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I, INTRODUCTION ~ ABSTRACT
A. Introduction

During the study effort, “’Hybrid Prpulsion System Transmission Evaluation — Phase |, “’sponsored
by EPA under Contract 68-04-0034 and performed by Sundstrand Aviation, a transmission
configuration without a flywheel was investigated. Although the effort was minimal, it did indicate
that a transmission with an infinitely variable ratio offered many advantages for a conventional
automotive propuision system, particularly if the engine had a limited speed range. These
conclusions, coupled with the efforts and interest by the Environmental Protection Agency Division
of Advanced Automotive Power Systems (EPA/AAPS) in the gas turbine and Rankine cycie engines,
made a more detailed evaluation of such a transmission desirable.

A study was, therefore, initiated by EPA/AAPS to quantitatively assess the technical and economic
feasibility of existing and potential types of transmissions most suitable for the gas turbine and
Rankine cycle engines. Such a study was to be aimed specifically at the AiResearch single shaft gas
turbine and the Aerojet Rankine cycle engine with a turbine expander. Both of these engines
operate over limited speed ranges, although the approach was applicable and advantageous to other
engines including the conventional spark ignition type. The Aerojet engine is now in the
development stage while the AiResearch engine is a conceptual design.

The study consisted of analytically evaluating the performance, physical characteristics and cost of
candidate transmissions. Although the study was analytical, design criteria, test data, and experience
from over 25 years involvement in the design, test and production of transmissions was used in the
analysis by Sundstrand.

Sundstrand’s Aviation Division provided the program management, design, and analysis effort.
Detailed cost estimates of the transmissions were aided by personnei from Sundstrand’s other
operating groups.

Requirements, scope of work, and other data utilized in and pertinent to the study are included in
Appendices |-1 through |-8.

B. Abstract

The study was carried out under contract to the Environmental Protection Agency, Office of Air
Programs. The object of the study was to determine the technical and economic feasibility of a
transmission to be utilized with gas turbine or Rankine cycle engines. Application of the
engine/transmission was to a full size “family car.” Since the Rankine cycle prototype engine
hardware will be available before single shaft gas turbine hardware, priority was given to the
Rankine cycle engine.

The study was accomplished through a two-phase, multi-task program which included:

1) Evaluation of transmission types through a feasibility study and ultimate selection of a
transmission type.

2) Evaluation of the selected transmission type through design calculations and layouts,
perfermance analysis, control system analysis, and cost analysis. A number of different types of

Sundstrand Aviatio 0 Page 1
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tranwmission were initially evaluated including conventional multi-shift, hydrostatic, hydrokinetic,
elactric, belt/chain, hydromechanical, and traction types. They were assessed in terms of efficiency,
technology and production status, cost, controllability, size, weight, and noise. The
Avdromechanical and traction transmissions were eventually selected for more detaried evaluation.

Sketch layouts were made of both types and extensive system efficiency data was generated ry the
Sundstrand vehicle system computer model. System efficiency was the actual fuel consuinption of
the vehicle, transmission, and engine system over the Federal Driving Cycle, Simplified 'J-tan
Driving Cycle, and Simplified Country Driving Cycle.

At the conciusion of this more “in-depth’ evaluation, it was not evident that 2ither candid?te
should be discarded. It was, therefore, decided to continue through the “*Selected Transm|ss'|on
Evaluation” phase with both the hydromechanical and traction transmissions. The h\"iffom‘ECh.a"'caz
transmission selected was a multi-mode type. it has three modes of operation — one hydrostatic f’”d
tv'n hudromechanical {Tri-Mode). The traction transmission configuration selected was a toroidai
type with 2 rows of toroids, and output torque converter, and a forward/raverse gearbox.

[-etailed sizing of the two transmissions was cone e.entually resulting in detailed layouts of both.
In parstiel with the mechanical layout effo:t, tne controls were defined and evaluated. An analog
study of the control system and a failure analysis vvere also completed.

Emmissions were a major evaluation criteria. However since little data was available relative to
various engine operating conditions, it was assumed in conjunction with EPA that minimum
emmissions occurred at maximum fuel economy. System efficiency, therefore became a major
evaluation criteria with considerable effort being expended in this area. Detailed system fuel
consumption values were determined utilizing a vehicle system computer simulation in which
vehicle, engine, transmission, and duty cycle characteristics were programmed. Both transmissions
were evaluated with the two specified engines — Aerojet Rankine cycle with a turbine expander and
the AiResearch regenerated single shaft gas turbine. The engine fuel consumption data for the
engine was supplied by EPA/AAPS at the initiation of the study and is reflected in the values shown
in the report. Modifications to this data have occurred particularly relative to the Aerojet engine,
which would change the absolute values in the report.

Cost estimates were made for both transmissions using comparative data, vendor quotations, and
in-house estimates. The resulting costs were also compared with a conventional three sgeed
automatic transmission. The study resulted in the determination that both the hydromechanical and
traction transmissions were technically and economically feasible for application to limited speed
range Rankine or gas turbine engines. Each had certain features better than its competitor and, in
some instances, they were equivalent. The hydromechanical transmission has slightly better
efficiency, is shorter, and represents less technical and program risk to develop a pre-prototype unit.
The traction transmission is estimated to be lower in cost, is lighter, and is inherently quieter.

A specific selection of the best type will have to be made by weighing the various characteristics, in
terms of their overall importance; a task not undertaken in this study.

Page 2
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. RESULTS AND CONCLUSIONS

1)  Infinitely variable ration transmissions are the most flexible and best type for application to
engines required to run over a narrow speed range. They are also applicable to all other types of
engines, including the conventional spark ignition type, providing the ability with all engines to
optimize a selected characteristics such as fuel consumption, emissions or performance.

2) The hydromechanical and traction transmissions are the most feasible and desirable type': to
provide an infinitely variable ratio.

3) Based on the given engine data, the hydromechanical or traction infinitely variable ratio
transmission becomes more attractive when utilized with the AiResearch singie shaft gas turbine
engine than with the Aerojet Rankine cycle engine due to the shape of the specific fuel
consumption curves.

4) A multi-mode (3 mode) hydromechanical transmission and a two-element traction ratio
changer combined with an output torque converter and forward / reverse gearbox are the two
configurations selected as the best candidates for use with the AiResearch gas turbine and the
Aerojet Rankine cycle engine. The use of a slipping clutch rather than the torque converter with the
traction ratio changer may be acceptable although further study is required.

5) Overall feasibility assessment of the hydromechanical and traction / torque converter
transmissions indicates that their specific features are similar with the overall rating dependent upon
the relative importance of the various criteria. Transmission comparison utilizing two important
criteria, efficiency and technology status, indicates that the hydromechanical transmission has a
higher overall efficiency and presents a lower overall risk to produce a pre-prototype by early 1974.
Efficiency of the traction/slipping clutch transmission is equal to that of the hydromechanical
transmission.

6) Both the hydromechanical and traction transmission compare favorable with a typical three
speed automatic transmission in terms of performance, weight, and size. The cost increase must be
viewed in terms of the increased capability and flexibility of this type transmission. A comparative
summary is as follows:

Actual

Weight, Relative Actual Relative Volume
Type Pounds Weight Cost, $ Cost in3
Hydromechanical 92 0.80 122 1.37 1390
Traction 77 0.67 105 1.18 1275
3 Speed
Automatic 150 1.00 89 1.00 2500

7) The hydromechanical or traction transmission can be utilized with either the single shaft gas
turbine or the Rankine cycle engine with minor modification to the control system and a change in
torque converter diameter.

Sundstrand Aviation {n\o Poge 3
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8) The computer simulated performance of the full size automobile, Rankine cycle engine, ?"d
either the hydromechanical or traction transmission met or exceec.d ali start-up, acceleration,

gradeability, and maximum speed requirements of ““Prototype Vehicle Performance Specification”
dated January 3, 1972

9) The computer simulated performance of the full size automobile, Brayton cycle engine, _a"d
either the hydromechanical or traction transmission met or exceeded all start-up, aCC_e'_e'at_'o“,;
gradeability, and maximum speed requirements of ‘Prototype Vehicle Performance Specification

dated January 3, 1972. However, to meet the 0-10 second acceleration requirement, the Brayton
cycle engine power must be increased to 155 HP (12% above specified) when coupled to the

traction transmission and to 145 HP (5% above specified) when coupled to the hydromechanical
transmission.

10) The hydromechanical transmission is inherently noiser than the traction / torque converter
transmission. However, utilizing presently known and demonstrated noise reduction techniques, it is
anticipated that the vehicle noise requirements of “‘Prototype Vehicle Performance Specification”’
dated January 3, 1972, can be met.

11) The control of either the hydromechanical or traction transmission is essentially the same. It is
compatible with the specified engines, is stable, is simple, and provides a “‘driver-feel” comparable
to existing automative transmissions.

12) Installation of the hydromechanical or traction transmission is compatible with the specified

engines and when installed in a full size automobile as specified, requires no modification to the
structure.

Page 4 Sundstrand Aviation 4.2
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Hl. RECOMMENDATIONS

Initiate a hardware development program for an infinitely variable ratio hydromechanical or
traction transmission. Such a program should include the design, manufacture, dynamometer test
and vehicle test of the selected transmission for a specific engine. Analysis of the transmissions with

the two specified engines would seem to indicate that the single shaft gas turbine provides a better
application.

While selection of the specific transmission type is dependent upon the relative importance given to
the various transmission parameters, the hydromechanical type is the better candidate based on
higher efficiency and lower development risk.

Sundstrand Aviation 4.2 Page 5
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IV. FEASIBILITY STUDY
A. INTRODUCTION
1)  Methodology

ldentification of a large number of possible concepts indicated that within the short study time
available, a successive screening process would have to be utilized. Inital screening was a *‘gross’”

process in that basic, known characteristics were evaluated and those concepts which were
promising were considered further.

As each screening process was undertaken more detailed evaluation was made. System
characteristics of efficiency cost, controliability, size, weight, noise, and technical and production
status were considered in varying degrees depending on the particular screening level. For the most
promising candidates sketch layouts were made to determine hardware feasibility and complexity.
Also a vehicle system computer mode! was utilized to determine vehicle efficency and performance.

In most instances, information for evaluation was from “‘in-house” sources including test data,
studies, patent files, and literature searchs.

2) Requirements

Comparison of the technical and economic feasibility of the various transmission types for use with
the two specified engines — the Aerojet Rankine Cycle and the AiResearch Brayton cycle engines
required consideration of the following parameters.

a}  Vehicle Parameters

Detailed vehicle description and performance reqguirements are given in Appendix [-2
“Prototype Vehicle Performance Specification.” A summary of the more important
parameters that affect the transmission are:

L4 Test Weight — Wt. = 4600 pounds. This weight to be used for all fuel economy and
acceleration calculations.

L4 Gross Weight — Wg. = 5300 pounds. This weight to be used for sustained velocity
calculations at 5 and 30% grades.

L Maximum Vehicle Speed — 85 mph.

b) Engine Parameters

Brayton Cycle Rankine Cycle Rankine Cycle
47,460 Minimum Turbine Qutput Speed - RPM 16,000
83,055 Maximum Turbine Qutput Speed - RPM 22,000

145 (Tri-Mode) Maximum Power - HP 163

155 (Traction)

€357 21 S.raS1a-9 L ro0tatior
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1

Engine speed to be controlled by the transmission to give minimum specific fuel
consumption over the operating load range.

c) Other

Assumed maximum tractive effort — 2500 Ib.
ANALYSIS OF TRANSMISSION TYPES
Discussion of Types

a)  Multi-Shift Fixed Ratio — Power Shifting Gearbox with Start Clutch for Fluid Coupling/
Converter

This type of transmission would need an energy dissipating device for starting the vehicle from
rest (friction clutch or fluid coupling) and would need 6 to 8 fixed ratios to keep the engine
speed within limits over the vehicle speed range. The primary advantages are good efficiency
and existing high production technology. The disadvantages are: inability to control engine
speed to any required operating curve; discontinuous power to the wheels; and power shifting
life limiting clutch packs. The cost of this type of transmission would be comparable with a
traction or hydromechanical type infinitely variable ratio transmission but without their
advantage of smooth, precise engine speed control.

b) Electric — Engine Driven Generator, D.C. or A.C. Motor Driven Wheels and Electronic
Solid State Controls

Where good efficiency, light weight, and low cost are requirements, electric transmissions are
invariably rejected. Efficiency of this transmission system is normally in the 60 to 70% range.
A study report (Reference 1, Section |X) shows in Table 4, page 25, that a family car system
weight exluding the A.C. generator power source is 348 pounds. Adding 100 pounds for the
generator, rectifier, speed increaser, and voltage regulator totals 448 pounds. The components
considered were all lightweight aircraft types. This total of 448 pounds is at least twice that of
the conventional 3 speed automatic transmission plus drive shaft and rear axle.

The cost would be at least twice that of a conventional torque converter automatic
transmission. Cost and weight, therefore, eliminated the electric transmission from further
consideration.

c) Hydrostatic — Engine Drive Variable Displacement Hydraulic Pump with Close Coupled
Fixed or Variable Displacement Hydraulic Motor

Pure hydrostatic transmission are invariably rejected for high speed vehicles where high
efficiency, light weight, and small size are important. Hydraulic unit displacement required to
transmit full rated HP at top vehicle speed can be as much as 18 times that required in a 3
mode hydromechanical transmission for the same vehicle. It is readily apparent that a pure
hydrostatic transmission is unacceptable for a high speed vehicle. Overall efficiency of the pure
hydrostatic transmission is considerably lower than the hydromechanical transmission type.

. St8rg Lurgne or
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d) Hydrokinetic — Torque Converter of Fluid Coupling

Hydrokinetic and aerodynamic torque converter / coupling devices can be used as the principle
means of varying the speed ratio across a transmission, such as a converter in series with a one,
two or three speed gearbox. (This category differs from the 6—8 speed multi-shift fixed ratio
devices discussed in (1) where the principle means of varying the speed ratio is by changing
gear ratios, and the clutch or converter is basically only a device for starting from rest.

This method of speed control is considered unsuitable because —

The converter is an energy dissipating device, and therefore inefficient unless operating
close to the coupling, or lock up point. Wide vehicle operating speed ratios require converter
operation considerably removed from the coupling point, in the very inefficient range.

The speed ratio for fixed blading type converters cannot be controlied at will, but is a
function of the instantaneous load and speed condition. Variable biading does allow some
measure of independent speed control, but at the expense of further operating efficiencies.

Converters, however, do work well and have their advantages when combined with some other
means of ratio control, such as the traction transmission.

e) Belt-Chain — Variable Sheaves either Belt or Chain Driven

This type transmission must also be provided with an energy dissipating clutch or hydraulic
coupling for vehicle start up as the output of the variable ratio belt cannot be brought down to
zero speed.

Many belt or chain variable speed transmissions have been developed and used successfully in
the machine tool and stationary construction or industrial machinery where a stepless variable
output speed is advantageous. For automobile transmission, several have been built and tested
in low power vehicles, but data is not available. Chains and belts are life limited items and are
also speed and power limited. Because belts are a high maintenance item in even normal
accessory drives, great efforts are being expended to replace them with more reliable drives
such as hydrostatic. Therefore, further investigation of this type of transmission was dropped.

f)  Hydromechanical — Engine power is transmitted through both mechanical and hydraulic
paths to obtain infinetly variable ratios.

The hydromechanical transmission is an infinitely variable ratio transmissions and therefore
offers maximum flexibility. Considerable development work has been accomplished on this
type of transmission and hardware can be developed with a minimum amount of risk. Size,
weight, durability, controllability are proven. Efficiency, aithough probably lower than some
other alternatives, does provide an equivalent or better system efficiency due to its ability to
operate the engine at its optimum fuel consumption.

Noise represents a potential problem although noise reduction techniques developed over the
last few years should provide acceptable noise levels.
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g) Traction — Transfer of torque and speed through friction contact

The traction transmission is also an infinetly variable ratio device. The traction drive has
potential benefits of high efficiency, low vibration, and low noise. Development of a new
traction fluid by Monsanto has also improved force and stress levels such that it looks more
attractive.

2) Conclusions

Based on the analysis of the various types of transmissions, it was concluded that an infinetely
variable ratio transmission was the best type of transmission for the limited speed range engines
being considered. The hydromechanical and traction transmissions are the best infinetely variable
ratio candidates. It was therefore decided to continue with a more detailed optimization of both of
these candidates with one to be selected at the conclusion of that phase.

C. OPTIMIZATION OF SELECTED CANDIDATES

1) HYDROMECHANICAL

The typical hydromechanical circuit schematic is shown in the following sketch.

HYDRAULIC UNITS

Vv F

Z(TORQUE ZS(PEED SUMMING

?.gm‘@'NG POINT
(SINGLE GEAR (GEARED

MESH) DIFFERENTIAL)

The V' unit is the variable displacement axial piston pump/motor type and the
“F* unit is the fixed displacement axial piston pump/motor type. The two units are hydraulically
ported to each other so that when one is a pump the other is a motor, and vice versa. The “F’* unit
swashplate (or wobbler) is at a fixed angle of 14° and the ““V*’ unit can be varied 1o any desired
angle from 0° to + 15-1/2°. Both swashplates are non-rotating.

For best utilization of the hydraulic unit to cover the complete operating range of the vehicle, it is
desirable to run the “V* unit at its rated speed, and run the “F* unit through its fuil operating
speed range (plus to minus rated speed).

Hydraulic unit efficiency is a function of speed, pressure and wobbler angle.

Studies conducted in 1966 for TACOM R & E Directorate under contracts DA-11-022-AMC-695
(T) and 2269 (T) as well as in 1971 under Phase | of EPA Contract 68-04-GJ34 covered many
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different types of hydromechanical transmission schemes. Some of those eliminated from
consideration then, and are eliminated now for similar reasons, were the simple output differential,
input differential, multiple hydraulic units such as the David Brown, Stratos, or Ebert designs, and
the Borg-Warner multiple path arrangement which utilizes four variable displacement hydraulic units.

As stated previously, some hydromechanical schemes were eliminated through analysis of:

Hydraulic unit size, number of hydraulic units, quantity of power transmitted hydraulically, number
of clutches, amount of gearing, and overall complexity.

The remaining schemes for final analysis were the Dual Mode (DMT), the Tri-Mode (TMT), and the
Quadri-Mode (QMT).

Hydromechanical transmissions can be designed to operate in more than one mode in order to
reduce the maximum HP that is transmitted hydraulically, which reduces the hydraulic unit size,
and increases efficiency. This may be achieved by having a straight hydrostatic mode for start-up
{whence all the engine power is transmistted hydraulically), and then one or more hydromechanical
modes of operation. In a single mode of hydromechanical operation, the fixed displacement
hydraulic unit is typically operated over its full rated speed range; that is, from plus its maximum
rated speed down through zero speed and up to minus its rated speed. Two modes of
hydromechanical operation then would typically consist of a system of gears and clutches that
would operate the fixed displacement unit over its fuil plus to minus rated speed, two times, and
three hydromechanical modes would do this three times, etc. The gears and clutches are arranged in
such a manner that there is no speed discontinuity at each clutch shift point when changing from
one mode of operation to another. Thus, all clutch shifting is done at synchronous speeds and no
power is absorbed by the clutches. The more modes that are added, the more efficient the
transmission can become, but at the cost of increased complexity of gears and clutches.

Sundstrand has considered the following hydromechanical transmission types:
a) The Dual Mode Transmission (DMT)

This transmission has one hydrostatic mode and one hydromechanical mode, schematically
represented in Figure V-1, Sundstrand has developed a transmission of this type for the heavy
duty truck market and will be in production in 1973.

b) The Tri-Mode Transmission (TMT)

This transmission consists of one hydrostatic mode, and two hydromechanical modes. There
are many ways of achieving this schematically; one way is shown in Figure 1V-2.

¢) The Quadri-Mode Transmission (QMT). This transmission consists of one hydrostatic
mode and three hydromechanical modes. One way of achieving this is shown by the schematic
in Figure IV-3. It should be noted that this schematic is similar to the Orshansky Transmission
Corporation “‘Three Range Transmission” which was also evaluated. The Orshansky
transmission requires, however, one additional friction element.

In evaluating the optimum number of modes for this application, Sundstrand chose the Tri-Mode
Transmission as being the best compromise between efficiency and complexity. As more clutches
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Figure 1IV-1 Dual Mode Transmission
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Figure IV-2 Tri Mode Transmission
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Figure 1IV-3 Quadri-Mode Transmission
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are added to obtain increased number of modes, the spin losses from these clutches become
substantial, and reduce the gains in efficiency from this larger number of modes. As an example,
following is a tabulation including some relative cost and efficiency data for Dual Mode, Tri-Mode,
and Quadri-Mode Transmissions.

Sundstrand Hyd. Unit No. of Fuel Consumption
Transmission Displacement  No. Clutches Gears Cost (over Veh. Life)
DMT 100% 2 1" 100% 100%
T™T 42% 3 15 114% 94%
aMmMT 22% 4 21 125% 92%
2} TRACTION

The potential benefits of high efficiency, low vibration and low noise of traction transmission are
well known, With the availability of a suitable fluid and a design to reduce forces and stresses, the
traction drive becomes competitive enough to warrant a more thorough evaluation.

