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PREFACE

The work described herein was performed by the General Electric Company.

Advanced Engineering and Technology Programs Department, Aircraft Engine

Group, Evendale, Ohio, under the sponsorship of the Air Fdrce Aero-Propulsion

Laboratory and under Contract 733615-77-C-2018.

The study consisted of integrating a generator/starter configuration

onto the engine rotor shaft in such a manner as to provide both secondary

electric power and engine starting capabilities. The integrated engine

generator/starter (4EG/S) was then analyzed and conceptually designed for

three power levels and three engine categories. Study results support the

supposition that a rare earth, permanent magnet machine in an rEG/S concept

is a technically feasible approach to secondary power extraction and engine

starting. Use of these study results would be appropriate £or inclusion in

a future all-electric aircraft configuration.

Significant assistance during this study was provided by Air Force

personnel from the Aero-Propulsion Laboratory w•t WPAFB, Ohio., Both 1st

Lt. Philip G. Gaberdiel and William Borger are noted for their guidance

and contributions to the succ.isful cewpletion of th.s study.

Dr. like Richter, from General Zlectric's C-,4iorate Reseazch and

Development Laboratories and Mr. Charles T7tbel &nd Mr. PAobert Webb fros'

OG's Aircraft Xquipment Division fi-nvid.d the tpbhnical definition and

slzing/design of the Samarium Cobalt S.&..'?or configurations. These were

then integrated into various engine 'conflgurstloai at CE-Evendaleas Aircraft

SEhgine hgineering Division by Technical *&ajer Herbert Dnmal.. Mr. l1x.

Batmgardner was Program Manager. M TAB
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SLMRRY

A study program to evaluate the application of integrated engine generator/

starter (IEG/S) concepts was conducted to identify the feasibility of integrating

a rare earth Samariu& Cobalt (SmCo) permanent magnet generator/starter to the

aircraft engine rotor. The ;.EG/S concept extracts electric power from the prime

propulsion engine and also provides starting (motoring) of the engine.

The objective of this study included the evaluation of the IEG/S system in

terms of payoff potential for the engine system. A major objective was to deter-

mine the feasibility and applicability of the 7EG/S to typical engines. This

objective addressed detail layout, identifying location, configuration, and

interfaces of the IEG/S system.

The final results of this study conclude that the IEGIS concept is technically

feasible and offers potential advantages over today's typical secondary power

systems (SPS). The primary potential advantages of the IEG/S compared to con-

ventional SPS configurations are:

* higher reliability

* less maintenance

* lower llfe'cycle cost

The overall payoff of the IEG/S system is influenced by many factors outs~ide

the control of the engine and TEG/S system design. Therefore, a study program

is recommended that would evaluate the IEG/S benefits and detriments to the tot 1

aircraft system. The goal of, the Study would be to establish the overall payof

and the effects on the performance of advanced military aircrait with respect

to mission requirements and economical considerations,, with the IEG/S utilizing

a maximum of electrical power supply for functions such as pe.wer actuation and

Onvironmental control.

The advantages -of, the IW/S are moat significant at Power Levels III and

ILIA, because these levels allow the entire mechanical accessory drive system t

be eliminated., (Yor Power Level III - the mst' powerful level - the ZIG/S is

to supply all secondary aircraft mad engine power, Including power normally u

for hydraulic pumps and power supplied by bleed air. For Power Level IIIA th•e

IWG/S is to supply all secondary power except that normaly supplied in the fo

of bleed air.)

Svtii" to



With the elimination of the accessory drive system considerable advantages

of engine maintainability are achieved through a "clean" engine periphery without

-he typical congested area around the accessory gearbox (AGB) with its

accessories, ducts, and pipings. Electric-motor-driven engine accessories allow

strategic accessory location for improved service tasks. The variable-speed-

controlled permanent magnet (PM) motor driving a fixed-displacement fuel pump

supplies fuel proportional to engine requirements without the bypass losses that

are incurred when using conventional bypass-controlled fuel delivery systems,

thereby improving pumping efficiency. Higher pumping efficiency keeps the fuel

temperature rise low and improves the heat removal capacity of the fuel from the

engine lube system.

The reliability of the IEG/S inside the engine is most important for the

successful implementation of this design and must be considerably better than

present state-of-the-art aircraft generators. The solid-rotor permanent magnet

generator/starter is mounted directly on the high-pressure (HP) shaft in

combination with a pure electric safety disconnect device (no moving parts),

making it possible to achieve a mean time between failures (MrBF) of 50,000 hours.

This IEG/S system represents a potential viable candidate for future engine

integration. Since the generator-rotor and the electrical safety disconnect

have no wearing parts, the chosen IEG/S design requires no periodic maintenance

actions as opposed to conventional secondary power systems.

The need for IEG/S accessibility is not a major consideration due to the

high system reliability and the absence of periodic maintenance requirements.

Replacement of lEG/S components, therefore, could be accomplished during normal

engine maintenance.

Although a life cycle cost (LCC), assessment was beyond the scope of this

study, lower operstional. costs can be predicted based on the potential lower

maintenance and replacement expenses that would follow from the superior

reliability of the IEG/S compared to conventional SPS power generating equipment.

The weight of the IEG/S system compared to conventional secondary rower

systems does not provide weight'advantages for the engine system. However, only

the overall SPS aircraft system weight with associated distribution systems

(hydraulic, pneumatic, and electric versus an all-electric power distribution),

Stogether with end-user equipment, will determine the system weight payoff or

penalty compared to, conventional aircraft systess.,

xv~ii



The major consideration of SPS efficiency is nor engine performance but

heat dissipation, which Influences the selection of available cooling media and

cooling equipment weight. The overall IEG/S extraction efficiency depends largely

on the power level and engine size.

The IEG/S concept has its highest potential payoff in the application of

low bypass engines for high performance aircraft of near sonic or supersonic

operatiori. The elimination of the AGB from this type of engine usually results

in a frontal area reduction of fuselage or nacelle, thereby reducing drag and

improving the overall aircraft performance. The frontal area drag reduction

for high bypass turbojets, however, can also be achieved by taking advantage

of alternate AGB locations aft of the fan frame between fan bypass flowpath and

compressor case, rather than outboard of the fan case.

This study demonstrates the IE/S's technical feasibility and good potential

for hlgh performance aircraft where the frontal area of the engine installation

(nacelle or fuselage) is influenced by the AGB package, as is the case in low

bypass or pure-jet engines. The minimum IEG/S electric power generation rating

for maximum benefits must !e large enough to eliminate the mechanical accessory

drive system for aircraft and engine accessories and provide starting of the

engine.

The application of the 1EG/S concept in dual-spool high bypass turbofans,

however, does not show a payoff if frontal area and aerodynamic drag may be

reduced by other means. (For example, by having a core-mounted gearbox drive a

PH generator/starter.) The applicability of the IEG/S to specific engines has

to be studied for each In4lvidual case.
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SECTION I

INTRODUCTION

Air Force and Industry have recognized the potential value of integrating

secondary-power-generation devices and engine accessory components into the

basic engi,.e structure. The purpose of this design approach uvuld be to

minimize the propulsion system envelope. Provided that a suitable configuration

could be rzfined, the propulsion system should then provide improved installed

performance, in two respects: drag would be reduced, and reliability would be

improved by doing away with the complex mechanical secoruary-power-generating'

equipment and accessory drive system.

The Aircraft Zngine Group (AEG) of the General Electric Company has been

funded by the Aerospace Power Division of the Air Force Aero Propulsion

Laboratory to perform a Samarium Cobalt Generator/Engine Integration Study

Program, Contract Number F33615-77-C-2018. The program encompassed a detailed

study and design effort to determine applicability, location, and configuration

of a permanent magnet (PM) generator/starter suitable for integration into an

engine structure. Parametric and design studies and a design layout of a single

selected concept have been completed and are reported herein.
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SECTION It

TECHNOLOGY BASE

The groundwork leading to the Permanent Magnet IEG (TEG/S) is quite

extensive and is a culmination of three separate technology areas.

A. VARIABLE-SPEED CONSTANT-FREQL2.CY POWER SYSTEM

Variable Speed Constant Frtquency (VSCF)-type aircraft power systems

became technically feasible in the late 1950's andearly 1960's with the inception

of high-power semiconductor devices. The technology progressed extremely slowly

until 1972, when VSCF-type equipment was called upon to solve an A-4 electrical

system problem. The excellent results achieved in the A-4 program, coupled with

the high life cycle costs (LCC's) of present hydromechanLcal-drive electrical

systems, have led to the selection of the VSCF technology on the new Navy Advanced

Fighter Aircraft (F-18). Thc Air Force is actively pursuing the VSCF concept

by Contract F04606-76-C-0902, which has been awarded to The Boeing Cr•mpary. The

objectives of the contract are to procure and install a 60 kilovolt-amp (KVA) VSCF

systeW (wire-wound-rotor design) for service test in the KC-135 aircraft.

Additional wire-wound VSCF work was accomplished under Navy Contract N00421-72-C-

6579, which was awarded to the General Electric Company for demonstration of a

starter/generator VSCF system-for the .A-6 aircraft. The'results of this program

showed that VSCF equipment can provide flexible engine-starting systems.

.AE R/TRANISITION METAL MAGNETS

The listing of Rare Earth/Transition Metal permanent magnets dates to the

1917 clmt period. It was not until 1966, however, that a rare earth cobalt-based

"family" of super magnets was predicted. During the 1966 to 1973 time period,

the Air Force Materials Laboratory played a major role in the development of

high-energy rare earth magnets. By 1973, magnets with a 20 million gausa-oersteds

energy product were available *a the comrcial market. It was then apparent

that rotating machinery using rare earth .transition metal magnets could yield

exelting payoffs in weight, volume, and reliability in the 400 H: aircraft

electrical power area. A Joint A/ML/AIAPL effort was initiated via contract to

_ 2 'V2



the General Electric Company to construct a VSCF starter/generator system using

rare earth transition metal magnets in the rotor of the machine. The system size

is 150 KVA, 115 volts, 3 phase, 400 Hz, and consists of a solid-rotor synchronous

machine together with a solid-state cycloconverter which is used to control

power flow in both directions. The operation of this system was successfully

demonstrated in early 1978.

The results of this program demonstrated that rare earth magnets could be

applied to high-powered 400 fz electrical starter/generator systems and yield a

significant improvement in electrical generating system efficiency. The success

of the 150 IVA PH effort resulted in' a major follow-on program with 60 KVA starter/

generator units which are to be flight-tested on the A-10 aircraft. This program

was initiated via contract award (F33615-78-C-2200) to the General Electric

Company in August 1978 and will culminate in an extensive one-year service test

beginning in 1982.

C. INTEGRATED ENGINE GENERATOR STUDIES

Early in the 1970's the National Aeronautics & Space Administration

recognized the need for alternate secondary-poWer systems for advanced transport

aircrsft. A contract (NASI-10893) was awarded to the Boeing Company to 9tudv

advanced secondary-power extraction techniques. The study program indicated

significant technical and economic payoffs (depending upon aircraft configuration)

by using the IEG (IEG/S) approach. In'thls same time period, the Air Force

Aero Propulsion Laboratory also investigated Advanced Accessory Drive Systems

for turbine engines via a study :ontract (F33615-72-1170) with Pratt & Whitney,

Aircraft. Results of the study heavily favor the 1EG (IEG/S) in an Advanced

Accessory System. The first attempt to manufacture hardware for the MEG concept

was also made by 7ract & Whitney via a subcontract to the Bendix Corporation.

This effort was done for the Naval Air Propulsion Test Center under contract

N00140-73-C-0126. A brushless 30 KVA, 3600 to 11,200 rpm, VSCF-type generator

was successfully designed, built, and tested in a Pratt & Whitney 352 engine

envir'"uent.
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SECTION III

PROGRAM OBJECTIVES

The objectives of this study program are to investigatc, analyze, and

define the applicability, optimal location, and configuration of rare earth

SuCo permanent magnet (PH) generator/starters suitable for integration into the

main rotor system of typical aircraft gas turbine engines. A major objective

is the definition of the engine interface for such an integration.

The configuration study and design entails the conceptual design of a

matrix of three engine classes and three or more power levels as defined in

Section IV. In addition to establishing the functional and performance feasi-

bility of this generator/engine integration concept, consideration shall be

given to aspects such as maintenance, reliability, and system safety. 'Specific

safety design objectives include the incorporation of a safety disconnect to

protect the engine in the event of an itternal PH machine fault or a feeder fault

without altering normal engine operation.

A parametric tradeoff study will result in the selection and identification-

of a single engine/power level combinationmost suited to demonstrate the

Integrated Engine Generator/Starter (IEG/S) technology for further in-depth

analysis and detail design layout. The advantages being sought from the

generator/engine integration include improvements in both engine frontal area

(elimination or size reduction of the accessory gearbox), reduction in weight,

and improved reliability over the' baseline engine and secondary power generation

system.
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SECTION IV

ENGINE CLASSES AND GENERATOR POWER LEVELS STUDIED

The study considered three engine classes and assessed three levels of

electrical power requirements for each engine class.

The three specified engine classes are categorized as follows:

* Low Bypass Turbofan

e High Bypass Turbofan

* Small Turbofan for Remote Piloted Vehicle (RPV)

The initial definition of power level requirements is:

* I Generation of electric customer power

* II Generation of electric customer power plus

electric engine starting

* III All electric secondary power extraction

(including bleed air) plus electric starting

A fourth power level has been introduced by GE during the program to

broaden the IEG/S application possibilities, defined as:

0 IIIA Same as III, except that customer bleed air

is provided by he'engine compressor.

A. ENGINE CLASSES

The following General Electric prod tion engines match the specified

characteristics of engine classes:

Low Bypass Turboxan: 7404

High Bypass Turbofan': 7103 (CF6-50)

Small Turbofan (RPV): Tf34

"Pertinent performance characteristi and applications of those engines

are discussed below, along with discussion of how beneficially each engine can

be applied toward the IEG/S concept.
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1. Low Bypass Turbofan Engine

The F404 is a low bypass, augmented turbofan Pngine developed for

application in advanced fighter aircraft (F-18). This type of engine benefits

most from the advantages of a minimum frontal engine area and associated drag

reduction in high performance aircraft (A/C) near or above sonic speed.

The elimination or reduction of the peripheral case-mounted accessory

gearbox (AGB) directly influences the 'total frontal area of the F404, an engine

whose shape approaches that of a straight cylinder. The F404 engine configuration

and specification are shown in Figure 1.

Although the IEG/S payoff potential of a low bypass turbofan or jet engine

1i high, the PM machine design integration is difficult because of the small

physical space available.

Engine cross sections of the F404 can be found in Addendum A, Drawings, of

this report.

2. High Bypass Turbofan Engine

The F103 is the military designation for the CF6-50 high bypass commercial

turbofan. This engine has applications in commercial A/C (Airbus A300B, Douglas

DC-l0, Boeing 747) and Advanced Military Transport (USAF ATCA-Tanker (DC-10)) and

USAF E-4A/B-Command Post (747).

The F103 has a fan-case-mounted accessory gearbox, adding directly to the

frontal projection of the engine and nacelle area in a wing-pod-mounted installa-

tion. Advanced versions of this family of engines will be supplied with core-

mounted gearboxes that do not affect engine frontal area.

The •103 engine configuration and specifications are shown in, Figure 2.

High bypass turbofans have a large space available in the forward sump

(between fan and compressor) for lEG/S installation, making it possible for an

IEG/S to be installed without major modification.

Engine cross sections of the F103 can be found in Addendum A, Drawings.

3. Small Turbofan Engine

The TY34 is a high bypass turbofan engine selected for Remote Piloted

Vehicle operation. This engine has applications for the advanced USAY A-1O

Attack Aircraft and the Navy's 8-3A Anti-Sub Aircraft. The TY34 incorporates

a core-mmuated accessory gearbox located between core and fan flowpath, where it

, does not add to frontal engine area. The T734 engine configuration and



spECIFICATIoNs
Weight:, lb 22Length, in 21S0
Maximum Diameter, in. 35Fan/Compressor Stage's 3/7
RPT/LPT Stages 1/1
.Bypass Ratio 03
Pressure Ratio 2.3
Airflow, lb/sec 144
Maximum Thrust SLS, lb 10,600 (16,000 Augmented)SFC 

.0.80 (1.86)
Thrust/Weight &5(7.5)

Figure 1. F404 Engine.



SPECUF.CATIONS

Weight, lb 8375
Length, In. 190
Maximum Diameter, in. 86.4 (ran)
Fan-(Booster)/Compresisor Stages 1- (3)/14
NPT/LPT Stages 2/4
Bypass-Ratio 4.4
Pressu're Ratio 30.3
Airflow, lb/sec 1484
maximums Thrust SLS, lb 52,500
SFC 0-.493
Thrust/Weight 6.3

Figure 2. 7103 Engine.



specifications are shown in Figure 3. Engine cross sections of the TF34 can be

found in Addendum A, Drawings.

B. ELECTRICAL SYSTEM LOAD REQUIRLXENTS

1. Introduction

The specification defined three levels of electrical power requirements

to be considered for each of the three engine classifications.

The generator power level definitions and their impact on the airframe

(customer) and propulsion system are given in Table 1.

During the study it became apparent that the Power Level MI generator/

engine integration became impractical'for the F404 and F103 because the generator

would require more room than was available In the engine envelope.

To provide a more comprehensive study, General ilectric decided to add a

fourth power level which was termed Level lilA. This level, which is defined

in Table 1, fills the significant gap between Level ir and Level III.

System KVA ratings for each power level and each'engine classification

were established for consideration in the parametric design studies. These

ratings were arrived ac from (1) the ratings suggested in the specification,

and (2) calculations which defined the starting and electrical load requirements

of the application. The range of KVA ratings for each power level and each

engine classification was then narrowed to a single rating for each combination

for use in the engine alternator layouts and ultimately for use in the selection

of an IEG/S concept for further study.

Table. 2 shovs.the selected KVA ratings for each power level and each engine

classification. Paragraphs which follow discuss how thesa selected KVA ratings

"were established.

2. Level I KVA Rating

A range of electrical system KVA ratings was given, in the specification

for Level'I power for each of. the three engine classifications. Generally, the

range overlapped with the KVA rating requirements that were calculated for Level

II power. It was necessary to select a single rating for each power level and

each engine in order to limit the magnitude of enSine design layout work being

undertdken. The selection process for Level I involved a review of typical

applications for each of the selected engine* and knowledge of the KVA rating

SI



SPECIFICATIONfS

Weight, lb 1460
Length, In. 100
Maximum Diameter, In. 52
?an-(Booster)/Compressor Stages 1/14

KPT/LPr Stages 2/4
bypase Ratio. i.
Pressure Ratio 22
Airflow, lb/soc 3.33
Maximum. Thrust SLS, lb 9273
3IC 0.363
Thrust/Weight, 6.4-

Ylg-ure 3. TF34 Engine.
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TABLE I

G&ENRATOR POWER LEVEL DEFPITICH

AIRPRAME 
PROPULSION

LEVEL I EVA rating of IEG for' Mehanically
typicaI state-of-tb.- 

drivenart A/C or RPV accessories
requirement.

LEVEL I SaMe *s Level 1, except Same as Level Z.
must size IEG/S for
electric starting.

LEVEL III Provide all secondary Eliminate mechanical
power to airframe and engine accessory drivepropulaion in the ,form system. All engineof electrical power. secondary power(Customer air bleod systems driven
replaced by oqu"va t elctrically
electric, powtr.c)

LEVEL rlIA Provide all secondary Elimiaate mechanicalpower to airframe and engie accessory drive.Propulxion in the form System. All engineof electrical' power, Secondary Power systemsexcept that bleed &Jr driven electrically.
is provided by
conventional methods.

TABLZ 2

SU MDC IVA PATIMS
Eagine I XE ILA IIl

T734 30/40 6o0/7 120
.• rI404 '

SLow 
bypeas 60/75 to 200 O0

P103 73/90 120 300 12009igh Sypsa1

1'11



that had been established by calculation to meet the Level II requirements.

Knowledge of the Level II requirement influenced the Level I selection in order

to achieve a spread of KVA ratings being considered for each engine.

Table 3 shovs the [VA ratings of electrical generating systems in specific

applications of each of the selected engines. In Table 3 and elsewhere, a slash

rating such as 30/40 [VA means, for example, that the contin-ous duty rating is

40 [VA but overload rating is based upon 30 [VA nominal. The standard overload

requirement is 1.5 times the nominal rating for 5 minutes and 2 times the

nominal rating for 5 seconds. The 30/40-rated sy9Lea therefore has the

following ratings:

Continuous 40 [VA

5 Minutes 45 [VA (1.5 x 30)

5 Seconds 60 [VA (2.0 x 30)

Table 4 shows the [VA rating selected for each engine in the Level I

application. The 30/40 [VA selection for the T734 Is in the middle of the ratings

of actual applications shown in Table 3 and is lower than the Level II rating of

60 [VA. The rating selected for the F404 is higher than the application shown,

because more power is required in typical applications and the Level II rating

is 90 [VA. A straight 60 [VA rating also is a clase contender for selection.

The selected 75/9C ratings for the F103 fell within the range of actual

applications and below the calculated Level II requirements of 120 [VA.

3. Level II [VA Ratine

The [VA rating for each engine at Level II was established by calculating'

the system rating that would be required for starting the engine.' The starter

torque and power, requirements are typically greater than Power Level I electrical

power generation requirements.

a. Determination ofStarter Ratins

SDuring a normal engine start, the starter drives the engine through the

firing speed to self-sustaining speed and then assists the engine to accel erate

until starter cutoff occurs.

Figures 4 through 6 show the engine d'ag torque curve vs. speed during

start for different temperature conditions. The time to accelerate the engine

rotor wsas (inertia) is deteruined by the excess torque available from the

starter. (The excess is the difference betwven starter torque and engine drag

torque.)

12
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TABLE 3
I-EVEL I KVA RATIIIGS. FOR' SPECIFIC APPLZCAflONIS

Nmbe r o f
Alrca~eser~ce~nuacr Rating R.ngines perAirraf/Spule/MnufctuerPer En Ine AircraftTF34 A-lO/USAP/Fairchild 

30/40 2(RPV) S-3A/USN/LockJheed6072
F404 RPV from Specification 507 2o1 yial(Low FlB8/VSN/McDonnell..Douglas 

V0/4o' 2Bypass)' 74lfCormsercial/Boeing 
60 4

F103 DCl-OfCo~ercial/McDonue11..Duglas 
90 3ATCA (Tanker, DC-10)/USApI 90 3"Bypass) M~cDonnell-.DouglasE-4A/3 (Coinand Post 747)/ 2 x 150 4USA?fMcDonnel 1-Douglas

A-3008fCoimerctli/Airbtaa 
90 2Industrie

TANLI 4
LCMR I XVA RAT=hO SULAMWU

W34. 30/40
(Irv)

P404 60175
(Low Bypass)
T103 75/90
(High 9""aS)

i 
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aegIne Accessory Torque Loads Included
Temperature is T2
Starter Drive to NP Rotor Gear Ratio Is 0.956

Soo DMOTV1 (Type 11) oil
Sea Level Static

No Aircraft Accessory Loads or Bleed Extraction

SooPeuatic Starter Torque Curve

3,000 CS Oil Viscosity Limit
12 CS Fuel Viscosity, -40" F

400 '-

00

0

S-200

S13,000 CS Oil Viscosity Limit S12 CS Fuelg -00 F

~-400

, ~~ ~ 51 ... F
Idle Speed

-600 Oil Limit 5750 rpm
S~7 6379 rpm

125" IP , 702 rpm e
-800 Oil Limit IM6 rpw + 10 sae

W0 F 03rm e

-10000 1

SP Rotor Speed, 1000 rps

Filure 5. Startinot Torque and Speed IPequirement- (Sea Level

Static Condition). F103 (Cn6-50) Cnine.
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Note: (1) Drag Torque Based on Zero Load on Customer Pads
and No Customer Bleed Airflow

(2) Required HP Rotor Speed Before Firing 3190 rpm
(3) Minimum Starter Cutout Speed Is 3750 rpm (9405

160 rpm HP Rotor Speed)
(4) Maimum Starter Cutout Speed is 4250 rpm(10,O60

rpm HP Rotor Speed)

I Pneumatic Starter Torque Curve

120
-65" F Ambient Temperatures

0

-04

• .. o" - - -.

