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1.1 Program Objectives

Sponsor

Objective

Scope

Time Frame

1.0 INTRODUCTION

This document presents a catalog of energy
management models for heavy duty transport systems
powered by diesel engines. The catalog was
prepared under contract with NASA~Lewis Research
Center (LeRC) as part of a program to survey,
catalog and assess the major models currently used
in the transportation industry,

The overall program objective was to aid NASA-LeRC
in determining the most suitable models available
for NASA to acquire, rdapt and utilize for their
specific analytical needs.

The scope of the energy management models included
in this effort include:

® Heavy Duty Transport Systems
- Highway Transport (vehicle simulation)
- Marine Transport {(ship simulation)
- Rail Transport (locomotive simulation)
- Pipeline Transpert (pumping station
simulation)

® Heavy Duty Diesel Engines

~ Models that Match the Intake/Exhaust
System to the Engine

-~ Fuel Efficiency

~ Emisstions

- Combusrion Chamber Shape

=~ Fuel Injection System

~ Heat Transfer

~ Intake/Exhaust System

- Operating Performance

- Waste Heat Utilization Devices
- turbocharger
- bottoming cycle

This catalog is a result of work performed in the
time period from December 1982 to September 1983,
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1.2 Description of Catalog
Contents

Major Purpose

Contents of
Each Chapter

1.3 Completeness and
Future Updating

Researching the
World Models

Updating

1.4 Catalog Format and
Definitions

1-2

The wain purpose of this catalog is to present
detailed, coaparable and structured information on
major computer models used in the heavy-duty
trangport area related to diesel engines.

Chapter 1.0 of this volume contains the background
irformation on this project and the description of
how the catalog is organized. Chapter 2.0 contains
summary tables to be used as guides to rapiély
access the models of interest. Chapter 3.0
contains the detailed individual model descriptions
in common formats organized by category and access
number. Chapter 4.0 is an index by model category
and by organization that sponsored the model
development,

Although this program involved a comprehensive
search of data bases, libraries, personal industry
government and university contacts, it is pnssible
that some references amnd models may remain
undiscovered or uncataloged. Some of the model
descriptions may be incomplete or contain
inaccuracies due to unavailsbility of up-to-date
documentation or original model authors/users.

With the possibility of continually updating and
expanding our computer files contgining the catalog
model descriptions and references, any references
regarding new or overlooked models or information
would be welcomed by the authors.

The final set of information entries that were
researched for each major model description are
listed below. These entries are grouped so that
entry descriptions of similar or related types of
information would be easily referenced. The
definition of the iIntended information for each
entry follows:

-



Title

Date

Authors

Organization

Sponsor

Transportation Mode
Application

Objective

References

Relationship to

Other Models

History of Model

QOperational
Capabilities

Assumptions

Limitations

The model name refers to the commonly recognized
name of the model if it has one., Otherwise, the
name of the report in which the model is presented
or the organization thar developed the model

When was the model completed and when did updates
cccur (if any)?

Whn are the primary individuals that developed the
mc del?

What organization or group developed the model?

What organization or groups provided funding for
the development?

Highway, Rail, Marine or Pipeline.
Military or civilian.

The objective of the model is the purpose for which
the model was developed. This often includes the
parameters which are analyzed in the madel.

Papers, articles, manuals or other documents which
describe the model or results of analysis on the
mcdel,

Is there any relationship between this model and
other mcdels? For example, is this a submodel or
part of a family of models?

What is the history of this model? For example, is
this a second generation mcdel based on an earlier,
less sophisticated version?

What is the model's range of capabilities for

® primary output calculations,

e steady-state, quasi~steady-state, or
transient operation

® abllity to vary design factors of intersst,

What are the major assumptions that the model 1is
founded upon?

What are the limitations or shortcomings of the

current model and the comparison with other similar
model s?

- gz



Data Input
Requiroments

Advantages
Validation
Computing

Requirements

Cost of Operatioen

Future Potential

Availability

iA
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What data or parameters are required as givens or
input to the model? For example, are engine maps
required or the data from operating an actual
engine.

What sdvantages does this model have compared to
other models with similar objectives and output?

What is the validation status of this model?

What is the computer hardware systeme that have
been or are presently used for processing this
model? What language is the model code written in?

What is the average cost per run of operating this
model on the current hardware referred to in
previous entry?

What future modifications or changes are planned
for this model?

What 1s the gvailabilitr of this model for
NASA-Lewis Research Center use or purchase?



Type of Summary Tables,

2.0 SUMMARY GUIDE TO THE CATALOG

As stated previouslv, this document presents a
catalog of energy management models for heavy duty
transport systems powered by diesel engines. The
chapter that follows summarizes key features of
thege models in order to assist the reader in
ascertaining those models of primary interest.
First, the models are summarized according to
application and transportation mode as follows:

@ Table 2.1 -~ Applications of Heavy Duty
Diesel Fngine Models.
@ Table 2.2 - Models by Transportation Mode

From these two tables the reader can select the
category of Interest. Models are summarized in
more detail within categories in the following
tables:

2.3,1 Heavy Duty Transport Systems

2,3.1.1 Highway Vehicle Models
2,3,1.2 Marine Mcodels
2,3.1,3 Rail Models

a1l

2.3.2 Heavy Duty Diesel Fngine Models

2.3.2.1 Models thar Match the Intake/Erhaust
System to the Engine
Fuel Efficiency Models
Emission Models
Combustion Chamber Shape Models
Fuel Injection System Models
Heat Transfer Models
Intake/Exhaust System Models
Operating Performance Models
Bottoming Cycle Models

0 Turbocharging Medels
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Description of Tables.

Selection of Model(s) from
the Tables.

Hardware compatibility.

e

FA T

If one ig interested in knowing which engine models
have been developed for a particular functional
application, Table 2,1 is a summary of the heavy
duty diesel engine models by type of application.
For each application, the scope is defined and the
model title, organization and location in Chapter 3
is cited. For those interested in quickly
ascertaining which models apply to a particular
mode(s) of transportation, or those modes that are
applicable to all models, Table 2.2 summarizes the
models including title, organization and location
in Chapter 3. Using either of these tables
provides a group of two or more potentially
interesting models. 1In order to select the
appropriate model(s) for one's needs, the user can
elther read each of the mrdel descriptions 1in
detail’ in Chapter 3 or utilize the categorical
summaries provided in Tables 2.3. Used as
described below, these tables should enable the
user to quickly ascertain the model{s) most likely
to meet the particular needs and constraints of a
given situation,

Model selection 18 highly dependent upon user
constraints, such as: knowledge of computer
programs, individual requirements (i.e., level of
complexity), and facilities available for work. A
potential user should ask the following questions
in order to choose the appropriate program from
Tables 2.3.

+ What issue am T interested in?

. Does the program application meet my needs?

. Ia the annotated computer hardware system
comparable to my own?

4, Can I operate the model within my budgetary

constraints?

5. Has the model been sufficiently validated

and documented? If not, will 1 be able to

obtain assistance from the author(s)?

The third question is particularly important for
determining the ease of using or adapting a
program. For example, each program has be~n run on
a particular type of computer system. Although
software can be run on any system, some changes
might be required in order to achieve operational
performance on an alternative system. In addition,
the cost of operation is frequently a concern among
potential users. Therefore, the hardware has been
described and cost estimates provided wherever
possible,

)



The remaining details in the
tables are provided for user
convenience in model
selection.

Concluding Remarks,

The access and page numbers are provided in the
first column of the tables to assist the user in
locating the more detailed information on the
selectzd model(s) elsewhere in this document. The
author and associated organization are also
identified. The author(s} ca® be contacted in
order to ascertain additional details w!/th respect
to recent updates, availability or the type and
status of its validation, if any. The term
"yalidation" as used in the following tables, is
meant to imply that the model results have been
favorably compared to experimental data. More
complete details on the validation techniques are
discussed in the individual summaries,

Firally, the reader should note that these tables
serve merely as a summary guide to the catalog that
follows; they are a tool for quickly assessing
those models of primary interest, Detailed model
descriptions can bhe found in Chapter 3, beginning
on the page cited in the tables,
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- ACCESS Nu.

ORIGINAL PAGE (8
OF POOR QUALITY

TABLE 2.3.1.1:; HIGHHAY VEHICLE MODELS

HODEL NAMZ

H-0002-77
pp. 3-8

H=-0N0-78
pp. 3=17

H=-0024-60

PP. 3-31

H=-0025-81
PP =35

Heavy Vohicla
S8izulation
(HEVSIH}

Truck Computar
Analyoin of

Porfornance and
Economy (TCAPE)

A Sipplificd Progran
for Bvaluating Diceel
Truck Porformance

TRUKS 1M

PRECEDING PAGE BLANK NOT FILMED

GRGARIZATION AUTHOR(S)
U.8. Dopartment of E, Hithjack
Tranaportation 5. Hoffat

A, Holliorio
Intornational Hany

Forveater Group (IH)

Unitad Technologles L.B. Graenwald

Reoearch Centor

International P, L. , et al,
Harvester Groyp (IH)

APPLICATION

Civilian
Simulation of fuel
aconomy over g
given driving
ochedule

Hilitory ond
civilion

Saleo promction of
IH truckn

Civilian, but
applicablo to
nilitary

To aid in the
processes of
driveline
salection, engine
oizing and
paramatric
evaluation of
driving cycle
aconomy

HMilicary and

civilion N
Internal i
enginecaring

onalyaia ond
dovelopzment



3

ey

ADVANTAGES

ORIGINAL PAGE IS
OF POOR QUALITY

o Flenibility in I/0

Q00

paracetero

Eosy to upe oo a
solee promoption
tool

Eaoy to use
Simple input
Rapid turnaround
Graphical output

o Extremely flaxible

AVAILABILITY HARDNARD COST OF OPERATINN VALIDATION DOCUMENTATION
Yeo - na chorge DEC 10, 925 Not otaoted Extonodve
DEC 20,
IBY
© Not available DEC Proprictary Yes Yea
outside IH
o Cuctomsr
access is
available at
no charge
Yes; coat is tinivac 3 pac/run Currantly None
user application 1100/814 undarvay
depandent
o Proprietaery TBM or DEC Proprigtary Yes Propriotary

2-27
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2~-28

ACCEEE N0,

ORIGINAL PAGE I8
OF POOR QUALITY

MODEL NAME

ORGANIZATION

H-0001-~72
pP. 3=l

§-0003-81
pp. 3-9

H=0004-81
pp. 3-11

H-0005-78
pp. 3-13

H-0012~81
pp. 3=21

General Purpose
Automobile Vehicla
Performance and
Economy Sioulator
{GP5IM)

Dynamic Model

Teating Operations
Fuel Economy
Frogram

(TOPEP)

Automotive
Simulator
(ASIM)

Hybrid & Blectric
Advanced Vehicle
Systems (HEAVY)
Sizulation

Genaral Matora
Corporation

Ford Company

Ford Hotor Co.

USDOT/TSC

Boeing Computer
Services Co.

AUTHOR(S) APPLICATION
Hilliam C, Wators o Civilian

Paloshi Brewgr;
Bughi Perguoon;
Tobler

Not stated

E. M. Hithjach

laemond; McGeheo

o Cowputan operating
ronditions of the
~ngine,
r-ansmisgion and
relicle performanca
and aconomy

o Civilian

¢ Simulateg the
dynamic behavior of
tha total vehicle
syatem

e Civilian

o Evaluation of fuel
cud performance
effacts of power
train changes

o Civilian

¢ A too far
sutomotive fuel
cconomy evaluation

o Civilian

o Evalustes alectric
and hybrid vehicle
propulsion oysteus



CRIGIMAL PAGE IS
OF POOR QUALITY

train optimization

@ Rapld execution Yes Not stataed Net satated Not stated
a Easy operation

o Simple to use Yes CDC Cybder Mintmagl Some
o Ruilt fin system {Approximately
couponents, $1 per run)
description and
operational
descripcions

ADVANTAGES AVATLABILITY HARDHARE COS] OF OPERATION VALIDATION DOCUMENTATION
o Can simmlate g Propriatary IBY 360/65 Dapends on type Linited Yoo
large variety of ond degree of
vehicles simulation
© Useful for design Proprietary, but DEC 2050 9 sec of computer Yas Extonoive
and analysis of possibly time for 1 second
electronic engine available of vehicle sysren
control oystema operation
@ Ugeful in all Proprietary Honeywell or lLess than Some Soma
phoses of pover- DEC 1 minute cpu

Some

Extencive

2-29



ACCESH NG,

HODEL NAME

ORIGINAL PAGE 1S
OF POOR N ALITY

QUGANIZATION

H=-0009~76
pp. 3~13

H~0013-78
Pp. 3-28

H-0018-79
pp. 3-27

H-0023~
PP, 3-29

M

s

2-30

T e

ﬂm B

Vahicle Miasion
glizulation
(vs)

Tranoient Eyotem
Optimization
(T80)

Diascl Urban
Bua Simulation
Program

DSLEIN

(Diegl E“Sil‘le
Control Syatemo
Computay
Simulation
Hodal}

AUTHOR (5}

APPLICATION

Cuomins Engine Co.

Gonaral Motoro
Resgarch
Laboratory

USDOT/TSC

Massochusatto
Inotitute of
Tachnology;
Dapartment of
Hochanical
Engincering

D.A. Klolkkenga

Alan bohnor

G. Laroon;
H. zuckerbare

D, Hormloy;
4. Nyog
J. Rife

o Civilian

o Provideo crxuch
Fﬂl'fom.gnco
information

o Civilian

o Optimloation of
fual aconcmy by
accounting for
various
phencomona

o Civilian

o Asgesaas the
performpnce and
fuel conmupption of
bueec undar various
aopatating
cenditions

@ Civilian

¢ Defineo control
oyotem
configurationo

o ldentiffoo
perforaanca
characteriotics



ADVANTAGES

ORIGINAL prg
LGE |8
OF PooR Quauﬁ

o Con be used by

data

o Btraightforwvard

AVATLABILITY HARDWARE COST OF OPERATION VALIDATION
Proprictary Honoyuol] DPS/8 Lass than 10 Yas
truck oparators to CP/6 minutoo cpu time
chooge optiont for neaded/run
particular routaa
¢ Congiders transient Proprietery Not stotod Not stated Some
ayotam oparation
o Can utilize test
Yes Graphic output Not stated Goad
available
Hodel 663
Caleony Plotter
o Cutput avoilable Proprictary VAX Not stated Some

in different
representationsa

BOCUMENTATION

Yao

None

2-31
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ORIGINAL PAGE IS
OF POOR QUALITY

TABLE 2.3.1,2: MARINE MODELS

ACCESS O,

MODEL NAME

ORGANIZATION

AUTHOR(S)

APPLICATION

ADVARTAGES

Al

H-0001-68
pp. 341

M=-0002
pp. 3-43

H=0004-81
pPp. 3-45

H-0006-78
PP, 347

USCG Teabreaker

Proptloion System

S$iculacion,
Program
No., ENE=-11

A Hothod of
Pradicting tho
Specd Reduction
of Turbochorged
Horino Dienel
Engines

Applied Cowputer
Simulation in
Marine
Enginearing
Clutch
Hanouvering
Appogament

Analyaio of
Shipboard Encrgy
Systoms

U.8. Cooot Guard
Hoadquartera,
Office of
Engincering,
Icobrooker
Dosign Bronch

University of
HRannover

Y-ARD Led.,
Glosgow

PFR Enginaering
Systomn

Le, J. W, Lewin,
LCPR Lacourt
P. H. fScoville

M. Grohn,
frof. Dr, Groth

K. W, McTavish

J. Pulte;
T, Rozenmon;
J. Pundyk

o

o
Q

-]

Hilitary and
Civilian
lcebreakero
Ica-
Strengthened
Corgo and
Service Shipa

Hilitary ond
Civilian
Hodium Speod,
4-Cycla, morine
diesels loaded
by o fixed
propeller

Milivory and
Civiltan
Design
evaluation for
a CODOG Ship
uith
contrallable
pitch
propellers

Hilitary and
Civilian
Fucol
consumption
rate
comparisong

o A wide variety

of diepa.-
eloctric
gystamg con be
piaulated

Aa a doeign
tool

Differant
copponent
choractariatico
can be inverted

Peroits

subotitution
of reporting
arrongements
and profilan



w4

ORIGINAL PALE i3
OF PGOR QUALITY

AVAILABILITY HARDYARE TOST OF OFERATION  VALIDATION DOCUMENTATION
o Yoo 184 1130 Praportianal to Yoo Yeo
longth of
mancguver and time
otaps udad
o Yoo Not atated Not stated Yes Yos
o Proprietary Not given Not stated Some Some
o Yes Not given Not given Same Some

2-33



TABLE 2.3.1.2:

HARINE MODELS

ORIGMNAL PAGE I8
OF POOR QUALITY

Selection and
Simulation of
Morine
Propulsion
Control Systems

Computer Alded
Marine Power
Plant Selection

Lipa, N. V.,
Drunen,
Holland

MIT

mina owoeping
with digtinet

oporating modoo

C. Pronk o Military and
Civilian
@ Diesel engines
driving maring
controllable
pitch
propallers

R. I. Newton o Military and
Civilian
o Herchant Type
Ships

HODEL, RAME ORGANTZATTON _ AUTROR{E). APPLICATION ADVANTAGES
Syatomatic Univercity of . V. Thompaon o Military and o A vido varioty
Degign of Newcaatle Civilian of ayotems can
Harine o Comparison of bo oiculated
Population alternative
Syostem arraongemento

for g
spaciclized

@ Providoo
perforoance
prodictiono
during the
deoign phose
of waing
propulaton
GystoRna

o Sigplicicy

o Approach 1o
with ship oo
a vhole



)

ORIGINAL PaAsy 53
OF POOR QUALITY

AVATLABILITY HARDHARE

COST OF OPERATION  VALIDATION DOCUNMENTATION

o Proprietary Not givon

o Proprictary IBM 1130

o Proprietary IBM 370/165

Hot givan Joms Sone
Not given Ho Yoo
Not g'v.n Yoo Yen

2-35
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ORIGINAL PACE IS

OF POOR QUALITY

TABLE 2.3.1.3: RAIL MODELS
ACCESS NO. HODEL NAME ORGANIZATION AUTHOR(E) APPLICATION ADVANTAGES
1=-0002-78 The US BOT/TSC  DOT/TSC M.E. Hazel o Civilian o Uooful for
pp. 3=55 Troin o Sioulation of planning
Performance train ovor a train
Simulator (TPS) railroad route operatiens
over g
particular
route
¢ Simple to use
o Modificationg
eaay
L~-0005-81 Freight train MITRE J. D, Muhlenberg o Civilian o Incorporaten
ppP. 3-63 Puel Consumption o Calculation of information
Program fuel on moset
consunption of commonly uaed
a frefight railcaro and
train locon
@ Easy to uss
ond modify
L=0009=-77 The Carnogio- 5.N., Taluldar o Civilian o Detailed
pp. 3-67 Transportation Hellon and R,A. Uhor o Prediction of modeling
Energy Model, Univeraity anaergy rapabilities
Camegie- congumption o Flexibilicy
Hellon for diesel and 1n modifying
electric parts of
powered troinc  prograwm



)

oRitMAL PAGE (8
OF FOOR QUALITY

AVAILABILITY HARDHARE COBT OF OPERATION VALIDATION DOCUMENTATION
Yeo DEC 10 & IBM Typical, §20 Extensive Yes

($150 foe)

Yes IBM 370 100 epu for a Yeo Extensive
{cost of 100 gallon

production) sinwulacion

Yes DEC 20, VAX 15 cpu sec for Yes Extensive
(5625 fee) 50 mile run

2-37



2-38

ORIGINAL PAGE i@
OF POOR QUALITY

ACCESS NO, MODF1._NAME ORCANT ZATIONS AUTHOR( 8} APPLICATION ADVANTAGES
1.-N010=78 A Multi-Purpose EE/CS Dept. R. Mitea! and o Civilian o Written
pp. 3=71 Train Unfon College A. Rose o Simulation of specifically
Performance PARSENEET to simulate a
Caleulator train limited casce
(TPCH operation of passenger
train
operation
L-00%1-83 Train Southern Pacific N. ¥, Lutterlle o Civilian o Simulates
pp. 3=75 Dperations Transportation e Perforrnance various
Simulator (TOSY Co, sirulation of wethods of
dicsel- rrain
eleciric toco handling and
an ltn effects
convertional on fuel
freight car consumpt ion
L-0012-65 Ttain Arsocfation of Operated by g Civilian o Performs
PP. 3-79 Performance American Stuare and o Trediction of operations
Caleulator Railroads MeEwan energy usage quickly
~AAR (AAR)
L-0013-79 Train AlResearch and J.J. Lawson & o Civilian o Provides very
pp. =81 Performance Manufacturing Co, 1., M, Cook o Performs train  detailed
Calculator of California performance analveis
calculacions o Can simulate
diesel,
electric or
mixed-mode
operations



ORIGINAL Paar Ig
OF POOR QUALITY

AVATLABILITY HARDWARE COST OF OPERATION VALIDATION DOCUMENTATION
Yes Burroughs Yer
(5150 fee) B=6700 rcheduling-~
DEC 10 Yes
Fuel Use - Ko
Yes 1BM, DEC-20, 1?7 epu sec per Fuel Extenrive
{550 fee) Prime, I mile of calculations
Burr cale, hand
cheched
Yes cbc 3500, | epu minute Mo Information Yes
frost of 1AM 370, per i miles available
production) oRe-10
Proprietary  Univac 1108 Yes Some
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ORIGINAL PAGE 13
OF POOR QUALITY

ACCESS NO. MODEL NAME ORGANTZATION AUTHOR(S) APPLICATION ADVANTAGES
L=0004~75 Fue] Utildzed Emerson J. N. Cotinich o Civilian Provides
pp. 3-61 Effoctive Conoultants, o Investigation overview of
Locomot ives Inc. of the effect effects of
(FUEL) of train train operating
operating astrategies on g
strategles territory




ORICINAYL PAGE (3
Of POOR QUALITY

AVATLABITITY

HARDHARE

COIST_OF OPERATION VALIDATION

DNCUHENTATION

Note stated

Not Atated

Not stated Yue

Some

2-41
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TABLE 2.3.2.1:

ORIGINAL PAGE I3
¢7 POOR QUALITY

MODET.S THAT MATCH THF INTAKE/EXHAUST SYSTEM TO THE ENGINE

ACCESS NO.,  MODEL RAMF GRCANIZATION AUTHDRAS APPLICATION ADVANTAGES
E-0034-72 Hitachi Hitachy K. Mizushimz, o Civilian and a Covers entire
pp. 3-83 Model Shipbuilding, M. Nagai, government cycle
Ltd., Osaks T. Asada o Matching o Predicts
intake/ cylinder
exhauge pressure
gystem to acourately
the engine
E-0036-~81 Unfversity of Univeraity of Winterbone, o Civilian and o Particularly
pp. 3-87 Manchester Manchester Lon, government ugeful for
{UM1ST) Bensgon, o Matching detailed
Wellstead, intake/ deaign of
Thiruaraoran exhaust turbochargers
Rystem to
the engine



ORIGINAL Bl B3
OF POOR QUALITY

AVATLABILITY HARDWARE COST OF OPERATION VALTDATION DOCUMENTAT ION
Probably Not stated §120-5200/run Yes Yes
Proprietary (estimate)

From UMIST, Not stated $240=$400/run Soma Yes

at cost ({entimared)
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TABLE 2.3.2.2:

ORIGINAL PAGE 1S
OF POOR QUALITY

FUEL FFFICIENCY MODELS

ACCESS NO,  HODEL NAME ORGANIZATION AUTHOR (8) APPLICATION ADVANTAGES
E-0070-74 M.ALN. M.A.N, Augsburg G. Hoschni o Civilian and o Simple to
rp. 3=115 and Institut F. Anigits government use
fur o Efficiency or
Kolbenmaschinen fuel
Technical consumption
University
E~-0004-77 Manchester UMIST Whitehouse, o Civilian or Simple
ep. 3-91 {Whitehouse) Hay, Sareen, military Inexpensive
Clough, o Efficiency or
Abughres, fuel
Raluswamy consumpt fon
E-0044-BQ tmperial College Imperial College N. Watson o Civilian and Inexpensive to
pp. 3-105 (Hatson) M. Marzouk military run

Efficiency or
fuel
consunption

Useful for
extending
knoun engine
performance



ORIGHIAL Pade 1o
OF POOR QUALITY

AVAILABILITY HARDWARE COST OF OPERATION  VALIDATION DOCUMENTATION

Yes Not stated $12-520 run Yes Yes
(estimate)

U'nknown Not specified $60-5100/run Some Extensive

Unknown Not specificd £30-550/run Yes Yes
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TABLE 2.3.2.2 (Contipued}

ORIGINAL PAGE 1%
OF POOR QUALITY

ACCESS NO. MODEL. NAMF. NRGANTZATION AUTHOR(S) APPLICATION ADVANTAGES
E-0005=-70 The Prohlem of C.AV. Led, H.t, Crigg & o Civilien
pp. 3-97 Predicting Rate -Englond H.H. Syed ¢ Fuel
of Heat Release consunption
in Diesel
Fngines
F=0032-69 Wisconsin Diene) University of Shipinaki, o Civilian and o Cavergr, the
pp. 1-101 Spray Combustion Wisconsin Myers, and military ef fact of fuel
Madel lyehara o Fuel injection
consumption o Emphasizes
rhysical
mechanisms
E-0{t63~76 Computer 1.1.T., DELHI R, D, Garg o Military or o Simple to use
pp. 3=-100 Simulation of a K.K. Agarwal civilian o Inexpensive
Diesel Engine: R. Pesikachari o Fuel

1.7.T.. DELHI

congumpt ion




b

ORICRIZ: po -
OF POOR Gu..tiry

LY

AVAILARILITY HARDWARE COST OF OPERATION  VALIDATION DOCUMENTATION
Not mtated Not stated Not stated Mot stoted Some
Yes Not stated §30-50/rur Fair Yes
Yes Not stated $60-5100/run Fair Yes
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TABLFE 7.3.2.3:

ORIGINAL PAGE I3
OF POOR QUALITY

EMISSTON MODELR

ACCESS NO. MODEL RAME ORGANTZATION AUTHDR{S) APPLICATION ADVANTAGFS
E-0001-8] Nivided Chamber Mapsochusetts S.H. Mansouri; o Civilian 0 Requires
pp. 3-119 Dieset Fngine Institute of J. B, Hevwood; o Emiselione lictle
Model Technology K. Radhakrishnan computer
time to run,
therefore
engine mops
can be
easily
developed
E-0003-78 Cummins Cummine Engine 5. M. Shahed, o Military or o Allows for
pp. 3-131 Company P. F. Flynn, civilian temperature
¥. T. Lyn, and o Emissions gradient
K, S, Chin
E~0Q07-76 liroshira University of H. Horovasy and o Militaty and o Cost
pp. 1-139 Riroshima T. Kadota civilian effective
o Emissions o Predicts
effects to
changes In

fuel injector



& IS I
Dr.:\.nr . '-r.

oS
R Y

e
=
oo

L)

>

OF POOR QUALITY

AVATLABILITY _ HARDWARE COST OF OPERATION  VALIDATION DOCUMENTATION
Proprietary IBM3I7G £20 per run Yen Some
{inknown Kerox SA0-5100/run Some - Yeg
S5igma 9 needs Further
work
Not stated Not stated Not stated Some Yer
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TABLE 2.21,2.,3 (Continuegd)

ORIGINAL PAGE 18
OF POOR QUALITY

ACCESS NO, HODEL NAME ORGANIZATION AUTHOR(S) ATPLICATION ADVANTAGES
E~-Q00B-7) NREC Diesel Northern Bastveas, Chng, o Militatry and o Simplicity
pP. 3-141 Emisajens Research and and Dix civilian
Madel Engineering o Emissions
Corporation
E-0071-75 Cranfield Model Cranfield P. Hodgetts, o Civilian and o Treats
pp. 3~151 Institute of H. D. Shroff, Hilleary fugl=air
Technology I. R. Isaac o Emissions ratio and
tempevature
gradients
E-0026-73 C.A.V, Diesel C.A.V, Led., Khan, o Civilian and o Handles aoot
pp. 3-147 Enisaions Model Acton, london Greeves, military formation,
Probert, o Emissions fuel
Grigg, and injeccion
Syed parameters
and air
gwirl level

S

R



S e e AR A

ORIGINAL PAGE (3
OF POGR QUALITY

AVATLARTLITY  HARDWARE COST OF OPERATION  VALIDATION DOQCUMENTATION
From NREC cpe; $10~520/run Some Some
{Cost 1n T8M

1974 was

$100)

Through Not specified $30~650/run Yea Extenaive
inter-

national

technology

extchange

Probably Not stated 560-5100/7Tun Adequate for Extensive

deaign
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TABLE 2.3.2.3 {Continued)

CRIGH

I Y
£ d :
L I

wit,

'

OF POOR GUALITY

ACCESS NO. MODE]. NAME ORGANIZATION AUTFOR(S) APPLICATION ADVANTAGES
E-0002-78 Komatsu Komatau/ H. Hivakt, o Civilian, o Models
pp. 3-125 "DSA/DCE" MIT J. M. Rife Military cylinder
o Emisaions heat
rranafer to
coelant
¢ Tutbocharged
calculation
ia included
o Effect of
fuel spray
design
parameters
included
E-0006=64 Ultrasystems Ultrasystems, C. J. Kau, @ Military or ¢ Can model
pp. 3-135 Diesel Emisgions Inc. R. P, Wilson, civilian fuel
Model L. J. Muzio. o Emissions injection
C. H. Waldman, pressure
M. P. Heap, orifice size,
T. 1. Tyson and air swirl



oRIGINAL T LG
OF POCR CURLITY

AVAILABILITY  HARDWARE COST OF OPERATION  VALIDATION DOCUMENTATION

Unknown Not gpecified $120-8200/run Yesn Extensive
(estimated)

Yes cpeC 6690 $180-$300/run Yes Extensive
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ORIGINAL. PLT. ¢
OF POOR Q. "1y

TARLF 2.3.7.4:

COMBUSTION CHAMBER SHAPE MODELS

ACCESS NO. HMODEL_NAME ORGANIZATION AUTHOR (S) APPLICATION ADVANTAGES
E-0072-78 Loa Alamos Loe Alamos/ T. b, Butler, @ Civilian and o Can predict
pp. 3-171 Divect~Injection  General Motors L. D. Cloutman, military flow field,
Engine Model Research R. B, Krieger, 0 Nevelopment of spatial flame
l.ahoratory et. al. combustion propagacion,
chamber shape opatial
tewperacure
profiles and
locations of
peal MO
formatifn
E-0010-77 Princeton Princeton F., ¥, Bracco, o Civilian and o Detoiled
pP. 3-159 Internal University H. C. Cupta, military description of
Combusertion P, J. 0'Rourke o Development of spray crag and
Engine combustion evaperation
Madel chamber shape
E-0029-80 Imperial College, 1mperial College Gosman and o Civilian and o Describes the
PP+ 3-165 Diesel Spray Model Johns wilitary spatial
@ Combustion istribution
chamber of the diesel
shape apray
E-00D0-78 Livermore Lawrence 1. €. Hagelman ¢ Civilian or ¢ Treats chamber
pp- 3-155 Fuel Spray l.ivermore C. v. Westhrook milicary shape effects
Model Lab ¢ Combustion o Models
chamber unsteady,
shape effects of
epray
penetration



)

oiie [RY)
OF FOGK

b e dn

4

]

' wd
UL

AVATLABILITY  HARDWARE COST OF OPERATION VALIDATION DOCUMENTATION

Yes Not stated $600=-56000/vun Yer Extensive
{estimated)

Yes 1BM 360/91 Without spray: No Extensive
$120-180/run
with spray:
up ta $5000/run

0n a contract Not stated $600-$1000/run Some Yes

basis

Yes CRC7600 $5,000-56,000/ Some Extensive

run
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ORIINAL PAGE
. GF POOR QUALITY

TARLF 2.3.2.5:

FUFL INJECTIOR SYSTFM MODELS

ACCESS NO, MODEL NAME ORGANIZATION AUTHOR{S) APPLICATION ADVANTAGES
E-0039~F1- Diesel Fuel I'nivaersity of Bole, o Miljtary ond ¢ Good atccuracy
73 Injection System Michigan Fl~Frian, civilian and  economy
pp. 3-179 Simulation and Welie o Fuel fniection
Experimental
Currelation
E=-00. B-FI Simujation of Kyoto M. Thegami o Military and -] Reduced
pp. 3-183 Processes of University H. Horike civilian comput ing
Fuel Injection F, Nagao © Fuel injecefon time
{INJEC)
F~0049-FI~ Characterization WHayne State N.A, Henein o Milirary and o Simple
75 and Simulatior Liversity T. Singh cfvilian
pp. 3-187 of a Unit J. Rozanski o Simulacion of
Injector fuel pressure
histories
E~0069=FI~ Computer Model Unjverrity of M. J. Plpho o Military and o Provides
82  of the Minnegota D. B. Kittelson civilian complete
pp. 3-189 Electronic o Performance engine
Control Syatem simulation responge to an
(ECS} for Diegel optimization
Fuel Injection control systeo
Timing
E-0021-F1-  Hybrid fAnalog) University of . R. Burrows, o Military or Simple of use
70 Computer Sussex P.W. VanEctrelt, civilian
pp. 3-177 Simulation of G. P. Windert o Fuel injection

the Sampled-
Data Model for
Compression
Ignition Enpines



ORIKNAL PAGE 18
OF POOR QUALITY

AVAILARILITY WARDHARE _ COST OF OPERATION VALIDATION DOCUMENTATION
From the Not stated Not etated Yes Yes
EPA
From Kyote  FACOM 230-60 12 seconds/ Some Some
University iteration
{§ {terations/
run}
Yes Not stated low Some Some
No Not stated Not st. 1 Some Yes
Yes Not atgted Not atated Poor to fair Some
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ORIGINAL PAGE I3
OF POOR QUALITY

TARLE 2.3.2.6: HEAT TRANSFER MODELS

ACCESS NO. MODEL NAME (RCANIZATION AUTHOR(S) APPLICATLON

E-0023-HT-75 PROCES Norweigian Inacitute W, Valland o Military and

pp. 3-193 of Technology civilian

o Heat transfer

E-~Q067-HT~b4 Computer Programs to  MAN Gerhord o Militsry and

pp. 3-195 Determine the HWorchini civilian
Relationship Between o To determine the
Pressure Flow, Heat relationships
Release and Thermal between pressure
Load in Diesel flow, heat releasc
Engines and thermal load

E~0073-HT-83 Mirrlees Heat Hirrlees R. T. Green o Civilian and

pp. 3-197 Transfer Program Blackstone Ltd, K. Jambunathan, military

DIESHT

S, D. Probert

o Heat tronsfer



F 3

ORIGINAL PAGE I3
OF POCR GUALITY

ADVANTAGES AVATLABTLITY HARDWARE COST OF OPERATION VALIDATION DOCUMENTATION |
o Seemingly simple Yes Not statod Not stated Not stated Little
to use
o Heot transfer Yeo - Refer to IBM 1060 B Minutee of No Some
through each of SAE paper machine time/run
the major
components ip done
separately
o Easily used by Yes, with Not gtated $5-520/run Tes Extensive
designers permisaion of
Mirrlees

Blackstone
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TABLE 2.3,2.7:

ORIGINAL ¥l 15
OF POOR QUALIY

INTAKE/EXHAUST SYSTFM MODELS

ACCESS NO. HODEL NAME ORGANTZATION AUTHOR{S) APPLICATION

E-0015<1E-T4 Computery Alded Design Univeraity of Jo Dy Ledger o Military or

pp. 3-205 of the Exhaupt of Manchester civilion
Turbocharged Diesel o Intake and
Engine exhaust

system
E-N22-1E-80 Computer Aided Design Univercity of 8. €. Low, o Civilian
pp. 3-209 Package for Engine Manchester, Institute R, 5. Benson, o Intake and

E-D014~TE-~78
pp. 3-201

F-0043-1E-80
pp. 3-213

Manifold System

Prediction of
the Exchange
Processes in a
Single Cylinder
Internal
Combustion
Engine

A Generalized
Computer Afded
Design Package
for 1.C. Engine
Mznifold System

of Science and
Technology

Various
universities

University of
Manchester
Ingtitute of
Science &
Technology
{UMIST)

D. E. Winterbone

P.A. Lakghmi-
naroygnan
P.A. Ir .akivoman
M.K, Gajendra
Sabu

B.S, Murthy

5.C, lLow
P.C. Baruah

o

exhaust syatoms

Military and
civilian

To model gas
flow

Milicary and
civilian
Performance
prediction of
monifolding
systemso



ORIGINAL PAGF IS
OF POOR QUALITY

ADVANTAGES AVATLARILITY HARDWARE COST _OF OPERATION VALIDATION DOCUMENTATTON
o Rapfd turnaround Yes DEC-PRP1O Not otated None roported Yes
o Graphtcal diaplay
o Rapid data changen Probably CDC Cyber 723 Rot stated Yeg Some
possible DEC;
¢ Relatively simple Tectronlcs 4010
to uge
o Accutracy Not stated Not stated Not stated Some Some
o Minimal {nput From UMIST Not stated Hot stated No Sonme

o0

3

data needed
Interactive
Throttled and
unthroctled
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ORIGH L

oY o
LA e

OF POOR QUALITY

ACCESS NO, MODEL._NAME ORGANIZATION AUTHOR(S) APPLICATION ADVANTAGES
E-0053-1E~79 Characterintice !avosgki T. Azuma ¢ Milieary and o Unique (firsr
pp. 3-217 of Exhaust Gas Heavy Y. Tokunage civilian to model
Pulsation of Industries T. Yura o Clarify exhaust
Consgtant character- pulsationg
Presgsure istics of and pas flow
Turbocharged exhaust and interactions)
biescl Engines gas
pulsations
E=-0055~1E~ Computer Program RuXton Faxman A. J, Hallam o Military and o Flexible and
74 to Predict the Biesc] Standard 5. Cottam civilian uger
pp. 3-219 Gas Exchange o Incake and friendly
Process of a exhaust
Diesel Engine
E-0056-1E~  Breathing Cycle U.S. Department T. J. Trella o Military and o Novel approach
79  of the Four- of civilian to gas flow
pp. 3-225 Stroke Tranapartation/ 6 Model the caleculations
Automotive Transportatgion intake aysten
Engine Systems of a foeur-
Center stroke open
chasber
engine



ORIGINAL PAGE [3
OF POOR QUALITY

AVATLABILITY HARDWARE COST OF GPERATION VALIDATION POCUMENTATIDN
Ho Not olc Kot ntated Yes Some
Proprietary Not stated Not stated Yes Some
'S DOT/TSC DEC LN Not stated Yes Some
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ORIGINAL PACE (%
OF PNOR QUALITY

TARIF 2,3.2.8: OPERATING PERFORMANCE MODELS
ACCESS NO, MODE]. NAME ORGANTZATION AUTHOR(S) APPLICATTON
E-0013-0p-79 Development of a Pokistan State 01] 5. 5, Shamsi Military and
pp. 3-229 Renl-Time Dipitanl Company Led., Civilian
Computer Simulation Model response of
of a8 Turbocharged a turbochorged
Diese] Engine dienel engine
FrO0uu~0P-19 A ‘omhustion Imperfal College of N. Hataon Military and
pp. 3=233 C relation for Sclence and A. D, Pilley civilian
PMeael tnpine Technology M, Marzouk To preovide a means
Simulatrion of increasing
accuracy of engine
models which do
not incorporate
combugtion models
E-0061-0P=74 Development of P.C. Nippon Kokan K. Shiraishi, Milicary and
pp. 3-243 Engine Simulation K. Murakami; civilian
Program H. Mizushima To model a test
T. Nakayama engine to make

performance
predictions



ORIGINAL 2AGK 3
OF PUOR QUALITY

ADVANTAGLS AVAILATILITY HARDWARE COST OF OPERATION. VALIDATION  _ DOCURENTATION
o Tt {a the only Un'.nowm FDP10 o Consfdered Some Some

digitel engine "econonical®™

reaponse model

available
o Can be used to Yes Not mtated Not Stated Some Some

expand the

accuraey of other

models

- Cnlikely Nor mrated Not stared Yes Some



i
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ORIGINAL PACE 18
OF POOR QUALINY

ACCESS WO,

MODEL NAME

ORGANTZATION

AUTHOR(S)

APPLICATION

E-0062-0P-76
PP. 3-2435

E-0068-0P-77
pp. 1-209

E-0059-0P-75
pp. pp.239

E~Q045-C
pp. 3-235

Wholly Dynamic Model
of a Turbocharged
Diese] Engine for
Transfer Function
Evaluation

Simulacion of a
Turbocharged Diese)

Engine ro Predict the

Transfer Response

Applicatfon
Engineering
Techniques Related
to High Performance,
Medium Speed Diesel
Engines

Not stated

University of

Manchenter, Institute

of Science and
Technology
(MILTY

John beere

Mirrlees
Blackstone, Ltd.

National Research
Council of Canada

Winterbone,
Thirwarcoran
Wellstead

M. R. Goyal

R. Creenhalgh
P. Tooth
T1.1. Bickley

F. Rueter
A. Swiderski

-]

Milicary and
civilian

To describe engine
response

Military and
civilian

To predict engine
performance

Milicary and
civilian

Engine response
to load, pressure
and temperature

Civilign
Performance
prediction of
a turbacharged
2-cycle free
piston diesel
engine



ORIGINAL PAGE (S
OF POOR QUALITY

ADVANTAGES AVAILABILITY HARDUARE COST OF OPERATION VALIDATION DOCUMENTATION
o Requires lees From UMIST PDP-10 600 CPU/Engine No Soue
enpirical data cpe-~7600 ppm
than other podels on o PDPIO
20 CPU/Engine
pm for 4
CDC-7600
- Unlikely Not stated Not stated Some Some
o Accurate Unlikely Nor stated Nor stated None Sone
predictions
of engine
performance
under new
conditions
o A free piaton From NRC Electronic Not stated Nane Yes

model

Associates
Model 690
Hybrid
Computer

2~67
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TARLY 2,3.2.9:

ORICINAL PAGE 14
OF POOR QUALITY

BOTTOMING CYCLE HODELS

ACCESS NO.

MODEL HAME

ORCANIZATION

AUTHOR(S)

APPLICATION

W-0002-70
pp. 3-251

W=0003-74
pp. 3-255

W-0004=70
pp. J-25%

W-0005-70
pp. 3-261

W-0006-81
Pp. I-263

2-68

Boiler Analysis
Program (BAP)

Rankine Cycle, Waste
Heat Recoverv Engine
Performance Hedel

DRC Modeling
(Rankine Bottoming
Cycle Engines)

Brayton
Bottoming System
(BBS) Evaluatfon

Rankine Bottoming
Cycle Performance
Code

Foster-Hiller

Thermo-Electron
Corporation

Hechanical
Technologles, Inc.