Variable ratio traction transmissions of various types have been studied over the years. The toroidal
type has emerged as the best design for highest power density, reasonable life, and good efficiency.
Sundstrand, Lycoming, Rotax, General Motors, English Electric, and others have built and tested
the toroidal types; Tractor also is deveioping a modified torodal type. Lycoming has been the only
company to market a toroidal traction transmission but other companies have successfully tested
prototype designs.

There are many options open in the design of a toroidal traction variable speed drive. One of the
basic design considerations is the use of a two row {dual toroid} design or a single row (single
toroid) design.

A single row toroidal drive derives its name from the fact that there is only one set of traction
rollers, typically three rollers per set, that transmit power between the input toroidal disk and the
output toroidal disk.

In a two row device, the power flow is split from the center, or input toroid, through two sets of
traction rollers. The two sets of rollers, with one set on either side of the input toroid, transmit
power to the output toroids which are located at each end of the traction drive.

Large thrust loads are required at the toroid/roller interface to provide the normal force necessary
to prevent gross slip between the rollers and the toroids. The benefit from the use of a two row
device is that since it is symmetrical, the thrust loads from the two halves of the unit cancel each
other and do not have to be taken thru thrust bearings. On the other hand, a single row traction
drive requires very large thrust bearings to react to the large axial thrust loads, and also, since there
is load sharing between the two halves of a two row device, the required toroid diameter for a two
row unit is considerably smaller than for a single row unit.
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One of the most important considerations throughout this study has been system energy ef‘figieﬂCY-
The relatively large power loss that would be encountered in the large high speed thrust.beanng.s of
a single row unit make the two row design much more attractive from an efficiency point of view.

Although a single row traction drive would cost less to produce, it is felt that the advantages to be
realized from using a two row unit more than offset the cost.

The basic scheme of the toroidal type is shown in Figure V-4, Principal components are the input
toroid, rollers, and output toroid. The rollers are steerable and are “steered”” to the necessary angle
to provide the input to output speed ratio desired. When the input toroid is rotated, the rollers turn
and exert a traction force on the output toroid. The toroids must be held together to insure
sufficient traction exists with the rollers to transmit the desired power. The rollers are steered or
tilted to the angle which produces the desired output speed. With the rollers angled as shown in the
figure, output speed is lower than input speed. At the opposite angle, output speed is higher than
input. Power capacity for a given size and given number of rollers is a function of the clamping
force between input and output toroids across the rollers, and the traction coefficient of the fluid
being used. The torque producing force at the point of roller contact is the product of the clamping
force and the traction coefficient. Life of the unit is a function of this force and devices have been
developed to vary this force in proportion to the load with a resultant increase in life.

The traction transmission design for this application must have a disengaging device to permit zero
output speed when the engine is running. Three ways of achieving this were considered, and they
are listed below along with the effects of each type on the traction drive unit.

a) Slipping Clutch

L] The traction drive unit must be sized to take the maximum slipping torque of the clutch
which must be greater by some 10-30% than the maximum torque generated by the engine.
For narrow speed range engines, where minimum speed is close to maximum speed, the power
which must be dissipated in the clutch is high.

L The slipping clutch does not readily offer any load ‘‘shock absorbing’’ protection to
the traction unit. This is an important consideration with variable thrust types of traction
drive units in that thrust must always be maintained sufficient to prevent gross slip
between roller and toroid. Slips in excess of approximately 3% result in decreased torque
ability and damaging spin out to even greater slips until the load is removed. These
shock loads could be seen in the drive train under such conditions as accelerating on an
ice-patched surface or sudden wheel-lock when braking.

. Once locked up, the slipping clutch does have the advantage of virtually zero power loss,
giving the most efficient traction drive system of those being considered.

b) Split-Path with Planetary Summer

This consists of a power splitting circuit, similar to the hydromechanical concept, but replacing
the hydraulic unit with a traction unit.

®  The traction drive unit would have to be upsized to take the high power which can
recirculate through this type of power circuit at start-up. The hydraulic ratio controi system
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could be used to act as a torque limiter. Without torque limiting, the torqufe would
theoretically go to infinity under conditions of holding the output stalled at wide open
throttle. The traction drive unit would have to be sized to take this limiting torque value,
which could be several times greater than maximum engine torque.

° This system does not offer any load *“’shock absorbing’* protection for the traction drive
unit.

(] The split-path system is non-dissipative and would be efficient. It could also be arranged
to give a “‘built-in"’ reverse ratio capability, obviating the need for a reverse gearbox.

c¢) Torque Converter, or Fluid Coupling
The torque converter can be placed on either the input or output of the traction drive unit.

L The speed versus horsepower absorption characteristics (torque at a given speed) of an
output torque converter can be utilized to down-size the traction drive unit by reducing the
maximum torque that can be seen by the traction drive output. This is illustrated graphically
in Figure IV-5. An input mounted torque converter will up-size the traction drive.

® The output mounted torque converter offers a high degree of load “shock absorbing”’ for
protection of the traction unit. The input mounted converter offers lesser protection.

L] The torque converter system would be the simplest and most reliable although less
efficient than the other two schemes described previously.

From these considerations it was decided to use an output mounted torque converter as it is
the only device which gives any degree of shock load protection to the traction drive unit, and
it allows the use of the smallest possible traction unit. The torque converter has the additional
advantages of low cost, excellent reliability and virtually zero maintenance. The efficiency
penalty, in terms of MPG over the EPA Combined Driving Cycle, is about 5-8% relative to that
which a slipping clutch start-up system could achieve,

3)  Comparison of Final Hydromechanical and Traction Design Choices
a) Size and Weight

When the two finalist transmission designs were decided upon, preliminary hand sketched
layouts were made of each. The 2 layouts indicated that both transmission schemes had the
potential to become practical automotive transmissions from a size and weight perspective.

b) Efficiency and Fuel Consumption

An exhaustive computer analysis was completed on each of the two finalist transmission
candidates using two full scale computer programs. Results of the computer analysis indicated
that both transmission types offer the capability to program engine speed to minimize fuel
consumption and / or emissions at a high level of energy efficiency. The computer efficiency
and consequently the fuel consumption of the two systems were very close.
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The torque converter limits the maximum output torque of the traction drive unit to T2 rather
than T! without a converter. The torque converter then, allows the traction drive unit to be
sized to torque T2.

Figure 1IV-5 Effect of Torque Converter Power
Absorption Characteristics on
Traction Drive Unit Torque
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c) Cost

A preliminary total manufacturing cost comparison based upon a rate of 1 million per year
indicated that the hydromechanical transmission would probably cost slightly more than the
traction drive transmission.

d) Noise

The traction drive torque converter type transmission is inherently quiet. Attention must be
given to the gearing to ensure that noise is reduced to a minimum, Sundstrand is committed to
meeting acceptable noise levels with the present production Dual Mode hydromechanical
transmission (DMT). Experience gained from testing the DMT has been applied in the
proposed Tri-Mode hydromechanical transmission design. |t appears at this time that the noise
from either transmission can be brought within acceptable limits.

e) Producibility

There are no totally new unobtainable materials or processes involved in the manufacture of
either transmission type. Tooling requirements will be similar.

f)}  Technology Status

The hydromechanical transmission represents a more highly developed device than the traction
type. More companies are involved in actual testing and evaluation of hydromechanical
transmissions than with traction transmissions. Production hydromechanical vehicle
transmissions are being offered for sale, while production traction transmissions have been
produced only for aircraft constant speed drive applications. Design and development of a
pre-prototype transmission by late 1973 or early 1974 can be accomplished for either
transmission type, although the traction type represents a somewhat greater risk. Either type
could be ready for production by 1980.

The hydromechanical transmission primary development task will be the integration of its
controls with the engine. Although the basic control scheme has been mechanized and
demonstrated, operation with the specified engines will require additional effort.

The major development task for the traction type transmission is assurance and demonstration
of the required life. Since the life capability is highly dependent upon the vehicle load (toroid
and roller stress), vehicle and engine speed (traction ratio) and time at each condition,
determination of the actual vehicle duty cycle is very important. Since little experience has
been obtained with traction transmissions in vehicles this definition of the “real”” operational
requirements and the mechanical design reflecting these parameters, becomes the major
development item,

g) Conclusion

After consideration of this comparative evaluation, Sundstrand felt they could not justify
dropping either transmission from further consideration. As a result, it was decided to
continue the detailed evaluation of both transmissions through to the completion of the study.
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V. TRANSMISSION DESCRIPTION

A. HYDROMECHANICAL
1. Mechanical Operation

The following is a discussion of the mechanical operation of the tri-mode hydromechanical
transmission with regard to the direction of power flow, component speed and torque relationships,
and variable unit displacement. The transmission is shown in simplified schematic form on Figure
V-1.

The transmission has three distinct modes of operation in forward. At 100% engine speed, the shift
between Mode 1 and Mode 2 occurs at 12.3 MPH, and the Mode 2 to Mode 3 shift occurs at 40.8
MPH. At lower engine speeds the shift points occur at proportionately lower vehicle speeds. During
Mode 1, the output from the fixed displacement hydraulic unit is geared directly to the output. In
Mode 2 and Mode 3 operations, the fixed unit is geared into the plantetary. Reverse is the same as
Mode 1, but in opposite direction and is obtained by stroking the variable displacement hydraulic
unit in the reverse direction.

Figure V-2 shows schematically the geartrain arrangement.

a) Component Speeds:

The variable displacement hydraulic unit is geared directly to the engine, therefore, its speed
will always be directly proportional to engine speed.

In Mode 1 the fixed displacement hydraulic unit is geared directly to the output planetary
link, so in Mode 1 its speed will be directly proportional to output speed, hence, vehicle speed.
When the fixed displacement hydraulic unit speed increases to the point where it is equal to
variable displacement hydraulic unit speed, a mode shift from Mode 1 to Mode 2 occurs.

In Mode 2, the fixed displacement hydraulic unit is geared to a leg of the planetary which
causes power to be transmitted both hydraulically through the hydraulic units and
mechanically through the planetary. The fixed unit speed decreases with increasing vehicle
speed until it passes through zero speed and then increases in the opposite direction. When the
fixed displacement hydraulic unit speed increases to minus one times the variable displacement
hydraulic unit speed, a second mode shift from Mode 2 to Mode 3 occurs. Both Mode 1 and
Mode 2 shifts are accomplished when the driving and driven clutch discs are at essentially equal
speeds.

In Mode 3, the fixed displacement hydraulic unit is geared to another leg of the planetary,
different from that of Mode 2, which again causes power to be transmitted both hydraulically
and mechanically. The characteristics of Mode 2 and Mode 3 are very closely related, the only
difference being the speed and torque ratios between the various elements. Increasing vehicle
speed further after the Mode 2 to Mode 3 shift results in decreasing fixed displacement
hydraulic unit speed (from its negative maximum) until it passes through zero, and then
increases to its positive maximum speed {one times the variable displacement hydraulic unit
speed) at maximum vehicle speed. Figure V-3 shows the hydraulic unit speeds schematically.

The speeds of the various links of the compound summer (in this case a four element
planetary) can also be represented on a nomograph, shown on Figure V-4. A straight line
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F = Fixed Displacement Hydraulic Unit
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= Mode 1 Clutch
= Mode 2 Clutch
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Figure V-1 Simplified Schematic
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passing through any two link speeds defines the speed of the other two links. Thus, when
output speed and engine speed are known, fixed and variable displacement hydraulic unit link
speeds can be found. Since the fixed and variable displacement hydraulic units are related
directly to their respective planetary links by gear ratios, all the system speeds can be
calculated.

b) Hydraulic Unit Displacement:

The displacement of the variable displacement hydraulic unit can be calculated from the flow
continuity equation. This equation is shown below in its simplified form (neglecting
volumetric efficiencies):
Where:

Q=DgNg = DyNy,

Q = Flow (in3/min)

D = Displacement (in3/rev)

F = Fixed Unit

V = Variable Unit

N = Unit Speed (RPM)

Therefore, for any given engine speed, the displacement of the variable displacement hydraulic
unit will vary directly proportionally to fixed displacement hydraulic unit speed (see the
following sketch).

PERCENT
V_UNIT
A DISPLACEMENT
100%
- 5 % VEHICLE
o : SPEED
1.2 lshift 2-3 |Shift 100%
~100%
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¢) Torque:

The reaction torques in a compound summer may be represented as vectors acting on a beam
at positions that correspond to the link locations on the speed nomograph (Figure V-4).

Unknown torques may be found by applying the equations of statics to the torque
vector-beam analogy of the planetary (see the following sketch).

TYPICAL CASE: (MODE 2)

OUTPUT V-UNIT
l * —
F-UNIT ENGINE

Although there is more involved when efficiency is taken into account, the V-unit and F-unit
torques are related by the equations:

HPHyp = TyNy = TeNE
Ne
Ty =Tgx N_V
Where:

HPLyp = Hydraulic horsepower
T = Torque

N = Speed
V = Variable unit
F = Fixed Unit

d) Hydraulic Unit Pressure:

When the torque balance is solved for any given set of external load and speed conditions, the

working pressure can be calculated directly from the F-unit torque reaction. The basic formula
relating F-unit torque and the working pressure is:
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P = 2ﬂ’XTF
D

Where:

P = Working pressure (psi)

Tg = Fixed unit torque (in-ib)

Dg = Fixed unit displacement (in3/rev)
e) Horsepower:

Horsepower is the product of torque times speed. The basic methods of solving for torque and
speed in the transmission were defined previously. The magnitude of the horsepower in any
link is the torque in that link times the speed of that link divided by the appropriate
dimensional constant.

The direction of horsepower flow, on the other hand, must be determined from the direction
of link rotation and the direction of applied torque. Sign conventions were established for the
planetary speed nomograph {Figure V-4) such that any speed above the nomograph absissia is
positive, and any speed below is negative. In the planetary torque balance beam (sketch), any
vector pointing up is positive and any vector pointing down is negative.

2. Hardware Description

The following is a brief description of the various components which make up the tri-mode
hydromechanical transmission. Reference should be made to the cross section drawing, 2724A-L5,
shown in Appendix V-2 for indication of component arrangement and relative size.

a) Hydraulic Units:

The hydraulic units are the axial piston hydrostatically balanced configuration, typical of
Sundstrand’s standard line of hydraulic units for the aircraft, agricultural, and construction
equipment market.

Figure V-5 shows a schematic cross section of a typical hydraulic unit of this configuration.
While a variety of hydraulic pump/motor units could have conceivably been evaluated for this
application, Sundstrand based hydraulic unit selection on our extensive experience in designing
hydrostatic and hydromechanical transmissions for a variety of applications over the last 30
years.

The hydraulic units are identical in construction to hydraulic units presently being
manufactured by Sundstrand for hydromechanical transmission applications where they have
proven their reliability, low cost, and good efficiency.

Both hydraulic units have a displacement of 1.5 in3/rev. One unit is variable displacement, the
other is fixed displacement. The units are designed for 3000 psi nominal, 7500 psi overloads,
and 9000 psi proof pressure.
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The units are mounted side by side with a common port plate manifold. Mounting the units in
this manner provides for a shorter transmission length and allows for better noise reduction
techniques to be utilized.

b) Clutches:

The clutches perform the shift function during the change from one mode to another.
These clutches are of the conventional multiplate disc type common to automotive
applications. They are simple to control, inexpensive, and have high torque capability. At the
shift, the shaft speeds are essentially synchronized, thereby allowing the use of light duty
clutches and are thus sized on torque capability and not energy dissipation.

Clutch design follows standard automotive practice. Steel separator plates are used with
organic linings and the drums are ductile cast iron. The piston and the back-up ring are
aluminum.

A centrifugal operated pressure sensitive check valve is incorporated within each clutch to
preclude centrifugal pressure from actuating the clutch.

c) Seals:
Standard lip seals are used on the transmission input and output shafts.

Rotating seals between concentric shafts are of the cast iron piston ring type common with
standard automotive practice.

d) Gears:

Helical gears have been assumed throughout the transmission, as in all automotive
transmissions, to minimize noise. The gears are all designed to permit use of economical mass
production techniques.

e) Charge Pump:

The charge pump is of the gerotor type common to automotive applications. It has been sized
to provide for main hydraulic unit charging, control operation, clutch application and cooling,
gear and bearing lubrication, and flow to the transmission cooler.

f) Bearings:

Extensive use has been made of radial and thrust load needle bearings. Bearings of this type are
widely used in automotive applications as they are inexpensive, reliable, and have minimum
lubrication requirements.

Tapered roller bearings are used in the hydraulic units as needle bearings are not suitable at
these locations.
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g) Component mounting:

The clutch pack assemblies and the planetary gear set are mounted on coaxial shafting Whic_"‘ is
supported by bearings at the input and output of the main housing and at the intermediate
support plate. The hydraulic unit assembly and its drive gears, along with the charge pump, are
mounted entirely on the intermediate plate which is mounted to the main housing. This type

of construction allows for very easy assembly, maintenance, and gives the best possible noise
isolation.

h) Controls:

The spool control valves are typical of those found in present automatic transmissions. The
valve bodies are cast iron, the spools are hardened steel and, where applicable, steel sleeves are
used.

The control linkages from the driver will be of similar type and construction to those presently
used in automotive applications.

Speed sensing governors are of the rotating flyweight type and act directly on a valve stem.

i} Transmission Cooler:

The transmission cooler is not an integral part of the transmission and is listed here only as a
reminder that it is required to dissipate the heat generated in the transmission. As this
transmission does not vary speed ratio by dissipating energy, such as the torque converter, the
cooling capacity would be less than required for a conventional automatic transmission while
the transmission fluid flow rate will be about the same.

3. Size and Weight

The tri-mode hydromechanical transmission is designed to fit within the requirements stated in
paragraph 6 of the ““Prototype Vehicle Performance Specification’’ (see Appendix 1-2}. in brief, the
transmission tunne! is not widened so as to decrease clearance between the accelerator pedal and the
tunnel; the tunnel height does not affect full fore and aft movement of the front seat; it does not
violate the ground clearance lines; it does not violate the space allocated for wheel jounce and
steering clearances; and it does not degrade the handling characteristics of the vehicle.

The input or mounting flange is not a standard to fit the conventional internal combustion engine.
However, as a reduction gearbox is required at the Rankine or Brayton cycle engine output, the
mounting flange and output shaft location may be located to suit the proposed transmission.

The weight of the tri-mode transmission is 92 pounds dry. A weight breakdown is shown in
Table V-1.

4. Design Analysis

By far, the majority of components in an automotive transmission are sized by considerations other
than material stress such as economy of manufacture, or requirements of fitting over or around
some other component. When weight is not a major consideration, components are often oversized
to “keep out of trouble,” and no heed is taken or calculations made of the exact margin of safety.
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Obvious exceptions to this are gears, highly torqued small diameter or thin walled shafting, bearings
that see predictable loads, and clutches (or other forms of friction elements). Appendix V-5 gives
the summary of sizing this class of component along with a schematic which shows torques and
speeds. The hydraulic units are sized by proprietary Sundstrand methods to meet their rated speeds
and pressures.

In a study of this type where basic concept and feasibility are of prime importance, it is not
appropriate to go into extensive sizing detail analysis. This is especially true when the design is being

TABLE V-1
HYDROMECHANICAL TRANSMISSION WEIGHT BREAKDOWN

Planetary Gearset

© 90 00 000 0P PPN S LEP OO ELIEIEL OSSO EINGE OSSN 5.3

Transfer GEarS ...ueseeescecceccncocccseasscsssccscens 3.8
Idler Gears and Bearings ......ccceeecescocsscssscccess 12
Shafting and Bearings ....cccoeeeovecessccacscsscsncones 3.5
Clutches ....ceeiieeerivecceeessesraonscsannnncnns el 1307
Hydraulic Units (excluding shafts) .........ce000veeeeas. 20,0
Housing and Port Plate ,....ccivevtnenrecenrsnnecseanas 24,7
Control System and Charge Pump ....cevevessscecssscess 6.2
Miscellaneous Hardware .....c.eesseoeocecsoccessseascvene (a5

————

Total (pounds) .... 91.9
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made by personnel with many years of transmission experience. There are no al"eas in the
transmission that are so critical that any increase in component size, that maY be required after a
detailed design study, would precipitate any significant cost performance or weight penalty.

B. TRACTION DRIVE
1. Mechanical Operation

This subsection is a discussion of the mechanical operation of the traction drive-torque converter
transmission. Figure V-6 shows the general schematic.

Transmission input speed is proportional to engine speed. Therefore, the speed of the input toric
disk is proportional to engine speed since it is driven by a gear on the transmission input shaft.

The speed of the output toric disks relative to the speed of the input toric disk is a function of the
inclination of the traction rollers. The speed ratio across the traction drive is the same as the ratio of
the radius of rolling contact on the output toric disk to the radius of rolling contact on the input
toric disk with respect to the axis of the traction drive.