59 F 
~ n ittion Termination 

'

and Starter Cutout

130

,9 F 130" •

-4 
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0

0 2 5 0 0 3 0 00 7 5 0 0 1 0 .0 0 0 1 2 , 3 0 0

UiP Rotor Speed, rpm

F ire 6. Startin gr Torque and Speed Vequ xiremeints i(Sea Level

Static Condition) - TF34 EnSine.
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The resultant time to reach engine idle is derived from the following

basic equation:

TM - IT a [lb-ft] (1)

with a - angular acceleration (rad/sec 2 (2)dt

Then from (1) follows:

T - I d and the time to idle (3)
N TdTt

t IT fwIdle dw [see] (4)

TN - Ts + (TE + TA) (5)

The actual calculation of start time using equAtion (4) is performed by

,taking Aw (Arps) increments, using the average torque for each increment and

deter•'mining At for each increment.

A ' - I T x 2w/60 x (Arpm) (6)T N

and t - .At [see] (7)

N - et accelerating torque '[ib-ft]

TS M Steady-state starter torque (lb-ft]

TE- engine torque [Ilb-ft]

TA - Accessory torque reflected to the HP-rotor [lb-ft]

I- Total inertia of the engine HP rotor system

(slug ft 2 ]' accessories referenced to the

high pressure (HP) rotor

W Angula,- velocity (1/sec)

t - Time (see)

The determinatiov of electric"starter torque and torque versus speed

characteristic was ,established on the basis 6f equal' start-time perfo-emance

achieved by presently used pneumatic starters.
1'?



Table 5 lists engine start data, including start-time requirements for

pneumatic starts.

* General Electric uses a computer program which calculates the engirne speed

versus time for a given VSCF starter system rating and a given engine. The drag

torque data, minimum idle speed, and inertia of the engine, torque characteristics

of the 1KG/S system, are inputs for the computer program. A function generator

representing the starter system and another one representing the engine are set

up in the computer. The difference between starter torque and engine drag torque

establishes the net torque for acceleration. This net accelerating torque is

integrated and divided by inertia to get speed, which is the input to the,

function generators. Using this program, calculations of time-to-idle speed for

IEG/S systems of various KVA ratings were made for each engine. Plots of these,

data are given in Figures 7, 8, and 9 for the TF34, F404, and F103 engines

respectively.

For the TF34, a six-phase machine in a 50 KVA irated system would get the

engine to idle speed in the 30-second maximum start time. A 60 KVA system is

recomnended, however, since it is a more common rating. A nine-phase machine

in an 80 KVA system would drive the F404 engine to idle speed in about 37 seconds,

but a 90 KVA system is recommended as a more standard rating. For the F103 engine,

a nine-phase machine in a 120 kVA system is recommended.

Table 6 shows the result of the analysis for the required starter/

generator kVA ratings and predicted start times.

Figure 10 shows the expected speed/torque curve for a 60 kVA, permanent

magnet, IEG/S system. The system is used at its 1.5 p.u. (per unit) rating for

start, so these data actually reflect a system operating with 90 KVA of input.

As stated above, the curves of Figure 10 are for 90 [VA of input or a 60

KVA system operating at 1.5 p.u. This rating corresponds to the Level II system

for the TF34 engine. For a 90 KVA system, which is reccmended for the F404

engine, the same curves apply but the ordinate-axis power values are multiplied

by 1.5. The 85 ft-lb. low frequency sturting torque, for instance, would become

127.5 ft-lb. The 120 KVA system recommended for the F103 would also utilize

the same curves but with the ordinate axis values iriltiplied by 2.

For Power Levels IUiA and III, the input volt-amgps to the starting machine

would be limited to 90 KVA, 135 KVA, and 180 [VA, respectively, for the TF34,

F404, and F103 engines, since this input level is Sufficient. to accomplish engine

starting.
i s*.: 'i



TABLE 5ENGINE GIfhf)D START DATA

F404 F103 TF34Ignit 1oi speed 
Start 1680 

10088core rpm (std. day S.L.) ar 61

T.erminaton 7560 6340 10,000
Ground idle speed Srd day S.L. 10,500 6340 11,300core rpm Min idle

(-)650F S.L. 8715 5262 9380

1002 operating speed 16,810 9827core rpm (std. day S.L.) 
17,600

Generator overspeed(122% core speed) rpm' 20,508 11,990 21,472

Max start time to idle (air start) 35-40 TYpicall 30(std. day S.L.), sec. 3535Tyicll83' .35-38

Hass moment of Inerti6
RP-rotor, lb-ft-

Direction of rotation of Clockise Clockwis ClockwiseHP-rotor looking forva-d
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TABLE 0

POWr LEMV I! [YA RATIM

Electrical System Machine Expected Time to Idle, S.L.
Engine KVA Rating Phases Standard Day (Secorzds)*

TF34 60 6 23

F103 120 9 33

F404 90 9 32

*Based on 1.! x electric system KVA rating for starting and cross-starting without

customer accessory load extraction.
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b. Power Extraction During Cross Start

In across-start situation, one IEG/S system is in the generate mode

supplying electrical pover to a second IEG/S system which is in the start mode.

The electrical power supplied is normally limited by the start rating for each

system. The power quality from any but the stiffest power source is degraded by

the start system load during the first 10 to 15 seconds of the start period.

The degradation occurs because the power factor of the load is very low until the

starting machine gains a few hundred rpm. For cross-start, the generating VSCF

system selected for each of the three engines can supply an additional electrical

load of up to 20 percent of its continuous duty rating. This additional power

extraction during the cross-start for each engine is shown in Table 7.

The power will have a 10 to 12 percent harmonic distortior, and low line-to-

neutral voltages (108 V10MS) during the' first 10 to 15 seconds of the start period.

As the engine being started comes up to idle speed the power quality will return

to normal.

The above circumstances apply whether on the ground or in flight, though

the in-flight starting interval is expected to be shorter since the start will,

be assisted by windmilling of the engine. It should be noted that the hea•f,

low power-factor load during the first half of the start mode may also cause

distortion df the power from a ground power source when starting the first engine.

It will be necessary to include this loading consideration when selecting Or

-specifying an external power source that will be used to supply engine start

electrical power.

For Levels IliA and III, there is excess capacity it the VSCF generator/

starter beyond what is used by the system in 'the start mode. The excess

electrical generation power will be supplying other electrical system loads.

Since the start system with the initial low power factor will represent less of

Sthe total electrical systems load, the power quality will not be degraded

significantly.

4. 'Power Level III

Pover Level III Is defined as an all-electrical secondary power extraction,

including customer bleed air.

4Z
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TAUXE 7

ADDITIONAL POWER EXRA 9 • O IXRIM CROSS START

Level II Additional (Accessory)
Enine System Racinl (l a) Power- Extraction (IVA)

Tf34 60 12

F404 90 18

7103. 120 24

I20 ia



This IEG/S combines the function of electric power generation'and engine

starting. The all-electric secondary power extraction has its highest potential

in the application of the all-elcctric aircraft. Limitation of the physical

size of the generator, however, determines the applicability of the design.

a. Determination of Generator/Starter Rating

Power for the operation of aircraft and engine accessories is extracted

conventionally from the engine in the form of: (1) bleed air for the aircraft

environmental control, and (2) power (mechanical) to drive hydraulic pumps,

electric generators, and engine accessories such as fuel pimp, lube pump, and

the control alterizator.

Typical customer bleed air requirements have been established from field

experience for commercial aircraft. The maximum allowable customer bleed air

limits are controlled by the engine model specification., Bleed air quantities

and their respective equivalent horsepower are listed in Table 8.

The equivalent hp is derived from the adiabatic compression process of air

by the following relationship.
2"c T"

p c p c Power of compression (hp] (8)
c 0.707

- Bleed air flow [lb 1 (9)

BTU
p- 0.24 1F* specific heat for air (10)

ATC- ( TBleedc - T Inlet C [('R)]

Tc~leed' Tc inlet actual compressor air tempetrture ['RI

Customer bleed air is used for the foll-ving typical applications:

1) Cabin pressurization

2) Cabin enviroomental control

3) Do-icing of engine nacelle

4) Win$ lea4iog edge anti-icing

5) Cargo bay heating

l) flectronlc eqipmont cooling

7) ;xter'ael windshield de-ice, internal windheldo defog
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The all-electric secondary power extraction will require the conversion

of electric energy to pressurized air, suitable to perform the tasks of cabin

pressurization and air-conditioning.

Table 9 shows the data that were assembled to define secondary power

requirements other than bleed air for each engine In a specific aircraft applica-

tion. The data show the secondary, power per engine and the bottom line is the

power in kilowatts per engine for all secondary power less the electrical

system and less bleed air. Table 8 tabulates the horsepower per engine for

customer bleed air In each of the same applications as Table 9.

The results' from Table 8 -are indicative of the large power requirements

necessary to replace engine custcmer bleed air with electric power. Although

only a fraction of the engine bleed limit was used to establish equivalent

electric power demands, emergency situations (one engine out) allow bleed air

supply up to the specification limit per engine. However, the degree to which

electric'power is required to replace engine bleed air on military aircraft

remains to be determined and should be investigated with an airframe manufacturer's

support. Table 10 summarizes the total power requirements for Level III for

maximum and normal conditions. Engineering judgement was used to establish the

actual KVA rating for the all-electric power generation system. Peak power

requirement and duration, as in the case of the one-engine-out'condition, are

two of those considerations.

The selected Power Level III system KVA ratings are listed in Table 11.

Power Level III KVA ratings for the F404 and F103 engines are too large

for generator/engine integration. Therefore, a fourth power level (ILIA) was

int.'oduced to complement the study. It is defined in the following paragraph.

b. Power Level IliA

Power Level IliA is the same as Power Level III except that customer bleed

air is provided by the engine compressor.

The required Power Level IIIA KVA system rating can be directly extracted

froe Table 10. The selected Power Level liNA system KVA ratings are shown in

Tab't 12.I',
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TABLE 11

LEVEL III KVA 'RATING SELECTION

Engine KVA

TF34 120

F103 1200

F404 800

TABLE IZ
LEVEL lIlA KVA RATING SELECTION

Envine KVA

TF34 60/75

F103 300

F404 200



SECTION V

PARAMETRIC DESIGN STUDIES OF INTEGRATED ENGINE STARTER/GENERATORS

T-e objective of this' study has been to investigate the feasibility of

integrating permanent magnet excited synchronous machines into jet engines to

serve as electrical power generators as well as engine starter motors. Tradeoff

design studies ftr the electrical machines have been performed to establish the

optimum machine geometries and dimensions for these applications. Section A w.ll

describe the boundary conditions for the design studies. Section# B and C will

discuss the two design concepts studied for this project. Finally, Section D

will present general conclusions.

,•. BASIC CONSIDERATIONS AND GUIDELINES

Designing an electrical machine for an aircraft engine integration application

differs from typical electrical machine design primarily because of the additional

restrictions imposed by the engine environment. The basic design boundary

cinditions fall into three groups:

1. Design constraints determined by the engine environment.

2. Design constraints set by the electrical system.

3. Machine inherent design constraints.

1. Design Constraints Determined by the Engine Environment

Integration of the electrical machine into 'an engine implies the mounting

of the electrical machine onto one of the engine shafts in a suitable location.

If the engine is to be started by the electrical machine, the electrical machine

should be mounted on the high-speed compressor shaft. Since this shaft-generally

has a higher base speed and a smaller speed range than the fan shaft, the coupling

of the electrical machine to it is more advantageous from a machine design point

of view. Table 13 provides engine interface data on the compressor shaft for each

of the three engines. A high base speed results In a smaller machine for a given

power level, and a smaller speed range reduces the mechanical design problems.

all generators/starters are mounted on the high-speed-compressor shaft.

requires that a generator be designed with a shaft diameter larger

is generally chosen. This limits the possible geometry vwriatIons, especially

.1 '3
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TABLE 13

DESIGN REQUIREMENTS ENGINE INTERFACE DATA

.(Engine Ground Start Data)

Engine 4 F103 (CF6) TF34

Ignition Speed Start 1680 1000 3188
Core - rpm
(St'd Day S.L.) Termination 7560 6340 10,000

Ground Idle Speed Std Day S.L. 10,500 6340 11,300
Core - rpm Min. idle 8715 5262 9380

(-) 650F S.L. _

100% Operating Speed 16,810 9827 17,600
Core - rpm (St'd Day S.L.)

Generator Overspeed 20,508 11,990 21,472
(122% Core Speed), rpm

Max Start Time to Idle 35-40 Typical 30
(St'd Day S.L.) (sec.) 35-38

Mass Moment of Inerlia 80.5 660 40.3
HP - rotor (lb - ft )

Direction of Rotation CW CW CW
of HP - Rotor Looking Fwd.

100% Operating Speed 3432
Fan rpm (Sc'd Day S.L.) (122% = 41871

-Fan rpm at St'd Day S.L. 800
Ground Idle Z650? ..L. 700

Minimum Shaft Diameter (in.)' 2.95 9.50 4.20
(Depending Upon Selecte•d 7.50 3.70
Location) 6.80 3.10

8.20

34 H



in connection with the maximum rotor diameter limitat.. ":- due to mechanical

stresses. The overspeed requirements, which are larger than, usual for high-

speed machines (122 percent versus 110 to 115 percent of the maximum operating

speed), add additional design constrr'ints to the rotor design.

The generator location at the front end of the higa pressure shaft of the

engine provides a moderate temperature environment. The environmental condition

will influence the design of the machine to some degree. However, the most'

severe effects of environmental temperature occur in the nonoperative mode of the

engine during the time after shutdown when temperature soakback may result ,in

unacceptable magnet temperatures. This effect may influence the IEG/S location

selection within the engine.

Relative axial movement between engine shaft and frame due to thermal

expansion has to be considered, along with shaft runout, when determining

electrical machine air-gap length, clearances, and operating characteristics.

The effects, of this movement are more significant for the disk-type PM machine

than for the cylindrical machine.'

The safety. and maintenance requirements for the engine influence the machine

design significantly. The need for high MTBF and high reliability significantly

reduces the current densities for the machine windings and demands a heavier

insulation system. Additional safety devices such as rotor disconnects and/or

electrical fuses are mandatory in this application to limit fault current effects

in the PM machine.

"2. Electrical System Design Constraints

The generator is connected to a solid-state power converter which fulfills

two functions: (1) it converts the frequency from the variable generator

frequency to the constant 400 Hz electrifal systems frequency, and (2) it

regulates the voltage to match the unregulated. generator voltage to' the constant

system voltage, This power conditioning is achieved by a direct frequency

converter which is a cycloconverter. The cycloconverter Imposes its special

interface operating conditions on the electrical machine design. Table 14 lists

.typical electrical operating conditions at the generator terminas as a function

of the system loads for a nine-phase cycloconverter system. The magnetic design

of the generator has to meet the voltage, current, and power factor conditions

as listed for the fundamental, while the thermal design has to accommodate the

,slightly high MS. current values. Sample designs have established that the

3,... .



TABLE 14
ELECTRICAL REQUIREMENTS AT ITERFACE

9 PHASES

SYSTE4

Ps Pr Umin if it,' Pxf DF Duty
inUA) - V) (AIKVA) ( - - -

0 155 ".31 03 0.47 0 Cont.

1.0 0.75 155 0.79 0.86 1.10 0.71 Cont.

S1.0 0.95' 155 0.92 0.99 1.28 0.77 Cont.

1.5 0.75 155 1.26 1.36 1.75 0.68 5 Min.

1.5 0.95 155 1.38 1.49 1.92 0.77 5 Min.

2.0 0.75 145 1.74 1.88 2.27 0.69 5 Sec.

2.0 0.95 145 1.86 2.01 2.43 0.80 5 Sec.

SP. " System Rating

PF - System Power Factor

Usin - Miniam Line-to-Neutral Generator Voltage

SIf - ,undsmatal Current Per Thase f Pe I f

-Ih a eating or 06 Current Per Pha&e Ih "P* " Ih'

Puf - Fumdmental Power Puf -. Paf" ?a

DY a Generator Power or Displacemant Factor

90



electromagnetic design point for the cylindrical air-gap PM machine should be the

2 per unit overload point with the lover machine displacement factor. The electro-

magnetic design point for the disk-type PM machine was found to be the 1.5 per

unit overload point with the larger current value.

In addition, since the machine has to provide the commutation power for the

cycloconverter, a maximum allwavhle commutation inductance Is specified for the

generator. Since both of the PM machine types considered will have no amortisseur

windings, the basic machine design must have a low synchronous reactance level.

The radial gap (cylindrical) PM machine could be equipped with a special damper

winding, but this consideration has been discarded because of its degrading effect

on rotor reliability.

PM generators lack any voltage control. The cycloconverter will provide

for that function. However, the natural voltage regulator is to be kept low in

order to stay within the peak voltage limits of the SCR's in the cycloconverter.

Any cycloconverter operation requires certain relationships between input and.

output frequency, depending upon the flow of the commutating power. In order to

reduce the filter requirements in the converter to an acceptable level the

generator minimum frequency should be approximately three times the output

frequency. A general low frequency limit for the generators has been set at

1100 Hz for a 400 Hz system output frequency. A limit of 1200 Hz or higher at

the minimum generator operation speed is more desirable. This frequency require-

ment, together with the minimum high-pressure shaft idle speed of the engines

considered, determines the minimum number of pole pairs for the electrical

machines.

3. PM Machine Inherent Design Constraints

* Permanent magnet machines derive their magnetization power from perma-

nent magnets. The total magnetization power is fixed with the design and cannot

be altered for the finished machine. This l ocked-in magnetization power

requires that the machine designer predict the load operating conditions more

accurately than would be necessary for convencionalamchines.

A PM machine rotor also requires that only nonmagnetic materials be used

outside the magnetic flux path in the rotor. In particular this means that the

shaft supporting the rotor should be made from nomegnetic 'steel. The low-speed

fan shaft rotating inside the high pressure shaft does not need to be nonmagnetic,

provided that the distance between fan shaft sad magnet is larger then the

centerline distance between the magnets. ,
31



The structural and electromagnetic characteristics of the materials

selected for an electrical machine design have a significant influence on the

machine performance, size, and weight. In recognition of the low weight

requirements for aircraft applications, high performance materials have been

selected. The magnetic stator laminations are made from 6 ail Permendur sheets.

Permendur features a saturation flux density of' 140 fl/in. 2 and allows stator

tooth and stator yoke flux densities of 130 KL/in.2 at the design point. All

radial gap machines designed for this study use the same maximum flux density

levels.

The permanent magnets selected (rare earth magnets) are of the SmCoe5

type. The maximum energy level of these magnets is continually being upgraded

due to improvements in processing techniques and composition. The study has

considered the influence of the magnet energy, and appropriate results will be

shown. Unless otherwise stated, however, the designs will be carried out for

magnets with a 20 megagauss-oersted (14.0e) energy product which have been

stabilized at 150* C. The material characteristics for this state have been

defined as:

B - 55.1 KL/in. 2  (remanence flux density)
r

Ur 1.03, (re-coil permeability)

These values are used throughout the tradeoff studies. The rotor construction

for both machine concepts relies on retaining rings which are shrunk onto the

magnet structure to keep it in,coupression up to the required overspeed level.

The materials selected for these retaining rings are to provide a stress

capability of 155,000 psi. The stress analysis utilized for the shrink rings

in the trAdeoff studies is based upon the thin cylinder theory and the results

are not very promising. In view of the fact that & detailed rotor 'stress

analysis is a long, complicated process, the simplified analysis has been chosen.

Experience with both methods on a previous high-speed rotor design has shown good

correlation with the simplified analysis predicting between seven and ten per-

* cant higher stresses.

B. RADIAL CLEARANCE (CYINDRICAL) KACHUNES

The construction of the radial clearance machine is in principle similar

to the 150 KVA FHG-VSCF system develope4 under U.'S. Air Force Contract No.



F33615-74-C-2037. Figure 11 shows the criss-section of the rotor construction.

The design key is the bimetallic shrink ring, which keeps the magnet and pole

piece in the rotor under compressioa through the design overspeed. This

construction requires high interference fits and high stresses at zero speed

and only slightly higher stress levels at the overspeed condition. This small

stress variation reduces the cyclic fatigue effects dramatically. Originally

the following tradeoff parameters were to be c6nsidered:

- magnetic energy level/volume

- machine diameter

- machine speed

- voltage regulation/reactance level

- frequency/poles

The results of the initial sensitivity studies are described and discussed

below.

The speed range is fixed for any*given engine- application. To illustrate

the mechanical design limitations, the Influence of maximam machine rpm on the

maximum magnet height (radial direction) and on the minimum allowable thickness

of the containment ring has been established for a given maxismm rotor radius

of 4-1/2 inches, a maximum containment ring stress of 150;000 psi, and an overspeed

ratio of 1.22. Figure 12 shows the results and illustrates that at higher

maximum operating speeds the containment ring thickness increases very rapidly.

The maximum magnet height in radial direction, which is proportional to the

magnet volume, becomes less as more space is needed for. the containment structure.

In other words, a nine-inch-diameter rotor becomes impractical at maximum

operating speeds above 17,000 rpm.

The above curves are the basis for the curves presented in 'Figure 13. This

figure shows the total machine weight, the electromegnetics weight, and the

magnet weight as functions of magnet energy level iA percent of those weights

achieved for a magnet energy level of 21 MGOe. These calculations wre made for

constant operating speed and power. The curves express that an increase in

"magnet energy basically reduces magnet weight and volume necessary for a given

power and speed point. The reduction in electromagnetic. weisk. ,is, principally

due to the reduction in magnet weight and thus rotor weight. The weight of the

stator electromagnetices, for example, remalso unchanged, as does the total weight.

In other words, an increase in magnet energy :ae two effects on the machine design:heI
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1. It reduces the mechanical containment problems in the rotor.

2. It allows an increase in the machine operating speed and

thus a reduction in total machine size and weight by means

of the machine operating speed increase.

Figure 14 shows similar curves for a particular machine design (60 KVA

system for TF34 application). The electromagnetic weight, the commutating

inductance, and the magnet height in radial direction are shown as a function

of magnet energy. Again, the effect on the rotor is significant since a lower

magnet height allows a thinner shrink ring. The reactance decreases because of

the change in magnet cross-section - for a PM machine the synchronous reactance

is a function of both the air-gap permeance and the permeance of the magnet

space.

The curves of Figures 13 and 14 have been established by keeping the flux

density in the air gap constant since this basically leaves the rotor unchanged.

Figure 15 presents the machine characteristics is a function of magnet energy

level when magnet height and gap flux density ate held constant. The figure

illustrates how much more energy density can be achieved in the machine by

magnets with improved energy level. The losses shown do not represent the actual

losses accurately since the air-gap flux density is dependent upon pole face

losses, which have been considered constant. It is expected that the total

electromagnetic losses would not change significantly within the range considered,

even with the pole face losses represented more accurately.

Generally, high-speed aircraft-type generators are designed for extremely

high current -density levels. This is done, to minimize machine size and weight.

The different design constraints for an integrated generator were thought to

change this weight/current-density relationship. Results of tradeoff studies

performed to prove this are presented In Figure 16. A current density increase
"of 61'percent (from 23,700 A/in. 2 to 38,700 A/in.2 reslts in a weight savings

of 6.4 percent and a loss increase of 20 percent. In this application, therefore,

very little weight and volume savings is accomplished. The weight savings is not

worth the decrease in efficiency and insulation life. This also indicates that a

current density reduction for increased insulation life and MTBF should not

represent a significant penaity in machine size.

It is well knows that the current loading of an electrical machine

significantly influences the size and weight of this mehiae. The current loading

.1 43



Flux Density., KL/in.
2

253.8 60.1 - -65.8 4

E&1W (ibs)

30

-m (in

0 0,

CAnstant Parameters

Pole Arc -. 52_______ ____1

'Gap length .05 in.,
Gap Flux Density 52 KL/in. 2

Magnet Oversize .25
Turnis/Phase it'

20 25 30
Magnet Inergy (MOO.)

Figure 24. Machine Pariameterf of.* Generator for,. 60 IVA VBC? System Versus
Magnet Zaergy lavel'tor Constant Cap Flux Density.



Flux Density in KL/in.
2

2.005386. ____ 40

1.75 35

N.50 - DW (Ibs) 30

a 04

0 .255
20.0 22 e50 7. 003.

Magne 4.'uy (NOW

Fiur 2.., Mahn aaor fa0srto o 0KAV ,Sse
VessMge @0y ee o osatMantHihLs"
and 00p FlxDniya oul odPit

430



10 ... 50

Outside Diameter
9

X ~ 8 ______ _____ 40
.5v

MJ7
-4

0 6 .. 30 f)
eCC I I-

i n

S I.44

0 NJ

Pole Arc = 52%

SGap =0.088 in.

.445

* 2 -. . .. . ...- O

Buren Dns52 IL/ileLon. 2 A/n.

Fiue 6 ]I Garltr hritritcsVrssCurrent Density atoDoble LKd, Vhn.,

,System.

