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PREFACE
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The study consisted of integr:ting 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 ("m'/S) was then analyzed and éonceptually designed for
three power levels and three angino categories. Study results support the
supposition that a rare earth, pomnent magnet uchino in an IBG/S concept
is a technically feasibla appro.ch to secondary povor extraction z2nd engine
staxfting. Use of these study results would be uppropriate for inclusion in

a future all-electric aircraft configuration.
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SUMMARY

A study program to evaluate the application of integtated engine generator/
starter (1IEG/S) concepts was conducted to identify the feasibility of integrating
a rare earth Samarium Cobalt (SmCo) permanent magnet generator/starter to the
aircraft engine rotor. The IEG/S concept extracts electric power from the prime
-propulsion engine and also provides starting (motoring) of the. engine

The objective of this study fncluded 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 IEG/S to typical engines. This
objective addressed detail layout, i&entifying location, configuration, and
interfaces of the IEG/S system. ‘

The final results of this study conclude that the IEG/S concept is technically
feasible and offers potential advantages ever today's typical secondary power
systems (SPS). The primary potential advantages of the IEG/S compared to con-
ventional SPS configurationslarei

higher reliability
less maintenance

lower life cycle cost

The overall payoff of the IEG/S system is influenced by many factors outdide
the control of the engine and IBG/S system denign. Thetefore, a study program |
1s recommended that would evaluate the IEG/S benefits and detriments to the totsl
aircraft system. The goal of the study would be to establish the overall'pajof
and the effects on the performance of advanced -1litary aircratt with respect
.to mission requirements and econo-ical considerations, with the Izc/s utilizing
a maximum of electrical power supply for functiono -uch as p/wer actuation and
gnvironncntal control.

The advantages of the IEG/$S are loot -ignificant st Powsr Levels III and
IiIA. becsuse these levels allow the entire mechanicsl accessory drive system t
be eliminated. - (For Power Level III - the most powerful level - the IEG/S 1is
to supply all secondary aircraft and engine power, including power normslly u
for hydrsulic pumps and power supplied by bdleed sir. For Power Level IIIA tlie
IEG/S 1is to supply all secondary power except tl_icc normsily supplied in the fo
of bleed air.) ' " a
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With the elimination of the accessoryrdrive system considerable advantages
of engine maintainability are achieved through a "clean" engine periphery without
cthe typical congested area around the accessory gearbox (AGB) with its
accessorlies, 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 requirepents without the bypass lnsses 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 1inside the engine is most 1lportant for the
successful implementation of this design and must de 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 (MIBF) of 50,000 hours.
This 1EG/S system represents a poeential viable candidate for future engine
integration. .Sinee the generator-rotor and the electrical safety disconnect
have no Qearing parts, the chosen IEG/S design requires no periodic maintenance
actions as opposed to conventional secondary power systems.

The need for 1EG/S acceasibility is not a major coneideration due to the
high system reliability and the absence of periodic maintenance requirements.
Replacement of IEG/S components, therefore. could be accoupliahed during nor-el

. engine maintenance.

Although & life cycle cost (LCC) assessment vas beyond the scope of this
study, lower operational costs can be predicted based on the potential lower
maintenance and replace-ent expenses ‘that would follow from the auperior ' X

' reliability of the IEG/S co-pared to conventional SPS power genereting equip-ent.

The weight of the IEG/S system compared :o,conventional secondary rower .
sy-te-e does not provide weight advantages for the engine system. However, only
the overall SPS aircraft syete- weight with associated distribution systems
(hydraulic, pneumatic, and electric versus an lll-clectric powar distribution),
together with end-user equipment, will deternine the system veigh: peyoff or
penalty co-pered to. conventional aircraf: systems. :

xviit




The major consideration of SPS efficiency 18 not engine performance but

' heat dissipation, which influences the selection of availabie cooling media and

cooling equipment weight. The overall IEG/S extraction eff{ciency 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
operation. 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 pet‘ormance. The frontal afea drag reduction
for high bypaes 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 IEG/S's technical feasibility and good potential
for high performance aircraft where the frontal area of the engine 1nstallation.
(nacelle or fuselage) is influenced by the AGB package, as is the case in low
bypass or pure-jet enginei. The minimum IEG/S electric power generation rating
for maximum benefits must he latge‘enough to éliminate the mechanical’acqessor&
drive system for aircraft and engine accessories aﬁd'prdvide starting of the '
engine.

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

however, does not show a payoff if froncal area and serodynamic drag may be

reduced by 6ther means. (For'exn-ple, by having a core-mounted gearbox drive a
PM generator/starter.) The applicability of the IEG/S to specific engines has
to be studied for each individual case.




SECTION I
INTRODUCTION

Air‘Force and Industry have recognized the potential value‘of integrating
secondary-power-generation devices and engine accessory components into the
basjc engl.ié structure. The purpose of this design approach ﬁuuld be to
minimize the propulsion system envelope. Provided that a suitable configurafibn
could be ¢2fined, the propulsion system should then provide improved installed
performauce, in two respects: drag would be reduced, and reliability would be
improved by doing away with the complex mechanical seconaary—pqwer-generating
equipment and accessory drive system.

The Aircraft 2Zngine 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 strusture. Parametric and design studies and a design layout of a siﬁgle
selected concept have been completed and are reported herein.
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SECTION II
TECHNOLOGY BASE

The groundwork leading to the Permanént Magnet IEG (IEG/S) 1is quite

extensive and is a culmination of three sepafate technology areas.

A, VARTABLE-SPEED CONSTANT-FREQUENCY POWER SYQTEM

Variable Speed Constant Frequency (VSCF)-type aircraft power systems
became technically feasible in the late 1950's ana'early 1960's with the inception
of high-power semiconductor devices. The technology progressed extremely slowly °
until 1972, when VSCF-type equipment was callad 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 hydrowechanical-drive. electrical

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

Fighter Aircraft (F-138). The Air Force 1s actively pursuiag the VSCF concept

by Contract F04606-76-C~0902, which has been awarded to The Boeing Crmpary. The
objectives of the contract are to procure and install a 60 kilovolt-amp (KVA) VSCF
systeri (wire-wound-rotor design) for service test in the KC-135 aircraft.
Additional wire-wound VSQF work was accomplished under Navy Contract N00421-72-C-
6579, which was awarded to the General 21ectr1c Conpauy'fdr demonstratica of a '

starter/generator VSCF syste-‘fét the A-6 aircraft.' The results of this program
showed that VSCF equipment can provide flexible engine-starting systems.

B.  RARE EARTH/TRANSITION METAL MAGNETS

The listing of Rare Esrth/Transition Metal permanent magnets dates to the
1917 ciid period. It was not umtil 1966; however, that a.rare earth cobalt-based LY
"family" of super magnets was predicted. 5ut1ng the 1966 8o 1973 time period,
the Aif rérco Materials Laboratory played a major role in the developuent of .
high-energy rare earth magnets. By 1973, magnets with a 20 a;lliod gauss-oersteds

. energy product were availsble on the commercial market. It was then apparent

that iotating sachinery using rare earth transition metal magnets could yield |

" exciting payoffs in weight, volume, and relisbility in the 400 Hz aircraft

electrical power sres. A joint APML/AFAPL effort wae 1n1§1¢t¢d via contract to

S,

——



the General Electric Company to construct a VSCF starter/generator system using
rare earth transition metal magnéts in the toéderf the machine. The system size
is 150 KVA, 115 volts, 3 phase, 400 Hz, and conciscs of a solid-rotor synchronohs
machine together with a solid-state cycloéonverter wvhich i3 used to control
power flow in both directions. The bperétion'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 Rz electrical starter/generator systems and yield a
'significaqt improvement in electrical generating system efficiency. The success

of the 150 KVA PM offort resulted in a major follow-on program with 60 KVA starter/

generator units which are to be flight-tesged on the A-~10 aircrafr. 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-&ear 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
alrcraft. A contract (NAS1-10893) was awarded to the Boelng Company to séudy
advanced secondary-power extraction techniques. The study program indicated
significant technical and economic payoffs (depénding upon aircraft configuration)
by using the IEG (IEG/S) approach, In'thié same time petiod,vthe Air Force
Aero Propulsion Laboratory also 1hveatigated 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 IEG (XEG/S) in an "Advanced
Accessory System. The first attempt to manufacture hardware ‘for the IEG concept

’ was also made by ”ra:t & Whitney via a subcontract to tne Bendix Corporation.
# This effort was done for the Naval Air Propulsion Test Center under contract
NOOlAOf?J-C-OIZG. A brushleaa 30 KVA, 3600 to 11, 00 rpm, VSCF-type generator
was successfully designed, built, and tesced in a Pratt & Whicney J§2 engine

envir>nment.




SECTION III
PROGRAM OBJECTIVES

The objectives of this study program are to invest;garc, analyze, and
define the applicability, optimal location, and configuration of rare earth
SmCo pernanent magnet (PH) generator/starters suitable for 1ntegration 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 pover levels ss 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
protectbthe enigine in the event of an internal PM 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 combination most suited to demonstrate the
Integrated Engine Generator/Stareer (1EG/S) technology for further in-depth
analysis and detail design_leyout. The advantages being sought from the
generator/engine-integrationvinciude improvements in both engine frontal area
(elinination or size reduction of the accessory gearbox); reduction in weight,
and improved reliability over the baseline engine and secondary power generation

aystel.
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SECTION IV
ENGINE CLASSES AND GENERATOR POWER LEVELS STUDIED

The study considered three engine classes and assessed three lévels of

electrical power requirements for each engine class.

The three speci‘ied engine classes are categorized as follovs

e Low Bypass Turbofan
e ' High Bypass Turbofan
e 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 pover plus
electric engine starting

e IIT 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:

e IIIA Same as III, except that customer bleed air

is provided by the engine compressor.

A, mcmz CLASSES

The following General Electric production engines match :he specified
characteriatics of engine classes: -

‘ qu Bypass Turboian: F404
v o High Bypass Turbofan: 7103 (CP6~50)
- ‘ Small Turbofan (RPV): by x7 T

- Pertinent performance characteristics and spplications of those engines
are discussed below, along with discussions of how beneficially each engine can
be applied toward the IEG/S concept.




1. Low Bypass Turbofan Engine

The F404 is a low bypass, augmented turbofan engine 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 afrcraft (A/C) near or above sonic speed.

The elimination or reduction of the peripheral case-mounted accessory
gearbox (AGB) directly influences the total froﬁtal.area of ;he F404, an engine
whose shLape approaches that of a straight cvlinder. The F404 eﬁging configuration

}and specification are showr. in Figure 1.

Although the IEG/S payoff potential of a low bypass turbofan or jet engine
is high, the PM machine design integration 1a 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. HRigh Bypass Turbofan Engine

The F103 is the military designation for the CF6-50 high bypass connercial
turbofan. This engine has applications in commercial A/C (Airbus A300B, Douglas
DC-10, Boeing 747) and Advanced Military Transport (USAF ATCA-Tanker (DC-10)) and
USAF E-4A/B-Command Post (747).

The F103 has a ‘an—case—uounted accessory gearbox. adding directly to the
frontal projection of the engine and _nacelle area in a wing—pod-nounted i{installa-
tion. Advanced versions of this family of engines will be supplied with core-
mounted gearboxés that do not affect engine frontal area. '

- The F103 Engine'configuration and spec;fications are shown in Figure 2.

Hign bypass turbofans have a large space available in the forward sump
(between fan and compressor) for IEG/S installation, making it possible for an
IEG/S to be installed without major modificatiom. ‘

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

3. Small Turbofan Engine

The TF34 1s a high bypass turbofan engine selected for Remote Piloted
Vehicle operation. This engine has applications for the advanced USAF A-10
Attack Afrcraft and the lzvy'i S-3A Anti-Sub Aircraft. The TF34 incorporates

4 core-mounted accessory gearbox located between core and fan flowpath, whers it

does not add to frontal engine ares. Tha TF34 engine configuration and

e —




SPECIFICATIONS

Weight, 1b .
Length, in,

Maximum Diameter, in.
Fan/Compressor °tages o
HPT/LPT Stages

. Bypass Ratio

Pressure Ratio

Airflow, 1b/sec

Maximums Thrust SLS, 1b

SFC

Thrust/Weight

2120

159

33

3/7

1/1 . ,

0.30 .
as

144

10,600 (16,000 Aupented)
0. 80 Q1. 86)

-5 (7.%) )

Figure 1. F404 Engine,
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SPECIFICATIONS

Weight, 1b
Length, in.
Maximum Diameter, in,
Fan-(Booster)/Compressor Stages
© HPT/LPT Stages '
Bypass Ratio :
T Pressure Ratio h
' "Afrflow, 1lb/sec
Maximum Thrust SLS, 1b
SFC - -
Thrust/Weight

Figure 2. F103 Engine.

8378
190 .
86.4 (Fan)
1-(3)/14 _
2/4 , C .
4.4 '
30.3 '

1484 R b
52,500 C

0.393
6.3
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specifications are shown in Figure 3. Engine cross sections of the TF34 can be
found in Addendum A, Drawings. o

B. ELECTRICAL SYSTEM LOAD REQUIREMENTS

1. Introduction

The specification defined three levels of electrical power requirements
to be considered for each of the three engine clsssificacions.

The generator power level definitions and their impact om the airframe
(customer) and propulsion system are given in Table 1. , '

During the study it becane apparent that the Power Level III generator/
engine integration became impractical for the FA04 and F103 because the generator
would require.-ore room than was available in the engine.envelope. |

. To provide a more comprehensive study, General Electric decided to add a
fourth power level which was termed Level IIIA. This level, which is defined
in Table 1, fills the significant gap between Level II and Level III.
' System KVA ratings for each power level and each‘éngine classification
were established for consideration in the parametric design studies. These
ratings were arrived ac from (1) the ratings quggeatéd in the specification,
and (2) calculations which defined the starting and electrical load reqﬁireucnts
of the application. The range of KVA ratings for each power level and each
engine classificétion 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 1EC/S concept for further study. ,
. Table. 2 shoysvfﬁe selected KVA ratings for each power level and each engine
classification. Paragraphé which follow discuss how these selected kVA ratings
were established. ' '

2. Level I KVA Rating

A range of electticai system KVA ratings vas given injthc opectfiéationA
for Level I power for each of the three cngino'clnloiticatlons. Cenerally, . the
range overlapped with the KVA rating requirements that were cilculated for Level
11 power. It was necessary to‘aclqct a single rating for each power lev01~and
each engihg‘;n order to limit the magnitude of engine design layout work being
undertaken. The selection process for Level I involved s review of typicsl
applications for each of the selected cnjlnccland knowledge af the KVA rating




SPECIFICATIONS

Weight, 1d
Length, in. ' '
Maximum Diameter, in,
Fan-(Booster)/Compressor Stages
RPT/LPT Stages

Bypass Ratio

Pressure Ratio .
Alrflow, 1lb/sec o ,
Maximum Thrust SLS, lb

SFC ' ‘ :
Thrust/Weight.

Tigure 3, T734 Engine.

1460
100
52
1/14
2/4
6.2

' 22
333
9273
0.363
6.4
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GENERATOR POWER LEVEL DEFINITION

"LEVEL I

LEVEL 11

. LEVEL 111

LEVEL IIIA

Ragine

) Y
(RPY)
Y404

Low Bypass

rioa
High Bypass

TABLE 1

AIRFRAME .

EVA rating of IEG for
typical state-of-the~

-art A/C or RPY

requirement,

Same as Level I, except

. must size IEG/S for

electric starting,

Provide all secondary
power to airframe apd
propuision in the form
of electrical power,
(Customer air bleed
replaced dy squivalent
slectric power.)

Provide all oocondnry'
power 10 airframe and

. Propulaion in the form

of electrical power,
except that bleed air
is provided by
conventional nethods,

TABLX 2

SELECTED KVA RATINGS

1 11
30/40 . 60
80/78 ) 20
73/90 - 120

11

PROPULSION

Mechanically
driven
accessories,

Same as Level 1,

Eliminate mechanical
engine accessory drive
system, Al engine
secondary power
systems driven
electrically

Eliminate mechanical
engine accessory drive
system, All engine
secondary power systems
driven electrically,

IIIA 11
60/75 . 120 .
200 800
300 1200
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that had been established by calculation to meet ;he Level II requirements.
Knowledge of the Level II requirement influenced the Level I selection in order
to achieve a spread of KVA ratings béing coﬁsidered for each engine.

Table 3 shows the KVA taéing: 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 KVA means, for example, that the contin.ous duty rating is
40 KVA but overload rating is based upon 30 KVA 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 sysiea therefore has the
following ratings: '

Continuous . . 40 KVA

S Minutes . 45 KVA (1.5 x 30)
S5 Seconds . 60 KVA- (2.0 x 30)

Table & shows the KVA rating selected for each engine 16 the Level 1
application. The 30/40 KVA selection for the TF34 is in the middle of the ratings
of actual applications shown in Table 3 and f{s lower than the Level If rating of
60 KVA. The rating selected for the F404 is higher than the application shown,
because more power is required im typical spplications and the Level II rating
1s 90 KVA. A straight 60 KVA rating also is a close contender for selection.

The selected 75/9C ratings fot the F103 fell vithiu the range of actual
apﬁlicationq and below the calculated Level II requirements of 120 KVA.

3. Level II KVA Rpth;

The KVA ta;ing for each engine at Level II wvas established by calculating’

~ the system rating thaé would be required for starting the engine. The starter

torque and power requiremente are typically greater than Power Level I electrical

power generation requirements.

a. Determination of Starter Rating

During s normsl engine ltatC.'tbc-.tsttcr dtiv.p the engine tlirough the
firing speed to oolf-tu.taintﬁj speed and then as-i-tq-thcAcnginc to accelerate
until starter cutoff occurs. o . L

Figures & through 6 show the engine dvag torque curve vs. oﬁocd during .
start for ditfcrint temperature condttion‘. The time to accelerate the engine
rotor mase (inertis) is determined by the excess torque availahle from the
starter. (The excess is the difference between starter torque and engine drag

torque.) - S -

12 N




TABLE 3
1EVEL 1 KVR'RATINGS<FOR'SPECIPIC APPLICATIONS

' Number of
' KVA Rating Fogines per
Aircraft/Serv}ce/Manufac:urer Per Engine Alrcraft
TF34  A~10/USAF/Fairchild 30/40 2
(RPV) 5-3A/USN/Lockheed : 60/75 2
F404 RPV from Specif.icat_ion » 5 to 15 Typically 1
(Low F-18/USN/McDonnel1-Douglas 30/40° 2
Bypass) 7'67/Comerciallnoe1ng 60 4
F103 Dc"-lO/Co-etciaIIMcDonnell-Douglas 90 3
(31gh ATCA (Tanker, DC-10)/USAF/ ' 90 3 -
" Bypass) ~ McDonnell-Douglas _
ypass E~4A/B (Cowmand Post 747)/ . 2x 150 4
USAF/McDonnell-Douglas “ '
A~3008/Commercial /Airbus 90 2
Industrie
TABLE 4

LEVEL I XVA RATING SELECTION

1734 30/40 _
(RPV)

’ . PADG : 60/75
(Low Bypass) _

. : r103 : 78/9%0
(Righ Bypass) |

*

e
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Unbalanced Torque, ft-1b

160 ~ (4) Maxisum Starter Cutout Speed is 4250 rpm(10,660 | ]
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130 . g ;
/65 F Ambient Temperatures
.0 \ ~
I
40
-40° F
59° r Ignition Te:mination
: and Starter Cutout
130° r
0 N ! '..._ —
* -65°
\ 59° F!
\ -40° \'L
N\
-40 t
o 2590 5000 7500 10,000
' NP Rotor Speed, rpm
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The resultant time to reach engine idle is derived from the following
basic equation:

Ty=Iya [1b-ft] ‘ . (1)

with a = %% angular acceleration [radlsec2] (2)

Then from (1) follows:

“ .
Ty = I 3¢ and the time to 1§1e . . (3)
t=1 “idle dw [sec) ' (4)
T
N
o]
Ty=Tg2 Tz + 7)) | ' ' )

The actual calculation of start time using equaticn (4) is performed by
‘taking 8w (Arpm) increments, using the average torque for each increment and
~ determining At for each increment. |

‘ I, x 21/60 x (Arpm)

At = T‘ T [zec] .(6)
N
and t = IAt [sec] N
‘TN = Net accelerating torque'[ib—ft]

-
L}

. = Steady-state starter torque (Ib-ft]

"t engine torque [1b~-ft]

-3
[}

-] -
[

s = Accessory torque reflected to the HP-rotor [1b-ft]

4
|

T-‘ Total inertia of the engine P rotor system
(slug ftzl‘* accessories :eferenced‘to ;he :
high pressure (HP) rotor

w = Angula: velocity (1/sec)

t Time (sec)

The determination of electric'starter torque and torque versus spléd'
characteristic was establighed on the basis of equal start-time performance

- achieved by presently used pneumatic starters.




