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INTRODUCTION

1.1 Status - Current aircraft are characterized by two main forms of on-board
secondary power generation distribution, and utilization, i.e., electrical power
and hydraulic power. In general, hydraulic power is generated, distributed, and
utilized for the majority of the high power output actuation fuimctions such as
primary and secondary flight control surfaces, landing gear extension and retrac-
tion, brakes, nose wheel steering, etc. and electrical power is used for every-
thing else. This division of functional responsibility developed over the years,
largely as a result of the ever increasing demands of high performance aircraft

for higher levels of controllability in the presence of high "G’ forces, thus
making it necessary to amplify pilot forces with power actuators. The accepted
fact that hydraulic actuators have enjoyed many advantages cver electromechanical
actuators for high torque, high horse power application shifted the pendulum in
their direction. In the interim, since hydraulic actuation was accepted approxi-
mately twenty five years ago, many changes have occurred. These changes are dis-
cussed more fully in paragrapnI.3 but they lead up to the objectives of this study
which are stated here: '"Establish advantages/disadvantages and life cycle ccst
impact of hydraulic actuation and power-by-wire actuation of aircraft in the 1990 +
time frame.” A secondary objective of this effort was to identify technolegy needs
and development requirements for future aircraft actuation systems.

1.2 Scope - This program was conducted to satisfy the objectives listed above
under the following guide lines.

1.2.1 Conduct a trade-off study between a power-by-wire actuation airplane and one
that retains an engine-driven hydraulic syste for actuation. NOTE: A power-by-
wire actuation airplane was defined as either (1) removal of all engine driven
hydraulic pumps and hvdraulic power distribution systems and replacement with elec-
trical power generation and distribution svstems to the actuator location where
electrical power was then converted to hydraulic power for actuation or (2) same as
above except that the electrical power was converted to mechanical power for
actuation directly or (3) some combination of (1) and (2). Hybrid systems re-
taining engine driven numps for specific functions were considered viable options.

1.2.1.1 Use the ATS concept as the point of reference airplane on whiich the trade
study was to be conducted.

1.2.1.2 Use the 1990+ time frame as a design reference for all system options
included above.

1.2.1.3 Include other utility functions such as environmental control systems if
they became relevant to the basic trade.

1.2.1.4 Assess the trade on the basis of performance, reliability, maintainability,

weight,.life cycle costs, growth potential, survivability, and environmental
constraints.

1.3 Background - The advent of jet engines in the carly fifties greatly increased
the pertormance of military aircraft and made it necessary to supplement pilot con-
trol forces with power amplification (actuatcrs) at the control surfaces. At the
time these actuators became necessary there was, as there is now, two pcssible

power choices, electrical or hydraulic. As the weight and space penalties were
examined to make the choice, i.e., hydraulic or electrical actuation, there was no
real contest. Hvdraulic actuation was clearlv superior, if not indispensable. The
Jdevelopment of hydraulic actuation had reached the point where primarv control sur-
face actuation had become syvmomteus with hidraulic actuation. Nor was hvdraulic
actuation limited to primary control surfaces; landing gear retraction and extensicn,

1
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1.3 (cont.)

brakes, flaps and slats operation,, and auxiliary functions such as nose wheel
steering, etc. were all ccnventionally done with hydraulic actuation on most air-
planes. The development of engine driven hydraulic power systems to service these
actuation needs had therefore also evolved and matured over the years and had
reached a high degree of refinement. However, looking down the road to future
design, several significant factors were emerging which suggested that primary
flight control actuation, as well as other actuation functions, need not continue
to be done in the conventicnal manner.

Perhaps the single greatest factor that was stimulating the need to examine power-
3 by-wire actuation, as an alternative to conventional hydraulic actuation, was the in-
creasing importance of avionics and in particular fly - by-wire. Fly-by-wire signal
transmission dictates absolute electrical power reliability as a paramount design
requirement for future airbomme electrical power systems. There was, and is, a di-
rect conflict between the independent redundancy required for electrical pecwer
support of fly-by-wire and the longstanding independent hydraulic power redundancy
requirements to support flight control actuation. For example, on a single engine
airplane, with a four channel fly-by-wire system, if carried to the extreme, this
approach could have resulted in four engine driven electrical generators plus the
normal two hydraulic pumps.,

A second factor was the mounting cost to design, develop and maintain the engine
driven hydraulic power and distribution systems that were being implemented to
utilize the generallv admirable qualities of hydraulic actuators. These hydraulic
systems were plaged with leaks, conta mination, flammability and generally high
life cycle costs, particularly maintenance costs.

A third factor concerned the credibility of power-by-wire actuation as an alter-
nate to conventional hydraulic actuation, i.e., hydraulic actuators supplied by
engine driven hydraulic systems. In the twenty-five years since the adoption of
hydraulic actuators, several technologies in the electrical and electromechanical
area had emerged which warranted a reinvestigation of electromechanical actuation
for application to primary flight control and other actuation systems. Some of
these advancements were high voltage power supplies, permanent magnet motors using

rare earth magnets, electronic commutation and an improvement in solid state power
switching devices.
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2.0 STUDY AIRCRAFT DEFINITION

2.1 Baseline Air-to-Ground Tactical Fighter Requirements - An integrated base-
line set of 1990 tactical air-to-ground fighter mission requirements was selected
and is presented in this section. This set of baseline requirements provided

a foundation and framework within which the trade studies could be conducted.

The selection was based on recent studies (reference 31 through 33) and

represent a very likely set of requirements tor the time period.

2.1.1 Design Mission Profile Requirements - The baseline "most probuble"
1990's advanced tactical mission profile requirements turned out to be a high
altitude supersonic design mission with a mach 2.0 class penetration speed
supplemented by an alternate low level terrain following profile capability

in the high subsonic speed category. The specifics of the design sizing
profile and the alternate capability profile are presented in figures 2-1 and
2-2. The mach 2.2 penetration for the high altitude profile was selected
because it represented the approximate upper speed boundary for use of the
composite materials generally expected to be employed in the time period.

The mach 0.9 penetration selected for the alternate capability low level mission
was selected as a reasonable compromise between higher speeds providing better
survivability and lower speeds providing better target acquisition. The two
penetration design points selected also presented moderately high requirements
to the aircraft actuation system design in terms of hinge moments, temperature
environment and actuation rate requirements. Thus, these baseline design
profiles, while representing expected future mission requirements, als¢ pre-
sented moderate challenges to actuation system technology without preselecting
a particular type of actuation system through selection of extreme combinations
of requirements. The remaining requirement particulars indicated on figures
2-1 and 2-2 (distances, payloada, combat allowances, takeoff and landing dis-
tances, etc.) were selected as nominal representative values from recent
industry/government studies (reference 31 through 33). These latter factors
influenced size of the aircraft but had only secondary influence on secondary
power and actuation systen concepts, design and technology requirements.

Other mission profiles considered prior to selection of the mach 2.0 class
aircraft were; mach 3.0 high altitude penetrator, 0.7 low level penetrator,
and mach 1.2 low level penetrator.

2.1.2 Additiona: Design Criteria - The following paragraphs presert additional
design criteria tuat have significant effects on actuation system designs.

They have br en derived from the same industry/government studies (reference

31 through 33) that established the basic mission profiles and were selected
for their compatibility with the specific basepoint design mission profiles.

2.1.3 Service Life and Usage Criteria - The total service life requirement
for this type of aircraft was 8000 total flight hours, based on current DOD
policy to maintain a major aircraft in the inventory for 15 years plus the
assumption of one major short war. The combat usage consisted of 60 flights
of each of the combat profiles illustrated in figures 1 and 2.

Training usage was developed around the philosophy of providing adequate flight
time to complement a significant ground simulator training program. Limited
actual supersonic flight and low-level terrain following were scheduled to
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MISSiON SEGMENT (N M1) MACH (FT) end | (MIN)
A. TAKEOFF AND ACCEL TO
INITIAL CLIMB VELQCITY 9 0-0.81 o] 15.3
8. CLIMB AND ACCEL TO
CRUISE CONDITION 38.0 0.81-0,9 31,500 4.2
C. CRUISE-QUT 2442 0.9 32,800 27.8
D. CL!MB AMD ACCELERATE : 1
TO DASH CONDITION 67.3 0.9-2.2 59,000 3.9
E. DASH TO TARGET 200 2,2 6c,100 9.5
F. COMBAT ALLCWANCE* o 2.2 50,000 2.8 ]
G. O0ASH - TARGET TO
INITIATION OF RETURN 200 2.2 62,300 9.5 ";
DESCENT/DECEL ) ‘
H. RETURN DESCENT/DECEL 185.7 2.2-0.9 39,600 13,3
1. RETURN CRUISE 164.3 ‘ 0.9 4o,300 19,0
J.  LANDING/LOITIR ; 0 { 0.4-0 l 0 20.0
* COMBAT ALLOWANCE
3600 TURN AT P, = 0, MAX A/B ]
2.2M/50,600 FT
Figure 1. Basepoint High Altitude Design Profile Performance
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Lﬁ——- 350 NM

T.0. & LDG DISTANCE: <3000 FT GND ROLL

{A/G + A/A WEAFONS)
(A/G WPNS + FAIRINGS)

MISSION RADIUS

] 0
Y
G
e
E'
G 165 -;-l
FE3A

- MAX ACHIEVABLE

WEAPONS PAYLOAD - 5,480 L3S
PAYLOAD DROPPED - 5,030 LBS

DISTANCE ALTITUDE | TIME
MISSION SEGMENT (N M1) MACH (FT) (MIN)
A. TAKEQFF AND ACCEL TO d 0-0.81 0 0.8
INITIAL CLIMB VELOCITY
CLIMB AND ACCEL TO
CRUISE CONDITIQN 38 0.81-0.90] 0-31500 4.2
C. CRUISE-OUT 312 0.90-n,90f 31500-33000 | 35.50
DESCENT TC ODASH
CONDITIQN 0 - 33000-0 o}
DASH TO TARGET 165 0.9 0.0 16.6
COMBAT ALLOWANCE * 6 0.9 Q.0 0.45
DASH - TARGET TO
IN!TIATION OF RETURN 165 0.9 2.0 16.6
CLIM8
H. RETURN CLIMB 26 0.9-0.9 | 0.0-39000 2.8
RETURN CRUISE 324 0.9-0.9 39000-40200 37.5
J.  LANDING/LO!'TER 0 0.38 0 20.0

Figure 2.

o —— 4 e

* COMBAT ALLOWANCE:

3607 TURN AT P = 0, MAX A/3
0.94/0.9 FT

8CcM - BEST CRUISE MACH
3CA - BEST CRUISE ALTITUOF
BLM - BEST LOITER MACH

Basepoint Alternative Performance Evaluation Mission
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minimize structural temperature and fatigue design requirements, however,
adequate airborne experience was accumilated in high- and low-level missions,
navigation, inflight refueling weapon delivery tactics, etc. Allowances were
included for the extra landings due to touch-and-go practice and routine
around-the-field maintenance checkout flights, etc. Six basic training mission
prcfiles were developed based on current tactical fighter training schedules,
modified as appropriate for the capabilities and tactical employment envisioned
for the advanced fighter. The field-go-arcund profile was added to the other
profiles or conducted independently to represent touch-and-go training activi-
ties or short maintenance checkout flights, etc. The basic mission character-
istics are illustrated in figure 3.

The average number of flights flown per aircraft each year on each of these
profiles were:

Mission Profile Avg. No. of Flights/Yr.

Ground attack tactics 54.2
Mission support 21.0
Low-level strike with refueling 20.1
High-level strike 16.9
High-level strike with refueling 12.3
Supersonic combat profile 2.4
Extra field-go-around plus landing 153.1

80.0

The flight operations indicated ahove impose 4320 ground-air-ground cycles

on the average aircraft for the specified usage. The flight-hour usage
accumlated in each of the mission legs illustrated by the totality of flight
operations indicated in figure 3 plus the combat operations was the basis

for projecting the structural fatigue life spectra, thermal environment design
criteria and secondary power and actuation system component duty cycle require-
ments. Estimated vehicle total lifetime hours usage is shown on table 1.

Based on the usage presented in table 1, a single composite mission was
developea which if repetitively flown would produce spproximately the same
cumlative individual leg usage as noted in the table. This composite mission
profile is presented in tigure 4. Use of a single design mission of this

type facilitated development of detailed design criteria for the aircraft usage.

Because aircraft actuation system component duty cycles are influenced by the
maneuvering and gust upset restoring requirements by mission leg, the load
factor spectra was developed based upon the data of MIL-A8866B for the cumu-
lative life of the aircraft as flown over the composite mission. Table 2
presents this design data. The spectrum includes the effects of long-term,
peacetime training usage and an allowance for a representive high-intensity,
short-duration wartime employment. The combined flight and ground-air-ground
cycle design spectra resulting from this usage is presented as a flight-by-
flight composite mission load spectrum containing an appropriate amount of
flight time in each of the mission legs in table 1. The composite mission

has a duration of slightly over 2.7 hours. A total of 2,935 such missions with
an extra field-go-around and landing on every oiher flight provides the total
design life usage.
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BASEPOINT FLIGHT-BY-FLIGHT COMPOSITE LOAD FACTOR SPECTRUM
(COMBINED COMBAT AND TRAINING MISSIONS) (CONTINUED)

TABLE 2.

.

z
o
wn — o gus g} pem -—
v O ~ O 0O OO0 — o
- . e 3 ol o @ .
Xl DO~ NJTJTOOVNROODOIOO ~— -0V —|0O
O~ - -
"
—lw
-4
o
>
.41
W
o
Zl A= WO N KO O Cl— N WNW M~ O O
] - s & ® » ®w ¢ o o] e o e o o o & & o P
-t —_
x k3283677986‘91'“572]
< . ol ¢ w of o o of o
) 4 765.“.“32]22275.“!“32]:““
>~ C
| |
[ Y =
> o
- v
" — ot
0 [ =4 L4
o= |5 (=) -
-~ =] Lod B =
(2] ¢ - c ct O -~
© ] o] Qe c
el U = > + a U+ [
-4 b= L [ 1} 1) wln J
wl x t. [ > @ vl O v
4 Bt (= > 5 = aj-- H
Jg]l = - ® > o
wl & L84 ~— c 5] (330}
v .A.s o n-Us u.nc o —12Z 1)
c c it
= m [} oj e [=4
ol v n c %) w n| o o
- c b~ [+] £ [ -lm "
" 2 o a o ¢ L £
v [o] a [} ot [« 8 aft. 2D
-) 2 QL — 3 2] < w2
[l © [ %4 4 . v [TeRRTEY
.
. . . . . o] » -
o0 on [« - N -—
— — ——
PR ) P




: 51 W 8°0 A
1 _ L*9 £t 1xej /i
il

z . 0l B 1

l i 0°1 4

(°0 _ ot L€
10°C _ 0"l £°4 buipuey 9]

8 i c°i y°1

L 0°1 6°1

Z : 0"t £°2

1 : ot {2

t°o 0°l L°¢
{0°0 0°l 8w usalled dljjedl  *§|

ROISSIH/SITIAD MIW XVH LNIW93S NOISSIW
W0LIVdY aVOO?

e

Lo

((EHUVIONOD)  (SNOISSIW HNINIVHL (N LVEV0D (:INIENOD)
WIYLOAdS MOLOV V0T ALISOdWOD IHO[1i-Ad-1HOITd INIOdIsve

"¢ d19vl

12




2.1.4 Structural Maneuvering Design Criteria - The structural design load
factor requirements were typical standard values for Air Force air-to-ground

tactical fighters.

Subsonic +7.33g -3.0g
Supersonic +6.50g -3.0g

Maximum maneuver roll rate for structural design was 270 degrees per second.

2.1.5 Temperature Design Data - Flight design temperature data were developed
to complement the composite design mission leg described above. Table 3
presents the design temperature data. The design standard-day temperatures

for each leg of the composite design mission are presented for critical and
typical locations on the wing/fuselage structure; e.g., upper and lower surface,
1 foot and 3 feet back from the leading edge. Total stagnation temperature
would exist inside the engine inlet duct.

2.1.6 Vibration/Acoustics - Approximate prediction of the vibration/acoustic
environment was made using the basepoint aircraft flight envelope and operating
characteristics of the propulsion system. Predictions for boundary layer and
maximm power engine noise, and weapons bay acoustic environment are shown in

figure 5.

2.1.7 Reliability - Air vehicle subsystem reliability, maintainability, and
survivability characteristics were considered very important to operating
costs and effectiveness of a tactical air-to-ground fighter. Design goals
in these areas could significantly affect selection of subsystems concepts
arrangements. Overall mission reliability allocation is shown in table 4.
The basis for these allocations is reference 4.
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TABLE 3. BASEPOINT COMPOSITE MISSION FLIGHT DESIGN TEMPERATURE DATA
STANDARD DAY CRITICAL SOLAR EFFECTS INCLUDED

UESTGN TEMP 7F .
REPRESENTATIVE TOTAL : FUSELAGE | WING |

MISSION SEGMENT MACH/ALT Temp !
1. Taxi 0/ sL 59 59 59
2. Takeoff & Climb
Low 0.39M/5L 75 7h 74
High 0.9M/32K' o2 16 15
1
3. Enroute Navigation
Low 0.9M/31K' 6 120 19
High 0,9M/36K' -6 | 0 -1
4, Aerial Refuel 0.7M/25K’ 12 | 18 17
H |
5. Low Level Terrain Following | C.9M/SL w3139 138

6. Supersonic Climb/Accel .

:
|
1
l
| !
i {
1 |
Low 0.9M/36K! ! 2 7, 6
High 2.2M/51K! o242 . 230 ! o229 |
7. Ground Attack Tactics 0.9M/SL ; 13 ¢ 139 | 138
' i |
: ¢ ' |
8. Supersonic Cruise % ; ' |
Low 2.2M/3900 | 242 ¢ 226 225 !
High 2.2M/51K! ho2hk2 1 230 1 229
I .
E :
9. Weapon Delivery Turn ! i i
Low 0.95M/49k' ! 1 7 1 6
High 0.95M/51kr 1 T w3
i !
10, Flight Maneuver 5 i i ’
Low 0.9M/31K! w20 b9
High 0.3M/36K! i -6 o i -l
11. Supersonic Weapon Delivery ﬁ l !
Low 2.2M/35Kk! ho2062 0 226 ! 225
High 2.3M/51K" 242 ! 230 i 229
12, Supersonic Descent ! !
Low 0.31/36K! -5 | 0 ;=1
High 2.2M/51K 242 i 230 i 229
}
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TABLE 4.

2.2M MISSION RELIABILITY ALLOCATION PROBABILITY OF SUCCESS {Ps)

.

)

OO~ -

e
WO

14.

Subsystem

Avionics

Power Plant
Structure
Armament

Flight Controls
Fuel
fnvirommental
Landing Gear
Actuation
Electrical
Displays/Lighting
Auxiliary Power
Crew Accommodations
Other

Total

Baseline Ps

0.9811
0.9934
0.9989
0.9983
0.5964
0.9947
.9947
.9976
.9976
.9984
.997

.9993
.9965
.998

cooocoo0oc o

0.95
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2.2 Basepoint Tactical Fighter Configuration

2.2.1 General - A representative airplane concept designed to the baseline
mission requirements was established. Figure 6 illustrates the general
appearance and features of the airplane. The airplane is primarily designed
and sized to the high altitude 2.2 Mach number penetration mission but has
significant alternate capability on the terrain following 0.9 Mach number
mission. The propulsion system elements and blended wing body shaping are
optimized for continuous supersonic operation., A retractable canard in
combination with a vectoring 2-D nozzle provides good takeoff and landing
performance with a modest installed thrust to weight ratio. The wing, canard
and empennage are fabricated from advanced integral graphite/epoxy composite

materials. The forward fuselage uses advanced super aluminum alloys primarily.

High stress concentration areas and the aft portions of the fuselage, designed
by the high ambient temperatures of the propulsion system and APU installa-
tions, are constructed of advanced superplastic formed/diffusion bonded
titanium, including silicon-carbide fiber reinforced filament techrol zy in
selected areas. The wing is aeroelastically tailored and employs va: .able
geometry features. The engine employs 3000°F turbine inlet temperatures,
carbon/carbon nozzle technology and selected other advanced internal component
design and material improvements. Thrust reverse capability is provided and
facilitated by the 2-D nozzle configuration. The avionics installation
includes a full complement of advanced technology offensive, defensive and
MGTC equipment to deal with the sophisticated dual mission target and threat
systems requirements. Advanced tandem mounted conformal weapons that pro-
vide standoff weapon deliveries against heavily defended targets are carried
on the lower fuselage centerline. An advanced cockpit, designed around an
increased seatback angle and multiple-function integrated displays to con-
serve space and fuselage depth, provides suitable forebody wave drag charac-
teristics and low radar cross section (RCS) with a gold flashed canopy. The
general fuselage shaping, inlet location, use of special antenna design
treatments and radar absorbent materials at critical locations provides low
RS characteristics.

The flight control system is characterized as a digital 3-channel fly-by-wire
system with selected 4-channel portions for critical functions. The flight
control will function as part of an integrated flight/fire/propulsion control
system. Relaxed static stability control requirements are prescribed becanse
it is believed that, by the 1990's, virtually all new tactical aircraft will
incorporate this beneficial feature.
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2.2.2 Power Requirements, General - In determining the power requirements
the following approach was used. Aircraft power needs were generalized and
established in three categories.

I Housekeeping Loads (see paragraph 4.1.4 and Appendix E)

Communications

Engine

Environmental Control
Lighting

Fuel System
Information Management
Navigation

Target Acquisition
Defensive Avionics

11 Actuation Loads (see paragraph 4.1.4 and Appendix E)

Flight Controls
Utility

Armament
111 Total Power Needs
Sum of Housekeeping and Actuation Loads

With the exception of environmental control, all loads under the Housekeeping
Load heading were assumed to remain constant throughout the study. This was
done because they represented power supplied to static (avionic black box)
type of devices and thus were not considered actuation functions. All the
loads under the actuation load heading plus the environmental control system
loads were assumed to involve actuation functions. As such they were ini-
tially considered proper subjects for this study and ones in which the type
and quantity of the power supplied would vary as different actuation methods
were used during the trade study activities.

in accordance with the contract an electrical load analysis was made per
MIL-E-7016 in which it was assumed that all loads were powered electrically.
It was further assimed that the electrical system was 270 VDC since this
ty e of electrical power appeared to be a likely candidate for application N
to 1990's aircraft. The various aircraft mission segments considered and 2
. »>ir coding for the load analysis are as follows:

K-1 Engine start

K-2 Warm-up/take-off

K-3 Climb

K-4 Cruise

K-5 Penetration

K-6 Combat (including gun operation)

K-7 Descend

K-8 Landing

K-9 Emergency (one of the two generators failed)
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Rockwell procedure for encoding this information is available in reference 36.
The data was processed by a series of computer programs, and resulted in
Power Source Utilization graphs such as figure 7, 8 and 9 of this report.

The solid line in these figures represent the load, which is generalized into
power expressed as amperes at 270 V. (The load can also be plotted as KVA

or kilowatts with equal facility). The other (dotted) lines represent system
capacity and interval ratings as indicated in sheet 1 of figure 7.

A separate power source utilization graph was created for each of the following
Housekeeping Loads (fig. 7), actuation loads (fig. 8) and combined house-
keeping plus actuation loads (fig. 9). These loads represent power supplied
at the input terminals of the various output electrical devices, whether they
are static black bcxes or actuators, However, for the actuators their load
was defined by their output (i.e. the load incident to driving compressors,
powering control surfaces, etc.) and, therefore, until the type of actuator
was defined, an actuator efficiency (or internal power loss) was assumed to
determine the power required at the input terminals. For the purpose of this
initial electrical load analysis an overall efficiency of 60% was assumed for
all actuators.

The three horizontal dotted lines on each of figures 7, 8, and 9 were
the interval ratings of the generator and represented;

1200 AMPS continuous capacity at 100% generation output
(two 600 AMP 270 volt D.C. generators)

1800 AMPS available for 2 minutes
(150% total generator capacity, derated to ,91.5%)

2400 AMPS 5 second overload capability
(200% generator capacity, derated to 91.5%)

Note the short term overload capability of electrical power supplies compared
to mechanically powered hydraulic systems whose overload capability and
continuous load capacity are essentially equal.

The initial electrical load analysis was documented in Appendix A of refer-
ence 8 is included as Appendix E of this report. A breakdown of the actua-
tion loads, which provided the basis for the ''lumped' actuation load shown
in reference 8, is shown in table 5.

2.2.3 Flight Contyol System - The aircraft is a variable stability, Control
Configured Vehicle (CCV) that employs variable camber leading and trailing

edge devices, a 2-D vectorable nozzle, and a variable area canard. Static
longitudinal stability is set with the canard fully extended at 8§C_/6C,= +.020
and M = 0.2. Aircraft stability is varied by canard extension or Tetraction.
This feature allows a higher trimmed Clyay with canard extended, and a reduction
in wetted arca for low (| penetration and acceleration legs. Extension of the
canard for transonic maneuvering allows the variable camber devices to deflect
in the proper direction tor both low drag and trim. Supersonic flight will
require some canard extension to minimize trim drag. Table 6 summarizes
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TABLL o,  CANARD POSITIONS

MISSICN LEG

CANARD PCSITICN

Takectf and Landing
Subscaic Cruise
Transonig Maneuver
Supersonic Cruise
Supersonic Maneyver

Supersonic Penetration

Fully Extended
Retractad

Fully Extenced
Half Extended
Fully Extended

Retractad

160%
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canard positions versus mission legs, and table 7 summarizes surfaces/
devices.

The wing trailing edges are used for pitch and roll control and, as variable
camber devices with the inboard trailing edge device, the primary pitch control
for longitudinal trim. The trimming function is intended to be compatible
with the variable cambev function of each device. A primary aerodynamic
advantage of an unstable aircraft is that control deflection needed for

proper camber variation is in the positive lift direction. Nose-up moments
produced by an unstable aircraft as it increases angle of attack requires
downward deflection of a trailing edge flap for trim and to produce the
increased camber for reduced induced drag. Camber variations require a
different 'neutral' setting for each flap depending on mach number. A C(p,
chang can be provided by scheduling the 2-D nozzle versus M. Therefore,

the inboard trailing edge device should have the 'neutral' point scheduled
versus M and a deflection versus angle of attack schedule which itself may

be a function of M. This variable camber system 'automatically' produces

the highest (; available with the given planforms and control surfaces. Take-
off and landing require different flap deflections to maximize lift at zero
angle of attack, C;,. This second scheduling replaces conventional 'flap'
settings and requires deflections of the canard. and 2-D nozzle. ﬁ

The midspan trailing edge flap, in addition to the inboard, is used for
pitch trim and variable camber. Also, this flap is used for high speed roll
control and may supplement the outboard trailing edge flap for low speed roll
control. This midspan surface is used for high speed roll control in order
to avoid any control reversal on the outboard surface at high q.

The outboard trailing edge is the primary low speed roll control Its function
as a varilable camber device is somewhat restricted in low speed flight in

order not to use up control authority needed for the low speed time-to-roll
requirement. Aileron 'droop' in the takeoff and landing mode can be considered
useful.

a0 et v ey

The leading edge devices are primarily variable camber devices requiring
scheduling versus M and angle of attack. A fixed takeoff and landing position
has advantages.

: The thrust vector vane 1is primarily a moment producing device. Tt optimizes
flap deflections to obtain minimum drag and maximum 1ift. This requires |
scheduling as a function of M and angle of attack.

2.2.3.1 Flight Control Actuator Requirements - In arriving at the flight

surface hinge moments, use was made of HiMAT generated data. The HiIMAT wing ?
planform is similar to the baseline vehicle. The ATS hinge moment data was - ’
estimated by ratioing the relative areas, chords and dynamic pressures, i.e.,

Oyt~ ©ars Wi
Olyiar - ©upar @pjvar

(HM) pps = X (B svar
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TABLE 7. SUMMARY OF CONTROL SURFACES/DEVICES

Control Travel
1. [INBOARD TRAILING EDGE -309, +45°

a. Primary pitch control f(M ,&)
b. High 1ift device and decambering f(M ) !

2. MIDSPAN TRAILING EDGE ~300, +43°

a. Pitch control f(M , )
b. High 1ift device and decambering (M
¢. High and low speed rolil control

2. QUT30ARD TRAILING EDGE +259

a. Primary low speed roll control
| b. ODecamtering device f(M ) ﬂ
4. CANARD

a. Variable stability device - see table I

5. LEADING ECGE DEYICE

a. Variable camber device f(M =)

v

6. THRUST VECTOR VANE +200

b a. Pitch trim (1 ,e)

3 : 7. RUDDERS +259 }

a. Dirgctional control

b. Speed brakes




The ATS rudder hinge moments were computed from the ATS midspan trailing edge

flaps (the HiMAT has all movable flip-flcp verticals). The ATS canard loads

were estimated from the canard lift force calculated at maximum design load

factor (7.3 g's) at maximum dynamic pressure (1750 PSF). The leading ecge

design loads were based on an assumed 10 psi maximum pressure acting on an .
arm equal to one half the flap chord. The thrust vector actuator loads were -
taken from NASA CR 135252 which used an exhaust nozzle and engine similar to i -
the baseline ATS. b

Three of the trailing edge control surfaces were examined for flutter stiff-
ness. FEstimates of frequency were derived from empirical data. For the in-
board flap, the frequency was estimated to be 47.9 hz, 95.8 hz for the upper
rudder. e mach number used was 1.25 while for the aileron the Mach number
was .95. The stiffness computed from the empirical data was increased by

50 percent to account for surface wind up. The backup structure was thus
assumed to have equal stiffness with the actuator. The stiffness require-
ments for the three surfaces considered are given in table 8 which presents
the performance requirements for the actuation systems for the various flight
control surfaces/devices identified for the baseline vehicle.

The actuation requirements listed in table 8 need not be satisfied simul-
taneously. For a worst case analysis, the simultaneous requirements are:
1) .70 percent for inboard and midspan flaps, 2) 50 percent for the rudders, 1
and 3) 100 percent for the ailerans. The other flight control actuation i
devices can be assumed to be stationary during this simultaneous demand.

As indicated earlier, the flight control system is a fly-by-wire design with
fail-operate-twice capabilities for the flight critical surfaces. These P
surfaces are at least triple redundant, electrically and mechanically. i':

For the other surfaces/devices, triple redundancy is provided electrically E“
but only dual redundancy mechanically. For the flight critical surfaces i
full actuation performance is required after any two electrical or mechanical
failures or any combination of single electrical and mechanical failures. ¥
Any further failure will not produce a hardover deflection. For the non-flight [_
critical surfaces/devices, full actuation performance is required after any P
single failure. After any further failure, the surface/device will be capable t
of being recentered and locked. f

The actuator position loop closures and the monitoring/switching provisions
will be included in the actuation system. Electrical digital signal inputs,
wher. used, will be S volts.

;
k
:
E
Table 8 specifies frequency response in two methods. Method one establishes i
actuator output response requirements for a fixed input signal of increasing FL“
frequency, and method two establishes output response requirements for fixed i
amplitude output at increasing frequency response. Loads are considered to ]
be essentially inertia. For purposes of this study linear load variation f
with stroke/rotation will be considered. i

\ 2.2.3.2 Utility Actuation - Table 9 summarizes utility actuation character-
. istics.
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2.2.4 Fnvironmental Control System - The environmental control system (ECS)
in the aircraft provides proper conditions for crew, avionics, and missiles.
The crew requires cockpit pressurization, heating, cooling, and ventilation
in addition to windshield and canopy defog, windshield anti-ice and rain
removal. The missiles require air for pre free flight conditioning and the
avionics requires the removal of self generated heat. A breakdown of the
maximum continuous heat loads imposed on the ECS are shown in Table 10.

In order to provide the necessary data for the initial electrical lead analysis
(see Appendix E) an ECS system, felt to be Trepresentative of the type which
might result from this study, was hypothesized. The resulting system is

shown in figure 10. The system derives most of its input power from

shaft inputs at its various compressors, pumps, and blowers. These shaft
inputs could be supplied either directly from the engine or via electric cr
hydraulic motors. A small amount of power (<10%) was derived from bleed air

to pressurize the cockpit and provide makeup air.

Figure 10 shows that the maximum continuous power required per the electrical
load analysis was 80.17 K.W. This loading was considered to exist during
penetration and combat. During all other mission segments the maximm
continuous load was considered to be 44.22 K.W. The five second peak loads
were 136% of these values and were 109.03 K.W, and 60.14 K.W., respectively.
Figure 10 also shows that heat is rejected to fuel and lists some of the
salient features of the system.

2.2.5 Aircraft Configuration - The inboard profile for the aircraft selected

as the baseline for the study is shown in figure 22. The figure also lists

most of the major subsystem conponents used in the aircraft as it was originally
conceived. Further discussion of this configuration will be found in para-
graph 4.1.3.

2.2.6 Armament Subsystem - The gun carried by the aircraft was a GE430 four
barrel, 30 mm Gatling type. The gun required 22 hp steady state while the
linear linkless feed system (LLFS) required 25 hp. The total gun requirement
was 47 hp.

Air-to-air (ATA) missiles were semisubmerged on the underside of the fuselage.
The missiles were launched by forcible ejection; jettison mode was provided

for emergency release. Electrical, hydraulic and environmental air conditioning
lines run through the fuselage to comnect with the missile for preflight
conditioning and reiease.

Design mission air-to-ground weapons were conformal and were carried in tandem.
Standard ejectors supported the weapons and provided forcible ejection for
safe separation under all aircraft flight conditions.

2.2.7 Engine Starting Loads - Figure 11 shows the starting characteristics

for the F404 GE 400 Engine. tThis was a 16000 ib S.L.S. thrust engine which
required 125 starting horsepower on a Standard Day for a 35 second start. The
F-18 Sundstrand Starter ATM08 used on the engine could generate 167 HP on a
standard day.




TABLE 10. ECS HEAT LOAD

i Subsys tem Heat Load KW
Cockpit 3.51
Avionics
b Armament 2.1
Communicatiens 1.93
Engine 79
Information Mgmt. Sys. 2.62
Navigation .59
] Target Acquisition 14.67
Defensive Subsystem 21.50
A/V Electrical System .50
44.76
25% Growth 11.19
55.95 55.95
59.46
Cockpit Pressurization 4.27
‘ 63.73
*Composite circulation loop efficiences .935
Required output of pumps & blowers 68.18

*

0.93 Freon Loop
8.98 Air Loops
.9

5 Liquid Loops
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The ATS engine SLS thrust is 9912 1bs and, proportionately scaling starting
H.P., would call for slightly more than 105 H.P. However, accessory drag
will not decrease proportionately, therefure, for purposes of this study,
starting horsepower was established at 120 H.P, (89.5 K.W.).




2.3 Historical Review

2.3.1 Data Revisions and Additions - Subsequent to the definition of the
baseline aircraft, as discussed 1n paragraphs 2.1 an 2.2 certain baseline
aircraft requirements data were revised or expanded and clarified. These
data items are discussed in the following paragraphs:

2.3.1.1 Ground Cooling Fuel Heat Sink Door - The ground cooling fuel heat
sink was originally iIncluded but was subsequently eliminated as an item in
the trade study. This arose from the fact that the power requirement was
so small that it would not have been practical to perform the function hy-
draulically. The smallest motor it is feasible to manufacture delivers
: approximately 700 times the power required for this application. A linear
b actuator sized to perform the function would have been so small that the
port bosses necessary for providing extend and retract pressure would have
; represented more that 50% of the total volume of the actuator. These
; small power functions have historically been, and will continue to be
operated electrically. Therefore, it was assumed that this function would
be performed electrically on both baseline aircraft. This is shown in the
"comments' colum of Table 9.

2.3.1.2 Canopy - The canopy was also originally included and later elimi-
nated as an actuation function. Extensive study indicated that the cano-
pies should be opened and closed manually and thus should not be a utility
actuation function. The decision to return tc manual operation came
during a rather detailed analysis, in terms of weight and reliability, of
the actuation system (electrical or hydraulic) necessary to open or close
the canopies. This analysis considered the requirements with the power
supply system failed or during ground maintenance with no power
on the power sunply system. To meet these requirements the system
1 becamme very complex and heavy, particularly when meeting the range of con-
ditions which could reasunably be expected during normal operation. C(om-
plicated as it was such an actuation system would have been necessary had
the canopy system consisted of one large canopy rather than two separate
smaller canopies., However, since the canopy system was broken into two
canopy units the airloads acting on each unit and the weight of each was
considerably less. Thru the use of counter balancing, in the form of tor-
sion bars or gas springs, the static deadweight loads could be nearly eli-
minated and each canopy unit could be handled easily under all but the
severest gust load conditions. Since each canopy unit was automatically
locked open (manual umlock to close) and manually locked closed, all func-
tions were manual. Even though opening the canopy against the most severe
adverse wind loads would take considerable physical effort, the fact that
the unit locked open automatically meant that this level of effort had to
be sustained for only a short period of time.

Manual operation of the canopy offered many benefits to the aircraft a few
of which were as follows:

A. Reduced aircraft weight

B. Simplified power distirbution and utilization system whether
electrical or hydraulic.

Improved aircraft reliability under normal operating conditions.




Improved maintainability arising from both the simplified actuation
system and from improved access to the cockpit during routine
maintenance (i.e. the canopy can be opened and closed an indefinite
nunber of times without the need for batteries, accumilators or

ground power.
E. Improved cmergency access or cgress.

2.3.1.3 Utility Engine Actuation Functions - Two of the three major power
users during the critical combat phase (i.e. the operaticnal phase which
determined power generation system size) were the plug-throat and the thrust
reverser., Figure 12 shows the actuation mechanism which operates these
functions plus the erternal flap and thrust vector vane. It will be noted
that the plug-throat, the thrust reverser and thrust vector vane were all
operated via various power trains driven by actuation devices mounted in the
sidewall at the ends of the rectangular engine exhaust duct. The plug-
throat was driven by a shaft running down the center of the intermediate
sidewall cross tie while the thrust reverser was powered by a shaft mounted
on the front face of the aft side wall cross tie. In this way the motors or
linear actuator (i.e. the power transducers) could be mounted in the rela-
tively cool sidewall area while the shafts, gearboxes and bLallscrews, which
were more temperature tolerant, were mounted in the hot (400°F with cooling-

1000°T without) nozzle area.

Originally it had been hoped that the thrust reverser power transducing de-
vices, for the electrical system or the hydraulic system or both, could be
mounted in the hot area. This would have made possible the elimination of
all, or a large part of, the existing power train in the hot area and thus
would have reduced compiexity and weight., Towards this end an envelope was
given in Figure 2-12 defining thrust reverser installation requiren..ats as-
suming all actuation devices were in the hot area. Subsequent studies how-
ever, indicated that the ductwork necessary for, and the induced drag in-
crease associated with, attempting to cool the envelope area down to 400°F
max would offset most of the potential weight savings and. this approach
was dropped. It was finally assumed that the thrust reverser and the plug-
throat would both be cperated by 10,000 RPM motors (electric or hydraulic)
mounted in the relatively cool engine exhaust nozzle side wall.

2.3.1.4 Enviropmental Control System - As previously pointed out (para-
graph 2.2.4) an ECS System was hypothesized to make possible the determina-
tion of ECS loads in case the ECS system became an integial part of the
trade study. It was also pointed out that the system derived most of its

input power from shaft inputs at its various compressors, pumps and blowers.

These shaft inputs could have been suppiied either directly from the engine
or via electric hydraulic motors. A small amount of power (4,27 KW) was
derived from bleed air to pressurize the cockpit and provide makeup air.
The balance was supplied in the form of shaft power inputs.
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Figure 10 shows that the maximum continuous power required was 80.17 KW of
which 9.27 KW must be carried by the electrical system.
considersd to exist Juring penetration and combat.

This loading was
During all other mission

segments the maximum continuous load was 44.22 KW,

After considerable study it was determined that the ECS system for the aircraft
which were to be traded (i.e., aircraft I and aircraft 1I, see paragraph 2.4.6
for definition) could, and should, be identical and thus should be dropped as

an item in the trade study.

The factors which led to this determination were

as follows.

The heat loads secn by the ECS system in both aircraft were identi-
cal. This was true because the only heat load variations between air-
craft were those generated by the actuation systems and all actuation
systems, whether electro mechanical, hydraulic or integrated actuator
package type, reject heat to their surrounding ambient (air or fuel)
and not to the ECS system., The heat load represented by cockpit,
avionics (air) and avionics (liquid), Figure 10, was unchanged for all
study aircraft. Hence, the blowers, pumps and heat exchangers servic-
ing these heat louads were unchanged. In effect the ECS dropped out as
a trade study item except for the impact of its small load requirement
on the two different types of electrical power generation systems used
in each aircraft., The only additional factor which was considered was
the diffences between actuation approaches with reference to their heat
load impact on the fuel. TFor those approaches which tended to overheat
the fuel, a weight/cost/reliability penalty was assessed in term of
increased condenser size and/or the addition of awxiliary fuel cooling

equipment.

2. The compressors were shaft driven. This approach wuas selected be-
cause direct shaft power extraction was much more efficient than having
an intermediate hvdraulic or electrical transmission link (97% shaft vs
12% with electrical or hydraulic). Since the compressor represented by
far the major load imposed on the propulsion system by the ECS system,
this increased efficiency was greatly to be desired. The desireability
of direct shaft power extraction was further enhanced by the fact that
the compressor should be close to the condenser, which must be in the
final fuel inlet line to the engine, which, in turn, was adjacent to

the AMAD (see Figures 17 and 22).

3. All blowers and circulating pumps were electric motor driven in both
aircraft I and aircvaft I1. This decision was based on historic data

and B-1 aircraft experience. Historically, on most aircraft, ECS
blowers and ECS coolant circulating pumps have been electric motor
driven and the results have been generaliy very satisfactory. In con-
trast, on the B-1 aircraft, several blowers-and coolant pumps were hy-
draulic mcver driven. The results have not been satisfuctory. The
motor ripple frequency interacting with vibrational frequencies gene-
rated by thc coolant pumps and blowers have caused erratic umpredictable
premature failures. This fact, plus the fact that the individual pump
loads (.87 KW) were so small that they are well below the power capa-
bility of the smallest 8000 psi hydraulic motor it will be practical to
manufacture in the 1960+ time period (i.e. practical minimm 4.0 KW),
indicated quite clearly that these motors should be electric. The
blower motor loads were also marginal but the deciding factor in this in-
stance was the fact that the blowers were in pressurized compartments
(avionics and cockpit) where it was desireable not to have fluid leaks.
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2.3.1.5 Redundancy Definitions and Percent Output Load Requirements - A table
was prepared (Table 11) to define what constituted fail safe for the various
flight control actuation functions. The same table also more accurately de-
fined the actual output load requirements for the various flight control func-
tions in the presence of failures. This definition stated in essence that
after first failure all actuation functions must retain 100% load capability.
This was in line with the overall air vehicle requirement that the aircraft

be able to complete its mission after any single power generation and/or dis-
tribution system failure (hydraulic or electric). The refined definition also
conformed with air vehicle requirement by stating that after any second
failure, each critical actuation function must retain sufficient power capa-
bility to allow the aircraft to recover from any manuver and return to base.
For this purpose the residual power capability of each actuation function must
range from 50 to 70%. The amplified and redefined load requirements are shown
in Table 2-11. It can he seen in this table that the rudders required only
50% capability after two failures while the inboard (and midspan) flaps re-
quired 70%.

2.3.1.6 Installation Envelopes - In order to more accurately define the pro-
blem of installing actuation devices in the ATS aircraft three installation
envelopes were provided as additionzl requirements data. These envelopes were
for the outboard trailing edge (Figure 13), the inboard trailing edge (Figure
14), and the thrust reverser (Figure 12). The outboard trailing edge re-
presented the smallest chordal thickness application, the inboard trailing edge
represented the highes: hingemoment and highest power application, and the
thrust reverser represented the hottest operating environment in the flight
control system. It was felt that, if satisfactory actuation -levices cculd be
provided for these applications, a satisfactory actuation device could be pro-
vided and defined for all flight control and utility functions on the aircraft
without the need for detailed design in every instance.

2.3.1.7 Baseline Utility Actuator Requiremer.ts - In the course of the analysis
leading to the preparation of Table 9 certain changes were made which im-
pacted the basic study. The changes made were as follows:

1. It was decided that the brake system would remain hydraulic for
both versions of the study aircraft (hydraulic and electrical).
The reasons for this decision are discussed in paragraph 4.2.1.2.

2. 1t was decided that the standard (UARRSI) inflight refuel recep-
tacle would be used in both aircraft 1 and II. The impact of
this decision is discussed in paragraph 4.2.1.3.

3. As discussed in paragraph 2.3.1.1 the ground cooling fuel heat
sink door actuation was eliminated as a trade study item. Table
2-8 reflects this fact by noting that this function is always
electrically operated.

4, As discussed in paragraph 2.3.1.2 the canopy was eliminated as
an actuation function.

5. Table 2-8 reflects the revised interface load requirements re-
sulting from the decision relating to utility engine actuation
functions discussed in paragraph 2.3.1.3.
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TABLE 11.

ACTUATOR OUTPUT LOAD REQUIREMEN1S

REDUNDANCY
REQUIREMENT

PERCENT OF QUTPUT
LoAD (ESTAB. IN NA~
T9-378-12, TABLE 3-3
REQ'D PER ACTUATOR

ACTUATION
FUNCTIONS
AFFECTED

ACTUATO
PER

SURFACE

FAIL OPERATE~ (1) INBOARD FLAPS 3
FAIL OPERATE - (1Y MIDSPAN FLAPS 3
FAIL ?AFE) 707%
| (FO3-FS
FAIL OPERATE- (1) UPPER RUDDER 3
e | 50" oueerunes|
(FO2-FS) ¢ SPEED BRAKE
FAIL OPERATE - @ .
FAIL SAFE 1@} cANARD
(Fo-Fs) 1007 () AILERON 2
FAIL OPERATE -
FAIL SAFE @) g3l o (3) LEADING 6
(FO-FS) 3 EDGE FLAP

- FAIL SAFE DEFINED AS FOLLOWS:
(i) LOCKED IN TRAIL OR FLOATING WITH DAMPING
(@) LOCKED IN FAILED POSITION
(3) LOCKED IN BLOWBACK POSITION

- TRBLE 3-3 (REF. NA79-378-12) LOADS ARE CLARIFIED AS FOLLOWS:

(4) LOADS ARE THOSE FOR THE COMPLETE LEADING EDGE FLAP

ON ONE WING (POWERED BY & ACTUATORS).

AS AN

ALTERMNATE THE FLAPS ON EACH WING MAY BE BROKEN
DOWN (NTO D SEGMENTS POWERED BY 2 ACTUATORS
PER SEGMENT
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6. Table 9 defined the types of actuators which will be used
in aircraft I (electrical) and aircraft II (hydraulic). The
selection of these actuator types is based on the analysis
made in paragraph 4.2.1.6.

2.3.1.8 Baseline Flight Control Actuator Requirements - Table 12 was created
as an amplification of Table 8. It added data defining '""Power at Interface"
(explained in footnotes of Table 12), data on "Actuator Type'' and additional
functional information in the comments column which did not appear in Table 8.
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2.4 Trade Study Ground Rules

2.4.1 Hydraulic System Burst Factors - Burst factor is essentially a safety
factor applied to hydraulic system components and represents the ratio be-
tween the system's normal operating pressure and the minimmm pressure at
which any component in the system will burst. The higher the factor the
thicker the walls of pressure containing components, such as valves, tubing,
fittings etc., tend to become. For this reason burst factors are a major
determinant of hydraulic system component size and weight. As discussed
later (paragraph 4.2) 8000 PSI was selected as the normal operating pressure
for the hydraulic system in aircraft I1I. Since 8000 PSI is considerably
higher than the current standard operating pressure of 3000 PSI, it was felt
that a study should be conducted to determine whether the burst factor for
an 8000 PSI system should be higher, lower, or the same as the burst factor of
4.0 currently used for the design and test of 3000 PSI systems. Such a
study was conducted.

The results of this study are summarized in Table 13 and show that a burst
factor slightly less than 3 can be used in an 8000 PSI system {(a burst fac-

tor of 4 is the standard requirement for conventional 3000 PSI hydraulic

;ystems). The study was based on an aircraft pressure change duty cycle as
ollows:

1. 5000 system start-up, shut-down cycles
2. 200,900 rapid valve cleosures and openings
3. 1 X 1011 pump ripple cycles

Item 1 above represented the number of times the system was pressurized and
depressurized, both prior to and after flight and on the ground during ground
servicing. Item 2 above represented a composite of all the wide ranging
pressure excursions which occur in the system predominantly as a result of ra-
pid opening and closing valves. The composite pressure changes (200,000 cy-
cles) were based upon rapid valve closure in a line in which fluid was flowing
at 25 ft per sec. It is interesting to note that the magnitude of the pres-
sure perturbations caused by valve action (whether large or small) were pri-
marily a function of fluid flow velocity and were relatively little effected
by the increased bulk modulus and density which resulted from increasing the
system's operating pressure from 3000 to 8000 PSI. Because flow velocity had
no direct relationship to rated system operating pressure, it was assumed
that flow velocities were equal (i.e. 25 ft/sec) for all system pressure
levels considered in this study. As a result the pressure variations (and
hence the stress cycling which occurs in the tubing) were of nearly constant
amplitude irdependent of the system's rated pressure.