46



is expressed as the total number of ampere turns divided by the bore circumference.

Thus, for a given current the current loading is in direct proportion to the

number cf turns per phase., Results of tradeoff studies involving a change in

the number cf turns are presented in Figure 17,. Without any amortisseur windings

the change in turns per phase will directly influence the commutating reactance,

as shown. As the figure illustrates, however, the increase also has a rather

significant effect on the air-gap flux density because the magnet volume is

limited. An increase in turns at fixed current will cause an increase in armature

reactance (AR). The magnetization power provided in the magnet has to compensate

for'the demagnetizing effect of the AR arnu provide magnetization for the magnetic

flux in the machine. If the AR is increased, more of the total magnetization

power of the magnets is required to compensate for the AR and less is available

to generate the magnetic flux. This will obviously result in a lower flux

density in the air gap. Thus, an increase in current loading reduces the magnetic

flux density or magnetic loading. In the range considered the electromagnetic

weight still decreases as the number of turns increases. The effect, however,

is relatively small; electromagnetic& weight reduction is only 8, percent for

a 20 percent increase in current loading. Therefore it is concluded that a

further increase in turns (and current loading) in order to reduce size and

weight is not practical.. A size and weight reduction can only be at:nieved by

adding an external amortisseur circuit to the rotor as described in the proposal..

This is necessary to maintain the low commutating reactance required for the con-

verter operation. It was felt that the added complexity of any amortisseur circuit

is not worth the-reduction in.machine weight since the power losses also increase

with the increase in turns per phase. Moreover, the reliability of the machine

would be decreased.

Tradeoff-studies of the influence of the number of poles (- frequency) are

limited by two boundary conditions: (1) the minimm frequency requirement for

the converter operation, and (2) the iron losses at high frequencies. The first

condition requires a minimum frequency of 1100 Hz and the second condition limits

the maximum frequency to approximately 3000 Hz. For the TF34 engine application

the minimum idle speed of 8715 rpm will require a minimum of eight pole pairs
for 1168 Hz; seven pole pairs is barely acceptable. Nine pole pairs will yield

a frequency of 2522 Hz at 100 percent speed (3076 Hz at 122 percent speed). Thus

:only'3-pole-pair numbers are available for tradeoff studies. These tradeoff
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studies were performed for the conditions of magnetic and nonmagnetic shaft

material. The main results are reported in Table 15.

Trends evidenced from the stu~dy are as follows:

1. A seven-pole-pair machine with a magnetic shaft Is not practical

for this application.

2. Machines with magnetic shaft materials are larger and heavier

than if they used nonmagnetic shaft matcrials.

3. Total machine volume and weight decrease slightly with increasing

numbers of pole pairs;'for the same rotor diameter the stack

length over end turns decreaseb.

4. The losses show on the average an increase for higher numbers

of pole pairs

The machines discussed above all have in common the minimum rocor inside

diameter of 3.125 inches. In' this case, however, the-rotor geometry was quite

restricted and smaller machines could be obtained by increasing the rotor inside

diameter. Consequantly, the rotor inside diameter was increased to 3.631inches

for this application. In addition the rotor outside diameter was allowed to

vary, the additional space being taken up by a larger magnet and shrink ring.,

Thus, increasing the rotor diameter allows a magnet volume increase. Figure '18

shows the relationship between magnet height and roto. diameter for a maximum

rotor shrink ring stress of 150,000 psi at 21,470 rpi (overspeed of TF34 engine).

Using the rotor geometries defined in Figure 18, the effect of a change in rotor

outside diameter was studied for the three suggested numbers of pole pairs for a

60 KVA generator for the TF34 application. The results were obtained for

machine designs which met the necessary commutating reactance limits. This also

meant that actual, realistic winding configurations had to be chosen. This

allowed a change in the number of turns for the larger-diameter, seven-pole-pair

machine.

Figures 19, 20, and 21 show the results for the seven-, eight-, and

nine-pole-pair machines. The trends are clear: as the rotor radius increases,

the machine length comes down while the magnet height# outer machine diameter,

and weighz increase. These curves allow ,tradeoff studies of the added engine

weight for a decrease in generator length versus the reduction in generator

* weight for an increase in length.

4.



TABLE 15

RESULTS FOR SELECTED MACHINES FOR THE TF34 APPLICATION

Rating - 60 KVA Base Speed - 11,400 rpm

Shaft Material Magnetic Yes Yes No No No

Number of Pole Pairs P - 8 9 7 8 9

Base Frequency F (Hz) 1520 1710 1330 1520 1710

Number of Phases - - 6. 9 6 6 9

Magnet Height Ha (in.) 0.803 0.800 1.22 1.170 1.190

Shrink Ring Thickness THr (in.) 0.331 0.245 0.445 0.450 0.450

Comutating Reactance Xc (a) 0.183 0.287 0.188 0.180 0.281

Stack Length Hi (in.) 3.58 2.95 2.60 2.590 2.02

Length Over End Turns OL (in.) 4.77 3.89 3.97 4.20 3.50

Maximum Diameter OD (in.) 8.72 7.92 9.00 8.94 8.97

Rotor Diameter OR (in.) 7.428 6.690 7.620 7.620 7.620

Rotor Inside Diameter IR (in.) 3.125 3.125 3.125 3.125 3.125

Rotor Weight WR (lb) 27 18 25 25 20

Total Weight WT (lb) 42 11 40 33 27

Electrical Losses PT (kW) 7.9 8.2 6.9 6.9 7.6
(at Overload)

Air-Gap Flux Den•ity Bag (KL/in. 2 ) 43 44 52 52 52
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In .addition to the tradeoff studies, which were undertaken to learn more

about parameter sensitivities, an attempt has been made to better define the

eddy current losses in the solid pole faces.

Electrical losses in the, surfaces of solid rotors of synchronous machines

are always caused by magnetic-field components in the air gap of these machines

which rotate with speeds that differ from the rotor's. These magnetic-field

components, which can have the same pitch as the fundamental, are classed as time

harmonics and space harmonics. The time harmonics are caused by harmonics in the

applied voltages and currents, which are introduced by the load or power supply

to which the machine is connected. The spare harmonics are caused by the

presence of slots in the stator rf the machine and also by the concentrated

distribution.of the armature currents in the stator slots. Each harmonic air-gap

field component can be caused by one, two, or all three of the above. That means

one has to investigate all three sources for possible contributions to the field

component under investigation.

Time harmonics, winding distribution, and slotting harmonic fields were

investigated. The magnetic flux density waves In the air gap due to time

harmonics caused by the switching in the converter are difficult to establish:

they continually vary because of the changes in load conditions and the beat

frequency between input and output frequency. Anapproximation of the time

harmonic amplitudes in relation to the fundamental can be obtained from the

ratio of RMS current to, fundamental current. A sample calculation has shown

that the flux density waves in the air gap due to time harmonics currents are

very small (<100 gauss,) and thus 'cause relatively low losses.

The winding distribution harmonics were also found to generate magnetic

field waves of no more than 200-gauss amplitudes. Again loss contributions

turned out to be rather low. These 'calculations were done for the various 60

e KVA machines for the TF34 application. Relatively low amplitudes for magnetic

fields caused by either current (time) harmonics or winding distribution' are to

be expected for machines with low armature reaction, which is identical to low

4 synchronous reactance. Since these machines have been designed for a small

comutating reactance without the benefit of amortlaseur windings, the

synchronous reactance had .to be made small.- (Xd is generally below 0.4 per unit

for these machines.),

I
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The analysis of the slotting harmonics shows rathcr significant flux

density amplitudes for all three machines (seven, eight, and nine Dole pairs). Table

16 shows tne amplitudes for the first three pairs of slot harmonics. Table 17

shows the losses in the rotor surface for the first pair of slot harmonics.

These losses were calculated for a uniform rotor material using the theory

for solid-rotor induction motors with magnetic rotor material. In the actual

rotor surface we have two distinctly different types of material present:

magnetic and nonmagnetic. An actual analysis for that combination is not

available. An inspection of the formulas used suggests the following: In the

nonmagnetic zones the depth of radial current penetration in the material is

larger than for the magnetic zones. The assumption of radially constant flux

densities is not valid anymore, and the amplitudes of the harmonics will be

significantly reduced. For lack of better information it is assumed that the two

effects cancel each other. -This seems justified, because the loss levels calculated

relate well to those experienced in no-load tests of a permanent magnet generator

built for a 150'KVA VSCF system.

The basic difference for the three machines considered is in the actual

frequencies as determined by the number of 'slots and the fundamental frequency.

Higher frequencies are better damped for the set of material characteristics and

thus cause smaller losses. In addition the eight-pole-pair machine has a larger

ratio of slot opening to air gap, resulting in larger flux density amplitudes.

The basic conclusion that can be drawn from these loss calculations is that

slotting harmonics are the main cause of the losses in the rotor surface. High

numbers of slots and poles seem to result in somewhat lower losses'becauseof

better damping. Open'slots or large slot-opening-to-air-gap-length ratios result

in'increased losses. The limit in slot opening is basically determined by

manufacturing.considerations.

One can briefly sumasrize the results of this part of the studies as

follows. The general tradeoff studies have shown the significance of rotor

optimization with respect to its two main functions: (1) "production" of magnetic

fields, and (2) mechanical containmert of the magnetic structure. This is

expressed in magnet energy level, magnet volume, and shrink ring (retaining ring)

tLickness. However, it has also been shown that once the electromagnetic loading

in the air 'gp has reached the limit estiblished by the stator materials and

j~.



TABLE 16
AMPLITUDES OF SLOT HARMONICS

Harmonic Amplitude, kilogaussFlux Seven Eight . NineDensity Pole Pairs Pole Pairs Pole Pairs
B11 2.467 3.083 2.467
B 3 2.467 3.083 2.467

1322

B23 0.221 0o.315 0.221
B25 0.221 0.315 0.221

B35 0.169 0.338 0.169
"B37 0.169 0.338 0.169

TABLE 17CALCULATED LOSSES DUE TO THE FIRST PAIR OF SLOT HARMONICS

Seven Eight NinePole Pairs Pole Pairs Pole PairsSlot Harmonic v 1 13 *8 10 II 13,

Losses at 11,400 rpmper cm' length, w/jcm, 18.3 25.8 29.5 46.7 16.2 22.9
Loss Dens ity at 211,400 rpm, w/in. 2  

4.68 8.09 4.15

Total Losses at11.:00 rpm, w 292 500 200

Total Losses at
17,600 rpm, w 556 925 382

i
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thermal characteristics a further increase will simplify the rotor design but

not influence the total machine size, Current density increases do little to

reduce the machine size. For improved reliability the current density levr:

should be kept lower than is generally done for aircraft-type generat'rs'.

Voltage regulation difficulties, commutating reactance requizebents, the

large magnetic volume required to compensate for armature reac'.''.,, and the

complexity and reliability concern of an amortisseur circuit lead to the

conclusion to eliminate the amortisseur winding from consideration. Any size

and weight benefits appear to be marginal for machines to be integrated into

engines compared to the sacrifice in reliability in a very critical location.

The electrical rotor surface losses for PM nachines with a low reactance

level have their main origin in the stator slotting harmonics. Special attention

is to be given to the slot opening design to minimize these losses.

C. DISK-TYPE MACHINES

The most likely alternate PM machine for the integration application is the

disk or axial-gap machine. This concept, which is relatively new in power generation

machinery, is presented in Figure 22. The winding disk is mounted to the stator

structure; it is manufactured from copper windings which are reinforced with

fiberglass and impregnated with epoxy resin. Coolant channels and additional

support structure would be embedded, if the application demands such devices,

within the copper winding. Th; winding disk is faced on both sides with rotating

magnet disks. The polarity of magnets alternates, as shown in the lower right

of Figure 22. The magnets are backed by magnetic steel plates and supported

on the inside and outside by nonmagnetic support bands. The magnetic back plates

can be made relatively thin because Of the lower operating flux density levels

in the magnets and the high flux density capabilities of the magnetic steel.

If it is required to multiply the output power, two or more of these disk

machines can be stacked one behind the other; the number of disks that can be

stacked depends upon the engine configuration and the associated payoff.

The disk machine concept, in which basically the soft magnetic iron has

been replaced by permanent magnets, permits size and weight savings over certain

other electrical machine concepts because the ratio of active volume to passive
machine volume has been significantly imroved. This concept also has the

potential for very low losses, since the only electromagnetic losses present are

the I2R losses in the rotor windings.

5.
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In addition to the potential weight savings for general machine applications,

there are other, indirect advantages to the axial-gap, disk-type machine. The

rotor manufacturing techniques, close tolerances, and level of quality control

are similar in both cases but the retaining ring for the disk PM is made from a

single nonmagnetic material rather than fabricated from two dissimilar metals as

required for the radial-gap (conventional) machine.

Also, the effects of misalignment of the axial-gap-type machine are

significantly different from what they are on the conventional machine. Since

there is no iron in the stator of the disk, any misalignment or eccentricity will

not cause unwanted magnetic forces or additional losses. Radial clearances in

the range of 0.10 to 0.20 inch and eccentricities up to 0.050 inch can be

tolerated. For mechanical (rubbing) reasons, axial clearances are more critical.

than for the cylindrical PM machine. The magnetic influence of axial misalignment

is insignificant. Thus, for the axial PM alternator the assembly tolerances are

significantly less critical than they are for a conventional PM machine.

Due to the radical change of this type of machine from the conventional

-radial-gap-type machine, it is expected that a considerable amount of development

will be necessary before an axial-gap, disk-type machine can be realized. But

because of its potential advantages it has been included in the studies. A cross

section showing the mechanical design features of a disk-type IEG/S PM machine

is shown in Figure 23.

Except for the' magnet axis and the pole pieces, the mechanical design of

" the rotor is similar to that of the cylindrical machine. For example, a shrink'

ring holds the magnet assembly (magnets and nonmagnetic spacers) under compression

up to the maximum overspeed condition. The manufacturing of this shrink ring,

however, is simplified since' it is made from a single, high-strength, nonmagnetic

material. The relationships between radial magnet dimensions, rotor diameter,

and shrink ring thickness (radial) are similar to those established for the

cylindrical machine. This is obvious from Figure 24, in which is shown the'

dependence of the shrink ring radial 'thickness on the outer magnet radius and on

Sthe materials selected for spacers and' shrink ring. Since the inner magnet is

fixed, these curves also show the dependence of the ring thickness versus radial

magnet height. Geometrically, the optimum machine utilization occurs when the

Sratio of magnet outeide radius to inside radius 'is V•. However, at the speeds

"considered (T734 application) this rotor radius ratio is not practical: a
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reduction of the inner magnet radius is hindered by the inner end-turn

configuration and the shaft diameter.

The radial dimensions have not been considered as sensitivity study

parameters because (1) the magnet inside diameter is fixed due to shaft diameter,

and (2) the outside diameter is optimized when the diameter ratio (r a/r d V7.

The results of current loading tradeoff studies are shown in Figures 25 and

26. The axial magnet thickness is generally chosen so as to obtain a magnet

operating point cJase to the maximum energy point. This will result in machines

close to the minimum volume, since the magnet length is a direct input to the

total volume equation. However, some tradeoff studies have been perfo.med to

study the trends.

For Figure 25 the following parameters were considered to be constant:

Constant Parameters

Permanent Magnet Magnetization 0.85 Wb/EqJ.M

Permanent Magnet Pole Arc 60 Electrical Degrees

Axial Gap (Magnet-Armature) 0.1 inch

Armature Current Density (Copper) 15,000 amp/in2

Armature Winding Space Factor 0.5

Overall Outer Diameter 9.05 inches

Minimum Inner Diarieter 3.25 inches

Operating Speed 11,400 rpm

Generator Output .100 [VA

Power Factor 0.75 Leading

The armature current loading is-defined is follows:

Armature Current Loading (amp/in.) - Current Density x Space F&ctor x

Armature Axial Thickness. The, independent variable is the armature current

loading, and the dependent variables are: number of disks, synchronous

reactance per unit, and 'active length. The magnet axial thickness was chosen

at 0.8 inch for these curves. Two sets of curves are shown, one for 16 poles

and the other for 12 poles.

These curves define the size of the machine through the active length,

since the outside diameter is constant. The synchronous reactance is considered

to be a sensitive parameter in this-application, since one operational, require-

ment is a low doimutating reactance. The commutating reactance in a conventional

synchronous generator is'approximately the •negative sequence reactance, which,
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for practical purposes, is the subtransient reactance. In the disk machine

there is only one reactance, since the electrical resistivity of the u.agnets is

so high that pole face currents are negligible. An amortisseur winding could be

added in the form of copper disks on the pole faces., Previous experience with air-

gap stator windings (such as the ones used here) shows that if such a winding

were added, the subtransient reactance would be aIproximately one-third the

synchronous reactance. A commutating reactance of less than 0.1 per unit is

desirable and would imply an upper limit of about 0.3 per unit on the synchronous

react !e.

jortisseur disks would introduce a complication into the design, and

the curves in Figure 25 show that it is possible to achieve a synchronous reactance

of less than 0.1 per unit without extreme penalty, especially with the 16-pole

design.

The armature losses over the range of parameters explored amount to

approximately five percent. It becomes apparent that the efficiency of the

machine will not be limiting. However, in this configuration, extraction of the

losses must be accomplished at the outer periphery of the stator disks. This

heat removal capability may put a limit on the loss per disk. This will be

discussed shortly.

Similar results are obtained for a smaller machine rating as applicable

to the TF34 application. The dimensional limitations for this design are listed

in Table 18. The results in Figure 26 are given for various values of axial

magnet half-thickness.

The lowest set of curves in Figure 26 shows the number of disks required

(twice the'number of half-disks). Although these curves are continuous, it is

obvious that only integer values are physically meaningful. The next set of

curves shows the machine active length. The next set of curves shows the hot-

spot temperature in the armature windings (the 250" C limit Is indicated). The

basis for the temperature calcr.ations Is discussed later. The top set of curves

shows the synchronous react~ace in p.u. on the 90 KVA machine base. In this type

of machine, the coimutpting reactance and the synchronous reactance are identical,

and a permissible *'nchronous reactance on the 90 KVA base is 0.45 per unit for

a nine-phase sye/em. Therefore, the curves in Figure 25 show that this limit is

not reached within other practical l1mitations of the machine dimensions.

The basic calculations were made for an armature copper current density of,t ~2
* 17,500 'amp/in.
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TABLE 18
MACHINE DIMENSIw:, ASSUMPTIONS FOR 40 KVA MACHINE

OPERATING ANJ. THE 1.5 P.U. OVERLOAD POINT

Limiting radius, outside 4.550 In.Magnet outside radius 3.620
Magnet inside radius 2.150
TF34 shaft rddius 1.562
Clearance for cooling pipes 0.25Rotor clearance 

0.10Trapezoidal shrink ring radial 0.58

height
Space for inner turns 

0.238Clearance, end turns - rotor 0.25Rotor support cylinder 
0.10

4
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The curves for the active 'length exhibit minima, which are also minima in

machine volume. Realizable machines are obtained for the combination of parameters

that results in an integer number of disks. These vertical lines are shown for

six- and three-disk machines near the active length minima. (Disk multiples of

three are desirable for phase-connect purposes.) For current densities of 17,500

amp/in. 2, both machines have acceptable hot-spot temperatures. The machine

active length is approximately 3.6 inches in both cases. For a 20,000 amp/in. 2

current density, the active length is decreased by about 0.3 inch for the

three-disk machine, but the indicated hot-spot temperatures are perhaps 200 C

too high. Refinement of the thermal calculations, including verification of the

assumptions therein, may reduce these predicted temperatures, but for the moment

the data in Figure 26 seem reasonable.

The assumptions used in heat transfer calculations are best illustrated by

reference to Figure 27, which is a full-scale cross section of the disk machine.

The resistive losses in the armature winding are extracted by, radial conduction

along the armature winding. The heat then flows out through the end turns to a

set of copper fins embedded in the end windings as shown. The internal resistance

of the end windings is important, and a high-conductivity-filled epoxy has been

assumed. In addition, however, the thermal conductivity of the embedded copper

is taken into account, and care will be necessary to assure that the winding

strands are pressed as close to the fins as possible. Heat transfer area is at a

premium, and in order to maximize the surface heat flux at the fins as well as

minimize the internal temperature rise, it was found necessary to split the end

windings as shown in Figure 27. The mechanical realization of this heat transfer

configuration will require careful design. The et;4 winding fins conduct the heat

to the oil ducts, where it is transferred by forced convection to the oil. The

distribution of the temperature rise is shown in Table 19, using the three-disk
2

machine at 17,500 amp/in. as an example.

The internal temperature rise in the windings was calculated by assuming

one-dimensional heat flow in a body with internal heat generation, from which

the temperature rise is given by

AT -J 2  2 '(11)

where I is the armature copper current density,
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TABLE 19

iNTERNAL TEPERAT•1••RISES - 90
KVA/THREE-DISK MACHINE

Armature radial conduction
(current density 17,500 amp/in. 2 ) 860 C

'End turn internal conduction 22

'Oil-duct film rise 30

Oil bulk rise
(Oil flow 2.9 gpm) 14

Oil inlet temperature 
107

Winding maximum temperature 259'

7
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p is the copper electrical resistivity,

k is the copper thermal conductivity, and

z is the length of turn measured to the midpoint of the

inner end turns'.

Since this temperature rise is the largest in the thermal circuit, and

since it depends on the square of the armature current density, it is obvious

that the configuration is sensitive to this variable.

Tradeoff studies involving the number of poles and number of disks have

resulted in the output shown in Table 20, which is arranged to clarify the trend

of machine parameters. The fixed radial machine dimensions for the 40 KVA

machine (operating at the 1.5 p.u. overload point) were shown earlier in Table 18.

The results for this machine application, shown in Table 20, have been selected

for a maximum hot-spot temperature at 250* C and are presented for the machine

with minimum active length. This was obtained by varying magnet axial length,

armature axial dimension, and armature current density.

The conclusion drawn from Table 20 is that changing the number of poles

over a wide range dces not significantly affect machine size, although the

minimum size occurs at slightly different number of poles, the exact number

depending upon the number of disks chosen. Since the winding disk thickness

decreases for increasing number of disks, a four-disk machine appears

impractical for manufacturing reasons.

The commutating reactance fell below the desired value,(0.283 ohm). The
value of the commutating reactance depends on the machine connection in the

two-disk case. For the present calculation, the machine was assumed to be

connected so that each disk contains all six phases. This is the only practical

method of connection for three-disk, six-phase machines. Similar tradeoff

studies have been performed for machines of highee ratings and lover base speeds,

such as those found in the F103 application. The fixed machine dimensions

and parameters are listed in Table 21(a).

Using these constraints of temperature, reactance, and radius, three
Svariables - magnet thickness, armature winding thickness, and armature current
Sdensity - were stepped systematically, and the results were scanned for minimum-

length machines. Similar calculations were performed for 20-, 24-, and 28 -pole'

machines. The armatures of these machit.es are assumed to be cooled by radial

conduction along the windings to the outer periphery, where the heat is transferred

•I
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TABLE 20

CHARACTERISTICS OF 40 KVA MACHINES
WITH DIFFERENT NUMBERS OF POLES

Nwo-Disk Machines

Number of Poles 14 18 22 24

Active Length, inches 1.86 1.84 1.87 2.00
Magnet Thickness, inches 0.55 0.55 0.55 0.60
Armature Thickness, inches 0.0275 0.282 0.277 0.311
Armature Current Density, 16 17 18 18K-amp/In. 2

Commutating Reactance, ohms 0.21 0.21 0.21 0.22

Three-Disk Machines

Number of Poles 14 18 24 28

Active Length, Inches 1.90 1.80 1.75 1.78
Magnet Thickness, inches 0.35 O. 30 0.30 0.30
Armature Thlcknkss, inches 0.18 0.20 0.18 0.19
Armature Current Densitys 16.5 17 19 19

K-amp/in 2
Commutating Reactance, ohms 0.19 021 0.17 0.17
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TABLE 21(a)
LIMITING MACHINE DIMENSIONS FOR P103 APPLICATION

F103 core shaft radius 
3.000 in.

Rotor support cylinder 
0.125

Clearance between end turns and
rotor support 

0.150
Smallest inside radius end turns 3.275

Maximuja machine radius 7.000
Thickness of support frame 0.100
Cleý.rance for cooling tubes & connections 0.25
Maximum end-turn outside radius 6.65

TABLE 21(b)
VARIABLES HELD CONSTANT FOR ANALYSES

Magnetization 0.84 wb/r2

Magnet pole arc 60 Elect. Deg.