Table 5 1lists engine start data, including start-time requirements for
pneumatic starts. '

General Electric uses a computer program which calculates the engire 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 IEG/S system, are iﬂputs for the computer program. A {function generator
représenting the starter system and another one representing the engine are set
up 1ﬁ the computer. The dffference'between starter torque and'engine drag torque
establishes the net torque for acceleration. This net accelefating torque is
infegrated 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.
regpectively, .

For the TF34, a six—phase machine in a 50 KVA r-ated system would ‘'get the
engine to idle speed in the 30-second maximum start time. A 69 KVA system is
recommended, however, since it is a more common rating. A nine-phase machine
in an 80 KVA system would drive the P404 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 étarter/
generator KVA ratings and predicted start times.

Figure 10 shows the expec:ed‘speed/torque cufve for a 60 KVA, petmanent
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.

A3 stated above, the curves of Figurc‘lo are for 90 KVA'of input or a 60
KVA system opétating at 1.5 p.d. This rating corresponds to the Level II system
for the TF34 engine. For a 90 KVA system, which s recommended for the F404
.engine,'the same curves apply but the ordinatc-axi§ power values are multiplied
by 1.5. .?he 85 ft-1b. low frequenéy starting totéue,vfor,iﬁatance, would become .
127.5 ft-1b. The 120 KVA syatem recowmended for the F103 would also utilize
the same curves but with the ordinate axis values r1ltiplied by 2.

Yor Power Levels IIIA and III, the input volt-amps to the starting machine
would be limited to 90 KVA, 135 KVA, and 180 KVA, respectively, for the TF34,
|1406 and»?103 cngincc. since thio ioput level is aufficienc to acca-plish engine

starting. v _ o , C - v T
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- TABLE 5
. ENGINE GRUUND START DATA

Fi04 - F103 TF34
Ignition speed | Start 1680 1000 3188
core rpm (std. day S.L.) '
. Termination 7560 6340 10,000
Ground idle speed Std day S.L. 10,500 6340 11,300
: core rpm Min idle
(-)65°F s.L. 8715 5262 9320
1002 operating speed - 16,810 9827 17,600
core rpm (std. day §.1.) :
Generator overspeed , ' 20, 508 11,996 21,472
(1222 core speed) rpm g . b
Mex start time to idle (air start) 35440 © . Typically 30
(std- da)' S.L.), sec. : . . 35"38
: ﬁasa mowent ot'zinercia ‘ . 80.5 v 660 40.3
: HP~rotor, 1b~ft o : R '
Direction of rotation of N - Clockwise  Clockwise Clockwige
s HP~rotor looking forward _ , C o '

N
i

1

t R




Time tc Idle, seconds
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30-—*—_*—_*—~-~—
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20 RS _/
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6-Phas¢ Machine .
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Figure 7, TF34 Start Time,

20

»$




MR £ sy et
St K .

.,.w
w4 €

X
e

%;
3

Time to ldle, seconds

70

60

40

30

20

10

35 to 40 Seconds Range

21

' I
— Time to Idle
4
\
Selected 90 KVA ’

9-Phase Machine

32 Seconds to Idle— 1
—4 l N .
‘60 70 80 20 100
System KVA
Figure 8. F404 Start Tims.

110




Time "0 Idle, seconds

70

0.1 Limit (

35 to 38 Seconds Rnngo'

Time to Idle

30
Selected 120 R'VA\\
$-Phase
20 — ~ 33 Seconds to Ildle
10
0 buee ~ :
7% o 20 - 100 - 310 130 130 . 140 150

- System Mating, KVA

Figure 9, flO! Start “T!mo.




TABLE 6
POWER LEVEL 1I KVA RATING

Electrical System Machine Expected Time to Idle, S.L.

Engine KVA Rating Phases Standard Day (Secords)*
TF34 60 6 23
F103 120 9 , i3
F4G4 90 9 32

*Based on 1.5 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 a cross-start situation, one IEG/S system is in the generate mode
supplying electrical power 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 13 degraded by .
the start s&sten 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 huﬁdred 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 perdént of its continuous duty rating. This additional power
extraction during the cross-start for eaqh‘engihe is shown in Table 7.

The power will have a 10 to 12 percent harmonic distortior and low line-~to-
neutral voltages (108 VRMS) during the first 10 to 15 seconda of the start period.
As”the.engine being st#rted comes up to idle speed the power quélity will return
to normal. ' . ' '

The above circumstances apply whether on the’ground or in flight, though
the in-flight startiag interval is expected to be shorter since the start will
be assistea by windmilling of the engine. It shoqld be noted thaﬁ the heavy,
low power-factor load during the first half of the start mode may also cause
distqrtion of the power from a ground power source when starting the first engine.
It will be necessary to include this loading consi&ergtion when selecting or
specifying an external power source that will be used to supply enginé staft
electrical power. . . ,i

~ For Levels IIIA and III, there is excess capacity in the VSCF generator/
starter beyond vhat 1s used by the system in ‘the start mode. The excess
eleétrical generation power will be suﬁplying other electrical system loads.
Since the s:irt system vith the initial low power: factor will represent ieso of
‘the total electrical systems load, the power quality will not be degraded
significantly. ' ' :

4. 'Power Level III

Power Level III1 is defined as an all-electrical secondary power extraction,
including customer bleed air. '




Engine

.- TR34
. F4O4

7103

TABLE 7

ADDITIONAL POWER EXTRACTION DURING CROSS START

. Level II Additional (Accessory)
System Rating (KVA) - Power Extraction (KVA)
60 .12
90 , 18

120 2
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This IEG/S comwbines 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-elzctric aircrafet. Limitation of the physical

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

a. Determination of Generator/Starter Rating

Power for the operation of aircraft and engine accessoriés 13 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 pump, lube pump, and
the control alternator. '

Typical customer bleed air requirements have been established from field
experience for commercial aircraft. The maximum allowable customer bleed air
limirs are controlled by the engine model specification. . Bleed ‘alr quantities
and theit respective equivalent horsepower are listed in Table 8.

The equivalent hp is derived from the adiabatic cowpression process of air‘

by the folliowing relationship:

® T

P = P < Power of compression [bpl . (3
€ 0.707 o :
m = Bleed air flow 1o | (5)
sec , S :

= w»w 0.24 ;!_»'_X'_U_' .

“p ' 1~ specific heat for air o +{20)
- . - ' *

ATC (Tsleedc Tlnle:c) [( R)}

rcn“d, Tc Inl.t actual compressor air te-penr.ura [*R)

Cu-to-or blccd air is used for the foll~wing typical applications:

1) Cabin proc-urization

2)' Cabin envirommental control

3) De~icing of emgine nacelle

4) Wing leadiog edge anti-icing

S) Cargo buy heating :

6) Rlectronic equipment cooling

7) Exterasl windehield de-ice, internal vlndu!ucm defog

7
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" The all-electric secondar& power extfaction will require fhe converSion
of electric energy to pressurized air suitable to petform the tasks of cabin
preSSurization and air-conditioning. _ i

Table 9 shows the data that were assembled to define secondary power
requiyements other than bleed air for each engine in a specific aircraft applica-
tion. The data show the seéondary:power per engine and the bottom line 1s the
power in kilowatts per engihe for all secondary power less the electrical
system and less bleed air. Table 8 tabulates the horsepower per enginé for
customer bleed air in éach of ihe gsame applicatipns‘as Tabie 9.

The results from Table 8 are indicative of the large power requirements
necessary to replace engihe customer bleed air with electric powei. Although:
only a fraction 6f ihe-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. Hﬁwever. the degree to which '
electric power is requiredAfo repiace engine bleed air on military aircraft
remains to be determined and should be investigated withvan‘airftame manufacturer's
support. Table 10 summarizeé the total power requirenent# for Level 1II for
maximum and normal conditions. Engineering judgement was used to estabiish the
actual KVA rating for the all-electpic power generation system. Peak power
reqhirement and duration, as in the case of the one-engine-out condition, are
two of those considerations.

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

Power Level III KVA ratings for the PéO@ and F103 engines are too large
for generator/engine 1htegrat16n. Therefore, a fourth power level (IIIA) was .
int “oduced té complement thevstudy.‘ It 1s defined in the following paragraph.

b. Power Level I1IA

Power Level TIIA is the.same as Power chul II1 except thac custaner bleed
air is provided by the engine compressor. :
The required Power Level IIIA KVA system rating can be directly extracted

'fro' Table 10. The selected Power Level IIIA system KVA ratings are shown in E

Tab'l * 120
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TABLE 11

LEVEL III KVA RATING SELECTION

Engine
TF34

103

F404

KVA
120
1200
800

TABLE 12

LEVEL TIIA KVA RATING SELECTION

Ené;ne ]

TF34
. 7103
F404

KvA

60/75
300
200

g

.' .
¥
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SECTION V
PARAMETRIC DESICN STUDIES OF INTEGRATED ENGINE STARTER/GENERATORS

The objective of this study has been to investigate the feasibility of
integrating permanent magne:'excitea synchronous machines into jet engines to
serve as electrical power generators as well as engine starter motors. Tradeoff
design stﬁdies fcr the electrical machines have been performed to eétablish the
optimum machine geometries and dimensions for these applications. Section A will
describe the boundary conditions for the design studies. Sections B and C will
discuss the two design concebts studied for this project. Finally, Section D -

will present general conclusions.

A. 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
conditions fall into three groups::

1. Design constraints determined by the engine enviromment.
2. Design constraints set by the electrical system.’

3. Machine inherent design constraints. ' f

1. Design Constraints Determined by the quine Environment

, -Integrationlof the electrical machine into an enéine 1mpiies the mouhting
6f the electrical machine onto one of the engine shafts in a suitable location.
If the engine is to bé started by the'electrical‘machiney'the electr{cal'machine.
should be mounted on the high-speed compressor shaft. Since this shaft generally
has a higher base speed and a smaller speed rangé than the fanfshaff. the coupling
of the electrical machine to it is mo;e'advantageous from a machine design point
of view. Table 13 provides engine interface data on the‘compreséor shaft for each
of the three enginea. A high base speed results 1n.a s-ailer 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.
- >“pcation requires that a generator be designed with & shift diameter la;gér
. 'is generally chosen. This limits the possible geometry veriations, etpeéiaily

33




TABLE 13

DESIGN REQUIREMENTS ENGINE INTERFACE DATA

.(Engine Ground Start Data)

Engine F404_| F103 (CF6) |  TF34
Ignition Speed Start 1680 1000 3188
Core - rpm -
(st'd pay S.L.) Termination 71560 6340 10,000
Ground Idle Speed Sc'd Day S.L. 10,500 6340 11,300
Core ~ rpm Min. idle - 8715 5262 9380
(=) 65°P s.L. -

' 100% Operating Speed 16,810 9827 17,600
Core - rpm (St'd Day S.L.)
Generator Overspeed 20,568 {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 Iner&ia 80.5 660 40.3
HP - rotor (1lb - ft*) ‘
Direction of Rotation cw cw cw
of HP - Rotor Locking Fwd. :
1002 Operating Speed 3432
Fan rpm (St'd Day S.L.) (122% = 4187)
-Fan rbn'atv_ ' st'd Day S.L. 800
Ground Idle Z659F S.L. 700
Minimum Shaft Diameter (in.) 2.95 9.50 4.20
(Depending Upon Selected 7.50 3.70
Location) 6.80 3.10




in connection with the maximum rotor diameter limfitat:: -3 due to mechanical
stresses. The overspeed requirements, which are larger than usuval for high-
speed machines (122 percent versus 110 to 115 percenc‘of'che maximum operating
speed), add additional design constrsints to the rotor design.

The generator location at the front end of the high pressure shaft of the
engline 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
enging during the time after shutdown when temperature soakback may result in
unacéeptable magnet temperatures. This effect may influence the IEG/S location
gelection within the engine. | |

Relative axial movement between engine shaft and frame due to thernAI
exﬁansion has to be congidered, along with shaft runout, when determining
electrical machine air-gap length, clearances, and operating characteristics.

The effects. of this movement are more significanﬁ'for the disk-type PM machine
than for the cylindrical machine. ' | .

" The safety and maintenance requicements for the engine influence the machine
design significantly. The need for high MIBF 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. Eléectrical System Design Constraints

The generator is connected to a solid-state power cqnverter'bhich fulfills
two functions: (1) it converts the frequency from the variable generator
frequency to the constant 400 Hz electri~al systems ?réﬁuency, and (2) 1t
regulates the voltage to match the unregulated generator voltage‘to'the constant
system voltage. This pover condicioning 18 achieved by a direct frequency ‘
converter which is a»cycloconverter. The cycloconverter imposes its special
interface operating condi:ions on the electrical machine design. Table 14 lists
,typical electrical operating conditions at the generator terminals as a fimction

of the system loads for a nine-pbase cycloconverter systew. The nagnetic design
]of the generator has to meet the voltaga, current, and _power factor conditions
as }1sted for the fundamental, while the therlql dc:ign has to accommodate the

_.llightly high RMS current values, Sample designs have Qstgblished that the o

3%




TABLE 14
ELECTRICAL REQUIREMENTS AT INTERFACE
9 PHASES
SYSTEM |
(CAT.Y V) (A/KVA) KVA
0 155 0.31 . D.47 0 , Cont.
1.0 0.7 155  0.79  0.86  1.10  0.71 Cont.
1.0 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.
‘P‘ = System Rating
PF = System Power Factor
' Uggp ® Minimm Line-to-Neutral Generatér Voltage

Ip = Tundsmental Current ?af Phase Iy = Py If' ' . L '

I, = BHeating or WS Current Per Phase I =P, * Iy’
P.fA = TPundsmental Power Paf = Puf’ ¢ P,

D? = Cenerator Power or Displacement Factor . ' |
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electromagnetic design point for the cylindrical air-gap PM machine should be the

2 per unit overload point with the lower 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 allowshble commutation inductance is specified for the
generator. Since both of khe PM machine types considered will have no amortisseur
windings, the basic machine design mqst'have a low synchronous reactance level.

The radial gap‘(cylindrical).PH 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 ény voltage control. The cycloconverter will provide
for that function. However, the natural voltage regulator ig to be kept low in
order to stay within the peak voltége 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 épproximately 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 pqle pairs for the electrical

machines.

3. PM Machine Inherent Design Constraints

' Permanent magnét machines derive their magnetization power fron‘permg-
nent magnets. The total nagnetizhtion pover is fixed with the design and cannot
be altered for the finished machine. This locked-in magnetization power

_requires that the machine designer prcdic: the load opcra:ing conditions more

sccurately than would be necessary for conventionnl nnchines.

A PM machine rotor also requires that only nommagnetic materials be used
outside the magnetic flux path in the rotor. In pqrgi;ullt this means that the
shaft supporting the rotor ahould be made frow nonmagnetic 'steel. The.lbw-specd'
fan shaft rotating inside the high pressure shaft does not need to be nonmagne:ic.
provided that thc distance between fan shaft snd magnet is larger than the

centerline distancc between the -agncto.
' U
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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. 1In récognition of the low weight
requirements for-aircraft'applications, high performance materialsAhave been
selected. The magnetic stator laminations are made from 6 mil Permendur sheets.

Permendur features a saturation flux density of 140 KL/ih.z and allows stator

‘tooth and stator yoke flux Aensities of 130 KL/in'.2 at the design pofint. All

radial gap machines designed for this study use the game maximum flux density
levels.

The Permanent magnets selected (rare earih magnets) are of the SmCo5 -
type. The maximum energy level of these magnets is continually being upgraded
due to improvements in procesging'techniques and composition. The study has
considered the influence of the magnet energy, and appropriate rasults will be
shown. Unless otherwise statéd,'however,'che designs will be carried out for
nagnecé with a 20 negagaues-bersted (MGOe) energy product ihich_have been
stabilized at 150®* C. The waterial characteristics for this state have been

defined as:
Br - 55.1 KL/in.2 (remanence flux density)

M= 1.03 (re-éoil 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 1n,c6-pression up to the required overspeed level.

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

. capability of 155,000 psi. The stress analysis utilized forxthe 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 a detailed rotor stress ' ,
analysis is a long, complicated process, the sisplified analysis has been chosen}
Experience with both methods on a ptdviouc high-speed togof design has shown good .
correlation, with the simplified analysis predicting between seven and ten per- '
cent higher stresses. ' o S ' -

B.  RADIAL CLEARANCE (CYLINDRICAL) MACHTNES -

" The construccion of the radial clearsace machine is in principle .1pilar
to the 150 KVA PMG-VSCP system developed under U.S. Air Force Contract No.




F33615—74—C;2037. Figure 11 shows the cross~section of the rotor construction.
The design key is the bimetallic shrink ring, which keeps the magnet and pole
piece in the rotor under compression through the design overspeed. This
construction requires high interference fits and high stresses at zero speea
‘and only slightly hiéher stress levels at'the overspeed condition. This small
stress variation reduces the cyclic fatigue effects dramatically. Originally

the following tradeoff parameters were to be considered:

- magnetic energi level/volume

- machine diameter

- machine speed

- voltage regulation/reactance level

- frequency/poles

The results of the initial sensitivity'studies.aré described and discussed
below. | ‘ |
The speed range is fixed for any‘éiven engine application. To illustrate
the mechanical design limitations, the influence of maximum machine rpm on the
maximum mégnet height (radial direction) and on the minimum allowaﬁle thickness
of the containment ring has been established for a given maximum rotor radius
of 4-1/2 inches, a maximum contsinment ring stress of 150,000 psi, and an overspeed
"ratio of 1.22. Pigure 12 shows the results and 11iusttates that at highef
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-diaqeter~rotof becomes impractical at maxisum
operating speeds above 17,000 rpm.
The above curves are the basis for tho_gufvuc presented in Figure 13. fhis .
figure shows the total machine weight, the elactromsgnetics weight, and the
magnet weight as functions of magnet energy ICVQL‘iw-patccuc.ot those weights
achieved fsr a magnet energy level of 21 MGOe. These cslculations were made for ‘
constant oparating'cpccd .ﬁd power. The curves express that an increase in
magnet energy basically reduces magnet weight and volume necessary for a given,i

power and spesd point. The reduction in clactro-ngnotico'vninhc,13 principally
‘due to the reduction in magnet weight &nd thus rotor weight. The weight of the
stator electromagnetics, for exawple, remains unchamged, as does the total weight.
In other words, an increase in magnet energy ‘.4e two effects on the machine design:

»
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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 shcws similar curves for a particular machine &esign (60 KVA
system for TF34 application). The éleccronagnetic weight, the commutaring
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 Qynchronous reactance
is a function cf both the air-gap permeance and the permeance of the magnef
space. '

" The curves of FPigures 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 ss a function of magnet energy
level when magnet height and gap flux density are held coﬁstant. The figure
illustrates how much more energy density can be achieved in the machine by
hagnets with improved energy level. The losses shown do not represent the actual
losses accurately since the air-gap flux density is dependenf upon pole face
losses, which have been considered constant. It is expe:téd'that the total
electromagnetic losses would not changensignificanfly 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 intégrated generator were'thought to
change this weight/current-density relationship. Regsults of tradeoff studies .

, perfor-ed to prove this are proaeuted in Pigura 16. A currenc density increase

of 61 percent (from 23,700 A/in. to 38, 700 A/in. ) results 1n a weight savings
of 6.4 percent and a loss increase of 20 percent. In this applicacion, therefonre,
very little weight and volume savings is acconpliahgd. The weight savings is not

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

current density reduction for incressed insulation life and MIBF should not
represent a significant penalty in sachine size.

It is well known that the current loading of an electrical machine '
oigniticantly 1nf1ucuceu the cizo and vuight of this mechine. The current loading
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is expressed as the total number of ampefe turns divided by the bore circumference.
Thus, for a givén 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 «f turns are presented in Figure 17. Without any amortisseur windings X
the change in turns per phase will directly influence the commutating reactance,
as shown. As the figure illustrates, liowever, thé 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 curfen; will'caune an increase in armature
réactance (AR). The magnetization power provided in the magnet has to compensate
for the demagnetizing effect of the AR and 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 1s 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. 1In the range considered the electromagnetic
weight still decreases as the number of turns increases. The effect, however,
is relatively small: electromagnetics weight reduction is only 8 percent for
a 20 percent increase in current loading. Therefore it is concluded that a
furphcr increase in turns (and current loading) in order to reduce size and
weight is not pfactical._ A size and weight reduction can only be achieved by
adding an external nmortisseur circuit to the rotor as described in the pronosal.
This is necessary to maintain the low commutating reactance required for the con-
verter operation. It was felt that :he added conplexity of any amortisseur circuit
is not worth the reduction in machine weight since the power losses also 'increase
with the increase in turns par phase. Moreover, -the reliabil1:y of the m2cuhine
would be decreased. . .

