1925 .6557 .3B05 . 2411 . 4505 57,64
« 1996 0286 L1912 .6025 .3496 .2395 -4238 55.59
-1996 .Qzas8 .1925 5317 .3DBE . 2411 L3916 51.89
+1996 «0286 1912 4563 . 2648 . 2395 L3570 47,87
.1996 -0286 .1912 3862 2241 . 2395 .3280 43.10
» 1995 3290 .1939 .3058 L1TT74 2428 .3007 36.16
-1996 .0290 .1939 2187 .1268 .2428 2740 27.59

ANALYSIS OF SwRI FLOW BENCH RESULTS
Test HNumber 16 Date: 16 FEB 92

VCR Head: SWRI 03—-4764—2B0. Standard Test using valve w/shroud.
SwRI Project 03-4764-2B0. Labecc Variable Compression Ratio Englne,

Bore 96.52 {mm} inner Valve Seat 41.58 (mm} Valve COpens -30.00 deg Compression Ratio 16.00:1
Stroke 95,25 {mm) Maximum Vaive Lift 8,38 (mm} Vaive Clases 230.00 deg Englne Speed with
Connecting Rad 166,62 {mm) Number Of Valves 1 Engine Speed aR0. rpm 1il.2 m/sec Maean

Piston Speed 3527 rpm

SwRI Method = Simulating Gas Exchange Based on Mass and Energy Conservatlen
Rigarde Method = Flow Deperdent Upen Valve Lift

AVL Method = Flow Egquals Rate of Piston Displacement

EwRi Ricarde AVL
REM 800 as527 900 3527 900 527
Swirl Ratio 3.090 Z.608 2,383 2,.3B3 3.065 3,065
Mean Flow Coefflicient .159 .15% .1B8 .188
Gulp Factor -216 753 .282 1,106 .239 836
Mean Pressure Loss (kPa) 3.94 38,37 2,67 41,01 3.9% B1.35
Port Effectiveness (%) 16.35 16.35 1B.00 18.00
Velumetric Efficiency (%) .993 737 )
Maxirun Mach Numbeyr 570 965

Max Fiow Coeff = _277

Valwe Valwve Liftc Differentizl Volume Mass Flow Torgue N-D Caeff of Theta Momentum ~AVL Swirl
Lift —— Pragsure Flow Flaw Coaff Swirl Performance Ratio Humber
{mm} Seat Diameter (mm water} {(m**3/3) (kg/s} (CL} {N.mm) [Nr} {Cpl {dag} (Vr} {rid/n)
1.60 -024 508.00 0086 .0101 .68 .37 033 709 1.5 -B20 -308
2.00 .048 508,00 L0170 0198 .134 1.05 047 . 699 2.2 599 5491
3,00 072 508,00 0205 0241 CL.1B2 4,27 .158 13 9.2 1.667 1.645
£.00 .096 s08.00 0242 .028¢ .193 6.41 199 514 13.0 1.773 1.750
5,00 L1200 S0E.00 0278 L0325 219 g.94 L2484 476 17.3 1.915 1.889
6.00 -144 508.00 .0308 .0358 L2411 1Z2.64 -313 456 - 23.5 2.228 2.198
7.00 168 508.00 .0332 .0388 +2681 15.66 -357 440 28.1 2.344 - 2.313
8.00 .192 30B.00 0346 0404 272 20.82 456 842 3.8 2.878 2.840
9.00 .216 508,00 03832 0423 .285 23,55 .493 .4386 41,0 2.966 2,927
10,00 .241 508.00 0377 0440 296 27.15 .946 842 45.8 3.159 3.118
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ANALYEIS OF SwRI FLOW BENCH RESULTS
Test Number 17 Date: 10 APR 52

03~4764=2B0,. Standard Test using wvalve w/shrond @ $3 pos.
SwR1l Project 03-4764-280. Labeco Variable Compression Ratio Engine,