Unired Technelogler
Corporation

Argonne National
Laboratory

J. Gergtman
{recently modified by
1.P. Krepchin)

F.A, DibBella,
€, Wang

Various

Gene Wilmot,
et al,

Koruzinski;
Ash

[ -]

Hilitary and
civilian

Design and
onalyanis of fired
and waete heat
beilers

Military and
civilian

To determine the
full and parc load
performance of o
Rankine cycle
system

Civilian
Performance and
cost tradeoffs

Civilian

Design and
performance
calculations of
Brayton cycle waste
heat recovery
fyetems

Civilian and
military

Estimates organized
Rankine engine
performance



-’
ORIGIMAL PACE I3
OF POOR QUALITY
ADVANTACES AVAILABILITY HARDWARE COST OF OPERATION  VALIDATION DOCIHERTATION
- Fee foy use CYRFR 170 §.20/run Yes Yes
VAX L1/780
o Verpatile with Unavailable--must Yetrox Not stated Yes Haintained by
variour energy be contracted Thermo Electron
recovery scenaries from
Thermo~Electron
Analyses and cost Yes IBH Not Stated Yns Of results
data verified bv only
tegts and
febrication
o Rapid executfon of o Proprietary 18M 3380 $1/eun Yes Proprietary
complex syntems o Indirectly manvals

available

through

contract
o Useful for g=neral o Needs matre 18M 3011 S1.50-52.50 Some Yes

scoping studies documew.*ation (10-70 cases)
prior to
release
-]
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CRIGINAL PAGE [3
OF POOR QUALITY

TARLE 2,3.2.10:

TURBOCHARGING MODELS

ACCESS NO. MODEL NAME ORCANIZATION AUTHOR(S) APPLICATION ADVANTAGES
E-0018~TC=77 Turbocharged Cumming Engine A.8, Ghuman, o Military ond o Rapid
pp. 3-267 Diesel Engine Co, M.A, Iwamuro, ci{vilian aspessment of
Simelotion to and H.C, Weber o Turbocharging parameteric
Predfct Steady changes
State and
Transient
Performance
E-0019-TC~?7 Prediction and Detroit Diesel Schmidt, o M{litary and o Rapid

pp. 3=271

E-0051-TC-
76
pp. 1-283

E-0036-TC~B|
pp. 3-279

E-0035-TC-75
pp. 3-275

Measurement of

Two Stroke Cycle

bDiesel Engine

Performance and

Smoke at
Alticude

A Non-linear
Digital

Simularion of
Turbocharged
Diesel Engine

Under Transient

Conditfons

University of
Manchester
{UMIST}

A Real Time
Analogue
Computer

Simulation of a

Turbocharged
Diesel Engine

Allison

Imperial College

of Science and
Technology

University of
Manchester

University of
Manchester

Venhuia, and
Hinkle

Neil Waeeon
Maged Marzouk

Winterbone,
Loo

Benson,
Winterbone,
Shamei{,
Closs,
Mortimer,
Keynon

civilian
Turbocharging

Hilitsrv and
civilian
Turbocharging

Civilian and
government
Turbocharging

Military and
civilian
Turbocharging

o

calculationa

Appears to
be a
powerful
model

very

Applicable
over a wide
rvange of
engines and
speeds



-

CRIGINAL PAGE |5
OF POOR QUALITY

AVAILABILITY HARDHARE COST _OF OPERATION VALIDATION DOCUMENTATICN
Not Not stated 1 cpu ainute Some Some
ovallable
Refer to o Hand Negligible Sonme Some
source calculator
document
Unknown Not stated Kot atated Yeg=- Some
“Frcellent"”
agreement
Unkrown ; Not stated Not stated Some Some
possibly
MIST
Not stated DEC PDP 15 Not stated Some Yeg
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TITLE

DATE

AUTHORS
ORGANIZATION
SPONSOR
TRANSPORTATION MODE
APPLICATION

OBJECTIVE

REFERENCES

RELATIONSHIP TO OTHER
MODELS/HISTORY OF MODEL

OPERATIONAL CAPABILITIES

3.0 MODEL CATALOG

HIGHWAY TRANSPORT
H-0001-72

General Purpose Automotive Vehlcle Performance
and Economy Simulator (GPSIM)

Initially 1972 with successive revisions
William C. Waters

General Motors Corporation

Ceneral Motors Corporation

Highway

Civilian

GPSIM is an automotive vehicle simulator designed
to compute the operating conditions of the engine
and transmission and the performance and economy of
the vehicle as the vehicle is operated in a
prescribed manner.

W.C. Waters, "General Purpose Automotive Vehicle
Performance and Economy Simulator,'" SAE Automotive
Engineering Congress, Detroit, MI, January 10-14,
1972, SAE Paper # 720043.

Vehicle simulation models have been developed and
used at GM since 1960, The simulation/modeling
program has been under development since then, and
has led to GPSIM,

GPSIM is used to estimate performance of a vehicle
{e.g. acceleration, passing ability), fuel economy
over specified driving schedules, and, to a more
limited extent, exhaust emissions. GPSIM utilizes
a combination of the stabllized vehicle concept and
the integration method. In the first case, vehicle
performance is calculated as a succession of
distinct vehicle performance combinations, and is
used to minimize computer time and provide quite
acceptable accuracy. In the second case, the
vehicle is defined by a set of differential equa-
tions driven by various functions. The equations
are numerically integrated over time, The integra-
tion method 18 used during rapid vehicle tran-
sients. The basic assumptions behind GPSIM are:

3-1



HIGHWAY TRANSPORT
H-0001-72 {Cont.)

- Look-up tables mapping out the various
performance regimes can be used instead of a
comprehensive set of equations to describe
vehicle and component performance and
characteristics;}

~ GSteady-state tests can be used to predict
dynamic operation because, unless explicitly
accounted for, transient conditions are assumed
to be short enough to be ignored;

- Hydrodynamic similarity laws apply to the torque
converter.,

- Simplified shift models can be used to simulate
transmission shifts, wherein the amount of
energy transferred during the shift is
important, but how it is transferred is
unimportant; and,

- The steady-state operation of the vehicle is
defined by a set of tables that is used to
generate more dense intermediate tables for
reference during simulation.

Transient conditions modelled are shifts, engine
lag due to hydraulic effects in the transmiscion,
and certain gas turbine characteristics. Shifts
can be eilther torque shifts such as from synchro
mesh transmissions, or power shifts from automatic
transmissions.

GPSIM has two operating modes: COMPUTE or SIMULATE.
In the COMPUTE mode, the total or a well-defined
subset of the vehicle's performance range and
capabilities is characterized, enabling various
vehicles to be compared in many respects. The
SIMULATE mode generates the operating conditions
for the vehicle, engine, and transmission vs. time
and distance as the vehicle follows the specified
schedule.



DATA INPUT REQUIREMENTS

HIGHWAY TRANSPORT
H-0001-72 (Comt.)

Typical GPSIM data requirements are:
Engine: torque, fuel rate, throttle, etc.

Transmission: converters and/or clutch, Gear
Ratios, Gear Efficiencies, Spin Losses, Inertias,
Shift Pattern.

Vehicle: Weight, Frontal Area, Rolling Resistance
Coefficients, CG, Location, other Rotational
Losses, Driver half inertia.

Axle: Ratio, Efficiency, Additional Rotational
Losses.

Tires: Relling Radius, Contact Efficiency, Wheel
Inertia.

Accessories: Alternator, Air Conditioner, etec.

GPSIM has built in data files for many vehicle
components and characteristics. The program can be
run with a minimum of input data descriptions but
can accept more complete data 1f required.

Data handling features are designed to:

- Reduce input volume required to accomplish a
given test;

- Allew user to structure input sequence to fit
the problem;

~ Simplify data submission rules.

There are various arrangements of data hlocks that
deseribe a part of the vehicle, a route, a sche-
dule, or other simulation requirements. Specifi-
cations are statements that cause GPSIM to operate
on the data in a particular fashion that is some-
what different from the normal methods. Commands
can be given to cause particular actions within the
program.

3-3
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HIGHWAY TRANSPORT
H-0001-72 (Cont.)

The program can simulate a large variety of
vehicles, using a set of limited data for proposed
vehicle combinations, It can also ugse component
tests from production vehicles to make more
accurate computations. Program structure enables
many types of simulations or performance calcula-
tions using built~in functions or commands, Model
is quite comprehensive in its abilities to simulate
in detail many aspects of vehicle performance.

Because of the expense involved in running a suffi-
cient number of tests to demonstrate the simula-
tions ability to represent reality, the model has
not been validated in this fashion. Limited
attempts have been made, and the results of the
simulation were within the range of the tests,

Program is written in PL/1 and 1s operating on an
IBM 360/65. Program has 500 kbytes (8~bit) of
machine instructions overlayed in 180 kbytes. Two
to nine external online files of 10-300 kbytes are
required.

Example computation times are 30 sec for computa-
tion of intermediate tables, 30 sec to simulate
four miles of urban driving and 3 sec to simulate
10 sec of wide-open throttle acceleration.
Depends on type and degree of simulation.

Program has built-in data for specific components
and user can add data for other components.

Proprietary.
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HIGHWAY TRANSFORT
Model H-0002-77

Heavy Vehicle Simulation (HEVSIH)
1977, derived from VEHSIM

Original VEHSIM authors - Withjack, L., Moffat, S.,
Malliaris, A.

U.S. Department of Transportation

UMTA, National Highway Traffic Safety
Administration (NHTSA), and Society of Autometive
Engineers (SAF)

Highway
Civilian

The primary objective of this model 1is to simulate
the fuel economy and performance of specified tasks
and buses over a given driving schedule.

SAE 760045; SAE 800215; R.E. Buck, A Computer
Program (HEVSIM) for Heavy Duty Vehicle Fuel
Fconomy and Performance Simulation, Volumes 1, 2
and 3,

HEVSIM is derived from VEHSTM which was developed
at the U,S, Department of Transportation primarily
for simulating the fuel economy and performance of
specified automobiles.

The model is capable of simulating performance and
fuel economy of a given truck of bus over any drive
schedule. HEVSIM utilizes the method of continuous
incremental time step simulation to model the
vehicles performance., HEVSIM has three primary
modes of coperation during a driving c¢ycle; constant
acceleration, constant velocity or constant
throttle setting.
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Output: The major output parameters resulting from
the simulation are:

- Fuel economy

- Engine work/mile

- Average brake specific fuel economy

- Average speed

- Emigsions (if simulated)

- Energy breakdown

- Work breakdown by various losses

Input data are required for the following areas:

Specified Truck or Bus:
-~ Vehicle

- Engine

~ Transmission

- Rear axle

- Tires

-~ QConverter

- Gears

~ Accesgsories

Driving Cycle:

- Driving schedule
- Route

- Shift logic

Input Data Accuracy: The accuracy of the input
data reflects the requirements of the SAE
specifications as described in the 1983 SAE
handbook.

This model has a large degree of flexibility in
specifying the input and output parameters.

This simulation process is currently being
evaluated for validation. Battelle is performing
sensitivity tests on bus components at TRC in Ohio.
Results are expected in September 1983,

(%)



COMPUTING REQUIREMENTS

COST QF OPFRATION

FUTURE POTENTIAL

AVATLABILITY

HIGHWAY TRANSPORT
Model H-0002-77 (Cont.)

The model lode is Fortran 10 and the system used is
the DEC 10, To date the program has been converted
to use on DEC 20 aud 1Bk svstems with some
difficulty.

The computer time cost is approximately $25,
depending on the specitication of the particular
ecase to be run.

No modifications are planned at this time.
All bus data vsed is proprietary to the manu-
facturer but has been available to DOT with that

constraint., This program is available free of
charge.

3~7
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HIGHWAY TRANSPORT
H-0003-81

Ford Motor Company Dynamic Model

168]

R.C. Delosh, K.J. Brewer, L.H. Buch, T.F.W.
Ferguson, W.E., Tobler

Ford Motor Company
Ford Motor Company
Highway

Civilian

The computer dynamic simulation is capable of
modelling the engine, contrel system, and drive-
train. It simulates the dynamic behavior of the
total vehicle system for warm engine emissions and
fuel consumption for the Federal Test Procedure and
other driving cycles, and vehicle driveability and
performance. Output permits detaijled analysis of
various factors iInfluencing system performance.
Generglly is used to analyze vehilcles on board
computer system and vehicle performance due to
changes in control features (engine, transmission,
etc.).

R.G. Delosh, et. al., "Dynamic Computer Simulation
of a Vehicle with Flectronic Engine Control," SAE
Paper 810447; L.T. Wong, and W.J. Clemens, "Power-
train Matching for Better Fuel Economy, "SAE Paper
790045; P.N. Blumberg, "Powertrain Simulation: A
Tool for the Design and Evaluation of Fngine
Control Strategies in Vehicles,'" SAE Paper 760158;
D.N, Hwang, "Fundamental Parameters of Vehicle Fuel
Economy and Acceleration,” SAE Paper 6905341.

Model has been progressively developed as detailed
in the Referenres given above.

The model consists of more than sixty linked sub-
routines to simulate various components, control
strategies, and other operational activities, The
model is a mixture of physical and regression based
submodels. In physical models, phenomena are
described by physical process and properties. 1In
regression models, complex phenomena are described

3-9
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HIGHWAY TRANSPORT
H-0003-81 (Cont.)

by equatione derived from regression data. The
model is capable of analyzing engine operation,
ircluding power, torque, fuel flow, temperatures,
emissions, drivetrain, including transmission,
tires, axle and driveshaft, and gear shifting, and
engine controle, including electronic systems.

The model can be used by a non-expert with wminimal
computer experience. The program asks the user a
series of questions to determine the test descrip-
tion, system and component specifications, control
strategy requirements, and engine calibration.
This procedure algo determines output type. FEach
component requires rather extengive input data to
describe its operation.

The models appear to have particular relevance to
design and analysis of electronic engine control

systems. Dynamic programming techniques are used
to optimize system performsance.

Model has been continuously upgraded to meet
changing requirements.

Extenslve model verification has been done at four
levels:
- Bench testing of individual components;

- Engine dynamometer testing of components and
subsystems;

-~ Vehicle testing of subsystems over the FTP
cycle; and

= Overall vehlcle system function testing.
Agreement 1s quite good.

Model 1s implemented on DEC-System 2050. Written
in structured Fortran.

Model uses about 9~10 sec up to 30 sec of computer
time to simulate one second of vehicle systen
operation. Total drive cycle could be fairly
expensive to rumn.

Proprietary but could be accegsible by outside
users.
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HIGHWAY TRANSPORT
H-0004-81

Testing Operations Fuel Economy Program
(TOFEP)

1981

Contacts: Dave Wernette, John Manning, Joe
Greenbaum

Ford Motor Company
Ford Motor Company
Highway

Civilian

Primary purpose of TOFEP is the evaluation of fuel
and performance effects of powertrain changes. A
secondary purpose is the prediction of absolute
fuel economy and performance.

D.J, Bickerstaff, "Light Truck Fuel Economy by
Design Efficiency,” SAE, 1978.

Based on continuing program development,

A vehicle is modelled and the model is put through
a series cof fuel economy cycles and performance
tests. The model Is used primarily to evaluate
alternatives in vehicle performance rather than to
determine absolute vehicle charucteristies. Model
does a second-by~-second simulation of vehicle
performance based on a specified driving cycle and
component and system performance specifications,
Emissions modelling is being developed.

Bagin types of use for the model are:

~ Comparison of multiple vehicle alternatives
sharing a common engine;

~ Comparison of different powertrains having
different engines; and,

- Projection of fuel economy and performance.

3~11
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HIGHWAY TRANSPORT

H-0004~81 (Cont.)

Model requires large quantity of input data,
essentially a fairly complete description of a
vehicle, 1.,e.:

Vehicle physical description

Engine information

Transmission information

Other drivetrain information.

Program can be used in ali phases of powertrain
optimization., Model exhibits some inaccuracies in
representing transient conditions, particularly at
low speeds (0-10 mph).

Emissions modeling is being developed. A new
comprehensive model called CVSP is being developed
by Dick Radtke and Phil Tuchynski.

Not directly used for economy predictions because
test results were not particularly gcod;
performance results fairly good.

Fortran 77 program runs on Honeywell/DEC machines.

Depends on number of iterations. Less than minute
CPU time.

Engine maps must be developed based on bench

tests, Other components must be specified based on
tests at various operating conditions.

Corporate proprietary.



TITLE
DATE
AUTHORS

ORGANIZATION

SPONSOR
TRANSPORTATION MODE
APPLICATION

OBJECTIVE

REFERENCES

HISTORY OF MODEL

OPERATIONAL CAPABILITIFS

DATA INPUT REQUIREMENTS

HIGHWAY TRANSPORT
H-0005-78

Automotive Simulator (ASTM)
August 1978
E.M. Withjack

U.S. Department of Transportation
Transportation Systems Center
Cambridge, Massachusetts

U.S. Department of Transportation
Highway - Automohile
Civilian

ASIM is an engineering tool for evaluation of
automotive fuel economy and performance.

E.M. Withjack, "A Description and User's Guide to
the Automotive Simulator ASIM," Preject Memorandum
No. DOT-TSC-HS5827-PM-78, U.S. Department of
Transportation, Transportation Systems Center,
Cambridge, MA, August 15, 1978,

ASIM is a more versatile version of an original
program by K. Hegenrother and A.C, Malliaris.

ASIM utilizes a continuous simulation
approach in which initial vehicle conditions are
set up, and at time intervals new vehicle
conditions are computed using appropriate driving
schedule data. Output is basically a summary of
fuel economy. Performance values related to
segments of the driving cycle, and other factors
concerning engine performance, drivetrain effi-
ciency, and fuel flow,

Input data required is not particularly sophisti-
cated, but each particular part must be described.
The simulation parts requiring descriptions are:

~ Automobile;

~ The drive cycle;
~ Transmission

- Shift logic,

3-13
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HIGHWAY TRANSPORT
H~0005-78 (Cont.)

This program executes rapldly and 1s easy to
operate. Data input requirements are not extensive
or difficult. Primary use is for an evaluative
engineering tool.

The program was validated against DOT's VEHSIM
{(vehicle simulator) model, and was also validated
agalnst EPA certification test data. Validation 1s
reported in SAE 760157.

The model 1s currently out of use by DOT or any
other organization.

Program is in FORTRAN and is not excessively large.

Can be run on interactive system.

The program is relatively inexpensive to run.

Program listing is available.
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HIGHWAY TRANSPORT
H-0009-756

Vehicle Mission Simulation (VMS)
1976
D.A. Klokkenga

Cummins Engine Company, Inc.
Columbia, IN

Cummins Engine Company, Inc.
Highway Trucks
Civilian

The model is intended to provide sufficient truck
performance information so that a user can make
choices among alternative configurations.

D.A. Klokkenga, "Srlecting Powertrain Components
for Heavy Duty Trucks" SAE 760830; P.W. Schutz,

D.A. Klokkenga, and D.B. Stattenfield, "Vehicle

Mission Simulation,'" SAE Paper 700567,

Oripinally built in late 60's,

The program uses a specified route and its
characteristics (grades, distances, speeds, etc.)
to drive the vehicle simulation fgear changes,
throttle required, fuel flow, ergine lead, etc.).
At the end of the finite~time-step simulation,
incremental performance characteristics are added
to generate the summary of performance., Primary
output data are driving time, average speed, fuel
used, fuel mileage, percent of time at full
throttle, engine load factor, and number of gear
shifts. This can be done for different trucks to
facilitate performance comparisons.

The vehicle must be specified by weight, aero-
dynamic characteristics, and rolling resistance,.
The engine 1is described by a torque-throttle fuel
flow map. The transmission gear, torque, and shift
characteristics are given. Other drivetrain brake
data are also needed. The driving route is speci-
fied in detall, with distances, grades, speeds, and
starts/stops given. Wind is an input to use in
aerodynamic calculations.

3-15
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HIGHWAY TRANSPORT
H~-0009-76 (Cont,)

The model is oriented particularly to truck perfor-
mance over generalized driving routes. It is use-
ful in helping truck operators choose among opticns
for equipment on their particular routes. The
model has a variable time increment to increase for
computational effici.ncy. Model includes database
for 140,000 miles of h.ghway driving routes.

Work progresses on expanding capabilities, in
particular automatic transmissions, lighter
vehicles, and urban congestion.

Fairly well validated by actual road tests.

Uses Honeywell DPS/8 CP/6 op system 2 megabytes
storage.

In proportion to length and complexity of route
(lass than 10 min CPU will almost a1l cases).

Can be sold as service in certain circumstances.

Code is proprietary.
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HIGHWAY TRANSPORT
Model H-0010-78

Truck Computer Analysls of Performance
and Economy (TCAPE)

Announced in 1978.

Many contributors.

International Harvester Truck Group
International Harvester Corporation
Highway and of f-highway.

All applications of large and small trucks and
similar vehicles,

The primary use of this model is for sales promo-
tion of IH trucks. Optimization of specifications
for IH trucks prior to purchase by users through
dealers with or without direct user input is a part
of this promotion,

Output: The major output parameters resulting from
the simulation are:

® An echo of the input data on the same page as
output.

@ A table of miles per gallonm, average mph, and
mission minutes for three selected routes, city,
suburban, and highway.

- City: 9.42 miles, 20 to 43 mph speed
limit, 12 stops

~ Suburban: 34.5 miles, 25 to 55 mph speed
limit, 7 stops

- Highway: 157.76 miles, 35 50 68 mph speed
limit, 2 stops

@ A table of vehicle speed (mph), engine speed
{rpm) wheel power (HP) and gradeability for each
gear at each of four different engine speeds:
clutching rpm, peak torque rpm, rpm from which
engine will be at governed rpm in the next lower
gear and governed rpm (or maximum recommended

3-17
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HIGHWAY TRANSPORT
Model H-0010-78 (Cont.)

rpm if the engine does not use a governor).

This table can be in graphical form if the user
has access to a suitable terminal with a cathode
ray tube (CRT terminal).

® An iIn-process table to help the user select the
proper axle ratio. It shows geared apeed (mph),
engine power available, road lcad power reguired
and reserve power avaflable (all at rhe wheels
in top gear) for each axle ratio available for
the selected axle code. It alsc shows maximum
low gear gradeability for the selected codes
(axle and transmission) for each available axle
ratio.

IR Truck Group Produrct Bulletins, most recent
CT-623Y, dated March 1983, includes descriptions of
TCAPE and use manual.

Although it uses an entirely separate program,
TCAPE shares some component library files with
TRUKSIM and is based on the same background of
simulation expertise.

TCAPE was announced in 197B as a new program
designed specifically for sales promotion. Changes
since 1978 have been made only at specific inter-
vals. It was preceded by some simple performance
simulations,

TCAPE is arbitrarily limited to three routes, two
types of tires (or a mixture of these two), fixed
ambient air conditions, and one driver pattern, but
has an extremely wide variety of component varia-
tions. The purpose of the simulation is primarily
to show the effects of changes in components.

The major assumptions inm the model are that tran-
sient events are simulated by steady-state minor
increments in one mph stepa. TRUKSIM gllows the
user to specify smaller steps and has demonstrated
that one mph gives good results for TCAPE.



LIMITATIONS

DATA INPUT REQUIREMENTS

ADVANTAGES

VALIDATION

eyt AT T

HIGHWAY TRANSPORT
Model H-0Ql0-78 (Cont.)

Described under Operational Capabilities,

As inputs, the interactive program asks the user a
minimum of 23 questions with up to 32 questions
depending on the responses given. As of March 23,
1983, there were 313 engine libraries, 214 main
transmission libraries, 32 auxiliary transmission
or ti1ansfer case libraries and 100 driving axle
libraries in the component files. Any number of
the 32 input variables can be changed for subse-
quent cases,

Accuracy: TCAPE is intended to show the effect of
changes in specifications prior to purchase of
vehicles and is not intended to reflect differences
in ambient air conditions, driver patterns, nor
specific route differences. To show these effects,
refer to TRUKSIM (H-0025-81}).

Input Data Accuracy: The accuracy of the input
data requirements reflect:

® Improved availability of data from component

suppliers determined using the new SAE test

procedures:

- FEngines: J1312 (also J1349 and J816b)

- Tires: Ji1379 {(also J1380)

- Aero: J1252

-~ Dbriveline: J643b, J651c, J1266 and another
for manual transmissions

-~ Fans and Accessories: 156, J1339, J1340,
J1341, J1342, and J1343

@ Onboard recording, Iin sequence, of driver choice
patterns for a variety of drivers on a variety
of routes with a variety of vehicles.

It is specifically designed for easy usage as a
sales promotion tool. It is easily accessible by
any interested customer or user through the IH
truck dealer network,

Results have been "verified by thousands of miles
of actual tyruck usage” in user's normal coperations.
Twenty comparisons compiled for the original 1978
announcement shows absolute values 6 percent low to
5 percent high averaging a consarvative 1.5 percent
low, Relative results are even closer,
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HIGHWAY TRANSPORT
Model H-0010-78 (Cont,)

The program is written in Fortran on a Digital
Equipment computer. Output is in tabular form
unless a CRT terminal is available to the user.

Cost information 1s proprietary. User access
{(customer access) 1is available through the IH truck
dealer network at no charge.

Modifications will be made as needed, but only at
well advertised intervals. Component library files
are added or deleted at any time.

Cost information on the data base and the compon-
ent data files are proprietary. TCAPE can be
accessed through IH Truck Group and IH truck
dealers, but has not been made available outside
IH. Negotiations for sale of the program might be
possible.
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HIGHWAY TRANSPORT
H-0012-81

Hybrid and Electric Advanced Vehicle
Syatems (HEAVY) Simulation

November 1981

Ronald A. Hammond
Richard K., McGehee

Boeing Computer Services Company

Energy Technology Applications Division
565 Andover Park, West

Tukwila, WA 98188

1".5. Department of Energy
Conasarvation and Renewable Energy
{iffice of Vehicle Engine R&D

Energy and Aero Branch
Energy Section

NASA Lewls Research Center
{Mr. Raymond Beach, P.0.)

Highway
Civilian

HEAVY is used to evaluate electric and hybrid
vehicle propulsion syvstems by predicting the

performance of a proposed drive train using a
library of predefined component models.

Final Report - Hybrid and Electric Advanced Vehicle
Systems (HEAVY) Simulation, R.A. Hammond and R.K
McGehee, U,S. Department of Energy, Washinpton,
D.C., November 1981, NASA CR-165536,
DOE/NASA/0151-1, BCS 40357

Hammond, R.A. and R,K. McGehee, "Uger's Guide to
the Hybrid and Eleciric Advanced Vehicle Systems
(HEAVY} Simulation," NASA Contract DEN 3-151,
September 1981,

This model is a modification of the SIMWEST
computer program,
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HIGHWAY TRANSPORT
H-0012-81 (Cont.)

This model is intended for use early in the design
process to:

- Fvaluate concepts

~ Compare alternatives

- Do preliminary designs

~ Develop strategies for control and management
~ 8ize components

~ Do sensitivity studies

The model has component library that contains data
for typical components in a vehicle drive train.
The user can select drive system components and the
model will formulate the complete vehicle and drive
train., A simulation of vehicle performance is done
based on specificacion of trip duration, driving
cycle, and output data required. The model is
general enough so that it can be effectively used
by analysts and designers with little programming
or simulation experience., Furthermore, a set of
predefined, typical baseline vehicles contained
within the program enables the user to make simple
changes toc a known data set in order to create a
desired vehicle.

The model contains descriptions of system
components and simulation conditions. The user
selects the desired compenents and organizes them
iuto the vehicle system., Default values for many
of the system components or operational parameters
enable the user to bypass specific data inputs;
however, if desired, the user may modify or specify
values. Required values are prompted by the system
and the user makes the choice whether to use or
change default values,

The advantages of this systom are:

- Simple to use since it requires the analyst to
make few data specifications;
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HIGHWAY TRANSPORT
H-0012-81 (Cont.)

= Built in system components, description, and
operational descriptions;

~ Model structure and language that 1is user
oriented

- User specifies required output
= Multiple simulations in one computer run

Activity has been limited since the 198] report,
but theras - presently interest in modifying the
model to .u.a on desktop computers. A parameter
optimization capability is also of interest.

Mode) was compared to an ETV-1 drivetrais on the
Cleveland road load simulator.

Code is available through COSMIC (Computer Program
Library) for application on CDC CYBER computers.
Code is in Fortran 66, and is 12000 lines long.
Requires a minimum of 70k Octal storage. Also
available through Boeing Computer Service
timesharing system.

Cost i5 minimal--on the order of a dollar for
individual cases,

Data is contained within program or user can
specify other values.

{See Computer requirements above).
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HIGHWAY TRANSPORT
H-0013-78

Transient System Optimization (TS0)
1978

Alan R. Dohner

General Motors Research Laboratory
General Motors Corporation

Highway

Civilian

To optimize fuel economy subject to emissions
constraints by accounting for transient system
interactions, cold start/warm up, exhaust after
treatment, driveability, and other phenomena.

Transient System Optimization of an Experimental
Engine Control System Over the Federal Emissions
Driving Schedule, Alan R, Dohner, SAE Technical
Paper 780286, February/March 1979.

Several thecoretical treatments of the problem
consider the steady-state vehicle operation during
the Federal Test Procedure (FIP). This procedure
extends to the transient behavior of the vehicle.

The model procedure applies control/optimization
in theory to an engine-controller-vehicle-
catalytic converter system and methodically
improves the feedback control functions with
respeci to fuel economy, emissions, and drive-
ability constraints. This is an iteration model
that uses actual test data rather than mathematical
data to formulate improved feedback control func-
tions, By applying the method to successive tests
and by adjusting control variables, optimization is
achieved. The experimental basis is used because
realistic mathematical models do not exist (1978)
to analyze transient performance. Parameter values
acguaired during a test are subjected to gradient
optimization methods and increasingly better
control is achieved. The end result is optimal
control over the given cycle (FTP) to maximize fuel
economy while controlling emissions.
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HIGHWAY T*ANSPORT
H=-0013-78 {Cont.)

From a teat cell set-up consisting of an engine,
transmission, catalytic converter, dynomometer
(vehicle simulator), engine control computer, and
automatic driver, a data acquisition records fuel
flow, emissions, airflow, spark advance, speed,
EGR, temperatures, and other engine/accessory
parameters.

The primary advantages of this model are that it
considers transient system operation and that it
can utilize actual test data rather than relying on
as-yet (1978) undeveloped mathematical models of
transient system operation.

Extensions of the model to include control of EGR.
System is applied to actual tests and results are

immediately evident under actual operating
conditions .

Data comes from actual tests.

Proprietary.
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HIGHWAY TRANSPORT
H=-0018-79

Diesel Urbezn Bus Simulation Program
April 1979
G. larson, H. Zuckerberg

U.S. Department of Transportation, Research and
Special Programs Administratiom, Transportation
Systems Center, Cambridge, MA 02142

U.S. Department of Transportation Urban Mass
Transportation Administration Office of Technolegy
Development and Deployment Washington, D.C. 20590

Highway
Civilian

The Diesel Urban Bus Simulation Program is designed
to assess the performance and fuel consumption of
buses under various cperating conditions and with
various power drives.

Diesel Bus Performance Simulation Program, Final

Report, G. Larson and H. Zuckerberg, U.S5. Depart-
ment of Transportation Systems Center, Cambridge,
MA, April, 1979, Report No. UMTA-MA-06-0044-79-1.
NT1S PB-295~524,

Modeling technique similar to that described by
Beachley, N.H. and Frank, A.A., "Digital Automo-
tive Propulsion Simulator Programs and description,
"Wol. 1I, Department of Electrical and Computer
Engineering, University of Wisconsin-Madison,
Contract No. DOT-08-30112, December, 1974,

The program was developed to simulate all elements

of the power drive subsystem for transit bus opera-

tion over a given drive cycle. This is done by:

- Determining sequence of engine operating
conditions for each moment during the drive
cycle;

- Determining the instantaneous fuel flow;
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HIGHWAY TRANSPORT
H-0018-79 (Cont.)

- Integrating fuel flow and velocity vs., time to
obtain total fuel consnmed and total distance
travelled;

~ Estimating fuel economy and emissions.

Bower levels are computed using drive cycle data,
vehicle friction, aerodynamic drag, inertial
acceleration, rotational inertias, rotational
gpeeds and torques, and component performance
characteristics. The driving cycle segments are
specified - length, grade, dwell time or idling
time; and desired vehicle cruise speed. Output
includes torque and horsepower, velocity and
acceleration, engine speed, fuel consumption and
emissions,

Input specifies the vehicle, driving cycie config-
uration, route terrain profile. Inpucrs are veshicle
data, engine performance data, power drive charac-
teristics, acceleration, crulsing speed, decelera-
tion, vehicle idle time at stops, number of ttops
per mile, grade profile along route, head or tail
winds, and adhesion characteristics between tires
and road.

The model is straightforward in achieving its
intended purpose and has no apparent advantages.

Model results have been compared to fuel economy
test results for actual bhuses following prescribed
driving cycles. Agreement is quite good.

Model written in Fortran IV. A Model 663 Calcomp
Plotter and assoclated software provide graphic
output. Storage requirements depend on number of
drive cycle segments used in each run.

Data is contained within program or user can
specify other values.

Available in reference.
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HIGHWAY TRANSPORT
H-0023-80

DSLSIM (Diesel Engine Control Systems
Computer Simulation Model)

1980
D, Wormley, J. Nye, J. Rife

Department of Mechanical Engineering, Massachusetts
Institute of Technology, Cambridge, MA

Hamilton Standard Division of United Technologies
Corporation

Highway
Civilian

@ Identification of contreol and performance
characteristics for light and heavy duty diesel
engines to meet 1980-1985 requirements of fuel
economy, emissions, driveability

® Define control system performance.

® Develop basic control system configurations.

Models primary purpose is for investigating control
strategies for engine operations, fuel economy,
performance, and emissions, The model can analyze
turbocharged or normally aspirated ergines. Stan-
dard, automatic, or continuous geariang transmis-
sions can be handled. Various velocity profiles,
including EPA FTP, Fuel Economy test, or other user
specified velocity profiles can be modelled. Output
includes up to 27 engine and vehicle parameters as
well initial conditions and final cumulative fuel
economy and emis-ions. Data can be stored in a
file. Plots of any of the variables can be made.
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HIGHWAY TRANSPORT
H-0023-80 (Cont.)

The engine 18 represented by a quasi-static engine
map {power, speed, torque, emissions, fuel flow,
etc,). The transmission is represented by masses,
‘riction, mechanical efficiencies, and shift
points. Driving cycles initiate the calculation
procedure by specifying vehicle velocity as a
function of time.

Model can provide output in many different repre-~
sentations and can accommodate a range of engine
and transmission options,

Simulation results have been compared to actual
test results for EPA driving cycles. Areas for
improvement are noticeable; however, some para-
meters agree fairly well,

VAX computer.

No follow-up work has been done,

Proprietary.
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FIGHWAY TRANSPORT
H-0024-83

A Simplified Program for FEvaluating Diesel
Truck Performance

Basic program dates back to December 1980. Latest
modification in March 1983,

Greenwald, L.E.

United Technologies Research Center
Corporate

Highway

Primarily civilian but could be applied to
military.

The primary obfective of this model is to aid in
the processes of driveline selection, engine
slzing, and parametric evaluation of driving cycle
economy for large diesel trucks.

Output: The major output parameters resulting from
the simulation are:

- Vehicle performance {grade capability, engine
speed, available and required power).

— Fuel economy.
- Average speed and total cycle distance.

- Emissions {(requires additional input).

No formal documentation available.

The model is one of a number of powerirain
simulation programs developed by the United
Technologies Research Center for the purposes of
evaluating automotive engine and drivetrain
concepts at the systems level.
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HIGHWAY TRANSPORT
H-0024-83 (Cont.)

The basic dynamical equations are Newton's Laws
which are common to all drivetrain simulations. It
is the specific application as well as specialized
graphics and output routines which make the model
unique.

The model’s capabilities are:

@ Applicability teo all vehicles with manual
transmissions, including gasoline powered,

¢ Quasi steady-stated dvnamics,

@ All vehicle, chassis, and engine map parameters
can be varied.

® Hard copy computer graphics output of vehicle
performance.

@ Versatility in synthesizing arbitrary driving
cycles,

The major assumptions are:

® Quesl steady-state dynamics,

@ Simple gear shifting laws.

The transient operation is ignored; this introduces

error if a significant portion of the driving cycle

cannot be approximated by steady-state operation.

The data required as input to the model are:

@ Vehicle and chassis data (weight, rolling
distance, drag coefficient, wheel radius, etc.).

@ Engine data (maximum torque curve and fuel flow
map).

® Driving cycle specification.
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Lﬂ#i

HIGHWAY TRANSPORT
H~0024-83 (Cont.)

Accuracy: No changes needed or anticipated,

Input Data Accuracy: The accuracy of the input
data must be with *5 percent.

The advantages of this model are:

@ Very rapld execution time (3 sec) making it
desirable for systems level or parametric design
and evaluation studies.

® Yase of operation (interactive or batch mode).
@ Simple input (amount and format).

@ Graphical output of vehicle performance, engine
maps, and other data.

The model is currently being validated. Some
portions of model have been substantiated at this
time.

The model code is written in Fortran 77 and
currently run on a Univac 1100/81A.

The model requires approximately 3 sec per case on
the Univac.

Costs would be user and application dependent.
Truck chassis data is inexpensive and easy to
obtain or approximate. The cost of engine maps
depends on whether they can be approximated from
the literature, must be obtained from test cells,
etc. FEngine map library for present use is
proprietary, but any engine can be used as input to
program,

The model 1is continuously tailored for specific
studies as the need arises.

This model is proprietary to United Technologies.
It 1s available for use in funded and internal
studies. It is being used on current NASA/DOE
program,
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HICHWAY TRANSPORT
Model H-0025-81

TRUKS™M

Predecessor program FNG 008 in 1961-1962. Name
changed, graphics added and made interactive in
1981.

Bracht, P.L., with many contributors.
International Harvester Truck Group (IH),
International Harvester.

Highway and off-highway.

All applications of large and small trucks and
similar vehicles.

The primary use of this model 18 for internal
engineering analysis and development; in addition
specfal user applications are also performed. 1t
is capable of simulation of day-to-~day vehicle
tests.

Output:

- The primary output from a route simulation is a
summary page, usually a hard copy from a CRT
terminal. There are also six optional
tabulations and five optional graphical ocutputs
currently available. Included in the output 1is:

Tabular Output:

- Summary page with line-by~line major increments.

- Engine fuel map.

- HNumbers of upshifts and downshifts to each gear
at various torque levels,

~ Time and number of cycles in each gear at
various torque levels,

- Matrix of time and percent of time in rpm bands
for each gear.

- Energy audit - HP-hours energy to each end
dissipation location.

-

PRECEDIIG FALE LLATA OT FAMED

3-35



REFERENCES

RELATIONSHIP TO
OTHER MODELS

HISTORY OF MODEL

OPERATIONAL CAPARILITIES

3-36

albyh
%

HIGHWAY TRANSPORT
Model H-0025-8! (Cont.)

Graphical Output:

- Gradeability - Wheel HP available and required
for each gear and a series of grades vs. mph.

- Acceleration Performance -~ MPH and distance
versus time on a specified grade.

- Steady-State Fuel Economy - MPH vs. vehicle mph,
all gears, clutching rpm to governor run-out
rpm.

- Gear Selection Chart - Engine rpm vs. mph for
all gears.

- Engine fuel map.

None published outside IH.

TRUKSIM was derived directly from ENG 008 and
shares gome component library files with TCAPE.
Due to the large number of variables which can be
modified for both hardware and driver or rotute
variations, it is equivalent to a whole series of
more rigid similation programs.

The original program developed in 1961-62 was
titled ENG 008 and used machine language in batch
mode only with tabular ocutput. It has been
continuously upgraded and improved, In 1981, a
major change was made to an interactive mode and
cathode tube graphic output and it became known as
TRUKSIM.

The mod=1 has capabilities for both steady-state
and transient operation.

Routes are divided into major increments of
constant grade (+, - or 0) with assigned distance,
initial speed limit and final speed limit for each
of these major increments., Steady-state perlods
are comnined with transient accelerations and
decelerations, sach calculated as a series of minor
increments of one mph change. Smaller mph
increments are optional to the user.
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HICHWAY TRANSPORT
Model H-0025-81 (Cont.)

It is assumed that transient operations can be
accurately simulated by a series of steady-state
minor increments which have a small mph change from
one minor Increment to the next. The magnitude of
the mph change can be selected by the user,

A limitation of the current mode! is that certain
drivers' vehicle cperation at times cannot be
exactly simulated with the existing simulation
options. More exact optional simulation of these
would produce minor changes in the performance and
economy calculated.

The user must furnish answers ¢o a minimum of 57
questions up to 133 questions depending on the
responses given for the various optional cholces.

Inputs include:

- Engine type and related data

- Transmissions

~ FRear axle

- Body and trailer specifications

- Tire size

- Weights

—~ Shifting data

- Climate conditions {temperature, humidity, and
wind)

— Accessories installed

~ Driving cycle

Data Input Accuracy: The accuracy of the input data
requirements reflect:

@ Improved availability of data from component
suppliers determined using the new SAE test
procedures.

-~ Engines: J1312 (also J1349 and J816Dh)

- Tires: J1379 (also J1380)

-~ Aero: J1252

~ Driveline: J643b, J651¢c, J1266 and another
for manual transmisgions.

- Fans and Accessories: J56, J1339, J1340,
J1341, J1342 and J1343.
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HIGHWAY TRANSPORT
Model H-0025-81 {Cont.)

@ Onboard recording, in segience, of driver choice
patterns for a variety of drivers on a variety
of routes with a variety of vehicles,

Accuracy: The long term development of the model
has resulted in flexibility in input data, route
data and optional driver variations such that final
accuracy now depends very little on the model.
Absolute accuracy depends on knowledge of all of
the 57 to 133 input variables, Relative accuracy
depends on knowledge of only those variables
directly involved in a specific vehicle change,

The input variables can be classified:

Descriptive of Exact Mathematically - 22 to 66
items (such as gear and axle ratios).

Reasonably Accurate Input Available = 6 to 26 items
(such as gross weight and frontal area).

Driver Choices - 9 to 15 items {such as "Does the
driver observe the speed limits?").

Difficult to Obtain Accurate ata ~ 7 to 13 items.

The vehicle related items that are most critical to
absolute accuracy (difficult to obtain and wich a
large effect) are tire rolling resistance and drag
coefficients in the presence of wind at some yaw
angle. On some routes with lower road speeds
differences in driver extremes can double the fuel
consumption.