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

limited by two boundary conditions: (1) the minimum 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 barzly 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'magne:ic and nonmaznetic shaft
material. The main results are reported in Table 15. '
v Trends evidenced from the study are as follows:
1. A seven-pole-pair machine with a magnefic shaft {8 not practical
for this application.
2. Machines with magnetic shaft materials are larger and heavier
'than if they used nonmagnetic shaft materials.
3. Total machine volume and weight decrease siightly with 1ncreasin§
numbers of pole pairs; 'for the same rotor diameter the stack
length over end turns decreases, ' .
4. The losces show on the average an increasg 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. Consequently, the rotor inside diameter was increased to 3.63 inches
for this application. In addition the rotor outside diameter was allowed to
vary, the additional space being takenm up by a larger magnet and shrink ring.:
Thus, increasing the rotor diameter allows a magret volume increase. Figure 18
shows the relationship between magnet height and rotu. diameter for a maximum
rotor shrink ring stress of 150,000 psi at 21,470 rph (overspeed of TF34 engine);
Using the rotor geometries defined in Figure 18, the effect of a change in‘rotor
sutside diametér was studiéd for the three suggested numbers of po}e pairs fo: a
80 XVA generator for.the TF34 application. ‘The results were obtained for
machine designs which met the necessary comnutaéing reactance limits. This also
meant that actual, realistic winding configurations had tc be chosen. This
allowed a change in the number of turns for the larger-diameter, seven-ﬁole-pair
machine. . } ‘ '

Figures 19, 20, and 21 show the results for the seven-, eight-, and
nine-pole-pair machiﬁes.‘ The trends are clear: as chg rotor radius 1ﬁcrea§es,"
the machine length comes down'while the magnet height, oucdr'machinebdianeter,
and weighz increase. These curves 2llow tradeoff studies of the added engine
weight for.a'decrease in generator length versus the reduction in generator

weight for an increase in length.
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TABLE 15

RESULTS FOR SELECTED MACHINES FOR THE TF34 APPLICATION

" Rating = 60 KVA Base Speed = 11,400 rpm

Shaft Materi’al ' Magnetic Yes Yes No No © No
Number of Pole Pairs P - 8 9 7 8 v 9
Base Frequency P (Hz) 1520 1710 1330 1520 1710
Number of Phases - - 6 . 9 6 6 Q
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
Commutating Reactance Xe (2) 0.183  0.287  0.188 0.180  0.281
Stack Length _ HL (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 0D (in.) 8.72 7.92 9.00 8.94 8.97
Rotor Diameter OR ‘(4n.) - 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 (1b) 27 18 25 25 20

" fotal Weight W (b 42 1 40 3 27

Electrical Losses PT (kW) 7.9 8.2 .| 6.9 6.9 7.6
(at Overload) ' . -

Alr-Gap Flux Density Bmg (KL/in.2) 43 44 52 52 52
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In -addition to the tradecff studies, which were undertaken to learn more
about parcmeter sensitivities, an attempt has been made to better define the
eddy current losses.in the solid pole faces.

Electrical loséeg iﬁ 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 magnecic-field'
components, which ‘can have ;he same pitch as the fundamental, are classed as time
harmonics and space hatmbnics. The time harmonics are causcd by harmonics in the
applied voitages and currents, which are introduced by the load or power supply
to which the maghipg is connecied. ‘The space harmonics are caused by the
presence of slots in the stator of the machine and alsé by the concenttated
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 sourcés for possible contributions to the f#eld
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 éontinually vary because of the changes in load conditions and the beat
frequency between input and output frequency. An approximation of the time
harmonic amﬁlitudes in relation to the fundamental can be obtained from the
ratio of RMS current to fundamental current. A'sample caléﬁlation has showm
that the flux density waves in the air gap due_td time harmonics currents are
very small (<1OO gaussf and thus cause relatively low losses.

The winding distribution harmonics were also found to genetate magnetic
field waves of no more than 200-gauss ampl‘tudes. Again logs contributions
turned out to be rather low. These calculations were done for the vartous 60

. KVA machines for the TP34 application. Relatively low amplitudes for magnetic
fields caused by either current (rime) harmonics or winding distribution are to
be expected for machines with low armature réaccioh, which i{s identical to low
‘synchronous reactance. Since these machines have been designed for a small
commutating reactance without the benefit of amortisseur windings, ihe
syachronous fonctgnce had to be made small.. (Xd is generally below 0.4 per unit

for these machines.).




The anelysis of the slotting harmonics shows rather significant flux
density amplitudes for all three machines (seven, eight, and nine pole pairs). Table
16 shows the amplitudes for the first three pairs of slot harmonics. Table 17
shows the losses Iin the rotor surface for the first pair of slot harmonics.

These 1lnsses were calculated for a uniform rotor material using the theory
for solid-rotor induction motors with magﬁetic'rotor material. In ;he actual
rotor surface.we have two distinctly differerit types of ma;erial 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 &epth of radial current penetratioh in the material is
larger than for the magnetic zones. The assumption of radifally 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, becauQe the loss levels calculated
relate well to those experienced in no—~load tests of a permanent magnet generator
built for a 150 KVA VSCF systen. ‘

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. lin 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 fhat
slbtting harmonics are the main cause of the losses in the rotor surface. High
‘numbers of slots and polee‘see- to.reeult in somewhat lower losses'because. of
. be;ter danping. Open‘sldta or lérge slot—opening—to—air-gap-length ratios result

in'increased losses. The limit in slot opening 13 basically determined by
‘ nanufacturing considerations.

One can briefly summarize the relult- of this part of the scudies as
followl, The general tradeoff studiesvhave shown the siguifieanee of rotor
" optimization ﬁith respect to its two main functions: (1) "production” of magnetic
fields, and (2) nechenical containment of the magnetic structure. This is
expressed in magnet energy level, magnet volume, and shrink ring (retaining iing)
tliickness. Hovever, it has also been shown that once the electromagnetic loading.'
‘}in the air gap has reached the limit cot;blt.hed-by the stator llter;alc and
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TABLE

16

AMPLITUDES OF SLOT HARMONICS

Harmonic Amplitude, kilogauss

Flux Seven Eight " Nine
Density Pole Pairs Pole Pairs Pole Pairs
Bll 2.467 3.083 2.467
B13 2.467 3.083 2.467
323 9.221 0.315 0.221
s} 5
825 0.221 0.315 0.221
335 0.159 0.338 0.169
B37 0.169 0.338 0.169
TABLE 17 :
CALCULATED LOSSES DUE TO THE PIRST PAIR OF SLOT HARMONICS
~ Seven Eighe . Nine
Pole Pairs Pole Pairs " Pole Pairs
Slot Harmonic v 11 13 '8 10 11 13
Losseés ar 11,400 rpm : '
per cm length, W/om 18.3 25.8 29.5 46.7 16.2 22.9
. —r— s ’ -

Loss Density at ’ ' 4.68
11,400 rpm, W/in. )

Total Losses at
11,500 rpm, w ' 292

Totai Losseé at
17,600 rpm, W 336

87

8.09 " 4.15
500 200

925 382




thermal characteristics a further increase will simélify 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 reguiation difficulties, commutating reactance requircients, the
large magnetic volume'required to compensate for armature reac’. .., and thé
complexity and reliability concern of an amortisseur'circuit tead to the
conclusion to eliminate the amortiséeug 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 machines 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 ccncept,'uhich is relatively new in power'generatidn
machinefy, is presentedfin 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 époxy resin. Coolant channels and additional
support structure would pé embedded, if the application demands such devices,
within the copper winding. The 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 aﬁd supported

on the inside and butsidé by ﬁonnagnetic support bands. The magnetic back plates
' can be made relatively thin becapse'of the lower operating flux density levels
in the magnets and the high flux density capabilities of the magnetic steel.

If it 1s required toﬂnultiply the output power, two or mbte 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 sdft magnetic iron has

been replaced by permanent magnets, pcrniti size and weight savfngs over certain
. other electrical machine concepts because the ratio of active volume to passive
machirie volume has been significantly improved. This concept also has the
potential for very low lococl. since the only olectro-agnetic losses present are
the IZR losccc in the rotor windings.
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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 manufaéturing 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 misalignmen; 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
éignificantly less critiéal than they are for a conventional PM machine.

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

'radial-gaﬁ-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 cdmpression

up to the maximum oﬁerspeed condition, The panufacturing of this shrink ring,

'-howeyer,,is simplified since it is made from a single, high-strengéh, honmagnetic

material. The relationships between radial maganet dimensions, rotor diameter,
and shrink ring thickness (radial) are similar to those established for the

‘cylindrical machine. "This 1is obvious from Figure 24, in which ié shown the:

dependence of the shrink ring radial ‘thickness on the outer magnet radius and on
the materials selected for spacers and shrink ting. Since che‘inngr magnet is
fixed, these curves also show the dependence of the ring thickness vefsug.radial
magnet'height. Geometricaily, the optimun machine utilization occurs when the
ratio of magnet outeide radius to inside radius s V3. However, at the speeds
considered (TF34 application) this rotor radiuc tatio is not ptactical' a
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reduction of the inner magnet radius is hindered by the inner end-turn
configuracioﬁ and the shaft diameter.

The radial dimensicns have not been considered as sensitivity study
parameters because (1) the ﬁagnet ingida diameter ia fixed due to shafr diameter,
and (2) the outside diameter is optimized when the diameter ratio (ra/ri) -« V3,

The results of current loading tradeoff studies are shown in Figures 25 and
26. The axial magnet thickness 1s generally chosen so as to obtain a magnet
opérating peint close to the maximum energy poiht. This will result in machines
close to the ainimum 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/Eq.M.
Permanent Magnet Pole Arc 60 Electrical Degrees
Axial Gap (Magnet-Armature) . 0.1 inch

Armature Current Density (Copper) ‘ 15,000 amp/in.2
Armature Winding Space Factor 0.5

Overall Outer Diameter 9.05 inches

Minimum Inner Diaweter ~ 3.25 inches
Operating Speed ' 11,400 rpm

Generator Cutput ‘ _IOﬁ KVA

Pover Factor — A 0.75 Leadingz

The armature current loading is.defined is follows:
Armature Current Loading (amp/in.) = Current Density x Space FaCtOf 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 thtough the active length,
since the outside diameter is constant. The synchronous reactance is cons1dered‘
co be a sensitive parameter in this application, since one operational require-
ment is a law sommutating reactance.’ The‘commutating reactance in a conventional

synchtonoun genetator‘is agproximately the negative sequence reactance; which,

. 63




L |
Axial Magnet V
Thickness = 0.8 inch

Rescteance
12 Poles 16 Poles

15 - . . .3

e Axial Length, inches
b
[
'Y

jtun Jed ‘sduviovey

¢ Number of Disks

.1
Axial Length _%.
.l — 12 Poles : :
%
| == 16 Poles

: . : E Nuaber of Disks ' '
0 l ' . | ‘ o
o . 1000 . 2000 3000
' Current Losdisg (A/in.) : '

Pigure 28, M.Mm P Nachine Parameters Vors:s Ar-hn cumn Leeding tor
12 ond 16 Puln. h

N “




2 0.3
-
8.
c 0.2
]
Py
L
-
S 0.1

Ternerature, * €

Active Lensth  tr,

€80 VA Cenerstor, 14 Poles .
S Minute Rating: 90 XV, 0.75 PP : S
Armeture Curreat Density (0.3 Spsce Factor) . .

4 Paramotés; L » Aztal Half-TBickaess of Magnets
: é * -——-—-l?.m lhp/ill.z .
% o 20,000 s@p/in. 2 l
K] e ] . :
2
3

R = 0.50

1 |

750 1000 123 1500 3739 3000 2300

Avesture Cirewst u.«u; omp/in,

Pigure 36, Machine .Nrnhtor:. Yersus Armature Curreat uodtaj.




for practical purposes, is the subtransient reactance. In the disk machine
there is only one reactance, since the electrical resistivity of the uiagnets 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)Ashnws that if such a wipding

were added, the subtransient reactance would be acproximately 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 synéhronous

react te.

. lortisseur diéﬁs would introduce a complication into the design, énd
the curves in Figure‘ZS show that: it is possible to achieve a synchronous reactance
of legss than 0.1 per unit without extreme penalty, especially with the 1l6-pole '
design. ' B '

‘ The armature losses over the range of parameters explored amount to
approximately five percent. It becomes apparent that the efficlency of the
machine will not be limiting. However, in this configuration, extraction of the
losses must be accomplished at the outer periphefy of the stator disks. This
heat removal capability may put a limit on the loss per disk. This will be
qiscussed shortly.

Similar results are 6bt§1ned for a smaller machine rating as applicable
to the TF34 application. The dimensionalvlimitations for this désign 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

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

_ _ obvious that only integer values are physically meaningful. The next set of , ;
L ' curves shows the machine active length. The next set of curves shows the hot-
spot ieaperature in the armature windings (the 250° C limit is indicated). .The .

The top set of curves. ‘

,basis'for the temperature calcv’.utions is discussed later. .
In this type . |

shows the synchronous reactaace in p.u. on the 90 KvaA mechine base.
of machine, the commut~ting reactance and thc oynchronoua reactance are identical,
and a permissible s'nchronous reactance on thc 90 KVA base is 0.45 per unit for

a ninc—phnoc sys >em, Thereforc. the curves in Figure 25 show that this limit is

not reached within other practical limitations of thc Inchinc dimensions.
The basic calculationa vers made for an srmature copper current denaity of

: 17 500 a-plin. .
e8.
/ !
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OPERATING AT TH

TABLE 18

UMPTIONS FOR 40 XVa MACHINE
£ 1.5 P.U. OVERLOAD POINT

Limiting radius, eutgide 4.550 in.
Magnet outside radiug 3.620
Magnet inside radius 2.150
TF34 shaft radius 1.562
Clearance for cooling pipes 0.25
Rotor clearance 0.10
Trapezoidal shrink ring radial - 0.58
height
Space for inner turns 0.238
Clearance, end turns -~ rotor n.25
Rotor support cylinder 0.10 )
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The curves for the active length exhibit minima, which arevalso minima in
machine volume. Realizable machines are obaained for the combination of parameters
that results in an integer numbeg 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.z, both machines have acceptable hot-spot temperatures. The machine
.acaive 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 20° 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 byeradial cocnduction
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 fhermal 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 end winding fins conduct the heat
to the oil ducts, where 1t 1is transferred by forced convection to the oil. The
distribution of the temperature rise is shown in Table 19, using the thtee—disk
machine at 17,509 amp/in.2 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 = 3%

2K
where J‘is ;he armature copper current density,

z2 ’ ‘ ' o : | f(ll)
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TABLE 19

INTERNAL TEMPERATURE RISES - 90
KVA/THREE~DISK MACHINE

Armature radifal conduction

(current density 17,500 amp/in.2) 86° ¢
. End turn internal conduction | 22
‘Oil-duc;: film rise , . 30
011 bulk rise | ' . ’

(011 flow 2.9 gpm) 14
011 inlet temperature . 107

Winding maximum temperature . | 259
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‘

- method of connection for'three-disk,'six-phase machines,  Similar tradeoff

p is the copper electrical resistivity,

k is the copper thermal conductivity, and

z is the iength 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 selectzd
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,
armatuie axial dimension, and armature current density. .

The conclueion 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 aifferentvnumber of poles, the exact number
.depending upon the number of disks chosen. Since the winding disk thickness

decreases for increasing number of disﬁs, a four-disk machihe‘appears

_impractical for manufacturing reasons. L '

The commutating reactance fell Below the desired value (0.283 ohm). The
value of the commutating reactahce‘depehda 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 phaaee. This is the only practical

studies have been performed for machines of higher ratings and lower base speeds,
such as those found in the F103 application. The fixed machine dimensions

- and patameters are liated in Table 21(a).

" Using these constraints of temperature, reactance, and radius, three
variables ~ magnet thickness, armature winding thickness, and armature current
density - were stepped.syetemétically, and the results were scamned for ninimum~_
length machines. Similar calculations were petformed for 20-, 24-, and 28-pole’

machines. The armatures of these machines are assuned to. be cooled by radial

_conduction along the vindingl to the outer periphery, whetc the heat is transferred
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Number of Poles 14

- Active Length, inches o 1.50
Magnet Thickness,linches 0.35

~ Armature Thickness, inches o 0.18
Armature Curgent Density, 16,5

K~amp/4in, :
‘Coinutating Reactance, ohms ‘ 0.19
73

TABLE 20

CHARACTERISTICS OF 40 KVA MACHINES

WITH DIFFERENT NUMBERS OF POLES

Two-Disk Machineg

Number of Poles 14

Active Length, inches 1.86

Magnet Thickness, inches ‘ 0.55

Armature Thickness, in;hes . 0.275

Armature Current Density, 16
K~amp/in.

Commutating Reaétance, ohms 0.21

Three~Disk Machines

1.84

0.55
0.282
17

1.80
0.30
0.20

7.

0.21

1.87
0.55
0.277

18

0.21

1,75

0.30
0.18

19

0.17

2.00
0.60
0.311

18

0.22

1.78

0.30
0.19

19

0.17




TABLE 21(a)
LIMITING MACHINE DIMENSIONS FOR F103 APPLICATION

F103 core shaft radius - . _ 3.000 in.
Rotor support cylinder 0.125
blearance between end turns and
Totor support 0.150
Smallest inside radius end turns 3.275
- Maximum machine radiug ' 7.000
Thickness of support frame . 0.100
Cle.rance for cooling tubes & connections 0.25
Maximum end-turn outeide radius o 6.65

TABLE 21(b)
VARIABLES HELD CONSTANT FOR ANALYSES

Magnetization ~ 0.84 wb/m2
Magnet ﬁole arc - 60 Elect. Deg.
Armathre 3pace factor . - 0.5
Rotor speedv | N . 6340 rpm
_ . . Axial air gap betwéén statbr ' V, S
and rotor ' , ) 0.950 inch
. , 011 coolant inlet température ~107° c‘
011 flow rate . : o 2.9 gpm

P WAL w e




to oil as shown in Figure 28. The internal winding'eonduction rise is the
dominant temperature rise, and is proportional to the‘squafe of the sum of the
radial pole span and the inner end-turn length. 'Shortening the radial span by
increasing the inner radius will decrease this internal ;emperature rise and
allow operation at higher current densities. ‘Caiculations were made for several
cases of shortened pole span to explore this effect. '
The results of the calculations for the 90 KVA genetator are shown in
Table 22.. The general conclusion drawn from these data is that the minimum active
length is relatively constant over the range ebesen.' 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 theepole span vere shortened.by
decreasing the outgide radius; but this includes a penslty for the decreasing
average radius. A few trial runs for six-disk machines showed that there 1is a
small length penaity'for increasing the number of disks. Since the machine
rating of the F103 application called'for ratherylarge 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,
4as in the 90 KVA generators, there is a broad range in the number of poles and
inside radii, where thke machine size is relatively constant.
Tradeoffs regarding the magnet energy have not been made in detail since
the magnet flux density 1nf1uence can be assessed racher straightforwardly.
" A magnetic energy increase of 10 percent allows as petcenc increase in flux
density in the coils. That results in a 5 percent decrease in axial winding ,
length and'ﬁhus.a 5 percent decrease in the number qf»magneQS'required to ' S
magnetize the air space. Thus the machine size basically changes in 1nve£se
proportion to the magnet energy level but ai hu”f that rate. o R
‘ - The resultsAof the disk PM machine car " ilefly be. summarized as follows.
. The mechine size as a function of the number of disks, the axial magnet length, .
"and current loading shows definitex;;nima. The number of poles has very liftle
effect on the overall machine eize, The magnec'energy has a much Iarger but
monotonic influence on th- machine size. The obtainable optimum disk machine
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TABLE 23. SIZES FOR F103 DISK CENERATORS - 120 xvA NOMINAL, THREE-
DISK MATHINES ,

5 Minutes. Overload 232 kva, 0.77 PF, Disk Outside
Radius = 5.9 Inches. : .

Dick Inside Radius, in. 3.6 3.9 4.2
Radial Pole Span, in. 2.3 2.0 1.7
- Number of Poles ' 20.0 24.0 20.0 20.0
Active Length, in. 5.18 6.38 5.26 6.06
Magnet Thickness, in. 1.12 1.48 1.20 1.50
Armature Thickness, in., - 0.51 0.55 0.45 0.42
Armature Current Density, ka/1n.? g.g 10.0 10.5 11.2

Commutating Reactance, ohms 0.137 0.141 ' 0.138 0.141

TABLE 24. SIZES FOR F103 DISK GENERATORS - 120 KvA NOMINAL, six~
: DISK MACHINES

> Minutes Overload 232 Kva, 0.77 PF, Disk Outside
Radius = 5.9 Inches, ° '

Disk Inside Radius, in. - - : 3.6 . 3.9 4.2

Radial Pole Span, in. 2.3 2.0 1.7
Number of Poles 200 2.0 28 20,0 20.0
Active Length, in. 4.10 ° 4.03 . 3.95  4.06 4.16
Magnet Thickness, in, 0.36 0.3z 0.3 0.3 ¢.40
. Armature Thickness, in. 0.22  0.23  0.22 0.21 ' g.19
[ Amature Current Density, kA/tm.2 il.4 * 11,5 13, 12,1 132

Commutating Reac:rance, ohms 0.142 0.138 0.106 0.142 0.140

7




design, however, is mostly a function of the maximum hot-spot temperatures
in the winding. In other words, a successful disk machine design depends very
much on the cooling design concept. In the designs considered, the commutating

Teactance was not a design-influencinz factor.’