As an example; the valve operation pressure variation cycle amplitude (See
Table 13 for an 8000 PSI system was only 12% greater than that for a 3000
PSI system. The net effect of this was that the valve operation pressure
variations degraded the tubing much less (in terms of fatigue life) in the
relatively heavy walled 8000 PSI tubing than they did in the 3000 PSI tubing.

Item 3 above represented a composite of the pump ripple induced pressure varia-
tions plus those which might have been induced by other sources such as hy-
draulic motors and servo valves. These had the same general characteristics as
valve operation in that the magnitude of this type of pressure change did not
increase in proportion to system pressure increase, As an example, in Table

13 when the rated pressure was increased from 3000 PSI to 8000 PSI (a 2.66
factor), the pump ripple amplitude, as measured in actual pump tests {Reference
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3), increased from 350 PSI to only 500 PSI (a 1.43 factor). This also tended
to reduce the fatigue life impact of this type of pressure variation on the
tubing as rated system pressure increased.

It can be seen in Table 2-13 that, working with the duty cycle outlined above,
the percent of tubing life used was 45.4% at a 4 burst factor in 3000 PSI
system. When the system pressure was increased to 8000 PSI and the burst
factor was simultaneously reduced to 3 the life used reduced to 7.6%. Actually
the burst factor could be reduced to 2.5 before the tubing performance would

be -reduced to equal that in the 3000 PSI system. However, to err on the con-
servative side, and to allow for increases in flow velocity in some 8000 PSI
subsystems, a burst factor of three was used in the study.

The data for the percent life used colum in Table 13 was derived from the
ratio of the cycles imposed on the tubing (ninth column in Table 13% to the
life expectancy of the tubing under the type of cycles imposed (eighth colum
in Table 13). The actual life expectancy data was derived from the appro-
priate Goodman diagram (Figure 15), with the data point number shown on the
Goodman diagram being the same as the "'Plot Point Number' shown ip the last
colum of Table 13. The Goodman diagram was based on 3AL 2.5V titanium with
an ultimate tensile strength (Fry) of 130,000 =5 and an assumed notch factor
(K¢} of 3. This notch factor was representative of the stress risers which
occur in tube to fitting joints and around oval crossection bends. These were
the points where experience has shown that most tube failures occur.

2.4,2 Hydraulic System D¢§§gn Pressures - Based largely on the results of the
burst factor study a revised set of design pressure requirements, applicable
to an 8000 PSI system, were created. These requirements are shown in Table

14 and are arranged in the same general format as that used in MIL-~-H-5540.
Conventional 3000 PSI system pressures, from MiL-H-5540, are shown in the
table for comparison purposes. It will be noted that the percent system
pressure for an 8000 PSI system was in no cases greater, and in several cases
less, than those used in a 3000 PSI system. This reduction in pressure rutio,
where it occurs, was justified based on an extension of the burst factor data
generated in paragraph 2.3.1.

2.4.3 Hydraulic System Design Criteria - The definition of the baseline hy-
draulic system for aircraft 1] was based on the following criteria:

1. System configuration was to be in accord with MIL-H-5440.

2. MIL-H-83282 hydraulic fluid was to be used where fluid soak
temperatures would not be less than -20°F, MIL-H-5606 was to
be used at lower temperatures.

2. Rated system pressure was to be 8000 PSI

4. Aircraft mission was to be as defined in paragraphs 2.1.1, 2.1.2,
and 2.1.3.

5. Aircraft functional configuration was to be in accord with Figure
6 (Sheet 1 and 2) except as revised in this report.

6. Aircraft physical configuration (inboard profile) was to be as
shown in Figure 22 except as modified elsewhere in this report.

7. Actuation loads were to be as defined in Table 8 and 9 and as
expanded upon in Table 12.
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TABLE 14.

SYSTEM PRESSURES

1 of 2
3000 pSI SYSTEM 8000 PSI SYSTEM
CHARACTERISTICS NOMINAL % SYST. NOMINAL | % SYST.
PRESSURE | PRESSURE | PRESSURE | PRESSURE
PUMP (VARIABLE VOLUME)
a. PUMP UNLOADING PRESSURE 3000 PSI'| - - - 8000 PSI | - - -
b. MAX. LIMIT OF FULL FLOW PRESSURE 2950 PSI .=-- 7900 PSI § - - -
c. MAX. SYSTEM RELIEF VALVE SETTING 3850 PSI --- 8850 PSI § - - -
AT MAX. SYSTEM FLOW
THERMAL RELIEF VALVE SETTING (MAX.)
a. EQUAL TO SYSTEM RELIEF VALVE 150 pSI - - - 1sopst | -- -
SETTING PLUS VALUES NOTED
PROOF PRESSURE (MIN.)
a. LINES FITTINGS AND HOSES 6000 PSI 200 % [aoco pPSI | 175 %
b. COMPONENTS CONTAINING GAS UNDER 6000 PSI 200 % 114600 PSI | 175 %
PRESSURE
c. PUMP SUCTION AND CASE DRAIN LINES 150 % OF . . 150 $0OF { - - -
RESERVOIR RESERVOIR
COMPONENTS AND RESERVOIRS (BOOT STRAP |OPERATING OPERATING
PRESSURE PRESSURE
TYPE)
d. COMPONENTS UNDER SYST. PRESSURE ONLY 4500 PS! 150 ¥ [12000 PSI | 150 %
AND PRESS. CIRCUITS (INCLUDING LINES,
FITTINGS, AND HOSES WHICH ARE A PART
OF THE COMPONENT)
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TABLE 1d.

SYSTIM PRESSURES {CONCL)

2 af 2
3000 PSI SYSTEM 8000 PSI SYSTEM
CHARACTERISTICS NOMINAL | % SYST. | NOMINAL % SYST. |
PRESSURE | PRESSURE | PRESSURE | PRESSURE
PROOF PRESSURE (MIN.) (CONTINUED) '
e. COMPONENTS UNDER RETURN PRESS. ONLY 2250 PsI 75 ¥ | 6000 PSI 75 %
AND RETURN CIRCUITS (INCLUDING LINES,
FITTINGS, AND HOSES WHICH ARE A PART
OF THE COMPONENT)
BURST PRESSURE (MIN.)
a. LINES FITTINGS AND HOSES 12000 PSI} 400 £ [24,000 PSIt 300 ¢
b. COMPONENTS CONTAINING AIR AND FLUID 12000 PSI! 400 £ ©4,000 PSI| 300 %
UNDER PRESSURE
c. PUMP SUCTION AND CASE DRAIN LINE 30020F ) - - - 300 % OF
RESERVOIR RESERVOIR
COMPONENTS AND RESERVOIR (BOOT STRAP OPERATING OPERATING
PRESSURE PRESSU
TYPE) ESSURE
d. COMPONENTS UNDER SYST. PRESSURE ONLY 7500 PSI | 250 $ 120,000 PSI| 250 %
AND PRESS. CIRCUITS (INCLUDING LINES,
FITTINGS, ANU HOSES WHICH ARE A PART
OF THE COMPONENY).
e. COMPCNENTS UNDER RETURN PRESS. ONLY 4500 PSI | 150 % 112,000 PSI| 150 %

AND RETURN CIRCUITS (INCLUDING LINES,
FITTINGS, AND HOSES WHICH ARE A PART
OF THE COMPONENT)
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8. Tubing material for all pressure return and suction tubing was
to be 3AL 2.5V titanium.

9. The landing gear system was to meet operating requirements at
-40°F and all other systems were to meet operating requirements
at+20°F.

2.4.4 Peak Actuation Loads - It was assumed, based on experience, that during
maximm actuation power demand for any mission segment no more than 2/3 of all

actuators would '"peak' simultaneously. It was, therefore, assumed that, for
both aircraft I and II, the peak actuation power demand would be 2/3 of the
theoretical sum of all short term actuation power demands occurring during a
given mission segment.

2.4.5 Actuation Configuration - Where rotary shaft input power using motors

was indicated as the best solution for aircraft II actuation functions, motors

were also to be used on aircraft I. All elements downstream of the common

mounting pad (interface) for these motors were to be identical between aircraft

I and aircraft II. All actuation functions which use hydraulic linear actua-
tors in aircraft II were to use linear ballscrew actuators attaching to the
same end points in aircraft I.

2.4.6 Trade Study Aircraft - The trade study aircraft configurations were
designated as aircraft I and aircraft 1I. Aircratt I was the "all electric"
power-by-wire version in which essentially all secondary power on board the
aircraft was generated and utilized electromechanically and was transmitted
electrically. Aircraft II was the baseline aircraft which employed a conven-

tional power split between hydraulic and electrical power generation, distribu-
tion and utilization. Figure 16 flowcharts the candidate configuration concepts.
The basic concepts, which were traded, are represented by boxes 2 and 6 in Figure

16 with box 6 representing the baseline configuration. The other concepts

shown in figure 16 (boxes 1, 3, 4, and 5) were examined in some depth but were

gradually eliminated as the study progressed.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

3.1 Conclusions - Based on the study results it was concluded that the

'"All ETectric™ approach, to aircraft secondary power system design, did not
provide a viable alternative to the more conventional Hydraulic-Electric
when applied to aircraft of the 1990 + time period. The data presented in
paragraphs 4.0 and 5.0 showed quite clearly that the '"All Electric" approach
was deficient in all major catagories (i.e., weight, maintainability, relia-
bility and life cycle costs) relative to the advanced (8000 psi) version

of the conventional Hydraulic-Electric approach.

During the conduct of the study, Rockwell was aware that the study
results were probably not going to favor the application of the "All Electric”
approach to the ATS aircraft. However it was felt by Rockwell personnel
that, even though not satisfactory for a compact high periormance aircraft
such as the ATS, the all-electric approach might prove highly desireable for
a laige subsonic aircraft. This optimism stemmed from three factors as
follows:

1. The belief that the Maintainability and Reliability advantages inherent
to the single power type distribution system (Electrical) versus the dual
power type distribution system (Hydraulic-Electrical) would more than offset
some of the known Reliability deficiencies characteristic of certain power
handling electrical components (switches and power control inverters).

2. The belief that the known weight penalties associated vith the need to use
power control inverters in the selected (270 VDC) electrical system could be
more than offset, as the aircraft grew larger, through the supposed weight
savings associated with transmitting power longer distances through wire as
opposed to transmitting the same, or slightly greater, power through both
hydraulic tubing and paralle’ wire routings.

3. Given an assumed Maintainability/Reliability improvement and a weight
reduction as the aircraft became larger, it was believed that, at some
point (particular'y if the loads, and hence inverter weights, did not
increase proportionately because the aircraft was no longer supersonic)

the life cycle costs would cross over and favor the ""All Electric' approach.

Unfortunately these optimistic presumptions proved to be incorrect. The
basis for the foregaing statement was provided by a brief study conducted by
Rockwell to roughly evaluate the presumed advantages of the large subsonic
aircraft. This study assumed an aircraft having a gross takeoff weight
(GTOW) more than ten times the GTOW of the ATS (i.e., 400,000 1b GTOW) and
gross dimensions (i.e., length, height and wing span) four times those of
the ATS. It was further assumed that, because the aircraft was subsonic
(0.85M ), the power generation (pumping system) and utilization systems
{actuators) were essentially identical in power requirements to those of
the ATS. The assumed aircraft was very similar to the Lockheed L1011 in
all basic characteristics except that the power required for the L1011 was
significantly Jless than that required for the ATS (387 hp for the L1011
versus 461 hp for the ATS). It was felt, however, that the higher power
requirement was probably quite representative of an advanced 199G + control
configured large subsonic aircraft. Using these assumptions the only
significant difference between the ATS study aircraft (Aircraft II) and the
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large subsonic aircraft was the power distribution system. This system
was assumed to carry tne same power at the same transmission efficiency
(pressure drop or voltage drop) from the source to the utilizing function
through an average transmission distance which, for the large subsonic
aircraft, was 4 times that of the ATS.

The weight of hydraulic plumbing (filled with fluid and transmitting
power at equal efficiency) tends to increase by a factor of two when the
transmission distance increases by a factor of four. This was derived from
the pressure drop curves of reference 34. In contrast the weight of
electrical wiring tends to increase by a factor of three under the same
circumstances. This was derived from wire performance data contained in
reference 35,

Using the ATS as a baseline, it can be seen in Table 38 and Paragraph
4.2.2.9 that the total weight of power transmission elements in Aircraft II
is as follows:

Tubing, Fittings and Supports 116.8
Reservoir and Supports 44.3
T61.1
Power Wiring 23.0
Extrapolating these weights to the large subsonic aircraft results in the
following:
161 ib X 4 (length factor) X 2 (hyd. factor} = 1288 1b
23 1b X 4 (length factor) X 3 (elect. factor) = 276 1b
1554 1b

From Table 4-12 it can be seen that the total weight of power transmission
is 120.3 1b for Aircraft I. Extrapolating this weight to a large subsonic
aircraft results in the following:

120.3 1b X 4 (length factor) X 3 (elect. factor) = 1440 1b

From the above it can be seen that the weight saving in power transmission
elements, through the use of the All Electric approach, was as follows:

For the large subsonic aircraft 114.0 1b
For the ATS (Aircraft I versus II) 63.8 1b

O weight saving-large aircraft
versus small aircraft 50.2 1b

Although there was an increased (8) weight saving, in going from the
small to the large aircraft, the amount of weight saved was too small, by
an order of magnitude, to effectively offset the adverse weight impact
of the inverters. A weight saving of at least 500 1b would have been
necessary to negate the effect of the inverters. From the evaluation of
the large subsonic aircraft it was concluded that no significant weight
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advantages could be expected from increased aircraft size. Essentially
the Weight, Reliability, Maintainability, and Life Cycle Cost penalties
associated with the "All Electric" approach would tend to remain the same
whether the aircraft was large or small, or high performance or low
performance.

3.2 Recommendations - Although this trade study does not indicate that the
"Al1l Electric' approach will be viable through the mid 1990s, it is still

a very intriguing concept. For this reason it is recommended that work be
continued on inverter development. If inverter weight could be halved while
reliability was improved the "All Electric'' approach would become viable

in a wide range of applications.

The trade study indicates that power hinge type devices will be
increasingly needed as a basic element in primary flight control surface
actuation whether the actuation function is powered hydraulically or elec-
trically. However, even though the power hinge seems a perfectly feasible
device for this type of application, there is very little background based
on actual operating experience, particularly, on a high output flight
control duty cycle using long multi-slice small diameter power hinges.

It is therefore recommended that multi-slice (at least 15 slices) small
diameter power hinges (less than 1.5 in. dia) be developed and tested for
thin wing trailing edge control surface applications. Additional charac-
teristics. which should be demonstrated during the course of development
are as follows:

Frequency Response 20 hz

Stall Hinge Moment 25,000 in-1b

Operating Hinge Moment 20,000 in-1b T
Operating (Design Load) Rate 50°/sec

Maximum (No Load) Rate 109°/sec

Minimm Dynamic Stiffness 5 X 10° in-1b/rad

Minimm Hinge Stack L/D 15

Operational Service Life 8N00 hrs

Demonstrated ability to function in the
presence of wing (hinge line) flexing.

Because the study indicates that the 8000 psi hydraulic system approach
offers the greatest potential for low Life Cycle Cost power systems in
the mid 1990 time period, it is recommended that development be pushed in
at least two critical areas. These areas are as follows:

1. Small Motors - Small high frequency response 8000 psi servo-motors
should be demonstrated, These servo-motors should have the following
general characteristics:

Speed-max. 20,000 rpm

Torque-stall 21 in-1b N

Frequency Response Suitable for 2
operating with power P
hinge described above .

Envelope 2.5" wide 1.5" high 3.5" long
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2. Dynamic Seals - Although adequate data is available on short term seal
life (up to 500 hr), more long term testing (up to 8000 hr) is needed to
assure that 3000 psi systems will meet the projected reliability goals.




4.0 TRADE STUDY AIRCRAFT DESCRIPTION

4.1 Aircraft I - Aircraft I was the "All Electric" version of the baseline
study aircraft. In this version all the power required for secondary functions
was extracted from the primary power sources (engine or APU), in the form of
rotary shaft power and was either utilized directly (i.e. as in the case of the
ECS compressor mcunted or the airframe mounted accessory gearbox) or was distri-
buted to the various utilizing functions in the form of electrical power. There
was no hydraulic or pneumatic power generation and distribution system cn board
the aircraft except for two integrated actuator package (IAP) type systems re-
presented by the brakes and the inflight refuel receptacle.

4.1.1 Power Generation and Starting - Figure 4-1 shows the arrangement of the
power generation and starting system for aircraft I. It shows that power for
u4il secondary function was extracted from the engine through the PTO shaft with
the exception of a very small amount of power (4.27 HP Max) which was withdrawn
from the engine in the form of bleed air to maintain pressure in the cockpit and
avionics compartments. Based on the data given in paragraph 2.2.6 the required
power for starting was 120 HP (89.5 KW). The generator shown in Figure 17,
having a 60 KW rating both as a generator and a starter, would meet this require-
ment because, operating within its normal 150% (90 KW) overload capability for 2
minutes, it would easily meet the 120 HP (89.5 KW) for 35 seconds starting re-
quirement. (See further discussion in paragraph 4.1.2,2) Numerous power genera-
tion/starting approaches were examined before the approach shown in Figure 17
was selected as the baseline. The major potential approaches examined and com-
pared were as follows:

1. Conventional 400 Hz AC power (115/200 V)
2. Double voltage 400 Hz AC power (230/400 V)

3., Integrated drive starter generator type of
constant speed drives

4. 270 Volt DC power
S. Mixed 270 VDC and conventional 400 Hz AC power

6. 270 Volt DC starting with drain and £fill torque
converter

7. Generators integrated with and buried in the
engines
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4.1.1.1 Conventional vs Double Voltage 400 HZ ZC Power Comparison - A double
voltage system was compared to a standard voltage system as a potential power
generation system approach for use in the study aircraft (see items 1 and 2
above). The double voltage system was defined as a 230/400 volt, 400 Hz, 3-
phase AC system. The double voltage approach was a recent development and its
Single major practical application has been on the B-1 Bomber aircraft. The
standard voltage system was a 115/200 volt, 400 Hz, 3-phase, AC system.
Standard voltage svstems have been in service on aircraft for a number of years
and were accepted as reliable and safe.

Subjects of concern considered during the comparison study were safety (per-
sonnel and aircraft), corona, electromagnetic interference, utilization
equipment and electrical components (E.G., relays, connectors, wire, etc.) and
weight,

4.1.1.1.1 Safety - When evaluating personnel safety,a reasonably safe "let
go" voltage for msn, assuming wet contacts, was considered to be between 10 and
21 volts. Since the porentials of the standard voltage system and the double
voltage svstem were both considerably above the 'let go'' voltage, the hazards
were not considered to be significantly different for either voltage.

With regerd to aircraft safety, there was no reason to believe that a fault or
short circuit should occur with any greater frequency on a double voltage
system than on a standard voltage system. This assumed that the design incor-
porated terminal spacing, insulation characteristics, etc., commensurate with
double voltage system requirements. As to the effect of a fault, the double
voltage generator would limit the steady state fault current(beyond 3 cycle)

to roughly half of that in a standard voltage system. The amount of power to
the fault would be apnroximately equal to that in a standard voltage system,

and therefore, the consequences, or result, of the fault should be approximately
equal regardless of the system voltage used. In summary, from a safety stand-
point, the precautions and procedures necessary for a double voltage system were
not considered significantly different from those regquired with a standard vol-
tage system. The hazards present in either system could be minimized by good
engineering design and observance of good safety practices.

— P - 5

4.1.1.1.2 Corona - Corona would occur whenever the voltage gradients between
electrically energized electrodes exceed a critical value. Its onset voltage
would be a function of ambient pressure, temperature, insulation material and
thickness, and time. Undesireable effects of corona would be insulation de-
gradation, interference, and power loss. The altitudes where corona may be-
come a problem would be above 50,000 feet, with the most critical altitudes
being between 100,000 and 200,000 feet. Generally speaking, voltages of 300
volts (peak) would not cause corona onset even at altitudes of 100,000 feet.
The maximmm transi¢mt voltage on a dwble voltage system is 508 volts (peak) and
. woilld only exist a :ing abnormal operation of the generating system. In sum-
! mary, the potential for presence of corona existed with the double voltage
system, however, the proper conditions occured only under random and rare cir-
cmstances.
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4,1.1.1.3 BMI - The primary source of interference from the, electrical power
and distribution system was through electrostatic or a electomagnetic coupling
to a susceptible signal circuit. Power input to a black box was assumed to be
adequately filtered and not a factor. The magnitude of the electromagnetic
coupling would be deternined by the change in current. Since the circuit cur-
rents in a double voltage system would be approximately half of that in a stan-
dard voltage system, it was anticipated that there would be a decrease in elec-
tromagnetic coupling.
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The effectiveness of electrostatic coupling would be largely determined by the
voltage. Therefore, electrostatic coupling might be greater in the double vol-
tage system. This type of coupling could usually be adequateiy controlled by
proper use of shields .

In sumnary, it was felt that the total electromagnetic interference due to a
double voltage system should be no greater than that of a standard voltage
system.

4.1.1.1.4 Utilization Equipment and Electrical Components - New utilization
equipment could be designed to operate directly from a double voltage input
without any increase in weight or volume. There were felt to be no signifi-
cant technical barriers to the development of this equipment.

Electrical components rated for operation at 230 volts presented no significant
problems. Some equipment (switches, connectors, wire, etc.,) could be uprated
for double voltage operation without any change or penalties. Other equip-
ments would require minor modificaticns.

4.1.1.1.5 Weight - During its design, numerous configurations of the electri-
cal power generation and distribution system vere studied to determine the
system with the maximum weight advantage for the B-1 aircraft. These studies
(Reference 15) showed that for a large aircraft (395,000 Lbs. take-off weight)
with a large electrical system (345 KVA), reasonably large weight savings could
be realized with a double voltage electrical system. Most of the weight saving
wasderived from the use of long runs of primary power feeder cables and result-
ed from less copper being required to carry the reduced current characteristic
of the double voltage system. '

The weight advantage which could be realizced by utilizing a double voltage
system, instead of a standard voltage system, on aircraft I was relatively small
and could be determined by a detailed weight analysis of the major area bus
feeders, transfommers, and secondary power rectifiers. For an aircraft the size
of aircraft I (36,043 Lbs. .take-off weight), with a "worst-case’™ AC load of
approximately 50 KVA the weight saviigs would not have been substantial enough
to have been cost effective. In order to have been cost effective, all of the
double voltage utilization equipment would have to have been available in 1990
for use in aircraft 1 as off-the-shelf equipment or with only minor modifica-
tion. Since there was no discernable trend to the development of double voltage
utilization equipment at the time of this study, a standard voltage electrical
system was considered most acceptable.

4.1.1.1.6 Sumary - The effects of certain technical considerations (i.e., safe-
ty, corona, EMI, utilization equipment and electrical components) did not legis-
late against the use of a double voltage electrical system. However, for air
vehicles the size of aircraft I, the weight saving potential available, through
the use of double voltage, did not appear sufficient to justify the cost of de-
veloping "new" utilization equipment. Therefore, further consideration of dou-
ble voltage systems was dropped.

4.1.1.2 Generators Integrated with Engines - The possibility of integrating the
generators with the engine was looked at in considerable depth. The engine used
in the ATS aircraft is a 1995's type twin spool, low bypass ratio, variable cycle
engine. Based on this design the apparent practical locations for the generators
were considered to be confined either to instailation in the engine inlet bullet
nose or mounted as an external accessory on the engines' waist. A third possi-
bility, which was integration of the generator with N; or N; spool shaft, did not
appi?r practical primarily due to the extremely poor accessibility of such an in-
stallation.
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The engine bullet nose location had been used in the past and had proved rea-
sonably feasible for a single generator of small size. However, considering
the fact that this engine installation required the mcunting of two generators,
and both of large size, the engine bullet nose approach appeared much less de-
sireable. The engine bullet nose on the ATS engine had a useable inside dia-
meter of 6.25 in. which was much too small to seriously consider side by side
mounting of the generators. Even if the generators were mounted in tandem,
their diameter (10 in.) would have increased the bullet diameter and, hence,
the engine diameter thus offsetting one of the primary virtues of the genera-
tor's integration with the engine; i.e. reduced installed engine/inlet frontal
area. The extreme length of a tandem installation would have futher amplified
an already existing problem characteristic of previous bullet nose installa-
tions which was excessive cantilever vibration. As final factors legislating

against selection of this approach, bullet nose installations had the following
additional disadvantages:

1. Poor accessibility with engine installed

2. A significant increase in the possibility of engine
FOD damage

3. Poor acess, as a starter generator, to the high speed
(N2) spool which is the spool which must be powered
during starting.

An engine waist installation was considered as being essentially identical to an
AMAD installation. The selection between the two would go to that approach

which provided the best accessibility and the smallest increase in engine/inlet
system frontal/wetted area.

Because the engine used in this application was a low bypass ratio type it
tended to be barrel shaped and have very little "waist'. TFor this reason any
acessories mounted on the engine even in the waist area, tended to increase the
engine's frontal area by an amount at least equivalent to the frontal area of
the item bteing mounted. It can be seen however, when looking at the ATS inboard
profile (Figure 22Z) that, due to the nature of the inlet duct (above and out-
board on the fuselage) and its relation to the wing (see station 560 crossec-
tion), a forward extending PTO and AMAD setup would allow the installation of
two large generators, in place of the items shown as 4 and 8 on the inboard pro-
file, with no significant incre.se in engine/inlet system frontal area or wetted
area. As pointed out else where in this report, and as shown in Figure 17, the
MMAD also drives the freon compressor. The ability to drive the freon compressor
by direct mechanical drive, rather than by an intervening electrical link, was
felt so important efficiency-wise that, even if the generators were mounted on
the engines' waist, an AMAD would have had to have been provided for driving the
compressor by itself or the three units (two generators and one compressor)
would have had to have been mounted as a group on the engine's waist. This
latter approach represented a prohibitive penalty because, in addition to the
three components's large size, there was the fact that they had to be intermixed
with other engine ancillary equipment, such as fuel controls, with the result
that there was a large adverse impact on, not only the engine/inlet system
frontal and wetted area, but also on accessibility ¢ id maintainability. Based
on the foregoing considerations, the AMAD approach was selected as offering the
best access and maintainability in combination with a minimum increase in
frontal and wetted area.
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4.1.1.3 270 Volt DC Pawer Versus Mixed 270 VDC/400 HZ AC Power - The primary
source of power on almost all civil and military aircrait for the past 25 years
has been based upon the distribution of 115/200 volts, 400 Hz AT power. With
the passage of time, this system has been widely accepted and has shown a
steady increase in reliability and specific power output. As will be seen
later (paragraph 4.1.5.1), the primary control surfaces (in the study aircraft-
aircraft 1) are activated by power hinge actuators utilizing 270 volt DC sama-
rium-cobalt, brushless (permanent magnet) drive motors. Due to the importance
of this system to aircraft I operation and because the actuation loads are a
major portion of the aircraft's total continuous load (approximacely 66 percent
during combat), it was decided that a 270 volt IC power generation and disiri-
bution system would provide the most efficient power sou-ce fo. this type of

equipment.

Numerous analyses have been performed relative to the impact on aircraft weight,
reliability, safety, and cost if a 270 VDC system were substituted 100% for <he
conventional 400 Hz AC system (Reference 9, 12, and 13). The conclusions
arrived at, from the various studies, were that equipment in the form of hrush-
less DC motors, power semiconductors, solid state sw.tchgear, aircraft cables,
and inverters were available for a 270 VLC system and that, in large aircraft,

a lighter weight and lower maintenance cost system could be expected through the
use of 270 VDC power. {Reference 17, 18 and 19). However, the situation with
respect to small high performance aircraft (7.33 G-M2.2) was not made clear. In
this type of aircraft the weight fraction of the distribution system tends to
become small and the weight fraction of the power output devices tends to become
larg=. ‘Therefore, even though a selection of 270 VDC power had been made for
the primary control surfaces (modulated) electric motors, the selection of the
best power for the unidirectional and/or non modulate¢ electric motors used on
the aircraft was open to further examination.

4.1.1.3.1 Non Modulated Motors - Studies done by others were targeted at the
use of 270 VDC power for large non modulated motor loads, such as fuel pumps and
blowers, that were normally operated by AC induction motors (Reference 13). The
two alternatives available were (1) retain the continuously running AC induction
motors and drive them with dedicated inverters that convert the 270 VDC to
sauare wave AC power or, (2) use brushless DC motors; i.e., synchronous motors
with permanent magnet rotors and armature windings, controlled through solid
state circuits (inve—ter) to provide commtation and mm at adjustable speeds.
In either event an inverter was required. At the time these (Reference 13)
studies were conducted brushless DC motors were considered to have marginal ad-
vantages but had only been developed in sizes of approximately one kilowatt.
Recent development in brushless DC motors have made their performance better
than that of induction motors, with higher efficiencies and better torque/speed
characteristics. In addition, several companies have produced prototype DC
motors in ratings up to 12 Kw.

Estimates made during this study program suggested that the brushless DC motor,
with its inverter, would be liguter and smaller than an e€lectronically (inverter)
controlled inductions motor of the same rating. There was a third alternative
however, and this was the possibility that the overall system would be lighter
and more reliable if 400 Hz AC power was supplied for all non-modulated electric
motors. As pointed out earlier both of the above alternatives (1 and 2) for
operating motors from a 270 volt DC bus require solid state electronics (inver-
ters) for commtation and control. Due to losses developed during transistor
switching and conduction, power inverters require cooling and, since the size and
weight of the inverter is usually determined by the type of cooling employed, the
inverter and its cooling method become an integral part of the motor evaluation.
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To form an initial assessment on the size of the inverters required, if 270
VDC power/was to be used for all motor loads, the study for the design of the
surface control systems (paragraph 4.1.5.1) was reviewed. In this study, in-
verter cocling requirements were determined to be in one of two categories:

(1) Inverters rated at 25 emperes (6.75 KW) or smaller may be cooled
by natural radiation ard convection. A common design for all
inverters in this category was sized at 231 cubic inches (11" x
7' x 3') and weighed 10 1bs.

(2) 1Inverters rated larger than 25 amperes (6.75 KW) required alter-
nate cooling techniques of which evaporative cooling was selected.

Cooling techniques based on natural radiation and convection were preferred, of
course, because of their simplicity and low cost.

Continuous motor loads on the study aircraft included two fuel boost pumps (1.98
KW each during cruise operation, and 2.36 KW each with afterburner), ten fuel
transfer pumps (0.64 KW each during cruise operation and 0.74 KW each with after-
burncr), and two blowers (3.2 KW each) and two pumps (0.87 KW each) in the envi-
ronmental control system. The weight of a common inverter to support operation

of these motors from a 270 volt DC bus was estimated to weigh 6.9 1bs ( 3¢ kmﬂéiﬂ
by comparing its power rating with the power rating of the surface N '
control actuation system inverter. As a result of the above analysis, a total
inverter weight of 110.4 1lbs. (6.9 x 16 = 110.4) was concluded to be necessary

to operate the motors from the 270 volt DC bus.

In addition to the inverters required for the continous load function enumerated
above, inverters would also have been required for all the low power (6.75 KW)
utility functions listed in Table 2-1. This would have required at least 10 more
inverters involving an additional 69 lbs weight penalty.

If on the other hand 115/220 V 400 Hz AC power could be supplied to these motors
the inverters could be eliminated, and simple on-off or extend retract switches
substituted, allowing a net weight saving of at least 127 lbs based on an assumed
average switch weight of 2 lbs. Although the use of 270 VDC power for servicing
these loads would have reduced duplication and the weight of the power feeder
cables (see following paragraph 4.1.1.3.3) it was not felt that the saving in an
aircraft of the small size of the study aircraft would have been great enough to
offset the 127 1bs inverter weight penalty. Therefore, in consideration of this
tact, plus the fact that the continued use and availability of 400 Hz power would
be convenient for use in avionics black boxes and lighting equipment and would
give added flexibility and adaptability to an advanced aircraft of the 1990's a
dual power output (270 VDC and 115/200V 400 Hz AC) power generation system was
selected for use in the baseline aircraft I.

4.1,1,3.2 Aircraft Cables - It was apparent that the use of a 270 VDC system had
the obvious advantage over the conventional AC system of reducing the aircraft's
total cable length. This weuld have been true because the number of power feeder
cables required from the generator to the distribution center, as a minimum, de-
creased from four to two. Earlier estimates on distribution wiring (Reference
20) assumed that high voltage DC power could be supplied by a single cable from
each generator with aircraft structure providing a ground return., In comparison
with a conventional 3-phase machine, this meant three cables could be replaced
by one. With the increased impact of composite structures, it appeared unwise

to assume a structural ground return to be practical.
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Accordingly, for the purpose of this study, the DC feeder system betwcen each
generator and the distribution center was assumed to consist of a positive and
a negative cable and the AC feeder system was assumed to consist of 3 positive
cables and a ground return cable.

Using the four wire (3 phase AC power) versus ¢ wire (DC power) as a basis, a
rough study was made of the comparative weights invelved in distributing
power to the 16 continuous motor loads discussed in the previous paragraph
(paragraph 4.1.1,3.1}, It was assumed that the motor loads were distributed
approximately evenly between the four power systems. It was further assumed
that the power distribution center was located three feet from the generators
and that the various motors were located as shown on the aircraft inboard
profile (Figure 22).

Based on this study the wire weight saving which would have resulted from

using a 270 VDC distribution system, rather than 115/200 V 400 Hz AC system,

was approximately 4 1lbs. Although the total wire weight saving which might

have been expected in this aircraft, through. using 100% DC power veisus using a
system approaching 100% AC power, might exceed this value by an order of mag-
niture (i.e. 40 lbs), the rough study indicated quite clearly that, on an
aircraft this small, the wire bundle weight saving potential of this approach
was small.

In recent years the properties of, and insulation for, wires and cables have
improved substantially. At present Kapton and Tefzel are the lightest availa-
ble materials. It was assumed that these insulation materials were representa-
tive of the types which would be used in a 1990 + aircraft and therefore wires
insulated with these materials were used for ali weight studies for general
airframe application. Studies with respect to the effect of a double voltage
system on aircraft parameters such as aircraft and personnel safety, corona,
IEMI and wire have been discussed previously in this report. The conclusion
was that precautions and procedures necessary for a double voltage system were
not significantly different frcm those required with a standard voltage system.
The hazards present in either system are minimized by good engineering design
and observance of good safety practices.

The selection of a 270 volt value for the high voltage DC portion of the system
resulted from the ease with which this voltage could be obtained when full wave
rectification was applied to a conventional 115/200 volt 400 Hz 3-phase AU gene-
rator. As a result there was little doubt that any thin-wall cable acceptable .
for operation with a double voltage system (such as that used on the B-1 air- '
craft) would have had adequate margin for operation at 270 VDC.

4.1.1.3.3 Switch Gear - In todays aircraft, electromechanical devices such as
circuit breakers, contactors and relays are used for switching and protection in
feeder and distribution systems. For an AC powered electrical system this is no
problem. During any mechanical switching action, the arc which occurs across
the gap tends to extinguish itself at the "'current zero' point of the sine wave.
With a 270 volt DC system, however, the arc tends to be self-sustaining (at
least 3 seconds) and if not detected and extinguished very quickly by some form
of forced commtation could result in severe damage.

Earlier studies recognized the danger of arcing and flashover to be very real.
They also showed, by laboratory tests, that under certain fault conditions a
self-sustaining arc condition might occur that could not be extinguished by the
mechanical switchgear then available As a result of this, even

today a reluctance exists on the part of designers to accept the 270 VDC elec-
trical system.
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Adequate protection against ground faults is dependent upon rapid detecticn
and isolation of the fault condition. Although this cannot be accomplished
with the themmal circuit breaker, there was reason for confidence that high
rates or rise in current could be detected and transistor switches developed
to break a high curvent fault before it had risen to extreme levels. In
addition to opening the circuit, backup safety could be provided by the capa-
bility to de-excite or mechanically decouple the generator very rapidly.

Recent developments in high powered, solid state switching devices were con-
sidered sufficiently well advanced that, although they had not replaced con-
ventional components in the AC and DC distribution systems of modern air-
craft, they were in good position to do so. The use of solid state technolo-
gies was felt to be inevitable and crucial in the 270 VDC system to replace
functions previously performed by contactors and themmal circuit breakers in
the AC system. As always, considerations for cooling the solid state devices
were an added problem.

In order for a sustained arc to occur, two faults must coexist; (1) the fault

must occur and (2) the protection system (overcurrent sensing) must fail. The
improbability of a double fault, along with the confidence that can be placed

in the protection system as a result of advances in semiconductor technology,

made it reasonable to accept the 270 VDC system in the study aircraft.

For the purpose of this study, solid state power controllers (SSPC's) were
utilized to perform AC and DC 1load switching and protection functions. Each
unit provided the function of a circuit breaker and remotely controlled switch
(contactor) in a common module. For small load currents the SSPC was con-
sidered to be an "all solid state" devicc. For SSPC's in the 10 to 400 ampere
current range 2 hybrid (solid state switching plus electromechanical contactor)
unit was utilized. All units provided for their own heat rejection without the
need for addtional cooling.
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4.1.2 Power Generation and Distribution - The power generation and distribution
system 1s shown scnematically in Figure 18 and the terms used in the schematic
are defined in Page 2 of the Figure. The most significant characteristic of
this system, and the one which represented the greatest departure from previous
electrical system philosophy, was the fact that the total power svstem consists
of four completely independent power channels. There were no bus tie contactors
and each generator was dedicated solely to a particular chamnel. This approach
was used to allow the electrical system to satisfy reliability and redundancy
requirements (See Tables 4 and 11). Because the electrical system in this
aircratt provided actuation power for the fiight contrel and utility systems as
well as acting as a source of control signal power for both, it must have a
higher order of reliability than that characteristic of electrical systems of
the past such «s typified by the electrical system of aircraft I1. This arose
from the fact that, in picking up the actuation functions which have histori-
cally been accomplished hydrauiically, the electrical system must duplicate or
exceed the hydraulic power system's redundancy. Through long and sometimes
bitter experience, it has been found that hydraulic systems, in their historic
power supplying functions, must have redundant and absolutely isolated systems.
It was found that it must not be possible ror a failure in one system to pro-
pagate into another system because, if it is possible, it will happen.

Conventicnal electrical systems using bus tie contactors have always been sub-
ject to, and have frequently experienced, “'cascade' type failures in which a
cingle failure in one generating system has propagated through all systems
wiping out all generated power on the aircraft. Such a system approach would
not meet the fail operate, fail safe r>quirements imposed on the flight con-
tol systom of the study aircraft. This continued to be true even when using
stored energy in the form of batteries or APU's as an emergency power source.
To meet tac failure and rejiability requivements of airiraft I it was felt im-
perative that at least 3 completely independent dedicated power sysiems be
provided. This would match the redundancy of the hydraulic system used in
aircraft II.

After more detailed study it was determined that, although 3 independent power
systems were adecuete, 4 independent systems more closely approached the opti-
rum for the reasons listed oelow:

1. The use of four systems was the only practical way to balance engire
power extraction loads, generator size, and bus loads so that each was simul-
taneouly reasonably uniform.

2. Four systems fitted well with the 5 channel (4 channel plus model chan-
n2l) philosophy used in the aircraft I fly-by-wire control system.

3. The use of four dedicated syste i required smaller generators and a
lighter weight generating system than that of the conventional 'bus tie contac-
tor'" approach.

With reference to reason #1 above, it will b= seen later that system 'S second"
and "continuous' loads could bz distributed among the 4 channels so that they
vary no moie than ¢ 24% from the mean. This could be done while meeting the
load and redundancy requirements of Table 11. It was also true that the mini-
mum loads imposed on the PTO shaft by the electrical power system were deter-
mined by the generator's size and its fault clearing canability (approximately
250% of continuous load rating). It was also highly desireable that the PO ex-
traction loads be essentially identical between the two engines. If they were
not, the PTO power train in the engine and AMAD must be designed to the highest
load seen by either engine. This was necessary to maintain engine interchauge-
ability. Thus, if the loads applied were allowed to get seriously out ot ba-
lance, the overall PTO system becaine unnecessarily heavy.
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AEBR

BAT

BR

DEBR
DEPC
DLC

GLOSSARY OF ABBREVIATIONS AND ACRONYMS

A

- Alternating Current

AC Essential Bus Relay

- AC External Power Contactor

- AC Line Contactor

- Airrrame Mounted Acessory Drive

- Auxiliary Power Unit

B
- Battery
- Battery Charger
- Battery Charger Relay
- Battery Relay
- Battery Switch

£

- Cyclo Converter

b
~ Direct Current

~ DC Essential Bus Relay

- DC External Power Contactor

- DC Line Contactor

ESS.

E
External Power Monitor
Essential

External

G
Generator

Generator Control Unit

H

Hertz (cycles per second)
R

Reversible Silicon

Controlled Rectifier

S

SCA,R,CGD - Starter Contactor

SI

vDC

A,B,C,D, Etc.
Starter Inverter

Starter Relay

T

Transformer, Rectifier,
Filter

v

Voltage, DC

Figure 18. Aircraft 1 Electrical Power Generation and
Distribution System Schematic (Sheet 2 of 2)




TR Y TR Y B

MR NV MG A Y

PTO system power extraction loads could have been balanced using four equal
sized generators feeding three systems. However, since the aircraft had two
engines this almost inevitably lead to two one generator systems, each gene-
rator driven by a different engine, and one two generator systam with each

of its generators driven by one of the two engines. If it wac assumed that
all four generators were to be of equal size, for logistics and interchange-
ability reasons, and were to be of minimum weight, it meant that the two
generator system had to have assigned to it twice the continuous load of the
other two systems. With the aircraft configuration used for this study, this
always led to trouble in the reliability survivability area. In attempting to
distribute the loads, to properly load the two generator system, it usually
worked out that the engine actuation functions (plug throat, extermal flaps,
etc.) for both engines had to be on the two generator power channel. This
meant that a2 single failure could lead to degrading the whole propulsion
system to a marginally fail safe condition. In contrast when each engine was
powered by its own system (as is true in the four system approack) only one
engine's output was degraded to marginally fail.safe after a single failure
and it took two failures to achieve the same level of propulsion system de-
gradation. This represented a serious reduction in aircraft reliability and
survivability. Attempts to redistribute the loads in other ways, while having
each engine's actuation functions powered by separate systems, always serious-
ly impacted the redundancy of power distribution to the flight control system
or seriously unbalanced the loads between generators. In either event, a
significant negative impact on weight or survibability/reliasbility always
occcured when attempting to use a 3 channel power system rather than a four
chammel approach.

With reference to reason #7 above, it is pointed out elsewhere (see figure 35)
that a four signal channel plus model chamel fly-by-wire (and light) control
was selected for the study aircraft. Using a battery to power the 5th (model)
channel, the four power systems approach fitted nicely with the four signal
chamnels and at the same time allowed absolute system separation (power and sig-
nal) to be maintained. A three chammel power system did not fit so well. At
some point a single power system must power two signal channels and thus, a sin-
gle failure would have eventually lead to the failure of two signal chamnels.

With reference to reason #3 above, it was found, rather surprisingly, that one
of the benefits of a 4 channel dedicated power generation system was that it was
significantly smaller and lighter than a conventional 4 channel split-parallel
system using bus tie contactors. In the early studies on this program the lat-
ter system was thoroughly studied and the results of that study are included in
this report for comparison purposes as follows:

*'The electrical power genreration and distribution systems (EPGDS),
shown schematically in Figure 19 is designed to provide power during
conditions of normal and emergency aircraft operation. The aircraft I
system, shown in Figure 19 consists of an engine-driven 270 volt DC
starter-generating system, and APU-driven backup generator, converted
115/200 volt 400-Hz power, an emergency battery, and provisions for use
of an external power source.

The maximum average load demand of Aircraft I, for a 15-minute
operating condition, is estimated to be 223 KW. The loads which
establish this maximm are those listed in appendix "A" of NA 79-492
(Interim Report Electrical Load Analysis Reference 12) except that itemns
405 and 406 page A-16 are deleted. The deletion arises from the fact
that, unlike the original assumption, the freon compressor is no longer
powered electrically but is powered directly by the engine. To supply
this mission load the primary electrical system utilizes four 270 volt
DC generators, eac!} with a canacity rating of 115 KW. At this rating,
the primary electrical power generation system provides a 100 percent
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reserve capacity. The four generators, mounted two-per-engine, supply
four main DC buses to support multiredundancy requirements of the flight
control system. During normal flight operation bus-tie contactor #2
{BTC 2) is open while BTC 1 and BTC 3 are closed. In this mode the
system operates in a split-parallel configuration. Generators #1 and
#2 operate in parallel to supply main buses #1 and #2, isolated from
main buses #3 and #4, and generators #3 and #4 operate in parallel to
supply main buses #3 ard #4. In the event of a generator failure, or
single engine flameout, BTC Z will be closed and the remaining geneia-
tors operated in parallel to ensure an uninterrupted supply of power
to the four main DC buses. This arrangement (split/narallel) provides
fault isolation by preventing disturbances on one-half of the elec-
trical system from affecting equipment on the other half. In addition
to supplying primary electrical power, 2ll 4 generators on aircrait I
provide power for starting the main propulsion engines. Aircraft II
utilizes a conventioanl pneumatic start system for the engines and the
generators supply only primary electrical power.

In configuring the electrical subsystem it is anticipated that
270 HVDC will not always be the most efficient power source. Lighting,
instrumentation, avionics, engine controls, and motors (where rapid re-
sponse is not a critical requirsment) are design areas that can fall in
this category. A conventional 115/200 volt, 3-phase, 400 Hz electrical
conversion system is provided for those subsystems that can convenient-
ly utilize such power. For baseline system sizing considerations all
motor loads such as surface control actuators, fuel pumps, ECS fans and
pumps, etc., are regarded as powered by 270 HVDC. All housekeeping
(non-actuator) loads, except motor loads, are considered to require
conventional 400 Hz power. The total 400 Hz load requirement is 44 KW
and two 45 KW static inverrers provide redundant sources for this a-
mount of power. Of the total capacity available from the 4 generators
approximately 110 KW (55 per redundant channel) is allocated for static
conversion to a conventional 115/200 volt, 400 Hz power system. This
total includes losses in the power conversion devices and provides for
a 100-percent reserve capability over estimated load requirements. The
remainder of the generating system capacity (175 KW) is reservered for
distribution as 270 volt DC power''.

From the above discussion of the conventional approach, two critical factors
stand out; the size of the generators and the use of 3 bus tie contactors., It
will be noted from the above extract that four 115 KW rated generators were
going to be used in the conventional system while in the dedicated power chan-
nel approach the generator capacity could be reduced to 60/70 KW rated. Since
the difference in weight between a 60 and a 115 KW generator of this type was
approximately 50 1lbs the total weight penalty, associated with the generators,
for the conventional system was approximately 200 1bs. It will also be remem-
bered that bus tie contactors were not required in the dedicated power channel
approach so an additional weight penalty of 1A.5 1b (3 units at 5.5 1b each)
would have to be added giving a total weight penalty of 216.5 1b for the use
of a conventional system arrangement.

The basic reason that the conventional approach suffered a weight penalty was
the fact that, as generators failed, the remaining generators picked up the full
system load. After two failures the remaining generators were carrying double
their normal continuous load. In contrast the gensrators in the dedicated ap-
proack never carried more than their nommal load. In offect there was automatic
and weight free load monitoring in the dedicated approach. As generators failed
the Joads serviced by those generators no longer received power. The inbuilt
redundancy of the power using functions, however, insured that the function

would continue to operate at its required level of output in the face of the re-
quired mumber of failures.
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The conventional system could have reduced its required generator system size,
including bus tie contactors, to a weight value approaching that of the dedi-
cated system through the use of a rather elaborate load monitoring system. It
was felt, however, that this could only be accomplished at a further reduction
in system reliability additive to the relatively poor reliability which already
existed in the conventional system due to its propensity for "cascade' type
failure. Therefore, consideration of 4 generator/3 power system and/or split
bus parallel arrangements were abandoned.