Armature apace factor 0.5

Rotor speed 
6340 rpm

Axial air gap between stator
and rotor 0.050 inch
Oil coolant inlet temperature 1070 C
Oil flow rate Z.9 gpm

r

I
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to oil as shown in Figure 28. The internal winding conduction rise is the

dominant temperature rise, and is proportional to the square of the sum of tie

radial pole span and the inner end-turn length. Shortening the radial span by

increasing the inner radius will decrease this internal temperature rise and

allow operation at higher current densities. Calculations were made for several

cases of shortened pole span to explore this effect.

The results of the calculations for the 90 KVA generator are show.n in

Table 22. The general conclusion drawn from these data is that the minimum active

length is relatively constant over the range chosen. There is a slightly

decreasing trend when the number of poles is increased. The trend is upward when

the radial pole span is decreased (disk inside-radius increased). A similar but

more pronounced trend would be expected if the pole span were shortened by

decreasing the outside radius; but this includes a penalty for the decreasing

average radius. A few trial runs for six-disk machines showed that there is a

small length penalty for increasing the number of disks. Since the machine

rating of the F103 application called for rather large ratings, nine-phase

machines were designed. Nine-phase machines are best realized when the number

of disks is a multiple of 3.

The results for the 120 KVA generators are shown in Tables 23 and 24.

A definite advantage is shown for six-disk machines in Table 24. The six-disk

machines are approximately one inch shorter than the three-disk machines. Again,

as in the 90 KVA generators, there is a broad range in the number of poles and

inside radii, where the machine size is relatively constant.

Tradeoffs regarding the magnet energy have not been made in detail since

the magnet flux density influence can be assessed rather straightforwardly.

A magnetic energy increase of 10 percent allows a 5 percent increase in flux

density in the coils. That results in a 5 percent decrease in axial winding

length and 'thus a 5 percent decrease in the number of magnets' required to

magnetize the air space. Thus the machine size basically changes in inverse

proportion to the magnet energy level but at hz,'f that rate.

The results of the disk PM machine car, .iefly be summarized as follows.

The machine size as a function of the number of disks, the axial magnet length,

and current loading shows definite -•nima. The number of poles has very little

effect on the overall machine size. The magnet energy has a much larger but

monotonic influence on thr machine size. The obtainable optimum disk machine
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TABLE 23. SIZES FOR F103 DISK GENERAToRS - 120 KVA NOMIINAL, THREE-
DISK MACHINES
5 Minutes Overload 232 KVA, 0.77 PF, Disk Outside
Radius - 5.9 Inches.

Disk Inside Radius, in. 3.6 3,9 4.2Radial Pole Span, In. 2.3 2.0 1.7Number of Poles 
20.0 24.0 20.0 20.0Active Length, in. 5.18 6.38 5.26 6.06Magnet Thickness, in. 1.12 1.48 1.20 1.50Armature Thickness, in. 0,51 0.55 0.45 0.42Armature Current Density, kA/ln.2 9.8 10.0 10.5 11.2Commutating Reactance, ohms 0.137 0.141 0.138 0.141

TABLE 24. SIZES FOR F103 DISK GENERATORS - 120 KVA NOMIsAL, SIX-
DISK MACHINES
5 Minutes Overload 232 KVA, 0.77 PF, Disk Outside
Radius - 5.9 Inches.

Disk Inside Radius, in. 
3.6 3.9 4.2Radial Pole Span, in. 
2.3 2.0 1.7Number of Poles 

20.0 24.0 28.0 20.0 20.0Active Length,' in. .4. 10 4.03 3.95 4.06 4.16Magnet Thickness, in. 0.36 0.32 0.34 0.36 0.40Armature Thickness, in. 0.22 0.23 0.22 0.21 0.19- Armature Current Density, kA/hn. 2 ii.4 11.5 12.2 12.1 13.2Com•utating ReaL rance, ohms 0.142 0.138' 0.104 0.142 0.140

_____7.7



design, however, is mostly a function of the maximum hot-spot temperatures

in the winding. In other :ords, a successful disk machine design depends very

much on the cooling deiign concept. In the designs considered, the commutating

reactance wa:; nt,ý a •esign-influencfne fa,:tor.

P. APPLICATIGN RECOtM!ENDATIONS

The previously discussed tradeoff studies have shown a few zlear trends

which are to be used for selecting optimum machines for specifi. :at ings and

applications. For the cylindrical machines,-however, there has been no optimum

way to design for lower weight. In crder to get a small mac:;i-o tie variable

design parameters have to be ruzhed to mechanical, electrf!cl, ana !!,rufacturing

limits. However. within the geometric and electric re.t.iction rthere do not

appear to be any significant changes possible. Thus a good design will focus

mostly on power loss, reliability, and winding temperature. The weight penalty

for reduced losses appears to be relatively low fer th:si applications.

For the disk-type machines there seem to be p:oniunced optimum points

for weight and volume. In most instances theq., ri.ima are quitebroad and leave

sufficient latitude for selecting the othor ;: %ýmeters. The maximum winding

temperature, however, has a rather si t41-.int influence on the machine design,

as reflected by the cooling scheme Ma 4as used in the calcularinns. As a

result,'a vastly improved coolini rche-me Is necessary to :bta'f reasonable

winding temperatures that are r.-acessary for attaintr.g a h~gh. machine ITBP. Thus,

the disk machine needs more development work be.,Vrr i- Lecomes practicable.

When electric power loqs 'a exjmiir ;-:*• &::, not Include disk frictional

losses) the disk machine is tie mo:o- a3crt,.':e c, ,.cept because of the reduced

stator losses (no iron lease4) and rk•.'a -,tor ,Jdy current losses. Both

machines show relatively low additional l.ests from current time harmonics, in

part because of the low armature reactanc4 and armature reaction level in each

machine. The disk machine has the added attraction of a rotor made entirely

of low-conductivity material, which virtually eliminates eddy current losses In
the rotor. The main eddy current losses in the cylindrical machine originate from

the rotor mloiting. A reduction of the slot opering to the smallest acceptable

level - at the manufacturing stage - will help to reduce those losses to

acceptable levels.
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Following is a brief discussion of the differences in the rotor temperature

characteristics of the radial and axial gap PM-type machines. Figure 29 shows

the operating ranges and points for the magnets for a typical, disk machine and

a typical rAdial-gap machine. The difference in operating points becomes

important when thermal magnetization loss is considered because the lower the,

operation point lies on the demagnetization curve the more severely do rare earthý

cobalt magnets suffer irreversible and, tc some extent, reversible temperature-

induced magnetization losses. Figures 30 and 31 (taken from a Raytheon Company

magnet technical brochure) illustrate these susceptibilities. Thus, a radial-

gap PM machine would tend to be somewhat less sensitive to high rotor temperatures

than a disk machine, and should therefore be able to withstand somewhat higher

rotor losses.

The sensitivity to thermal demagnetization becomes significant when the

higher soakback temperature applicability of the concepts Is considered, since

there is thermal soakback after engine shutdown. The disk machine has a definite

disadvantage under these conditions'.

The cylindrical machine could occasionally experience electrical shorts in

-the windings, mainly because the windings are 'located in slots.' Differences in

thermal expansion coefficients will have to be compensated for by the insulation

system. Thus it is mandatory that a suitable mechanical or electrical disconnect

be developed for the cylindrical machine. The dis Ik machine windings are much,

less prone to mechanical insulation breakthrough. Thus a simpler disconnect may

suffice for this machine. The disk machine offer. the possibility of actilre

voirage're~gulation, but this comes at the expense ~of added complexity 'and weight.

Regulating the voltage of the cylindrical machine ~wuld be impractical.

When ea~se of assembly Is cons~idered,,the cylindrical machine looks like

the more promising design', because Its rotor and 9 ator can be separately mounted

and disaseseoled. However, excessive radial shaft movement (>' 25 mll) could be

a problem because of the machine air gap, which Is on the order of 0.05 to 0.10

Inch.

-The disk machine'. rotor and stator mswt be asemblod together Into the

engine, but it is much lesm sensitive to radial sh ft movement.

The considerations discussed above will be ed for selecttng the optimum

machines for selected engine applications.

7.
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SECTION VI

GENERATMR/ENGINE INTEGRATION STUDY RESULTS

The conceptual generator/engine integration study successfully demonstrates

the technical feasibility of the IEG/S design approach to electric secondary

power extraction. This feasibility is evidenced by the fact that most of the

gvn,-rator/starters investigated fit into the confines of existing turbofan engines,

as shown on the layout drawings in Addendum A, Drawings.

The conceptual layout studies provide the Information necessary to define

the problems associated with the generator/engine design integration and provide

a base frum which to evaluate the various designs realistically.

'lite main objectives of the integration study were: define the generator

location, define its interfaces, explore the design of disconnect devices, and

evaluate the feasibility of the IEG/S with respect to reliability, integration

severity, safety, and cost.

The operating functions (generation, starting), the environmental

cnditions, aad the accessibility determine the possible location of the IEG/S

within the .?ngine.

The optimum location for an IEG/S within a turbofan engine is the space

between the fan and compressor, called the forward sump area (Figure 32).

This location combines the advantages of cool environment, relatively large

space (especially in high bypass turbofan engines), adequate accessibility, good

structural support, a.d access for power transfer from and to the high-pressure

turbine'shaft, a capabi'lity which is essential for starting a dual-spo6ol engine.

Although a generator (Power Level I) can be driven by the low-pressure (LP) shaft,

the disadvantages of wide speed range and low speed rei-lt in large, heavy

generators. Also a split arrangment with two generators was investigated

whereby one PM machine is driven off the HP shaft and operates as a starter/

generator and the other one is driven by the LP shaft and operates as a

generator only.

The above arrangement was found unattractive in term of weight and

mechanical complexity and was deleted from the study.

43.
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A. ELECTRICAL POWER LEVELS CONSIDERED

1. Introduction

The specification requirements define three categories of electrical power

to Le considered for each of the three engine classifications. These categories

were defined in Section IV-B, Electrical System Load Requirements.

The KVA ratings which were selected to correspond with the power level

specifications for each of the selected engines are shown in Table 25. A

detailed discussion and presentation of the data used to establish the selection

of KVA ratings are found in Section IV-B of this report.

2. Summary of Intl':face and Power Level Consideration

The IEG/S integration studies resulted in layouts for each power level

and PM machine type shown in Table 25 for each of the engines. These layout

drawings are contained in Addendum A of this report. Table 26 summarizes the

results of these integration studies and classifies the engine modifications on

the engines. Combinations required marked by an "X" represent a moderate impact

on engine modification.

The greatest potential payoff for an TEC/S exists for Power Levels III

and lilA, where the maximum usable electric power is provided. Use of the lEG

f-r Power Level I does not offer any advantage since no other part of the system

is simplified or eliminated, Power Level II offers advantages by eliminating the

need for a separate engine starting system. Power Levels lilA and III offer the

greatest potential by eliminating the mechanical accessory drive sy3tem and

engine-mounted accessories, therefore simplifying thesecondary power system

at the engine level, and at the aircraft level as well. More flexibility in the

"* placement of electrically driven engine accessories is possible. The fuel and

lubrication pumps, for Instance, would be powered by variable-speed electric

motors. Elimination of the engine gearbox generally reduces engine frontal

area and therefore aerodynamic drag, a reduction which is criticai in- high speed

aircraft.

The advantages inherent in the IEG/S concept appear to be at: their maximum

in aircraft on which the secondary power system is entirely electric. The full

advantages of the IEG/S concept must be evaluated at the aircraft level. Weight

savings, reliability Improvement, and life cycle costs-must be compared at the

aircraft level to evaluate the total potential of the Il/S -concept.
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TABLE 25
SELECTED KVA RATINGS

Engine 
Power Level (KVA)

II IIIA III

TF34 30/40 60 60/75 120
(RPV)

F404 60/75 90 200 800
Low Bypass

P103
High Bypass 75/90 120 300 1200

, ,. .... .4



TABLE 26
POWER LEVEL/ENuINE/GENERATOR - MATRIX

Power i0A Ratings

Level _ __ 404 F103 T134

KVA 60/75 75/90 30/40

Cyl. X* X X

Disk X* 1 1

XVA 90 120 60

u Cyl. X* x

Disk X** X x

KVA 200 300 75

IlIA Cyl. X** x I

Disk X**

KVA 8oo 1200 120

XXX Cyl. No-Go Na-Go x

Disk No-Go No-GI x

I - Integration possible with only moderate engine modification

S- Amount of engine extension: 2.5 inches-, major modificAtiot

*r* - Amount of,. engine extension: 3.6 inches, unacceptable

, . , .



3. Machine Design Tradeoffs

Table 27 lists the limiting PM machine dimensions for the various locationa

within the three engines. Using the results of the tradeoff studies discussed in

Section V as guidelines, the opzintum cylindrical and-disk machines for Levels

I and II were selected from computer-aided designs for Location I &f the TF34

engine. It was found that the total radial space of 1.2 inches for the electrical

machines to be mounted within this location prevents tae application of a disk-

type machine, which needs more space radially than the cylindrical machine.

Table 28 lists the main characteristic data for cylindrical PM generators with

Level I and It ratings for the TF34, Location I.* The maximum dimensions of the

electrr-magnetics package are the Punching Diameter and the Maximum Length (CL),

which includes a 0.4 inch extension clearance past the rotor. The problem of

this location is evident: it results in rather long machines (7.3 and 9.65

inches respectively).

Table 29 compares the'basic characteristics for TF34, Location II*

generators,. As expected, the disk machines are significantly shorter than the

cylindrical machines but larger in diameter. How much this benefits the engine

design has to be established. The small rating produces a disk machine smaller

and lighter than the cylindrical machine. In the larger rating both machines

weigh about the same and need similar vc!umes but they assume d1fferent shapes.

The benefit of the disk machines is their rather low commutating reactances,

which will be beneficial to the cycloconverter operation with respect to

efficiency and power capability. If a disk machine is selected, the electrical

specifications should be changed to reflect the lower commutating reactance and

its effects on the voltage required. The current densities of the-disk machines

have been allowed to be higher because of the absences of iron losses. As

mentioned before, however, a more effective cooling scheme has yet to be

developed for the disk machines.

*Location I is inside the forward end of the compressor; Location II is in the

forward sump.

SB .;



TABLE 27. LTMITING PERPANFrT MyA(NET D1MFN-sm

Dimens ions
System Min Max MaaxPreliminary Envelope Power De, DT, HI,Engine Drawing No. (Ref.) Level/KVA in. in. in.TF34 4013186-733 

1040 3.7t1 9.10 2.60 DT co'z],1 be increasd

11/60 3.70 9.10 2.60 to 10,.30 iiches

-:013186-779 
ff40 4.20 6.60 Open 'fT pr 1- 4 inches

11/60 4.20 6.60 3 pen

4013186-855 
Il1 3.10 9.7 2.6 HT could be increased

to 3.6 inchos
F103 4013ý1P6-752 

1/90 9.50 17.8 3.8

U/120 9.50 17.8 3.8

4013186-785 
1/90 7.50 17.8 3.8 jI[ can be increased

11/120 7.50 17.8 3.84013186-847 
III 6.8 16.1 5.0

4013186-875 IIl .. 15., •.5 HPT r-3rter/g.nSplit Power Sysrem 8.2 17.8 4.0 LPT generator

F404 4013186-836 
1/75 2.95 12.5 2.6 1)T could be Increased

11/90 2.95 12.5 2.6 to 14.0 inches4013186-848 
111 2.95 12.5 .3.6 DT could be increasel

to 14.0 inches
" DS - Shaft diameter

DT ý Stator outside diameter
HI ' Stack lengfl.
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TARLF 23
CYLINDRICAL PERMANENT MAt&NFT ".ArCIITNES

FCR 7c'34 APPLICATION -L(CATIO N T

Ratiog, ~CWA ICVA 30/40 6 0

Base Spc-ed, rpm - 9380) 9380

lase Frequency. Hz F ý1257 1407

Poles -16 1

Number of Phases -69

Stack Length, in. atr 6.01 8.456

Punching Diameter, in. OBS 6.600 6.600

Inside Rotor Diameter, in. IBR 6.40 4.400

Length Over End Turns, in. OL '6.90 9.222

Maximum Length, in. CL 7.30 9.65

Rotor Diameter. in. ORR 5.640 5.486

Wz~net Height, In. ho 0.465 0.452

Electrical Losses. kW PT 4.5 .8.6

Air-4Cap Flux Density. i(L/in.2  SWg 36 32

Commutating Reactance, R ,c 0.253 0.223

Volume, in) - 236 316

TABIL 29. -

CG!PARISOW1 OF DISK AND RADIAL KACH1TNS
FOR TF34 APPLICATION4, LOCATION 11, 9380 RME

Rating, KVA 30/40 30/40 60 60

Type Disk Cylinder Disk Cylinder

Polo$ 22 16 18 I8

Frequency, Us 1720 1251 1407 1-407

6 .6 69

Comutating Reactance, 0 .0.106 0.25C 0..083 0,.271

Overall Ltn'gth. In. 1.77 3.50 2.75 3.6'.

Kaxlme Cloorance, In. 1.7 3.90 2.5 40

Shaft DtaterI. i . 3.70 3.70 3.70 3.70

maximam Diameter, In. 10.5 8.65 10.5 .9

Current Density, WAia.2  11.8 8.5 11.1 .7.9
* 1 P.u. Load 0.9 PIP

Volte, 18.3 153 205 238 228



Table 30 comn'ares the radial and axial gap (cvlindrical and disk) machines

,nr Levels I and I1 and Locations I and II for the F103 engine. The same

zeneral trends can be observed: the disk rachines are shorter than the

cylindrical but are larger in diameter. At the higher ratings the voiume of the

disk machine also beco-es larger than that of the cylindrical machine of the

same rating.

That is just what happens in Location I1. The minimum shaft diameter there

is less restrictive, nillwing a cvlindrical machine with a higher power density.

However, based upon observations made for both F103 and TF34 applications, the

cooling concept and the maximum allowable hot-spot temperatures in the windings

are the most severe limitations for a smaller disk machine. This underscores

the need for further disk machine development. Cooling and winding temperature

influence disk machine size, a fact which becomes clear when one realizes that

a higher temperature and better cooling allow for thinner windirg disks and thus

less magnet strength. Therefore, a direct proportionality is expected between

the machine size and the temperature.

Designing the machines for the F404 application is significantly more

difficult than for the other two eng!nes. A wieer speed range and the same basic

overspeed as the TF34 plus the space limitations made it difficult to obtain the A
desired design results. The 60/75 KVA system cylindrical generator just meets

the 2.6-inch stack length requirements at the given diameter limitation. The 90

KVA ,machine could not meet it. Even varying the rotor diameter and number of

poles did not help; this is demonstrated in Figure 33, which shows the stack

length as a function of both these variables for a Level II.F404 generator.

The disk machine did not have this' problem, especially when the full

diameter range yes utilized. The results for the selections for both levels and

machine types are shown in Table 31. The coiments offered when comparing disk

and cylindrical machines for the 7103 application also apply when comparing how

the two types of machines are suited for Installation in the P404 engine.

Considering shape and losses, the disk machine looks better. The cylindrical

machine, however, does not require as much volume, as shown in Table 31. Again,

the actual selection depends to a large degree upon the secondAry benefits and

the goometry limitation. Furthermore, it is believed that detail developments

on the disk machine will reduce the volume, whereae higher-energy uagnets will

have very little effect os the cylindrical machines since all that is changed is

*l
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the magnet volume required. Since the air-gap flux density and the current

density stay mostly unaffected (for all those where Bg • 50 KL/in. 2), the chan ae

in magnet energy will affect only rotor stresses and rotor weight.

For the disk machine, however, a larger magnet energy means less active

volume and thus more power per volume.' A significant reduction in size would

be expected to result.

As has been seen in Table 26, the Level III ratings for all three machines

become very large, especially for the F404 and the Fl13. Thus, using the 3/4

power law (Equation 12) a quick projection has been made of the approximate

machine sizes for the 800 KVA system configured for the F404 and the 1200 KVA

system configured for the F103. 0.75

D2L [ )(12)

rpm - Rotor Speed

D - Diameter

L - Length

P S Rating (KVA)

Table 32 shows the estimated maximum dimensions of the 800 KVA machine for

the F404 engine and of the 1200 KVA machine for the F103 engine.

The estimates show that the 800 KVA for the F404 would result in generators

too large for this engine, especially when one considers that the Level II

generators for this engine were already marginal. The 7103 generators may just

be practical depending upon the details.

In revieving the Level- 11 generator sizes in more detail by engine type,

the following observations can be made. The* 60/75 IVA generator, for the T734

is similar to the 60 KVA Level I1 generator as far as the cylindrical version is

concerned, since both will be designed for the'double load point. Thus, no new

cylindrical design for this rating is necessary. Th. 60/75 )VA disk machine,

* however, will be redesigned to provide som increase in cooling, since this

* machine is cooling semnitive. The 200 KVA machines for the 7404 will be designed

for both cylindrical- and disk-type machines. The Level III generator require-

ments for the 7103 Senerstor chn also be met in a split generator arrangement;

i.e., nse generstor souited on the HP shaft, and one generator on the LP shaft.

Since the LP shaft has 700 rpm as a minimum rated speed, any generator 'will
i 0.



TABLE 32
ESTIMATED GENERATOR DIENMSIONS

FOR ALL ELECTRIC POWER EXTRACTION APPLICATIONS

-Application P404 F404 P103 F103

Rating, KVA 800 800 1200 1200

Machine Type C D C D

Max Diameter, in. 12.5 14.0 14.0 16.1

Max Length, in. 28.5 27.5 18.0 20.5

*6a



become quite large. Therefore, only the 300 KVA requirement will also be

investigated for a split arrangement. The minimum HP generator is the one used

for Level IT (120 KVA). That leaves 180 KVA for the low-speed machine. Geometry

and low speed do not allow the low speed generator to operate into a 400 Hz

system., Since the additional load is basically of the electric motor type, which

can operate at wild frequency and constant V/F, a wild frequency generator is

assumed for the low speed machine, which has a possible frequency range at base

speed cf 280 to 385 Hz maximum. That, of course, allows utilization of 400 Hz

motors at the high frequency end.

Tables 33 through 35 show the specifications for the Level ITT generators

to be studied. The 120 KVA machine for the split generator arrangement of the

F103 as well as the 60/75 KVA cylindrical machine for the TF'4 are not included.

Selection of the machines from the design matrix was generally done with

respect to an optimum combination of minimum stack length or overall length and

-.achine volume. However, if a shorter stack length than the one given is desired,

this often can be accommodated at the expense of the volume and weight of the

machine. The Level ITT generators, more so than Level I and I1 machines, are

open to more optimization because of their sire.

The characterizing data for cylindrical machines for the VSCF application,

selected are listed in Table 36. While all the machines meet or stay below the

diameter restrictions, only the 150 KVA and 300 KVA machines meet- the stack

length requirements. The results for the disk machines are listed in Table 37.

In this case none of the machines listed meet the desired axial length (stack

length) requirements of Table 34. However, these machines do not compare well

with rche overall length dimensions of the Level IIT cylindrical generators either.

One of the reasons for the larger volume and length of the disk machines is

the naturally lower power density in the air gap because of the larger

magnetic air gap and the resultant lower flux denatty (about one-half of that

found in cylindrical machines). The geometric advantage which the smaller-rating

* disk machines gain from superior volume utilization disappears for the large

ratings.

The characterizing data for ,the wild frequency generators for the

split generator appllcation' are listed in Tables 38 sad 39. N4ot all machines

meet the stack length requirements, a fact which is expected for full power at 700 rpm

(lover than most 60 Hs machines). Other than that, it i* interesting to note

that the maximm possible number of poles does not yield the smallest volue
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TABLE 33
SPECIFICATIONS POR LEVEL III HIGH SPEED

(VSCF) CYLINDRICAL-TYPE GENERATORS

Engine TF34 P404 P103 F103 F103

Rating, KVA 120 200 150 300 1200

Base Speed, rpm 9380 8715 5262 5262 5262

Overspeed, rpm 21,472 20,508 11,990 11,990 11,990

3 $ Load Current 626 1072 804 1608 6432
at 2p.u., amps

Voltage, V 145 145 145 145 145

Power Factor 0.69 0.68 0.68 0.68 0.68

Comm, Reactance, n 0.141 0.113 0.151 0.0734 0.0119

Shaft Diameter, in. 3M1 2.95 6.8 6.8 6 8

Max Diameter, In. 9.7 12.5 15.8 16.1 161

Poles (min) 16 16 24 24 4

No. of Phases 9 12 12 12 12

Desired Stock Length, 2.6 3.6 3.5 5.0 5 0
in.