Bare 86,52 (mm) Inner Valve Seat 41,58 {mm} Valve Opens =30.00 deg Compression Ratio 16.00:1
stroke 55,25 {mm} Maximum Vaive Lift 8.38 {mmn} Valve Cleses 230.00 deg Engine Speed with
Connecting Rod 166.62 {mm) Number Of Valves 1 Engine Speed 300. rpm 11.2 m/sec Mean

Pistan Speead 3527 rpm

SWRT Method - Siﬁulatinq Gas Exchange Based on Mass and Energy Conservatlon
Ricardo Methed = Fiow Dependent Upon Valve Lift

AVL Method = Flow Equals Rate of FPlston Displacement
SWRI Rlcardo AVL

RPM 800 3527 900 a527 200 3527
Swirl Ratio 3,097 2,612 2,403 2.403 3.071 3.071
Mean Flow Coefficlent 158 158 .187 .187
Gulp Factor 217 . 755 285 1.116 240 539
Mean Pressure Less (kPa) 3.95 38,45 2.72 41.74 4,02 61,89
Bort Effectiveness (%) 16.06 16.06 17.%1 17.951
Volumetrie Efficiency %) 997 .734

Maximum Mach Number 576 968

Max Flow Coeff = 277

Valve Valve Lift Differential Volume Mass Flow Targue ¥-D Coeff of Theta  Momentum  AVL Swirl
Life — Pressure Flow Flow Coeff Swirl Performance Ratio Numbey
{mm} Seat Dlameter {(mm water} {m**3/s} {kg/s} {cf} (N .mm) (M) [ £=1] {deq) {vr} {nd/n}
1.00 024 508.00 0080 0097 364 -.46 =-.043 668 -2.1 ~1.142 =-1,127
2.00 048 508,00 0165 .0199 .132 -.26 -.012 .688 -. & =o 155 -,153
3.00 L2 . 508,00 ) G207 o248 165 3,35 .123 <377 7.1 1.274 1.257
4,00 .08%E 508,00 .0245 .0293 195 6.02 -1B4 .519 11.5% 1.620 1.59%
5.00 -120 508.00 0276 D330 . 220 9.72 .264 -482 18.5 2.0539 2,032
€.00 144 508,00 .G301 .036C +240 13.42 334 -459 25.0 2,386 2,354
7.00 .168 508,00 L0323 .0385 L2571 16.83 391 444 30.8 2.617 2,583
8.00 .192 508,00 L0342 0408 272 20,24 444 L5437 36.1 2797 2.760
5.00 2186 508,00 .0358 D426 .284 23,26 .468 ~433 40.8 2,947 2.90%
i10.00 .241 508,00 G372 L0443 2585 26,47 534 .436 45,2 3,087 3,057
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Appendix C-
Task 3 "Clean Fuel” Results
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MODE 1 RESULTS
FUEL NAME || RUN | PHI AFs 0% CO,% COPPM | NO, PPM | HCPPM | BSCO BSNO, BENO, CORA | BSHC BHP SMOKE DURATION Puax [+ S
Base 760 ] 0.513 ] 14503 10.730 7.610 506.000 754.000 636.000 2,683 6.566 5865 1.778 5.800 2,000 34.200 882.000 1.047
FT2 Fead 765 | 0522 | 14.787 10.580 7.550 469.400 830.800 513.000 2363 7.020 8271 1.421 £.200 0.500 33.000 - 942,000 1.081
FT2 Frac 1 170 | 0526 | 14773 10,570 7.560 350.700 783.100 1100.000 1.825 6.543 5,858 3.008 £.300 0.400 34.800 890.400 1.079
FT12 Frac 2 796G | 0533 | 14.857 10.460 7.580 353.600 557.000 1237.000 1941 6,023 4510 2674 5.900 1.600 46.200 940.300 1070
F12 Frac 2 777 | 0525 | 14600 10560 7.530 392,800 704.600 801,000 1.960 5776 5.174 2.422 6.500 0.800 36.000 216,800 1.132