4,1.2.1 Power Generation Definition - Four 60/70 KW generators (two per engine)
provided the electrical power required by the study aircraft. As shown in Fi-
gure 18, each generator divided its power output to provide both 270 velt DC
and 115/200 volt, 400 Hz, 3-phase AC power. The larger portion (approximately
2/3) of each generator system's output was 270 volt DC and was predominantly
that power provided for operation of the elctromechanical surface control ac-
tuators. To obtain 270 volt DC, part of the wild frequency AC output of the
alternator was rectified in the early stages of the VSCF power conditioning.

Conventional 115/200 volt, 400 Hz AC power was provided for avionics and other
conventional AC loads such as induction motors (without the use of inverters),
lighting, and heating. Although an advanced IDG design offered some advantages
over the VSCF system in the areas of size and weight (where all output
power was 400 Hz) a VSCF generator was selected because electronic power con-
version was more suitable where different types of power output were required
and where a majority of the rzquirement was DC. The generator was a 10-pole,
wound rotor unit driven over a speed range of 13750 to 27500 RPM in the power
generating mode. Although the load and/or start capabilities differed between
generator systems, all four generators (alternator plus cyclo- converter) were
designed to be interchangeable for ease of maintainability and inventory pre-
poses, The reason for sclection of the generator size and the split between
AC and DC loads is discussed at greater length in paragraphs 4.1.4 and 4.1.2.2.

4.1.2.2 270 Volt DC Start Capability - The engine start requirement was 89.5
KW of power applied to the generator output terminals for 35 seconds. To meet
this requirement, the generator must be sized as at least a 60 KW unit. At this
rating the generator would be capable of providing 90 KW (150-percent) for 2
minutes. The general arrangement of the starting system is shown on Figure 18.

In the starting mode, one synchronous generator on each engine functioned as a
brushless DC machine with variable frequency AC power supplied to it. This was
made possible throught the use of omnboard, dedicated static power inverters
("SI" in Figure 18) to provide programme.. voltage and frequency power supply
for the starter generators. Each starter-inverter could be powered from an on-
board APU or from external power as shown in Figure 18. System operation was
analogous to a DC shunt machine supplied by a phase-controlled rectifier. The
inverter operated as a phase controlled rectifier to adjust the voltage level
and to switch the current among the armature windings. A position sensor on
the machine informed the inverter which winding must be supplied with current.
The use of the inverters represented a maior weight penalty but was more than
offset by the elimination of the need for air compressors and air turbine
starters such as used on aircraft II (See Figure 45). In addition the need
for high power ground air supplies was eliminated since, through the dual func-
tional use of the generator made possible by the inverter, only electrical
power was needed for the starting function.

In the start mode, a unique application cf the starter-inverter and the 270 VDC
rectifier portion of the VSCF power conditioner were combined with a torque
converter to crank the engine through an aircraft mounted accessory drive (AMAD)
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As shown in Figure 20, upon initiation 270 volt DC power was applied through
the 15 KVA inverter to the altermator (as AC power) to bring it up to a pro-
grammed synchronous speed of 10,000 RPM, Programmed firing of the inverter
transistors was timed, by feeding back rotor speed and position to the inver-
ter, to accelerate the alternator. To protect the system from drawing exces-
sive power from the 270 VDC start bus, the absolute power output from the in-
verter was sensed and the curr it limited by adjusting the transistor firing
angle. In Figure 18, engine start from the APU was initiated by closing con-
tactors SRi and SRZ2. Closure of contactors SCC and SCB routed power through
the starter-inverter (SI) to the alternator.

In Figure 20, when the alternmator rotor speed (N2) reached 10,000 RPM the
system logic of the controller sent a reversing signal to the SCR's of the
270 VDC full wave bridge rectifier. Concurrently, starter contactors (SC) C
and B were opened and starter contactor A was closed. This function trans-
fered the alternator power source from the starter inverter to the reversed
SCR's of the 270 volt DC rectifier. The commutation of the main power condi-
tioner SCR's was accomplished by the presence of alternator back EMF. At
10,000 RPM the peak line-to-line voltage of the synchronous motor was mo-
mentarily higher than the 270 volt DC bus voltage necessary for SCR commuta-
tion. The closure of contactor A also directed the opening of the torque
converter fill valve.

At this point, approximately one second transpired since start initiation.
The alternator was at full speed, but starter output shaft rotation down-
stream of the torque conve~<er had not begun. As the torque converter fill-
ed, torque from the alternator shaft, controlled to maintain 10,000 RPM, was
transferred through the torque converter to the AMAD pad. Only at this time
was the full torque requirement of engine starting reflected electrically to
the 270 volt DC bus.

Starter output torque followed a curve similar to Figure 21 as the engine
accelerated to starter cutout speed. When the AMAD pad speed (Ny) reached
starter cutout, the controller logic inhibited the reversing modé€ signal to
the rectifier SCR's and drained the torque converter by removing the fill
valve driver signal. As the engine continued its acceleration up to idle
speed, and the starter generator tended to slow due to removal of inverter
SCR power, the torque flow reversed. Utilizing this torque flow reversal,

a set of overrunning clutches was provided which disengaged the torque con-
verter and simultaneously direct coupled the engine to the starter/generator
and drove it, as a generator, throughout the engine speed range. The full
wave bridge rectifier and filter provided 270 volt DC power for the aircraft
primary bus system. As shown in Figure 18, 270 volt DC power and 115/200
volt, 400 Hz AC power were available to the aircraft by closing contactors
DLC and ALC.

4.1.2.3 Power Distribution Bus Arrangement - Figure 18 shows the general
arrangement of the power distribution system up through the varicus busses.
As previously indicated, the output of the generator was wild frequency AC
power. This power was processed in a power conditioner ("'PC"' in Figure 18)
which consisted basically of a voltage regulator and a cyclo converter. The
voltage regulator delivered up to 1/3 of the generator's rated capacity, in
the fom of voltage controlled wild frequency AC power, to the cyclo conver-
ter for conversion to constant frequency 400 Hz AC power. The balance of
the voltage regulator's output was delivered to a transformer-rectifier-
filter unit (TRF'" in Figure 18) for conversion to 27) VDC power. The ge-
nerator control unit ("GCU" in Figure 18) s=nsed that the generator was out
of starting mode, was up to speed and was ready to sustain load. When this
occurred it closed the AC and DC centactors.
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("ALC™ and "DIC" for the various systems in Figure 18) and delivered power to
all the busses attached to that particular system. From Figure 18 it can be
seen that systems No. 2 and No. 3 cach powered a primary AC and DC bus while
system No. 4 powered an AC and DC essential bus in addition to the primary
busses. In common with system No. 4, system No. 1 powered AC and DC primary
and essential busses but added to them a battery bus powered through a diode.
A large battery was provided. This battery was sufficient to provide a mini-
mum of 4 minutes of power for essential emergency flight control actuation
functions as well as for other emergency power requirements (central computer,
emergency lighting etc.), occuring at the same time. This battery was charged
from system No. 2 via a battery charger and relay (BCR' and "'BC'' respectively
in Figure 18). Normally system No. 1 powered the battery bus and the various !
emergency functions attached thereto. However, if all systems failed the i
battery charger relay (BCR) switched to the position shown in Figure 18 and the

battery powered the emergency functions. The diode, shown in Figure 18, '
prevented the battery from delivering power to functions not essential in an
emergency such as those attached to the DC essential bus and the primary bus.
If power output was re-established, in one or more of the primary or essential
busses (say by flying the aircraft down to 20,000 ft and starting the APU) the
battery charging relay (BCR) returned to the charging position. The battery

1 also powered the APU start bus. This bus provided power to the APU start

f motor to bring the APU to self sustaining speed after an engine start had been
initiated. The function of the battery switch (BS) and batitery relay (BR) was
to make it nossible to remove all power from all busses while the aircraft was

parked and inactive.

The rules governing the assignment of functions to the various busses were as
follows: j
1. Those functions, and only those function, nccessary for recovering

from a maneuver and maintaining level or descending flight as well as
those functions necessary for towing and parking were assigned to the

battery bus.

| 2. Those functions necessary for a safe return to base and landing
were assigned to the various AC or DC essential busses.

[ naneioaary

3. All other functions were assigned to primary AC or DC busses.

The actual assignment of functions is covered in more detail in paragraph 4.1.4.

I o

As shown in Figure 17 and again in Figure 18 the APU mounted and powered two
generators. These were sized based on the starting load requirement discussed
in paragraph 4.1.2.2 and were rated at 45 KW each. Since the two gecnerators
operated in parallel during engine starts this rating gave a starting system 2
minute rating of 135 KW (45 KW x 2 x 1.5). This would meet the 40 sec start re-
quirement of 90 KW with enough left over to meet essential bus loads of 45 KW.
The maximm continuous bus loads which occured on either of the two essential
busses during the starting sequence were 34,68 KW (see table 16 sheet 11) and
the maximum 5 sec loads were 50.28 KXW (sec table 16 sheet 12). Based on these :
figures it was assumed that the maxinum 2 minute loads would not exceed 42 KW :
which was a value within the limits of the 45 KW available.

=S

4 The APU generators generated and delivered A( and DC power in a manner identi-
: cal to that already described for the main system generators. Assuming it was

designed to start engine No. 1 through generator No. 1 (Bl in Figure 18) the |
following status would exist initially. In Figure 18 SR; and SR2 would be
closed, AEBR, and DEBR2 would be open on the starter side, AEBR, and DEBR, j
closed on thé starter Side and, as already described in paragraph 4.1.2.2, SCB, :
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and SCC, would be closed while SCD and SCA, would be open. In this way power
would be directed to the starter/generator (Gl)} through the starter inverters
(I) to initiate the starting cycle and at the same time power would be directed
to AC ESS. bus 1, DC FSS. bus 1 and to the BAT bus. The starting sequence would
then proceed as previously described in paragraph 4.1.2.2.

During normal operation the APU would deliver power to the essential busses of
system No. 1, or system No. 4 or both dependent upon which system, or systems,
had failed. In this instance starter relays SR; and SR, were open and the APU
generators cperate independently. The use of tWo generators in this manner was
another attempt to maintain the absolute system separation which was the goal
~f this system arrangement. While the interlinking involved in the starter
system did defeat the absolute purity of system separation sought to a certain
extent, it did maintain this separation during all normal and APU powered flight
operations. There was also some potential interlinking involved in the battery
chargin circuit which couid not be avoided. However, even though systems No.l
and No. £ had some interlinking and thus some possibility of a cascade failure

occuring between the two, systems No. 2 and No. 3 maintained their absolute iso-
lation.

4.1.3 Aircraft Inboard Profile - Figure 22 is the inboard profile of the base-
line study aircraft. Figure 22 shows the general location of those items which
are powered by the electrical system and which are common to study aircraft I and IT.
Typical of these general locations are the forward, intermediate, and aft avionics
compartment and the various fuel pumps. As will be seen elsewhere (paragraph
4,1.1.3.1) it was the general study philosophy that, along with all avionics
components, all functions powered by unidirectional motors or nonmodulated bi-
directional motors employ conventional 400 Hz AC power. Therefore, these com-
ponents (avionic ''black boxes', fuel pumps, emergency door actuators, radar
drives etc.) were considered to be unchanged between aircraft I and aircraft 1.
and thus did not enter into the trade study except for the impacts their loads

had on overall generation system sizing and the constraints their locations
placed on wire bundle routing.

R dei il

T LNIGSETI Lt ST SeT AT S

——— oA




Figure 23 is a specialized version of the inboard profile of figure 22 which
provides a schematic of the "all clectric" airplane (i.e. aircraft I). As such
it defines the relative location of all the major power using equipment items
on board the aircraft. Figure 23 also defines the power system or systems

servicing each function as well as the general routing of the distribution ele-
ments to each function.

Several items stand out in Figure 23. The first is the fact that all four
systems run to all parts of the airplane and the second is the rather large
volume taken up by inverters, particularly those in the fuel tanks. It had been
hoped that only two power supply systems would have to run fore and aft in the
fuselage since, with the exception of the rudders, all functions aiong the fuse-
lage centerline (plug throat, canard, nose gear, etc.) were basically one or two
power system units. Had this been possible it would have reduced the wiring
system's weight and, to a certain extent, its wvulnerability. However, the re-
quirements for lcad balancing and the need for nose micro-processors (See Figure
37), located in the forward avionics bay, to have at least three independent
power sources dictated otherwise. Because there were three large power users in
the nose cf the aircraft (the gun, the radar, and the defensive subsystems -
items 1151, 901, and 1001 repectively on the electrical load analysis) whicn
tended to operate simultaneously during combat, the problem of power balancing
these loads, plus the triple power source needs of the micro-processors, dictated
that four power supply systems were requiced in the nose of the aircraft. The
same problem was encountered in the aft end of the airplane. Here the high loads
were represented by the plug throat and the thrust vector vane. Of the two the
thrust vector vane had the highest redundancy requirements (fail operate - fail
safe). To meet this requirement, each thrust vector vene needed to have two po-
wer supply channels, each of which was preferably powered by its engine. Since
there were two engines and two thrust vector vanes, one for each engine, it

followed that there was a need for four power supply systems at the aft end of
the two engines.

The location of the various inverters required for the various actuation func-
tions can be scen Figure 23. 1t will be noted that a majority of the invert-
ers, and all of the large liquid cooled types were located in the fuselage. A
few of the smaller ambient air cooled units, we = located in the wings. The
largest inverters were located in the fuselage fuel tanks in the wing carry
through area. An end view of these units can be seen in the FS 560 crossection
shown in Figure 21. Although the function, size and the weight of the invert-
ers is discussed later in paragraph 4.1.5.1.2, it can be seen that these in-
verters occupy a considerable volume (41.6 gal) and thus displace a significant
weight of fuel (332 1b). Since the total useable fuel capacity of the aircraft

was 18,000 lbs this represents a 1.8% fuel capacity reduction and an equivalent
range reduction.

Bl TRV

e e F e o T, ot N




I R

H
t
i :
|

3
—” OTEPNTY AT WY S -
- Ll g |
\\\\ =
/'3'/ / &6 P NSRRI R s
—t; Se 2 _ =72 Y, g
: ; ® NS
e Q\L\-Xm"x&'}'—Q—— D e - e~
AEL ‘:_'- Lo e -—%ﬁ LSRR 'v%&'__':-:_-ﬂ"‘T "__:."i'_:""'_':‘)-_ 3
] 1 - - /\/ U
3 C UM Gt Cr AN iy (VAT 2.
i ve_20p0[8
SO ML AN S
125520 fumcs @ 2 <
Esra ) Wi 60 SINFIC GELoude LN @ areus "/-f- o



' Co & VoL 78
. - 2 BRTTE
i : < POV

el — A sonziz e |
TRl LAy

'
28’ 1
7roe

Fo292: K
. 1

RCT:E el e MO0 '
Abens st L7362 !




ST SR AR TR TT T T et T ey o i ;W«a-g! ) e R

{2 1695 ADVA/\/\,ED VARIABLE CYCTLE ENGINE
3 /icCr’"SC PY LRIVE SERESLNX
FTTO O T S ST
€ IR TUEEF S0 E STHETELS
= AT IALY ALSIEE SAT
€ /?/;(/ LOCX Thral

' 7
! SELINOARY [or = SYETEr, s sl T,
' O GETLTL T2 60 L VA é’,;?fam:, RIS R
@ GE/E5 0L 7 LA, - .
R TEBNG AL Sl sF FECT1REE i T SOamiis 2 et
W INVEETE P /-2:{;,/4 /'
& VUTECE PesttbfTR “AFU sY<)
T EATTEL 5 GO LA RKE M- 40 OF CEERL
4 POWcL CUNTHEIITE A. FERTL.

B

. SSCONVARY ROV B SVETELT T~ NDEE I Jeedayod. )
! & CENIAEY CuthFE ER &P € ST D,
T BOL AP 28 £y

u: FPEINIALY & <~,_,§,; ’
. S ENVERSE [y ESETE e !’
! é ACCemy. 47te i

. < :
e o EUEL EYS 7217
[EX D & BOUSTEE NP FEEDIL,
& TBPANSKLE? AUMOS 10 £ T L)
& LUECI0L suhirs (@ E00.)
& FUEL SO HERT SXTHANGER (66N §A06 Li)
@ HEAT EXCHAN €£2 PP
& GPOUND ECFUEL LECELTRILE

D SIEL CONTT YR ’5((’.?!5@)

Cor v vire vE W

b g/mfﬁmr.%?zﬁ EECELIRCLE oy

B Fegh A
AN -2
~o

1‘ n

C———.—__

ENVIEONIMIEVTERL [ (7.2 SYSTEM
& BOOIZTEIP 7250 CONMFPEESS O .
& INTECOCER <A EXCHANGER .
8 WATER SELLEATE ;

& CABIN S13£E7Y VALvE o}
B (ABIN FEEESLES SEECinA’oe i
& LECOL P E £ 72708 Lk
@  ELESHEE e~ LTS (CIVE 1ITL ) NOTSHOWA ’
1<
. FLIGHT C_QV/P&( S STEN?

& CANACL AL 7UATLELE | TBNGR) LA/BUINCED, CECE
@ WINE (E IEVIEE, 5 =CH. HIMCE ECTREY RCTUBTGRES 12 FEOD

& AUEEONS, 47X 502 7ChL - - 7 &0
& LLEVENS IWWECREL NSeH = - - & EEOL.
’6 ﬁc‘w/vsu/m - - - - FLEOL

EUOPrE,/ ZPEE L EEEE WIECH HINGE ROTREY AT 6 FEDP
@ ENCIVE i//f’a.Sf' CELTOE ACTURTTES, 7ANIEN? YLl AN CED, DY

S ST ,gg/m_-izS Eﬁ/}' G222 LBS; SO F7"SPCE-FA0VIS/ONS
e O
..D INEOZHIGTIONS 124 PG ENIENT 5
CONIILNICE 776778 5YS
NAVIGCATION <7
TREGET QLIS 776A" £VE. 8
: DEFENEIVE £ 7. .,
! FLISH T CONTTLL SYE.

3 i RN ke 0 SNt st g PR e R

! FUPNISHINES. _
. G LLELTION SESTS, SITNCEL SIS & PECT.
[ Oxy(qérw Cvf/'z-’// ~ SLITEE (0K
@ LICicr PEDVISIEIS — HOEN & BOTT¢ & (Wor Shownas)

83/84 Figure 22, N\TS Inboard Protile




FSO00 FS10C FS2X FS4(l

RIGHT MAIN GEAR S

HOSE GEAR DOOR ———— RIGHT MAIN GEAR BRAKES

RIGHT RAM AIR SCDOP T WAIN GEAR DOOR

RIGHT LEADING €

NOSE GEAR
HE 30 (A

AERIAL REFUEUNG

LSFT CANARD ACTUA
LEFT RAM AIR S(OOP—

/ LEFT BAN GEAR B

—~AERIAL PEFUELING

€. 30MM CANNON




l : A

Fs30( FSe? F55060 FCEl S Es T
/ -
RIGHT {EADING EDGE SLAF 7 "; ¢ \len A LERON
RIGHT MAIN GEAR /.-;;/,'7 /" RIGHT I"DSPAN FLAT
- " 4 / RIGhT .NBOARD FLAP

28 /—mem AMAD 7

. \]!ﬂl ¥ / . DRAIN * FILL FLUID COUPLING :

¥ I : ;

- : yd _~RIGKT EXTERNAL ru\j
~

" RIGHT P
- LUG THROAT

RIGMT MAIN GEAR BRA

/ RIGHT WAIN GEAR DOOR -

// P
- RIGHT THRUST vecTol
1

R
. .
u.-;;:r‘l o RIGHT THRUST REVEN
Hry
NI =~
NS | :
] H
e ) ~
—r——

= LEFT THRUST Rsvmi

LEFT THRUST VECT

T S L
' X :
. A i i \\LEFT PLUG THROAT
. Y
WAIN GEAR DOOR . ) 1] LEFT EXTERNAL R/
LEFT WAIN GEAR .
|| L. EXHAUST DOOR
S . TS -NYERTER
SRS LEFT \WMAD L -EADING EDGE P
> S Ay LEFT WROARD FLAP A -AILERON
LEFT MM GEAR-————-—/ — M MIDSPAN FLAP
LEFT WMDSPAN FLAP I -INBOARD FLAP
LEF Y. LEADING EDGE FLAP. 0 L
— LEFT AILERON P -PLUG THROAT
E -EXTERNAL FLAP
T -THRUST VECTOR

RW)-RUDDER (UPPER)!
R(LIRUDDER (LONER){
APU -AUXILIARY FOWER |
AMAD - AIRF RAME MCUNYE
ACCESSORY DRIV
—1—GYSTEM &1
—_—t— SYSTEM 2
—3——SYSTEM & 3
— G YSTEM 8- i
—ae—SYSTEM ®2d (APY
—_——n—5YSTEM $.EI (A
UPPER RUDDER i

LOWER RUDDER/SPEED,

<]
__—EXTERNAL FLAPS

THRUST VECTOR

- ARRESTING HOOX

Hi
!
il
1

'
all

faspung

Figure 23, Blectric Actuatid

== ] -==§‘

) i1




v 7 Fs 700

RIGHT & L(ERON
CRIGHT 1 'DSPAN FLASF

/Nem NBOARD FLAP
~ RIGHT AMAD

.~

\ EXHAU ST DOOR
\'-!!"! WMAD

LEFT ‘NBOARD FLAP
~——— LEFT WODSPAN FLAP

-LEFT AILERON

: _h.__,‘?

DRAIN | FILL FLUID COUPLING

,«/
e
//

~RIGHT THRUST VECTOR

-

/mGHT THRUST REVERSER

x LEFT THRUST REVERSER

/—LONER RUDDER/SPEED BRAKE

_~RIGHT EXTERNAL FLAPS
~RIGHT PLUG THROAT

-~

LEFT THRUST VECTOR
LEFT PLUG THROAT
LEFT EXTERNAL FLAPS

-WNVERTER

AEADING EDGE FLAP
-AILERON

MIDSPAN FLAF
-INBOARD FLAFP
-PLUG THROAT
“EXTERNAL FLAP
STHRUST VECTOR
RUW)-RUDDER (UPPER)
R(L-RUDDER (LOWER)

[ 4
-|rw-o--:>r'lJ

APU -AUKILIARY POWER UNIT
AMAD - AIRF RAME MCUNTED
ACCESSORY DRIVE
—1—CYSTEW # |
——te—S7STEM ¢ 2
-—3e—SYSTEM & 3
—r—KYSTEM 84
K YSTEM @ 20 (APU DRIVEN EMERGENCY
—e——=5YSTEM # € (APU DRIVEN EMERGENCY?
__——UPPER RUDDER

EXTERNAL FLAPS
THRUST YECTOR

- ARRESTING HOOR

A [ Ty -0

ELECTRIC AZTUATION SYSTEM
SPATIAL ARR}\HGFMENT

-_—':-:::_ -.l_-:!:_-_-_':_- [£33815-19-C- 3816 [y

Tepina| A v = anmcanal 1 o Dae s spagp )

AR VIV s eI ¢ - - -an = s

iy nUEE| Shn e ISRl loputesatic

‘:,.: :-,:;:“__ . L__hf.?n&...,m’..‘ S QTGS STSIEN WSTL

M———— — s e DAl ETTS

] -m“:T—r__':-‘u j [V ] yt--..;.-» B
T T
oy 35756




o

o

4.1.4 Electrical System Load Analysis - An electrical load analysis was
included as a part ot the first interim technical report (Refercence §8).
Although this load analysis was roughly representative of the loads seen

by the clectrical svstem, scveral changes in system philosophy and refine-
ments in system definition occured after the load analysls was originally
issued. These chunges were of sufficient magnitude, and had a sufficient
impact on the loads reflected back to the generators, that it was telt, that
not only was a revision to the load analysis needed, but a new approach to
the presentation of the loads was required. The more important of these
changes are listed as follows:

1. Revised flight control actuation requirements as discussed in
paragraph 2.3.1.5.

2. Revised utility actuator requirements as discussed in para-
graph 2.3.1.

3. The deletion of the ground cooling fuel heat sink door as discussed
in paragraph 2.3.1.1.

4. The deletion of the canopy as an actuation function per para-
gragh 2.3.1.2.

S. The revision in approach to utility engine actuation functions a¢
outlincd in paragraph 2.3.1.3.

6. The deletion of major portions of the envirommental control system
(ECS) as a trade study item (See paragraph 2.3.1.4).

7. The adoption of the four independent channel approach to electrical
power distribution disscussed in paragraph 4.1.Z.

The last item (Item 7) was the major determinant of the need for a new method
of presenting electrical loads for the purposes of this study. The computerized
load analysis system used at Rockwell was eminently satisfactory for presenting
and summii:g the loads on a conventional electrical system using bus tie contac-
tors (i.e. where any pair of generators can eventually see the loads normally
carried by four generators). However, the load analysis te hnique, as con-
stitued at the time of this report, did not gracefully handle the identification
and apportioning of various loads among the various busses, the effects of

load monitoring, nor the impact of four dedicated systems (as opposed to a

bus tie contactor system). Any one or all of these items could have been
handled by the computerized load analysis system through extensive revision,
however, it was not felt that the required expenditure of time nor the in-
creased complexity of the final readout justified the effort required for this
program. Therefore, a revised approach using manual tabulation was devised.

The results are shown in Tables 15, 16 (12 pages) and 17. Table 15 is an
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TABLE 1500 SUPPLIAMENTAL EELCTRIG]. LOAR ANALYSITS ITEM
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TABLE 16. COMBAT - 5 SEC LOADS 4 CHANNELS OPERATIVE (SHEET 1 QF 12)
ITEM [15/200V 400HZ AC BUSSES| 270YOC BUSSES
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TARLE 16, COMBAT - 5 SEC 1.OADS 4 CHANNELS OPERATIVE (SHEET 2 OF 12)

\TEM [11S5/200V A00HZ AC BUSSES| 270 VDC BUSSES

NO ] 23|44 [c1|lEal t {21383 4 EVE a[BAT
509 | ~
5/0 v
S5/ e
S/2 v
S73 v
S:4 v
Srs | v
8/
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TABLLD 16, COMBAT - 5 SEC 10ADs 1 CHANNELS OPERATIVE (SHELT 3 OF 12)
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TABLL 1o, COMBAT - 5 SEC IMERGENCY 2 CHANNELS OPERATIVE (SHELT 4 01 12)
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TABLE 1o,

COMBAT - CONTINUOUS 3 CIWASNTLS OPERATIVE (SHEET S 0 12)
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TABLE 10.

COMBAT - CONTINUOUS 4 CHANNELS OPERATIVE (SHEET 6 OF 12)
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TABLE 16, COMBAT - CONTINUOUS EMERGENCY APU CHANNELS 1 AND 4 OPERATIVE
(SHEET 9 OF 12°
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TABLE 16, COMBAT - CONTINUQUS BEMERGENCY AI'U CHANNELS 1 AND 4 OPERATIVE
(SHEET 10 QF 12)
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TABLE 16. COMBAT - CONTINUQUS IMIRGENCY APU CHANNEL 1 OPERATIVE
(SHEET 11 OF 12)
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TABLE 16. COMBAT - CONTINUOUS EMERGENCY APU CHANNEL 1 OPERATIVE
(SHEET 12 OF 12)

ITEM |US5/200V 400HE Ac.aussesl 270 VOC BUSYES ]
NO 1 2 3T4TJei1lE4] { [2 [ S [ A TEVE 4 BAT
1747, 9 72/6)

27 R N N I 7.444
1417

413

7743 | — ; |37 . o]
: /18 I D R T L - S A R o
: 2//6 . 1 _leexq _ ]
M7 3 N N .
/778 - . L I

{

1
- I
/t2/_ | 1 (S R AR TR I (VY U NS NUNR S
1222 L |

723 | _ R S T ‘ J
- - COMBAT -CONTINUCUS ]
/737 1 : EMERGENCY APY

1132 e N _CLH_A;'\‘_WE‘T'_O?E.’Z‘“NE ]

/331 . . Jd- B SR, N
/3% )} N I

/1435 e —
/(_é‘é_ I — i —— J R e e ks S S

; V72" 748 B N 1. . —_
1197 . O Ao

7793 _ 4 ) e
4o 5 VNN N WS SN NN [ I SN S -4

sy |

%
/1&é2

TOTAL
TS

TOTAL
P3/S AAGE |

AL M)/l
TO7AL




b e g g 44—

extension, and turther breakdown. of the item nunber breakdown used in the
original load analysis (reference 8, \ppendix A pages A-11, A-lo, A-21, A-26, and
A-31). Basically Table 15 is ua functional breakdown of item 1100 on page A-3i

of Appendix A. Table 15 assigns an item number to euch function in the

eleven hundred series instead of breaking down the actuation functions by
mission segments as was done on page A-31. This brought the eleven hundred
series breakdown in line with that used for the rest of the original elec-

trical ioad analysis.

Table 16 itemizes the loads occuring during combat for the 5 second and
continuous load condition. The combat mission segment was selected for
detailed breakdown because it represented the highest loads imposed on the
generator and on the AMAD and engine PTO system. The first colum on Table
16 lists the functional item numbers as tuken from Appendix A plus the
revised breakdown of the ecleven hundred series.

The next thirteen colums in Table 16 list the various busses used in the
400 Hz AC and 270 VDC systems of aircraft T. They match the busses shown in
the aircraft 1 power generation and distribution system schematic of Figure
16. The bus (or busses) to which the functional load, represented by an item
number, was attached was indicated by a check mark. The magnitude of the load
was entered as a numerical value in the colum representing the AC or DC system
(No 1, 2, 3 or 4) in which the louad ultimately appearcd. The location of the
check mark and the load numerical value did not necessarily coincide. This
occured only when the load was attached to the system's primary bus. Wiere uo
numerical load value was entercd for a particular item number in the table, it
indicated that no power was provided to that function during the mission segment
under consideration (combat) or that the time under load was so short that it
appeared only under 5 sec. loads but not under continuous loads (item 1151 -
30 MM gun drive for example). Sheets 1, 2 and 3 of Table 16 tabulate the loads
appearing on the AC and DC busses of power systems 1, 2, 3, and 3 under the
'combat 5> sec. load" condition with 4 channels (systems) operative. Combat
5 sec. loads were a basis for determining the overload requirements of the
generator system. Sheet 4 of Table 16 shows the "combat S sec. emergency loads"
with only 2 systems-operative. Sheets 5, 6 and 7 show the 'combat-continuous
load" condition with 4 channels (systems) onerative. Combat-continuous loads
were the basis for determining tne basic rating requirements of the generator
system. Sheet 8 of Table 16 shows the '"combat-continuous emergeucy loads'
with only 2 systems operative. In both the case of sheet 4 and sheet 8
“'emergency'’ loads, the loads for item numbers less than item 1111 were not
included because the loads for these lesser item numbers were identical to the
values already listed on sheets 1 and 2 (vis a vis page 4) and sheets 5 and 6
(vis 4 vis sheet 8). The item loads for each bus were totaled sheet by sheet for
each condition (5 second or continuous) and a grand tetal was accumulated for
each bus on the third sheet. 1t will be noted, on sheet 3 and 4 on Table 16,
that only 2/3 of the actuation loads werc used for determining the total load
for the 5 second condition. This was in consonance with the ground rule

established in paragraph 2.3.4.
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In additicn to load determinations, the level of power source redundancy could
be approximated trom Table 10.  The number of colums in which load entries
{or check marks) appear tor a given item number indicate the level of power
source redundancy for that function. As an cxample of the extremes of power
source redundancy which were incorporated in the actuation functions of air-
cratt I, consider the inboard flaps (item 1111) and the main landing gear
(item 1133). The inboard flaps had access to 5 power -ources (4 generators
plus a battery) while the main gear bad access to only one. Actually, when
considering primary power sources, the disparity between the two was not as
great as 1t would at first appear. The mid span flaps had access to 3
primary power sources (2 cngines and a battery) while the main gear hi !
access to 2 (an engine and tree fall). In both instances the APY was not
considered a primary power source because 1t could only be started below
20,000 feet.

[t will be noted in Table lo that the loads on an individual operating

svstem increase as other svstems become inoperative. As an example, consider
DC busses No. 1 and No. 2 on sheets 3 and 4 respectively of Table 10. Sheet 3
sums the DC loads for all four busses at the bottom of the sheet (all page
total) for the condition where all 4 channels (systems) are fully operative.
sheet 4 sums the loads in a similur manner for systems No. 1 and No. 2 with
the assumption that systems No. 3 and No. 4 have failed. This set of
circumstances could occur, as an cxample, if high altitude battle damage had
been experienced in which system No. 3 and No. 4 had bheen wiped out, and in
which violent evasive maneuvers were in progress, and the APU could not be
started because of the high altitude. Table 17 provides a summation of the
AC, D, and total loads accwmulated on sheets 1 through 8 of Table 16. It can
be seen from Table 17 that the generator size was determined from the loads

on power system (channel) No. 2 under the headings ''combat c¢ontinuous emergency
loads' and "combat 5 sec. load emergency' with 2 channels operative. TFrom
the summation it can be seen that the selected generator ratings were satis-
factory. While the continuous rating of 70 KW selected for the generator left
an apparent 29% margin for growth, the 120 KW 5 sec rating had a much smaller
4.4% margin but was still satisfactory. (Sece paragraph 4.1.6.)

The loads used in the preparution of Table 16 were taken from two sources.

The first source was the electrical load analysis, reference 8, Appendix A pages
1 through 46. This was used for determining all loads associated with functions
through item No. 1002. The second source was the utility and flight control
function loads included as Figure 7 and Figure 8 in this report., These

tables give output loads at the surface or function being powered. In order

to convert these output loads to loads at the generator terminals, it was
necessary to provide system loss data. This loss data for flight control
functions 1is provided by Figure 24. The figure shows that the losses were
broken down into three major categories; (1) power hinge losses, (2) motor
losses, and (3) distribution losses. As will be seen later (paragraph 4.1.5)
these losses, in terms of percent rated loads, were nearly identical for all
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— ——— LEADING EDGE FLAP
AQTHER CONTROL SURFACES

RATED POWER DESIGN FOINTS
AT GENERATOR OUTRUT

AT CONTROL SURFACE (EXCEPT LEADING EDGE FLAP)
| FLEADING EDGE FLAP
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Characteristics buring Combat.
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flight control actuation tunctions cacept th leading edge flup.  ‘The Josses

in the leading edge fiap system were purposely made hipgh to give it 'mo back”
characteristics in the face of a power system failure. Because the losses in
most of the flight control system functions were nearly identical (and for this
study were treated as being identical) they were plotted by category as the
solid lines in Figure 24, Only the limits tor the leading edge flap function,
i.e. the output power at the surface and the gencrator termunal power, were
plotted in Figure 24 to avoid complicating the figure.

The power hinge losses, as used in Figure 24, consisted of the losses in the
power hinge itself (or, in the case of the canard function, in the ball screw)
and the losses in the gearhead. The motor losses consisted of the losses in
the motor itself plus the losses in the inverter. The distribution losses
consisted of all losses in the distribution system betwcen the generator
terminals and the inverter terminals. It can be seen in Figure 24 that the
typical flight control actuation function was 60% power efficient at rated
conditions and that the leading ecdge flap system was only 34% efficient. The
individual efficiencics which provided the basis for these values are discussed
later in more detail (paragraph 4.1.5). It can also be seen in Figure 24

that the power required at the generator terminals for "continuous' operation
was 50% (57% for the leading cdge flaps) of that required at rated power
design conditions (5 sec loads). It 1s also interesting to note that, even
with no load on the output, 25% of rated power is required (36% for the

leading edge flaps) at the generator terminals to achieve rated rates of motion.

The data from Figure 24 was uscd to assist in Jdetermining the load entries for
item nunbers 1111 through 1123 in Table lu.

Another factor which had to be considered i generating the flight control
function entries in Table 1o wos the fact that, when more than one actuator
was powering a surface or control function, the actuators shared load and the
individual actuator loads were reduced. In contrust, when varicus systems were
rendered inoperative to the point that only one actuiator powered a particular
surface, or control ftunction, that actuator attempted to carry tull load but
could only do so up to the limits ot its design rated load limit capability.
Calculations were made based on design rated (5 sec load) conditions to tuke
this into account. These calculations are as follows:
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5 SECOND LOAD ACTUATOR PCWER COMPUTATIONS

Pos = Design power per surface, at design load and rate,
required at surface

Poa = Design power per actuator, at design load and rate,
required at surface

Pes = Power requirec at generator terminals per surface

Pea = Power required at generator terminals per actuator

Ra = Percent of design power Pps or Pgs required per

actuator x 0.01

A w

Efficiency - motor mounting interface to surface
being actuated

An = Efficiency - motor at design power

>
o
(1]

Efficiency - distributicn system at design power

2 P
Pes ﬁHxﬁMxﬂD Pea = Pgs XRa
é Peer = Power required per actuator at generator terminals T

when operated in parallel with other actuators on i3
the same surface. B

Nas = Number of actuators operating per surface
Paap = Pos
Nas
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DESIGN POINT POWER INPUT (5 SEC) LOADS

INBOARD FLAP (ITEM MO. 1111)
Pps = 15.95 kw (1) Nw = 0.850
Ry = 0.70 (2 Ao = 0.9%9 |
Nw = 0.752 (3) ‘
Pes = 15.950 Pea = 26.546 x 0.70
3.752 x 0.850 x 0.939
- 26.583 Ki = 18.608 K |
Paap = 26.583 = 8.861 KW (Nag = 3) f
3 i
Pap = 26.583 = 13.229 KW (Nag = 2)
2
Paap = Pea = 18.608 KW (Nas = 1)
§ MIDSPAN FLAP (ITEM NO. 1112)
| _ N N i
= Pos = 3.9 Kd W) rna = 0.580 -
R = 0.70 @ Ao = 0.940 I
/]H = .752 @ :
Pes = 3.190 Pea =  5.317 x 0.70 3
0.600 = 3722 i
- 5.317 KN !
! Pap = 5317 = 1.772 KW (Nas= 3) 1
3 .
Paap = 5.317 = 2.658 KN (Nas= 2) |
2 |
; Peap = Pea e 3.722 K4 (Nas= 1) |
i |
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QUTBOARD TRAILING EDGE (ITEM NO. 1113)

Pos = 0.85 ki () An = 0.850
Ra = 1.00 @) Ao = 0.939
Auw = 752 (3)
[ Pes = 0.850 Pea = 1.417 x 1.00
- 0.690 = 1.417 K
= 1.417 KW
Paap = 1.417 . = 708 KW (Nas = 2)
2
Peap = Pea = 1.817 K (Nas = 1)
UPPER RUDDER (ITEM NO. 1114)
Pos = 0.82 xi ) An = 0.850
Ra = 0.50 (2 /\ p = 0.939
Aw = 0.752 (3)
Pgs = 0.820 .
o600 PGA 1.367 x 0.500
2 1.367 KW = 0.683 K
Pap = 1.367 =  0.456 Ki (Nap = 3)
3
]
Peap = 1.367 =  0.683 KA (Nar = 2) ‘
2
Peap = Pga = 0.683 (Nag = 1)

. .
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LOWER RUDDER (ITEM NC. 1115)

Pos = 0.780 ki (1) hw = 0.850
Ra = 0.500 (2) Nlo = 0.939
Fu = 0.752 3)
Pes = 0.780 Pa =  1.300 x 0.500
-600 = .650 K
2 1.300 K
! PP = 1.300 = 0.433 KW (Nap = 3)
3
Pep = 1300 = 0.650 KW (Nap = 2)
2
Pap = Pea = 0.650 KW (Nap = 1)

LEADING EDGE FLAP (ITEM NO. 1116)

2.28/3 = o@ W A

0.850

Ra = 1.000 (2) Ao = 0.939

O
[ =
w

n

/1 H = 0.424 (:)
Pgs = 0.747 Pea = 2.210 x 1.000
0.424 x 0.850 x0.939 - 2.210 K
= 2.210 KA

2.210 = 1.105 KW (Nar
2

Paa = 2.210 Kil (Nap




rr"-“vmrmrnzmwu i i R e a4

CANARD (ITEM NO. 1117)

Pps = 0.170 ki @ Am = 0.8
Ra - 1.000 (@) n p = 0.940
Aw = 0.752 Q)
Pes = 0.170 Pea = 0.283 x 1.000
"0.600 = 0.283 K

= 0.283 Ku

Peap = 0.283 = 0,142 KW (Nap = 2)
2

Pgap = Pea = 0.283 KW (Map = 1)

THRUST VECTOR VANE (ITEM MO. 1118)

: Pas = .72kt © Aow = 0850
Ra = 1.000 @ Ao = 099
i
E Aw = 0.752 (3)

Pes = _0.720 Pea = 1.200 x 1.000

0.600 = 1.200 KW
= 1.200 KW
Pgap = 1,200 = 0.600 KW (Nap = 2)
2
Peap = Paa = 7.200 KW (Nap = 1)
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,’; T s o e

EXTERNAL FLAP (ITEM NO. 1121)

Pos = 4.130 ki ()
Ra = 1.000
Nu = 0.752 (3
) Pes = 4.130
s 0.600
= 6.883 K
Paap = Pga = 6.883 K«

PLUG THROAT (ITEM NO. 1122)

Pops = 25.520 ki &)

Ra = 1.000

0.745 B

25.520

0.745 x 0.850 x 0.939
62.918 K

Pea = 42.918 Kd

/‘1 M = 0.850
/1 p = 0.939
Paa = 6.883 x 1.000
= 6.833 KM
(Nap = 1)
/" m = 0.8%0
Apv = 0.939

42.918 x 1.000

42.918 Ky




THRUST REVERSER (ITEM NO. 1123)

Pes = 19.640 W ® A u 0.850

Ra = 1.000 no 0.939

0.860 ©®

Pes = 19.640 Pea
0.860 x 0.850 x 0.939

28.613 W

>
x
"

28.613 x 1.000
28.613 KW

pGAP = PGA = 28.613 KM

@ See Table 8
@ See Table 11

(3 See Tables 18 and 19

@ See Table 9
@ See Table 9
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Another factor considered in making the load entries in Table 16 was the fact
that the flight contrcl functions (item 1111 through 1118) and the engine
(flight control type) functions (items 1121 through 1123) were motor loads.
This meant that, when approaching an output stall condition, these functions
could increase the apparent load at the generator terminals by nearly a factor
of 2.5. This phenomena is discussed in more detail in paragraph 4.1.5.1.1.
To account for this, the load analysis of Table 16 assumed that, during an
emergency (5 sec loads), at least one actuator approached stall for a short
period of time in recovering from the maneuver which the aircraft found
itself in at the time of the emergency. This is illustrated in Table 16

page 4.

Four additional pages (sheets 9 tiirough 12) were added to the Table 16 load
analysis. These were added to cover emergency loads experienced during APU
operation and were used to help size the APU and the two APU generators. The
sizing of the APU generators has already been discussed in paragraph 4.1.2.3
and, as pointed out, the sizing used the data from Table 16 sheets 11 and iZ.
Sheets 9 and 10 of Table 16 were included to provide the data for sizing the
APU itself. The maximum load on the APU was that resulting from operating

two systems simultaneously or the sum of the two generator loads. From sheet 9
it can be seen that the maximun continuous APU load requirement was 28.222 KW

+ 27.169 KW = 55.391 KW (74.25H.P.) and from sheet 10 it can be seen that the
maximum design load (5 sec) was 41.774 KW + 40.721 KW = 82.495 KW (110.58 H.P.}.

4.1.5 Power Utilization - For the purpose of this portion of the actuation

trade study the utilization functions on the aircraft were divided into threc
general categories as follows:

1. Flight control actuation
2. Utility actuation
3. Other power consuming systems

i The first two categories had a major impact on all aspects of the trade study
] while the impact of the third category was largely confined to it's affects
on generator sizing.

I 4.1.5.1 Flight Control Actuation - The design and definition of the major
flight control actuators was subcontracted to Airesearch because of their
extensive experience in the development of electro mechanical actuation

systems (Reference 17 and 20). Using the flight control actuation requirements
listed in Table 8 Airesearch submitted a comprehensive set of preliminary
design parameters. These are shown as Tables 18, 19, and 20. Airesearch also
submitted envelope and weight data which are shown in Figures 25 through 31.

It can be seen that both the inboard flap actuation system (Figure 25) and the
airleron actuation system (Figure 27) met the envelope requirements established
in Figures 14 and 15 respectively even though the fit in both instances was very
tight.
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It can also be seen that in all actuation applications, exc pt that for the
canard, the actuation system was built around hingeline act ators. In the case
of the canard a ball screw was used as the final output lo:c device. Studies
such as those for the B-1 rudder have consistently shown that, where the input
is derived from a rotary power device (hydraulic or electrical motors) and the
output is to a surface having a long slender hingeline, the best power trans-
ducer is a hingeline compound planetary gear type drive (power hinge). This
device provides the greatest hinge moment capabilities and highest stiffness

at minimum weight.

Two general approaches are shown in Figures 25 through 31. One uses discrete
power hinges and electric motors for each power input channel. The other com-
bines the output of the three discrete motors in a single adapter gearbox
pewering a single longer power hinge. The first approach, called the '"hinge-
line installation” in the illustrations, had the highest potential reliability
because a ''disconnect' type fallure downstream cf the clutch (i.e. in the gear-
head or in the power hinge) would not cause loss of control of the surface.

The second approach, called the "PDU installation' in the illustrations,

would fail destructively in thc prescnce of 2 disconnect. In spite of this
fact the '"PDU installation' approach was preferred. This arose from the fact
that, for equivalent reliability, the "PDU" approach could be smaller, lighter,
and more adaptable for installation. As an example, considering the inboard
flap, each power hinge and gearhead when used in the 'hingeline'' approach

must be capable of 70% of rated output load (Reference Figure 2-5). This meant
that the three power hinges and gearheads attached to each surface must have a
total capacity, considered as a unit, of 210%. In other words thls approach,
though safe, was larger and heavier than it neceded to be by a factor
approaching 2.1. In contrast the single power hinge used in the "PDU' approach
could theoretically be sized to 100% capacity. In actualiry, by sizing it

at 150%, the reliability of the unit would closely approach 1.0 and would

equal or exceed that of the "hingeline' approach. On this basis the relative
weights of power hinges and gearheads for the two approaches would be in the
ratio of 1.5/2.1 or the "PDU'" approach would weigh 28% less than the "hinge-
line" approach.

The projected welghts of the various installations are shown in the lower
left hand corner of the illustrations in Figures 25 through 31. In each
instance (except for the installation in Figure 31) the weight quoted was
that for the "hingeline" installation. The weight for the "PDU" installation
was approximately 20% less, and where applicable, was quoted as the second
entry con the Figure.




The motor powers listed in Table 20 were consistently higher than the power
per surface requirements given in Table 8. This arose from the

fact, illustrated in Figure 32, that the motor was current (torque) limited.

A motor which would meet the stall torque (8=0) without overheating had excess
power at design load/rate conditions.

One of the most important conclusions drawn from the various installation
illustrations shown in Figures 25 through 31 was the fact the "PDU" approach
would fit within the installation envelope for the outboard trailing edge
(aileron). It had been felt that, because of its very shallow chord, it
would be impossible to install an actuatlon system in this area without using
chordwise blisters. If this had been necessary 1t would have imposed a sig-
nificant drag/weight penalty.

The design data given in Tables 18, 19, and 20 and in Figure 25 through
31 was developed using the Airesearch T1-59 "RAATS'" program. A typical

example of the analytical procedures used and the computer printouts developed
are shewn in Appendix A. The particular example used in Appendix A represented
the first cut at sizing the inboard flap actuation system. In this case

each of the three motors, gearheads, and hingeline drives making up the complete
actuation system were being sized as 100% units (i.e. any one of the three-
power trains attached to the sur:Zace could meet 100% of the stall hinge moment
requirement of the surface) rather than as 70% units, which was the value later
established as the basic requirement for this surface (See Table 1il).

4.1.5.1.1 Actuation System Detail Design - In order to lend credibility to
the weight, performance and envelope projections made in Tables 18, 19 and-

20 and Figures 25 through 31, it was decided that a detail design of at

least one of the actuation functions should be made. 1t was felt that, if the
resulting design matched the projected weight and envelope of a critical
function within a reasonable degree (+ 5%), it could be expected that the other
projections were probably equally accurate. The inboard trailing edge surface
(inboard flap) actuation system was selected as the function around which the
design would be based. This function was selected because it represented the
most severe combination of design requirements, exhibited by any of the flight
control actuation functions, in terms of power, load, frequency response and
failure mode. The Airesearch report covering this design is included in this
report as Appendix L.