An advantage to this model is the extreme
flexibility with optional procedures, assumptions,
and a large library. WNew routes and/or components
can be readily added once data is available.
Changes in the program, the assumptions or the
output can be made by IH whenever needed without
accountability outside IH.
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HIGHWAY TRANSPORT
Model H-0025-8! (Cont.)

Virtually all highway fuel economy tests run on
controlled route profiles by IH Truck Group
Engineering have bheen simulated as well as many
fleet average results furnished by IH customers.
When the critical input parameters and driver
habits can be based on measured rather than on
estimated input values, agreement close to two
percent or better is expected. More typically,
some of the parameters must be estimated. Even
then, the effect of a change in a single component
can be predicted with excellent accuracy 1if the
parameters for the particular component (original
and alternate} are well known.

The simulation program written in Fortran has been
adapted to several different computer hardware
systems, usually Digital Equipment or IBM,

Computers which can handle the program at all can
complete the simulation calculations in 3 few
seconds even on a complicated route. The
interactive input/output time depends on the skill
of the user, but is usually several minutes. Many
manhours may be required to accumulate the input
information., Exact cost information is
proprietary,

Continued enhancement whenever needed.

This model is used by Truck Group Engineering. The
program and the library files are competitive
proprietary tools and to date have not been offered
for use outside IH. Negotiations for sale of the
program might be possible.
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PRECEDING FAGE BLAMK NMOT FILMED

MARINE TRANSPORT
Model M-0Q001-68

USCG Icebreaker Propulsion System Simulation,
Program No. ENE-1]

Completed August 1968

Lr, J.W. Lewis, USCG; LCDR E.J. Lecourt, USCG;
F.W. Scoville, CONSULTEC

U.8. Ceoast Guard Headquarters, Office of
Engineering, Icebreaker Iesign Branch

U.8, Coast Guard
Marine

® lcebreakers; Ice-strengthened cargo and service
ships.

@ civilian and military.

Powertrain design analysis and evaluation of
alternatives.

® Lewis, J.W., Lecourt, E.J,, United States Coast
Guard Icebreaker Propulsion System Simulation,
United States Coast Guard, Office of Engineering,
Phase T, 11, 111, IV, 1967-69.

@ Major, R.A., Kotras, T.V., Lawrence, R.G.A.,
Digitel Simelation of a Diesel AC-DC Icebreaker
Propulsion Systems

The model 1s am assemblage of arncepted relation~
ships between ship motion, shaft and propeller
motion, motor controller, generator and motor
armature currents, generator field, diesel engine
with governor, and bridge controller.

A design project of a 12,000 ton 20,000 SHP
icebreaker (M~13) generated the need for this
simulation.

The model can be adapted for diesel-electric

propulsion of any ship. The modular form permits
changes Iin components and loading,
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MARINE TRANSPORT
Model M-0001-68 (Cont.)

Various simplifying assumptions are implicit in the
relationships used in the model. Others can be
introduced via the Initial Conditions. Assumptions
concerning component characteristics can be
introduced via the Input Data,

No direct fuel efficiency output is provided, nor
is there a built-in optimization procedure.
Integration of the diesel power over time would
provide a measure of fuel consumption for a given
maneuver under specified conditions. Optimization
must be done by comparison of the results of
individual runs,.

104 data cards (up to 7 values on each) are
required to describe all system components, plus
definition of Initial Conditions. The fifth
section of the report gives instructions for each
of the 104 data cards.

The model describes relationships in sufficient
detail that a wide variety of diesel-electric
syatems may be simulated.

The icebreaker model has been compared to and
calibrated by USCGC GLACIER performance data with
good results. Extrapclation into other ship types
would require similar procedure.

Developed for use on an IBM 1130, with disk in
Fortran 1V,

Proportional to length of maneuver and the time
steps used (.08 sec to .20 sec). About 7 minutes
of computer time for 15 seconds of ship time, i.e.,
about 28 sec computer time per 1 second real time,

A library of subroutines and input data for
different types of components can be assembled to
make the program flexible and useful for a wide
range of diesel-electric ships.

Unclassified and in the public domain available
from Defense Technical Information Center, Defense
Logistics Agency. A full program listing is given
in the report (Phases I to IV plus a volume
entitled Ship Design and Maintenance Computer
Program).
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MARINE TRANSPORT
Model M-0002-78

A Method of Predicting the Speed Reduction of
Turbocharged Marine Diesel Engines (in German)

Published 1978 (Motortechnische Zeitschrift)
Michael Grohn, Prof. Dr. Ing., Klaus Groth
University of Hannover

Research funding from the government of Lower
Saxony

Marine

® Medium speed, 4 cycle, marine diesels loaded by
a fixed propeller.

@ Civilian and milicary,.

Design and sizing of turbochargers for engines with
marine propeller loading.

Grohn, Michael, Ein Verfahren Zur Ermittlung der
Drehzahlaruckung aufgeladner Hochlerstungs-
Schiffsdieselmotoren, Motortechnsiche
Zeitschrift 39 (1978) 9.

Five thermodynamic systems are included: power
cylinder; exhaust manifold; air receiver:
compressor; exhaust turbine. The simulation
basically is on an energy and mass exchange
formulation.,

Apparently extension of previous investigations at
various places.

Steady state performance to investigate stability
of the turbocharger installation, and SFC
variation.

Ideal gas: homogenous cylinder charge; no leakage;
stochiometric combustion; pressure and temperature
uniform in space; structural component temperature
unfform in space with no cyclical variation; no
heat transfer to cool side; no variation in RPM of
the combustion air system,

Specific type of marine power plant.
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MARINE TRANSPORT
Model M-0002-78 (Cont,)

Description of the five thermodynamic systems and
their interfaces.

Valuable design tool,

The model was validated by measurements taken by
the firm of MAN on an MAN Model V6V 52/55 engine.

Unknown. However, since this is a steady state
model, the requirements are not expected to be
prohibitive,

Unknown.

Further refinement and adaptation expected to be
feasible,

Via Government—to~government channels or via
academic avenues,

(#
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MARINE TRANSPORT
Model M-0004-81

Applied Computer Simulation in Marine Engineering-
Clutch Maneuvering Assessment

Published January/February 1981 (Shipbuilding &
Marine Engineering International).

K.W. McTavish

Y-ARD Ltd., Glasgow

Royal Navy

Marine, naval

@ Design evaluation of transient loads, energy
losses and control schemes for components of a
twin screw CODOG ship with controllable pitch
propellers during maneuvering.

@ Civilian and military.

Assess the duty of a friction clutech in the diesel
engire drive train,

McTavish, K.W., "Applied Computer Simulation in
Marine Engineering -~ Clutch Maneuvering Assess-
ment," Shipbuilding and Marine Engineering
International, Feb. 1981,

Based on Y-ARD experience in simulation. The
governing general equations are given.

Not given

Not given except as implicit in the general
relationships provided.

Assembled from accepted component modules for a
specific type of propulsion plant.

Individual ship (hull) characteristies and
machinery component characteristiecs. The ship data
requires preliminary tank testing of a model.

Different component characteristics can be

inserted. The model can be exercised ror transient
conditions.
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MARINE TRANSPORT
Model M-0004-81 (Cont.)

By practical trial results of a full scale ship.
Not given

Not given

Expansion, adaptation and refinement feasible.

Proprietary
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MARINE TRANSPORT
Model M-0006-78

Analysie of Shipboard Energy Systems

Published 1978, Society of Automotive
Engineers, Inc.

J. Fake, T. Rozenman, .. Pundyk
PFR Engineering Systems, Marina Del Rey, California

U.5. Navy, David Taylor WNaval Ship Research and
Development Center, Carderock, Maryland.

Marine, naval.

@ Fuel consumption rate comparisons for a marine
power plant. The original simulation was for a
DD 963 plant of two gas turbines with a diesel
generator.

@ Civilian and military.

Compare total fuel consumption for alternative
arrangements under a given operation profile.

Fake, J., Rozenman, T., Pundvk, J., "Analysis of
Shiphoard Energy Systems,”" SAE/P-78/75.

Each component is modelled according to some
simplifying assumptions,

Contract development,

Annual total fuel consumption and fuel rates at
different speeds can be determined.

A speed~power curve was stipulated, gas turbine
performance was portrayed by a generalized map,
diesel engine fuel curve was assumed and genersator
efficiency was assumed versus output, 3000 nours
per year operation was assumed with no time at
anchor.

This is a steady state model. More detailed

component characteristics may be required for finer
results,

3-47



DATA INPUT REQUIREMENTS

ADVANTAGES

VALIDATION

COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

3-48

MARINE TRANSPORT
Model M-0006-78 {Cont.)

Component characteristics in the form of arrays or
functions and ship resistance data to give a
speed-power curve.

A reasonably accurate design tool which permits
substitution of operating arrangements and
profiles.

From shop trial data.

Not given. Would appear to be reasonable.

Not given.

Can be adapted to new types of prime movers and
energy systems by modular substitution. The
schematic diagram of the system permits adaptation
by change of individual components and interface
relationships.

Unclasgified, government property. Some of the
original data may be classifiled,
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MARINE TRANSPORT
Model M~0007-83

Systematic Design of Marine Propulsion Systems
Not shown. (Published in proceedings of
International Symposium on Advances in Marine
Technology.)

Prof, R.V. Thompson

University of Newcastle upon Tyne, England
Vosper Thornycroft (UK) Led.; Royal Navy

Marine

® Comparison of alternative arrangements for a
specialized minesweeping vessel.

@ Civilian and military.

Evaluation overall dynamic performance capabilities
of a minesweeper with distinct operating modes.

Thompson, R.V., Systematic Design of Marine
Propulsion Systems, Internatiopal Symposium on

Advances in Marine Technology.

Based on experimental relationships or previously
accepted formulations, but a new ship and propeller
model was devised for the slow speed drive mode.

A result of the long term program of mathematical

analysis and simulation for design evaluation and

for specification of components. In this case, the
design of a shore test faciiity also was required

and considered.

Identify dynamic loads during maneuvering and
various modes of plant operation.

Linearized relationships applied where feasible,
Generalized relationships and block diagram shown.

This particular model is described to indicate the
complex propulsion systems that can be simulated.
Limitations become a matter of simulation economics
rather than technical bounds,

3-49



DATA INPUT REQUIREMENTS

ADVANTAGES

VALIDATION

COMPUTING REQUIREMENTS
COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

3-50

MARINE TRANSPORT
Model M-0007-83 (Cont,)

Individual component characteristics must be
defined. Ship and propeller characteristics are
derived from preliminary model test.

Substitution of component modules is feasible and a
wide variety of systems can be simulated under
transient or dynamic conditions.

Shore test facility results how good agreement.
Full scale ship trial results for the plant
described were not yet available at time of writing
of the paper.

Not given.

Not given,

The model can be expanded and adapted as necessary
to suit specific powar plant installatioms,

Proprietary
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MARINE TRANSPORT
Model M-0008-70

Selection and Simulation of Marine Propulsion
Control Systems

Post~ 1970

€. Pronk

Lips, N.V., Drunen, Holland
Lips, N.V.

Marine

® Diesel engines driving marine controllable pitch
propellers. (Lips produces marine propel’ers.)

@ Civilian and military.

The selection of control parameters for the
installation and behavior of the entire system
while maneuvering can be examined.

Pronk, C., "Selection and Simulation of Marine
Propulsion Control Systems."

Not given., Some of the relationships used are
shown.

Commercial project.
Steady state performance and dynamic conditions.

Ship motions other than ship translation and shaft
rotation are considered as time dependent distur-
bances. Waves are considered as sine functions
with a probability distribution of amplitude.
Other assumptions are implicit in the equations
shown.,

The simulation is designed for diesel or gas
turbine drive of a single propeller.

The system and the environmment must be fully char-
acterized, including the hull.

Performance predictions, including fuel rates, and

control requirements during the design phase of a
particular type of marine propulsion system.
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MARINE TRANSPORT
Model M-0008-70 (Cont.)

Requires full scale ship trial data.

Coded for an IBM 1130 with 5.5K core storage. Uses
approximately 9 minutes for a 25 second real time
maneuver (67 time steps}.

Not given.

Can be modified for other types of prime mover.

Proprietary
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MARINE TRANSPORT
Model M-0009-73

Computer Aided Marine Power Plant Selection

1973

R.I. Newton

Massachusetts Institute of Technology

U.§. Navy

Marine

® Merchant~type ships, 10,000 to 50,000 SHP range.
® Civilian and military.

Assist in power plant selection at the preliminary
design stage, considering the ship as a whole

including economic factors.

Newton, Roy Irwin, Computer Aided Marine Power
Plant Selection, Bachelor's Thesis, MIT, June 1973.

Derived from many other models.

Developed as Thesis in the Department of Ocean
Engineering for the degree of Ocean Engineer,

Glves comparable economic indices for 6 types of
plant (steam turbine, non~reheat and reheat; medium
speed diesel; direct-connected diesel; A/C deriva-
tive gas turbine; 2nd generation GT) for a given
set of hull, speed, utilization conditions and cost
functions.

Steady operating profile at design speed and power,
No alteration to hull structure costs due to vary-
ing plant + fuel weight or volume,

Speed and power ranges; technical data inputs;
inflexibility since some data is implicit in the
program statements,

21 Variables (3 data cards). All other data, rela-

tionships and cost factors are within the program
and difficult to vary or update.
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MARINE TRANSPORT
Model M-0009-73 {(Cont,)

Simplicity and ship-as-a-whole approach,

Has been compared to similar type manual design
estimates with good results.

Programmed for IBM 370/165 computer in Fortran IV,
Level G-~1, Listing (464 cards) is given.

Not given

Modification and modularization feasible to provide
greater flexibility as a preliminary design tool.

Proprietary to M.I,T.
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RAIL TRANSPORT
Model L-0002-78

The U.S. DOT/TSC Train Performance Simulator (TPS)

Completed 1978
M.E. Hazel

U.S. Department of Tramsportation
Transportation Systems Center
Kendall Square

Cambridge, MA 02142

U.S. Department of Transportation
Federal Railroad Administration
Office of Research and llevelopment
lashington, D.C. 20590

Railway

Civilian

The objective of this model is to simulate the
operation of a train over a railway route. Tt can
be used for a variety of applications, e.g., for
determining the effects of operational strategy or
equipment change on energy consumption and

schedule.

1. Hazel, M.E., "The U.S. DOT/TSC Train Perform-
ance Simulator," Report No. FRA/ORD-77/48, U,S.
Department of Transportation, Federal Railroad
Administration, Washington, D.C., September

1978.

2. Hopkins, J,B., Hazel, M.E., and McGrath, T.,
"Railroads and the Environment, Estimation of
Fuel Consumption in Rail Transportation, Volume
111 - Comparison of Computer Simulations with
Field Measurements," Report No. FRA-OR&D-75-74.
11T, U.S. Departmert of Transportation, Federal
Railroad Administration, Washington, D.C.,

September 1978.
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RAIL TRANSPORT
Model L-0002-78 (Cont.)

3. Hitz, J.S., "Amtrak Fuel Congumption Study,"
Report No.FRA/ORD-81/42, U.S, Department of
Transportation, Federal Railroad Administra-
tion, Washington, D.C.,, February 198!.

This model was originally developed by the Missouri
Pacific Railrocad. It has been adapted to “he TSC
DEC system—10 computer and has been modif.ed to
further expand its capabilities. Currently, it is
available in two versions - one for DEC-10 and the
other as an ANSI-compatible FORTRAN Source code.

Results of Simulation: Calculates gallons of fuel
used over a particular train route. In addition,
it geaerates a listing which provides speed,
coupler force, acceleration, throttle notch
settings, brake application and release as well as,
optionally, incremental energy used at every time
or distance interval,

Structure: U.S. DOT/TSC TPS is a very flexible
program, It has built-in (default) values for
almest every parameter, Iincluding the complete
specification of a train,

The program calculates fuel consumption from
estimates of tractive effort and velocity at any
instant, The acceleration and deceleration values
are calculated based on balance between locomotlve
tractive effort and train resistance. Significant
flexibility is built in for selecting the ideal
train resistance equation for a particular
application. Optional features allow for coasting
overspeed and complete specification of the
tractive effort curve.

The fuel consumption is calculated based on
horsepower being generated at any instant and
running energy rate in gallons per horsepower-hour.
This assumes a constant transmission efficiency and
a running energy rate for the locomotive, These
can, however, be curve fit with an accompanying
data file,

S~
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RAIL TRANSPORT
riodel L~-0002-78 (Cont,)

Velocity initialization is not permitted, i.e.,
the speed profile begins and ends at zero mph.

If wind effects are to be incorporated in
calculating the train resistance, the velocity
and direction of wind have to bhe constant for
the entire run,

There are no provisions for simultaneous
application of power and brakes as done In real
l1ife to keep the train stretched.

The train resistance models are not accurate
above 80 mph,

The tractive effort is assumed to be In a
continuous curve, not quantized by notch set-
tings as is the case in a real locomotive.

Locomotive Data:

Wt. in tons

Length in feet

Rated HP

Number of axles

Running energy rate in gallons/HP-hour
1dling energy rate in gallons/minute, and
Transmission efficiency

Train Data:

Number of loaded and empty cars
Weights of loaded and empty cars, and
1f desired, all parameters for each car

Route Data:

Lengths

Stops

Curvatures

Elevations, and

Speed limits for the route segments

Obtaining and inputing these data are very labor
intensive tasks.
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RATL TRANSPORT
Model L-0002-78 (Cont.)

Train Resistance Model - Option of one of the
following six models (ece Ref. 1)
- Modified Davis
-~ Canadian National
- Canadian National-Frie Lackawanna
for TOFC/COFC
- Totten-Streamlined passenger
- Totten-nonstreamlined passenger, and
- Custom coefficients

This program is written primarily to assist a
railroad in planning its train operation over a
particular route. It can be, an’ perhaps has been,
used to estimate the effects of various options on
fuel consumption and schedule. Some of the options
that can be considered are:

® Effects of adding or dropping a locomotive unit
to or from the train,

e Effects of adding or dropping tonnage to or from
the train,

@ Effects of track relocation or reconstruction,
ete.

The program is simple to use and changes can be
made with relative ease.

The program has been extensively validated (see
Refs., 2 and 3). It has been used to simulate the
operation of several different freight trains over
different terrains. The overall agreement is showm
to be within 27; however, some specific runs have
shown variations as large as 10% to 157 from test
results,

The program runs on DEC-10, although an IBM version
is also available. Both DEC and ANSI versions are
available. A typical Northeast corridor run (New
York to Boston) costs about $20 to run. However,
the cost 1s strongly dependent on how many speed
changes and how many track segments are included in
the simulation.



AVAILABILITY

RAIL TRANSFPORT
Model L-0002-78 (Cont.)

The program i1s available to any user for $150 from
TSC. A 9-track tape (1600 bpi), control no. FRO28,
1s provided. This tape includes the source code as
well as user documentation,
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RATIL TRANSPORT
Model L-0004-75

Fuel Utilized Fffective — Locomotives
(FUEL)

December 1975
J.N. Cetinich

Emerson Consultants, Inc.
30 Rockefeller Plaza
New York, New York 10020

Unien Pacific Company
Railway
Civilian

The model is used co investipgate the effect of
train operating strategies upon consequent changes
in fuel consumption, horsepower required and
minimum train running time over a territory.

Cetinich, J,N., "Fuel Efficiency Improvement in
Rail Freight Transportation,” Report NO,
FRA-OR&D~76~136, PB 250 673, Dept. of
Transportation, Federal Raillroad Administration,
Washington, D.C., December 1975.

This model needs as an input the output of a Train
Performance Calculator computer model.

Results of Simulation: The model determines fuel
consumption, horsepower required and minimum train
running time for given maximum speeds allowed and
horsepower per trailing ten limits between all
power change points (i.e., locations where train
consist may change, either the locomotive set or
trailing cars, or both).

The Modified Davis Formula in a Train Performance
calculator is used to calculate train resistance
for uge in the model.

PRECEDING FAGE SLANK NOT FILMED
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RAIL TRANSPORT
Model L-0004-75 (Cont,)

1. The energy calculation assumes the trzin to be
one mass, which would make the prediction for
long train traversing an undulated terrain
inaccurate.

The following data are required:
- Dispatcher's record of movement of trains

- Listing of premium and regular trains (they
have different speed limits)

- Locomotive horsepower list

-~ Manifest train schedules.

- Locomotive tonnage rating tables
~ Terrain profile

- Train information, such as horsepower used and
total trailing ton for each train

- Output from a Train Performance Calculation
Computer Model

The model provides a global overview of effects nf
train operating strategies on a particular
territory.

The cutput from the Train Performance Calculator
{TPC) was validated as were other elements of the
FUEL Program and the overall output of the prcgram.
The TPC validation included dynamometer car runs,
as well as locomotive speed tapes., The TPC program
was found to underestimate fuel consumption by 8%.
From the extensive validation, it was concluded
that the program can accurately provide differences
in fuel consumed, horsepower required, and minimum
running time for changes in operating strategies.
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RATL TRANSPORT
Model L~0005-81

Freight Train Fuel Consumption Program
February 1981
John D. Muhlenberg

The MITRE Corporation
1820 Dolly Madison Boulevard
McLean, Virginia 22102

U,S. Department of Transportation
Federal Railroad Administration
Washington, D,C. 20590

Freight Train

Civilian

1. Muhlenberg, J.D., "Resistance of a Freight
Train to Forward Motion - Volume IV, User's
Manual for Freight Train Fuel Consumption
Program", Report KO. FRA/ORD-78/0.4 IV, U.S.
Dept. of Transportation, Federal Railroad
Administration, Washington, D.C. 20590.

2. Computer program magnetic tape available as
FRA/ORD/MT-78/C.4 IV.

Unlike most train operation simulator programs,
this program was specifically written to calculate
fuel consumption of a freight train. Although it
provides values of other parameters needed to
calculate fuel consumption, the program does not
purport to be a train operation simulator.

Structure: The program consists of a main program
and two subroutines, one deals with the track
characteristics and the other incorporates the
tractive effort characteristics of various
locomotives.
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RAIIL TRANSPORT
Model L-0005-81 (Cont.)

The program calculates energy usage (and conse-
quently fuel consumption) by multiplying tractic
effort by distance travelled at that effort. When
the net tractive effort is zero, the engines are
assumed to be 1dling and the fuel consumption
reflects this idle rate.

Results of Simulation: The output of the program
includes time, distance, fuel consump:cion, cumu-~
lative fuel consumption, velncity, acceleration,
train resistance, throttle position or braking
effort, and rate of fuel consumption.

The fuel consumption at each iteration step 1is
calculated based on multiplying train tractic
effort by distance travelled in that iteration
gtep, The transmission efficiency is assumed to be
constant in doing so. Also, the track corres-
ponding to each vehicle in the train is assumed to
be described by the same track record. Thus,
variations in track characteristics along 2 long
train cannot be accommodated, Also, since the
program is not intended to be a train performance
gimulator, some details of operating the braking
system or throttle which could possibly affect fuel
consumption are omitted,

1. The program cannot handle the commonly used
practice of train stretching (by applying power
and brakes simultaneously),

2. The effects of cross wind are neglected.

3. The equation used te calculate acceleration of
the train treats the whole train as a lumped
macs. This will be inaccurate while simulating
a long freigut train over an undulating profile.

4. Locomotives can be located only in front of the
train.
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VALIDATION

RAIL TRANSPORT
Model 1-0005-81 (Cont.)

The program already contains two general data
files, one containing the characteristics (such as
areas of cross-section, weight, aerodynamic
parameters, etc.) of 21 types of rolling stock
including tnree types of locomotives, the second
containing additional information on locomotives
(such gs {nitial tractive effort, fuel consumption
rates in idle and while dynamic braking, etc.)

The operator needs to prepare three other stored
data files. The first among these 15 the train
file which provides car type (referred to the above
datza file) and net weight of vehicle Joad in tons
for each car. The mecond file contains order in
which the cars are placed in the train. The third
file includes track information, i.e., distance,
grade, prade equivalent of curvature, and speed
limit,

Finally, as it is set up, the operator is supposed
to provide the following additional data on an
interactive basis:

- No. of locomotives,

- V¥No. of vehicles in train,

- No, of track record,

- Start print,

- Operational speed limit (max. speed limited for
the simulated trip),

- Estimated headwind, and

- Data print option.

Since this program already incorporates information
on most cotmonly used rallcars and locomotives, it
is relatively easy to use, Also, it {s easy tu
modify since it is extensively documented.

The program is claimed to have been validated with
comparative success and is expected to predict
actual fuel consumption within +0% and ~10%.
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RAIL TRANSPORT
Model L-0005-81 (Cont.)

The program is written in FORTRAN IV for an IBM 370
gystem, A typical case which simulates consump-
tion, 100 gallons of fuel, uses approximately 100
cpu secs,

The program 1s available to any user. The
reference cited earlier contains a listing of the
program. Alternatively, MITRE will provide a card
deck for the cost of producing it. Finally, NTIS
can provide a magnetic tape of the program.
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D

The Transportation Energy Model,
Carnegie-Mellon

July 1977
S.N. Talukdar and R.A. Uher

Carnegie-Mellon University
Pittsburgh, Pennsylvania

Department of Transportation
AAR

Electric and Diesel Powered Trains
Civilian

The model was originally developed to provide a
realistic, computer-based tool to predict energy
consumption and cost asscclated with an
electric-powered transportation system. Later it
was modified to incorporate diesel-powered trains
as well,

1. Talukdar, S.N., and Uher, R.A., "Energy
Management for Electric Powered Transportation
Systems," prepared by Carnegie-Mellon University
for the Dept. of Transportation, July 1977,

2. Conversaticn with Dr. R.A. Uher, (412) 578-2961
{since no documentation exists for the
modificztion incorporating diesel-powered
trains).

The model contains two principal components which
are linked together to simulate the actual
operation of a transportation system. The
components are:?

1. The Train Performance Simulator

2. The Electric Network Simulator

For the diesel-powered trains, the second component
is not needed.
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RAIL TRANSPORT

Model L-0009-77 (Cont.)

The model was originally developed to simulate only
an electric-powered transportation system., Later
it was modified to include capabilities to simulate
a diesel-powered train. The research team at
Carneglie-Mellon is now in the process of creating
data files to simplify data input for standard
vehicles and tracks.

This model is one of the most detailed models
available. Examples of i1ts versatile capabilities
are:

@ Given a schedule, it can compute an optimum
operational strategy which will minimize fuel
usage.

e The train is split in cells to allow accurate
simulation of a long train traversing a profile
with many short length grades and curves.

@ A complete graphic package is provided.

@ It has the ability to predict the affect of
track class on train resistance and, hence, on
fuel usage.

Results of Simulation: Primary variables
describing energy consumption, power demand, speed
vs, position, time vs. position and cost of energy
for a given schedule.

Structure: The program contains two components:
The Train Performance Simulator and The Electric
Network Simulator. Ar optional Energy Cost
Simulator can be added if desired. For an
application dealing with diesel-powered trains, the
second component is unnecessary. Each component
incorporates a large number of modules, which are
easy to change. Also, the Train Performance
Simulator has been designed to interact with the
automated control and Optimization Prezram so that
optimum speed profiles, etc. can be determined and
tested.



ASSUMPTIONS

LIMITATIONS

DATA INPUT REQUIREMENTS

ADVANTAGES

RATL TRANSPORT
Model L-0009-77 (Cont.)

There are no major assumptions made in the program,

The developers of the program are in the process of
constructing libraries for track, freight car and
locomotive data. Until these libraries are made
available, the data input will take some effort.

The following input parameters are required:

1. The physical characteristics of the train, e.g.,
weighe, length, cross-sectional areas, etc.

2. The Per<ormance Characteristics of the
propul ‘on system, e.g. gallons/minute as a
function of notch position, speed and tractive
effort (if not available, gallons/minute as
function of horsepower).

3. Vehicle braking system characteristics,

4. Transportation system layout, e.g., track,
terminal, station location.

5, Track profile, e.g., speed limits, grade,
curvature, etc. Also, PSD of track geometry
variations, if available; otherwise, track class
(1-6).

6. Train time table.

7. Control philosophy, e.g., acceleration-braking
rates.,

This model is one of the most detailed models
available, Also, it is structured in such 2 way
that one can simulate as simple a case or as
complicated a case as one wants to. The
structure allows significant flexibility in
changing and modifying parts of the program.
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RATL TRANSPORT
Model L-0009-77 (Cont.)

The following validation tests have been performed:

@ The Washington Metro Blue and Red Lines test in
which the energy consumption was predicted
within *3%,

® The Metroliner test in which the energy
consumption was predicted within 5%,

® The Amtrak tests on 5 passenger train routes in
which the energy consumption was found to be
within #5% of predicted values.

The program is written in FORTRAN to run on DEC-20
and VAX computers. A typical 50 mile run will use
15 seconds of CPU., It uses 60k Byte of space.

The program is available to any user, in any format
desired. For $625, the university will provide the
tape, guldeline books, and test cases.



TITLE

DATE

AUTHORS

ORGANIZATION

SPONSORS

TRANSPORTATION MODE

APPLICATION

OBJECTIVE

REFERENCE

RELATIONSHIP TO
OTHER MODELS

OPERATTONAL CAPABILITIES

RATI. TRANSPORT
Model L-0010~78

A Multi-Purpose Train Performance Calculator (TPC)
December 1978
R. Mittal and A. Rose

EE/CS Department
Union College
Schenectady, New York 12308

U.S. Department of Transportation
Federal Railroad Administration
Washington, D.C. 20590

Passenger Train
Civilian

The program simulates the operation of a passenger
train over a rail route and predicts route schedule
and fuel use,

Heilman, H., Kahrs, C., and Williams, G., "A Multi-
Purpose Train Performance Calculator, Volumes 1 and
2", prepared by Union College, Schenectady,
prepared for the U,3. Dept. of Transpertationm,
Federal Railroad Administration, Washington, D.C.
20590.

Although this program is similar to other train
performance calculator programs, it seems to have
been developed entirely at Union College.

Results of Simulation: The TPU output is in the
form of tables showing speed, time, fuel used, and
energy consumption to reach each station along the
route. In addition, plots of speed, time and fuel
versus distance travelled are generated.

Structure: TPC is designed to run in a
batch~processing environment in which its input
comes from data cards or from on-lime disk files
containing locomotive data, car data and track
data.

3-71



ASSUMPTIONS

LIMITATIONS

3-72

RAIL TRANSPORT
Model L-0010-78 (Cont.)

The program is modular in structure with fifteen
subroutines supporting the main program.

The train 1s treated as a point mass which is acted
on by accelerating and retarding forces, The
resulting acceleration (or retardation), speed,
location and energy used are then calculated at
each time interval. Two guldelines are followed in
gimulating the operating cycle:

~ accelerate to the speed limit, using maximum
effective motive power, and

-~ brake at the maximum rate permitted to maintain
passenger comfort.

The program assumes that the train can be modelled
as one lumped mass., This is probably adequate to
describe a relatively short passenger train (i.e,,
it would not be so for long freight trains).

The fuel consumption In gallons/hour is assumed to
depend only on percent of avallable tractive effort
bheing used at any instant. Also, the transmission
efficiency is assumed to depend only on the speed
of the train.

I[. The program uses the Davis' equation for
calculating train resistance, which is accurate
only up to speed of 50 mph. A more accurate
equation (such as that develcoped by Tuthill)
can be incorporated only by a program change.

2. Like in most programs of this type, the fuel
consumption characteristic of the locomotive is
not calculated explicitly from the design
parameters, but has to be provided as a function
of percentage tractive effort,
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RATL TRANSFORT
Model L-0010-78 (Cont.)

Locomotive Data: The data for the most popular
locomotives are already provided. For a locomotive
not in the list, the following data are required:

- Weight in tons,

- Length in feet,

- Frontal area in square feet,

- Auxiliary power in kilowatts,

~ Maximum traction horsepower,

~ Fuel consumption in gallons/hour of auxiliary
generators

- Tractive effort and transmission efficiency
for each mph value from 0 to 120 mph, and

- Fuel consumption in gallons/per hour
corresponding to each percent of its
available tractive force.

Car Data: The data for the most popular rail cars
are already provided. For a coarh pot in the list,
the following parameters are required:

- Values of coefficients for the Davis'equation
= Car weight in tons,

- Car length in feet,

- Passenger capacity, and

- Frontal area in square feet.

Track Data: The following data are required for
each track segment:

- Length,

- Grade,

- Curvature, superelevation,

~ Speed limit for passenpger train,

- Mile post,

~ Station name, and

- Compensated grade (for a section with both
grade and curve).

This program is written specifically to simulate a
limited case of passenger train operation. The
advantages of making it so specific are:

~ The data for most commonly used locomotives
and coaches are already provided.

3-73



VALIDATION

COMPUTING REQUIREMENTS

AVAILABILITY

3-74

RAIL TRANSPORT
Model L-0010~78 {(Cont.)

- The requirements which are specific to a
passenger train operation, such as auxiliary
power usage, are included in the program.
This makes the fuel use prediction more
accurate than If a freight train program were
used for this application.

The program has been used to study the energy
intensity of AMTRAK trains in the New York to
Buffalo corrider. Although the program is claimed
to predict the schedule¢ quite accurately, no
information 1s available on the accuracy of its
fuel use predictions for those runs.

The program has been validated against TSC's Train
Performance Simulator.

The program 1is writen in FORTRAN and is designed
for executirn in a medium-sized machine. The model
has been implemented cn a Burroughs B-6700 at Union
College and on DEC-10 at the Transportation Systems
Center (TSC), U.S. DOT, Cambridge, Massachusetts.

The program is available o any user. It is
available from TSC on the same tape as T5C's Train
Performance Simulater for a total price of $150.
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RAIL TRANSPORT
Model L-0111-83

Train Operations Simulaior (T0OS)

1983 (Latest update)

N.W. Luttrell

The Southern Pacific Transportation Company
The Track~Track Dynramics Progrom AAR
Railway

Civilian

To simulate the performance of a diesel-electric
locomotive and conventional freight car running
over a specified territory. The user has the
option of having the program calculate the in-
train forces developed during the run or calculate
the amount of fuel consumed,.

Luttrell, N.W., et al, "Train Operations
Simulator, User's Manual, Track-Train Dynamics,"
Release 4.20, the Association of American
Railroads (AAR} Technical Center, Chicago, IL,
1983,

Independently developed as a part of Track-Train
Dynamics Research Program.

The TOS is one of the most widely used models in
the industry, TInitially developed to study train
make~up and train handling, it is now capable of
providing estimates of fuel consumption of a train
over a given track.

The program is exceptionalily detailed in modeling
the behavior nf air brakes and dynamic braking,
Also, the train handling instructioms can be
provided explicitly in terms of throttle and brake
settings and specifications. An automatic train
operation optlon is also provided, which attempts
to operate the train over the specified track in
the minimum running time. Finally, a relatively
sophisticated method is used to estimate wheel/rail
adhesion.
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RATI. TRANSPORT
Model L-0011-83 (Cont.)

The program can be run either to calculate in-train
forces or the amount of fuel consumed.

Regulte of Simulation:

When the program is used to calculate fuel
consumption, the output includes:

time,

mile post,

distance,

speed limit,

throttle position,

actual gpeed,

status of the air brake system,

acecumulated fuel consumption, and

load factor (which indicates how "hard" the
locomotives are working)

Tracks are considered to be perfect

An arbitrary division between vehicle and load
weight is made

Locomotive tractive effort and dynamic braking
data are approximated by linear, quadratic, and
hyperbolic curve segments,

Due .0 the detail and flexibility inherent in
TOS, its execution time is higher than most
other fuel consumption models.

TOS assumes perfect track, Thus, the effects of
track irregularities on fuel consumption cannot
be simulated,

There are still some bugs in the program which
are being fixed.

The plotting routines require an inordinate
amount of computer time.

Under the automatic operation command, the
throttle position may advance unrealistically
fast,
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ADVANTAGES

VALIDATION

COMPUTING REQUIREMENTS

RATI. TRANSPORT
Model L-0011-83 (Cont.)

The following input parameters are needed:
I. Title Tnformation

2. Track Data

Direction

Speed limits and station names
Curvature data

Elevation data

3. Vehicle data
The vehicle consist can bhe specified by either
utilizing standard vehicle librarv or by
entering relatively detailed vehicle
characteristics, Data required in the latter
case includes welight, lengths and specifications
of coupler and brake systems, Davis equation
coefficients, etec.

t

For locomotives, additional data are required
including tractive and dynamic braking data.

One advantage of TOS is its ability to simulate
various methods of train handling and its effects
on fuel consumption, Most other programs do not
have this option; they simulate antomatic operation
in which the train's running time is minimized
within the constraints of the speed limits. The
program, on the other hand, mav be more expensive
to run than the other programs.

Many railroads are using the TOS program including
Burlington-Northern, Chicago & North Western,
CONRATL, CSX, Illinois Central Gulf, Norfolk
Southern, and Western Pacific. The fuel
calculations have been hand checked.

Various versiovns of the program are available to
run on IBM, DEC-20, PRIME and Burroughs computers.
It needs 12 cpu sec., to produce fuel consumption
estimates for one mile of track,
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AVAILABILITY
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RAIL TRANSPORT
Model L-0011-83 (Cont.)

The program is available to any user for $50, AAR
will provide a tape and the following four
documents.

@ User's manual (to run the program).

@ Technical manual (to understand the model).

® Programming manual (to make changes).

@ Validation report (TOS against a Southern
Pacific test train).



TITLE

DATE

AUTHOR

ORGANTZATION

TRANSPORTATION MODE

APPLICATION

OBJECTIVE

REFERENCES

RELATIONSHIP TO
OTHER MODELS

OPERATTONAI CAPABILITIES

ASSUMPTIONS

LIMITATIONS

RAIL TRANSPORT
Model ! -0012-65

Train Performance Calculator - AAR

Mid 1960s

Operated by Stuart McEwan at AAR,
Association of American Railroads (AAR)
Freight and Passenger Trains

Civilian

To predict energy usage of a train with a
diesel~electric, an electric or a steam propulsion
system.

Anon,, "User's Manual for NRPC Train Performance
Calculator,”" AAR., Available from Stuart McEwan
(312-567~3593).

This model is a FORTRAN rewrite of Canadian
National Railway's TFC.

This model uses the original bavis formula for
obtaining resistance of diesel-electric locomotives
and passenger cars. The power being used at any
instant 1s compared with the maximum power
available at that velocity. The resulting load
factor provides fuel consumption. Just one
tractive effort curve is provided.

l. The original Davis formula 1s used for
calculating train resistance. This is accurate
only at low speeds.

2. Only one tractive effort curve is used.

No provision for throttle position changes.
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DATA INPUT REQUIREMENTS

ADVANTAGES

VALIDATTON

COMPUTING REQUIREMENTS

AVAILABTLITY

3~-80

RATL TRANSPORT
Model L-0012-65 (Cont.)

Locomotive, car, and track data are input from
cards, with one card for each type of car and
locomotive and separate track cards for speed,
temporary orders, curvature and elevation.

# Available in the public domain.

® A relatively fast program.

The program has been used by several railroads, but
ne information on validation is available.

The program is availagble in CDC 3500, IBM-370, and

DEC-20 versions. One minute of CPU time is used
for cvery 10 miles of track.

The program is availagble to any user for the cost
of writing the program on a user supplied tape and
the cost of mailing the tape.

()
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DATE

AUTHORS

ORGANTZATION

SPONSORE

TRANSPORTATION MODE

APPLICATION

OBJECTIVE

REFERENCES

RELATIONSHIP TO
OTHER MODELS

OPERATIONAL CAPABILITIES

ASSUMPTIONS

LIMITATIONS

RAIL TRANSPORT
Model L-0013-79

Train Performan:e Calculator - AiResearch
February 1979

J. J. Lawson and L. M. Cook

AiResearch Manufacturing Company of California

Initially, Department of Transportation
Federal Railroad Administration.
Subsequently, internally funded.

Passenger and Freight Trains
Civilian

This model was developed to provide train
performance calculations required by the
FRA-sponsored wayside energy storage study. It was
then extensively modified to simulate dual mode
locomotive,

Lawson, J.J., .and Cook, L.M., "Wayside Energy
Storage Study, Yolume II -~ Detailed Description of
Analysis", Final Report, Report No. FRA/ORD-78/78,
11, Department of Transportation, Tederal Railroad
Administration, Washington, D.G., February 1979.

None

The TPC was designed to perform analysis of long-
haul freight service, with an emphasis on energy
and power demand requirements of multi-train
operations. It can also be used to analyze
intercity rail passenger service.

The program simulates a diesel, electric, electric
with regeneration or mixed mode operation.

The train is modeled as a single point mass. The
train resistance equation is the Modified Davis
Formula.

It is a proprietary model.
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DATA INPUT REQUIREMENTS

ADVANTAGES

VALTDATION

COMPUTING REQUIREMENTS

AVATLABILITY

3-82

RAIL TRANSPORT
Model L-0013-79 (Cont.)

Characteristics of the lccomotives and rolling
stock are internal program parameters. Route and
Schedule data are input from a card reader or from
disk or tape file in card-image form,

This model is quite detailed, For example, drag
calculations are performed for each car. Alse. it
can simulate diesel, electric or mixed modea
operations.

Calculations of energy usage were found to be
within 6% of actual measured usage.

The program is written for a Univac-1108 computer
in ANSI Fortran. A 1500 mile run takes 3~4 minutes
on the Univac computer. The company is willing teo
provide a tape to run on any machine.

The original program written for the U.S. DOT was
significantly modified. This modified program and
its documentation are considered proprietary by
AiResearch. The company will, however, be willing
to negotiate if a user is interested imn acquiring
the program.



TITLE

DATE

AUTHORS

ORGANTZATTION

SPONSOR

TRANSPORTATTION MODE

APPLICATTION

OBJECTIVE

REFERENCES

RELATIONSHIP TO
QTHER MCDELS

HISTORY OF MODEL

OPERATIONAL CAPABILITIES

MATCHING INTAKE/EXHAUST SYSTEM TO THE ENGINE
Model E-0034-72

Hitachi Model

1972

Mizushima, ¥., Nagai, M., and Asada, T.
Hitachi Shipbuilding, lLtd,, Osaka

Same as above

All modes

Civilian or Government

To predict thermodynamic performance of 2-stroke
and 4-stroke diesel engines, including scavenging,
exhaust, and turbocharger phenomena,

Mizushima, K., Nagai, M., and Asada, T., "Some
Analyses of Diesel Engine Performance by Means of
Computer Simulation," J. MESJ, Vol. !, No. 5, p.
35 (1972).

See also J. MESJ, Vol. 6, No. 9, p.49 (1971} and
Nagui, Mizushima, and Asada, J. MESJ, Vel. 5,
No. I, p. 41 (1970).

The authors paid close attention to the 1960-1961
work of Austen and Lyn,

Developed specifically for medium and large bore
marine diesels (turbocharged); this early model
is a rare combination cevering.