FT2 Frac 4 780 | 0.520 | 14829 | 10.660 7.500 280.000 £46.300 £78.000 1439 742 6.369 1.880 6.300 0.000 34,800 947,000 1.069
FT2 Frac 5 785 | 0515 | 14.73% 10.660 7.450 510.300 695.300 408.000 2141 6.133 5.479 1..174 8.000 2.400 37.800 953,000 1.045
F12 Frac 6 790 | 0514 | 1473 10.670 7.430 £30.000 703.000 354.000 2.800 6.101 5431 1.002 6.160 2.600 39.000 963,000 1.041
F12 Frae 7 795 ] 0515 | 14773 10.630 7.380 773.000 £29.900 333.000 4308 5.765 5114 0.957 5.800 3.000 40.200 845,000 £.027
FT1 Frac 1 B15 | 0533 | 15.038 10,220 7.990 628.000 702.900 672.000 3.485 6.407 §.738 2043 5.800 2.800 41,400 1648.000 1.055
F11 Frac 2 620 | 0539 | 15.050 1t0.170 7.510 540,000 733.200 537.000 2.93t 8.537 5862 1.601 5,900 2700 41,400 1057.000 1.055
P [:11 Fti!_{‘g . Eﬁ _0,534 ] 16.009 1 10.250 7.480 T11.000 §54.200 337.000 3831 5752 5.189 0.934 6.000 2.700 42.600 1628.000 1.064
e FT1 Frac A 830 | 0528 | 14954 10,330 1370 802.000 696.100 964,000 5.308 1.560 6.754 1312 4,900 2800 42,600 1046.000 1.028
(P11 Fracs5 )| B35 | 0624 | 14.995 10.540 7.390, 579.000 582.100 301.000 3,342 5519 4914 1.202 5.600 2,300 39.600 630.000 1.012
: 11 Frac & B4G | 0528 | 14.826 | 10530 7.470 785.000 §76.000 979.000 4317 5203 4,642 1.134 5.000 3.000 63.600 943,000 - 4,700
! F11 Frac 7 pas | 0530 | 14985 10,400 7430 855.000 548.000 347.000 4629 4.874 4345 1.027 5.900 3.200 42,000 847,000 1.043
CFto 860 | 0516 ) 14702 10.640 7.520 440,600 601.000 308.000 2988 5.054 4777 0.883 §.900 2300 0.000 930.000 0.000
CF1 . BE5S | 0522 | 148156 | 10.520 7.490 §37.700 590.800 395.000 2,840 5.306 4.739 1165 5.900 2,700 42.000 934.000 1.032
CF2 870 | 0518 | 14.703 10,680 7.480 666.800 566.700 465.000 aan 5.304 4727 1417 §.700 3.200 42.600 905.600 1 .605
CF23 875 ] 0525 | 14968 | 10.480 7.380 639,000 623,000 483.000 3487 5.585 4.980 1.467 5.800 2.800 0.000 950,800 0.000
CFa B8O | 0514 | 14773 | 10.700 7.450 446,000 508.000 312.000 2.885 4934 4367 0.996 | 5.400 2400 45.600' 858900 | 1.035
CF? BB5 | 0.518 | 14.773 10.620 7.450 562.000 533.000 416.000 3.185 4.962 4429 1.267 5.700 3.300 42.600 925.000 1.030
CF4 goo | 0522 | 14603 10‘45.0 7.660 615.000 532.000 257.000 3.494 4.964 4428 0.778 5.700 2.800 43.800 899.000 1.040
CFs5 BO5 | 0.526 | 14.787 10.410 7.550 680.000 §43.000 320,000 3.769 4.944 4,402 0.955 5.800 2.800 40.800 914.000 1.053
CF6 900 | 0511 | 14578 10.720 7.460 726.000 512.000 579.000 4197 4871 4330 1.772 5.600 2600 44,400 889.000 Lo
CFs8 905 | 0515 | 14674 |, 10.660 7.470 614.000 525.000 440,000 2.485 4.895 4379 1332 8.700 2.400 44,400 079,000 1.016




