AFFDL-TR-71- 20 E——
SUPPLEMENT -3 M
St

SURVIVABLE FLIGHT CONTROL SYSTEM
INTERIM REPORT NO. 1
STUDIES, ANALYSES AND APPROACH

SUPPLEMENT FOR HYDRAULIC POWER AND ACTUATION STUDIES

Gerald E. Amies
Cecil Clark
Charles L., Jones
M. Sheppard Smyth

This document has been approved for public release. Its distribution is unlimited.



FOREWORD

This report was prepared by McDonnell Aircraft Company, St. Louls, Missouri,
63166, under Air Force Contract F33615-69-C-1827, Pz05, "Development and
Flight Test Demonstration of a Survivable Flight Control System." This
contracted effort comprises a major porticn of development under the Air
Force Systems Command Program No. 6807, "Survivable Flight Control System
(sFCcs)." The work was administered under the directicn of the Air Force
Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio, 45433,
by Vernon K. Schmitt, Project Engineer.

The report covers work performed between July 1969 and Mzy 1971.

Principal contributers to this supplement were Gerald E. Amies, Cecil Clark,
and Charles L. Jones under the direction c¢f M. Sheppard Smyth, Assistant
Project Engineer - Design. The authors wish to acknowledge the contributions
of Gerard L. Bilyk, Jchn H. Corey, Henry E. Harschburger, Donald W. Irwin,
Dale J. Kalkbrenner, Robert L. Kisslinger, and Lowell T. Litton for the in-
formation reported herein.

The manuscript was released by the authors in Msy 1971.

This technical repcrt has been reviewed and is approved.

A 2/,’ @r—-%—t

James W. Morris

Program Manager, Survivable Flight
Contrel System

Flight Control Division

Alr Force Flight Dynamics Laboratory




-
ABSTRACT %

The Survivable Flight Contrcl System (SFCS) Program is an advanced develop-
ment prcgram of which the principal objective is the development and flight
test demconstration of an SFCS utilizing Fly-By-Wire and Integrated Actuator
Package tecniques. The studies and analyses conducted to date have suffi-
ciently defined the system requirements to provide a definition of an
approach to the implementation of the SFCS. The results of these studies
and the definition of the approach are presented in the basic report. The
details of the Control Criteria snd Control Law Development studies are
pregented in report supplements 1 and 2, respectively.

The details of the Hydraulic Power and Actuation studies are reported in
this supplement 3. The four major topics covered are:

o Survivable Stabilator Actustor Package (SSAP) Degree of Redundancy
Trade Study. Nineteen configurations were examined, leading to
selection of a full time duplex package with an alrcraft central
hydraulic system backing up each integrated hydraulic system. Two
electric motors of approximately eight horsepower each will drive
two scft cuteff pumps. The SSAP will have a dual tandem piston,
and will ve designed for a maximum steady state fluid temperature
of L30°F.

o Hydraulic Fower Bupply Study. The SFCS requires additicn of s
fourth hydraulic system which will be based on the producticn F-U
APU.

o Fluid Selection Study. The SSAP and its backup central hydraulic
systems cannot use MIL-H-5606 fluid, since it is limited to 275°F.
MIL-H-83282, a new fire-resistant synthetic hydrocarbon fliuid was
selected. MIL-H-83282 is compatible with all the materials in the
existing hydraulic systems of the F-4 test aircraft.

o Actuator Dynamic Analysis. The secondary actuator and the SSAP
designs were analyzed to determine nuisance disccnnect character-
istics, stability, freguency respcnse, and failure transients. A
cross—element comparison technique has been selected for in-flight
monitoring of both the guad-redundant electrohydraulic secondary
actuaters and the gquad-redundant electromechanical secondary actuator
of the SSAF.
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SECTION I
INTRODUCTION

The Survivable Flight Control System (SFCS) Program is a flight control
advanced development program being conducted primerily by MCAIR under con-
tract to the Air Force Flight Dynamics Laboratory (ATPO-680J). The prin-
cipal objective cf this program is the development and flight test demon-
stration on an F-4 aircraft of a Survivable Flight Contrcl System utilizing
Fly-By-Wire and Integrated Actuator Package techniques.

The SFCS preogram is being performed in two phases. Phase I has been com-
pleted and is described in Reference 1. The Phase II program and objectives
are illustrated by Figure 1.

FEW control, as implied by its title, has no mechanical path from the pilct
to the surface actuator. It incorporates aircraft motion sensors and
provides fer aircraft moticon, rather than control surface position, to be
the controlled varisble. To be accepted by the aerospace industry as more
than a research tool, the reliability of the FBW system must meet or exceed
the reliability of the mechanical system it is replacing while showing ad-
vantages in other areas. The benefits foreseen for a FBW system may be
summarized as:

¢ Enhanced Survivapility

o Superior Aiming, Tracking, and Weapon Delivery

i Establish Confidence
Studies and ‘
Analyses by Demonstrating

Safety and
Reliability
F-4 Aircraft Flight
Modifications Testing
Provide Data and
Criteria for Future
Laboratory Flight Control
Tests Systems
FIGURE 1

PHASE II - PROGRAM AND OBJECTIVES
F-4 WITH SURVIVABLE FLIGHT CONTROL SYSTEM



© Reduced Pilot Worklcad

o Flight Control Design and Installation Savings
o Decreased Cost of Ownership

o More Airframe Design Freedom

Having removed the mechenical control system from consideration, we now turn
our attention to control surface actuation. Recent combat experience has
shown that relatively minor damage, in the form of small arms fire, can
result in aircraft loss due to less of contrel. This is brought about by
either hits in the hydraulic distribution system or by minor fires which in
turn disrupt hydraulic system flow. 3By placing the hydraulic supply close
to the surface actuator, we can reduce the probability of system damage due
tc minor combat damage. The ultimate in this concept is to integrate the
hydraulic pump into the actuator packasge. If we alsc integrate the control
device which converts FBW signals into flow commands for the main ram into
the package we have an Integrated Actustor Package (IAP) using the ccncept
of Power-By-Wire (PBW) to complement our FBW. A simplified form of IAP was
£light tested as described in Reference 1.

Putting the two concepts of FBW and PBW together will result in a more
survivable flight control system., The planned installsation of the SFCS
equipment in the F-LI test aircraft is shown in Figure 2.

The results of these studies and the definition of the approach are presented
in the basic report. The details of the Hydraulic Power and Actuation studies
are presented in this supplement. The details of the Control Law and

Control Criteria studies are presented in additional supplements to this
report.
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SECTION II
SUMMARY
GENERAL
This supplement describes the étudies which were made to:

0 Determine the degree of redundancy for the Survivable Stabilator
Actuator Package.

o Establish requirements of the hydraulic power supplies
0 Analyse actuator dynamics

o Belect the fiuid to be used in SS5AP and related ajircraft hydraulie
systems

In most casgses data presented herein are submitted without reference to
the source. Furthermore, the validity of data received from sources out-
side MCAIR has not been substantiasted by test at MCAIR. Therefore, the
designs, design techniques, and technical conclusions express MCAIRs best
engineering judgments which conseguently may or may not agree with
designers, manufacturers or users of similar equipment.

CSAP DEGREE OF REDUNDANCY TRACE STUDY

The details of this study are presented in Section IIT of this report. A
summary of the study is as follows:

a. The recommended level of redundancy for the SBAP is a full time du-
plex package with an aircraft centrel hydraulic system backing up
each integrated hydraulic system,

t. The pump of the integrated hydraulic system should be cf the soft
cuteff type in order to meet the actuator stiffness reguirements.

¢. The package will be designed as a Class I1I Hydraulic System. It must
be thermally improved to limit the fluid temperature to 450°F.

d. Only two sources of AC electrical power can be made available to the
package. Each SSAP motor pump is driven from a separate generator.

e. The motor of the integrated hydraulic system cannot exceed 10 KVA,
approximately 8 HP, due to limitations of starting current from the
aircraft's main generators.

. The main ram actuator must have dual tandem pistons without a tail
rod to meet the structural constraints imposed by the test airplane.



HYDRAULIC POWER SUPPLY STUDY

The details of the study are presented in Section IV of this report. A
summary of the study is as follows:

&. The production ¥-L4 PC-1, PC-2, and Utility hydraulic systems have
adequate flow and pressure capabilifies ito support the added hydraulic
power requirements imposed by the SFCS secondary actuateors and the
MIM shift actuators.

©t. A fourth hydraulic system is required.

c. The production F-4 APU will provide adequate flow and pressure for
use in the fourth hydraulic system. In addition the reliability and
thermal capshilities of the APU are adequate for the SFC3 program.

d. MIL-H-83282, the high temperature fluid required in the PC-1 and PC-2
hydraulic systems for Phase IIC, will not affect the performance of
present system components.

TLUID STUDY

The details of the study are presented in Secticn V of this report. Due
to the high temperatures expected to be encountered in the SSAP, a Class
III integrated hydraulic system is reguired. The prcduction F-k, PC-1
and PC-2 hydraulic systems will be used as emergency back-up systemg for
the SSAP integrated hydraulic systems. Consequently, the fluid chosen
must be compatible with both a Class III hydraulic system and the produc-
ticn ¥-4 hydraulic systems.

MIL-H-83282 fluid was selected to be used in the integrated systems of
the SSAP and in the aircraft PC-1 and PC-2 systems. MIL-H-5606 fluid
will be used in the aircraft Utility system and in the fourth hydraulic
system. Consequently, the electrohydraulic seccondary actuators will
utilize both types of fluid.

ACTUATOR DYNAMIC ANALYSTS

The details of this analysis are presented in Section VI of this report.
Analysis results are necessarily contingent on the present gtatus of
actuator dezign and the current definition of parameters. While no
major problems were uncovered, it is expected that additional study and
investigation will be required in specific areas. O0On the basis of
present SSAP and secondary actuator configurations, the results of the
analysis can be summarized ag follows:

a. Secondary actuator nuisance disconnect characteristics are acceptable.
However, a review of the analysis will be necessary when tolerances
in the associated electronics are more fully defined. The status of
SSAP nuisance disconnect characteristics is comparable.

b. A cross-element comparison monitoring technique has been selected for
the SFCS IFM.



¢. Both electrchydraulic and electrcmechanical cuadruplex concepts are
considered acceptable for the SFCS program and both will be used, the
former on the secondary actuator and the latter in the SSAP.

d. The secondary actuator, SSAP surface actuator, and SSAP secondary
actuator will be stable.

e. The electrohydraulic secondary actuator freguency response is adequate
toc permit proper SFCS operation.

f'. The SSAP frequency response results indicate that the phase lag will
be in excess of required limits.

g. Secondary actustor failure transients are acceptable. However, the
effect of control linkage and surface actuator dynamic characteristies
cn failure transients should be investigated when the necesssry in-
formation is availsble.

h. BS8SAP failure transients may be excessive on a third failure unless
maximum rpm differences between servo motors can be reduced.

FUTURE STUDIES

The work reported herein represents a portion of the studies conducted to
define the apprcach to mechanizing the hydraulic systems and actuators
for the S¥CS. As the hardware design and test progresses, the validity
of some of the assumpticns used herein will be demonstrated and empirical
data will become avallable to define the hardware. The applicabie por-
tions of these and other SFCS studies will be updated and reported in
future interim and/or final program reports.
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SECTION ITI
SSAP DEGREE OF REDUNDANCY TRADE STUDY
GENERAL

A trade study was conducted specifically to determine the degree of re-
dundancy to be specified for the Survivable Stabilator Actuator Package
(SSAP) to be procured for use in the SFCS program. The results of this
study indicated that the best redundancy choice for this program is a

full time duplex package, i.e., a package with two integral motor-pump
units, with an aircraft central hydraulic system back-up for each integral
motor-pump unit. The configuration studies, method of analysis, and re-
sults of this trade study are presented herein.

In the initial stages of the study, both serveo pump and soft cutoff

pump concepts were considered. The servo pump concept was of special
interest because of superior thermal characteristics. IHowever, the
capability of the servo pump concept toc meet static and dynamic stiffness
requirements comparable to those of the F-4 production actuator had not
been demonstrated experimentally at the time this study was being con-
ducted. Since that time, servo pump hardware has been built and tested,
demonstrating significant potential for ugse in future integrated actuator
package designs. See Reference 10 for detalls of this hardware develop-
ment. Since working hardware was not available, the servo pump concept
was considered too high a technical risk for the SFCS Pregram. The

gstudy effort, with the exception of the initial thermal evaluation of
the servo pump concept, was based on the sof't cutoff pump concept.

Thermal studies of the soft cutoff version cof the various configurations
indicate that these versions, if not equipped with specially tailored
cocling provisions, will have a wide variation in orerating temperatures,
mest of which are unacceptable. If designed to operate at a common
fluid temperature, the soft cutocff versicns will have heat transfer
provisions of widely differing weights and capacities.

The study included the following types of redundancy:

o Full-time duplex with no back-up

o Full-time duplex with central hydraulic back-up

o Full-time triplex with no back-up

o Full-time triplex with central hydraulic back-up

o Full-time quadruplex with no back-up

The study also included redundancy ccncepts utilizing back-up through

hydraulic switching valve arrangements, different combinatiocns of
actuator pistons and hydraulic systems, and a flow sharing concept.



XV

BACKGROUND

The limitaticons of this trade study were established by ground rules and
assumptions, the selection of functional and technical reguirements, and
a cholice btetween pump concepts. Each of these categories is discussed
in the following paragraphs.

a. Ground Rules and Assumptions

(1)

A functional failure of a switching valve is such that neither
of the incoming hydraulic sources can be used.

An external seal loss, a switching valve leak, or a bypass
valve leazk cause the loss of all fluid from the channel in which
the failure occurred and any back-up system for that channel.

An open bypass valve failure connects the extend and retract
chambers of the channel in which the failure occurred, prevent-
ing it from producing a force cutput.

Alrcraft AC electrical sources are assumed to be available as
follows.

o AC Scurce 1 - connected tec left hand AC bus

—~

o AC Source 2 - connected to right hand AC bus

o AC Source 3 - hydraulic driven electric generator (Reguired
cnly for MP3)

o AC Scurce U - connected to left hand AC bug, switched to
right hand bus if left hand bus fails (Required only for MPh)

Minimum dynamic stiffness after any two failures should be
equivalent to that of the F-I preduction actuator with one

hydraulic systerm energized, 164,000 1lbs/in.

The minimum actuator force output after one failure should be
15,400 pounds; after any two failures 8,000 pounds.

Mctor pumps used as back-ups are off when no failure has
cceurred.

Cne alrcraft electrical bus cannct deliver sufficient power to
start two motor pumps at over five horsepowser each. One air-
craft electrical bus can deliver sufficient power to...

0 ...start one 8 horsepower motor pump as & maximum.

o ...sustain one operating 8 horsepower motor pump while
gtarting one 5 horsepower motor pump as a maximum.

10



o ...start one 3 horsepower motor pump and start one 5 horse-
power mctor pump simultaneously as a maximum.

© ...sustain one operating 8 horsepower motor pump and one
operating 5 horsepower motor pump, while starting one 5
horsepower motor pump.
(9) Hydraulic switching valves are automatic, one-way operating
with reset capabilities, and are independent of relative

hydraulic pressures in associsted hydraulic systems.

(10) Electric motor driven pumps of 5 HP and up cannot be started on
an HDEG (Hydraulic Driven Electric Generator) (See Paragraph bb)

Functional and Technical Design Requirements

The functicnal and technical design requirements on which the trade
study was based include:

© Performance (Dynamic stiffness and statiec force capability)
o Compatibility with alreraft electrical systen
o Reliability

o Survivability

¢ Compatibility with two-fail-operate criteria
o Compatibility with central hydraulic systems
¢ Compatibility with the SFCS program schedule
¢ Maintainability

o Weight

o BSteady Stale power requirements

¢ Envelcpe

c BSafety

o Thermal considerations

Actuator Stall

Aerodynamic loads, for some flight and maneuver conditicns, can
exceed 8,000 pounds at the asctuator output. The actuator output
force after two failures must be 8,000 pounds minimum as stated in
ground rule (6). Thus, actuator stall is a possibility. The poten-
tial stall condition is not comsidered an exception te the two-fail-

11



operate criteria since degraded performance is permissible after two
failures. The 8,000 pounds minimum value was chcsen to provide
flight safety for two nearly simultaneous supply failures at any
flight condition.

As indicated above, aerodynamic loads, for some flight and maneuver
conditions, will be of sufficient magnitude to stall the SSAP
actuator for particular failure conditions. To avoid actuator back-
off and loss of gtiffrness under stall lcads, the installation of
check wvalves in the 5SAP actuators will be required. For actuators
controlled by master contrel valves, the check valves are normally
installed upstream of the master control valve in the pressure lines.
Limiting the pressure between & check valve and master control valve
by means of a pressure relief velve is not permissible, since it
would defeat the purpose of the check valve.

DISCUSSION

The initial tasks essential to the trade study included: the selection
cf configurations to be evaluated; establishing an aircraft electrical
system consistent with the configuraticns being evaluated; and a brief
description of the characteristics of each configurstion. In providing
& minimel description of the five original configurations, additional
configurations appeared to be particularly adaptable to the F-U aircraft,
and these were added to the evaluation. It was also necessary to estab-
lish, for the purpose of the study, a third and fourth source of AC
electrical power to accommodate the third and feourth motor pump featured
in scme configurations.

a. Selection of Configuration

The configurations selected for the trade study are those shown in
Figure 3. All configurations shown are based on the soft cutoff

pump concept equipped with master control valves. The configurations
are categorized by number cf integral moctor pump units,; e.g., =
duplex actustor package has two motor pump units, whether they are
used full time or in a back-up capacity. Where an actuator is des-
cribed in terms of the number of channels it contains, the channels
may be split into chambers for mechanizaticn, with the characteristics
given applying to the total of the individual chambers. Tor example,
a dual channel actuator may have four chambers, twe connected to each
hydraulic supply.

In order to provide a basis for the evaluation of performance and
electrical and thermal characteristics, piston areas were sized and
pressures selected sgo that, for hydrsulic source failures, the con-
figuration would meet force and dynamic stiffness requirements. The
hydraulic source failure cconsidered aircraft hydraulic source failiures
as well ag motor pump failures. The piston areas and pressures
selected are shown in Table T.

12



SOILVINTHIS NOLLYHNOIdNGOD dVvssS

£ 3HNOI4

s25ng Qv H/H PUB W/ dung ool - Yaw oineupAy ‘ane A Buloumg - S
(A1) WalsAg DI NEIPAH BT - n JOLR18UA ) D14133]F uaAlI(] (ALY JNRIpAH - dwng tolop - m...:z anjep ssedAg - d/4
2 Alewlag) WalsAg neipAy |enual - Z-0d snNg OV H/ Y - dwng 10104 - Nn:z AR A 10NUDT JBLSE - ADW
{|I AlBWld) WalsAg INeIpAh eaual - 1-9d SAF DY M/ - dwng oo - Fn:_z SuQlsld J01EMIY We - 4’08y

g v , a g v a 2 g

| | | |

1 | | 1

13




0008l 006'vE 2 8 |000’c|000E 009'L| 009'L | €96 | £9G6{£95| €9'5] €1
000’6 000°8t 8 g |oco'e|ooo’e 009'L | 009°1 €96} €991 2l
0006 0069l g 8 000°E 009'L | 00O'E £9°Gf £€9°6] a-L1
000’6 0008l € 5 5 |ooo'e 009°L| 002'L | 009°L €9°G| £9'5 e-LL
00601 00E'9L g ] g G 009°'L| 009'Li 009t | 009°L | ¥E | PE| ¥E| PE| OL
006'01 00E'91 5 5 5 000'E 009'Ly009'L| 009t ¥E | #E| tEl ¥E 6
006'01 00g'9l g G g G 009'L| 009'Li0og’L|009L | vE ] PE] PEL bE 3
0060l 00661 8 g 5 000°c 009'L | 009°L | 009°L £961 ¥Ef PE| dL
006°01L noe'al g g 5 000’ 009°L | 009°L | 009°L te| ve| ve| ey
000’6 000'8t 8 8 000°'c 009°'L | 009°L €96 1 £9G| £9°G 9
000’6 ooo’sl 2 g 8 009°L | 009t | 009°L £9'G | £9'S| £9'S g
000'6 000’8l £ 8 g |000°C 009°L | 009°L | 009°L £9'5| £9°G ¥
0006 0008l 8 8 zL 009°L | 009°L | 000'E £9°6| £9'6| A€
000°6 000°8l 8 g 8 009°L| 009°'L | 009'L £9G| €96t e
000'6 000’8l 8 8 0o0'e 009°L | 009'L £9°G| 96| peC
000'6 000'81 8 8 No0’E 009°1L | 009°L £9G|e95| og
000'6 0008l Zi| 8 000°E ooo's | 009'L £9°G| 96| 9z
000'6 0008l 8 8 000' 009°'L | 009°L £9°6( £9G| &2
0 006’9l zh | et 000°c | D00'E £9°G| €9'S L
sainjled ain| e 4§
aounogg | eounosy | by | Bq | &4 | M |zDd|t-Dd| N | Ytd £d <d ld a ) g v
1ally a1y

{wnuiuie) {dH} 1amog |edii1oa|g (15d) ainssald A|ddng oinespAy AN.:: B3ty uolsiy ..oZ
Inding 80104 101BN1 0y Juon

SINIWIHINOIY H3IMOd dVSS

I37avl

14



Aircraft Electrical System

For this study the electrical system schematic of Figure 4 shows
the derivation of AC power for SSAP motor pumps and DC power for
SFCES electronic equipment. AC power sources include the left hand
bus, right hand bus, an HDEG, and a fourth source normally connected
to the left hand bus which switches to the right hand bus when power
on the left hand bus is lost. With the exceptiocn of the fourth AC
source, motor pump loads are not interconnected between left and

right hand buses. The HDEG and the fourth AC source are not avail-
able in the aircraft now, hut were assumed for the purpose of the

study.
Description of Configurations
(1) Configuration 1

Configuraticn 1 is a full-time duplex actuator package with no
back~up. It consists of a dual channel actuator and twe motor
punp units, one for each channel of the actuator. Each mctor
pump produces 3,000 psi maximum pressure and 12.2 gpm maximum
flow, each actuator piston has an area of 5.63 in?. This com-
bination is required to produce rated load after one failure.