D. . APPLICATIUN RECOMMENDATIONS

The previousiy discussed t}adeoff studies have shown a few clear trends
which are to be used for selecting optimum machines for specifi~ .atings and
applications. For the cylindrical machines, however, there has Seen no optimum
way to design for lower weight. In c¢rder to get a snai} machi-<e the variable
desigp parameters gave to be ruched to mechanical, elegtrf:al, ana manufacturing
limits. However, within the geometric and electric resr.ictions rhere do not
appear to be any signifiéant changes possible. Thus a good design will focus
mostly on power loss, reliability, and winding teﬁperatur;. The weight penalty
for reduced losses appears to be relatively low fer thos¢ applications.
For the disk-type machines there seem to be pzonounced optimum pbints
for weiéht and volume. In most instances the<.r miiima are quite broad and leave
sufficient latitude for selecting the othar ;: .ameters. The maximum winding -
temperature, however, has a rather signif:.~int influence on the machine design,
aslreflected by the cooling scheme Ihar a8 used in the calculations. As a |
result.‘a'vastly 1§proved cooling.sébene 13 necessarv to cbtate reasonable
winding temperatures that are rucessary for attainirng a-h{gﬂ machine MTBF.  Thus,
the disk machine needs more development work befurc i+ Lecomes practicable.
when,elecéric power loas ‘s exaainéi wii¢t 4o ta not include disk frictional
losses) the disk machine is thé WO BCCTASLLVS CLHCQP£ because of the reduced
stator losses (no iron losses) and red.:rs istar + udy cur;enc'lossea. Both ' .
machines show relatively low additional lu:sgs-fro- current time harmonics, in
ﬁart because of the low armature reactance and érmafure reaction lével in each %
machine. The disk machine has the added attraction of a rotor made entirely ‘
of low-conductivity saterial, which virtually eliminates eddy current losses in .
the rotor. The main eddy current losses in the cylindrical machine originate from
the rotor slotting. A rcducttén of the slot opering to the smallest acceptable
level -~ nf the -anu{acturin; stage - will hcip»to reduce those losses to

acceptable levels.

7




Following is a brief discussion of the differences in the rotor temperature
characteristics of the radial and axlal zap PM-type machines. Figure 29 shows
the operating ranges and points for the magnets for a typ{cal 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 demagnztization curve the more severely do rare earth’
cobalt magnets suffer irreversible and, tc some extent, reversihble temperaturc-
induéed magnetization losses. Figures 30 and 31 (taken from a Raytheon Company
magnet technical brochure) illustrate thgse susceptipilities. Thus, a radial-
gap PM machine would tend to be somewhaé less sensitive to high.rotor temperatures
than a ¢isk machine, and should therefore be able to withstand somewhat higher
rotor losses.

The sensitivity to thermal demagnetization becomes significant when the
higher soakchk temperature applicability of the concepts is consideréd. 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 élots.- 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 develoﬁed}for the cylindrical machine. The disk machine windings are much.

less prone to mechanical insulation breakthrough. | Thus a simpler disconnect may

_suffice for this machine. The disk macline offers: the possibility of active
voltage'regulation. put this comes at the expense of added complexity and weight.
”Regulaiing the voltége of the cylindrical machine would be {mpractical.

When ease of assewmbly is considered, the cylindrical machine looks like
the more promising design, because its rotor and stator can be separately mounted
movement (> 25 mil) could be

on the order of 0.05 to 0.10

and disassemoled. Rovcvci, excessive radial shaft
a problem bgcauic of the machine air 3.5. which is
inch. | .
The disk machine's rotor and stator must be ssehbfcd together into the
ehgine. but it is much less sensitive to radial sh
The considerations discussed asbove will be

iachtne. for selected engine qpplicatton-.

ft movement.
ed for selecting the optimum
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Gap Machine
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Figure 29, Magnct Operataing Points,

o ————_




T g kA o P———

. *eansodxy 2anjeroduay-
pajeaary aayzy sanjyvasduwa) mooy 3w painsean 'y ‘prayg
Aurzijaudewag PUv ‘® ‘A3jauag xnyg uy s0dueyy 2IRISAIAIRXY "pp oandy g

) J . .ou:uasomsoh

002 0¢1 . 00t - o¢ 0z
. T Y Y Lonnanaes o 1 T)o8
-
4s8
8°c
$ ot 06
~
[ &
"~ o'z
E \
Y o €6
0" 01

001

Juadrad ‘y g0 q

3




-B/H, G/Qe

‘aanjwiadudl j3e paansvap H pue g uy calduvy) erqisiessy °Ig exndyy -

0
[4
9

23YIIH ¥C1 ueyiz exow ou

d1® sonisA 9INT0SqQy paajueseny
SAT3150d a4% sanImpA I ,02 moyog
3AYIedaN ax® sanyep ) ,0Z 3aoqy

v0'0 0r0°'0
¥0'0 1v0°0
¥0°'0 Troto

6P0°0  ¥b0'0
$€0'0  Lb0'O

J 4052 2 2002
(o3 0}

0 60¢ 3 .02

ovo'o
ovo o
0v0°0
0v0°'0
0v0°'0
J .0St
- 03
J .02

0

v0*0

[+] ZV ]

0t0°0

o

-0

J

o'y
01
ovo°o 9°'0
v'0
20

$¥0'0

2 00[~

03
«0Z  H/U-

J «/3u0d33d

Uy JUd1I1JJ20) Ianjeradwdl ATQISIIAIY

002 ost

O « ‘danjmvaadual

oot

- 06 °

v v

T L

T

d

hH 20 g




SECTION VI
GENERATOR/ENGINE INTEGRATION STUDY RESULTS

The conceﬁtual generator/engine integration study successfuliy demonstrates
the technical feasibility of che IEG/S design approach to electric secondary
- power extraction. This feasibility is evidenced b§ the fact that most of the
‘genurator/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 basc¢ I'rom which to evaluate the various designs realistically.
lhe mainlobjectives of the integration study were: define thé generator
location, define its interfaces, explore the design of disconnect devices, and
evaluate the feasibiliti of the IEG/S with respect to reliability, integration
severiiy, safety, and cost. ' :
The oﬁerating functions (generation, starting), the environmental
conditions, aand the accessibility determine the possible location of the 1EG/S
within the 2ngine. '
The optimum location for an IEG/S within a turbofan engine is the space
between the fan and céﬁpressor, calied the forward sump area (Figure 32).
This location combines the advantages of cvol environment, relatively large
space (especially in high bypass turbofan englnes), adequate accessibility, good
structural support, a.d access for power transfer from and to the high-pressure
furbine‘shaft, a capability which is essential for statciné a dualfspobl engine. - ,Q
Alchough a generator (Power Level 1) can be driven by the low-pressure (LP) shaft,
the disadvahtages of wide speed range and low speed res+-lt in large, heﬁvy h
generators. Also a split arrangement with two generators was invéstigated
whe}éby one PM machine is driven off the HP shaft and operates as a starter/
genefatnr and the other one is Qriven by the LP shaft and operates as a
generator only. |

The above arrangewent was found unattractive in terms of weight and

mechanical complexity and was deleted from the scudy.
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A. ELECTRICAL POWER LEVELS CONSIDERED

1. 1Introduction

The specification requirements define three categories of electrical power
to bte considered for each of the three engipe classifications. ‘These categories
were defined in Section IV-B, Electrical Sysfem Load Requirements.

The KVA ratings which were éelected to correspond with the power level
Aspecifications for each of the 3selected engines are shown i{n 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 Intr: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 cqntained in Addendum A of this report. Table 26 summarizes the
results of these integration studies and ciassifies the engine modifications on
the engines. Combinations required marked by an "X" represent a moderate impact
on engine mondification. '

The greatest potential payoff for an 1EC/S exists for Power Levels II1
‘and ITIA, where the maximum usable electrié‘power is provided. Use of the IEG
for Power Level I does not offer any advantage since no other part of the system
is simplified or eliminated. Power Level 11 offers advantages by eliminating the '
. ﬁeed‘for a separate enginé starting system. Power Levels IIIA and III offer the
greatest potential by eliminating the meChahical.accessory drive sfstem and |
'engine—mouncéd accessorles, therefore simplifying the-secondary power system i
at thé'engine.level.'and at the aircr;ft level aslwell. More flexibility in tbe

placement of electrically driven engine accessorleé is possible. .The fuel and

lubrication pumps, for instance, would be poﬁered by vatiableespéed electric L

motors. Elimination of the éngine gearbox generally reduces engine fronta;
"area and ﬁheréfo;e'aerodynamic'drag, a reduction which is cricicai in - high speed -
aircrafe. ' .

The advantages inherent in the IEG/S concept appear to be at their maximum

in aircraft on which the secondary ﬁovet system 18 entirely electric. The full

advantages of the IEG/S concept must be evaluated at the aircraft level, Weiglt
savings, reliability improvement, and life cycle costs must be compared at the
afircraft levelvto evaluate the total potential of the IEG/S-concepc.
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Engine

TF34
(RPV)

F404
Low Bypass

F103 |
High Bypass

TABLE 25 .
SELECTED KVA RATINGS

Power Level (KVA)

I 11 I;IA
30/40 50 60/75
60/75 | 90 | 200
75/90 120 300

T

120
800

1200




TABLE 26

P;OWER LEVEL/ENGINE/GENERATOR - MATRIX

. KVA Rstings

Power v
Level F404 F103 Tr34
' KVA 60/75 75,90 | 30/40
1 C)’l. X» x x
- Disk Xs b 4 x
XVA 90 120 €0
: -
' Disk X#e X X
KVA 200 300 75
IIIA cy1. . Xee x x
D1sk Xe» x x
XVA 800 1200 120
11X Cyl. - No-Go No-Go X
Disk No-Go No-Go x
X = Ivnteg‘ratvion possible with only moderate engine modification
. * = Amount of engine extension: 2.5 inches, major modification »
‘ n 3.6 inches, unacceptabls

Amount of. engine extension:




‘3. Machine Decign Tradeoffs

Table 27 lists the limiting ?M machine dimensions for the varioué locations
within the three engines. Using the results of the tradeoff studies discussed in
Secfion V as guidelines, the optirum cylindrical and  disk maclhiines for Levels
I and 1I were selected from computer-aided designs for Location I of the TF34
engine. It was found that the total radial space of 1.2 inches for the electrical
machines to be mounted within this locaticn prevents tae application of a disk-
type machine, which needs more space radially than the cyviindrical machine.

Table 28 lists the main characteristic data for cylindrical PM generators with
-Level.i and II ratings for the TF34, Location I.* The maximﬁm dimensions of the A
eiecttrmagnetics package are the Punching Diameter and the Maiimum Length (CL),
which includes a 0.4 inch extension élearance 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 compzres 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 establigshed. The small rating produces a disk machine smaller
and lighter than the cyliﬁdrical,machine. In the larger rating both machines
weigh about the same and need similar vclumes but they assume different shapes;
The benefit of the disk machines is their rather low commutating reactances,
which will be beneficial to the cycloconverter operation with respect to
, efficiencyvand power capapility. If a disk machine is selected, the'elgctrical

Qpecificatiuns_should be changed to reflect the lower commutating reactance and A j

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 v
mentioned before, however,‘a more effective cooling scheme has yet to be

'developed‘for the disk machines. ) o o ' ‘ .

T

#*ocation I is inside the forward end of the compressor; Location II is in the
forward sump. ‘ '

{
/ ;
- :




TABLE 27.  LIMITING PERMANFNT MACNET DIMENSIONS .

Dimensions
System Min Max Max
. Preliminary Envelope Power S, DT, RT,
Engine Drawing No. (Ref.) Level/KVA in. in. in. Cemment
TF3 4013186-753 L'40 3,70 o 1 2.60 DT coull he increased

I1/60 3.70  9.j10 2.60 [© 10.36 inches

2013186~779 _ 1140 4,26 §.60 Open T por Dup. = 4.4 inches
. ' . ‘ T1/60 4.20  6.60 open
4013186-855 ‘ IIT  3.10 9.7 2.6 HI could be increased

‘ o to 3.6 inches

F103  4013186-752 I/90 9.50 17.8 3.8
(CF6-50) . c
117120 9.50 17.8 3.8

4013186-785 I/90 7.50 17.8 3.8 HL can Le increased
I1/120 '7.50 17.8 3.8
. 4013186-847 I1T 6.8 16.1 5.0
%#013186-875 ITT 5.8 15.3 3.5 HPT starter/gen,
Split Power Sy;stem 8.2 17.8 4.9 et generator '
F404 4013186-836 : I/75 2.95 12.5 2.6 DT could be increased
. - B : 1I1/90 2.95 12.5 2.5 . o 14.0 inches
L 4013186-848 . - - -~ III 2.95 125 3.6 DT could be increascd
” ’ o to 14.0 inches
o _ ,
. - DS = Shaft diameter

DT = Stator outside diameter

HI = Srack lengt:,
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TARLF 23

CYLINDRICAL PERMANENT MAGNET MACHINES
FCR T¢34 APPLICATION - LOCATION T

Rsting, KVA _ KVA 30740

Base Spc‘:ed, rem U 9389
3ase Frequency, Hz F »1'257
Poles . | - 16
Number of Phases - 6
Stack Length, in. ) KI 6.01
Punching biameter. in. OBS 6.600
Inside Rotor Diameter, in. IBR  4.40
Length Over End Turns, in. OL '$.90
Maximum Length, in. e 7.30
Rotor Diameter, in. " OBR 5.640
Mz.,net Height, in. : hm  0.465
Flectrical Losses, XV PT 4.5
Air-Gap ‘F!ux Density, KL/in.2 Bog 36
Commutating Reactance, R X | ¢.253
l Volume, in.> ' - 23%

TARLE 29

60
9380
1407

18
9

8.456

6.600

4.400

9.222
9.65

5.486

0.452

8.6
32
0.223
316

COMPARISON OF DISK AND RADIAL MACHINFS
POR TP34 APPLICATION, LOCATION II, 9380 RPM

Rating, KVA 30/40  30/40
Type - . ' ‘ Disk Cylinder
Poles ' 22 16
Frequency, Hz . : < 1720 1251T
Phases o . 6 B )
Commutatisig Reactance, 8 0.106  0.25¢
Overall Length, ia. L 3.50
Maximum Clearance, in. S 1.27 3.9
Shafc Diameter, fa. . 3.70 3.70
' Maximum Disseter, fn. = 10.5  8.63
. Current Density, ®A/in.2 118 8.
. e 1 p.u, Loed '0.95 PP .
Yolume, fn.) S 153 203 -

&0
Disk
18

' 1407

6

© 0.08%

2.7%
2.9%
3.70
10.5

11

238

_'eo

Cylinder

18

1407

9

" 0.271

364

' 4.04

. 3.70

8.92
7.9

228




Table 30 compares the radial and axial gap (cvlindrical and disk) machines
for Levels I and i1 and Locations T and Il for the F103 engine. The same
Zeneral trends can belobserved: the disk'machines are shorter thén the
~cylindrical but are larzer in diameter. At the higher ratings the volume of the
disk machine also becomes larzer than that of the cylindrical machine of the
§ame rating. ‘

That i§ iuét what happens in lLocation II. The minimum shaft diameter there
is less restrictive, aillowing a cvlindricai machine with a higher power density.
However, based upon observations made for both Fi03 and TF34 applications, the
cooling concept and the maximum allowable hot-spot temperatures in the wiﬁdings
are the most severc limitations for a smaller disk machine. This underscores
the need for further disk machine development. Cooling and winding temperature
infiuence disk machine size, a fact whizh becomes clear when one realizes that
a higher temperature and better cooling allow for tﬁinner windirg disks and thus
iess magnet strength. Therefore, a direct proportionalityv is expected Letween
the machine size and the tewperature.

Designing the machines for the F404 application is significantly more i
difficult than for the other two engines. A wider speed range and the same basic ;
overspeed as the TF34 plus the space limitations made it difficult to obtain the . 3
desfred design results. The 60/75 KVA system cylindrical generator just meets
the 2. 6;1nch stack length requirements at the given diameter limitation. The 90

KVA machine coula not meet it. Even varying the rotor diameter and number of
poles did not help; this {s demonstrated in Figure 33, which shows the stack
length as a function of both these variables for a Level IIJPAOS generator.

~ The disk machine did not have this problem, especially when the full
diameter rangolva: utilized. The results for the selections for both levels and
machine types are ihovn in Tablc 31. The comments of fered when conpating dtak
and cylindrical machines for thc P103 application also npply vhen co-paring how
the two types of machines are suited for installation in the P404 engine.
Considering shape and losaes, 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 lirgc degree upon the secondary benefits and
the geomeiry 1imitation. Purthermore, it is believed that detail developments
on the disk machine will reduce the volume, vhereas higher-energy magnets will
have very little effecz onm the cylindricii machines since all that is changed is

”
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the magnet volume required. Since the éirmgap flux denﬁity and the current
density stay mostly unaffected (for all rhose where Bg *> 50 KL/in.z), the chanze
in magnet energy will affect oﬁly 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 FIC3. Thus; using the 3/4
power law (Equation 12) a quick projection has been made of the appréxiﬁate
machine sizes for the 800 KVA system configured for the F404 and the 1200 KVA
system configured for the F103.

0.75 : .

2 Ps

DL = : (12)
rpm | : :

rpm = Rotor Speed
~ D = Diameter
L = Length

P, = Rating (KVA)

Table 32 shows the estimated maximm 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, éspecially'wﬁen one copsiders'that'the Level II

generators for this engine were already mafgihal. The P103 generators may just

be practical depending upon the details.

In revieving the Level 1II generator sizes in more detail by engine type,
the following observations can be made. The 60/75 KVA generator for the TF34
1s similar to the 60 KVA Level II 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. The 60/75 KVA disk machine, .
however, will Sc redesigned to provide some 16cre¢t¢ in cooling, sincq this
machine is cooling sensitive. The 200 KVA machines for the F404 will be designed
for both cylindrical- and disk-type machines. The Level III generator require#
ments for the 7103 generstor can also be met in 2 -plii generator arrangement;
i.0., one generator mounted on the AP shaft, md one generator on thc LP shaft.
Since the LP nhaft hu 700 rpw as a minimum rated lpnd any generator will




TABLE 32
ESTIMATED GENERATOR DIMENSIONS
FOR ALL ELECTRIC POWER EXTRACTION APPLICATIONS

‘Application F404 F404 F103
Racing, KVA 800 800 1200
Machine Type . C D c

Max Diameter, in. Cn 12.5 14.0 14.0

Max Length, in. : 28.5 27.5 18.0

F103
1200

D
16.1

20,5
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become quite lgrge. Therefore, only the 300 KVA-tequireménc will also be
investigated for a split arrangement. The minimum HP generator is the one used
for Level II (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 fréquency generator is
assumed for the low speed machine, which has a possible frequency range at base
speed ~f 280 to 385 Hz maximum. That, of course, allows utilization of 400 Hz
motors at the high frequency end. .

Tables 33 through 35 shoﬁ the specifications for the Level III generators
to be studied. The 120 KVA machine for the split generator arrangement of the L
F103 as well as the 60/75 KVA cylindrical machine for the TF24 are not included.

" Selection of the machines from the design matrix was generallyldone with

resgect to an optimum combination of minimum stack length or overall length and

. wachine 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. he Level 11] generators, more so than Level I and II machines, are’
open to more optimization because of their size.

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 machinés 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 Eompare well
with tiie overall length dimensions of the Level III 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 LOV‘? flux density (about oue-half of that
found 1in cylindrical machines). The geon.t:ic advantage vhich the smaller-rating

disk machines gain from superior volume utilization disappears for the large
ratings.