Transmission ratio changes are effected by changing the “tilt angle” of the roller axis which varies
the radius of the two points of contact with the toroids. The ‘'tilt angle’’ of the rollers can be
changed by either of 2 methods:

a) Application of an external force to the roller mounting yoke and physically forcing the axis
of rotation of the roller to the required angle.

b) “Steering forces” can be generated at the point of roller — toroid contact that will cause the
roller “tilt angle” to change by translating the axis of rotation of roller relation to the toroid
center. An explanation of how this is achieved is as follows:

Figure V-7a shows a cross-section of the traction unit with the roller in the 1:1 ratio position.

Figure V-7b shows the roller in an end view of the traction unit. The velocity vectar of the
roller at point of contact with the toroid is shown by vector “V*'. With the roller positioned as
shown with zero slip between the roller and the toroid, vector V"’ aiso represent the velocity
vector of the toroid.

Figure V-7c shows the axis of rotation of the roller displaced an amount X" to the left of a
parallel center line ggoing through the axis of rotation of the toroid. The velocity vectors at
the point of contact between the roller (Vg) and the toroid (B1) bonger coincide. This
difference causes a relative slip between the two members, represented by “Vg". This slip
vector will be ““down’’ at the point of contact between the roller and the toroid shown, and
“up” as the other point of contact because the other toroid is rotating in the opposite
direction. These two equal and opposite speed vectors produce equal and opposite forces on
the roller which, if unrestrained at the roller bearing support will cause a turning movement on
the roller, at right angles to its axis of rotation, which will “’steer”” the roller to some new angte
to achieve equilibrium. The angle to which the roller axis will tilt to achieve equilibrium is a
function of the distance X"

Page 30
Sundstrand Aviatio n

Teaon S 3.038 9728000 2 on Py



FORWARD/REVERSE
GEARSET

INPUT SHAFT

INPUT TOROIDAL DISK

i

TORQUE
CONVERTER

STATOR

TRACTION

ROLLER TORQUE CONVERTER

IMPELLER

TORQUE CONVERTER
TURBINE

H
OUTPUT TOROIDAL DISKS

THRUSTER

Figure V-6 ‘Traction Drive - Torque Converter
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Figure V-7d shows a three dimensional free-body diagram of the roller, illustrating the two
forces “'F4”, which produce the couple that “steers” the roller. “’F¢" is the tangential force on
the roller at the contact points with the toroids and “‘Fg"’ the bearing reaction forces.

The proposed design utilizes the ““steering force’ approach. Translation of the roller axis of rotation
is accomplished by applying a force to them through the hydraulic suspension and control
cylinders. When the desired change in ratio is achieved, the steering forces will be cancelled and the
unit will operate at the new ratio until the next ratio change is requested by the control system. The
traction rollers are hydraulically interconnected in, such a way that their tangential loads, rather
than their absolute positions, must correspond. Therefore, load sharing is positively assured.
Mechanization of this approach utilized in the design is defined by an English patent by McGill.

The required torque at the traction drive creates a3 tangential load at the traction roller/toric disk
interface. This tangential load is sensed by the hydraulic controi-suspension system, and the
hydraulic pressure thus generated is applied to the hydraulic thruster which produces the axial
clamping force across the rollers. Thus, the normal force necessary to allow a torque producing
tangential force to develop at the roller contacting points is directly propcrtional to the torque
being transmitted. The normal force then is only as large as it must be to prevent traction roller
skidding, and unit life (which is inversely proportional to the cube of the normal force) is greatly
extended. Initial pre-load is provided by a belviile washer which develops sufficient initial force to
allow charge pressure build-up. This force is negated when charge pressu<e is applied moving the
piston out of contact with the toroid (See Appendix V-4).

The one-way clutch is provided between the output of the traction drive unit and the transmission
housing. This clutch prevents the output of the traction drive unit from rotating backwards (such as
would happen if the vehicle were allowed to roll backwards while engaged in forward drive). This
reverse rotation of the traction drive couid cause the traction rollers to ‘“‘steer’”’ themselves out of
position.

The output of the traction drive is connected directly to the torque converter input member, the
impeller. The speed of the torque converter output member, the turbine, is a function of vehicle
speed and the ratio of the transmission output gears.

The function of the forward/reverse gearset at the transmission output is twofold. It serves to bring
the relatively high torque converter speed down to a more favorable transmission output speed, and
it also provides the capability for reverse vehicle operation.
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2. Hardware Description

The following is a brief description of the principal components of the traction drive torq'.:ue
converter transmission. Reference may be made to the cross section drawing, 2724A-L4, shown in
Appendix V-4 for indication of component arrangement and relative size.

a) Forward-Reverse Gearing

This gearing is all helical type constant mesh and is designed to conform to the conventional
automotive type manual synchromesh gearbox.

b) Torque Converter

The torque converter is a single stage three element converter with a 3.0 to 1 stall torque ratio.
The elements are typical automotive pressed steel construction scaled down in size from a
standard automotive converter. The maximum diameter of the oil path is 6.12 inches and the
maximum speed of the input impeller is 13,800 RPM at maximum engine speed.

¢) Toroids and Traction Rollers:

Both the toroids and the traction rollers are form ground from M50 or M1 steel forgings. There
are three 2.5 inch diameter rollers in each of the two toroids. The rollers rotate at a radius of
1.66 inches from the axial centerline of the toroids. At the forward side of the first toroid disk
is the variable thrust device. A Belleville type spring imposes a 1700 pound thrust preload on
the toroids and rollers. This preload is held constant as the control pressure builds up
sufficiently to overcome the constant spring force. From then on the clamping force is directly
proportional to the control pressure. Maximum control pressure is 400 psi.

The traction roller steering and suspension mechanism is all hydraulic and is based on an
existing design which ensures the accurate load sharing described earlier.

d) Seals:

Standard lip seals are used on input and output shafts and rotating seals of the cast iron piston
type. All seals are typical of those found in standard automatic transmissions.

e) Bearings:
Standard anti-friction ball and roller bearings are used throughout the transmission.
f) Control and Lube Pump:

The control and lube pump is a proven single lobe vane unit driven at input speed. Maximum
flow is approximately 6 GPM at maximum engine speed.

g) Gears:

All gears except the input mesh are constant mesh of the helical type. The input mesh are the
spur type, 26 diametral pitch, 20° pressure angle with a modified involute profile.
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h) Controls:

The control valve block is cast iron with hardened steel spool valves or sleeves where

applicable. The speed sensing governor is the rotating flyweight type acting directly on a valve
stem.

Control linkages may be of similar type as presently used with automatic transmissions.
i)} Transmission Cooler:

The transmission cooler is a separate item and is noted here as a reminder. The capacity
required is equivalent to the present automotive automatic type transmission cooler.

j) Lubricating Oil:

The design of the traction transmission is based on the use of Monsanta Santotrak as the
ubricating and cooling fluid.

3. Size and Weight

The traction transmission is designed to fit within the requirements stated in paragraph 6 of the
“Prototype Vehicle Performance Specification” (see Appendix |-2). In brief, the transmission
tunnel is not widened so as to decrease clearance between the accelerator pedal and the tunnel; the
tunnel height does not affect full fore and aft movement of the front seat; it does not violate the
ground clearance lines; it does not violate the space allocated for wheel jounce and steering
clearances; and it does not degrade the handling characteristics of the vehicle.

The input or mounting flange is not a standard to fit the conventional internal combustion engine.
However, as a reduction gearbox is required at the Rankine or Brayton cycle engine output, the
mounting flange and output shaft location may be made suitable for the proposed transmission.

The weight of the traction transmission is 77 pounds dry. A weight breakdown is shown in
Table V-2,

By far, the majority of components in an automotive transmission are sized by considerations other
than material stress such as economy of manufacture, or requirements of fitting over or around
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TABLE V-2

TRACTION DRIVE TRANSMISSION WEIGHT BREAKDOWN

Transfer Gears

Idler Gear and Gearing

Shafting and Bearings

Converter

Traction Drive

Housings

Control System and Charge Pump

Miscellaneous Hardware

3.7
0.5
9.3
4.4
20.4

25,2

Total (pounds) 76.6
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some other component. When weight is not a major consideration, companents are often oversized
to “keep out of trouble,” and no heed is taken or calculations made of the exact margin of safety.

4. Design Analysis

The double row traction transmission is basically designed from a stress-cycle curve and previous
experience in designing and testing traction drives. The mean transmission input power requirement
was calculated for the Federai Driving Cycle, the Simplified Suburban Route, and the Simplified
Country Route. The maximum input power requirement was calculated from the acceleration and
grade velocity requirements. These input powers, the specified life of 3500 hours, a transmission
speed range of five to one, and appropriate toroid geometry ratios with a particular traction
coefficient provide the basis for the traction transmission design.

The toroid geometry ratios involved in the design are {1} the toroid pitch diameter to roller
diameter ratio, and {2) the conformity ratio, which is defined as the ratio of roller crown radius to
roller pitch radius. The first ratio (1) defines the size of the machine and the amount of rolling to
twisting contact that the rollers experience with the toroids. Since large toroid pitch radius to roller
radius ratios approach more nearly pure rolling, the traction coefficient increases and the speed
range decreases with this ratio. Therefore, in order to accommodate a 5 to 1 speed range and stay
within package size limits, a ratio of 1.33 was chosen.

The second ratio {2) affects the shape and size of the footprint as well as the normal stresses. Higher
conformity ratios for the same load result in higher stresses. Experience dictates a circular footprint
or one that has its major axis in the direction of rolling. As a result a conformity ratio of 50% was
chosen.

The traction coefficient also affects the overall transmission size and decreases as rolling contact
velocity increases. For this design, at an input speed of 8000 RPM, the rolling contact velocity is
1400 inches per second. A traction coefficient of 0.04 is reasonably attainable for traction fluids at
this velocity.

The maximum stresses calculated for this design are 448 ksi at maximum input power of 140 HP
and 234 ksi at the mean input power. Mean input power is weighted average power over the EPA
combined driving cycle as defined by the duty cycle. Using an assumed stress cycle curve and scaling
from 1,000,000 cycles at 700 ksi for M50 tool steel, it was determined that the 3500 hour life
requirement was satisfied.

Appendix V-6 shows a schematic of the transmission with individual component speeds and
torques. The actual component sizing summary is the same as for the hydromechanical sizing shown
in Appendix V-5,

tn a study of this type where basic concept and feasibility are of prime importance, it is not
appropriate to go into extensive sizing detail analysis. This is especially true when the design is being
made by personnel with many years of transmission experience. There are no areas in the
transmission that are so critical that any increase in component size, that may be required after a
detailed design study, would precipitate any significant cost, performance, or weight penalty.’
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5. Traction ratio and torque converter optimization
An optimization study was carried out to determine the required system gear ratios, traction drive
ratio range, and torque converter type and size. These parameters had to be determined within the
system requirements of:

—~ Maximum vehicle ‘creep’ speed

— Maximum vehicle operating speed

— Engine speed range

Reasonable torque converter idle HP absorption

These studies were made using the Sundstrand vehicle performance computer program for a traction
drive transmission. Fuel consumption transmission energy efficiency, and other important criteria,
were recorded for simulated runs over the Combined Driving Cycle while varying the transmission
parameters — some, one at a time, and some in combination.

Many different torque converters were simulated and studied to gain a better understanding of the
effects of converter characteristics on vehicle performance. For example, the study showed that a
high stall tarque ratio converter gave better fuel consumption than a low torque ratio converter, due
to its more favorable efficiency curve at lower converter output/input speed ratios. Another
important factor was torque converter diameter. Making the converter diameter larger makes it
“tighter;” that is, it slips less, and is therefore more efficient, However the power absorbed at engine
idle by a torque converter also increases with diameter, and must be considered.

A study was also made replacing the torque converter with a friction clutch. Total energy efficiency
increased from 74% to 80%, and fuel consumption improved from 10.0 MPG to 10.8 MPG for the
Aerojet Rankine engine, and from 15.0 to 15.7 MPG for the AiResearch Brayton engine. it should
be noted that in realizing these gains, the advantages of having a torque converter as discussed in
Section 1V are lost. It would appear that these advantages outweigh the efficiency disadvantage.
However, it is not completely evident that a clutch could not be used. A more detailed study of this
would be made prior to a hardware desigh commitment.

Studies were also made using a torque converter lock-up clutch, and an input clutch in the system.
The result of these studies, and some of the other optimization studies, are summarized in
Table V-3. Figures are for the Aerojet Rankine engine.

The parameters chosen for the final transmission design were a torque converter ratio of 3 to 1 and
a transmission speed ratio of 5 to 1. These result in only 3 HP absorbed at idle speed and 10.01
miles per gallon fuel consumption for the Combined Driving Cycle. A trade-off study of all of the

studies and computer runs involving complexity, cost, and overall economics resulted in the choice
of the above parameters.

C. Maintainability

it is expected that either the tri-mode or the traction transmission should provide no greater
maintainability problems than present autoimotive automatic transmissions.
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TABLE V-3

CLUTCH/TORQUE CONVERTER PARAMETER TRADE-OFF SUMMARY

MPG
Torg. Converter Traction Drive "G rerey
Single Parameter Stall Torg. HP Absorbed Ratio Range Driving C
. . . g Cycle
Being Varied Ratio at Idle
Converter Lock-Up Clutch
Without 2.23:1 7 6:1 9.57
With: (Locks up at
0.9 Spd. Ratio) 2.23:1 7 6:1 9.65
Converter Stall Torg.
Ratio
1.82:1 6:1 9.34
3.00:1 6:1 9.70
Converter Idle HP
Absorption Rate
2.23:1 7 6:1 9.57
2.23:1 5 6:1 9.88
(an input clutch req’d | 2.23:1 3 6:1 10.04
to give O HP loss) 2.23:1 0 6:1 10.39
Traction Drive Ratio
Range
2.23:1 7 4:1 9.49
2.23:1 7 5:1 9.55
2.23:1 7 6:1 9.57
2.23:1 7 8:1 9.58
Finally Chosen
Combination 3.0:1 3 5:1 10.01
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C.) NOISE

The transmission noise whether air-borne or structure borne is an important consideration for any
automotive transmission. It is of particuliar concern because the vehicle levels required are relatively
low. The hydromechanical transmission is inherently a higher noise generation source than the
traction transmission.

1. Hydromechanical

The primary potential noise source is the hydraulic units and the secondary source is the gears.
Solution to the latter is represented by fairly well known techniques utilized and demonstrated in
millions of automotive type transmission. Such techniques will be utilized in the recommended
configuration to minimize noise. Of primary importance will be the gear tooth profile and speeds
which will be similiar to present automotive transmissions.

Considerable effort has been expended in the last few years to understand and reduce hydraulic unit
noise. The cause is fairly well known and techniques have been developed to minimize it. However
it must be recognized that because of the large number of variables involved, the only positive
assurance of meeting the required noise levels comes through actual hardware demonstrations.

The basic approach to the hydraulic noise reduction is to minimize the noise or energy level at the
source, isolate or attenuate the conduction of the noise energy to the housing, and if necessary,
attenuate the energy at the housing through isolation blankets before it can be conducted or
radiated to the air and/or surrounding surfaces.

The hydraulic units represent the major noise source. This source is primarily related to the rate of
generation of high pressure from low pressure and vice versa, the ievel of maximum pressure and the
porting rate rotational speed. This process is accomplished within the hydraulic unit itself — pistons,
cylinder block, and port plate. Considerable experience has been gained in the last few years in
minimizing porting noise. This is accomplished by modifying the ports between the cylinder block
and port plate to prevent large, abrupt pressure transients. Another means of minimizing the noise is
to limit the maximum working pressure within the unit. In the recommended configuration, the
working pressure is limited to 4500 psi, which would only occur with “floored accelerator’” below
about 20 MPH. Hydraulic unit operational speeds can be selected to insure the best noise
characteristics. Therefore the variables involved are pressure level, rate of pressure increase or
decrease in the individual pistons during parting, porting modifications, hydraulic unit speed and to
some degree the stroke or displacement of the hydraulic units. Optimization of these parameters
without degradation of hydraulic unit efficiency can only be accomplished through extensive
testing.

Attenuation of the generated noise to the outside of the transmission is very important. The
attenuation itself is very important but it is also important to insure that component natural
frequencies are such that no resonants occur. Minimizing resonances wiil simplify energy
attenuation techniques. Also noise frequencies should be kept as high as possible as attenuation is
much easier at higher frequencies.

Air-borne noise within the transmission to the main housing has been suppressed by a deep-drawn
sound shield made from a special laminated sandwich around the hydraulic unit rotating
comaonents, The oil pan is formed from the same material to prevent the air to fluid-borne noise
from being transferred outside.
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Structural-borne noise isolation is achieved by using a similar special laminated sandwich between
the hydraulic porting plate, the intermediate support plate, and between the support plate and the
main housing. The laminated sandwich is a composite of two metal plates with 2 layers of
viscoelastic material between them seperated by a steel screen. This isolation material has a high
crush force and good attenuation above 100 Hz. This double barrier should be very effective in
minimizing noise propogation. In addition to this, a similar type of isolation is provided between
the main input and output transmission bearings and the main housing, thus eliminating any ““hard
path” between the noise producing dynamic components and the main housing.

As indicated previously. noise tends to be in the category of “black art”. Extensive testing and
evaluation has defined design techniques which will minimizing noise. Although it is impossible to
know at this time what the final noise level will be, it is anticipated that the noise requirements will
be met.

2. Traction
The primary scurce of rigise in the traction transmission are the gears.
The output gears are constant mesh and of the helical type similar to present automotive practice.

The input gear mesh to the input toroid is constant mesh and is shown as a spur gear. The input
toroid cannot tolerate any external thrust. To ensure lowest possible noise generation, these input
gears will be fine pitch, iow pressure angle, and with a modified involute profile.

Should it become necessary to further reduce the noise from the input mesh, helical gears with
thrust runners directly between the gears to cancel the resultant thrust will be used.

In addition to reducing gear noise to a minimum at its source, faminated sound insufating bearing
sleeves are used to isolate the noise from the main housing.

D. MAINTAINABILITY

it is expected that either the tri-mode or the traction transmission should provide no greater
maintainability problems than present automotive automatic transmissions. The only normal
maintenance required will be to check the transmission oil level as is now done. Repair or overhaul
of the transmission should not require any additional complication. The only “new to the business’
component would be the hydraulic units or the toroids and rollers. It would be expected that these
assemblies would be provided to the garage or overhaul shop as reworked assemblies similar to
present torque converter assemblies,
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Vi. PERFORMANCE

A. Introduction

The basic performance relating to the tri-mode hydromechanical and traction/torque converter
transmission is given in this section. Transmission efficiency is shown as a function of road
load at various vehicle speeds and also as a function of variable output loads from maximum
to 10% of maximum,

it is important to recognize that although transmission efficiency is interesting the real
measure of efficiency is that of the compiete vehicle system — vehicle, engine, transmission.

This efficiency is reflected as fuel consumption over the defined driving cycle.

Acceleration data is also presented in several forms. This also represents total vehicle system
performance.

B. Ground Rules and Transmission Parameter Summary

The following ground rules for all performance calculations were either specified or mutually agreed
to by the Environmental Protection Agency.

1. Test vehicle weight = 4600 pounds (Prototype Vehicle Performance Specification).
2. Gross vehicle weight = 5300 pounds (Prototype Vehicle Performance Specification).

3. Vehicle road drag and air resistance (Prototype Vehicle Performance Specification) Frontal
area = 20 sq. ft.; Coefficient of drag = .6

4. Rolling radius of wheels = 1.10 feet (assumed by Sundstrand}.
5. Axle efficiency = .95 (assumed by Sundstrand).

6. Total rotating inertia of tires, wheels, and brakes for all four wheels = 11.2 ft-Ib-sec? {assumed
by Sundstrand).

7. Ambient air temperature was assumed by mutual agreement with EPA to be 85°F throughout
the study. Although differences in air temperature do make a difference in air drag forces, their
inclusion is somewhat meaningless without corresponding data on variation in engine performance
with temperature, which was unavailable.

8. Accessory power requirements (Prototype Vehicle Performance Specification).

NOTE: Performance specification accessory losses representative of 6:1 engine speed range. For
narrower speed range engines, the idle accessory power requirements were assumed unchanged, but
the accessory power requirements at maximum engine speed were reduced proportionately.
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9. Engine “o=ed — Power — Fuel Consumption data supplied by EPA. (See Appendices |-4 and
I-5.)

10. Density of fuel used in fuel consumption calculations = 6.28 Ib/gallon (Prototype Vehicle
Performance Specification).

11. The driving cycle used to calculate fuel consumption was the Combined Duty Cycle. The
Combined Duty Cycie consists of: a} the Federal Driving Cycle (see Appendix 1-3}; b} Simplified
Suburban Route; and c¢) Simplified Country Route — (Prototype Vehicle Performance
Specification).