(2} Configuration 2a

Configuration 2a is a full time duplex actuator packasge with a
central hydraulic back-up. It congists of a dual channel
actuator and two full time motor pump units, with two switching
valves which can switch to the central hydraulic supply should
either or both of the motor pump units fail. Each motor pump
produces 1600 psi maximum pressure and 12.2 gpm maximum flow,
and each actuator piston has an aresz of 5.63 inZ, After a
source failure two systems remain in operation and thus the
rated load can be produced with & lower pressure pump than
with configurstion 2b.

(3) Configuration 2b

Configuration 2b is the same as 2a except only one motor pump
unit has a central hydraulic supply as back-up. The nmotor
pump unit with the back-up produces 3,000 psi maximum pressure
and 12.2 gpm maximum flow and the motor pump unit without the
back-up produces 160C psi meximum pregsure and 12.2 gpm
maximun flow. The difference in pressure is required to provide
the full load regquirements of the package when the motor pump
unit without a back-up fails.

(L) Configuration 2¢

Configuration 2c is a duplex actuator package which uses a
central hydraulic supply full time. It consists of a dual

15
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(€)

channel actuator with cone motor pump unit working into one
channel and the central hydraulic supply working into the other
channel. The second motor pump unit produces 1600 psi maximum
pressure and 12.2 gpm maximum flow, and each piston has an area
of 5.63 in®. A hydraulic switching valve is used to switch the
back-up supply on line and tec switch a falled supply off.

Configuration 2d

Configuration 2d is the same as Z¢ except cone motor pump unit
is used as a back-up for both the central hydraulic supply and
the other metor pump unit. It is switched intc the actuator
channel whose supply fails first,

Configuration 3a

Configuration 3a is a triplex actuator package. It consists of
a dual channel gctuator with two full-time motor pump units
working intc the actuater and a third motor pump used as a
back-up for the other two units. Bach motor pump unit produces
1600 psi maximum pressure and 12.2 maximum flow and each
actuator piston has an area of 5.63 inZ2. Hydraulic switching
valves are used to switch the back-up supply on line and switch
the first failed supply off.

Configuration 3b

Configuration 3b is the same as 3a except the third motor pump
unit is used to back-up only cne of the active units. The
motor pump unit with the back-up produces 3000 psi maximum
pressure and 12.2 gpm maximum flow, the other two units produce
1600 psi maximum pressure and 12.2 gpm meximum flow. This
difference in pressure is regquired to meet the load requirement
in case the motor pump unit without a back-up is the first
failure.

Configuration b

Configuration 4 is a triplex actuator package with central
hydraulic back-up. It consists of & dual chanrel actuator with
two full-time motor pump units working into the actuator. The
third motor pump unit is used to back-up one of these units

and the central hydraulic supply is used tc back-up the other.
Each of the full time motor pump units produces 1600 psi
maximum pressure and 12.2 gpm maximum flow and the back-up
motor pump unit produces 1600 psi maximum pressure and 4.8 gpm
maximum flow. Each actuator piston has an area of 5.63 in<.
Hydraulic switching valves are used tec switch a back-up supply
on line and switch a failed supply off.
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(9)

(12}

Configuration 5

Configuraetion 5 is a full-time triplex actuator package. It
consists of a triple channel actuator with three full-time
motor pump units working intc the actuator. Each mctor pump
unit produces 1600 psi maximum pressure and 12.2 gpm maximum
flow, and each actuator piston has an area of 5.63 in®. No
hydraulic switching valves are used in this configuraticn.

Configuration 6

Configuration 6 is & full-time duplex actuator package which
uses a central hydraulic supply full-time. It consists of

a triple channel actuator with two full-time motor pump units
and a central hydraulic supply working into the actuator. Each
motor pump unit produces 1600 psi maximum pressure and 12.2 gpm
maximumn flcw, and each actuator pisteon has an area of 5.63 inZ2.
No hydraulic switching valves are used in this configuration.

Configuration Ta

Configuration Ta is a full-time triplex actuatcr package with
central hydraulic back-up. It consists of a triple channel
actuator with three full-time motor pump units working intc the
actuator and a central hydraulic supply used as a back-up for
all three units. Each motor pump unit produces 1600 psi
naximum pressure and 7.4 gpm maximm flow, and each actuator
piston has an area of 3.4 in2, Hydraullc switching valves are
used to switch the back-up supply on line and switeh a failed
supply off.

Configuraticn Tb

Configuration Tb is the same as Ta except only one motor pump
unit has the central hydraulic supply as a back-up. The motor
pump unit with the back-up is working into a channel with a
piston area of 5.63 inZ?, This motor pump unit produces 16C0 psi
maximum pressure and 12.2 gpm maximum flow. The increase in
pisten area and flow is required to meet the stiffness and

force requirements when the two motor pump units withcout a
back~up fail.

Configuration &

Configuration 8 is a gquadruplex actuator package. It consists
of a triple channel actuator with three full-time motor pump
units working into the actuator and a fourth motor pump unit
serving as backup for the other three units. Each motor pump
produces 1600 psi maximum pressure and 7.4 gpm maximum flow,
and each actuator piston has an area of 3.4 in®, Hydraulic
switching valves are used to switch the back-up supply on line
and switch the first failed supply off.

20



(1i)

(15)

(16)

Canfiguration 9

Configuration 9 is a full-time triplex actuator package which
uses & central hydraulic supply full-time. It consists of a
quadruple channel actuator with three full-time motor pump
units and a central hydraulic supply working into the actuator.
Bach motor pump prceduces 1600 psi maximum pressure and 7.4 ggm
maximum flow, and each actuator piston has an area of 3.4 inc<.
No hydraulic switching valves are used in this configuraticn.

Configuration 10

Configuration 10 is a full-time quadruplex actuator package.

It consists of a quadruple channel actuator with four full-time
motor pump units working intc the actuator. Each motor pump
unit produces 1600 psi meximum pressure and 7.4 gpm maximum
flow, and each actuator piston has an area of 3L4. in®. No
hydraulic switching valves are used in this configuration.

Configuration 1ls

Configuration 1lla is a triplex actuator package which uses a
central hydraulic supply full-time in a flow sharing method.

It consists of a dual channel actuator with three full-time
motor pump unhits and a central hydraulic supply. Two of the
motor pump units are working intc one channel and the remaining
moter pump and the central hydrsulic supply sare werking into
the other channel. The motor pump unit working with central
hydraulics and cne of the other units produce 1600 psi maximum
pressure and 7.4 gpm maximum flow. The remaining motor pump
unit produces 1600 psi maximum pressure and 4.8 gpm maximum
flow. Each actustor piston has an area of 5.63 in?. No hy-
draulic switching valves are used in this configuration, all
hydraulic supplies cperate full-time and share the flow require-
ments.

Configuraticn 1lb

Configuration 11b is a duplex actuator package which uses a
central hydraulic supply full-time. It consists of a dual
channel actustor with a central hydraulic supply working into
one channel and two full-time motor pump units sharing the
flow into the other channel, One of the motor pumps produces
3000 psi maximum pressure and 7.4 gpm maximum flow, the other
motor pump produces 1600 psi maximum pressure and 7.4 gpm
maximum flow. Each actuator piston has an area of 5.63 in®,
This combination is required tc produce rated load if the
central hydranlic supply is the first failure. No hydraulic
switching valves are used in this configuraticn.
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(18) Configuration 12

Configuration 12 is a full-time duplex actuator package which
uses twe central hydraulic supplies as back-up. It congists of
a dual channel actuator and two full-time motor pump units

with each unit backed up by a central hydraulic supply. Each
motor pump unit produces 160C psi maximum pressure and 12.2 gpm
maximum flow, and each actuator piston has an area of 5.63 inc.
Hydraulic switching wvalves are used to switch a back-up supply
on line and switch a falled supply off.

(19) Configuration 13

Configuration 13 is a full-time duplex actuator package which
alsoc uses two central hydraulic systems full-time. It consists
of a quadruple channel actuatcr and a quadruplex master control
valve. Twc of the four channels are supplied by two full-time
motor pump units while the remaining two channels are supplied
by two central hydraulic systems. Each motor pump unit pro-
duces 1600 psi maximum pressure and 12.2 gpm maximum flow, and
each of the fov™ actuatcr pistens has an area of 5.62 inZ.
Hydraulic switching valves are not required for this config-
uration.

RESULTS

The results of the trade study are summarized in Table II in a com-
parison matrix of design approaches. A brief discussion of each cat-
egory and the basis of the ratings for that category is contained in
the ensuing paragraphs.

=

Performarnce

This category 1s based on dynamic spring rate reguirements and force
output ecapability. The criteria used are consistent with what is
required in the S5SAP procurement specification, which are that after
any two failures the dynamic stiffness shall be no less than that cof
the F-4 production stabilator actuator with one hydraulic system
operating, 0.16L x 100 1b/in, and the force output capability shall
be no less than 8,000 pounds. These are difficult reguirements to
meet since an engine failure accompanied by a generator failure can
result in the loszs of three hydraulic systems. Because of the criti-
cal nature of these requirements, all configurations which failed to
meet them were rated unacceptable,

Compatibility With Aircraft Electrical System

The electrical portion of the trade study was based on two con-
giderations:

0 an analysis of all failures relating to the electrical system

components ineluding all randem failures and dependent failures
which occur as a result thereof.
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o compatibility with the aircraft power generating and distribution
system capacities.

(1) Assumptions

The evaluation was based on the fellowing assumptions:

(a)

{b}

{(c)

Loads on main buses of aircraft prior to addition of any
SFCS equipment are equal to the basic RF-4C minus the
loads associated with the forward locking radar (1.35 KVA)
and the high fregquency communication system {0.98 KVA).
The forward looking radar and high freguency communication
systems will not be installed on the 3FCS aircraft. The
basic load of 18.9 KVA minus 2.33 KVA is 16.57 KVA. This
total load includes an essential bus load of 2.2 KVA which
is to be increased by 10% due to possible SFCS reguire-
ments. The total AC load on the aircraft buses (prior to
the addition of the Motor Pump packages and the DC con-
version equipment and batteries) is assumed to be:

16.57 + 0.1(2.2) = 1E.57 + 0.22 = 16.79 KVA
Total Load = 16.8 KVA

Based upon past experience with the F-4, partially Phase I
data, the follewing duty cycle has been estimated as a

suitable criterion to define operation of all motor pump
packages:

full load - 20% of total time, Eff.
3/L load - 80% of teotal time; EfF.
Starting KVA = 5 (full load KVA)

0.82, PF
0.82, FF

0.78
0.71

[}
(U |

The application of the above duty cyele to representative
motor characteristics results in the following:

12 HP Motor: -

Average load = 12 KVA = 86% of full lecad
Starting lcad = 70 KVA

8 HP Motor: -

Average lcad = & KVA = B6% of full lcad
Starting load = 46 KVA

5 HP Motor: -

Average lozd = 5 KVA = B86% of full load
Starting load = 29 KVA
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(2)

(r)

The available off-the-shelf HDEG's include = unit which is
composed of a hydraulic mctor driving a 10 KVA genersator.
The 10 KVA generator has the usual overload capacities of
15 KVA (150%) for 2 minutes and 20 KVA (200%) for 5 seconds.
However, the hydraulic motor in this vackege is not
designed to drive the generator {tc these overlcad capa-
eities. The Supplier of thisg unit feels that the unit
could barely start an electric motor which imposed a
starting {inrush) locad of approximately €2 amperes per
phase. This is the expected inrush current of a 3.25-3.50
HP motor. The unit, therefore, has insufficient capacity
to start a 5, 8, or 12 horsepower motor. Any of the can-
didate configursations using = HDEG are, therefore, con-
sidered to be incompatible with the aircraft electrical
gystem with the exception of Configurations 4 and 1la.

Any of the candidate configurations which, under motcr
pump starting conditions, cause the total load on either
of the main generators to exceed 60 KVA are ccnsidered to
be incompatible with the aircreft electrical system. The
aircraft main generators are rated at 60 KVA for 5 seconds
and, during single generator operation, the applicaticn
of loads exceeding this value could conceivably cause the
loss of the generator. The loss of the second generator
would result in a total loss of AC power.

The DC sources for the SFCES are assumed to represent an
average load of 2.76 KVA to the aircraft AC buses.

Analysis

The candidate configurations were subjected to two separate
anglyses: :

(a)

Truth charts were made to establish the various failure
medes of each configuration. These truth charts were used
to determine the degree of redundancy of each candidate
configuration. Causes for rejection of & particular con-
figuration were based on:

o Failure of SSAP caused by two or less random electrical
failures. Exception: A double engine failure requires
contrel system recovery actions by the pilot which are
identical to those required in any F-L4 aircraft under
the same failure modes.

Each candidate configuration was subjected to a power

capacity and loading analysis to determine the compatibility

of the system with the aircraft electrical generating and
distribution system. Causes for rejection of a particular
configuration were based on:
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o Use of HDEG driven meotor greater than 3 horsepower
o 1Inrush icad exceeding 6C KVA

Configurations #a, 2¢, 2d, 4, 6, 1la, 11b, 12, and 13 appear
to be satisfactory SSAP candidates based on the aircraft
electrical system compatibility criteria.

Reliability

In evaluating reliability, each configuration was analyzed to
determine the number of failures per million flight hours (X =
failures per million flight hours) for that configuration. The re~
gsulting failure rate includes all electronic, electrical, hydraulic,
mechanical and engine failures which could cause sircraft loss due
to loss of pitch axis control. The failure rate data used in the
analysis, except for the master control valve which is calculated,
were derived primarily from F-l experience and supplier proposal
reliability estimates and are shown in Table TII. This calculated
requirement was applied to any failure, or combination of failures,
which would result in a catastrophic failure of the aircraft. M7TATR
failure data do not identify a MCV failure in approximately 3.25
million F-I flying hours.

TABLEIIL

EQUIPMENT FAILURE RATES

Failures per 106 Hours

Electronics (Per Channel, Except Servo Amps) 275.0
Servo Amps 15.0
Aircraft AC Electrical Supplies [Single) 115.0
(Dual} 14.0
Utility Bydraulics and HDEG 160.0
Battery 70.0
Secondary Actuator (Per Channel) 250.0
Engine Flameout — No Restart 30.0
Electric Motor 25
Hydraulic Pump 20.0
Motor-Pump-Reservoir, etc. 250
Master-Control Valve and Linkages 0.05
Cylinder Sections (Cracks, Leaks) 7.0
Switching Valve (Pressure Lass) 35
{No Switch} 2.0
Primary Hydraulics 30,0
Utility Hydraulics 143.0
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The ratings used to assess relative reliability were based on the
reliability gcal of 0.23 failures per million flight hours for the
entire SFCS. An allocation of 0.116 failures per million flight
hours (half the SFCS failure rate) to the pitch axis is allcewable
since the lateral and directional axes are redundsnt and only one
must function to return and land the test aircraft. Moreover, if
eachi axis had an inherent failure rate of 0.23 failures per million
flight hours, the failure rate for the entire SFCS would be:

(2.3 x 10‘7) + (2.3 x 10'7)(2.3 x 10"7) =

(2.3 % 1077) + (5.29 x 1o'lh) = 0.23 x 107
Therefore, a pitch axis failure rate of 0.20 failures per million
flight hours can be considered acceptable.

Thus, the ratings used to assess relative relisbility were:

- Excellent, meets all requirements (A < 0.116)

- Satisfactory, involves minor compromise (0.116 < A < 0.160)
Acceptable, involves significant compromise (0.160 < X < 0,200)
Unacceptable (A > 0.200)

[ BN v A =

The trade study reliability calculaticns were based on all failures
and failure combinations which cause loss of pitch axis contrel.
This is iliustrsted in Table IV for Configureticn (1) which shows
four failure combinations which result in the loss of pitch axis
control. The highest failure rate of the four failure ccmbinations
is the 14 failures per million flight hours for the dusl electrical
supply. This failure alone would result in an unacceptable rating.
The failure rate which results from the other failure combinations
are relatively low.

TABLETX
CONFIGURATION 1 TOTAL FAILURES

Failure or Failure Combination Failure Rate x 106
(1) MCV 0.05
{2} Dual Electrical Supply 14.00

{3) Single Electrical Supply or Engine in
Combination with MPI, MP2, Cylinder
Section A or Cylinder Section B.
(115+30) (25+ 25+ 7+ 7) = {145) (64} = 0.00928

(4) MPI or Cylinder Section A in Combination
with MP2 or Cylinder Section B.

(26 + 7} (25+7) = (32) (32) = 0.001025

Total Failure Rate Per Million Hours 14.060304
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The results cf the reliability evaluation are shown in Table V

with most of the configurations having approximsaste failure rates of
either 14 or 0.05 failures per millicn flight hours. Those config-
urations with a failure rate of 1L failures per million flight hours
would be completely disabled by a dual aircraft electrical supply
loss. The remaining combinations show a failure rate per million
flight hours of 0.05, which is the minimum value assigned to the
MCV, or a value slightly higher which reflects the effect of addi-
ticnal failure combinaticns.

TABLEX
CONFIGURATION FAILURE RATES
Configuration Losses/10% Hours
1 14.060
2a 0.056
2b 0.053
2c 0.063
‘2 0.054
3a 14.054
3b 14.052
4 0.051
5 14.050
6 0.051
7a 0.051
7b 0.051
8 14.050
9 0.050
10 14.050
11a 0.053
t1b 0.059
12 0.051
13 0.050

Survivability

In evaluating the survivability of each configuration considered in
the trade study, the number of killing hit combinations were
enumerated and compared to the total hit ccombinations possible. This
was done for discrete numbers of hits on the system; specifically
one, two, and three hits. Seventeen components were considered in
these combinaticns, the components being:

(1) L/H Fngine (5) PC-1 Hydraulics
{2) R/H Engine {€) PC-2 Hydraulics
(3) L/H Generator (7} Utility Hydraulics
(4) R/H Generator (8) HDEG
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(9} Motor Pump No.l (13) Actuator Chamber No.l

(10) Motor Pump No.? (1L) Actuator Chamber No.2
(11) Motor Pump No.3 {15) Actuator Chamber No.3
(12) Motor Pump No.h (16} Actuator Chamber No.lk

(17) Actuator Attachment

The particular configuration determines which of these components
are considered concurrently. A hit on any component will kill or
disable that component. Multiple hits on components were considered
possible, but the first hit caused component kill. Configurations
with fewer killing hit combinations, in proportion to the total

hit combinations possible, were considered supericr. The surviv-
ability ratings of the trade study configuraticns are included on
the Comparison Matrix of Design Approaches, Table IT. Further
survivebility data sre presented in Appendix T.