The charactexrizing data for: tnc wild frequency gensrators for the

split generator application are liacdd in Tables 38 and 39. Not all uchines

meet the stack length toquiren.nto, a fact vhich 1s cxpoctod for full povar at 700 rpm
(lowver than most 60 Hz machines). Othcr than that, it is intcreuting to note
that the maximum poniblo number o! poles does not yiald the mnut volu.n

o




TABLE 33
SPECIFICATIONS POR LEVEL III HICH SPEED
(VSCF) CYLINDRICAL-TYPE GENERATORS

Engine - TF34  F404 F103 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 2 p.u., amps :

Voltage, V : 145 145 145 145 145

Power Factor 0.69 0.68 0.68  0.68 . 0.68

Comm. Reactance, 2 0.141 ' 0.113 0.151  0.073  0.0189 |

Shaft Diameter, in. 3.1 2.95 6.8 6.8 68 !

Max Diameter, in. 9.7 125 15.8 16.1 16}1 "

Poles (min) i 16 16 2% 26 24 '

No. of Phases R 12 12 12 12 g
R

Desired Stack L&ngth, 2.6 3.6 © 3.9 - 5.0 - 5,0
in. = S _ ‘




TABLE 34

SPECIFICATIONS FOR LEVEL ITI HIGR SPEED (VSCF)
DISX-TYPE GENERATORS

Engine

Rating, KVA
Base Speed, rpm
Overspeed, rpm

3 ¢ Load Current

at 1.5 p-u. Load, A

Voltage, V

Power Factor
Comm. Reactance,

Shaft Diameter, in.

Max Diameter, in.
Poles (min)
No. of Phases

Rating, KA

Type '

Pated Speed, rpm:

Max Speed, rpm

Overspeed, rpm

3 ¢ Load Current
at Load, A

_Voltage, V

Power Factor

Comm. Reactance, o

Shaft Diameter, in

Max Diameter, in.

Stack Length
(Described), in.

Poles (max)

Min Frequency, 3z

Max Frequency, Hz

Phases '

TF34
60/75
9380
21,472
248

155
0.77
0.226
3.1
9.7
16

9

TF34
120
9380
21,472
497

- 155
0.727

- 0.141

3.1
9.7
16
9

TABLE 35

F404

200

8715
20,508
840

155
06.76
0.113
2.95
14.0
16

12 -

F103
150
5262
11,990
630

155
0.76
0.151
6.8
15.8
24

12

SPECTFICATIONS FOR LEVEL TIT WILD
FREQUENCY GENERATORS, BOTH TYPES

150
. €
700
3432
41387
804
2.0
145
0.68
0.151
8.2
17.8
4.0

66
385
1888
12

150
D
700
3432
4187
630
1.5
155
0.7%
0.151
8.2
17.8
4.0

56
327
1602

12

180
c
790
3432
4187
965
2.0
145
0.68
0.126
8.2
17.8
4.0

66
385
1888
12

F103
- 300
5262
11,990
1260

155
0.76
0.0734

16.8
24
12

180

700
3432
4187

756
1.5
155
0.76
0.126
8.2
17.8
4.0

56
327
1602
S 12

F103
1200
5262
11,990
5040

155
0.76
0.0189
6.8
16.1
24

12
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. lower current density 1eve1.{,0n'che other hand, the actual sizes for the very

. promise for meeting the requirement for high MTBF.

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 separation.

TABLE 3¢
RESULTS OF THE TRADEOFF STUDY
FOR HIGH SPEED CYLINDRICAL GENERATORS
FOR LEVEL III POWER REQUIREMENTS

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, { 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. o921 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 1p. u. Load, 0.95 PF '

~kA/in.2 o
Volume, in.> - 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

large maéhineAracings turned out to be not quite as bad as were originally
forecasted. V

Sumnarizing this patt of the study, it can be said :hat the original ‘
‘concerns about the influence of the restric:ed geometry and speed range have been
verified; chat 13, 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

The study has covered pielilinary design projections for three different '
rating classes for three engine app!icatidns and two generator types. Because
of the level of snalysis 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 powor'dcnoity‘and superior stator cooling system. Since

100
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TABLE 38
RESULTS OF A TRADEOFF STUDY
POR W1LD FREQUENCY CYLINDRICAL GENERATORS
FOR THE F103 APPLICATION

Rating, KVA 150 v 180

Poles . 54 48
Frequency - Max, Hz 1544 1373
: - Min, Hz . 315 280
Phases 3 3
Comm. Reactance, . 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 '
- kA/in.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 L 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 v
Armature Axial Thickness, in. 0 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 . : .
Commutating Reactance, ohms 0.121 - 0.092
Volume, in.3 . 5126 . 5997
Power Density, KVA/in.3 ‘ 0.057 0.059 - C .
011 Flow, gpm : 36.4 54.6 S . :
Armature Current Density 8.9 9.3 , _
© @1 p.u. Load, kA/in.2 - . .
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the magnets in that type'of machine can withstand higher temperatures, thev 4dre
better for those applications where scakback 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 foss problem may be compensaced
for by the capability of withscanding high soakback temperatures (up to 250° C).
Furthermore, the loss analysis has shown that by properly designing the slot
opening and air gap, one can significantly reduce the losses.

On the other side, the disk ma;hiﬁes do not have any electric rotor losses
to speak of. However, because of ‘the cooling_concept‘presenfly employed, disk

machines having an inside-to-outside rotor radius ratic of less thar 5.8 would be

. larger than the comparable cylindrical machines. Also, in the case of hign

soakback temperatures the disk machines are at a disadvantage because maxi.um

temperatures should be kept at 250° C or lower, the exact maximum depending upon

the magnet length.

B. SOLID STATE CONVFRSION. DESIGN

The solid-stace conversion design on this program was limited to establish-
ing and estimating the size, weight, and cooli1g requirements of 3 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 confirm that an
approbriate powei device is available. The resuits of this design analysis are
shown in Table 40. ‘ ’

C. DISCORNECT DESIGN .

Because a permanent magnet machine lacks exritation control chere is no way

to tLrn of £ the excitation wher. a fault occurs. Fe-lts in the cycloconverter and

. at the output terminals of the converter can be disconnected within the converter.

Faults in the high frequency cables between the input terminals of tke ¢ clo-
converter and the generator as well as faults within the generator, cannot be
deenergized without special devices. The discomnect is especially required in

a PM machine, where in the event of an internal machine fault or feeder fa.lt,

‘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 (thae is, a'line-to;ﬁeutral short), creating.
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tremendous heating. In order to limit the time duration of these short-circuit
currents, a means to interrupt, eliminate, or reduce the short-circuit currents
must be included within the system. Three general protection cuoncepts are

considered to be capable of fulfilling this requirement.

o In;errupt input torque
® Increase air-gap length to decrease effective air-gap flux

e  Interrupt (open) circuit

Initial work toward the safety disconnect was b;sed'on the understanding - .
that a mechanical, resettable disconnect device 1s required.

The mechanical complexity of resettable disconnect devices and separate
generétor 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), nonresettable disconnect is being

. recommended for the selected disconnect concept. This éonceptvalso made it
possible to simplify ;hé generator/starter design by mounting the generator
rotor rigidly onto the HP shaft.

The types of disconnect concepts investigated duting this study are

discussed below.

1. In-Line Resettable Electromagnetic Disconnect

is disconnect would be‘siltlyr to the one described in AFAPL-TR-78-104,

in which a solenoid coil pulls an armature plate toward it and allows a sear to

move. Orce the sear moves, the clutth plates are alloved .o separate in the
axial directi>n and the rotor 1s disconnected from the drive. The mechanical
conpleilty of the disconnect device <+ which requires separate generator bearings
and numerous mechanical parts - maked this device unacceptable [ur engine .

integration due to the need for a high-reliability device.

2. Hydraulic-Actuated Repettable Disconnect Clutch

Figure 34 shows the general arrgngement of the hydraulic-actuated resettadble
coupling in the engaged position..
| A central control unit monitors signals rocaiiud from sensors transmitting
electrical, thcr-il. and vjbratloual '

the solenoid valve receives a control

ti. In tﬁc event of a potentisl faflure,
it co-lunq'tc open the {nlet pott to the

sctuator cevity. Preseurized oil from the lube o0il1/caoling circuit energizes
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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 loss of system lube pressure.

Reengagement (resetting) of the coupling occurs only 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 mechanfcal 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 1s used in certain industrial applicatioms. An axial shift
of the rotor or stator reduces thg 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 incheé, 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 eli.inate this configuration from further

conslideration:

@ Additional axial engine spaée is required.

® The size af the generator will increase as compared to a conventional
machine: The'-axilu- rotor diameter -tais the same due to the .
mechanical stress limitations, vhile the reduced average rotor -
diameter necessitates an increase in stack length.

e -The high manufacturiag cost of building such a htgh-spped tapered
rotor/stator machine makes chia configuration undesirable.

e The axial actuator mechanisew, vhiéh would shift the stator, requires
‘moving parts and reduces the total machine reliability.
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4, Split Stator Approach

For this approach, the stator core is fabricated in two half-circle
sectiong which are hinged at one side and allowed to separare at the other (clam
shell). The end- urﬁs are arranged such that no end-turnshcross the gap at
which the stator ore is to opén.* Flexible lead connections and flexible
cooling connectiors 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 inched, a stack length of 4.66 inches, and an air gap of 0.071 inch; an
average air gap 1ncreasé of 0.78 inch is required to reduce the 3-phase short- |
circuit current to ; thermally accebtable level of 1 p;u.; that i{s, the machine
has to be mounted in a space which can accommodate an increase in statét
diameter to 9.36 inches in the actuated pesition.

The key ﬁoints of this approach are as follows:

® Additional radial space is required;'

® The basic machine size does not increase since the electro-

magnetics are not changed.

o Manufacturfng is not significantlyvdiffeienc from the methods
used for conventional machines. The end-turn connections and
cooling lines which cros. the hinged core gap have to be arranged
sucﬁ that they c¢can deform in case the stator is opened by the
actuator.

e The actqatbr mechanism which would open the stator requires more

© parts and reduces the reliability of the total machine.

Thicvconcgpt is not practical due to the Iechanical'co-plexlty involved té'
split the stator. ' ' '

5. FPuse Neutral Lesds

Shown 1n Tigure 36 is the schematic diagram of a three-phase -achine with
fuses located in the neutral leads. This configuration is shown for an IEG/S
design in Figure 37, The high=frequency line contactor in the converter will
open in thc event of fault detection, removing the power flow in the unda-aged

phaoc. but power flow 1a the damaged phase would still be present. Thus the fuse

sust be located in th neutral lead to open the circuit,

*This spproach is utilized for commercial machines.
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Cenerator Leads

A.__UiMings
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% ‘ - Phase B o

Phase C
| ' . . ‘ . Neutral

' Pigure 36, Fused Three-Phase Stator.
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* The location of the fuse should be as close to the stator windings as
possible to minimize the possibility of cable faults bctweeﬁ the stator winding
and fuse location. ‘ ‘ A

The fuse is a device which is teiperature sensitive and which, within the
normal engine operaticn ambienr requirements, ~55° C to 120° C, creates a
significan; challenge. The -55° C would be experienced during ground startiﬁg
after the engine had cooled to ambient. If failure df the starter/generator
were to accur during the cold ambient condition, the mission would be aborted.
After the engine is running, the ambient témperature afound the generator would
soon be above 0° C, which provides more acceptable qué-operacing 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 operatioq envelope
requirements would be experienced and after time exposﬁre the fusable link would
open. The second mode of operation could be affected by detection sf an undesirable
operating condition, and the converter is programmed to short-out the genefator
winding to blow the fuses.

This concept provides protection for all short conditions e<cept failures
‘within the same phase. Generally, most faults in thé'binding are grounding
faults at the stator slot entrance. Such faults arise from damaging the wire
insulatioﬁ, which can occur under the folloﬁing conditions:

during winding insertion '
operational vibration - wires flexing
‘electromagnetic fo}ces ~ wires flexing

temperature cycling - wires flexing

The above condition can be minimized by adding stator end laminations which o ' Lo
serves as a cushion to the end-turn wires. .
Protection could be provided for vinding faults within the same phaae by *
the placement of another fuse within the phase winding (Figure 38). This '
| concept is feasible but is considered to be impractical because it reﬁuiges}
‘doubling the number of fuses used. In a nine-phase generator, 18 fuses would .
be required. ' '
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Figure 38, Doubly Fused 3 Phase Generator.
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6. Selected Disconnect Approach

The fusing of the generater neutral leads provides the necessary fault
protection without co&ptonising the reliability of the engine Qperation 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

appilied 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 electiical system in common use today uses a Constant Speed Drive (CSD)
to obtain the constant-frequency 400 Hz power from the variable engine séeed.

The alternate to the permanent magnet generator is a brushless uound-rotorl

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 cénverter
is also higher than the alternate CSD so there are fewer unscheduled mainienancé
actions required. A recent electrical system power study done under AF Contract
No. F33615-78-C-2018 1nd1cates.the projected reliability of a VSCF converter with
GCU (Generator Comtrol Unit) is 20,000 hours MTBF as oppbsed to a projectidn

" of 6700 hours for a CSD and its GCU. The maintenance actions which are reqdired
" on the VSCF converter are also minor con@ared to those required on a CSD. If the
built-in test circuits in the VSCF indicate a failure in the converter, thé 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 1nternediate
level using BIT circuits and a test connector to identify the failed module or
assembly. Over 90 percent of the eiectroniq parts‘in the converter are plug-in
assemblies. ,fhe faiicd plug-in assembly 1s returned zo depot-level maintenance.
for replacement of the failed compoment part. |
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The parts used in the converter have established-reliabilicy, JAN-TX

(Joint Armf-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 imp:oves feliability 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 ﬁithout copper wires to
loosen or insulation to deteriorate. This machine's two significant advantages
over a VOUnd-r¢tor’machine are ics'superior reliability and efficiency. In the
IEG/3 application the PM machine will not add any wearing parts to the engine.
The rotor mounts onto an existing bearing-supported enginé shaft. The use of
fuses in place of é disconnect mechanism has simplified the fH machine devoted
for engine integration. - '

" The PM machine is obvicusly the most critical part of the electrical
system in terms of impact on maintainability, since it 1s 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 i1s a machine which has an MTBF of over 50,000 hours, including the
fused disconnect, as substantiated by analysis in Section VII-B.

.+ 2. Engine Maintenance Action

Failure of the IEG/S does nezessitate removal of the enginet' This appecrs
to be too high a price to pay for the Power Level I 1EG. 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 18 no cverriding benefit for the Level I
-IEG. For Level 11 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 I1I, the cost of'maintenance is:deffnitely lowered
with an 1EG/S. By supplying electrical power omly, the sircraft secondary power
accessory equipment 1a'11i¢visa simplified. The engino-cOfairctaft interface -
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is gimplified due to the elimination of hydrzulic lines (Levels iII/IIIA) and
-air ducts (Level III). The aircraft-to-engine (Level III) interfaces, therefore,

‘are:

(1) fuel lines,
’ (2) electric wires and cables, and

(3) mounting hardware.

This reduces the engine change ftime on the aircraft by an estimated one-half hour

for Power Level III1. The electric-motor-driven fuel and lube pump can be located

at a convenizac,.accessible location ‘or easy maintenance. The elimination of

the accessory gearbox, hydraulic lines, and air ducts improves engine maintenance
through better accessibility of a "clean" engine. The assessment of maintainebility .
of the aircraft ievel 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 configuratioq and design features enphesize 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 nachine is a prime factor in driving up the
initial cost. The vanadlum Permendur steel in the stator of the machine and

the rare earfh cobalt magnets in the rotor have both suffered sevefe cost

increases  because cobalt has been in short suﬁply. : ‘ .
The reliability of the converter is not as cricical as the reliability of
the PM machine internmal to the engine since the cost of repairing the converter -

is econsiderably lower. The use of hybrid-power SCR modules improves cooling of
the’ ee-iconducto" Junction, yielding a significant inprovement in teliability g
compared tn discrete SCRs.

‘2. System IEG/S conﬁgg ration Compared to IDC

The IEG/S configuration, which uses a solid-state: cycloconverter to
convert the veriable input speed of an engine to a conetant-frequency power,
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has significantly loyer life-cycle custs thon an IDG system, which uses a (SD
hvdromechanical converter to obtain a constant frequency. This is due primarily
to the lower maintenance costs of a cycloconverter compared to a cunstant speec
drive. The factors which contribute to lower maintenance costs of the solid-
state converter are: .
(1) Hiéher reliability, with much greater opportunity for improvement
as electronic components continue to develop and improve.
(2) No wear parts, Life is virtually unafferted by load.
(3) Low repair costs. Time and cost of repairing or replacing of
the solid-state converter are much lower thaA 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 najof
difference in the two curves is due to the much lower main®enance costs of the -
VSCF system. The average cost of material for maintenance actipn is $1740 for
the CSD system, which compares with 3293 for the VSCF gystem. 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 Jifference is the result
of the lower repair cost of VSCF, This is 11;ustrated by Figure 40 which shows
< that the reliabiiity of an IDG system would hgvé to be ten times higher than a
VSCF system to achieve the same low maintenance cost.

Specific cost comparisons for the scleeted IEG/S system and the systems
it would replace in a typical application (A-10 aifcraft) are given in Section
VII«~C-5 of this report. | '

F.  AIR RESTART CONSIDERATIONS

The following 1s a general discussion about air restart requirements and
capabilities that pertaln to the Levels II, IIIA, and IIX IEG/S pdwer classifica-
tions for the engines being considered. (Level I is for generstion omly.)

The pgiunent magnet machine and cycloconverter combination provides the
capability to generate power as well as perform engine starting in the atr,
vhich allows for different operational conmsiderations. ) o

nr . | | -
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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 pfovide the
necessary power for starting. Thus in a single-engine aircraft, thé engine

could not be started without béing within the windmill-to-start engine envelope.

" In the event of applying an IEG/S Level II, IIIA, or III to a single-engine air-

craft, attention must be given to the APU requirements 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 more than two engines. Thus the IEG/S has been sized to provide total _
essential bus load as well as to have éufficjen: capacity to perform cross-starts’
in the air.

As discussed in paragraph IV-B~-3-b, there would be a transient degradationv
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.

G. 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 hazardo aro those due to thc 340V a.c. provided by the
generator. Since this can be Ic:hal. & means to prevent sccidental contact by
personnel 1s required, and can be satisfied by providing suitable barriers and
varnings. nu cycloconverter as well as the generator will probably operate at

_tewperatures at which persomnel can sustain burns. Again, barriers and warning

labels are to be used. Random component failures cam result in out-of-safe
tolerance conditions which would noTmally bo sensed by the protcccivc netvorks

that would automatically remove electrical power. Some of these ptotcction )
networks do not affect the system operation, ewen vhem they have become inoperative

‘due to & random component failure within them. However, thd protection would no
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longer be prusent, and the system vouid not shut down for criticél failures;
The protective networks should be separately tested pe;todically'to_ensure that
_they provide the required protection. '

H. INTERFACE DESIGN CONSIDERATIONS - F404 ENGINE

Section 1.0 of "Addendum A, Drawings" contains IEG/S‘cdncebtualAlayouts
and overall engine cross-sectional drawings defining the IEG/S interfaces and
showing the relative location of the IEG/S within the F404 engiqe;

1. Effect Upon Engine Rotor Dynamics

No vibration analysis was performed on the ?606 vfth.integrated generator/
starter system because it became aprarent in the preliminary design studies that
the F404 would not qualify for IEG/S integration due to space limitations as
discussed in Section IV. i '

2. Containment of Failed Parts

No contain-ent'annlysis was performed for this design due to the same

reason given in the preceding paragraph,

3. Support Structure Hodificgtions

The changes required in order. to incorporate the IEG/S syntem into the
F404 engine are tabulated in Table 42.

4. Maintenance/Overhaul Accessibility

The acccaniﬁility of the IEG/S for maintenance or overhaul requires more

time:
e IEngine removal from the airctaftg(!bOb 1s fuselage-mounted o ; )
~in the F-18). The U.S;-lavy-opcéifiad time for engine _, o
. removal/replacement is 21 minutes. ' ‘ .
e Removal of thQVI!G/S from the engine on the oﬁop level. '
This requires qualified people, tools, and inspection .

equipment for engine fromt-end dtnaoocublylrcasienbly,-
Removal and replacement of the fan (booster) module can
be achieved 1a the elspsed tise of 190 minutes snd 390
na-misutes of lsbor. | |
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'-ountcd generator rotor on 1ts own bearing support.

The removal of parts involves the following major components listed in
the order of their removal:

e Fan modules

o. Fan stub shaft and bearing support

e 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 1EG/S is located - does not provide .
gufficient spéce to locate the generator/starter without significant engine
nodifications 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 (MIL-L-7898 o01il) mixture within tne mid-sump area is

" estimated tc be 350° F during operation. The pressure in the mid sump is 15 to
20 psi above ambient. The temperature at startup na} be as low as -65° F per

military specification.
Typical engine lube oil supply (inlet) tenperatures run from 200° F to
300° F. The engine lube 011 flow is 9.5 gpm. o

J.  INTERFACE DESIGN CONSIDERATIONS - F103 ENGINE

Section 2.0 of “Addendum A, Drawings" contains IEG/S conceptual layouts
and overall enginé cross-sectional drawings defining the IEG/S Interfaces and
showing the relative location of the IBG/b within the F103 engine.