- 1Intake and exhaust flows; and
~ Detailed combustion rates.

Results of Simulation:

— Direct Injected Engines

- Calculates Intake and Exhaust Flows

- Calculates Thermal Efficiency and
Fuel Consumption {isfc)

- Calculates Heat Transfer to Walls
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ASSUMPTIONS

LIMITATIONS

. 3-84

MATCHING INTAKE/EXHAUST SYSTEM TO THE ENGINE
Model E-0034-72 (Cont,)

Structure; List of Submodels or processes
included.

~ Intake, exhaust

~ Blower, turbocharger

- Ignition delay

- Combustion rate

- Gas properties

-~ Heat transfer

- Scavenging

Intake, exhaust: Flow coefficients

Supercharger: specified blower characteristics

Ignition delay: Arrhenins Law, pressure
coefficient minus .624,

Combustion rate/mixing of air-fuel: Two-stage
cambustion, semi-empirical, Weibe function,

Fuel-air ratio of burned gas: Not treated,
Gas properties: Pulyneminal functions,

Heat transfer: Separate wall temperatures for
various componcnts, depend on load, Pflamm
(1961) expression,

NOx Model: ©Not included.
Soot Model: Not included.

Burned gas mixing: Not included until scavenging
process.

(1) Inadequate treatment of fuel-air mixing and
gag temperature non-uniformities: Fuel spray
not modelled; burning rates must be specified
empirically.

(2) TInadequate treatment of heat transfer:
- Heat transfer coefficient is different for
each load
- No radiation, no boundary layer; and
~ No gas temperature gradient.



DATA INPUT REOUIREMENTS

ADVANTAGES

VALIDATION

MATCHING INTAKE/EXHAUST SYSTEM T0 THE ENGTNE
Model E-0034-72 (Cont.)

(3) 1Inadequate treatment of burned gas mixing.
(4) Soot, NO_ not modelled.

(5) "Combustion efficiency" of about 92% to 97%
had to be assumed, depending on load.

Geometrical and Design Parameters:
- Bore

- Stroke

- Conn, rod length

— Chamber volume

- Valve areas vs. time

Coefficients:

-~ Flow coefficients and turbine efficiency
- Scavenging coefficient

~ Heat transfer coefficient

- Combustion duration and rate

Operating Parameters:

- Load

- Speed

~ Injection timing

- Intake manifold temperature

- Intake manifold pressure

- TInjection rate

~ Cylinder wall temperatures for each area

® Covers entire cycle including intake and
exhaust

® Has realistic heat release patterns and,
therefore, predicts cylinder pressure
accurately.

Engine description:

(1) 2-stroke
(2) 4-stroke

Variables tested; model agreement: Predictions
of cylinder pressure, gas flow rate, and exhaust
temperature as function of crank angle agree well
with data.
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COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

3-86

MATCHING INTAKE/EXHAUST SYSTEM TO THE ENGINE
Model E-0034-72 (Cont.)

Assegsment of accuracy: Sufficlent degree of ac~
curacy for the intended purpose of the model.

Unknown

2 minutes of CPU time at $60 to $100/min
(estimated)

= Pulsations in exhaust
- Fmissions
~ Improved heat transfer model

Presumably this model is unavailable to the public
since Hitachl is a competitive shipbuilder.

)



TITLE

DATE

AUTHORS
ORGANTZATION
SPONSOR
TRANSPORTATION MODF
APPLICATION

OBJECTIVE

REFERENCES

RELATIONSHIP TO
OTHER MODELS/HISTORY
OF MODEL

MATCHING TNTAKE/FXHAUST SYSTEM TO THE ENGINE
Model E-0036-81

University of Manchester, Institute of Science and
Tachnology (UMIST)

1976, 1981

Winterbone, Loo, Benson, Wellstead, Thiruvarooran
University of Manchester

Unknown

All modes

Civilian or Government

To describe the transient response of diesel
engines, including turbocharger speed, to load
application.

{1) Winterborne, D.E., Wellstead, P.E., and
Thiruarcoran, C., "A Wholly Dynamic Model of
a Turbocharged Diesel Engine for Transfer
Function Evaluation,' SAE Paper 770123
(1977).

(2) Winterbone, D.E., and Loo, W.Y., "A Dynamic
Simulation of a Two-Stroke Turbocharged
Diesel Engine," SAE Paper 810337 (1981).

(3) Benson, R.S5., "A Comprehensive Digital
Computer Program to Simulate a Compression
Ignition Engine, Including Intake and Exhaust
Systems, SAE Paper 710173 (1971).

The University of Manchester, starting with
Benson's steady-state model in 1971, has concen-—
trated on diesel models which treat the transient
turbocharger matching problem, The three papers
summarized here cover digital computer models; see
also the analogue simulations covered in Benson,
Winterbone and Shamsi (1976), and Winterbone,
Benson, Closs, and Mortimer (1976).

3~-87



MATCHING INTAKE/WXHAUST SYSTEM TO THE ENGINE
Model E-0036~81 (Cont.)

OPERATIONAL CAPABILITIES Results of Simulation:

Direct Injected Engines

Calculates Transient Intake and Exhaust Flows
Calculates Compressor Qutlet Pressure

and Temperature

Turbine Inlet Pressure and Temperature
Turbocharger speed and air flow rate
Calculates turbocharger performance

Structure: List of Submodels or processes
included.

ASSUMPTIONS -

3-88

Alr receiver (intake manifold)

Exhaust manifold with wave action

Turbocharger compressor

Turbine

Scavenge blower (rrots)

Intercooler

Engine system (combustion rate, gas properties,
heat transfer)

Compressor: Specified characteristics.

Roots blowe:: Orifice plus positive
displacement.

Scavenging: Perfect mixing.

Intake exhaust: Orifice equations,
quasi-steady

Intercooler: Pressure drop and cooling
Turbine: Specified efficiency and flow rate as
function of pressure ratio.

Ignition delay: Prescribed.

Fuel spray evaporation: Not treated.
Combustion rate/mixing of ailr-fuel: Simplified
prescribed model based on Whitehouse and Way
(1969},

Fuel-air ratio of burned gas: 2-zone system,
Gas properties; Moles change is accounted for;
polynominal functions. Perfect ideal gas
during intake and exhaust.

Heat transfer: Annand expression.

No_ Model: Not treated,

Soot Model: Not treated.

Burned gas mixing: Not treated.



()

LIMITATIONS

DATA INPUT REQUIREMENTS

ADVANTAGES

VALIDATION

MATCHING INTAKE/EXHAUST SYSTEM TO THE ENGINE
Model E-0036-81 (Cont,)

(1) Not intended to cover engine combustion
variable-.

(a) Inadequate treatment of fuel-air mixing
and gas temperature non~uniformities

(b) Inadequate treatment of heat transfer

{¢) Inadequate treatment of burned gas
mixing

(d) Soot, Nox not covered.
(2) Underestimates scavenging.

(3) Speed effect of turvine not modelled well,

Geometrical and Design Parameters:

— Bore

- Stroke

~ Conn. rod length

-~ Chamber volume

- Valve areas vs. time

- Manifold geometry

- Compressor and turbine characteristics
-~ Intercooler performance

Operating Parameters:

— Load

- Speed

- Injection timing

- TIntake manifold temperature
-~ Intake manifold pressure

~ EGR or residual fraction

Primary advantage is for detailed design and
development of turbochargers and intake/exhaust
systems.

(1) Engine description: GM, 6-cylinder, 2-stroke
turbocharged engine, Model 6V-TAE.
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MATCHING INTAKE/EXHAUST SYSTEM TO THE ENGINE
Mcdel E-0036-81 (Cont.)

(2) Variables tested; model agreement: In steady
state, predicted power to l.4%, compressor
outlet pressure to 4,9%, turbine inlet
pressure to 10%, turbocharpger speed to 5%,
and air flow to 7%.

(3) Assessment of accuracy: Model not tested in
transient mode. Therefore, accuracy is un-

knowm.
COMPUTING RECQUIREMENTS Fortran IV. Fourth-order Runge-~Kutta solution.
COST OF OPERATION 4 minutes of CPU time at $60 to $100/min
(estimated)
FUTURE POTENTIAL (1} Model needs to be validated against tramnsient

engine data,

(2) Would be advisable to add a transient smoke
model to predict "puffs."

AVATLABILITY Presumably available at cost. University of
Manchester has a robust consulting activity with
UK industry.
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FUEL EFFICIENCY
Model E~0004-77

TITLE Manchester (Whitehouse)

DATE 1971 ~ 1977

AUTHORS thitehouse, N.D., Way, R.J.B,, Sareen, B.K.,
Clough, E., Abughres, S.M., and Baluswamy, N,

ORGANTZATION University of Manchester, Inst. of Science and
Technology (UMIST)

SPONSOR Science Research Council, UK

TRANSPORTATION MGODE All modes

APPLICATION Civilian or Government

OBJECTIVE To predict performance and NO_ emilssions of a

direct injection diesel enginé based on a simpli-
fied fuel spray model.

REFERENCES (1) wWhitehoue, N.D. and Way, R..J.B., "Rate of
Heat Release in Diesel Engines and its
Correlation with Fuel Injection Data,"
Symposium on Diesel Engine Combustion, IME,
April 1970, Covers essentially the same
material as SAE Paper 710134,1971.

(2) Whitehouse, N.D., and Sareen, B.K.,
"Prediction of Heat Release in a Quiescent
Chamber Diesel Engine Allowing for Fuel/Air
Mixing," SAE Paper 740084, 1974.

{(3) Whitehouse, N.D., Clough, E., "The Effect of
Changes in Design and Operating Conditions on
Heat Release in Direct-Injection Diesel
Engines," SAE 740085, 1974,

{(4) Whitehouse, N.D. and Abughres, S.M.,
"Calculation of Fuel-Air Mixing in a Diesel
Engine with Swirl for the Purpose of Heat
Release Prediction," IME Publication C97/75,
1975,

(5) Whitehouse, N.D. and Baluswamy, N.,
"Calculation of Gaseous Products of Combustion
in a Diesel Engine Using a Four-Zone Model,”
SAE Paper 770410, 1977.
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RELATIONSHIP TO
OTHER MODELS/HISTORY
OF MODEL

OPERATIONAL CAPABILITIES

ASSUMPTIONS

3-92

FUEL EFFICIENCY
Model E-0004-77 (Cont.)

In 1970, Whitehouse (NDW, hereafter)} published an
empirical burning rate model with all the gas in
a single zome.

In 1974, NDW and Sareen extended this to a two~
zone model which gives more realistic hot-zone
temperature.

In 1975, Abughres and NDW extended the two-zone
model to account for swirl effects.

In 1977, Baluswamy and NDW extended the two-:one
model to four zones, in order to achieve enough
temperature resolution to attempt NO emission
predictions, x

Output of Simulation:

~ Direct injected engines

— Calculates thermal efficiency or fuel
consumption (isfc)

- Calculates heat transfer to walls

- tCalculates emissions (NO_ only)

= Calculates fuel jet mixiﬁg with air

Structure: (List of submodels or processes
included):

~ Intake, exhaust

- Fuel injection (specified)

— Fuel-air mixing

- lIgnition delay

- Combustion rate

~ Gas properties

-~ NO model

- Helt transfer

Intake, exhaust:
Incompressible flow through valves, taken
from Baruch (1973).

Fuel spray evaporation:
Instantaneous evaporation assumed. No droplet
atomization included.

Ignition delay:
Specified delay period.



LIMITATIONS

FUEL EFFICIENCY
Model E-0004-77 (Cont.)

Mixing of air-fuel:

Conical gaseous fuel jet entrains air (specified
coefficient) according to Sareen and NDW (1974)
model. Wall impingement effects included.

Combustion rate:

Taken from Whitehouse and Way (1970), the com-
bustion rate expression is semi-campirical and
requires five coefficients (K,, &, m, K, and
"act"). 1 2

Fuel-air ratio of burned gas divided into two
zones:

(1) Stoichiometric burning zone and (2} products/
air zone which is lean.

Gas properties:
Taken from Baruch (1973) and Vickland (1967)

Heat transfer:

Annand (1963) type of correlation for convective
heat transfer, plus radiation proportional to the
amount of carbon present in each zone.

NO model:

Eernded Zeldovich Kinetics.

Burned gas mixing:

Arbitrary mixing coefficient,

(1) Treatment of fuel-air mixing and pas tempera-
ture non-uniformities is quite simple: all
burned gas is at only two temperatures., This
limits the NOx predictive capability.

(2) Treatment of heat transfer has over-
simplified radiation and no boundary layer
effects are included.

{3) “reatment of burned gas mixing is arbitrary

ir that the user specifies mixing coefficients
for exchange of gas between zones.
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FUEL EFFICIENCY
Model E-0004-77 (Cont.}

(4) Soot production is not modeled.

(5) Burning rate expression has an Arrhenius tetm,
which 1s not consistent with diffusion~-
controlled combustion.

{6) Excesslive number of specified coefficients.

DATA INPUT REQUIREMENTS Geometrical and Design Parameters:
~ Bore
- Stroke
- Connecting rod length
— Chamber volume
- Valve areas vs. time

Model Coe./ficients:

- Jet entrainment coefficients (2)
- Burning rate coefficients (5)

—~ Burned gas entrainment rate (1)

Operating Parameters!

- Load

- Speed

~ Injection timing

~ Intake manifold temperature
- 1Intake manifold pressure

~ EGR or residual fraction

-~ Injectlon rate

- Swirl level

ADVANTAGES (1} Relatively simple and inexpensive
(2) Attempts to include the temperature

differences in the combustion space
in a very simple manner.

VALIDATION Engine description:
130 psi bmep, 500 RPM

Variables tested; model agreement:
Timing, speed, number of injector holes

3-94



COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

FUEL EFFICIENCY
Model E-0004-77 (Cont.)

Agsessment of accuracy:

Only tested at part load; agreement was fair.
Needs further development and testing.

Not specified

1 minute of CPU time at $60 - 100Q/min
(Fstimated)

More than four zones are needed in the
model, Future potential is limited.

Unknown
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TITLE

DATE

AUTHORS

ORGANIZATION

SPONSOR

TRANSPORTATION MODE

APPLICATION

OBJECTIVE

REFERENCES

OPERATTONAL CAPABILITIES

FIUTL EFFICIENCY
Model E-0005-70

The Problem of Predicting Rate of Heat Release in
Diesel Engines

1970

H.C. Grigg and M.H. Syed

C.A.V. Ltd., Acton, England

C.A.V, Limited

Engine model applicable to all modes.
Civilian

This relatively simple model was developed to
predict rate of heat release diagrams based upon
approximations of the nhysical factors inveolved,
The model is based on the process of air entrain-
ment into fuel sprays, turbulent mixing in fuel
sprays, and chemical kinetics. Constants were
chosen such that the predicted rate of heat release
fit experimental data. The experimental data used
were diesel engine rate of heat relecase dlagrams
calculated from cylinder pressure records furnished
from tests on a turbo-charged Dorman ALBT engine.

CGrigg, H.C. and M.H. Syed, "The Problem of
Predicting Rate of Heat Release in Diesel Engines,"
Symposium on Diesel Engine Combustion, London,
April 7-9, 1970, Institution of Mechanical
Engineers.

Model]l Description:

The following factors are the basis of this rate of
heat release model:

1. Ignition delay (experimentally determined)

2. Engine dimensions including nozzle hole diameter
and number of holes

3. Pericd of injection (experimentally determined)

PRECEDING PAGE BLAMNK NOT FILMED
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FUEL EFFICIENCY
Model E-0Q005-70 (Cont.)

4, Rate of entrainment of air into sprays. The
rate of entrainment is calculated by use of the
Schweitzer formula for which it is assumed that
the entrained alr has the same velocity as the
fuel droplets. Modifications are made to allow
for air density changes arising from the piston
motion during the development of the fuel spray
by assuming that the fuel spray expands radially
about 1ts axis to maintain the equal pressure
inside and outside the spray.

The fuel spray was considered in two different
forms: a set of conical plumes, issuing from the
nozzle holes fthe Schweitzer configuration) and
an expanding doughnut of spray fed from a
central nozzle, In the conical plume model the
spray develops unimpeded as in an infinite
atmosphere in a conical form. This 1s justified
by recognizing that the air motions In an engine
cylinder turn the spray so that it maintains a
conical form with a bent axis. The cone angle
of the plumes is a function of air density.

In the doughnut model it is assumed that the
doughnut cross-sectional area and circulating
velocity relative to the surrounding air vary to
conserve momentum. The rate of entrainment of
alr is the same as for a fuel spray of similar
cross-gectional area and velocity relative to
the surrounding air. The doughnut cross—
sectional area 1s zero at the beginning of
injection and increases as it is fed fuel and
momentum from the central nozzle, At the end of
injection no further momentum is added, but the
cross—-sectional continues to expand by entrain-
ing air,

5. Rate of turbulent mixing of fuel and air. It is
assumed that the regions of weak mixture consist
golely of air, and the regions of rich mixture
consist solely of fuel vapor. The concentra-
tfons of fuel or alr, or mixed fuel and air, are
calculated by dividing the total mass of the
component In the spray by the total instanta-
neous volume of the spray.
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ASSUMPTIONS

LIMITATIONS

DATA IvPUT REQUIREMENTS

FUEL EFFICIENCY
Model E-0005-70 (Cont.)

The turbulent mixing of fuel vapor and air
within the body of the fuel spray is represented
by a diffusion process. To simplify the
treatment, the mean rate of diffusion per unit
volume of the spray is equated to the concen-
tration of the component (air or fuel vapor)
which is diffusing, multiplied by a diffusivity
coefficient.

6. Rate of burning of fuel based on chemical rate
of fuel is calculated by an Arrhenius type
formula in which the specific rate of burning is
proportional to the product of mean concentra-
tions of turbulently mixed fuel and air, and is
a function of temperature. The temperature is
calculated from the pressure and cylinder
volume.

The use of mean concentration of mixed fuel and
air implies that the jet is geometrically
similar from time to time.

Results of Simulation - Calculates rate of heat
release. Calculates rate of air entrainment into
the spray for the conical plume model.

Swirl has no effect on the mixing rate, apart from
turning the spray to prevent it hitting the wall of
the combustion chamber.

Droplet evaporation is not evaluated separately.

Geometrical and Desipgn Parameters:

1. Bore

2. Stroke

3, Nezzle hole size
4. Number of nozzles

Operating Parameters:

1. Speed

2. Instantaneous compression ratic
. Inlet manifold air conditions
Volumetric efficiency

Mean fuel injection pressure
Period of injection

[« W, P %]
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AUTHORS
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TRANSPORTATION MODE
APPLICATION

OBJECTTVE

RFEFFRENCES
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OF MODEL

OPERATTONAL CAPABILITIES

&7,

FUFL EFFICIENCY
Model E~0032-69

Wisconsin Diesel Spray Combustion Model
1969

Shipinski, Myers, and Uyvehara
University of Wisconsin

Unknown

All modes

Civilian or Government

To predict the burning rate of a diesel spray as a
function of fuel injection parameters.

(1) Shipinski, J., Myers, P.S., and Uyehara,,
0.A., "A Spray-hroplet Model for Diesel
Combustion," Proc. TME, Vol. 184, Part 3J, p.
28, 1969,

(2) Shipinski, J.,H., "Relationships Between
Rates—of-Tnjection and Rates-of-Heat Release
in Diesel Engines," Ph.D. Thesis, University
of Wisconsin, [Y67.

Shipinski's mode! was the forerunner of the
current diesel models which attempt to describe
the spray combustion in detail (Ultrasystems,
Cummins, Hiroshima). Ue attempted to extcnd the
work of Lyn (1961) on diesel burning rates, by
using the gas turbine sprav results of Probert
(1946) and Tanasawa (1953).

Results of Simulation:

- For direct injected engines

- Calculates fuel spray evaporation and
mixing with air

-~ Calculates thermal efficliency or
fuel consumption (isfc)

- Calculates heat transfer to walls

PRECEDING PAGE BLANK NOT FILMED
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ASSUMPTIONS

LIMITATIONS
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FUEL EFFICIENCY
Model E-0032-69 (Cont.)

Structure: List of submodels or processes
included.

- Fuel injection and atomization

- Fuel evaporation

- Ignition delay

- Combustion rate

~ Gas properties

Intake, exhaust: WNot included

Fuel spray evaporation: Tanasawa (1953) dropsize
distribution and vaporization coefficient Cb'

Ignition delay: Correlation of Wolfer (1939)
Cowmbustion rate/mixing of air-fuel:

{(a) Premixed combustion stage occurs at specified
rate.

(b) Vapecrization - limited combustion occurs
according to a single droplet law with a
specified burning coefficient C_ which
depends on A/F, P, rpm, and temperature.

Fuel-air ratio of burned gas: 2-zone model

Gas properties: Standard tables

Heat transfer: Treated implicitly

Nox Model: Not included

Soot Medel: Not included

Burned gas mixing: Not included - all burned gas

in single zomne.

(1) No attempt to cover the air entrainment or
variations in A/F ratio of burned gas and
resulting gus temperature non-uniformities.



FUEL EFFICIENCY
Model E-0032-69 (Cont.)

{(2) Treatment of heat transfer is not clear from
the paper; however, it can be surmized that
the heat transfer model 1s not based on
radiation or boundary layer details.

(3) Enmissions (soot, NOX) are not covered,

{4) Closed cycle only; intake and exhaust
processes not included.

DATA INPUT REQUIREMENTS Geomettrical and Nesign Parameters:
~ Bore
- Stroke
- Conn. rod length
~ Chamber volume

Model Coefficients:

- Vaporization coefficient Cb

- PBurning coefficient CF
Operating Parameters:

- Load

-~ Speed

- Injection timing

- Intake manifold temperature
~ Intake manifold pressure

- Residual fraction

- Injection rate

~ Fuel orifice size and number
~ Fuel injection pressure

ALIVANTAGES {1) Covers the effect of fuel injection variables
such as hole size and injection pressure on
the combustion rates.

(2) Fmphasizes physical! mechanisms of spray
combustion rather than empiricism.

VALIDATION Engine description: 2,000 vpm, 175 imep,
automotive diesel (4.5 in bore, 4.5 in stroke)

Variables tested; model agreement: Predicted
cylinder pressure vs. crank angle showed good
agreement with data. p
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FUEL EFFICIENCY
Model E-0032-69 (Cont.)

Assegsment of accuracy: Fair accuracy and more
flexibility than empirical models such as Woschni.

Not specified,

0.5 minutes of CPU tine at $60 tc $100/min
(estimated)

This early work provided a foundation for many of
the state-of-the-art diesel models,

Presumably could be obtained from Prof. Borman at
Wisconsin, or from Shipinski, who is at John
Deere, W-terloo, Iowa.
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\ N4

FUEL EFFICTENCY
Model E-0044-80

Imperial College (Vatson)

1977-1980

Watson, N., and Marzouk, M,

Imperial College, Dept. of M.E., London
Urtknown

All modes

Civilian or Government

To correlate diesel performance with operating
parameters.

(1) Marzouk, M. "Transient Response of Turbo-
charged Diesel Engines," Ph.D. Thesis,
University of London, 1976.

{(2) Watson, N., and Marzouk, M., "A Non-Linear
Dipital Simulation of Turbocharged Diesel
Engine Simulation," SAE Paper 770123, 1977.

(3) Watson, N., Pilley, A.D., and Marzouk, M.,
"A Combustion Correlation for Diesel Engine
Simulation,” SAE Paper 800029, 1980.

Similar to the approaches of Shipinski et al
(1968) and Woschni and Anisits (1974), this
simulation does not describe the fuel-air mixing
and combustion processes. Instead, the shape of
the burning rate curve is postulated. The
coefficients are then related to speed, load,
timing, air temperature, etc.

Output of Simulation:

~ For direct injected engines, calculates rate of
pressure rise, maximum pressure

- (Calculates intake and exhaust flows

- Calculates thermal efficiency or fuel
consumption (isfc)
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FUEL EFFICIENCY
Model E-0044-80 (Cont.!

Structure: List of submodels or processer included

(1)
(2)

(3)

(4)

(5)

(1)

(2)

(3}

(4)

Ignition delay
Combustion rate; fuel-air mixing
Gas properties

Intake, exhaust: Incompressible flow

Ignition delay: Correlation based on Wolfer
(E = 4200 cal/mole)

Combustion rate/Mixing of air-fuel: Wiebe
function for diffusion-controlled bhurning.

Gas properties: Standard tables

Heat transfer: Indirectly incorporated in
choice of Wiebe function coefficients,

Does not predict temperature profiles within
the combustion space.

Does not predict soot or NOx emissions
Cannot be used to predict the effect of
chamber shape, fuel injection parameters,
alr swirl, ete.

Requires experimental data such as cylinder

pressure trace for each specific engine to
be simulated.

Geometrical and Design Parameters:

Bore

Stroke

Connecting rod length
Chamber volume

Valve areas vs., time

Combustion Rate Coefficients:

—_

A (combustion duration)

B (premixed proporticn)

Cd. (rate of diffusion burning)
Cd2 (shape parameter)



ADVANTAGES

VALTIDATION

COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVATLABILITY

FUEL EFFICIENCY
Model E-0044-B0 (Cont.)

Operating Parameters:

- Load

- Speed

- Injection timing

~ Intake manifold temperature
~ TIntake manifeld pressure

- EGR or residual fraction

(1)} Relatively inexpensive

(2) Useful for extending known engine performance
to changing altitude, air temperature, boost,
etc,

Engine descriptions:

- FEngine 2 ~ V8, turbocharged 2600 RPM,
10.7 bar bmep

- Engine 1 - turhocharged truck engine,
6 cyl., deep bowl, 2500 RPM

Variables correlated:
- Peak pressure
- Apparent ignition delay

Assessment of accuracy:

~ 5-1]0 percent error in predicting the effects of
pressure, turhbocharger speed, air-fuel ratio,

Not specified.

0.5 minutes of CPU time at $60 - 100/min
(Fstimated)

Model is of limited use for detailed model
predictions. Not intended to be readily
modified for emissions or performance design
studies,

Unknown
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TITLE

DATE
AUTHORS
ORGANTZATTON

SPONSOR

TRANSPORTATION MODE
APPLICATION

QOBJECTIVE

REFERFNCES

RELATIONSHIP TO
OTHER MODELS/HISTORY
OF MODEL

FUEL EFFICLENCY
Mode! E-0063-76

Computer Simulation of a Diesel Fngine:
I.1.T., Delhi

1974-1976
Garg, R.D., Agarwa!, K.K., and Desikachari, R.
I.1.T., Delht

Indian Institute of Technology
(Industry-Supported)

All modes
Civilian or military

To evaluate the accuracy of various diesel heat
transfer models. To predict basic thermodynamic
performance characteristics (imep, P . P{d}),
exhaust temperature, heat loss, and E?¥iciency)
subject to variations in (a) timing, (b} rate of
heat release, (c) overall A/F, (d) engine speed,
{e) compression ratio, (f) air pressure and
temperature,

{l) Garg, R.D., Agarwal, K.K., and Desikachari,
R., "Computer Simulation of a Diesel Engine,"
TE (India) Journal ME, Vol., 55, p. 67,
November 1974.

(2) Ccarg, R.D., Gaur, R.R., and Jagota, H.,
"Parametric Studies of a Four-Stroke Diesel
Engine on Dipital Computer,” TE (India)
Journal ME, Vol. 57, p. 112, September 1976.

This model, which appears to be baced on the
dissertation of Agarwal and Desikachari, draws
from the early work of Whitehouse, et al (1962),
Austen and Lyn (I1962), and Woschni (1967).

COED a0 0 T e FILMTD
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FUEL EFFICIENCY
Model E-0063-76 (Cont.)

Results of Simulation:

~ Direct or Indirect Injected Engilnes

- Calculates Intake and Exhaust Flows

- Calculates Thermal Efficiency or
Fuel Consumption (isfc)

- Calculates Heat Transfer to Walls

Structure: List of Submodels or processes
included.

Included Not Included

Intake, exhaust Fuel injection

Combustion rate Fuel evaporation

Gas properties Ignition delay

Heat transfer Fuel=-air mixing
NO  Medel

Sobt Model
Mixing of burned gas

Intake, exhaust: The 1976 paper treats the mani-
fold and valve phenomena as l-D compressible,
quasi-steady flow; with specified volumetric
efficiency and residual fraction. Flow may be
either subsonic or sonic.

Fuel spray evaporation: Not treated.

Ignition delay: Specified. Ignores effect of
variables such as engine speed on the delay
period.

Combustion rate: Based on Lyn (1960) and Woschni
(1962). Specified triangular rate law; 40 degrees
duration,

Fuel~air ratio of burned gas: Not treated. Each
successive burned gas element has an individual
temperature, however.

Gas properties: From Keenan and Kaye.



LIMITATIONS

DATA TNPUT REQUIREMENTS

FUEL EFFICIENCY
Model E-0063-76 (Cont.)

Heat transfer: Wall temperature assumed. Four
models examined:

Nusselt
Eichelberg (appeared best)
Annand
Woschni

D 6 ee

NOx Model: Not treated.
Soot Model: Not treated.

Burned gas mixing: Not treated.

(1) Not intended to treat fuel-zir mixing and
gas temperature non-uniformities: wvarilations
in F/A of burned gas not treated.

(2) 1Inadequate treatment of heat tronsfer:
Boundary layer near wall not treated. Alsa
heat transfer by radiation not treated (and
effect of soct),

(1) Does not calculate emigsions (soot, Nox. HC,
co)

(4) Cannot predict effects of air swirl, fuel
orifice changes, ar piston shape.

(5) Arbitrarily assumes combustion efficiency is
2% to 96%, depending on CR,

Geometrical and Design Parameters:
- Bore

- Stroke

~ Conn. rod length

- Chamber volume

- Valve areas vs. tine

Model Coefficients:

- Ignition delay

- Comhustion duration

~ Heat transfer coefficient
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ADVANTAGES

VALIDATION
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FUEL EFFICIENCY
Model E-0063-76 (Cont.)

Operating Parameters:

-~ Load

- Speed

- Injection timing

- 1Intake manifold temperature

~ Intake manifold pressure

- Residual fraction and volumetric efficiency
~ Injection rate and duration

- Cylinder wall temperature

@ Does treat the complete cycle of a four-stroke
engine, including intake and exhaust processes.

@ Relatively simple and inexpensive.

@ Could be used to estimate effect of engine
parameters on imep, efficiency.

® Interesting framework for comparing lieat
transfer models.

Engine description:

(1) 6-cylinder, precombustion chamber, 4.58
liter, 100 HP @ 3,000 RPM, CR = 19.5

(2) 6-cycle, direct injection, 11.1 liter, 147 HP
@ 2,000 RPM, CR = 15.8

Variables tested; model agreement
-~ Speed

Fuel timing and duration

- Alr temperature

Stroke/bore ratio

Model agreement is fair.

Assessment of accuracy: Stated in the reference,
cylinder pressure phase error of about 5 degrees
is Jdisturbing. Model only checked against power
output (20% lower than measured),




COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

FUEL EFFICIENCY
Model E-0063-76 (Cont.)

Program called "ENGINE"; Fortran IV

Approximately | minute of CPU time at $60 to
$100/min (estimated)

Not superior to other models of this type such as:
@ Manchester (Whitehouse)

e Cummins (Austen & Lyn)
¢ Wisconsin (Myers, et al)

Fresumably could be made available.
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REFERENCES
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OF MODEL

OPZRATIONAL CAPABILITIES

PRECEDRING FAGL

T

]

TLANK WOT FUUMEDR

FI'TF1. FFFICTENCY
Model E~0070-74

M.A.N,
1674
Wosehni, G., and Anisits, F.

M,A.N. Augsburg and Institut fur Kolbenmaschinen
Technical University

M.A.N.
All modes
Civilian or Government

To predict the effect of altered operating con-
ditions (i.e., fuel-air ratio, air temperature,
engine speed, and timing) on heat release rate in
a dlesel engine. From heat release rate, then,
one can determine thermal! performance parameters
such as maximum pressure, isfc, etc.

Woschni, G., and Anisits, F., "Experimental
Investigation and Mathematical Presentation of
Rate of Heat Release in Diesel Engines Dependent
Upon Engine Operating Conditions," SAE Paper
740086, 1974,

The present work developed from Woschni's earlier
research into heat transfer (SAE Paper 670931,
1967), and on the computation of thermal loads on
diesel engine components (MTZ Vol!, 31, No. 12,

p. 491, 1970). Woschni's approach relies on
empirical determination of a four-parameter
expression for heat release and deliberately
avoids any attempt to model the fuel spray
combustion mechanism.

Results of Simulation:

- Direct injected engines

- Calculates cylinder pressure vs. crank angle,
including pressure rise rate and maximum
pressure

— Calculates thermal efficiency or
fuel consumption (isfc)

- Calculates heat transfer to walls
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FUEL EFFICIENCY
Model E-0070-74 (Cont.)

Structure: List of submodels or processes
included,

(1)

(2}

(3)
(4)

Computation starts after valves close
Ignition delay

Combustion rate

Intake, exhaust: Not included

Fuel spray evaporation: HNot included

Ignition delay: Arrhenius expression,
following Wolfer (1938),

Combustion rate/mixing of air-fuel: Weibe
function with empiricsl coefficients,

Fuel~air ratio of burned gas: Not included

Gas properties: Presumably standard
thermodynamic tables.

Heat transfer: Not explicitly modelled; the

Welbe function accounts for both burning rate

and heat loss rate.

Nox Model: Not included

Soot Model: Not included

Burned gas mi:ing: Not included
Limited treatment of heat transfer, which
is "folded" into the Weibe function, which
essentially gives the net heat release over

and above the heat lcst to the walls,

Does not attempt to treat fuel-aiv mixing or
gas temperature non-uniformities.

No attempt to model emissiens (soot, NOX).
Experiments required to fix coefficients for

each engine to be modelled (this is true for
most models).



DATE TRPUT REQUIREMENTS

ANDVANTACES

VALIDATION

)

FUEL EFFICIENCY
Model E~0070-74 (Cont.)

Application is limited (this is true for most
models),

Geometrical and Design Parameters:
- Bore

- Stroke

- Conn, rod length

- Chamber volume

- Valve areas vs, time

Coefficients (empirical):

- Tgnition delay co:fficients (a,b,c)
~ FEffective air-fuel equivalence ratio
- Duration ¢f combustion

~ VWeibe function parameter, m

Operating Parameters:

- Load

- Speed

- Injection timing

- Intake manifold temperature
- Intake manifold pressure

~ ECR or residual fraction

- Cylinder wall temperature

e Very simple to use, once coefficients are
determined semi-empirically.

@ Weibe function simulates the physical mech-
anisms of diesel] combustion and heat transfer
moderately well, even though it was developed
by Weibe for spark ignition engines.

Engine description:

(1) Low speed, 2-stroke engine of 39.4 in. bore,
(2} Medium speed, 4-stroke engine of 15.7 in.
bore.

Variables tested; model agreement: Predicted
power and peak pressure {not fuel consumption, on
exhaust temperature} for variations in air temp-
erature, air pressure, and timicg.
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FUEL EFFICLENCY
Model E-0070-74 (Cont.)

Assessment of accuracy: *27 on heat release, but
only after experimentation co establish
coefficients for each engine.

Unknown

0.2 minutes of CPU time at 560 to $100/min
{(estimated)

Woschni is of the opinion that diesel simulations
will continue to rely on empirical data, He con-
giders the modelling of details such as
atomization, fuel jet spreading, wall impingement,
and local gradients of temperature/concentration
to be nearly impossible (and potentially
expensive, 1if possible).

This simple code could be written again by any
user at low cost,

()
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AUTHORS

ORCANIZATION

SPONSOR

TRANSPORTATION MODE

ATPLICATION

OBJECTIVE

RFEFERENCES

EMISSTONS
Model E-DCO01-B1

Divided-Chamber Diesel Fngine Model, MIT
Completed 1981

S. Hossein Mansouri; John B, Heywood, and
K. Radhakrishnan

Massachusetts Institute of Technology
General Motors Corporation

Highway

Civilian

The model was developed for a divided-chamber
automotive diesel engine which describes the
intake, compression, combustion and expansion, and
exhaust processes in sufficient detail to permit
calculations of pressure, fuel-air ratio
distribution, heat release distribution, NO
formation, particulate mass loading, and
particulate oxidation processes. A feature of this
model is the use of a stochastic mixing approach
during the combustion and expansion processes to
describe the nonuniform fuel-air ratio distribution
within the engine. In this appreach, the fuel-air
ratio distribution during the combustion and
emissions formation processes can be followed as it
evolves with time., Primary output variables of
interest are the fuel efficiency and the NO
emissions, X

1. Mansouri, S5.H., Heywood, J.B., and
Radhakrishnan, K., "Divided Chamber Diesel
Engine, Part I:; A Cycle Simulation Which
Predicts Performance and Emissions,” SAE Paper
820273, 1982 SAE International Congress and
Exposition, Meeting February 22--26, 1982.

2. Kort, R.T., Mansouri, S.H., Heywood, J.B., and
Ekchian, A., "Divided Chamber Diesel Engine,
Part IT: Experimental Validation of a
rredictive Cycle Simulation, and Heat Release
Analysis," SAE Paper 820274, 1982 SAE
International Congress and Exposition, Meeting
February 22-26, 1982.
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EMISSIONS
Model E-0001-81 (Cont.)

This is an original model which after its comple-
tion has been modified into a Spark Ignited Model
and a Wankel Configuration Engine Model, It is
currently being modified into an Open Chamber
Diesel Engine Model under the sponsorship of NASA
LERC.

No prior history.

Model Description:

The flow inteo the engine cylinder during the intake
process 1s modeled using quasi-steady one-
dimensional flow equations, Mass flows past valves
and between the two chambers are modeled by the
equations for isentropic adiabatic flow through a
nozzle., Discharge coefficients are used to relate
the effective areas for the particular constriction
(intake valve, connecting passageway, or exhaust
valve) to the ideal areas for the isentroplc flow.
Plenum assumptions are used for the intake and
exhaust manifolds.

The cycle-simulation uses a stochastic mixing
approach during the combustion and expansion
processes to describe the nonuniform fuel-air ratio
distribution within the engine, including the way
in which this distrioution evolves with time. The
combustion chamber is divided into three zones:

the pre-chamber, the connecting passageway, and the
main-chamber. In each zone, equal mass elements of
air, fuel, and fuel-air mixture are present in
proportions which agree with the overall fuel-alr
ratio in that region. These elements mix and react
according to rules derived from classical models
for turbulent reacting flows and combustion
fundamentals, 1In this way, the fuel-air ratio
distribution during the mixing, combustion, and
emissions formation processes can be followed as it
evolves with time.

The cycle-gimulation is used to examine the origin
of NO_ and particulate emissions in a divided-
chambér diesel engine. The NO formation model is
based on the extended ZeldovicH kinetics in the
burned gases, The particulate oxidation kinetic
model proposed by Nagle and Strickland-Constable ia



ASSUMPTIONS

LIMYTATIONS

EMISSTONS
Model E-0001-81 (Cont.)

coupled with the cycle~simulation, The particulate
mass lcading and the initial particulate size are
regarded as inputs for particulate oxidation
caleulations. The initial value of particulate
mass loading level, assipgned to each element after
it burns, is assumed to he the amount of solid
carbon calculated from the chemical equilibrium
model,

Results of Simelation:

- Calculates Volumetric Ffficiency

~ Calculates leat Transfer During 4 Cycles
= (Calculates Thermal Efficiency

- (Calculates NO in Chamber and Total NO
- Calculates Patticulate Fmission %

Modular Structure - Separate modules allow easy
replacement or change:

- Intake

~ Combustion

- Heat Transfer

~ Property Routines, i.e., Cas Froperties

- NO_ Model

- Pafticulate Formation Model

This model is zero dimensional or quasi dimensional
model, The model is based on a stochastic mixing
model .

A major limitation of this model is that it can't
calculate local heat transfer, bulk heat transfer
only. It does not have a detailed combustion model
as the kinetics are not really known. The
combustion model is a stochastic one based on
modelling of steady state gas burners. The other
Iimitation is the nondimensionality of the model
compared to others which are two or three
dimensional.
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EMISSTONS
Model E-0001--81 (Cont.)

The input data requirements are in addition to
those addressed as givens:

Geometrical and Design Parameters:

1. Bore

2. Stroke

3. Connecting rod length

4. Prechamber volume

5. Main chamber velume

6. Passageway diameter

7 Intake valve diameter

8. Exhaust valve diameter

9. Intake valve opening time
10. 1Intake valve closing time
11. Exhaust valve opening time
12, Exhaust valve closing time

Data Base Requirements:

For this model, the pressure data required was
generated from an experimental test of the 5.7L
{350 cu. in.) diesel engine. The data from this
engine which were compared to the model results for
calibration are volumetric efficiency, pressure
data for each chamber, thermal efficiency, and NOx
emission levels.

Operating Parameters:

intake manifold pressure
Inlet mixture temperature
Exhaust system pressure

EGR rate in intake

Load: mass of fuel injected per cycle
Speed

Injection timing

Prechamber wall temperature
Main chamber wall temperature
Passageway wall temperature

. - - -

OO O~ D Wk

=

The main advantage to this model particularly as
compared to the two or three dimensional models is
that it requires a relatively small amount of
computer time per run. Tlherefore, it is possible
to run many cases at many different conditions to
develop engine maps, to identify areas for engine
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VALIDATTON

COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTTAL

EMISSTONS
Mode! E-0001-8] (Cont.)

tests for comparison, and to take various
parameters or variables to their limits to
understand the boundaries of the potential for the
engine.

Fxperimental data generated on a single-cylinder
divided-chamber diesel engine (1979 5.7L GM) were
used to verify the accuracy of the model
predictions, Agreement berween experimental data
and predicted values of engine performance and NO
emissions levels was good. The valldation data 1g*
presented in the SAE paper referenced in this
catalog entry,

Accuracy!

This model results in good agreement between the
predicted values and experimental data for thermal
efficiency, Indicated mean effective pressure, peak
pressure values, N} emigsion levels, and chemical
ignition delay time® This agreement is cobtained
over the normal] load, speed, and injection timing.
The accuracy of the model prediction of particulate
formulation 1s only fair,

Input Data Accuracy:

The actual values of the pressure data from an
actual engine which is used as input data can be
recorded to within +17,

The program code is written in Fortran and is
currently used on an IBM 370, Therefore, any major
facility would likely have the capability to run
the code. Tt is relatively easy to run and should
take approximately one day to set up in another
computing facility,

As it is currently used, the model requires about
two minutes of CPU time, FEach run -osts
approximately $20.

This model is currently being modified under
contract to NASA here to model an open chamber,
turbecharged, turbo compounded, and four cycle
diesel engine.