As can be seen in the report (page 2, 5, and 6 of Appendix D) the design met
envelope and performance requirements. However, in the report a question was
raised (comments and recommendations page 5 of Appendix D) regarding the need
to design to the force summed stalled torque of three motors. Although it was
probable that the design torque for the hingeline gearbox could be reduced to
a value, closely approaching the 216 x 103 in-1b value mentioned in the dis-
cussion, it was not done for the following reasons:
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1. Since there was no redundancy downstream of the motors (i.e. in the
PDU, the reduction gearbox, the two torque tubes or the hingeline
gearbox) the downstream items needed a reliability very closely
approaching one (at least .9999). To achieve this the design needed
to be considerably over designed by normal standards. The over
design represented by 453 x 10”2 in-1b capability (210% of required
stail torque) versus an actual maximum applied 1oad of 216 x 103 in-1b
(100%) appeared reasonable.

2. Even though, during nommal operation, the inboard trailing edge sur-
face would never hit a stop (the clectronic controls would determine
travel limits) there was always the possibility that, during mainten-
ance operations ¢r during some special in flight failure mode, the
surface would inadvertently bottom out. To avoid costly damage the
unit should be designed to withstand this condition.

3. Even though it wus extra heavy, the gear train and all items down
stream of the motor would be identical for Aircraft I and Air-
cratft II. Therefore, the extra weight did nct represent a delta
weight for comparison purposes in the study. (Refer to paragraphs
4.2.1.6 and 2.3.5).

The detail design of the inboard flap actuator is shown in Airesearch drawings
2022794, 750, 798, and 324 included as part of Appendix 5, Drawing 2022824
represents the overali actuator system and shows that the total weight was

100 1bs. Of this 45 1bs represented the weight of the power drive unit (PDU)
shown in drawing 2022798, the electric motors constituted a major share of the
PDU weight at 36 1lbs (12 1bs each). Page 2 of Appendix D lists the total
weight of the inboard trailing edge (flap) actuation system as 220 lbs per
surface. Since there were two such surfaces, the total system weight is 440
1bs of which 300 1bs are components subject to replacement by equivalent
hydraulic components during the trade study. The weight of these replaceable
components was arrived at as follows:

228 1bs
72 1bs

6 inverters at 38 lbs each
6 motors at 12 1bs each

300 1bs

The electric motors were rated at 45 HP.  This was considerably above the
21.38 HP(15.95 KW) shown in the table of basic flight control actuator require-
ments Table 8. The reason for this is shown in Figure 32. The figure shows
that the motor power capability was determined by the stall torque requirement.
To prevent overheating, electric motors of this type are current limited. The
current limit required for this application is shown on Figure 32 as 140 AMPS.
At this current the motor would generate 142.88 in-1b of torque which, when
appearing at the control surface after going through the transmission elements,
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was equivalent to 150,886 in-1b. Each of the three motors used for the inboard
flap actuation was capable of handling 70% of the required stall torque and
hence was commonly thought of as a 70% actuator.

Figure 32 shows that there was a 2000 RPM speed drop in going from no load o
to full load. At this speed (20,000 RPM), and operating at the current limit,
the motor delivered 45 HP. However, the design point load capability require-
ment was only 18.7 HP at 50% rated speed. This translated to 14.96 HP at the
control surface, due to the inefficiencies of the intervening transmission
elements, and represented 70% of the 21.38 HP (15.95 KW) required in the basic
requirements table (Table 8). It is interesting to note that the motor

would very nearly cqual the 100% output requirement (19.94 HP versus the

required 21.3%8 HP) at the design point. Thus the motor, although rated as a

70% motor based on stall capability, was actually a 100% motor at operating
speeds slightly above the design point. This meant that, even in the face of

two failures, the output performance of the actuation system would be essentially
unimpaired in most of the practical areas of the flight prefile.

4.1.5.1.1.1 Power Drive Unit Design - The power drive unit (PDU) is shown on
drawing 2022798 in Appendix D. The drawing showed that the unit was powered

by three 270 VI permunent magnet brushless motors mounted on a torque summing
spur gear type gearbox. The motors drove the gearbox through a dog clutch which e
could be disconnected (but not reconnected) while the motor was votating and .
while it was transmitting torque. The dog ciutch was normally maintained -
engaged by a spring and could only be disengaged by energizing a declutching
coil (shown on the drawing). Although not shown on the drawing, provisions

were made so that the clutch, once disengaged, could only be re-engaged manually
with the whole PDU inoperative. This elimirated the possibility that the failure
of the coil from overheating while holding the dog clutch disengaged, or from

a failure due to wire breakage or other electrical interruption, could allow

the dog clutch to attempt to reengage wher in motion. This could lead to

failure of all three channels in the PDU. The drawing also showed a rotor
position scnsor, used for commutation, at the anti-drive end of the motor. The
maximun output speed of the PDU was 22,000 RPM which was the same as the motor
unloaded speed.

4.1.5.1.1.2 earbox Design - The gearbox was shown in drawing 2022796
Appendix D. This unit performed the combined function of a right angle gear-
box and a speed reducer coaxial with the contro! hingeline. As shown the
speed reduction ratio of the unit was 88:1 via a compound planetary gear
train at 91.3% efficiency. By having the first significant gear reduction
in this vnit, rather than in the PDU, the relatively long shaft between the
PDU and the gearbox was small, high speed, low torque, and lightweight. The
relatively large, high torque output shaft was short, hence, its weight
impact too was minimal.
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4.1.5.1.1.3 Power Hinge Design - The power hinge design is shown on drawing
2022794 of Appendix D. It was a classic power hinge design of a type with which
Airesearch has had considerable experience. The only unique feature was the
relatively large number of "'slices' used. A "'slice" consisted of all the
elements of a power hinge (1.e. two stationary ring gears and mounting lugs,

one moving ring gear and its mounting lug, a set of planets with two radial
loading rings and a sun gear) and this design used 14 of them. The gear
reduction ratio was a relatively modest 15:1 at 88.4% efficiency. The drawing
also showed the very high stiffness of the power hinge which was 32 times the
stiffness requirement established in Table 8.

4.1.5.1.2 Power-By-Wire/Fly-By-Wire Control System Definition - The basic
power control system was defined by Aireseach as a part of their subcontract
effort on this program and is included in this report as Appendix B. The
discussion in Appendix B showed that the two basic elements of the power control
system, for modulated actuators, were the inverter and the controller.

4.1.5.1.2.1 Inverter Description - The functioning of the inverter is described
in Appendix B. Essentially the inverter chops and pulse width modulates the

270 VDC power supplied by the electrical power system to cause the actuator's
permanent magnet motors to operate bi-directionally at infinitely variable
speeds in response to command signals received ifrom the controller. The detail
functioning of the inverter is shown on pages 2 through 8 in Appendix B.

4.1.5.1.2.2 Controller Description - The functioning of the controller is also
described in Appendix B. Essentially the -ontroller's function was to monitor
feedback from the electro-mechanical actuator's output and, using this informa-
tion, modify and reprocess the flight control system's input signals so that
the resulting signals could be used to properly control inverter power to
achieve the desired actuator output. The detail functioning of the controller
is discussed and illustrated on pages 1 through 3 in Appendix B.

4.1.5.1.2.3 Inverter Design - The detail design of the inverter is outlined in
Appendix C. It can be seen in this appendix that the inverters were supplied
in three basic sizes to cover the actuator lecad requirements assigned to
Airesearch for their study. Actually a fourth and much larger size was
subsequently found to be necessary to meet the requirements of the plug throat.
Although the size and weight of the tctal complement of inverters used in the
aircraft could have been reduced by tailoring each inverter to its load appli-
cation, or at least by increasing the number of sizes, it was felt that 4 sizes
represented the nptimum: compromise between volume/weight versus logistics/
maintainability in terms of life cycle costs. The four inverter sizes and

some of their critical characteristics are shown in Table 21. This table
repeats the data already given in Tables T-1 and T-Z of Appendix C and uses

the data for the 3 original inverter types shown therein as a basis for
extrapolating the fourth inverter type (i.e. the plug throat inverter).




TABLL 21,

INVERTER CHARACTERISTICS

! APPLICATION
; THELST VICTOR ZANE
' CHARACTERISTIC AILERCH
: EXTERNAL FLARA CANARD
i PLUG THROAT |INBCARD FLAP [MICSPAN FLAP |LZACING SCoE FLAP
i VPPN wer RUoDER
CURRENT RATING | 350 AMP 150 AMP 5C AP 25 AMP
POWER RATING 24 S KW | 40.5 KW 13.5 KW 6.75 KW
5 DIMENSIONS
DIAMETER S.0MN 7.2 5.0 IN
WIDTH 7.0 N I
3 DEPTH 3.01IN f
4 LENGTH 23.6IN 18.7 IN 10.4 IN 11.01N h
VOLUME ISO0.0INI| 761.4 N3 | 204.2IN3 | 231.0 N3
. i
WEIGHT 67.5LB | 380L8 | 1258 i0.0L8 b
COOLING™ EC €C EC NC I%.
f
j
# NC = NATURAL RADIATION /CONVECTION COOLING

EVAPORATIVE COOLING - FINNED QUTER SURFACE
WITH FORCED CONVECTION, \30°F, 3OCFM/FTOF
LENGTH, 211N K0 AP, OR IMMERSICN iN FLUID
HEAT sSINK

EC
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4.1.5.1.2.4 Inverter Cooling - The 54 inverters uscd in aircraft 1 will,
as a group, typically reject 4.03 Kv in the form of heat during longest high
output sustained duty cycle (terrain following - 32 Min). Heat rejection of
this magnitude was felt to be a potentially serious problen especially when
considering the fact that a large proportion of the heat would be rejected
from very small components (i.e. the field effects transistors "FETs" used in
the inverters). For this reason both Rockwell and Airesearch studied the
problem and came to generally the same conclusions. These conclusions were
that 1inverters rated at less than 25 amps could be cooled by natural con- i/
duction and convection and that inverters rated at 50 amps and above must be l
evaporatively cooled. Airesearch's analysis of the subject is contained in
Appendices D-1, D-2 and D-3 to Appendix C. Rockwell's analysis is discussed
; 1 the fellowing paragraphs.

R et e daa . o B

. e

Ideally the electro-mechanical actuator should reject its internally gencrated
heat (i.e. that resulting from motor or control system inefficiencies) to its
immediate surroundings. By so doing, a system using electro-mechanical
actuators could avoid the need for awxiliary cooling ducting or numerous
liquid cooling lines spreading out through the aircraft to service each ]
actuator. If such a spiderweb of lines and/or ducts were to prove necessary, 3
it was felt it would offset a large portion of the advantages derived from
deleting the hydraulic system. Tests conducted and reported in reference 17 i
show quite conclusively that the electric motor/power hinge portion of an
electro-mechanical actuation system can rcjcct it's self generated heat to its
immediate surroundings. However the analysis made in Appendix C showed that
auxiliary cooling aids were required where large sized inverters were a part
of the actuation system. |

Table 22 shows the heat rejection characteristics of the inverters for all {
the various flight control (continuous duty type) actuators and two engine
actuation tunctions. These two engine actuation functions were included
because, even though classified as utility functions, they were modulated and
o had continuous duty characteristics. The other utility actuators were not
- included in the table because, in general, heat rejection was mot a problem !
i for this type of actuator. In most instances this was because they are not
continuous duty, and therefore their operations were infrequent, and their
: operating times were short. Continuous duty elements in the environmental
; control system, such as pumps, and blowers, were also not included because they i
did not employ inverters and because they were an integral part of, and could
{ reject such heat as they did generate to the ECS system. This, plus the fact
¢ pointed out earlier, that the ECS system for all study aircraft would be
essentially the same, justified their elimination. Table 22 is an expansion
- of the data given in the table on page D-1-1 of Appendix C and the new additions
s were an extrapolation from the data on which that table is based.

EARNTT SN

P T ——" ST, yrdai

131 !

e et

PUPPRSS I b e - I




9NI1007 (INIIIANGI/ANLINGNOD) TVUNLVYN = DN -
ONIT00D INIVYOdYAT = D3 - AOULAW ONIR00D ¥ %
023dS %05 Y04 VLV]

Igey 6358501 X

20p1 A 0'iolL I'teé | ose| 23 | o49¢ IvouHl oNd
vStr { SEll 'yl oS | 23 6S d¥13 TYNYILXI
Gl 1% L'y 92 GZ | DN | 2ol | ANVA YOOI AShIHL
9 4 G| 60 G2 | DN | S€ GUYNYD
YOl rAl Lg ey G2 | N LS dvid ‘317
14 9 o't Al G2 | ON 69 J300N A2IMQN
ol 2 2l 60 | 2 | ON| SE Y3000y Y3ddN
92 14 99 S'¢ G2 [ ON | VI NO¥IY
k4% 2 6'92¢ gL 06 | O3 \e d¥1d NvdSain
loel 2 ¢21€ | o6e | 0Sl| 23| 9s! dvd 9_<8z_f

(S11vm) (slavw) | (av) [isdWwV} | % = | (Sowy)

$36501| SAALATANI | A3LIIANI LN JUNIONILVY| SdAL | LNIFRINT JOLVNLDY
V101 { 40 UN VIOL| ¥3d S3SS0N| %S W3ALY3NNI | 2oLoW

»TIDAD AING 567 0T SHUSSOT WLINHAANT "¢ TI9VL




Of the actuation functions listed in Table ¢2 orly the first and last two
rejected significant amounts ot heat. For the other types of actuators the
heat rejection was low enough so that all the heat yenerated could be rejected
to ambient air directly or through the actuator's mounting pads and thence

via structure to ambient air. .

The high heat rejection functions involved the 18 actuators used for powering
the inboavd and midspan flaps on the left and right side and the two engine
functions (plug throat and external flap). These actuators required a more
exotic cooling method. The method which appeared best was some form of evapora-
tive ¢ooling based on the nucleate boiling of a dense, inert, low viscosity
fluid.

w v

Figure 33 illustrates the mechanism of nucleate boiling. It shows that
accomplishing component cooling in phases 1, 2 and 3 (Figure 33) was the
most effective and indicated that the component surface temperature should
never be more than the peak value, shown at "'a", above the coolant's temp-
erature. The Figure 33 data showed, in both the main figure and in block 3
in the pictorial illustrations of boiling in the upper part of the figure, that
the peak 4T was 65°F for water. The equivalent value for a typical inert
; cooling fluid, such as freon 113, was approximately 35°F. The difference
: resulted largely from the cooling fluid's specific heat. Evaporative cooling
' for electronic components involved a regenerative cycle which consisted of
’ nucleate boiling followed by vapor condensation in a closed system. [Pigure 34
illustrates this general approach. It shows three circuit beards, mounting i
: high output electronic devices, installed in a sealed housing and immersed i
{ in a coolant fluid. The electronic devices were rejecting sufficient heat
' so that the fluid was boiling at a relatively high rate (phase 3 in Figure 33)
which was sufficient to cause the vapor bubbles to rise through the liquid and
7 escape to the vapor zone. In the meantime cooling airflow, or a heatsink
i fluid, was circulated over the finned outer surface of the housing and cooling
it sufficiently to cause the vapor to recondense. When cooling airflow was
used it was induced by convection when the aircraft was on the ground and by
ram effects or forced cooling air in flight.

A reasonably well designed forced convection air cooling system would remove
0.05 watts of rejected heat for each square inch of cooling surface per degree
centigrade differential temperature (0.05 watts/in2/°C). A comparable figure
for an evaporative cooling fluid was 1.5 watts/in2/°c), In other words cooling
fluids were 30 times as effective at removing heat from a surface as was air.
It was, therefore, reasonable to assume that, when air cooled, the area of the
outer finned surfaces of a unit, such as Figure 34, should be at least 30 times
the effective heat transfer area of the heat generating electronic componenets
themselves. This assumed that AT between the electronic component and the
fluld approximately equaled the AT between the vapor and the cooling air.
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Tvpical bouhng dunta for & wire heated electrically in o pool
of water at atmospheric prescure  (Extracied from “Heat Transter to
Warer Boting Under Pressure.” by E A Farber and R. L. Scorsh, pub-
lished 1a Trans. ASME, Vol. 79, 1948, with permission of the publ;. ers.

The American Society of Mechanical Engineers)

Free convection heating (re boiling).

Nucleate boiling - Buthles condense irn liquid.

Nucleate boiling - Bubtles rise through liquid and eacape into vapor zorne.
Partial film boiling - Bubbles are fcrmed so fast on the heating surface
that part o the heating ~urface is covered with a vapor film, This vapor
film insulates the heating surface, decreasing the heat flux,

Film boiling - Tre heating surface is comrletely covered with a vapor film,
Radiation - Radiatior heat transfer dominates the film boiling.

Figure 33. lHeat Transfer with Change in Phase.
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Figure 34. Evaporative Cooling of Electronic Bguipment.
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Table 23 1lists the basic characteristics of three potential evaporative
cooling fluids. Of the three, Freon 113 appeared to offer the best balance of
properties. It had the highest heat of vaporization (i.e. about 40% greater
than that of the other two fluids, but still only 7% of that of water), and the
highest thermal conductivity. It was also the lowest in weight (i.e. roughly
10% less than the other two fluids but still nearly 60% heavier than water).
The only areas where Freon 113 appeared to be deficient, relative to the other
two fluids, was in pour point and materiai compatibility. It was desirable,
but not mandatory, that the fluid have a pour point below the minimum opera-
ting temperature (-65°F). However, in a passive system, such as that shown

in Figure 34 where fluid circulation is not required at low temperatures,

the enly adverse impact of a high pour point is the possibility, that at lower
operating temperatures, the fluid will freeze in a damaging manner deforming
encapsulated components. It is not believed that, at -65°F, Freon 113 would
freeze solid enough to damage components.

Freon 113 was also somewhat deficient, with respect to the other two fluids,
as regards its long term inertness relative to some materials of construction
(specifically silicone compounds) commonly used in electronic hardware.

Freon contained both flourine and chlorine in its molecular structure.
Chlorine would tend to attack some silicone compounds as well as some highly
stressed metals under certain conditions. The "FC" fluids contained only
flourine as the halogen in its molecular makeup. For this reason the "FC"
fluids were almest perfectly inert to all materials of construction.

The transistors, used in all continuous duty cycle (flight control type)
inverters, had a maximum continuous junction temperature limit of 125°C
(256°F) and a short time maximum junction temperature limit of 150°C (302°F).
Cooling these transistors would be no problem except under mach 2.2 flight
conditions where the cooling air temperature (ram ambient air) was 117°C
(242°F). Since this condition could exist for as long as 22 minutes continu-
oucly on a singie flight (see Figure 1 and Table 3), thermal lag could not
be counted on. The maximum continuous transistor junction temperature limit
was only 8°C (14°F) above the cooling air temporature. This was an imprac-
tically small differential temperature for achieving any significant heat
transfer.

There were three possible solutions to this problem.

1. Use higher boiling temperature fluid, such as FC-75
or FC-43, in an evacuated sealed housing.

2. Provide cooling air from the ECS system to the
inverters during high speed flight.

3. Immerse the inverters in fuel.




The use of a higher boiling temperaturc fluid in an evacuated housing would
make 1t possible to maintain relatively low boiling temperatures and hence,
relatively low junction temperatures when the available ambient cooling air
temperature was low. It also allowed the junction temperature to follow the

ambient cooling air temperature, at a relatively constant AT, up to the maximum

temperature encountered. This is illustrated in Table 24 which shows that,
with cruise at 32,000 ft, the ram ambient cooling air was -6°F and the corres-
ponding transistor junction temperature was a chilly +39°F. At the other end
of the spectrum the availatle cooling air reached a maximum of 242°F during
mach 2.2 cruise and the corresponding junction temperature became 298°F.

This was 4°F under the short time maximum limit of 150°C (302°F). Although
the junction temperatures shown in Table 24 were not necessarily accurate
they were in the right ballpark and were probably accurate within +2% for a
typical transistor which rejects approximately 12 watts for each square inch
of transistor outer housing surface.

This approach (using a sealed housing and allowing the junction temperature
to follow the cooling air temperature) largely avoided the problems associ-
ated with using a fluid in a constant pressure (and hence constant boiling
temperature) housing. If a low temperature boiling fluid had been used, in
the constant pressure approach the fluid would have tended to turn completely
into a large and unmanageable volume of gas during the high temperature

(mach 2.2) portion of this mission.

In atfect the cooling would thus have been occurring in the stable film boiling
or radiation cocling range shown as zones 5 and 6 in Figure 33. Under these
conditions the junction would have been in the 1000°F+ range and would have
immediately failed. If a high temperature boiling fluid (262°F at 1 ATM)
were used, one which would still be in the nucleate boiling range {(zone 3
Figure 33) at the high cooling air temperatures (242° F) associated with
mach 2.2 flight, the transistor junction temperatures would have tended to be
around or above the allowable maximm continuous junction temperature (256°F)
for a greater portion of the transistor's operational service life. Since
transistor life was an inverse exponental function of junction temperature
this could have had a serious adverse impact on life and reliability.

As an example of conditions existing under other circumstances the junction
temperature of a constant pressure boiling system would have been about

272°F during low level terrain following whereas that for a sealed variable
pressure approach under the same circumstances would have been as indicated

in Table 24. (i.c. 198° F). On an average the transistor junction temperature
for the sealed variable pressure approach would have been at least 80°F less
than that for the constant pressure boiling system under the operating
conditions and flight times logged by the ATS aircraft.

Based on the preceding discussion, the solution offered by item 1 above might
have been marginally satisfactory, particularly if a 10 to 20 degree further
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increase in allowable transistor junction temperature could have been assumed
for the 1990+ time frame. However, even if this approach had been usable, the
weight represented by the ducting and equipment necessary to direct the proper
amount of cooling air to all 18 of the inverters requiring ram air cooling
plus the ram drag rise associated with extracting air from the airstream
indicated that it was not one of the better choices.

As indicated in item 2 above, the second approach to cooling the actuators
would have been to provide ECS cooling. In this approach the same basic
evaporative cooling techniques would still be used. However, in this
instance, a low temperature boiling fluid at constant pressure would have
been the cooling medium. Evaporative cocling would have been used in
preference to liquid cold plate cooling or direct air cooling because
evaporative cocling was so much more effective at extracting the heat from
the hot spot and transporting it for dissipation over a large surface area.
The large surface area would then have been cooled by the ECS system either
by air or liquid (ccolanol). However, this approach was subject to the same
general objections as those cited for item 1 above. This approach would
still require either, complex ducting if air cooled, or complex piping if
coolanol cooled.

In either event the ultimate heat sink would have been the aircraft's fuel
(see Figure 10). This fact lead to the conclusion that the solution offered
by item 3 above was the best approach.

Item 3 envisioned immersing the inverters in the fuel tank. This appeared to
be a reasonable approach based on the following:

1. The inverters should be close to the generators supplying them
(3 to 6 ft).

2. The generators were surrounded by sump tanks (see tanks #3 and #4 in
Figure 22).

e

3. The inverters could be installed in the sump tanks and be within
6 ft of the generators.

4. Rejection of heat to fluid was approximately 30 times as effective
as rejecting to air, therefore, by using fuel as a heatsink, the
inverter housing could be of minimun size and weight.

S. The aircraft was equipped with an air to fuel heat exchanger in the
fuel recirculation loop for alert status ground cooling. This heat
exchanger, and its ground cooling fuel heat sink door (see Table 9),
could e used for subsonic intlight cooling of the fuel before and
after the M 2.2 portions of the mission to ensure a low sump tank
fuel temperature (<70°F). 1




R gl et B o e s e

P i T R LT

o pm e ma

The 1limit temperature for the fuel was 150°F and the sump tank fuel
capacities were 2500 1bs. Under these conditions the s tanks had
a heat absorption capacity of 100,000 BTU (2500 1b x 0.5 TU/LB/°F
for fuel x 80°F = 100,000 BTU), in going from 70°F to 150°F during

M 2.2 operations.

7. The heat rejected to the fuel during the 22 minutes maximm of mach
2.2 operations was 5128 BTU, which was only 5.1% of the 100,000 BTU
capacity, and indicated that, even with the other heat sink demands
placed on the fuel, of which the 74,407 BTU placed on it by the ECS
system (see Reference 12, page 3-20) is the major item, the heat sink
capacity is adequate.

The heat rejection value used in item 7 above was derived from Table 22. This
table listed the losses of all the inverters used in the aircraft when operated
on a 25% duty cycle. This duty cycle was felt to be representative of the
mean loads which would be encountered over the 22 minutes mach 2.2 operation
encountered during penetration and combat (see load analysis Table 16, sheet
3). The table included the losses for both the air cooled (NC) inverters

and the fuel cooled (EC) inverters. 4098 watts represented the losses for the
fuel cooled inverters, out of a grand total of 4281 watts for all inverters,
and was the value used to determine the 5128 BTU heat rejection figure used

in item 7 above.
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4.1.5.1.2.5 Power-By-Wire/Fly-By-Wire Control System Arrangement - Figure 35
represents the general arragnement used for power control in Aircraft [.

The arrangement attempted to take maximum advantage of the four indepent-
dent electrical systems by cc.bining them with triple redundant actuators and
five channel flight control inputs (4 control channels plus a medei channel)
to obtain maximum reliability. The use of five channels in the "Fly-By-Wire"
flight control irputs made possible voting in the face of a third failure.
This practically eliminated the possibility of a "hard over" third failure
and simplified the achievement of a ''fail safe' condition after the third
failure. The micro processors in the various systems (system #1 through #4)
exchange data and voting information via optical interties. In this way
absolute separation of the four power systems was maintained in that there
were no electrical interconnections either for power transfer or signal
interchange. Optical interties were also used exclusively between the
various microprocessors and their respective jnverters, motors, and actu-
ators as well as for the fly-by-wire (fly-by-light) flight contrcl imputs.
Through the use of this approach the potential adverse impact of electro
magnetic interference (EMI) generated in the inverters and elsewhere was
minimized. The use of optical interties, in the mamner indicated in Figure 35,
also gave the power control system a high degree of resistance to electro
magnetic pluse (EMP) effects such as would be associated with lightening
strikes or nuclear blasts.

Figure 35 is an expansion and elaboration of the basic Airesearch block
diagrams shown as Figure C-4, page 291, Figure C-5 page 293, and Table C-4
page 294, of Appendix C. 1In the event of failure of a given inverter or
actuator motor in a given svstem failure was detected in the system's

micro processor based upon data fed back from the defective inverter or
motor. This information was then sent electro-cptically to the appropriate
neighboring microprocessor where a signal was generaced to cause the appro-
priate solid state relay to enevgize and disconnect the motor clutch in

the malfunctioning motor. As a specific example (see Figure 35), if the
failure were in the inverter (INV) for the right hand (R.H.) inboard trailing
edge (ITE) surface for system #1, the system #1 microprocessor would sense
the failure via electro optical feed back from the inverter and send the
failure intelligence to system #2 and system #4 microprocessors. These
microprocessors would process the information and send a signal to their
respective solid state relay banks which would cause the appropriate relay

in each bank to energize its declutching coil in the motor for ITE INV R.H. #1.
As can be seen in the power drive unit drawing (Airesearch drawings No. 2022798 -
Appendix D) the dog clutch must be electrically energized to disengage.
Althcugh not clearly shown in drawing No. 2022798, the clutch actuating coil
was actually a dual coil powered, in this case, by system nos 2 and 4.

Either system by itself was capable of declutching the unit.

The system could have been designed so that loss of power could have caused
it to declutch (i.e., spring loaded to declutch). However, this approach
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was discarded because 1t would have meant that all the coils in all actuators
would have to be energized at all times during normal operation. This
appeared to be an unacceptable heat load and power drain. In contrast,
considering the selected design, only those motors which have failed or are
part of a system which has failed were energized. In the event of a dual
system failure this might have meant that as many as 8 motors (out of 16

in the trailing edge flap system) might have had energized clutches. However,
this would have occurred relatively infrequently and since, with the selected
design, the coil was never energized while the motor was running the motor
heat load was not additive to the coil heat lead. In contrast, with the spring
loaded to declutch design, the two heat loads would have been continuously
additive and would have created a major cooling problem.

As implied above a complete system power failure (generator out) or micro-
processor malfunction in system #1 would have caused system nos. 2 and 4
microprocessors to cause all clutches on all motors in system #1 to declutch.
The reason for two declutching coils was to meet the two fail operate re-
quirement. It system #1's failure had been preceeded by a failure in the #2
power system, power from system #4 would have been necessary to accomplish
the required declutching.

It shonld be noted, when examining Figure 3%, that an electro ontical
cenverter was not shown at the inverter end of the microprocessor/inverter
signal transmission line. In the interest of avoiding further complexity
in Figure 35 it was assumed that this electro optical converter alons

with its power supply was built into the inverter.

Figure 36 shcws the declutching connections for the wing trailing edge
actuation system. The reason for the unbalance in the number of connections
(i.e. 11 in systems #1 and #4, and S in svstems #2 and #3, versus an ideal
of 8 in each system) was as a result of the unbalanced distribution of
flight control actuation functions needed to adapt dual and triple channel
actuators to a four channel power system. In effect, as can be seen by
examining the electrical system load summation Table 17 the distribution
of actuation functions between power systems succeeded in balancing power
demand to 40.22% 9.22 KW continuous and 63.27+ 14.87 KW 5 sec loads during
combat.

Although the schematic of Figure 35 covered only the control of the power
for the actuation systems on the wing trailing edge, it was representative
of the pewer control approach which was used for all flight control actuation
functions (i.e. all those listed in Table 8). Figure 35 was limited

to this coverage to avoid a&cess comglexity in the presentation and thus

to avoid confusion which such complexity was likely to generate.

Figure 37 shows the general arrangement of the signal and power hockups
between power systems, flicht data computers, and the various microprocessors.
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The figure shows that there are two redundant {light data computers. The
first one, powered by system No. 1, was located in the aft avionics compart-
ment (see Figure 22 ) and the second one, powered by system No. 4 was located
in the intermediate avionics compartment. This gave wide system separation
between the two computers and greatly reduced the possibility that battle
damage would incapacitate the two units simultaneously. It can be seen

in Figure 37 that the microprocessors were divided into 3 geographical
groups ,nose,wing and tail, which indicates the general physical location

of the microprocessors in the aircraft as well as the actuation functions
which they serve. W #1 microprocessor and W #2 microprocessor in Figure 37
were the same as system #i microprocessor and system #2 microprocessor
respectively in Figure 35. W #5 microprocessor in Figure 37 was the
'model" microprocessor indicated but not shown in Figure 35. The simal
transmission interconnects shown in Figure 37 between the #1 and #4 flight
data computers and the wing (W) grouping of microprocessors were the same
interconnects as those indicated as "flight control input channels' on
Figure 35. It can also be seen in Figure 37 that the '"wing'" and 'tail"
groups contained full five channel capability with five microprocessors each
whereas the nose group contained only three microprccessors. The reason for
this was the fact that the wing and tail microprocessor groups service all
the flight critical (2 fail operate-fail safe) functions on the aircraft.
These were also the functions which could not tolerate a hard over signal
after the third failure nor could they tolerate being locked in any pesition
other than trail after a third failure. Tc accomplish this it was necessary
to have five signal channel capability so that a defective signal channel
could be voted out of action as a result of its being the third failure.

In the case of the nose grouping, however, circumstances were considerably
different. Here only 3 functions required the services of miCroprocessor
controlled inverters. These were the gun, the nose gear steering and the
canard. Of the three only the canard had greater than a fail safe require-
ment. The canard was single fail operate-fail safe, however, because the
nature of the canard was such that it could and would, aerodynamically

briow back and lock when disconnected. The disagreement betweeen channels
which would exist after a second failure could be used to trigger a disconnect
and, therefore, no more than 3 channels were required to meet fail safe
requirements.

4.1.6 Starter/Generator System Definition - A more detailed definition of

the starter/generator system, was prepared which expanded on that given

in paragraphs 4.1.1 and 4.1.2. This improved definition was derived from
the additional data generated in paragraphs 4.1.4 and 4.1.5. The general
characteristics of the starter/generator system thus defined werc as follews:




i
:
Generator Rating: 60/70 KW AC/DC output
AC Output: 115/200 Vv 400 Hz 3 phase power
per MIL-STD-704A
DC Output: 270 VDC per MIL-STD-704A
Speed (Generating): Range = 2:1
Minimum = 13750 RPM ;
Maximum = 27500 RPM
(Starting): Minimum = 0 RPM
Max imum = 10,000 RPM
Cycloconverter Rating: 20 KW (25 KVA at 0.8 PF) d
Transformer-Rectifier-Filter Rating: 47.5 KW
Cooling: Conduction (cold plate) oil
cooling-cool o1l supplied by

AMAD (i.e. shared system)

Weight: j
ITEM ITEM CODE WEIGHT REF G
1 {(Figure 4.2) LBS CODE
: General Equipment '
‘ Generator (G) 59.2 (1)
Cycloconverter (CCV) 30.7 (2)
Transformer-Rectifier-Filter (TRF) 7.1 3 Y
Generator Control Unit (GCU) 8.0 (4)
Generator System Total 115.0
Starting System Equipment (For Starter/Generator Only)

Drain and Fill Torque Converter 6.1 ——
1 90 KW Reverse SCRs and Control (RSCR) 21.§ ‘
15 KW Inverter Unit (SI) 19.8 1
90 KVA AC Start Contactor (SCA) 6.5 & ‘
15 KVA AC Start Contactor (SCB) 0.7 ;
15 KW DC Start Contactor (SCC) 8.0 1
90 KW DC Start Contrctor (SCD) 9.0 —— q
Starting System Equipment Total 71.6 ?
: Generating System Total 115.0 :
3 Starter/Generator System Total 186.6 j
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The generator, cycloconverter, and transformer-rectifier-filter ratings
listed above were derived from the electrical load analvsis summation,
listed in Table 4-3, using the following logic. From Table 4-3, assuming
emergency conditions with two systems failed (2 channels operative) and
considering the most highly loaded of the two remaining channels (i.e.
channel 2), the maximum required outputs of the generating system were as
follows: (Tahle 4-3 values rounded off)

AC Output (continuous load) 20 KW (25 KVA at 0.8 PF) !
DC Output (continuous load) 35 KW ]
: AC Qutput ( 5 second load) 20 KW (25 KVA at 0.8 PF) l
! DC Qutput ( 5 second load) 95 KXW J
From these values the following ratings of the cycloconverter and transformer- )
rectifier-filter were derived. {

! Cycloconverter 20 KW (25 KVA at 0.8 PF)

(based on continuous loads)

Transformer-rectifier-filter 47,5 KW i
(based on 50% of S sec load)

From the foregoing ratings the generatecr ratings were derived as follows:

Continuous leoad rating L
20 = 47,5 = 67.5 KW rounded off for growth = 70 KW 4

5 second load rating
95 + 20 = 115 KW rounded off to 120 K¥ X 50% = 60 KW

Hence the generator was assigned a 60/70 KW rating.

The weights for the various starter/generator system elements were derived
1 from various data source references as indicated by the '"REF CODES' used
' in the right hand column of the weight tabulation above and listed below.

PUPO—

e e Al i

(1) Average of the data from two sources i.e., reference 11 page 54
and reference 14 page 39.

©

Data from reference 14 reduced by 10% to account for advances
in the 1990+ time period

Derived from a curve plotted from data from reference 11 page 38

Data from reference 11 page 38 through 41

GNCN®)

Data from reference 11 page 39
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To arrive at the generating system defined above, three generating system
approaches were considered all of which had the following characteristics
in common.

1. Each was rated at 60/70 KW output

2. Two of the four generating systems, one on each engine, had engine
start capabilitiss.

% 3. Each was capable of delivering 20 KW (25 KVA at 0.8 PF) of
: continuous AC power and 47.5 KW of continuous DC power. The
three generating system approaches considered were:

] 1. Integrated starter generator (ISD) employing a constant
speed drive.

2. VSCF starter/generator system employing a cycloconverter
for AC output.

3. VSCF starter/generator system employing a DC link for AC
output.

Although the starting system based upon the ISD type starter/generdtor was
the lightest by cpproximately 58 lbs, it was dropped from consideration
because its full load and cruise load efficiency was poorer than that of the
other two approaches by approximately 14% (Reference 28 page 52) and because
of its relatively poor reliability. The poor cruise efficiency effectively
cancelled a large portion of its weight advantage (i.e. 47 1lbs) as shown in
the following analysis:

The sum of the average powers delivered at the four busses is
80 KW during a typical mission. Based on this, the power extracted
from the 2 jet engines combined is:

For ISD system 80 112.68 KW or 151.05 H.P.
.71EFF
For VSCF system 80 94.12 KW or 126.16 H.P.

0.85 EFF

Therefore the ISD system extracts 24,89 HP more than the
VSCF system.

Assuming a specific fuel consumption of 0.7 lb fuel/BHP-HR
for the jet engines and using the 2.7 HR maximum unrefueled
mission time of the ATS aircraft (page ¢), the total
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extra fuel required for the aircraft using the ISD is:
24.89 HP X 0.7 1b/HP-HR X 2.7 HR = 47.04 1b

The ISD's relatively poor reliability has been recognized for years and has 1
been the driving force behind the development of the VSCF approach. In
view of it's small potential weight saving and it's poor record in maintain-
ability and reliability, the ISD was not considered a viable candidate for
the 1990+ time period and was dropped from further consideration. k

There was very little to choose between the cycleconverter and DC link
; approaches to VSCF generator design. At the size (60/70 KW) and speed range
j 2:1) characteristic of this application it was projected that the cycloconverter
would be 5 to 10% lighter than the DC link (reference 28) for the same power
output. However, the DC link full load cfficiency would be 5-39% greater
than that of the cycloconverter and 1ts temperature tolerance would be
greater (120°C vs 80°C continuous input cooling oil temperature limit).
Balanced against this the cycloconverter's part load effeciency was 1-2%
better than the DC link (reference 18). Because cooling heat critical compon- !
ents would not be a problem in this aircraft (evaporative cooling) the
heat tolerance advantage of the DC link was considered offset. Therefore, _
because the generator operated at part load most of the time and because §
weight was critical, the cycloconverter approach was selected.

4.1.7 APU Driven Generator Sizing - As shown in Figure 17 two generators,
rated at 45KW each, are driven by the APU. This size selection was justified
as part of the discussions in paragraph 4.1.2.3. Based on this power

rating each gencrator including its generator control unit (GCU) plus its

45 KW transformer rectifier (TRF) and 7 KVA cycloconverter (CCV), weighed 3
83.9 1bs.

4.1.8 APU Sizing - The APU for aircraft II was rated at 485 HP sea level

static and weighed 245 1bs including all peripherals such as a starter,

fuel control, blade containment provisions, reduction gearbox with generator
mounting pads, lube oil, oil tank, etc.. The APU was a free turbine umnit ]
with an annular inlet, three-stage axial and single-stage centrifugal compressor, |
annular combustion chamber, single-stage compressor-turbine and counter
rotating power turbine and is similar in functional arrangement to the i
Hamilton Standard ST6l.-73 APU. !

The power rating determination was based on the following computation:

89.5 KW required at primary generator shaft (Paragraph 2.2.7) i

% 0.85 Primary gencrator efficiency 3
105.29 KW required at primary generator terminals ‘
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+ 0.97 Transmission efiiciency (voltage drop)

108.55 KW required at APU generator output terminals for starting load
(See comparative value at the end of paragraph 4.1.4)

+50.28 KW electrical system 5 sec essential loads from Table 16 sht 12 e

158.83 KW total required at APU generator output terminals during _
starting v

+0.85 APU generator efficiency

186.86 KW at APU generator shaft

+0.94 APU adapter gearbox efficiency

198.79 KW required APU output at 20,000 ft f
< 0.55 Sea level correction factor (reference 25 page 12) 3

361.43 KW sea level static rating

+ 0.746 KN to HP conversion factor

484 .49 HP (use 485 HP rating] ;-
The APU had a 0.610 1b/HP-IR specific fuel consumption during typical

starting and emergency return duty cycles and fitted in a rectangular lﬂ
compartment whose dimensions were 18 X 18 X 40 in.
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4.1.9 AIRCRAFT T EILCTRICAL SYSTEM WEIGHT ANALYSIS-

The Aircraft 1 weight analysis considered all those elements of the electrical
svstem which were unique to, or were otherwise impacted by, the change from
the more conventional secondary power system arrangement used in Aircraft II
(see paragraph 4.2) to the "ALL ELECTRIC' approach used in Aircraft I. In
effect, therefore, Aircraft II became the "BASELINE" aircraft against

which all cther variants were measured. The major elements considered

in arriving at Aircraft I's relative weight were as follows:

1. All the electrically powered actuation functions which were
hydraulically powered in Aircraft II.

2. All the power distribution elements which service the actuation
functions of item (1) abtove.

3. All the elements in the electrical power generation system.
4. All the components making up the auxiliary power and starting system.

5. The impacts on the fuel system resulting from changed heat
rejection and fuel displaced by inverters.

Structural impacts were not considered since all actuators, for both aircraft,
used the same tie off polits and reacted the same loads. HMinor impacts

due to differences in actuator envelopes, actuator weights, bulkhead
penetration points for electrical cables vs hydraulic lines, component weights
and component envelopes were ignored as being so small as to be within the
"Noise Level."" Component weight and envelopes were, of course, considered

in terms of growth factors and fuel displaced respectively.

Environmental control system impacts were not considered since, as discussed
in paragraph 2.1.6, the systems, and hcat loads they must service, were
essentially identical between Aircrarft I and Aircraft II.

4.1.9.} Electrically Powered Actuation Functions - Table 25 lists the
actuation functions outlined in item 1 above and shows the weight chargeable
to each of these functions. The weight of the various corponents (i.e (
motors, ballscrews, inverters, relays, etc.) making up each actuatioﬁ éub-
system, as shown in Table 25 was derived from data included as figures 38
and 39 and as derived or extrapolated from Tuble 21. Table 25 shows that
the total weight of the actuation suisvstems is 1567.7 1b. '

The calculations used to determine the weight entries for the various ball
screw actuator entries in Table 25 are presented as follows:

EXTERNAL FLAP
Stall Load = 8600 1b (1)
Stroke = 10 inch
Motor Power = 8.80 kw
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4.1.9.1 (Cont.)
Weight

Zero Stroke Weight
Stroke Weight (10 x .53)

"N

Motor
Total
CANARD
Stall Load = 6400 1b
Stroke = 5,75 in
Motor Power = 1.00 kw
Weight

Zero Stroke Weight
Stroke Weight (5.75 x .39)
Motor = (2 x C.5)

Total
THRUST VECTOR VANE
Stall Load = 75,314 1b
Stroke = 5.20 in (6
Motor Power = 2.05 kw
Weight

Zero Stroke Weight
Stroke Weaght (5.2 x 4.59)
Motor = (2 x 2.6)

Total
RIGHT RAM AIR SCOOP

Stall load 4100 1b
Stroke 2.52 in
Motor Power = 1.97 kv
Weight

Zero Stroke Weight

Stroke Weight (2.52 x .25)

Motor Weight (1.0 x 0.8)
Total

1200 1b
1.00 in
.04 kw

e 8N

LEFT RAM SCOOP

Stall Load
Stroke
Motor Power
Weight

"N u

Zero Stroke Weight
Stroke Weight (1.0 x .08)
Motor (1.0 x 0.2)

noHne

Total

G ol e £ Tk e 22 o A+ 3 b Gt o i 0 i b e e - it o0 i
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4,1.9.1 (Cont.)

NOSE GEAR
Stz11 Load = 14,900 1b
Stroae = £.0 in
Motor Power = 2.99 kw
height
Zerc Stroke Weight =
Stroke Weight (5.0 x .81) =
Motor height (2 x 1.2) =
Total =
MAIN GEAR
Stall Load = 24,000 1b
Strecke =  6.00 in
Motor Power =  5.77 kw
Weight

Zero Stroke Weight
Stroke Weight (6 x 1.44)
Motor Weight (1 x 2.1)

Total
(:) See ‘takle 9 (:) See Figure 48 and Paragraph 4.2.1.6
(:) See Table 23 (:) See Table 12
(:) See TFlyure 3% (Z) Extrapolated from Figure 39

(:) See Flgure 38

4.1.5.2 Ylectrical Power Distribution Elements - Figure 40 is a plain view

of the aircraft showing the general locatlon of the major components constituting
system No. 1 power generation distributicn and utilization elements. [t was
used as a basis for determining the wire lengths and sizes of the wiring used

in the bus feeder and power distribution portions of system No. 1. It was
assumed that system No. 1's lengths, sizes, and routings were sufficiently like
the other three systems so that it could be considered a representative average
of the other three. Thus, the total system's wiring weight was determined by
multiplying the weight determined for system No. 1 by four. Table 26 1s a
detailed listing of the feeder and power distribution wiring for Aircraft I.

It shows that the total weight of the power wiring including supports, harness,
shielding and connectors was 120.3 lb. It should be remembered that this was
the weight for 270 volt power distribution wiring and did not include 400 Hz

AC power wiring, avionics equipment wiring, Z8 VDC wiring, or the wiring for the
fly-by-wire/fly-by-light system. In these latter four instances, as has

already been discussed, Aircraft I and Aircraft II were considered essentially
identical and thus these elements did not enter into the trade study.

4.1.9.3% Auxiliary Power and Starting System - The APU has already been defined
in paragraph 4.1.8 and the starting system in paragraph 4.1.6. However, a
major element of the auxiliary power system, not yet considered, was the
battery which was provided primarily to supply power for a descent to 20,000
from any higher altitude in the event of an emergency. AS pointed out in
paragraph 4.1.2.3, this battery was to be of sufficient size to provide at
least 4 minutes of power in an emergency descent mode. The continuous load,
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TARLY 2o, WLaIfl - p 1P CFRICAL POWER WIRING oP W 3 oF 2w s,

RouT-[SEG-RLEN- RAT-I AWG [wr|  Rout-Bee-LEN-TRAT-T AwG Twr ]
NG |MENT GTH] ING INO.W ING [MENT! GTH| ING NO.W!RES:
NO. | NO.| FT. |AMP. | -GAGE |LBS, NO.| NO.| FT.|AMP| - GAGE | Les.
I {1-1] 2 [120] ¢-12 | .28 23 5% o (28] 6-14 | .54
2 (%2 2 |130|6-12 .28 3-370 & |88 | 6-{4 |.45
3 !33|l 6 (16| 1-14].09 24 2438 6 |88 | €6-14 | .54

3-4| 6 (16| 1-14].09 25 25-39] 6 S t-22 .02

: 8-5| 3|16 y-14].07 25400 4 | 5 | 1-22 |.02
' 4 |14-6] 6| ¢ 1-20 | .03 26 2.4, & |30 2-14 .15
4-71 6| 6| 1-20].03 27 744 2 [ 88| 6-14 |.%
4-8| 6| 6| 1-20].03 28 28-4% 6 | 1O 1-16].06

5 |s-9] 5 [130] &-12 | .70 29 |29-44 4 | 10| 1-1c |.04
5-10] 4 {130] 6-12 | S6 30 is0-45 4 | 3 | 1-24].01

G [6-11] 2 | 120 €6-12 | .28 30-¢46) 4 | 3 I =24 1.0l
7 |7-12] 2 [130] €-12 | .28 At -4 S| 3| 1-24].01
8 |8-13| 2 | 88| 6-14 | .\8 31-480 4 | 3 | |-24].0|
9 [9-14| 6 3 1-24 | .02 32 3:-4% 6| 6 1-20|.03
os| 5 3| 1-24| .01 33 hs-sol S |16 (-14 .07
jO jl0~i6] & 5 1-22 | .02 34 451 5| 3 1-24 | .ol
-1 ¢ s 1-22 | .02 35 8s-54 6 | 36| 3-16|.18

ti |il-8] 6 5| 1-221 .02 36 %59 3 |%0| 2-14 ] .69
IHas| 4 5 1-22 | .02 37 - 6 |30} 2-14{.18
i2 [12-20| & 5| -2 | .02 38 P85Sl 3| @ | 1-20] .02
12-2t] 6 | 5 1-22 | 02 39 39-5| 6 | 6 | {-201{.03
12-2; & S 1-22 | D2 40 40-57 6 [130| 6-12 | .81
rR-23 6 S i-22 | 02 4) 4158 & [1S8]| 7-~12 | .95
(3 13-2¢| 3| 5| 1-22 ] .0l 42 la-%9 6} 9 | 1-18].05
(4 14-25| 6 3 1-2¢1].02 42600 6| 9 | 1-18].08
14-26| 41 3 | 1-24 | .01 26\ 6| 91 1-18] .08
IS |15-77] & 5 1-22 | .02 26l 7| 9 1-18 | .06
1528 3 5| 1-22 | .0l 43 14363 3 | 3 1-24 | .0l
16 l6-29) 5 | § | 1-2 | .02 4s-64, 6 | 3 | (-24].02
iI7 17-3d 6 |50 | s-18 | .24 4365 6 | 3 | 1-24 .02
{8 (1831 3 |30 | 2-14 | .09 44 44¢5 8 | 3 1-24 | .02
191019-32] 6 |30 | 2~14 |.18 4% 14567 6 | 3 1-24 | .02

20 20-33 8 6 -2 | .02 4548 & 3 |-24 | -0
4 zl-.ﬁ é o 1-20 | .03 46 4649 &6 | 5 1-22 .02
22234 6| 8| 1-18] .08 -0 81 5| 1-22] .03
TOTAL WEIGHT TWIS CoL, (379  TOTAL WEIGHT THIS COLUMN 14-96

TOTAL WEIGHT THIS PAGE 13
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TABLL. Z0.  WLIGHL - FUECIRICAL POWER WIRING (PAGE. 2 QF 2 PAGES)

OUT-ISEG- [LEN-[RAT-| AWG |WT.
ING | MENT| GTH| ING NO. WIRES WEIGHT SUMMARY
NO.| NO. | FT. | AMP| -GAGE | 1BS.|  poTAL WIRE WEIGHT *68.28
47 41| 6 | 3 | 1-24].02 SUPPORTS, HARNESS ¢ SHIELDING * 10.2¢
47121 7 3 1-24 | 02 CONNECTORS-25/5Y5 AMD
48 48731 & | 3 | 1-24 | 02 380/ AC « AVERAGE WT.
4874| 5 | 3 | 1-24 | 02 PER COMMECTOR = (.| LO.
49 i4975| 5 | 3 | 1-24 | 02 seoRi.] =41.80
EO(50-%| 8 | 3 | 1.24 {.02
50771 10 | 3 | 1-24 | .08 TOTAL WIZING SYSTEM WEIGHT ¢{20.32
-8l 10| 3| 1-24 {.08
1910} 3 | |-24 | 03
50-80| 12| 3 | 1-24 | 03
50-8i| 0| 3 | 1-24 | .03
so82l 8| 3 | 1-24 | .02
s5) (51-83] 3 | 3 | 1-24 |.01
rsu-e 6 | 3| \-24 |.02
s1-85| 6 | 3 | §-24 (.02
19158 &2 [180]| 6-i2 |.28
25 [25-87] 5 [130] 6-i2 |.70
35 3s-68 6 |130| 6-12 |.80
35-89 6 [130]| 6-12 |.80
iss' & | 130]| 6-12 |.80 |
4spus9ll 6 |130| 12 | g0 %J
45-921 7 |130]| 6-12 {l.O0O
tA ‘IA-B 3 |ieo]| 7-12 |.s0 i
2A ZA94 6 | 160 7-12 |.90
[A\Aesl 3 {160 7-12 | .50 ;
2A[2a9%] 6 | 160] 7-12 | .90
TOTAL WEIGHT THS COLUMN 18,32
TOTAL $YSTEM I wiRe WT. |17.07

TOTAL WIREVEIGHT IN AIR-
CRAFT FOWER sYSTEM (4
SYSTEMS) =4 % 17.07 = 68.28
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existing during an emergency descent, was determined as follows:

20.442 Kw (Sec Table 16, PG 3, BAT BUS)
.810 Kw (See Table 16, PG 5, ITEM 203)
2.268 XW (See Table 16, PG 6, ITEMS 701 through 894, BAT BUS

At the time this report was written, current state of the art NI-CAD batteries
exhibited specific weights of 5.8 Watt-Hr/1lb. This specific weight included

such items, nccessary for a practical instaliation, as the battery case, shrouding,
thermistors and thermal switches. Because of the rapid advances which it was

felt would have occured in battery technology by the 1990 time period, it was
assumed that an equivalent battery specific weight at that time would be 11.4
watt-Hr/lb. From this, the battery weight was determined as follows:

23.520 Watts 4 Min
IT5s HEEE:BX X 60 Min X 1.5 Operating Margin = 204.52 Lb.
LB : HR
Use 205 Lb

4.1.9.4 System Weight Summary - Table 27 summarizes all the weights subject

to trade in the Aircraft I electrical system. As can be scen in Table 27
the total weight was 2817.0 Lbs.