" tO ir



TABLE 34SPECIFICATIONS FOR LEVEL III HIGH SPEED (VSCF)
DISK-TYPE GENERATORS

Engine TF34 TF34 F404 F103 F103 P103Rating, RVA 60/75 120 200 150 .300 1200Base Speed, rpm 9380 9380 8715 5262 5262 5262Overspeed, rpm 21,472 21,472 20,508 11,990 11,990 11,9903 0 Load Current 248 497 840 630 1260 5040at 1.5 p.u. Load, AVoltage, V 155 155 155 155 155 155Power Factor 0.77 0.77 0.76 0.76 0.76 0.76
SComm. 

Reactance, 0.226 0.141 0.113 0.151 0.0734 0.0189Shaft Diameter, in. 3.1 3.1 Z.95 6.8 6.8 6.8Max Diameter, in. 9.7 9.7 14.0 15.8 16.8 16.1Poles (min) 16 16 16 24 24 24No. of Phases 9 9 12 12 12 12

TABLE 35
SPECIFICATIONS FOR LEVEL ,II WILD
FREQUENCY GENERATORS, BOTH TYPES

Rating, KVA 150 150 I80 180Type C D C DPaced Speed, rpmý 700 700 700 700Max Speed, rpm 3432 3432 3432 3432Ove rspeed, rpm 4187 4187 4187 41873 * Load Current 804 630 965 756at Load, A 2.0 1.5 2.0 1.5Voltage, V 145 155 145 155Power Factor 0.68 0.76 0.68 0.76Comm. Reactance, 1" 0.151 0.151 0.126 0.126Shaft Diameter, in. 8.2 8.2 8.2 8.2Max Diameter, in. 17.8 17.8 17.8 1'7.8Stack Length 4.0 .4.0 4.0 4.0(Described), in.Poles (max) 66 56 66 56Min Frequency, Hz 385 327 385 327Max Frequency, Hz 1888 1602 1888 1602Phases 12 12 12 12

t
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for the machine. Note, too, the rather large frequency range of these machines,

which obviously goes along with a similar voltage range; this needs to be kept

in mind for the system separ'ation.

TABLE Xi
RESULTS OF THE TRADEOFF STUDY

FOR HIGH SPEED CYLINDRICAL GENERATORS
FOR LEVEL III POWER REQUIRREM ENTS

Application TF34 F404 F103 F103 F103
Rating, KVA 120 200 150 300 1200
Poles 18 24 .32 32 32
Frequency, Hz 1407 1743 1403 1403 1403
Phases 9 12 12 12 12
Commutating Reactance, Q 0.124 0.076 0.127 0.069 0.016
Stack Length, in. 4.91 5.86 2.59 4.34 16.7
Overall Length, in. 6.03 6.64 3.64 5.44 17.8
Maximum Diameter, in. 9.21 9.28 15.54 15.99 16.0
Maximum Clearance, in. 6.43 7.04 4.09 5.84 18.2
Shaft Diameter, in. 4.54 3.78 6.87 6.82 6.95
Current Density 8.5 8.3 8.3 8.3 8.3

at I p.u. Load, 0.95 PF
- kA/in.

2

Volume, in. 3  402 449 609 1092 3577

Again, the disk machines require much more space than the cylindrical

machines, mainly because of the relatively inefficient way of cooling large disk

machines as pointed out before, but also because of the disk machine's inherently

lower current density level. On the other hand, the actual sizes for the very

large machine ratings turned out to be not quite as bad as were originally

forecasted.

Summarizing this part of the study, it can be said that the original

concerns about the influence of the restricted geometry and speed range have been

verified; that is, Integrated machines tend to be larger and thus heavier than

their counterparts on the auxiliary gearboxes. For certain applications, 'however,

machines resulted which look very reasonable and practical, including their

promise for meeting the requirement for high MTBF,

The study has covered preliminary design projections for three different

rating classes for three engine applications and two generator types. Because

4 of the level of onalysis employed, no clearcut winner has been found. The

cylindrical machines have been found to be more compact in most cases because

of their higher air-gap power density and superior stator cooling system. Since
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TABLE 38
RESULTS OF A TRADEOFF STUDY

FOR WILD FREQUENCY CYLINDRICAL GENERATORS
FOR THE P103 APPLICATION

Rating, KVA 150 180
Poles 54 48
Frequency - Max, Hz 1544 1373

- Min, Hz 315 280
Phases 3 .3
Comm. Reactance, a 0.146 0.125
Stack Length, in. 9.45 11.49
Overall Length, in. 10.41 12.30
Max Clearance, in. 10.81 12.70
Max Diameter, in, 17.8 17.72
Shaft Diameter, in. 10.54 11.49
Current Density 8.3 8.3

at 1 p.u. Load, 0.95
- kAin.

2

Volume, in. 3  2531 3037

TABLE 39
RESULTS OF TRADEOFF STUDY FOR WILD FREQUENCY

DISK GENERATORS FOR THE F103 APPLICATION

Nominal Rating, KVA 150 180
5-Minute Rating, KVA 292 352
Phases, Disks 12,28 12,36
Poles 36 36
Base Speed, rpm 700 700
Base'Frequency, Hz 268 268
Magnet Inner Radius, in. 5.7 5.7
Magnet Outer Radius, 'in. 7.8 7.8
Machine Outer Radius, in. 8.9 8.9
Magnet Axial Thickness, in. 0.40 0.36
Armature Axial Thickness, in. 0.23 0.20
Total Magnetic Length, in. 20.6 24.1
Armature Current Density 13.4 14.0

@'1.5 p.u. Load, kA/in. 2

Commucating Reactance, ohms 0.121 0.092
Volume, in. 3  5126 5997
Power Density, kVA/in. 3  0.057 0.059
Oil Flow, gpm 36.4 54.6
Armature Current Density 8.9 9.3

@1 p.u. Load, kA/in. 2
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the magnets in that type of machlne can withstand higher temperatures, they ire

better for those applications where soakback temperatures occur. The rotor

eddy current losses are a disadvantage, but as long as the resultant temperatures

do not interfere with the rotor mechanics, the loss problem may be compensated

for by the capability of withstanding high soakback temperatures (up to 250' C).
Furthermore, the loss analysia has shown that by ptoperly designing the slot

opening and air gap, one can significantly reduce the losses.

On the other side, the disk ma hines do not have any electric rotor losses

to speak of. Howeveri because of the cooling concept presently employed, disk

machines having an inside-to-outslde rotor radius ratio of less than L.6 would be

larger than the comparable cylindrical machines. Also, in the case of hign

soakback temperatures the disk machines are at a disadvantage because maxiLum

temperatures should be kept at 2500 C or lower, the exact maximum depending upon

the magnet length.

B. SOLID STATE CONVERSION.DESIGN

The solid-sta.e conversion design on this program was limited to esuablish-

ing and estimating the size, weight, and cooling requirements of a cycloconverter

with power protection circuits that would be appropriate for each of the systems

listed in Table 25. In each case an SCR type was chosen to conffrm that an

appropriate power device is available. The results of this design analysis are

shown in Table 40.

C. DISCONNECT DESIGN

Because a permanent-magnet machine lacks excitation control there is no way

to turn off the excitation wher, a fault occurs. FA':lts in. the cycloconverter 4nd

at the output terminals of the converter can be disconnected within the converter.

Faults -in the high frequency cables between the input terminals of the c.c]o-

converter and the generator, as well as faults within the generator. cannot be
Sdeenergized without special devices. The disconnect is especially requirce in

a PM machine, where in the event of an internal machine fault or feeder fault,

, the electrical power output must be interrupted without affecting normal engine

operation. Maximum short-circuit current levels for a short at the generator

terminals can reach five p.u. for a symmetrical three-phase effort and up to

nine-p.u. for an unsymmetrical fault (that is, a line-to-neutral short), creating
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tremendous heating. In order to limit the time duration of these sho.rr-circuit

currents, a means to interrupt, eliminate, or reduce the short-circuit currePts

must be included within the system. Three general protection -onceptq are

considered to be capable of fulfilling this requirement.

0 Interrupt input torque

0 Increase air-gap length to decrease effective air-gap flux

* Interrupt (open) circuit

Initial work toward the safety disconnect was based on the understanding

that a mechanical, resettable disconnect device is required.

The mechanical complexity of resettable disconnect devices and separate

generator rotor support systems makes these devices unacceptable for engine

integration from the standpoint of reliability. Therefore, an approach based

on a circuit-interrupt (fuse neutral lead), noresettable disconnect Is being

recomended for the selected disconnect concept. This concept also made it

possible to simplify the generator/starter design by mounting the generator

rotor rigidly onto the HP shaft.

The types of disconnect concepts investigated during this study are

discussed below.

1. In-Line Resettable Electromagnetic Disconnect

This disconnect would be similar to the one described in AFAPL-TR-78-104,

in which a solenoid coil pulls an ara ture plate toward it and allows a sear to

move. Or-ce the sear moves' the clut h plates are alleo-ed ".o separate in the

axias direct/>n and the rotor is dioaonnected from the dr'ive. The mechanical

coiplexity of the disconnect devIce which requires separate generator bearings

and nuerous mechanical parts - make this device unacceptable fo.r engine

Integration due to the need for a hi h-reliabilIty device.

2. Hydraulic-Actuated Reet tao I Disconnect Clutch

Figure 34 shows the general arr gemmt of the hydraulie-Actuated resettable

coupling in the engaged position.

A cantral control unit mouitore signals receivd frow sensors transmitting

electrical, thermal, *ad vibrational at. In the event of a potential failure,

the solenoid valve receives a control it coinmd to open the inlet port to the

actuator cavity. Pressurized oil tr the lube oil/cooling circuit energisee
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the actuator, moving it against a spring force to the left. The piston

actuator, which is connected to a splined shaft through a ball bearing. disengages

the curvic spline coupling, interrupting the power transfer from the HP shaft to

the generator rotor. At this point the solenoid valve moves to a neutral

position, blocking inlet and outlet ports of the actuator cavity to prevent a

coupling reengagement even after a lose of system lube pressure.

Reengagement (resetting) of the coupling occurs oniy at rest after the

solenoid receives a corresponding signal to open the discharge port. The spring

load then returns the piston to the right and reengages the tooth coupling.

The disadvantage of this device lies in its mechanical complexity, with

its additional set of generator bearings.

3. Tapered Rotor/Stator Configuration

Shown in Figure 35 is a cross-sectional' view of the tapered rotor/stator

configuration which is used in certain industrial applications. An axial shift

of the rotor or stator reduces the voltage generated through the increase in air

gap and reduction of effective stack length. Calculations have shown that for an

axial rotor shift of 2 inches, for a machine with an outside diameter of 7.8 Inches,

and a stack length of 4.66 inches, the 3-phase short-circuit current would be

reduced to 1.73 p.u. for a taper angle of 10 degrees' More axial shift, however,

is required to reduce the short-circuit current level to thermally acceptable

levels for continuous operation.

The following disadvantages eliminate this configuration from further

consideration:

• Additional axial engine space Is required.

a, The size of the generator will increase as compared to a conventional

machine: The maximum rotor diameter stay* the same due to the

mechanical stress limitations, while the reduced average rotor

diameter necessitates an increase in stack length.

-The high manufacturing cost of building such a high-speed tapered

rotor/stator machine makes this configuration undesirable.

, The axial actuator mechanism, which would shift the stator, requires

-moving part sand reduces the total machine reliability.

c ~10' "
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4. Split Stator Approach

For this approach, the stator core is fabricated in two half-circle

sections which are hinged at one side and allowed to separate at the other (clam

shell). The end- ,rns are arranged such that no end-turns cross the gap at

which the stator ore is to open.* Flexible lead connections and flexible

cooling connectlovs are required at the hinged side to allow movement of the

stator core sectIcns.

Calculations have shown that for a machine with an outside diameter of

7.8 inches, a stack length of 4.66 inches, and an air gap of 0.071 inch, an

average air gap increase of 0.78 inch is required to reduce the 3-phase short-

circuit current to a thermally acceptable level of 1 p.u.; that is, the machine

has to be mounted in a space which can accommodate an increase in stator

diameter to 9.36 inches in the actuated position.

The key points of this approach are as follows:

0 Additional radial space is required.

0 The basic machine Aize does not increase since the electro-

magnetics are not changed.

* Manufacturing is not significantly different from the methods

used for conventional machines. The end-turn connections and

cooling lines which cro0. the hinged core gap have to be arranged

such that they can deform in case the stator is opened by the

actuator.

0 The actuator mechanism which would open the stator requires more

parts and reduces the reliability of the total machine.

This concept is not practical due to the mechanical complexity involved to,

split the stator.

5. Fuse Neutral Le.'ds

SShovw in Figure 36 is the schematic diagram of a three-phase machine with

• fuses' located in the neutral leads. This configuration is shown for an IEG/S

design in Figure 37. The high-frequoncy line contactor in the converter will

open in the event of fault detection, removing the power flow in the undamaged

ph*", but power flow In the damaged phase would still be present. Thus the fuse

must be located in thb. neutral lead to open the circuit.

*Thia approach is utillsed for commrcial machines..,

lot,
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The location of the fuse should be as close to ths stator windings as

possible to minimize the possibility of cable faults between the stator winding

and fuse location.

The fuse is a device which is temperature sensitive and which, within the

normal engine operation ambient requirements, -55* C to 120* C, creates a

significant challenge. The -55* C would be experie.nced during ground starting

after the engine had cooled to ambient. If failure of the starter/generator

were to occur during the cold ambient condition, the mission would be aborted.

After the engine is running, the ambient temperature around the generator would

soon be above 0* C, which provides more acceptable fuse operating ambient

temperature of 0* C to 120* C.

Two modes of operation could be affected with this concept.. The first

would be by normal fuse operation. Currents above normal operation envelope

requirements would be experienced and after time exposure the fusable link would

open. The second mode of operation could be affected by detection tf an undesirable

operating condition, and the converter is programed to short-out the generator

winding to blow the fuses.

This concept provides protection for all short conditions encept failures

within the same phase. Generally,, most faults in the winding are grounding

faults at the stator slot entrance. Such faults arise from damaging the wire

insulation, which Can occur under the following conditions:

0 during winding insertion

' operational vibration - wires flexing

* electromagnetic forces - wires flexing

0 temperature cycling - wires flexing

The above condition can be minimized by adding stator end laminations which

serves as a cushion to the 6nd-turn wires.

i Protection could be provided for winding faults within the same phase bythe placement of another fuse within the phase winding (Figure 38). This

concept is feasible but is considered to be impractical because it requires

doubling the number of fuses used. In a nine-phase generator, 18 fuses would

be required.
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6. Selected Disconnect Approach

The fusing of the generator neutral leads provides the necessary fault

protection without compromising the reliability of the engine operation for engine

integration of a starter/generator. The. selected fuse approach for the three

levels of integration being considered is not new in concept but is being

applied in an area where fuses have not previously been applied.

D. RELIABILITY AND MAINTAINABILITY CONSIDERATIONS

1. Electrical System Configuration,

The Integrated Engine Generator study by definition in the contract

utilizes a VSCF-type electrical system with a permanent magnet generator. This

is the optimum electrical system from the standpoint of reliability and main-

tainability. The VSCF system utilizes a solid-state electronic converter to

obtain a constant 400 Hz power from the variable-speed engine source. The

alternate electrical system in common use today uses a Constant Speed Drive (CSD)

to obtain the constant-frequency 400 Hz power from the variable engine speed.

The alternate to the permanent magnet generator is a brushless wound-rotor

machine.

a. Converter

The converter (a cycloconverter in this study) has no moving parts to wear

out and thus does not require scheduled maintenance. The CSD, on the other hand,

requires extensive scheduled maintenance. The reliability of the VSCF converter

is also higher than the alternate CSD so there are fewer unscheduled maintenance

actions required. A recent electrical system power study done under AF Contract

No. F33615-78-C-2018 indicates the projected reliability of a VSCF converter with

GCU (Generator Control Unit) is 20,000 hours MTBF as opposed to a projection

of 6700 hours for a CSD and its GCU. The maintenance actions which are required

on the VSCF converter are also minor compared to those required on a CSD. If the

I' built-in test circuits in the VSCF indicate a failure in the converter, the unit

can be removed and replaced at the flight line in twenty minutes. Repair of the

VSCF converter is achieved by replacement of a plug-in module at intermediate

level using BIT circuits and a test connector to identify the failed module or

assembly. Over 90 percent of the electronic parts in the converter are plug-in

assemblies. The failed plug-in assembly is returned to depot-level maintenance

.for replacement of the failed component part.
114'



The parts used in the converter have established-reliability, JAY-TX

(Joint Army-Navy Extra Testing) quality to achieve high reliability and low

life-cycle costs. Use of hybrid power modules with high thermal efficiency and

electrically neutral cases improves reliability and simplifies maintenance in

the power-switching function of the converter. The use of Large Scale Integrated

(LSI) devices and microprocessors for logic and control circuits offers continued

reliability improvements for the VSCF converter,

b. Permanent Magnet Generator/Starter

The permanent magnet machine uses a solid rotor without copper wires to

loosen or insulation to deteriorate. This machine's two significant advantages

over a wound-rotor machine are its superior ireliability and efficiency. In the

IEG/S application the PM machine will not add any wearing parts to the engine.

The rotor mounts onto an existing bearing-supported engine shaft. The use-of

fuses in place of a disconnect mechanism has simplified the PM machine devoted

for engine integration.

The PM machine is obviously the most critical part of the electrical

system in terms of impact on maintainability, since It is located inside the

engine. To maximize machine reliability the stator windings Are designed for

low current density, and end-turn supports are provided to minimize the

potential for breakdown at this critical area. Heavy insulation is also employed

to minimize the possibility of stator faults. The net resuit of these extensive,

measures is a machine which has an MTBF of over 50,000 hours, including the

fused disconnect, as substantiated by analysis in SectionVII-B.

2. Engine Maintenance Action

Failure of the IEG/S does necessitate removal of the engine.' This appears
to be 'too high a price to pay for the Power Level I IEG. If the generator has a

fifty- to sixty-thousand-hours MTBF, ,removal of the engine to replace a generator

would be infrequent enough, but there is no cverriding benefit for the Level I

IEG. For Level II the maintenance actions saved by eliminating the IDG electrical

system and starting system could very well overshadow the maintenance cost of

servicing an IEG'/S including engine removals.

For Level IIIA and Level 111, the cost of maintenance is definitely lowered

with 'an IEG/S. By supplying electrical power only, the aircrift secondary power

accessory equipment Is likewise simplified. The engine-to-aircraft interface
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is simpli.fied due to the elimination of hydraulic lines (Levels In/iTIA) and

*air ducts (Level III). The aircraft-to-engine (Level ITT) interfaces, therefore,

are:

(1) fuel lines,

(2) electric wires and cables, and

(3) mounting hardware.

This reduces the engine change time on the aircraft by an estimated one-half hour

for Power Level III. The electric-motor-driven' fuel and lube pump can be located

at a conveni-tc,.accessible location !or easy maintenance. The elimination of

the accessory gearbox, hydraulic lines, ard air ducts improves engine maintenance

through better accessibility of a "clean" engine. The assessment of maintainability

of the aircraft level'is necessary in order to get a true picture of the impac:

of an TEG/S system.

E.- DESIGN-TO-COST CONSIDERATIONS

1. Ceneral

The system configuration and design features emphasize high reliability

and low maintenance, which in turn yield low life-cycle costs. The emphasis on

high reliability increases the initial cost of high-quality components, but this

is more than compensated for by decreased maintenance and repair costs over the

life o.- the equipment.

The material used in the machine is a prime factor in driving up the

initial cost. The vanadium Permendur steel in the stator of the machine and

the rare earth cobalt magnets in the rotor have both suffered severe cost

increases because cobalt has been in short supply.

The reliability of the converter is not as critical as the reliability of

the PM machine internal to the engine since the cost of repairing the converter

is considerably lower. The use of hybrid-power SCR modules improves cooling of

the'semiconducto-' -unction, yielding a significant improvement In reliability

compared tn discrete SCRs.

2. System .EG/S Configuration Compared to IDG

The 1EG/S configuration, which uses a solid-.state cycloconverter to

couvert the variable input speed of an engine to a constant-frequency power,

I1 .e
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has significantly lower life-cycle costs th.'n an IDX system, which uses a CSD

hydromechanical converter to obtain a constant frequency. This is due primarily

to the lower maintenance costs of a cycloconverLer compared to a cunstant speed

drive. The factors which contribute to lower maintenance costs of the solid-

state converter are:

(1) Higher reliability, with much greater opportunity for improvement

as electronic components continue to develop and improve.

(2) No wear parts. Life is virtually unaffected by load.

(3) Low repair costs. Time and cost of repairing or replacing of

the solid-state converter are much lower than they are for the

constant-speed drive.

Figure 39 shows relative cost of ownership for a VSCF-type system and an existing

CSD-type system. Initial investment costs are assumed to-be equal. The major

difference in the two curves is due to the much lower maintenance costs of the

VSCF system. The average cost of material for maintenance action is $1740 for

the CSD system, which compares with $293 for the VSCF system. The average

person-hours per maintenance action is 22.5 for the CSD system, which compares

with 4.6 for the VSCF system. Operating cost of a VSCF system is projected at

approximately 10 percent of that of an IDG system. While Figure 39 reflects the

higher reliability of the VSCF system, the major cost difference is the result

of the lower repair cost of VSCF. This is illustrated by Figure 40 which shows

that the reliability of an IDG system would have to be ten times higher than a

VSCF system to achieve the same low maintenance cost.

Specific cost comparisons for the sslected IEG/S system and the systems

it would replace in a typical application (A-1O aircraft) are given in Section

VII--C-5 of this report.

F. AIR R!START CONSIDERATIONS

The following is a general discussion about air restart requirements and

capabilities that pertain to the Levels II, 1IIA, and III IEG/S power classifica-

tions for the engines being considered. (Level I is for gener3tion only.)

The permanent magnet machine and cycloconverter combination provides the

capability to generate power as well as perform vengs starting in the air,

which allows for different operational considerations. .
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For all classes of engines, it is expected that the type of starting to be

performed is a cross-start where one channel of the electrical system provides

the essential electrical bus power as well as the electrical power to start the

engine. In general, normal auxiliary power units (APUs) are sized for low

emergency power extraction and are not of sufficient capacity to provide the

necessary power for starting. Thus in a single-engine aircraft, the engine

could not be started without being within the windmill-to-start engine envelope.

In the event of applying an IEG/S Level II, ITIA, or III to a single-engine air-

craft, attention must be given to the APU requirpments for on-board energy storage

equipment.

In multiengine aircraft applications,, the IEG/S was sized in this study

for 100 percent margin for twin-engine aircraft and 50 percent margin for aircraft

with sore than two engines. Thus the IEC/S has been sized to provide total

essential bus load as well as to have sufficient capacity to perform cross-starts

in the air.

As discussed in paragraph IV-B-3-b, there would be a transient degradation

in the electrical system power quality until the IEG/S being started is brought

up to speed. In general, the start torque requirements for an In-flight start

would be reduced due to windmill assistance and decreased air density at

altitude, conditions which would decrease the level of degradation during start.

C. SAFETY ANALYSIS - ELECTRICAL SYSTEM

The following analysis is presented in a format suggested by DI-H-3278 as

shown in Table 41. The hazards, classifications, and probability are taken from

MIL-STD-882A.