12. Acceleration and fuel economy performance for the referenced typical 3-speed automatic
transmission {as specified by EPA) is summarized in Appendix VI-3.

PARAMETER SUMMARY — TRI-MODE HYDROMECHANICAL TRANSMISSION

Transmission Input Speed (at 100% Engine Speed) . . . . . . . . . ...« 2336 RPM
Direction of Input Rotation (lookingatPad) . ... .. .. ... ... .o Clockwise
Maximum Input Torque . . . . . . ot e e e e e e e e e e e e e e e e e e e e 315 ft-lb
Transmission Qutput Speed (89.2 MPH and 100% Engine Speed) . . . . ... .. .. 5114 RPM
Direction of Qutput Rotation (lookingatPad) . . . .. .. ... .. ..... Counterclockwise
Maximum OQutput TOFQUE . . & & o v o e e e v e e e e e e e e e e e e e e e e e e e 592 ft-lb
Assumed Drive Axle Ratio . . . . . . . . L . o e e e e e e e e e e e e e e e e e 4.50:1
Maximum Vehicle Creep Speed at Engineldle . . . . . . . . . .. .. ... ... ... 0 MPH
Maximum Vehicle Reverse Speed . . . . . . . . i i i it e e e e e e e e e e e 12.5 MPH
Hydraulic Unit:

Displaceiment . . . L L e e e e e e e e e e e e e e e e e e e e e e .. 1.50 in3/rev.

Rated Speed . . . . . . . e e e e e e e e e e e e e e e e e e e 5172 RPM

Maximum Pressure . . . . . . L L e e e e e e e e e e e e e e e e e e 4500 psi
Clutch Type . . . . . i e e e e e e e e e e e e e e e e Multi-Plate, Flat Disk

Axial Piston, Hydraulic

Planetary Type . . . . . . . . i e i e e e e e e e e e e e e e Four Element Ravigneaux
Lubricating Fluid . . - . . . . . . e e e Type F Automatic

Transmission Fluid
Cooler Sizeand Flow . . . . . L o o . e e e e e e e e e Typical of Existing

Automatic Transmission Coolers

Tranerrission Weight (Dry) 0 0 0 0 0 L o o e 92 pounds

Pase 44

Sundstrand Aviation f\
1. LMt s Lo g e U



PARAMETER SUMMARY — TRACTION DRIVE TRANSMISSION

Transmission Input Speed (at 100% EngineSpeed) . . . ... ........... 14,000 RPM
Direction of Input Rotation {lookingatPad) . ... ..........cc.oeu.. Clockwise
Maximum Input Torque . . . . . . . . i i i it e e et e e e e e e e e e e 52.5 ft-1b
Transmission Output Speed (89.2 MPH and 100% Engine Speed). . . . . . . . . . .. 5411 RPM
Direction of Output Rotation (lookingatPad) . ................ Counterclockwise
Maximum Output Torque . . . . . . . ittt e e e et et e e ettt eee e 550 ft-lb
Assumed Drive Axle Ratio . . . . . . . . 0 i i it ittt it et e e 5.00:1
Maximum Vehicle Creep Speed at Enginefdle . . . . . ... ... ........... 13.0 MPH
Maximum Vehicle ReverseSpeed . . . . . . . . . @ i i it ittt ittt s e 20.0 MPH

(Arbitrary Limit)

Torque Converters:

iameter . . . . . . L e e e e e e e e e e et e e e 6.12 in. {Rankine)

7.06 in. (Brayton)
Speed at BEMPH . . . . . L e e e e e e e e e e e e e e e e e 14,140 RPM
Power Absorbed atEngineldle . . . .. ... ¢ . .0 v i i i it it i 3.0 HP
Stall TorqueRatio . .. .....¢.. ... e e e e e e e e e e e e e e 3.00:1

Traction Drive:

Maximum InputSpeed . . . . . . . . . i i i it e e e e e 8000 RPM
Ratio Range . . . . . . i i s it e e i e e e et e et et e e e e e e e 5.00:1
Lubricating Fluid . . . . . . . L i it et e e e e e e e e e e e e e Sanotrack 40
CoolerSizeand Flow . . . . . . . i it i i i it e e e e e e e e Typical of Existing

Automatic Transmission Coolers

Transmission Weight (Dry) . . . . . . . . o . i i it e et e e e e e e e 77 pounds
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C. Transmission Efficiency

Transmission efficiency has been calculated for both the tri-mode hydromechanical transmission
and the traction drive transmission for both the Aerojet Rankine engine and the AiResearch
Brayton engine. Conditions of output speed and load for which transmission efficiency tabulations
and graphs have been calculated include: 1) The Federal Driving Cycle, 2) The Simplified
Suburban Route, 3) The Simplified Country Route, 4) The Combined Driving Cycle (a
combination of 1,2, and 3), 5) Constant Vehicle Speed (cruise), and 6} Part Load (tractive effort
at 100, 75, 50, 25, and 10 percent of maximum acceleration tractive effort).

The instantaneous transmission efficiency for each point in the driving cycle was calculated.
Also, an accumulative efficiency, that is, an average efficiency, for the driving cycles was
calculated and is presented as part of this report (see Table VI-1 and Figure VI-1 through
VI-8). This average efficiency represents the quiotent of the accumulative power utilized over
the given driving cycle and the accumulative power supplied.

Two computer programs, one for systems using hydromechanical transmissions and the other for
systems using traction drive transmissions were used to simulate the vehicle, the engine, the
transmissions, and the required duty cycles to generate the efficiency data. In the two programs,
every effort was made to simulate the system’s realistically. Therefore, the absolute values of
efficiency presented in this report should be representative of actual hardware. it should also be
emphasized that since the two programs were developed together, the relative efficiencies of the
systems considered are also quite meaningful.

Transmission efficiency as used in this report is defined as the total power out of the transmission
output divided by the total power into the transmission input. The primary or engine gear reduction
has been assumed by Sundstrand to be part of the engine gearbox and is therefore not reflected in
the transmission efficiency data presented here.

Calculations for the power losses contributed by gears and bearings, planetaries, open clutch
spinning, charge pumps, and torque converters are well known and accepted.

The following paragraphs describe the background used in calculating hydraulic unit and traction
unit efficiencies (or losses).

1. Hydraulic Unit Efficiency — Hydromechanical Transmission

The efficiency of each of the hydraulic units for any given working fluid viscosity is a function of
the hydraulic working pressure, speed, and, in the case of the variable unit, actual displacement (or
wobbler angle). This efficiency is markedly reduced below certain levels of working pressure and
displacement (or wobbler angle). For example, at full stroke and 3000 psi working pressure,
hydraulic pump efficiency is in the 88-94% range depending on speed, while at 500 psi and 1/4
stroke, the corresponding efficiency range is 25-45%.

The hydraulic unit design, and the predicted operating efficiencies used in this study are based on
the testing and field experience of the past 30 years. The present axial piston-hydrostatic bearing
design has evolved from past experience with many hydraulic unit configurations including radial
piston units and anti-friction thrust bearing units, and has proved to be the best design in terms of
cost, size, efficiency, and reliability.
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TABLE VI-1

COMBINED DRIVING CYCLE TRANSMISSION EFFICIENCY

Average Transmission Efficiency Over
The specified Driving Cycles

Rankine Engine

Brayton Engine

Cycle HMT DT HMT DT
Federal Driving Cycle 78% 67% 81% 71%
Simplified Suburban Route 72% 68% 80% 71%
Simplified Country Route 90% 85% 87% 86%
Combined Driving Cycle 81% 74% 83% 76%

HMT — Hydromechanical Transmission (Tri-Mode)

TDT - Traction Drive Transmission {with Torque Converter)

Vehicle Weight — 4600 1b. {Test Vehicle Weight)

Accessory Power — Air Conditioner On. Total Vehicle Accessory Power; 4 HP at
Engine Idle, Linear to 4.83 HP (Rankine Engine) or 5.65 HP
(Brayton Engine) at maximum Engine Speed. See Appendix 1.

Atmospheric Conditions — 85°F, 14.7 PSIA
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2. Traction Unit Efficiency — Traction Drive Transmission

There is always some degree of slip or creep at the roller/toroid interface. Since the contact area
between the roller and the toroid has a finite area, the drive rollers tend to spin with respect to their
toroidal races, so the motion of the rollers is rolling/spinning rather than pure rolling. Consequently,
there is a power loss due to roller spin. Also rolling resistance is encountered between the toroids
and the rollers, as well as in the rolling element bearings.

The overall efficiency of the traction unit is the product of the speed efficiency and the torque
efficiency. The speed efficiency is a measure of slip. The torque efficiency, in general, is a measure
of spin loss, rolling resistance, and windage.

The efficiency of the traction unit was calculated using experience gained from the development
and testing of a Sundstrand toroidal type variable input speed constant output speed traction drive
for aircraft applications. The Sundstrand efficiency data correlates well with data published by
General Motors and Tracor on the efficiency of rolling contacts.

D. Grade and Acceleration Performance

Grade and acceleration performance was cailculated for both transmissions and engines. The grade
performance is a function of engine power and transmission efficiency. Acceleration performance is
a function of engine power, transmission characteristics, drive line efficiency, tire adhesion, the

engine time lag in going from idle to the maximum power condition, and the ratio of engine power
going into accelerating the engine, to that which is accelerating the vehicle during the time lag
period. This time lag itself is a function of the shape of the engine speed—torque curve, and the
combined engine—transmission inertia. Because of the many variables involved several assumptions
were made:
1) Maximum acceleration can be achieved by allowing the engine to accelerate to the
maximum power condition unloaded and then applying maximum power to the wheels. For
the required 0-60 mph acceleration time and the distance traveled in 10 seconds, an engine
acceleration time of 0.5 seconds for the Rankine cycle engine and 1.0 seconds for the Brayton
cycle engine was assumed based on discussion with the engine suppliers. For the 25-70 mph
and 50-80 mph acceleration times, an engine acceleration time of 0.25 seconds for the Rankine
cycle engine and 0.7 seconds for the Brayton engine was assumed. In practice, these time lags
would probably be unacceptable from the '‘driver feel’’ point of view, and to overcome this,
the engine power during this engine acceleration period would be split, some going to
accelerate the engine, and some to accelerate the vehicle. The exact ratio of this power split
would depend very much on ’‘driver feel” and would be determined experimentaily.
Regardless of the split, it has been assumed that the 0-60 mph and 0-10 sec. acceleration
perforrnance would not be significantiy different.

2) During the maximum acceleration from start conditions, the assumed vehicle weight and
weight distribution shift combined with a reasonable tractive coefficient will allow a maximum
tractive effort of 2500 Ib. at the wheeis without wheel slippage.

3) The reflected inertia of the transmission to the engine is very smali and for the purpose of
this study is ignored. The actual inertia is not only small but is reduced by the square of the
gear ratio between the two. For example, this factor is 1/1295 for the hydromechanical
transmission and 1/314 for the tractron drive transmission, when mated with the Brayton
Cycle engine.
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Calculation of the acceleration from start requirements when utilizing the Airesearch Brayton
cycle engine indicated that the maximum power as defined in Appendix 1-5 was not sufficient.
It was therefore necessary to assume a higher power to drive the vehicle and accessories — 145
HP for the hydromechanical transmission and 155 HP for the traction drive transmission. The
power available from the Aerojet Rankine cycle engine, 148 HP at zero vehicle speed
increasing to 163 HP at 85 mph, appears to be adequate to meet all performance requirement
limits.

No problem was encountered in meeting the gradeability requirements. The maximum

achievable vehicle speed along with the corresponding engine power requirements are tabulated
in Table VI-2.

Table VI-2 also lists the actual acceleration performance of the various systems, taking into account
engine lag. Also tabulated are the performance requirement limits.

Plots of vehicle speed and distance as a function of time during a maximum acceleration run are

presented in Figure VI-9, VI-10, VI-11 and VI1-12. The plots are based on a start from maximum
power condition as can be achieved by locking the brakes.
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Tabile V1-2 Idle Acceleration and Grade Performance

Rankine Engine

Brayton Engine

Performance Requirements Weight | HMT 0T HMT TDT
idle
Creep Speed 18 MPH 1 0 13 0 13
{max)
Accel.
Time to 60 MPH 13.5 sec 1 1.1 13.2 12.6 12.6
{max)
Dist. to 10 sec. 440 fr. 1 490 445 440 440
(min)
Time 25 > 70 MPH 15 sec 1 i2.3 14.4 15.0 14.6
{max}
Time 50 » 80 MPH 15 sec 1 11.7 12.3 129 12.7
(max)
Dist. 50 » 80 MPH 1400 ft. 1 1125 1175 1235 1230
{max)
Grade Velocity
30% 5 MPH 2 29 20 26 23
{min)
5% 65 MPH 2 85 84 80 81
{min)
0% 85 MPH 1 85 85 85 85
(min) {91 HP) (86 HP) 1(93 HP)} |(89 HP)

HMT — Hydromechanical Transmission (Tri-Mode)

TDT — Traction Drive Transmission {with torque converter)

1 at 4600 b (test vehicle weight)

2 3t 5300 Ib (gross vehicle weight)

Accessory Power — Air Conditioning On. Total Vehicle Accessory Power: 4.0 HP at Engine

Idle, Linear to 4.83 HP (Rankine Engine) or 5.65 HP (Brayton Engine)

at Max Eng. Speed.

Atmospheric Conditions — 85°F, 14.7 PSIA
Engine Power: In accordance with Figure |-7 except as noted.
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E. Fuel Consumption at Constant Speed and Full and Part Loads

Constant speed fuel consumption and fuel consumption at full and part load in miles per gallon
were calculated for systems using the tri-mode hydromechanical transmission and the traction drive
transmission for both the Aerojet Rankine engine and the AiResearch Brayton engine.

Constant speed fuel consumption is defined as fuel consumption at zero vehicle acceleration.

Plots of constant speed fuel consumption based upon the simulated vehicle with its various
configurations of transmissions and engines are presented in this section in Figures VI-13, Vi-14,
VI-15 and VI-16. Also presented here are plots of instantaneous fuel consumption in miles per
gallon vs. vehicle speed at maximum tractive effort, as well as at 75%, 50%, 25%, and 10% of
maximum tractive effort. This full and part load fuel consumption data is presented in Figures
VI-17, VI-18, VI-19 and V1I-20.

F. Fuel Consumption Summary

Average fuel consumption in terms of miles per gallon and BTU/mile has been calculated for both
the tri-mode hydromechanical and the traction drive-torque converter transmission for both the
Aerojet Rankine engine systems and the AiResearch Brayton engine systems.

A summary of the average fuel consumption over the Federal Driving Cycle both with and without
the air conditioner operating is given in Table VI-3.

A breakdown of the fuel consumption over the Combined Driving Cycle is presented in Table Vi-4.
The Combined Driving Cycle consists of the Federal Driving Cycle, the Simplified Suburban Route,
and the Simplified Country Route. Also presented in Tablie VI-4 is the fuel consumption that could
be expected from an ideal transmission. The ideal transmission is infinitely variable, 100% efficient,
and has no spin loss to ioad the engine at idle.

A fuel consumption breakdown of the Combined Driving Cycle in terms of BTU/mile is presented
in Table VI-5,

Vehicle range, which is a function of fuel consumption, was calculated and is presented in Table
VI-6. It was assumed that there was 25 gallons of fuel available initially. Vehicle range has been
calculated for the Federal Driving Cycle at a constant 70 mph cruise, both with and without the air
conditioner operating.

G. Tractive Effort Limits

Tractive effort limits for the simulated vehicle are established by a number of parameters. Among
these are road adhesion of the tires, vehicle weight and configuration, maximum available
transmission input power, maximum available transmission output torque, and transmission
efficiency.
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TABLE VI-3
FEDERAL DRIVING CYCLE FUEL CONSUMPTION WITH AND WITHOUT AIR CC DITIONING

Average Fuel Consumption Over The
Federa! Driving Cycle With and Without
Air Conditioner On

Accessory Power Rankine Engine Brayton Engine
HMT TDT HMT DT

Air Conditioner On 833 | 7.65 1291 | 12.03

Air Conditioner Off 9.43 8.59 14.29 13.31

HMT — Hydromechanical Transmission {Tri-Mode)

TbT — Traction Drive Transmission (with Torque Converter)

V;hicle Weight — 4600 Ib (Test Vehicle Weight)

A;cessory Power — Air Conditioner On: Total Vehicle Accessory Power; 4.00 HP at

Engine ldle, Linear to 4.83 HP (Rankine Engine} or 5.65 HP
(Brayton Engine) at maximum engine speed.

TR

Air Conditioner Off: Total Vehicle Accessory Power; 2.00 HP at
Engine Idte, Linear to 2.23 HP (Rankine Engine)or 2.45 HP
{Brayton Engine) at maximum engine speed. See Appendix 1.

Atmospheric Conditions — 85°F, 14.7 PSIA
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TABLE VI-4
COMBINED DRIVING CYCLE FUEL CONSUMPTION

Fuel Consumption In Miles Per Gallon Over the individual And
Combined Driving Cycles

Rankine Engine Brayton Engine

Cycle HMT TDT Ideal HMT DT ldeal
Federal

Driving Cycle 8.33 7.65 10.19 12.91 12.03 15.08
Simplified

Suburban Route| 12.23 11.77 14.68 18.33 17.30 19.84
Simptified

Country Route {12.30 11.78 13.30 16.91 16.62 19.28
Combined

Driving Cycle 10.62 10.01 12.43 15.71 14.95 17.79

HMT — Hydromechanical Transmission (Tri-Mode)

TDT — Traction Drive Transmission (with Torque Converter)

IDEAL — Hypothetical 100% Efficient Transmission

Vehicle Weight — 4600 Ib. (Test Vehicle Weight)

Accessory Power — Air Conditioner On. Total Vehicle Accessory Power; 4.00 HP at Engine
ldle, Linear to 4.83 HP {Rankine Engine) or 5.65 HP (Brayton Engine)

at maximum engine speed. See Appendix I.

Atmospheric Conditions — 859F, 14.7 PSIA
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TABLE VI-5
COMBINED DRIVING CYCLE ENERGY CONSUMPTION

Average Energy Consumption In BTU’s '
Per Mile Over The Individual And Combined
Driving Cycles

Cycle Rankine Engine Brayton Engine

HMT TDT HMT DT
Federal Driving Cycle 13947. 1 15187. 8999. 9658.
Simplified Suburban Route 9500. 9871. 6338. 6716.
Simplified Country Route 9446. 9862. 6870. 6990.
Combined Driving Cycle 10940. | 11606. 7395. 7771.

"HMT - Hydromechanical Transmission (Tri-Mode)
TDT — Traction Drive Transmission {with Torgue Converter)
Fuel Heating Value — 18500 BTU/LB

Fuel Density — 6.28 LB/GAL.

BTU BTU L8 ~. Ml
= x —
Mi L8 GAL ~ GAL

Vehicle Weight — 4600 LB (Test Vehicle Weight)

Accessory Power — Air Conditioner On. Total Vehicle Accessory Power; 4.00 HP at
Engine Idle, Linear to 4.83 HP {Rankine Engine) or 5.65 HP
(Brayton Engine) at maximum engine speed. See Appendix |.

Atmospheric Conditions — 85°F, 14.7 PSIA
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TABLE VI-6
VEHICLE RANGE AT FEDERAL DRIVING CYCLE AND AT CRUISE

Vehicle Range |n Miles with and without
Air Conditioning (25 gallons of fuel)

Accessory Rankine Engine Brayton Engine
Cycle Power HMT TDT HMT TDT
Federal Air Conditioner 208 191 323 301
Driving On
Cycle
Federal Air Conditioner 236 215 357 333
Driving Off
Cycle
70 MPH Air Conditioner 285 280 376 378
Cruise On
70 MPH Air Conditioner 324 291 393 398
Cruise Off

HMT — Hydromechanical Transmission {Tri-Mode)

TDT — Traction Drive Transmission {with Torque Converter)

Fuel Tank Capacity — 25 gallons

The EPA “Prototype Vehicle Performance Specification’’ (Appendix 1) Requires 200
Miles Minimum Range

Miles = MPG x Gallons

Vehicle Weight — 4600 Ib {Test Vehicle Weight)

Accessory Power — Air Conditioner On: Total Vehicle Accessory Power; 4.00 HP at
Engine Idle, Linear to 4.83 HP {Rankine Engine) or 5.65 HP
(Brayton Engine) at Maximum Engine Speed
Air Conditioner Off: Total Vehicle Accessory Power; 2.00 HP at
Engine Idle, Linear to 2.23 HP (Rankine Engine or 2.45 HP
{Brayton Engine) at Maximum Engine speed. See Appendix |

Atmospheric Conditions — 85°F, 14.7 PSIA

,,,,,,,
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It was assumed that the absolute maximum tractive effort that the wheels could produce without
slipping was 2500 pounds.

In the case of the systems with hydromechanical transmissions, a tractive effort of abou't 2.4.00
pounds corresponds to a hydraulic system pressure of 4500 psi. For life, noise, and rellabuluty
reasons, it is recommended that system pressure be limited to 4500 psi at maximum tractive effort.