1. Effect Upon Eggine Rotor Dynamics

The vibration analyais performed on the F103 was based on the layout
draving no. 6013271-030 representing .the 300 KVA Power Lavel 11IA straddle-

A brief description of the resulta from this study follows.

Dynamic Responszes of Loy Pressure System Imbalance

This propoind design influences two modes. The first is th mid-shaft
bending wode, which in the F103 is lowered from 4804 rpm to 4529 for the
IEG/S design. This mode 1s lowered due to noving the No. 2 bcarin forward

. 3.6 1nch¢- and thcreby incrcacing the length of the LP shaft. ring this
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mode i3 not favorable tecause 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 thg fan rotor and nacelle translating
from the fan frame. This mode is raised from 3757 to 3978 rpm and i3 in a
favorable direction. The reason this is a more optimum location is that this
mode on the F103 is observed at approximately 3790 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 associatéd 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
depresé activity by damping) the engine rotor dynamic character are hereby
suggested but are rot analytically substantiated:

- @ Increase LP shaft diameter - This change would alsovinctease
‘the HP shaft diameter, thereby making a najor redesign of the
engine necessary. .

e Explore the use of squeeze film damper - This would bé a
feasible approach if activity at the bezring exists.
Applicable pnly for low or moderate uhbﬁlanée. Adverse
effects (response) would exist in a fan-dlade-out condition.

e Use a lighter fan (rotor and blades) - This would probably
help if the most responaive_uode involves mass coupling of -
the fap rotor vith strain energy activity in the L2 shaft.

. 2. Containnent of Failed Rotor Parts

No IEG/S rotor burst containment .nalyuio was pcrfot-cd fot this application
dus to thq multitude of conceptual IEG/S dcnigno ‘that would have to be covered.
A gcnorai discussion on containment 1s found in Section VII-B. '

3. 89222rt Structure Modifications

The changes required in order to incorporate the IlGIS -ystcn into the
7103 engine are tab.latod in Tablo 43,
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4. Maintenance/Overhaul Accessibility - N

The accessibility of the IEG/S for maintenance and overhaul requires mors

e 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 ? to 4 hours for tail-mounted
engines. ' ' .

e For the IEG/S to be removed from and reinstalled into the
engine 1s 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:

e Fan module
e Fan stub shaft and bearing support
1IEG/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 forward sump area of the F103 provides a large sp#ce for the PM
gener;tor integration. ‘ ' l .

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° 4 during operation. The
édrrespondtng'pressure is 1 to 2 psi above ambient. l ' ‘

The minimum temperature at startup is specified at -65% F. Typical engine
lube oil supply tempefatures during engine operation are 165° F to 210° F. Thé :
totql'engine oil flow is 16.5 gpm.

K. INTERFACE DESIGN CONSIDERATIONS - TF34 ENGINE

Section 3 of "Addendum A, Drawings" contains IEGIS conceptual layouts and'
overull engine cross-sectional drawings defining the I!G/S_interface: and showing
the relative location cf the IEG/S within the TF34 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 L.

" . The accessibility of the IEG/S for maintenance and overhaul requires more
ﬁime: ‘
e Engine removal from the aircraft. (fhe TF34 is fuselage-pod-
mounfed on the A-10.) Using a crew of four, the estimated
engine replacement time for this configuretion is two hours.'
e IEG/S removal from and reinstallation into the engine.
ThHis sequence is estimated to require three,;b four hours.

This work has to be performed at the shop level.

The removal of pafts involQes'the'followinﬁ major components, listed in the
order of their removal: ’ ' ' .

e Fan module ‘

e Fan stub shaft and bearing support

; IEG/S module and disconnect

The installation of a neﬁ or overhauled IEG/S is completed in the reverse

order.

5. Environmental Conditions at the IEG[S Location

The A—sunp area (between fan aud compressor} of the TF34 provides sufficient
space for the IEG/S irtegration, It allow: packnging 3enerator/starters of the
highest conaidered power level IIII). '
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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 aﬁove
ambient. Minimum temperatures at startup can go as iow as -65° F per military
specifications. 011 supply temperature during engine ope}ation stabilizes
between 200° F and 250° F. The present total engine oil flow is 8.§ 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

att;activeneés of each IEG/S system and its application.

a. Tradeoff Study Approach

To compare the different syetems, a set of trade criteria is established

which uses a numerical ranking system as follows:

e Value factors rate the system on a scale from 1 to 5,

5 being the "best" value.
o The merit (weighting) factors determine the relative.

importance of a specific trade characteristic.

e Multiplying the value factor with the merit factor and
summing it up results iuva total numerical trade value.
This trade value is used to compare the relative worfh.
(payoff) éf systems to each other and to a baseline con-

lfigqration.' The baseliﬁe configuration is defined as '
the production engine with(con?entional'secondaty power
| extraction. ‘

. b, Merit (Wéiggting! Pactors

The secondary power system merit factors are listed in Table 45. The
rankihg 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 raprcscnting the most important characteriatica.
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TABLE 45

SECONDARY POWER SYSTEM MERIT FACTORS

F404 F103 | TF34 -
Weight : | | 9 9 9
Reliability | 10 10 10
Maintainability 7 7 7
System Efficiency | 6 6 6

Frontal area | ' .10 6 g

IEG/S Integration Severity A 4 4

i




¢. KRatlonale and Assumptions Behind Value Pactor Ratinzs

The tradeoff is perfczused Ly aéslgning value ratings to the characteristics

of each specific system.

Weight

Weights were derived‘fro-“prelininary design layout drawings, existing
components, and weight trend curves., Figure 41 shows,lbc and cycloconverter
weights as functions of system KVA ratings. Figure 42 shows the relationship
between oil~coole& induction motor weights and continuous motcr power ratihg.
For determining motor ugight, continuous motor power rating is 0.75 times the
transiens operating powver :équire-ents (50 percent overload).

High frequency feeder cablés_ate used between the generator and the
conv~rter. Each cable consists of seven vires, twistéd and shielded. A weight
chart for cables is giveﬂ for various sys.em ratings in Table 46. Table 47
presents the weight summary cowmparison between the baseline configurﬁtion and
the IEG/S ccnfiguration. .

The weight value fiétot has the following definition:

AWT

KVA - » Weight Value Factot
<0.50 or less 5

~-0.20 to -0.50 o 4

-0.20 to +0.20 3 (Base;
+0.20 to +0.50 | 2 |
+0.50 or groater : 1

BT - WI_IBG/S Systew - WT_IDG System |
System KVA Rating N
Relfabiliey

Reliabilicy dsta for this tradeoff ahalyai. vere taken'froq thfeeAsouréés:
s) Commercial, from CE-AEG dats bank '
b) Hilitary.'ffo. AP 66-1 report
¢) Analytical, for new applications

_ Table 48 provides reliability of engine/alrcraft accessory line replacement. -
unit (LRU) from commercial service of CF6 (F103) engines. Table 49 prcvides field
reliability report data for CSD-generator units reported in the military 66-1
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Figure 41, Weight versus Power for IDG and Cycloconverters,
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— ® O11 Lubricated Bearings
— @ 400 Hz Induction Motor +
L — @ 011 Cooled Rotor and Stator
e Altitude up to 75,000 ft |
@ Ambient Air up to 177° C I
) e Ambient Oil in up to 130* C
[ @ Stator Winding Temp. Limit: 300° C

& w e uwo

100

&> w VO

Horsepower
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Figure 42, ‘ Weight versus Horsepower for Ofl-Cooled, Sist-Péle,‘
_ Electric Induction Motor. : '
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TABLE 46

HIGH FREQUENCY POWER CABLE WEIGHTS

Qty.

2
.
3

PO

12

138

Individusl
Vive Size

1b/ft

#i2
2
f10
#i0
410
f10

0.4

o’.a,

0.9
1.2
2.4
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TABLE 48
RELIABILITIES OF ACCESSORIES AND RELATED COMPONENTS

Delayséc‘mcel + Replacements

Line Renlaccable Unic Per 10” Hours - Per 106 Hours
Hydraulic Pump 80 ‘ 890
Starter . | | 41" 179
Fuel Control : 37 BTV
Lpbe Pressure Sensor 19, ) 44
‘ Lube & Scavenge. Pump 12 | Is
Starter Air Valve | 8 171
Fuel Pump - 3 o]

e s e
bt
(4
-
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. report., Through elimination of the highegt and lowest value of the above data,
an average MTBF of 1742 hours results for the CSD and 2903 hours MTBF for the
genevator. This is equivalent to 574 failures per 106 hours for the CSD and 344
fallures per 106 hours for the generator. '

Cycloconverter field reliability is reported to be 80 faiiures per 10
hours or an MIBF of 12,500 hours for generation only and 100 failures per 10
hours for the more complex starting/generating mode.

An electric induction motor reliability of 100 failures per 106 hours

(10,000 hours MTBF) looks realistic for a maximum transient speed of 7500 rpm;

Unscheduled engine removals (UER) due to lccéssory drive system failures.
are listed gn Table 50.. Data from the TF34 epgine 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-supportéd generator/startef with mechanicaliy
resettable disconnect, shown in ?igpre 43, did not meet this goél; therefore,

a new design with an HP-shaft-mounied‘generatof/starter rotor and an electrical
disconnect was chosen and 1s analyzed in Sectlon VII~B. The results show that an

MTBF of 50,000 hours (or a failure rate of 20/10 hours) 1is acbievable.

The reliability of the PM disk machine was not analy;ed. However, higher
mechanical complexity and highér parts-count contribufe to lower reliabii;ty.
The reliability of the PM 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 secondaty power
extraction systems to the IEG/S concept.

The reliability value factor has the following definition:

‘UER x 10~ Hours ~ Individual Reliability - LRU x 10”% Hours
) Value Factor . '

<20 B 5 <200

21 ~ 30, | 4 201 - 400

31 - 40 3 401 - 600 -

41 - 50 2 601 - 800

>80 1 >800

The sum of individual UER rating plus LRU rating is used in the finsl tradeoff
mactrix for the combined reliabilicy value factor,
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TABLE 50

ENGINE DRIVE SYSTEM RELIABILITIES -
UNSCHEDULED ENGINE REMOVALS '
(VER)/10% Hours

UER UER UER
TF34/S3A  F103 (CF6-50)  CF6~6
ENGINE FLIGHT HOURS 13,802 1,851,113 1,616,389
) PERIOD | 7777 to 7/78  3/78 to 2/79 3/78 to 2/79 .
POWER, TAKEOFF | ' 7.42 7. 56 '3.71
TRANSFER GEARBOX - 1.62 4.33
ACCESSORY GEARBOX _ 2225 1.08 >1.8$
| TOTAL, Rggﬁ:—m_—s : o 29.7 10.26 9.89

DRIVE SYSTEM MTBF, hours 3,000 97,000 100,000
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- ‘ TABLE 51 , | .
COMPARISON OF SECONDARY POWER SYSTEM '
RELIABILITIES - PAILURES PER 108 HOURS

BASELINE
CSD SYSTEM

POVER LEVEL 1 ) SR 1 ITIA I
g?ggmﬂf UER LRy UER LRU UER Las | UER |LRu juer | LRU | URR| LRU

SYSTEM COMPONENT IEG/S SYSTIM - TP34, F404, F103

PTO
6B 0 30 . 20 25
AGB

CcSD 574 374
Generator 344 34

Cycloconverter
Generation ' 0 80

Cyclocoaverter , |
.Starter/ 100 100 3100 100
Generator

Air Starter 17 17 179

Alr Starter
Valve

IEG/8 (Cylin~
der) Klectri- :
cal Discommect| 20 20 320 20 20

1n in’ n

Induction !
Motor . 100 ' 100 100

Total Removals ' ' :
per 108 Hours o . 3 1368 | so 430 | 43 | 100| 20 | 200 | 20 | 200 »

Reliability o
Value Factor 4 1 3 3 _2] -1 K 3 s L% s o,

£ Velue Pactor| - o Base 5 B 7 10 10

*UER - Unecheduled Engine Rewoval oo h ' -
LAD ‘- Line Replacement Unit C '
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As can be seen from the results of Tabtle 5], Power Levels I and II are
not favorable in respect to the UER rates, Power Levels IIIA and III show
definite improvement in overall reliability. Expected LRU removal rate drops
hy a factor of 6.3 for the IEG/S Power Levels IIIA.and III. |

#“aintainability/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 3toS

Systém Efficiency -

The following typical average component efficiencies were used:

Mechanical drive system: ‘ M ™ 0.97

IEG/S PM cylindrical machine efficiency: IEG = 0.93

Cycloconverter = 3.95 - 0.78
VSCF *

Wound rotor generator, gearbox mounted: n =0 85

CSD hydromech. drive/without generator: nCSD = 0.88 = 0.75

Electric induction motor efficiency: ey = 0.88

Based on the above efficiency'data‘and a PF of oné, the cverall system
efficiency 1s derived as shown ia Table 52. The fuel (znd 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 drivem off the accessory drive~train, for exanple, require flow bypass
control, which results in undesirable fuel cenperature riae and less engine oil
" cooling capability. ' '

Gear pump efficiencies of 80 to 85 percent could be realized withouf 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 1s equsl to Power Lavel I.

It was not within the scope of this study to utilize the excal: power gencration
capacity of the sgtarter. Optiuization of Power Level II hase 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 efficiency

change in comparison to the baseline configuratioh as determined below:

System

Efficicncy

Difference With ’ Efficiency
. Baseline ' ~ Value Factor

Degradation 1-~2

Base, O ' o 3

Improvement. 4 -5

Frontal Area

The frontal area variation of an engine due to accessory drive components
~and accessory insfallation depends on the particular engine configuration. In
the case of wing- or fuselage-pod-mounted engines, the nacelle aerodynamic drag
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 geatbox is normally located either on the
circumference of ;hehfén case (F103) 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 is based on a percentage of engine

frontal area. Frontal areas (Table 53) are derived from eristipg engine information.
The definition of the frontal arealvalue rating for the base engine follow;.

4 o E ' : , ~ Prontal

B . ' , Drive System . ‘ Area Value
o : % of Engine Area Rating _

‘ s <2 ' 5

. 2=5 4

5-8 3

8-12 2

> 12 1




———— -

-.-_...‘v__m

TABLE 53
COMPARISON OF DRIVE SYSTEM FRONTAL AREAS

Engine . TF34 F404 ~ F103

AGB location Core Mid Frame Fan Frame
Engine max dia., in. ' 49.0 34.8 92.0
Engine frontal area, 1n.2 . 1885 951 6648
Drive system T of engine area within 20.0 “10.5
outside of engine shadow ‘ engine
envelope
Frontal ares value rating (base) 5 1 2
TABLE 54
GUIDELINES POR IEG/S SEVERITY RATING
Changes Required ©  Integration Severity Rating
e Major
Air flow path modification " no-go
Stretched engine >5 inches ‘ no-go
Stretched engine <5 {nches , 1

Increased LP-shaft dismeter

Increased main bearing size diameter

Moderate
Generator stator support (fan case) : 2-3
Shaft mc'iffcation (stud-, L®-, HP-shaft)

Minor

Coolant and lube supply ports 4
Zlectric wiring channels ' |
Accessory drive

Bearing support 'houung

Base ' : L
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IEG/S Integration Severity

Engine changes required to integrate the IEG/S were determined from pre-
liminary la§outl. A summary of required changes is listed under '"Support
Structure Modifications,” whicn 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 S54. '

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 1s shown to have the
highest absolute trade value of the three candidate engines. A comparison

between the three tables indicates that the I1EG/S system for Power Levels I1I and

IIIA offers the highest payoff relative to the basei;ne'configuration.




g e

ozt set 0z1  ovt (ST - eo1 onys) (w0l
‘ : . huuu,-s_on
] B4 € Z 9 0z . ot "¢ 1 ot oy oY 4 < 8 vozy ywIwoly
o€ st s ¢ 9 foe -8 . § ¢ 9 Jot " et ¢ ¢ 9 lwerarszs weress
. . ja
« . &3ytrayeseddy
L 81 1 vy L 121 £ i L ”n 1. 2z ¢ /KITTrqeurvInTey
os o 3 s ot 0s o8 ¢ ¢ ot Jos os s ¢ ot £3313qvIToR
6 (z 1 ¢ 6 6 - ¢ 6 81 2R S, 6 9%)on
§/921 eswg S§/od) eswg §/911 eeeg §/511 esvg §/041 esey /011 eswy ) ' —
3Inpoay 10351 2010wy IINpoxg 10399y ao1wy IMmpoayg. . 203094 1030%g 13ATT ¥IMOJ
) antep Ipaey snyey 120y . !..a;. pi &L Y] - XT¥IVH
. — dd03aqvil
(05-94D) €014 9094 94l - €S FIUVL
- b ee—




vel  set Ly owt 981 et eniwy TwI0}
- | Aapaeasg|
r4 SN 1Y 3 $ L] ) 0T 1 S y o oz v s y  jsoyamaserny gromn
vz v z 9 ot o € U o1 o ov S S K _ wexy.erwosy
21 sl z € 9 81 gt € ¢ 9 ot ) G < 9 191373 weasks
, : L3zrrqyeesdy
L 82 ! Y L L 1w 1 € L L ” 1 4 L JErrtrqrernngem|
or 08 ¢ s o1 oL os ¢ s o1 oo os - s o1 LITTIevYIOR
6 (2 1 £ 6 8t wz Tt ¢ 6 13/ Lz £ £ 6 oA
§/031 dseg s§/oa1 9seq S/0d1 oswg §/o31 eswg §/031 eswq §/0%1 eevy .

3onpog 10308y  l030®g 3onpoxd 1039%3 103083 aonpoxg 103098 203993 I1 -
anyep Iraey enyep IFIeR L LTS £ qmﬁwmwwﬂg

- 43030Vil

(0$-940) €04 »0%4 vedl . 9¢ FTEVL

149




’3_2,

91  SST 881 101 (612)91Z g9t

: , | - hayasasg
A S ¥4 € S Y Y 0z 1 S A oz € S y  [vorIvatesur g/omt
ot 4| S 2 9 0s ot < 1 oY oy (s)s ¢ 8 voxy eamoy
9 8l 1 € 9 | &t 81 € £ (v2)oe 81 (9)S € 9 |Kwepdriya welssg
: : : k3vTIqreeeddy
L 82 1 Y L 4 12 1 ¢ L 1 1 4 L FZet et Pzl
001 ©°%  o1. ¢ o1 oot os or ¢ 00T os  Of r o1 Fedgadliag |
6 %4 1 ¢ 6 6 %4 1 € ez (1 Ve ¢ 6 wsron
$/931 9seq §/031 eseq §/011 eseq §/5a1 wswvg S/091 eseg §/031 esey : -
19npoag 103384 1031083 aanpoxgd 2030%4 203993 Jonpoayg 103993 20399z | VIII QNV 111
anye, I snywp ITIN , entws  3rasy | STIATT ¥3AMOd

. . - XId1lVR
(VIT1 13827 13moq) (VII1 13427 13m04) (VIII 9 111 ST2A®] 19A04) 4403TV4L

(0$-940) €014 ?0%4 2L (S T19VL




SECTION VII
DETAILED DESIGN DEFINITION OF SELECTED IEG/S AND ENGINE

This section provides 1nformétion 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 explanafory descniptions of major PM machine components. Intéré
faces between the engine and the starter/generator are defined by'design lavouts. |
The advantages and disadvantages of the IEG/S design are compared to those of the

baseline - -engine.

A. BASIS FOR SELECTION OF TF34 ENGINE AT LEVEL III FLECTRICAL POWER EXTRACTION

A multitude of electric-only and hybrid secondary power extraction éystehs
based on the IEG/S concegt 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 épﬁropriate to caution the reader not to conclude that the selected
engine category/power level is an optimum for all appiicacions. Tﬁis study
provides ample information to apply tﬂe guidelines used in this report for other

' candidate IEG/S applications which uight be considered.

Major considerations which led to the selection of the TF34 with Power

Level III and a cylindrical PM machine are summarized below:

TF34

® The TF34 engine is a widely used engine in the USAF, and is therefore
readily available from AF inventory for IEG/S integration. '

° Bcciu-e tha} sTe small, the TF34 engine and the'integrated electric
ntarter/generator are less costly and eanier to build :han all other
candidate configutationn 1nventigated. '

o The TF34 is presently used on multiengine aircraft (A—lO), an advan-

- tage for the flight-test phase. Moderate changes to the baseline

engine are required for I1EG/S incorporation.