3-123



AVATLABILITY

3-124

EMTISSIONS
Model E~0001-81 (Cont.)}

The Divided-Chamber Diesel Engine model was
developed with General Motors as a sponsor.
Therefore, permission would need to be obtained
from General Motors before the code could be made
available to other users.
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EMISSTONS
Model FE-0002-78

Komatsu "DSA/DCE"

1978
H, Hiraki
J. M, Rife

Komatsu/Massachusetts Institute of Technaolopy
Komatsu Ltd., Kawasakil, JAPAN

Diesel engines used in buses, trucks, locomotives,
marine

Civilian and Government diese! engines

To predict the performance and Nﬂx emissions of
a direct injection diesel engine, given

- Fngine dimensions

- Valve timing

- Turbocharger characteristics
- Cooling conditions

Hiraki, H. and Rife, J.M., "Performance and NO
Model of a Direct Injection Stratified Charge
Engine," SAE 800050 (1980),

Hiraki, H., "Performance and NOx Model of a
Direct Injection Stratified Charge FEngine,"
§.M. Thesis, MIT, April 1978.

Rife, J.M. and Heywood, JI.B., "Photographic and
Performance Studies of Diesel Combustion with a
Rapid Compression Machine," SAE 740948, 1974,

Hiraki, H. and Rife, J.M., "Performance Model for
a Direct Injection Diesel Engine."

Texaco funded Hiraki and Rife at M,I.T. to develop
a stratified-charge, spark-ignition engine model,
which then served as the basis for a direct in-
jection diesel model developed for Komatsu.
{Hiraki now works for Komatsu.)
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EMT 1 1{INS
Model E-Q002-78 r(uvort.)

OQutput of Simulation - Divrect injected engines of
four types:

-~ naturally aspirated

- turbocharged

-~ turbocharged - aftercooled

~ turbocompound

Calculates intake and exhaust flows, including
turbocharger performance matching.

Calculates thermal efficiency or fuel consumption
(isfc).

Calculates wall temperature. and exhaust tempera-
tures based on heat transfer to walls and coolant.

Calculates emissions (NOx only).

Calculates fuel spray evaporation and mixing
with air.

Structure: List of submodels or processes included
-~ Intake, exhaust, turbocharpger

- Fuel injection and evaporation

- Mixing of fuel and air

- Ignition delay

- Combustion rate

- Gas properties

- NO_ model

- Helt transfer

(1) Intake, exhaust:
Incompressible flow equations; turbocharger
matching is performed

(2) Fuel spray evaporation:
Assumed instantanecous

(3) Mixing of fuel and air:
Turbulent jet entrainment expressions of
Hoult and Well (1972). Air squish and swirl
effects are also included. Took a = .11 for
jet spreading angle.

\J/



(4}

(5)

{6)

(7)

(8)

9}

(10)

LIMITATIONS

(1)

(2)

(3)

EMISSTONS
Model E-0002-78 {(Cont.)

Ignition delay:
Derived from purely fluid mechanic description

Combustion rate:

Each element is conical and starts burning at

the boundary; "flame" propagates inward at

at the turbulent flame speed (u' = s). Behind
the "flame", eddies are assumed to exist which
burn according to a turbulent entrainment law

{(Blizzard and Keck, 1970).

Fuel-air ratio of burned gas:

Mixture 1s divided into elements of individual
fuel~air ratio derived according to turbulent
jet mixing theory,

Gas properties:

Standard property equations for hydrocarbon
air mixtuye:, developed by Heywood and Martin
(19773,

Heat transfer:

Separate Woschni (1967)-type heat equations
for burned gas region aud unburned region;
area assumed proportional to mass.

NO  model:
ZelJovich kinetics with equilibrium values of
H, 0, 02. and OH.

Burned gas mixing: assumed to be negligibhle.

Noes not treat the effect of fuel injector
design changes on evaporation rate or atom-
ization.

Ignition delay treatment includes no chemical
reaction rate effects. Initial ignition
delay is user-specified.

Tnadequate treatment of heat transfer:
No boundary layer included.
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EMISSIONS
Model E~0002-78 (Cont.)

{4} Inadequate treatment of burned gas mixing:
Cells are not allowed to mix with one another.

(5) Soot not included.

Geometrical and Design Parameters:
- Dore

- Stroke

- Connecting rod length

~ Chamber volume

- Valve areas - time

Operating Parameters:

- Load (fueling rate)

- Speed

- Injection timing

- Intake manifold temperature

~ Intake manifold pressure

- EGR or residual fraction

- Injection rate

~ Cylinder wall thickness and thermal
properties

- Piston bowl diameter

~ Fuel orifice size and number

- Swirl level "

~ Turbocharger characteristics

- Coclant flow rate and temperature

(1) Includes detailed model of cylinder heat
transfer to the coolant,

(2) Includes turhncharger matching calculation.

(3) Can predict the effect of fuel spray design

parameters (orifice size, piston bowl
diameter).

Engine description:

{1} Komatsu S6D155 (155mm bore, 170mm stroke,
2000 RPM, CR - 14.5, 6 cyl, 380 hp)

(2) CAV engine (4 cyl, 1 liter, CR = 16)

C -7
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COST OF OPERATION

FUTURE POTENTTAL

AVAILABILITY

EMISSTONS
Model E-0002-78 (Cont.)

Variables tested; model agreement:

(1} Effect of load:
Generally pood agreement

(2) Effect of Timing:
Trends correct, but absolute bsfc values
underpredicted by 5 ~ 10% and absolute NO
values in error by up to 40%. x

(3) Effect of swirl level:
Very good agreement for bsfec, -Z0Z for NOy

Assessment of accuracy:

@ Exhaust tempevatures and wall temperatures
incorrectly predicted because of oversimpli-
fied heat transfer model.

@ Maximum pressure correctly predicted.

® NO_ predictions are useful to reveal trends i
buf not absolute values.

Not specified

2 minutes of CPU time at $60-100/min
(estimated)

(1) Excellent framework for an improved heat
transfer model,
(2) Ircludes turbocharger matching, which makes

this model suitable for analyzing turbo-
compound and adiabatic engines.

Unknown; Current MIT model (by Mansouri et al) has
taken a different direction,
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Model E-0003-78

Cummins

1973 - 1978

S.M. Shahed, P.F. Flynn, W.T. Lyn, W.S. Chiu
Cummins Engine Co.

Cooperative efforts with Mack Trucks, Inc.
All diesel engines

Civilian or Government

Predictive capability for:

- BSFC, rate of heat release
~ Emissions, (NO , soot, HC)
- Direct Injectign Engines

Engine Modeling Conference, 1979
Combustion Institute, 1978

SAE Paper No. 760128, 1376

IME, 1975

SAE 730083, 1973

1962 Lyn's paper was the first to take
"scientific" approach to diesel combustion
modeling., Now RED director at Cummins.

1970 Adler and Lyn (IME 1970) spray-in-swirl
study; this paved the way.

1971 Shahed advised on CRC/EPA diesel model
project.

1972 Preliminary model published.,

1975 Added "fuel spray" submodel based on experi-~
mental results,

See list of data input requirements. Model can
predict the effect of these parameters on NOx and
isfc, including pressure as a function of crank
angle.

PRECEDING PAGE BLANK NOT FILRED 3-131
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LIMITATIONS
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EMISSIONS
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User specified ignition delay

(1973)--A11 burned gas packages are at
stoichiometric fuel~air ratio (no spray
formation, droplet evaporation, or fuel-air
mixing).

(1973)~-Heat release rate taken from empirical
expression of Lyn (1972).

Droplets not treated,
Spray model for fuel-air mixing (1975):

(a) Hyperbolic distribution of F/A along spray
axis
(b) Distribution across the spray obeys:

1.5
c/cm =1 = (y/b)

Spray srgwth equations for tip portion
(x ¢ t °7) and width (b o x)

()

Flammable zones ignite and burning is
controlled by the rate of entrainment of air,

Flammability limits taken at ¢ = 0.5 and
¢ = 3.0,

NOx formation rate is single step Arrhenius
expression with adjustable pre-exponential.

Ammand type heat transfer ex~ression.

Combustion does not affect mixing rates.

Only treats portion of cycle between ignition
and valve opening.

No droplet treatment.

Direct injection only.
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ADVANTAGES

VALIDATICON

EMISSTONS
Model E-0003-78 (Cont.)

@ 1973 version did not use authentic NO kinetic
corstants (fixed in 1975 versiom).

@ 1973 version ignored details of spray
combustion process. All burning gas is at
single F/A ratio (fixed in 1975).

@ No heat exchanpe between packages. (Some stay
hot too long.)

® 1973 version used empirical heat release
function (fixed in 1975),

@ 1973 version could not predict smoke or CO,
because no fuel rich zones (fixed in 1975).

@ MNo spray impingement model.
@ Instantaneous flame propagation after ignition.

@ Radiation not treated well (not Ta).

Operating Conditions Engine Ceometry
Injection timing Bore

Injection duration Stroke

Fuel orifice size and number Conn, and length
Fuel injecticn pressure Clearance volume
Swirl level Angle of valve
Air temperature closure

Air pressure
Recsidual fraction

Does allow for temperature gradient (successive
packages of burned gas have individual
temperatures).

1973 Version

(1) Validated against three engiues.
{2) Agreement poor at light load naturally

aspirated, high swirl, or high smoke
conditions.
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EMISSTONS
Model E-0003-78 (Cont.)

(3) Able to predict trends of NO_ vs., load, RPM,
air temperature, timing, EGR.

1975 Version

(1} vValidated against single cylinder engine

- apeed - injection pressure -~ hole diameter
- load - injection duration -~ air pressure
- timing = number of holes - air temp,

- CR

{2) Only presented results for injector hole
diameter and air swirl,

(3) Nox predicted within ¢ 307 or so (needs
further work).

Xerox Sigma 9 Computer, Presumably Fortran.

This model requires 3-5 minutzcs of CPU time
($60-100 per run) since it is iterative for each
package at each crank angle.

No further development of the Cummins Model is
planned in the near future, When 1975 Model was
published, the following capabilities were being
added:

- Soot

~ Hydrocarbon

- Radiation

- Heat transfer between zones
- Wall effects

Unknown
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EMISSTONS
Model E-0006-74

Ultrasystems Diegsel Emissions Model

1974

Kau, C.J., Wilson, R.P., Muzio, L.J., Waldman,
C.H., Heap, M,P,, and Tyson, T.J.

Ultrasystems, Inc.
EPA and Coordinating Research Council (CRC)
Engine model applicable to all modes.

Civilian or Government. Funded by Civilian
sector.

To predict NO_ and soot emissions of
direct—inject%on engines based on detailed model
of spray atomization, air entrainment, and droplet
combustion.

{1) Wilson, R.P., Waldman, C.H., and Muzio, L.J.,
"Foundation for Modeling NO_ and Smoke
Formation in Diesel Flames, "Final Report
EPA-460/3-74-002a, January 1974,

(2) WwWilson, R.P., and Waldman, C.H., "Assessment
of Existing Models of Pollutant Formation in
Diesel Combustion," Western States Section,
Combustion Institute, Paper 74~1 (1974).

(3) Kau, C.J., Tyson, T.J., and Heap, M.P.,
"Study on Oxides of Nitrogen and Carbon
Formation in Diesel Engines," Final Report
Phases II and 117, EPA-460/3-76=-008a (March
1976)

{(4) Xau, C.J., Heap, M.P., Tyson, T.J., and
Wilson, R.P., "The Prediction of Nitrie Oxide
Formation in a Direct Injection Diesel
Engine," Combustion Institute, 16th
International Symposium, p. 337 (1976).

(5) Kau, C.J., and Tyson, T.J., "Computer Program

Users Manual," March 1976,
EPA-460/3-76-008~b.
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EMISSIONS
Model E-0006-74 (Cont.)

Wilson, Waldman and Muzio (1974) surveyed previous
diese] models and developed the framework for a
new mode! which would include details such as fuel
spray atomization, air entrainment, ignition,
premixed and droplet combustion, and swirl
effects. The model emphasis is on realistic
temperature and fuel-air ratio variations within
the chamher so as to accurately describe NO_  and
soot formation. This model was put into a &orking
computer code by Kau and Tyson (1976), who
adjusted the model structure to agree with
experimental data.

Results of Sipulation:

- Direct injected engines

- Calculates intake and exhaust flows

-~ Calculates thermal efficiency and
fuel consumption (isfc)

- Calculates heat transfer to walls

- Calculates emissions (NO_, soot)

- Calculates fuel spray evaporation and
mixing with air

Intake, exhaust: Compressible flow equations.

Fuel injection: Quasi-steady fuel jet with "Upper
Limit" dropsize distribution.

Fuel evaporation: Godsave equation.

Alr entralnment: turbulent jet with swirl], based
on Adler and Lyn (1966).

Ignition delay: Based on Shipinski (1969) and
Wolfer (1938).

Combustion rate:

(a) Premixed burning rate according to flame
propagation.

{(b) Mixing~limited burning rate according to both
air entrainment and droplet combustion,

Gas properties: NASA equilibrium except carbon
and NOx.



EMISSIONS
Model E-0006-74 (Cont.)

NOx model: Extended Zeldovich kinetics; Formation
in"the burned gas and around droplets.

Soot model: Formation and oxidation rates of the
Arrhenius form.

Mixing of burned gas with air: Dilution rate
proportional to size of packape and available air.

Heat transfer: Radiation, convection, and
boundary layer effects,

LIMITATIONS (1) ¥ :del does not predict spatial position of
various phenomena,

(2) Cannot predict effect of chamber shape,

{(3) Coupling of turbulence and burning rate needs
further work.

DATA INPUT REQUIRFMENTS Geometrical and Design Parameters:
- Bore
- Stroke
- Conn. rod length
- Chamber volume
- Valve areas vs, time

Model Coefficients:

-~ Mixing coefficient for burned gas/air
- Alr entrainment coefficient

- Vitiation coefficient

— Heat transfer coefficient

Orerating Parameters:
- Load

~ Speed

-~ Injection timing

~ Intake manifold temperature
~ Intake manifold pressure

- EGR or residual fraction

- TInjection rate

- Cylinder wall temperature

- Fuel orifice size and number
~ Swirl level
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AVATLABILITY
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EMISSIONS
Model E-0006-74 (Cont.)

(1) Model can handle design details such as fuel
injection pressure, orifice size, and air
swirl.

(2} Model includes powerful heat transfer

submodel, and includes a submodel for burned
gas quenching (which most other models omit).

Engine description: Single cylinder, 2.34 £ dis-
placement, 1,500 RPM, CR = 17:1
Variables tested; model agreement:

~ Predicted cylinder pressure gave excellent
agreement with data

~ Effects on NOx of CR, turbocharging, timing,
load, speed, gwirl, and EGR all predicted to
about 10-20%.

Fortran IV, CDC 6600

3 minutes of CPU time at $60 to $100/min

Next plateau for this model is multi-dimensional
coordinate system,

Available through listing in reference (3) 1if not
from Ultrasystems directly.
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Model E-0007-76

Hiroshima

1974-1976

Hiroyasu, H., Kadota, T.

University of Hiroshima

Japan Automobile Research Institute

Applicable to all (highway, rail, marine or
pipeline).

Applicable to both military and civilian.

To guide the design and development of direct
injection diesel engines in order tc achieve low
emissions,

Proposed low-emission designs are screened.

SAE 760129 (Also see RELATIONSHIP 70 OTHER
MODELS).

Diesel counterpart to spark ignition engine model
deseribed in "Computer Simulation for Combustion
and Exhaust Emissions in Spark Ignition Engine,"
15th Symp. (Int'l) on Combustion, 1974, pp. 1213-
1222, by same two authors.

This model contains several submodels published
separately:

(1)} Fuel Spray Model: Bulletin of the Faculty of
Engineering, Hiroshime Univ, 23 #1 (1974),
p. 55.

(2) Droplet Model: SAF Paper 740445, SAE National i
Power Plant Meeting, Milwaukee, 1974.

(3) Evaporation Model: JSME National Meeting, Paper
740-16, 1974,
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(4) Ignition Model: Trans. JSME 41 #1348 p. 2475
(1975),

{5) Fuel Injector Model: Trans. JSME 34 #1260 p. 755
(1968).
The major assumptions that the model 1s founded on

are:

- Jet spreads at specified angle (no radial
digtribution) and entrains air.

Same penetration for all packages.

1

All droplets at same initial diameter; they
evaporate without affecting each other.

f

Vapor ignites after an ignition delay which 1is
given by the expressions of Mullaney (1959),
Hurn (1951),

- Diffusion flame exists around groups of
droplets.

Rate of burning controlled by fuel evaporation
or air entrainment,

All combustion at stochiometLric.

Heat transfer to walls by Woschni (1968) - no
radiation,

Each burnt gas package has its own temperature.

Eleven species plus soot (all but Nox and soot
in equilibrium).

® Restricted to portion of cycle when valves are
closed. (No intake, exhaust, or turbocharger.)
® No rigorous treatment of wall impringement.

@ Radiation heat transfer not explicitly treated.
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VALIDATION
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EMISSIONS
Model E-0007-76 (Cont.)

@ No mixing between neighboring packages,
® No way to model chamber shape effects.

@ Weak on air motion and turbulence.

@ Cost effective,

® Minimum of empiricism.

@ Includes spray detalls and thus can predict the
effects of changes to fuel injector,

Validated against Mitsubishi DT-6 engine, as shown

in SAE Paper 760129 (1976).

Accuracy is sufficient to show emlssions trends but
not absolute values.

Accuracy: Model could be improved in the areas
shown in LIMITATIONS, These improvements would
make model more versatile but not necessarily more
accurate.

Input Data Accuracy: Nothing special here: fuel
schedule to nearest degree CA.

Hiroyasu's plans - unknown.
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NREC DTESEL EMISSIONS MODEL

1971

Bastress, Chng, and Dix

Northern Rerzarch and Engineering Corp.
EPA

Non-specific (all diesel engines)

Originally inter led for civilian, but applicable
to military engines as well.

Emissions predictions for developing design
criteria for fuel injection systems for two types
of diesels:

— Direct injection

- Indirect injection

Output:
— Emissions (NO )
- Performance (%sfc)

Coefficients:

- Specified evap. duration of rate (C )

- Specified burn duration or burn rate (C,)

- Average fuel/air ratio during burning (%1)

- Specified increment of fuel-air ratio
(dispecrsion F)

- Specified mixing cc:fficient (C))

- Specified heat tran fer coeffic%ent (Cg)

Bastress, E.K., Chng, ! .M., and Dix, D.M., "Models
of Combustion and Nitriz Oxide. Formation in
Direct and Indirect In’zction Compression Ignition
Engines." SAE Paper 7 9053, 1971.

This model was develoyed based on NREC's exper-
ience modeling gas tu bine engines. Some of
the same assumptions are used for diesel engine
combustion as were v:ed for gas turbines (e.g.,
distribution of fue -air ratios).
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Model was constructed under contract to EPA.

Model has the capability to predict the effect of
each of the input parameters on NOx emissions and
performance (isfc).

® Evaporation rate specified as Gaussian shape
(Lyn 1960).

® Ignition delay correlation of Tsao (1962).

@ "Backlog" of fuel vapor burns over a range of
F/A, "neu" fuel vapor burns at average F/A
(specified).

® Mixing rate proportional to available volume
of each package.

® Specified burn rate equal to or exceeding the
evaporation rate.

® Heat transfer: coefficient which 1s specified.

@ Only portion of cycle with valves closed is
modeled,

@ Mixing law is arbitrary not mechanistic (no
jet theory).

@ Evaporation law is arbitrary not mechanistic
{no spray, no droplets).

@ Six arbitrary coefficients must be gpecifiad
{some rules of thumb given in the paper for
how to do this).

® No soot prediction,

® Poor heat transfer capability (adiabatie
engine not readily modeled).

Engine peometry: bore, clearance volume, conn-rod
length, stroke (crank diameter)}, valve closing.

Operating conditions:

- Fuel mass, injection rate and timing
Wall temperature

- Alr pressure, temperature

~ Regldua. fraction

~ RPM

Fuel schedule
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Coefficients:

~ Specified evaporation duration or rate (Cl)

- Specified burn duration or burn rate (C,)

- Average fuel/air ratio during burning (%1)
Specified increment of fuel-air ratio (disper-
sion F)

Specified mixing coefficient (C.)

Specified heat transfer coeffic%ent (CA)

3

t

¢ Simplicity
e Non-uniform temperature and fuel-air ratio is
included.

& Validated at single load and speed with
B-cylinder automotive engine (4 1/2" bore, 200
hp, 3200 RPM),

® Suspect that agreement would be relatively poor
if the timine, speed, load, etc., of that
engine had been varied,

@ Attempts were made by Wiison and Kau Iin 1974
to use this model to fit some data from a
6"-bore Cummins diesel engine. Agreement was
poor no matter what coefficlents were picked.

Assessment of Accuracy

This model contains a number of mathematical
(non-physical) expressions for evaporation,
ignition, mixing, combustion. The coefficients
must be changed for every engine the model is set
up to simulate,

Substantial revisions would have to be made to
improve this situation; it is doubtful if the
effort would be worth it, compared to just using
more physical models such as the Ultrasystems or
Hiroyasu model.

Fortran; CDC, IBM machines. (Some code errors
must be caught and fixed.)
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Cost is relatively low, abcut $10-$20 per run.
NREC is no longer ac*ive in this area.

Public domain; was available from NREC for $100 in
1974; probably currently available.
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EMISSIONS
Model E~0026-73

C.A.V. Diesel Emissions Meodel

1970-1973

Khan, Greeves, Probert, Gripg, and Syed
C.A.V. Ltd., Acton, London

C.A.V. Limited

All modes

Civilian or Government

This model is designed to predict soot and NO
formation In direct-injection engines, as well as
rate of heat release, isfc, and related
performance parameters.

(1) Grigg, H.C., and Syed M.H,, "the Problem of
Predicting Rate of Heat Release in Diesel
Engines,'" Paper 18, Symposium on Diesel
Engine Combustion, Institution of Mechanical
Engineers, 1970. Also SAE Paper 700503,
1970.

(2) KXhan, I.M., Greeves, ., and Probert, D.M.,
"Prediction of Soot and Nitric Oxide
Concentrations in Diesel Engine Exhaust,"” IME
Publication Cl42Z, p. 205, 1971,

{(3) Khan, I.M. and Greeves, G., "A Method of
Calculating Emissions of Socot and Mitrie
Oxide from Diesel Engines,”" SAE Paper 730167,
1973.

Crigg and Syed (1970) developed the fuel-alr jet
mixing model as a basis for improved heat release
predictions. Based on this model and emissions
data of Khan and Wang (1971), an extended diesel
emissions model was developed by Khan, Greeves,
and Probert (1971), Then in 1973, an improved
version was presented as SAE Paper 730169,
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Results of Simulation:

—

Calculates fuel spray evaporation and
mixing with air

Direct injected engines

Calculates rate of heat release
Calculates thermal efficiency or

fuel consumption (isfc)

Calculates heat transfer to walls
Calculates emigsions (Nox, soot , HC)

Structure: List of submodels or processes
included:

Fuel injection; fuel vapor jet

Ignition delay

Combustion rate (fuel-air macro-mixing and
nicro~mixing) .

NO_ Model

Soot Model

Heat transfer

Intake, exhaust: Not included

Fuel spray evaporation: Instantaneous
vaporization., Schweitzer formula for conical
spray penetration and dispersion.

Ignition delay: Specified empirically.

Mixing of air-fuel: Air is entrained according
to the fuel jet spreading expression.
Entrainment and diffusion coefficients must be
specified. Swirl effects on mixing rate are
not treated.

Fuel~air ratio of burned gas: Three zones
(fuel vapor, burned gas, and air).

Combustion rate: Proportional to air
entrainment.

Heat transfer: Annand-type expression.

No Model: Zeldovich mechanism, but with
ad?usted coefficient,
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@

(1)

(2)

(3)

(4)

EMISSIONS
Model E-0026-73 (Cont.)

Soot Model: Arrhenius law for scot formation.
Oxidation model not included.

Burned gas mixing: Not included.

Inadequate treatment of fuel-air mixing and
gas temperature non-uniformities. Predicted
temperatures are too low,

Tnadequate treatment of heat transfer:
single bulk gas temperature assumed rather
than local hot zones.

Inadequate treatment of burned gas mixing:
some zZones stay hot too long.

Soot, NO_: Neglects scot oxidation rate;
also modified the NOx rate constant.

Geometrical and Design Parameters:

Bore

Stroke

Conn. rod length
Chamber volume
Valve closure time

Model Coefficients:

Soot rate coefficient

Ignition delay

Diffusion coefficient

Entrainment coefficient as function of RPM and
swirl

Operating Parameters:

Load

Speed

Injection timing

Trapped gas temperature and pressure
EGR or residual fraction

Fuel injection pressure

Injection rate

Cylinder wall temperature

Fuel orifice size and number

Swirl level
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(1) Takes into account fuel injection parameters
and sir swirl level in a simplified manner.

(2) One of few models to include treatment of
soot formation.

Engine descriptions:

(1) Turbocharged Dorman, 6LBT

(2) 0.97 % engine

(3) 1.36 & engine

(4) 1.89 & engine

Variables tested; model agreement:

@ Cylinder pressure traces were matched by the
model with suiltable coefficients,

@ Soot predicted to * 30% with variations in
timing, rate of injection, load, swirl, and
gspeed.

® Nox trends predicted fairly well but not
abscolute values,

Assessment of accuracy: Sufficient for design
guidelines hut not a predictive emissions model.
Not specified.

I minutes of CPU time at $60 to $100/min
(estimated)

No further work on this model has been published
in the last 10 years.

Paossibly available from C.A.V,
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Model E-0071-75

Cranfield Model

1971-1975

. Hodgetts, H.D. Shroff, I.R. Isaac
Cranfield Tnstitute of Technologv

UK government and industry

All modes

Civilian or Government

To predict nitric oxide emissions of a diesel
engine, taking into account gradients of tempera-
ture and concentration

(1) Shroff, H.D., "The Simulation and Optimiza-
tion of the Thermodvnamic Processes of a
Diesel Engine,”" Ph.D, Thesis, Cranfield I1.T,,
1971,

{2} Shroff. E.D,, "The Simulation and Optimiza-
tion of the Thermodynamic Processes of a
Diesel Engine," SAE paper 740194, 1974,

{3} lsaac, I.R., "A Study of the Formation of
Nitric Oxide in a Diesel Engine," Thesis,
Cranfield I.T,, 1971

{4) Hodgetts, Il, and Shroff, H.D., "More on the
Formation of Nitric Oxide in a Diesel
Engine," Combustion in Engines, page 129,
IME, London, 1976.

This model extends the earlier published diesel
spray work of Austern and Lyn with the thesis works
of lsaac and Shroff into a two-dimensional multi-
zone diesel model. The authors also rely on the
simple semi-empirical expressions of Whitehouse
(TME, 1970), for combustion rate.
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EMISSIONS
Model E-0071-75 (Cont.)

Oueput of Simulation:

Divrect Injected Engines

Calculates fuel spray evapeoration and mixing
with air

Calculates heat transfer to walls

Calculates emissions (NDx only)

Structure:; List of submodels or processes included

(1)

(2)

(5)

(6)

7

Fuel injection
Fuel evaporation
Ignition delay
Fuel-air mixing
Combustion rate
Gas properties
NOx model

Heat transfer

Fuel spray evaporation: Rate of evaporation
proportional to amount of liquid fuel re-
maining in each zone (Whitehouse, 1970).

Mixing of air-fuel:

- Macromixing by jet entrainment (cosine
vartation of radial velocity);

- Micromixing controlled by fuel evaporation

Ignition delay: Wolfer type expression

Combustion rate

~ Proportional to fuel and/or alr available

~ Arthenius with 11 kcal/mole activation
energy (essentially instantaneous combus-
tion)

Fuel-air ratio of burned gas:
Varies according to jet entrainment of air.

Gas properties:
From McBride et al (MASA SP 3001)

Heat transfer:
Used Woschni (SAE 670931) as the source,
modified by turbulence coefficient;

fa)



LIMITATIONS

DATA INPUT REQUIREMENTS

(8)

(1)

(2)

(3
(4)

(5)

EMISSIONS
Model E-0071-75 (Cont.)

NO_ model:
Fxtended Zeldovich equations with partial
equilibrium

Combustion rate expression is arbitrary and
not physically related to the local mixing
of fuel and air.

Treatment of heat transfer does not include
boundary layer. Heat transfer rate is pro-
portional to volume of the zone instead of
surface area.

Inadequate treatment of burned gas mixing.

Soot, HC, CO emlssions are not included in
the calculations.

Fuel spray atomization and droplet surface
area are not modelled,

Geometrical and Design Parameters:

Bore

Stroke

Connecting rod length
Chamber volume

Computational Parameters:

Number of zones across the jet

Operating Parameters:

Load

Speed

Injection timing

Gas composition and density

(Intake manifold temperature, pressure and
EGR or residual fraction) at valve closure
Fuel injection rate

Cylinder wall temperature

Piston bowl diameter and volume

Fuel orifice size and number

Swirl level

Turbulence factor
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VALIDATION

COMPUTING REQUIREMENTS
COST OF OPERATION

FUTURE POTENTTIAL

AVAILABILITY
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EMISSIONS
Model E-0071-75 (Cont.)

Thie model is one of few diesel combustion simula-
tion which attempts to treat the actual fuel-air
ratio and temperature gradients produced by the
burning fuel jet.

Engine description:
6-cylinder, direct injection, 98mm bore,
127mm stroke

Variables tested; model agreement:

- Cylinder pressure versus crank angle
(agrees to 210%)

- Rate of fuel injection (agrees)

- Below 70% load NO_ emiasion agrees to *20%
for verlations in load and speed. Above
70% ioad, model sericusly in error because
fuel jet predicted to be too fuel rich,

Assessment of accuracy: Relatively poor accuracy
due to limitations noted above. This model was a
step in the right direction but (as the authors
note) more work is needed in several areas.

Not specified
1 minute of CPU time at $60-100/min (Estimated)

Model would need refinements in order te be useful:

- Add a fuel spriy atomization model

- More work needed on wall impingement
of fuel jet and assecclated alr entrainment.

- More work needed on overspill of burning mix-
ture from piston bowl into the quench area.

- More realistic combustion rate model.

- Improved model for mixing of burned gasses.

Posgibly available through international technol-
ogy exchange programs; Cranfield is analogous to
NASA Lewis for the UK.
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COMBUSTION CHAMBER SHAPE
Model E-0009-78

Livermore Fuel Spray Model
1978
Haselman, L.C. and Westbroolk, C.I.

Lawrence Livermore Lsb.,
Universicy of California,
Livermore, CA.

ERDA
All medes
Civilian or Government

Two-dimensional model for fuel spray (applicable
to either diesel or stratified charge).

Westbrook, C.X., "Three-Dimensional Numerical
Modeling of Liquid Fuel Sprays", l6th Symposium
(Int'l) on Combustion, Cambridge, 1976.

Westbrook, C.K., "Numerical Solution of the
Spray Equation", UC. Lawrence Livermore Lab
Report UCID-17361, 1977.

Haselman, L.C., and Westbrook, C.K., "4
Theoretical Model for Two-Phase Fuel Injection
in Stratified Charge Engines", SAE 780318, 1978.

This Livermore computational effort on recipro- 4
cating engines was part of the ERDA/DOE joint

industry/gov't. effort to further basic research

on engines. Genersl Motors Research Laboratories

worked with Westbrook on the model.

Qutput of Simulation:

~ Direct or indirect injected diesel engines,
stratified charge engines also.

-~ Calculates fuel spray evaporation and mixing
with air.
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LIMITATIONS

DATA INPUT REQUIREMENTS
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COMBUSTION CHAMBER SHAPE
Model E-0009-78 {(Cont,)

Structure: List of submedels or processes included
- Fuel injection

-~ Fuel evaporation

- Fuel-in mixing

- Gas properties

(1) Fuel spray injection and evaporation:
Basic unsteady two-phase conservation equations
are solved in two dimensions, with a minimum of
simplifying assumptions. A droplet distribu-
tion function represents the location and size
of the droplets. The effect of the droplet
ensemble momentum on the air flow is included.
The effect of fuel vapor saturation in dense
spraye 1s also included. A source term for
momentum (Sv) is used to simulate the spray.

{(2) Mixing of air and fuel: Turbulent diffusion
(coefficient specified) and spray evaporation
determines the amount of air and fuel vapor in
each call, Within each computational cell, the
fuel is considered instantanecusly well mixed.

(3) Gas Properties: Counstant specific heat, unity
Lewis Number, ratio of specific heats l.4.

(1) Covers fuel spray evaporation and mixing only,
not ignition, combustion, heat transfer or
emission formatiou,

(2) Relatively large computation time requirement.

Geometrical and Design Parameters:
- Bore

- Stroke

- Connecting Rod Length

~ Chamber volume

- Valve areas vs. time

Computational Parameters:
- o, turbulence coefficient
- grid spacing (typical 2 mm)



COMBUSTION CHAMBER SHAPE
Model! E-~0009-78 (Cont.)

ADVANTAGES

VALIDATION

COMPUTING REQUIREMENTS

COST OF OPERATION

Operating Parameters:

- Load

- Speed

- Injection timing

~ Intake manifeld temperature
~ Intake manifold pressure

- ECR or residual fraction

- Injection rate

- Cylinder wall temperature

- Piston or cvlinder head shape
- Fuel orifice size and number
- Swirl level

(1) Two-dimensional, can treat chamber
shape effects,

(2) More realistic and accurate treatment
of spray jet and air entrainment than
most other models, except perhaps the GM
or Princeton model,

(3) Includes unsteady effects of the spray
penetration (most other diesel spray models
are quasi-steady)

Engine description: Model not tested against
an actual engine. Instead, calculations were
carried out for an ideal case of a flat
circular disk chamber of 4 em radius, 25 atm
pressure, and 750°K temperature (similar to
CR = 10/1 engine). Injector operates for

2 msec with fuel spray velocity 500 m/sec.

Assessment of accuracy: Cannot be gauged
without measurements., However, model
predictions appear qualitatively reasonable,

¢DC 7600, Fortran IV
60-80 minutes of CPU time at $60-100/min

for a 40x40 grid (droplet model).
Approximately $5,000 - $6,000 per case.
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COMBUSTION CHAMBER SHAPE
Model E-0009-78 (Cont,)

FUTURE POTENTIAL (1) Explore ways to shorten computer time
(2) Couple with combustion model
(3) Iuntroduce ignition model
(4) Add heat transfer
(5) Add pollution formation

AVAILABILITY Presumably available, since DOE
sponsored the work,
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COMBUSTION CHAMBER SHAPE
Model E-0010~77

Princeton Internal Combustion Engine Model
19731977

F.V. Bracco, H.C. Gupta, P.J. 0'Rourke
Princeton University

National Science Foundation, FFDA, Volkswagen
and Curtiss-Wright

Diesel engines used in highway, rail, pipeline
and marine transportation.

Civilian and Military Engines

To develop a multi-dimensional, spatially
detailed model applicable to stratified change
and diesel engines,

(1) Bracco, F.V., "Introducing a New Generation
of More Detailed and Informative Combustion
Models," §.A.E, Transactions, 1975, Vol. 84,
Presented at the S.A.E, International
Stratified Charge Engine Conference,

30 October 1974,

(2) Bracco, F. V., "Theoretical Analysis of
Stratified, Two-Phase Wankel Engine,”
Combustion Science and Technology, Vol. 8,
Nos. 1 and 2, October 1973, pp. 69-84.

{3) Gupta, H.C., Bracco, F.V., and Westbrook,
C.K., "Mathematical Modeling of Two-Phase,
Unsteady, Two-Dimensional Flows", Paper G5
presented at the Fifth International Collo-
quium on Gas-dynamics of Explosions and
Reactive Systems, 8 Sept. 1975.

(4) Bracco, F.V., Gupta, H.C., Krishnamurthy, L.,
Santavicca, D.A., Steipberger, R.L., and
Warshaw, V., "Two-Phase, Two-Dimensional
Unsteady Combustion in Internal Combustion
Engines: Preliminary Theoretical-Experimental
Results,”" Paper 760114 presented at the SAE
Automotive Engineering Congress, 23rd
Feb, 1976.
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(5)

Rel

COMBUSTION CHAMBER SHAPE
Model E-0010-77 (Cont.)

Bracco, F.V., "Unsteady Combustion of a
Confined Spray," American Institute of
Chemical Engineers Symposium Series, Vol, 70,
No. 138, 1974, pp. 48-56.

Bracco, F.V,, "Modelling of Two-Phase, Two-
Dimensional Unsteady Combustion for Internal
Combustion Engines," I. Mech. E. Paper
C171-77, p. 167, 1977.

ated to the Los Alamos model; in that both use

the "RICE" computer program for two-dimensional
unsteady combustion. P.J. O'Rourke worked at both
Los Alamos and Princeton on this model,

Qutput of Simulation - For Direct and Indirect

Inj

ection Engines:

Calculates fuel spray evaporation and
mixing with air

Calculates rate of heat release by
combustion

Calculates heat transfer to walls

Calculates thermal efficiency and
fuel consumption (isfc)

Calculates emissions (Nox)

Structure; List of submodels or processes included:

Fuel injection snd evaporation
Mixing of fuel and air
Ignition delay

Combustion rate

Gas properties

Mixing of burned gas

NO  model

He3t transfer
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ASSUMPTIONS

LIMITATIONS

COMBUSTION CHAMBER SHAPE
Model E~O010~77 (Cont.)

Chamber dimensions: Fixed; No piston motion. The
model is directed at the 30 degrees crank angle
after TDC during which piston motion is
negligible.

Fue]l spray evaporation: Ranz-Marshall vaporiza-
tion rate, Stokes' drag equation, mono-disperse
spray, specified spreading angle.

Mixing of fuel and air: Turbulent mixing of
evaporated fuel and air according to simple
diffusivity model (isotropic). Entrainment of
spray not modeled.

Ignition delay: At specified time, ignition is
accomplished numerically in a corner of the
chamber,

Combustion rate: One step irreversible reaction
rate. Fuel and air react in stoichiometric
proportions,

Gas properties: Constant ratio of specific heats

(over simplified ~ no dissociation). Constant and
equal specific heats and molecular weights for all
specles.

Mixing of burned gases: Turbulent mixing of

burned gas according to simple diffusivity model.

N0 model: Extended Zeldovich with all species

in"equilibrium except NO.

Heat transfer: TFractional reduction of the heat

of combustion {user designated) (McAdams-type
correlation used to estimate the fraction).

(1} No simulation of compression and its
effect on gas motion,

(2) Excessive computer time, particularly for
spray case.
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COMBUSTION CHAMBER SHAPE
Model E-0010-77 (Cont.)

DATA INPUT REQUIREMENTS

ADVANTAGES

VALIDATION

3-162

\V)

{3) Does not include model for entrainment of air
into fuel jet which controls combustion rate,
emissions and bsfc. Emphisis placed on
flame propagation through *he gas mixture,
which 18 not critical for -he diesel engine.

(4) Inadequate boundary layer heat transfer and
turbulence models.

Geometrical and Design Parameters:
- Bore

~ Chamber volume

- Chamber shape (piston and head)

Operating Parameters:

~ Load (fueling rate)

- Speed

- Injection timing

- Intake manifold temperature
- Intake manifold pressure

- EGR or residual fraction

- Injection rate

- Fuel orifice size and number
- Swirl level

Computational Parameters:

- Chemical reaction rate parameters
~ Ignition time and location

- Eddy diffusivity (500 cm®/sec)

- Spatial resolution (0.5 em)

~ Wall temperature

- 1Initial spray dropsize coefficient

(1) One of the first models to appear which was
spatially detailed.

(2) Attempts a detailed description of spray drag
and evaporation

Not validated against real engine data.
Predicted profiles appear qualitatively reasonable
but accuracy is untested.
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COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTTAL

AVAILABILITY

el

COMBUSTION CHAMBER SHAPE
Mcdel E=0010~77 (Cont.)

Run on IBM 360/91, Fortran.

Without spray (flame motion only):
2 to 3 minutes computer time for each 1 msec
(12°CA) engine process duration.

With spray:

Factor of 10 larger (20 te 30 minutes for each
12°CA engine process duration; estimated $5000 to
$10000 for complete (360°CA)} revolution).

(1} Better way of accounting for turbulent
mixing than the "diffusivity" approach.

(2) Inclusion of boundary layer concepts for
wall heat transfer.

(3) Better coupling of spray equations with

gas~phrase equations (e.g., Los Alamos :
approach). '

Presumably available, since ERDA/NSF sponsored
much of the work.
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REFERENCES

COMBUSTION CHAMBER SHAPE
Model E-0029-80

Imperlal College Diesel Spray Model
1978-1980

Gosman, A,D., Johns, R,J.R., Watkins, A.P.,
and Melling, A.

Imperial College

Perkins Engine Company and UK Scientific
Research Council

All modes
Civilian or Government

To predict the three-dimensional characteristics
of a diesel spray mixing with air, including
turbulence, droplet trajectory, droplet
evaporation, and impingement. (Heat release and
pressure rise are not predicted.)

{1) Gosman, A.D., Melling, A., Whitelaw, J.H.
and Watkins, A.P., "Axisymmetric Flow in a
Motored Reciprocating Engine," Proc. I.
Mech.E. 192, No, 11, p. 213, 1978,

{2) Gosman, A.D., and Johns, R.J.R., "Development
of a Predictive Tool for In~Cylinder Gas
Motion in Engines," SAE 780315, 1978.

(3) Gosman, A.D., Johns, R.J.R., Tipler, W., and
Watkins, A,P., "Computer Simulation of
In-Cylinder Flow, Heat Transfer and
Combustion," 13th CIMAC Conference, 1979.

{4) Gosman, A.D,, and Johns, R.,J.R., "Computer
Analysis of Fuel-Air Mixing in Direct
Injection Engines,'" SAE Paper 800091, 1980.

(5) Gosman, 4,D,, Johns, R.J.R. and Watkins,
A.P., "Development of Prediction Methods for
In-Cylinder Processes in Reciprocating
Engines," Combustion Modeling in
Reciprocating Engines, p. 69, ed. by J.N.
Mattavi and C.A. Amann, Plenum Press, 1980.

PRECEDING PACE BLANK NOT FILMED
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COMBUSTION CHAMBER SHAPE
Meodel E-0029-80 (Cont.)

Gosman's group has pioneered the use of detailed
multi-dimensional models for furnaces and gas
turbines; these papers represent an attempt to
apply these modeling techniques to diesel engines,
The fuel spray model (SAE B800091) relies on the
earlier work of Borman and Johnson (1962) on
droplet evaporation and ballistics.

Output of Simulation:

Direct injected engines

Calculates fuel spray evaporation and

mixing with air in three dimensionse, spatially
resolved

Calculates air motion and turbulence

Does not calculate combustion rate or cylinder
pressure

Structure; List of Submodels or processes
included:

Intake, exhaust

Air motion

Fuel injection and droplet trajectories
Turbulence level

Fuel evaporation

Gas properties

Three-dimensional, axisymetric.