Systems with traction drive transmissions are limited by road adhesion to 2500 p()‘uqu,.with t.he
assumed 155 HP Brayton engine, or to 2450 pounds at start-up by engine power limitations with
the Rankine engine.

At higher vehicle speeds, the tractive effort available from either transmission type is limited by
engine power {imitations and transmission efficiency. See graphs, Figures VI-21 and VI-22.
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Vil. CONTROL SYSTEM ANALYSIS

The two engines under consideration, the Brayton and Rankine cycle, have similar ratings and
narrow speed ranges from idle to maximum speed. The tri-mode and traction transmission are both
infinitely variable ratio which provides the capability of operating the engine at speeds completely
independent of vehicle road speed. For these reasons, the control system for either transmission
when combined with either engine will be basically the same.

A. Control System Approach

Two fundamental methods of control available for use with infinitely variable ratio transmissions
are speed control or torque control. With speed control the accelerator peda! position is directly
related to transmission output speed and the output torque will attempt to reach the value which is
proportional to the difference between the output speed being called for and the actual output
speed. Hf this difference is great, the torque will be high and shock loading will occur with the
possible stalling of the engine and excessive wear or ultimate failure of driveline parts. The prime
advantage of speed control is that for a particular peda! position, the output speed will remain
constant regardless of torque required up to the engine capability. |f this feature is desirable or
necessary, additional control devices must be incorporated to preventengine stall or shock loading.

With torque control, the accelerator pedal position is directly related to transmission output torque
and the output speed will change until the output torque equals the torque being called for. This
control scheme prevents shock loading and engine stall unless the engine is at a speed where it
cannot produce the torque called for. This type of control is very similar to that now used in the
standard passenger car with a 3-speed automatic transmission. A governor within the transmission
which controls the shift point prevents the engine from stalling; the shift to a higher gear does not
occur until the engine is up to a speed where it can produce the required torque.

Protection from excessive torque (or pressure in the hydromechanical transmission) is provided
inherently in the design of either type of transmission. For the traction drive, the torque converter
is the “relief vaive”’ and for the hydromechanical the control system prevents the pressure from
exceeding 4500 psi by a pressure feedback which causes the variable wobbler to destroke at that
pressure.

The control system must also consider and provide for lowest fuel consumption, emissions, and
noise and for maximum acceleration and engine {dynamic} braking.

The block diagram of the control system selected to optimize the foregoing requirements is shown
on Figure VII-1. The diagram is similar for both transmission and both engine combinations with
only the addition of the shift device for the tri-mode transmission. The system is basically torque
contro! with the torque at the output directly proportional to the output of the governor valve. The
governor valve output is a function of accelerator pedal position and engine speed. These are
combined in such a manner that each pedal position calls for a particular horsepower and for an
engine speed which is optimum (lowest SFC) for that horsepower.

The speed sensor not only prevents the engine from being overioaded at any time but also allows

the engine to accelerate to the desired speed and horsepower so that maximum vehicle acceleration
can be obtained.
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Dynamic engine braking is possible with either transmission type although the hydromechanical will
transmit power in the reverse direction more efficiently than the torque. converter traction type.
With the accelerator pedal released, the brake input signal will place the control system in a state
where vehicle inertia will be capable of driving the engine up to its maximum speed for dynamic

engine braking.

Either transmission will have a manual control lever very similar to the present automotive contro!
for park, reverse, neutral, and drive (forward) operation. The tri-mode hydromechanical
transmission has two automatic mode changes (shifts) in forward which do not affect system

performance or stability analysis.

B. Description of Operation

The engine will be started with the control lever only in park or neutral position. In either position
the contro! system is designed so that the existence of any torque at the output will cause the
transmission ratio to change in the direction to reduce that torque. This is accomplished by
porting working pressure directly to the hydraulic unit stroking pistons.

When the operator depresses the accelerator pedal, two functions are accomplished. The engine fuel
control produces an engine torque which is a function of engine speed. Also, the transmission
governor valve controls the transmission output torque until the engine reaches the speed for that
particular accelerator pedal position, and maintains that speed. The combination of controlling
engine torque and speed provides a constant harsepower out of the engine which will accelerate the
vehicle until the road load equals this horsepower. A change in accelerator pedal position or load
will also change the transmission ratio and engine speed.

For the hydromechanical transmission, the controls automatically change to the second and third
mode when the transmission reaches the shift ratio. The transition from one mode to another is
completed very smoothly as the load is shared by both hydraulic and mechanical load paths.

When the driver removes his foot from the accelerator pedal, the engine will run at the minimum
speed compatible with the output speed and the vehicle will slow down until the engine reaches idle
speed. If the driver desires to reduce speed more rapidly, he will apply pressure to the brake pedal.
This will first bias the governor valve so that the vehicle will drive the engine to its maximum rated

speed for dynamic braking. Further pressure on the brake pedal will actuate the vehicle service
brakes.

C. Stability Analysis

A simulation of the control system was run on a hybrid computer. The parameters, equations,
and engine performance used are included in Appendix VII of this report. Also included are
representative traces of the computer readout for a 20% of maximum throttle (0:2 power
unit) acceleration at 50% load and no load.

The simulation was of the hydromechanical transmission in the start-up or hydrostatic mode. The
results indicate that the response is good and that the system is stable even when subjected to a
Mmaximum transient. Experience dictates that similar results will exist in either hydromechanical
mode and also with the traction transmission.
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D. Safety Analysis

A failure and effect analysis has been carried out for each component associated with the control
system. The results of this study follow:

1. Accelerator input Failure

if the input to both engine and transmission is lost, there will be no response when the accelerator is
depressed.

If only the input to the engine is lost, the engine will not be able to support any load and will not
accelerate away from idle.

If only the input to the transmission is lost, the transmission will try to keep the. engine at idle by
assuming a minimum transmission rate and, therefore, the output power will be quite low.

2. Brake Input Failure

if the input linkage from the brake pedal fails, the system will perform normally except there will
be no added assist from the engine while braking. The engine will run at the minimum speed
possible for the vehicle speed. Normal friction brakes will not be affected.

3. Speed Sensor Failure

If the signal is lost to the speed sensor, or if the speed sensor sticks in the underspeed position, the
transmission will not be able to load the engine and when the accelerator is depressed, the engine
will accelerate as it does when in neutral,

if the speed sensor is stuck in the overspeed position, the transmission will load, stall the engine, as
the accelerator is depressed.

4. Governor Valve Failure

If the governor valve sticks in the high speed position, the engine will be loaded down. At high
speeds, the transmission will go to minimum ratio (minimum engine speed) and exhibit low power
output. At low speeds, or when standing still, the engine speed will be driven down until it stalls.

If the governor valve sticks in the low speed position, the engine speed will be driven up. If this
happens at high vehicle speeds, the engine speed could be driven beyond a safe speed. This is the
only potentially dangerous failure in the system. It is unlikely that this will happen while the vehicle
is running, and if it does, the operator can correct the overspeed by shifting into neutral. If this

failure occurs while shutdown, the vehicle will appear to remain in neutral after the engine is
started. -
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5. Shift Device Failure (Tri-Mode Only)

If the shift device sticks in the hydrostatic mode, everything will be normal except the vehicle will
not be able to accelerate to any speed above the shift point.

1§ the shift device sticks in either other position, the transmission will remain in that range and the
engine will stall as the vehicle slows down or will not start if this occurs when stopped.
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Vill. ESTIMATED TOTAL MANUFACTURING COSTS

A. Definition of the Cost Analysis

The EPA Contract Specification paragraph 6.5 requires an original equipment manufacturer (OEM)
cost estimate for the transmission in quantities of 100,000 and 1,000,000 per annum and a cost
comparison made with a “conventional” {unspecified) multi-speed automatic transmission with
torque converter.

The figures shown in the following cost analysis are for the ““total manufacturing cost” which can
be broadly defined as the cost of labor and materials, along with the operation and maintenance of
existing plant and tooling.

The price includes — cost of materials and purchased subcomponents, direct and indirect labor
(such as administration, supervision, production control, quality control, plant maintenance,
production engineering, etc.), and supplies and utilities for plant operation. Tooling and plant
amortization, and taxes for existing plant and equipment are also included. This price does not
include engineering and development, advertising, sales, distribution, interest or profit.

B. Costing Procedure

Although Sundstrand is not a supplier of transmissions to the automobile industry, large quantities
of transmissions for the trucking, farm equipment, construction and garden equipment industry
are produced. Personnel with cost estimating experience in the automotive automatic
transmission industry are available also.

This experience, coupled with cost data available from related product lines, is the basis for the
estimate of production rates of 1,000,000 per annum. Additionally, a “judgment factor’” was
applied to arrive at figures for 100,000 per annum production rates. This “judgment factor”
acounted for the degree of complexity, type of processing, and the degree of process simplification
possible with high volume production for each type of component within the transmission.

|rl {he area of the hydraulic units, Sundstrand produces approximately 30,000 units per annum of a
similar size and type as used in this study, and again “judgment factors” were applied to this cost
data to arrive at figures for the production rates required in this study.

Tfaction drive components were estimated by similarity to automotive parts as much as possible
with due consideration for the accurate form grinding required on the toroids and rollers.

All of. the above cost estimating assumed the use of highly automated machine tools and material
handling equipment used in very high volume production.
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3. Results of Cost Analysis

The cost for a typical three speed automatic transmission with torque converter was estimated on a
major subassembly basis, and is included for reference along with the hydromechanical and traction

transmission costs in Table Vill-1.

For a major component cost breakdown and comparison for the hydromechanical, traction, and a
“typical” 3 speed automatic transmission, see Table VIII-2.

Table VI11-1  Transmission Cost Comparison

Yearly Production Rate
100,000 1,000,000

Hydromechanical Tri-Mode $182 $122
Transmission

Traction Drive—Torgue $149 $105
Converter Transmission

*Typical”” 3 Speed Automatic - $ 89
Transmission
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Table VtI1-2  Transmission Manufacturing Cost Breakdown Comparison

“Typical” Tri-Mode Traction
3 Speed Hydro— Drive/
Automatic Mechanical Converter
$ $ $
PLANETARY GEAR SET 12.00 12.40 —_
SHAFTING 6.00 8.50 5.30
TRANSFER GEARS _ 11.20 9.50
(Includes synchronizer assembly for
traction transmission)
CLUTCHES 21.00 15.60 -
HYDRAULIC UNIT — 22.80 —_—
(Excludes Bearings, Shafts)
CONTROLS SYSTEM 7.00 7.00 6.50
(Valve Body, Charge Pump, Linkage)
HOUSINGS, BULKHEADS, COVERS 14.00 16.50 16.20
{includes sound isolators)
TORQUE CONVERTER 14.00 - 13.00
TRACTION DRIVE UNIT —_ — 30.20
{Excludes shaft, includes steering assembly)
ANTI-FRICTION BEARINGS 1.00 11.00 6.80
{Excludes planet bearings)
MISCELLANEOQUS 2.00 2.00 2.00
(Bolts, seals, gaskets, filter, etc.)
TRANSMISSION ASSEMBLY AND TEST 12.00 15.00 15.00
TOTAL (To Nearest Dollar) $89.00 $122.00 $105.00
{COSTSBASED ON 1 MILLION UNITSPER YEAR]}
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APPENDICES

APPENDIX I-1, I-2, I-3, I-4, I-5, I-6, I-7 and I-8;
referenced in Section I.

APPENDIX V-1, V-2, V-3, V=4, V-5 and V-6;
referenced in Section V.

APPENDIX VI-1, VI-2 and VI-3;
referenced in Section VI.

APPENDIX VII-1, VII-2, VII-3, VII-4, VII-5, VII-6(1)
and VII-6(2); referenced in Section VII,.

There are no appendices for Sections II, III, 1V,
VIII and IX.
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APPENDIX I-1 Attachment 1, Scope of Work, Contract 68-04-0034

Task 0 - Transaissicn Study for Turbine and Rankine Cvcle Za~ines

This task is genecrally similar to the effort in tasks 1, 2, 3, 4, S anad
is aa extension of tue study to cover transmissions, for the gas turbine
aad rankine cycle engines. TFor each engine the contractor shall assess
quantitatively the technical and economic feasibility of existing and
potential types of transmissions most suitable for the particular eangine.
Based on this study an optimun transmission for each engine shall be
reconncnded and thoroughly evaluated as outlined below:

6.1 - Reauirement

6.1.1 - The transmission systems considered shall be suitable for
application in a full size family car. The specificaticns
of this vehicle are given in an attachment to the original
statement of work entitled "vehicle design goals'". Venicle
weight for performance calculation shall be thae sacze as for
previous tasks.

6.1.2 - The transmission study for each of the two heat engines,
that is 1) gas turbine 2) rankine cycle, shall be based
on the engine characteristics and accessories requiracents
to be supplied by the project officer within one veek froa
the initiation of this study.

6.2 - Technical Teasibility Studv

The contractor shall conduct technical and econoaic feasibility
analysis of the various types of transmissicns for the two eagizes
specified in section 6.1.2. The transzission types for eaca eagine
considerad shall include existing and poteatial transamission such
as:

1. Mechanical
2. Hydrostatic
3. Combination of mechanical and hydrostatic

4, Hydrokinetic
5. Electrical
6. Traction

7. Belt Drive

EPA may propose specific transmissions for consideration in this study.
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The contractor shall provide, wien requested by the project
o:iiicer, but not earlier thzu 30 days froam the effective date of
the contract layout drawings of the transmission or parts of the
trzasmission, in order that independent checks of stress analysis,
nermal analysis and safety analysis can be made.

r

6.3 Parformance Analvsis

6.3.1. - Steady State Efficiency and Fuel Consumdtion

The contractor shall calculate and provide graohical plots
of steady state part load and full load efficiency oi the
two selccted transaissions for venicle speed rangin° froa
0 - 80 mph. (1/10, 1/4, 1/2 and 3/4 full loasd) . The
corresvonding plots of fuel consumptions shall also be
provided. This shall include plot of transmission
efficiency and fuel consumptions for cruise speed, on
level road, ranging from 0-80 mph with and without air
conditioning load.

6.3.2, - Drivin~ Cycle Tfficiency znd FTuel Consumstio

The coatractor shall calculate the average efficiency aad
the corresponding averaze fuel consumption for tne two
selected tranmsnissicns over the Federal driving cycle,
with a2nd without a2ir concditioning load. The detziled
procedure and methods for calculating above efficiencies
and fuel coasumptions saagll be included, in a separate
appendix attached to the final report.

6.6 Control Svsten Definition 2nd Analysis

Tha contractor shall conduct control systems analysis on the enti
trznsnission/engine/venicle system. Control systea acalysis s
include:

4 ]
3]
|
[aadlid]

a) a cursory stability analysis
b) safety zaunalysis

c) analysis of possible "pathological case" oparator
induced iastability.

table to the

y investizated by

rd A Rankine system
gocuntractor suan a 5 accessories
&3 a wnole uait Is adant o in the venicle. EPA will
provide necessarv informa a Zravton Cycle system . All cooling
svstems, control system, etc for the transmission shall match the overail
vehicle systen tnus avoiding unnecessary complications and duplicaticns of
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sub-systems. The contractor shall provide sufficiently detailed drawings
of the transmission control inputs, cooling system and accessories and
shall indicate how the total transmission with all its coatrol inmputs

and accessories fit the overall vehicle system.

Cost Analysis

6

.6

The coutractor snall perforn cost analysis of the various transuission
conceots. Thnz quzatity of transmissions in units per year to be
considered are 100,000 and 1,000,000. This snhall be original
equipmenat manuiacturer (OEY) cost. The reference transmission,
against which 211 cost and performance comparisons shall be made, is
the conventional multi-speed torque converter (Automatic')
transmissions.

The detailad procedure and method for cost estimate shall ba included
in a separate zppendix attached to the report.

Tracsmission Recommendation

A recommendation of am ontinmum transmission bpased on the system

cost and efficiency shall be made. This recommendation shall incluce
designs of the optimum transmission in such detail that accurate cost
estimates required in 6.5 above can be mzde. The recommendation shail
include heat engine optinum operational mode and comtrol.
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APPENDIX I-2

ENVIRONMENTAL PRATECTINNM

AGENCY

PROTOTYPE VE!{ICLE PERFNRMANCE SPECIFICATION

January 3, 1972

Division of Advanced Automotive
Power Systems Development

2929 Plymouth Road
Ann Arbor, Michigan 48105

Approved: d{rﬁ%/ “77 ﬂ}w

“Mr. Gebrge M. Thur
Chief, Power Systems Branch

! I/ :
Approved: 'j'(’[tyh s /,7 f"/-/

John J. Brogan
Director, Div. of Advanced Automotive Powe~ Systems Development
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ADVANCED AUTOMOTIVE POWER SYSTEMS (AAPS)

PROTOTYPE VEHICLE PERFORMANCE SPECIFICATION *

January 3, 1972

The AAPS Vehicle performance design specification presented below
is intended to provide:

A common objective for prospective contractors.
Criteria for evaluating proposals and selecting a contractor.

Criteria for evaluating competitive power systems for
entering first generation system hardware.

Advisory criteria to assist the contractor in such areas
as rolling resistance, vehicle air drag etc.

The derived criteria are based on typical characteristics of the

class of passenger automobiles with the largest market volume produced
in the U.S. during the model years 1969 and 1970. 1t is noted that
emissions, volume and most weight characteristics presented are maximum
values while the performance characteristics are intended as minimum
values. Contractors and prospective contractors who take exceptions
must justify these exceptions and relate these exceptions to the
technical goals presented herein,

*Supersedes "Vehicle Design Goals - Six Passenger Automobile"
(Revision C - May 28, 1971)
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INTRODUCT]OM

The design of an automobile from a total systems
standpoint could be expected to result in major benefits
in cost, safety, and performance. This specification

is intended as a step along that path, describing a
propulsion system that can be installed into engine
compartments as they now exist. Integration of the
vehicle accessories within the propulsion system are
highly desirable. Following the successful demonstration
of this development further optimization of the propulsion
system with the power train, suspension, and vehicle

styling would be possible.
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1.

VEHICLE WEIGHT WITHOUT PROPULSION SYSTEM - W,

Wo 1s the weight of the vehicle excluding the propulsion system.

This weight includes, but is not limited to the frame, body, glass,
trim, suspension, wheels (rims and tires), service brakes, seats,
upholstery, sound absorbing materials, insulation, dashboard
instruments, accessory ducting and wiring, accessories, and all other
components not included as part of the propulsion system.

Accessories are defined as driver assistance and passenger
convenlence components and subsystems not essential to propulsion
system operation. Included are power steering systems, power

brake systems and passenger compartment heating and air conditioning
systems.

Wo is fixed at 2700 1bs.

PROPULSTION SYSTEM WEIGHT - Wy

Wp includes the energy storage subsystem (including fuel, containment,
and supply and deliver ducting), power conversion subsystem (including
auxiliaries and control) and power transmitting subsystem (including
transmission and drive train to the driven wheels).

Auxiliaries are defined as components and subsystems essential to the
operation of the power conversion system. Included are electric power
generating subsystems, starting subsystems, exhaust subsystems, motors
fans, blowers, pumps, and fluids.

Lightweight propulsion system are highly desirable, however,
the maximum allowable propulsion system weight, Wppm, is 1500 1lbs.

VEHICLE CURB WEIGHT - W¢

Wc = WO + Wp .

The maximum allowable vehicle curb weight, Wcp, is 4200 1bs.
(2700 + 1500 max. = 4200).

VEHICLE TEST WEIGHT - Wg

We = We + 400 1lbs. Wy is the vehicle weight at which all accelerative maneuvers,
fuel economy and emissions are to be calculated. (Items 9c,llc,lld,lle,
11£, 12,13).

The maximum allowable test weight, Wen, is 4600 lbs. (2700 + 1500 max.
+ 400 = 4600).

Page 4 of 1l
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5. GROSS VEHICLE WEIGHT - Wg

W, = W. + 1100 1bs. W, is the gross vehicle weight at which sustained

B c ; b lculated. (Item 11f)
ve=locity capability at 5 percent and 30 % grades is to be calcu . .
The 1100 1bs. load simulates a full load of passengers and baggage.

The maximum allowable gross vehicle weight, Wgy, is 5300 lbs. (2700 +
1500 max. + 1100 = 5300).

6. PROPULSION SYSTEM VOLUME - Vp

Vp is the volume allotted for all items identified under item 2. The
propulsion system shall be packagable in such a way that the volume encrO?chment
on either the passenger or luggage compartment does not exceed the following:

a) The transmission tunnel may not be widened so as to decrease
the selected production vehicle clearance between the
accelerator pedal and the tunnel. The accelerator pedal may
not be relocated.

b) Intrusion of the tunnel into the passenger side of the vehicle
may be increased by a maximum of 1.5 inches.

¢) The tunnel height may be increased by a maximum of 2 inches
but without affecting the full fore and aft adjustment of the
front seat of the vehicle. The front seat may not be
raised.