Compatibility With Two~Fail Operate Criteria

This reguirement is based on a failure effects analysis which
includes single and dual failures, In some instances a single
fallure results in the loss of more than cone hydraulic scurce and

a dual failure results in the loss of more than two hydraulic sources.
FPor the failures considered, any configuraticon which met the two-
fail-operate reguirement was given an A rating. Lower ratings were
given for the remaining configurastions, depending on the number of
failures for which the requirement was not met. There are certain
conditions for which the full two-fail-operate criteria must be
vialated for the SFCS program, due to the use of an existing air-
frame, lack of required technology cr the economics of an R&D program.
Driving a slab stabilator requires uge of a single horn and single
attach fitting. Use of more than two coupled master control valves
has been found to be beyond the scope of machining precision avail-
able today. These are examples of areas in which vicolation of the
two-fail-operate criteria does not eliminate a configuration from
congideration.

Compatibility With SFCS Program Schedule

This category represents an evaluation of preducibility and pro-
curibility in terms of their effect on the SFCS program schedule and
incorporates an appropriate penalty for paper concepts such as those
involving three or four motor pump units. Penalties were assessed
for each motor pump unit, triple or gquadruple master control valves,
the requirement for an HDEG and the reguirement for a fourth AC
electrical source.

Compatibility With Central Hydraulic Systems

Where fluids are mixed by switching, it is obvious that different
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fluids cannot be used. Hence, a system which is backed up by a
central hydraulic supply cannot be allcwed to exceed the tempersature
limitations of the aircraft central hydraulic supply fluid. A
system operating at high temperatures could be filled with a high
temperature fluld to eliminate many undesirable effects cof high
temperature on the fluid if the fluid is not mixed with a central
hydraulic supply. However, conduction throughout the package could
gtill locally expose the central system to an excessive temperature.

MCATR recognizes the problems invelved in mixing dissimilar hydraulic
fluids at high differential temperatures irn the SSAP design. There-
fore the same type high temperature hydraulie fluid, MIL-H-83282,
will be used in both the central and SSAP integral hydraulic systems.
The hydraulic fluld selection study is presented in Section V.

The ratings used to assess the configurations compatibility with the
central hydraulic system were: '

A - No central hydrsulic systems used.

B - Central hydraulic systems used but not mixed with the local
systems.

C = Central hydraulic systems and local systems are mixed.

Maintainability

The maintainability ratings are based on the inherent complexity and
operating cheracteristics of each configuration as they effect
support requirements. Maintainability is a design area where some
compromise between optimum mainteinability characteristics and pro-
gram econcmics must be made. For this reason, the rating of excell-
ent (A) and unacceptable (D} were not applied in the maintainability
ratings.

Weight

The weights of the following components are estimates hased on the
Simplex packages and APU weights which are 90 1lbg. and 25 1lbs.
respectively; the master control valve is considered to be part of
the surface actuator.

COMPONENRT WEIGHT IN POUNDS
Surface Actuator
Dual 50
Triple 100
Quadruple 130
Soft Cuteff Motor Pump Reservoirs
> HP 30
8 HP Lo
12 HP 55

30



COMPONENT WEIGHT IN POUNDS

Soft Cuteff Flow Sharing Motor Pump Reservoirs

2 x5 HP 48
l1x5HP +1 x 8 HP 55
2 x 8 HP 63
Secondary Actuator 20
Switching Valve 3

Configuration 1 2. 2b  2c 24 3a 3 L 5 6
Weight 180 16C 170 157 160 202 212 190 2LEé 204

Configuration T7a Tb 8 o) 10 1la 1lb 12 13
Weight 219 225 249 2ho 270 148 125 160 23k

The ratings used to assess relative weight were:

A W o< 135
B 135 <« w < 185
¢ 185 < W

Maximum Steady State Power Reguirements

The steady state electrical power input is a guide to the general
efficlency of the package. The results are based on soft cutoff
punp systems with the following supply capability.

% of Max. Hinge Mcment 100 50 100 50 50 100

% of Max. Velocity 100 100 50 50 50 50
Steady State HP 3.7 2.1 2.1 1.5 .6 6
Safety

Based on 22,158 producticn flights at MCAIR by all model F-k's
hydraulic discrepancy reports are as follows:

System PC-1 PC-2 Utility
Ko.of Reports 1h6 137 735

These discrepancies are nct always failures but do include leakage,
malfuncticns, or discrepancies of asscciated equipment not Iden-

tified. Hydraulic leaks have caused radar antenna prcblems and
were coded to the radar system vice the utility hydraulic system.

This indicates that the total utility hydraulic system discrepancies
may he higher than stated above. The contamination level cf the
utility system is higher because of the many components in the
system and this alsc contributes to the higher failure rate.

Because of the high failure rates of the utility hydraulic system
all configurations utilizing the utility system as a primary or
back-up system were rated lower than those utilizing PC-1 and PC-2
hydraulic systems. This lower rating applied whether the utility
system is used as a primary or back-up system.
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As a result, Configurationsg 12 and 13 are rated above configurations
2a through 11b. Configuration {1) is rated low because it does not
have a back-up system. '

Envelope

Farly envelope studies for the SSAP indicated clearly the necessity
of having the package body fixed to structure and its piston moving
with the surface. To have provided adequate clearance for a moving
body package dragging 22 wire bundles and 6 hydraulic lines over a
10.17 inch stroke would have resulted in modifications to major
structural members in the aft fuselage.

In this trade study, & study of potential envelope problems was not
initiated until late:; consequently, the envelope investigation was
restricted to the configurations shown on Figure 5, which had not
been eliminated due to cother considerations. Thus, only configura-
tions 4, 6, 1la, 12, and 13 of Figure 5 were considered. Of these
configuraticns, 4, 1lla, and 12 have only two pistons and do mnot
present an envelope problem. Therefore, actuator layouts were made
for triple and guadruple piston configurations only as shown in the
ensuing list. No layouts are shown for the dual tandem piston con-
figurations since they are essentially identical to the actuator
layout of Figure 6 except that only one dual piston in tandem is
required. It should be noted that the triple piston actuster lay-
outs of Figures 6, 7 and § correspond to configuraticn number & of
Figure 5. The quadruple piston actuator layout of Figure @ corres-
ponds to configuration 13 of Figure 5. For configuration 12 a
parallel actustor layout can be used without presenting an envelope
problem. Figure 10 represents the available envelope.

FIGURE MOTOR PISTONS RELATIVE

PUMPS RATING
- Duplex Dual Tandem A
4 Duplex Triple Tandem D
P Duplex Triple Parailel B
6 Duplex Triple Parallel C
T Duplex Quadruple Parallel C
8 Available Envelope

Actuators shown in Figures 6 through G require a yoke tc link

the multiple rod ends together since the alrcraft installation
cannot tclerate more than two pistons in line. The combination of
miltiple tandem pistons and rod-end yoke presents a partiecular
problem because the yoke wipes through a bulkhead at F.5.600 in
Figure f. Because of the rework required, this actuator layout

is considered economically unacceptavie. The use of a parallel
piston actustor laycut without a tail pipe avolds this problen
gince it moves the rod-end yoke well away from the bulkhead.

The difference between the actuator layouts of Figure T and 8 is in
the arrangement of the motor pumps relative to the line-of-action
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of the actuator. In Figure 7, the motcr pumps are arranged perpen-
dicular to the asctuator line-of-action while in Figure 8 the motor
pumps are arranged pargllel to the actuator line-of-action. The
arrangement of Figure T is preferred because 1t makes better utiliza-
tion of the available space. The guadruple-parallel actuator layout
of Figure 9 is rated the same as Figure 8 actuator layout because

the difference in terms of envelope is not considered significant.

The relative ratings listed above were shown to distinguish between
the various actuator layouts considered. O0Of the three triple-piston
actuator layouts investigated, only the actuator layout of Figure 7
is considered in the compariscn matrix of Table IT.

Thermal Considerations
{1) General

Thermal considerations are a primary concern in IAP (Integrated
Actuator Package) design. A1l designs submitted in response to
the BEAP Procurement Specification were carefully evaluated
with respect to thermal characteristics. Conclusive analytical
thermal comparisons can be made between the variocus configura-
ticns under consideration only after a thermal model of each
configuration is devised. Thermal mecdel characteristics are
determined by the design detail of the configurations. The
lack of empirical degign detzil made it necessary to devisze the
thermal models from package design detail contrived in the
thermal analysis itself. The many variables involved 1In de-
viging the models, the number of configurations, and the brevity
cf the study all combine to make difficult a thermal cptimiza-
tion of each configuration. Moreover, the variables leading to
the optimization of each configuration have a pctentially
different impact on the aircraft installation and therefore
this impact must be studied. The ratiocnale used in devising
the thermal models is presented in Appendix II.

(2) Scope of Consideraticns

The cooling of a particular package depends upon the effsctive
surface area of the package, local radiaticn and convection
rates, per unit area, the hydraulic and electrical heat dissi-
paticn, the capacity of heat exchangers or other supplemental
heat transfer provisions, and the capacity, temperature, and
delivery scheme of the ram airflow or cother heat sink provided.

(a) Effective Surface Area

The effective surface ares depends, first, upon what the

actual surface area is, and secondly, upcon what the temp-
erature gradients are along the surface. The temperature
gradients in turn are dependent upcn the relative thermal
remoteness cf the various porticns of the package surface
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from the internal heat sources. The thermal remoteness

is a function of the internal distribution cf power losses
and the internal heat flow paths. The internal heat flow
paths are not only influenced by the physical dimensions
and thermal conductances of various supporting members or
package protuberances, but also by the internal physical
plumbing arrangement and associated hydraulic flow rates.

Local Radiation and Convecticn Rates

The local radiation heat transfer rate is influenced by
the thermal emissivities of the package and aircraft
surfacegs and the view factors characterizing the install-
ation. Surface convection rates are significantly in-
fluenced by lccal air wvelocities. Air velocities, in
turn, are influenced by ventilation airflow rates, use,
location and capacity of fans, considerations of special
shrouding, and physical limitations on where air may be
ducted for spot cooling.

Hydraulic and Electrical Heat Dissipation

The heat dissipated by a particular package is the cooling
load at steady state conditions. Tt comprises the power
losses of the hydraulic pump and the associated flow cir-
cuits and those of the electric motor. The hydraulic pump
losses are determined by pump efficiency and are influenced
by pump flow rate and the supply and discharge pressures.
In a valve controlled soft cutoff arrangement, all of the
pump input power beccmes heat unless work is being done in
moving the surface. The electric motor power losses for
analytical purposes may be considered to vary as a func-
tion of its efficiency and cutput rating.

Supplemental Heat Transfer Provisicns

The capacity reguired of the heat exchangers or other
supplemental heat transfer provisions for a package is
equal to the portion of the heat dissipated by the package
that, at the operating temperature zselected, cannot be
dissipated from the surface of the hydraulic components
themselves. The size of a heat exchanger cooled by com-
partment air is influenced by the temperature of the com-
partment. The compartment temperature is, of course, =&
function of the temperature and velocity of the ram air-
flow provided.

Therefore, along with a suitable means of package heat dis-
sipation, a method of remcving the dissipated heat from

the compartment without overheating the aircraft structure,
the S8AP electric motors, or surrounding equipment must be
established. The attendant concerns of scocop design, air-
floew distributicn, airflow exhaust porting and related
factors must be considered.
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Heat Sink Provisicns

The capacity of the heat sink available to the package in-
fluences what the size of the heat exchanger or other hesat
transfer provisions must be to attain the selected operat-
ing temperature. Tradeoffs are required to establish
whether the heat exchanger should be enlarged or the capac-
ity of the heat sink increased. The capacity of the heat
sink also determines what temperature the package ambient
will attain.

For analytical purposes, the temperature difference be-
tween configurations can be greatly reduced by arbitrarily
increasing without regard to envisioned installstion con-
straints and other specific limits, the ventilating air
mass flow rate, the finned ccooling areas, the local air
veloeclty, ete. The temperature difference can te essen-
tially eliminated by adding individually sized heat
exchangers to the variocus configurations. All these in-
creases produce some penalty to the aircraft. BSelecting
the most satisfactery fluid operating temperature for a
configuration involives multiple tradeoffs. Ideally, the
benefits gained by lowering the fluid operating temperature
in specific increments must be compared to the penalties
incurred by employing the asscciated cooling provisicns or
technigques. In this trade study simplifying assumptions
are made to facilitate completion. For example, the weight
renalty associated with heat transfer improvements are
based upen a linear inecrease in heat exchanger or fin
weight with increasing heat transfer capacity, rather than
upcn an optimized heat exchanger design for each of the 3i4
thermal models. These sgimplificationsg are not considered
to invelidate the conclusions drawn herein.

(3) Approach

The thermal trade study included the following tasks:

(a)

(b}

Translating the configuraticon intc a thermally complete
design by analytically sizing the package.

Calculating the heat generated.

Determining hnimproved operating temperatures and the need
for improvement.

Determining the improvements reguired to operate at a given
fluid tempersature.

Calculating the potentisl requirements for increaged
ventilation.
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(f) Assessing the feasibility of achieving state-cf-the-art

operating temperatures.

(g) Devising and implementing an overall thermal rating and

integrating with the total rating scheme.

The environmental conditions and duty cycles used in evaluating
thermal considerations are based on the thermal evaluation

conditions presented in Table VI.

TABLENT
THERMAL EVALUATION CONDITIONS

Parameter Value
Parameter High Altitude Soak Transient
Flight Condition Flight Condition

Mach Number 1.46 24
Altitude (Ft} 50,000 50,000
Oesign Day — ICAQ Standard ANA Cold
Time at Flight

Condition {(Min} Continuous 4.5
Ram Air Inlet

Temperature (°F) 2b 318
Ram Air Flow Rate {Lb/Min) 13 30
Actuator Trim Load {Lb) 5000 6600
Gust Loading Duty Cycle

Actuator Amplitude

(Peak to Peak) {In.} 1.2 0.86

Freguency (Hz) 0.8 1

Loading Period {Min) 1 1

Time Between Periods  (Min) 5 5

The comparative thermal condition of the packages at the high
altitude socak conditicn is considered a bellwether of com-
parative package thermal conditions throughcut the flight pro-
file. Thus the heat dissipation and baseline unimproved

thermal environment for each package were determined at the

high altitude soak flight condition by utilizing the gust
loading duty cycle and the ram air flow rates listed. The
unimproved operating temperatures and the specific heat transfer
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improvement requirements used in this study were calculated
for this condition. An estimate was alsc made of the packages'
heat storage capacity and their ability to withstand the high
temperature transient flight condition listed.

Calculated Operating Temperatures

The unimproved fluid operating temperature is a function of the
heat dissipated per unit area from the hydrsulic circuits and
the compartment temperature to which the heat is dissipated.

The compartment temperature is a function of the sum of the
heat dissipated by both the electricsal and hydraulic compconents.

Fluid operating temperatures for thermally unimproved soft
cutoff configurations are as follows:

CONFIGURATION 1 2a _Zb 2c ed 3a__3b b 5 6

TEMPERATURE-F® | 800 585 700 596 585 588 T00 584 600 615

CONFIGURATION | 7a 7b 8 9 10 1ls 1lv 12 13

TEMPERATURE-F® | 525 585 525 545 585 485 585 584 526

Al though servo controlled pump configurations were eliminated
ag discussed previously, preliminary thermal analyses were
conducted for comparison.

The unimproved servo controlled version cf a configuraticn can
be expected,with a modest duty cycle,tc operate more than 100°F
cocler than the scft cutoff version. The servo contrclled
versions are also less susceptible fc overheat due tco high duty
cycles,

The primary meaning of the temperature figures is signified by
their being designated "unimproved" package cperating fluid
temperatures. This designetion indicates that the temperatures
pertain to configurations built without including heat transfer
improvements specially tailored to limit temperature to a
specific level. The high temperatures shown are considered
vailid indicaters of the need for heat transfer improvement.
Operating temperatures as high as these "unimproved" values are
not to be expected in configuration designsg vherein packsge
thermal characteristics and heat transfer improvements receive
the proper design emphasis. Incorporating the proper heat
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transfer improvements, such as heat exchangers, into the
packages to reduce their fluid temperature is cconsidered to be
more feasible for the SFCS program than acquiring a hydraulic
fluid and compatible seals capable of withstanding the high
temperatures predicted for unimproved packages. Accordingly,
the thermal ratings asgigned the configurations are based on
reducing steady state fluid temperatures to 350°F or LS50Q°F.

The servo punmp versions investigated during this study exhibvit
thermal advantages over the soft cutoff pump versions partially
due to the sizing techniques used for servo pumps. The servo
pumps were initially sized on the basis that the actuator piston
areas would need to be double those of the soft cutoff pump
version in order to provide the reguired actuator stiffness.

As a general rule, then, the pump flow rates of the servo pumps
used in the thermal analysis were twice or nearly itwice the
flow rates used in the thermal analysis of the soft cutoff
pumps. If analytical reasons or design innovations are found
such that serve pump actuators would have the same stiffness
with the same piston areas as the soft cutoff pump actuators,
this would increase even more the thermal advantage held by

the servo pump versicns. ESince servo pump stiffness data were
not available at the time of this study, only the soft cutceff
pump is considered in the thermal ratings.

Thermal Rating of Configuratiocns
(a) Definition of Rating System

A - Bagseline aircraft ventilation provisions and reason-
able SBAP self-contained heat transfer provisions
result in a moderate operating fluid temperature of
3509F or less steady state.

B - Airecraft ventilation provisicons and/or SSAP self-
contained heat transfer provisions moderately exceed
the desirable levels of "A" to achieve a steady state
fluid temperature of 350°F or less.

C -~ Aircraft ventilation provisions and/or SSAP self-
contained heat transfer provisions significantly
exceed baseline and desirable levels of "A". The
steady state fluid tempersture may go to 450°F.

D - Unacceptable, aircraft or SSAP heat transfer provisions
required are so extensive and/or operating temperatures
80 high as tc constitute a major threat to the SFCS
program schedule, and/or package reliability, and
anticipated program costs.

To employ a "B" rating in this study without the expenditure

of an excessive amount of supporting analytical effort requires
the use of many essentially subjective Judgements. While some
of the configurations investigated appear to necessitate or
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(b)

be better suited to nonpreferred and/cr somewhat costly heat
transfer techniques, such as component heat exchangers, it is
misleading to dismiss them as "unacceptable'. Scme of the
nonpreferred techniques that might be employed as a "last resort
for configurations having a poor thermel rating are:

¢ Redundant oil-to-air hest exchangers

¢ Package shrouding to achieve & high air velocity over a
large part of the package surface

o Redundant heat transport loops to convey heat to a remotely
located heat exchanger where gpace is more readily available.
A special case is redundant heat pipes to convey heat fronm
heat sources tc finned heat exchange stubs in individual fan
and/or ram air ducts.

o Techniques in the categories of "Artificial cooling which
are prohibited by definition of the program objectives.
Included in this category are ram air expanders and similar
technigues which employ & refrigeration effect.

For even the worst configuration examined, it appears possible
to achieve state-cf-the-art temperature levels. However, this
achievement is attainable through the use of relatively heavy
end/or destructible heat dissipation equipment and undesirably
large ventilation airflow increases. The penalties that such
extensive cooling provisions impcose on the performance of the
F-4 test asircraft do not appear significant; however, it is
believed that the performance penalty would be a major consi-
deration in eveluating the suitability of the SSAP configurations
for a future develcpment aircraft with high performance goals.
In the case of the BSFCS program, the major detrimental con-
gideration appears to be theoretically reduced survivability,
increased vulnerability to handling damage, decreased relis-
bility, increased program costs, and/or undesirable diverting
of the program technical effort and funds to design, instaslla-
ticn and testing of the ccoling provisions and interfacing
hardware {or the risk of such). It is desirable to promote for
this application packesge thermal features that are consistent
both with the SFCS program goals and potential future applica-
tions of integrated actuator packages.

Ratings Assigned

The thermal ratings for each configuration are provided as
showvn in Table VII. The thermal ratinges allow higher fluid
temperatures and ncnpreferred heat transfer techniques to be
rated "C". Thermal ratings are integrated in the Comparison
Matrix of SSAP Design Approaches, Table II.
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TABLE MIT
THERMAL RATING SUMMARY

Configuration 1 2a 2b 2c 2d 3a 3b 4 5

Overall Thermal c B Cc B B B C C c B
Rating

Configuration 7a 7b 8 g 10 11a 11b 12 13
Overall Thermal B C B 8 C A B B B

Rating

n. Other Congiderations

The comparison matrix does not include cost considerations. A
preliminary attempt was made to estimate relative costs on the
basis of system complexity. A comparison of these estimates
with actuator cost estimates from manufacturers indicated little
correlation, however, so cost estimates were not included in the
comparison matrix.