' s S ——
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TARLE 27

ARCRAT 1T FLECTRECAL SYSTEM WETGHT SIDDARY

QUANTITY| UNIT | TOTAL
EQUIPMENT (TEM O® PER Msacnr EIGHT
- Alc|l (18 | (8
G - PRIMARY GENERATING SYSTEM @ 4 | 115.0]|4¢60.0
GE - EMERGENCY GENERATOR ® 2 | 83 5] 167.8
APU - AUXILIARY POWERUNIT @ | |245.0] 245.0
STARTING SYSTEM EQUIPMENT @ 2| 71.6]143.2
AEPC - AC EXTERNAL POWER CONTACTOR 4 1.9 7.6
ALC - AC LINE CONTACTOR 4 t.97 7.6
DEPL - DC EXTERNAL POWER CONTACTOR 4 2.5} 10.0
OLC - DCLINE CONTACTOR 4 29| 1.6
AEBR - ACESSENTIAL PUS RELAY 2 20! 4.0
BCR - PATTERY CHARGER RELAY | 06| 0.6
BR - BATTERY RELAY l 20 2.0
BS - BATTERY SWITCH { 0.2 0.2
B -BATTERY 1 | 205.0]205.0
DEBR - DCESSENTIAL BUS RELAY 2 3.0 6.0
EPM - EXT. POWER MONITOR ¢ RECPT, (AC)| 3.0/ 30
EPM ~ EXT. POWER MONITOR ¢ RECPT. (0¢)] | 40| 4.0
SR - STARTER RELAY 2 3.8, 7.6
BC - BATTERY CHARGER } 50! 50
ACT - ELECTRICAL ACTUATION FUNCTION @ | — | — [i167.1
AMAD - AIRFRAME MOUNTED ACESSORYORNE! 2 § 90.0| 1B0.0
WIRE SUPPORTS ¢ HARNESS ® —| — | 785
CONNECTORS ® - - 41.8@
COMPONENT SUPPORTS AND MISC., -] — $39.4

TOTAL WEIGHT

@ ACROMYMS HEADING ITEM TITLES CORRELATE WITH FI6.

@ SEE PAGE
® SEE TABLE

Q@ SEEPAGE
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4.2 Aircraft 11 - Aircraft II represented the more conventional approach to
secondary power generation, distribution, and utilization in that the aircraft
used hydraulic power to power those components which have historically been
powered clectrically on advanced military aircraft of the immediate past. Thus
aircraft II had 3 conventicnal power split between hydraulics and electrical

but departed from the conventicnal by using an advanced (8000 PSI rated pressure)
hydraulic system. The seclection of 8000 PSI as the hydraulic system's rated
pressure was based on extensive stuay programs and hardware development programs,
as well several flight tests concucted at Rockwell's Columbus Division. This
series of programs has been conducted over the last 15 years and has been
documented in references 1 through 11. These programs indicated that 8000 PSI
was very close to an optimum systcm pressure for advanced hydraulic systems

given current and near future materials of construction. A listing of the major
advantages and disadvantages of 8000 ¥SI rated system pressure, versus the
current convenitional 3000 PSI, as derived from these programs follows:

ADVAMNTAGES

1. Projected weight saving 30%
2. Projected installed volume saving of 40%
3. Survivability gaius due to:
A. Less Volume
B. Less projected area
C. Heavier walled components
4, lower component cCosts due to:
A. Less material used
B. Less machining ccsts due to heavier walls
largely coff setting thc higher costs of
slightly tighter tolerances

DISADVANTAGES

1. New ground test equipment required
2. Shear stable {luids required
3. Adverse effects of actuator stiffness

Table 28 represents a generic weight breakdown of the hydraulic system in

the baseline study aircraft and showed the expected system weight at three
rated operating pressures (3000, 4000 and 8000 PSI). This figure showed a
projected weight saving of 584 1lbs by using an 8000 PSI system in preference
to a 3000 PST system. Using a figure ¢’ 2.7 1b of gross take off weight saved
per 1b of direct weight saving the gross take off weight could be reduced by

1577 1b through the use of 80( - PSI and was considered a very significant figure.

Figure 41 is a nlot of the data from Table 28 and showed that 8000 PST

was very c¢lose to an optimum weight i.e., that increases in operating pressure
above 8000 PSI would not achieve significant further reductions in weight.

This further verified that 8000 PSI was probably the proper pressure selection.

As will be seen elsewhere (paragraph 4.2.1.6) all flutter (stiffness) critical
actuaters on the study aircratt (i.e. the upper rudder, the aileron and the
inboarc flap) were powered through mechanical hinges using hydraulic motors.
Since the gear reduction between motor and surface in all instances, was
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TABLI 280 TS GYDRAWIL TG SYSTEM WETGHTS AL VARTOUS PRIESSURES

SYSTEM PRESSL.SE
200C PS5/ [90007°Ss |Ecce Psy
IYCeNNIE SysTiSrs |(793] L7023 9873
PEWER GENERATION (358) (3/9) (257)
PUMPS 98 28 65
RESERLCIRS 117 703 74
SUKRCRTS 7 é <
PSCELLANEOYS ’3é& /722 ’Cé
POWEE OISTRIBL TION (435) (350) (238)
FLUOMEING & £/7TINGS 263 235 772
ALYD 72 /55 o¢
FLIGH T CONTR0LS (£c6] [77¢] [c82]
ACTLATION DEVICES (s0) @38) (255}
CrUNDERS £ KOTARY ACT. I54 06 377
MECHANISM ¢ SUPFORTS 36 32 22
CONTROL MEOIULES 275) (247) (228)
SERVD LAVES £7T. 275 247 228
LONER D157 /E 770N (or) (83) (55)
PLUMEING & FITTINGS €8 60 37
FLLHO 33 29 /3
LANDING GEAR ¢ CCoRS (/233 [+/4)] [a84]
ACTURTION' OENCES ‘57) (4s) (<)
CYL/NDERS £, <3 38 35
MECHANISM £SC0LTS 3 7 s
POWER DISTDE 7700 (77) (639) “3)
ALUMEBING  £77TINGS é6 59 38
Fenl 17 70 7
MISCELLANEDOUYS Sy S7ers [/59]) Lr#3] |vos]
ACTUATICN DEVICES G2) (82 (74)
CYLMNOERS MOTORS E7¢. S« 7S ¢33
MECHANISI ¢ SCIPOETS 8 7 s
POWER DIST.2/BUI7ON (67) (Gr) (3s)
PLUMBING & FTTTRGS S0 {6 2%
LD 77 r 5 8
707A4L /946 7’740 /362
FOWER GEIIERATION 58 379 2=/
PONER LIS7R/&EUVI70r/ 630 809 269
AZTLATION
AC?LUATORS é33 o Sr4
CON TROL 1C0ULES 275 i 7 228

— sy e e o
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greater than 5000:1 (see Table 18 § 19), stiftness in the hvdraulic circuit
was no problem. With stiffness eliminated as a consideration the "advantages'
listed above so far outweighed the "disadvantages' that 8000 PSI was selected
as the design pressure.

A double voltage approach was also considered as a means to update and modernize
the electrical power system on aircraft Il in a manner similar to the update of
the hydraulic system. However, for the reasons already given in paragraph
4.1.1, this approach did not seem to offer any advantage 30 a conventional
115/200V 400 HZ AC power system was retained for aircraft II.

4.2.1 Hydraulic System Description - The baseline hydraulic power generation,
distribution, and utilization system is shown in block diagram form in Figure
42. Figure 43 is a more detailed schematic showing all major components
making up the total hydraulic system, and Figure 44 shows the spatial
arrancement of these comnonents, The system had two egual authority hydraulic
systems and a third emergency system. The third system powered only these
functions necessary to recover from a maneuver and maintain level flight. The
primary hydraulic system pumps were rated at 8000 psi. They were driven by
airframe mounted accessory drives (AMADs), two pumps to a system, each powered
by the same engine, and incorporating the master slave concept. A fifth punmp,
also rated at 28 GPM and 8000 PSI, was driven by the APU/EPU which acted as a
third (emergency) power source. The AMAD was driven by the engines via a
power take off shaft (PTO) or as an alternate by the auxiliary/emergency

nower unit (APU/EPU) shown in Ficure 45. The APU/EPU was started by
a hydraulic motor using stored energy from an accumulator.

4,2.1.1 APiJ/EPU Operation - The APU/EPU operution under various conditions
was as follows:

A. APU/EPU Start - Aircraft on Ground - Engines Inoperative

APU/EPU startup is initiated by a cockpit switch. This switch, using
battery power, actuates a solenoid valve which ports high pressure
hydraulic fluid, stored in an accumulator, to the APU/EPU start
hydraulic motor (SM in Figure 45). The motor accelerates the APU
compressor - turbine to light-off speed. Using the combustion of a
mixture of jet fuel and air in the conventional manner as an energy
source, the compressor turbine accelerates to operating speed. At
full speed the surplus energy from combustion (i.e. the energy over
and above that necessary to power the compressor turbine) drives a
free turbine which in turn, through suitable pearing, powers a 28
GPM (131 H.P.) "emergency' hydraulic pump, a 7 KW (9.4 H.P.) emergency
generator and a 18C KW 242.0 H.P.) load compressor. It is capable

of starting at all airport altitudes up to 5000 ft. (1524 M) as well
as achieving inflight starts at all altitudes up to 20000 ft (6096M).

B. Engine Start - Aircraft on the Ground

1. Normal Start Using APU/EPU

With the APU/EPU running, the load compressor (see Figured5)
delivers pneumatic power to the air turbine start motor (ATS/M)
associated with the engine selected for starting. The load
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Figure 42, Hvdraulic Syvstem Block Diagram
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compressors are limited in capability to starting one engine
at a time. The ATS/M, working through the accessory gearbox
and power take off (PTO) shafc, accelerates up to self
sustaining speed. Start time to ground idie is nominally

35 seconds.

2. Normal Start Using Ground Cart

For engine starts using a ground cart the APU/EPU is normally
not operating. Ground cart high pressure air is supplied at
the ground connection; (sce Figure 45) from this noint the
starting sequence is like B.1 above.

3. Accelerated Start

If rapid response requirements dictate, simultaneous engine
starts may be achieved in either of two ways. The first is

the most rapid but the least fuel efficient, In this case the
APU portion of the APU/EPU is started in the normal way,after
which one of the engines is started. Simultaneously the EPU gas
generator is started, using 10X and jet fuel, and the second
engine is started from this source. Using th.s approach the
LOX required for high altitude engine start is largely used up
and, assuming the reason for needing simultaneous engine starts
1s the need to '"scramble' ranidly, there is no time to refuel
with LOX prior to take off.

The second method for achieving simultaneous engine starts is

to start pneumatically from a ground source. In this instance
there is adequate power to start both engines simultaneously with-
out the need to start up the APU/EPU. Under scme circumstar es
this method can be faster than method No. 1 above. If, for
example, air is drawn from a centralized air base air supply and
1s immediately available the time necessary to start up the APU
and EPU in method No. 1 is avoided. The only time required is

the time necessary to connect and discomnect the air hoses and

to open and close the air supply valve. In those instances where i
the aircraft is held in alert status, lined up with the runway, !5
with the air hose already connected, and has a tear away type of §
disconnect at its hose to fuselage connection, the time to start b
engines and to break ground is considerably reduced over that I3
tequired for method No. 1. iy

The normal method for starting engines, however, will be to start
each engine sequentially with the APU. The second engine will

be either started at the ramp or while the aircraft is taxiing out
to take off positicn.

APU/EPU Operation - Low Altitude

Below 20,000 ft (6096 M) altitude there is sufficient atmospheric
oxygen so that the APU portion of the APU/EPU can be started and will
operate continuously meeting its load demands. In this regime the

174




Py T e e S e et (htmunam, teoas -

ok

AU will supply duty cycled loads up to 70.3 H.P. for the syvstem
No. 3 (emergency)} hydraulic pump and 9.8 H.P. for the emergency
generator while delivering sufficient air to air start an engine. :
In the event that an engine cannot be restarted the APU will deliver
sufficient pneumatic power to the associated ATS/M so that, with the
PTO shaft uncoupled (see Decoupler Figure 45) , the hvdraulic

pump and generator on that gearbox (‘MAD) can be driven at duty
cycled power levels up to 101 H.P.. This same power level or more

is available for driving either of the two AMADS on the ground for use
in maintainance and checkout operations.

D. APU/EPU Operation - High Altitude !

Above approximately 20,000 ft. (6096 M) altitude there is insufficient |
oxygen to start or maintain operation of the air hreathing APU. If ;
any emergency (such as a two engine flameout) occurs above this
altitude which requires power the EPU will be turmed on. Since the
EPU burns LOX-JP4 (both stored on the aircvaft) it can be started at
any aititude. The LOX-JP4 mixture is burned in a catalytic combustor
{hence nearly instantaneous light off) and the gaseous products of
combustion are directed to the APU's free turbine. The free turbine,
through the APU's output gear train, drives the emergency pump and
generator, however, the load compressor is unloaded. The emergency
pump and generator supply the electrical and hydraulic power
necessary to fly, or glide, the aircraft down to an altitude at which
the APU can be started and engine start attempts can be made.

4.2.1.2 Brake System - It was decided that the brake system would remain
hydraulic for both versions of the study aircraft (hydraulic and electrical).

In each instance the brake system would use the newly developed chlorotrifluor-
ethylene type non flammable hydraulic fluid and would be a small separate system
independent of the main hydraulic or electrical power generation and distribution

systems. This decision was made based upon consideration of several factors:

A. If aircraft of the mid 1990's retain hydraulics as a prime clement
of power generation and distribution in their secondary power systems,
they would almost certainly use a separate non-flammable fluid subsystem
for their braking system. This was felt to be true because of the
many aircraft losses which have been traceable to brake fires fed by
the currently used flammable hydraulic fluids.

B. Brake systems for future high performance military aircraft would
have an advanced version of a fly-by-wire type of antiskid. 1In
this approach the pilot's brake input and the incipient skid sens
would both be transmitted as an electrical signal and would be mixed
electronically tc provide a modified output sigrnal. This ocutput
signal would be sent to an amplifier in the form of a metering valve
for the hLydraulic system or an inverter for the electrical system.
The four servo controlled metering valves required for the hydraulic
approach would weigh.approximately 2 1bs while the 4 ambient air cooled
inverters for the electrical approach will weigh at least 12 1bs.
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Electrical brake systems have been under development for several years,
nowever all work to date, has been analytical; no hardwarc has been
built and no components have been tested. Based on the analysis and
some optimism it was felt that electric brakes might be devcloped to
the point where they were nearly equivalent in weight and reliability
to current hydraulic brakes. There was, however, continuing doubt that
they would meet the wet and dry runway anti-skid performance require-
ments currently met by hydraulics.

The electric brake's primary item of desireability was the fact that

it would eliminate brake fires. A secondary advantage was the fact that
electric brakes offered the possibility of reduced routine maintenance
requirements relative to a hydraulic system and particularly to a
separate hydraulic system (actually two small separate hydraulic systems
with two separate reservoirs) using non-flammable fluid, such as planned
for the ATS aircraft,

Considering items A through C it was apparent that the scales were
tipped in favor of the hydraulic approach. The fact that the prime
virtue of the electric brake (no brake fires) was offset by the use
of non-flammable fluid in the hydraulic approach was instrumental in
shifting the balance radically. In effect, based on what was known at
the time of this report, reascnable extrapolation of the state of the
art to the mid 1990's would still favor the hydraulic approach in the
following areas:

Weight

Steady State (stalled) Power Demand
Heal Rejecticn During Braking
Relisbhility

Unscheduled Maintenance

Performance (anti-skid capability)

Only in the area of scheduled maintenance would the electric brakes
have had a clear superiority. Because the non-flammable fluid brake
subsystem could have been in both baseline aircraft without impairing
the "all electric' power generation and distribution characteristics
of the aircraft, it was decided that this was the approach t. use.

As previously indicated, the brake system became an arrangement
consisting primarily of two small compact hydraulic systems employing
nca-flammable hydraulic fluid; each having its ow:i pump, reservoir,
filters, control valves and actuators. Each hydraulic system powered
brakes on both the right and left hand main gear wheel with one system
acting as a backup for the other. One system had an accumilator which
could supply limited emergency braking in addition to its basic function
of providing parking brake capability. The pressure compensated variable
delivery pump for each hydraulic system was driven by a hydraulic

motor on the hydraulic aircraft (Aircraft II) and by an electric motor
on the all electric aircraft (Aircraft 1). A schematic showing the
brake system is included as part of Figure 43,
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4.2.1.3 In-Flight Refueling - It was decided that the standard (UARRSI) inflight
refuel receptacle would bhe used in both vehicles. This decision was based on
Rockwell experience in attempting to use a non standard refuel receptacle in the
B-1 aircraft. Even though the change was modest; substituting 4000 psi dctuators,
valves, and plumbing for the standard receptacle's 3000 psi components and saving
a little weight in the process, it was not bought. The Air Force felt that it
was of such overriding importance that the standard receptacle be used, and

thus be warehoused and available for use-interchangeably on any Air Force aircraft,
that they were willing to give up the potential weight saving and suffer an
additional weight penalty to avoid the use of a non-standard receptacle. The
additicnal weight penalty was that represented by the pressure reducers and
pressure relief equipment which was necessary to adapt the B-1's 4000 psi system
to the 3000 psi receptacle. Sirnce the standard unit is even more widely used

now than it was at the time of the B-1 decision, and considering that its use
will be even morc extensive during the 1990's, it was felt a standard receptacle
was nearly mandatory unless some truly compelling reason legislated to the
contrary. There appeared to be no compelling reason.

Both the electric and hydraulic baseline aircraft could provide 3000 psi hydraulic

power for the standard receptacle thru the use of power transfer unit (PTU).

Essentially a PTU was a speclalized version of a motor pump. Such a device

(PTU) was mandatory for the "all electric‘ baseline aircraft if a standard

(UARRSI) receptacle was to be used. Theoretically a pressure reducer (rather

than a PTU) could have been used in the 8000 psi hydraulic baseline aircraft

to adapt to the standard receptacle. However, return line pressures near the

receptacle in an 8000 psi system would often exceed 3000 psi. Since a pressure

reducer would have been referenced to return pressure near the receptacle, the

pressure in the receptacle components would alwavs be higher than return pressure

and often much higher than 3000 psi. These high pressure return conditions

couid be largely avoided by running a dedicated return line 30 ft back to the i
reservoir. Howcver, this would involve an added weight penalty of 4 1lbs and 3
still leave a serious doubt as to whether the allowable return pressures would F

not intermittently be exceeded at low temperatures. For these reasons use of

a pressure reducer for this application was considered unacceptable. Therefore,

as indicated above, a PTU was used for the hydraulic baseline as well as for EZ
the electric. In the hydraulic baseline case the PTU consisted of a 3000 psi o
pressure compensated pump supplying the receptacle driven by an 8000 psi tﬂ

constant displacement hydraulic motor. In the case of the 'all electric” -
airplane, the hydraulic motor would be replaced by an electric motor butthe ;
3000 psi pump would remain unchanged. In affect everything downstream (on

the receptacle side) of the hydraulic purmp mounting flange (interface point)

was identical for both the hydraulic and electrical baselines. The ''downstream'
items were the pump (1.9 1b), a reservoir module (3.8 1b) containing pressure,
case drain and return filters, relief valves, fluid level gages etc., plunbing
and fittings (0.3 1b), and the receptacle itself.

Under these circumstances an interface was created which, once its transmitted
power and rotational speed were defined, could be driven either by hydraulic
or electric motors. The power at the interface and the rotational speed is
given in Table 9.
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4.2.1.4 Landing Gear - The nose gear was extended and retracted by both main
hvdraulic systems (Sce I'igure 42) herce a tandem linear actuator was used.
The main gear was retrscted and extended by system #2 only. Upon loss of
system #2, emergency extension was obtained by free fall, with the weight of
the gear the prime mover. <Conventional up and down locks, and fairing door
actuation was empleyed. Run-around valving allow for gear operation with the
aircraft on blocks.

4,2.1.5 Sizing - The peak hydraulic system flow demands, and the ones
which sized the system, were those which occured during combat. The magnitude
of the flow demands were derived from the loads shown in Tables 9 and 12

and were tabulated in Table 29 to show the loads in each system which apply
during combat. 1In a great many aircraft the peak flow demand, in relation to
pump capacity, occurred during landing flare-out when flight control and landing
gear demands were high and the pump capacity was low because the engine was at
idle RPM. This was not trve of this aircraft, however, since the flow demands
of gun, thrust reverser, and plug throat operations during combat far exceeded
flare-out demand. Therefore, the pumps for all three systems were sized based
on the total flow demand load (in KW) shown in Table 29.

The maximum flow rating of the pump (in GPM) was determined using the following
formulas and assumptions:

Formulas:
Flow (GR) =  pover (D) a%mlm
and
Power (HP) Power _ (KW)
.746
Assumptions:

The actual maximm power demand was 2/3 of the the theoretical
(summed) power demand, since in a group of actuators such as those
listed in Table 29, not all actuators would be operating at a given
time, and of those operating, not all would be operating at their
peak demand capability. This was a restatement of a basic "ground
rule' already given in paragraph 2.4.4.

The effective pressure at the load was 4667 PSID in an 8000 PSI
system based on the following:

8000 PSID System pressure
Less 500 PSID Lost in supply line
Less 500 PSID Lost in return line
Less 2333 PSID Lost in valving (1/3 X 7000 PSID)

4667 PSID Net at operating load and rate
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Using the preceding formulas and assunptions the requirved flow from the pump
at military (combat) power became:

Powetr (KW) 1714
5 X .746 (Pressure PSID)

o

Flow (GPM)

2 X (KW) X 1714
3 X .746 X 4667

.328 X (Kw)

Therefore the required flow for the three systems using the load demands from
Table 9 was as follows:

(System No. 1) .328 X 171.,0 = 56.09 GPM
(System No. 2) .328 X 129.7 = 42.54 GPM
(System No. 3) .328 X 44.06 = 14.6 X 3/2 = 21.9 GPM

-

The 3/2 factor was added to system 3's determination of required flow to
cancel out the effect of the 2/3 simultaneous flow assumption. This was

done because the emergency system (i.e. system 3), unlike the primary systems,
had relatively few actuators all of which were very likely to be working at
maximun power simultaneously during an emergency.

The foregoing statement might seem to be in confiict with the approach used in
nandling emergency loads in aircraft I however it actually was not. Electrical
power systems differ from hydraulic in at least two vital areas as follows:

1. Electrical system load demands tend to follow and be proportional
to the torque demands of its actuators, whereas, hydraulic system
1oad demands tend to follow and be proportional to the output velocity
or rate of its actuators. On this basis, as pointed out and discussed
in paragraph 4.1.5.1.1, electrical systems would exhibit a peak load
demand on the generating system at stall, whereas hydraulic systems
would impose their peak demand at maximun surface rate-no load
conditions.

[

Aircraft hydraulic power generating systems are power limited. Once
the maximum displacement of the pump (or pump) is achieved at a

given speed an absolute limit in power generation capability is
reached which cannot be exceeded. Electrical power generation systems,
in contrast, can exceed their continuous power rating by 250% for

short periods.

Based on these differences it was felt that the 2/3 rule should be suspended
when considering emergency conditions and hydraulic power systems in this type
of aircraft. Although it was highly improbable that an aircraft would find
more than one of its major emergency control surfaces approaching stall while
2/3 of its remaining surfaces were at design loau anu rate when recovering

from a maneuver after a combat induced emergency, it was highly prolable that
under the same conditions all emergency surfaces, even though experiencing

low aerodynamic loading, could be asked to move simultaneously at maximum

rate for short periods of time. Since the hydraulic system was load limited

in terms of rate and thus <1l not have the forgiveness of an electrical system,
it was decided that all emergency control surfaces should be able to meet their
maximum rate requirements simultaneously.
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Based on the preceding data a pump size of 28 GI™M was sclected.  This meant
that two pusps would be required for systems No. 1 and No. 2 while one would
be more than adequate for system No. 3. 1t could be scen that, with this

size selection, pump capacity for systems No. 2 and No. 3 was oversize (13.40
G for system No. 2 and 6.1 GPM for system Ne. 3). Pumps could have becn
selected which were exactly sized for each of the three svstems, however,

this would have tripled the number " { mump tvpes in the logistic pipeline.

The negative impact on life cycle . - . arising from the increased maintenance
and stocking problems, would more *“wua ofisct any positive impact from the
exactly sized pumps reduced weight.

In addition to the standardization advantages resulting from using five uniformly
sized pumps, and assuming one e¢xactly sized pump tor cach system as the alter-
nate, the standardized pump approach allowed morc installation flexibility

in system No. 1 and No. 2 in that their smaller size made it easier to tuck
the pump into available spaces without the danger of bumping the mold line

or causing major structural revisions. The individual pump units weighed
less than half as much as their larger sized alternates, therefore, they

were nuch easier to handle during maintenance operations. It should be
remembered also that, even though the selected pumps for systems No. 2 and
No. 3 were oversized, the plumbing systems were sized for the actual design
flow and, not the rated flow of the pumps. For this reason the plumbing
system remains unchanged and does not grow as would be expected 1f it were
sized to meet pump ratings. Therefore, the weight chargeable tc the use of
multiple standardized, but oversized, pumps was nearly negligible,

4.2.1.6 Actuator Installation Design - It was recognized that the lightest
weignt and most efficient actuator design for most of the actuation functions
on the aircraf{t would be a conventional piston type linear actuater if it
could be made to fit inside the aircraft moid line. Although widely used for
nost actuation functions in the past, this approach had encountered difficul-
ties, when applied to the flight control functions of morz mcdern aircraft,
because of the higher loads and thinner wings, characteristic of these aircratft.
The wings on the ATS aircraft tended to be even thinner and the loads higher.
However, in spite of this fact, it was felt that, because of the petential
actuator size reduction and load output increase resulting from the use of

an 8000 psi system, a conventional linear actuator might still be useable.

To verify this a study was made to determine the viability of attempting to
install z linear actuator to perform the aileron actuation function. This
function was selected because it represcnted one of the tightest installation

enveloves (See Figure 13 and paragranh 2.3.1.6) on the aircraft.

After examining several approaches, such as remote located actuators working
through a series of bellcranks to power the surface, an approach involving
direct actuation was settled upon. This approach is shown in Figure 46

and 47. 1In order to fit the actuator into the wing it was necessary to

make each actuator as flat as possible. To do this each actuator was designed
to censist of three balanced pistons in parallel. This helped to reduce the
rod and piston sizes to a point where a {lat pancake like housing could be
created which would fit inside the wing mold line between the rear spar

and hingeline.
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As can be seen in Figure J4o three divect acting (single stage) clectro-
hvdraulic servo valves (EHSV) were used for cach actuator and two actuators
were used for cach surtace. The reason for the use of 3 HIS valves was two
fold; first, a single large direct acting valve, capable of handling the flow
vequirements of the three parallel pistons in a given actuator, did not fit
within the mold line of the wing whereas, thrce smaller valves would fit;

and sccond, the use of three valves wias very compatible with the 4 channel
(three control channels plus model channel) fly-bv-wire system used on the
aircraft. In order to save space and keep weight to a minimum, the actuator
housing was designed to transfer the control surfuce reaction loads generated
by the hingeline to the rear spar.

Figure 47 shows a crossection view of one of the actuators, It shows that,
in spite of the heroic measures taken to keep all elements of the actuator
within the wing mold line and within the fore and aft envelope, 1t none-the-
less violated both. One end of the bulanced piston penetrated the rear spar,
which was undesireable and constituted a weight penalty, and the hingeline

was displuced 5/8 inch below the lower wing mold line. This meant that at
least 4 {airings 1-1/2 inches deep by 6 inches long by 1-1/2 inches wide would
have been required to cever the hinge mechanism. Even though the drag induced j
by these fairings might have been considered acceptable, the design was A
unacceptable for other reasons. The performance data shown on Figure 47

shows that the actuator would meet hinge moment and rate goals, however, it
shows that the actuator was deficient in resolution. In order to meet the .050
in/deg resolution requirement the hingeline pivot amm would have had to have
been incrcased from the 1.517 inches shown to 2.92 inches. This would have i
doubled the size of the fairings, doubled the stroke and, through doubling the
stroke, would have incrcased the length of the actuator by scveral inches thus
wiping out the rear spar. This was considered entirely unacceptable. After
failure to meet the aileron envelope and performance requirements this same
general approach was cursorily examined for application to the midspan and
inboard flaps. Here too it could not meet requirements and further consideration
of this approach was dropped.

At or about the time this decision was being reached the data discussed in
paragraph 4.1.5.1 was received from Airesearch and it became apparent that

the best possible sclution for most oi the control surfaces was to use a
mechanical power hinge and drive it with a motor (electrical motor for the
electrical system and hydraulic motor for the hydraulic system). From this
was formulated the general ground rule (see paragraph 2.4.5) which was

made a basic part of the program, and which stated in effect that, where the
hydraulic system (aircraft II) uses motors, the electrical system (aircraft I)
shall use motours, and vice versa, and also stated that, where the hvdraulic !
system wuses linear actuators, the electrical system shall use the electri- '
cal verision of a linear actuator- the ballscrew.

D e

The ground rule of paragraph 2.4.5 evolved gradually as the program progressed.
Epicyclic geartrain (power hinge type) actuators were looked at as a possible
means for actuating the landing gear and landing gear doors on aircraft I.
However, after extensive consideration of the difference in load paths between
a power hinge, which reacts its loads in the immediatz area of the trunion

or hinge line, and a typical linear hydraulic actuator, which reacts its loads
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to remote structure, 1t was decided thiat the errors in assessing weight

impact which could arise from incorrect assumptions about structural load
paths, and the nature of the structure to which either type of actuator
attached, could far outweigh any inaccuracies or unfair weight penaltics

which arose from adopting the ground rules of paragraph 2.4.5. Examination of
other actuation tunctions, such as the canard lead to the same general
conclusion and when it became apparent that 11 other flight control functions
would be power hinge operated whether, hydraulic or electric, the ground

rules of paragraph 2.1.5 were adopted.

As indicated above the canard actuator was examined in some detaill since it

was considered representative of those applications where a linear hydraulic
actuator could be used advantageously. TFigure 48 shows the canard actuator

as it finally evolved. It can be seen immediately that the stroke was reduced
trom that shown in Table § and also in Table 12.

The Table 8 stroke was 15.36 in. and that piven in Figure 48 for the

final hvdraulic system actuator design, was 5.75 in. or slightly more

than 1/3 of the original requirement. The reuson for this change was two

fold; first the 24 in, installed (retracted) length assigned to this actuation
function on the aircraft would not accommodate a tandem cylinder design emploving
a strokc of 15.36 in. and second, even if it had, the resulting cylinder
(particularly in an 8000 psi configuration) would have been so long and slender
that it would have been unstable as a colum in compression. Therefore the
‘actuator was relocuated to a point closer to the pivot point of the canard
surface such that a 5.75 in. stroke with a 64C0 1b stall capability and a

5,333 1b design operating load capability would meet the canard surface's
requirements. The output design power requirements of course, remained
unchanged at 0.17 Kw. Although rthe electric version of the actuator (see
Figure 31) was not restricted by the tandem actuator requirement of the
hydraulic version and, therefore, could meet the original retracted length

and stroke requirement, it to0 was dangerously close to column instability

and could profit from meeting the new shorter instatled length. Therefore,

it was assumed, for the purposes of aircraft I definition, that the installed
length of the ball screw actuator was 19.25 in. Instead of the 24 in. shown

in Figure 31 and that, in common with it's aivcraft II hydraulic counterpart,
it's stroke was 5.75 in. and its stall load was 6400 1b. The weight of the
ball screw unit, however, remained essentially unchanged at 15 1b since the
weight increase associated with the increased load offset the weight decreased
associated with decreased installed length.

It is interesting to note that the ball screw unit with its two motors and
torque summing gearing plus brakes actually weighed less than the 8000 psi
hydraulic actuator. This resulted from the fact that the hydraulic version
of the canard actuator, shown in Figure 47, included two HiSV valves which
were the power switching and control devices equivalent to an inverter in the
electrical approach. When the weight of the two inverters required for the
electrical approach (10 1b each per Table 21), were included the total weight
of the electrical actuation function became 39 1bs versus 21.25 lbs for the
hydraulic.
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4.2.1.7 Actuator Sizing - The basic characteristics of the hydraulic

linear actuators used on aircraft IT are listed in Table 30. All of

these actuators, with the exception of the canard actuator, performed utility
functions. Three of the actuators (thrust vector vane, nose gear, and canard)
were tandem unbalanced, and the rest were single unbalanced. All the
actuators were checked for colum stability and found to have adequate
margin. The retract lengths were verified as being adequate for the alter-
nate ball screw type electromechanical actuators used on aircraft I. The
3000 psi weight was determined based upon swept volume and the data given

in Reference 22. This weight represented an actuator which had 3/8 of the
required power output (i.e. the ratio of 3000 psi to 8000 psi). At the

same swept volume, but operating at 8000 psi and hence 100% of required
power output, it was assumed that the actuator would weigh 8/3 times

the 3000 psi actuator's weight times 83% giving a weight correction factor
of 2.21 in going from 3000 psi to 8000 psi. The 83%, used in determining
the correction factor, arose from the consistent 15 to 17% weight reduction
reported in Reference 7. These two analyses represented two independent and
rather detailed design analyses for substituting various 8000 psi actuators
for 3000 psi actuators in two aricraft (F-14 and A-7). In each instance
these actuators performed the same actuation function at the same installed
length.

A plot from the actuator weight data presented in Reference 22 was made and

is shown as the salid (3000 psi) lines in Figure 49. The solid lines nes
represented a mean value of the scatterband of weight values presented in
Reference 22, for a tandem unbalanced utility type actuator (lower soiid line).
The upper and lower dashed lines represent corresponding data for 3000 psi
actuatars of the same swept volume and were detormined by applying the 2.21
correction factor, previously mentioned, to the 3000 psi data. The validity
of the resulting curves was further verified by comparing them to extensive
in-house data on 40C0 psi equipment. In each case the weight data presented
in Figure 49 represents that of the complete (dry) actuator ready for
installation. For utility actuators this was considered to include typical
plumbing and support brackets mounted on the actuator prior to installation B
and for fiight cortrol actuators it was considered to include, not only o]
plumbing and brackets, b the direct acting electro hydraulic servo valve p
(EHSV) as well. The weignt of an actuator filled with fluid was considered 2
to be 110% of the dry weight for 3000 psi actuators and 102% for 800t psi 1
units. L

4.2.1.8 Accumilator Sizing - It should be noted in Figure 45 that an

APU/EPU start accumulator was required for aircraft II and it could further
be seen in Figure 42 that this accumulator was plumbed into svstem

#2 and was the only accumulator used on the aircraft. Since accumulators
tend to have a ''double barreled" impact on the system in which they are used
by virtue of the fact that, not only is their size and weight directly addi-
tive to the system, but they have a parallel and proportional size and weight
impact on the reservoir servicing that system. This arises from the fact

that the reservoir must be increased in size to accept the fluid discharged
from the accumilator and must be further increased to provide additional
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volume and/or make up fluid to offset the thermal expansion and contraction
of the accumulator's ''charged' volume of fluid. If the accumulator involved
was relatively large, this could have a significant and serious negative
impact on overall system size. For this reason the elements leading to
accurate sizing of the accumulator were looked at in considerable detail.

The total energy necessary to start the aircraft II APU/EPU was judged to
be about the same as that necessary to start the APU for the F-18 aircraft,
Therefore the F-18 aircraft was used as a guide. Tabulated below is the
basic data relative to the F-18 APU start motor and its accumulator. The
tabulation also inciudes the comparable known data for aircraft Il as

well as the items to be determined (TBD) in subsequent calculations:

F-18 Aicraft 11

Fluid MIL-H-83282 MIL-H-83282
System Pressure (P) 3000 psi 8000 psi
Accum. Precharge Press/Temp (PGN)/(TN) 1950 psig/75°F (TBD) /75°F
Accum. 0il Volume Max (VM) 143 IN° (TBD)
Accum. 0il Volume (VN) (TBD) (IBD)
Nitrogen Gas Volume (V) 290 IN® (TBD)

Motor Displacement ) 0.364 IN:5 (TBD)

Speed (3) 14,000 RPM 14,000 RPM

Flow Q 22.06 GPM (TBD)
Torque (T) 174 IN-LB 174 IN-LB

Power (HP) (1BD) (TBD)




Afrcraft II APU Motor Displacement

Pl x A= 0, WHERE: P,

P2
O, = 3947 X 0.365 IN3/REY P2
D2 = 0.137 IN3/REY D =
JAY

Aircraft II APU Motor Flow
AZ xS2 = QZ
231

0.137 IN3/REV 14,300 RPM
231 IN3/GAL x 0.85

Q

= Q

Q2 = 9.77 GM

Aircraft II APU Motor Power

Q x Py

1714

WHERE HP

= FPZ

HP, = 9.77 GPM X 8014.7 PSIA

1714

HP

HP2
HPy

45.68 hp

22.06 GPM X 3014.7 PSIA
1714 x 0.85

HPy = 45.64 hy

191

2 = Motor Efficiency

= Rated absolute pressure (PSIA)
F-18 motor

= Rated absolute pressure (PSIA)
Aircraft II motor

Displacement IN3/REV
F-18 ‘motor

» Displacement IN3/REV
Aircraft LI motor

Speed (RPM) Aircraft II motor

= Flow GPM Aircraft Il motor
0.85

Max. instantaneous power
Aircraft II motor

(hp)

| = Max. instantaneous power (hp)
F-18 motor
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? Both accumulators are required to deliyer the same energy to their
: respective APU start motors
; Consider the F-18 accumulator:
WHERE: Vgc = Charged accumulator
gas volume (IN3)
PL — Vg VGN = Precharged accumulator
1 gas volume (IN3)
hl________..JLJ{ VGN = 290 IN3 Vy = Charged accumulator
fluid volume (IN3)
l nominal = Vgy - Vg
T W vy at 1950 oSI (1964.7 PSIG)
Ve is obtained from: }
Pan Vv = Poc Ve WHERE: Pgy = Precharged accumulator ?
prassure (PSIA) %
i
Vgp = 1964.7 PSIA X 250 INS Pge = Charged accumulator ?
3014.7 PSIA pressure (PSIA) ;
= 188.99 IN3 use 189 IN3 !
VN = Ve - Ve =290 IN3 - 189 IN3 ‘é
i -1
= 101 IN3 (at 75°F) ;
To determine the energy available from the F-18 accumulator consider the
gas expansion (Vg) as an adiabatic process because the accumulator will
be depleted within 1.75 seconds during a normal APU start. The adiabatic
relationship 1is:
Pac V& = Pove Vo WHERE: n = 1.4
= 1.4 3
Pane = (3014.7) (189) PeNe * Pressurc after adiabatic )
(290) 1.4 : discharge to Vgy volume
= 1655.52 PSIA

Therefore from the relationship:

= n-1
Tote {!EE\ WHERE: Tgc = Absolute gas temperature
Te (Ve of charged accumulator
(°R)
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0.4
Toye = (460 +75) %gg— ToNe = Absolute gas temperature
of adiabatically discharged
= 450.8 °R (-9.2°F) accunulator (°Ry

Both the aircraft II and F-18 accumulators are required to deliver the same
amount of useable energy. The work of expansion {s described by the formula:

WORK =‘jf2 PAV = P2 V2 - Py Vi = PeneVan - PaC Vae
1 .0 =~ N 1.0 = n

For the adiabatic process,(see abave} at ar below 3000 psi,n approximates 1.4.
Therefore work = (1655.43) (290) - (3014.7) (189)

1.0-1.4

.= 480074.7 - 569778.3
- 0.4

= 224,259 in-1bs

To deliver this amount of enerqy at pressures high enough to be useable by the
8000 psi hydraulic motor it is necessary that the ratio of charge pressure
(Pec) (8C14.7 PSIA) to pressure after adiabatic expansion (PGNe? be equal to,
cr higher than,that of the 3000 PSI F-i8 accumulator. Therefore:
PoNe = 1655.43  x 8014.7 = 4401.03 PSIA for aircraft II. To accurately compare
3014.7
the 3000 PSI F-18 accumulator and the aircraft Il accumulator, compressibility
must be taken into account. Figure 50 plots typical compressibility
characteristics for air in the pressure-temperature regime which will be
experienced by the accum ulator. From the figure it cz.. be seen that the
following relationship exists:

PIVI . 4R =PzV2 Where R = 639.6 IN-LBf
am 22T2 LBy oR

Therefore if the weight (W) of gas in the 3000 PSI iccumulator is:

W= PV = 3014.7 x 189 = 1.587 LB
(moo Ps1) RZI T 639.6 x 1.049 x 535

the charged volume (V) is:

V; = WRZ22 72 = 1.582 x 639.6 x 1.381 x 535
Py 8014.7

= 93.59 IN3

V2 presumeably has excessive stored energy by the ratio of the pressures
8014.7 PSIA vs 3014.7 PSIA. Therefore:

Ve = V2 ratioed = 93.59 x 3014.7 = 35 20 IN3
8014.7

W = 1.587 LB x 3014.7 = .5975 LB
(8000 PSI) 8014.7
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Using the relationship Pgc Voc® = Pgve V™ and rearr-nging:

Voo = " (Pocven - 1.4 [“801a.7 x (35.20)1.4
J Pow 4401.03

a 54.02 INS

WORK = PgﬂeVGN -PecVaC = 4401,03 (54.02) -8014.7 (35.21)
-0.4 ~0.4

= 111049.05 IN-LB (toc small)

Increase Vg¢ ard W by the ratio of required energy to actual

energy 224,259 202
111,049 ’

Then:
Voo = 71.12 INS
W = 3.206 LB

vav = Y [8014.7 (71.12) 1.4
4401.03

= 109.13 IN3

4401.03 x (109.13) -8014.7 (71.12)
-0.4

WORK

L]

224,303 IN-LB (S the required
224,259 IN-LB)

Vev-Yoc = 109.13 -71.12 = 38.01 IN3

9

-
=
u

Fluid expelied

PaN = 8000 PSI accumulator precharge pressure

= PGC VGC ~ 8014.7 x 71.12
Ve 109.13

= 5223.18 PSIA

The weight of the 8000 PSI precharged APU start accuriulator was determined
as follows:

WACC = 15 LB (from Figure 5T)
WAIR = W = 1,207 LB
Total weight = 16,21 L8S
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4.2.1.9 APU/EPU Sizing - The APU/LPU performance data used for sizing the
APU/EPU, as it was used on aircraft II, was based upon computations made on
the following pages and upon the summation of this data as shown in Table

31. Most of the column headings shown on Table 31 are self-explanatory
except for the colums headed No. 1 through No. 11. These represent power
transmission interfaces between components as shcewn by the coded ballons on
Ficure 45. The coded nunber series is generally arranged in reverse order
of power flow from source to fi.al output. Thus column No, 11 in Table 31

is the required output of the unit when encountering the various operating
conditions listed under the function colum. The first two function listings
represent operation as an emergency power unit (EPU) above 20,000 ft altitude
and the next four listings represent various conditions of operation as an
auxiliary power unit (APU) below 20,000 ft. For a more detailed discussion
of several of these operating conditions (functions) see paragraph 4.2.1.1.
However, several factors having an impact on APU size, were not exhaustively
discussed in paragraph 4.2.1.1 and are expanded here. These factors were:

1. When operating as an EPU the load compressor (LC in Figure 45)
was always unloaded therefore, as an EPU, the unit was required to
supply only drag load power for the load compressor and either drag
load or duty cycle load power for the emergency pump and generator.
The reason the freon compressor was unloaded was the fact
that, during an emergency, the ram air scoop doors were open to
provide the required cooling.

2. When attempting '"ground'" or "in-{light" engine starts all units
drawing power from the AMAD werce unloaded (i.e. drag power only)
except for the engine PTO.

3. During "ground'" engine starts the emergency pump and generator
were unloaded, however, during "in-flight' engine starts both
units were loaded and remained so until the APU/EPU was shutdown
in response to a signal that both primary hydraulic and electrical
systems were once again on line and functioning properly.

4. During '"ground" functional checkouts both the two AMADs and the
AGB could be powered simultaneously using ground air supplied
through the ground connection shown on Figure 45. The AMADs
were driven by their respective ATS/M and the AGB was driven hy
partial arc admission of air to the free turbine of the APU/EPU.
The ground air system was sized so that, with the engines decoupled,
the system could meet the ground checkout simultaneous duty cycled
load requirements of all components mounted on both AMADs and the
AGB. However, when power for checkout purposes was supplied by
the APU the simultaneous load requirements must be reduced. Only
one AMAD, with its mounted components, and an AGB, with its emergency
generator de-excited, could be driven on a duty cycled checkout
load as seen by those components. Using the APU as a power source,
all elements of the electrical system could be checked out at 100%
of the duty cycled checkout load as could all elements of the hydraulic
system except main landing gear actuation functions. The main landing
gear could be operated through a complete checkour cycle only if AMAD
#2 was being powered by the APU. Also, with the APU as a power
source, only one freon compressor could be operated. However, even
though this reduced the EE% cooling capacity by 50%, 1t was adequate
to meet all cooling requirements encountered during checkout.
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4.2.1.9.1 (Cont.)