Air motion: Conservation equations in moving,
curvilinear orthogonal coordinates for axial,
radial and circumferential velocity.

Intake, exhaust: Orifice flow

Turbulence: Two-equation model for turbulence
energy and dissipation rate,

Fuel spray: Pintle nozzle creates "ring" of
spray. Discrete droplet parcels issue from
atomization zone and are followed in Lagrangian
coordinates,

Dropsize distribution based on Hiroyasn (1978).



\Y/

LIMITATIONS

(1

{(2)

(3)

(4)

(5)

COMBUSTION CHAMBER SHAPE
Model E-0029-80 (Cont.)

Evaporation rate: Droplets evaporate b; the d2

Law.

Assumes no effect of the spray on the
turbulence.

Wall impingement: droplets adBere to wall but
continue to evaporate by the d” Law.

Ignition delay: Not included

Fuel-air ratio of burned gas: Not included

Gas properties: Standard tables

Combustion: Not included

Heat transfer; Detailled gas temperature
profile available, but boundary layer treatment
not described (if any) and radiation not

included.

NOx model: Not included
Soot model: Not included

Burned gas mixing: Neot included, but easily
added,

No ignition or combustion (fuel-air mixing
only)

Requires large amount of computer time.
Inadequate treatment of heat transfer, which
could be readily corrected to include

boundary layer and radiation phenomena.

Not capable of predicting e¢missions (soot,
NO_ ).
X

Spatial resolution needed for the spray is
much finer than that needed for the engine.
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VALIDATION
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COMBUSTION CHAMBER SHAPE
Model E-0029-8C (Cont.)

Geometrical and Design Parameters:
- Bore

- Stroke

- Connecting rod length

- Chamber volume

~ Valve area vs. crank angle

Model Coefficients:

~ Turbulence energy coefficilent

- Dissipation rate coefficient

- Mean droplet size

- Dropsize distribution coefficient
~ Grid size

- Boundary conditions

Operating Parameters:

~ Load

- Speed

- Injection timing

- Trapped gas pressure and temperature
- EGR or residual fraction

- Injection rate

- Cylinder wall temperature

- Pigston or cylinder head shape
~ Fuel orifice size and number
~ Swirl level

~ Spray angle

This type of model 1s uniquely capable of
describing the spatial distribution of the diesel
spray, and the effect of chamber shape on air
motion. Only the Los Alamos model is comparable
in these ambitious features.

Engine description: Open-chamber DI engine (9.14
cm bore, 12.7-cm stroke) with CR=21 at 1,400 RPM.

Variables tested; model agreement: Model not
tested against experimental measurements.

Computer plote appear plausible, however, and show
that the spray creates its own turbulence.

Agsessment cf Accuracy: Agreement with motored
engine velocity Ja2ta was considered unacceptable
by the authors.




COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTFENTIAL

AVAILABILITY

COMBUSTION CHAMBER SHAPE
Model E-0029-80 (Cont.)

IBM 360/195

40 minutes (about $3,000) for motored engine cycle
(no fuel spray or cmbustion) with 30x30 grid.
Presumably several hours (310,000 or more) for a
run with fuel spray, but still no ccmbustion.

(1) Need improved sub-models to avoid grid reso-
lution problems.

(2) Need to add ignition and combustion including
the coupling between turbulence and heat
release.

(3) Need improved atomization model.

Available through Gosman's consulting firm,
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COMBUSTION CHAMBER SHAPE
Model E-0072-78

Los Alamos Direct-Injection Engine Model

1978
Butler, T.D. Dukowicz, J.K.
Cloutman, L.D. Ramshaw, J.D.

Krieger, R.B.

Los Alamos/General Motors Research Lab.
DOE (Contract W-7405-ENG-36)

Piesel engines used in highway, rail, pipeline
and marine transportatior.,

Civilian or Military engines

To compute the detailed (spatially-resolved) flow
and temperature profiles in a direct-injection
engine, and the resulting NO_ and power output
(isfe). X

(1) Butler, T.D.; Cloutman, L.D,; Dukowicz, J.K.;
Ramshaw, J.D.; and Krieger, R.B., "Toward a
Comprehensive Model for Combustion in a
Direct-Injection Stratified-Charge Engine,”
Combustion Modeling in Reciprocating Engines,
p. 231, Ed. by J.N, Mattavi and C.A. Amann,
Plenum Press, 1980.

(2) rF'rt, C.W.; Amsden, A.A.; and Cook, J.D., "An
At "itrary Lagrangian-Eulerian Computing Method
for Al! Fiow Spezds," J. Comp. FPhys. 14,

p. 227, 1974,

(1) Dukowicz, J.K., "A Particle~Fluid Numerical
Model for Liquid Sprays," J. Comp. Physics,
1980.

This model Las an unusual history in that, unlike
most engine simulations, the original computer code
was developed by Los Alamos for nuclear fireball
calculations. The "YAQUI," "RICE," and "APACHE"
computer codes, developed from 1973 to 1979,
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COMBUSTION CHAMBER SHAPE
Model E-0072-78 (Cont.)

provided the basis for computing turbulent fluid

flow with chemical reactions. The idea of using a
computational mesh which moves with the flow (with
the piston) was an important break-through with

these codes. The spray model is also taken from
work on nuclear reactor two-phase flow.

Output of Simulation - For Direct Injection Diesel
Engines and Stratified-Charge Engines:

~ Calculates fuel spray evaporation and mixing
with air

- Calculates rate of heat release by combustion
~ (Calculates heat transfer to walls

~ QCalculates thermal efficiency and fuel
consumption (isfc)

- Calculates emissions (NOx only)

Structure; List of submodels or processes included:
- Compresslon/Expansion

~ Fuel injection, atomization and evaporation

- Mixing of fuel and air

- Ignition delay

- Combustion rate

- Gas properties

- Mixing of burned gas

~ NO_ model

~ Helt transfer

Compression/Expansion: 2-D axieymetric turbulent
flow, with mesh moving with the piston. Turbulence
represented by eddy diffusivity.

Fuel spray, atomization and evaporation: Spray is

represented by a restricted number of discrete
particles rather than as a continuum; this saves
computer time. Each particle evaporates and
exchanges momentum and energy with the gas. Dropsize
distribution taken from Hiroyasu (SAE 740715)
experiments,



LIMITATIONS

COMBUSTION CHAMBER SHAPE
Model E-0072-78 (Cont.)

Mixing of fuel and ailr: Spray entrainment
calculated from an assumed spray angle by a "Monte
Carlo" method,based on ballistics of the spray
particles,

Ignition delay: Specified delay (1.7 msec),
mixture ignited by artificially raising one zone to
1600K,

Combustion rate: Finite chemical reaction rates
are taken into account using a single step global
first order reaction for octane., Flame propagation
rate determined by turbulent transport equations.

Gas properties; Temperature dependent ratios of
energy/temperature for each specie.

Mixing of burpned gases: Described by complete
turbulent diffusion equations.

NO model: Extended Zeldovich mechanism, but
om¥tting the N+OH reaction in lean regions. The
oxygen atom and OH,H concentrations are taken from
a table of equilibrium values.

Heat transfer: No wall heat transfer included.
Energy transport within the gas described by
conservation equation.

(1) Does not include intake, exhaust flow through
valves or turbocharger operation; deals with
closed cylinder processes only.

(2) Heat transfer to the walls is not included in a
realistic manner.

{3) Turbulence model is overly simple for this
powerful type of computer model.

(4) Chemical reaction rate for combustion is an
unnecessary feature since combustion is thought
to be mixing controlled,

(5) Large computer time required.
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COMBUSTION CHAMBER SHAPE
Model E~0072-78 (Cont.)

Geometrical and Design Parameters:
- Bore

~ Stroke

- Connecting rod length

- Chamber volume

= Valve areas ve. time

~ Chamber shape (piston and head)

Operating Parameters:

- Load (fueling rate)

- Speed

~ Injection timing

- Intake manifold temperature

~ . Intake manifold pressure

- EGR or residual fraction (scavenging efficiency)

~ 1lnjection rate

- Fuel orifice size and number

- Swirl level; Initial charge velocity
distribution.

-~ Initial fuel spray dropsize and velocity
distribution.

Computational Parameters:

- Grid size (25x25 is typical)

~ Turbulent eddy diffusivity coefficient
- Reaction rate coefficient

- Ignition delay

- Average droplet size

- Spray angle

® Can predict development of flow field as
affected by piston shape and compressiomn.

® Can predict spatfal flame propagation along
spray and transition from premixed to diffusion
mode,

® Can predict spatial temperature profiles which
are quite important for heat transfer calcula-
tions.

@ Can predict locations of peak NOx formation.
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VALIDATION

COMPUTING REQUIREMENTS

CO57T OF OPERATIiON

FUTURE POTENTIAL

AVAILABILITY

COMBUSTION CHAMBER SHAPE
Model E-Q072-78 (Cont.)

Engine description (hypothetical engine):

stratified charge

98 mm bore, 95 mm stroke

CR = 10

cup in piston

1600 rpm, low swirl

n-octane fuel

overall equivalence ratios
¢ = .95 and ¢ = .50

Variables tested; model agreement:

Model not validated against experiments because
flame traverses are not available for stratified
charge or diesel engines.

Not

specified

Fstimated to be 10-100 minutes ($6060-6000) per
run on a large computer.

(1)

w2}

(3)

(4)

(5)

Need better turbulence model which includes
both small scale diffusion and large scale
"wrint:ing" of the flame. Non-isotropic
effects should be included.

Important processes occur on a sub-grid scale
and, therefore, new sub-grid models are needed.

Need to add flame radiation and conductive heat
flux to the wall, including boundary layer
effects.

May need to add local peak temperature to get
accurate NOx predictions,

Need to add ignition delay model.

Presumably available since DOE sponsored, unless
military classified.
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FUFL INJECTION SYSTEM
Model E-0021-FI-70

Hybrid (Analog) Computer Simulation of the
Sampled-Data Model for Compression Ignition Engines

1970

C.R. Burrows, P.W. VanEetvelt, G.P. Windert
University of Sussex

None stated

All

Military or civilian

To study the effects of non-linearities in fuel
injection components and engine leoad.

Qutput:
- Engine speed as a function of non-linear fuel
rack motiom.

International Journal of Control, 1971, vol. 14,
no. 4.

This investigation built upon the pioneering work
of Welbourn (1959), Bowns (1971) and Hazell and
Flower (1971).

Developed to prove the viability of sampled-data
theory to model fuel injection on compression
ipnition engines, Prior to this investigation,
linear continuous control theory had been applied.

Examination of the influences of non-linear or
repetitive changes in fuel rack position on engine
speed under quasi-steady state conditions.

Relationship between fuel rack position and engine
speed is a constant function for any given load.

NK NOT FiLpien
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FUEL INJECTION SYSTEM
Model E-0021-FI-70 (Cont.)

@ Program only considers the grossest of effects of
fuel rack position on engine speed.

® Torque delay and other data must be empirically
determined for each engine.

® Constant Load.

® Does not deal in any fundamental principals.
Purely empirically based.

@ Number of cylinders.

@ Phase relationship and angle between fuel pulse
and engine torque pulse,

@ Engine speed, at a constant load as a function of
fuel rack position.

Accuracy - Authors will explore an alternate model
(pulse-~width simulation) in pursuit of improved
accuracy.

Data Base - One for each engine at every lecad of
interest.

Simple

Poor, but better than other, contemnporary models.
Not stated; certainly antiquated.

Unknovn,

Superseded by newer models with better performance.

Presumably available.
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FUEL INJECTION SYSTEM
Model E-0039-FI-73

Diesel Fuel Injection System Simulation and
Experimental Correlation

1970-1973

J.P, Bolt, M.F. El-Erian, E.F. Wylie
University of Michigan, Ann Arbor
U.S. Environmental Protection Agency
Highway, predominantly

Military and civilian

To study the fuel flow and mechanical
characteristics of jerk pump injection systems to
understand and eliminate the cause of
after-injection (needle bounce).

Output - As a function of pump cam angle:
- needle 1ift

- pumping chamber pressure

~ delivery chamber pressure

- pipe end pressure

- upper nozzle pressure

~ 1injection chamber pressure

EPA Report EPA-460/3-74-001 (NTIS No. PR 237 208)
(contains SAE Papers 710569, 730661, 730662).

None stated.

One of the earliest significant contributions
relative to fuel injection systems is due to Davis
and Giffen. Their discussion includes mention of
many of the significant variables involved in the
system: fluid compressibility, elastic deformation,
pressure wave propagation, fluid frietion, and pump
and nozzle characteristics, including secondary
injection.

L. Juhasz used praphical water hammer concepts to
provide an analysis of a linear model of typical
simplified injection systems, ircluding the elements
of the pipeline, pump, nozzle, and a fluid volume.
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FUEL INJECTION SYSTEM
Model E-0039-FI-73 (Cont.)

Giffen and Row theoretically solve the equations
representing the injection system, taking into
account the effect of pressure waves in the delivery
pipe and the capacity effects of the volumes
concentrated in the pump and nozzle system. They
handled the differential equations by placing them
in finite difference form and finding an algebraic
expression for the solution. This method of
solution was limited to simple injection models
because of the time required for mathematical
solutions,

Knight introduced a model for viscous friction and
cavitation in the delivery pipe, and used the same
medel for the pump and nozzle system described in
Giffen and Row. His calculations were performed on
a digital computer,

Becchi used a model which comprised a detailed
representation of the irjocctor and the pump, but he
neglected friction in thie delivery pipe and had no
provision for possible occurrence of vapor cavities.
He solved the system of differential equations by an
iterative method after writing them in finite
difference form.

Brown and McCallion combined Becchi's detailed
representation of the pump and injector with a model
that included viscous friction and possible
cavitation in the delivery pipe. They also
considered a detailed modeling of the delivery valve
as described by Stone, and solved the system of
equations by another iterative method.

The work of Walwijk, Van der Graaf, and Jansen is
also to be noted. Their experimental apparatus
enabled them actually to measure the motion of the
delivery valve and injector needle, as well as the
pressure In various locatlons in the system.
Particular attention was devoted to the motion of
the delivery valve in their simulation on a digital
computer. A good correlation was achieved between
experimental and computed results.
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FUEL INJECTION SYSTEM
Model E-0039-FI-73 (Cont.)

All of the investigators discuss gsome of the factors
that are likely to affect the accuracy of the model.
The value of the delivery pipeline base pressure is
important for a meaningful comparison between the
model and experimental results, A treatment of
vapor pressure in the delivery pipeline is also
needed for a complete model. Kreith and Eisentadt,
and Lichtarowiecz, Duggins and Markland presented
experimental results ot the variation of the
coefficient of discharge over a wide range of
Reynolds number and length-to-diameter ratio.

Giffeu and Row cautioned of the danger of using
coefficients of discharge from the literature., They
preferred to use experimentally determined values
for the particular neozzle under consideration. The
data of Gelalles in which he tested different nozzle
configurations showed that the coefficient of
discharge, besides depending on length~over-diameter
ratio and Reynecld's number, is also greatly
dependent on the configuration of the reservoir
leading to the nozzle holes.

Recent investigators also give considerable
attention to the stability and convergence of their
solutions. Henrici discusses three different
methods of numerical solution of a system of
differential equations; the iterative solution of
simultaneocus algebraic equations, the expansion
methods (Taylor's method or Runge Kutta method), and
the numerical integration methods. The third method
includes the predictor-corrector method which offers
the advantage of an adjustable time increment,
dependent upon a given error bound. This particular
advantage 1s of preat value especially for reducing
computation time. The first and second methods
require the use of very small time steps and a prior
knowledge of the size of the time step.

Influence of geometric and mechanical design changes
on jerk pump injection system performance can be
ascertained.

@ '"Method of Characteristics," used

@ Fluid compressibility described by bulk modules
of elasticity which in turn varies with pressure.
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FUEL INJECTION SYSTEM
Model E-0039-FI-73 (Cont.)

@ Elastic deformation of solid (metallic) system
components is iguored.

® Flow in fuel lines described by one dimensional
model,

@ Frictional effects during unsteady flow assumed
equal to steady flow losses at same velocity and
fluid property, and is a function of Reynolds
number,

@ Vapor cavities grow and collapse in accordance
with the dynamic equations and a local mass
continuity balance.

® Orifice discharge coefficlents based upon steady
state data.

® Gravitational effects ignored.

Wave propagation through the fluid in the pipeline
is treated as the main cause of after injection,
with the pump and injector bounding either end of
the pipeline.

e Base pressure
® System geometry/characteristics
- pipe length
- pipe diameter
~ pump characteristics
~ discharge coefficients
- pipe cross sectional area
= volume of fluid chamber/pump and injector
- friction coefficient at valve or needle
- 1injector spring force/stiffness
~ mass of valve or injector needle
® Fluid properties
- bulk modules of elasticity
-~ specific weight

Input Data Accuracy: None stated, although great
pains were taken to assure accuracy of experimental
data used to validate model.
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FUEL INJECTION SYSTEM
Model E-0039-FI-73 (Cont.)

A predictor-corrector type solution to the model
equations is used instead of the more popular
Runge-Kutta method. This allows variable time step
increments to be studied in fluid characteristics,
improving model accuracy and economy, as small
increments are examined only when necessary.

Comparisons against experimental data indicate that
the model has very good overall correlation with
dynamic phenomena.

None stated,

Not stated,

None stated.

Potential Accuracy: Some fine tuning of flow
coefficlients and pressure data suggested.

Quantifiable improvement potential not stated,

From the EPA (Jose L. Boscunana, Project Officer in
1974).
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FUEL INJECTION SYSTEM
Model E-0048-FI-71

Simulation of Processes of Fuel Injection (INJEC)
1971

M. Ikegami, H. Horike, F. Nagao

Kyoto University

None stated; may be Kawasaki Heavy Industries

All

Military and civilian

To model the fuel flow and pressure within a diesel
fuel injection system as a function of time,

Output: Fuel pressure as a function of time.

Bulletin of Japanese Society of Automotive
Engineers, No. 5, 1973,

None

Original model

@ Presents graphical display of fuel system
pressure and flow rate as function of time at a
given engine speed and rack position.

® Can study different fuel system volumes,
injector characteristics, pump characteristics.

® Steady state.

Fuel is incompressible.

Speed of sound in fluid constant.
No wave effects.

Fuel system completely rigid.

No voids form in fuel in system.

@ ® 6 & 6
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FUEL INJECTION SVSTEM
Model E-004B-F1-71 (Con:.)

@ Effect of cylinder pressure change during
injection ignored.

e Wave or resonance effects ignored.

® Ignores injector needle bounce,

@ Fuel system dimensions, volumes, orifice areas
and flow coefficients

@ Delivery valve lifts and masses.

e Cam (plunger drive) characteristics.

@ Delivery spring rates.

@ Injector nozzle needle 1lift, spring rate, mass
and flow coefficients,

@ Cylinder pressure during injection.

Authors report favorable trade-off of accuracy for
reduced computing time.

"Reasonable accuracy" reported for validation
against one Bosch pump {PEl1A60B100) and injector
nozzle (DN4SI-pintle type).

Accuracy: Not stated.

FACOM 230-60 system.
12 seconds/iteration at best; 5 iterations per rum.
Not stated.

Presumably from Kyoto University.
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FUEL INJECTION SYSTEM
Mudel E-0049-FI-75

Characterization and Simulation of a Unit Injector
1975

N.A. Henein, T. Singh, J. Pozanski

Wayne State University

U.S. Army Automotive Tank Command

Highway, marine

Military or civilian

To simula:e the fuel pressvre histories within a
trit injector as a function of cam angle.

Output:
- Pressure vs. camangle
~ Fuel flow vs., camangle

SAE paper 750773.

None.

None mentioned.

Steady fuel pressure and flow as a function of
camshaft angle for a variety of speed and rack
positions once the pressure history is known for at
least one conditien.

® There are no wave effects or voids in the system
due tc short path lengths,
e Leakage, flow coefficients, and backpressure on

needle assembly constant under all conditions.

® Limited to unit injector,
@ Empirically calibrated
® Applications to non DDA injectors questioned.
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FUEL INJECTION SYSTEM
Model E-0049-FI-75 {(Cont.)

Injector system masses

Spring constants

Volume of injector chamber

Fuel bulk medulus

Discharge coefficients

Flow areas

Pressure and flow vs, camaagle for one
condition

Data Base: Fairly extensive instrumentation needed
to get calibration data. However, program done for
U.S. government. Data may be available from TACOM.

Fairly simple model.

"Fairly good," although pressure oscillations not
predicted.

Not stated.
Low = small programs.
Could perhaps be better "tuned."

Potential Accuracy: Needs teo incorporate wave
phenomena.

Presumably available (U.5. government contract).
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FUEL TNJECTION SYSTEM
Model E-0069-FI-B2

Computer Model of the Electronic Contrel System
(ECS) for Diesel Fuel Injection Timing

1982,

M.J. Pipho, D.B. Kittelson.

University of Minnesota.

Optimizer Control Corporation.

All

Military and civilian.

To simulate the performance of the ECS control and
engine system and to determine the effects of ECS
changes on system response and performance.

Qutput; See list under Operational Capabilities.

Closed Loop Dipital Electronic Control of Diesel
Engine Timing, SAE paper 830579.

None,

None stated.

Explore regponse with respect to time of injection
timing and engine:

~ Speed

- Emissions

— BSFC

- Smoke (Bosch)
~ Power

as a result of changes in
- ECS3 characteristics

- Lload
- Engine speed
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FUEL INJECTION SYSTEM
Model E-0069-F1-82 (Cont.)

ASSUMPTIONS & Steady state engine maps valid for transient
operation.

® Engine can be modecled as a simple inertia

system.

LIMITATIONS @ Model focuses on ECS made by Optimizer Control
Corp., probably not relevant to other control
systens.

@ 2000 rpm maximum right now due to validation
limitations (Model not limited, ECS is limited).

DATA [NPUT REQUIREMENTS Engine:
- Initial and off set point conditions
~ Inertia
~ Fuel maps
- Fmission maps
- Smoke maps
- Speed/powver/timing maps

ECS Characteristics:

- Signal pulses/revelution
~ Phase delay

~ Response time characteristics
- "Dither" amplitude

— "Dither" frequency

-~ Bilas from MBT

- Correction amplitude

~ Open loop yes or no

—~ Proportional yes or no

- Gain

Availavility of Data Base: Engine maps not
available from this source.

ADVANTAGES Provides complete engine response to an
optimization control system.

VALIDATION Good correlation observed at low engine speeds
range where ECS 1s functional and stable.

Accuracy: Not stated.

3-190



COMPUTING RECQUIREMENTS
COST OF OPERATION

FUTURE POTENTTAL

AVATLABILITY

FUEL INJECTION SYSTEM
Model E-0069~FI1-82 (Cont.)

Not stated.
Not stated.

ECS syatem being improved.

Probably not, work done is relevant only to the ECS
which is a product of the sponsor.
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HEAT TRANSFER
Model E-0023-HT-75

PROCES

1975

H. Vallan2

Norwegian Irstitute of Technology
Unknown

Marine and pipeline

Military and civilian

Computing the power output of a single cylinder,
two or four cycle direct injected diesel.

Output:

~ Combustion chamber wall temperatures
- Gas temperatures

~ Mass flow

- BSFC

- Power

- Engine energy balance

Model briefly described in: "A theoretical analysis
of thermal barriers in diesel engine cylinders,”" by
H. Valland in Norwegian Maritime Research, No. 2,
1982,

Unknown,

Unknown,

Steady state

Variable heat release patterns
Variable heat transfer

Altered engine geometry

e 68 ® 6
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HEAT TRANSFER
Model E-0023~HT-75 (Cont.)

Homogeneous, stochliometric gas mixture
Perfectly mixed charge

Surface temperatures constant throughout cycle
Coolant temperature is average of inlet and
outlet temperatures

Inlet port, combustion chamber, and exhaust port
are three separate control volumes coupled by
mass flow and heat

Steady state
Single cylinder
Direct injection
No cycle analysis

Rate of heat release

Speed

Cylinder configuration and dimensions
Intake and exhaust port configuration
Fuel feed rate

Mechanical efficiency

Coolant temperature

Cylinder wall thermal characteristics
Ambient conditions

Probably a very simple, basic model which is
fast and easy to use.

(Note: model not very well described in reference
document. Users manual is reportedly in
Norwegian.)

Not stated.

Not stated.

Not stated.

Most 1likely very limited,

Presumably available.
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HEAT TRANSFER
Madel E-0067-HT-64

Computer Programs to Determine the Relationship
Between Pressure Flow, Heat Release, and Thermal
Load in Diesel Engines

1964

Gerhard Woschini

MAN

MAN

Pipeline, Marine, Rail
Military and civilian

1, Determine the rate of heat release from the
pressure history diagram.

2. Determine pressure and temperature flow from
the heat release diagram.

Qutput:

— Peak pressure

~ Peak temperature

~ TIndicated efficiency

- FExhaust temperature

~ Parts of heat transfer to head, piston, cylinder
walls,

SAE Paper 65045C

Heat transfer is based upon the determination of
the heat transfer coefficient using the methed of
Pflaum ("Der Warmeubergang bei Dieselmaschine mit
und ohne Aufladang," 1960).

None given

Method of determining rate of heat release has been
superceded by GM method.

Heat transfer (thermal flow) is calculated
independently for head, plston, and cylinder walls.
Heat transfer is determined from a given heat
releage diagram.
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HEAT TRANSFER
Model E~0067-HT-64 (Cont.)

- Chamber wall temperature is constant
- No blow-by
- No heat transfer during scavenging

— Can not determine Influence of heat transfer on
rate of pressure rise,

~ Heat transfer coefficient calculation not
accurate, Must be used with known pressure or
heat release data: not extrapolatable

- Pressure ve, crankangle
or

- Heat release diagram

- Equivalence ratio

- Fuel composition

- Engine dimensions

Heat transfer through each of the major components
calculated separately,
Not validated.

IBM 1060
Fortran II

Eight minutes of machine time per run.

Efforts to improve the determination of heat
transfer coefficient underway.

Presented in the paper in sufficient detail to use.
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FFAT TRANSFER
Model E-0073-HT-83

Mirrlees Heat Transfer Program, "DIESHT"

1983
R,T. Green, K. Jambunathan, S.D. Probert

Mirrlees Rlackstone Ltd., with Trent Polytechnic
and Cranfield Institute

Science and Engineering Research Council

Diesel engines used in highway, rail, pipeline
and marine transportation.

Civil and Covernment

To provide an easy-to-use, CAD-compatible,
specialized software package for predicting (for
a medium-speed diesel engine}:

(1) the steady-state rate of heat transfer
through the cylinder liner (or other
axisymmetric components).

(2) the surface temperature of the liner, which
critically affects both lubricant breakdown
and corrosion.

C.F, Taylor and T.Y. Toong, "Heat Transfer in
Internal Combustion Engines," ASME paper
No,57-HT-17, 1957,

J.F. Alcock, "Evaporative Cooling for Internal
Combustion Engines," Trans,I.Mar.I,, 62{(10) (1950)
pp. 327-38,

J.R. Metz and A. Steiger, "Contribution to the
Tnvestigation of the Diesel Cycle with the Aid of
Digital Computers,'" Proc. 1. Mech.E,, 182 (Pt.3C)
{1967-68), pp. 79-90.

V.J, Seale and D.H.C. Taylor, "Spatial Variation
of Heat Transfer to Pistons and Liners of Some
Medium~-Speed Diesel Engines," Proc. I. Mech. E.,
182 (pt.1) (1970-71), pp. 203-15.
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HEAT TRANSFER
Model E-0073-HT-83 (Cont.)

The model incorporates several "well tried and
tested" empirical and semi-empirical relationships
for gas-side heat transfer and a finite-element
analysis to describe the rate of heat transfer
through the cylinder liner. Emphasis 1is on
developing a code that is compatible with a CAD
system and easy to use Interactively by engineers
in the design phase.

Output of Simelation - For Direct and Indirect
Injection Engines:

- Heat transfer to cylinder liner
~ Graphical temperature field in liner wall

Structure; List of submodels or processes
included - Definitions of liner geometry and
engine parameters:

- Calculation of gas properties
- Generation of mesh size

- Finite element analysis

- Graphical ountputs

Gas p..perties: Property tables are used to
express viscosity, density, thermal conductivity
and specific heat as polynomial functiens of
temperature.

Heat transfer:

(1} Hot gas side: treating convection only, this
model uges a time~averaged correlation
between the Nusselt and Reynolds number
developed by Taylor and Toong (1957) and
Annand (1963).

(2) Coolant side: uses a correlation for forced
heat transfer to water In an annulus space
developed by Aleock (1950), and by Seale and
Taylor (1970-71},

(3) Through liner: finite element analysis of
the steady-state heat conduction equation for
an axisymmetric solid with gradients in the
axial and radial directlons.
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HEAT TRAMSFER
Model E-0Q073-HT-83 (Cont.)

(1) Temperature of the hot gases must be imput.

{(2) FEmpirical relation for convective heat
transfer from hot gases includes neither (a)
gas motion effects nor (b) radiation effects
and 18 not accurate at low engine speed (as
recognized by authors)

(3) Temperature gradients in the gas, including
boundary layer effects, are not modelled.

Geometrical and Nesign Parameters:

~ Cartesian coordinates describing the geometry
of the cylinder liner (can be obtained from a
CAD system)

- Material identifier; thenral conductivity of
liner

Operating Parameters:
- Coolant velocity

~ Charge air mass flow rate :

- Temperatures of charge air, hot gases and
coolant

Computational Parameters:
-~ Number of quadrilaterial regions describing the
geometry

~ Options for plotting temperature contours or
temperature at each mesh

Easy to use by design engineers without needing
computer specialists. Can readily investigate the
consequences of changing the liner wall thickness,
coolant velocity, inner conductivity, etc.

Engine description: 6-cylinder, 537 kW, 50 and
110% of design load, 750 RPM, 222 mm bore.
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HEAT TRANSFER
Model E-0073-HT-83 (Cont.)

Variables tested; model agreement: At high load,

the predicted temperature profiles were within a
few percent of measurements, while at low load,
they differed by up to, roughly, 157,

Assessment of accuracy: Model predictions depend

on the input value of the hot gas temperature and
its associated uncertainty; otherwise, computa-
tional accuracy is good toc about a few percent
for fine mesh sizes (>130 elements),.

FORTRAN

Unavailable, estimated at $5-20 per run.

(1} Refinement of the gas-side heat transfer
correlation to account for radiation, gas
motion, and boundary layer effecta, (This
need 1s recognized by the authors.)

(2) Integration with other models that describe
the combustion procesees and thermal stress
so that an interactive computerized tool can
be made available to the designer,

With the prior permission of Mirrlees Blackstone
(Stamford) Ltd., copies of the computer program
can be obtained from the authors.
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INTAKF/EXHAUST SYSTEM
Model E-0014-I1E-78

Prediction of the Exchange Processes in a Single
Cylinder Internal Combustion Engine

1978

P,A. Lakshminarayanan, P.A. Janakiraman,
M.K. Gajendra Babu, B.S. Murthy

Each author is a member of faculty of different
universities; they are, respectively:

~ University of Technology, lLoughborough, England;

- TIndian Institute of Technology, Madras, India;

- Indian Institute of Technology, Delhi, India;

- University of Santa Clara, Santa Clara,
California.

None stated
All
Military or civilian
To model gas flow in the intake and exhaust systems
of a single cylinder engine, including valve and
end effects, In a simpler manner than other models.
Qutput:
- Manifold pressure
~ intake
- exhaust
~ Gas bulk velocity both as a function of
crankangle, plus bulk mass flow rate.

SAE paper 790359,

None.

None stated.
Study the influence of manifold length and end

conditions on gas pressure, velocity as a function
of crankangle, as well as bulk mass flow rate.
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INTAKE/EXHAUST SYSTEM
Model E-0014-1E-78 (Cont.)

@ Manifolds are divided into a number of cells,
each contalning uniform gas properties.

@ Constant pipe friction.

® No pipe bend effects.

@ No pipe junction or ecylinder-to-cylinder
interference effects.

@ No combustion or cycle analysis.

@ Naturally aspirated engines only.

® Piscon movement
@ Manifold length and diameter (intake and
exhaust)
e FEnd condition
- nozzle type
- area ratio
- valve c¢pening WRT piston positioning

@ Cylinder pressure and temperature as a function
cf crankangle or piston position.

® Ambient gas conditions.

@ Friction coefficient along manifold,

® Rate of heat transfer to or from manifold gas.

@ Gas physical properties.

@ Accuracy above first order effects is claimed.
@ Simpler (cheaper?) crlculation procedure.

Compared to "method of characteristics'" techniques
and also against single cylinder diesel tests.
Model is claimed to be "accurate." Data displayed
shows general trends can be predicted, but
excursions from the general trend are missed under
firing conditions. Motoring condition predictions
appear to heve good correlation with experiment,

Accuracy: Not stated.

Input Data Accuracy: Not stated,.
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Not stated.

INTAKE/EXHAUST SYSTEM
Model E-0014~1E-78 (Cont.)

Not stated, but allegedly less than other models.

Not stated.

Unknown.
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INTAKE/EXHAUST SYSTEM
Model E-0015-1E-74

Computer Aided Design of the Exhaust of a
Turbocharged Diesel Engine

1968-1974
J.D. Ledger

University of Manchester, Institute of Science and
Technology

Nene apparent
All
Military and civilian

Interactive study of the compressible gas flows in
the exhaust pipe of a turbocharged (single cylinder
as model reported) diesel engine. Use as a CAD
tool to assess performance impact of different pipe
designs.

Output:
~ Exhaust pipe
- pressure (entry or exit)
-~ gas velocity (entry or exit)
- cylinder mass flow
- cylinder pressure
as a function of crank angle.

"European Computing Conferences, Interactive
Systems," London, United Kingdom. ISBN 0903796066,
September 1975.

Based somewhat on the work of Benscn and his
"characteristics" methodology.

Development of model started in 1968 when only
hybrid-analog/digital computer systems were
available which would handle the
centered-difference method Ledger started out with.
Model was converted to all digital, interactive
with graphic displays as reported. Model is
reportedly being upgraded to employ Method of
Characteristics,

PRECEDI
NG PAGE BLANK NOT £
ILMED
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INTAKE/EXHAUST SYSTEM
Model E-0015-IE-74 (Cont.)

Exhaust manifold inlet and outlet (nozzle)
characteristics such as

as

exhaust valve timing,
exhaust valve and port geometry
turbocharger effective nozzle area

well as manifold dimensions can be studied to

determine their influences on cylinder blow-down
under steady state operation.

Program is designed in & modular manner to
facllitate easy alteration of design parameter and
operating conditions.

5 & 0 6 e

20 & ® e e e e

One dimensional, unsteady isentropic flow of
compressible gas

No pipe bending effect (straipght pipe)
Cylinder expansion : pv 1.3 = constant

Simple cylinder

No multi-pipe effects

Single cylinder blowdown process

No scanning effects

01d model: superceded by newer ones which used
this as a starting point.

Cylinder bore and stroke

Connecting rod length

Compression ratio (nominal)

Exhaust pipe length and cross sectional area
Exhaust and intake valve timing

Valve opening and closing rates

Supercharge (boost} pressure and cemperature
Exhaust nozzle open area ratio

Engine speed

Cylinder release pressure and temperature
Estimates for exhaust pipe inlet pressure,
temperature, and velocity

Number of crank angles studied



ADVANTAGES

VALIDATION

FUTURE POTENTIAL

COMPUTING REQUIREMENTS

AVAILABILITY

INTAKE/EXHAUST SYSTEM
Model E-00!5-1E-74 (Cont.)

® Fairly rapid
& GCraphical display
& Modular configuration allows easy modification

None mentioned.

® Multi-pipe configuration under development
@ Method of characteristics to be further
incorporated

@ DEC PDP10 with graphics terminals
@ Interactive in English

Presumably available,
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INTAKE/EXHAUST SYSTEM
Model E-0022-T1E-80

TITLE Computer Alded Design Package for
Fngine Manifeld System

DATE 1980

AUTHORS S.C. Low, R.S. Benson, and
D.E. Winterbone

ORGANIZATION University of Manchester, Institute of
Science and Technology

SPONSOR Unknown

TRANSPORTATION MODE All

APPLICATICN Civilian

OBJECTIVFE. Interactive program for predicting the performance

of a total engine system capable of incorperating
manifold and valve design changes easily. This
allows basic desipn processes to be accelerated and
allows for a shorter data debupggin time.

Output - Primary (graphical form):

~ Pressure/crankangle diagrams for each end and
middle of all manifold pipes.

~ Pressure/crankangle diagrams for each cylinder,
including pressure at manifold inlet/outlet.

~ Mass flows and trapped mass for each cylinder.

Secondaryv:

- Pressure/crankangle diagrams for each cylinder,
including peak pressure and rate of rise
assessment.

- Cumulative work/crankangle:

- IMEP
- Power/cylinder
- Trapped pressure and temperature

- Temperature/crankangle for each cylinder,

- Valve area/crankangle.

- Manufacturability of valve gear assessment,

- Adequacy of valve sizing/lift profile.

REFERENCE Computer Aided Design Package for
Diesel Manifold System SAE 790277.

. PRECEDING PAGE BLANK NGT FILIMED
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INTAKE/EXHAUST SYSTEM
Model E-0022-IE-80 (Cont.)

None, directly, although it is tied in philosophy
to the University of Manchester MK 12 model.

One of the first programs based on the ''method of
characteristics.” Probably the first program to
combine the design and performance prediction
processes.

Engine treated as several modules under
steady~state conditions.

- Power (in-cylinder calculations)

- Valve Gear (design only)

~ Manifolds, including turbine nozzle,

Graphics - for plotting results only.

Power Module Model is based on simple heat release

dlagram which must be supj.lied, a polytropic
compression and expansion, perfect gas laws, and
first law of thermodynamics.

Manifold Module Model is a comprehensive wave model

using non homentropic theory. Virtually any
manifold design and its impact on engine
performance can be assessed within program
limitations. Cylinder to cylinder variations are
determined.

See descripticn of power and manifold modules.

Primarily a manifeld and VALVE/VALVE GEAR
assessment tool with a simple "power" or combustion
model.

Limited for minimal computer space to:
- Four cylinders/manifold

~ Filve valve gear arrangements; three push rods
and two overhead cams.

- Various rocker arm ratios



.

DATA TNPUT REQUIREMENTS

ADVANTAGES

INTAKE/EXHAUST SYSTEM
Model E-0022-1E-80 (Cont.)

Five cam definitions

- three arec cam

constant acceleration cam
parabolic acceleration cam
sinusoidal acceleration cam
polynominal cam

Orifice nozzle simelation of turbocharger
turbine.

Simple compressor model to assess turbocharger
balance.

Crude heat loss model.

Simplified coefficients in internal energy.

Cylinder size

Power

Engine specd

Fuel type

Air fuel ratio

Heat release diagram
Combustion timing N
Firing order

Manifold dimensions

Inlet or cylinder exhaust conditions

(calculated)

Valves and valve gear geometry

Camshaft profile

Program is interactive allowing for rapid
incorporation of data changes. May be used by
desipners who need not understand the detailed
workings of program,

Assess design influences on engine performance.

Predicts cylinder to cylinder variations due to
manifold design.

Provides manufacturability assessment of valve '
gear.
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INTAKE/EXHAUST SYSTEM
Model E-0022-IF-80 (Cont.)

Validation has been by comparison with the UMIST
Mk. 12 non~homentropic I1.C. Engine formulation
program which has been extensively checked against
experimental data,

Pressure and mass parameters are in reasonable
agreement with UMIST Mk. 12 output. Acceptable
correlation between trends for all cylinders.
Temperatures vary up to 6 percent between programs
and there 1s poor correlation of values across
cylinders.

@ ANSI Fortran IV

® Control] Data Corporation CYBER 72
@ Digital Computer; Tectronics 4010
® VDU's for graphics

Not stated.

@ May provide dynamic stress analysis of valve
gear,

® Further reduction in data requirements by use of
automatic mesh length generation,

® Extension of program to accept more cylinders
and different configurations,

@ Further refinement of the power module to
increase accuracy without loss of speed.

Probably available.
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INTAKE/EXHAUST SYSTEM
Model E-0043-1E-80

A Generalized Computer Aided Design Packapge for
I.C. Engine Manifold System

1980
$.C. Low, P.C, Baruah

tiniversity of Manchester, Institute of Science and
Technology (UMIST)

None apparent
All
Military and civilian

To interactively predict the performance impact of
the manifolding systems design on a multi-cylinder
reciprocating engine.

Output - As a function of crankangle:

- cylinder pressure

- ¢ylinder mass flow

-~ cylinder to cylinder variation in pressure and
mass flow.

- IMEP

SAF paper 810498,

Based upon "A Computer Aided Design Package for
Diesel Engine Manifold Systems," SAE paper 790277
(E-0022-1E).

A "better" version of E-Q022-1E which had a similar

objective,

® Assess impact of different intake and exhaust
manifold systems on cylinder pressures and mass
flows as well as IMEP (estimated).

® Steady state.

® Study virtually any manifold configuration and
dimensions.
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INTAKE/EXHAUST SYSTEM
Model E-0043-IE-80 (Cont.)

Heat release unaffected by mainfolding.
Polytropic compression and expansion.
Perfect gas law,

Gas is non-homentropic.

10 cylinder
No cycle analysis
Steady speed

Power

Number of cylinders

Air~fuel ratio

Bore and stroke

Connecting rod length

Ambient temperature and pressure

Lower heating valve of fuel

Cylinder heat loss (percent of total)
Combustion timing

Heat release curve

Cam type and characteristics

Valve 1ift (intake and exhaust)

Valve diameter to cylinder bore ratic {intake
and exhaust)

Valve timing

Compression ratioc

Engine speed

Rocker arm ratio

Exhaust back pressure

Manifold dimensions (intake and exhaust) each
pipe

Manifold configuration (drawn on VDU)

Outlet (exhaust) nozzle area to pipe area ratio
Throttle setting

Input Data Accuracy: Manifold configuration need
only be roughly sketched on VDU. Dimensions must
be separately stated., No accuracy requirements
stated.

Very rapid.

Minimal input data needed.

Interactive,

Spark ignition (throttled) as well as diesel
{unthrottled).
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INTAKE/EXHAUST SYSTEM
Model E-(Q043-~IE-80 {(Cont.)

With one engine in addition to E-0022-IE.
Cenerally good agreement.

Not stated.

Not stated.

Could incorpo:ate cycle analysis to become powerful
total engine model.