5. SELECTION OF THE DESIGN APPROACH

The results of evaluations by the comparison matrix indicate, as shown

in Table II, that all configurations except 4, 6, 1la, 12 and 13 are
unacceptable in one or more categories. The ratings for these five
configuraticns are nearly equal. The consideration of cost and technical
risk are included at this point to assist in the selection. Configuraticn
4 and 1la require a third motor-pump unit and s HDEG, and therefore,

would cost more than configuration 12. Configurations 6 and 13 would
incure more technical risk, in developing a triple or gquadruple controcl
valve and actuator, than cenfigureticn 12 which must only develop the
hydraulic switching wvalves.

In the absence of compelling factors not uncovered in this limited
trade study, configurastion 12 is considered 4o represent the lowest cost
and the least technical risk. The use of twe central hydraulic systems
in configuration 12 gives the increased safety necessary for successful
completion of the SFCS program but in no way compromises the future use
of IAPs where central hydraulic system(s) back-up may or may not be
desired, depending on the overall aircraft layout, mission, and design
philosophy. Therefore, configuration 12 was recommended for the SSAP.
This reccmmendation was subsequently approved by the Govermnment, and is
the basis of the current SSAP design.
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SECTICN TV
HYDRAULIC POWER SUPPLY STUDY
GENERAL

This study was conducted to establish the requirements for the SFC3
hydraulic power supplies. To fulfill the two fail operate requirements
of the SFCS it will be necessary t¢ use a fourth hydraulic system in the
test airplane, in addition to the three existing systems which are PC-1,
PC-2, and utility. The study included the following:

0 Bystem requirements for the secondary actuators; Mechanical Isclaeticn
Mechanism (MIM) shift actuator; rudder surface actuator back-up
hydraulic supply; and the Survivable Stabilator Actuator Package {SSAP)
back-up supply

0 Analysis of the effect of the additional power requirements cn the
test aireraft’s central hydraulic systems

o Analysis of the power requirements for the fourth hydraulic systen

o Reliability analysis of the effect of the fourth hydraulic system on
the test aircraft

¢ Thermal analysis of the fourth hydraulic system

The effect of the added hydraulic power requirements for the SFCS on the
three existing aircraft systems is negligible. The fourth hydraulic sys-
tem powered by an electric motor driven pump is adequate to supply hydrau-
lie power to one channel of the secondary actuators, and to serve as a
back-up hydraulic power source for the rudder surface actuator.

The use of MIL-H-83282 (MLO 68-5) hydraulic fluid in PC-1 and PC-2
hydraulic systems will not significantly affect the performance of either
the secondary actuators or the surface actuators. A test performed at
MCAIR, under Air Force contract number F33657-£9-C-0861 and reported in
Reference 1, showed anh insigificant difference in actuator performance
when using MIL-H-83282 and MIL-H-5606 fluid in the F-L Iron Bird.

SYSTEM REQUIREMENTS

a. Bystem Configuratiocns
The hydraulic system schematics for the basic F-4E and the SFCS pro-
gram are depicted in Figures 11 through 14, Pigure 11 is that for
the F-4E. Figures 12, 13 and 14 are schematics for Phase ITA, IIB,
and IIC, respectively. The utility hydraulic system is not shown in

detail, due to its complexity.

{1) The Phase IIA configuration differs from the F-4E configuration
as follows:
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SFCS FLIGHT CONTROL HYDRAULIC SYSTEM PHASEIIC

61/62



(a) The addition of the four quadruplex electrohydraulic secon-
dary actuators, two in the lateral, one in the directional,
and one in the Jjongitudinal control systems

(b) The addition of a fourth hydraulic system

{¢) The addition of the hydraulic controls and actuation for
the MIMs in the longitudinal and directional control system

(d) The addition of a back-up hydraulic supply for the rudder
surface actuator

(e) The auxilliery power unit, which has not previcusly been
installed in the test airplane, will not be used to back
up the stabilator surface actuator

(2) The Phase IIB configuration differs from the Phase ITA configura-
tion by the removal of the hydraulic controis and actuation for
the MIMs.

(3} The Phase IIC configuration differs from the Phase IIB configura-
tion as follows:

{a) The removal of the production stabllator surface actuator
{b) The removal of the longitudinal secondary actuator

{c) The additlon of the SSAP

(d) The connection of PC-1 and PC-2 to the SSAP to provide
emergency back-up hydraulic power

Secondary Actuators

Each Secondary Actuator contains four functicnally identical elements
which are mechanically tied together to a common output on which igs
summed the force cutput of the four elements. A more complete descrip-
tion of how the secondary actuator is mechanized is shown in AFFDL-TR-
T1-20, Section V. The hydrsulic schematic of one element is shown on
Figure 15. The pressure to each element is controlled by a sclenoid
operated shutoff valve. When the solenoid is energized, pressure is
supplied to the servovalve and the centering or brake release mechanism.

The servovalve is a single stage jet pipe type which controls the actu-
ator output force and velocity in response to an electric current
signal.

A differential pressure (AP) sensor assembly is incorporated which
genses differential pressure in the cylinder chambers of the element

and indicates a fallure when the pressure difference across the actuator
piston exceeds 930 psi or the pressure in one cylinder chamber falls
below approximately 90 psi. The AP sensor assembly also serves as a
differential pressure relief wvalve to limit the maximum pressure diff-
erence between cylinder chambers C; and Co to 1000 psi, thus providing
load limiting for the secondary actuator elements.
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(1) Flow Requirements

The equation for the flow reguirement, Q, of a secondary actua-

tor element in cubic inches per second (cIg), is @ =K AP, where
AP is the pressure drop in psi between the supply and return of
the secondary actuator element, and K is equal to 2.6 x 10-72,

When AP
When AP
When AP

{2) Pressure

= 3000 psi
1270 psi
1000 psi

[

Requirements

1.42 ¢I8 (0.37 gpm)
0.93 ¢Is (C.2% gpm)
0.83 c18 {(0.22 gpm)

]

Q
Q
Q

Under secondary actuator stall cenditions each secondary actuator
requires a steady state AP greater than 1270 psi in order to
recover 950 psi across the actuator piston. 950 psi is the mini-
mum pressure required for failure indication. To meet slewy rate
requirements, the secondary actuator requires a minimum AP of

1000 psi.

¢. Mechanical Isolation Mechanism (MIM)

The MIM is used in Phase IIA of the SFCS pregram tc shift control of
the surface actuators from mechanical to Fly-By-Wire mode and vice
verga in the longitudinal and direectional control systems, Further
details are presented in AFFDL-TR-T71-20, Section ITII. The MIM is
removed for Phases IIB and IIC of the program. The hydraulic sche-
matic of the MIM is shown in Figure 16.

Spring Load
177 Lb Extended

MIM Actuator

190 Lb Retracted @

Manual
Mode

Prassure

Utility

Return

FBW
Mode

Actuator Areas

al [ A = 0.7831In.2
g Al O B = 0.307 in.2
1a C = 0.476 In.2

Restrictor Valve
)(] Flow Rating
0.31 GPM at 3000 PSID

Check Valves

Solenoid Valve

—

Shown De-Energized

FIGURE 16

MIM HYDRAULIC SCHEMATIC



Engine Speed % RPM

The utility system was chosen as the hydraulic supply for MIM actua-
tion instead of PC-1, PC-Z, or APU in order o obtain continuity of
control for a greater period of time under engine cut conditions. A
single engine out condition results in the loss of the PC hydraulic
system powered from that engine and therefore could result in an
undesired shift of the MIM. The use of the APU hydraulic system was
eliminated because the MIM would shift to mechanical back-up mede due
to loss of AC electric power shortly after a dusl engine flameout.
Figure 17 1llustrates typical engine RPM decay characteristicg that
may be expected after an engine flamecut. The electrical generators
are automatically cisconnected from their assoclated bus at approxi-
mately SU% engine RPM. The three engine driven hydraulic supplies
maintain usable pressure to a lower engine speed than that required
to retein the electrical generators "on line”.

100

1L-— Ground ldle Speed
1

1
- - —— == = Generator Drop Qut

/ - Variation in Decay Rate Observed Inflight
40 4

T
Effect of Extracting
20 10 Additional HP =~ 7

of

1 L, -,
p—— Nomlinal Nlinirl'num Restart --—-——-:— =T /////%%

Y

| I J 51 Sec ~3 La3 Sec
° 0 10 20 30 40 50 60 70 80 90 100
Elapsed Time after Flameout - Sec
FIGURE 17

ENGINE RUN-DOWN CHARACTERISTICS
Altitudes = 5,000 Ft thru 55,000 Ft
Mach No. = 0.3 thru 1.2

Bach MIM is mechanized so that an interruption of electrical power to
the MIM solenoid valve will remove hydraulic pressure from cne side cf
the actuator and allow the MIM to be shifted to the mechanical back-
up positicn by a prelocaded spring. Pilot action is then required to
re-engage the Fly-By-Wire control meode. Figure 18 iliustrates the
electrical contrel circuitry planned for the MIM system.
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Electrical power is supplied to each MIM solenoid circuit only when
(1) utility hydraulic pressure is above 1000 psi, which will hold a
rressure switch closed and (2) when the pilot operated, solenoid held
SFCS/MECH Back-up switches are in the SFCS pocsition. The solenocid-
helding action of these switches may be interrupted by momentary
operation of the contrel stick paddle switch. This action results in
reversion of both MIM's to the mechanical back-up mode. In additicn
to the pilot cperated and the utility pressure operated switches, the
Pitch MIM also requires that the pressure in either PC-1 or PC-2
holds a FC pressure switch closed. TFigure 18 also shows the circuit-
ry which provides the Stability Augmentation function, which may be
engaged when the pllot selects the Mechanical Back-up mode.

Hydraulic fluid flow required to actuate each MIM is approximately
0.5 cubic inches per second for 2.5 seconds when activating the
systen.

Rudder Back-up System

A rudder back-up supply i1s cconsidered necessary to improve the reli-
ability of the directional control system and give it fail cperate
performance in the unlikely event of complete loss of the lateral
control system. Rudder deflection also is reguired to counter the
effects of asymmetric thrust that would occur with the loss of a
single engine. Therefore the fourth hydrauiic system, which uses
the same type of hydraulic fluid (MIL-H-~5606) as the utility system
was selected as the rudder back-up supply because it continues to
operate after the loss of a single engine. The loss of a single
engine causes the loss of a PC system; therefore, the use of a PC
system for rudder back-up is not as acceptable.

The rudder back-up supply is pilot selected by a switch in the cock-
pit. Autecmatic switching was considered and discarded because of the
difficulty of preflight testing and ground operation of the system.

The switching valve, see Figure 19, is pilot pressure operated with
pilot pressure referenced to the fourth hydraulic system. A minimum
pressure of 250 psi 1s required for valve actuation to select the
back-up system.

(1) TFlow Requirements

The flow requirement of the rudder surface actuator at maximum

unloaded surface rate is approximately 2.8 CIS (0.99 gpm). The
steady state quiescent leaksge is 0.69 CIS (0.18 gpm) which is

the combined leakage of the series servovalve and the main con-
trol valve.

(2) Pressure Requirements
The rudder surface actuator normally operates from a 3000 psi

supply and will operate in normal power mode down to approximate-
ly 250 psi. At this pressure the mechenical input to the surface
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actuator is clamped to the mechanical input and is then able to
drive the surface directly. It is intended to use the direction-
al control system as an emergency back-up in the event of a
total lateral system falilure; however, this is predicated on the
availability of a hydraulically powered rudder surface actuator.
The Secondary Actuator force output with three elements operating
is essentially the same as the manual force cutput in a conven-
tional P-4. The output pressure of the fourth hydraulic system
will provide approximately one half of the normal rudder hinge
moment. However, at landing speeds the pressure available from

the fourth hydraulic system is sufficient for full rudder deflec-
tion.

Survivable Stabilator Actuator Package (SSAP)

The SSAP replaces the production stabilator actuator znd the longi-
tudinal seccndary sctuatcr in Phase ITIC of the SFCS program. Two
integrated motor pump units normally supply the hydraulic power to
the SSAP for control of stabilator surface position. The secondary
actuator that is part of the SSAP is electromechanical and does not
require hydraulic power. ZEach integrated motor pump system is backed
up by one of the aircraft PC hydraulic gystems. If a motor pump
fails, a PC system is automatically switched in to replace the failed
system.

When opersating on the back-up system the hydraulic power requirements
for the SSAP gurface actuator are approximately the same as for the
production stabilator actuator. When operating on the integral motor
pump systems there is no hydraulic demand on the PC systems. Conse-
quently no changes in PC system power capabilities are required for
Phase TIC.

The maximum SSAP operating temperature is expected to be in the region
of 350°F to 450°F, hence the fluid used in the SSAP must be capable

of operating in this temperature environment. The fluid selected is
MIL-H-53282 (MLO 68-5). For further information regarding the fluid
selection see Section V of this report.

Fluid in the surface actuator LRU of the SSAP may be interchanged
between the integrated hydraulic systems and the PC systems; there-
fere all must use the same fluid.

Furthermore, it must alsoc be recognized that little information is
available concerning long life seel materials for Type III hydraulic
systems. TFor the S3AP the following philosophies and concepts have
been established.

o Minimize "O" ring seals as far as possible.
¢ Use latest state of the art high temperature "0" rings where "Q"
rings must be used. For example a compound, Parker T47-75, similar

to Viton but with better compression set characteristies, is util-
ized for all "O" rings.
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¢ Use dual redundant techniques on dynemic seals.

An air to fluid heat exchanger is employed to reduce the time at

high temperature and attempt to limit maximum fluid temperature to
something below 450°F.

3. ANALYSIS OF THE CENTRAL SYSTEMS

a. Hydraulic Supplies on Production F-L's

(1) PC-1 Hydraulic System

The PC-1 hydraulic supply is furnished by a constant pressure,
variable delivery pump on the LH engine. The pump maximum flow
versus pump rpm is as shown on Figure 20. The nominal pump dis—
placement is 1.54 cubic inches per revolution giving a maximum
flow of 75 CIS{19.L45 gpm) at engine cruise RPM,which corresponds
to a pump pad speed of 2950 RPM. The pressure versus flow re-
laticnship is shown on Figure 21, Within operating limits this
relationship is independent of pump RPM.

30

—— Maximum

20 E: Nermal Qperati

Pump
Qutput
Flow
GPM

m pd
S

0 1000 2000 3000 4000

Pump BRPM

FIGURE 20
PC-1, PC-2 PUMP OUTPUTS
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FIGURE 21
PC-1,PC-2 AND UTILITY PRESSURE/FLOW RELATIONSHIP

(2) PC-2 Hydraulic System

The PC-2 pump is driven by the RH engine and is identical to
PC~1 with the same pressure~flow characteristics.

(3) Utility Hydraulic System

The utility supply is obtalned from two pumps, one driven by
each engine. The pump on the LH engine normally supplies the
system flow requirements. Flow from the pump on the EH engine
is not used until the supply pressure drops below 2,800 psi.
The 2800 psi level is normally reached when the LH engine pump
is cperating at or near maximum flow. At this pressure level
the RH pump capacity is added to the utility system.

The output flow capability of the utility system at any
specific engine RPM is twice that of one PC system assuming
that both engines are running at the same RPM. The output
pressure vs. flow relationship is shown on Figure 21.

Effects of Additional Leoads

PC-1, PC-2 and Utility will have the additional steady state loads
of four secondary actuator elements which require a flow 5.7 CIS
(1.48 gpm) from esch system. This causes an increase of 2.6 HP in
the steady state load on each system, but will have negligible
effect on the maximum system flow demands listed in Table VIII,
Mest of the heat generated due to the additional loads will be taken

73



mnn mn | ¢od 20d 9'8 o<¢lL L'¢t 10819 Japodg
6’L ¥'L o[ £86°1 | SLPL 061 886 G0 S0 06l 9’61 puaixg pleoqing y
mnn mn | ¢2d | T0d A 50 50 8zl zl wenay  a9podg
8ZZ°L | CEO'L [ 882°L | 99670 041 6EL (VA ) 6'LL pualxy pseoqul y
nn 11N 1-2d i-0d a8 50 50 0Zi L'gl (1oensy lajiodg
é6'l 'L | £86°L | Gl¥L 051 886 06l 96l |[pPuU3IX3 pieoqlaQ T
1N mn | 1-2d | 1-0d vl 60 60 8zl ZlL wesnsy  aapodg
8zz'L | zeo'L | 88CL | 9960 | 051 6l Ll 641 | pusixg pieoqu 1
nn nn ¢-0d c-3d L{L'E ¥sl ¥'GL 10B418YH
. i uolsiiy o
98’z vo'e 98’z bz AN S0 G0 9'6¥ 9'6¥ pus1x3
1N inn | 1-0d 1-2d LLe 6l $'Gl | 178018y
. ; . uoiaihy 7
98z e 98z vr'e ZE9 S0 S0 96y 96t pualx3y
nn mn . 8¢ 1appny
£5°0 €90 919 £4 690 gt
1-Dd 1-0d Z-0d 2-0d T4 a'g8 56 vy | 1019y 1SS
ge'o £L's LLG LL'S S¢ 9’8 £eo £E'0 G'6Y 8¥S | puaix3z
1-0d 1-0d ¢-0d ¢-Dd =14 98 2oy £°0G9 | 1denay
1018119815
81’9 68'S 689 8Eq SZ 9g 90 90 L0G 2'E8 § pualxy
v £y FA 4 iv G/, 1985/ Avinn | 2-0d 1-2d | Avmny 294 1-0d
{pu3 poy st L) aley | WY SI2 SI1D
(‘U] bg) essy solENIOY azeying .:ww“ MO| 4 TUBISBINTY MO| 4 WNIxXe jojemay

SOILSIHALIVHVHI HOLVNL3V 3OVJHNS

mA3I1gvlL

74



out by the oil/fuel heat exchangers and will not cause any signifi-
cant increase in fluid temperature. In the case of a flameout
condition, these extra lcads could be significant, since the PC and
utility systems would be extracting more power from the windmilling
engine then without these lcads. The zdditional lozd demand from
each system would be 5.7 CIS{1.48 gpm) requiring an additional 5.2 HP
from the left engine and 2.6 HP from the right engine. The effect

of an additional 10 HP load on an engine and the reduction in the
time available for restart is shown on Figure 17 and indicateg the
time during which a restert must be accomplished is reduced from

€3 seconds to 51 seconds, a 12 second reducticon. For the puUrposes

of this study, it can be assumed that the additional 5 HP load would
have approximately half the effect of the 10 HP load and would reduce
the restart time available from 63 to 57 seconds. From the above it
can be concluded that the effects of the additional nydraulic loads
impoged on the PC-1, PC-2, and Utility systems for Phases TIA and

IIB of the SFCS program are negligible.

ANALYSIS OF THE FOURTH HYDRAULIC SYSTEM

A fourth hydraulic system is required to supply one element of each of
the pitch, yaw, and lateral left and right secondary actuators. It will
also supply back-up power for the rudder surface actuator. The power

for the system will be obtained from an Auxiliary Power Unit (APU) driven
by a 115/200 volt 3 phase 400 Hz motcr. The APU is the same unit that is
currently being used on the F~L4E as a back-up hydraulic poewer scurce for
the stabilator actuater. It is a Vickers APU, heavy-duty motor version,
model MPEV3-011-15. The APU has completed actual qualification testing
per Vickers Report No. 8-0643-268-310, which MCAIR is presently reviewing.
It iz important to note that the endurance section of the test consisted
of 750 hours of running with a considerable portion at 275°F. The elec~
trical power for the APU will normally be obtained from the LH bus. If
an electrical power failure occurs in the LH bus then the RH bus is autc-
maticalily switched in tc provide electrical power.

a. Flow Requirements

The flow in each secondary actuator element is 0.97 CIS {0.25 gpm) at
1400 psi; therefore a total flow of 3.88 CIS (1.00 gpm) for all four
secondary actuators is required. When the rudder is in the back-up
mode, the steady state flow will be increased to 4.55 CIS (1.18 gpm}
and the maximum flow demand will be 7.7 CIS (2.00 gpm).

b. Output Pressure

The output pressure versus flow characteristic of the APU is shown

in Figure 22. With a flow demand of 3.88 CIS (1 gpm) due to the

four secondary actuators, the nominal steady state output pressure
will be 1400 to 1600 psi. The additional load of the rudder surface
actuator will cause the supply pressure to drop 200 psi below nominal
steady state levels during maximum demand and 50 psi below nominal
steady state levels under quiescent conditions. The maximum flow
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APU PRESSURE/FLOW CHARACTERISTICS

rate is based on an unloaded surface actuator and consequently is
conservaetive. Lower load flow demands will produce a proportionally
smaller drcep in pressure. Transient pressure drops due tec this load

will not affect the secondary actuators because of their duration
which is less than the one-half second delay required for a
disconnect to occur.