5. In flight engine start requirements were slightly more than 50% of
the ground engine start requirements (see colum No. 6 on Table
4.2-4), This resulted from the fact that, even though the type
of engines used in the study aircraft were incapable of achieving
4 windmilling engine start in flight, there was a significant
windmill assist, during all flight conditions, whicn could be
used to cut the starting power demanded of the APU.

The computations used in the preparation of Table 31 are as follows:

@ -
Drag~~Power at APU/EPU Gear Box Pads

Pump Drag = Rated Power X 0.065
D10 = 130.7 HP X 0.065 = 8.49 HP
Gen. Drag = Rated Power X 0.05
Dyg = 7 KW X 0.?6 - 0.56 HP
load Comp. = Rated Qutput Power X 0.064
Drag p
8
= 210.65 HP X 0.004 = 13.48 HP
€y
Drag\~/'Power at AMAD Pads
Pump Drag = D10 = D3 = §8.49 HP
Gen. Drag = Rated Power X 0.06
D = 50 KW X 0.06 =
2 3 4.02 HP
Freon Comp. = Rated Output Power X 0.064
Drag
D = .56 KW X 0.064 _
! 746 HP/I = oW
Air Turbine = Rated Output Power X 0.064
Start Motor
Drag
D, = 152.98 X 0.064 - 13.12 HP

(i) Power loss with units unloaded or de-excited (see Figure 45)
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4.2.1.9.1 APU/EPU Power Requirement for Engine Starting

(Ground - 5000 Ft. Altitude)

P; = AMAD power input to engine (HP)
(Code S Figure 45)

= 89.§:%W/.746 KW/Hp

Py = Air Turbine Start Motor (ATS/M) input to AMAD (HP)
(Code 4 Figure 45)

119.97 HP

= 2Djg+ Dg+ Dg+ Pg 16.98 + 4.02 + 2.61 + 119 97
AMAD Eff. -94

= 152.74 HP
P8 = Py
ATb/M Eff. x LC Eff.

= 152,74 = 239.59 HP
0.85 x 0.75

Py = APU/EPU Starting Power Requirement

= Pg+ Do+ D10 = 239.59 + 0.55 + 8.49
AGB Eff. 0.94

= 204.51 HP

@ From page 3-22 reference 8




4.2.1.9.2 Ground Service Power at AMAD Pads

Pump Output
(at pump ports)

Based on full rate on highest demand
surface plus 10% of full rate on all :
others (2 pumps) i

Po a (171¥55) 0.1 + 35 = 48,6 KW = 65 HP

Pump Input = P3 = P,/Pump Eff. = 65/0.85 = 76.47 HP
(at AMAD pad)

Freon Compressor = Pjg = 3@6 K/ .746 TP/KW = 40,97 HP
Output (at compressor
Ports)

Freon Compressor = 40.97/Comp. Eff. = 40.97/0.85
Input {at AMAD pad)

Py = 48.20 1P

s Beat  Lader - L tedn N AEIAL e

Generator Output = Based on "warm up and take off-
(at Gen. Terminals) 5 sec. load" from load analysis(%) _
P,q = 27.67 KW/.746 HP/kW = 37.09 HP i
Generator Input = P;,/0.85 = 37.09/0.85 3
P, = 43.64 1P :
AMAD Input = Py + P+ P3 o 48,20 + 43.64 + 76.47
AMAD Eff. 0.94

P, = 168.31 = 179.05 HP 1
0.94

@ From Table 29
@ From Figure 10

@ From Reference 8 with ECS compressor loads deleted
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4.2.1.9.3 Emergency Power at APU/EPU Gearbox (AGB) Pads
Pump Power

Required output power/pump eff.

48y KW/.746 X .85 = 70.34 HP

@ See Table 29

From Table 31 column No. 11 it can be seen that the EPU nower delivery

requirement was 93.66 HP and that it was based on the high altitude emergency
condition. This same power delivery requirement applied to the partial arc
alr admission when conducting ground checkouts using ground air supplies

at altitudes to 5000 ft. Colum 11 also shows that the APU was rated at

430 HP sea level static. This was ratioed from the 236.41 HP it must deliver
at 20,000 ft. Based on these ratings the APU/EPU unit weighed 399 1bs. This
weight included the hydraulic start motor, permanent magent generator, GN2
pressurized LOX tank, and the required LOX, the gas generator, and the
accessory gearbox shown as "', "PMG', "LOX', 'GG'', and "AGB', respectively
on Figure 45,

Other system components such as the load compressor (LC) and the air turbine
start motor (ATS/M) were also sized from the data given in Table 31.

Colum 7 provided the rated output power (sea level static) requirement of
the load compressor. This proved to be 242 HP based on the ground functicnal
checkout requirement at a 5000 ft. altitude air base. Column 4 provided the
rated output power rcquirement of the ATS/M. This proved to be 179 HP also
based on the ground functional checkout requirement. Based on these load
ratings and a 1990 + time frame, the weight of the LC was determined as 75 LB
and that of the ATS/M as 32 LB.
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4.2.1.10 Plumbing System Sizing - The basic characteristics of the plumbing
svstem are shown in Tables 32 and 33. tost of Table 32 is sell-

explanatory except for the three columns labelled ""Rating at -20°F". These
columns represent the tlow, AP, and velocity ratings, used as a guide for
sizing both the trunk and subsystem lines in the alrcraft. They were based on
-20°F instead of the -40°F temperature, at which the landing gear system must
meet full performance, or the +20°F temperature at which all flight control
subsystems nust also meet full performance. The reason for this was the fact
that, designing for -20°F, represented the optimuin compromise between the
excessively high fluid flow velocities which would resuit from rating the
lines at +20°F, wherein rated flow velocities would approach 90 ft/sec, and the
excessivelv large lines which would result from rating the lines at -40°F. It
will be noted from Table 32 that the mean flow velocity in the line never
exceeded 50 ft/sec and, in the smaller lines where most of the valves were
located, was considerably less.

Table 34 shows the main landing gear system designed at -20°F and assumed

the tubing's design rated flow existed in each tube in the system (i.e., branch
and trunkline pressure, return and suction tubing). Table 34 also assumed

that, since increased pressure represents increased pressure drop, the mean
pressure in the system was 4000 psi (i.e., 1/2 of 8000 psi). It can be seen in
Table 34 that the total nressure drop in the system, with the line diameters
and line lengths indicated, was 2563 psi. This is less than /3 of the avail-
able system pressure (2666 psi) and was very satisfactory for full performance
of the landing gear. However, the branch lines of the system must actually
operate at -40°F and will actually flow at some flow less than design rated
flow. The actual flow required for the main landing was derived from the
"power at operating load-rate" column in Figure 8. The derivation assumed

a very conservative effective pressure across the actuator of 4667 psi (see
punp sizing paragraph 4.2.1.5) and used the 3.63 HP found in Figure 8. From
this the required flow rate per main landing gear retract actuator was found
to be 1.33 GPM. This determination used the following formula:

_HP x 1714
GPM = PST
Where:
HP = 3.63
PSI = 4667

This flow rate was considerably less than design flow (i.e., 5.5 GPM for

3/8 inch diameter return lines and 5.0 GPM for 3/8 inch pressure lines per
Table 32). Therefore, even though the pressure droo at a ziven flow at

-40°F increased by roughly a factor of three, the actuzl pressure drop in the
system was considerably less than that shown in Table 34 Lecause of the
reduced actual flow. Using an actual flov ot 1.33 GPM at -40°F, in the branch
lines and design rated flow at +20°F in the trunk lines, the actual pressure
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drop was found to be 1261.9 psi. From this it would appear that the branch
lines could have been reduced to 1/4 inch diameter even though they would have
been operating slightly overrated. However, in so doing, the system pressure
drop would have jumped by a factor of nearly six and wouldhave become 7345 psi
which was unacceptable.

Surge magnitude is a direct function of fluid flow velocity and is associated
with fast closing valves. In early aircraft hydraulic system designs, flow
velocities were held to 15 ft/sec to control surge induced pressure pulses.

In recent years this has been increased to 25 ft/sec. It will be noticed in
Table 32 that rated flows in small sized tubes (1/4 in. anc¢ 3/8 in. dia-
meters) were held below 25 ft/sec. The larger sized lines, which do not contain
fast closing valves and which are little affected by fast closing valve action
in the small sized lines branching off of them, were allowed to approach

50 ft/sec fluid flow velocity. In this way the somewhat conflicting require-
ments of good low temperature operation, high normal temperature transmission
efficiency, and low surge pressure generation potential, have been met in an
optimum manner for aircraft II.

From Tables 32 and 33 it can be seen that the total weight of the

nydiaulic plumbing system, complete with fluid, fittings and line supports,

is _151.43 1b. Also from Table 32, the fluid volume in the tubing is 1126.

in® to which was added 89.6 in> for the fluid volume contained in the fittings
to give a total of 1215.8 in3,

4.2.1.11 Motor Sizing - The motors were sized using existing 3000 PSI motors
as a base point. It was assumed that the output section of the motor (i.e.,
shoe bearing plate, thrust bearing, output shaft, etc.) would be essentially
unchanged, whether the motor was a 3000 PSI unit or an 8000 PSI unit, except

. those changes which would result from being able to operate at slightly

{ > higher speed. It was felt that this would be true because the output

e would pe the same for either the 3000 or 8000 PSI unit. The input sec-
tivn including porting valve plate, block, block bearing and piston diameters
were all reduced in size. The block diameter was not reduced as much as
might : thought at fiist giance, however, because the piston shoe circle, and
hence che piston bore circle, would reduce only slightly (i.e. as a function
of ('~ slight speed increase). None-the-less, the small block diameter
reduction due to the piston diameter decrease allowed for a slightly reduced
size for the block bearing and hence justified the slight speed increase already
mentioned. Based on these considerations it was projected that any advanced
(1990 + time frame) 8000 PSI motor would weigh approximately 85% of its 3000
BSI1 counterpart (i.e. same power output) and would be rated at a 17% higher
speed. Table 35 is a tabularization of data comparing existing 30G0 PSI
motors to projected 8000 PSI units and Figure 52 plots the 8000 PSI motor

data from the table. It can be seen in Figure 52 that, although the larger
sized motors showed an almost constant weight/power ratio (i.e. 0.136 1lb/output
HP). the smaller sized units tended to have a higher ratio. This resulted from
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the fact that the motor tended to become of ''watchwork' size and was impractical
to buiid as small as it could theoretically be. Added to this was the fact
that the porting could not reduce proportionately since port sizes for this
airplane are not allowed to be less than -4.

4.2.1.12 Reservoir Sizing - The reservoir was sized using MIL-R-8931 paragraph
3.4.1 as a guide. The sizing process followed steps (a) thru (h) shown in
paragraph 3.4.1 of the MIL Specification and is listed in approximate order as
follows:

(a) An amount of fluid sufficient to ensure that the hydraulic pump
inlet pressurization and satisfactory circulation is maintained.

Systemz#l System #2 System #3
23 IN° 20 N3 10 IN°

(b) A fluid volume equivalent to 100 percent of the possible net depletion
caused by actuator volumetric changes during operation. This data is
tabularized in Table 3€ and its summation is listed here as follows:

System #1 System #2 System #3
32.72 46 .54 0.0

{c) A fluid volume equivalent to 100 percent of the reservoir fluid
volumetric change caused by charging all accumlators.

System #1 System #2 Systieii #3

0.0 *38.01 0.0
* See Paragraph 4.2.1.8

(d) A fluid volume equivalent to 130 percent of the volumetric capacity
of the largest quantity-measuring type of hydraulic fuse in the system.

No fuses used.
(e) A fluid volume equivalent to the maximum thermal contraction which was

expected to occure when the entire fluid content of a recirculating
system was exposed to a temperature decrease from 70°F down to -40°F.

SYSTEM
#1 A2 43
SUMP VOLUME (a) 23.00 IN3 20.00 IN3 10.00 IN®
ACTUATOR VOL. CHANGES (b) 32.72 IN3 46.54 INS
ACCUMULATOR VOLWME (<) 58.01 IN3 _
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FUSE VOLIME (d)

FLUID RECIRCULATING (e) -

SYSTEM VOLWME L

CONSISTING OF: 2

(1) ACTUATOR SWEPT VOL. 160.09 IN® 212,62 IN3 '

(2, COMPONENT VOLWMES 320.35 IN° 304.03 IN3 127.77 IN

() TUBING VOLWME 489.50 IN3 470.50 IN3 166.23 IN3

(&) FITTING VOLWE 40.20 IN3 36.20 IN3 _15.24 INS !,

TOTAL 1065.86 IN° 1127.90 317.24 -

See Table 36. %

See Table 37 which is a master equipment list (MEL) which tabulates the i

weights arnd contained volumes of all components making up the Hydrauiic System
other than actuators, tubing and fittings. E.
»

See Table 32

OO OO

See Table 33
The differential temperature (AT) in varying from 70°F to -40°F is 110°F and the S—
coefficient of thermal expansion (¢) for MIL-H-B2382 fluid is 4.6 x 10-4 INS/IN?/°F. |-
Therefore the differential volume (AV) _'
AV= AT x C x SYSTEM VOLIME

For SYSTEM #1 V= 110 x .00046 x 1065.86 = 55.93 IN3

110 x .00046 x 1127.90= 57.07 IN°

4

For SYSTEM #2 AV

For SYSTEM #3 Ov= 110 x .00046 x 307.24 = 15.55 IN°

f) A fluid volume equivalent to not less than 5% of the entire system fluid volume, '
including the reservoir, of a recirculating system in order to minimize the fre- 1
quency of refilling.

SYSTEM #1 SYSTEM #2 SYSTEM #3
Volume based on < -
a) through e) above 1119.79 INY 1184.97 IN° 532.79
TIMES 5% .05 .05 .05
55.99 IN> 59.25 IV 16.64 IN3
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TABLE 37, MASELR FERTINENT LIS P 1ok 2 Padse

HYo] MASTER PORT[DRY FLOID]
YST|EQUIPMENT | COMPONENT TITLE R WT. |VOL.
NO. LIST NUMBER] NO, XiBS (N?)

) |29 1 DOl |DISCONNECT- QUICK, PRESS. |-12]| 3.60
4.1 } 1002 [oISCONNECT-QUICK,SUCTION [-16] 1.99 a.so

.
{FO | |FILTER, R TURN -4 |14 20]33.00|
1 1 _1F02_|FILTER, PRESSURE -12 |20.¢1| 35.09
_l_1Fo3_ |FILTER, CASE DRAIN —e | 323 6.93
"1 T THO T |HEAT EXCHANGER. 1-e | 33d]z1.20]

LI T_tMoV _|TrANSDUCER, PRESSURE __ |-4 | 0.5 003

| POL PUMP, HYDRAULIC ~10126.00 5.24
POo2 1PUMP HYDRAIILIC -10]26.00] 6.20

'RO( __|RESERVOIR, HYORAULIC  [-14] » | »
INO|_ |VALVE, CHECK, SYST™| RETURN _|-14 | 0.42] 0.63

L4 ANOZ L Y | RESTRICTOR CHECK, 50C1.0.0 |-10 0.191 040
Lol owved | LCHECK, SUCTION Q, D, -l § 029] 015
1v04 | | __, BYPASS, RETURNFILTER ["1% | [ 0.30] 111
_LvOS | | _ CHECK, RESERVOIRRETURN |-14 | 0.42] 063
ivoe | . QVERBOARD RELIEF, RESERV.{=1% 1 0. 11| .0 &5
1v o7 LBLEED, RESERVOIR -4 | 0.07] 0.04
avos || cHeek, caseoram | =6 | o.05] c.12]
'1lV09 LCHECK, PUMP PRESSURE |~10.] 0.22] 034 ;-
4o 1vio ||, CHECK,PUMP PRESSURE |=\0 | 0.22} 0.34 ) -
VAR ,CHECK PRESSURE Q.0 |-\2 | Q30| 0.52 3
1V12  VALVE, RELIEF PRESSURE -\2] L3y iz ;-
ly2( VE CONTROL, N.G.STEERING |-4 | 0.60] 0.80] -
lv2z _ CONTROL, ARMAMENT -0 | 4.80| 0-60
| Y 1v23a | { suuTofFF, ARMameNT |- ] 2.12] 0.3 '
\_129 1v24 JyALVE CHECK ARMAMENT -0 0.14] 040

TOTAL/PAGE [10691[202.27




TABLL 37, MASTER LQUIRMENT LIST (PAGE 2 OF 9 PAGLS)

HYD] MASTER mr DRY FLUID|
BYST| EQUIPMENT | COMPONENT TITLE Hi WT. | VOL.
NO. LIST NUMBER NO, KiBS) | (IN3)
| 1291V2S  |vALVE, SELECTOR, REFUEL RECEPT. | -4 | 0.50| 0.05
4 1% vee 1, sEwEcToR, L.H.RAMSCOOP . | -4 | 0.35] 0.0¢
1v27 LSELECTOR, R H.RAMSCOOP | -4 | 0.35] 004
1v28 LSCHECK, SYS.*1, NOSE GEAR | =4 | 0.08| n.04
d_} 1 _1vZ228 _ _|VALVE, SELECTOR, NQSE GEAR -4 | 0.55] 0.06
Aol a3 vawe,zvima*r@cxgg,ugumm -4 _].0.08}) 004
1v32 , ZWAY RESTRICTOR,N.G.cYL. | -4 | 0.08] 0.04
lv33 | L ,z-wmzﬁsmlcrolzuc ONWK] -4 | e.08] 0.04]
| [—1v34 __lvAlvE, SELECTOR, N.G.DOOR .____ |=4 | 0.20] 0.05
IMS9  JVALVE, SHUTOFF, BRAKE MOTOR -6 ] 0.t Ol

IVEO LCONTROL R.H, LQ'G EDGE AP | =@ | 1.51] 0.20

LVGl 4 LHUDGENGERAP|-G | |.51] 0.20

LY G2 . Rt INBCARD RLAP [~ 1.82| 0.2¢
LVe3 , LL-H.INROARDFRLAP |—-8 | 1.82] a4
LYes . R.-H MIDSPANFIAP |-G | [.51} O.20]
| | LY6S . L H.MIDSPANAAR =@ | 151} 0.20]
bl tvee . BB ALERON =4 | 0.65] 0.0%]
11 iver [ 1, G HAILERON | =% | 0e5| c.06]
lvea | | . | _R.M.LOWERRUODER | =% | 055] 006

Va9 ey Lo H. LOWER RUDDER | -4 | 0.55| 0
1V70 _Rrt- UPPERRUDDER | =4 | 0.55] 0.06]
w1l .comzm_L W. UPPER RUDDER, |~ % | QSY 0.06]
iv12 | SELECTOR, EXHAUSTDOOR CYL, | = 4| 0.35] ao4

1v173 LCONTROL,L.H. EXTERMALFLAP_| =4 _| 0.93] 009
LY 14 . 1 RH THRUSTVECTOR |-4 | 0.55| 0.06
1v.as LW THRUSTVECTOR (-~ 4 | 0.55| 0.06]
1V 76 Lcom'zou LH PLUGTHROAT | -8 | 24|] 0.27]

1V 227  |VALVE SELECTOR, LM THRUSTREY. |-8 1 1182] 0.3
Y_IMHCL  [MOTOR,HYDRAWLIC,N.G STEERING | =4 | 1.20] 1.18]

I 129 1MH02 |MOTOR, HYDRAULIC, ARMAMENT -10] 8.15] 7716
TOTAL /PAGE | 3222|3125




TABLE 37, MASTUR pQUIPMENT LS] (PAGE 3 0 s PAES)
b
[AYD] MASIER mzr DRY FLUID]
YST|EQUIPMENT | COMPONENT TITLE Hl WT. |VOL.
NO. LIST NUMBER] NO. ) | (IN3)
I!L 29 \MHO0O3 |MOTOR, HYDRAULIC, REFUEL RecepT| -4 | 1.20| 1.18
4. . )
IMHO08  [MOTOR ,HYDRAULIC, BRAKE -6 | L73] 259
IMHOS | # ,RH LEADING EpGE FLAP [ -4 | 173] 2.59
_ba_wadio | | LHLEADING EDGE FLAP| -4 | 1.73]| 2.59
(MH 11 A___ L _,ruineoARD Frap  |-8 | 4.09]10.3¢]
gmuiz 11 T o INBOARD FLAP -8 | 409 10.3¢
i IMHI3 , RH MIDSPAN FLAP -6 | 173] 2.9 ;
IMHI4 | | _,LH MIDSPAN FLAP -6 | 1.73| 2.39| \
Ll MAts o1 | ,RHAILERON -4 120 .18
IMH 16 LHAJLERCN -471 120 .18
IMH 1T ,RHLOWER RUDDER | -4 | 1.20| 1.18
IMH 18 L LHLOWER RUDDER |-4 | 120] 1.18
IMH19 | ,RH UPPER RUDDER [-4 | 20| 1.18
(MH20 | ,RY LOWER RUDDER |-4 | 1.20{ 1.i8
IMH2S U, LH PLUG THROAT -3 | 815|21.16 "
| ! |29 1MH26 |MOTOR,HYDRAULIC,L.H THRUSTREY. | -8 | 5.98[17.76|
SRR SR | I %
r H
—— |
= g

TOTAL /PAGE | 39.3¢] 86.85
% gy sTEM TOTAL 78.493220.35

® TOTAL LESS RESERVOIR




TABLL 57,

MASTER FOUIPMENT LIST (PAGE 4 01 9 PAES)

!Hm MASTER PORT|{DRY FLLID
JEQUIPMENT |COMPONENT TITLE DASH| WT. | VOL.
NO. LIST NUMBER] NO. (1BS) | (IND)
2 |29 2001 |DISCONNECT-QUICK ,PRESS.  |~12] 3.60] 1.50
3 1 % 2002 |DISCONNECT-QUICK,SUCTION_  |-1e | 1.90| 350
2FO01 __ [FITER,RETURN -14110.20 3300
_| _2EQZ __ [FILTER, PRESSURE - 12 [20.41 35.00]
2F03  |FILTER, CASE DRAIN -6 323 593
2HO!  [HEAT EXCHANGER -6 | 3.30]|21.20
_Z2MOI __|TRANSDUCER, PRESSURE | -4] 0.51} 0.03
2M02_ |GAGE,N, PRESSURE ,SYS*3APU | -4
2P0 |1PUMP, HYDRAULIC -10 126.00]46.20
2P02 _ [PUMP, HYDRAULIC -10 |26.00]46.20
_2R0!___|RESERVOIR, HYDRAULIC LD [-14] « | =
2R02  |ACCUMULATOR, SYS*3 APY -8 » | «
L L
i ZVO) __ VALVE,CHECK,5YST2 RETURN __ |-14 | 0.42| 0.63
2M02 ‘,4_ JRESTRICTOR CHECK,SUCT.Q.D. [-10 | 0.19} 0.40
2v03 | | _CHECK,SUCTIONG.D. __ " |-16 | 0-29] 0.75
2yné BYPASS, RETURN FILTER -14] 630 1.1t
2N09 CHECK RESERVOIR RETURN |- 14] 0.42] 0.63
2V06 OVERBOARD RELIEF, RESERVOIR - 14| 0.11] 0.85)
2V07 JBLEED, RESERVOIR -4} 0.01] 004
2y08 | | ,CHECK,CASE DRAIN -6] 0.05| 012
2709 ,CHECK , PUMP PRESSURE |-10] 0.22] 0.34
2V10 CHECK . PUMP PRESSURE |[-10| ¢.22] 0.34
L 2V ' CHECK, PRESSURE Q..D. =121 0.2} 0.52
|_2v12  VALVE,RELIEF, PRESSURE -iz| vai] 120
|
T 1Y 72vz74  VALVE, N FILL APU ACCUMULATOR| -4] 0.07] —
2 1292y25 vmge,wwow APU MOTOR -4 0.a3] 004
TOTAL/PAGE |99.55/20053
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TABIT 3T MASTER LOUIPNENT LIS PG 5 08 2 Pands,

HYD] MASTER PORT{DRY D
YST]EJUIPMENT |COMPONENT TITLE " WT. [VOL.
NO. LIST NUMBE NO. (LBS) | (IND)
2 |29 2vie6 ALVE ,DUMP, EPU MOTOR -4 | 0.23] 005
) | b avar } CHECK EPU MOTOR -8 | 0.18] 0.9
AR A- 1 ' CHECK. SYS™*2 NOSE GEAR |- 4 0.08| 0.04

2V29_ | |, SELECTOR, NOSE GEAR -4 | 055 0.06]

23y *___,zwm RESTRICT.N.G CYLUPLOGK -4 | 0.08] 0.04

1 _2v3z2 | |_,2WAYRESTRICTORNG.CYL. | -4 | 008] 0.04

2v33 ZWAYRESTRKCTNO.CYLDNLOCK 4| oos| 0.04

2y3s | sa.t-:cmrz NOSEGEAR DOOR | -4 | 0.30f 0.05

2v36 | 2WAY RESTRICT. N.6.DOOR Lock | -4 | 0.08] 004

2V A7 2WAY RESTRICTORNG DOORCA| -2 | 0.08] 0.04

2V 38 CONTROL, RH. CANARD OYL. [-4 | 0-65| 0.06

2v 39 CONTROL L.H.CANARD CYL. [-4 | 0es] 0.0¢]

2y 40 (CHECK, SYSTEM *2MANGERR - 6 | 005] 0.69
2v4l L SELECTOR, SYST*IMAINGEAR | -6 | 0.79] 00

2va? ,EMERGENCY DUMP, MAIN CEAR | -4 | 0.23] 0.05

1 _#va3 zwa;r RESTRICT, RH. MANGR.CYLy -6 | 0.09] 009
| 1.l _2vA4 ZWAY RESTRICT, RH.MAINGR.CYL} -6 | _o.og{ 009
V45 | | 2waf RESTRICT,RH.MGUPOC -4 | 0.08] 00
iNdo | zwm RESTRICT,RH. M.GDNWOWUG -4 | 0.08] 004

2V 41 "2WAY RESTRICT, LH. MG ONLOCK| =4 | 008 004

2V a8 "2WAY RESTRICT, LH.M.GUPLOCK] -4 | 0.08]| 0.04

2v 49 __2WAY RESTRICT, LAMANGRCYL -6 | 0.09] 009

2v50 "2wAY RESTRICT, LI MAINGR CY] =6 | 009 oogﬁ

rA'E-1 S SE__L_.ﬁCTOR MAIN GEAR OOOR | -6 | 0.79] 0.08]

2ys2 EMERGENC( DUMP,M.G.DA0R | -4 | 0.23] 0.05

2y S3 (2wAY RESTRICT. RH. M.G 000R | -4 | 0.08| O. 04

2V 54 2WAY RESTRICT, RH M6.000R | -4 | 0.08] 0.04

2V 55 2WAY RESTRICT, R.H. MG DOORIWOCK| -4 | €.08] 0.04

AL ZWAY RESTRICT, LH. MG D00RLC -4 | 0.08| 0.04

YA k-1 ,ZWAYRESTRICT, LH MGDOOR | -4 | 0.08] 0.04

2 |29 2US8  |VALVE,2wAY RESTRICT,LH. MG D0R | -4 | 0.08] 004
TOTAL/PAGE | ¢.33] 1.82
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TABLE 37. MASTER EQUIPMENT LIST (PAGE 6 O 9 PAGES)

HYD| MASTER DRY 'leD
YST|EQUIPMENT | COMPONENT TITLE HIWT.

NO. LIST NUMBER NO. Qﬂ)
2 }j292vySs9 VALVE, SHUTOFF, BRAKE MOTOR = | =6 | 0.71] 0.1l
4 |} 2ve0  |VALWE,CONTROL, RH LEADING EDGE AP} -6 | 1.51] -0.20
2V6]1 1 } LK LEADING EDGEFLAPl -6 | 1.51] 0.20

2y 6?2 LRH INBOARD FLAP _ |-~8& | 1.8} 0.24

ING3 _ LLH INBOARD FLAP | -3 | 1.8 0.24

2ve4 __ JRH MIDSPAN FtAP | -6 | 1.5 0.20

lloves | |} LHMIDSPANFLAP |-& | 151} 0.20]
2V06  RH AILERON 4] 0es _o.oeﬁ

2VGT | f . ].. JHAILERON -_Gﬂ__o.eil _0.06}

L] | 2ves _ |~ \ruLowER ruooes | =41 055 "0.06
2ye9 JLH LOWER RUODER | -4 | 0.55] 0.06

2y 70 ,RH UPPER RUDDER |-=4 | 0.55] 006

2Vl _,Lw UPPER RUODDER |-4] 0.59 006
N3 LRUEXTERNAL FLAPS| -4 | 093 0.09

2V 74 | _,RHTHRUST VECTOR|-4 | 0.55 0.6

2V75 _ _,LH THRYST VECTOR | -4 | 055 0.06

2Vie ,RH PLUG THROAT |-8 | 24\] 0.27

V1 ___jPlALVE CONTROL,RH THRUST REVERSER! -8 | 1.8 0.24

2MHoS _IMOTOR, HYD, SYSTEM T3 AP _ | 4.09 10.36

-4 |

2MHO08 | BRAKE -6 ] 123] 2.59

2MHO09 _ . RH LEADING EDGE FLAP |-© | 1.73| 2.59
2MH[O LH LEADINGEDGE FIAP | -6 | .73 2.59

2MHI ,RH INBOARD FLAP -8 | 4091036
2MHIZ ,LH INBOARD FLAP -8 | 4.09 10.36

ZMHI3 ,RH MIDSPAN FLAP -6 | 1.13] 2.59

2MHI4 ,LH MIDSPAN FLAP -6 | 1.73] 2.59

2MHIS , Rt AILERON -4 1.29] .18

2MHI6 LLH AILERON -4 ] 120 1.8

1 2MHIT ,RH \OWERRUDDER | -4 ] i.20] 1.18
Z _{292MH18 MOTOR HYD., LH LOWERRUDDER _ |-4] T.20] 1.8
TOTAL/PAGE | 45.87|51.22




| TABLE 37. MASTER EQUIPMENT LIST (PAGE 7 OF 9 PAGES)

[RYR] MASTER PORT|DRY FFLUID)]
YST| EQUIPMENT | COMPONENT TITLE W WT. |VOL.
NO. LIST NUMB NO. (N3)
2 1292MH19  MOTOR HYD, Re UPPER RUDDER -4 | 1.20] 118
¥ l4amHzo |} % .muPPERRuUDDER .  |-4 | 1.20] 118
2mu2s | ,RH_PLUG THROAT -8 | 8.15]27.16)
2_J]292MH26 _|MOTOR HYD,RH THRUST REVERSER | -8 | 5.98]17.76
-y - s e == - I T —
| _
1
!
- 1
! ] 1
' » TOTAL LESS RESEBRVOIR TOTAL /PAGE | 16.53] 47.28)
;| ANO AcCUMULATOR * SYSTEM TOTAL [6826[304.0
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TABLE 37. MASTER IQUIPAINT LIST (PAGE 8 QOF 9 PAGES)

' |m MASTER PORT|ORY JALUID

1EGUIPMENT | COMPONENT TITLE H|WT. | VOL.

NO. LIST NUMB NO, [(LBS) | (IN3)
3 |293001 DISCONNECT- QUICK, PRESSURE |-10| 2.6) 1.04
L | 4 3002  |DISCONNECT- QUICK,SUCTION [-12]| 1.25] 2.09
3 €0l FILTER, RETURN -10 | 6.54]23.10]
L J | 3F02  [FILTER,PRESSURE -10 |15.94 19.60
: T 3M01__ |TRANSOUCER, PRESSURE. |- 4 | 0.51] 003
3P0} _ [PUMP, HYDRAULIC _ ~10 | 26.00] 46.20
f 11| 3arot_|RESERVOIR, HYORAULIC FLUIp =10 « | = |
| 3VOI ___ NALVE, CHECK, RETURN -10 | 0.30] 0.40
| 3v02 ), RESTRICTOR,CHECK  SUCTION Q.0f-12 | 0.23| 0.35
| | 3\v03 ,BYPASS RETURN FILTER -10 | 0.25| 0.80
k i 3v04 ,OVERBOARD RELIEF, RESERVOIR [-10 | 0.90] 0.70
g 3y05 BLEED, RESERVOIR ~4 ] 0.07) 004
; ] 3\V0e LCHECK, CASE DRAIN ~& | 0.05 0.04
i 3v07 _|__.CHECK,PUMP PRESSURE -10| 022| 0.34
g 3V08 _|__,CHECK,PRESSURE Q.9D. -10| 0.2?2] 034
» 3N09 .| _.RELIEF,PRESSURE _ _ _|-10} 1.07] 096
% 3V62 ,CONTROL,RH INBOARD FLAP | -8 | 1.82] 0.24
L 3V63 L) HINROARD FLAP | -8 | 1.82 0.24]
3Vve4 , RH MIDSPAN FLAP | -6 | 1.51] _0.20]
3veS5 | | , | nmiosPANFLAP [ -6 1.51] 020
3Ves8 ] ,RH LOWER RUDDER | -4 | _0.55| 0.08¢}
Ve . LLHLOWERRUDDER | -4 | 0.55| 0.06
[ K RVir (o) JRHUPPER RUDDER | -4 | 0.55{ 0.06
3 [293V71_ \AIVE.CONTROL,LH UPPER RUDDER | -4 | 0.55] 6.06

"TOTAL/PAGE | 65.04 9715
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TABLE 37. MASTER EQUIPMENT L1ST (PAGE 9 OF 9 PACGLS)

LrTYu MASTER DRY Fﬂm
Y!rq EQUIPMENT |COMPONENT TITLE Hi WT. | VOL.
NO. LIST NUMBER] NO, (N%)
3 |293MHIL  |MOTOR,HYD.RH INBOARD FLAP -8 | 4.09|10.36
4 1) amHI2 ) ,HYDLH.INBOAROFLAR = |-8 | 4.0910.3¢
3IMHI3 LHYDRHMIDSPAN FLAP | -& | .73} 2.59
AMH 14 JHYD LH MIOSPANFLAP | -6 | 1.73] 2.59)
3MHI7_ || HYD RH LOWERRUDDER -4 1.20 1.18
A1l 3Muta ) | HYD.LH \OWERRUDDER -4 ] 1.20] 1.18
T |1 3MH19 ] ,HYD.RY UPPER RUDDER | -4 | 1.20] 1.18
3_1293MH?20 _ |MOTOR,HYD. LH_UPPER RUDDER | -4 ] i.20 1.18
- .-
% TOTAL LESS RESERVOIR YOTAL /PAGE | 16.44] 30.62
* SYSTEM TOTAL | 8148127




(g) A fluid volume equivalent to that resulting from the effects of fluid

(h)

compression, line and actuator expansion, and external seal deflection,
This computation assumed that subjecting all of the fluid in actuators,
components, tubing and fittings to 8000 PSI (instead of a mean pressure
of 6000 PSI on the pressure side and a mean pressure of 2000 PSI on the
return side which would be more realistic) and ignoring the structural
expansion of tubing, fittings, components, actuators ‘and seals still
gave a reasonable but conservative value for this requirement. There-
fore, the volumes subject to high pressure were:

System #1 System #2 System #3
1010.14 IN3 1023.35 IN3 307.24 IN°

Using 2.06 x 10.5 PSI as the bulk modulus of MIL-H-83282 at 250°F
(see Figure 8 of AIR 1362), the change in volume which must be
accomodated in the reservoir became:

Pressurized Vol. (IN3) x Pressure (PSI)
Bulk Modulus (PSI)

AVol

1010.14 IN3 x 8000 PSI
2.06 x 10° PSI

39,23 INS

For System #1

([

1023.35 INS x_8000 PSI For S ¥
7.06 x 10° PSI or System

1}

39.74 IN°

_ 307.24 IN> x 8000 PSI
2.06 x 10° PSI

11.93 INS

For System #3

A fluid volume equivalent to system fluid thermal expansion resulting
from 70°F to the maximum operating temperature. (250°F bulk fluid
temperature) the fluid volume affected for each system was as follows:
(see Item f above)

System #1 System #2 System #3

1175.78 IN° 1244.22 IN° 349.43 IN°

The fluid thermal exparsion then became:

avel (INS) = coeff. of thermal expansion (IN3/IN3/°F)
x heated vol. (IN3) x Temp (°F)



[

(.00046) (1175.78) (180) for system #1

97.35 IN°

1)

i}

(.00045) (1244.22) (180) for system #2

103.02 IN3

]

(.00046) (349.43) (180) for system #3

i

28.93 IN3

Based on the above figures the fluid volume capability of each
reservoir, without venting fluid overboard then became:

SYSTEM #1 SYSTEM #2 SYSTEM #3

SUMP VOLUME (a) 25.00 IN°  20.00 IN°  10.00 IN°
ACTUATOR VOL. CHANGES ®) 32.72 IN°  46.54 IN°  ----mme--
ACCUMULATOR VOLUME O P N R ¢ SO ———
FUSE VOLUME ) T
THERMAL CONTRACTION VOL. (€) 53.93 IN°  57.07 IN°  15.55 IN°
LEAKAGE ALLOWANCE (£) 55,90 IN°  59.25 IN°  16.64 IN°
COMPRESSION VOLUME (@ 39.25 IN° 3974 I 11.93 IN°
xg%gg% égM§5§§¥¥8;RPSg§b;%gID 204.87 IN°  260.61 IN° 54,12 IN°
THERMAL EXPANSION VOL. 07.35 IN°  103.02 IN°  28.93 IN°
FLUID VOLUME CAPACITY OF RES. 302.22 IN° 363.63 IN°  83.05 IN°
~2cERYOIR WEIGHT (SE2 FIGWRE 53) 18.25 1B 18.25 LB 6.15 LB

4.2,1.13 Hydraulic System Weight Summary - A summary of the elements making up
the hydraulic system's weight for Aircraft II is shown in Table 38. This
sumarization included all power generation, distribution, and utilization
elements between the power take off at the AMAD and the various power cutput
interfaces points which were common to both Aircraft 1 and Aircraft 1I. The
total hydraulic system weight is shown in Table 38 as 1197.55 lbs. This
compar2d to the 1362 1bs originally predicted based on a parametric weight
analysis (see paragraph 4.2 and Table 28). The 164.45 1b weight reduction

of this defined system, versus the parametric evaluation, appeared reasonable.
The parametric analysis assumed the use of hydraulic linear actuators and the
various bell cranks and levers typically associated with such a system. The
defined system used power hinges as the final output device and the weight they
represented (approx. 428 1b) was not included as part of the hydraulic system
weight. Since hydraulic motors of similar power capabilities, are
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significantly lighter than hydraulic linear actuators, the fact that the
weight shown in Table 38 was less than the parametrically projected weight
seemed very much in line.

4.2.2 Adrcraft 1] Electrical System General Description - The primary elec-
trical power system for Aircraft II, as shown schematically in figure 54,
consisted of two primary AC generators, two transformer-rectifiers, an
emergency AC/DC generator and power distribution (bus) system. Extemal elec-
trical power could be applied to the bus system on the ground and a battery
provided electrical power to part of the bus system during an engine start with-
out external power.

Two 120/208-volt, 400 Hz generators were the primary source of electrical power.
Each generator was powered by separate, engine-driven, remotely-mounted
gearboxes. The two generators were connected for split bus, non-synchronized
operation. This meant that with both generators operating, each generator
supplied power independently to certain aircraft busses. If one generator
failed, it dropped off the line; and, at the same time, power from the
remaining generator was provided to the busses of the failed (or turned off)
generator. Current protection was provided to prevent a fault in one generator
system from shutting down both generators; and either generator was capable

of supplying power to the entire system. Each generator was activated aute
matically when its control switch was in the ON position, and the generator

was connected to its busses when voltage and frequency were within prescribed
limits (approximately 50% engine rpm). A protection system within the
generator control unit protected against damage due to undervoltage, overvoltage,
over- and underfrequency, feeder faults, and generator locked rotor. If a
fault or malfunction occurred, the generator control unit removed the affected
generator from its busses. Except for an underfrequency condition, the control
switch of the affected generator must be cycled to bring the generator back

on the line after the fault or out-of-tolerance condition cleared. If the
generator dropped off the line due to underfrequency and the prescribed
frequency was restored, the generatorwould come back on the line automatically.

A generator might be removed from its bussesat any time by placing the generator
control switch to OFF.

The electrical power generation and distribution system (EPGDS) was designed

to provide electrical power to using subsystems of the aircraflt during conditions
of normal and emergency operation. Subsystems included avionics/instruments,
environmental control systems, fuel, hydraulics, landing gear, lighting,
propulsion and weapons delivery. The system was specifically designed to the
following requirements:

(1) No single failure of the electrical bus will cause loss of the
aircraft.
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(2) Electrical power characteristics for electrical using equipment are
equal to, or betrer than, MIL-STD-704.

(3) Design and installation of the electrical system conforms to the
requirements of specification MIL-E-25499 as specified.

(4) Triplex redundancy provides assurance of an uninterrupted power supply
for the three fly-by-wire (FBW) ccmputer channels of the flight
control system.

4.2.2.1 DC Electrical Power - Two 25-ampere, upregulated, static transformer-
rectifier (TR) units were provided to supply the DC power requirement of
approximately 19 amveres. Nommally, each TR unit would deliver 50% of the total
DC load, at a nominal operating voltage of 27.5 volts to its bus. In the
event one transformer-rectifier failed, the other transformer-rectifier would
power the entire DC system. The outputs of the TR's were connected in paral-
lel; however, protection was provided through the use of circuit protectors
and rectifier elements in the feeders. The circuit protectors eliminated the
possibility of a battery bus fault resulting in the loss of both TR units.

The rectifier elements protected against a failure in one TR unit affecting
the other. No cockpit warning of single transformer-rectifier failure was
provided.

With the AC power input between 195 and 210 volts, line-to-line, the two TR
units conformed to the requirements of MIL-P-26517. At this input, the
unregulated output was within the limits of 25.1 to 29.0 volts. During
normal operation, with each unit sharing the total load, the output voltage
might vary between 25.6 and 27.5 volts. Internal radio noise filtering

of the TR unit met all provisions of MIL-I-26600 and MIL-I-61810. A
variable-speed, constant-volume blower permited normal in-flight cooling by
forced air.

4.2.2.2 Emergency Generator - Emergency electrical power was provided by an all
altitude APU/EPU driven AC/DC generator that was sized to provide sufficient
power to ensure return of the aircraft to its base in the event of loss of
primary AC power. The emergency electrical system was separate from the

primary electrical system. If either or both main generatcrs were inoperative
or both transformer-rectifiers failed, or some combination of faults occurred.
the emergency generator was activated and attached to the essential AC/DC busses.

The emergency generator was an air-cooled, brushless, single-bearing machine
with a nominal speed range of 12,000 rpm. It was blast-cooled throughout

the entire flight profile and over a pressure altitude range from sea level to
60,000 feet. Cooling air was provided by the envirommental control system
either normally or through the Ram Air Scoops provided (see Figure 10). The
system was designed to operate for a minimum of five minutes without cooling
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air to ensure availability of electrical power in the event of a temporary
loss of the cooling system.

The generator control unit provided the necessary functions for voltage regula-
tion and control of the emergency power system. A static-type voltage regulator
was incorporated in the control unit to provide steady-state and transient
control of the output voltage at the essential AC and DC tusses within the limits
of specification MIL-STD-704. Power for buildup and operation of the system
was provided by a PMG integral with the generator.

To connect the generator to the essential busses, the control unit provided two
1-ampere, 28-volt DC outputs for closing power transfer relays. Since the
emergency power system was a ''last-ditch' source of electrical power, the
system protection was kept to a minimum. The control unit had an under-
voltage sensing function that disconnected the emergency generator from the
load bus, after any phase voltage fell below 70 volts, to protect utilizing
equipment from damaging exposure to the decaying voltage. Emergency power
reset was accomplished by Jeexciting and subsequently reexciting the
generator.

In flight, activation of the APU/EPU was automatic when loss of primary
power was sensed and the APU/EPU control switch was in the AUTO position.

An ON switch position was provided to activate the APU/EPU, excite the
generator, and attach it to the essential buses even when primary power was
available. When the emergency generator contactor is picked up, th.. main DC
bus was isolated from the essential DC bus by deenergizing the bus-tie -
contactor. The APU/EPU systemwould piovide rated speed and power within
approximately three seconds from the time when it has been activated.

Annunciaters and a control switch were provided for the emergency generator
system. The switch was a standard three-position switch, guarded in the
AU (normal) position, and had the following control functions:

"OVERRIDE" - Overrides undervoltage trip protection function.
Pilot option not recommended due to potential for damage to power
utilizing equipment.

"AUTO" (Normal) - Normal switch position for all ground and flight
modes. When APU/EPU is driving generator at normal speed, the
gene.ator shall be automatically excited and connected to
essential tusses. APU/EPU ELEC advisory legend (green) illuminates
when emergency generator connected to essential bus. EMERG GEN
FAIL warning legend (red) is displayed when the APU/EPU is on and
the emergency generator has tripped off line.
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"OFF'' (Reset) - Provided for emergency generator to be deenergized
and idsconnected frcm the essential busses via the essential bus
contactors. Permitted generator reset by momentarily positioning
switch to OFF and subsequently repositioning to AUTO. EMERG GEN
OFF caution legend (yellow) illuminated.

4.2.2.2 External Power System - The aircraft-mounted external power system
consisted of a standard external power receptacle, external power contactor,
and power monitor unit to control application of external power to the aircraft.
The power monitor unit prevented actuation of the external power contactor if
phase rotation, voltage, or frequency of the external power system were not
within specified limits. Only three-phase, 115/200-volt, 400 Hz, AC power

was required from the ground power source to energize the aircraft bus system.
All DC power was supplied by conversion units mounted in the aircraft.

Control of the external electrical power was by means of an external power
switch located in the cockpit. The switch had ON and OFF positions. In the
ON position and with no generator power, the external power supplied the total
aircraft load. With either engine operating, the external power was auto-
matically disconnected and the total loadwas supplied by the operating
generator(s). With the switch in the OFF position, external power could not be
supplied to the aircraftbusses. The OFF position also provided reset capa-
bilities in the event external power could not be applied to the air vehicle
due to improper voltage or frequency tolerance.

4.2.2.3 Battery System - A battery system was provided in the aircraft to
supply nower to functions required in support of ground-starting the APU/EPU
without the need for external electrical power. A secondary purpose was to
provide limited emergency capability in the event of loss of all electrical
power.

Normally, the DC start buswas supplied 24-volt DC power from the DC essential

bus via the transformer-rectifier units when ground or vehicle powerwas available.
A nickel-cadmium, 24-volt battery supplied power to the start bus when essential
bus powerwas not available. Use of 24-volt DC poweiwas dedicated to safety

and special start functions, including fire detection and extinguishing,

because the use of AC power offers weight advantages. The tattery was main-
tained in a charged state by its own dedicated battery charger and only

specific battery-utilizing systemswould be exposed to battery-charging

voltages. Load requirements of the DC start bus that determined the size

of the battery are summarized as follows:

System D Start Bus Loads (Watts)
Intercom 30

Communications 86
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No. 1 Digital Contrcl Unit Logic 190

Multimode Display Unit No. 1 80
Dicplay Electronic Unit No. 1 240
APU/EPU Control Unit 70
Aural Warning System 10
Cockpit Utility Lights 8

Total = 714 Watts

The battery selected was a 24-volt, 3 ampere-hour battery that would provide
60 amperes for two minutes at 0°F and for 40 seconds at -20°F. A switch
iocated on the cockpit electrical power panel provided ON-OFF control of the
battery power. With the aircraft busses powered by external power on the air
vehicle generating system, and if the battery switch was ON, the battery
would be charged by the battery charger.

4.2.2.4 Electrical Load Analysis - The housekeeping loads, as shown in
Reference 8 provided the basis for determining the AC and DC electrical power
required for Aircraft II during various operating modes. These loads pro-
vided the design criteria for sizing and selecting the electrical power
generator, control and distribution equipment for the aircraft. The maximm
demand for primary AC power was on the order of 50 KVA and occurred during

the combat portion of the mission. Since the majority of the electrical

loads were of the continuously operating type (15 minutes or longer), and

the peak 5 sec. load was 74 KVA (70.5 KW x .095 pf). The twe primery generator
ratings were determined to be 40/50 KVA each.

4.2.2.5 Emergency Generator - The emergency loads of the AC/DC load
analysis Tepresented the loads supplied by the APU/EPU-driven generator

via the essential busses. The emergency generator was sized at 7 KVA based
on the emergency contiuous housekeeping load shown on page A-Z of Appendix E.
Of this .75 KVA was assumed to require DC power.