The propulsion system shall not violate the vehicle ground clearance

lines as established by the manufacturer of the vehicle used for propulsion
system/vehicle packaging. Additionally, the propulsion system shall

not violate the space allocated for wheel jounce motions and vehicle

steering clearances. Necessary external appearance (styling) changes will be
minor in nature. The propulsion system shall also be packagable in such a
way that the handling characteristics of the vehicle are not degraded.

7. AIR DRAG

The product of the drag coefficient, C4, and the frontal area, Ag,

is to be used in air drag calculations. The product of C4Af has a
value of 12 ft“. The air density used in computations shall correspond
to the applicable ambient air temperature.

8. ROLLING RISISTANCE

Rolling resistance, R, is expressed in the equation
R = (W65 [ 1+ (1.4 x 10-3v) + (1.2 x 10-9V2)] 1bs. V is the
vehicle velocity in ft/sec. W is the vehicle weight in 1lbs.
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Page 100



9.

PROPULSION SYSTEM EMISSIONS

The vehicle 1s to be tested for emissions in accordance with the procedure
in the July 2, 1971 Federal Register and as further described in the Code of
Federal Regulations Title 40 Part 85 for model year 1976 light duty vehicles
(CFR 40-85). The vehicle test weight shall be W; and the accessory load as
defined in Section 1l4a. Ambient conditions are 14.7 psia and 85°9F.
Emission tests will be run with fuel specified in Section 10.

The Federal emissions standards are:

Hydrocarbons - 0.41 grams/mile maximum
Carbon Monoxide - 3.40 grams/mile maximum
Oxides of Nitrogen* - 0.40 grams/mile maximum

Prototype vehicles are to meet the following emissions goals to allow
for production tolerances and life degradation. Measurement of emissions
is to be taken after the system has operated for 100 hours.

Hydrocarbons - 0.20 grams/mile maximum
Carbon Monoxide - 1.70 grams/mile maximum
Oxides of Nitrogen* _ 0.20 grams/mile maximum

*Oxides of nitrogen are to be measured or computed as NO2

Production of smoke, odors, aldehydes, ammonia, particulates or other undesirable
emissions not now specified in the July 2, 1971 Federal Register are undesirable.

10. FUEL

Emission tests will use the fuel specified below, however, the power svstem
shall have the capability of meeting emission levels using commerciallv

available unleaded fuels.

Item ASTM Designation Specification
Octane, Research, min. D1656 91-93
Pb. (Organic), gm/U.S. gal D 525 < .02
Distillation range D 86 -
I.B.P., OF - 100-115
10 percent point,°F - 140-150
50 percent point,OF - 240-250
90 percent point,°F - 330-1340
E.P. ©9F (max) - 425
Sulfur, Wt. percent max. D1266 0.10
Phosphorous, theory - 0.0
R.V.P. 1b. D 323 5.5-7.5
Washed gum (max) mgm/gal D 381 4.0
Corrosion (not lower than) D 130 1B
Oxidation stability (not less than) D 525 240+
Hydrocarbon composition D1319 -
Olefins, percent, max. - 30
Aromatics, percent, max. - 40
Saturates - Remainder

For computation purposes the lower heating values of this fuel is to be assured as
18591 Btu/1lb. The cost to he assumed for svstem cost analvsis is §n.31/gallon.
An A.P.I. gravity of 56.0 is to be assumed in all calculatio. s.
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11. START UP, ACCELERATION, AND GRADE VELOCITY PERFORMANCE

Page 102

a.

Stare Up:

The vehicle must be capable of being tested in accordance with

the procedure outlined in the July 2, 1971 Federal Register without
special driver startup/warmup procedures. The accessory load shall
be as defined in Section 1l4b.

The maximum time from 'key on'" to reach 65 percent of full power

level 1s 45 sec. Ambient conditions are 14.7 psia 600F. The vehicle
is to be soaked at this temperature for a minimum of 12 hours prior

to initiation of start test.

Powerplant starting procedures in low ambient temperatures shall

be equivalent to or better than the typical automobile spark-ignition
engine. After a 24 hour soak at -209F and 14.7 psia the engine shall
achieve a self-sustaining idle condition without further driver input
within 25 seconds. WNo starting aids external to the normal

vehicle system shall be needed at or above - 209F,

Idle operation conditions:

The idle creep torque shall not result in level road operation of

the vehicle at a speed in excess of 18 mph in high gear, with the
entire propulsion system at steady state operating temperature and
ambient conditions of 14.7 psia and 859F. The accessory load shall be
as defined in Section lé4a.

Acceleration from a standing start:

The minimum distance to be covered in 10.0 sec. is 440 ft, The maximum
time to reach a velocity of 60 mph is 13.5 sec. Ambient conditions

are 14.7 psia, 850F. Vehicle weight is W, and accessory load as
defined in Section l4a. Acceleration is on zero grade and initiated
with the engine at the normal idle condition.

Acceleration in merging traffic:

The maximum time to accelerate from a constant velocitv of 25 mph
to a velocity of 70 mph is 15.0 sec. Ambient conditions are 14.7
psia, B859F. Vehicle weight is Wy and accessory load as defined in
Section l4a. Acceleration is on zero grade and time starts when
the accelerator pedal is depressed.
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e. Acceleration, DOT High Speed Pass Maneuver:

The maximum time and distance to go from an initial velocity

of 50 mph with the front of the automobile (18 foot length assumed)
100 feet behind the back of a 55 foot truck traveling at a constant
50 mph,to a position where the back of the automobile is 100 feet

in front of the front of the 55 foot truck,is 15 sec. and 1400 ft.
The entire maneuver takes place in a traffic lane adjacent to the
lane in which the truck is operated. Vehicle is accelerated

until the maneuver is completed or until a maximum speed of 80 mph

is attained, whichever occurs first. Vehicle acceleration ceases
when a speed of 80 mph is attained, the maneuver then being completed
at a constant 80 mph. (This does not imply a design requirement
limiting the maximum vehicle speed to 80 mph). Time starts when

the accelerator pedal is depressed. Ambient conditions are 14.7 psia,

850F. Vehicle weight is W, and accessory load as defined in Section l4a.
Acceleration is on zero grade.

f. Grade velocity:

The vehicle must be capable of starting from rest on a thirty
percent (30%) grade and ascending the grade at a minimum speed of
5 mph. The vehicle must be capable of this maneuver in both the
forward and reverse directions at a vehicle weight of Wg, with
the accessory load as defined in Section 1léa.

The minimum cruise velocity that can be continuously maintained on
a five percent (5%) grade shall be not less than 65 mph with a vehicle
weight of Wg and accessory load as defined in Section l4a.

The minimum cruise velocity that can be continuously maintained
on a zero percent (0%) grade shall be not less than 85 mph with a
vehicle weight of Wy and with the accessory load as defined in Item léa.

Ambient conditions for all grade specifications are 14.7 psia and
850F,

Performance degradation attributable to loss of powerplant efficiency
at extreme temperatures shall not exceed ten percent (10%) relative
to the performance values specified at 850F. This limitation applies
to ambient temperatures from -20°F to 105°F.

The wind velocity is to be less than 10 mph for all acceleration and
grade tests.
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12.

13.

Page 104

MINIMUM VEHICLE RANGE

Minimum vehicle range without refueling will be 200 miles (maximum fuel
capacity is 25 U.S. gallons). The minimum range shall be calculated for,
and applied to each of the following modes:

1. Cyclic mode is: The Federal driving cycle which is in accordance
with the July 2, 1971 Federal Register. The range
may be calculated for one cycle and ratioed to
200 miles.

2. Cruise mode is: A constant 70 mph cruise on a zero grade for
200 miles.

The vehicle weight for both modes shall be Wt initially and with accessory
power levels as specified in Section 14 . The ambient conditions shall be
a pressure of 14.7 psia, and a temperature of -20°F (air conditioner off)
and 105°F (air conditioner on).

FUEL CONSUMPTION

Using the fuel specified in Section 10,a "fuel economy' figure shall be
calculated based on 1) miles per gallon and 2) the number of Btu per mile
required to drive the vehicle through the following modes of operation:

Avg. Speed Hours % of Time

1) Federal Driving Cycle 19.84 1750 50

2) Simplified Surburban Route 30.00 1150 33
(equal times at constant
20,30 and 40 mph speeds).

3) Simplified Country Route 60.00 600 17
(equal times at constant
50,60 and 70 mph speeds).

Totals 30 3500 100

In all cases the system fuel coasumption shall be calculated for a vehicle

welght of Wy initiallv, and power levels as specified in item l4a. Ambient
conditions are 14.7 psia and 85°F.

It is desirable that the fuel consumption rate at idle operating
condition not exceed 7 lbs/hour.
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14. ACCESSORY POWER REQUIREMENTS

a. Accessory power requirements with the air conditioning in operation
are defined as 15 hp at maximum engine speed and 4 hp at engine idle speed,
with a linear relationship between these two points.

b. Accessory power requirements without the air conditioning in operation
are defined as 5 hp at maximum engine speed and 2 hp at engine idle speed,

with a linear relationship between these two points.

15. PROPULSION SYSTEM OPERATING TEMPERATURE AND PRESSURE RANGE

The propulsion system shali be operable within an expected ambient
temperature range of -400 to 1259F.

The propulsion system shall be operable within an expected environmental
pressure range of 9 psia to 15 psia.

16. PASSENGER COMFORT REQUIREMENTS

Heating and air conditioning of the passenger compartment shall be at a rate
equivalent to that provided in the present (1970) standard full size family car.

Present practice for maximum passenger compartment heating rate 1is
approximately 30,000 Btu/hr. For an air conditioning system at 1100F
ambient, 800F and 407% relative humidity air to the evaporator, the
rate is approximately 13,000 Btu/hr.

17. NOISE STANDARDS

a. Maximum noise test:*

The maximum noise generated by thea vehicle shall not exceed 77 dbA
when measured in accordance with SAE J986a. Note that the noise level
is 77 dbA whereas in the SAE J986 the level is 86 dbA.

b. Low speed noise test:*

The maximum noise generated by the vehicle shall not exceed 63 dbA
when measured in accordance with SAE J986a except that a constant
vehicle velocity of 30 mph is used on the pass-by.

c. Idle noise test:*

The maximum noise generated by the vehicle shall not exceed 62 dbA
when measured in accordance with SAE J986a except that the engine is
idling (clutch disengaged or in neutral gear) and the vehicle is
stationary. A 3600 survey shall be made, the microphone being 10 feet
from the vehicle perimeter.

The air conditioner will not be 1in operation during noise tests.
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18.

19.

20.

21.
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OPERATIONAL LIFE

The design lifetime of the propulsion system in normal operziion will
be 3500 hours minimum.

Termination of the operational life of an engine shall be deteryined
by structural or functional failure. Functional failure is defined as

power degradation exceeding 25 percent of maximum output of the rear wheels.

RELTABILITY AND MAINTAINABILITY

The reliability and maintainability of the vehicle shall equal or
exceed that of the spark-ignition automobile. The mean-time-between-
fatilure should be maximized to reduce the number of unscheduled service
trips. No failure modes shall present a serious safety hazard

during vehicle operation and servicing. Failure propagation should be
minimized. The power plant should be designed for ease of maintenance
and repairs to minimize costs, maintenance personnel education, and
downtime.

COST OF OWNERSHIP

The initial cost and net cost of ownership of the vehicle shall be
minimized for ten years and 105,000 miles of operation.

SAFETY STANDARDS

The vehicle shall comply with all Department of Transportation Federal

Motor Vehicle Safety Standards in force when the selected test vehicle
was manufactured.
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Section

9. EMISSIONS

11, PERFORMANCE

a.

Start Up

Idle

. Accel ( 0-60)

. Accel (25-70)

Accel (50-80)

. Grade (30%)

(5%)
(0%)

12. VEHICLE RANGE

13, FUEL CONSUM.

NOTES:

L0} abeg

*Minimum values
**Maximum values

TEST CONDITIONS
(ENGINE DYNAMOMET:R, CHASSIS DYNAMOMETER, ROAD)

Performance Requirements

HC 0.20 grams per mile**
Cco 1.70 grams per mile**
NO2 0.20 grams per mile*#

65%* power in 45 sec**
Driver Assistance 25 sec*¥*
Creep 18 mph**

13.5 sec** to 60 MPH
440 ft* in 10.0 sec.

15.0 sec** from 25 to 70 MPH

15.0 sec** and 1400 Fr**
From 50 to 80 MPH**

0 to 5 MPH*
65 MPl*
85 MPH*

200 MI*
1. During M
2. At 70 MPH

MPG During FDC
MPG at 20,30, and 40 MPH
MPG at 50,60, and 70 MPH

Emission tests will be run with fuel specified in
Road test wind conditions shall not exceed 10 MPH

TABLE I

Accessory Power Weight
l4a Wt
l4a Wt
l4a wt
14b We
14b We
143 Wt
14a Wt
l4a wt
l4a wt
l4a wt
l4a W
l4a W:
l4a W

14b and l4a wt
14b and l4a We
l4a A ¢ wt
l4a - W
l4a « We

Section 10.
in any direction.

Temperature
850F
85°F
859F

60°F
~200F
85°F

859F
85°F

850F
85°F
85°F

85°F
85°F

~20°F and 105°F
-20°F and 105°F

859F,
85°F
85°F

Pressure

14.7
14.7
14.7

14.7

14.7
14.7
14.7

14.7
14,7
14.7
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APPENDIX 1-4. RANKINE ENGINE DATA

To evaluate the performance characteristics of the EPA car with the Aerojet Rankine engine and an
infinitely variable transmission, it was necessary to define in detail the characteristics of the engine.

The optimum engine operating speed as a function of required engine power was determined, as
well as the specific fuel consumption characteristics.

From the engine performance map supplied by Aerojet and a knowledge of transmission
performance characteristics, it was possible to determine an engine operating speed curve as a
function of required engine power. The curve selected offers a good compromise in balancing the

engine efficiency and the transmission efficiency in the effort 1o maximize system efficiency (see
graph, Figure 1-4).

Specific fuel consumption data in pounds of fuel per horsepower hour as a function of engine
output power and vehicle velocity was supplied by Aerojet {see graph, Figure I-4A}.

Engine output power as used here means total engine output power, that is, input power to the
transmission plus vehicle accessory power.

The engine reduction gear mesh has already been accounted for in the specific fuel consumption
data.
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APPENDIX I-5. BRAYTON ENGINE DATA

To evaluate the performance characteristics of the EPA car with the AiResearch Brayton engine and
an infinitely variable transmission, it was necessary to define in detail the characteristics of the

engine. The optimum engine operating speed as a function of required engine power was
determined, as well as the specific fuel consumption characteristics.

Assumed engine data is based upon information supplied by AiResearch. Engine speed ranges from
60% speed at idle to 105% speed for short duration bursts at maximum power.

However, within the normal operating speed range of 60% to 100% speed, the highest continuous
permissible operating conditions of temperature and inlet guide vane position are 1700°F and 1.00
respectively.

From 0 to 15 HP, the minimum specific fuel consumption (min. SFC) is obtained at 60% speed.
Above 15 HP the min. SFC engine speed curve was assumed to coincide with the curve that defines
the 1700°F/1.00 curve mentioned above, since operating above that curve for any length of time is
detrimental to the life of the engine (see graph, Figure |-5).

When the power requirements exceed approximately 76 HP, engine speed is allowed to increase
above 100% speed for short periods of acceleration {see graph, Figure 1-5B).

Specific fuel consumption in pounds per horsepower hour was calculated from data supplied by
AiResearch (see graphs, Figure 1-5 A).

Engine power as used by Sundstrand implies total engine output power, that is, input power to the
transmission plus vehicle accessory power. Since AiResearch had assumed a constant 4 HP vehicle
accessory load, it was necessary to add 4 HP to all the data to find total engine power.

No engine reduction gear mesh had been assumed by AiResearch, therefore, it was necessary 10
include this power loss in the fuel consumption calculations.
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APPENDIX I-6. IDLE FUEL CONSUMPTION

idle fuel consumption has proven to be an important parameter in this study, since a good deal of
the duty cycle is at idle. It was calculated from the specific fuel consumption data presented in

Appendicies -4 and I-5. The formula for fuel consumption rate is: specific fuel consumption +
engine power.

LB
L8 _ HP-HR
HR HPg

Engine power is total output engine power, that is, it includes the power absorbed by the
transmission at engine idle, and vehicle accessory power.

25
- 2 .
T N
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et
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APPENDIX |-7 MAXIMUM TOTAL ENGINE POWER VS. VEHICLE SPEED

The engine data received from EPA indicated that the Aerojet Rankine cycle engine had a
maximum output power that increased with vehicle speed. This increase was due to the ram
air effect on condenser cooling. The Airesearch gas turbine has a maximum output power

which is not affected by vehicle speed. The power characteristics of the engine are shown in
Figure 1-7.
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APPENDIX |-8. VEHICLE ACCESSORY POWER REQUIREMENTS

The vehicle accessory power requirements are defined in the Prototype Vehicle Performance
Specification, Section 14, page 10, as follows:

Accessory Power Requirements

a. Accessory power requirements with the air conditioning in operation are defined as 15 HP at

maximum engine speed and 4 HP at engine idle speed, with a linear relationship between these two
points.

b. Accessory power requirements without the air conditioning in operation are defined as 5 HP at

maximum engine speed and 2 HP at engine idle speed, with a linear relationship between these two
points.

These accessory loads were based upon the operating speed range of a typical internal combustion
(1.C.) engine. {Operating speed range is the maximum engine speed divided by the engine idle
speed.) The operating speed range of a typical I.C. engine is 6:1.

However, the operating speed range of the Rankine and Brayton engines used in this study are
considerably narrower. {1.375:1 for the Rankine engine, and 1.750:1 for the Brayton engine.)

It was assumed that vehicle accessory loads, and therefore vehicle accessory speeds, would be the
same at engine idle regardliess of the type of engine that was used.

Then obviously at maximum engine speed, the vehicle accessory speeds and loads should be less
with an engine with a narrower speed range. Therefore, it seemed unreasonable to apply the same
maximum accessory power requirement to different engines with different speed ranges.

Consequently, with the agreement of the EPA, the accessory power requirement at maximum

engine speed was factored down linearly as a function of maximum engine speed ratio (see graph,
Figure
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APPENDIX V-5 HYDROMECHANICAL TRANSMISSION COMPONENT SIZING

sneeT__!_or 3
TRY\- MODE  HYDROMECHANICAL TRANSMISSION pate
- AEROJET RANWKINE ENGINE APPLICATION 8y
SCHEMATIC SUMMARY
i
MAX. TORQ.
Bsgssasg‘lze HNYDRAULIC uMNIT Qg’; ‘;‘?rQSB
5180 Qp,.,? (4'500 MAX, WORKING D.S.L) SPEED + 5180 RPM
] 25 TEETH
S1TEETH \/ F 7.3 D.P.
2.9 DP. _]23° MELIX
23°MEUX =
VAQWRLE FIXED 51 TEETH
DSPLACEMENT DISPLACEMENT
UMIT, 1.5 N} /REV, UNIT, 1.5 w3/ReEv 18 TEETH
MAYX. 1 2.5 D.P
° WELIX
R= 86 Teetr _1_23 -
s| = 32 " S.T.EE
- Sz =46 " —'L ¢ ™
13 TEETH 19.5 D.P. 23°MELIX
R MAX. TORQ, <—Z\Asc(>. TORQ.
MAX. TORQ. . ’ 117 FT. LB\ OO FT.LR
SRR
INPUT L= om"Pu‘!‘>
(opeen = R
\700 - I RPM
2340 RPM X s l ! L l g —LU (0-¥S MPH)
e e—— 2-.,:, }RD r
1 MobE MODE C%DECH
PLANETARY CuuTet CLUTCH ———
P CEAQSET

Page 131

J
Form G 7716




APPENDIX V.5 (continued)
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APPENDIX V-5 (continued)
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APPENDIX V-6 TRACTION DRIVE TRANSMISSION COMPONENT SIZING
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APPENDIX V-6 (continued)
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APPENDIX VI-1. HYDROMECHANICAL TRANSMISSION/COMPUTER PERFORMANCE
PROGRAM

The purpose of this program was to determine transmission and vehicle performance of a simulated
vehicle with a hydromechanical transmission for a given duty cycle. The program also computes
speeds, torques, horsepower, working pressure in the hydraulic units, power losses, and efficiency.

The required input parameters are listed below:

Vehicle parameters

Engine specification

Fuel consumption data
Accessory specification
Duty cycle definition
Planetary dimensions

Gear ratios and efficiency
Hydraulic unit displacement
Charge pump pressure range

The program is a discrete simulation which calculates the conditions necessary within the system to
obtain the desired response. For each duty cycle condition, the program calculates the required
data. The following paragraphs explain in detail how the program works.

For each incremental time interval the vehicle speed, acceleration, drag, and tractive effort are
defined by given input data or predetermined duty cycles available as subroutines. An initial
estimate of required engine speed is made, and a check is made to be sure that the estimate is
greater than the minimum possible engine speed for the vehicle speed in question.