MODE 2 RESULTS

FUEL HAME RAUN PHI AFa 0,% €O,% | COPPM | NO,PPM | HCPPM | BSCO | BSNO, | BSNO, CORR | BSHC | BHP | SMOKE | DURATION Puax 0“,_.,__-:
Hase 761 0504 | 14.503 | 10.860 | 7.520 | 371.900 856,100 [ 355.000 1.981 7.490 6.565 0996 | 6.027 | 0.800 33.600 963,468 1.038
FT2 Fagd 766 0.52¢ | 14.787 | 10.600 [ 7.540 428.0{;0 833.300 308,000 2.220 7.098 6.33g 1.093 | 6.151 0,600 33,600 942.497 1.069
FT2 Frac 1 7 0511 | 14,773 | 10880 | 7.200 | 300.800 793.200 | 1161.000 { 1,646 7128 6.353 3406 | 5879 1 0.200 34.800 056.998 0.942
FT2 Frac 2 778 0.527 | 14.857 | 10590 | 7.480 | 345700 424,700 | 1269.000 | 1,948 3.931 3,525 3865 | 58001 1.200 48.200 821.300 1,066
FT2 Frac 4 781 0.524 | 14.829 { 10510 | 7.600 | 271.100 820.000 354,000 1.982 6.867 §.130 0975 | 6334 ] 0400 35.400 911,962 1.090
FT12 Frac 5 786 0515 | 14731 | 10650 | 7.450 | 483,000 621.000 4(41.000 2618 5.629 4.924 1.164 | 5938 | 2200 38.400 918.539 1.043
F¥2 Frac § kil 0516 | 14.731 | 10640 | 7.450 | 670.400 650.600 354.000 3.017 5.653 5,028 1.603 | 6.0H 2100 37.200 931.396 1.046
FT2 Frac 7 796 0.617 | 14773 | 10590 j 7.400 | 798,300 571.800 337.000 4.410 5.189 4816 1000 | 5854 | 2.800 42,600 906.568 1.025
Base 801 0511 | 14.503 | 10630 | 7.510 | 596.500 653,900 385.000 3.208 5.939 5,304 1122 | 5960 | 2600 37.800 954.523 1.028
FT1 Feead 811 0.521 | 14576 | 10.510 | 7.670 | 346.200 616.700 569.000 2.012 5.887 5273 1.754 | 5.504 | 2800 39.600 934.680 1.041
F11 Frac 1 616 0,528 | 15.036 | 10.430 | 7.940 | 535.400 514.600 652.000 3.012 4.757 4.262 2009 | 5714 | 2800 41,400 681.568 1.054
FT1 Frag 2 821 0.520 | 15.050 §j 10.350 | 7.300 | 385.700 519,000 439,000 2.134 4.718 4218 1,333 | 5808 | 2200 41,400 584.964 1.064
FTt Fracd 828 0.543 | 15008 { 10070 | 7590 | 684.100 511.000 396.000 3.689 4.502 4,038 1164 | 6.016 | 2.800 44.400 486.872 1.085
FT1 Frac 4 831 0.523 | 14954 § 10430 | 7.330 | 549.800 504,800 387,000 3.082 4,648 4.143 1.211 | 6.782 | 2.600 90.600 505.401 4932
FT1 Frac § 838 0.524 1 14.995 | 10550 § 7.400 | 612.600 626.000 356.000 3456 4.865 - 4.932 1.087 | 5721 2.600 41.400 911.760 1.043

FT1 Frac 6 e 0.531 | 14926 | 10420 | 7.530 | 900.100 527,400 390,000 5,064 4874 4.363 1.194 | 5676 | 3400 43.200 904.623 1047