The principal hazards are those dug to the 340V s.c. provided by the

generator. Since this can be lethal, a means'to prevent accidental contact by

personnel is required, and can be satisfied by providing suitable barriers and

warnings. The cycloconverter as well-as the generator will probably operate at

temperatures at which personnel can sustain burns. Again, barriers and warning

labels are to be used. Randdm component failures can result in out-of-safe

tolerance conditions which would normally be sensed by the protective networks

that would autoitically remove electrical power. Some of these protection
networks do not affect the system operation, seen when they have become inoperative

due to a random component failure within them. Powever, the protection would no

is@



Table 41. IZG/S Electrical System Mazard Analysis.

latormelly ohettod of bmgeaIP e~s *I A. Pielim epya IaeeitiftMo
awe ideetAl ameoa.)s Copoent~s #4 to Awagt Poe utomticll rwuv pes .0m~rtlogg of ctsMtOgi Oveland

Effasion of toxic Tolur, to Psuael a u 7 A6 fms"tie d1arg shortt* AWW to iIN&WIMS0 3. Nag~ peu
IleegrIC shock due to taluvp at sefth to * j .lIUMp 

rts emal reiS
emtee% witht 4usaad paemjS 

mr eSiaemet aelad I, Sags
tesuuelebanttlere. 

af gu . Flag

leseh ts~wrocgf as Rimer Saire to S MK C A. lawm Place. ow anE d woraft to
Cood. .0e C during ad poaagemal 

go"la e ~ gasw~me enImmedlatay Aftera

roep erag i va t e t " 4 a ft C '?s s/t p eou ly wifa& d ~ p t e* K . W m eago k W i ftt" w hat lason lin

?se tei ier isd -, to g Tit C A. 71eek presWSo pag atOsw so
*sede~C eeem" C 

S@N . Al).. a soGal peawa age ihate) cestace.
"atalas label ladic atle at
son . or Cover ~5g apprams
as". toevagur. Place New..
Sag label 3% Stoopew to
J"14~s hIgho topomae e.conectort A Injury 0oPatei * KUi 8 A. Vigng " to isieAMW "Igs"

Ceueragor does 4. 
3rsf tel ims tmlba tapM low sPreada, the atee 
lathe lift or for Oftat ef ttitsk

ian liftt" ofi elaef"O
smtwot tat l1ttlag mdp.Cam at ab m e m hs atg ewp 6 Z ameS Pe.e son Pat .Oa es wn vaerk~ a::I* legal 
to Vicinity of OWS'mg.
PLO" label as iea~i.
Usg to am 4 et mcte.Shorc Cicutstu to 1amp to migame 6 Is 0 A. "Mot Dwsm t ama 4.geteeaPd-wr Cospesueto to- 

5. gme, @m sma-of-g~sM ..a pertoosambwaitinag Is towetatta.S 

And oinmulaslly resmeaidnto 

PM.
Sheet. lag or Mob. Iage to Marftmt 4 1 3 A. elm kati swelveeor top sesospeed Caeow flary or at " SgOf P. now *nese reoto to t~ow~tm it
Ieee of100eeLOa oil Image to soioe.. a is p A. "Vies Iftsee @~M tdopereteu

a. ho"3 WM o at ll flowat r~wa t peM

&soeeo ~12"tla sft as tm earen" A U P a. lipbane eese tomewgmxI., ONO Posse a"d Namegst 0~ NW"t
Sa p"I fail to Se. Non so 9suen A t 6 A . "ON" Paterepu "rtiddle come do
cos U5Ste ona eto ospain 

a.sum"g tbeema Otehe " seemt"WIt" Itoig. ate 416.5. 
to" eO epegms0 woattoed"d begans ofMlaosem

esomoae follatas 
Outf-Ifist eign-vgSe them, innsemb

Maiterials af m 1 . t -*VMS mateS. low.
am towfag tomoE ims sam aet q 0M .&,eOg

he elserywip Idaga,1 boa eassi be so Ispe appewlp.

Cir..e I . (~o~qrmftq* C OV404

CAAWO Sol Mamtseal 161110". te ee
and Ia606ag)

A 1 ... 0hP,*wi



I
longer be present, and the system would not shut down for critical failures.

The protertive networks should be separately tested periodically to ensure that

,they provide the required protection.

H. INTERFACE DESIGN CONSIDERATIONS - F404 ENGINE

Section 1.0 of "Addendum A, Drawings" contains lEG/S conceptual layouts

and overall engine cross-sectional drawings defining the lEG/S interface4 and

showing the relative location of the IEG/S within the F404 engine.

1. Effect Upon Engine Rotor Dynamics

No vibration analysis was performed on the F404 with integrated generator/

starter system because it became apparent in the preliminary design studies that

the F404 would not qualify for IEG/S integration due to space limitations as

discussed in Section IV.

2. Containment of Failed Parts

No containment analysis was performed for this design due to the same

reason given In the preceding paragraph.

3. Support Structure Modifications

The changes required in order to incorporate the IEG/S sy.ntem into the

F404 engine are tabulated in Table 42.

4. Maintenance/Overhaul Accessibility

The accessibility of the lEG/S for maintenance or overhaul requires more

time:

0 Engine removal from the aircraft-,(F404 is ,fuselage-vounted

In the 1-18). The U.S.-Nauy-specifled time for engine

removal/replAcoment is 21 minutes."

a Removal of the 12G/S from the e ne an o the shop level.

This requires qualified people, tools, and inspection

equIpment for engine front-emn disasoibly/reassembly.

Remval end replacement of the fan (booster) soule can

be achieved In the elspeed tims of 10 minutes snd 390

m meusue of labor.

- 1=
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The removal of parts involves the following major components listed in

the order of their removal:

0 Fan modules

* Fan stub shaft and bearing support

* IEG/S module and disconnect

The installation of a new or overhauled IEG/S is completed in the reverse

order.

5. Environmental Conditions at the IEG/S Location

The mid sump - the area in which the IEG/S is located - does not provide

sufficient space to locate the generator/starter without significant engine

modifications which result in lengthening the engine as described in Table 42.

The environmental conditions are more severe than In the high bypass

engines. The air/oil (NIL-L-7898 oil) mixture within the mid-sump area is

estimated to be 350' F during operation. The pressure in the mid sump is 15 to

20 psi above ambient. The temperature at startup may be as low as -65' F per

military specification.

Typical engine lube oil supply (inlet) temperatures run from 200" F to

300* F. The engine lube oil flow is 9.5 gpm.

J. INTERFACE DESIGN CONSIDERATIONS - F103 ENGINE

Section 2.0 of "Addendum A, Drawings" contains IEG/S concep ual layouts

and overall engine cross-sectional drawings defining the IEG/S In erfaces and

showing the relative location of the I'EG/S within the F103 engine

1. Effect Upon Enzine Rotor Dynamics

The vibration analysis performed on the F103'was based on t e layout

drawing no. 4013271-030 representing the.300 KIVA Power Level IIIA straddle-

mounted generator rotor on its own bearing support.

A brief description of the results from this study follows.

Dynamic Responses of Low Pressure System Imbalance

This proposed design Influences two modes. The first is th mid-shaft

bending mode, which in the 7103 is lowered from 4804 rpm to 4529 for the

IEG/S design. This mode is lowered due to moving the No. 2 bearin forward

3.6 inches and thereby increasing the length of the LP shaft. ring this

i . 12 "



mode is not favorable because now there is only 10 percent margin above redline

speed (4100 rpm). This is below accepted design practice, which specifies that

20 percent margin for calculated values is necessary. The second mode Influenced

by this redesign is a mode characterized by the fan rotor and nacelle translating

from the fan frame. This mode is raised from 3757 to 3978 rpm and is in a

favorable direction. The reason this is a more optimum location is that this

mode on the' F103 is observed at approximately 3700 rpm, which is at the takeoff

power setting, and will now be above this power setting.

Dynamic Response of High Pressure System Imbalance

The system dynamic response associated with HP imbalance are not adversely

affected by this design change.

Use of the starter/generator on the present production F103 turbofan is

not feasible from a system dynamics standpoint.

Design changes to improve (raise the LP-shaft critical bending mode or

depress activity by damping) the engine rotor dynamic character are hereby

suggested but are rot analytically substantiated:

0 Increase LP, shaft diameter - This change would also increase

the HP shaft diameter, thereby making a major redesign of the

engine necessary.

* Explore the use of squeeze film damper - This would be a.

feasible approach if activity at the betting exists.

Applicable only for low or moderate unbalance. Adverse

effects (response) would exist in a fan-blade-out condition.

Use a lighter fan (rotor and blades) - This would probably

help if the most responsive mode involves mass coupling of,

the fan rotor with strain energy activity in the LP shaft.

2 2. Containment of Failed Rotor Parts

No IEG/S rotor burst containmwent analysis 'was performed. for thi. application

due to the multitude of conceptual IZG/S designs that would have to be covered.

A general discussion on contal-ment is found in Section VII-B.

3. Support Structure Modificatio.

The changes required in order to Vicorporate the IWG/S system into the

7i10 engine are tabulated in Table 43.

1S .,
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4. Maintenance/Overhaul Accessibility"

The accessibility of the IEG/S for maintenance and overhaul requires mort,

time:

a Engine removal from the aircraft. (The F103 ia pylon- or

tail-mounted.) Using a crew of five, engine replacement on

the aircraft is estimated to require 2 to 2.5 hours for

pylon-mounted engines and 3 to 4 hours for tail-mounted

engines.

0 For the IEG/S to be removed from and reinstalled into the

engine is estimated to require 4 to 5 hours. This work

has to be performed at the shop level.

The removal of parts involves the following major components, listed in

the order of their removal:

"* Fan module

"* Fan stub shaft and bearing support

"* IEG/S module and disconnect

The installation of a new or overhauled IEG/S is completed in the reverse

order.

5. Environmental Conditions at the ZEG/S Location

The forward sump area of the F103 provides a large space for the PM

generator integration.

The environmental conditions in this cavity are acceptable for PM-

machine operation. The air-oil (MIL-L-23699 or MIL-L-7808) mixture within the

forward sump averages between 225* F and 275* F during operation. The

corresponding pressure is 1 to 2 psi above ambient.

The minimum temperature at startup is specified at -65' F. Typical engine

lube oil supply temperatures during engine operation are 165" F to 210* F. The

total engine oil flow is 16.5 gpm,

K. INTERFACE DESIGN CONSIDERATIONS - TF34 ENGINE

Section 3 of "Addendum A, Drawings" contains IKG/S conceptual layouts and

overall engine cross-sectional drawings defining the 1KG/S interfaces and showing

the relative location of the IEG/S within the T734 engines.
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"1. Effect Upon Engine Rotor Dynamics

No vibration analysis was performed on the preliminary design of the straddle-

mounted self-supporting generator/starter concept. However, the design which

was chosen for detail design and analysis purposes is a TF34 engine with a HP-

shaft-mounted generator/starter. The results of the vibration anaysis for the

selected design are given in Section VII-B.

2. Containment of Failed Rotor Parts

For a discussion on IEG/S - rotor burst containment, see the analysis

provided in Section VII-B.

3. Support Structure Modifications

The changes that would be necessary to incorporate the IEG/S system into

the TF34 engine are tabulated in Table 44.

4. Maintenance Overhaul Accessibility

The accessibility of the IEG/S for maintenance and overhaul requires more

time:

* Engine removal from the aircraft. (The TF34 is fuselage-pod-

mounted on the A-10.) Using a crew of four, the estimated

engine replacement time for this configuration is two hours.

0 IEG/S removal from and reinstallation into the engine.

This sequence is estimated to require three, to four hours.

This work has to be performed at the shop level.

The removal of parts involves the following major components, listed in the

order of their removal:

0 Fan module

• Fan stub shaft and bearing support

* IEG/S module and disconnect

The installation of a new or overhauled IG/S is completed in the reverse

order.

5. Environmental Conditions at the IEG/S Location

The A-sump area (between fan and compressor' of the TF34 provides sufficient

space for the IEG/S irtegration, It allow packaging generator/starters of the

highest considered power level I,.

12$
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The environmental conditions in this cavity are acceptable for PM-machine

operation. The temperature of the air-oil (MIL-17808 or MIL-23699) mixture

within the A-sump area is estimated to be the same as the scavenge oil temperature,

which ranges from 250* F to 300* F. The sump pressure is 1.0 to 2.0 psid above

ambient. Minimum temperatures at startup can go as iow as -65* F per military

specifications. Oil supply temperature during engine operation stabilizes

between 200' F and 250* F. The present total engine oil flow is 8.5 gpm.

L. COMPARISON/ANALYSIS OF DESIGN CONCEPTS

1; Parametric Tradeoff Analysis

The purpose of this tradeoff study is to evaluate four power levels for

each of the three selected engines and to provide an indication of relative

attractiveness of each IEG/S system and its application.

a. Tradeoff Study-Approach

To compare the different systems, a set of trade criteria is established

which uses a numerical ranking system as follows:

* Value factors rate the system on a scale from 1 to 5,

5 being the "best" value.

0 The merit' (weighting) factors determine the relative

importance of a specific trade characteristic.

• Multiplying the value factor with the merit factor and

sumuing it up results in a total numerical trade value.

This trade value is used to compare the relative worth

(payoff) of systems to each other and to a baseline con-

figuration. The baseline configuration is defined as

the production engine with conventional ,secondary power

extraction.

b. Merit (Weiahting) Factors

The secondary power system merit factors are listed in Table 45. The

ranking for the established trade characteristics is based on engineering

Judgement and design philosophy. The merit factors are based on a scale from 1

to 10, 10 representing the most important characteristics.
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TABLE 45

SECONDARY POWER SYSTEM MERIT FACTORS

F404 F103 TF34
Weight 

9 . 99

Reliability 
10 10 10

Maintainability 
7 7 7'

System Efficiency 
6 66

Frontal area 10 6.
IEG/S Integra ioSeverity 4 4 4

132



c. kationale and A-sum;ioas Behind Value, Factor Ratings

The tradeoff is perfozrc:.d 6y assigning value ratings to the characreristics,

of each specific system.

Weight

Weights'were derived from preliminary design layout drawings, existing

components, and weight trend curves. Figure 41 shows. IDG and cycloronverter

weights as functions of system KVA ratings. Figurp 42 shows the relationship

between oil-cooled induction motor weights and continuous motcr power rating.

For determining motor weight, continuous motor power rating is 0.75 times the

transien: operating povwr requirements (50 percent overload).

High frequency feeder cables ate used between the generator and the

conv-rter. Each cable consists of seven vires, twisted and shielded. A weight

chart for cables is given for various syszem ratings In Table 46. Table 47

presents the weight summary comparison between the baseline configu.ratrion and

the IEG/S ccnfiguration.

The weight value factor has the following definition:

4W?

KVA Weight Value Factot

-0.50 or less 5

-0.20 to -0.50 4

-0.20 to +0.20 3 (Base,

+0.20 to +0.50 2

+0.50 or greater 1

WT IEO/S System - WT r DG System
System KVA Rating

Reliability

Reliability data for' this tradeoff analysis were taken from three sources:

a) Comercial, from CE-AEG data bank

Sb) Military, from AFN 66-1 report

c) Analytical, for new applications

Table 48 provides reliability of engine/alrcraft accessory line replacement,

unit (LRU) from coomircial service of C76 (7103) engines. Table 44 provides field

reliability report data for CSD-$eneratorunits reported in the military 66-1
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TABLE 48
RELIABILITIES Of A¢CFCS0?lES AND RELATED CY,,,ON0NETS

De lays (Cance t ReplacementsLine Ren1acable Unir, VPer .10 Hous Per 106 Hours
Hydraulic Pump 80 890
Starter 

41 179
Fuel Control 

37 117
Lube Pressure Sensor 14,

Lube & Scavenge Pump 12
Starter Air Valve 8 171

Fuel Pump 
4,
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report. Through elimination of the highest and lowest value of the above data,

an average MTBF of 1742 hours results for the CSD and 2903 hours NTBF for the

generator. This is equivalent to 574 failures per 106 hours for the CSD and 344

failures per 106 hours for the generator.

Cycloconverter field reliability Is reported to be 80 failures per 166

hours or an )TBF of 12,500 hours for generation only and 100 failures per 106

hours for the more complex starting/generaiing mode.

An electric induction motor reliability of 100 failures per 106 hours

(104000 hours MTBF) looks realistic for a maximum transient speed of 7500 rpm.

Unscheduled engine removals (UER) due to accessory drive system failures.

are listed in Table 50. Data from the TF34 engine are used for tradeoff study

purposes.

The goal of IEG/S reliability was set by GE at 50,000 hours MTBF including

the safety disconnect. The self-supported generator/starter with mechanicaliy

resettable disconnect, shown in Figure 43, did not meet this goal; therefore,

a new design with an HP-shaft-wounted generator/starter rotor and an electrical

disconnect was chosen and Is analyzed In Section VII-B. The results show that an

MTBF of 50,000 hours (or a failure rate of 20/106 hours) is achievable.

The reliability of the PM disk machine was not analyzed. However, higher

mechanical complexity and higher parts-count contribute to lower reliability.

The reliability of the PH disk machine was arbitrarily chosen 'to be 20 percent

lower than the cylindrical PM machine, which would make It 24 failures per 106

hours.

Table 51 compares the reliabilities of conventional secondary power

extraction systems to the IEG/S concept.

The reliability value factor has the following definitlon:

-6 -UER x 10 Hours Individual Reliability LRU x 10 Hours
Value Factor

'20 5 <200

21- 30, 4 201 400

31 - 40 3 401 600

41 - 50 2 601 -800

>50 1 >80

The st of individual UUR rating plus LRU rating Is used in the final tradeoff

matrix for the combined reliability value factor.

13



TABLE 50

ENGINE DRIVE SYSTEM RELIABILITIES -

UNSCHEDULED ENGINE REMOVALS

(LER)/10 6 HOURS

UER UER UER
TF34/S3A F103 (CF6-501 CF6-6

ENGINE FLIGHT HOLURS 134,802 1,851,113 1,616,389

PERIOD 7/77 to 7/78 3/78 to 2/79 3/78 to 2/79

POWERTAKEOFF 7.42 7.56 3.71

TRANSFER GEARBOX " 1.62 4.33

ACCESSORY GEARBOX 22.25 1.08 1.85

TOTAL, -UER106 hours 29.7 10.26 9.89

DRIVE SYSTEM MTBF, hours 34,000 97,000 100,000
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TABLE 51

COMPARISON OF SECONUMRY POWER SYSTEM
RELIABILITIES - FAILURES PER 106 HOURS

CASDLSNI IRG/S STSTEN - TM34, 1404, F103SYS~M COMPNENT CSD SVS17 ______ _________

POtA LEV• L I II lirA III

URN LRUN URn I=3 URn LEOU U01 LRU 1113 Liu 111 LAD

TG& 30 30 30 23

AGB

CsI 514 574

Generator 344 34

Cyclocoev-rter
Generation s0 s0

Cyclocomverter
.Starter/ 100 100 100 100
Genera tor0

Air Starter lfl l•. 17279

Air Starter 172 171 171
Valve

TEO/S (Cylin-
der) glectri-
cal Disconmect 20 20 20 20 20

Inductics
motor 100 100 100

Tbtal ammovale
per 106 Hours 30 1260 d 10 .430 45 100 20 200 20 200

Relitbility
Value Factor 4 1 3 J5 S. 5

E £Value Factor BaseS s 7 10 10

Umt - Usechl1ed g RUSIN* A wal
LIM '- Lime Replaccemt Wait

142'



As can be seen from the results of Table 5], Power Levels I and II are

not favorable in respect to the UER rates. Power Levels IIIA and III show

definite improvenent in overall reliability. Expected LRU removal rate drops

by a factor of 6.3 for the IEG/S Power Levels IIIA and III.

?1aintainability/Accessibility

The maintainability/accessibility value factors are defined as follows:

Maintainability
Item Value Factor

Internal engine-mounted 1
components

Core location (high bypass) 2

External frame 3 to 5

System Efficiency

The following typical average component efficiencies were used:

Mechanical drive system: - 0.97

IEG/S PM cylindrical machine efficiency: IEG - 0.93

Cycloconverter icyc = ..78
Wound rotor generator, gearbox mounted: TG W 0 851)

CSD hydromech. drive/without generator: ncsD 0.88 nIDG 0.75

Electric induction motor efficiency: M- 0.88

Based on the above efficiency data and a PF of one, the overall system

efficiency is derived as shown ij Table 52. The fuel (and lube) pumps are not

included in the efficiency tradeoff. However, a variable-speed electrically

driven fuel pump improves pumping efficiency considerably. Fixed-displacement

fuel pumps driven off the accessory drive-train, for, example, require flow bypass

* control, which results in undesirable fuel temperature rise and less engine oil

cooling capability.

Gear pump efficiencies of 80 to 85 percent could be realized withour bypass
requirements. This compares with 70 to 75 percent pumping efficiency for a 10

percent bypass ratio. The Power Level II efficiency is not listed because starter

efficiency is not analyzed and the generation level is equal to Pwer Level I.

It was not within the scope of this study to utilize the excess power generation

capacity of the starter. Optimization of Power Level 11 has a higher potential
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than the results of this study indicate.

The system efficiency value rating is based on the overall system etficiencv

change in comparison to the baseline configuration as determined below:

Syster
Effici ccy
Difference With Efficiency
Baseline Value Factor

Degradation 1 - 2

Base, 0 3

Improvement 4 - 5

Frontal Area

The frontal area variation of an engine due to accesso-y drive components

*and accessory installation depends on the particular engine configuration. In

the case of wing- or fuselage-pod-mounted engines, the nacelle aerodynamic-arag

is directly affected by the engine frontal area. The highest tenefit in 'installed

engine performance (drag reduction) is for aircraft operating at near-sonic

speeds, applicable to low bypass engines (F404) or pure jets.

With turbofan engines, the gea-'box is normally located either on the

circumference of zhe fan case (FI03) or on the circumference of the core (TF34).

Locating the gearbox on the fan case contributes directly to engine frontal area.

With the gearbox on the engine core, frontal area is not affected because it is

hidden in the engine shadow.

Frontal area value rating for the base engine ;,a based on a percentage of engine

frontal' area. Frontal areas (Table '53) are'derived from existing ergIne Information.

The definition of the frontal area value rating for the base engine follows:

Frontal
flrive System Area Value

% of Engine Area Rating

<2 '

2-5 4

5-8 3

8-12 2

> 12 1
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TABLE 53
COMPARISON OF DRIVE SYSTEM FRONTAL AREAS

Engine TF34 F404 F103

AGR location Core Mid Frame Fan Frame

Engine max dia., in. 49.0 34.8 92.0

Engine frontal area, in. 2  1885 951 6648

Drive system X of engine area within 20.0 10.5
outside of engine shadow engine

envelope

Frontal area value rating (base) 51 2

TANIP- 54
GUIDELINES FOR IEG/S SEVERITY RATING

Changes Required Integratton Severity Rating

* MaJor

Air flow path modification no-go
Stretched engine ,5 Inches no-po

Stretched engine <5 inches 1
Increased LP-shaft diameter
,Increased main bearing size, diameter

e Hoderate

Generator stator support (fan'case) 2-)

Shaft msI"fication (stub-, Ls-, "P-shaft)

, Minor

Coolant and lube supply ports 4

Electric vwring channels

Accessory drlve

Searing qupport housing

I 1.4 ,,4J|I |



IEG/S Integration Severity

Engine changes required to integrate the IEG/S were determined from pre-

liminary layouts. A summary of required changes is listed under "Support

Structure Modifications," which appears as subsection 3 of Sections VI-H,

VI-J, and VI-K.

The IEG/S integration severity rating is based on the guidelines shown in

Table 54.

2. Tradeoff Study Evaluation

Tables 55 through 57 present the computation of trade values in matrix

form. Comparisons are shown between the tradeoff values of the IEG/S system

and the baseline engine. In each of the tables, the TF34 is shown to have the

highest absolute trade value of the three candidate engines. A comparison

between the three tables indicates that the IEG/S system for Power Levels III and

lilA offers the highest payoff relative to the baseline' configuration.
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SECTION VII

DETAILED DESIGN DEFINITION OF SELECTED IEG/S AND ENGINE

This section provides information on the rationale used to determine the

final engine/power level selection. Furthermore, the results of an in-depth

design analysis relevant to the selected configuration are discussed and

complemented by explanatory descriptions of major PM machine components. Inter-

faces between the engine and the starter/generator are defined by' design layouts.

The advantages and disadva'ntages of the IEC/S design are compared to those of the

baseline engine.

A. BASIS FOR SELECTION OF TF34 ENGINE AT LEVEL III ELECTRICAL POWER EXTRACTION

A multitude of electric-only and hybrid secondary power extraction systems

based on the IEG/S concept were studied and numerically ranked for three engine

categories. The results of this tradeoff evaluation performed in Section VI-L

assisted the selection of the TF34 Power Level III combination.

It is 4ppropriate to caution the reader not to conclude that the selected

engine category/power level is an optimum for all applications. This study

provides ample information to apply the guidelinesused in this report for other

candidate IEG/S applications which might be considered.

Major considerations which led to the selection of the TF34 with Power

Level III and a cylindrical PM machine are summarized below:

TY34

0 The TF34 engine Is a widely used engine in the U"AF, and is therefore

readily available from AF inventory for IEG/S integration.

0 Because they .se smell, the T134 engine and the integrated electric

"starter/generator are less costly and easier to build than. all other

candidate configurations investigated.

* The TF34 is presently used on multiengine aircraft (A-10), an advan-

tage for the flight-test phase. Moderate changes to the baseline

engine are required for IRG/S incorporation. -
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Power Level III

The highest possible power level possesses the potential for maximum payoff.

The TF34 is the only study-engine to allow Power Level III integration.

Cylindrical PM Machine

The selection of the cylindrical PM machine over the disk-type machine

has the following rationale:

e simple design * higher reliability

0 lower development risk * more design flexibility

e good stator cooling 0 easier assembly

& fewer parts 0 lower cost

Further design considerations adopted for the selected design are electrical

(fused) disconnect and HP-shaft-mounted generator/starter rotor.