Next, the speeds of the various components of the system are calculated. Since the transmission is a
multi-mode transmission, a check is made to determine which mode is correct for the calculated
speed conditions.

After the speeds have been determined, the torques and horsepower in the various transmission
elements are calculated. Horsepower loss in the hydraulic units is calculated by a separate
subroutine. Torque and horsepower are found by a trial and error procedure. A working pressure
{which controls system torque) is assumed and hydraulic unit losses are calculated. Then the
equations of dynamic equilibrium are solved to find the unknown torques in the system. The
working pressure is then recaiculated. If the recaiculated working pressure differs by more than 10
psi from the assumed working pressure, the assumed working pressure is modified, and the whole
process is repeated until it iterates to a solution.

The horsepower flow in the elements of the transmission are found from the torques and speeds
determined above.

Then the other power losses that occur in the transmission are calculated. These losses inciude:
charge pump power requirements, planetary gearset losses, transfer gear losses, and open clutch
power loss.
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The total power loss, the total power required from the engine to the transmission, and the
transmission efficiency are calculated. The total engine power includes the vehicle accessory power
requirements.

The calculated engine speed is compared with the engine speed that would yield the minimum
specific fuel consumption for the required power level. If the engine speeds do not correlate within
one percent, a new engine speed is assumed, and the process is repeated until it iterates to a
solution.

When a solution is achieved at minimum specific fuel consumption, engine speed, fuel consumption
and energy efficiency are calculated. Then the calculated output is printed, and the program goes on
to the next condition of the duty cycle.

When the driving cycle is completed, a summary of fuel consumption, energy efficiency, average
power requirements, distance, and time is printed.

A typical readout is included as part of this appendix. The example presented here is of the EPA car
at test weight. The engine is the Aerojet prototype configuration Rankine engine. The assumed
vehicle accessory load includes the air conditioner, but the accessory load at maximum engine speed
was scaled down as a function of maximum engine speed ratio because of the narrow operating
speed range of the engine (see Appendix 1-8).

The transmission featured in this computer run was the Sundstrand Tri-Mode hydromechanical
transmission.

The duty cycle assumed was the complete Combined Driving Cycle, which includes the Federal
Driving Cycle, the Simplified Suburban Route, and the Simplified Country Route.

The readout includes the input parameters for each driving cycle, the output parameters for each
driving cycle condition, and a summary of the resuits of each of the driving cycles. (Only the first
127 seconds and the last 135 seconds of the Federal Driving Cycle are shown here.) Also included at
the end of the readout is a summary of the combined duty cycle.
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APPENDIX VI -1 COMPUTER RUN - INPUT PARAMETERS
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APPENDIX VI -1 COMPUTER RUN ‘analysis)

“N PEGFCUWMANCE ANALYSTS
,'.ygégnrs‘wlcu TOANSMISSION

sgsl ECONOMY / TP
FOR A VEHICLE wiT

#=17-72 PUN 1.03 EP& TURBINF CAP FENZAL DRIVIAG CYCLE
AERNJET PANK INF ENGINE 18T 8/1,% [N, LTG

b

PERFOAMAMCE SIMMARY (MI' (€ PR AALEON | #1{F 8 o “FCOANS

€ry
b §NR ISl DA UIA) £t T ONG 3,185 5,9TaME, AS2,S
ADd Ina AL noR TICLEP LAY Re) conpiTions  Biziy {oLarse sisiseed

MPG OIVERALL FNP ALL CONDITIONS 3326 § T.649M1, 1367,SECH
ENGINE DR IVING MODE

T Wk ~T0-RNAD ENFAGY, MHP, S 11541,0%

TOTAL ‘ERGIRE EneRcy SRR ET Lupa sec 19214.43

AVC. WHEELS TN ROAD WP 11.59

Avis wREShE 15 TTNCLSccess 22.5%

TRANSMISSION ENERGY EFFICTENCY 78.20%
ENGINE COASTING MNDE

TOTAM. ROAO-TO-wHEELS ENERGY,HP, SEC -3774,99

VG, RDAC-TO-WHEELS WP -7.33

FUEL ECONINY /7 wmsnss‘fw DEOFNOPANCE ANA
FOR A VENICLE \vl!?u A& HYNQ F“ECMANICAL TRANS Y

B-17=-72 PN 1.02 EPA TURSINE CAR  SIPFLIFIED SUBUREAN BCUTE
AERDJYET RANK INE ENGINE THT w/1,5 IN. LOG

INPUT PARAMETERS

S e e e e

NONNGR AP
NQMOGR AP K
NOMACO A0 K
NEMAX/N"ua
LA/FR AT

ENGINE SPEEN /7 ENGINEG LINM SOFED, L cnoncnnsooeneefla
V=INT SPEEn 7 V-tINIT LI'C SPEENcecenesvsccsas 2
MOQE 3 F=U%IT SOFFN f &°AF 3 Py ™ (1Ae SEfen
MNOF 2 F-Ur [T COEEr /7 v 2 2 Fan T LINX

MOAOF | F~0NIT SPFED /7 MODE 1 F=(~{7T I8k S

TRANS CUTBUT LINX $2EEN 7 T24NS FUTPUT SPEED..

TRANS OQUTPUTY SPEED / AXLE SPCEDeavecccscsos

FYD UNIT DIRPLACENENT ceanenane

WHESL DIAMETEC s uvesenoves

GEAR MESH EFF 17 TE%( Y. enges

MONE 2 PLANETARY €a22(F2

MONF PLAMETARY (AR fE0

MAX VUM CLUTCH LMES RAGSEDNWER,

MINFUUM CHAIGE PLYD PQ‘S‘L-‘!E...-.................-“"u 63,000
MAX{MUM CHARGE PUMP PRESSUEEssveeoservovcenannssseflXas 250,020

FUEL ECONTIMY / TOANTM[CCINN PEQFEFCRWANCE ANALYS[S
FOR A VENICLE WITH & MYORNPFCHANICAL TRAASHISSICN

8-17~72 AUN 1,02 EPA TURBINE CAR SIMFLIFIED SJUBURBAN RQUTE
AEROJET RANK INE ENGINE TMT w/1.S5 IN. LCG

OUTPUT PARBYETERC

_venlcLe ENGINE TIANSUISSTON ACAQ FUEL
SBEEC nccn TIeE TIMET 0IST T $PEED ACCFS 1"'AL TaTaL SOEEN FELTA TCTaL  CRsG TRaCT  Lar ez e Teen
F/S/S_INC_Cnv TEY Qow SLeT waric erEs” err Crac Tiac el RS o
9:0 909 2534 753.4 ,1fe 15CCC. 8000 10.8 2.4 0.308 406, 70.7 3 0, :
19:80 820 %39:6 4538 pfdet I5EEe 409 1% kb 9.8 e: 1 105 1ass &:3§3 1A .35 128
40.0 0.0 2994 #99.3 39%26. L7976, 4227 2203 6.5 0.548 3395 o5 126% 128. 0:8%% 19519 13.09 ii.23
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APPENDIX VI-1 COMPUTER RUN (analysis)

FUFL ECONDMY 7 TPANSMISSICN PEPEMDMANCFE ANALYS [§
FOR A VEWMICLE WITH A MYIREWFCHANICAL TRANSMISSICN

i e = e - — e

8-17-72 RUN 1,02 EPA TURBINE CAR SIPFLIFIED SURAURBAN RAOUTE
AERDJET RANKINE €NGINE THT w/1,5 IN. LOG

'('fnvnnNCE SUMMARY (MILFS PER RALLON , MILES SECCANS
PC F LL *HDO L ENGINE DRIVING) .‘)'\Ol'lé\ﬁ 12,228 | 7.486M1, 898,S5EC)
PPG FOR ALL =HPO (VEMICLE CNASTING) CONDITICNS 0.0 t 0.0 M1, 0.5€C)
#PG OVERALL FOR ALL CCNDITIONS 12,228 § T.486M1, B898.5€6C)
ENGINE OP IVING ™OOE
QTAM. WHEEL S=TO-QNAD ENFARY 787%5.40
TOT‘L ENGINE ENERGY {INCL. AeCESS ) 4HP, SEC 15163.49%
AVCe WHEELS TO RNAD WP .77
AVCe ENGINE +P (INCL,ACCESS) 16.88
TRANSMISSION ENERGY EFFICIENCY T2.424
ENGINE COASTING MOCE
TOTYAL ROAD-TO-WHCELS ENERGY,MP,SEC 0.0
WGe ROAC~-TO-WHEEL S WP 0.0
FUEL ECONOMY / TRANSMISSINN PERFORMANCE ANALYSIS
FOR A VEHICLE WITH A HYDROMECHANICAL TRANSMISSICA
8-17-72 RUN 1,02 EPA TURBINE CAP SIMFLIFIEC CCUNTRY RCUTE
AEROJET RANK INE ENGINE THT wW/1.5 IN. LCG
"INPUT PARAMETERS
VEHICLE WEINHT (LR) couesoeavsncecnssoscssasasansccasWTa 4600,000
WREEL [NEQTIA (FT=(3-SEC2lacvovcscaasn eeonla 11,200
FOCNTAL af FTllaeone 27.000
CNEFF 0OF MP8G.,. 0,600
FUFL LascaL) £,290
ENGIN cesoen 3,)00
DUTY E. 1.000
oure . 2.000
NOMO 100
300
cgo0
a2l
coo
000
4164 10,%ESHY
2157 12.,49¢5k)
2000 (3,95 k)
20720 (3.4%5m)
IRAT (2,%ESK)
£300 10.4esSm)
5000 1Q0,950EFF}
1.5C0
26,400
0.03%
%.300
1.97°6G
1.530
£0.0C0
50.000
[ NANIMY 7 TEANSMITEINN PERFORVANCE ANALYSIS
FnsLlFSENI(lE WiTH A MVﬁanrquNchL YﬂANS?IS§l:!
8-17-72 QUN 1,02 EP& TURBINE CAR SIFFLIFIED CCUNTRY RCUTE
AEROJET RANK INE ENGINE TMT /1.5 INe. LCG
OUTPUT PARAMETERS
VEMICLE ENGINE Y‘UNS"!SS!ON __'ic_)_u_:__
SPreo e TIT e TIeE T TTRISY ";;" ‘ccg;-;:;;L-;CTAL SPIFD FeLTA TPTAL  CRAG TRACT
S0 a5y TINE THE YT B wB __FT-LE RATIC eoks_ EEF LB LB
] LYy
0.0 0.0 154.5 14,2 11‘.7, 16262, 4,45 29.% Pl 0,439 460, 84.9 166. 16 .
Se 562+ 4eth3 39,7 10, 0.720 3399, 91,7 191. 1.
5.0 9:0 1368 ald:d 4ilds 8938%: %3 ssie 13:8  2:733 51 sl 233l il
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APPENDIX VI -1 COMPUTER RUN (analysis)

[ PNAINY 7/ TEANSMISSICN PEPFNRMANCE ANALV
‘8§LlngRICLE WlTH A HYDFNNECHANICAL TRAASH

- - - = — ———— -

8-17-72 RUN 1,03 EPA TURRINE CAR STPPLIFIED CCUNTRY ROUTE

S1s
SSICN

AERNJEY RANK INE ENGINE TMT W/1.5 IN. LCG
PER I, Ak ] ot S SECCADS
""S“";“‘SEAEB"'.'QE»J ::l}ﬁe En v?hk *eannl T18NS 124306 0 T.811M1, 469.255:
MPG FOR ALL =-HPO (VEHICLE COASTING) CCNDITICNS 0.0 0.0 ™I, O.
MPG OVERALL Fne ALL CONOLITIONS 12,306 ¢ T.81IM1, 468.5EC)
ENGINE DRIVING MOCE
TOTAL WHEEL S=TO-ROAND ENERGY o SE 14815,57
TOTAL ENCINE ENERGY ((NCL.A(!C $Se .N“-SEC 19546.58
AVC, WHFFLS TO #NAD HP 31.61
AVE: ENGINE 15 TINCL-ACCESS) al.70
TRANSH ISSION ENERGY EFFICLENCY 89,735
ENCINE COASTING MODE
TOTAL ROAD-TO-WHEELS ENERGYMHP, SEC 0.0
AVC. ROAC~TO=-WMEEL S WP 0.0
ECONDMY / TRANSMISSICN PEPFMAVANCE ANALYS!S
FOR A VEMICLE wiTH A uvnnovrcmncu TRANSPISST c

CCMB INED FEDRAL DRIVING CYCLE,SIMPLIFIED SUBUPBAN CYCLE.ANC SIMPLIFIEC CQUNTRY CYCLE
PEﬁFO’NANCE SyMmany {MILES PER GALLON "IL‘S"‘ SECCACS

ALL PO CENAINE DRIVING) NS 10,861 ( 21.276M1, 2219,.SEC)
FPC FDH ALI. =~HPC {VEHJCLE COASTING) CONDK TICNS 8.213 1 1.473M1, 515.S5EC)
MPG OVERALL FMR ALL CONOTTICNS 10.621 ( 22.746M1, 2734,SEC)
ENGINE DRIVING MODE
JOTM WHFELS-TN-RNAD ENERGY,HP, SEC 34271.98
TOTAL ENGINE ENERGY [ INCLLACCESS, i mP, SEC $3924.47
lV(- MEEELS TO ROAD 15.44
AVG. ENGINE +P (INCL. ACCESSI 264.30
TANSH ISSION ENERGY EFFICIENCY 81.227
ENGINE COASTING MNTE
TOTAL ROAD-TO-WHEELS ENERGY,MP, SEC =3774,99
Gs ROAC-TO-WHEEL S WP =T.33
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APPENDIX VI -2

ZB32 ~ VEHICLE PERFORMANCE PROGRAM,
TORQUE CONVERTER AND TRACTION
DRIVE TRANSMISSIONS

Program Language: Fortran IV

Purpose: To determine vehicle performance (including fuel
conqumption) for any given vehicle with a traction drive-torque
converter, or automatic shifting gearbox-torque converter type
transmission and with any given engine for (I) any given vehicle
output specified driving cyle, or (II) a standing start acceleration
run under the application of the glven englne output.

Required Input

Environment parameters: Air temperature, road grade

Vehicle parameters: Weight, drive wheel radius, and total
wheel inertia, frontal area and aerodynamic drag factor.
(Rolling resistance factors built into program)

Engine parameters: Engine HP versus specific fuel consump-
tion map, desired engine speed versus engine HP operating
curve, maximum engine speed, torque and power, "closed
throttle" fuel consumption at idle and some other engine
speed, fuel density, engine speed versus vehicle accessory
HP curve, and engine 1inertia.

Transmission parameters: Transmission and drive line gear
ratios and efficiencies, traction drive unit ratio range,
reference torque converter characteristics, and required
torque converter diameter. (Traction drive effilciency
computed in a separate sub-routine)

Driving cycle: Federal driving cycle, simplified suburban
and country routes specified in separate sub-routines.
Output conditions can also be specified point by point on
punched cards in terms of vehicle speed, acceleration and
and time increment, or in terms of required tractive effort,
speed, and time lncrement.
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Driving cycle: (continued)

If the output performance conditions are not specified,

then they will be computed for the case of a vehicle starting
from rest under the application of (I) the given englne
speed-torque curve in the case of a fixed ratio-torque converter
transmission or (II) the given engine at its maximum power

point for a traction drive-converter transmission.

Computed Output

The program initially prints out some transmission limiting
parameters. Such as conditions at the maximum power stall
point, maximum creep speed, and some maximum system speeds.

The program then takes the vehicle through each point in the
requested driving cycle, printing out various speed, torques,
ratios, powers etc. in the engine-drive line system, as well
as speed, time, distance and instantaneous and cumulative fuel
consumption. At completion, a summary for the course, and

the sections within the course are printed out.

Operation

Following 1s a brief general description of how the program
operates.

From the given vehicle speed and acceleration (or tractive
effort) for each given driving cycle point, the program
calculates the required driveline speeds and torques from the
road wheels to the torque converter output shaft. Knowing
the torque converter size and characteristics, the torque
converter input speed and torque can be calculated,and thus,
the output conditons at the traction drive unit.

The engine speed is determlned by the power required to satisfy
the particular duty cycle point and the given engine power
versus englne speed operating curve. Thus, the speed to the
traction drive input can be determined. The required
Instantaneous traction drive ratio is then determined from

the required input and output speeds.
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Operation: (continued)

This ratlo must be within the ratio range specified as input
data. If this range 1is exceeded, the unit will go to its
maximum ratio and the engine will be run at some speed off

its required operating line. (Part of the system optimization
is to choose a ratla range that coincides very closely with
that required by all the vehicle performance limits.)

The traction drive efficiency 1s calculated as a function of
the traction drive input torque, which means the input speed
must be determined by an iterative process of first assuming
an efficlency, calculating the required engine power, and
traction drive input conditions and then actual efficilency.
This 1s repeated until the actual and assumed efficiencies
are sufficiently close to each other.

Instantaneous fuel consumption is computed for each point
from the calculated engine power and speed and the given
specific fuel consumption map.

Time, distance, fuel consumption and energy are accumulated
through the duty cycle for the completed driving cycle
performance summary printout.

If a duty cycle 1s not given, the problem 1s worked in reverse,
that is,instead of calculating the required engine and
transmission conditions to glve the specified vehicle speed
and acceleration, the speed and acceleration will be computed
with the specified engine output.

Sample Output

Following is a sample printout of the program, giving the
first 69 seconds, and the last 33 seconds of the Federal
Driving Cycle, the Simplified Suburban and Country Routes,
and the resultant combined course summary fo; the traction
drive-torque converter transmission and Aerojet Rankine cycle
engine.
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APPENDIX VI -2 FIRST 69 SECONDS COMPUTER RUN

bEATCER2IR: 3R ASDE VEETSGE YLD COUPLING STZING ANC PERFUANANCE aNAWYSIE o) ¢

VIHICLE . ese..ECA TURAINT CAx S qqx‘eo DUTY CYCLE
NGl ~c . CSAERIAET Ra“I¥ N ME
ﬂ\~5ﬁl§\lbﬂ..¥a;‘1||u Nefve /r)n gE CONVLRIER
COANVERTER. ..o F 2D 3,01 S, T

VEHICLE TAXE . OVER EPA (IOMPNUND RRIVING CYCLE
OlAMETER OF CONVERTER/COUPLING T2 BE SCALED evecossevncne 6.12 INS.

VEMICLE WEIGHT s i iiiuencreacvsnancsaancanncsssasssesconcss 4600,
DRIVE WHEEL RADIUS,FT,..uuenereocsnsonossencosnccsassvsaces 1,100
FOTAL WHEEL INERTIA,SLUG-FTafT, . ueaserssrvosonosavessess 11,20
FRONTAL AREA,SQ.FT., . 20.00
AR TEFP LDEC.F.ooienenns . 85.0
AERQDYHAMIC DRAG FACTNR,.ossescosssesssocanssessnssecssces 0,600
ROAD GRADEIPLRCENT ., .. vacevasonsossseconsotascrssnstoscsae 0.0
MeloT. ROLLING RESISTANCE FORMULAE USED

LUED COUPLING STZING ALD PtGFORMANCE ANALvs‘g
------------------------------------- RevIiSion F
Elg;“nl EC DUTY CYCLE
/T KIVE CONVERTER
i
ENCINE RPM
16000,18064,20719.22000.
ACCESSLRY HP
«00 4,23 4.55 4,42
FU MAP FDR GINE 1N
ENEZWL 10LE BSLE Y
o] FufrL Pnrs,(a/uq.
EthﬂE ;PELJ N2,RPM
VEL RATE AT NZ,LB/mn
FUEL DENSITY,LB/GAL,..us
TRLCTICH, DRIYE PATIN iNut.
HAY JEnGIVE T #QuEsFT L FL,
MAY FNGLCLE H'..............
MAXTERGINE R il 220000
GEAR RATIOS )il sRO2 95397 Cb quennnness 2.750 1.8CH 14090 12,780
EFFICIELCIES FUL,EC2,E(3,E04 uunnnsss 1,000 1.00U 04985 0.950
DESIREL ENGI-E HP=-SPLED UPEKATION
ENGINE HP -
[ le. 20, 2%. 30. «0, 50. 85, 80, 85. 70. 71,

ENGINE RP .
16000, 16000, 16930, 17670, 18570. 19400. 20740, 21530, 21790, 21930, 21990, 22000. 22000.