FT1{ Frac 7 846 0527 } 14,995 | 10440 { 7.360 | 873.400 509,200 381.000 4.861 4,655 4,148 1.158 [ 5762 § 3.200 80,800 922.433 0.725
OF-2 841 G515 | 14.646 | 10.600 | 7.560 | 420,600 590.800 371.000 2.357 5.306 4,743 1684 | 59131 2300 37.800 937.944 1.037
DF-2 856 4512 | 14603 | 10.780 { 7.500 { 533.200 645,700 599.000 2.902 5.931 5.306 1.778 | 53706 | 2600 38,400 972.825 1.010
CFi0 661 0515 | 14.703 | 10.650 | 7.510 | 422,900 683.100 278.000 2301 5.210 4.661 0812 | 5904 | 2300 75.600 931.776 7178
CFi 866 0521 | 14816 { 10510 ] 7470 | 518700 540,300 326.000 2842 4.963 4,343 0863 | 5898 § 2700 4.800 900.304 -3.065
CF2 871 0.523 | 14703 | 10470 | 7.500 | 501.700 582.700 309.000 2.737 5.222 4.659 1.136 | 5.922 | 32.000 41.400 934.399 1.03t
CF3 876 0526 | 14968 | 10.460 | 7.410 | 438400 504,200 544,000 2.398 5.070 4522 1622 | 5686 | 2.400 84.000 210.704 0000
CF9 881 0519 | 14773 | 10620 | 7520 | 516.000 540.600 274,000 2.954 5.084 4.534 0.844 | 55684 | 2800 42.000 902.331 1.026
CF7 Ba6 0524 | 14773 | 10480 | 7.550 | 640.400 547.700 346.000 3.519 4.944 4418 1023 | 5.874 | 2.800 0.000 907.195 0.075
CF4 891 0.620 | 14.603 { 10.500 | 7.650 | 670.900 566.000 239.000 3.195 5.204 4,640 Q711 1 5767 | 2.600 89.400 938.101 0.578
GFS 604 0.526 | 14767 | 10380 | 7.550 | 635,100 543,700 203.000 3.531 4.966 4.422 0.877 | 5.761 2700 64.000 128.016 0.000
CF6 901 0512 | 14575 | 10700 | 7490 | 716.400 598,800 517.000 4.050 5.477 4.875 1548 | 6717 | 3.300 40.800 584.253 0.998
GFa a08 0515 | 14674 | 10650 | 7.480 | 608,400 545,100 390.000 4.016 B.147 4.805 1490 | 5639 1 3100 39.600 539.770 1.021