Presumably available from UMIST.
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INTAKE/EXHAUST SYSTEM
Model E-0053-1E-79

Characteristics of Exhaust Gas Pulsation of
Constant Pressure Turbo-Charged Diesel Engines

1979

T. Azuma, Y, Tokunaga, T. Yura

Kawasaki Heavy Industries

Ship Building Research Assoclation of Japan

Marine

Military or civilian

Clarify the characteristics of exhaust gas
pulsations of constant pressure turbocharged diesel
engines.

Qutput: Pressure in various exhaust pipe ducts as

a function of crankangle.

Journal of Engineering for Power, October 1980,

Vol. 102, Transactions of the ASME,

Uses the "method of characteristics."”

This model is claimed as a first (work such as
reported in E-0052 preceded it, however, even
though that was not a model).

Can examine exhaust gas pulsations in turbocharged
diesels under steady state operating conditioems,
Use as a design tool to optimize cylinder
interactions and exhaust gas enerpgy delivery to
turbocharger turbine,

One dimensional flow.
Perfect or ideal gas.
No heat loss from exhaust system.
Non-isentropic, adiabatic system.

D@ 6 &
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INTAKE/EXHAUST SYSTEM
Model E~0053~1E-79 (Cont.)

& Any exhaust system can be modeled as a
combination of:
- flow in straight pipe

branch flow

nozzle flow

flowless volume

orifice flow (throttlaed)

® Turbocharged engine

® Steady state

Exhaust passes only, no engine performance
analysis

@

Exhaust system characteristics,

Engine firing order.

Number of engine cycles (two or four}.
Engine speed.

Scavenge air pressure and temperature.
Cylinder pressure and temperature at exhaust
valve opening.

Cylinder bore and stroke.

Number of cylinders.

@ & e 9 8@

Fairly unique model in that this is perhaps the
first one to model exhaust pulsations and gas flow
interactions.

Generally excellent agreement obtained when
compared to a physical air~only model of diesel
englines and a diesel exhaust system.

Not stated.

Not stated.

Authors intent to "marry" this model with an engine
gsimelation model in order to use it to assess
performance effects of pulsations on turbochargers
and hence engines.

Unlikely.
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INTAEE/FXHAUST SYSTEM
Model E-0055-IC-74

Computer Program to Predict the Gas Exchange
Process of a Diesel Engine

1974

A.J, Hallam, S. Cottam
Ruston Paxman Diesel Std.
Ruston Paxman Diesel 5td.
Marine (pipeline)
Military or civilian,

To predict the influence of desipgn changes of a
diesel engine's working fluid handling systems on
engine performance. Specific components covered
include:

- Turbocharger

~ Intake manifold

- Intake and exhaust valves

- Exhaust manifold

Output:
~ Pressure versus crankangle for
- manifold
- cylinder
~ Turbocharger performance map
~ pressure vatio vs air flow
- BSFC
- Boost pressure
- Air/fuel ratio
~ trapped
- overall
- Exhaust gas temperature
- Heat input/cylinder
- Heat transferred to
- piston
- liner
=~ cylinder
- valves

Computer Aided Desipgn, Volume 7, Number 2, April

1975, pp. B3-88.
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INTAKE/EXHAUST SYSTEM
Model E-0055-IE-~74 (Cont,)

None specifically., Uses "emptying and filling"
concepts.

Developed as an easy to use model capable of
handling virtually any configuration diesel engine.
It was developed tec replace a highly complex model
with applications limited to existing engines.

Examine impact of:

- Bore and stroke

- Manifold flow areas

- Nozzle or orifice characteristics
- Valve opening profiles

- Number of valves

- Manifold junctions

~ Turbocharger performance

as well as ambient conditions on engine
performance, Also provides gas side heat trans_ er
coefficients and mean gas temperature in the locus
of valves, pistons, cylinder liner, and cylinder
head as well as the amount of heat transfer.

¢ Gases are treated as being thermodynamically
perfect.

® Atmospheric conditions remain constant, separate
values are given at the inlet to and exit from
the system,

® A single value is used for gas constant R
irrespective of gas composition and temperature.

® At any instant the gas conditions are uniform
within any one volume.

@ Gas entering the volume through the junctions
mixes perfectly with the gas already present,

® The cycle is taken as a series of finite
intervals., The size of the interval remains
constant, Energy and mass flow rate are
constant throughout each interval as are the gas
conditions ‘n each volume.



LIMITATIONS

INTAKE/EXHAUST SYSTEM
Model E-0055~IE~74 (Cont,)}

Fuel may be burned in any veolume. Tts mass is
added at the game instant as the heat energy is
released by combustion.

To calculate heat transferred from the surface
of a fixed volume a mean heat transfer
coefficient is used throughout the cycle,

To calculate heat transferred from the surface
of a working volume, the surface is taken in
sectione, using a mean wall temperature for each
one. The heat transfer coefficient is
calculated for each step and can be varied for
each section.

Combustion characteristics are influenced only
by fuel/air ratio, and presumably modeled only
by P.V. characteristics,

Combustion process not modeled.

A junction will be one of the following types:

(a) fixed area orifice

{b) variable area orifice

(c) compressor

(d) turbine

(e) simplified compresscr, having fixed air flow

(f) simplified turbine, consisting of a
swallowing capacity curve.

A turbine junction has one exit volume and up to
four entry volumes. All other junctions have
one exit volume and one entry volume.

There can be only one junction betweeu a pair of
volumes.

The capacity of a working volume 1is controlled
by a conventional piston motion. Alternatively,
a capacity curve can be supplied. Both
two=-stroke and four-stroke cycles are permitted.

There must be at least one working volume,
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INTAKE/EXHAUST SYSTEM
Model Y-0055-~-1E-74 (Cont.)

Lach working volume must be an entry volume to a
variable area orifice junction and an exit
volume from another variable area orifice
junetion.

Any shaft delivering power out of the system
must have a fixed speed.

Any fixed-speed shaft that is not itself an
output shaft must be connected to one that is.

Variable-speed shafts cannot he linked to any
other shaft,

Each working volume is connected to a
fixed-speed shaft and hence torque 1s output
from the engine either directly or by
transmission to another shaft,

Each active junction (types (c)-(f)) is on a
shaft,

Working fluid svstem

- dimensions

- flow coeificients

- valve timing

- valve 1ift profile
Turbocharger characteristics
Initial values of gas conditions
Speed

Load

Heat release curve

Repartedly is very flexible and user friendly.

Provides heat transfer information teo cylinder
components to assist in thermal design problems,

Not limited to specific configurations of
engines {within Jimits of combustion assumptions
which are not stated)}.
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COST OF OPERATION
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AVATLABILITY

INTAKE/EXHAUST SYSTEM
Model E-0055-IE-74 (Cont.)

Very good agreement reported with both previous
validated engine models and measured performance on
a Ruston diesel,

Mot stated,

Not stated,

None stated. Could be combined with more rigorous
combustion model to become very jowerful modeling
tool,

Potential Accuracy: "Errors" blamed on measurement

shortcomings as opposed to model deficiencies.

Proprietary model.
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INTAKE/EXHAUST SYSTEM
Model E-0056-IE-79

Breathing Cycle of the Four-Stroke Automotive
Engine

1979
T.J. Trella

U.S. Department of Transportation/Transportation
Systems Center

U.S5. Department of Transportation, National Highway
Traffic Safety Administration

All
Military and civilian.

To model the Iintake system of a four-cycle open
chamber engine (DI diesel or spark ignited engine)
and determine the influence of design parameters on
engine performance.

Qutput ;

- Volumetric efficiency

- Trapped residual fraction

— Alr flow rate (Intake Manifold) all as a
function uf engine speed or intake manifold
vacuum.

Article of same title in unknown publication.

None.

Much has been written about increaced breathing and
torque output. Particular emphasis has been placed
on the design of the inlet manifold,
carburetor-iniet throttling, and exhaust system.
Recently, study reports have begun to appear on the
use of variable inlet/exhaust valve timing as a
means of reducing nitrous oxide and hydrocarben
exhaust emissions in spark-ignition engines at wide
open and partial-throttle conditions, Such studies
show that valve overlap, when properly applied over
the load/speed range, has an appreciable effect on
reducing these emissions. In addition, cngines

PRECEDING PAGE BLANK NOT FILMED 3-225
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INTAKE/FXHAUST SYSTEM
Model E-0056~IE-79 (Cont.)

whose valves are timed for maximum power at high
speeds can be modified with variable valve timing
to exhibit increased torque at low speeds, thus
providing better overall vehicle performance.

The simulation model described in this paper was
designed to predict engine breathing performance,

The analytical methods used to perform the
simulations are based on extensions of a
nonconventional unsteady-fluid dynamic model which
makes use of a sequence of stationary but finite
fluid-control volumes to predict the dynamic
behavior of the gas in an inlet track. The gas
dynamics of the exhaust system are not simulated in
the present model,

Engine performance (air consumption) and residual
trapped fraction are modeled as a function of inlet
track, camshaft, valve, part, and throttle design
dimensions as well as valve timing, 1ift and engine
speed.

The model is designed for steady speed engine
operation.

® Working fluid is air only.

® Working fluid behaves as 1dled gas.

® Blumberg fuel burning rate assumed for SI,
Triangular heat release rate assumed for CI.

@ Gas properties uniformly distributed throughout
combustion chamber,

® Quasi-steady state orifice theory is fundamental
approach to gas flow calculations.

#® Does not calculate exhaust flow. Must be
gathered empirically,

® Require empirical data obtained from specific
engine under study,



DATA INPUT REQUIREMENTS

ADVANTAGES

VALIDATION

COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVATLABILITY

INTAKE/EXHAUST SYSTEM
Model E-0056-IE-79 {Cont.)

@ Design data on:

= Inlet track

~ Valve mechanism

~ Combustion chamber

- Crank/read mechanism

Engine valve 1ift speed,

Engine control parameters.
Manifold temperature and pressure.
Valve part discharge coefficlents.
Combustion chamber and inlet manifold wall
temperature.

Empirical data on:

- Exhaust back pressure

- Inlet restrictions

e @ @ ®@ @

Availability of Data Base:
None required, but input data publicly available
from DOT/TSC.

Uses novel approach to gas flow calculations,
eliminating the time consuming "method of
characteristics."”

Six engine study, "Reasonable” correlation
achieved (up to 20 percent error in some reported
comparisons),

Not stated

Not stated

May include prechamber effects in future work,

Availlable from U.S. DOT/TSC.
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OPERATING PERFORMANCE
Model E~0013-0P-79

Development of a Real-Time Digitial Computer
Simlation of a Turbocharged Diesel Engine

1979

S$.5. Shamsi

Pakistan State 011 Company Ltd.
UMIST

All

Military and civilian.

To model the responze of a turbocharged diesel
engine to changes in shaft load.

Output:

~ Engine speed as a function of time.
~ Engine power

- Exhaust temperature

— Turbocharger speed

— Fuel rack position

- Manifold pressure

- Afir flow

- Smoke

SAE Paper 800521

None stated.

None given.

Evaluate the influence of alternative governor/fuel
pump and/or turbocharger characteristics on a given
engine's transient response to changes in shaft
load.

@ Transient response consists of a series of
steady-scate alr flow conditions.

@ Mechanical accelerations governed by Newton's
second law.

PRECEDING PAGE BLANK NOT FILMID 3-229
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OPERATING PERFORMANCE
Model E-0Q013-0P-79 (Cont.)

@ Steady-state maps valid during transient
operation.

® Scavenge mass flow = constant percentage of
trapped mass flow rate,

® Compression efficiency 1s constant at
70 percent.

@ During transients there is a 5 percent
reduction in engine IMEP and turbine inlet
temperature from steady-state values,

@ Depends on the existence of steady-state maps.

® Examines influence of turbocharger and

governot/fuel pump characteristics only.

Steady-~state maps

- Engine performance

- Turbocharger characteristics
- Governor charac:eristics

- Engine friction

@ Only digital engine response model in existence
(1980).

® Claimed to be very economical to run.

"Good agreement” between test bed and model

performancn achieved except for short duration

(1 second) spikes in test bed performance.

Validation only on one engine.

PDP-10 Digital machine,

Not stated except that it is "verv economical."



OPERATING PERFORMANCE
Model E-0013-0P-79 (Cont.)

DATA BASE Not required.

FUTURE POTENTIAL Incorporate study of means to improve turbocharger

response,

AVAILABILITY Unknown.
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OPERATING PERFORMANCE
Model E-0044~0P-79

A Combustion Correlation for Diesel Engine
Simulation

1979

N. Watson, A.D. Pilley, M. Marzouk
Imperial Coliege of Science and Technology
None apparent.

Highway, possibly others.

Military and civilian.

To provide a means for correlating the Apparent
Heat Rate Release (AHRR) with engine configuration
and operating conditfons in order toc improve the
accuracy of engine models which do not incorporate
combustion models.

Output: Apparent heat release rate at engine
operating points not actually tested.

SAE Paper 800029.

None, but could be incorporated into a number of
models such as E-0051-0P or E-0055-IE.

Work by Shipinski as well as Woschini and Anisits
tried to obtain correlation between engine
configuration and operating parameters using a
Wiebe function. The subject method incorporates a
Wiebe function methodology but also considers
parameters influencirg the fuel burning rate and
incorporates them into "shape factors" (Apparent
Fuel Burning Rate (AFBR) vs., crankangle). It also
considers premixing as well as the effects ot
diffusion limited and combustion kinetic limited
burning.

LRGE
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OPERATING PERFORMANCE
Model E-0044-0P-79 (Cont.)

Uses limited empirical data on effects of
equivalence ratio, ignition tfming. speed, load and
cylinder pressure vo. crankangle to predict
combuation AHRR over a very wide range of engine
apeeds and loads.

Combustion always takes place in the same
step-by-step manner regardless of engine speed and
load.

Based on cmpirical data measured for each engine of
interest.

- Cylinder pressure diagrem (motoring and running)
= Injection timing and duration

- Needle 1ift diagrams

~ Equivalence ratio as f. of crankangle

- Engine speed

Potencial Accuracy: Very much a function of &
number of inlt¢tial data points.

Input Dats Accuracy: Desired to be better than the

accuracy claimed for cylinder pressure measurement,
a key input.

Expands the accuracy of other models which usa a
fixed rate of heat release for all engine
condicions.

Performed on three engines with varying degrees of
success.

Not stated.

Not stated.

None stated.

Presumably.
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OPERATING PERFORMANCE
Model E-0045-0P-69

Model title unknown: explained in detail in:
Free Piston Gasifier Studies: Development of a

Hybrid Simulation, Rueter, F.; Swiderski, A.; NRC,

DME Mechanical Engineering Report ME-230, National
Research Council of Canada.

19681969

F. Rueter, A. Swiderski

National Research Council of Canada
Unknown

Pipeline

Civilian

.nvestigate the operation and performance of a
turbocharged, twe cycle free piston diesel engine
and to develop the engine to an optimum
configuration. Also to predict the effects of
various design assumptions on engine performance
and operation,

Output:

~ Power

-~ Specific fuel consumption

~ Piston frequency

-~ Diesel compression pressure

- Maximum diesel combustion temperature
- Maximum bounce pressure

- Hydraulic piston stroke

- Diesel piston stroke

Hybrid Computer Study of a Free Piston Engine with
a Hydraulic Pump; F. Rueter, A, Swiderski, and J,
Samolewlcz, National Research Council of Canada,
Mechanical Engineering Report ME-236.

None,

Not given.
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OPERATING PERFORMANCE
Model E-0045-0P-69 (Cont.)

Investigate the influence of various design
parameters

Bounce cylinder diameter

Diesel exhaust port position

Bounce cylinder effective clearance length
Hydraulic cvlinder diameter
Mechanical spring rate

Mechanical spring preload

Bounce port position

Component masses

Boost pressure

Zylinder bore {power and hydraulic)
Engine friction

Combustion efficiency

smbient conditions

All can be evaluated under steady state conditions,
but include a start-up phase,

2 & @ @ap @

2 e 0 e &

Mechanical and combustion efficiencies
Combustion

- Consgtant volume heat release up to 2500 psi

- Constant pressure heat release over 2500 psi

- Mipimum A/F ratio = 18

- Combustion efficiency = 98 percent

Isentropic expansion/compression

No leakage in diesel cylinder (i.e., No Blow By)
Desired boost pressure always avallahle

Free piston, 2 cycle turbocharged diesel
Single combustion model

Steady state

Hydraulic power extraction

Needs hybrid analog/digital computer

Engine dimensions and reciprocating component
masses, spring rate

Fuel injection system throttle setting

Fuel properties

Boost pressure

Engine friction

Combustion and thermal/mechanical efficiencies
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VALIDATION

COMPUTING REQUIREMENTS
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AVAILABILITY

OPERATING PERFORMANCE
Model E-0045-~0P-69 (Cont.)

@ One of the few free piston models.
® Includes some cycle analysis.

None done with this model, but approach is said to
have been validated in other models.

Electronic Associates Model 690 hybrid computer
(Model 680 analogue and 640 digital).

Fortran IV language for digital portiom.

Not stated.

None stated.

Potential Accuracy: Assumptions can be fine tuned
to improve accuracy after an engine is built and

run for comparison.

Presumably available from NRC,
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Model E-0059-0P-75

Application Engineering Techniques Related to High
Performance, Melium Speed Diesel Engines

Undated: probably mid 1970s,

R. Greenhalgh, P. Tooth, I,I, Bickley.
Mirrlees Blackstone, Limited

Mirrlees Blackstone, Limited

Marine, pipeline

Milicary or civilianm.

To determine the response of an engine to changes
in:

-~ Load
- Ambient pressure and temperature

and evaluate alternative systems or installations
to cope with these changes.

Output:

- Engine

~ Speed

- Power

- Compressor Pressure Ratio
- Ailr Manifold Temperature
- Air Flow

- Exhaust Temperature

Article of same title printed in unlabeled
reference.
None mentioned.

Developed from hand calculation procedure used by
Mirrlees Blackstone.

PRECZDING PAGE BLANK NOT FILMED 3-239
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OPERATING PERFORMANCE
Model E-0059-0P-75 {(Cont.)

Predict behavior of engine:

- Speed )
-~ Turbecharg:r ) - as a function of time
- Governor )

in response to changes in load, which can be either
a step change or a ramp change.

Also, predict engine power agnd speed capabiiitics
at varying altitudes and ambient temperature.
Predict the Influence of various accessories:

~ Turbocharging (single or dual)
= Intercooling

~ Aftercooling

~ Alternate cooling systems

on engine performance under non-standard ambient
condi:icns,

® Ambient Conditiens
@ Load
® Empirically derived performance data (or maps)
for engine.
= c¢ylinders
- boost devices
- air cooling systems

@ Potential Accuracy
~ Will improve and have expanded predictive
range as the dats base is expanded through
experience.

@ Input Data Accuracy
- Highly influential to output accuracy.

Not stated. However, this model is highly
empirical, based on the assumption that laboratory
experiments correlars with field performance.

@ Exclusively empirical. .
@ Requires performance "map" for each system :
component under study.
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OPERATING PERFORMANCE
Model E-0059-0P-75 (Cont.)

@ Probably most applicable only to the Mirrlees
Blackstone or similar large bore medium speed
diesels,

® Accurate, quick, predictions of engine
performance under conditions not yet experienced
(gpood application engineering tool),

® Model transient response of engine under actual
operating conditions.

Cleose agreement with in field measurements,

Computer type not mentioned: language is ICLJEAN.

Not stated.

Continue to work, apparently on refining empirical

data base, in order to improve rangs of conditions

which can be modeled.

Not stated, most likely not available.
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OPERATING PERFORMANCE
Model E-0061-0P-74

Development of P.C. Engine Simulation Program.
19711974

K. Shiraishi, K. Murakami, M. Mizushima, and
T. Nakayama.

Nippon Kokan (Japanecse licensee for Plelstick~SEMT
Engines).

Nippon Kokan

Marine

Military and civilian,

Nippon Kokan Technical Report - Overseas July 1975,

To model the NKK (Pielstick) 3PC2-5L test engine in
order to make performance predictions.

Output - Az a function of horsepover:
= Fuel rate

- Speed (RAM)

- Air flow

- Turbocharger speed

~ Supercharger speed

=~ Peak combustion pressure

- Manifold temperatures

Based on the 1971 modeling work of 130th Research
Panel of Shipbullding Association of Japan.

Not stated.

Predicts the power output of the NKK-Pielstick
3PC2~-5L engine over its entire operating range.

® Semi-perfect gas.

@ . Combustion rate solely a function of crank
pesition.

@ Heat transfer rate governed by Eicherberg's
empirical formulae.

PRECEDING PAGE BLANK NOT FiLMED 3-_43



LIMITATIONS

DATA INPUT REQUIREMENTS

VALIDATION

COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

sy R T

L 3-244

e @

®@ 2 8 P

OPERATING PERFORMANCFE
Model F-0061-0P-74 (Cont.)

Steady-state performance only.

Applicable only to subject engine.

Empirical coefficients used to tune theoretical
formulae.

Even firing, sing e pipe exhaust systems,

Engine dimensional data.
Supercharger/turbocharger characteristic curves.
Gas temperature: pressure at various points in
manifolds.

Combustion start angle.

Combustion duration,

lHeat release index.

Various flow coefficients for the engine under
study.

Availability of Dauta Base:
Required empirical correlations inberent in model.

Validated against subject engin~ with agreement
within 5 percent steady-state.

Nor. stated

Not stated

Will expand capsbilities to uneven firing,
multiple pipe exhaust manifolds.

Improving turbine modeling system to get hetter
correlation,

Highly unlikely
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OPERATING PERFORMANCE
Model E-0062-0P-76

Wholly Dynamic Model of a Turbocharged Diesel
Engine for Transfer Function Evaluation

1976
Winterbone, Thiruarooran and Wellstead

University of Manchester, Institute of Science and
Technolagy (UMIST)

Not stated.
All
Military and civilian.

To describe the response of an engine to changes in
shaft load with ewphasis on an accurate description
of the iIntake and exhaust systems coupled with a
turbocharger.

OQueput:

- Exhaust temperature
- Turbocharger speed
~ Engine speed

- Fuel rack position

All as a function of time.

SAE Paper 770124,

Not stated.

The model discussed in this paper attempts to over-
come many of the shortcomings of the quasi-steady
case by adopting a more fundamental approach. It
is based on the ‘filling-and- emptying' technique
for evaluating turbocharged engine performance.
Some empirical factors have been implied, these
were assessed from steady-state results. It 1is
felt that this model is the best compromise between
the simple quasi-steady models and the complex
wave-dctive based simulations. The program con-
sigts of two main sections, the gas flow section,

3-245
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OPERATING PERFURMANCE
Model E-0062-0P-76 (Cont.)

in which the f1lling of the cylindevs Is matched o
the turbine and compressor characteristics, and the
power section, in which the power output of the
engine is evaluated by a modified simple cycle
analysis. The final model consists of 30 simul-
taneous non-linear 4lff:rential equations which are
integrated on a step »y step besis.

Determine the influence of turbocharger, intake,
and exhaust manifeold on engine response to a change
in shaft load.

@ Turbine and compressor are adequately
represented by steady-state characteristics.

@ Cycle-to-cycle variations neglected.

® Exhaust manifold heat losses are a constant
percentage of manifold input enthalpy.

e Many of its fundamental equations are over-
simplified and model is hence "tuned" with
coefficients which may have to be empirically
determined from one engine to the next.

@ Model not generally applicable from cne engine
to the next without empirical "tuning" data.

@ Actual determination of heat losses totally
ignored,

@ Turbocharger characteristics
@ Governor characteristics
® Engine characteristics
- Manifold systems details
~ Rotating component moment of Inertia
etc: (paper not legible),



ADVANTAGES

VALIDATION

COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

OPERATING PERFORMANCE
Model E-0062-0P-76 (Cont.)

Claimed to be more fundamentally based than some
models, hence requiring less empirical data:
However, the "tuning" coefficients used are
empirically derived and may not be universally
applicable.

Validated only to the extent that "tuning"
coefficlents determined on one engine.

Fortran IV: wuses CDC 7600 or PDP-10 computers.

CPU/Engine rpm = 600 for PDP-10
CPU/Engine rpm = 20 for CDC-7600

Better validation work and more fine tuning is
underway.
Potential Accuracy: Improvements being sought.

Universally applicable accuracy improvement
doubtful,

Presumably from UMIST,
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OPERATING PERFORMANCE
Model E-0068-0P-77

Simulation of 2 Turbocharged Diesel Engine to
Predict the Transient Response

1977

M.R. Goyal

John Deere

John Deere

Highway. perhape others,
Military and civilian.

To predict engine performance (speed, A/F ratio,
pump rack position, turbocharger speed, intake
menifold pressure during speed and load transients.

Output:
As a function of time:
~ Shaft speed
- Turbocharger speed
-~ Fuel rack position
= Intake manifold pressure
Fuel and AM flow
Power
Turbine fnlet temp

ASME paper 78-DGP-11

Based upon work of Borman and McAuley.

None giver.

Uses quasi-steady state analysis to determine
engine response to changes in operator input
(throttle position) or shaft load, Effect of
changes in control, operations, and design can be
studied.

PRECEDING PAGE BLANK NOT FILAMED
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OPERATING PERFORMANCE
Model E-0068-0P-77 (Comt.)

® Engine and turbocharger pass through a series of
quasi-steady states during transient.

@ Heat transfer coefficients based on Annand's
work.

@ Each cylinder component has a conscant, uniform
surface temperature,

® Fuel mass heat release rate described by Wiebe's
semi-empirical dimensionless equation,

® Burning schedule described by Benson.

® Engine friction estimated by method of Chen and
Flynn,

® Must be empirically tuned to engine under atudy.

¢ Simplified combustion model,.

~ Steady-state Compressor Performance Charts

- Steady-state Turbine Performance Charts

- Mechanical Component Polar Yoments of Inertia

- Engine Load Profile

- Governor and Pump descriptive equations

- Engine Dimensions

Data Bare: Steady-state engine data needed on

engine of interesrt.

Good correlation achieved with turbocharged as well
as turbocharged and intercooled engines (2 englnes,
12 operating points total published).

Not stated.

Not stated.

Not discussed.

Unlikely.
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BOTTOMING CYCLE
Model W=-0002-70

Boiler Analysis Program (BAP)
1970 (modification through 1982)

J. Gerstman, with recent modifications by I1.P,
Krepchin.

Foster-Miller

Private

Highway

Roth military and civiiian.

This model was developed for the design and
anaiysils of once-through boilers, both fired and
wastc heat. The configuration assumed in the model
is a patented conical helix.

Cutput - The major outputs of this model are:

~ Steam flow for pgiven gas conditions and desired
steam temperature and pressure, or

- Gas flow for given water flow and desired steam
temperature and pressure.

~ Boiler efficiency.
~ 3team and gas side pressure drops.
- Temperature distributions of the steam, wall and

gas.

Demler, R.L., "Design and Development of an
Automotive Propulsion System Utilizingz a Rankine
Cycle Engine (Water Based Fluid),” for U.S. ERDA,
EY-76-C~02-2701 4001, September 1977,

The BAP model can be used in conjunction with steam
expander model to simulate bottoming cycle systems,
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BOTTOMING CYCLF
Model W-0002-70 (Cont.}

Over the years since 1970, the model has been
modified to accommodate: alternate fuels, split-fin
tubing, interactive design use. The capability to
model! waste heat boilers and to converge faster are
alsc recent additional capabilities.

This model includes the following range of
capabilities.

~ Steady-state calculations, some information
available for transient behavior.

- Complete parametric capabilities.

Limited to 10 water/steam passes - Any tube and fin
sites and any coil diameter.

The major assumptions are:
~ Uniform gas flow distribution,
- Constant steam pressure.

None identified.

The data that are required as input to the model

are:

- Boiler geometry.

~ Water inlet and outlet temperature and pressure.

- Water flow or gas flow,

- Gas temperature or fuel and fuel-air ratio for
fired boilers.

Kone identified,

This model has been validated by experiment and
prototype performance. Validation described in
Demler, R.L., "Demonstration of a Steam Powered
Face Haulage Vehicle," FMA/DOE ET-75-C-01-0916,
July 1979.
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COMPUTING REQUIREMENTS

COST OF OPERATION

FUTURE POTENTIAL

AVAILABILITY

BOTTOMING CYCLE
Model W-0002-70 (Cont,)

The model code written in Fortran and used on
CYBER 170 series and VAX 11/780.

The average cost per run of operating this model on
the current hardware described above is $.20/run.

No current plans.

This program is not for sale, however, it can be
used for & fee,
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BOTTOMING CYCLE
Model W-D003-74

Rankine Cycle, Waste Heat Recovery Engine
(part-load and full~load) Performance Model

1974
DiBella, F.A., and Wang, C.
Thermo Electron Corporation, Waltham, Massachusetts

Thermo Electron Corporation (TECO)
Internal R&D funding

All modes

This model is applicable to military and civilian
use.

This program is used to determine the full and
part-load performance of a Rankine Cycle system
using specified heat exchanger and turbine compon-
entg. It will calculate the performance of a
Rankine Cycle System with a minimum of input data;
and with either a water cooler or air cooled
condenser cooling system specified. An indirect
heating or cooling sub-system can also be accom-
modated for Solar Rankine Cycle System Analysis,
for example. Radiator fan cooling curves are also
available for accurate power consumption versus
cooling performance evalvations,

The model al:ic permits the working fluid to be
changed in order tec evaluate the Rankine Cycle
Performance for various working fluids.

Output: The major output parameters are the
Rankine Cycle System's net power output, component
(far pump, etc.) parasitic losses as well as heat
exchanger and turbine operating efficiencies for
operating point at full or part-load conditions.

Not identified. However, Thermo Electron maintains ‘
all of the necessary program documentation and/or i
manuals.

PRECEDING PAGE BLANK NOT FILMED
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BOTTOMING CYCLE
Model W-0003-74 (Cont.)

This computer model is the "Main" program for which
several sub-progrsms have been written in order to
separately evaluate any of the principle Rankine
Cycle Components. This main model does not require
the sub-programs to function however, the sub-
programs will only identify che performance that
can be expected of an individual component. By
observing each individuagl component's performance
taken separately; the engineer can identify and
make improvements to that component before it is
uged in the main program.

In thie sense, this computer program is the main
program of a famlly of shorter computer models.

This Rankine Cycle System performance model was
developed by Thermo Electron Corporation to support
its development work in the design, assembly and
testing of Organic Rankine Cycle Systems.

This model has been used to predict the full and
part-load performance characteristics of TECO's
systems ranging in elze from 35 kW to 450 kW. It
can be used for systems with any power output
provided the necessary heat exchanger size and
turbine design point performance is known and input
into the computer program,

The model has been updated with regards to turbine
serodynamics and/or heat exchanger heat transfer
coefficients as testing of the developed systems
have been performed and test results confirmed.

The model 1is essentially a steady-state model of
the Rankine Cycle's full and part-load performance.
It can identify 1its operational characteristics
with only a minimum of essential inputs; for
example, heat energy temperature and flowrate and
ambient temperature. [he sizes of any of the heat
exchangers or the pumping curve characteristics or
the turbine's aerodynamic design point charac:er-
istica can be readily changed; particularly if the
system is used with a computer that has a time
share capability.
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BOTTOMING CYCLE
Model W-0003-74 (Cont.)

The computer model does not require any assumptions
to be made concerning the Rankine Cycle System
performance. Each component of the Rankine Cycle
System model used either TECO tested results or
manufacturers performance guarantees (i.e., pump
and fan curves, heat exchanger performance data).

The computer model may be limited in modeling a
Rankine Cycle System below 30 percent of its Rated-
Design Point power output.

Input data for the Rankine Cycle System computer
model incluvdes heat energy inlet temperature and
flowrate and the ambient or "Heat Sink" tempera-
ture. The system’s component sizes and turbine
gize and Design Point operating characteristics are
also required. However, these component descrip-
tions are Input only once, at the start of the
program, and are used to determine the part-load
performance of the Rankine Cycle System when part-
load heat energy conditions are identified to the
model.

Input Data Accuracy: The input data can be to only
one decimal place.

Cost of Data Baset The cost for the data base
varies with the type of heat source, the amount of
part-~load data, and the degree of fluctuation of
this data. A specific cost for the data base is,
therefore, not readily determined without a des-
cription of the size of the data to be rum.

It is thought that this Rankine Cycle System model
is very versatile for use with various energy
recovery scenarios. For example, the heat source
can be a solar heated heat transfer fluid or a fuel
o1l or coal-fired heat exchange. The heat source
may involve waste heat energy recovery from diesel
or gas turbine engines. The '"cold sink" may also
involve a zimple air-cooled or water-cooled con-
denser or involve the more complicated, indirect
heat transfer cooling system. For example, a
radiator and cooling fan assembly to reject heat
from a water-cooled condenser,
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BOTTOMING CYCLE
Model W-0003-74 (Cont.)

The computer model has been used to verify the
performance of a 35 kW, 75 kW, 100 kW, and 450 kW
Organic Rankine Cycle System with success. The
operation of the 35 and 100 kW unics are documented
in several DOE and internal reports, respectively,

The computer model is currently used with a Xerox
computer and is written in Fortran IV language.

TECO's cost to operate this program is not repre-
sentative because of TECO's access to an inexpen-
sive time share service. The actual running time
for the program is typically measurable in seconds
and not minutes,

The computer model continues to be updated whenever
methods are found to perform the system calcula-
tions quicker, with fewer iteraticns. Modifica-
tions of the turbine aerodynamic models are made to
reflect current state~of-the-art,

Potential Accuracy: The performance accuracy is
very much dependent upon manufacturers heat
exchanger, pump and/or fan data as well as on the
extent of the working fluid properties available
for the program's computations. It is necessary to
have friction as well as heat transfer versus flow-
rate data for each heat exchanger in the system.
The plumbing diameters and the number of 90° and
180° returns in the plumbing is also necessary for
an accurate pressure drop calculation. The amount
and location of insulation used with the components
is also required.

The model presently unavailable to external organ-
izations. Rankine Cycle modeling can be contracted
from the Thermo Electron Gorporation or adapted for
use by NASA/Lewis provided contractual arrangements
are made,
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BOTTOMING CYCLE
Model W-0004-70

DRC Modelling (Rankine Bottoming Cycle Engines)
1980-1983

Various

Mechanical Technologies, Inc. (MTI)

Various including DOE and MTI

Has been applied to pipeline and marine
applications.

Civilian

Optimum sizir . performance and cost trade-offs
including thermodynamic inputs as well as
financial DCF analyses,

Model results have been incorporated in numerous
articles, papers and reports published by MTI.
There is no formal documentation of the models
themselves,

This model is a stand alone model. Models
covering the use of steam Rankine bottoming and
topping cycles draw upon the same economic
subroutines.

The current model is the latest version of a
series of models developed by MTI since 1975.
These include inputs from studies funded by
various governmental and commercial customers and
MTI.

It provides thermodynamic and mechanical design
and performance, estimated costing and economic
analyses, It is a steady state model. Transient
operation in statiomary appllications is not
relevant,

Not identified.
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BOTTOMING CYCLE
Model W-0004~70 (Cont.)

The model is for steady state operation and does
not explicitely incorporate the performance
characteristics of the diesel engine in order to
cbtain an engine system performance map. The
characteristics of the diesel engine are
accounted for by input as external data, the
steady state temperatures, and flow rates of the
diesel engine waste heat streams.

Heat flows and temperatures for input stream,
cooling water temperatures, energv economic
parameters.

Performance, design parameters, costs, and DCF,

The analyses and cost data have been verified by
actual tests and fabrications.

The model has been validated. Yo publication has
been prepared. ‘

The model is written in a Tortran language which
can be run on IBM compatihle equipment., Input

data needs include operating temperature levels,
input heat flows, and energy economic parameters,

Not identified.

The performance and cost data are updated
peri. dically to incorporate the most recent data.

The model carn be applied by MTI for funded studies.
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BOTTOMING CYCLE
Model W-0005-70

Brayton Bottoming System (BBS) Evaluation

This model 1s an evolution of an existing model
that has been developed and modified over the past
five years.

Gene Wilmot, et al., Hamilton Standard Division
(HSD) . Adapted to Diesel Engine Application by
T.N. Obee, United Technologlies Research Center
(UTRC) .

HSD of United Technologies Corporation and United
Technologies Research Center (UTRC).

urc
Any diesel engine-powered mode.
Mostly civilian.

To perform design and performance calculations of
Brayton-cycle waste heat recovery systems under
both design and off-design rconditions.

Proprietary manuals.

This is a self-contained model that combines the
design and performance characteristics of compact
heat exchangers with those of turbomachines. The
heat exchanger part of this model can be accessed
gseparately for heat exchanger design and sizing
purposes,

This model represents an adaptation to BBS of a
sophisticated aircraft environmental control
air-cycle system model which has been in use at
HSD for many years.

This mcdel can be used both for design and heat
exchanger sizing calculations and for off-design
performance calculations of the entire system,
Design factors of interest can be varied easily,

Validity of compact heat exchanger maps such as
those given in Kays & London, and validity of
turbomachinery similarity and scaling laws,
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BOTTOMING CYCLE
Model W~0005-70 (Cont.)

The model assumes thet only air will flow through
turbomachines, Also, only uniform fouling of heat
exchanger surfaces can be accounted for.

Desien Mode: Cold and hot side flow rates and
inlet?outlet temperatures; pressure levels and
allowable pressure drops; heat exchanger
confipuration and fin geometry (Stanton Number and
frictdon factor mape are stored in computer

library for a wide variety of finned surfaces).

Pecformance Mode: Characteristicas of heat
exchangers and turbomachines (e.g., performance
maps or data) and external conditions such as
diesel exhaust temperature, pressure and flow rate
at a given speed, ambient conditions and heat
exchanger fouling factors.

Fast simulation of complex systems consisting of
several heat exchangers and several turbomachines
and connecting conduits, both for design and
off-design calculations.

The original version of the model has been
successfully used for designing air-cycle aircraft
cabin cooling systems, e.g., the HSD-designed and
built system used on the F-16 Falcon.

The model is written in Fortran and usually ran on
an IBM 3380,

Less than $1 per run.

Extending the simulations to fluids other than air,
and sn improved model for heat exchanger fouling.

The mode! {8 proprietary to UTRC. Can be used only
by UTC Divisions. Indirectly available to NASA
through contracts to UTRC or HSD,
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BNATTOMING CYCLE
Model W-0006~81

Rankine Bottoming Cycle Performance Code
June 1981

Korazinski, J.L, and Ash, J.E., were the people
primarily invelved inthe code development.

Argonne National Laboratory

Initially: DOFE ~ Office of Industrial Programs;
Currently: DOE -~ 0ffice of Vehicle and Engine R&D.

The initial application was for stationary systems
in the size range of 600-2400 kW.

Program can, howvever, estimate organic Rankine
engine performance in quasil steady state
applications associated marine or pipeline
applications.

To calculate the performance (efficiency, power
output, etc.) and cost of Rankine bottoming cycle
systems as a8 function of working fluid and
operating parameters,

1. Manciniak, T.J., et al, "Comparison of
Rankine-Cycle Power Systems: Effects of SEven
Working Fluids," Argonne National Laboratory
Report ANL/CNSV-TM-87 (June 1981).

2. Ash, J.E., "Analytical Expressions for
Thermodynamic Properties of Rankine Bottoming
Cycle Organic Working Fluids," (draft), (June
1982).

The current model is not a submodel or part of a
family of models. The current model can be used as
a separate entity. It could, however, be

adopted for use ags a subroutine to estimate the
performance of combined diesel engine/RBC systems.

The current ANL model is based upon the model
described in the report ANL/CNSV-TM-87. The major
modifications involved the inclusion of equations
into the code for the calculation of fluid
properties.
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BOTTOMING CYCLE
Model W=-0006-81 (Cont.)

@ The performance calculations are independent
of che size or type of the heat source. The
cost data presently in the code applies to
systems in the range of 600-2400 k.

@ Steady-state or quasi-steady-state.

@ Gross factors (heat source flow rate and
temperature, cooling water temperature,
turbine efficlency, ete.) can be readily
changed for parametric studies.,

The model inputs specific assumptions relative to
heat transfer coefficients, working fluid
properties, and component performance
characteristics. As such, it is valid only under
the specific design conditions where these design
point conditions apply.

The model was not set up to do a detailed design
analysis of a specific bottoming cycle system. It
is intended for scoping studies to assess the
impact of the working fluid on the system
performance and cost.

The input data required include a description of
the heat source {temperature, flow rate), some
basic properties of the working fluid (e.g.,
molecular weight, boiling point), and cost data
for the sizzs of components of the bottoming
cycles befug studiled.

The model 1s useful for quickly and cheaply
performing scoping studies to determine the effect
of working fluid selection and gross operating
parameters (temperatures, capacity, etc.) on RBC
performance and cost. It iz intended to fully
document the model and make the computer code
readily available to potential users. The model
is useful for quickly performing scoping studies
to determine the effects of changes in fluid
properties on system performance and cost.

Some validation of the model was done for the
Sundstrand 600 kW bottoming cycle system. This
validation data has not been formally publighed.
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FUTURE POTENTIAL

AVAILABILITY

BOTTOMING CYCLE
Model W-0006-81 (Cont.)

The code is written in Fortran. It has been run
on an IBM 3033 computer.

The average run cost about §1.50-52.50 depending on
the number of cases run for a specific fluid, which
may range from about 30 cases to about 70 cases.
Each case corresponds to a different operating
condition (different maximum temperature and
pressure) for the fluid.

Additional development work is planned on the fluid
property subroutines. It is also intended to
modify the component models and improve their
flexibility. It 1is also planned to change the

cost models to cover a size range more appropriate
to bottoming cycles for heavy-duty transportation
systems.

Prior to its release, the model needs to be more
thoroughly documented.
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TURBOCHARGER
Model E-Q0G18-TC-77

Turbocharged Diesel Engine Simulation to Predict
Steady-State and Transient Performance

1977

A.S. Ghuman, M.A.Iwamuro, H.G. Weber
Cummins Engine Company

Cummins Engine Company

Highway and other adaptations of highway engines
(may be limited to direct injected engines).

Military and civilian.

@ Predict relative merits of various methods used
to improve transient engine response,

@ Predict steady-state and transient performance
of a particular engine system at some untested
operating condition.

Output:
- Engine
~ IMEFP
~ Engine friction
= Pumping work
~ Volumetric efficiency
- Exhaust manifeld temperature

- Turbocharger
- Speed
-~ Pressure ratio
- Efficiency .
- Mass flow

ASME Paper 77 DGP5

None stated.

PRECEDING PAGE BLANK NOY FILMED
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TURBCCHRARGER
Model E-0018-TC-77 (Cont.)

The model uses limited experimentzl data to
develop steady-state engine performance maps.

Steady-state engine maps are used to develop
engine trangient response performance.

Various eagine parameter varigblee (see input
data) or forcing functions (such as fuel rate
variation with time, engine load variation,
ete,) can be varied to assess the impact on
steady-state and transient performance.