Power Level III

The highest pcssible 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 maéhine over the disk-type machine
has the folloﬁing rationale:

higher reliability
more design flexibility

‘simple design
lower development risk

good siator cooling easier assembly

o
)
®
e fewer parts lower cost

Further design cbnsiderations 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
generatof/starter within the TF34 engine.
The generator permits a Power Level III éecondary electric power extraction

of 120 KVA (system). The PM machine functions as a starter (motor) and starts

.the TF34 in 23 seconds when Jimited to 90 KVA input power.

. 1. Desizn 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. scatic)

“to 17,600 rpm (takeoff condition).. The IEG/S is located in the forward sump

(A-sump) 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 1EG/S unit is integrated into the existing fF34 with moderate
modification requirements. " |

The forward fra-e (fan frame) provides the tttuctural support for the IEG/S.
Four hollow fan frame struts are used to pass cooling 211 1lines and electric '

.cablei. as vcll as enginc sarvic- lines such as lube o0il, seal pressurizing air,
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and lube scavenge lines. Figure 45 1déntifies the above-mentioned transfer lines
and their respective stiut 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 replacemenf. The electric harnés:
passes through the top strut and is sealed as Qhown in Figure 45.

INine power leads, connected to the power terminals on the f-.: support
ring, combine into six cables of approximately 0.50 inch diame.: each, which
lead to the engine exterior. The seal between the housing an.i the six cables is
achieved by an intermediate plug which is permanently borded to the cable bundle
(harness). fhe cooling oil connéc;ions are made automatically at the time of
generator/starter installation. 011l collector grobves on either end.of the stator
housing correspond with their respective inlet ard outlet ports. The structural
support of the generator/starter is achieved through a hub-like structure
integrated iato the fan frameivhich provides the radial and axial support as well
as providing for torque reactions. The generator/starter rotor is mounted rigidly
onto the HP-shaft. extension supported by the main shaft engine bearings. For
easy installation of the generator rotor subassembly; an intermediate sleeve is
used to retain the four individuai 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 gshaft by a spanner nut

with mechanical locking device.

3.. Generator/Starter Cooling ' ' '

Cooliné of the iEG/S 15 provided by engine oil which is cirtulated,thfough
cooling passages around the PM machine stator. The heat froﬁ_che génerator rotor
is dissipated through conduction into the HP-shaft and the air-oil mixture of the
A-sump. -011 alingerslpn-either end of the rotor deflect the oil away froh the
end turns to prevent erosion caused by theliapact of high velocity oil dropleis.
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
(g - BTU/min.) and the hllqvable coolant (oil) temperature rise (AT). ' The heat
removal rate is defined by the following relationship: '
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. oll flow Q

q = m x Cp x AT {BTU/min.}

q = kHL x 57 : ' ‘{BTU/min.}
ki = Power loss : , {kw}
‘m = Mass flow ' o {1b/min.}
C, = Specific heat ‘ | " {BTU/1b.-
- - - : {°F
AT T ot Tin Allowable temperature rise }

of coolant

The cooling oil flow is defined by the following relationship:

Q = ; - 57 x kwL {gpm}
5 .

cp XATxp

where p = coolant density {1b/gal}l.

_Engine lube oil (MIL-L—7808) at 220° F has a specific heat Cp =
0.50 13§$§F and a density p = 7. 34 s l '

The cooling oil first passes through the gene¢rator cooling circuit.and then
continues to the engine lube points for engine eomponent,iubrication 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 degradafion.

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° P, the required cooling

‘57 x 8.6 - = 4,5 gpm.
0.5 x 30 x 7.3%

The baseline engine lube oil flow rate is 8.5 gpm. The flow velocity in

pressurized lube passages (lubeelines) is typically 16 ft/sec which requires a
flow area of 0.09 1.2, equivalent to a 3/8-inch-diameter tube.

4. rr34 - IFG/S Engine Dynamics

The purpose of this 1nvastiga'ion was to determine the dynamic behavior

- 0f the modified TF34 engine with HP-shaft-ounted generator/starter rotor and,

once these dynamics have been determined, to compare Chem to those of the baseline
TF34-100 engina.
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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 IEG/S configuration, under 1/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:

® LP reference resonances are reldiively unaffected by the introduction
of a generator/starter.

e The HP reference resonances are not significantly affected, but the
casing/gas generator (CG) bending mode and compressor/3-sump

translation mode chaiacters are affected in the following ways:

- The casing/CG 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 bearipg for the
4 IEG/S configuration. ' , |

; ' : -  The ‘compressor/B-sump translation resonance is unaffected by
¥; . | the 1EG/S since the PM machine. is located at a node for this
resonance. However, the percent potential energy in the No.

3‘bcar19g is reduced by a factor of 4 for the IEG/S design.

e The TF34-[EG/S design will produce high No. 3 bearing loads from
1&,000 to 16,000 rpm because of the sensitivity'of the. fan case/
fan frame and fan }rame/A-sump fesbnance caused by generator
rotor unbalance.

® The'IEG/S integration is appeptable except for tﬁé.possibiliﬁy

.. ~ of high No. |3 bearing loads at idle due to generator-rotor and;or
' High Pressure Turbine (HPT) unbalance (Figure 47), either of which

. would affect the No. 3 bearing life.

¢. Recommendations

The following relcommendations are suggested to lower the No. 3 bearing loads:

e The IEG/S rotor must be well balanced, since it will produce
high No. 3 b aring loads'é; gas generator idle.
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TABLE 58

RESONARCE COMPARISON BETWEEN
- TF34 BASE AND IEG/S DESIGN
1/REV HIGH PRESSURE EXCITATION

MODE CHARACTER " TF34 BASE TF34 IEG/S

Front Frame , ‘ . 1201 1253
Engine Pitching, Rear Mount L 1902 ' 1897
Engine Transmission o . | ' 2470 2513
Fan Case/Fan N ' 2924 2997
Front Frame/A Sum; o : 3485 3841
HPT/Casings/Front Prame : 4140 5380
Casings/LP Shafﬁ _ | 4712 4353
Fuel Control 'f  3 7130 7212
Fan/LP Shafr | 8363 7475
LP Shaft/LPT/Fan , | 8531 8476
Casings/GG Bending: C 9370 | | 2965
" Fan Case/Front Fr;me o , © 13362 ' 14365
Front Prame/A Sump | 14565 . 1872
LPT Bending/C Sump | ‘ ) 15575 15449
 Compressor/B Sump Transmission o 18121 ' - 18140
LT Shaft Bending o 18893 : 17346

-




W~

TABLE 59

RESONANCE'COMPARISON'BETWEEN
TF34 BASE AND IEG/S DESIGN
1/REV LOW PRESSURE EXCITATION

MODE CHARACTER |

Engine Pitching, Rear Mount
Engine Transmission

Fan Case,Fan Transmission
PT/HPT Transmission
HPT/Casings Transmission

Compressor Case Bending/
HPT/Fan Case Transmission

Fan/Compressor Case Transmission

Stators/(Int. Starter)

LPT  Shaft Bending

TF34 BASE

2008
2653
3932
4607
5456
6560

8837
11876

12264

YTFB& IEG/S

2005
2594
3945
4661
5401
6538

8784
10169

11631
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e 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 stundy assumed a soft No. 5 bearing

with the No. 2 and No. 3 bearing stiffness characteristic unchanged from the
basr . ‘ne engine. '

a. Results

Figure 48 1s 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 1EG/S rotor. '

b. Conclusions

The IEG/S radial air gap change is most significantly affectéd-by HPT
unbalance and to a lesser 'extent by unbalance at the IEG/S rotor.

¢. Recommendations

The HPT and 1EG/S-rotor will need to be well balanced to maintain acceptable
clearance changes for the 1EG/S.

6. Containment of Failed Rotor Parts

In the event of a rotor shrink ring failure, the rotor pafts - shrink ring,
hagneta, and pole pleces ~ are to be retained within the forward sump area. Two

principal ways of establishing the neceicar&'requirenen:s can be considered:

1. The outer containment shell can be made strong enough to contain.
the iupact of the rotor pieces. Iq order to achieve this, the
outer shell must be déstgncd to withstand twice the pressuré level
these parts create » maximum overspeed.

2. The total energy in the rotor to be absorbed must be limited to
the plastic weformation of the containment ahell:vtchou; rupturing
this shell. ' | '

In the f.rst. approach the radial pressure level of the rotor parts is i
. reflected in the hoop stress of the rccainiﬂk ring. The stress level in this B
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ring is already so high that either a stationary retaining ring of the same
thickness would have to have 300,060 psi stress capability or else a stationary
retaining ring of the nominal stress capability would have to be twice as
:Hick. This éapability would require an impractically high weight.

The conditicns in the second approach are best fllustrated by an example.
Taking the rotor dimensions and maximum overspeed fof the 120 KVA PM generator

for the TF34 aﬁplication in its final version, one calculates for a ring of

4.87-inch axial length, 3.9-inch outer radius (Ro), and 1.<>-inch radius (Ri) a
total energy of
E =. 228,600 ft-1b .
- 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 necessar§ to plastically deform these parts (up to tensile strength) are

found to be as follows:

Permendur Stator Core = " Ed = 28,340 ft-1b
Medium-Carbon Steel Cooling Shroud . Ed = 15,660 ft-1b

Aluminum Frame (XA201.0-T7) . Ed = 14,030 ft-1b
for a total deformation energf of |
Ed = 58,030 ft-1b

This 1is a quartér qf the total rotor energy. Tﬁus if all the disks on the rotor
were to fail at the same tine; it appears that an additional containment wrapper

. would bde needed, such as the kind used in aircraft engines to rétqin'btoken-off .

blades. (The F103 uses a szlar'vrappet for the fan blade iéction.§

It is extremely unlikely, however, that-s rotor built from multiple disks
will have all its disks fail at once. More likely, the disks would fail one at
3 fi-e.‘ In the cnsc‘qf four disks the stator seems to have sufficient energy
absorption gapabiliti {through deforyltioh) to céntain.:bit one disk.

Presently available analysis methods make 1t'¢ittcnn1y difficult to
accurately analyze the subsequent disk failures and their coutginnént. It is not

~ sufficiently understuod how much energy absorption pnﬁlbilicy the stator materials

have 1f. they are exposed to a dynamic deformation process over an extremely short
time span. In order to describe vhgt happens in a subsequent disk failure one
needs to define the state o: the machine after the first failure. )

=
N
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Presently, whenever these kinds of problems occur the development of the
selected methnd of contairment is based on extensive testing. (The centainment
wrapping of the four stages for the F103 engine has been developed that way.)
General Electric Company Corporate Research and Development is pre#ently devel-
oping contafinment structures for multidisk flywheels utilized for flywheel
energy storage applications. It is therefore suggested that the containment
approach be the subject of a spécial program which investigates the failure
behavior of such a rocor 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 protection 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 Starter/Generator and Engine

a. Starter/Generator Description

The following starter/generator description is based upon the starter/
generator developed under Air Force Contract P33615474-Cj2037, and can be
considered as scaled down from the contract 150 KVA machine to this machine which
has a 120 KVA rating. Thus, the céncepts 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 conflguration can be better under-
stood. ‘

b. Starter/Generator Overview

The utar:er/geherator system rated at 120 KVA is a peraanent-magnet radial

. air-gap machine with nine-phase output winding and a permanent field provided by

rsre earth magnets that are contained in an all-metallic rotor.

The starting capability is provided by application of pbvet’fron the

~ corverter to the genctatot output vindingl. The generator will ‘therefore operate

a# & drushless d.c. motor. Sensors are uscd to detect ansular relationahip
between the rotor polco and phase vindingl. functioning as the commutator, such
that power csn be spplied o the propcr phase to nchicvc thc tequited engine

" starting torque..




M"z’;_ _ ‘

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 1s cocled by oil circulated in discrete channels aronnd the
stator frame.

This type of starter/generator is considered inherently more reliable than
conventional, wound-rotor-type a.c. generators sin.e the generator does not
contain rotating windings ' eliminates the use of rotating rectifiers, has but
one output winding, and is simplified by uesing 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

lengthk. Additional machine details are shown in Table 61.
Rotor

The rotor ié an 18-pole ring segment design with four ring segments 1.16
irches long and 7.80 inches in diameter. Each Segnent 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 assewmbly 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 qtrength 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 alignment of the k-nub segment, and provides n'positire anti-rotation
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TABLE 60

FINE TUNING OF 120 KVA MACHINE DESIGN

DIMENSION ’ TRADEOFF DETAIL DESIGN

5 ' Rotor Diameter . S - Y+ 7.800 in.
! Stator Base Diameter ' 8.112 7.934 in,
Punching Diameter 9.214 © 9,142 1n,
Magnet Height ‘ ‘ 1.210 1.373 in,
Magnet Lenggh 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 ia.
Volume (electromagnetic) 473 407 1n.3
Weight (ele;tromagnetic) 75 | 75 1b
Losses 9.32 9.1 kW

(2 p.u. load)

f! L e AR



Pole Pairé

Base Frequency
Phases
Turns/Phase

Per Unit Pole Arc
Gap Flux Density

Number of Slots

TABLE 61

Stator Bore Diameter

Slot Width

Slot Depth

Slot Opening

Stack Length .

Length Over End Turns
Yoke Thickness
Punching Diametét'
kotor Diamater
Shrink ,Rﬁ.ng Thickness
&gne: Height

Magnet Length

121! Losses at 2 p,u, Load

Iron Loueé at 2 p.u,

Load

Weight Total Electromagnet

Roi:or Weight

FINAL MACHINE DATA FOR 120 KVA GENERATOR FOR TF34 POWER LEVEL III APPLICATION

9

1407

9

12

a.5

52 KL/tn.?
108
7.934 in,
0.135 in,
0,426 1n.
0.070 in,
4.633 1n,

3.722 in.

00179 1!1.

9.142 in.
7.800 in.

0.510 in.

1,373 in.
0.591 in.
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Magnetic
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Hub

Shrink
Ring

Flowpath

Nonmagnetic
" Member

Permaneat
Magnet

~__Magnetic
Member

Shaft Sleeve

Figure 50, Rotor Cross-Sectional View,
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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- 10 (Bd’ 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 machipe design was optimized in the slot opening/air
gap geométry. 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 prtface;. The advantagé of open slots is their low slot leakage ]
reactance. '?inite'element analysis methods were used to determine slot leakage
and slot harmonics cffects, an&‘working from theée findings the ratio of ai
gap length to slot cpening was balanced in order to minimize rotor surface losses :
while keeping the overall' commutating reactance constant. This was achieve
by compensating for an increase in leakage reactance by a decrease in snchyonous

reactance. The calculations indicate that by ;educing the slot openings from

ey

i . 0.135 inch to 0.070 inch (air gap length), the eddy current losses at full-
; " ' load top speed would be oaly. 300 watts. '
g;' . - Shrink Ring The shrink ring provides the necessary support for the

~
¥
%

TN

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 ring
allows the effect;ve magnetic air gap to be aignificantly reduced and in turn to
mininize 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 thicwness for

this machine is 0.510 inch.

.Rotor Assembly - The finished rotor has an outside diameier of 7.800 inches

and a stack length of 4.633 inches.

Stator - The stator is similar in construction to other conzentionel‘a.c.
machines. It is constructed with a wound laminated magnetic core and an oufer'
aluminum shroud of nigh-strength aluminum alloy. The laminated cove 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 foliows:

Stator Core - The stator core material selected was 0.006-inch-thick vanadium-
cobalt-iron, an alloy commonly known as '"Vanadium Permendur.” This alloy, f
when broperly 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.ang
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 f;om 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 ﬁhase,
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'eoppee conductors, which are,
enameled with quadruple-build polyimide to enhance phase-to-phase and phase-to-
core iusulation reliability.

The coil turns are wound in strands, or im multiple, to reduce "skin
effect” 12R losses. : The strands are transposed in the end turns to cancel cut
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 ectry and exit of the
slot area against cut-through on the steel lamination corners. This protection

will increase the winding reliability.

End Turns - The phase winding end turns are formed back from the bore
and against the insulated extended aluminum shroud member to. prcvide close
contact vith the thermal circuit for oil cooling. This arrangement provides
important cooling of the phase windings and supplements the transfer of heat
ffou the slots.: The phases are additionally insulated frow e.izh other in the
end turns using 0.003-inch polyimide film insulators.

Connections and Leads -~ The terminations of phzs. windinegs are brazed with

connections of each phase made to a multiple-wrap-pol’yicide-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 windihg would be impregnated with

multiple vacuum-pressure processing. This e mpcand and process assures maximum
slot f1ll and coil bond to effect best trancier of heat from the slot and end

turns into the core, aluminum shroud, s:..! cooling oil in the frame.

Winding Support - As shown in ¢igure 52, support would be used to help

support the winding end tur:s ind lead connections as well 18 provide prntection

vhen the rotor might strike the end turns during usssmbly.

8. Other Electrical Sveiem Comporante

The following icction proviins the fuacticaal deocribtion of the remaining

' parts, other than the roto~ and statcr. assccs .¢ad with the starter/generator.

a. Protection Device (Disconnect)

As discitesed previously, the protection device selected is fuses. The fuse "
selected {s a rectifier-type fuse with the following characteristics:

.  Size: . . .
Puse Dismeter 1-7/32 inches
Puse Length ' 2-1/8 inches
Blade Length . ' 3-5/8 inches
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Stator Shpport
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Pigure 52, Conceptusl Sketch of PM Stator llndthg Support,
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Rating:
1p.u. Continuous
1.5 p.u. ~ ¢ 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 windiﬁgs are terminated in threaded power studs. ‘There
are nine neutfal 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 1nserte§ 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

poaitioned around each phase neutral lead. The transformers will be located

on the terminal/fuse board. These current transformers will provide a signél
to the converter with indications of phase current unbalance and high

frequency feeder cable fault.

Speed Sensor - Tbree'ﬂall-éffect elements will be used to provide rotor‘
position and rotor speed sensirg during starting. Each of these elements pfbyides
“an output signal as a function of naghetic flux. They are located 120 electrical : 1
aegreos 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 laminated silicon iron laminations is utilized to ‘.
increase the magnetic flux through the Hall element. The leads oflthe.Hail-effect |
device are covered By a shield to eiiminate noise signals that might_ﬁe generated
in this signal device. The shielding is terminared adjacent to the control
connector, and the Hall generator leads are terminated 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 above the
generaior 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 current
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 coﬁnectors on the other. This arrangement will
allow the generator tc be removed from the engine without puiling the cables.
These cables would be spliced into a harness assembly and sealed by a removable
plug on fhe outside of the engine. High frequency cables with comnectors on

both ends will be routed to the remote-located.converter. The high frequency

cable within the engine and ocutside 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 aﬁps'

" Cable cover shield 97 percent min
Jacket . . Teflon -
Diameter ' : 0.486 inch max .
Weight - . 0.277 1b/fe

Bend radius ' , 4,86 inches min

a. Generztor Losses

The calculated generator losses are shown in Table 62.

b. System losses

The -ystei'lossea cbﬁstsc of the (anaratbr losses plus converter losses.
They are shosm in Table 63. ' o

10. Thermal Insulation Life Prediction

A thermal analysis using a three-dimensional -quh netvork was applied to
the rotor and stator to establish the winding hot-spot temperature. The winding-
end turns vere found ‘to be 160° C at full load, top speed with am 80° C oil.

AN
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TABLE 62

CALCULATED GENERATOR LOSSES

Generator Losses (kW) at Base Speed

1 p.u, , 3/4 p.u. 1/2 p.u.

1.5 : 1.5 1.5
0.2 0.2 0.2
1.8 ' ‘1.8 1.8
1.5 . 0.8 0.4
5.0 4.3 3.9

Generator Losses (yy) at Top Speed

1 p.u. _ 3/4 p.u. 1/2 p.u.
2.3 2.3 2.3
0.6 0.6 0.6
4.2 a2 4.2
1.5 : 0.8 . 0.4
8.6 7.9 7.5
179

1/4 p.u.
1.5
0.2
1.8

2.3

3.8

1/4 p.u.