MODE J RESULYS

FUEL NAME AUN PHi AFg 0,% C0,% CQ PPM NO, PPM HC PPM BSCO | BSNO, | BSNO, COAR | BSHC BHP SMOKE DURAYION Pux Ogsru:
Base 762 0.507 14.503 10,840 7.540 337.900 480.800 567.000 1.771 7584 8.752 1.566 8.830 0.500 34.200 1020.109 | 1,241
FT2 Feed 767 0514 14.787 10.720 7.460 272.700 967,700 462.000 1.352 7.878 7.003 1.285 9,250 0.200 33.000 1076.011 1.262
FT2 Frac 1 772 0.517 14.773 10.700 7.410 314,600 621.400 954,000 1.603 5.461 4.863 2.740 8,760 0.400 42.600 957,200 1.226
FT2 Frac 3 777 0.525 14.801 10.660 7530 392,800 704.600 901.000 1.970 5.803 5.198 2434 6.470 0.900 ~38.000 a16.841 1.132
FT2 Frac 4 782 0.527 14.829 10.500 7.600 437.700 761.400 502.000 2.184 8.270 5.594 1.360 9.060 1.800 39,600 1061.803 1.262
FT2 Frac 5 787 0.514 14,731 10.680 7.440 446,700 704,400 478.000 2332 8.041 5.984 1.337 8.900 1.800 39,000 1049.678 1.241
F12 Frac 6 792 0.511 14.731 10.710 7.400 457.700 686,600 357.000 2.436 6.020 £.338 1.018 8,700 2.200 42.000 1039.316 1.232
FT12 Frac 7 797 0.514 14,773 10.840 7.390 457.400 666.900 305.000 2.484 5.949 ' 5.276 0.890 8.560 2.000 42,600 1048.752 1.242
Base 802 0.512 14,503 10.650 7.540 509.000 668.900 478.000 2.795 8.034 5,367 1.386 £.540 2.200 42,000 106390855 1.224
F12 Frac 2 805 0.530 14.857 | 10.470 7.680 404.300 655.000 774.000 2.078 5.529 - 4,930 2153 8.940 3.060 41,400 1045.7414 1.307
FT1 Fead 812 0.510 14.575 10.760 | 7.500 372,700 650.100 587.000 221 6.507 5.608 1.927. 7.600 2,300 40800 1037.341 1.227
FT1 Frac 1 a7 0,538 15.036 10.190 7.530 343,600 £59.000 545.000 1.850 6.142 5.485 1.700 8.090 2.000 42 600 1044.228 1.296
FT1 Frae 2 g22 0.534 16.050 10.250 7.450 304.900 609.700 471.000 1.741 5718 5.100 1.476 8.160 2.000 43.200 1027.330 1.304
FT1Frac 3 827 0.540 15.009 10.120 7.580 417.000 634.200 379.000 2,318 §.792 5.173 1,164 8.330 2.200 43.200 1043,307 1.29¢
FTt Frac 4 832 0.530 14.954 10.270 7.450 405.300 596.300 340.000 2.250 5.460 4,859 1.033 8.370 2.000 42,600 1037657 1.271
F71Frac 5 u37 0.521 14,995 10.600 7.390 394,400 581.200 342,000 2229 5.395 4.811 1.059 6.130 2.200 43.800 1026.418 1.245
FT71 Frac 6 042 0.529 14.926 10.430 7.560 526.400 581.000 311.000 2972 5.388 4.815 0.956 8.140 2.400 43.800 1032.494 1.281
FT1 Frac 7 B47 0.521 14,995 10.540 7.360 468.700 £92.000 278.000 2.622 6.464 4,878 0.853 8.230 2000 42,600 1055.064 1.21
DF-2 852 0.521 14.646 10.480 7.500 327,700 528.600 466.000 1.864 5.592 5.010 1.412 8.220 2.200 4.800 1000.706 | -4.09%
DF-2 857 0.519 14.603 10.600 7.660 273.100 732.900 516.000 1.505 | 6.634 5.950 1.511 B.340 1.500 39,000 1064.515 1.236
CF10 a62 0.514 14.703 10,680 7.510 284.100 640.800 307.000 1.673 §.989 £.350 0934 | 8.140 1.700 40.800 1031.748 1.225
CF1 ag7 0.518 14.815 10.500 7.450 340.600 615.500 347.000 1.913 5,680 5.074 1.061 8.220 2.000 42,600 1023.005 1.224
CF2 872 0.517 14.703 10.590 7.500 362.500 594.500 408.000 2.113 5.681 5.076 1.272 8,010 2.000 42,000 1025.684 1.209
CF3 ai? 0.624 14.968 10,480 7.400 359.200 583.300 421.000 2001 5.430 4,851 1.279 8.300 1.700 B4.000 134,005 0.000
CFg 882 0.513 14.773 10.740 7.460 304.800 563.800 305.000 1.838 6.685 4,986 0.989 7.640 1.600 45.000 978.285 1.222
CF7 ag7 0.517 14.773 10.620 7.470 448,600 553,200 835.000 2.522 5.109 4.565 1.012 8.280 2.100 0.000 064.441 -7.541
CF4 202 0.519 14,603 10,510 7.660 341.100 620.000 260,000 1.930 5.762 5.142 0.782 8,230 2.000 45,000 1018.340 1.243
CF5 497 0,519 14.787 10.540 7.470 405.000 ] 540.100 267.000 2.308 5.05¢ 4.409 0.818 6.140 2,400 0.600 973.420 -3.935
CF6 02 0.512 14.675 10.660 7.540 340,100 561.800 398.000 1.961 5.923 4.752 1.216 8.060 2.100 48.000 987.524 2.278