Steady-state performance maps for engine ard
turbocharger are valid during each instanc of
transient operation.

In-cylinder heat transfer rate is constant.

Steady-state engine performance can be
adequately mapped by curve fiteing between a few
experimentally determined points,

The exhaust manifold metal is assumed to be
divided into two layers, the inner much thinner
than the outer. This allows improved modeling
of the therwal responsiveness of the wall during
transients.

YEmptying and Filling” model

The model demands inputs which are estimated or
experimentally derived., Few fundamental engine
parameters are considered. For example, the
effect of an ingulated manifold is predicted by
estimating the change in manifold gas
temperature.

Ignores “cycle analysis” completely.
No in~cylinder time delay for gas flow.

Will not predict manifold resonances and hence
cylinder to cylinder vartations.
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DATA INPUT REQUIREMENTS

ADVANTAGES

TURBOCHARGER
Model E-0018-TC-77 (Cont.)

® Steady-State

- Engine speed

=~ Fuel rate or air/fuel ratio

- Compressor inlet temperature and pressure
~ Turbine exit temperature

- Coolant temperature into aftercooler

- Aftercooler effectiveness

- Turbocharger bearing losses

- Intake manifold pressure and temperature
~ Exhaust manifold pressure

@ Transient
- Steady-state performance maps
- engine speed
- fuel rate or air/fuel ratio
-~ turbocharger speed
-~ compressor inlet pressure aaxd temperature
-~ turbine exit pressure
- intake manifold pressure and temperature
- exhaust manifold pressure and temperature
~ exhaust manifold metal temperature
- Coolant temperature into aftercooler
- Aftercouoler effectiveness
- Engine system inertia
~ Turbocharger inertia
- Load on the engine
- Exhaust manifold lead transfer area
~ Exhaust manifold inside diameter
- Volr—es of intake and exhaust manifold ports
- Thernal properties of exhaust .anifold metal
- Valve timing

Input Data Accuracy: No special requirements
listed. Obviously the more accurate and more
numerous, the better,

Accuracy:
-~ Steady-state - generally within 5 percent
claimed.

~ Transient - "generally good agreement.”

Very rapid assessment of the impact of parametric
changes on the performance of a four-stroke
turbocharged diesel engine.
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TURBOCHARGER
Model E-0018-TC-77 (Cont.)

Model, as reported, has been validated for
transient conditions only under low load
acceleration, and apparently for only one engine,.
Data published in source document.

None stated.

One minute of computer time,

Authors hLope to develcop this into a model capable
of handling two stage turbocharging. Weber
indicates thizs model obsoleted at Cummins by one
written by Watson, Imperial College, London.
Potential Accuracy: No claims for future

improvements vere made,

Not available.
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TURBOCHARGER
Model E-0019-TC-77

Prediction and Measurement of Two-Stroke Cycle
Diesel Engine Performance and Smoke at Altitude

1977

W. Schmidt, D. Venhuls, S. Hinkle
Detroit Diesel Allison

Detroit Diesel Allison

Highway

Military and Civilian

To predict changes in two-st.oke, turbocharged and
blownm diesel engine power r.utput and smoke with
changes in altitude,

Cutput:
~ BSFC
- BHP
- Bosch Smoke Number

ASME 77 DGP-3

None mentioned.

None given.

Steady state performance (power ISFC, and smcke) of
a two-stroke, turbocharged and blown diesel as
influenced by altitude 1is calculated from measured
baseline performance using performance
characteristics of:

- Turbocharger

- Blower

- Engine air trapping
~ PFuel mass flow

~ Air/fuel ratio

Degign factors «an be altered by changing the

baseline coefficients describing a particular
engine’s performance.
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TURBOCHARGER
Model E-0019-TC~77 (Cont.)

Turbocharger output constantly proportional to
inlet air density

Altitude has no effect uvpon fuel supply system
and cooling system.

Tndicated power and exhaust property
characteristics of the cylinders are influenced
by altitude only as they influence trapped
air/fuel ratio.

The model is empirically based.

Limited to the influence of amblent air density
(altitude) on the air side systems. Calculates
smoke, BHP and BSFC with changes in altitude only,
taking into account only gross air densitv effects.

Different manifold configurations cannot be
modeled.

Each engine under study must be tested to
determine the performance coefficients.
Considers only power, BSFC, smoke,

Alr density

Turbocharger effectiveness

Air box density

Rotary blower speed

Rotary blower displacement

Rotary blower efficiency

Rotary blower pressure ratio

Engine air mass flow rate engine trapping
efficiency

Fuel flow rate

Engine smoke characteristics

Engine speed

Combustion chamber and cylinder volume



ADVANTAGES

VALIDATION

COMPUTING REQUIREMENTS
COST OF OPERATION

FUTURE POTENTIAL

AVATILABILITY

TURBOCHARGER
Model E-0019-TC~77 (Cont.)

Various performance coefficients for each system:

®
®
@

Turbocharger
Blower
Cylinder
Smoke

must be empirically determined at baseline
operating conditions,

Rapid, single calculation of engine performance as
a function of altitude,

"Reasonably" good correlation with test data shown.

Suitable for hand calculator.

Almost none.

Apparently none.

Potential Accuracy: Further refinement at this
level of sophistication probably not warranted.

Model fully described in source document,
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TURBOCHARGEX
Model E~0035-TC~75

A Real-Time Analogue Computer Simulation of a
Turbocharged Diesel Engine

1975

R.S. Benson, D.E. Winterbone, 5.5. Shamsi,
G.D. Closs, A.G. Mortimer, P. Kenyon

University of Manchester, Institute of Science and
Technology

None ligted
Highway, Marine
Military and civilian

To simulate for the purpose of analytically
improving the transient response cof a turbocharged
diesel engine when subjected to a step change in
load. Engine response is modeled as:

~ Engine speed

~ Turbocharger speed
- Rack position

- Compression boost
- Air/fuel ratio

all as a function of time.

Output:

-~ Engine speed

- Turbocharger speed
~ Exhaust temperature
- Rack position

- Engine speed

~ Boost ratio

- Engine air flow

as a function of a set speed and time from a step
shaft load input.

IME Proceeding 1976
SAE Paper 770122
ASME 76~WA/DGP1

PRECEDING PAGE BLAMK NOT FILMED
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TURBOCHARGER
Model E-0035-TC-75 (Cont.)

Based on model developed by Ledger (see SAFE Paper
710177 and 730666).

Pravious work has been performed at UMIST on the
modeling of a Ruston and Hornsby GAPC diesel
engine. This had a 0.20 m (8 in.) bore, and 9
produced a maximum output of 19 bar (270 1b_/in.")
bmep at 1000 rpm, with a boost pressure of 2.7 bar
(80 ins mercury abs). The engine was fitted with a
large valve overlap camshaft to enable it to
achieve the maximum benefit from turbocharging.

The computer models were based largely upon
on-design steady state test results; the combustion
equations were extended using off-design results
obtained from & single-cylinder version of the same
engine. The model predictions agreed reascnably
well with empirical results, but deficilencies were
noticegble in the prediction of turbocharger
reeponse, air mass flow and exhaust temperature.
Furukawa extended a digital computer model of the
engine to include air injection into the compressor
of the turbocharger. The aim of this work was to
show that assisted acceleration of the turbocharger
would improve the system response when & sudden
load is applied.

® Take empirically measured steady and transient
data and develop model for transient engine
response.

® Turbocharger response characteristics can be
altered.

Hany sinplifying assumptions made to linearize or
reduce the mathematical complexity of modeling the
engine. These assumptions are inherent in the
equation used and are too numerous to list here.

@ The model ia based on a vast amount of empirical
data for a specific engine. Hence it is not
easily transferred from one engine to another.
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TURBOCHARGER
Model E-0035-TC-75 (Cont.)

@ Alr fuel ratio is deduced rather than directly
measured. The deduction 1is based on the
assumptions Inherent in the methodology.

@ Ignores cycle analysis completely.

]

Virtually all engine data required as output,
plus friction (Willan's line format).
Manifold pressure and temperature
Turbine inlet pressure and temperature
Smolre

BMEP

Fuel flow and pressure

Crankangle

Cylinder pressure

Needle lift

Alr mass flow

Engine torque

@O &2 6 & 0 00 &

The model appears to be somewhat cumbersome to use
due to the need for both an analog and a digital
computer, while its accuracy is about the same as
less restrictive models (E-0018-TC).

Engine performance 1s claimed to have been
predicted within about 5 percent.

Unknown amnalog computer used: Program apparently
not limited to this specific unit. But a digital
{DEC PDP15 wich two dise drive) used to interface
between the engine and analog computer for data
acquisition purposes.

Not stated.

None

Potential Accuracy: Probably can't be improved.

Model described in ASME paper. However, much
empirical data needed as described in IME paper.
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TURBOCHARGER
Model E-0036-TC-8!

A Dynamic Simulation of a Two-Stroke Turbocharged
Diesel Engine

1981
D.E. Winterbone, W.Y. Loo

University of Manchester, Institute of Science and
Technology (UMIST)

Detroit Diesel Allison
Highway
Military or civilian

To descrite the transient (and steady-state)
performance of a two-stroke turbocharged (and
blown)} diesel using control volume emptying and
filling concepts.

Output:

- Load

-~ Fuel injected (percent of full)

- Compressor outlet pressure (percent of full)
- Compressor outlet temperature (percent of full)
- Blower outlet temperature (percent of full)
-~ Alr box pressure {percent of full)

~ Turbine inlet pressure (percent of full)

- Turbine inlet temperature (percent of full)
- Turbocharger speed

-~ Alr mass flow rate (percent of full)

SAE Paper 810337

® Based upon a four stroke model reported by
Winterbone, Benson, and Furukawa in SAE 730665.

@ Uses comhus:ion model developed by Whitestone
and May "Rate of Heat Release in Diesel Engines
and its Correlation with Fuel Injection Data,"
IME Vol. 1B4, 1969-1970, a single zome rate of
heat release model.

First reported in SAE 810337,
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TURBOCHARGER
Model E-0036-TC-81 (Cont.)

OPERATIONAL CAPABILITIES @ Evaluste steady-state performance over a broad
range of load conditions (30-100%7 full load).

® Predict transient performance of an engine in
- response to step changes in load
- "eyplcal” operation in a truck

Design facters may be variaed by altering the
parameters which define the state of the working
fluid a3 well as fundamentzl engine or system
parametere (inertis, speed, load, swept volume,
gte.)

H3SUMPTIONS @ Gas flows can be medeled by first order
non=linear differential equations.

® Turbine, compreassor, and blower can be
represented by thelr steady-state
characteristics.

@ Cycle to cycle variations are not important.

@ Cas pressure and temperature driving compression
stroke modeled assuwming polytropic compression.

@ Combustion preocess in two parts:
(1) preparation limited combustion and air
(2) reaction limited combustion rate

® Heat transfer calculated using ANNAND
expression.

® Scavenging process based on assumption that the
entering fresh charge is mixed completely and
immediately with the cylinder contents.

@ During scavenging:
- gas mixture contains only CO,, HZO’ 02 and N2
- gas obeys perfect gas law (p% = {RT)
- internal gas energy is a function solely cof
temperature and air/fuel ratio.
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VALIDATION

TURBOCHARGER
Model E-0036-TC-81 (Cont.)

@ Uses filling and emptylng concepts
® Two-stroke engine only

@ No emissions Information

@ Turbocharger speed effects ignored.

@ Ignores manifold resonances which cause cylinder
to cylinder variations,

Mechanical characteristics of:
- turbocharger

- blower

- intercooler

~ air receiver

~ engine cylinder

- valving

- exhaust system

as they effect air flow and combustion., The model

is based upon fundamental principles and hence very :
little empirical data is required.

® Can be easily applied to a range of engines
because little if any empirical data required.

e Applicable over a wide speed range.

® Models each component within the engine air flow
and combustion system separately bhased on

fundamentals.

@ Includes simulation of engine in a truck.

® Shows good steady-state correlation with engine
for which model initially developed (error
within 5 percent).

@ Transient response appears ''realistic" but not
fully validated yet.
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TURBOCHARGER
Model E-0036-TC-81 (Cont.)

Usee ANSI Fortram IV
= All equations are in paper: Runge Kutta

technique (4th order) is used to solve in the
computer.

Not specified.
Look forward to incorporating e smoke model.
Potential Accuracy: Further work promises

sharpening uvp the model as some combustion
coefficients are fine-tuned.

Unlmown: mey be recreated from reference,
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TURBOCHARGER
Model E-0051-TC-76

A Non-Linear Digital Simulation of Turbocharged
Diesel Engines Under Transient Conditions

1976
Neil Watson, Maged Marzouk
Imperial College of Science and Technology

Ministry of Defense (U.K.) Military Vehicle and
Engineering Establishment

All
Military or civilian

To stvly and analyze the transient response of a
turbocharged diesel engine due to a change in load
or power demand (throttle position).

Qutput:

Primary output 1s the engine speed and exhaust
characteristics (pressure, temperature) in response
to load change. However, program is designed to
provide diagnostic data allowing analysis of
phenomena listed under "Range of Capabilities.”

The only independent variable is crankangle.

SAE paper 770123

® Combustion: Kreiger, Borman, Fowell, and Marzouk
@ Heat transfer: Woschini
e Engine power losses: Chen

There e2re many sources of non-linearity in diesel
engines. However, linearized models {(based on
elther continuous control or sampled-data concepts)
have been used to investigate the stability of
engine controllers, Sampled data models are closer
to the discontinuous nature of a reciprocating
engine, but a major handicap is imposed by the
assumption of & constant sampling interval.

Quasi-linear models, which employ steady-state
characteristics of the engine, constitute a further
step towards the dynamic simulation of turbocharged
diesel engines. The most widely reported
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TURBOCHARGER
Model E-0051-TC-76 (Cont.)

simslation ie that developed at UMIST, although
Bowns has published a similar model., These models
link steady-speed experimental data representing
engine thermodynamice and ges flow with dynamic
models of the mechanical components.The wmajor
disadvantage of quasi-linear models is their heavy
relisnce on cmpirically determined data;
particularly at "off-design” conditions such as
those which occur during transients. Furthermore,
the representation of complex combustion and air
flow phenomena tends to be oversimplified. By
repregenting the air-flow characteristics of an
enzine as & steady-flow phenomenon, possible
differences between inward and outward flow are not
explicitly considered. Evidence suggests that
reverse flow from cylinder to inlet manifold,
pignificantly affects the response of highly rated
engines,

The unsteady thermodyngmic and ges flow processes
occurring inside a turbocharged diesel engine are
patiefactorily evaluated at constant engine speed
by quasi-gteady engine simulation programs. Since
these programs calculate unsteady phenomena,
regardless of engine running conditions, such
techniques are potentially suitable for extension
to transient operation. This forms the basis of
this model. However, differont formulation and
solution procedure was essential, since the
periodicity condition (constant engine speed) does
not hold during transient operationm.

The model .- rather thorough, s0 a number of
effects can ! ¢ explored including:

~ Different loading rates

- Turbocharger match

- Turbocharger Inertia

- Engine and load inercia

- Ezhaust manifold deeign

- Inlet manifold design

- Valve timing

-~ Charge air cooling

- Variable geometry turbocharging

= Re-matching with an exhaust waste-gate valve
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TURBOCHARGER
Model E=0051--TC~76 (Cont,)

- Fuel-pump rack limiters

- Compression ratio

- Engine friction

= Thermal inertia of combustion chamber surfaces

All under transient and steady-state conditions.

@ Thermodynamic equilibrium at all times
@ Ideal-gas behavior at all times
@ All control volumes contesln homogeneous mixture
of ailr and combustion products
@ Ignore property gradients and phenomena
- non-equilibrium compogitions
-~ fuel vaporization before and during combustion
- spatial variations within manifolds
® Combustion products assumed from
- Kreiger and Borman (lean)
- Marzouk (rich)
@ Cylinder heat transfer by Woschint
@ Combustion process in 2 distinct phases:
(1) ignition delay (duration of propagation of
pressure wave along the fuel line)
(2) heat generation
- premixed portion of burning
~ diffusion portion of burning

@ Simple combustion model.

@ Model appears sensitive to small errors in
deseribing engine characteristics such as
gov-rnor response to engine speed.

@ Heat trangfer area and coefficlents
- manifolds
- combustion chamber

@ Engine friction torque
@ Load
® Cylinder diameter
@ Internal energy
® Fuel burning rates
—~ premixed
- diffusion
® Engines polar moment of inertia

@ Load polar moment of inertia
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TURBOCHARGER
Model E-~0051-TC-76 (Cont.)

Turbocharger polar moment of inertia
Initial and upsetiing conditions
Ambient conditions

Mode of fuel burning proportionality factor
Engine speed

Efficiency

- ¢curbine

- COMEfQBE0T

= turbocharger

® Engine dimensions

® Fuel injection system characteristics

e @98

Input Data Accuracy: Reportedly transient response
of some engine systems, particularly turbocharger
and governor is hard to measure. Present
techniques appear inadequate. Improvement needed
in this area.

® This appears to be a very powerful model,

@ Takes the entire power producing system inte
account.

@ Combustion model 18 better than that of other
gimilar models studied, but is still rather
simple.

® Uses a minimum of empirically determined
coefficients.

“Excellent"” sgreement. Only serious discrepancies
appear to be prediction of maximum cylinder
pressure (to be expected) and turbine inlet
temperature (attributed to thermocouple lag rather
than model deficiencies).

Not stated.

Not stated.

Not stated.

Potential Accuracy: Not stated; very good already.

Unknown.



Model Category Index

Organizational Author Index

4,0 TINDEXES

All of the models are indexed in two separate ways:
(1) by model category, and (2) by organizational
author.

The model category index is organized as follows:

@ Heavy Duty Transport System Models
(1) Highway Transport
(2) Marine Transport
(3) Rail Transport

@ Heavy Duty Diesel Engine Models
(4) Matching Intake/Exhaust S—iteums to the
Eagine
{5) TFuel Efficiency
{6) Emissions
(7) Combustion Chamber Shape
(8) Fuel Injection System
{9) Heat Transfer
{10) Intake/Exhaust System
(11) Operating Ferformance
(12) Bottoming Cycle
(13) Turbocharger

Within each of the thirteen model categories, each
model is listed in numerical order according to its
access code (which merely signifies the
chronological order in which the model literature
was acquired by the project team).

This index organizes all models alphabetically by
the organization that authored the model.



MODEL CATEGORY

Highway Transport

Righway Tranaporg

Highway Transpore

Highway

Transport

Righway Transport

Righway Tramsport

Highway

Highway

Highway

Highway

Trangport

Transport

Transport

Transport

Highway Transport

Highway Transport

Highway Transport

Marine

Marine
Marine

Marine

Marine

Marine

Marine

4=2

Transport

Tranaport
Transport

Transport

Transport

Tranaeport

Transport

4.1 MODEL CATEGORY INDEX

ACCESS CODE

ORGANIZATION

H=-0001-72
H=-0002~77
H-0003-81
H-0004-81
H-0005-78
R=-0009-76
H=0010-78

H-0012-81

H-0013-78

H-0018-79

H-C023-80

H-0024-83
H-0025~81

M-0001~-68

M=0002-78
M-0004-81

H-0006-78

M-0007-83

M-0008=70
¥-0009-73

General Motors Corporation

U.S. Department of Transportation
Ford Motor Company

Ford Motor Company

U.5. Department of Transportation
Cummins Engine Company, Inc.
Internationsl Harvester Truck Group

Boeing Computer Services Company,
Energy Technology Applications Div.

General Motors Research Lab

U.S. Department of Transportation,
Research and Special Frograms
Administration, Transportation
Systems Center

Massachusetts Institute of
Techneology, Department of
Mechanir.l Engineering

Taited Technologies Research Center
International Harvester Truck Group
U.8. Coast Guard Headquarters,
Office of Engineering, Icebresker
Design Branch

University of Hannover

Y-ARD Ltd., Glasgow

PFR Enginecering Systems, Marina,
Del Rey, California

Univergity of Newcastle upon Tymne,
England

Iips, #.V., Drumen, Holland

Massachusetts Institute of Technology
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MODEL CATEGORY INDEX

MODEL CATEGORY ACCESS CODE ORGANIZATION

Rail Transport L-0002-78 U.S. Department of Transportation,
Transportation Systems Center,
Kendall Square, Cambridge,
Massachusetts

Rail Tramsport L-0004~75 Emerson Consultants, New York

Rail Transport L-0005-81 MITRE Corp., McLean, Virginia

Rail Transport L-0009-77 Carnegie-Mellon University,
Pittsburgh, Pennsylvania

Rail Transport L-0010-78 EE/CS Department, Union College,
Schenectady, New York

Rail Transport L-0011-83 Southern Pacific Transportation Co.

Rail Transport L-0012-65 Asgociation of American Railroads
(AAR)

Rail Transport L-0013-79 AiResearch Manufacturing Company of
California

Matching Intake/ E-0034-72 Hitachi Shipbuilding Ltd., Osaka

Exhaust Systems

to the Engine

Matching Intake/ E-0036-81 University of Manchester

Exhaust Systems

to the Engine

Fuel Efficiency E-0004-77 University of Manchester, Institute
of Scilence and Technology (UMIST)

Fuel Efficiency E-0005~70 C.A.V, Ltd., Acton, England

Fuel Efficiency E~0032-69 University of Wisconsin

Fuel Efficiency E-0044-80 Imperial College, Department of
Mechanical Engineering, London

Fuel Efficlency E-0063-76 Indian Institute of Technology,
Delhi

Fuel Efficiency E~Q070~74 M.A.N,, Augsburg and Institut fur

Kolbenmaschinen Technical
University
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3-79
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3-87

3-91

3-97
3-1G1

3-105

3-109

3-115
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MODEL CATEGORY
Enizzions
Emissiona

Emisslions
BEnissione
Enisaions

Emissions

Emissions
Emissions

Combuztion
Chamber Shapa

Combuation
Chamber Shape

Combuation
Chamber Shape

Combusgtion
Chamber Shape

Fuel Injection Systems
Fuel Injection Systems
Fuel Injection Systems
Fuel Injection Systema
Fuel Injection Systems
Heat Transfer

Heat Transfer

Heat Trangfer

MODEL CATEGORY INDEX

ACCESS CODE

ORCANIZATION

E=0001~81

E-0002-78

E-0003-78
E-0006-74
E-0007-76

E=-0008-71

E-0026-73
E=0071=75
E-0009-78

E~Q010-77

E-0029-80

E-0072-78

E~0021~FI-70
E-0039-F1-73
E~0048-FI~71
E~-0049-FI-75
E-0069-FI-82
E-0023-HT=-75
E-0067-HT~64

E-0073~HT-83

Massachusetta Institute of
Technology

Komatoau/Maosachusetts Institute of

Technology

Cummins Engine Company
Ul trasystems, Inc.
University of Hiroshima

Northern Research and Engineering
Corporation

C.A.V. Ltd.., Acton, England
Cranfield Institute of Technology

Lawrence Livermore Laboratory,
Univereity of California

Princeton University

Imperial College

Los Alamos/General Motors Research

Lab

University of Sussex

University of Michigan, Ann Arbor
Kyoto University

Wayne State University

Universicty of Minnesota

Horwegian Institute of Technology
MAN

Mirrleee Blackstone Limited, with

Trent Polyfiechnic and Cranfield
Institute

PAGE
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3-159

3-165

3-171

3-177
3-179
3-185
3-187
3-189
3-193
3-195

3-197
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MODEL CATEGORY

Intake/Exhaust System

Intake/Exhaust System

Intake/Exhaust System

Intake/Exhaust System

Intake/Exhaust System

Intake/Exhaust System

Intake/Exhaust System

Operating

Operating

Operating
Operating
Operating
Uperating
Operating
Bottoming
Bottoming
Bottoming

Bottoming

Bottoming

Performance

Performance

Performance
Performance
Performance
Performance
Performance
Cycle
Cycle
Cycle

Cyele

Cycle

MCDEL CATEGORY INDEX

ACCESS CODE

ORGANIZATION

E~0014~1E-78

E-0015~-1E-74
E-0022~I1E-80
E-0043-1E-80
E-0053-IE~-79
E-0055-IE=74

E-0056~TE-79

E-0013-0P-79

E-00&4-0P-79

E-0045--0P-69
E~-0059-0P-75
E-0061-0P-74
E-0062-0P-76
E-0068-0P-77
W-0002-~70
W-0003-74
W~0004~70

W-0005~70

W-0006-81

University of Technology, Loughborough,
England; Indian Institute of Technology,

Madras, India; Indian Institute of

Technology, Delhi, India; University of

Santa Clara, Santa Clara, California
University of Manchester
University of Manchester
University of Manchester
Kawasaki Heavy Industries
Ruston Paxman Diesel Std.

U.5. Department of Transportation,
Transportation Systems Center

Pakistan State 0il Co. Ltd.

Imperial College of Science and
Technology

National Research Council of Canada
Mirrlees Blackstone Ltd.

Nippon Kokan

University of Manchester

John Deere

Fo-ter-Miller

Thermo Electron Corporation
Mechanical Technelogies, Inc. (MTI)
HSD of United Technologies
Corporation and United Technologies

Research Center (UTRC)

Arpgonne National Laboratory
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Tutbocharger
Turbocharger
Turbocharger
Turbocharger

Turbocharger

4-6

E-0018-TC-77
E-0019-TC-77
E=0035-TC-75
E=-0036-TC-81

E-0051~TC~76

Cuminins Engine Company
Detroit Diesel Alligson
University of Manchester
Univarsicy of Manchester

Imperial College of Science and
Technology

PAGE
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ORGANIZATION

A

AiResearch Manufacturing Co.
Argonne National Laboratary

Asgoclation of American
Railroads (AAR)

B

Boeing Computer Services
Company, Energy Technology
Applications Division

C

California, University of,
Lawrence Livermore Lab

Canada, National Research
Council of

Carnegie-Mellon University,
Pittsburgh, Pennsylvania

C.A.V. Ltd., Acton, England
C.A.V. Ltd., Acton, England
Cranfileld Institute
Cranfield Institute, with
Mirrlees Blackstone Ltd.,
and Trent Polytechnic
Cummins Engine Co.

Cummins Epgine Co.

Cummins Engine Co.

b

Detroit Diesel Allison

E

Emerson Consultants,
New York

4,2 ORGANIZATIONAL AUTHOR INDEX

ACCESS CODE

MODEL CATEGORY

L-0013~79
W-0006-81

L-0012-65

H-0012-81

E-0009-78

E~0045~0P-49

L-0009-77

E-0005-70
E~0026-73
E-0071-75

E-0073-HT-83

E~-0003-78

E~0018-TC-77

R-0009-76

E-0019-TC-77

L-0004-75

Rall Transport
Bottoming Cycle

Rail Transport

Highway Transport

Combugtion Chamber Shape

Operating Performance

Rail iransport

Fuel Efficiency
Emissions
Emissions

Heat Transfer

Emissions

Turbocharger

Highway Transport

Turbocharger

Rail Transport

PAGE

3-81
3-2613

3-79

3-21

3-155

3~235

3~-67

3~97
3-147
3-151

3-197

3-131

3-267

3-15

3-271

3-61



ORCGANIZATION

F

Ford Motor Cowpany
Ford Motor Company
Foater Miller

&

General Motore Research
Lab/Loe Alamos

General Motors Coxporation
General Motors Research Lab

Hannover, Universicy of
Hiroshimsa, University of
Hitachi Shipbuilding Ltd.
HSD of United Tachnologies
Corporaction and United
Technologiee Research

Center {(UTRC)

I

Imperial College of Science
and Technology

Imperial Colleze of Science
and Technology, Dept. of M.E.

Imperial College of Science
and Technology

Imperial College of Science
and Technology

Indian Institute of Techmology,
Delhi, India

Indian Institute of Techmology,
Delhi, Indiz

4-8

ORGANIZATINAL AUTHOR INDEX

ACCESS CODE

MODEL CATEGORY

H=0003=-81

B-0004-81

W=0002-70

E~-0072-76

H~-0001-72

H-0013-78

M-0002~78
E-0007-76
E-0034-72

¥-0005-70

E-0029-80

E-0044-80

E~0044-0P-79

E-0051~TC~76

E~-0014~1E-78

E-0063-76

Highway Transpore
Highway Transport
Bottoming Cycle
Combustion Chgmber Shape
Highway Transport

Highway Transport

Marine Traneport
Emissions

Matching Intake/Exhaust
System to the Engine

Bottoming Cycle

Combustion Chamber Shape
Fuel Efficiency
Operating Performance
Turbocharéer
Intake/Exhaust System

Fuel Efficiency

PAGE

3-9
3-11
3-251

3-171

3-25

3-43
3-139
3-83

3-261

3-165

3-105

3-233

3-283

3-201

3~109



ORGANIZATIONAL AUTHOR INDEX

ORGANIZATION ACCESS CODE MODEL CATEGORY

1 {(Cont.)

Indian Institute of Techneology, E-0014-1E-78 Intake/Exhaust System
Madras, India

International Harvester Truck H-0010-78 Highway Transport
Group
International Harvester Truck H~-0025-81 Highway Transport
Group
J
John Deere E-0068-0P-77 Operating Performance
K
Kawasaki Heavy Industries E-0053-1E-79 Intake/Exhaust System
Komatsu, M.I.T. E-0002-78 Emissions
Kyoto University E-0048-FI-71 Fuel Injection System
L
Lawrence Livermore Lab, E~-0009-78 Combustion Chamber Shape
University of California
Lips, N.V., Drunen, Holland M-0008-70 Marine Transport
Los Alamos/General Motors E-0072-78 Combustion Chamber Shape
Research Lab
Loughborough, University of E-0014-IE~78 Intake/Exhaust System
Technology of, England
M
MAN E~0067-HT-64  Heat Transfer
MAN E~0070-74 Fuel Efficiency
Manchester, University of E-0004-77 Fuel Efficiency
Manchester, University of E-00}15-TE~74 Intake/Exhaust System
Manchester, University of E-0022-1E-80 Intake/Exhaust System
Manchester, University of E~0035-TC~75 Turbocharger
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3-17
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3-217
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3~155

3-51

3-171

3-201

3-195
3~115

3-91
3-205
3-209

3-275
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ORGANTZATION

M  (Cont,)

Manchester, University of

Manchester, University of

Manchester, University of
Manchester, University of

Massachusetts Institute of
Technology (M.I.T.)

Massachusetts Institute of
Technology (M.I.T.), Komatsu

Massachusetts Institute of
Technology, Department of
Engineering

Massachusetts Institute of
Technelegy (M.1.T.)

Mechanical Technologies, Inc.
(MT1)

Michigan, University of,
Ann Arbor

Minnesota, University of
Mirrlees Blackstone Ltd.
Mirrlees Blackstone Ltd.,
with Trent Polytechnic and
Cranfield Institute

MITRE Corporation, McLean,
Virginia

N

Newcastle Upon Tyne,
University of, England

Nippon Kokan

Northern Research and
Engineering Corporation

Norwegian Institute
of Technology

4-10

ORGANIZATIONAL AUTHOR INDEX

ACCESS CODE

MODEL CATEGORY

E-0036-TC-81

E-0036~81

E~0043~1E-80
E-0062~0P-76

E~0001-81

E-0002-78

H-0023-80

M-0009-73

W-0004-70

E-0039~FI-~73

E-0069~-FI-82
E--0059-0P=-75

E-0073-HT-83

L-0005-81

M-0007-83

E-0061~-0P-74

E~0008-71

E-0023-HT-75

Turbocharger

Matching Intake/Exhaust
System to the Engine

Intake/Exhaust System
Operating Performance

Emissions

Emissions

Highway Transport

Marine Transport

Bottoming Cycle

Fuel Injection System

Fuel Injection System
Operating Performance

Heat Transfer

Rail Transport

Marine Transport

Operating Performance

Emissions

Heat Transfer

PAGE

3-279

3-87

3-213
3-245

3-119

3-125

3-29

3-53

3-259

3-179

3-18¢%
3-239

3-197

3-63

3-49

3-243

3-143

31913



ORGANIZATION

P

Pakistan State 0il Co,, Ltd,
PFR Engineering Systems
Princeton University

R

Ruston Paxman Diesel Std.

5

Santa Clara, University of,
Santa Clara, California

Southern Pacific Transportation
Company

Sussex, University of

T

Thermo Electron Corporation

Trent Polytechnic, with
Cranfield Institute and
Mirrlees Blackstone Ltd.

U

Ultrasystems, Inc.

Union College, EE/CS Department,
Schenectady, New York

United Technologies Research
Centear

United Technologies Corporation,
HSD of, and United Technologies
Research Center (UTRC)

U.8. Coast Guard Headquarters,

ORGANTZATIONAL AUTHOR INDEX

ACCESS CODE

MODEL CATEGORY

E-0013~-0P~79
M-0006-78

E~-0010-77

E-0055~TE-74

E-0014-IE-78

L-0011-83

E-0021-FI-70

W-0003-74
E-0073~HT-83

E-0006-74
L-0010~78

H~0024-83

W-0005-70

M-0001-68

Office of Engineering, Icebreaker

Design Branch

U.S5, Department of Transpor-
tation, Transportation Systems
Center

E-0056-TE~79

Operating Performance
Marine Transport

Combustion Chamber Shape

Intake/Exhaust System

Intake/Exhaust System

Rail Transport

Fuel Injection System
Bottoming Cycle

Heat Transfer

Emigsions

Rail Transport

Highway Transport

Bottoming Cycle

Marine Transport

Intake/Exhaust System

PAGE

3-229
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3-159

3-219

3-201

3-75

3-177

3-255
3-197

3~135
3-71

3-31

3-261

3-41

3-225

4-11
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ORGANIZATIONAL AUTHOR INDEX

ORCANIZATION
U (Comt.)

U.S. Department of Tranopor=-
tation

U.8. Department of Transpor-
tation

U.8. Department of Tramspor=-
tation, Research and Special
Program Administration, Trans-
portation Systems Center

U.8. Department of Transpor-
tation,Tranaportation Systems
Center

W
Wayne State University

Wisconein, University of

Y
Y-ARD Ltd., Glasgow

4-12

ACCESS CODE

MODEL CATEGORY

H=-0002-77

H=-0005-78

H-0018-79

L-0002-78

E~0049-FI~75
E~0032-69

M=0004-81

Highway Transport

Highway Transport

Highway Tranaport

Rail Transport

Fuel Injection Systiem

Fuel Efficiency

Marine Transport

PAGE
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3-187
3-101

3=45



	GeneralDisclaimer.pdf
	0008A01.pdf
	0008A02.pdf
	0008A03.pdf
	0008A04.pdf
	0008A05.pdf
	0008A06.pdf
	0008A07.pdf
	0008A08.pdf
	0008A09.pdf
	0008A10.pdf
	0008A11.pdf
	0008A12.pdf
	0008A13.pdf
	0008B01.pdf
	0008B02.pdf
	0008B03.pdf
	0008B04.pdf
	0008B05.pdf
	0008B06.pdf
	0008B07.pdf
	0008B08.pdf
	0008B09.pdf
	0008B10.pdf
	0008B11.pdf
	0008B12.pdf
	0008B13.pdf
	0008B14.pdf
	0008C01.pdf
	0008C02.pdf
	0008C03.pdf
	0008C04.pdf
	0008C05.pdf
	0008C06.pdf
	0008C07.pdf
	0008C08.pdf
	0008C09.pdf
	0008C10.pdf
	0008C11.pdf
	0008C12.pdf
	0008C13.pdf
	0008C14.pdf
	0008D01.pdf
	0008D02.pdf
	0008D03.pdf
	0008D04.pdf
	0008D05.pdf
	0008D06.pdf
	0008D07.pdf
	0008D08.pdf
	0008D09.pdf
	0008D10.pdf
	0008D11.pdf
	0008D12.pdf
	0008D13.pdf
	0008D14.pdf
	0008E01.pdf
	0008E02.pdf
	0008E03.pdf
	0008E04.pdf
	0008E05.pdf
	0008E06.pdf
	0008E07.pdf
	0008E08.pdf
	0008E09.pdf
	0008E10.pdf
	0008E11.pdf
	0008E12.pdf
	0008E13.pdf
	0008E14.pdf
	0008F01.pdf
	0008F02.pdf
	0008F03.pdf
	0008F04.pdf
	0008F05.pdf
	0008F06.pdf
	0008F07.pdf
	0008F08.pdf
	0008F09.pdf
	0008F10.pdf
	0008F11.pdf
	0008F12.pdf
	0008F13.pdf
	0008F14.pdf
	0008G01.pdf
	0008G02.pdf
	0008G03.pdf
	0008G04.pdf
	0008G05.pdf
	0008G06.pdf
	0008G07.pdf
	0008G08.pdf
	0008G09.pdf
	0008G10.pdf
	0008G11.pdf
	0008G12.pdf
	0008G13.pdf
	0008G14.pdf
	0009A01.pdf
	0009A02.pdf
	0009A03.pdf
	0009A04.pdf
	0009A05.pdf
	0009A06.pdf
	0009A07.pdf
	0009A08.pdf
	0009A09.pdf
	0009A10.pdf
	0009A11.pdf
	0009A12.pdf
	0009A13.pdf
	0009A14.pdf
	0009B01.pdf
	0009B02.pdf
	0009B03.pdf
	0009B04.pdf
	0009B05.pdf
	0009B06.pdf
	0009B07.pdf
	0009B08.pdf
	0009B09.pdf
	0009B10.pdf
	0009B11.pdf
	0009B12.pdf
	0009B13.pdf
	0009B14.pdf
	0009C01.pdf
	0009C02.pdf
	0009C03.pdf
	0009C04.pdf
	0009C05.pdf
	0009C06.pdf
	0009C07.pdf
	0009C08.pdf
	0009C09.pdf
	0009C10.pdf
	0009C11.pdf
	0009C12.pdf
	0009C13.pdf
	0009C14.pdf
	0009D01.pdf
	0009D02.pdf
	0009D03.pdf
	0009D04.pdf
	0009D05.pdf
	0009D06.pdf
	0009D07.pdf
	0009D08.pdf
	0009D09.pdf
	0009D10.pdf
	0009D11.pdf
	0009D12.pdf
	0009D13.pdf
	0009D14.pdf
	0009E01.pdf
	0009E02.pdf
	0009E03.pdf
	0009E04.pdf
	0009E05.pdf
	0009E06.pdf
	0009E07.pdf
	0009E08.pdf
	0009E09.pdf
	0009E10.pdf
	0009E11.pdf
	0009E12.pdf
	0009E13.pdf
	0009E14.pdf
	0009F01.pdf
	0009F02.pdf
	0009F03.pdf
	0009F04.pdf
	0009F05.pdf
	0009F06.pdf
	0009F07.pdf
	0009F08.pdf
	0009F09.pdf
	0009F10.pdf
	0009F11.pdf
	0009F12.pdf
	0009F13.pdf
	0009F14.pdf
	0009G01.pdf
	0009G02.pdf
	0009G03.pdf
	0009G04.pdf
	0009G05.pdf
	0009G06.pdf
	0009G07.pdf
	0009G08.pdf
	0009G09.pdf
	0009G10.pdf
	0009G11.pdf
	0009G12.pdf
	0009G13.pdf
	0009G14.pdf
	0010A01.pdf
	0010A02.pdf
	0010A03.pdf
	0010A04.pdf
	0010A05.pdf
	0010A06.pdf
	0010A07.pdf
	0010A08.pdf
	0010A09.pdf
	0010A10.pdf
	0010A11.pdf
	0010A12.pdf
	0010A13.pdf
	0010B01.pdf
	0010B02.pdf
	0010B03.pdf
	0010B04.pdf
	0010B05.pdf
	0010B06.pdf
	0010B07.pdf
	0010B08.pdf
	0010B09.pdf
	0010B10.pdf
	0010B11.pdf
	0010B12.pdf
	0010B13.pdf
	0010B14.pdf
	0010C01.pdf
	0010C02.pdf
	0010C03.pdf
	0010C04.pdf
	0010C05.pdf
	0010C06.pdf
	0010C07.pdf
	0010C08.pdf
	0010C09.pdf
	0010C10.pdf
	0010C11.pdf
	0010C12.pdf
	0010C13.pdf
	0010C14.pdf
	0010D01.pdf
	0010D02.pdf
	0010D03.pdf
	0010D04.pdf
	0010D05.pdf
	0010D06.pdf
	0010D07.pdf
	0010D08.pdf
	0010D09.pdf
	0010D10.pdf
	0010D11.pdf
	0010D12.pdf
	0010D13.pdf
	0010D14.pdf
	0010E01.pdf
	0010E02.pdf
	0010E03.pdf
	0010E04.pdf
	0010E05.pdf
	0010E06.pdf
	0010E07.pdf
	0010E08.pdf
	0010E09.pdf
	0010E10.pdf
	0010E11.pdf
	0010E12.pdf
	0010E13.pdf
	0010E14.pdf
	0010F01.pdf
	0010F02.pdf
	0010F03.pdf
	0010F04.pdf
	0010F05.pdf
	0010F06.pdf
	0010F07.pdf
	0010F08.pdf
	0010F09.pdf
	0010F10.pdf
	0010F11.pdf
	0010F12.pdf
	0010F13.pdf
	0010F14.pdf
	0010G01.pdf
	0010G02.pdf
	0010G03.pdf
	0010G04.pdf
	0010G05.pdf
	0010G06.pdf
	0010G07.pdf
	0010G08.pdf
	0010G09.pdf
	0010G10.pdf
	0010G11.pdf
	0010G12.pdf
	0010G13.pdf
	0010G14.pdf
	0011A01.pdf
	0011A02.pdf
	0011A03.pdf
	0011A04.pdf
	0011A05.pdf
	0011A06.pdf
	0011A07.pdf
	0011A08.pdf
	0011A09.pdf
	0011A10.pdf
	0011A11.pdf
	0011A12.pdf
	0011A13.pdf
	0011B01.pdf
	0011B02.pdf
	0011B03.pdf
	0011B04.pdf
	0011B05.pdf
	0011B06.pdf
	0011B07.pdf
	0011B08.pdf
	0011B09.pdf
	0011B10.pdf
	0011B11.pdf
	0011B12.pdf
	0011B13.pdf
	0011B14.pdf
	0011C01.pdf
	0011C02.pdf
	0011C03.pdf
	0011C04.pdf
	0011C05.pdf
	0011C06.pdf
	0011C07.pdf
	0011C08.pdf
	0011C09.pdf
	0011C10.pdf
	0011C11.pdf
	0011C12.pdf
	0011C13.pdf
	0011C14.pdf
	0011D01.pdf
	0011D02.pdf
	0011D03.pdf
	0011D04.pdf
	0011D05.pdf
	0011D06.pdf
	0011D07.pdf
	0011D08.pdf
	0011D09.pdf
	0011D10.pdf
	0011D11.pdf
	0011D12.pdf
	0011D13.pdf
	0011D14.pdf