4.2.2.6 Fly-By-Wire Power Supply - To supply power for the fly-by-wire
(FBW) flight control system, three flight control power supply (FCPS) units
were provided. Each FCPS umit was isolated from the others by diodes and
was dedicated to one of the three flight control computer channels. During
normal operating modes of the electr.cal power system, each FCPS unit re-
ceived 28 volts DC from two of the three DCbusses (main, essential, and

the battery bus), then passed it on to the three flight control channels.

To ensure that there were no voltage transients or interruptions as a result
of switching operations normal to aircraft power systems, each FCPS wmit




also contained a 24-volt, 1.4 ampere-hour battery which was connected to 1its
input DC power bus. The FCPS batteries were continually charged by the
circuitry in the control unit, but were not sized to provide an emergency
source of power for a sustained period of time.

4.2.2.7 Primary AC Generators - As determined by the load analysis of
Reference 8 (pages A-1 and A-2 with ECS loads deleted. See Paragraph 4.2.2.4),
the generating system of Aircraft II was rated at 40/50 KVA of 115/200 volt,
three-phase, 400 Hz power. Based largely upon weight, maintainability, and
availability, two variable speed constant frequency (VSCF) generators were
selected for tradeoff evaluation: (1) the DC-link generating sytem; and

(2) the cyclo-converter generating system.

The primary advantage of both systems was that they eliminated the constant
speed mechanical/hydraulic drive of the conventional integrated drive generator
(1DG) system, and coupled the engine gearbox directly to the VSCF generator,
With variations in engine speed, the frequency of the generator output was
converted to a constant output frequency of 400 Hz by means of an electronic
converter. By replacing the mechanical/hydraulic constant speed drive (CSD)
with a sold-state power converter, it was felt that the reliability, main-
tainability, and life cycle cost of the generating system would be significantly
improved (see Reference 14 and 23).

The basic difference between the DC-link approach and the cycloconverter was
the type of electronic switch used in the converter and the type of input

to the converter. In the case of the cycloconverter, the input was a multi-
phase, varying frequency wavetorm. The DC-link system, as the name implies,
used a DC voltage as the converter input. The electronic switch in the cyclo-
converter was an SCR, while transistors were used in DC-link systems as the
switch elements. Table 39 compares the different tynes of typical 3C/47 KVA
generating systems with respect to weight, efficiency, and operating tempera-
tures.

Table 39

Aircraft Generating System Comparisons

IDG/CSD Cycloconverter DC-Link

Input 0il Temp Limitation 150°F 80°C 120°C
Efficiency (30/40 KVA) 66.4% 71.4% 76.3%
Weight (30/40 KVA) 79 1bs 77 1bs 82 1bs

For both VSCF systems, a high-speed gearbox and a narrow speed range were
desirable to minimize overall system weight. As the speed range decreased
(i.e. 1.8:1), for a fixed maximm upper speed, the generator weight decreased.
Reliable high-speed (27,500 rpm) gearboxes and/or speed increasers were with-
in the state-of-the-art and veing flight-tested on the F-18 and F-5G aircraft. i
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Temperature and type of cooling medium can have a direct impact on the choice of
the VSCF system. This criteria directly relates to the temperature capability
of the power switching components. The DC-link system power transistors can
operate at a higher temperature limitation (120°C) than the thyristors of the
cycloconverter system (80°C). Two predominant cooling methods were employed

by the system suppiiers: (1) spray-oil cooling by the DC-link system; and

(2) conduction-oil cooling by the cycloconverter system. Each of these
techniques had its advantages and limitations with regard to system weight,
cost, efficiency, and reliability. It also had some bearing on the aircraft

0il management system.

Both systems produced a quality of electrical power that met or exceeded the
requirements of MIL-STD-704. Technological advances in the area of electrical
generating systems have been largely directed toward the development of solid
rotor generators, using rare earth samarium cobalt magnets, and developing

a microprocessor to perform all the control circuit functions with fewer
electronic components. Implementation of most of the new hardware advances
improved VSCF size, weight, cost and failure rate very little. Only when

most of the control circuits are replaced by a microprocessor could significant
improvements be realized.

In spite of the lower weight and better part load efficiency of the cyclo -
converter approach and the fact that it was chosen for Aircraft I AC load
requirements (see Paragraph 4.1.6), thc DC Link approach was selected for
Aircraft II. This selection was made because of the higher temperature
tolerance of the DC Link approach considering the fact that the elaborate
evaporative cooling techniques necessary for Aircraft I would not be used

in Aircraft 11 (no inverters) and that fact that the cycloconverter's portion
of the total system output was only 25 KVA versus Aircraft II's output of

50 KVA.

4.2.2.8 Fly-By-Wire Control System Arrangement - The fly-by-wire system

in Aircraft Il was essentially identical to the signal system used in Air-
craft I. The Aircraft I arrangement is shown in Figure 37. Like the

Alrcraft 1 arrangement, the Aircraft II system employed five microprocessors
in the wing and tail, three microprocessors in the nose, and two redundant
flight data computers remotely located from each other in the fuselage. Also,
like the Aircraft I system, Aircraft II used electro-optical signal interties
and the signal transmission lines (see Figure 35) connecting similar compo-
nents (i.e., motors, actuator clutches, etc.). In the case of Aircraft I, the
signal inputs to the actuator were typically fed through an inverter while the
comparable item in Aircraft Il was a servo valve. In either instance, the
signal power and signal characteristics were considered essentially identical.
The only significant difference between the signal system used on Aircraft II
versus that used on Aircraft 1 was the fact that Aircraft II had only three
power supplies (see Figure 55), whereas Aircraft I had four (see Figure .




In spite of this difference the impact on weight and reliability was negligible.
Even though Aircraft I had four power supplies, power supply #3 in Aircraft II
handled the same power demand as power supplies #2 and #3 in Aircraft I so the
power supply weight was considered essentially unchanged. With reference to
reliability, Table 40 shows the control and power supply interrelationshin

on Aircraft Il and illustrated that reliability was not impacted. As a typical
example, Table 40 illustrates that, if auy two power supnlies failed to the e
wing functions, roll, pitch, and lift control would be maintained. Referring
to the table, if power supplies #2 and #3 failed, roll control would be main-
tained with the right hand outboard flap (OTE-RH) supplemented by the roll
function of the left hand and right hand midspan trailing edge flaps (MSTE-LH
and MSTE-RH). In a similar manner the pitch and lift functions would be
maintained by the right and left hand inboard trailing edge surfaces (ITE-RH
and ITE-IH) supplimented by the two midspan trailing edge surfaces. basea

on the above analysis, and considering that any differences resulting from the
fact that the two systems were supplied different types of power (i.e. 270

VDC for Aircraft I and 115/200 VAC for Aircraft Il1) would appear as deltas

in the distribution system, the fly-by-wire system was eliminated as an item in
the trade study.

4.2.2.9 Aircraft Il Wiring System - The weight of the Aircraft II wiring,
subject to trade,was determined in a manner similar to that used for Aircraft I
as discussed in paragraph 4.1.9.2. The wiring weight,using this technique,

was found to be 23.0 Lb.

4.2.2.10 APU/EPU Sizing - The Rocketdyne Division of Rockwell had performed
extensive development work on all altitude APU/EPU and/or super integrated
power units (SIEPU), Therefore, Rocketdyne was asked to evaluate and size
an ootimum APU/EPU. Four configurations were evaluated. of which. the
unit shown in figure 55 was seiected. This unit differed from, and/or
expanded upon, the unit shown in figure 45 in certain areas. The
significant differences between the two were the addition of two heat
exchangers and a fuel accumulator to the final selected configuration (figure
5). The weight of the configuration shown in figure 55 was
etermined as 399.0 Lb and its envelope was 42 in. X 36 in. X 20 in.

4.2.2.11 Aircraft Il Electrical System Weight - The weight of the major
electrical components making up that portion of the electrical system subject
to trade are shown ir "able 41. In general these were the power generation

and distribution components shown in the schematic of figure 54, Table
41 shows that the total electrical system weight subject to tTade was

287 Lb.

4.2.2.12 Aircraft II Total System Weight Subject to Trade - Table 42 shows
the total Aircraft IT weight subject to trade and 1ists it as 2,319 Lbs.
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TABLE 41.

AIRCRAFT 11 ELECTRICAL SYSTEM WEIGHT

QUANTITY| UNIT |TOTAL
ENT \TE PER WEIGHTIWEIGHT
-_EQUlPM N M O A ¢
PRIMARY GENERATOR /CONVERTER (4%50KVA) | 2 | 88.00(176.00
TRANSFORMER RECTIFIER (25 AMP) ¢ | 4.00] 8.00
EMERG. GENERATOR/CONVERTER (7KVA-AC30m0) 1 | 18.00| 18.00]
BATTERY (3AMP-HR, 24 voLT) | | 10.50| 10.50
BATTERY CHARGER (10 AMP) I | 4.00] 4.00
FCPS BATTERIES 3| 420 i2.30
GENERATOR LINE CONTACTOR (3PDT-SOKVA) | 2 | 3.30| 660
GENERATOR LINE CONTACTOR (3PDT-TKVA) 1| 0.72f 072
EXTERNAL POWER CONTACTOR (3PDT-SorvA)| | | 3.30| 6.60
BATTERY CONTACTOR (3PDT-30AMP) 1| 0.60] 050
BUS TIE CONTACTOR (SPDT-30AMP) \ 0.e0] 0.60
AC CIRCUIT BREAKER (25 KVA) 2| 0.18| 0.3¢
DC CIRCUIT BREAKER (30 AMP) S| ot2] 060
EXTERNAL POWER CONNECTOR (SOKVA) \ | 240 240
EXTERNAL POWER MONITOR (SO KVA) L}l 2.04 204
COMPONENT SUPPORTS —| — | 5.26
WIRING (FEEDER WIRES ONLY) -1 — |23.00
CONNECTORS (FEEDER CONNECTORS oY) | — | — | 12.12
MAJOR EQUIPMENT - TOTAL WEIGHT 287.0

® SEE FIGURE £¢
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TABLE 42. AIRCRAFT IT TOTAL WEIGHT SUBJECT TO TRADE

UNIT | TOTAL
[EQUIPMENT ITEM © WEIGHTWEIGHT
- _ LB) | (LB)
AMAD - AIRFRAME MTD, ACESSORY DRINE 2 | 1l0.0 | 220.0
ATS5/M - AIR TURBINE START MOTOR 2 | 32.0| 640
APU/EPU - AURILIARY /EMERGENCY POWER UNIT| | | 3990] 395.0
LC - LOAD COMPRESSOR | | 75.0] 75.0
PNEUMATIC DUCTING AND FITTINGS - — 84
PNEUMATIC CHECK VALVE (12" PORT) | 03| o3
PNEUMATIC CHECK VALVE (178" PORT) 2| o2 04
PNEUMATIC SOLENOID SHUTOFF VALVE 4. 2| 4.8
PNEUMATIC GROUND CONNECTION | 08| oe8
APU/EPU START VALVE ! 0.3] 0.3
PMG - PERMANENT MAGNET GENERATOR | 7] 0.7
SUPPORTS AND MISC, — | — | 0.7
ELECTRICAL SYSTEM (SEE TABLE %/ —| — (2870
HYDRAULIC SYSTEM (SEE TABLE 38 1197.6
TOTAL WEIGHT [2313.0

O SEE FIGURE ##
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5.0 TRADE STUDY RESULTS

5.1 Weight Trade - The weight summary for the two primary aircraft configura-
tions Studied are shown in table 43. It can be seen in the table that the
gross takeoff weight of Aircraft I (the all electric version) was 1245 lbs.
heavier than that of Aircraft II (the more conventional hydraulic-electrical
configuration). From tables 27 and 42 it can be seen that the

difference in the basic system weights subject to trade was 498 lbs. From
this it is apparent that the growth factor for this type of airplane was

2.5.

5.2 Reliability and Maintainability Trades - The Reliability and Maintain-
ability (R&M) trade was primarily oriented toward identifying the differences
affecting the operating and support costs between the Aircraft I and II
configurations. Only those major equipment items impacted by the actuation
concept were identified for the RGM trades. The basic approach for the RGM
trade was as follows:

1. A list of major components affected by the configuration
differences was identified including actuators, electric
power and generation system, and hydraulic power system.

2. For each component identified, RGM parameters based on
projecting current operating data to that expected in
the 1990+ time frame were estimated. Current operating
data for the components used included the following
sources:

a) F-15 ARM 66-1 Maintenance data for the period Ccto-
ber 1978 through September 1979 summarized by the
Rockwell International Maintenance Analysis Model (MAM).

b) B-1B Aircraft - 'Reliability and Maintainability Allo-
cations, Assessments, and Analysis,' Rockwell Interna-
tional Report, NA-81-745-1, dated 2 April 1982.

c) A-7 Aircraft - '"Design Development and Evaluation of
Lightweight Hydraulic System Hardware - Phase I,
NADC-77108-30, North American Aircraft Division,
Rockwell Internmational Corporation, Contract N 62263-
78-C-0363, 30 January 1981,

d) Nonelectronic Reliability Notebook, Revision to Sec-
tion 2, RADS-TR-69-458.

3. Estimates were made for:
a) Mean-Time-Between-Maintenance (MIBM) including inherent

failures, induced failures, and no defects resulting
from a suspected failure.

b) Mean-Time-Between-Removal (MIBR)} to reflect demands on
the supply system and the intermediate level mainte-
nance shops.




TARLE 43, WEIGHT SIDALARY

o~ BASELINE
AlcI A/jc T
ALL ELECT] YD - ELE i
STRUCTURE GROUPS 948 (1685
WING GROYP 1991 192
TAIL GROUP . HORIZONTAL 270 26\ ]
. VERTICAL 302 _ 29
8ODY GROUP 32% 3743
ALIGHTING GEAR GROUP - MAIN 985 94
AUXILIARY 147 \ %
- ARRESTING 9]
ENGINE SECTION OR NACELLE GROUF & %
AIR INDUCTION SYSTEM 245 237 —
PROPYLSION GRGUP [4610) [445¢)
ENGINE (AS INSTALLED) 3|éL 2
ACCESSORY GZAR BOXES & DRIVES 180 220 ]
EXHAUST SYSTEM
COOLING & DRAIN PROVISIONS 3 30
ENGINE _CONTROLS 43 40
STARTING SYSTEM 154 106
FUEL SYSTEM 1075 1018
FAN_(AS INSTALLED)
HOT GAS DUCT SYSTEM !
EQUIPMENT GROUPS (7040} (6509)
FLIGHT CONTROLS GROUP 1655 0
AUXILIARY POWER PLANT GROWP zs,_: V' E
INSTRUMENTS GROUP 170
HYDRAULIC & PNEUMATIC GROU® T 679
ELECTRICAL GROUP 131 24
AVIONICS GROUP '.gg 2290
ARMAMENT GROUP %OO
FURNISHINGS AND EQUIPMENT GROUP ggﬁ gi
AIR_CONDITIONING GROUP Q ©30
ANTL-ICING GROUP
PHOTOGRAPHIC_GROUP
LOAD & HANDLING GROUP
DRAG CHUTE _ASSY
TOTAL WEIGHT EMPTY (19396) (156457
~CREW
FUEL - UNUSABLE
FUEL . USABLE | !QO% Jléﬁ
OIL - ENGINE
PASSENGERS 7 CARGO
| ARMAMENT
T AIAWMISSILES S =1L
'1|55LLE. LAUNCHERS 1585 155
DAYLOAD 330 4339
AYLOAD FAIRINGS St 51
MENT
1 g%ﬁg} 52
AV LD EXP L 3; L
TOTAL USEFUL LOAD (5‘27690 (17335
TAKEOFF GROSS WEIGHT YA
| FLIGHT DESIGN GROSS WEIGHT
LANDING DESIGN GROSS WEIGHT.

]
AOMM 1032.C-9 ALV, 2.74
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¢) Mean-Time-to-Repair (TTR) to reflect the average on aircraflt

time to repair.

d) On aircraft Maintenance-Man-Hours-Per Flight Hour (MM/FH) to

reflect an average maintenance man-hours per flight hour used
to maintain the aircraft.

The above parameters were estimated for each listed component and for all
the components are shown in tables 44 and 45.

Comparison of the reliability/maintainability results shown by the totals
for the two aircraft configurations shows that the hydraulic Aircraft II has
11.68% improvement in the MTBM, and 18.4% improvement in the MH/FH over the
electric Aircraft I. The MTIR values are practically the same for both con-
figurations. Evaluation of the MIBR's indicates that there are approximately
five (5) times as many repairs through defective or suspected replacement on
the electrical aircraft.

4.

Mission Completion Success Probability (MCSP) - Alrcraft I and
Aircraft I1 System designs provide practically the same degree of
redundancy for the actuation systems. Therefore, relative trends

in the MCSP for the affected aircraft configurations can be
established on the basis of comparison of total failure or mainte-
nance rates estimated for all the components listed respectively for
each type of aircraft.

Based on the data in Tables 44 and 45, the MCSP of the Hydraulic
Aircraft Il is somewhat higher than the MCSP of the electric Aircraft I.

The unreliability estimate of the electrical Aircraft I based only on the
failure/maintenance rate count of the identified components is 11.68% higher
than the unreliability of the 8000 psig Hydraulic Aircraft IT.

5.

Design Reliability-Maintainability Comments - The following sum-
marizes some of the design features of the twc proposed aircraft
configurations:

a) The 8000 psid hydraulic power generation and distribution system
used smaller size components and tubing than the 3000 psig
system. This feature considerably improved accessibility, and
reduced maintenance times and costs as compared to the 3000 psig
systen,

b) Use of smaller size tubing permitted use of coiled tubing to
the exclusion of swivel joints which reduced leakage and, hence
maintenance costs, and improved the reliability as compared to
the 3000 psi system.

c¢) In the year 1990 + on-aircraft maintenance of the electrical-
mechanical drive components will be limited primarily to remove/
replace activities. This would reduce flight line and increase
intermediate level man-hour requirements.
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TABLE 44 RELIABILITY-MAINTAINABILITY DATA
AIRCRAFT 1 (ELECTRIC) (SHEET 1 OF 2)

MDR MTEM MTBR MITR  MMH PER
COMPONENT OUANTITY  PER 106 HRS. HRS. HRS. FL-HR.
HOURS
INBOARD FLAP ACT. 6 250.0 1000 4400 3.5 0.00153
MIDSPAN FIAP ACT. 6 250.0 4000 4400 3.5 0.00153
AILERON ACT. 4 331.0 3021 3300 3.5 0.00184
UPPER RUDDER AZT. 6 331 3021 3300 3.5 0.00184
LOWER RUDDER ACT. 6 331 3021 3300 3.5 0.00184
LEAD. EDGE FLAP ACT 12 331 3021 3300 3.75  0.00184
CANARD ACT. 4 120 8333 9166 3.5 0.00073
THRUST VECTOR VANE 2 120 8333 9166 3.0 0.000673
ENG. EXT. FLAP ACT. 4 120 8333 9166 3.2 0.00073
ENG. PLUG THR. ACT. 2 240 4167 4584 3.2 0.00147
ENG. THRUST REV. ACT 2 189 5556 6110 3.7 0.00110
NOSE L. G. ACT. 1 120 8333 9166 3.2 0.00073
MAIN L. G. ACT 2 120 8333 9166 3.7 0.00073
'NCSF GEAR STEER. 1 148.5 6734 7407 3.2 0.00091
| M. G. BRAKES 2 148.5. 6734 7407 3.5 0.00091
| ECS RH RAVAIR 1 120 8333 9166 3.5 0.00073
ECS LH RAMAIR 1 120 8333 9166 3.5 0.00073
ECS EXCH. DOOR E. B. 1 120 8333 9166 3.2 0.00073
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f TABLE 44 RELIABILITY-MAINTAINABILITY DATA 5
AiRCRAFT 1 (ELECTRIC) SHEET 2 OF 2)

;
| MR MTBM MTBR MTTR MMI PER ’
E COMPONENT QUANT. p%u;g HRS. HRS. HRS. FL-HR
" ARMAMENT-ACT 1 90.9 11,000 12,100 3.7 0.00056 1
: REFUEL RECEPT. MOTOR| 1 90.9 11,000 12,100 3.25 0.00056
GENERATOR- 270VDC 4 489.7 2040 3250 3.25 0.00300 ¥
' DRAIN+FILL CON VERT.| 2 40.0 50,000 55,000 3.0 0.00012 '
E TRANSF-RECTIE. 4 11.5 86,556 250,000 3.0 0.00070 }
r CYCLOCONVERTER 4 40.0 25,000 27,500 3.0 0.90624 i
GENERATOR - CONTROL 4 89.94 11,116 125,000 3.0 0.00055 !

z BATTERY-270VDC 1 348.8 2867 8768 3.0 0.00213

| APU MOTOR 1 148.5 6734 7407 3.25 6.00091
L APU GENERATOR 2 326.4 3063 9370 3.25 0.00200 ;
, | APU TRANS-RECT. 2 11.5 86,956 250,000 3.0 0.00006 1
APU CYCLOCONV. 2 20.0 50,000 55,000 3.0 0.00012 | ’
“ INVERT. (START) 2 20.0 50,000 150,000 2.5 0.00011 l[ 1
‘ REVCRSIBLE SCR 2 12.54 79,745 87,720 2.0 0.00007 .
? START RELAYS 10 6.27 159,490 175,439 2.5 0.00003 !
’ TOTAL 105 21,155 47.27 63.38 325 0.11681 ]

|
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TABLE 45 RELIABILITY-MAINTAINABILITY DATA
AIRCRAFT 11 (HYDRAULIC) (SHEET 1 GF 2)

MDR MTBM MTBR MTTR MH PER
PER 106
COMPONENT QUANT, HOURS HRS. HRS. HRS, FL-HR
INB. FLAP ACT 6 289.6 3452 23014 3.75 0.00153
MIDSPAN FLAP ACT 6 257.4 3884 25893 3.75 0.00136 1
AILERON ACT 4 231.7 4315 28767 3.75 0.00122 1
UPPER RUDDER ACT 6 231.7 4315 28767 3.75 0.00122 ’
LOWER RUDDER ACT 6 231.7 4315 28767 3.75 0.00122
L. E. FLAP ACT. 12 231.7 4315 28767 3.75 0.00122
CANARD ACT. 4 148.3 6743 53944 3.5 0.00078
T. V. VANE ACT. 2 148.3 6743 53944 3. 0.00678
ENC. EXT. FLAP ACT| 4 185.3 5394 43152 3.5 0.00098
ENG. PLUG THR. ACT| 2 331.1 3020 20,133 3.5 0.00175
ENG. THRUST REV. 2 231.7 4315 28767 3.0 0.00122
NOSE L. G. ACT 1 170.9 5850 46800 3.75 0.00090
MAIN L. G, ACT 2 206.6 4838 38704 3.00 0.00109
NOSE GEAR STEER 1 231.6 4316 28773 3.5 0.00122
MAIN GEAR BRAKES 2 257.4 3884 25893 3.5 0.00136
ECS RH RAMAIR 1 74.1 13486 107,888  3.50 0.00039
ECS LH RAMAIR 1 74.1 13486 107,888  3.50 0.00039
ECS EXCH. DR ACT. 1 148.3 6743 53,944  3.75 0.00078




TABLE 45 RELIABILITY-MAINTAINABILITY DATA
AIRCRAFT I1I (HYDRAULIC) (SHEET 2 OF 2)

. E};{mllzo 6 MTBH MTBR MITR MH PER
COMPONENT QUANT, HOURS HRS. HRS. HRS. Fi-HR
ARMAMENT-ACT 1 231.7 4315 28767 3.0 0.00122
REFUEL RECEP. MOTOR 1 115.2 8680 37200 3.5 0.00061
FRIM. PIMP 4 356.2 2807 12,047 3.6 0.00188
APU PUMP 1 296.9 3368 14455 3.5 0.00157
PRIMARY RESERV. 2 30.9 32,320 300,000 3.0 0.00016
EMERG. RESERV. 1 30.9 32,320 300,000 3.0 0.00016
ACCUMULATOR 1 83.3 12,000 120,000 3.5 0.00044
BRAKE RESERV. 2 30.9 32,300 300,000 3.5 0. 00016
GENERATOR 40 KVA 2 489.7 2042 6250 3.25 0.00255
GENERATOR 10 KVA 1 326.4 3063 9370 3.25 0.00172
TRANSF/RECTIF. 2 11.5 86956 250,000 3.0 0.00006
INVERTER 1 20.0 50000 150,050 2.5 0.00011
VOLT. REGUL. 1 89.3 11,200 33600 2.¢ 0.00047
BATTERY 2 348.8 2867 8760 2.0 0.00184
PCWER CONTAC. 12 9.5 105,241 210,000 2.0 0.00005
TOTAL T 18.942.9 52.7 303.08 3.31 0.09866
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d) Fly-by-wire signal transmission in conjunction with power-
by-wire required exceptionally high electrical power reliability
for future airborne all-electrical power systems.

e) To meet the failure and reliability requirement of the 8000 psig
hydraulic Aircraft II, the electric Aircraft I had to provide at
least 3 completely independent dedicated power systems to match
redundancy in Aircraft II.

f) The actuators of Table 45 (all-electric) included the
reliability impacts of their inverters which largely accounted
for their deficient reliability with respect to the actuators
of Table 5.3 (hydraulic-electric).

5.3 life Cycle Costs - Life cycle cost estimates were developed for each
of the "Airplanes' defined. The baseline aircraft (Aircraft II) was an
electric-hydraulic powered aircraft, and the alternate configuration was
an "all electric" approach (Aircraft I).

5.3.1 Methodology - The estimates were developed utilizing the Integrated
Aircraft Life Cycle Cost Model II (IALCCM II). TALCOM II was a computer
program developed by Rockwell in support of previous advanced tactical fighter
studies which estimated RDT§E, Production, and Operations and Support Cost.
This model provided preliminary cost data during conceptual and preliminary

de -ign states.

5.3.2 Ground Rules - The ground rules for developing the cost cstimatcs
were as follows:
1. Number of flight test aircraft (10)
2. Number of production aircraft (500)
3. Number of aircraft in the field (432)
4. QS cost for field aircraft
a. 10 year operational life
b. 5 year buildup
c. 24 aircraft per squadron
d. 25 flight hours/aircraft/month
e. Assumed fuel cost $1.26/U.S. dollars (1982 dollars)

5. LCC was submitted in constant 1982 U.S. dollars and 1995 dollars.
(The 1995 dollars were developed utilizing inflation factors from
the USAF Cost and Planning Factor Manual [AF Regulation 173-13}).

5.3.3 Cost Summaries - Cost data were developed for each of the two
configurations. LCC sumnaries are provided in tables 46 and 47 in 1982
dollars, and table 48 and 49 in 1995 doilars.
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Interim Technical Report WA-79-497, Los Angeles Division,
Rockwell Internaticnal Corporation, 1 April 1980, Unclassified
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APPEXDIX A

AIRPLANE ACTUATION TRADE STUDY

This appendix includes the initial work done by AiResearch under the
direction of S. Rowe, as part of their effort in accordance with service
agreement LI9FM011231-405 to define the size, weight, and performance char-
acteristics of the inboard flap actuator. with further refinements, this
led to the final definition of the "hingeline installation’ shown in Figure
25 as well as the applicable entries in Tables 18 through 20.
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AIRPLANE ACTUATION TRADE STUDY

This appendix includes the initial work done by AiResearch, under the 3
direction of S. Rowe, as part of their effort under service agreement L9FM-
11231-405 to define the functional characteristics of the inverters and control-

lers needed for implementing the "all electric" (Aircraft I) approach to the
trade study.
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Appendix B

ACVAMNCED ELECTRCMECEANICAL ACTULATICH SysTenme

0. PREFACE

Tnis cocument is sutmitrec in ccnjuncTion with Service Agreement LEFv-11731=
405, ali £iectric Airplane Stucy, The data submittec herein is presentec o
facilitate comgletion ¢t Tthe subject study., This cccument, in acciticn Tc

previously TreasmiTrec ca2ta, shall serve as & preccress repcrt fer the meath ¢f
Sectemter 1G83.

1. INTRCCUCTION

Electromecharical actuation systems (EMAS) are fincing increased potential
for use in aircratt flight control systems (FCS) (!, 2, 3, 4], Most agvancec
EMAS utilize brushless dc permacent magnet (CC-PM) motors, Cigital serve contrcl
by means of micreprocessors is gractical’ fcr meny actuaticn systems,

Svstems ¢f
This type have a unigue conficuraticn anc peculiar cesicn reguirements,
Near term techrology (1990) will previce adeitionel zcvances in EVAS,
adlthouch The previous statements will remain uynalterec. |In anticipaticn cf

this, an acvanced EMAS is presentecd in the folicwing sections,

2. DESCRIPTION

A bicck giagram of a position servc system is shown in Figure B-1.
principal ccmponents are the controller, inverter, and actyator.
tetween the ccmponents are shcwn, also.
briefly gdescribed telow:

The
Interfaces
The function of each cemconent is

o Centroller = The functions of the contrcller, generaliy, are (a) close
the inner anc outer servo reszense lcops, (b) provice a motor cur-ent
ccmmand to the inverter, and (c) provide an interface with the FCS.

CONTROL POWER
ro res (]
CONTAOLLER INVERTER | ACTUATIR ) 2E5P0rSS
FROM FCS X
T LI [L_J
INVERTER FEEDBACK
ACTUATOR FEEDEBACK
el
Figure B-1.

Position Servo Block Diagram and Component Definirion

— e,

Huan A et e 0 44

3
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Acciticrel functicrs (rfault ~cevecticn, SLi!T=in-tesT, aca2d*:vs
centrel) may te inglucec i~ *tre cenirgllier for a parvicoisr
agpiicatricn,

[ ] inver+ter - The furctions cf Tre inverter’are Tc provice {2) meter
commytaticn, (t) motcr torgue/sceed centrel, (c) moTer currert
limiting, an¢ (@) mctor crive electrenics (power frarsis*irs,
snybber circuitry, erc.) cceling, Again, accitional furcTions
may bte incluged,

° Actuatcr - The actuater serves a sincle function, to ccrvert
electrical pgower to & mechanical response as & funticn ¢+ the
servc ccmmanc, The configura+tion of Tne actuatcr wiil te *crally

aepengent ypen the FCS requirements; but ceneralily cconsists cf
mcTors anc mechanical crives as a minimum, cach of The atove
are addressed in more detail in the follcwing secTicns.

3. CONTROLLER

A more detailed block ciagram of a ceneral actuation system is shcwn in
Figure B-2. This block diagram is representative of advanced (1990) technology.

The ccatroller consisTs of blecks | tnrough 6. Blceck | gener2tes the speec
ccmrand ¢f the servo motor; block 2 generates The current cocmmanc of The meter;
tlocck 3 allows the servo conirol laws To be alterec during operzricn; ancd bleock
4 provides a monitor function for the FCS. Blocks 5 and § prcvice cempensation
tor the rate and posiTion feedback lcops.

Each blcck may be digitai aor znalcg. However, to implemeant the above con-
tro! scheme, digital appears to te the most viatle., This is due to the avail-
ability of high speed microprocessors; 2nd fthe large numter of ciscrete camce-
nents required by an equivalent analog system.

Interface with the FCS and EMAS ccmponents may te electrical cor cptrical,

4, INVERTER

The inverter consists of bictks 7 through 10 ir Figure B-2, Block 7 gene-
rates a pulse train as a function moter current errcr; blcck 8 contains cemmu-
tation and current control switching logic, and power switch driver electronics;
bicck 9 contains the power switches (trarsistors) required for mctor ccrmutaticn,
torgue/speed ccntrol, ang current {imiting; and btleek 10 senses motor current
and proviages feedback compensation in the current icep. Each cf Trese fincticns
will be explained more tulliy.

The mechanization of the atove lcops have teen examined previcusly (5], anrc
will remain anaiog fcr the far term. This [s due To the freguency resgense
recuirements of the current limit loop., A digital system would require a micro~
processar with a caiculation rate in the gigahertz range. This is consiqered
very unlikely during The near term,
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geesrclisker Ty glecTrice! - oLt
rac

le c.2 "2 *re a2r2tcc corn-roi

o -

Tte grincipal furgTisr of Tre mc=2r irverter assz~c'yv g T2 €-81*" 2
corrutete and cenTrel meTer rovaTicn cver its er~ire scteec rasnge. b gEre
inverter assermtly blcck ciagram is srcwn in Figure B-3.

The trarsistor inverter cocnverts The 27C vQ¢ scurce sCwer TC varlctlg f-e-
quency 3-grase currert accliec cdirectly to the moter wingincz, Figure B~b4 shows
‘+he tasi1{ Tnree phase mctor Grive wavetferms, Tre sequerze in whign “re Tz siz-
TCrs s~iTCh IS conveyec Iy The switeh numper, SI rtrry S6,

The inverter assembly may 21sd encompass & irDLT fi.Ter for concucteac IM:
SUpEression 2nG enercy storage; current sensing tor teecdacx T¢ tre interna:
current control; crive legic fer transistor centrel; mCTer pes vica sensing for
teectack to the switch lagic; anc althcugh NOT SMOwWA, 1CCiC icw fevel pcwer
supnlies for control- anc protecticn tunctions,

4.2 CPERATION

Tre. cenversicn of ¢¢ cower inTe 2¢C pcwer is aczemprishec Sy six SwiTsh Sir~
cuits as incicated in Figure B-L. Each switch (S1 thru $6) consists of a transis-
tor ang voltege lLimiting or snubter circuits (Ri, Cl, anc CRI) as shown in Figure
B~5. internal to the transistor is a parallel free whcel diode that provides a path
for the motor lagging reactive current flow, Eech transistor switch can concuc”
up to a 120 electrical cegree intervel, Duringc this intervel the ftransis*crs ers
mccglated (cn-to-off) tc control The current flow TO *he motor, Thus Cesicnavec
transistors operate in a chopping mede to affectively pulse-w~iC*h-mcculate Tre
3¢ output veltege amplituce, This technicue inserts nctcnes in*c the Su~ouT
wavetcrm that cayse & recucticn in the funcamental current amplituce without
¢ausing an otjectionzble increase in The higher orgder harmcnics,

The inverter is controlled such that the a¢ currant is synchreonizec wi*n
the rotation or phase via motor rotor pesition sensers. The ccntrol lccic uses
motor position sensor information to ferce synchronizaticn between the inverter
current and motor phase rotation, In this manner, the correct relaticnshig
between mctor cenerated EMF (electrcmotive force) anc appliec current frem the
inverter is continuously mzintaineg,

Figure B-6, Figure B-7, and Figure B-8 illustrate the switching and waveforms
involved. Figure B-6 shows the two types of switching, conducting and chopping.
Conaucting switching is used for basic cemmutation; chopping is usec for currenT
control, Figure B~7 shows the different voltage waveforms and resulting current
waveform which exist in the inverter anc motcr. Figure 8 combines the resu'T
cf these wa.etorms over 350 electrical cegrees cf machine rotat 2n,
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Figure B-7. Inverter/Motor Waveform
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Figure B-8. Back EMF and Current Relationch
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The 20G222s wevetdrs is “hne res.!t of 3 puls@e=xiZT- mziltaticn
(*ixes irecuencv, variadie wil™). This vol*ace wave‘crm 27102a5 *72

c.orant *s a rear cunas*ent vil.@, 2s s-c«n in Figure B-7 and Figure B-8.

Cach of 7Tne switcring wave‘orms (gonacCting &nC Tn3Ilir:) mav e resTolITas
to perticular se*s of switches (2s imoiied in figure B-6); or rotated among all
*n3 SwiTenas, for tmaroves .(aermel salance.

4,3 THERMAL MANAZEVINT

Power invarters regquire ccoling due To losses Jevelcsrel Zuring Trans.s~or

SwiTcning ans conducticn, Figure B-9 illustrates three types of cooling applicable
5 saliz s3Ta*2 inverrtars,

COQLING AIR - .
l — — LIQUID) - —— 9
e TRRRENEN =
v Pl SN
IHH T T wie— — T T Ot T
5 =T = =T A\ =T
o ] _ - - Qo -
A, HEAT SINK WITH B8.EVAPORATIVE COCLING €. SVAPORATIVI COOLING
FORCZD CONVECTION wWiTH FORCED CONVICTION WITH COHDUCT. JE
COGLING

asem2

Figure B-9. Inverter Cooling Techniques

Evaporative cooling of electronic devices has grown increasingly popular in
recent years as current densifty ratings of devices have increasad !3]. In com-
parison with ccaventional air-ccoling, the advantages that evagorative coolinrg
offers are significant. They include:

(a) Fewer electronic components - The imbroved ccoling increases the
loac=handling c¢spability of a device, hence raducing *he numter of
the devices reqguired.

(b) Decreased weight and size - Evaporative cooling reduces the cooling
systam size and weightT which normally forms the bulk of the alec-
tronic package.
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12) wizre~ re.iazility - Zlegctraric Zevites 2r2 immers3ec i- & ZJiaiactsi:
irLuil oand ara 09T SsusCeITinl2 T IusT f2u.iag 273 raselTast oo
I2~s. Tre Czo!i"l SvSsT2~ i35 i~nera~tly mor2 raji2dia «"e~ Ther:2
Is no f¢rcesz-2ir 1avolves.

(3] Less mai~terance - Peridcic maintenance operaticns, Sui” as dus-

¢l2aning, ars notT raguired for @iect oniz’ Corcnents aal ne2* siras.

(@) Less noise - Nois2 levels will be very lcw or non-existent,

4,8 DOTwEx TRANSISTIRS

Aawer Transistars Rave Trat.*izraiiv oee~ *ae princical

limi*ing fac*cr i-

The apd>1icatien of trushress Co-2 moTors, where signiticant current leveis were
requirec. Transis*ors are currently availadnle which have very nich current
ratings; but do not have all the desirable characteristics a desigrer wou'3d

like,

Power FET's (tield eflect transistors) offer potential

fer the required hign

in current ratings, in the near future (7). Existing Jesiradie tea*uras of powar
FET's inglude short switching times, low switching losses, and excel!ant lgag

sharing.,

T~ summarizes probadle characteristics of the near Term devica,

T-! Near Term Fg7 Characteristics
FET current rating

FET on=-state resistance (Rpc) at maximum juncticgn
temperaturas of 150°C

FET diode forward voitage drop (Ver) at 50 Adc

FZT current rise (1) and fall (tg) time for
50 amp-dc changes

FET thermal resistance from junction to case
FET gate to source capacitance

Lead inducrance frcm the 5T
voltage source

assembly To a

Max Imum allowable FET drain to scurce voltage caused
by swiftchiag

5. SumwARY

S0 amp

0.10 onm

1.5 vdc

S0 nsec
0.42°C/watt

19C0O pF

0'3 H

325 volts

A general description of a near term £MAS nas been presentecd. (.onstruc-
Tion, operation, and technalcgy assumprions have been stated.
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it is amzasizes Tha® tlhare ara AyTRroLs metRIIs for magheailing

tisng =2y CicTata s;€s. 3. (185 &s5Ir22sNes To sssvem csnrol, Ser FI3 2
Tisng in The near tarm hQeever, Tae prasantel ari-cant appers T oce 2
Tive and viatle,

cansaran= of +he VLS (can-roller, iaverter, ac*ia=cr). inzivizuszl
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APPENDIX C

AIRPLANE ACTUATION TRADE STUDY

This appendix includes the work done by AiResearch, under the direction
of S. Rowe, as part of their effort under service agreement L9FM-11231-405 to
finalize the definition of the controllers and inverters needed for implement-
ing the "all-electric" (Aircraft I) approach to the trade study. Work included
in this appendix also further refines the weight and envelope data for the
inboard flap actuator as well as those for the other major flight control actu-
ation functions. These latter data were used directly in the preparation of
Figures 25 through 31.

zns ™ e
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Appendix C

Al! Electric Airplane Study
Service Agreement L9FM-11231-4Q5
Progress Report for the Period Octooer 1980 ~ January 1981:
Advanced Electromechanical Actuation Systems

PREFACE

This document is submitted in conjunction with Service Agreement
L9FM-11231-405, All Electric Airplane Study. The data submitted herein is pre-
sented to faciiitate canpletion cf the subject study. This document, in addition
to previously submitted data, shal! serve as a progress report for the period of
October 1980 - January 198!,

tNTRCOUCTICN

Several objectives of the statement-of-work have been campleted during this
reporting period. Specific accomplishments are:

° ldentification of actuation system performance requirements

. Preliminary design of candidate actu~tors, and candidate selection
] Inverter analysis and design

e Controller concept selection and sizing

Each ot The above are addressed in following sections.

REQUIPEMENTS

Performance requirements for the actuation systems were defined by the i
customer during 1980 [3). Subsequent discussions betwsen AiResearch and the ]
customer modified the flight control system (FCS) actuation system performance
requirements to less stringent, but who!ly satisfactory criteria.

A summary of FCS actuation system performance may be found in Appendix A.
ACTUATORS

Actuator performance and other design requirements were examined (I]. Using
these data, preliminary designs for FCS candidate actuation systems were gener-

ated using the tfollowling approach:

® Motors were sized based on duty cycle, and steady-state and dynamic
performance requirements

° Mechanical drives (output reduction) wers sized based on peak load i
and life requirements 2

et h g
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° Gearheads (infermediate reduction) were sized based on gear-ratio and
load requirements

L Actuator dimensions and weights were calculated using the preceding
data

Assumptions used To estatlish actuator configurations were;

) All motors are a brushless direct current-permanent magnet (DC-PM)
configuration

) Motor magnets have an energy product (BH) of 22 X (06 Gauss-Oersted :
® All reduction is simple planetary, compound planetary, or bal lscrew

Candidate designs may be found in Appendix B. A final selection was made
after consulting the customer. Selections are indicated in the appendix.

INVERTERS i

Inverter sizing is usually determined by the type of cooiing employed,
Natural radiation and convection (heatsink) techniques are a first choice Que
to their simplicity and low cost. However, size and weight become unacceptable
at higher pawer leve!s (5-6 kw inverter rating) and alternate coaling schemas
must be investigated.

Inverter current requirements for each of the actuation system motors were
determined, and may be found in Appendix C. The inverter confiquration previously
submitted was assumed, and is discussed in Reference [1]. Devices were selected
based on current requirements, resultinc in two power tield effect transistors
(FET) with ratings of 25 and 50 amps. F.7 characteristics and rationale are pre-
sented in Reference (1] (the 50 amp device represents 1590 state-of-the-~art),

Cooling requirements were determined next, by calculating inverter losses
as a function of duty cycle for each actuation svstem. Ccoling technigues wers
evaluated, and the following conciusions reached:

° All systems requiring a 25 amp or smaller inverter may be cooled by
natural radiation and convection

® Al other systems requiring more than 25 amps required alternate
technigues, and evaporative cooling was selected

Evaporative cooled inverters suitable for the required application had been
previously sized in a similar study (2], Inverter configuration is depicted in
Figure C-1. Existing inverter dimensions were scaled to take into account appli-
cable boundry conditions, and are tabulated in Table £-1. Note that forced con-
vection with surface finning was assumed for inverter cooling.

't may be possible to eliminate any external cooling requirement by

increasing inverter fin area and coolant mass, This will require as a minimum,
simulation of inverter transient thermal! resporse.
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HEAT TRANSFER SURFACE

[P

FET/SNUBBER BOARD

FET DRIVER BOARD

POWER SUPPLY/AMPLIFIER

FLUIO LEVEL INDICATOR

PQWER ELECTRONICS

8us

COMNECTOR—*

ORIVE ELECTRONICLS -

Figure C-1. Evaporative Cooled Inverter (No Fins)

Table C-1

Evaporative Cooled Inverter Data*

Actuation Current
System Rating Diameter Length Weight
. Inboard Flap 150 amp 7.2 in 18.7 in 38.0 b
: Midspan Flap 50 5.0 10.4 12.5

*Finned surtace with forced convection, 130°F, 50 ctm, 2 in=H50 P

Subsequently, the remaining Inverters were sized using individual heatsinks
for FET cooling. Figure C-2 shows the heatsink used, and Fiqure C-3 Illustrates

inverter configuration. A common design was used for all remaining actuation sys-
f‘ tems in light of the small size of the 25 amp inverter. Table C~2 summarizes inver-
ter characteristics.

A summary of the tnermal analysis for the each inverter configuration may
be tound in Append'x D to this appendix.
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Figqure C~2. Heatsink Configuration

FOWER SUPPLY +

/ FET DRIVER CARDS~

FET/SNUBBER
CARDS

CONNECTOR

HOUS ING

SNUBBER
CIRCUIT

HEAT SINK

Figure C-3. Natural Radiation/Convection Cooled Inverter (Typical)
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Appendix C
Table C-2
Natural Radiation/Convection Cooled !|nverter
Actuation Current
System Rating Ltength Widtk Depth Weight
Alleron, 25 amp 1l in 7 in 3 In 10 Ib
Canard,

Leading Edge Flap,
Upper/Lower Rudder

CONTROLLER

A controller was configured for multiple actuator contreol, using the concopt
of Reference [!]. Up to six inverters and motors, and four actuators may be
interfaced with the unit. This approach allowed the use of a common controller
for all 270 vdc servas. Controller characterics are sunmarized in Table C-3.

Figure C-4 is a block diagram of the controller. The unit is full DMX (digitai
multipiexed). All Interfaces are shown as cptical, although if transmission
distances are short, electrical interfaces may be desirable. A feasible scheme
would be optical for the FCS, motor, and actuator interfaces; and an electrical
interface for the inverters,

biad e ol ot o LT EL 2

Table €-3

CONTROLLER SUMMARY

Dimensions 4 x4 x8 in,
3 Weight 5 Ib
Cooling Air

Interface Optical/Electrical Bus, Power

Function Supports up to 6 inverters,
6 motors, and 4 actuators

Two way buses are used for the FCS and inverter intertace only, all other
buses are one way. This was chosen since only feedback data is necessary from
the motors ard actuators. ’
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Appendix C

Controller Interfzce is shown in Figure C-5. Note that all motor and actuator ¥
data flow to the controiler. Motor data is required by the inverter for commuta-
tion (rotor position), so any necessary data are passed on To the inverter by
an aptical~optical or optical-electrical coupiing, as required. Figure C-5 indicates
that any actuation system data may be made directiy available to the invarter,
as necessary. Table C-4 summarizes FCS-controller interface.

Current limtt contro! and cemmutation lecgic were assumed to be integral
with the inverter. A multiplexed interface (optical or electrical) would also
be required at the inverter. §

Control of fthe clutches and brakes of the various acruation systems was
assumed to be performed at the controller. Discrete wiring was alsc assumed for
clutch/brake power., The devices are controlled by solid state relays located
in (or near) the controller. Figures -4 and C-5 illustrate interface and operation.

PROJECTED PRQOGRESS

During the next reporting period a detailed design of one FCS actuator will ;
be performed. The customer will be consulted prior to the start of the detailed
design, for actuation system selection and envelope specification

REFERENCES

1. Rowe--AiResearch Report No. 80-17351(1), All Electric Airplane Study,
Progress Report for the Month of September

2. Rowe--AiResearch Report No. 80-17284, Electromechanical Airplane Actuation
Trade Study
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Table C-4

S e — e —— s gt i

Controller Intaerface Requirements

.-

Aircratt~Control ler
® 1-2 way or 2-1 way data bus
° 270 vde

Contro!l ler-|nverter

° 1-2 way or 2-1 way data bus
L 270 vdc

2 inverter-Motor

; ° 3-phase wiring

Control ier-Motor
p ° 1-way data bus*
1 Contro! ler-Actuator

: ° i-way data bus

Discrete wiring (1 per clutch/braks)

270 vdc

*May be possible to reduce to 1 bus ner actuator
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Appendix A

Actuation System Requirements
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Actuation Preliminary Designs L -
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Appendix D=3
Evaporative Cooling Analysis

Evaporative Cooled |nverter Analysis

As a baseline configuration, a SO-amp inverter with a 50-percent motor sgeed
and current duty cycle was used for analysis [1]. At this current rating, the
inverter bridge consists of six electronic circuit packages, each with a FET in
a TO-3 can that dissipates approximately S0 watts. The cooling requirement is to
maintain the FET junction temperature below 150°C; preferably below 125°C.

R-113 (trichlorotrifluorcethane) was selected as the coolant. It has been
used succaessful ly for evaporative cooling of power semiconductors for traction
motor choppers. The boillng heat transfer ccefficients tor R-113 were derived
from recent AlResearch heat transfer test results for a thyristor/bustar assembly
immarsed in R-11 (trichlorofiuoromethane) (2],

A cylindrical configuration was used for the inverter. 7he six electronic
circuit packages would be contained in a right circutar cylinder which is filled
approximately by 90-percent in volume with R=-113. The cylindrical container
serves as the R-113 condenser. When boiling occurs, a vapor zone above the liquid
is generated and condensation takes place on the metal surface cf the container
and the vapor returns the liquid state. As such, the container/condenser should
be designed to meet both inverter packaging and heat transfer requirements. The
R-=113 temperature selected for the baseline condition was 93.3°C (200°F). The
corresponding vapor pressure is 54.7 psia.