MODE 4 RESULYTS

FUEL NUMBER RUN PHI AFs 0,% CO% | COPPM | NO,PPM | HC PPM | BSCO | BSNO, | BSNO, CORR | 8SHC aHp SMOKE DURATION Poay Qo
Base 763 0.357 14,503 13920 | 5260 214.600 477.600 351,000 1.763 8.445 5.542 1.431 5.760 0.000 33.000 953.774 G‘BT

FT2 Feed 768 0.368 14,787 13.740 1 5.240 215.300 490.800 435.000 1.815 8.798 5.848 1.932 5.060 0.100 31.200 680,864 | 0.820
FT2 Frac 1 773 0,365 14,773 13.850 | 5.120 237.000 344900 | 1046.000 | 2110 §.044 4.328 4893 | 4.850 0.100 87.600 680.802 | 4.312
FT2 Fracd 778 0.517 14.801 10.710 | 7.360 662.600 . 638.400 893.000 3.002 §.695 4.981 2563 8.770 0.800 38,400 976.051 | 1.242
FT2 Frac 4 783 0.968 14,829 13770 | 5230 232.900 469.600 468,000 1.973 8.533 6810 2.094 5.050 0.600 35.400 930,208 | 0.822
FT2 Frac & 768 0.367 14.731 13.730 | 5250 228,800 434 800 371.000 1.831 $.028 5.188 1.644 5.070 0.800 35,400 805965 | 0.815
FT2 Frac & 763 . 0.360 14.731 13780 { 5470 188.100 446.400 172,000 3.515 13.010 11.167 1.601 2420 0.900 35.000 902.273 0.806
F12 Frac 7 708 0,370 14.773 13.540 | 5.280 200.300 445,900 149.000 1.668 5.855 5.021 0.626 5.380 0.800 38,000 910,132 | 0.827
Base 893 0.362 14.503 13.760 | 5.280 217.700 438.900 481.000 1.886 6,246 '6.366 2.154 4.990 1.000 36.000 913.172 | 0.610
FT2 Frac 2 806 0.3 14.857 13790 | S5.180 196.900 420.800 | 1072.000 | 1.643 5,879 5.040 4.7 5.170 0.200 £5.800 943,377 | 3.226
FT1 Fead 813 0.363 14.575 13.790 | 5270 253.400 391.000 486.000 2270 5.764 4,952 2.261 4.810 1.300 36.000 807,612 1 0797
FT1 frac 1 818 0.375 16.036 13.560 | 5.180 185.800 437.700 660.000 1.539 5.957 5,118 2.928 5.180 0.700 34.800 923.218 | 0.838
FT1 Frac 2 823 0.375 15.059 13.510 | S.160 190.500 393.600 418.000 1,558 5.281 4.545 1.830 5.300 0.600 35.400 910.335 | o.845
FT1 Frac 3 828 0.377 15.009 13.450 | 5240 176.300 439.400 211,000 1,381 5.6687 4,880 0.890 5.450 1.800 a5.400 9155674 | 0.850
F¥1 Frac 4 831 0.371 14.954 13530 | 5.170 183.500 404.300 163.000 1.586 5.444 4.664 0.712 5200 1.600 35.400 906.126 § 0.830
FT1 Frac 6 [l 0.524 14,995 10.540 | 7.390 §7B.600 £B2.100 381.000 4.653 7.689 6.854 1.674 5.250 0.900 36.000 902.089 | 0.841
FT1 Frac 6 843 0.369 14.926 13.750 | £.220 209.000 390,000 160.000 1.734 5314 4.581 0.784 5.150 1,000 36.600 401,002 1 0.830
FT1 Frac 7 848 0.369 14.995 13.650 | 5.150 193.600 378.700 161.000 1.612 5174 4.468 0715 5.180 0.900 34.800 907.020 | 0.830
DF-2 853 0.365 14,646 13.710 | 5.260 199.600 384.600 345.600 1.690 5376 4.646 1.532 §.070 0.800 34.200 891,008 | 0613
DF-2 858 0.363 14.603 13.810 | 5270 248,200 448.000 436,000 2146 6.362 5.500 1.87% 4960 1.000 33,600 §44.336 1 0.801
CF10 863 0.361 14.703 13.830 | 5.200 210.400 406.700 } 246.000 1.824 5.792 5.000 1.117 4.970 0.800 4.200 806.308 3 -2.797
CF1 68 0.366 14815 13700 | 5190 208.100 £01.400 259.000 1.794 5,684 4.89% 1.178 4,990 0,800 68,400 8052481 | 0.330
CF2 673 0.367 14.703 13.680 | 5.260 219.600 418,000 326.000 1.688 5.803 5.071 1.477 4,980 1.000 90,600 $12.201 | 5.785
CF3 a878 0.376 14,968 13.830 | 5.240 197.400 423.900 419.000 1,621 5.719 4.946 1.836 5.230 0,600 0.000 814.28% | -2.326
CF2 863 0.368 14.773 13.740 | 5.290 189.200 373.800 154.000 1.623 5.268 4,543 0.696 4.990 0.800 46.200 859.577 0.672
CF?7 888 0.370 14.773 13.630 | 5.280 203.000 373.500 243.000 1.744 5.270 4.547 1.099 5,010 1100 39.000 081,309 | 0.822
CF4 893 0.357 14.603 13.820 | 5200 202.100 302.700 132.000 1.795 5.730 4.914 0.610 4.870 1.000 45.000 a87.989 | 1.516
CF5 898 0.367 14.787 13.650 | 5.240 212,300 366.800 157.000 1.828 5216 4.479 0.712 5,000 1.400 39.600 872,855 | 0820
CF6 203 0363 14.575 13.760 | 5.260 267.300 361.600 428.000 2.420 5377 4,647 2012 4.770 1.200 40.200 £81.906 | 0.800