Tubing Pressure Drop

The pressure drops due to the tubing lengths of the system have been
calculated and are presented in Figure 23. The effects of the fit-
ting and bends are incorporated by using an eguivalent length of

tubing and adding this to the straight line length. The viscosity,
temperature and pressure relationship in the tubing is very complex
and hence it is not practical to analyze the system with the true
viscosity distribution. In general higher pressure in the supply
line will cause an increased pressure drop due to the increase in
viscosity with pressure. However, the fluid temperature will also

be slightly higher thus compenszating for the visceosity increase. 1In
the return line the pressure will be about 50 psi and will have very
little effect on the viscosity. The fluid will be losing heat due to
convection and radiation from the tubing, thus given a gradual
increase in viscosity in the direction of flow. Baged on the avail-
able data it is assumed that the line pressure drops calculated on
the basis of a constant temperature and zero pressure are sufficient-
ly accurate to provide fluid at the differential pressures and flow
required at the secondary actuators. TFigure 23 shows the pressure
available at the secondary actuators at the required flow rate and
the data used for the calculations.
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Pitch Yaw {Left) (Right)
4 Ft 4Ft 3Ft 3Ft 30 Ft 295 Ft 205Ft
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> >— <
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Note the 20 Ft and 17 Ft Lengths Between
the APU and the Junction of the Left and

Right Lateral Lines Will be 0.375 OD with

0.5 GPM Flow; All Other Pipe Lengths are
0.25 In. OD with 0.25 GPM Flow.

225 Ft

Fluid Temperature —20°F +20°F 60°F 100°F
AP At the Secondary Actuators with 1400 PS{ AP at the APU
Pitch 1353 1386 1384 1397
Yaw 1365 1389 1396 1398
Lateral Left 966 1268 1347 1370
Lateral Right 1063 1298 1359 1378
Line Pressure Drop PSI/Ft
0.25 0D 0.02 wall
0.97 CIS at QO PSI h.9 1.8 0.73 0.41
0.375 0D 0.028 Wall
1.93 CIS at Q PSI 2.25 0.68 0.28 0.155
FIGURE 23

FOURTH HYDRAULIC SYSTEM LINE LOSSES FOR MIL-H-5606 FLUID
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5. RELIABILITY AWALYSTIS OF THE FOURTH HYDRAULIC SYSTEM

The fourth hydraulic system affects SFCS reliablility primarily in three
areas: '

o It provides ithe required two-fail-operete capability for the SFCS
secondary actuators in all three axes.

o In the directional system it enables fulfillment of the Military
Specification requirement that aircraft employing powered or boost-
control systems be provided with a suitable means for control follow-
ing lcss of primary power or boost.

o It reduces the probability of aircraft logs due to loss of control in
the longitudinal and directional axes.

a. Two-Fail-Operate

Using majority voting at least three signals are required to identify
the charnel which hag failed. If two-fail operate capability is
required, then at least three signals must remain after the first
failure. Cocnsequently, four channels of signals are regquired before
the first failure. Four SFCES signals are received by the secondary
ectuators, thus providing two-fail-operate capability te the input of
the secondary actuatcrs. With four active isclated scurces of
hydraulic power available, the two-fail-operate capability is extended
tc include the seccondary actuater in all three axes.

. Redundant Power Source

Military Specificaticn MIL-F-9L90 requires that aircraft employing
powered or hoosted control gystems shall be provided with suitable
meang for control following complete loss of primary power or boost.
In the production F-4, the longitudinal control system satisfies this
requirement by using a dual tandem control surface actuator, powered
by twe independent hydraulic systems. The lateral system uses a

4 barrel asileron surface actuater and dual tandem spoiler

actuators pewered by two independent hydraulic systems. The direc-
tional control system is provided with a mechanical back-up should
utility hydraulic power be lost. In the SFCS program the rudder
mechanical back-up capability is removed with the removal of the
directional MIM at the start of Phase IIE. The use of the fourth
hydraulic system as a back-up for the utility hydraulic system at
the rudder contrcol surface actuator provides compliance with the
MIL-F-9L90 requirement.

c. Estimated Reliability

The effect of the fourth hydraulic system on estimated reliability,
in terms of total loss of control, varies with the axis being con-
sidered. The effect on the leongitudinal axis during Phase IIA would
be mincr because the secondary actuator is paralleled by the con-
venticnal mechgnical system. In Phase ITB it becomes more important
because removal of the mechanical system makes it peossible for
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complete longitudinal failure in one hour due to loss of hydraulics
from 7.91 x 10-9 to 7.64 x 10-9. This is based on an estimated AFU
failure rate of 88 failures per million hours. Since the SSAP secon-
dary actuator is not hydraulically operated, the fourih hydraulic
system has no effect on longitudinal axis reliability in Phase IIC.

In the lateral axis, both secondary actuators must fail before lateral
control is lost. This probability of failure is so small that the
effect of the fourth hydraulic system is negligible. A major reliabil-
ity improvement takes place in the directional axis. The use of a
second power source reduces the one hour probability of loss of rudder
control due to the loss of the hydraulics system from 180 x 1070 to
3.2 x 107°, an improvement of 60:1.

6. THERMAL ANALYSTS OF THE FOURTH HYDRAULIC SYSTEM

a.

General

A thermal analysis of the fourth hydraulics system has been performed.
An approach is established and identified herein whereby acceptable
temperatures can be maintained in the fourth hydraulic system. The
APU fluid end motor temperatures are acceptable for Phase ITA and TIR.
Data from Phase TIA and ITB will be used to update the predicted
temperature for Phase IIC during which the highest temperatures are
predicted to occur. The APP motor winding temperature during Phase
ITC may exceed the Suppliers recommended maximum by 25°F to 50°F

This temperature excess is considered acceptable, however, because

its occurrence is infrequent, short in duration, and doeg not signifi-
cantly reduce winding life. Acceptable fluid temperatures for

Phage TIC can be achieved by taking the following precautionary
measures!:

(1) SSAP ground cperations with access doors closed must be
monitored and limited to prevent excesgive temperatures.

(2) Silicon grease will be installed bhetween elements of the
secondary actuators to assist in transferring heat from
the fourth hydraulic system to the central hydraulic systems.

(3) The temperature instrumentation on the fourth hydraulic system
must be monitored during ground and flight tests.

(L) Operation cof the fourth hydraulic system with one or more of
the central hydraulic systems or one or more of the fourth
hydraulic system secondary actuator elements shut off or
unpowered, might require limiting the time at some extreme
flight conditionsg. The particulars ¢f the limitations de-
rend upon how many of the elements are inoperative, what the
initial temperatures are, and the flight condition. However,
operation in all configurations and all flight conditicns is
rermissible even though the allowable duration may be reduced
under these circumstances,
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Hydraulie Fluid

The nominal maximum allowable temperature of the fourth hydraulic
system is 275°F, based on MIL-E-54L40 Class IT limits and the use
of MIL-H-5606 fluid. The APU case drain itemperature is expected
to be about 50°F higher than the APU reservolr temperatures. Short
duration temperatures in the case drain discharge above 350°F
were experienced during Phase I quality assurance tests using the
same basic Vickers pump, and without apparent pump damage. The
case drain temperature of 325°F associated with a reservoir high
temperature limit of approximately 275°F should therefore be
scceptable. The operating minimum allowable fluid temperature is
gbout +20°F, because the high fluid viscosity at low temperatures
causes line pressure drops to increase, producing marginal inlet
pressure at the secondary actuator. During normal operation, the
two means presented below serve to held the temperature of the
fourth hydraulic system within allowable levels.

{1) The central hydraulics systems serve as the major heat sink for
the fluid cof the fourth hydraulic system. Their temperature

determines to a substantial measure the temperature of the fluid

in the fourth hydraulic system. The heat reaches this sink by
being transferred by convecltion from,the fluid tc the passage

walls of the fourth hydraulic systems secondary actuator elements
then by conduction throughout the secondary actuator assemblies,

and finally by convecticn through the walls of the secondary
actuator elements to the aircraft central hydraulic systems.
Silicon grease could be applied between elements to attain the
predicted conduction through the secondary actuators if the gap

between them is large. To establish an analytical basis for pre-
dicting the worst case high extreme temperatures, the assumption
is made that all three central hydraulic systems are disabled or

deactivated at all the secondary actuators. In this condition,
the central hydraulic systems are effectively isolated from use

as a heat sink for the fourth hydraulics system. This condition

is inconceivable in flight; however, it is considered to be a

valid assumption for analytical purpcoses since it could ceccur on
the ground. If the transient temperature conseguences are accep-
table, as predicted herein, the need for considering individually
other less severe spatial arrangements of single and dual central

systems failures is eliminated. The assumption adds a measure
of conservatism to an analysis invelving a great number of com-
plex peripheral problems.

{(2) Supplementing the heat transferred to the central hydraulic

gystems is the heat transferred from the secondary actuators and
the other portions of the fourth hydraulic system to their local

compartment air and adjacent structure.

Figure 2L presents the results of the thermal analysis in terms
of steady state reservoir fluid temperature, central hydraulics
fluld temperature, and several aircraft flight conditions.
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Temperature, °F, Reservoir

Flight conditions were selected for analysis which variously pro-
duced low, high and normal temperatures. Of the conditions sel-
ected the following are presented because they are most indica-
tive of fourth hydraulic system thermal capability.
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FIGURE 24
FOURTH HYDRAULICS SYSTEM FLUID TEMPERATURES

(a) During ground operations, when the cutside air temperature
is 125°F, the central hydraulics systems could reach 175°F.
Accordingliy, during Phase ITA and IIB, the steady state APU
reservoir temperature is expected to be approximately 225°F.
For Phase 1IC, the steady state APU reservoir temperature
is expected to be approximately 272°F, assuming no stabila-
tor activity. With the central hydraulics deactivated at
the secondary actuators, the Phase IIC temperature is pre-
dicted to be 355°F.

{b) During cruise at Mach 0.94 and 45,000 feet in an ANA hot day
atmosphere, assuming the central hydraulics fluid temperature
is 85°F, the APU reservoir temperatures are estimated at
1L9°F for Phase IIA and IIB and 173°F for Phase IIC. With
the central hydraulic systems deactivated at the secondary
actuators, the steady state temperature for Phase IIC could
be 312°F., If during Phase IIC a cruise flight condition,
with the central hydraulics deactivated follcows the high
speed dash flight condition of the following paragraph, the
cruise could continue for an estimated 1 hour before the
reservoir temperature reaches 275°F.
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(c¢) Durirg a2 high speed dasgh, starting from the stabilized
cruise condition of the previous paragraph in which all
central hydraulic systems are active, the APU reservoir
temperatures are not expected to exceed 180°F during FPhase
TIA and IIB and 200°F during Phase IIC. More severe than
this high speed dash, but not expected to be a requirement
for flight tests, is a rapid transition tc a dash conditicn
above 40,000 feet altitude after an extended period of
operation on the ground during high temperature weather.

{(d) The lowest in-flight reservoir fluid temperatures are ex-—
pected to cccur between 25,000 and 40,000 feet on a cold
day. This expectation is based on the fact that in the
general locale of where this program's flights are to or-
ipinate, Edwards Alr Force Base and Bt. Louis Lambert Field,
standard cold day atmospheric temperatures do not extend to
very low altitudes. Otherwise, the lowest inflight femper-
atures cculd occur during a minimum speed cold flight at
sea level. A cursory analysis of fragmentary central hy-
draulic syster temperature data previously recorded suggests
that the system temperature in flight may drop to about
-20°F to 0°F. The APU reservoir temperature therefore, will
drop to about 40 to 50°F.

(e) The lowest reservoir fluid temperature during ground cpera-
tions ig expected to occur at start up. Although expected
temperatures at ground level will not approach the standard
cold day sea level extreme of -60°F they could be below the
20°F estimzted minimum allowable for the fourth hydraulic
system. If, at start up, IFM or BIT indicates inadequate
pressure attributable to low ambient temperature, delaying
the flight until normal warm-up of the fourth hydraulic
systen has occurred is & possible sclution. When celd
weather prevails, such a delay could be avoided by routinely
turning on the fourth hydraulic system an adequate periecd of
time prior to commencement of BIT.

The fact that the thermal time constant of the fourth hy-
draulic system is very large will not only help prevent the
cceurrence of an excessgively high or low temperature, but
also will help assure early detection of their impending
occurrence by permitting trends to be observed in the flight
test telemetry. The low temperature analysis i1s adeguate

to indiecate that fourth hydraulic system fluid temperatures
below 20°F are unlikely.

Liectric Motor
The APU electric motor is ccoled by a self-contained fan pulling aft

fuselage air over the moter. The motor femperatures are therefcore
a furction of aft fuselage air temperature, asir density and motor
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lcading. The motor loading during Phase IIA and IIB, with four
electrohydraulic secondary actuators cperating, is slightly more than
50% of full rated load, and during Phase IIC, with only three operat-
ing, it is slightly less than 50%. However, the aft fuselage com-
partment air is much hotter during Phase IIC because of the heat
produced by the S85AP. The higher temperature more than offsets the
reduced heat losses resulting from the reduced loading. TFigure 25
presents an analytically developed time history of electric motor
winding temperature during an acceleration te, and flight at, Mach
2.20h at 50,000 ft. from temperature stabilization at Mach 0.9L4 on an
ICAQ Standard Day. The last L.} minutes of the dash are at the peak
Mach number with a ram air temperature of 310°F. During Phase IIA
and TIB the winding temperature is estimated to Increase to no higher
than L20°F at the end of the dash. During Phase IIC the winding
temperature could increase to approximately L55°F to LBO®F at the end
of the dash. By directly ventilating the electric motor with ram air
to bypass the effect of SSAP compartment heating, the peak winding
temperature during Phase IIC could be reduced to asbout 405°F. The
motor used in the AFU is the same or equivalent design as the one
used on the Simplex package. The motor transient thermal character-
istics are derived from Simplex mctor temperature data recorded
during Phase I of the SFCS Program as reported in Reference 2 . The
maximum motor winding temperature recommended is L28°F, according to
Simplex motor data obtained from Vickers during Phase I. Vickers
stated that the winding life at this temperature is 10,000 hours and
at 550°F is 1000 heurs {(no confidence level is stated). The Esgex
Wire Corporation, who provide the motor winding wire, has data which
indicate that the average thermal life of the winding is 20,00C hours
or more at LOELUCPF. This temperature corresponds spproximately to the
raximum temperature expected in Phase TIC. Based on these data and
both the infrequency and the short duration of the maximum speed dash
condition, the predicted maximum winding temperature is considered
acceptablie.
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SECTION V
FLUID STUDY
GENERAL

The S5AP tc be used in Phase IIC of the SFCS program will be

powered by two motor-pump-reservoir systems integrated into the package.
Each integrated hydraulic system will be backed up for emergency use by
one of the existing F-U4 central hydraulic systems. Studies made of the
high power requirements of the SSAP in conjunction with its location in

a hot portion of the airplane indicate that temperatures in the package
could get as high as 450°F. This is discussed more fully in the SSAP
degree of redundancy study in Section IIT. At this high temperature,
close attention must be given to the charascteristics of the hydraulic
fluid to be used. Many of the fluid characteristics are so degraded that
they become important parameters in designing the system. Consequently

a study was undertaken to select a fluid which would meet with the SSAP
requirements and still be compatible with the existing hydraulic systems
of the production F-4 test airplane. Based on comparison of available
dats obtained on all the candidate fluids, the study narrowed down to two
fluids, MIL-H-83282 (MLO 68~5) and MIL-H-27601A (MLO 60-294). MIL-H-
83282 was subsequently selected. Although the advantages it had were
small, they added up to a significant gain in performance at the tempera-
ture extremes. These advantages are as follows:

o MIL-H-83282 has the lower viscosity at -40°F and consequently makes
cold starts easier. MIL-H-83282 alsc has the higher viscosity at
450°F which will give lower leskage rates and better lubrication.

o Comparison of bulk moduli is more difficult because of the overlap-
ping characteristics. However, the isothermal secant bulk moduli at
330°F and 500 psi are equal and hence neither fluid hae an advantage.

o The combustion indices and flammabkility test results show that MIL-
H-83282 is significantly less flammable.

o The results of the four bzll wear tests indicate that MIL-H-83282
causes less wear at the higher loads but the two fluids were essen-
tially equal at low loads.

o A series of high temperature pump tests was performed under AFML
contract; however, the results were inconclusive. The test pump used
was designed for operation at 275°F and included scme copper compo-—
nents. Use of these components at 50C°F is marginal at best. The
conclusion drawn from these results is that the tests should be re-
peated using a pump designed for high temperature. In the absence
of conclusive pump test results, the fcur ball wear tests have been
agssumed to be indicative of pump wear. This may be in error if the
bearings loads are light, since the two fluids show similar perfor-
mance at light loads.
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The results of the fluid study are presented in the following paragraphs.
Paragraph 2 introduces the fluid characteristics which a?e consider?d to
be of prime importance. Paragraph 3 deals with the particular requl{e—
ments of the system. Paragraph L gives the fluids chosen for comparilson
and the reasons other possible fluids have been omitted. Paragraph 5
compares the known properties of the chosen fluids with the system
requirements. Paragraph 6 gives the recommendations for the use, co?trol,
and measurement of the fluid characteristics during component and flight
testing of the BFCS.

FLUID CHARACTERISTICS

To some extent it is possible to categorize hydraulic fluid characteris-
tics. The following listing sequence has no bearing on the relative
importance of these characteristics. Reference 3 lists the SAE
definitions snd test methods for determining the following fluid
characteristics.

a. Viscosity

Viscosity is a characteristic which describes the resistance of a
fluid to the moticn of its particlez. It is one of the most impor-
tant bases for measurement of the useability of a fluid.

(1) Maximum Viscoesity

There appear to be twe basic levels of maximum viscoslty that
are of importance in determining the useability of a fluid:
maximum starting viscosity and maximum operating viscesity. A
generally accepted level of maximum starting viscosity is 2500
centistokes. At this viscosity, full rate system operaticn
cannot normally be achieved. The heat generated in the system
rapidly increases the fluid temperature once the system has been
started and thus decreases the viscosity. The maximum operating
viscosity level is the viscosity at which full system operation
can be expected. This viscosity level is in the crder of 500
centistokes. Raising this level increases the system design
problems, whereas a lowering cf the level decreases them and
results in a weight saving by reducing system pressure losses.

(2) Minimum Viscosity

Minimum viscosity is one of the fluid characteristics that esta-
blishes the upper eccnomicel thermal limit of a specific fluid.
A level of 2.0 centistokes is generally accepted as a desired
minimum for efficient pump operation. However, fluids with vis-
coslties as low as 0.5 centistckes or less can be pumped, but
with some types of pumps the efficiency will be reduced. It
must also be noted that extremely low viscosity is often courled
with greatly reduced lubricity, with resultant effects on compo-
nent life. Low viscogity results in incressed internal and
external leakage in slide, servo and similar valves.
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(3) Pour Point

Normally this characteristic is of no importance tc the hydrau-
lie system or component designer. It deoes, however, indicate
an absolute low thermal limit below which fluidity dceg not
exist.

Low Temperature Stability

This is & characteristic not generally considered to be a design
consideration. It describes the ability of a fluld tec resist separa-
tion, decompositicn and other forms of degradaticn during storage at
extreme low temperature. Unless the results of low temperature re-
verse themselves when the fluid temperature is increased, the fluid
is either unussble or will require special storege and handling.

Lubricity

There are two recognized tests for lubricity in a hydraulic fluid,
the Shell Four Ball wear test and the Piston Pump wear test. The
Shell Four Ball wear test is of considerable value as a preliminary
indication of useability of a fluid. It should be run at increments
of approximately 100°F from the lowest to the highest fluid working
temperatures. The Piston Pump wear test is a much more reliable
indication of useabllity of & fluid. Since this test requires a much
longer running time than the Shell test, it is customary to run the
test only at the maximum working temperature of the fluid. For
specification purposes, it is desirable that the pumping lubricity
test be run on a pump which is representative of the general type of
punps expected to be used with the fluid. Good indication of lubri-
city from wear characteristics in one pump will nct mean similar
indication in pumps of different manufacturers. Good lubricity is
alsc necessary for slide, servo and similar valves and for its effect
on packing life. Hewever, in general, a fluid which has good indi-
cated lubricity in a piston pump will also have the necessary lubri-
city for such valves.