B. DESCRIPTION OF SELECTED GENERATOR/ENGINE INTERFACE

Figure 44 shows the location and general arrangement of the integrated

generator/starter within the TF34 engine.

The generator permits a Power Level III secondary electric power extraction

of 120 KVA (system). The PM machine functions as a starter (motor) and starts

the TF34 in 23 seconds when limited to 90 KVA input power.

1. Design Description, General

The IEG/S is an oil-cooled permanent magnet machine which provides rated

system power over the speed range of 9380 rpm (min idle at -65* F, S.L. static)

to 17,600 rpm (takeoff condition).. The IEG/S is located in the forward sump

(A-su-p) area with the IEG/S rotor mounted directly to the HP shaft. Engine
protection is provided in the form of an electrical safety disconnect 'described

in Section VI-C.

2. Engine/Generator Interfaces

The IEG/S unit is integrated into the existing TF34 with moderate

modification requirements.

The forward frame '(fan frame) provides the structural support for the IEG/S.,

Y Four hollow fan frame struts are used to pass cooling oil lines and electric

cable*, as wvll as engine service lines such as lube oil, seal pressurizing air,.
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and lube scavenge lines. Figure 45 identifies the above-mentioned transfer lines

and their respective strut locations. No change is required to the exterior strut

shape within the flowpath. The electric harness is part of the fan frame and

does not require removal during generator replacement. The electric harness:

passes through the top strut aiid is sealed as shown in Figure 45.

Nine power leads, connected to the power terminals on the f, support

ring, combine into six cables of approximately 0.50 inch diamp:'. each, which

lead to the engine exterior. The seal between the housing sua the six cables is,

achieved by an intermediate plug which is permanently borded to the cable bundle

(harness). The cooling oil connections are made automatically at the time of

generator/starter installation. Oil collector grooves on either end of the stator

housing correspond with their respective inlet and outlet ports. The structural

support of the generator/starter is achieved through a hub-like structure

integrated into the fan frame-which provides the radial and axial support as well

as providing for torque reactions. The generator/starter rotor is mounted rigidly

onto the HP-shaft. e-tension supported by the main shaft engine bearings. For

easy installation of the generator rotor subassembly, an intermediate sleeve is

used to retain the four individual rotor disks. Torque is transferred through

a fixed spline connection (which does not have to accommodate for any misalignment)

on the HP shaft and a key on the disk side, The disks are shrunk-fit onto the

sleeve. The generator rotor module is retained on the HP shaft by a spanner nut

with mechanical locking device.

3., Generator/Starter Cooling

* Cooling of the lEG/S is provided by engine oil which is circulated through

cooling passages around the PM machine stator. The heat from the generator rotor

is dissipated through conduction into the HP-shaft and the air-oil mixture of the

A-sump. Oil slingers on either end of the rotor deflect the oil away from the

end turnsto prevent erosion caused by the impact of high velocity.oil dropleL3.

Engine oil has an inlet temperature ranging from 200 to 250* F and is supplied

by the engine lube oil pump.

The required cooling oil flow (Q -gpm) depends on the heat removal,rate

(q - BTU/min.) and the allowable coolant (oil) temperature rise (AT). The heat

removal rate is defined by thefollowing relationship:
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q - m x Cp x AT fBTU/min.

q - kWL x 57 fBTU/min. '

kWL - Power loss (kW)

S= Mass flow flb/min.

Cp = Specific heat (BTU/lb.- OF!

AT - T - T Allowable temperature rise F}

of coolant

The cobling oil flow is defined by the following relationship:

57 x kW
P Cp xATxp

where P - coolant density {lb/gal}.

Engine lube oil (MIL-L-7808) at 220* F has a specific heat Cp
BTU0.50 1 and, a density p - 7.34 lb

b- gal

The cooling oil first passes through the genqrator cooling circuit and then

continues to the engine lube points for engine component lubrication and cooling.

The oil-temperature rise in the generator cooling circuit therefore has to be

kept low both to provide sufficient lubricating film for moving parts and to

prevent premature oil degradation.

For the maximum determined IEG/S generator loss of 8.6 kW at max power

and speed and an assumed oil temperature rise of AT - 30! F, the required cooling

57'x 8.6 - 4.5 gpm.
oil flow Q 0.5 x 30 x 7. 34

The baseline engine lube oil flow rate is,8.5 gpm. The flow velocity in

pressurized lube passages (lube lines) is typically 16 ft/sec which requires a

flow area of 0.09 in. , equivalent to a 3/8-inch-diameter tube.

4. TY34 - IRG/S Engine Dynamics

The purpose of this investigation was to determine the dynamic behavior

of the modified TF34 engine with HP-shaft-mounted generator/starter rotor and,

once these dynamics have been determined, to compare them to those of the baseline

, T*34-100 engine.
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a. Results

The results in Tables 58 and 59 are a comparison of the resonances obtained

for the baseline and the IRG/S configuration, under l/rev high pressure (HP)

Rotor and low pressure (LP) Rotor excitation, respectively. In addition, Figure

46 displays the No. 3 bearing load for 25, gram-inches at the IEG/S rotor.

b. Conclusions

As a result of the analysis, the following conclusions can be drawn:

0 LP reference resonances are relarively unaffected by the introduction

of'a generator/starter.

1.The HP reference resonances are not significantly affected, but the

casing/gas generator (CG) bending mode and compressor/3-sump

translation mode chaiacti~rs are affected in the following ways:

- The casing/CO bending mode is transformed in character to a

casing-IEG/S translation resonance with six times more total

percentage of the total energy in the No. 3 bearing for the

1EG/S configuration.

- The 'compressor/B-sump translation resonance is unaffected by

the IEG/S since the PM machine is located at a node for this

resonance. However, the percent potential energy in the No.

3 bearing is reduced by a factor of, 4 for the IEG/S design.

* The TF34-1I /S design will produce high No. 3 bearing loads from

14,000 to 1 ,000 rpm because of the sensitivity of the fan case/

fan frame a d fan frame/A-sump resonance caused by generator

rotor unbal ncee

* TheIEG/S i tegration is acceptable except for the possibility

of high No. 3 bearing loads at idle due to generator-rotor and/ar
High Pressu e Turbine (fPT) unbalance (Figure 47), either of which

would affee1 the No. 3 bearing life.

c. Recomme dations

The following r co°mmendations are suggested to lower the No. 3 bearing loads:

The IEG/S r tor must be well balanced, since it will produce

high No. 3 b aring loads'at gas generator idle.
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TABLE 58

RESONANCE COMPARISON BETWEEN
TF34 BASE AND IEG/S DESIGN

I/REV HIGH PRESSURE EXCITATION

MODE CHARACTER 
T[F34 BA4SE TF34 IEG/S

Front Frame 
1201 1253

Engine Pitching, Rear Mount 1902 1897
Engine Transmission 

2470 25.13
Fan Case/Fan 

2924 2997
Front Frame/A Sum., 

3485 3841
HPT/Casings/Front Frame 

4140 5360
Casings/LP Shaft 

4712 4353
Fuel Control 

7130 7212
Fan/LP Shaft 

8363 74'75
LP Shaft/LPT/Fan 

8531 8476
Casings/GG Bending 

9370 9965
Fan Case/Front Frame 

13362 14365
Front Frame/A Sump 

14565 16872
LPT Bending/C Sump 

15575 15449
Compressor/B Sump Transmission 

18121 18140
LPT Shaft Bending 

18893 17346

. iJ
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TABLE 59

RESONANJCE COMPARISON BENrEEN
TF34 BASE AND IEG/S DESIGiN

I/REV LOW PRESSURE EXCITATION

MLODE CkiARACTER 
TF34BASE S

Engine Pitching, Rear Mount 
2008 2005Engine Transmiss ion 2653 2594

Fan Case1 'Fan Transmission 
3932 3945

PT/HPT Transmission 
4697 4661

HPT/Casings Transmission 
5456 5401

Compressor Case Bending/ 
6560HIPT/Fan Case Transmission 6538

Fan/Compressor Case Transmission 
8837 8784

Stators/(Int. Starter) 
11876 10169

LPT Shaft Bending 
12264 11631

I e
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* Since the No. 3 bearing' loads are also much higher at idle

for PPT unbalance, either better HPT balancing or a higher

gas generator idle speed will have to be coneidered.

5. Effect of Engine Dynamics Upon PM Machine Radial Air Gap

The relative radial deflection of the generator rotor in relation to the

generator stator haS been investigated. The st'vy assumed a soft No. 5 bearing

with the No. 2 and No. 3 bearing stiffness characteristic unchanged from the

b'asr- -ne engine.

a. Results

Figure 48 is a plot of the IEG/S generator clearance changes for 115 gram-

inches at HP-turbine Stage 2, 20 gram-inches at the compressor Stage 3, and 25

gram-inches at the IEG/S rotor.

b. Conclusions

The IEG/S radial air gap change is most significantly affected-by HPT

unbalance and to a lesser 'extent by unbalance at the IEG/S rotor.

c. Recommendations

The HPT and IEG/S-rotor will need to be well balanced to maintain acceptable

clearance changes for the IEG/S.

6. Containment of Failed Rotor Parts

In the event of a rotor shrink ring failure, the rotor parts - shrink ring,

magnets, and pole pieces - are to'be retained within the forward sump area. Two

principal ways of establ~shing the necessary requirements can be considered:

1. The outer containment shell can be made strong'enough to contain.

the impact of the rotor' pieces'. In order to achieve'-this; the

outer mhell must be designed to withstand twice the pressure level

these parts create maximm overspeed.

2. The total energy in the rotor to be absorbed must be limited to

the plastic udformation of the containment shell without rupturing

this shell.

In the f rat,approach the radial pressure 'level of the rotor parts is

reflected in the hoop stress of the retaining ring. The stress level in this

SlI
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ring is already so high that either a stationary retaining ring of the same

thickness would have to have 300,000 psi stress capability or else a stationary

retaining ring of the nominal stress capability would have to be twice as

thick. This capability would require an impractically high weight.

The conditicns in the second approach are best illustrated by an example.

Taking the rotor dimensions and maximum overspeed for the 120 KVA PM generator

for the TF34 application in its final version, one calculates for a ring of

4.67-inch axial length, 3.9-inch outer radius (R ) and l.1...,-inch radius (Ri) a

total energy of

E - 228,600 ft-lb

If one considers the magnetic steel In the stator plus the cooling shroud

and a 0.2-inch-thick aluminum frame without the copper windings, the energy

levels necessary to plastically deform these parts (up to tensile strength) are

found to be as follows:

Permendur Stator Core Ed - 28,340 ft-lb

Medium-Carbon Steel Cooling Shroud Ed - 15,660 ft-lb

Aluminum Frame (XA201.0-T7) Ed - 14,030 ft-lb

for a total deformation energy of

Ed = 58,030 ft-lb

This is a quarter of the total rotor energy. Thu3 if all the disks on the rotor

were to fall at the same time, it appears that an additional containment wrapper

would be needed, such as the kind used in aircraft engines to retain broken-off

blades.' (The F103 uses a Xevlar wrapper for the fan blade section.)

It is extremely unlikely, however, that-a rotor built from 'ultiple disks

* will have all its disks fail at once. More likely, the-disks would fail one at

Stime. In the case o'f four disks the stator' seems to have sufficient energy

absorption capability (through ceformtion) to contain this one disk.

Presently available analysis methods make it extremely difficult to

f accurately ana170e the subsequent disk failures and their containment. It is not

sufficiently understood how much energy absorption capability the stator materials

have if- they are exposed to a dynamic deformation process over an extremely short

tine span. In order to describe what happens in a subsequent disk failure one

Af needs to define the state of the machine after the first failure.

\1



Presently, whenever these kinds of problems occur the develipment of the

selected method of containment is based on extensive testing. (The centainment

wrapping of the four stages for the F103 engine has been de-,eloped that way.)

General Electric Company Corporate Research and Development is presently devel-

oping containment structures for multidisk flywheels utilized for flywheel

energy storage applications. It is therefore suggested that the containment

approach be the subject of a special program which investigates the failure

behavior of such a rotor and develops the proper containment strategy. Based

upon present experience and understanding of this rotor failure mode, it is not

expected that the containment scheme necessary for pi:otection will add weight

and require more space to a degree that would significantly change the con-

clusions of this study.

7. Description of Interface Between Selected StarteriGenerator and Engine

a. Starter/Generator Description

The following starter/generator description is based upon the starter/

generator developed under Air Force Contract F33615-74-C-2037, and can be

considered as scaled down from the contract 150 KVA machine to this machine which

has a 120 KVA rating, Thus, the concepts in design and manufacturing techniques

have been established from test and/or operational experience with rare earth/

cobalt permanent magnet Variable Speed Constant Frequency (VSCF) starter-generators.

In the following sections the salient features and characteristics of the

starter/generator are 'described, along with the general configuration and function

of its major components, so that the selected configuration can be better under-

stood.

b. Starter/Generator Overview

The starter/generator system rated at 120 KVA is a peraanent-magnet radial

air-gap machine with nine-phase output winding and a permanent field provided by

* rare earth magnets that are contained in an all-ietallic rotor.

The starting capability is provided by application of power from the

co.verter to the generator output windings. The generator will therefore operate

a * brushless d.c. motor. Sensors are used to detect angular relationship

between the rotor poles and phase windings, functioning as the commutator, such

that power csn be applied to the proper phase to achlete the required engine

starting torque..
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The generated voltage and power output to the converter are functions of

speed. Therefore, the generator is designed to be capable of delivering rated

load and meeting overload requirements at the base speed. At higher speeds

the generator has the capability of delivering power exceeding specification

requirements.

The winding is cooled by oil circulated in discrete channels around the

stator frame.

This type of starter/generator is considered inherently more reliable than

conventional, wound-rotor-type a.c. generators sine the generator does not

contain rotating windings, eliminates the use of rotating rectifiers, has but

one output winding, and is simplified by using substantially fewer parts.

A layout cross-sectional view of this starter/generator, with identification

of components as referenced and described herein, is shown in Figure 49. Table

60 contains a comparison between the tradeoff design and the detail design made

for the selected Level III system. The designs are different due to refinements

in the magnet requirement which resulted in a six percent decrease in stack

length. Additional machine details are shown in Table 61.

Rotor

The rotor is an 18-pole ring segment design with four ring segments 1.16

irches long and 7.80 inches in diameter. Each segment is constructed to contain

the permanent magnets and the metallic members and to provide the required

magnetic path and mechanical strength. The ring segments are aligned and

assembled onto a shaft sleeve and held in place with a shrink collar. The

parts of. the rotor (Figure 50) are further described as follows:

Shaft Sleeve - The shaft sleeve would be made from a nonmagnetic, high

strength material such as Inconel 750, to prevent interference with the magnetic

flux path. This part would form the interface to the engine shaft and allow the

four rotor disks to be assembled prior to their assembly into the engine.

Slingers - Located on both ends of the shaft sleeves are slingers which

serve to minimize the amount of oil that contacts the rotor. These slingers would

be made of a high strength nonmagnetic material. One slinger is a separate part

and would also serve as a shrink collar to hold the rotor disk onto the shaft

sleeve. The other slinger is integral with the shaft sleeve, provides proper

angular alignmeu.t of the 4-hub segment, and provides a positive anti-rotation.

.1 *6
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TABLE 60

FINE TUNING OF 120 KVA MACHINE DESIGN

DI:4ENSION TRADEOFF DETAIL DESIGN

Rotor Diameter 8.0 7.800 in.

Stator Base Diameter 8.112 7.934 in.

Punching Diameter 9.214 9.142 in.

Magnet Height 1.210 1.373 in.

Magnet Length 0.607 0.591 In.
Shrink Ring Thickness 0.520 0.510 in.
Stack Length 4.91 4.633 in.

Length Over End Turns 6.03 5.722 in.
Maximum Length 6.50 6.20 in.
Volume (electromagnetic) 473 407 in. 3

Weight (electromagnetic) 75 75 lb

Losses 9.32 9.1 W

(2 p.u. load)

I
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TABLE 61
FINAL MACHINE DATA FOR 120 KVA GENERATOR FOR TF34 POWER LEVEL III APPLICATION

Pole Pairs 
9

Base Frequency 
1407

Phases 
9

Turns/Phase 
12

Per Unit Pole Arc 0.5

Gap Flux Density 52 jKL/in. 2

Number of Slots 108
Stator Bore Diameter 7.934 in.
Slot Width 

0.135 in.

Slot Depth 
0.426 in.

Slot Opening 
0.070 in.

Stack Length 
4.633 in.

Length Over End Turns 5.722 in.

Yoke Thickness 
0.179 in.

Punching Diameter 9.142 in.

Rotor Diamater 
7.800 in.

Shrink ,Ring Thickness 0.510 in.

Magnet Height 
1.373 in.

Magnet Length 0.591 in.

SI2 Losses at 2 p,u Load 4.7 kW
Iron Losses at 2 p.u. Load 4.5 ki

Weight Total Electromagnet 75 lb
Rotoer Veight 

50 lb
so.6;
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feature. Torque, however, is assumed to be transmitted by friction (shrink-fit).

Hub - The hub would also be made trom a nonmagnetic high strength material,

such as Inconel 750, to prevent shorting the magnets out at the inside diameter.

The hub provides the base or support for attachment of the spoke-configured magneti

members and the permanent magnets.

Magnet - The design is based on using a rare earth/cobalt permanent magnet

with an energy product of not less than 21 x'106 (B remanent induction x Hd,

demagnetization force) measured at room temperature. The magnets are magnetically

oriented in the tangential direction to provide a "flux squeezing"' effect which

increases both effective pole flux and, in turn, the air gap flux density.

The magnet size is 1.373 inches in the radial direction as measured in the

center and 0.591 inch wide,

Magnetic Member (Spoke-Configured) - The spoke-configured magnetic member

is fabricated from low carbon steel such as 1010 steel and attached to the hub

by electron-beam weldments. This forms the magnetic pole and provides the

necessary flux path to the air gap.

Slot Design - The machine design was optimized in. the slot opening/air

gap geometry. The original study was done with open slots, an approach which

has been discussed periodically.. Open slots cause high eddy current losses in the

rotor pole preface. The advantage of open slots is their low slot leakage

reactance. Finite element analysis methods were used to determine slot lea age.

and slot harmonics iffects, and working from these findings the ratio of ai•

gap length to slot cpening was balanced in order to minimize rotor surface "osses

while keeping the overall'commutating reactance constant. This was achieve,

by compensating for an increase in leakage reactance by a decrease in snch zonous

reactance. The calculations indicate that by yeducing the slot openings frcm

0.135 inch to 0.070 inch (air gap length), the eddy current losses at full-

"load top speed would be only 300 watts..

.. Shrink Ring - The shrink ring provides the necessary support for the

magnets and pole pieces through'the overspeed rating. It is fabricated from

"alternating sections of magnetic and nonmagnetic materials that are welded b

electron beam process to form a rir3. The use of magnetic material in the r ug

allows the effective magnetic air gap to be significantly reduced and in tu to

* • minimize the magnet size. Typical shrink ring material would be MP35N
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(nonmagnetic) and Ni-Mark 300 (magnetic). The shrink ri-.g radial thicckness for

this machine is 0.510 inch.

Rotor Assembly - The finished rotor has an outside dianeter of 7.800 inches

and a stack length of 4.633 inches.

Stator - The stator is similar in construction to other con-ent>onal a.c.

machines. It is constructed with a wound laminated magnetic core and an outer

aluminum' shroud of high-strength aluminum alloy. The laminated core is 9.12 inches

in outside diameter and 4.633 inches in length, has 108 slots, and contains a

nine-phase, multiple-strand, round conductor winding. (See Figure 51 for

generator schematic.) The parts of the stator are further described as follows:

Stator Core - The stator core material selected was 0.006-inch-thick vanadium-

cobalt-iron, an alloy commonly known as "Vanadium Permendur." This alloy,

when properly processed, permits design for operation at substantially higher

flux densities with lower magnetizing current than conventional magnetic steels,

thereby permitting an electromagnetic design that will result in a smaller and

lighter machine. The 0.006 inch thickness was selected to minimize eddy current

losses at the high operating frequencies.

The laminations are stacked and aligned, and secured by bonding. The

phase windings would be insulated from the laminated core slots with a double-

liner polyimide film. Two thicknesses are used to assure dielectric reliability

at the voltages generated at the higher end of the speed range. Different phase

windings occupying the same slots are insulated from each other with a polyimide

film member and coils mechanically secured using an Interference-fit, rigid

polyimide top stick.

Phase Winding - The phase coils are'round copper conductors, which are,

enameled with'quadruple-build, polyimide to enhance phase-to-phase and phase-to-

core insulation reliability.

The coil turns are wound in strands, or in multiple, to reduce "skin
effect" I2R losses. The strands are transposed in the end turns to cancel out

the strand-to-strand voltages generated in the slot and thereby minimize the

"deep bar" 12R losses.

The sizing of conductors in design is limited by'a current density of

7,750 amperes per square inch at rated load.
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Laminated-End - Two melamine glass laminations of 0.062 inch thickness are

used on each end of the stack to protect the phase winding e.,try and exit of the

slot area against cut-through on the steel lamination corners. This protcction

will increase th. winding reliability.

End Turns - The phase winding end turns are formed back from the bore

and against the insulated extended aluminum shroud member to prc';Ide'close

contact with the thermal circuit for oil cooling. This arrangement provideF

important cooling of the phase windings and supplements the transfer of heat

from the slots.: The phases are additionally insulated from eith other in the

end turns using 0.003-inch polyimide film insulators.

Connections and Leads - The terminations of phas,, windingfs are brazed with

connections of each phase made to a multiple-wrap-polyliide-film-insulated

stranded copper cable consisting of four AWG No. 10 wires in parallel that have

a terminal that connects to the machine terminal boArd.

Winding Impregnation - The stator windir, would be impregnated with

multiple vacuum-pressure processing. This vmpcnd and process assures maximum

slot fill and coil bond to effect best trai".-er of heat from the slot and end

turns into the core, aluminum shroud, *;-, cooling oil in the frame.

Winding Support - As shown in Zigure 52, support would be used to help

support the winding end ture.. ,nd lead connections as well ts provide protection

when the rotor might strike the end turns during 'ase-bly.

8. Other Electrical Sn-mn_. r'-'-

The following section provi,,, the f.wetiaal description of the remaining

parts, other than the roto- and stattr. njue.lc ad with the starter/generator.

a. Protection Device (Disconnect)

As diactesed previously, the protection device selected 'is fuses. The fuse.

selected is a rectlfier-type fuse with the following characteristics:

Size:

Fuse Diameter 1-7/32 inches

Fuse Len•th 2-1/8 inches

Ilade Lenth 3-5/8 inches
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Rating:

1 p.u. Continuous

1.5 p.u. S minutes

2.0 p.u. 60 seconds

3.0 p.u. 5 seconds

See generator schematic (Figure 51) for wiring and location details.

b. Power Connections

The stator output windings are terminated in threaded power studs. There

are nine neutral and nine power leads, each consisting of four AWG No. 10

insulated leads in parallel, terminating into a threaded power stud. Each power

stud is inserted into the terminal/fuse board located on the forward section of

the generator/engine interface to form the power connection interface.

c. Performance Monitors

The generator would be equipped with current unbalance and speed sensor

performance monitors. These monitors are functionally described as follows:

Current Unbalance -.A multiturn, single-coil current transformer is

positioned around each phase neutral lead. The transformers will be-located

on the terminal/fuse board. These current transformers will provide a signal

to the converter with indications of phase current unbalance and high

frequency feeder cable fault.

Speed Sensor - Three Hall-effect elements will be used to provide rotor

position and rotor speed sensir.g during starting. Each of these elements provides
an output, signal as a function of magnetic flux. They are located 120 electrical

degrees apart on the aft stator frame, and are positioned so as to detect the

pole leakage flux of the permanent magnet generator.

A small sensor core of lminated silicon iron laminations is utilized to

increase the magnetic flux through the Hall element. The leads of the Hall-effect

device are covered by a shield to eliminate noire signals that might be generated

in this signal device. The shielding Is terminated adjacent to the control

"connector, and the Hall generator leads are. trminsted in the control connector.
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Terminal/Fuse Board - Located at the forward end of the generator is a

large, nonmetallic, donut-shaped plate which is mounted directly abo've the

generator end turns. This plate serves as a junction area for the generator

leads and high frequency cables as well as the mounting area for the nine cUrr.nr

transformers and nine fuses. This plate would be made from Vespel, a high-

strength, nonmetallic material with excellent thermal characteristics.