of the Higgs field. This means that, while for instance for
the bottom quark, the second heaviest fermion, Giotiom
is only ~ 0.03, Giop is large. For the particular value
Mo, = 174 GeV/c?, Giop = 1.00! s this telling us
something?

Hill and Parke [13], and Eichten and Lane {14}
have used the fact that the top quark is so massive
to point out that it may turn out to be a powerful
probe of electroweak symmetry breaking physics. This
was reported by K. Lane in a mini-review at this
conference [15]. They suggest in particular that new
states may exist, strongly coupled to the top, and that
non-standard model, resonant ¢f produciion via such
states, if they exist, could be observed with rather
modest statistics. The ¢ invariant mass distribution
could be particularly revealing. Any such observation
of physics beyond the standard model would be highly
interesting!

The measurement of the top quark mass to good
precision is also important, both in its own right,
and because of the light it may shed, together with
a precision My measurement, on the Higgs mass.
It can be seen from Figure 14 that there is as yet
no constraint on the Higgs mass from the current
knowledge of (Mysp , Miw). Expected improvements
in the measurement of both these quantities during the
remainder of this decade, to perhaps +5 GeV/c? for
Mo, and £50 MeV/c? for My, could put the standard
model to the test, however.

With more statistics, the full subject of top physics
will begin {o unfold. It may turn out to be even more
interesting than that of its sister particle, the b quark!
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K. Hidaka, Tokyo Gakuge: University:
What iz the definition of the top mass?

H, Jenasen:
The top mass is determined for each event by a fit to the
final state leptor and jet energies, using the hypothesis

K. Hidaka, Tokyo Gokugei University:
Do you have any information on the width of the top




Table 6.2 CSASIN sample problem files

File name

SAMPLE2 ARR
SAMPLE2 BIA
SAMPLE2.BND
SAMPLE2.GEO
SAMPLE2 IN
SAMPLE2LAT - Sample Problem 2
SAMPLE2.MIP
SAMPLE2PAR
SAMPLE2.SEA
SAMPLE2STD

SAMPLE3.ARR .
SAMPLE3.BIA
SAMPLE3.GEO
SAMPLE3.IN
SAMPLEZILAT - Sample Problem 3
SAMPLE3.MIP
SAMPLE3.PAR
SAMPLE3.SEA
SAMPLE3.STD =
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