An indication of poor pump lubricity does not necessarily indicate
an unusable fluid, but instead indicates the need for further pump
development or the use of a different type of pump.

Combustion Indices

The following basic indices of combustion should be stated as a func-
ticn of pressure. They are of considerable importance in establishing
a top usable temperature limit of a fluid and are an index of the
temperature level at which special design precautions are necessary
for its safe use.
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(3)

Flash Point

The Flash Peint is the tempersture to which a combustible fluid
must be heated at one standard atmosphere to give off sufficient
vapor to form momentarily a flammable mixture with alr when a
small flame is applied under specified conditions. The test
method is referred to ag "Cleveland Open Cup" and the result is
expressed in increments of 5°F. This characteristic is of rela-
tively small importance in hydraulic system design. Fluids can
normally te used at temperatures greatly in excess of their
flash point. The flash point is used as an index of wvolatility
and vapor pressure. During system design, it can be used to
consider the effect of a build-up of combustible fumes.

Spontaneous Ignition Temperature

The spontaneous or autogencus ignition temperature is often used
ag a measure of the flammability characteristics of a fluid. Tt
is one of the basic indices used in evaluating the fire resis-
tance of a fluid and is the temperature at which igniticn of a
fluid takes plece without a source of ignition being provided.

Fire Point

Fire Point 1s the temperature tc which a fluid must be heated at
one standard atmosphere sc that the released vapor will burn
continuously when ignited under specified conditions. There is
a closed cup (Pensky Marions) test used for determining flash
and fire points, particularly for heavy fuel cils and other
highly viscous materials. The American Society for Testing and
Materials (ASTM) designation is D93. Due to the concentration
of vapor evolved the value determined is somewhat lower than
that obtained with the Cleveland Open Cup test.

Bulk Modulus

Bulk medulus is the volumetric modulus of elasticity. This is a
measure of a fluid's resistance to volume reducticn by pressure. It
is consequently the reciprocal of compressibility. Bulk modulus is
expressed in units of force per unit area, 1b/in“. Several types of
bulk modull measurement methods are referred to in published litera-
ture., Iscthermal bulk modulus refers to modulus values taken under
static isothermal conditions. It is used in the two forms given
below.

C

Isothermal secant bulk meodulus refers to the volumetric change
with pressure from atmospheric to the pressure of "interest".

Isothermal tangent bulk modulus is the thermodynamically correct

isothermal bulk modulus, and represents the true rate of change
at the pressure of "interest".
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Adiabatiec or isentropic bulk modulus is the volumetric modulus of
elasticity under conditions of constant entropy. It is greater

than the isothermal tangent bhulk modulus by the ratio of the specific
heats (Cp/Cy) of the fluid. This value applies under conditions
where pressure changes are rapid, with little oppertunity for the
temperature to come to egquilibrium.

In discussing bulk medulus, it is necessary to distinguish between
adisbatic and isothermal values. The consensus within the industry

is that the adiabatic process giving "instantaneous" values approaches
dynamic or transient conditions encountered by aircraft and missiles.
Adiabatic mcdulus values have been determined for fluids at various
pressures and over a wide temperature range. These wvalues have been
obtained by measuring the veloecity of sound waves through the fluids
and using the following expressions.

Bs =4 c2
where Bs = adiabatic tangent bulk modulus
d = density of the fluid

o
1

= velccity of sound

Tsothermal tangent bulk mecdulus values may be obtained frcm adiabatic
data by use of the following relationship:

Bs _ Cp
Br Cv

vhere Br = iscothermal tangent bulk modulus
Bg adiabatic tangent bulk modulus
Cp specific heat at constant pressure
Cv = specific heat at constant volume

Vapor Pressure

The vapo: pressure of a fluid is dependent con the vapor pressure of
the base fluid and the additives. The additives will frequently
veporize before the base fluid and hence the vapor pressure charac-
terigtic will tend to be non-linesr. High fluid demand at the pump
inlet at high operating temperatures can cause pump cavitation {vapor
pockets in the hydraulic system) if the vapor pressure of the hydrau-
lie fluid is high. Cavitation causes malfuncticning cof hydraulic
systems. Low vapor pressure results in less evaporation and thus
means better retention of lubricating gualities at externzl seals
such as pisten rod seals. Low vapor pressure alsc reduces fire
hazards due tc flammable vapors.

Thermal Characteristics
To have an accurate appraisal of the thermal characteristics of a
fluid, the following data should be included in the fluid description.

They are important to the thermodynamic design of the system and its
components.
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(1} Thermal Stability

The thermal stability factor of a fluid should be presented as
breakdown rate as a function of temperature. The nature of the
products resulting from fluid breaskdown should be stated in the
deseriptive data. These products must not be of a type which
will result in excessive gumming of valves and other components,
or tend to corrode or otherwise desiroy the materials of which
the components are manufactured. Where gaseous products are
released in an irreversible process, means should be provided
for their elimination from the system.

(2) Thermal Expansion

The coefficient of thermal expansion of a fluid should be given
as a function of temperature.

(3} &pecific Heat

The specific heat of a fluid sheculd be given ag a function of
temperature.

(4) Thermal Conductivity

The thermal conductivity of a fluid should be given as a function
of temperature.

Dissolved and Entrained Gases

Free or entrained air in a hydraulic system substantially reduces the
effective bulk modulus of the system fluid. That is, an air-oil
nixture appears to increase the compressibility of the fluid, making
the system spongy. Test data indicate that dissolved air has no
effect on bulk modulus. These facts appear paradoxical; however, if
cne visualizes a container filled to the brim with marbles (which
represent the oil molecules), it is possible to pour in & fluid
(representing the dissolved zir) around them or to remove the fluid
with no change in marble veolume. The weight of the container changes,
but not the volume occupied by the marbles.

(1) Dissolved Gas

Dissclved gas is gas which is in solution in a fluid; that is,
stored in the cavities between the fluid molecules (inter-
moclecular cavity). Dissolved gas behaves according to Henry's
Law, which states that the amount of gas in sclution is propor-
tional to the volume of the intermolecular cavity and the
absolute pressure existing in the cavity. Since the size of the
cavity is dependent upon the fluid's molecular structure, dis-
solved gas content is & fluid property rather than a system
property as is the case with entrained gas. If external gas
pressure is greater than that within the cavities, gas will
enter them, but only at the gas fluid interface. Thig gas will
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immediately go inte solution, but will not permeate more than
Just a few of the adjacent fluid layers. Gas will leave the
intermolecular cavities if there is a lower external pressure.
For this conditicon, a gas fluid interface is nct mandatcry for
release as it ig for entry. Considerably more gas, however,
will be literated if the fluid is filmed. In summary, the
mechanics of dissclved gas is essentially s film phenomenorn,
that is adsorption rather than absorption.

Entrained Gas

Entrained gas is that which is suspended in a fluid in the form
of bubbles and behaves according to Boyle's Law.

(a) Entrained gas is transient and therefore not a fluid prop-
erty.

(b) The content of entrained gas is dependent upon the entrain-
ment source; its release is a function of time and certain
fluid properties such as specific gravity, viscosity and
dissolved gas content.

(c) Scurces of entrained gas in a system are:

o Residual gas resulting from inefficient bleeding tech-
niques

o Inclusion or inward leakage of external gas through pump
shaft ceals, bladders, guick disconnects, etc.

¢ Release of dissolved gases due to pressure changes, e.g.,
at pump inlets, across orifices, altitude changes, ete.

Adsorption Rate

Adsorption, rather than abscrption, better describes the process
by which bubbles under pressure in a hydrsulic fluid are dis-
solved into the fluid. Adsorb means adhesion of extremely thin
films of gases to surfaces with which the gases are in contact,.
Avsorb means to soak up. The adsorption rate cf bubbles (en-
trained gas) in = system is determined by their size. It is

true that & fluid holds more dissolved gas as pressure increages
(Henry's Law) . However, the size of the bubble determines at
what pressure it will dissolve. DBubbles, with diametersg of 0.020
to 0.030 inch will dissolve at approximately 100 psi. Larger
bubbles, however, will not dissolve until the pressure is pro-
portionately greater. This behavior is true even when the amount
of previously dissolved gas in the fluid is almost nii. We may
say, therefore, that the rate of adsorpticon is a function of the
pressure and an inverse function of the bubble diameter. HNote
that the bubble will reappear when the pressure is lowered.
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(L) Origin of Entrained Gases

Dissclved gas will come ocut of solution when the fluid is ex-~
pogsed to a vacuum. A vacuum can occur in a hydraulic system
acress orifices, inside unsupercharged pumps, and inside decuble-
acting actuators when driven by an external load at a rate
greater than the rate at which fluid can fill the oppogite end.
Dissolved gas, once out of solutiomn, can be partly readsorbed

in a moving stream when the local static pressure again rises.
When a gtream containing bubbles is suddenly stopped, however,
the bubbles will begin to migrate upwards and coalesce in the
nearest high point. Repressurization may or may not drive the
new, larger bubble hack into solution. Even if all the air
bubbles and pockets were removed from a hydraulic system and the
gystem totally enclcsed, after a short run-in period, bubbles
would btegin to reappear. The source of these bubbles is the
working fluid itself because all fluids (except fully degassed
cnes) contain dissclved gas.

(5) Readsorbtion Rate

Fluid which has been forced to release its gas by a separator
will quickly readsorb gas when left exposed. The degassed fluid
acts like a sponge. This phenomenon can be berneficial in bleed-
ing complex systems. The most remote areas of the system can be
bled effectively by circulating degassed fluid through the sys-
tem. DPockets of gas in nooks and crannies that would normally
never get bled using conventional hleeding methods can be cleared
easily of gas.

Hydrolytic Stability

A high degree of hydrolytic stability is & very desirable feature in
a hydrsulic fluid and should be stated in the fluid descriptive data
as a function of water percentage. The nature of the products of
hydrolytic breakdown should also be stated. In fluids which do not
have the desired degree cof hydrolytic stability, special precautions
must be taken in the preparaticn, storage, handling and system design
for the satisfactory use of that fluid.

Hydroscopic Tendency

This characteristic is tc a certain extent coupled with the hydro-
lytic stablility of a fluid and is an indication of the necessity of
special precautions in the preparation, storage, handling and system
degign for satisfactory use of a fluid. Tt should be stated in the
fluid degcriptive data.

Foaming Tendency and Stability
The importance of this characteristic is entirely a functicn of

hydraulic system design. Where a tank type reservoir is to be used,
foaming is very definitely undesirable and any foam produced must
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break down rapidly. In the case of gas/oil separated systems, where
piston type reservoirs are used, foaming is of lesser importance.
For grournd handling equipment, the foaming tendency of a fluid re-
guires gimilar treatment to that in the air vehicle.

Compatibility with Other Hydraulic Fluids

In many instances it is desirable to increase hydraulic system
performance by merely changing fluids. In these cases compatibility
of the fluids involved becomes an important parameter.

Effect on Elastomers

Successful performance of high temperature systems requires that the
fluld used be compatible with elastomeric gaskets and seals. Gaskets
and seals must not cnly be stable over the extreme temperature range,
but must also have the proper amount of swell to prevent leskage. A
high temperature hydraulic fluid shouléd act as a plasticizer for
seals and gaskets to give low temperature flexibility because some
elastomers do not contain a satisfactory plasticizer while others
lose the plasticizer through leaching. The compatibility of fluids
with commercially available seals and gaskets has been extensively
investigated by laboratoriesgs and leading elastomer manufacturers.

Corrosion Stability

The existence of corrosion on the materials caused by the fluid in a
hydraulic system i1s an important consideration to the system and
compcrent designer. The correosion tests must be made at the maximum
anticipated fluid temperatures. The materials to be tested may be
varied to comprise those materials usable at the extreme temperature
range of the fluid and should be clearly stated in the fluid descrip-
tive data. The corrosion stability characteristic of a fluid must be
evaluated to also determine the effects on storage and usage activi-
ties.

Oxidation Stability

The oxidation stability of a fluid should be stated not only at the
upper working temperature of the fluid, but alsc at the storage
temperature range. To a great extent, decreased oxidation stability
can be compensated for by design, but the necessary precautions must
be stated in the fluld descriptive data. It is desired that the
fluid possess a reascnable degree of oxidation stabllity so that ex-
cessive precautions in system design and fluid storage will not be
Necessary.

Evaporation
A requirement that the product of evaporation be an oily residue is

cf particuler importance in its effect on piston rods. A crystalline
or glassy residue on piston reods will, in most cases, result in
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reduced packing life. It is also desirable that the residue be
readily removable and preferably be soluble in the system fluid, so
that extraneous materielsg will not be intrecduced into the system.

Toxicity

Te be truly non-toxic, a fluid not only must not ceuse undesirable
effects when ingested in small quantities, but its fumes must not
result in lung or eye irritation. Contact with the skin must not
result in irritation or allergic effects. A fluid having toxic
effects will reguire special handling techniques.

Vehicle Compatibility

The fluid, when dripped or spilled on various pertions of the vehicle,
its wiring, its painting and its components should not cause damage

or degradation. Leakage and spillage is unavoidable and special pre-
cautions should not be necessary to prevent damage resulting from
this.

Particle Contamination

Cleanliness of fluid, as it is delivered to the user, is of great
importance. The mere passing of the fluid, at some time during the
course of its preparation, through a nominal 10 micron filter is
insufficient to guarantees cleanliness. A finer degree of filtration
must be used during the preparation for shipment, and precautions must
be taken so that the shipping containers do not contaminate the fluid.

Viscogity Index Improvers and Shear Stability

The ability of the elements of a fluld formulation to withstand the
shearing action of pumping and valve operation is of ccnsiderable
importance in determining endurance life of a fluid. Shear break-
down is generally indicated by a lowering of viscosity and may also
te accompanied by a loss of lubricity.

Polymers have heen used widely to obtain viscosity-temperature char-
acteristics not possible with the base stock alone. The use of these
chemicals has made the viscosity-temperature characteristics of the
fluid relatively independent of the base stock properties. Typical
examples of polymer-contalning fluids are multigrade crank-case oils
and MIL-H-56C6. Examples of commercially available polymers are
polyacrylate esters, polymethacrylate estersz, polybutene, polystyrene,
and high molecular weight silicone polymers,

Polymer containing formulaticns, in general, display non-Newtonian
viscosity properties. That iz, the viscosity of these lubricants is
a function of shear rate. The viscogsity change with shear rate is a
reversible change, provided conly streamline flow is involved. The
viscosity lecsg at & high shear rate is completely recovered at low
shear rates under these conditions. Some advantages of non-Newtonian
viscosity properties have been shown in fundamental studies of the
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hydrodynamic lubrication of Journel bearings. It has been shown
that a non-Newtconian fluid may show a 40 percent reduction in
friction over a Newtonian fluid of the same low shear viscosity
while both of these fluids exhibit the same film thickness in the

bearing.

Polymeric materials usually introduce mechanical stability problems.
These polymers tend to be permanently degraded to less viscous
materials when subjected to turbulent flow under high shear, wire
drawing, and attrition. This process results In a permanent loss in
viscosity.

Both permanent and reversible viscosity-shear phenomena are a function
of molecular type and molecular weight of the polymer. The degree of

non-Newtonian properties that will be evident is determined by polymer
chemistry and manufacture, and the mechanism to be lubricated.

Neutralization Number

The neutralization number is a measure of the acidity or basicity

of a fluid. It is defined as milligrams of potassium hydroxide re-
quired to neutralize the acidity in one gram of fluid or the eguiv-
alent of the basicity expressed in a similar manner. A low neutrali-
zation number is not necessarily a reliable index of the corrosivity
of a fTluid, but a change in acidity or basgicity is often used as a
measure of deterioration of a fluid in use.

3. SYSTEM REQUIREMENTS

a.

Present F-4 Hydraulic System

Figure 11 on page 55 shows the schematic of the present -4, PC-1

and PC-2 hydraulic systems. The fluid used is MIL-E-5606 and the
components have been tested using the fluid over the temperature range
-65°F to 275°F.

The normal fluid working temperature range is from 60°F to 180°F.
Srall increases in visceosity over the temperature range will not
cause sighificant effects on the system performance. However, a re-
duetion in the fluid bulk modulus would be unacceptable. The fluid
chosen must be compatible with MIL-H-560F and the seals used in the
present system componentis.

SFCS System
Figure il on page 61 shows the hydraulic schematic for Phase IIC of
the SFCS program. The SSAP section of this schematic shows how PC-1

and PC-2 hydraulic systems are used as back-up supplies to the inte-
grated hydraulic systems that are part of the SSAP.

The fluid used in the PC-1 and PC-2 hydrauiic systems must be the same
as that used in the integrated hydraulic systems.
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(2)

(3)

Working Temperature

Thermal studies show that the fluid temperature encountered in
the integrated hydraulic systems may be as high as LI50°F, with
possible transients exceeding this value,

Bulk Modulus

The fluid bulk modulus is lower at high temperatures. To achieve
& usable package size, the sdisbatic bulk modulus measured at
L50°F and 1000 psi should not be less than 100,000 psi.

Vapor Pressure

The wvapor pressure of the fluid is considered to he important
because of the high working temperature. TFor MIL-H-5606, the
boost pressure increase required to prevent cavitation at L50°F
is 10 psi greater than that reaquired at 275°F. The fluid chosen
should ideally have a vapor pressure of less than 1 psi absolute
at U50°F, to prevent evaporation from the actuator piston rods
and the build up of explosive vapors within the compartment
during ground operatiocn.

Minimum Viscosity

The ideal minimum viscosity at the expected working temperature
is 2.0 centistokes, but the available fluids cannot meet this
requirement. Hence, a minimum viscosity of 0.5 centigtokes must
be accepted. TFluids which meet the 2.0 centistokes figure gen-
erally incorporate a vigcogsity index improver. When a viscosity
index improver is used, the fluid wviscosity will rapidly de-
generate to the viscesity of the base stock, when subjected to
shear, cxidation and thermsal degradaticn.

Shear Stability

Large variations in fluid viscosity due to shear instability
would be unacceptable. Changes in viscosity would make correla-
tion of performance data difficult. With only 150 cubic inches
of o0il in each integrated hydraulic system, the rate of change
of viscosity due to shear could he high. The viscosity would
change each time new oil is added toc the system. Consequently,
the fluid chosen should have high shear stability.

Oxidation Stability

Systems using hydrocarbon fluids operating above 300°F are sub-
Ject to severe oxidation problems if the fluid is exposed to air
or contains dissolved air. This problem is normally overccome by
exposing the fluid to an inert atmosphere; however, there remains
the prcblem of air dissolved or entrained in the fluid during
normal handling and filling operations. To avoid problems due
to oxidation, the amount of dissolved and entrained air in the
fluid may be contrclled by de—-aeration of the fluid prior to use.
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CANDIDATE FLUILDS

Table IX lists all the fluids reviewed as possible candidates and the
reason for elimination. Many of the fluids were eliminated from the
study due to their incompatibility with a L50°F working temperature,
MIL-E-5606 hydraulic fluid, and MS28775 Seals. Ccnsequently, only two
fluids, MIL-H-27601 and MIL-H~83282 (MLOA8-5}, remained as candidates for
use in the SFCS hydraulic systems. Two other fluids, MIL-H-5606B and
Oronite M2V, are included for comparison. The MIL-H-5606B was chosen in
preference tc MIL-H-5606A because of its superior cleanliness and shear
stability. The Orconite M2V was chosen because of its supericr shear
stability to fluids conforming to MIL-H-8446. This does not mean that
the overall performance of Oronite M2V is congidered toc be superior to
other fluids in its class, nor dces it mean that MIL-H-27601 and MLO68-5
are considered to be superior to other fluids capable of similar high
temperature operation.

COMPARISON OF FLUTD DATA

a. General Data

Figures 26 through 33 and Tables X through XXI show the characteris-
tics of the two fluid candidates and the two baseline fluids. Where
data from different scurces are in conflict, the conflicting data are
given, with no opinion expressed as to which data are considered more
valid.