2.3

4.2

0.3

7.4




TABLE 63

SYSTEM LOSSES

I per unit (p.u.) system locad = 120 RVA

System Losses (kW) at Idle Speed

System Load . 1 2.u: 3/4 p.u. 1/2 p.u.’ 1/4 p.u.
kW nZ kW n% kW n? - kW nZ

Converter 5.9 95 4.8 95 3.7 95 2.6 94
Generator 5.0 96 4.3 95 };2 .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 ' B
Power Input 124.9 9.6 ' 64.6 34.9

System Efficiency, 91.3 90.4 : 88.2 81.7

Percent : : o :

System Losses'(RW)'gt Takeoff Speed

System Load 1. p.u. 4 pew. U2 puy. 1/4 p.u.

kW nZ kW X kW ﬁz f'kw' a2
Converter ' 8.6I'93 7.5 93 6.5 9% '5.5 ' 85
Generator 8.6 93 7.9 92 7.5 88 7.4 79
Total Losses ~ . 17,2 | 15.4 14.0 | 4 12.9
Output at 0.95 PP 114.0 85.5 o .00 s
Power Input 131.2 100.9 - 71.0 41.4
System Efficiency, 86.9 84.7 80.3 68.9

Percent : -
-
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inlet temperature. This was for an operating schedule of:

91.55 percént of time at less than 82 percent speed (100 percent = 17,400
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 percent speed

0.05 percent at 2 per unit load and 100 percent speed

The above hot-spot temperature gives an insulation life prediction.bf

~ greater than 180,000 hours. This is based upon life expectancy dita for

insulation systems used on similar aircraft generators. The current d»ﬁsitf at
full load for this machine is 8500 A/in.2

11. Generator Reliability Assessment

A detailed reliabiliﬁy study was not conducted on the selected machine
bacause of its similarity to the rotor comstruction 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 i3 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 ercgntriclties.

For a cylindrical PM machine, these forces are deriyed'fron the following

‘equationﬂ The PM-type cylindrical design is charactetizeq by a aynchronous

reactance in the direct axis, which 1s gcﬁerally less than the synchronous
reéctance in the quadrature axis. This is conttaéy to electrically excited
synchronous ma-hines and will also be reflected in the force equacion. |

For the unsaturated machine at no-load one can arrive at the eccentricity
force equation Jisted below.

DR_° HI 42 - -3y

r e 2
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TABLE 64

RELTABILITY ASSESSMENT
FOR '
INTEGRATED TF34 ENGINE STARTER/GENERAIOR
'~ POWER LEVEL III (120 KVA SYSTEM)
CYLINDRICAL PERMANENT MAGNET MACHINE

ROTOR | | PART FAILURES/10® moums
Magnets * 4.49896
Weld Joints * ' . : 6.74844
Shaft Internal Fit 1.20188
Keyway | : 0.15360
Key | 0.35260
Wavy Washer 0.2000

13.15548

STATOR
Stator Coil : | 0.47709
Elec; Conn, . I, . : ‘ 0.16737
" Interference Pit . | - 0.30047
O~Rings X - 1.50400
‘Attachment Holes o +3.02204

. 5.56097

Total WTRZ Hours: 33,428.94
*  Aosumes lfour (4) rotor dhlju' to make total stack length.
S 18 AU

e

13.15548

5.56097

18.71645




or: F=pDR eur | BT h® Py - S5 -l 2 .2 (14)
27 * yo. e, o+ % e op )2
| . Lt
K 4 O J

‘With DR . = rotor diameter
HI = sgtack length
- Br = remauence flux density of‘uagnet'
F = tntal magnet leakage permeance

LE
s = effective design air gap

OE .

KFI' = yoke flux constant

K = gap flux constant

T = bole pitch

€ = A 'gap/effective design gap

LB. = difference in air gap flux densit} between two
8 points in the air gap 180° apart.

Por the PH‘machine selected the resulting force is

P = 538 xe? (b)),

where the effective air gap is 0.071 inch. However, saturation will significantly

reduce this force by increasing the nagnetically effective air-gap length. For
the above example, the nngnetically effective air gap becomes

GSNLE =0, 180 in.

‘Table 65 illustrates the effect of saturation for no load and full load.
Tae full load point also cakes into account the effect of armature teaction. as

1nd1cated. In total, no sisnificant eccentricity forces are expected.

€. COMPARISON OF SELECTED DESIGN UITH‘BASEtINE~T736

These comparisons do not include total impact on the aircraft, which is
- beyond the scope of this study. The impact of replacirg hydrauiic lines and

actuators with the larger-sized electrical cables and the electric motors is not

included. These are a part of the subject being addressed in studies of an all-
electric aircrafe. Hore accurate co-perieon‘ do require cousideration of the
impact on the total aircraf: and would require the participation of an asir:

fta-er in the study. PFigure 53 shows the Laseline TF34 engiuc with conventional
geerbox--ounted nccecsorico. !er@icr, Pigure 44 showed thc selected 1EG/s integrated

'icto the TP34 engine. A comparison of major design cherecteriltics pertaining

1“ . _. . R ’ ’ .',v ‘ ' -
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TABLE 65
ECCENTRICITY- INDUCED PORCE VS. SATURATION

Geometrical air gap 3.067 inch

B

Eccentricity = 0.022 inch (33 percent)
Load Gap.,1In. . T4 F, 1b
No Load unsaturated 0.071 2.27 39.2
No load saturated 0.180. 0.111 3.0
Full load saturated 0.085 0.235 136 *

*Also includes effect 'of reduction of air gap flux density by armature
reaction.
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Pusl -Cont red

Al Btertey

Baseline TF34-100 Layout.

Figare 53.




to the differences between baseline and IEG/S configuration is discussed below.

1. Weight
Weights are elther actual TF34 component weights or calculated from
preiiminary design layout drawings. Table 66 gives a weight compariscn beiween

the baseline and IEG/S ccenfiguration.

2. Relisbility
The PM machine IFG/S design derives 1ts superior reliability through less
parts and the elimination of mechanical wear components in the electrical

secondary power extraction system,

A comparison of reliabilities between baseiine and TEG/S svstem {3 given {in

Table 67.

3. Efficiency

Teble 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

Initiai costs of major componenté are lisi:d in Table $9 for the baseline

_and the IEG/S system. Costs are based on a production lot of 250 units and 1979

dollars.

WAL e N

5. Comparison Sumhagx

o

Table 70 provides an overall comparison between the selected IEG/S~TF34

and the baseline TF34 system.
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TABLE 66
WEIGHT SUMMARY - BASELINE AND 1EG/S POR A TF34

Basellne - TF34 TEG/S - 1P
Item Weight (1b) Item Weight (1b)
Mech. Drive System 134.9 120 KVA SmCo Gen. Start. 108.0
30/40 KVA 1DG 78.0 120 KVA Cyclo Converter  96.0
Air Turbine Starter 22.0 Additional Eng. Stmcturg 10.0
Air Start Valve , 7.0 Additional Eng. Shaft . 5.0
Start - Atr Duct , 4.0 2-ft power cables 3.5
Bleed - Air Duct 5.0 Electric Disconnec: Assy. 10.0

LDE heat exchanger and hoses 8.0 10 k¥ Motor for Fuel/Lube

Pusp (Porce Commutator

P brushless motor and
electronics; 34.0

iy w—

Total : 258.0 1b 267.0 1b

TABLE 67. RELIABILITY SUMMARY - BASELINE AND IE(F/S FOR A TF34.

3aseline - TF34 LRG/S ~ TP34 |

VTBF : - MTBF
Ttem ’ ‘{ours) Item o : ('6 | (Hours)
‘Mech. DriQe Syaten(]' 34,600 PM cyl. Hachtnelvisconnect ) . 50,000
30/40 XVA IDG EI1. Syste-(z) ' 979  Cycloconverter : 10,000
Aif Turbine Start Sylte-(s) 471 . EBlectric PM Motor for PuellLube
Pump Electronics(3) = 10,000
' System MIBP (Hours) 315 System MTBF (Hours) . 4545

Sourcc:. (1) GE-AEG data dank
(2) APM 66-1 data 6 mo. Ave. ending 30 Aprt‘ 1979
"(3) APM 66-1 data 6 wo. Ava. ending 31 January 1978
(4) Calculated relisbility (see Seciion VII-8-11)
(5) Estimated ‘ '
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TABLE $8
EFFICIENCY COMPARISON BETWEEN
BASELINE TF34 AND IEG/S TF364

30/40 KVA IDG 120 KVA IEG/S
ldle  T/0 Idle T/0
Accessory Gearbox Loss, = 2.3 2.3 . - -
75 xw, n = 0.97
Electrical System . 16.6 *  19.8 * 10.9 #a% 17,2 *
" Loss, k¥ '
Pump Motor and - - L1 1.7
Electronics Loss, kW ‘
146 XW; g, = 0.88
TOTAL 18.9 22,1 - 12.0 18.9

System Eff{ciency 0.80 n.77 . - 0.90 (.86

1 = Power-Out
Power-In

* Based on actual IDC system daty on 40 KVA 0.9 PF pcrrfigurt Se.
(Reference: manufacturer's test report ATR-1186 Figure 3, Appendix 1.)

*%  Based on 120 KVA, 0.90 PP and a systew efficiancy of 89.3 percent at

idle speed and 83.7 percent at takeoff speed. (Reference: calculated
data from Table 63. '

- ! . I

o e - #




Heat Loss, BTU /min

011-In Temperature: -275% P

Ref. CSD S$/N 102, Generstor
8§/8 WU-7, Test Date 10~
18~-74

1400

1300

1200

1100

1000

4004 500

10,000 12,000 14,000
' 1Input Speed, rpm

16,000 18,000

<'l'lgu*u 84. TF34/IDG Heat Rejection,
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TABLE 69

COST COMPARISON

Baseline | 120 KVA - IEG/S
30/40 KVA System Generator ' $4723 Cyclocbnvertef
GCu ‘ . 1410 IEG/S
CSD 22250 El. Motor and Controls
CSD Fuel/0il Cooler 1550
Fréquency Control Unit : 1000
Control/Alternator | 1000
Air Starter . o 4600
Alr Starter Valve 1300
. PTO Gearbox ' ‘ 6300
AGB Gearbox 21000
‘Total © $65133 "

199,

$31000
22000

5500

$58500




TABLE 70

SYSTEM PAYOFF COMPARISON BETWEEN

BASCLINE TF34 AND SELECTED IEG/S TF34

BASELINE TF34
Weight, 1b } base
SPS relfability, MTBF 315
(hours)
SPS Effictency 80 ro 752
Maintainability/ 35 min./LRU
Accessibiliy replacement time
SPS Overall System base
Efficiency :
Frontal Ares base
Initial cost, for - base
250th untc, $
Life Cycle Cost ac 10 base

Years and 726-Aircraft
Fleet, $

190

SELECTED IEG/S TF34

+ 9.0

2

4545

83 ro 827

6 hours replacement
time for IEG/S

9% improvement

Same as base

_ 5.6K < base

1/2 base

é
!
I
s
H




SECTION VIII
CONCLUSIONS AND RECOMMENDATIONS

The results of this study conclude that the SmCo, IEG/S concept is
technically feasible and offers potential advantages over present secondary
power generation systems in specific applications, specifically low bypass
engines. .
fhe ptlmary potential advantages of the IEG/S concept comﬁared to convgn;(onal

aircraft systems are:

o higher reliability
less maintenance

e ' lower life cycle cost

The overall effect and payoff of the IEG/S system versus a conventional
system, however, cannot Se determined by Ehe engine designer or by the IEG/S
system designer. It is therefore recommended that an evaluation of the advantages
snd disadvantages of the IEG/S syatems be accomplished at the isircraft system
level, _ ‘>

The proposed sctudy program should estabiish the overall payoff and effect’
_of the 1EG/S system for advanced military aircraft with respect to mission
requirements and economic¢ considerations. This atudy would furthef include
aircraft secondary power distribution, conversion, and utilizacion equipment for,
the rolluwing subsystems: ' ‘ |

e Flighkbcontrol, primary and backup

° Utilliy power (doors, landing gear and flaps, brakes, nose gear,
steering, =tc.) - L ' , i; R
Lizhting. and instrumentation
Environmental control
Comrmunication/navigation
Anti-icing/de-icing
APU ataétins (1f applicable). . ‘

The potential advantages of the IEG/S i{s most significant for Power Leve!ls

[112 and II1 for low bypass engines in high performance aircraft of near-soﬁic or

supersonic operationsl 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 {rontal
area, especially in low bypass engines. The reduction in engiﬁe frontal area
results conéequently in a reduction of aerodynamic irag, thereby improving
atrcrafe perforﬁance. Modern high bypass turbofan engines, however, can have
the AGB mounted in the fan frame shadow, inboard of the fan bypass duct. This
arrangement offsefs the IEG/S advantage of engine'frontal area reduction. The
elimination'of'the accessory gearbox and the gearbox-mounted accessories,
however,_fmproves engine uainfainability as well as simplifies the engine cowl
and the nacelle configuration. The advantages of electrically ariven engine
accessories are that they can be freely located for ease of maintainability
and they provide variable-speed qperation capability. Pumps driven by variable-
speed-controlled PM motors can meet varying flow demands independent of engine
speed, thereby'inproving pumping efficiency. Improved pumping efficiency keeps
the fuel temperature rise lower and increases thé cooling capacity of the fuel
for engine o1l cooling.

‘ The reliability of the IEG/S - inclucing 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 rots shaft and using an electric (fused)
nonresettable disconnect without loving parts, provides a prerequisite for
attaining. the required reliability goal of at least 50,000 hours MIBF. The

study shovs that the IEG/S. excluding the cycloconverter (external to the
engine) has the potential for achieving an MTB? in excess of 50,000 Lours.

Thc need for IEG/S accecoibility inside the engine 18 less. important
because of: .

e The absence of periodic msaintenance requirement

¢ The absence of life-limited wear 1tel-

o High IEC/S system reliabilitry

Thoréforc, replacement of the IEG/S end related components could be schedﬁled
to ccincide with normal engine -lintcnancc. '
The application of the IEG/S concopt has its highelt payoff potential for
_ high-pcrfotnnncc aircraft with low bypass engine(s), in which the frontal area
" of the engine installation (nacelle or fuselage) iq influenced by the AGB package.
The IEG/S. concept in dunl-opool; high bypaco‘turﬁofqnu does not ihov'a bdyoff |
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since there 1s 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 secondafy power system in addition
"to good access and without increasing the engine frontal area.

The applicability of the IEG/S to specific engines, therefore, 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 magnet machine mounted on
the HP shaft can achieve 50,000 hours MTBF. This improvement in relfability
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 1life cycle cosé of the IEG/S system is favorable in comparison
to a conventional secondary power sygtem; Since there is no maintenance require-
ment for the IEG/S (to coincide with engine maintenance), naintenance costs are
reduced' because of a dramatic seduction in the number of componeucs. 'The entire
mechanical accessory drive system (with all its bearings, seals, and gears)
would be eliminated together with the pneumatic ctartcr; starter valve, air
ducting, IDG, control alternator (hydraulic pumps in the case of the all-electric
aircrafr), and gearbox mounting syacen,laﬂd the hundredc of carwonenta which make

up the above assemblies.

Simnlified System

The secondary power systeam components on the engine are reduced to:

™ -acﬁlﬁe/ocfcgy disconnect

cycloconverter

va electric motors sad their control cyséa-
fuel and lube pusp.
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Flexibility of Engine Accessory Location and Oparation

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, tubes, air ducts,
and.electric wires in-a small space underneath the core cowl makes engine main-

tenaunce easier and less costly.

Improved Electric System Haintainahility

The hydromechanical constant speed drive (CSD) would be replaced'by the
electronic cycioconverter. Unliké the CSD, the cyciocoavetter requires no
mair.tenarce and has no wearing parts. (Generator bearings, seals, and—quill
‘ghafts are not needed.) The superior reliability of the 1EG/S elerric system
makes it easier to maintain. . -

For the long~raﬁge prospects, electronic components will become even more
reliable due to growth (the use of fower parts) and improvements in a

relatively new technology.
Efficiency
The TF34-IEG/S system power extraction efficiency sncws an 11 percent
advantage over the conventional system (based on Power Lével III). |

Weight

The weight of the 120 KVA PM generator is 108 1b or 0.90 1b/KVA. The . P
IEG/S system weighs approxinqtély the same as the conventional system. The
Power Level III IEG/S system, however, will show a éignifican: weight advantage

at the aircrafr level Becau;e of the elimination of bleed-air ducts. hydrauiic

lines, and asspbclated equipment.

Engine Frontal Area

The‘epgi e frontal area of some ccnventional engines (particularly low
bypass engines) is affected by the engine-mounted accessory gearbox and the
accessories. High bypass engines have muitiple choices for their AGB location.

The two most common abunting 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 asymmetry and additional scrubbing due to the
cowl pump over the AGB location, where applicable. The all-electric power
extraction, for example, céuld be achieved by a gearbox (core-gearbox)-mounted
PM-generator/starter, which would have the same advantages as the IEG/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 FUTURE PXOPULSTON SYSTRMS,

The applicability and feasibility pf the Level III TEG/S with s3aCo,
Permanent Magnet technology have been proven by analytical methods provided in
this report.. The IEG/S applicability to other engiﬁes can be predicfed, but a
detailed study must be performed for each individual applicationm.

Low ﬁypass or pure jet engines (singie spool) for high performance aircraft
with near-sonic or supersonic aberational spéed have the highest pocontial payoff
‘ for an IEG/S due to frontal area drag readction (especially in wing-pod-~ or
fusélage—pod;hounted configurations). This application would be most effectiye!y
‘Integrated into the des;gn of a new low bypass engine.

The TEG/S concept. would also have a good applica-ion in a gimplified’form
(no safety disconnect) and Power Level I configuration for a cruise missilc
appxicatioﬁ. Further studies are recommended that would examine the payutff and
application potential of the IEG/S for militaty‘gircraf:. This study would
preferably be a cooperative effort betWeenlan airframe manufacturer‘and a
propulsion engine manufac;urer. Three distinct types gf milirary aircrafr
(fighter, transport, and RPV) .should be studied to conclude assessments of the

worth of the IEC/S concept at the aircraft system level.
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APPENDIX - DRAWINGS
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TABLE OF CONTENTS

SECTION 1.0 IEC/(S) CONCEPTS

LOW BYPASS TURBOFAN (F404)

POWER
LEVEL DRAWING NUMBER , TITLE
LAYOUTS - IEG/(S) INTERFACES
4013186-981 60/75 KVA Cylindricsl
4013188-978 /75 KVA 3 Disk
11 4013186-980 90 KVA Cylirdricsl .
b & 4013185-979 90 KVA 6 Disk
I1IA 4013271-032 ' 200 KVA Cylindricsl
. §47 4013271-033 200 KVA 8 Digk
PULL ENGINE CROSS SECTIONS WITH 1EG/(S)
1 4013271-204 6073 XVA Cylindricsl
11 4013271-205 ~ 90 KVA Cylindricsl
1IIA 4013271-206 200 KVA Cylindricsl
111A 4013271-207 200 XVA 8 Disk
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SECTION 2.0 I1EG/(S; CONCEPTS
HIGH BYPASS TURBOFAN (F103,/CF6)

POWER . .
LEVEL  DRAWING NUMBER . TITLE
. LAYOUTS - IEi/(S) INTERFACES

I 4013186-987 75790 KVA Cylindricsl

1 4013186-989 75/90 KVA 3 Disk

11 4012188-988 - 120 KVA Cylindricsl

11 4013186-990 1120 KVA 3 Disk

IIIA  4013271-030 300 KVA Cylindricsl o Ly

1IIA  4013271-031 300 XVA 12 Disk

FULL ENGINE CROSS SECTIONS WITH IEG/(S)

i 4013271-208 75/80 KVA Cylindricsl e

1 4013271-209 120 XVA Cylindricsl '
111A 4013371-210 300 XVA Cylindricsl

II1IA  4013271-211 300 XVA 12 Disk
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SECTION 3.0 IEX (S} CONCEPTS

SMALL TURBOFAN (TF34)

POWER' :
LEVEL  DRAWING NUMBER TITLE
LAYOUTS - IEG/(S) INTERFACES
I 4013186-977 30/40 KVA Cylindricsl
1 4013186-976 30/40 KVA 3 Disk
11 4013186-872 60 XVA Cylindricsl
II  4013186-973 60 XVA 4 Disk
IIIA  4013271-026 60/75 KVA Cylindrical
IIIA  4013271-027 60/75 KVA 6 Disk
169 4013271-028 120 KVA Cylindricsl
111 4013271-029 120 KVA 9 Disk
FNGINE CROSS SECTIONS WITH IEG/(S)
1 4013271-200 30/40 KVA Cylindrical
I1  4013271-201 60 KVA Cylindricsl
111 4013271-202 120 KVA Cylindricsl
111 4013271-203 120 KVA 9 Disk
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POWER
LEVEL

SECTION 4.0 IEG,(8) FINAL SELECTION
SMALL TURBOFAN (TF34)

DRAWING NUMBER TITLE

111

11X -

LAYOUT - IEG/(S) INTERFACES
4013271-257 | 120 KVA Cylindricsl
FULL ENGINE CROSS SECTION WITH 1EG/(S)

4013271-199 120 KVA Cylindricsl

SECTION 5.0 [IEG/S MOCKUP
SMALL TURDOFAN (TF34)

DRAWING NUMBER' . . TITLE
4013271-109  MOCKUP IEG/S 120 KVA
4013271-120 - MOCKUP SUPPORT -
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