12 00 1, RFFFRENCF COHVERTER/CIUPLING waAS GIVFN &S [#PUT DATA

SPEED uiTl
.2 N.'00 0.200 UV.32) o.hog 0.4%0 C. 500 (eS55) 0,600 0.450 0,700 0.7%0
0.800 V,n50 2,860 0.500 3.920 0.70 0,95 0.960 0,970 0.980 0.970 0.492
TURCUE RATI( s 70 3
QLU 2,679 2,300 2,019 1.300 ].690 J.50C 1.500 1.3 37%) 1.200 }.)e0
?.838 1,000 l.ﬂ‘ﬂ l.bu) *.000 l.owo JOLO {.000 t,0n0 t.t*% !.000 }.&60
CAPACITY FACTIRen
96, Ipd, HETEN 172 167, &65. 164, 565- 167. 169%. 172. 176,
83, 196, <cuv. Zdlw. 225. 50, 278, 204 400. AGH, 2000, 4000,
o.lz THCH CONLERTER/CIUPLING SCALED FRUM 12.00 INCH REFERECE UNIT
SPEED RAY]U o 2 .0.31) 0,800 0,65 Q.50 0,559 0,6C0 0,6%0 G.700 0./ SC
Q.03 .3 . . T Q. . L 6C . . o
'0 330 05;50 0.40) U990 0,920 V,9eC 0,95 0,560 0.970 0.880 N.930 0,592
UxQUE RATIA
3 000 2.5 Y 2.010 1.800 1,690 1.560 1,500 1,370 1,270 1,200 1,120
030 1.000 1,000 1,000 1,900 1,600 1,000 1envd 1,000 1,000 {,000 1,100
cAéAc[rv £ACTNR, - e o
1 « JO09, vo0. 23, 9T« RRB. LN (R0, 897, 90&, 923, 948,
33?. logs. 1o/, llgz. lz?l. 1340, 1097, 1725, 2153, 6;x7.107o7.21536.
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APPENDIX VI -2 FIRST 69 SECONDS OF COMPUTER RUN (continued)
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APPENDIX VI -2 FIRST 69 SECONDS OF COMPUTER RUN (continued)

YEMICLE
<0
25.3v

SET3

~Ny
~o
~ry
DA
Qew

L0

170,

7%
“.09

0,746
32,004

[

3 WDSIRIND
Sacir a3l nowton

3esom ot

Sundstrand Aviation

32
Yoh
4.0

37
.n

19772,
162130,
16U,
16020,
163.0.
16890

16133,
173164,
16177,
19019,
*10i5.
20419,

202.
267,
331.
391.
418,
4567,
‘31t
33s,
R58.
583,
611,
842,

.32
.00

1.20

34

39,09
.20
1,00

as.00

Page 152

3143
%80
283
2.1s



APPENDIX VI -2 FIRST 69 SECONDS OF COMPUTER RUN (continued)
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APPENDIX VI -2

VEMICLE ENSIHE
SPEED Tis. DIST iPM TGYAL YnTAL
»Pn | £ 1 H?
ACCEL Tper - ALCES ACcES
F/S7> Cu
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APPENDIX VI-2 SIMPLIFIED SUBURBAN ROUTE,

VEHICLE
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€21
oyl 1Se,
8.6 2577,
7,0 156
0.8" 2734

4
3 30312,
4

164060,

OR  ~N AN U

—. T

120099.

ll30 <832, TURCUE COIVEPTER - ‘LLID COUPLILG

SIMPLIFIED COUNTRY ROUTE,

SUMMARY OF COMBINED DUTY CYCLE

vcx:!

RPN JTEL TOYAL

3 FTL~

ACCES AC(ES

Ffiy

16000 12 .

4.0 1.3

16974, 17 3

6.2 1.3

1¢328. 23 6

4t 1.3

157 2. 3t ¥

LI 1.2

21031, 43 1]
4.7 1.2 1

2185%. 57 13
4,8 1.2 1

fOHvERTER
A6 SPEED ETIA
I'« «aT]0 i
LCL IS 1] EFF
SuT RaTIO
& 1507 0.93 7.9
3 3253 1.00 0.9
Q0 S096 0,94 9.5
1 4819 1,0J 0.96
15.1 6127 0,97 1l.0
C.ib 6506 1.G2 0.9
20.1 4374 3,97 14.3
U.s3 132 1,00 0.97
26,3 17018 0,97 17.¢
C.7 9759 LIG0 0.9
34,5 11665 f.u8 21.+
C.%1 11335 1,00 0.9%

;*QILED DUTY CYCLE
X UE CONVERTER

FECE~AL ORIVING CYCLE
TIMF,SEC 367.2990n0
SiLes ! 67.44223
GorpLadng Q.97335
“ G 7.65
SIHPLIFIED SuBURAAN RYUTE
TIYE,SCC ene,
s B RS
5;§LUHS G.93591
nG 11.77
SI~PLIYIED CaURTRY R JIE
I“f:SEC 4638,51394
To31i5)
6 LLu'S Cat:ni2¢
11.73
RESULTANT COWPCUND DAINVIG CrCLE
INTAL 4PEC1LS TO €75, 0 ENETSY, M, $E 399,
Tatee B OGN EIVR:I !1~:L.A5cr$2.§;hP.SEc 2:.3l.£$
3.5, SHFF{S=Tnogp", - 15,25
A70. TRULLISE HD (;.f;.i(CfLS) Zo.12
T2A? S1SSIUN ErHERGY CFFICIEYCY G.738
TivEsSEC 2734.937709
LU 2274409
7;5&,.5 €.lp6d
M 10.0)
SCaL: FACTOR FUR 350 rRS, vuMICLE LIFE = 460,02
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APPENDIX VI-3. VEICLE PERFORMANCE WITH A TYPICAL 3 SPEED AUTOMATIC
TRANSMISSION

Vehicle performance was computed for the vehicle specified in the “Prototype Vehicle Performance
Specification” (Apendix 1) using data for a typical 350 cubic inch displacement internal

combustion engine and a typical 3 speed automatic transmission supplied by EPA under Phase | of
this contract.

A. Applicabie Data
1)  Engine power and SFC curve (Figure Vi-3A).

2) Vehicle drag and resistance fortes (see “Prototype Vehicle Performance Specification,”
Appendix |.

3) Remaining transmission and vehicle data, see Figures VI-3B and Figure VI-3C.

4) ‘“Typical” 3-speed automatic transmission, vehicle vs. transmission efficiency curves, see
Figures VI-3D and VI-3E.
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Appendix VI-3 Figure V1-3B

0=P22,TPFECUE COMYILTEr 2y 1IN COUPLING ST ZING AND FEOCOARMANCE ANALYSISC
e o r Akt Ve ey rqutD CTUZLING SIZING ARD FEoCmavauce AuALY e tion «
VE”'(LCOQOO-ooFlLL ST777 (AR (20 EPY)
INGINE ygeeoeee 280 CHje ™™ VE (2ZR €0A) (ATR CONSITICNSE 74)
o ew IEATCIIT2T0REES LTt T (2.5 18T,1.8 2N (PEE <oa)
((‘NVEDT“’--...l‘.." IS FJTA ,2.,0 STE (DPER =Dy}

ENGINF cpr
°0C. 600, 24%(C. 20C.

ACCECS P Y WP
4,00 ¢47C 440 1C.*0

FUE‘ MAP FOR -:“rl.: M eevecsesncveccesscesscsasssonrscscsssnsse l
F'G]'\F [nLF quanFJ"n.o-.ooocoo-o-co--.-.'ooo-.ooooo'.-- a30,0
lrlF FHTL pc‘-\T“Z'LQ/}‘Qoo.-..oo-ouocco‘-..o.-o.o-‘ooooooo¢'¢ £e030
F"GI“E SoE"D Nz’;pV"C..O......'.t‘lo...‘.h..OIO.‘.I‘..O. 4200.0
FUCL PaATE AT "lZ'LR/“qooo-o-oo.oocoo-ooouooooo-n-cooo-oaoo ©L.000
FUEL DENSITY'LGIGAL'.'.C...O.'...O.ll..."..."..‘....". he28
SHFT PNINT PATS
NO OF SEIFT DAINTC, (i eessrossssscnse 2
CI"AH "’D AT r\LLT"A'T Furcvovocoooooooo 12"-'«7
MIN G SHIFT PCINT SFEENS MM, q000cee 5a0 ]15.0
DETEMT SHIFT 20 INT SPECNS, “PHeveesnse 3,0 £5,1
MAX SHI:T pnI.IT S"’::Dc............. :‘noq 75.0
11 TE M, PEFFEENCS CONVERTERZCCUPLING WAS GTVEN AS TAPHT TATA
SPEEN QAT
o C Ce?CC C.4CC F£o%2C 2,300 0,300 N.925 0.550 7,575 0,698 0,6¢0
TAROQOUT FaTi"
2.00C 1,F2C 1.40CC 14370 1,120 1,000 1,000 1.6C0 1.00C 1.000 1.000
CAPACITY FAC 707 4K
106. 112, 120. 13L. 151, 171, 193, 222. 343, 3°0. %22.

Page 159

Jmwen of Sunastrana Corparation

Sundstrand Aviation f\
J:



Appendix VI-3 Figure VI-3C

1120=-R22,TOLOE COMYFERTFDC| UI> CruPLIM ST7TNS AND PZRECEVANCF ENE [;!
VEFICLE PEREPEMANICT  yED €[ el e emcemm e e m s — === —— Iz
VFRICL FavonsseflLL ST77F (1% (25R CO02y

FRGINE yeoeeneef CHl,[Y Vs (D=3 EPAY (216 COMDITICATR CY)

TRAP SMISKTION . .3 SPEST U TIrYATIC (2,7 'ST,1.5 2AD) (PER ZPA)

COMNVERTED (heeeli o™ [°S LA ,2,0 STR (PEF £DA)

\ E ' - = c p D DRiIVING
VEHICLE ACCELFRETIMN PRRFMPMANCE Aﬁ%LEPAP;EEJExx“NCE'

A,LE QATI”.Q..Q'...oc.lo'o.o.'ooo--oo.c.oo.no..-'. LI B B N 4 20730

AXLE EFFICIEMC Yeouoooneooonssscocrnsnccsnsesnvesonsssscas (o750
VEFICLE WEIGHT genecccccvesessscsscaccscscecsscsssassnanssee ~£ED00
DFTVE WHEFL RAFIUS)IFTeaeevonconsccosrscscsccesososssscanscss 10100
TCTEL WHFEL INFRTI2 4 LUC—FT=F Teoooaecevrocasvccnscsacsssces 11,20
FEOMTAM A%[A) SO aF T eveeeasososssssssssssscnssssncssssnsncse 27.00

Aln TFup.'OF:.F....-.‘................................... q5.0
‘AFR(‘”YNAMIC DRACI FACTr‘QI000.'.......0.0..0-.10.0....-..0. OOAnO
pnAc GQADE'DCRCEA!T...................................‘... 0.0

FLETID ENCoSPTEC/THANSGTINPUT SPFEDeesesccsssscscoccscnsnss 1o700
MeloTe POLLIMNG RFSISTAMNCE FOFNMULLAE USED
I Puv CD"'OITI"’N<

lNPU INFETTA €.3CCCO SLUG-FT=-FT

INPUT SPEED o

200, 12C0. i4CC. 2C29 25CC. 3000. 35C0. 400J. 4500,
INPUT TREnye, LAt

237, z¢7. 27c. 221, 2A2, 27°, 2%8. 239%. 165,

TFAP SMISSINY B
cATINS
245CC 1.5CC 1.0CC
EFFICIENC IE <
0eC7PC Co€20 C.71D
SHIET SPEEMR,yvOH (7715 F €p% TF STZATTZ YTean 150,)
€C. 78, (WIDE 0Pl THROTTLE SHFT FonuTt )
SPEED FOR T[RE SL [P F.0T0CS,v0M
C.C lC.C -“\..C “‘:o\ ‘-"1‘).3 q0.0 “0.0
TIRF SLIP FACTAES
0eFPEQ CoC1N 2,840 CL,060 T,770 2,¢<C 23,250
(ufEb FoR Max. PowER px_ZFOQMANCg or LY.
OTHER WISE. FACTOR = 1.0, AT Asuy SPED
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¢**Typical®*® 3 Speed Automatic Transmission
(Vehicle Speed versus Transmission Efficiency)




EFFICIENCY (PERCENT)
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Appendix V{:BE . Transmission Efficiency vs. Vehicle Speed
Typical®® 3 Speed Automatic Transmission
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Appendix VI3
B. Performance Summary for the *‘Typical 3-Speed Automatic Transmission®®

Performance ‘
Air Cond. Air Cond,
Weight On Off
(die Creep Speed @ 18 @ -
Accel.
Time to 60 MPH ©) 11.74 sec. -
Dist. in 10 Sec. @) 460 ft. -
Time 25 > 70 MPH ©) 12.69 sec. -
Time 50 > 80 MPH ©) 12.0 sec. -
(D.O.T. HI. — SPD. PASS)
Dist. 50 > 80 MPH ©) 1150 fr. -
{D.O.T. HI — SPD PASS)
Grade Velocity
30% @ 19 mph -
5% @) 84 mph -
0% Q) 115 mph -
Fuel Consumption "
Fed. Driv. Cycle @ 11.94 mpg 12.60 mpg
Simplified Suburban Route @ 17.86 mpg 19.38 mpg
Simplified Country Route @ 15.99 mpg 17.14 mpg
Combined EPA Driv. Cycle @ 14.85mpg | 15.87 mpg

(D Vehicle Weight 4600 Ib. (3 In Third Gear
(@ Vehicie Weight 5300 Ib.
Total Vehicles Accessory Power with Air Conditioner on — 4.0 HP at min eng. speed (800
RPM), Linear to 15.0 HP at max. eng. speed (4800 RPM) — with Air Conditioner Qff —
2.0 HP at min. eng. speed, Linear to 5.0 HP at max. eng. speed.

Atmospheric Conditions, 85°F, 14.7 PSIA
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Vil-1 Control System Parameters

a  — Governor Valve Porting Area Coefficient = 2 x 0.078 In.
Ag — Governor Valve Spool Area = 0.1963 In2

A, — Variable Unit Control Piston Area = 6.52 In2
B,Bn—-Bqu Modulus of Type A Hydraulic Fluid

ko — Porting Area Flow Coefficient

Temperature Pressure PSI { B-PSI Ko
of
0 0 3.0 x 10° 91
100 0 2.2 x 10° 93
150 0 1.8x 10° 94
200 0 1.5x 10° 95
250 0 1.23x 10° 96
0 3000 3.6 x 10° 91
100 3000 2.7 x 10° 93
150 3000 2.3x 10° 94
200 3000 2.0 x 10° 95
250 3000 1.7 x 105 96
200 6000 2.4 x 109 95

B, — Governor Valve Damping Coefficient = 0.0449 Ib/in/sec

Cy - Variable Unit Control Damping Coefficient = 0.006 Ib/in/sec
Dg - Fixed Unit Displacement (10 in3/rev) = 1.59 in3/rad.

Dy — Variable Unit Displacement per Unit Stroke = 1.275 in2/rad.

— Polar Moment of Inertia of Engine = 4.0 in-Ib-sec?

— Polar Moment of Inertia of Vehicle Reflected to Sun Gear of Transmission = 381 in-lb-sec2
k. — Governor Valve Spring Coefficient = 47.8 Ib/in

k, - Variable Unit Control Piston Spring Coefficient = 60 Ib/in
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VII-1 Control System Parameters (continued)
Ko — Engine Governor Pressure Coefficient = 0.000741 PS1/(rad/sec)?
KR — Pressure Regulator Valive Coefficient = 2.04 PSI/PSI
L - Vari./Fixed Unit Leakage Coefficient = 0.00585 c.i.s./p.s.i.
Ly — Control Piston Leakage Coefficient = 0.0001 c.i.s./p.s.i.
M, — Mass of Governor Valve Spool = 4.46 x 10~4 Ib/in/sec?
M, - Effect Mass @ Control Piston = 0.02435 Ib/in/sec?
Ry — Input Gear Ratio (Ny,/N,) = 0.8242
Ry — Gear Ratio (Ng/Ng) = 1.975

V, = V2 — Volume of Fluid In Control Circuit= 12 in3
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Vil-2 Equations

Vehicle Velocity, MPH

MPH = 0.04996 W, m.p.h.

Angular Velocity of Sun Gear, W,

W= 1/JsﬁRZTF =T —TaRr — TRR) dtrad/sec
Fixed Unit Torque, TF

Tg=DgP, inib

System Working Pressure, P,

Pw= Bw/VwﬁDvwiv —DgRoW, - LP,) dt ps.i.
Variable Unit Angular Velocity, W,,.

W, =Ry W, rad/sec

Variable Unit Control Stroke, X,,

Xy = 1/m‘J:I(’—CV Xy — kX, * AP — F,,) dt dt INCHES
Control Pressure, P..

P.=Py =Py ps.i.

where:

P1 = B/vfaAlkOvPR - P1 — a3ko' P] —_ Pd o AVXV — LVPC) dt p.S.i.

Py= BNJ( —ak NPy—Py+ 2y kPR =Pyt AX, + L P dtpasi.
]

Governor Valve porting areas, aq, ap, ag, & ay
ag=a& azg=ay = anlN.2

Regulated Pressure, P

PR = KR PNE p.s.i.

where:

- 2 :
PNG = Ke We p.s.i.

Sundstrand Aviation 0
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VI1-2 Equations (continued)

10. Governor Valve Spool Position, Xg.
= _ - - - X dt INCHES
Xg llmgﬁ Bg xg kg xg + Ag Pne — FpL kg X;q) dt
where:
Xin =010 0.5 in, Throttle input.
11. Engine Angular Velocity, W,
W, = 1/J, f (Tg =Ry T,) dtin-lb.
12. Variable Unit Torque, T,,.
T,=D, X, P, In-Lb.
13. Engine Torque, T,
Te = f (Wg, MPH, X;) In-Lb
14. Variable Unit Wobbler Force, FW

Fw=0045A, P Lb.
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1o

50

6
200
201

N == N N o=

N o

ViI-4 DIGITAL PROGRAM FOR FUNCTION GENERATION

SCALED FRACTION NX{(2) ,NY(2) X,y XY

CALL QSHYIN(IFERR,&80)

CALL @sccl, IFR )

CALL OQQAHQ( s 1, IERR)

CALL ORBAWQ(V ? I, IFR?)

CALL XH((X,tx, IRrr)

IF(IRFG.HF.I) 6N Tn 50

CALL YN(Y,NY,IRFG)

IFCIRFGLNFE,LL) 60 To 60

CALL FXYG(NX,NY,FXY)

CALL QWJDAS(FXY,1,IFRR)

Go To In

TYPE 200,X,NX,IRFG

PAUSE I

GN To |IA

TYPE 201,Y,NY,IRFG

FORMAT (18H ARG NORM FRR X=457,5%X,57,5%X,13%)

FORMATC18H ARG NORM ERR Y=,57,5%X,57,5%,13)

PAUSE 2a

GO TO 1IN

END

SUBROUTINE XNC(IX,INX,IFRFR)

SCALED FRACTION XT(9)

DATA XT(1)/.17795/,XT(2)/.20935/,XT(3)/.24075/,
XTCAY/,2721S/,XT(5)/.,2935/,XT(8)/.32445/,
XTC¢T)/.35505/,XT()/, 3?7?"/ XT(9)/.,4186S5/

CALL VBNS(XT(l), XT(Q) XT(5))

RETURN

END

SUBROUTINE YM(IY,INY,IFRFGR)

SCALED FRACTION YT(4)

DATA YT(1)/.PS/,YT(2)/.35/,YT(AY/.65/,YT(AY/, 95/

CALL VBNS(YTC(D) ,YT(A),YT(2))

RETURN

END

SUBRQUTIMNE FXYG(INX,INV,IFXY)

SCALED FRACTION FT(3R)

DATA FTCI)/ ATELIS/,FT(2)/ A3315/,FTT(3)/.39395/,FTC4)/.3572S/,
FT(A)/33R0/,FT(RY/4PRTIR/,FT(T)/.26265/,FT(R)/,2287S/,
FT(®)Y/. 19535/

DATA FT(INM) /. 43555/,FT(11)/.,433R5/,FT(12)/,39F¢5/,
FTC13)/ 36185/ ,FT(14) /. 33845/ ,FT(15)/,35/,
FTCUIEY/eP28955/,FTCLITY/ 23195 /,FT(la) /. 195y

DATA FT(12)/.5040G/,FT(20)/,4568S5/,FT(21)/,41535/,
FT(22)/7.3T56S/,FT(R3) /., 34908/ ,FT(24)/,31245/,
FT(25)/.27685/,FT(26)/.,24145/,FT(27)/,°70745/

DATA FT(28)/.53145/,FT(22)/.49°0S/,FT(3)/, 4388/,
FTC31)/.39745/,FT(32)/.37015/,FT(33)/,33025/,
FT(34)/.290245/,FT(35)/.25465/,FT(36)/.,217175/

CALL FNGN2(S,FTCI)

RFTURN

END
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VII-5 ANALOG COMPUTER WIRING DIAGRAM (sheet 1 of 2)
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VII-5
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ANALOG COMPUTER WIRING DIAGRAM (sheet 2 of 2)
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COMPUTER READOUT FOR A 0.2 UNIT THROTTLE

FIGURE VII-6 (1)

ACCELERATION AND 50% LOAD
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COMPUTER READOUT FOR A 0.2 UNIT THROTTLE
ACCELERATION AND ZERO LOAD

FIGURE VII-6 (2)
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