The bulk mecdulus data presented in Figure 27 were obtained using the
test setup shown in Figure 34%. The fluid shear and thermal stability
test data presented in Tables XITII and XIV were obtained using the
hydraulic test circuit shown in Figure 35. The high temperature test
data presented in Tables XVI through XI were cbtained using the hydrau-
liec pump circuit shown in Figure 36. Table XI compares some of the
fluid characteristics of MIL-E-5606B, MIL-H-27601 and MIL-H-83282.
Information included in the charts of the text concerning Oronite M2V
was obtained from data sheets titled "Oronite High Temperature Fluid
M2V", dated October 1966, by Chevren Chemical Compeany, Orconite Divi-
sion.

(Text Continues on Page 120)
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TABLEIX
CANDIDATE HYDRAULIC FLUIDS

Acceptance/Rejection Code OZ g
A Acceptable & | & ? E
u Unacceptabie gl § E > g’ 2
C Compatihle ol o] 22| ¥l ol &
I Incompatible ; ; é 22 § R
Blank  Unknown FA I = e T §
IR E R
Fluid Fiuid Type |zl F1=2]=2
MiL-H 5659 Gycol-Water U il C
MIL-H-5606 Petroleum AjJAlUIUIL|C|C
MIL-H-5608A Petroleum AJAUlU]lT]C]C
MIL-H-bG06B Petroleum AlAaJULTA]LI c|C
MIL-H-6083 Petroleum AlA | c
MIL-H-8446 Silicate Ester A cli |
MIL-H-13862 Petroleum A | c
MIL-H-13866 Petraleum u | C
MIL-H-13919 Petroleum u | C
MIL-H-17111 Petroleum A | C
MIL-H-19557 Tri-aryl Phosphate A c| |
MIL-H-22072 Glycol-Water Uujufu 1 I Cc
MIL-H-27601 Super-Refined Mineral Qil A|lA|A|lA|C| C]|C
MIL-H-460.14 Petroleum AU | C
MIL-H-46001 Typel Petroleum ) |
MIL-H-460017 TypeIl Petroleum u |
MIL-H-46001 TypeIIl Petroleum u |
MIL-H-46001 TypeIX Petroleum U C
MIL-H-81091 Petroleum AlU |
MIL-S-81087 Silicone AlA Cli
Skydrot BO0A Phosphate Ester AlA | | I
Skydrol 500B Phasphate Ester AlA [ I |
Skydrol 7000 Phosphate Ester ATA | I 1
Skydrol HT Porganate Phosphorus Compound Al A | |
Oronite Hyjet Phosphate Ester AlA|U I I
Oronite Hyjet—W Phosphate Ester AlAlUY I |
ML.O-8200 Silicate Ester AlA|U I I
AeroSafe 2300 Phosphate Ester AlA]lU | |
AeroSafe 2 300W Phosphate Ester AlAlU cil |
MLO-7277 Super-Refined Mineral Oil Ul A cfc|cC
MLO-60-294 (MIL-H-27601) Deep Dewaxed Mineral Oil AtAlAalAa]lC| C|C
QOronite 70 Silicate Ester Al A ulCciyl 1
Oronite M2V Silicate Ester AlA AlC]|I |
Monsanto 0545 TypeI¥ Silicate Ester AlA clti |1
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TABLE IX

CANDIDATE HYDRAULIC FLUIDS (Continued}

Acceptance/Rejection Code o'; g
A Acceptable &l = 2
U Unacceptable %i’- § E > 2 &
C Compatible el 2| l2|lel|d
| |ncompatible ; ; -§ ',E go % o
Blank Unknown zl3l=sl?lal=|5
Fluid Fluid Type || elu|v =)=
Monsanto MCS293 Polyphenyi Ether Ula|U C ||
Monsanto MCS3101 Polyaryl A A cC|!
G.E. SF-1147 Silicone ulalu c |
G.E. SF-1148 Silicone ulaju C ||
Dow ET-378 Polypheny| Ether {4P-3E} UulA Cit |
Monsanto CS-124 Polypheny| Ether {5P-4E) ula clI |
Nak 77 Liquid Metal Eutectic Ul A cill |
Esso 5251 Triester u [
Dow-Corning XF-1-0294 Silicone Al A Cl)
Dow-Corning XF-1-0301 Silicane Al A cll
Brayco 713 Petroleum AU |
Brayco 718 Petroleum vlA C
Brayco 745 Petroleum Ul A
Brayco 762 Petroleum AU
Brayco 775 Hydrocarban U A
Brayco 810 Perfluoro-Alkylpoly Ether Uil A
Brayco 811 Perfluoro-Alkyipoly Ether ujlu
Brayco 812 Perfluoro-Alkylpoly Ether Uil A
Brayco 813 Perfluoro-Alkylpoly Ether Ul A
DuPont Krytox 143AX Perfluoro-Alkylpoly Ether Uil A
DuPont Krytox 143AA Perfluoro-Alkylpoly Ether Ul A
DuPont Krytox 143AB Perfluoro-Alkylpoly Ether UjAjU
DuPont Krytox 143AC Perfluoro-Alkyipoly Ether UlA]|U
DuPont Krytox 143AD Perfluoro-Alkylpaly Ether Ul A
Halocarbon 208-25H Chlorofluoro-Carbon AU
DuPont Freon E-1 AU All C
DuPont Freon E-2 Al U Al Cc
DuPont Freon E-3 Al U Al c
DuPont Freon E-4 AlU Al C
DuPont Freon E-5 AlU A c
DuPont Freon E-6 uju A C
DuPont Freon E-7 Uju A C
DuPont Freon E-8 uju A C
MLO 68-5 (MIL-H-83282) Synthetic Hydrocarbon AlAlAlAa|C|C]|C
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TABLEX
SUMMARY, FLUID CHARACTERISTICS

Fluid Characteristics Units MIL-H- | MIL-R- | MLO- Oronite
5606 27601 68-5 M2v

Viscosity
at —40°F cs 488 3,936 | 2978 700
at 100°F cs 1447 | 1512 | 1756 17.6
at 210°F cs 5.26 3.27 3.82 5.45
at 450°F cs 1.7 0.99 1.10 1.32
Pour Point oF -85 —-70 -85 | —110
Combustion Indicies
Flash Point °F 200 -| 370 410 420
Fire Point °F 255 425 495 500
Spontaneous Ignition O 475 740 6856 760
Rubber Swell
{Buna N Dumbeils, - Hours at — F)
“L"™ Rubber
168 Hours at 158°F % 22,2 6.1 19.7
72 Hours at 275°F % 1.7
Viton
72 Hours at 400°F % 0.65 1.0
Shell 4 Ball Wear Test, Scar Diameter
600 RPM at 167°F: 52, 100

Steel Balls
1 Hour at 1 kg mm 0.161
1 Hour at 10 kg mm 0.210
1 Hour at 40 kg mm 0.630 | 0567 0.55
2Hour at 40 kg mm 0579
1200 RMP at 275°F 52,100

Steel Balls
2 Hours at 10 kg mm 0.78
2 Hours at 40 kg mm 0.88
Thermal Stability
6 Hours at 700°F
Viscosity Change % -14.8
Neutralization Change moKQOH +2.0
Tested Per MIL-H-27601
Viscosity Change % —15.25
Neutralization Change mgKOH +0.02

100




TABLE X1

FLUID CHARACTERISTIC COMPARISON

) MIL-H-27601 | MIL-H-83282
Fluid MIL-H-5606(B) {MLO-60-204} |  (MLO-68-5)
Kinematic Viscosity {cst)
at 500°F - 0.64 0.72
at 400°F - 0.99 1.10
at 300°F 2.36 1.64 1.89
at 210°F 5.26 3.27 3.82
at 130°F 10.22 9.02 10.43
at 100°F 14.47 15.12 17.56
at —40°F 488.0 3939.0 2978.0
Fiash Point, °F 209 375 410
Fire Point, °F 230 420 495
S.1.T.OF 470 700 700
Corrosion and Oxidation Test Pass Excellent
48 Hours at 347°F, 5L, Air/Hour -
Pour Point, °F -75 ~75 -85
Specific Gravity 0.8681 0.8483 0.8433
Total Acid Number 0.03 0.07 0.02
“L" Rubber Swell
168 Hours at 168°F, % 22.2 6.2 19.7
Viton “O’" Rings
72 Hours at 400°F
Under N2 Blanket
Tensile Strength (PSI) 1535 1580 1580
Elongation (%) 275 225 235
Hardness {Shore A) 80 80 16
Volume Change (%) - + (.65 +1.0
Specific Heat
at 100°F 0.475 0.480 0.499
at 300°F 0.573 0.580 0.598
at BOOCF 0.690 0.680 0.697
Thermal Conducitivity
BTU/Hr/Sq, Ft/OF/Ft
at 100°F 0.078 0.078 0.097
at 300°F 0.074 0.071 0.076
at 500°F 0.069 0.063 0.072
Dielectric Constant
at 79°F/1000 CPS 2.33 2.17 2.29
Electrical Conductivity
PICOMHOS/Meter 9.6 0.3 1.2

101




TABLEZXII
FLAMMABILITY TESTS

Fiuid

MIL-H-27601

MIL-H-5606(B)

MLO-68-5

High Temp. Spray Ignition
(Ignition Source —
Weiding Torch)

Low Temp, Spray Ignition

Wick Flammability
(Windshield Wiper)
Cycles to
Continuous Burn

Navy 6-Wick Test
Time to L.eave Wick {Sec)
Flame Speed

Gunfire Test
50 Catiber Incendiary
Nn. of Shots

Ignites and carries flame
to hood in continuous
stream. Burns
vigorously in hood after
flame is removed.

Increases flame, carries
to wall in continuous
stream with audible
roaring.

6
6 Fires out of 6 shots.

fgnites and carries flame
to hood, burns vigorous-
ty in hood and in air
after flame is removed.

Increases flame, carries
to wall in continuous
stream with audible
roaring.

3z
0.64 In./Sec

6
6 Fires out of 6 shots

lgnites and carries flame
toward hood: consumed
hefore reaching hood.
Does not continue to
burn after ignition
source is removed.

Carries flame towards
wall in continuous sheet
of yellow flame; fluid
consumed before reach-
ing wall.

12

3600
NIL

10
3 Fires, but less intense
than the MIL-H-5606(B}
fires,
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TABLEXIO
FLUID SHEAR AND THERMAL STABILITY TEST
100 Hours at 550°F Fluid Temperature
Effects on Fluids

Fluid MLO 60-294 MLO 68-6
Flash Point, OF 388 397
New 33 3956
100 Hr 381 395
Fire Point, °F
New 435 483
100 Hr 412 477
Viscosity, Cst
100°F
New 14.08 18.09
100 Hr 13.79 17.85
210°F
New 3.21 3.82
100 Hr 3.12 3.73
Neutralization No.
New 0.06 "
100 Hr 0.06 *
Fluid Color
New Light Amber Pale Yeliow
100 Hr Very Dark Amber
IR Spectrum Naone None
Total Shear Cycles 8,700 16,600

*Too low to be calculated
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TABLE XTIV

FLUID SHEAR AND THERMAL STABILITY TEST
100 Hours at 550°F Fluid Temperature
Effects on Specimens

verage Specimen Weigh

Specimen Appearance Change

Specimen Change MG/CM? Calor Texture
MLO 60-294 | MLO 68-5 } MLO 60-294| MLO 68-5 | MLO 60-294 | MLO 68-5
Aluminum, 2024-T4 —-0.27 0 None Slightly None None
Darker
M-1 Tool Steel -0.07 0 Slightty Much None None
Darker Darker
Chrome May Steel 4140 -0.06 o Slightly Much None None
Darker Darker
302 Stainless Steel —0.05 0 None Slightly None None
Darker
440 Stainless Steel —-0.075 0 Slightly Much None None
Darker Darker
Titanium, RCL30B —0.065 0 Slightly Slightly Noane None
Darker Darker
Beryliium Copper QQ-C-530 -0.07 0 Much Slightly Pitted None
Darker Darker
TABLEXY
4 BALL WEAR TEST
400°F and 600 RPM for 1 Hour
Scar Diameter in Millimeters
Ball Load in Kilograms
Fluid .
Materials 20 30 20 10 4
MIL-H-27601 0.99 0.99 0.76 0.22 0.18
M-10
MLO 68-b 0.46 0.38 0.27 0.21 0.19
MIL-H-27601 0.98 1.29 0.52 0.40 0.37
52,100
MLO 68-5 0.56 0.48 0.34 0.22 0.20

4 Ball Torque Transition Temperatures
Speed 600 RPM, Load 40 KG, Bal! Material M-10 Tool Steel

Fluid Transition Temperature, O
MLO 60-294 540
MLO 68-5 Above 6560
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TABLEXWT
HIGH TEMPERATURE HYDRAULIC PUMP TEST

50 Hours at 400°F Fluid Temperature

Test Profile
Fluid MLO 60-294 MLO 68-5

Test Duration, Hrs 50 50
Maximum Fluid Temperature, °F 400" 401.7
Pumping Rate, GPM

At Maximum Flow 7.80 8.06

At Minimum Flow 3.70 1.29
Pump Discharge Pressure, PSI

At Maximum Flow 2900 2697

At Minimum Flow 3450/3140 3062
Inlet Filter Differential Pressure

at Maximum Flow, PSI

Initial 24 12

Final 32 25
Total Shear Cycles 9 580" 7,790

*Estimated
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TABLE XVIT
HIGH TEMPERATURE HYDRAULIC PUMP TEST
50 Hours at 400°F Fiuid Temperature
Effects on Pumps

Parts

Average Part Weight

Change (GMS)

Piston Assemblies

MLO 60-294 —0.0086

MLO 68-5 —0.0339
Piston Sieeves

MLO 60-294 —0.0005

MLO 685 +(.0004
Piston Collars

MLO 60-294 —0.0002

MLO 68-5 ~0.0004

Longitudinal Movement
Change (In.}

Piston/Siipper Ball Jaint

MLQO 60-294 +0.0024

MLO 685 +0.0043

Pump Used: New York Air Brake Inline High Temperature Pump

No. 69W03006-2.
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TABLEXYIIT
HIGH TEMPERATURE HYDRAULIC PUMP TEST
50 Hours at 400°F Fluid Temperature
Effects on Fluids

Fluid MLO 68-5 MLO 60-294
Flash Point, °F
New 397 382
50 Hours 395 387
Fire Point, O°F
New 483 420
50 Hours 478 426
Viscosity, Cst
100°F
New 18.09 13.88
50 Hours 17.69 14.04
210°
New 3.82 3.37
50 Hours 3.76 3.13
Neutralization Number
New 0.010 0.10
50 Hours 0.013 0.08
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TABLE XIX
HIGH TEMPERATURE HYDRAULIC PUMP TEST
500°F Fluid Temperature

Test Profile
Fluid MLO 60-294 MLO 68-5
Test Duration 47 286 8.2
Maximum Fluid Temperature 500 + 7 4999 501.9
Pump Rate
Maximum Flow 7.3 (6.3) 7.80 7.90
Minimum Flow 0.8 1,97 2.02
Pump Discharge Pressure
Maximum Flow 2,700 2,700 2,538
Minimum Flow 3,100 3,032 2,812
Pump Filter Pressure
At Maximum Flow
initial 10 12 12
Final 27 11 12
Total Shear Cycles 6,100 426 1,620

Pump Used: New York Air Brake Inline High Temperature Pump
No. 69W03006-2
TABLEXX
HIGH TEMPERATURE HYDRAULIC PUMP TEST
500° Fluid Temperature
Effects on Pumps

Average Part Weight

Part
Change, GMS
Piston Assemblies
MLO 60-294 —0.0088
MLO 68-5 —0.3710
Piston Sleeves
MLO 60-204 +0.0006
MLO 68-5 +0.0015
Piston Collars
MLO 60-204 : —0.0008
MLC 68-5 —0.0015

Longitudina! Movement
Change, Inches

Piston/Stipper Ball Joint
MLO 60-294 +0.0014
MLO 68-56 +0.0024

Pump Used: New York Air Brake Inline High Temperature Pump
No. 6O9W03006-2
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TABLE XXL

HIGH TEMPERATURE HYDRAULIC PUMP TEST

500°F Fluid Temperature

Effects on Fluids

Fluid MLO 60-294 MLO 686
Duration of Test, Hr 47 1.8
Flash Point, °F

New 382 397
End of Test 385 405
Fire Point, Of
New 420 483
End of Test 410 480
Viscosity, Cst
100°F
New 13.88 18.09
End of Test 13.40 17.73
210°F
New 3.37 3.82

End of Test 3.06 3.75
Neutralization No.

New 0.10 0.01
End of Test 0.16 0.02
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Thermal

To compare the thermal characteristics of the fluids, it is necessary
to compare their relative performance in a heat exchanger at & given

temperature. To establish this comparison the following information,

taken f

Data

rom Reference (8] is used.

The Heating of Liguids in Streamline Flow Through Pipes

The equations which are used for streamline flcw in pipes with
scous liquids like oils are more complicated than those for

vi

turbulent flow.

Experiments with viscous petroleum oils in tubes with inner

ai

ameters ranging from 0.39 to 1.57 in. and heated length

ranging from 3 to 11.6 ft. were conducted as reported in
Reference (9). As a result of this work the authors of
Reference (9) arrived at the following formula:

—
)

d

du']Cft"WNDJDJUO

ED |y gg (xday (‘—J—le/?) (2)1/3 (“—)O'lh
k ) U k L Mg
the experiments u/ug ranged from 0.00L to 9.8,

f

specific heat

= tube diameter

fluid density

heat transfer coefficient

= general constant

= thermal conductivity

= line length

viscosity

= vigcosity at the tube surface temperature
= average fluid velocity

n

1 values are teken at the average fluid itemperature except 1lis.

1 factors are dimensionless.
= constant

= constant
= constant
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The surface temperature is assumed to be 25°F below the average
temperature.

h _ .2 /3 ju .y 0.1h
= (k= a Cp) (us)

Using the data from Figures 26, 31, 32, and 33, the following compar-
ative values of h/K were calculated.

AVERAGE ' ORONITE
TEMP. MIL-H-5606 MIL-H-27601 MLO68-5 Mev
100°F 2.69 2.7 2.78 2.86
200°F 2.81 2.76 .77 2.86
30C°F 2.86 2.8 2.83 2.8
400°F _— 2.79 2,81 2.61

From the above results, it can be seen that any differences that may
exist among the fluids will have very little effect con the heat

transfer coefficient.

The numbers calculated for MIL-H-5606 do not take into account its
non-Newtonian behavior at high shear rates. The effect of the non-
Newtonian characteristics will be to modify the (u/ug) 0.14% term. This
term will also become velocity dependent. Due to this effect, it
would be unwise to try to predict heat exchanger performance using the
performance with MIL-H-5606 as a basis for compariscn,

6. RECOMMENDATICNS

a.

General

It is recommended that certain fluid characteristics be periodically
measured during a flight test program. The bulk modulus is a critical
part of the S5AP design and a significant reduction will affect the
permissible flight envelcpe, the motor pump losses and package per-
formance. A significant losgs in bulk modulus can be caused by the
presence of entrained gases within the package. Due tc the inter-
change of fluid between the package and PC systems, elimination cf
entrained gases from both the PC systems and the package is important.
Removal of entrained gases can be achieved using commercially avail-
able equipment. To give good correlation between data, it is neces-
sary to control and/or measure the following fluid characteristics at
regularly scheduled intervals.

o Dissolved Gas Content
o Contaminaticn

o Acidity

¢ Viscosity

o Combustion Indices

¢ Color

o Vapor Pressure
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Tt is recommended to initially sample and test every 50 hours, extend-
ing the time interval on some of the measurements whenever the rate
of change of a characteristic ig sufficiently low.

Justification
The reascn for the measurements are as follows:
{1) Dissolved Gas

The disgsolved gas centent will change due to the contact between
the fluid air film on the piston red and gases produced as a
by-product of fluid degradation. It is desirable to reduce this
gas to a minimum to prevent a bulld up of entrained gas and to
minimize fluid oxidation.

(2) Contamination

The contamination level will give scme jdea of wear taking place
in the system. When small particles are generated they tend to
be in a highly active state, causing fluid breakdown due to
catalytic effect of the particles. BSince filtration of all
particles is impracticable, there will be a tendency for the
smaller particles to build up gradually.

(3) Acidity

The acidity changes as a result of fluid degradation due to
oxidation or thermal breakdown. The analysis of the acids should
determine the source of degradation.

(L) vViscosity

Changes in viscosity can be expected due to fluid degradation.
Extreme changes will necessitate corrective action.