Forced air cooling of the inverter assembly was selected due To simplicity.
F-1 shows a schematic of the forced convection cooling approach. AiResearch
plata-fin matrices are placed over the hollow cyiindrical Inverter and I30°F air
is blown through the fin passages keepling the inside metal surface relatively
coo! for R-113 condensation, Also shown in F-1 is the eftect of air volumetric
flow on the overall size of the inverter and on the resuitant pressure drop across
the plate-fin matrices. With a fixed air flow, the plate fin configuration
(12R=-0.3~0.5(Q0)-0.006(2a!))* Indicated high heat transfer capability while keep-
ing the pressure drop within acceptable range. To acguire a low fan energy con-
sumption, the pressure drop which is a square function of the air flow should be
kept at a minimum. The design air flow of 50 cfm exhibits this characteristic
depicting a pressure drop of 2 inches of Hp0. An incremental reduction of the
alr flow will significantly increase the inverter size as projected in F-1, An
increase in air flow results in a substantial increase in the pressure drop.

A giameter of 5 inches (over fins) was chosen for the 50-amp inverter. The
data of Figure C-6 reflects this choice. A length of 8 inches for the heat exchanger
provided the required surface area. Table C-5 provides a summary of pertinent data.

Oimensions for alternate ratics of length to diameter may be calculated by
maintaining a constant heat exchanger surface area. Also, the unit may be scaled
for larger current ratings by holding the dissipated watt-inch-!constant, and
maintaining boundry conditions.

*AiResearch heat exchanger designation.
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Table C~5

S0-Amp inverter Heat Exchanger Summary

[ Ol ame ter 5.0 in i
L Length 8.0 in ‘3
e Configuration Aluminum, radial tins ;
. Coolant Data
Type R=-113
1 Temperature 200°F 3
Pressure 54.66 psia at 200°F
Density 97.45 1b~f1-3 at 80°F
; Vo lume 90 percent fill
f * Cooling ;
E Type Air :
; Temperature 130°F ]
Flow 50 2fm

References b
. Rowe - AlResearch Report No. 80~17284, Electromechanical Airplane Actuation

Trade Study

2, Kim - AlResearch Document No. 09303-46685-D11, "Pale Face - to - R-11
Thermal Resistance - Evaporative Cooling of Power Semiconductors for

Rall Vehicle Choppers"

ol g

T Pt it e At B M0t S it

B L O s £ ) b B At n L,

"

e~
o a—— i ottt v
PP Ak . 2 At e a0

323




g TR ey PEERREERTRREAR T T e TEERTEREEEEET T e R TR e

U Y PG ATINS i 3 <o e
5
j APPENDIX D :
AIRFLANE ACTUATION TUADE STUDY f}:
This appendix includes the work done by AiResearch, under the direction ,'::,
of S. Rowe as part of their effort, in accordance with service agreement
L9MM-11231-405, to provide a detailed design of the inboard flap actuation .
system. This detailed design was undertaken to give a higher level of y
confidence in the projected weights, envelopes and life cycle cost figures 3
used for the other 6 flight control actuators. The data generated in this
appendix also provided a basis for the motor weights shown in Figure 38. A
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Appendix D

ALL ELECTRIC AIRPLANE STUCY 3
SERVICE AGREEMENT LYFM-11231-405 |
PROGRESS REPORT FOR THE PERICD FEBRUARY - MARCH 1981: . i
ADVANGED ELECTROMECHANICAL ACTUATION SYSTEMS
PREFACE 4
This document i submitted in conjunct.on with Service Agreement '
L9FM-i1231-405, All Lt actric Airplane Study. The data submitted herein is )
presented to facilitate campletion of the subject study. This document, in ]
addition to previcusly submitted data, shall serve as a progress report for i,
February - March 1981, ‘
.
I NTRODUCT 1ON b
Speci fic tasks completed during this reporting period were: i
e Inboard tlap actuation system detailed design I
i
. e Motor performance trades based on 1390 technology projections ¥
e Study overview and summary i
: Each of the above is addressed in this progress report, {
. This submittal satisfies The statament-of-work (SOW) data requirements, -
o and completes the subject study.
P }
¥ DETAI LED DESIGN b
]
H Detalled design of the Inboard flap actuation system was performed in .
accordance with the SOW [!]. The inboard flap was selected by mutual agreement ]
tetween the customer and AiResearch, #
i The completed design Is described in the following drawings: ;
{
| Drawing No. Title L
b
l 2022824 System Qutline, Flight Control ‘
l 2022794 Gearbox Qutiine, Flight Control §
i 2022796 Gearbox Outline, Flight Control 3
i 2022798 Power Drive Unit Qutiine
F; Performance data for the system is tabulated in Table D-1. System weights are . g
i shown in Table D-2, including the required motor inverters and a system controller.
i Additional system and component data may be found on the drawings. '
: L
- 3
M 7 -
: i
! »
326 ';
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Table D-1

inboard Flap Performance

Stroke +30°
3 -45°
Rate 100 deg-sec~!
Load 453 X 103 in-~ib
@andwidth (+1°) > 30 rad-sec~! (at O dB)
Static Stitfness s8 X 106 in-1b
Table D-2
% Inboard Flap Weight Summary
B
: Controlier: I XS Ib= S Ib
Inverter : 3 X 38 = |14
Actuator I X 100 = 100
Position Feedback: t X1 = i
220 Ib

A briet description of the actuation system and 1ts components is given
beiow,

Actuation System Description (2022824)

The inboard flap actuation system was designed to satisfy the operating
and performance requirements determined by the customer and AiResearch [2].
Thy actuation system consists of the following components:

| tem Bal loon No. Qty Description .f
| - 1 Control ler
2 - 3 Inverter ;
3 i 3 Power Orive Uunit ;,
4 2 1 Torque Tube
s 5 3 1 Reduction Gearbox
: 6 4 1 Torque Tube ,
7 5 1 Hingel ine Gearbox ' 'f
: 8 - | Position Feedback Assembly ;f:

Items 1 and 2 have been addressed in previcus reports (1, 2, 31. I!tem 8
was assumed fo be a module containing three RVDTs and reduction gearing, but
was not addressed in datail,
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Operation of the actuation system is typical of 270 vdc systems (see Figure D-1
and drawing Ho. 2022824). The controller commands the inverters as a function
of servo position and motor speed feedback. Each inverter in turn controls the :
current to its respective motor in the power drive unit (PDU) by means of a l.w
current feedback toop. Motor response is torque summed in the PDU, and is out- SR
put through 2 torque tube at motor speed (1:1 ratio)., This torque tube then .
drives a reduction gearbox (B88:1 ratio) and makes a 90° turn, so that the reduc-
tion gearbox output lies on the hingeline gesrbox centeriine. The hingeline
gearbox (15:1 ratio) then positions *he inboard f1ap, Feedback loops are pro-
vided at the reduction gearbox (actuator position), POU (motor speed and rotor i
position), and inverters (motor current). .

Actuation system camponents are described in the following paragraphs.

Power Orive Unit (2022798)

Each POU consists of three brushless direct current-permanent magnet
(DC-PM) servomotors, each powered from a 270 vdc source via inverters. Motor
torque is output through clutches (which can decouple a failed motor from the
actuator drive) to a tnrque summing gear train. PDU output is at 90° to the
motor axes due tc actuation system installation. All gearing is supported on
bal | bearing assemblies. Due to moto-/gearing speeds fmax speed is 22 Krpm),
oii siing lubrication is used in the PDU gear housing.

Additional data on motor design may be found in drawing 2022798, and in a
later section of this report. Additional data on the PDU gearing is presented
in the drawing, al!so. 3

Reduction Gearbox (2022796)

The reduction gearbox provides speed reduction between PDU and the hinge~
lire gearbox. |t consists of compound planetary gearing supported on rotller 3
bearing assemblies; and a beve! gear at the input supported on ball bearing b
assemblies. Position feedback for the actuation system is provided by an
output shaft which drives a redundant RVDT fsedback module.

See drawing 2022796 for additional information. _ L r

Hinge!ine Gearbox (20227943

The hingeline gearbox camprises fourteen identical stages ("slices") of = 2
compound planetary gearing operating in mechanical paraliel. The load is R
distributed uniformly (approximately) alcng the langth of the gearbox. An p -
input staft, which runs the full length of the gearbox, is supported on ball L
bearing assemblies and engages planets a* each siice. The planets then drive B -
each output slice, positioning the inboarc flap.

O awing 2022794 provides additional data on the hingeline gearbox.
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Comments and Recommendations

The design presented in this report for the inboard flap meets or exceeds
the operating and design requirements agreed upon by the rustomer and AiResearch.
This has incurred a penalty in terms of system weight, however,

Referring to Table D-1, it is noted that the maximum operating load (stail) of
the actuation system i3 453 X 107 in.~-lb, while the maximum toad seen by the
: inboard flap is 216 X 105 in.-1b (4], This results from the design stall torque
of the three torque summed motors. The drive ot the actuation system, includ~
ing the hingeline gearbox, was designed to accanmodate this stalled condition.
1t an accentable assumption is that the maximum drive load Is 216 X 103 in.~1b
under any circumstance, then system weight could be reduced. For examplie, the
hingeline gearbox weight would drop from 50 Ib to approximately 25 1b if this

assumpticn were enforced.

It i< recammended that the customer evaluate the feasibllity of this
design assurption.

Ly R

MCTOR PERFORMANCE TRADES

wwY

Motor performance trades using assumed 1990 technology were pertormed
early in the study. Oata resulting from this effort i3 cresented in Appendix A.

All motors used in actuation systems sized ¢r designed during the study
wera sa2iected in accordance with the criteria of Appendix A.

STUDY CVERVIEW AND SUMMARY

This section presents an overview of the work accamplished during the
study, in chronological order; and a summary of study findings.

Qverview

: The study SOW [I] was reviewed during September 1980 and work initiated
i during that same month. Trades with particular emphasis places on actuation
; system configuration and control were performed and used to establish the

approach to be utiiized (31,

f
j From October 1980 through January 1981 the customer's design requirements
i vwere evaluated [4]; and preliminary designs for specific actuation system and
i retated canponents were campleted (2, S1.

!

February through March 198! saw the selaction of the inboard flap actua-
tion system for in-depth analaysis, and completicn of its detailed design (51,
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2.

3.

4.
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Conclusions drawn from the study program are presented helow:

1. Motor designs investigated provided low weight designs with excelient .
dynamic response capabiiity. For the environment and duTy cycle ccn= N
sidered, active cooling was found 1o be unnecessary. 2

2. Inverter designs are driven by thermal considerations. For the
device characteristics and duty cycle assumed, evaporative cooling
appears to be a likely choice for high current units (25 amps or
more); while tow current units (25 amps or less) were adequately
cooled by means of conventional heat sinking.

3. Actuation system control is best sccomplished by a microprocessor
based controiier for surface position, motfor speed, and rotor position,
Due to required calculation rates, use of digital control for the %
current loop is impractical and witl remain analog.

4. Available envalopes tor +he actuation systems played an important
role in estabiishing actuation system cont igurations. I most cases,
PDUs driving hingeline rotary gearboxes were found to be most suit-
able. .

5. Actuation system weight in most cases can be reduced by sizing the .
machanical drives for maximum design loads, as opposed to 5imultaneous :
motor statl. The acceptabifity of +his approach would require review :

by the customer.

Green ~-- AiResearch Letter No. CBRG:9327: 1011, Subject: Rockwell Service ! ;
Agreement, LOFM=-1 1231=-405, All €ilactric Airpiane Study. b

Rowa -~ /. iResearch Report No. 80-17351 (2), All Elactric Alrplane STudy, ‘
Progress Report for the pPeriod October 1980 -~ January 198 (.

Rawe -- AiResearch Report No. 80-17351 (1), Atl Electric Airplane Stucy,
Progress Report for the Month ot September .

Helsley —=- Rockwall International Report No. NA-79-492, Airplane Actuation
Trade Study, First (nterim Tectnical Report.

Rows -~ AiResearch Report No. 80-17351 (3), All Electric Alrplane STudy,
Progress Report for the Period February - March 1981.

T —
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Appendix D

APPENDIX A-1

MOTOR SIZING AND ANALYSIS

Motor selection Is probably the most critical phase of EM actuation system 3
design. The motor seiection will determine actuator performance, infiuence 4
actuatnr configuration, and dictate actuation system control. Design constraints
ptaced on the motor will affect the actuation system design, alsc. |

For primary flight control servo applications, brushiess DC-PM (direct
currant-permanent aagnet) motors appear to be the most likely motor candidate
[1, 2]. A 270 to 300 vdc power source Is probable, due to the avallability of
400 Hz 3-phase ac power and past experience with high voltage dc actuation
systems {1, 3, 4]. Servo control would be accomplished by means of a transis-
torized inverter, with control logic for inverter switching (commutation),
current limiting, and control law impiementation. Figure D-2 illustrates this
type of machine.

For other servo appiications, induction motors and brush DC-PM motors
are likely candidates. Advancements of these types of mators ware helieved
to be of less importance than the brushiess DC-PM motor for high performance
servo applications and thus rot considered for trade studies.

made, and used as a starting point for motor trades. The assumptions developed
wore believed to be realistic and reasonable, for the time frame invalved.
Assumptions with rationale are provided below.

A.1.1, Magnets

Determination of magnet energy product and characteristics are significant
tas«s in motor design. Materials with energy products as high as 30 x 108
gauss-oersted have been de.eloped, and materials with energy products of 23-26
x 106 gauss-oersted are readily available (5, 6, 16]. However, most magnets
are presentiy supplied in the 16-22 x 10 gauss-oersted range. While increased
energy product is generally desirable for motor design, other factors must be 3
considered in materia! selection.

Coercive force (H) must be sufficiently large in magnitude to aliow fuil
utilization of the material's filux density (B). Insufficient coercive force
cou!ld allow demagnetization due to motor currents beyond design {imits (short
circuit, current limit overshoot, etc.). Additicnally, sievated operating
temperatures decrease magnet energy product, and susceptibi!lity to demagniti-
zation increases. These effects are Iliustrated by the B-H piots shown in
Figure D-3.

increased magnet energy product (23-30 x 106 gauss-oersted) is also 1
associated with increased cost. This Is due primarily to the need for sig-
niticant fractions of the less common rare earths and limited source metals 3
(semar tum, praseodymium, and cobalt). Increased demand for these materials 3
would affect cost and availability in the future {17},
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The number of manufacturers producing hligh-energy product magnets is
quite Iimited. Most deal in the 16-22 x 106 gauss-oersted range. This tactor
would tend to restrict future suppllies, also.

Recent trends In rare sarth-permanent magnet development emphasize reduced
cost and Improved supply rather than increased energy product {171. In light
of the atorementicned factors, the probability ot using very high energy pro-
duct magnets appears to be uniikely. Rather, use of new magnet materials
with more desirable characteristics in the 20-24 x 106 gauss=-oersted range
appears likely for the near term.

for these reasons an energy product of 22 x 106 gauss-oersted was used as
a reasonable compromise. This energy product represents a balance between B,
H, cost, and availability for rare earth-permanent magnets during the near term,

It should be noted for the operating temperatures anticipated (250°F
ambient) that any differance in performance between machines using 22 x 106
and existing 30 x 106 gauss-oersted materials would be negligible due to the
degraded per formance of the highest energy product materials at elevated
temperature.

4 A.1.2 Motor Speed

A maximum motor no-load speed of 25 Krpm was assumed as a design con-
straint, for reasons explained later. Running motors at the highest speed
possible is desirable since this reduces motor size and weight for a fixed
output power.

The following reiations define motor power, speea, and torque:

Wp = Tin O (A-1)
Tm = Kelm (A-2)
ém = Ke™1Vp (A-3)
where
Qm = motor power
Tn = motor torque
ém = motor speed
lm = motor current
: Vm = motor voltage drop
: K¢+ = torque constant

Ke *= voltage coastant
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Appendix D

increasing motor speed will decrease motor copper loss® due to winding
changes, allowing reduced machine dimensions. Thermal etfects are usually
a constraint in motor dimensions.

Motor speed cannot be increased Indefinitely, howaver, due to motor and
actuator design constraints, Hoop stress in the rotor magnet sleeve due to
centritygal loads must be considered, as well as rotor surface velocity. In
electrical machines, stator hysteresis losses and eddy currents can bacome
excessive as frequency increases. Inverter switching frequency and switching
losses may incresse. Additional drive reduction is required at high speeds,
for a tixed output speed, and gedring is usually velocity limitea to 3C Krpm.

Thus, an upper limit of 25 Krpm was used 3s a reasonable compromise,
based on gesign constraints and past experience.

A.1.3 Dynemic Response

Since the mctors were meant for use in primary flight control servos,
frequency response was a prime consideration as a pertormance parameter.
Most EM actuation systems are accelerztion limited, thus determining the
maximum possible bandwidth, %+

Bandwidth (no-loc2c) for a single motor servodctuator, assuming acceleration
saturation, may be cazlculated from

w =y [ Om (A-4)
Ax G
.o = Tm
Tr = Ktlm (A=6)
Jeff * Jm * l
G, (A=7)
wnere
w = bandwidth
6, = motor acceleration

Tm = motor torque
Im = motor current
¥ Winding resistance losses; see parsgraph A.1.4,
**This is true for operatior 8s a |inear system; l.e., up to acceleration

saturation. Bandwidth tor the system in the nonlinear (saturated) recion
may be acceptabie depending upon the frequency response speciticaticn,
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Equations (A-4) through (A-7)

motor inertia

load inertia

eftective inertisa, refiected to motar
torque constant

actuator position cummand ampl itude
actuator gear ratio

gearing efficiency

Appendix D

illustrate that there are numerous possible

solutions for motor and actuator parameters (lym, Ky, Jm, G,M) given w, A, and
Jdys Aitempts heve Desn made to develop analytical procedures for "optimum®
motor design hased on bandwidth requirements; but they failed to address other

msTor and actuator constraints [1, 7, 8, 9.

In order
bandwidth for
criteria were

where

Tm

of—

to gevelop a family of motors which would provide adeguate
the various actuation systems under consideration, *he fo!lowing

employed:

= Erated , 50 msec

9s‘rall

= L <3
2r

érefeg = motor speed at rated power

8gtal| * motor acceleration at stal! tarque

Tm
a

r

= motor time constant
= motor rotor dlameter
= motor rotor length

s motor rotor regius

Figure D-4 illustrates motor dimensional parameters;
pertormance parameters,

337

2

(A-8)
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Figure D~4, Brushless DC-PM Motor Detail

A: UNREGULATED
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€: 25% (CONTINUOUS)
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D: 100% (RATED)
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TORQUE —» (CURRENT LIMIT)

A2y

Figure D-5, Motor Performance Points
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Tm is the time required for the motor to accelerate from Point € to Point D
ot Fiqure D-5. The motor accelerates under constant torque with no-load, which
is accomplished via current limit control in the inverter. This parameter is a
measure of the motor's dynamic response; it should not be confused with the
Time constant which reflects the time required for a motor to reach 63.2 percent

2 A e

§ ot commanded speed tor a step commandy i.e., i
! ;
; . v i
b O (1) =| Ml{i - exp (~t/T)] (A-1D) :
i Ke :
¢ Ad
A
i i
,, te IR (A=11) L
KKg fi

where R is the motor winding resistance, t is time, and V, is a step voltage

apolied across the motor. The above time constant results from a linear analysis 3
assuming voitage control of the motor, and does not assume constant torque i
{(constant current) operation {[10].*

Equation (A-9) is a dimensional constraint owed to manufacturing difti- :
culties and dynamic stability. Generally, it the rotor 1/d ratio exceeds 3:1,
winding the motor stator becomes difficult due to motor configuration (see
Figure D-6); dvnanmic stability of the rotor becomes & concern due to bending
modes. Also a large |/d ratio favors lower values of 1, since this produces
2 lower rotor tnertia than a small {/d.

Utilizing the two constraints, Tty and 1/d, allowed a family of motors to
be designed without regard to detail actuator performance characteristics. i
Since the motors were expected to satisfy or exceed dynamic response require- :
ments for most actuator applications, motor characteristics could be paramet- f
rically taculated for trend analysis. Also, motors could be selected by use v
of parameters other than dynamic response, greatiy simplifying the design oL

process. o
hi
L

A.1.4 Thermal Considerations :

The performance of any motor is limitec by duty cycle. Losses developes .
by the motor as a function of locad and speed must be considered duiring motor 4
design (and during motor selection), or overheating of the windings may occur. '

; The two most significant losses which must be accounted for are rusistance

% (copper) losses, and hysteresis and eddy zurrent (ircn) losses. Relations for
these losses are {11]:

o ia

*The analysis used (equations A-10 and A-11) develops The motor mechanical
time constant ftor the case of negligible imductance and viscous lcsses.

]
]
b
g
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i
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STATOR
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Figure D-6. Stator Cross Section .

. 2 ‘
Wey = InR (A=12)

i
Wir @ YpKp + “nKec

copper loss ]

(A-13)

u

where Weu
ﬁ;r = iron loss
Im = motor current
i wy = motor (commutation) fregquency
R = winding resistance

= @ddy current loss coefficient

Fg3
@
0

X, = hysteresis loss coefficient

Y

Iron losses are usually controllable by Judicious machine construction and ;
mster ial selection; copper losses may be difficult to centrol depending upon !
stator resistance and duty cycle. In order to maintalr manageable steady-state 1
and transient temperatures, & maximum current density of 18,000 amp per square §
inch of conductor was chosen. The selection of this value was based upon anal- ¥
ysis of the specification duty cycle (see paragraph A.Z2). f
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A.1.5 Uther Assymptions

Other assumptions for motor design included a six-pole rotor configuration,
with radially oriented magnets. Additional constraints and assumptions were
made, consistant with experience.

Table D-3 summarizes the principal design assumptions and constralnts,

TABLE 0-3

MOTOR DESIGN ASSUMPTIONS AND CONSTRAINTS

Magnets: BH = 22 X 10° gauss~-cersted
No-Load Speed: éMQ, €25 Krpm
Time Constant: Tm <50 msec
Rotor Dimensions: 1/d £3
Stator Current Density: 18 Kamp-in=2
Rotor Configuration: 6 pole, radial magnet orientation

A.2 DESICN INVESTIGATICON

A tamily of motors using the criteria of Table D-3 was designed by use of
a camputer program developed at AiResearch [12]. A brief description of the
program is given in Appendix A-2.

Motors were designed as a function of peak (ratea) power, over a range of
horsepower. Key motor data are tshulateg in Table D-4. Some of the data were
used to calcu:ate parameters of interest and plotted, also. These data are
shown in Figur-es D-7 and D-8.

Since motor dynamic response was a key parameter in selecting motor design
constraints, a more detailed investigation of 1, and its relation to other motor
parameters was conducted. Two general cases were excmined: (1) motor charac-
teristics as 2 function of 1/d for fixed rated speed and Tp; and (2) motor
charscteristics 2s a function of tn for fixed Wy and 1/d.

Four values of 1/d were investigated for the first case. A rated foad
speed of 20 Krpm was used. Data for this case are tabulated and plotted In
Table D-5 and Figure [-9, respectively.

In the second case, three values of Ty were run, assuming a motor power
of 60 hp., This power rating was used since T, can cause extreme variations in
motor size and waight for larger machines. OData for this case are presented
In Table D-6 and Figure 0~10.
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COMSTANT VARIABLES:
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A.3 THERMAL INVESTIGATION

A pre!liminary therma! anatysis of cne motor was performed as part of
Task 3. The object of the analysis was to determine motor cooling techniques
to assure that critical motor elements (i.e., permarent magnet, copper windings,
etc.), remained within material temperature limits. A summary of the analytical
results completed is presented below.

The motor selected tor analysis was the 20 hp motor presented in Paragraph
A-2. This motor was selected because its tharmal flux density was representa-
tive of most of the motors generated. The motor was operated under the follow-
ing duty cycle:

(a) A steady-siate condition at 10§ speed and 25% ioad.

(b) A fwo-minute transient condition immediately after case 1 at 100%
speed and 50% load.

(c) A short time (less than 1 second) transient-state condition immedi-~
ately after case 2 at 100% speed and 1004 l!oad.

The provisions above were used as a baseline condition for the thermal analysis,
and were determined to be representative of the aircraft requirements.

There were two motor cooling techniques investigated in the analysis, The
first implemented fins on the housing to increase the natural convection and
radiation heat fransfer to the surroundings (no forced air in the motor). The
fins would be cast on the 1/8 inch thick aluminum stator housing, spaced 0.25-
inch apart with a Q.04-inch fin thickress and a 0.5-inch fin height. Figure
D-11 shows this finned housing configuration. A schematic diagram of the second
cooling technique appears in Figure D-12. Cooling air is ftorced through the
rotor to keep the Sa-Co (samarium-cobalt) permanent magnets at an acceptable
temperature level, Figure D-13 shows a drawing ot the rotor cooling flow pas-
sages: (1) rotor-stator gap-flow, (2) 6-32/32~inch hole-flow, and (3) rotor
web shaft fiow. This cooling scheme did not use fins on the housing. The
motor thermal nodal network is also shown in Figure 0-13. The first of each
set of numbers represents the air inlet half of the motor, while the numhers
in parenthesis represent the air outlet half. The S3-Co permanent magnets
(nodes | & 6) are contained by a sleeve (nodes 43 and 44), The stator stack
windings are represented by nodes 11-12 and 26~27 while the end-turn and end-
section windings are nodes 13-14, 28-29 and 15, 30, respectively.

The motor nodal mode! was prepared by means of the AiResearch Stator
Arma+ure, and LIM Thermal Mode! Genaration Computer Program HQO61 (Appendix A-2).
The program connects each of the motor nodes by a conduction and convection
resistance array such that the motor thermal mode! may be combined with the
rest of the system. The complete model is then analyzed by the AiResearch
Thermal Anaiyzer Computer Program HO910 (Appendix A-2).The latTer program is
capable of simulating conduction, convection and radiation calculations and
other heat transfer mechanisms.
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I

The losses of the 20 hp motor for the duty cycle are shown in Table D-7,
and were obtained from the motor design program [12]. All entries in the table
are in watts and copper losses are based on 300°F temperature. The actual
copper losses used in the analysis, however, varied as function temperature
depending upon the resistance characteristics ot copper.

TABLE 0-7
MOTOR LOSS SUMMARY

il o

Motor
Speed Back Pole
Condition (rpm) | Copper Tooth lron Head Windage Total :
104 speed 1800 63.72 8.92 8.16 3.51 0.02 84.33
25% load
100% speed 18000 252.4C 135.50 120.0 44,66 5.26 557.82
50% 1oad
1004 speed 18000 1021.30 127.8C 113.20 115.56 5.26 1383.12
100% load
Notes: All {osses are in watlis 3

Copper losses are given at 300°F

The results of the thermal! analysis for criticai motor etements are tabu-
lated in Table D-8. Entries under cooling scheme A and 8 utilized the finned
housing configuration where motor cooiing was achieved by natural convection
and radiation to a 130°F and 250°F ambient, respectively. Cooling schemes C
and D, on the other hand used forced air through the rotor to coo! the motor
! with an air intet of 130°F and 250°F, respectively, both with 250°F ambient.

‘ As noted in the table, temperatures under Al, B1, Ci1, and D! depict steady ]
] state temperature predictions with 10 percent speed and 25 percent duty load j
under the respective cocling scheme. Entries under A2, 82, C2, and D2 are )
temperatures at the end of the two-minute transient state condition with 100
percent speed and SO percent load, immediately after the steady state run.
ilkewise, temperaturaes under A3, B3, C3 and D3 are the transient response at
indicated elapsed time with 100 percent speed and 100 percent load, immediately
after the two-minute transient run. |

Although the ambient temperature was specified to be close to 256°F, cool-
ing scheme A with 130°F ambient was also analyzed to show the cooling effective-
ness of the finned housing contiguration, The time~temperature response of a
complete cycle under cooling schemes B and C is shown in Figure D-14. The
250°F ambient and 130°F inlet temperature for forced cocling were used 2s a
base!ine condition that was specified, The volumetric fiow rate in cocling
schemes C and D was ~10 cfm with a 130°F inlet temperature, This corresponds
Yo 2 maximum pressure differential of 0.70-in H20 from the Iniet to the outlet
of the air stream shown in Figure D-12,
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A.4 CONCLUSIONS

Conclusions concerning motor design, performance, and selection were
drawn during Task 3. These conclusions are presented in the following paragraphs.
1 The reader should note that these conclusions are valid for the design criteria
used.

T Y M Ene e

A.4.1 Motor Time Constant

A given motor time constant limivrs allowable motor rated power or speed.

e e e L

First, Figura D-9 indicates that if 1/d is a design constraint, then there
is a maximum power which can be achieved for a given rated speed and time con-
stant. As an example, Figure A-8 indicates that for

ém = 20 -(rpm

t/d =5

[P

Tm = 50 msec

1
>
8
[
g
i
;.
A
‘é-
.
5
'{v .
.
1

; then

- .
: Wnax = 20 hp

k % Second, Figure D-10 illustrates that as time constant decreases, the motor
. rated load speed must decrease. For example (Figure D-10), if

W = 60 hp
Tm = 50 msec
I/d =3

th2n

LT Y 1 W, ey 5 e o002

éma” = 7 Krpm

- . reason for these affects is that motor inertia and torque determine
e-ation; and motor rated speed effectively dete-miines Tm for sone
seleration. Although mariy individuai- associate high motor spesds
L ‘asponse, the above indicate that the opposite may generally hold
trw. s example, given two motors, the wotor with the greater accelera-
tion wi:1 1ot necessarily have the fastest response when coupied to a load
through a reduction drive which provides a fixed no-load speed.

:

N gt U s s e e e b

A.4.2 Motor Power Rate

Motor power rate is a near linear function of rated power or time constant.

g ! Figure D-9 shows pcwer rate as a function of rated power. Far the design
criteria used, power ra‘e Is an exceptionally linear function of rated power.
!
1
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Note that rotor length-to-diameter ratio varies with motor power also; but this
variation may be interpreted as the necessary roror geometry to satisfy the
fixed corstraints., In this case, power rate may be construed as a dirqcf,
|inear function of rated power.

By referring to Figure D-10, one sees that power rate is a nearly linear

function of time constant; actually, for the presented gata, a pcssible empir-
ical form for power rate may be

W = a o~N {A-14)
W (rm) ar

where
W = motor pover rate
m = motor time constant
a, n=empi~ical coefficients

However , approximating power rate as a linear function of time constant over a
limited range aopears to be reasonable. This conclusion holds for the design
criteria of the figure: constant rotor length-to-diameter ratio and power.

Power rate is sometimes used as a parameter +o select motors for servo
applications {1, 2, 7, 8, 9]. it is a convenient parameter for comparing
various motors, and indicates the 2ability of a motor to accelerate a load as
well as itselt. Motor acceleration indicates only the ability of a motor fo
accelerate itself, and is useful primarily for no-load dynamic per formance
analysis.

A cursory derivation of motor power rate may be useful to the reader®:

W=Ty,6n {(A-15)
where

Q = motor rated power

Tm = motor rated torque

ém = motor rated speed
now

. - d - = .. . Vg J)

w T W Tm Bm + Tm Gm

PO hor o
Other deviations of power rate are presented in the literature {7, 9]
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For the case of constant torque applicable for our definition of m
E Tm = 0
|
$O
-e * e 2
We8 T peTyImeTn (A-17)

Jn  Im

The above is detined as motor power rate.

A.4.3 Motor WGighf

The importance of properly selecting a motor for minimum weight is empha-~
sized by the data of Paragraph A.2.

Figure D-8 shows that motor weight increases in direct proportion to
motor power, B8y referring to Table D-4 one sees, however, that nearly all
of the motors are in the same rated speed range (the 25 ard 30 hp metors are
exceptions).

Examining Table D-6 provides a totally ditferent trend: <three different
weights tor the same rated power and different time constants. For this case,
motor weight increases as rated speed declines anc as motor time constant
declines. This is a penalTy associated with increasing dynamic response.

This conparison emphasizes The need to utilize a mector with a time constant
(power rate) no smaller (larger) than necessary to satisfy actuator dynamic
performance requiremants,

A.4.4 Motor Thermal Response

: All cooling schemes investigateu were acceptable tor the dJuty cycle and
assumptions utilized. Thus, no motor cooling would be recuired for any of the
J FCS actuation systems.

All temperature entries tabulated in Table D-8 are acceptable temperature
levels for the different critical motor elements, To indicate the magnitude
ot temperature response during the 100-percent speec and 100-percent load
condition, the elapsed times noted in the table are longer than the requirec
operation time of less than 1 second. Temperature reponse at these conditions
and at this short time interval run very close to that at the end of the two-
minute transient condition with 100-percent speed and 50-percent duty load.

It should be noted that if higher conductor current densities and current
limits had been used, it is |ikely that motor cooling {such 2s cooling scheme C)
wouid have been required for some of the FCS applications. Thus, the assumptions
developed in Paragraph A.1.4 have greatly simplified the actuation system
design process.
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COMPUTER PROGRAM BIGMAG

The Garrett Corporation has developed a computer program to faci!itate
the design and evaluation of certain types of permanent magnet machines
interfacing with converters or with conventional |inear systems. This pro-
gram is called BIGMAG. Generally, only a few basic inputs have to be
specitied by the user. BIGMAG then synthesizes a baseline design suitable

for optimization studies.

ELECTROMAGNETICS AND LCSSES

Classic salient-pole, two-reaction, aralysis of synchronous machines has
been adapted to meet the special cases of tangentially magnetized and radially
mageneYized permanent-magnet (PM) rotors. The magnetic circuit is represented
by an equivalent Circuit in which the iron and lea<age paths and The magnet
and stator MMF's are represented by lumped parametars, Noniinearity of the
iron reluctances vs tlux density is taken into account by a look-up routine
using B-H data tables for a variety ot magnetic and PM materials. Special
routines account for configuration eftects (i.e., tapered teeth, shaped magnets).
The flux leakage paths are estimated by special methods evoived from comput-
erized flux plots, by classic field analysis of elemental situations, or by
cther methods tound in the literature.

U

Losses calculatec include: iron losses, pole head and damper head
losses, stray load loss, copper and hysteresis losses, and windage losses.

STRUCTURAL ANALYSIS

The structural analysis predicts damper hoop stress, average compressive
stress ot the magnet, pole root stress, and stress in the non-magnetic hub
which supports the poles and magnets. Al! geometric det3iils are taken into
account and a table of stress concentration factors ang 3y look=up routine

are included.

e din O ettt A ot O i

THERMAL ANALYSIS

Thermal analysis is limited to determining @ credible stator copper
current density to attain a specified final copper termperature with a given
tiuld, fluid pressure drop, and duty cycle. (Conversely, temperature will
be determined if current density is specified.) In addition, certain ele-
mental Thermal data are given such as watts/lb in tocth and core iron; watts/sq.
in., pole head any damper losses; and watts/sq. in. stator iron loss distri-
buted over the outer periphery of the stack.

R I —

WE IGHT ANALYSIS

The weight of tThe basic @lectromagnetic parts is calcuiated. In calcuia~
ting rotor weight, vent holes in the poles and under the magnets are taken
into account. Also, The weight of the nonmagnetic hub supporting the poles
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is included. To account for shaft extensions, bearings, end frames, stator
frame, terminals, and fittings, a weight target equal to 20 percent of the
electromagnetic weight is used to estimate total weight. i
RECT | F 1ER/CONVERTER/INVERTER ANALYSIS
in addition to linear three phase systems (such as a |inear load imped- i
ance or power supply connected to the machine), thyristor converters and ’
transistor inverters may be modeled, :
; .
y
;.
3
Vo
b
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STATOR, ARMATURE, AND LIM THERMAL MUDEL GENERATION
COMPUTER PRCGRAM (HO061)

A computer program has been developed which prepares a thermai model of
an ac motor or generator stator, a dc motor armature, an ac generator field
winding, or a linear induction mator. The program construsts a thermal model
in the format of the AiResearch HO910 or H0Z298 thermal analyzer computer pro-
grams. This thermal model may thun be compined with the thermal model of The
rest of the system to form a complete motor, alternator, generator, turbo-
alternator, or flywheel/motor/alternator.

The input and opTions to the geometry program are available in the output
of the AiResearch motor, generator, ard !inear motor design and pertformance
programs. Where possible the nomenclature and variable names have been pre-
served to provide easy and accurate model construction, The program has
options provided to construct the thermal mode!l of The following:

) One stack and end turn element model
) One half stack and end turn element model
® Two half stack ang end turn e@lement models connected in the center

Options are also providec to censider a c¢onstanT width slot with rectangular
windings or a constant width tooth with round wire windings, Cooling holes
may be considereg in The back iron arrangecd in either a square or triangular
spacad pattern., The end Turns may be considered with separate insulation sur-
face elements for forced ccnvection ccoling through the end turns or with only
the copper windings eiements jncluding conduction heat transfer between the
windings and from the end turns into the stack.

THERMAL MODEL

The thermal model of the stack is constructed with winding elements in
the upper and lower half of the slots, Each stack winding is connected to
corresponding end turn elements and corresponding elements in the footh by
conduction., The stack winding elements are also connected to adjacent stack
winding elements, the top stick element, the center stick element, and the
back iron element at the base of the slot. The end Turn winding elements are
connected fo corresponding end section elements and to adjacent end turn
winding elements, Separate insulation surface elements may be generated tor
each end turn and end section winding element which are connected to a fluid
stream element by forced convection and to the winding element by conduction,
The end section winding elements are connected to both the upper and lower half
end Turn elements by conduction, The tooth elements are connected to adjacent
tooth elements with the top of the tcoth connected to the top stick, The
center of the tooth connected to the center stick and the bottom of the tooth
connected to the back iron element at the base of the tooth by conduction,

The top ot the tooth angd the top stick are connected to the sir gap by forced
convection of a rotating cylinder in & static housing.

CrETL, T TSI T Ty

SO it gt e L

e




t
i
i
i
b

R ) ST e v

R

T TR ; T SRTORIORMRSR NI TEASY T CREIIGL,  eTy ae ,

Appendix D -

The back iron is divided intfo NBAK pairs ~f elements plus NROW elements
with cooling holes punched in them. Each of tne NBAK pairs of elemsnts
includes elements under the slot and under the tooth. These eiements are con-
nected to each other by conduction ahd the NROW elements are connected by
forced convection to fluid stream elements in the holes. The other elements
of the back iron are connected to element NOUT by conduction,

The initial temperature, heat dissipation, density, volume, specific
heut, and thermal conductivity are computed and assigned to each element in
the mocel, The total winding conper losses are divided in proportion to
lencth and number of conductors between the stack, end turn, and end section
winging elements. The surface losses are applied to the top of the tooth
and the tooth losses are distributed equally o each tooth element adjacent
to a stack winding element, The back iron losses are proportioned according
to volume in the NBAK elements and the rem2ining back iron losses are
distributed equally over the NROW elements,

As the thermal model is generated the program checks for consistency of
the input data by calculating the area available in the slot for the copper
conductors and comparing it with the input value of conductor cross-sectional
area. When these areas match, the thermal mcodel generated can be punched out
by setting TAPE = 1.0.

oy
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HOS 10

STEADY-STATE AND TRANSIENT THERMAL ANALYZER C e
PROGRAM WITH COMPRESSI3LE AND INCOMFRESSIBLE ’
PRESSURE DROP AND FILM AND TRANSPIRATION
COOL ING E _

PRUGF AN CAPAETLITIES

Transient Heat Transfer Calculations

Transient heat fransfer calcualtions are ceveloped by an explicit finite
difference technique using any element shape with three-dimensional conduction,
convection, or radiation heat transfer,

Steady State Heat Transter Caliculations 3

Steady-state heat transfer calculations are based on 2 modified Gauss- i
Seidel solution to the simuitaneous equations in the thermai model. This i_
modified technique involves "accelerated™ step substitution with monotonic .
deceleration until successive substitutions are convergent, A method of i
"lumping" areas ot the prcblem which are slow to converge is also used to
accelerate the celculation procedure, This procedure 2lso provides for any
element shape with three-dimensional conduc*ion, convection, or radiation
heat transfer,

Conduction heat transfer is input to the program by specifying the ele-
ment numbers conrected by conduction, the cross-sectional area for conduction
between the elements, and the conduction length from the center of each element
to the interface between them. A mechanical joint thermal contact resistance
may also be specitied between the elements if they are mechanically separated

| at the interface. The program obtains the thermal conductivity of eech
' element from a table in which it may be specified as a constant value or as a
function of temperature,

s
¥
3
i
Concuction Heat Transter Calculations i--
£
¢
!
H
R

Convection Heat Transter Calculations

{
]
18
;
5
g
!
Convection heat transfer is input to the program by specifying a solid b
element number connected to 8 fluid element number by convection, the cross &
secticnal area for convection from the solid element, and the conduction L
length trom the center of the solid element to the convection surface., This i
prcgram performs the important and often overiooked task of combining conguce- [
tion heat transfer trom the center of the solid element to the surface with {
convection from the solid surface to the fluid. f
i

|

The convection heat transter coefficient may be input to the program by
nine different methods. In the first four methods, the heat transfer coeffi-
cient may be input as a constant, as a2 function of time in a table, as a
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Appendix p

functicon of the surface to fluid temperature difference in a table, and as a
function of the "film" temperature in a table, In method ftive, the program
calculates the natural convection heat ftransfer ccefticient for both open and
enclosed static spaces and enclosed rotating spaces. In method six the program
calculates convection heat transfer coetficients for high speed laminar or
turbulent flow over external surface- ncluding the effects of the "recovery"
temperature in The boundary layerr. n method seven the program calculates 3
convection heat trancfer coetficients on a free or enclosed rotating disc
including the calculation of frictional "windage" heat generation., in method
eight the program calculates jet impingement heat transfer coeftficients for

: impingement from a rcw Of hules onto a concave surface. In method nine the

proyram calcualtes convection heat transfer coefticients for flow in a duct,

Including the heat transfer "fin effectiveness" ot extended surfaces within the

duct. This method utilizes tables of Colburn J-factors input as a function

of Reynolds number to fThe program, These tables may be generated for fluid

flow in round ducts, square ducts, rectangular ducts, triangua! ructs, annular

spaces, dimpied tubes, and curved ducts. They may also be generated for fluiag

flow in tube banks, plate-tin surfaces, pin-fin surfaces, screen matrix surfaces,

crossed rod matrix surfaces, and corrugated ceramic surfaces, Entrance

effects on heat transter may be applied using the appropriate multiplying

tactor at each location. Four techniques for evaluation of the influence of

temperature-qgependent tluid properties are available in the program. The

appropriate ¢iuid peoperties may be input in tabular form as a function of

temperature.

~
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Radiation Hea* Transfer Calculations

Ragiation heat transter is input fo the program by specitying a soliag
element number cornected to a represenTative surrounding element number by
radiation, the cross secticnal area for radiation from the solid element, and
the conduction length from the center of the sclid element to the radiation
surtace, This section also includes the important combination of conduction
to the radiating surface with radiation from the surface. The emissivity
view factor for radiation may be estimated by methods g'-en in *Radiation
Heat Transfer" by Sparrow and Cess or by a computer program such as CONFAC 1i.

o T TP A Do ¢ L 6=
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Initial Temperature, Boundary Conditions, Heat Input, Thermal Capacitance,
and Thermal Conductivity Specification

The initial temperature, boundary conditions, heat input thermal cape-
citance, and thermal conductivity may be specified for each individual ele-
ment or for blocks of elements which are identical. In fransient heat transter
calculation, the initial temperature, the heat input, the density, the votume,
the specific heat, and the therma! conductivity of each element is specified.

For elements with negligible thermal capacitance the density, volume, and
E specitic heat may be lett blank to increase the calculaticn time step, For
stealjy state calculations, the initial temperature, the heat input, and the
thermal conductivity of each element is specified. The boundary condition
elements are specified by having a negative value for the density times the
volume, This @lement is then maintained at a constant temperature or may be
specified as a temperature versus time function from an input table. Any
element in The network may be spaecified as a boundary condition (constant
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temperature) element and any number of elements may he connected to it by
canduction, convection, or radiation., The heat input for each element may

be input as zero, as a constant value, as a function of time in a tabie, as

a tunction of its own temperature or anocther specified element temperature,
specified from the frictional "windage" heat generation calculations, or cal-
culated from the ball and roller bearing heat generation calculation computer
program which can be supplied. The specific heat and thermal conductivity of
each element may be specified as a constant cr as a function ot temperature
in tables,

Fluia Stream Heat Transfer and P-essure Dron Calculations

Flui¢c stream elements may be input with Taat transfer to them by conduc-
tion, convection, or radiation, Fluid stream heat transfer calculations have
provisions for preventing the outlet fluid temperature from "overshooting" the
surrounding surface temperatures, a thermodynamic Impossibility. The steady
state fluia stream caliculations are based on thermal capacity rate calculations,
while transient fluic stream calculations may be based on the thermal capacitance:
of each element moving in the tluid stream fo simulate "{ag" conditions., The
energy input of rotational flow may also be added to the fluid stream,

Both steady state compressible and incompressible fluid stream pressure
drops may be calculated by the program, The pressure drop calculations Include
the etfects of heat addition, area change, fluid friction, rotationa! “low,
anc flow acdition or removal. Total head losses due to valves, bends, sharp
contractions or expansions, and orifices may be includea at the inlet and exiT
to each fiuid strear.

A complete flyid stream network may be simulated with streams branching
trom previous streams and mixing to form new streams or even refurning to a
previous stream in the network, The fluid flow rate may be input as a constant,
as a function of time, trom a table, or as a function of specified element
temperature,

Film Cooling and Transpiration Cooling Calculations

Film cooling calculations have been included in a table of the fiim
etfectiveness as & function of the film coaling parameter (x/ms), Local film
temperatures on a film cooled surface are calculated by the program from
specified element temperatures for the "free stream" and for the film coolant
discharge point. Local film temperatures are calculated at specified distances
downstream from the point of film injection, The table of tilm eftectivenss
as a function of the film cooling parameter (x/ms), may be selected from twelve
correlations presented in the transpiration ana film cooling effectiveness
computer program which can be supplied. The appropridte correlation should be
selected for the method of tilm injection used.

Transpiration cooling calculations may be inciuded by using the Stanton
number reduction factor tor transpiration cooling from the transpiration and
tilm coo!ing effectiveness computer program or from papers on transpiration
cooling. The thermal analyzer program accounts for the effect of cooling air
discharge temperature from the transpiration cooled wall on the Stanton number
reduction factor,
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Appendix D

PROGRAM QUTPUT

1. Each element temperature, heat input, and thermal conductivity for steady
state calculations is printed out. Each element temperature, heat input, weight,
specific heat, and thermal conductivity for each specified printing time period
in transient heat transter calculations is printed out,

2. The fluid stream inlet temperature and the outiet temperature, the fluid
stream flow rate, the tluid density, and the internai <luid heat generation
tor each section of each fluid stream is printed out.

3. The "free stream" temperature, the fiim discharge temperature, and the
effective film temperat. : at each location speciftied is printed out.

4, The printing of the thermal resistance velues for conducrion, the thermal
resistance values anc neat transfer coefficients for convection, and the ther-
mal resistance values and etfective heat transfer coefficients for radiation

. may be included or delestec as specified.

5. The fluid stream pressure drop calculations and printout may be deleted
it specitied. When included, the total and static pressures, the Reynolas
number, the friction factor, and the Mach number for compressible flow is
printed for each element in each fluid stream,

TYPICAL APP{ICATIONS

s Bofth passive and active electronic cooling system analysis and design
with or without heaters or cooling flow rontrollers,

2. Thermal analysis and design calculations for ambient cooled, forced air
cooled, gas codled, or liguid cooled ac or dc motors, generators, and aiter-
nators.

3. Thermal analysis ang design caiculations for pumps, fans, and compressors
incluaging the bearing temperatures angd The analysis of the motors for turbines
driving them,

4, Thermal analysis and design calculations of gas turbine engines including
the axial tlow and radia!l flow compressors and turbines, +he combustor, tThe
bearings and seals, the anti-icing system, the lubrication cooling system, The
fuel supply system, and the accessory arsa coolling system, Also the thermal
anaiysis of cooled ana uncooled turbine btades.

S. Transient and steady state thermal! analysis of heat exchangers including
alr-oil coolers, fuei-oil coolers, recuperators, rotary regenerators, cryogenic
heat exchangers, pool boiling heat exchangers, condensers, periodic flow regen
erators, and heat exchangers with more than two fluid streams. The calculations
moy include the effects of axial conduction, fluid bypassing, pertectly mixed

or unmixed fluids, varliation of fiuid properties through the heat exchanger,
condensation of meisture from the air or "wet" heat transfer, and the effect

ot the variation ot fluld tc wall temperature difference on local heat transfer
coefficients for boliling and condensing.
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