High Frequency Cables - Exiting the terminal/fuse board would be a cable

with terminal lugs on one end and connectors on the other. Thig arrangemen: -.;.'

allow the generator to be removed from the engine without pulling the cables.

These cables would be spliced into a harness assembly and sealed by a removable

plug on the outside of the engine. High frequency cables with connectors on

both ends will be routed to the remote-located converter. The high frequency

cable within the engine and outside the engine has the following characteristics:

Number of cables 6

Wires per cable 7

Wire size 10 AWG

Current per conductor @ 1 p.u. 29.5 amps

Cable cover shield 97 percent min

Jacket Teflon

Diameter 0.486 inch max

Weight 0.277 lb/ft

Bend radius 4.86 inches min

9. IEG/S Lossi!s

a. Generetor Losses

The calculated generator losses are shown in Table 60.

b. Syste. Losses

The system losses consist of the generator losses plus converter losses.

They are shown in Table 63.

10. Thermal Insulation Life Prediction

A thermal anslysis using a three-dimensional mesh network was applied to

the rotor and stator' to establish the winding hot-spot temperature. The winding8

end turns were found 'to be 160& C at full load, top speed with an 90 C oil
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TABLE 62

CALCU•LATED GENERATOR LOSSES

Generator Losses (kW) at Base Speed

System Load 1 p.u. 3/4 p.u. 1/2 p.u. 1/4 p.u.

Windage 1.5 1.5 1.5 1.5

Pole Face 0.2 0.2 0.2 0.2

Core 1.8 1.8 1.8 1.8

12R 1.5 0.8 0.4 0.3

5.0 4.3 3.9 3.8

Generator Losses (k1w) at Top Speed

System Load, 1 p.u. 3/4 p.u. 1/2 p.u. 1/4 p.u.

Windage 2.3 2.3 2.3 2.3

Pole Face 0.6 0.6 0.6 0.6

Core 4.2 4.2 4.2 4.2

12R 1.5 0.8 0.4 0.3

8.6 7.9 7.5 7.4

,ITS
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TABLE 63

SYSTEM LOSSES

I per unit (p.u.) system load - 120 KVA

System Losses (kW) at Idle Speed

System Load 3/ pu. 1/2 p.u. 1/4 p-u.
kW nz kW ri% kW r - kW 2

Converter 5.9 95 4.8 95 3.7 95 2.6 94

Generator 5.0 96 4.3 95 3.9 94 3.8 88
Total Losses 10.9 9.1 7.6 6.4

Output at 0.95 114.0 85.5 57.'0 28.5
PF

Power input 124.9 94.6 64.6 34.9

System Efficiency, 91.3 90.4 88.2 81.7
Percent

System Losses (kW) at Takeoff Seped,

System Load 1. p.u. 3/4 p.u. 1/2 p u. u

kW nz %kW . . kW . z
Converter 8.6 93 7.5 93 6.S 90 5.5 85
Generator 8.6 93 7.9 92 7.5 88 7.4 79
Total Losses 17.2 15.4 14.0 12.9

Output at 0.95 PF 114.0 85.5 .57.0 28.5"

Power Input 131.2 100.9 71.0 41.4,

System Efficiency, 86.9 84.7 80.3 68.9
Percent



inlet temperature. This was for an operating schedule of:

91.55 percent of time at less than 82 percent speed (100 percent 17,600

rpm) and full load

7.6 percent at 100 percent speed and full load

0.8 percent at 1.5 per unit load and 100 percernt speed

0.05 percent at 2 per unit load and 100 percent speed

The above hot-spot temperature gives an insulation life prediction of

greater :han 180,000 hours. This is based upon life expectancy data for

insulation systems used on similar aircraft generators. The current d--sity at

full load for this machine is 8500 A/in. 2

11. Generator Reliability Assessment

A detailed reliability study was not conducted on the selected machine

because of its similarity to the rotor construction used on conventional a.c.

synchronous aircraft permanent magnet control generators (multiple pole with

a shrink ring). The following reliability study is based on taking the

reliability analysis of a permanent magnet control alternator and adjusting it

for the number of poles and the additional length to 'attain the stack length.

The stator analysis was obtained by taking a similar main stator wound and

removing those components not being used. The result of this reliability

assessment is shown in Table 64.

12. Forces Due to Rotor Misalignment

Additional inputs were required for the mechanical interface design. to

assess the electromagnetic forces that were due to rotor ercentricItles.

For a cylindrical PM machine, these forces are derived from the following

equation. The PM-type cylindrical design is characterized by' a aynchronous

reactance in the direct axis, which is generally less than the synchronous

reactance in the quadrature axis. This is contrary to'electrically excited

synchronous ma-hines and will also be reflected in the force equation.

For the unsaturated machine at no-load one can arrive at the eccentricity

force equation J)sted below.

DR- •HT A2(13)
2w. uo g
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TABLE 64

RELIABILITY ASSESSMENT
FORINTEGRATED TF34 ENGINE STARTER/GENERATOR

POWER LEVEL III (120 KVA SYSTEM)
CYLIn,)RICAL PER ENxFT' MACNET MACHINE

ROTOR6

ROTORPART 
FAILURES/lO HOU.RS

Magnets * 
4.49896

Wý,.-d Joints * 
6.74844

Shaft Internal Fit 
1.20188

Keyway 
0.15360

Key 
0.35260

Wavy Washer 
0.2000

13.15548 13. 15548

STATOR

Stator Coil 
0.47709

Elec. Conn.. 
0.16737 

4

"Interference Pit 
0.30047

O-Rings 
1.59400

Attachment Holes 
,3.02204

5.56097 5.56097

18.71645

TOtal mm Hours: 53,428.94

* Aasumm. four (4) rotor disk* to' mke total stack laigtb.
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or: F DR 0 HI Br ha P LE 6 OE 2 (14)21r o Fso KF T +2-P2- + *PLt |K 4 OE (

With DR - rotor diameter

HI - stack length

Br a remauence flux density of magnet

"J LE- tntal magnet leakage permeance

S OE w effective design air 'gap

KFI - yoke flux constant

K M gap flux constant

T = pole pitch

e- A'gap/effective design gap

B - difference in air gap flux density between two
g points in the air gap 180" apart.

For the PH machine selected the resulting force is
2

F - 538 x (2lb),

where the effective air gap is 0.071 inch. However, saturation will significantly

reduce this force by increasing the magnetically effective air-gap length. For

the above example, the magnetically effoctive air gap becomes

-SNLE ' 0.180 in..

Table 65 illustrates the effect of saturition for no load and full load.

Tae full load point also cakes into account the effect of armiture reaction, as

indicated. In total, no significant eccentricity forces are expected.

C. COMPARISON OF SELECTED DESIGN WITHBASLINY ."734

These comparisons do not inclLde total Impact on the aircraft, which is

beyond the scope of this-study. Thi impact of replacing hydraulic lines and

actuators with the larger-sized electrical cablos and the electric motors is not

included. These are -a part of the subject being addressed in studies of an all-

electric aircraft. More accurate comparison* do require consideration of the

impact on the total aircraft and would require the participation of an air-

framer in the study. Figure 53 shows the Laseline TY34 engine with conventional

gearbox-mounted accessories. Earlier, Figure 44 showed the selected IEG/z integrated

"into the 1734 engine. A comparison of majoir design h&aracteristics pertaining
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TABLE 65
ECCEFTRICITY- INDUCED FORCE VS. SATh'RATION

Geometrical air gap = 0.067 inch

Eccentricity = 0.022 inch (33 percent)

Load apA.LI n . C, lb

No Load unsaturated 0.071 J.27 39.2

No load saturated' 0.180 0.111 3.0

Full load gaturated 0.085 0.235 13.6 *

*Also includes effect 'of reduction of air gap flux density by armature

reaction.
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to the differences between baseline and IEG/S configuration is discussed below.

1. Weight

Weights are either actual TF34 component weights nr calculated from

preliminary design layout drawings. Table 66 gives a veight comparison beLween

the basellne and IEC/S configuration.

2. Reliability

The PM machine IEG/S design derives its superior reliability through less

parts and the elimination of meciianical wear components in the electrical

secondary power extraction system.

A comparison of reliabilities between baseline and TEG/S system is given iV

Table 67.

3. Efficiency

Table 68 presents efficiences that reflect the present-power extraction on

the TF34 as compared to the anticipated TF34 engine with an IEG/S. Figure 54 shows

conventional IDG heat rejection.

4. Initial Cost

Initial costs of major components are listd in Table 69 for the baseline

anM the IEG/S sy,;tem. Costs are based on a production lot of 250 units and 1979

dollars.

5. Comparison Sumary

Table 70 provides an overall comparison between the selected IEG/S-TF34

and the baseline TF34 system.
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TABLE 66
WREIGT SUMMARY - BASELINE AND IEG/S FOR A TF34

Baseline - TKS4 -lG/S T4..

Item Weight b), Item Weight (Ib)

Mech. Drive System 134.0 120 KVA SmCo Gen. Start. 108.0

30/40 EVA IDG 78.0 120 EVA Cyclo Converter 96.0

Air Turbine Starter 22.0 Additional Eng. Structure 10.0

Air Stirt Valve 7.0 Additional Eng. Shaft 5.0

Start - Air Duct 4.0 2-ft power cables' 3.5

'Bleed - Air Duct 5.0 Electric Disconnect Assy. 10.0

WDE heat exchanger and hoses 8.0 10 kW Motor for Fuel/Lube
Pump (Force r'emwutator
PK brushless motor end
electronics; 34.0

Total 258.0 lb 267.0 lb

TABLE b7. RELIABILITY SV9UARY - BASELINE AND TEG/S FOR A TF34.

3aseline - TF34 E,/S - TF34

'TBF MFT

Item /tours) Item (Horrs)

Me-ch. Drive Syatem 34,000 F1M cyl. Machine/Disconnect(4) 5),000

30/40 KVA IDG It. System(2) 979 Cycloconverte.* 10,000

Air Turbine Start System(3) 471 Electric PM Motor for Puel/Lube
Pump Electronics(S) 10,000

system MOT. (fours) 315 System KrTS (Hours) 4545,

Source: (1) CE-AZC data bank

(2) AIM 66-1 data 6 mo. Ave. ending 3'0 April 1979

(3) Am 66-1 data 6 no. Ave. ending 31 January 1978

(4) Calculmted reliability (me. Section VII-B-11)

(5) Estimated
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TABLE 68
EFFICIENCY COXPARISON BETIWEEL

BASELINE TF34 A'AM IEG/S TF34

30/40 KVA IDG 120 KV4A EG/I'

Idle T/O Idle T/O

Accessory Gearbox Loss, 2.3 2.3
75 kW, n - 0.97

Electrical System 16.6 * 19.8 * 10.9 ** 17.2 **

Loss, kw

Pump Motor and 1.1 1.7
Electronics Loss, kW
14 kW; vOA - 0.88

TOTAL .18.9 .22.1 12.0) 18.9

System Efficiency 0.80 0.77 0.90 6.86

- Power-Out
Power-In

Based on ac-tual IDG ,ystem datp, on 40 KVA 0.9 PF per Figure 54.
(Reference: manufacturer's test report' ATR-1186 Figure 5. Appendix 1.)

U 3ased on 120 KVA, 0.90 PP and a system efficiency of 89.3 percent. at
idle speed and 83.7 percent at takeoff speed,. (Reference: calculated
data from Table 63.
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011-In Temperature: -275� F
Ref. CSD S'N 102. Generator

SII WU-7. Test Date 10-
18-74

1400 - - - - - - - -

1300 - --- - -

1200 - - - - - - - - -

C
.4

£ 1000

a�' 800

600

500

4 0 0 k �" 10,000 12,000 14,000 16,000 1e;ooo

Input 8p..d, rpm

FIgure 54. T7341XD0 Heet Rejection.

e
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TABLE 69

COST COMPARISON

Baseline 120 I(VA - EC/S

30/40 KVA System Generator $4723 Cycloconvert~er $31000
GCU 1410 IEG/1) 22000

CSD 22250 El. Motor arnd Controls 5500

CSD Fuel/oil Cooler 1550

Frequency Control Unit 1000

Control/Alternator 1000

Air Starter 4600

Air Starter Valve 1300

PTO Gearbox 6300

AdB Gearbox 21000

.Total* $65133 
$58500
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TABLE 70

SYSTEM PAYOFF COMPARISON BETWEEN

BASELINE T73.4 AND SELECMtz lEGIS TF34

BASEL1I E T734 SEL7CTEY) lEG/S TF34
Weight, lb base + 9.0
SPS reliability, MtTF 315 4545
(hours)

SPS Efficiency 80 to 75% 83 to 82%
Maintainability/ 35 min./•U 6 hours replacementAccesslbll'.1y replacement time time for IEG/S
SPS Overall System base 9Z Improvement
Efficiency

Frontal Area base same as base
Initial cost, for buec 6.6K < base
250th unit, $

Life Cycle Cost at 10 base 1/2 baseYears and 726-Aircraft 
"/ bs

Fleet, $ if
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SECTION VIIT

CONCLUSIONS AND RECODENDATTOIS

The results of this study conclude that the SmCo, IEC/S concept is

technically feasible and offers potential advantages over present secondary

power generation systems in specific applicaiions, specifically low bypass

engines.

The primary potential advantages of the IEG/S concept compared to convenLional

aircraft systems are:

* higher reliability

0 less maintenance

* lower life cycle cost

The overall effect and payoff of the IEG/S system versus a conventional

system, however, cannot be determined by the engine designer or by the IEG/S

system designer. It is therefore recommended 'that an evaluation o.f the advantages

.'nd disadvantages of. the IEG/S systems be accomplished at the. :a;rcraft, sysrem

level.

The proposed study program should establish the overall payoff and effect

of the !EG/S system for advanced military aircraft with respect to mission

requirements and economic considerations. This study would further include

aircraft secondary power distribution, conversion, and utilizatiOn equipment for

Lhe tollotng subsystems:

0 Vlight control, primary and backup

* Urtili:y power (dors,'landing sear and flaps, brakes, nian gear,

teedring, etc.)

* Lijhting and instrumentation

* Environmental control

* Communication/navigation

0 Anti-Icing/de-Ieing

• APU starting (if applicable).

The potential advantages of the IECG/ Is most significanr f'-r Power Le%,-ls

MIlA and Il! for low bypass engines in high performance aircraft of near-sonic or

supersonic operational capability.
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The installation of the Power Level IIIA or III system eliminates the

need for an AGB. The payoff from .this elimination is a reduction in frontal

area, especially in low -bypass engines. The reduction in engine frontal area

results consequently in a reduction of aerodynamic Irag, thereby improving

aircraft performance. Modern' high bypass turbofan engines, however, can have

the AGB mounted in the fan frame shadow, inboard of the fan bypass duct. This

arrangement offsets the IEG/S advantage of engine frontal area reduction. The

elimination of the accessory gearbox and the gearbox-mounted accessories,

however, improves engine maintainability as well as simplifies the engine cowl

and the nacelle configuration. The advantages of electrically driven engine

accessories are that they can be freely located for ease of maintainability

and they provide variable-speed operation capability. Pumps driven by variable-

speed-controlled PM motors can meet varying flow .emands independent of eng.ne

speed, thereby' improving pumping efficiency. Improved pumping efficiency keeps

the fuel temperature rise lower and increases the cooling capacity of the fuel

for engine oil cooling.

The reliability 'of the IEG/S - including that of the safety disconnect

inside the engine - presents a major consideration when assessing the feasibility

of this concept. The selected IEG/S concept, which involves mounting the ,PM

machine rotor directly onto the HP rotir shaft and using an electric (fused)

nonresettable disconnect without moving parts, provides a prerequisite for

attaining, the required reliability goal of at least 50i000 hours MTBF. The

study shows that the IEG/S, excluding the cycloconverter (external to the

engine), has the potential for achieving an .MTBV in excess of 50,000 hours.

The need for 19GIS accessibility inside the engine is less important

because of: - .

0 The absence of periodic maintenance requirement

• The absence of life-limlted wear item

* High IEG/S 'system rellability

Therefore, replacement of she IEG/S and related components could be scheduled

to ccincide with normal engine maintenance.

The application of the IEG/S concept has its highest payoff potential for

high-performance aircraft with low bypass engine(s), in which the frontal area

of the engine inatallation (nacelle or fuselage) is influenced by the AGB package.

The IEG/S concept in dual-spool, high bypass 'turbofans does not show a' payoff
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since there is no reduction in frontal area. However, the elements of this study

extended to consider a gearbox, located inboard and aft of the fan case, driving

a permanent magnet generator/starter. Such a gearbox would appear-to have

significant payoffs in terms of electrically driven components at the engine and

airframe system level. This concept would constitute a lower development risk,

providing all the advantages of an electrical secondary power system in addition

to good access and without increasing the engine frontal area.

The applicability of the !Ed/S to specific engines, thezefore, must be

studied for each individual engine.

A. ASSESSMENT OF ENGINEERING FACTORS DERIVED FROM PROGRAM STUDY

Reliability

The analysis has shown that the IEG/S permanent tagnet machine mounted on

the HP shaft can achieve ,50,000 hours MTBF. This improvement in reliability

over present aircraft generators is due to the use of conservative temperature

and stress levels, a solid-rotor design, and the eliminarion of separate bearings,

seals, and flexible drive splines (quill-shaft).

Life Cycle Cost.

The projected life cycle cost of the IEG/S system is favorable in comparison

to a conventional secondary power system. Since there is no maintenance require-

ment for the IEG/S (to coincide with engine maintenance), maintenance costs are

reduced-because of a dramatic ceduction in the number of composne.xcs. 'The entire

mechanical accessory drive system (with all its bearings, seals, and gears)

would be eliminated together with the pneumatic starter, starter valve, air

ducring, IDG, control alternator (hydraulic pumps in the case of Lhe all-electric

aircrafr), and gearbox mounting system, ,nd the hundreds of components which make

up the above assemblies.

Simlifled System

The secondary power system components on the engine are reduced to:

O PM machine/safety disconnect

* cyeloconverter

* two eiectric motors and their control system

* fuel and lubepump.
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Plexibility of Engine Accessory Locatlon and Ootration

Strategic location of the engine accessories improves service tasks.

Variable-speed operation of the engine fuel and lube pump provides more efficient

operation. (Variable-speed fuel pumps deliver the exact amount of fuel required

by the engine without bypass losses.)

Improved Maintainability of Engine

The elimination of the AGB and its related accessories, tjbes, air ducts,

andelectric wires in a amall space underneath the core cowl makes engine main-

tenance easier and less costly.

Improved Electric SXstem Maintainability

The hydromechanical constant speed drive (CSD) would be replaced by the

electronic cycloconverter. Unlike the CSD, the cycloconverter requires no

mairtenarce and has no wearing parts. (Generator bearings, seals, and quill

sý'qfts are not needed.) The superior reliability of the 1EG/S elerzric system

makes it easier to maintain.

For the long-range prospects, electronic components will become even more

reliable due to growth (the use of fewer parts) and improvements in a

relatively new technology.

Efficienzy

The TF3 -IEG/S system power extraction efficiency snhcs an 11 percent

advantage ove the conventional system (based on Power Le,.rel III).

Weight

The wei t of the 120 KVA PM generator is 108 lb or 0.90 lb/KIVA. The

IEG/S system ighs approximately the same as the conventional System. The

Power Level II IEG/S system. however, will show a significant weight advantage

at the aircraf level because of the elimination of bleed-air ducts, hydraulic

lines, and ass ciated equipment.

Enaine Frontal Area

The engi e frontal area of some ccnventional engines (particularly low

bypass engines is affected by the engine-mounted accessory gearbox and the

accessories. igh bypave engines have mitiple choices for their AGB location.

The two most c mmon mounting locations are the fan case and the core. The engine
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frontal area is affected only indirectly by the core-mounted AGB, to an extent

determined by engine size, bypass ratio, and the relative size of accessories.

Engine performance not evaluated in this study effort, however, might be

influenced by the fan flow area asynmetryand additional scrubbing due to the

cowl bump over the AGB location, where applicable. The all-electric power

extraction, for example, could be achieved by a gearbox (core-gearbox)-mounted

PM-generator/starter, which would have the same advantages as the rEG/S and also

avoids frontal area increase. This might be a preliminary first step in the

direction of reliable electrical secondary power systems.

B. APPLICABILITY OF SELECTED IEG/S AND ENGINE TO F-ITURE PIWPULSION 'vS,"

The applicability and feasibility of the Level III TEG/S vth ;.mCo,

Permanent Magnet technology have been proven by analytical methods provided in

this report. The IEG/S applicability to other engines can be predicted, but a

detailed study must be performed for each individual application.

Lowfbypass or pure jet eneines (single spool) for high performance aircraft

with near-3onfc or supersonic operational speed have the highest porontial payoff

for an TEC/S due to frontal area drag reduction (especially in wing-pod- or

fuselage-pod-mounted configurations). This application would be nost effectively

-integrated into the design of a new low bypass engine.

The TEG/S concept. would also have a good applicailon In a -implified form A

(no safety disconnect) and Power Level I configuration for a crtzs2 miss.11l

application. Further studies are recommended that would examine the payuof and

application potential of the lEG/S for military aircraft. ThiA study would

preferably be a cooperative effort between an airframe manufacturer and a

propulsion engine manufacturer. Three distinct types of milifar? aircrafr

(fighter, transport, and RPV) should be studied to conclude asaessrnenrt of the

worth of the IEC/S concept at the aircraft system level.
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S."TION 1.0 IEC/(,S) CONCEPrs

LOW BYPASS TUMABOXAN (F404)

POWER
LEVEL DPAWING NUIMER TITLE

IAYO•rfS - 1KG/(S) INTERFACES

1 4013188-981 60/75 KYA Cylindrical

I 4013186-978 60/75 EVA 3 Disk

XX 4013188-980 90 KVA Cylindrical

Xl 4013182-979 90 KVA 6 Disk

IliA 4013271-032 200 EVA Cylindrical

IIIA 4013271-033 200 KVA 8 Disk

F=LL ENGINE CROSS SECTIONS WITH IEG/(S)

1 4013271-204 60/75 EVA Cyllndrical
It 4013271-205 90 KVA Cyl-Indricol

IlIA 4013271-206 200 VIA Cylindrical

lI1A 4013271-207 200 EVA 8 Disk
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SECTION 2.0 IEG/(S*, CONCEPTS
HIGH BYPASS TURBOFAN (F103/CF6)

POWER
LEVEL DRAWING NLUIER TITLE

,AYOUI1S - I/(S) INTERFACES

1 4013186-987 75/90 KVA Cylindrical

1 4013186-989 75/90 KVA 3 Disk

II 401316-988 120 KVA Cylindrical

1I 4013186-990 120 RVA 3 Disk

IliA 4013271-030 300 kCJA Cylindrical A

IliA 4013271-031 300 IVA 12 Disk

FULL ENGINE CROSS SECTIONS WITH IEG/(S)

1 4013271-208 75/90 XVA Cylindrical

II 4013271-209 120 IVA Cylindrical

IIIA 4013271-210' 300 IVA Cylindrical

IIIA 4013271-211 300 IVA 12 Disk



• - • - -im.mqE~iJ

SECTION 3.0 IEL (S) CONCEPTS
SMALL TUflBOFAN (TF34)

POWER'
LEVEL DRAWING NUMBER TITIX

LAYOUTS - IEG/(S) INTERFACES

I 4013186-977 30/40 KVA Cylindrical

1 4013186-976 30/40 IVA 3 Disk

II 4013186-972 60 XVA Cylindrical

II 4013186-973 60 EVA 4 Disk

lIIA 4013271-026 60/75 KVA Cylindrical

lIlA 4013271-027 60/75 EVA 6 Disk

II 4013271-028 120 KVA Cylindrical

III 4013271-02(q 120 KVA 9 Disk

FULL, FYINE CROSS SECTIONS WITH IEG/(S)

I 4013271-200 30/40 KVA Cylis4rical

II 4013271-201 60 EVA Cyllndrical

I1I 4013271-202 120 EVA Cylindrical

II1 4013271-203. 120 EVA 9 Disk
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SECTION 4.0 IEG/(S) FINAL SELECTION
SMALL TURBOFAN (TF34)

POWER
LEVEL DRAWING NUMIBER TITLE'

LAYOUT - IEG/(S) IxTERFACES

III 4013271-257 120 KVA Cylindrical

FULL ENGINE CROSS SECTION WITH IEG/(S)

III 4013271-199 120 KVA Cylindrical

SECTION 5.0 IEG/S MIOCKUP
S:.MALL TURDOFA. (TF34)

DRAWlING NUMBER TITLE

4013271-109 UOCKT'P ZEG/S 120 KVA

4013271-129 MOCKUP SUPPORT
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