(5) Combusticn Indices

Some change in the combustion indices can he anticipated as the
fiuid characteristics change. TFrom previous tests MIL-H-2T7601
degraded in this respect at high temperatures and there is cer-
tain evidence from tests carried out at MCATR that MLO68-5 be-
haves in a similar manner.

{6) Color
Ceclor changes are normally indicative of a change in the fluid.

Correlation between characteristic and color changes would be
uzeful.
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(8)

Vapor Pressure

Pump performance at high temperatures is dependent on maintain-
ing the vapcr pressure characteristic; unfortunately degradation
can change this characteristic. Correlation between vapor
pressure and acidity may help to determine the useful life of
the fluid based on the simpler acidity test.

Filling, Refiiling and Air Bleeding

Extreme care will be needed during the filling and air bleed-
ing operations to make certain that the fluid is clean and con-
tains a minimum of dissclved gas.

Before filling, the systems should be purged with nitrogen in
order to exclude as much oxygen as possible. The fluid should
be degassed under vacuum and then exposed to nitrogen only prior
tec filling. Using MIL-H-83282 fluid, the system should be
filled and bled in the normal way except that much more care
should be taken during the bleeding, which should be carried

out at low pressure. If possible, a de-aerator should be used
on the cart. Once the system is in normal operation, new
degassed fluid should he added until sampling shows that the
system fluid has a dissolved gas content less than that which
would occur at normal atmospheric temperature and pressure, thus
giving the fluid an affinity for any entrained gas that may be
still in the system.

Additional degassed fluid should be added whenever the dissolved
gas content rises above a specified level,
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SECTION VI
ACTUATOR DYNAMIC ANALYSTIS
GENERAL

Analyses were conducted to evaluate the dynamic characteristics of the
Secondary Actuator and Survivable Stabilator Actuator Package (SSAP).
This included an analysis of the stability and frequency response charac-
teristics of both actuators and an evaluation of the capability of each
actuator to comply with design criteria. The results of studies of
secondary actuater monitoring techniques and electrohydraulic versus
electromechanical characteristics are also reported herein.

The parameters used in the analyses were established theoretically with

a few exceptions where experimental data were used. For failure transient
and nuisance discennect analyses, the availability of additional data is
expected to make it possible to review the study results reported herein.
In all instances, siudy results will be updated ag actuator characteristics
and the characteristics of equipment with which they interface hecome

more firmly established and defined through hardware tests.

SECONDARY ACTUATOR

The seccndary actuater is a quadruplex, force summing., electrohydraulic
servomechanism. It is & self-contained unit consisting of four indepen-
dent servocontrclled elements coupled to a common output, each element
mechanized as shown in Figure 37T.

In the dynamic analysis of the secondary actuator it is convenient to use
two math models. The force summing model presented in Figure 38 is
essential when investigating failure transients since the effects of force
summing, dynamic loading, and multilecop cperation can be easily included.
The less complex performance model presented in Figure 39 suffices when
investigating performance characteristics such as freguency response,
where operational characteristics can be approximated by a single servo
loop. The parameters used in the analysis are shown in Table XXII. The
geins shown reflect the current status of the secondary actuator and

were selected to satisfy the threshold, frequency response, failure tran-
sient, and nuisance disconnect requirements. They are subject to change
s development progresses. The analysis and discussion which follows is
based in large part on information from Reference 5.

a. Stabllity

The stabllity characteristics of the secondary actuater can be ascer-
tained by constructing a transfer function from Figure 39. By elim-
inating filter dynamics and nonlinearities, & second order transfer
function is obtained:

E; = (KaKV 1
Vi Ny 82+__1_ g + Kfy E

Ty Aty

(1)
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TABLE XXIT
SECONDARY ACTUATOR PARAMETERS

Symbol Value Units
Ay Effective Secondary Actuator Piston Area 0.294 In.2
34 Linkage Freeplay Secondary Actuator Elements to Summing Link 0.002 In,
R T-Valve Hysteresis 0.0 Ma
Bg Hysteresis Due to Friction Effects 0.047 Ma
T Ratio of Flow Gain to Pressure Gain 0.000369 Cis/Psi
Fr. Coulomb Friction (for 4 Elements) 16.0 Lb
F, Foree Qutput of Element 1 of Secondary Actuator Definition Lb
FZ Force Qutput of Element 2 of Secondary Actuator Definition Lb
FJ Foree Qutput of Element 3 of Secondary Actuator Definition Lb
F4 Force Qutput of Element 4 of Secondary Actuator Definition Lb
o, Preamplifier Gain 0.0142 Ma/Volt
i3 Fitter Gain 0.05 Ma/Valt
H Feedback Gain, KXKdeF 519 Volts/Inch
Ka Servo Amplifier Gain 57.6 Ma/V
Kdm Demodulator Gain 1.26 VDC/VAC
Ke Feedback Ampiifier Gain 0.296 AAY)
Ky Open Loop Gain 122 Sec:“1
Km Pressure Gain for 3000 psi Supply 325 Psi/Ma
KD? Pressure Gain for 1400 psi Supply 152 Psi/Ma
KS Structural Spring Constant 1.46 x 10° Lb/in,
Ky Serva Valve Gain 0.12 Cis/Ma
Ky LVDT Scale Factor 14.0 Volts/In.
L Total Secondary Actuator Piston Stroke 1.0 inch
L4 Linkage Ratio - Summing Link to Elements of Secondary Actuator 1.37 In./in.
M Effective Mass of Linkage 0456 | LbSec?/in.
Ny Number of Operating Elements on 3000 psi Definition
-\I:, Number of operating Elements on 3000 psi Opposing‘a Failed Element Definition

or an Element with a Large Tolerance Buildup

P Pressure Differential Across a Secondary Actuator Piston Definition Psi
PIVI Maximum Differential Pressure across a Secondary Actuator Piston 1000 Psi
P Return Pressure Definitian Psi
P Supply Pressure Definition Psi
Py Tripout Pressure of Differential Pressure Sensor 930 Psi Psi
( Flow Definition Cis
Qg p Flow Rate for Secandary Actuator Element Definition Cis
Ve Error Signal into Servo Amplifier Definition Vaolts
W, tnput Command Signal Definition Volts
39 Signal in Gne Element Due to Tolerance Buildup Definition Volts
3\'] Displacement - Secondary Actuator Elements Definition Inch
¥y Displacement - Secondary Actuator Summing Link Definition Inch
3 Damping Ratio Definition

Te Feedback Amplifier Time Constant 0.001 Sec
Ty Servo Vaive Time Constant 0.00177 Sec
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Using the parameters from Table XXII the damping ratio (&} is found
tc be 1.07, which indicates a very stable configursetion. This result
confirms past experience, which has shown that small electrcohydraulic
servo actuators with relatively insignificant dynamic loading are
singularly free of closed loop stability problems. Moreover, it alsoc
shows that the present open loop gain (KL = 122} can be increased
appreciably, without causing stability problems, should a need te
indicated as development progresses.

Frequency Response

The frequency response characteristics represent the cverall perfor-
mance capablility of the secondary actuatcor with nominal parsmeters.

On a linear basis, the frequency response of the secondary actuator

can be approximated by a first order lag with an open loop gain (KL)
of 122, However, nonlinearities in the seccndary actuator result in
significant deviation from the linear approximaticn and their effect
was evaluated. DNonlinearities included in the investigation of the

frequency respconse include:

o dynamic seal friction (coulomb)

o flow limits

o electrchydraulic valve hysteresis
o force limits

The results of the frequency response evaluation are shown in Figure
40 and Figure L1. PFigure 40 shows the small signal frequency

response capabilities for four and three elements operating, respec-
tively. With four elements operating, the phase lag and amplitude
ratio are within envelope limits; while with three elements cperating,
the phase lag exceeds the envelope at higher frequencies. For small
signal response, the dynamic seal friction in concert with the
reiatively low pressure gain of the single stage electrchydraulic
valve contributes significantly to the phase lag. The hysteresis of
the electrohydraulic valve was found to be conly a small percentage of
the hysteresis caused by friction. PForce and flow limits were not
encountered. The effect of linkage freeplay was not included since
it is outside the secondary actuator loop and, therefore, can properly
be lumped and considered with the freeplay of control system linkage
between the secondary and surface actuators.

The lerge signel frequency response shown in Figure 41 indicates

a greater phase lag at the higher fregquencies than would be predicted
using a linearized model. The additional phase shift is due to flow
limiting (velocity saturation) in the electrohydraulic servo valve.
Force limiting (acceleration saturation) was not encountered due to
the large signal ccommands and is not ordinarily a problem with

small electrohydraulic servo actuators. The effects of structural
spring rates and dynamic losding on frequency response were also
investigated and found to be negligible.

129



Amptitude Ratio - dB

Phase Lay - Degrees

Amplitude Ratio [db)

Phase Lag (Degrees)

5.0
o Y
} Amplitude Limits
-50 \
0
> Phase Limits
Note:
1. Force Summing Model
2, Dynamic Seal Friction = 16 Lb
40 3. Linkage Freeplay not Included
4. Amplitude: £0.5% of Full Stroke
5. Three Elements Operating: N
60— Twao at 3,000 PS| \
One at 1,600 PSI
B. Nonlinear Math Madel
80 [N T TR A AR R B !
0.1 0.2 04 060810 2z 4 6 8 10 20 40
Frequency - Hz
5.0
0 \ T——ﬁ\
)— Amplitude Limits
-5.0 \
0
[ el
}Phase Limits — =
a \\\
20 | Note: N
1.=~—Force Summing Model N\
2,— -Performance Model N\
at 3. Dynamic Seal Friction = 16 Lb Total 6. Four Elements Qperating
4. Linkage Freeplay Not Included 7. Normal Supply Pressures
5. Amplitude: * 0.5% of Full Stroke 8. Nonlinear Math Model
60 ] L1 1 1 B I I
0.1 0.2 04 060810 2 4 6 8 10 20 40
Frequency - Hz
FIGURE 40

SMALL SIGNAL FREQUENCY RESPONSE

130



Amplitude Ratio - db

Phase {_ag Degrees

—10

20

40

60 —

80

Note:

1. Dynamic Seal Friction= 16 Lb

2. Linkage Freeplay Not Included

3. Amplitude: = 5.0% of Full Stroke
4. Four Elements Operating

5. Norma! Supply Pressures

6.

Nonllinear Math I}flodel , .

0.1

0.2 04 06 0810 2

LARGE SIGNAL FREQUENCY RESPONSE

Frequency - Hz

FIGURE 41

131

10

20

40



@]

In summary, the frequency response characteristics appear to be
essentially consistent with the system requirements, provided the
nominal characteristics of Table XXII are realized. However, if
higher than nominal friction levels are enccuntered, which result
in low amplitude freguency response degradation, the open loop
gain can be increased in order to obtain relief. An increase in
open loop gain is permissible only to the extent that nuisance
disconnect characteristics permit.

Thresheld

Threshold is defined here as the maximum peak tc peak cormmand signsal
for which nc output displacement cccurs. It can be expressed in terms
of a percentage of total seccondary actuator stroke. The threshold in
percent of total secondary actuztor stroke can be determined from:

7%, = 200 Fp (2)

1
+
H KA, (NlKPl KPQ)L

The symbols are defined in Table XXII. Equation (2) represents the
threshold which is the result of coulomb friction cnly. Estimates of
the effect of electrohydraulic valve hysteresis were found toc be in-
significant relative te¢ that of coculomb fricticn and are ncot considered
here. Tt was further assumed that leakage effects on threshold are
negligible. Using the nominal parameters from Table ¥XIT, the thres-
hold as a function of the number of elements cperating is:

Ny lio. of Flements % Xy % Allcweble
3 L 0.032 0.0k
2 3 . 0.045 0.0k
3 3 0.037 0.0k

The permissible threshcld is a maximum of 0.04 percent of full stroke
with three or more elements operating. As indicated, the thresheold
exceeds the permissible value with three elements (including the

1600 psi channel) operating and this is reflected in the small ampli-
tude freguency response results of Figure 40. It should be noted

that Nj represents the number of operating elements which are supplied
by 3C00 psi hydraulic systems. PFrom eguation (2}, it can be seen
that threshold increases with increases in friction (FF) and decresases
with increases in servo amplifier gain (K;)}. Thus, an increase in
servo amplifier gain can be used to compensate for an increase in
friction previded other operating characteristics permit.
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Failure Transients

A fajilure transient will result whenever an active failure occurs in

an element. When such a failure cccurs, the actuator cutput is dis-
placed until a force balance is achieved. The force balance is main-
tained until the failed element is switched off line. On third failure,
a brake is applied to hold position when the last two elements are
switched off line.

Under dynamic conditions, failure transients are influenced by control
linkage and surface actuator dynamic characteristics. The effect of
these characteristics on failure tramsients are currently under inves-—
tigation. However, when dynamic cheracteristics are ignored, the
failure transients can be approximated by the following equation:
P
% X = 100 M (3)
+
LHK (NEKP:L KPE)

Equation (3) expresses the output displacement resulting from an active
failure in terms of the percentage of total stroke. The limits on
output displacement have been specified at 0.56, 0.95, and 2.2 percent
of full strcke for first, second, and third failures, respectively.

It should be noted that the Np term in equation (3) represents the
number of elements on 3000 psi supply which oppose the failed element.
The tripout pressure (Py) may be 1000 psi for an active failure, which
is assumed here, or 930 psl for a slowcver failure.

The failure transient calculations are summerized in Table XXIII.
Worst case failures are those in which a failure ccecurs in an element
supplied by a 3000 psi supply. Also listed in Table XXIII are the
number of elements in operation, the type of failure, and the maximum
signal difference between one element and other elements to cause
tripout. The meximum signal difference required to cause tripout can
be determined from:

% vy = 0% 1 (L)

V., 1 - 1
H.+ 1+ /
Pt K Ty

S T

The difference in signal between elements is expressed in terms of the
percent of maximum signal. Equation (4L) is for a failure which occurs
in asn element supplied by 3000 psi. A similar expression can be
developed for & failure in the element supplied by 1600 psi.
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TABLE XXIIT
FAILURE TRANSIENT SUMMARY

Failure Transient Difference to
{Percent of Full Cause Failure
Stroke) {Percent of sz = 152 Psi/ma KP2 = 325 Psi/ma

Maximum Element Number of Elements

P, = 1400 Psi 5 = 3000 Psi Type of
Failure

Maximum Signal)

0.35

0.42 Worst Case 2.74 1 3 1st High Pressure

0.52

0.71 Worst Case 3.28 1 2 2nd High Pressure

1.03

2.2 Worst Case 6.1 1 1 3rd High Pressure

1.03

4.8 1 3 1st Low Pressure

5.1 1 2 2nd Low Pressure

6.1 1 1 3rd Low Pressure

38 0 2 3rd High Pressure

The signal developed by differential pressure sensors Aacrcss each
element is zero for differential pressures less than 700 psi and is
linear from 700 to 1000 psi. The threshold signal level for tripout
is nominally set to correspend to 930 psi. As a result of the dead-
band of +700 psi, the failure for first or seccnd failures can be
generated entirely within the failed élement. On third failure, beth
of the remsining elements may contribute to the failure signal. On

a slowover failure, for example, the failure signal threshold would

be reached when the differential pressure in each of the two remaining
elements reaches approximately 815 psi.

Secondary actuator design parameters are such that a faliled element
cannct overpower a good element on third failure. The maximum
differential pressure which can be developed across an element is

1000 + 20 psi. Thus the maximum pressure difference between elements
will be 40 psi which is equivalent to approximately 12 pounds. There-
fore, the incorporaticn of the force limiting valve in the design will
maintain a "force fight" on third failure which produces an unbalanced
force below the friction level to be expected from the two already
disengaged elements.

Nuisance Disconnect

A nuisance disconnect or tripout 1s one which occurs as & result of
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tolerance buildups between the four secondary actuator elements. The

tolerance buildup between elements may be the result of differences

in commend signals, excitation to LVDT'as, LVDT tracking, valve nulls,

LVDT nulls, ete., i.e., any differences which result in a differential
pressure bulildup between elements.

The potential for nuisance disconnect may be analyzed in a number of
different ways in that the tolerances may be handled additively, root
sum squared, or dealt with statlstically utilizing different distri-
butions. It is MCAIR's view that the statistical approach with ncrmal
distribution represents the most realistic approach since the study
concerns randomly distributed varisbles. The results of such an
analysis are summarized from Reference 5. In addition, the sen-
sitivity of the secondary actuator to nuisance disccnnect is eval-
uated for a gpecial set of conditions.

An exemination of the following eguaetion provides some insight into
the sensitivity of the secondary actuator to nuisance disconnects:

AP=1- L VoK K (5)

N. + 1+ Kp /K 1
o P2 Pl

This equation applies only for a special set of conditions, namely
for a tolerance buildup in only one element on 3000 psi supply. The
term Vg represents the net teclerance buildup in the element and AP
represents the resulting differentiel pressure in that element. DNote
that N5 represents the number of operating elements on 3000 psi
supplies which are cpposing the element with the tolerance buildup.

With four elements operating and a folerance buildup equivalent to

one percent of maximum signal in an element on 3000 psi, the resulting
differential pressure in that element is approximately 340 psi. After
one 3000 psi element failure, the differential pressure buildup is
approximately 280 psi for one percent tolerance, and after two 3000

psi element failures the differential pressure bulldup is approximately
150 psi for a cne percent tolerance. For a tripocut pressure of 930
psi, & tolerance of 2.7, 3.3, and 6.2 percent of maximum signal would
be required to produce a nuisance disconnect for four, three and two
elements operating, respectively.

Thus, the sensitivity to tolerance buildup is greatest with four
elements operating. Also evident in examining equation (5) is the
effect of servo amplifier gain (Kg) on the buildup of differential
pressure. For a given tolerance (Vs), an increase in servo amplifier
gain results in a corresponding increase in differential pressure.
Therefore, while an increase in open locop gein improves threshold and
failure transient characteristics, it aggravates the tendency for
nuisance disconnect.

Nuissnce disconnect can also occur when the pressure in the extend
chamber of the seccondary actuator falls below approximately 100 psi.
When the pressure falls below this value, a spring in the differential
pressure sensor forces the error LVDT hardover and provides a failure
gignal. This type of nuisance disconneect is most likely to occur in
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the element on 1600 psi where, at no load and no signal conditicns,
the pressure on each side of the piston is approximately 500 psi.
With a pressure gaein in this element of 152 psi/ma, the pressure in
the extend chamber will decrease {or increase) approximately 75 psi
for each ma of error signal due to tolerance buildup. For tripout

to occur, it would be necessary to have an error signal due to tol-
erance buildup in excess of 5 ma. Since 5 ma represents an extremely
large error signal to result from tolerance buildup under normal
operating ccnditions, the probability of a nuisance disconnect due to
a reduced pressure in the extend chamber is considered to be relative-
1y slight.

Tolerance Analysis

The statistical tolerance analysis discussed here is based primarily
on material ccntained in Reference 5. Steasdy state conditions with
no output force on the load and a maximum input signel in conjunction
with maximum deflection of the output are assumed. It should be
noted that not all of the tolerances in the associated electronics
were available when this analysis was conducted. The analysis will
therefore ©be repeated when all tclerances have been defined.

A block diagram of all four channels is shown in Figure L2 which is
based on the block diagram of Figure 43. For steady state conditions,
the sum of the feorces applied to the load 1s zero.

I
R Fi =0 (6)
l:
L I
I (E. + M,/K. - L_.H, K.V.A . - X £ HEK/V.,A.=0 (T)
. 1 i1 ni'i i i vi 1 .- 11 1wl
i=1 i=1
L
I (Ei + Mi/Ki - LniHi) KiViAV,
X = i=l * (8)
. G
I  H,K.V.A_
. 11 1 v1
i=1
Ki = (GiK&.) y H. = (Gfi/Gi) Kdminf Lni = LVDT Null
1

v, = (K_ ) ; M, = Valve Null ; E, = Input

Using the above equations, the differential pressure in each element
may be found from the fcllowing equation:

= + - -
Py = (By + Mj/K, - L .H - XH) KV, (9)
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The pressure in each element is a function of the gains and nulls in
all elements.

The values for gain and null tolerances are shown in Table XXIV.
Normal distribution was assumed for the tolerances. TFor gaing, the
specified gain was assumed to be the mean and the specified tolerance
was assumed to be the 3 sigma value. TFor nulls, the mean was

assumed to be zerc, except for the element on 1600 psi, for which

the specified null was assumed to be the 3 sigma value. Table XXIV
includes the mean, the maximum or 3 sigma tolerance, and the

standard &eviation for each variable.

TABLEXXIV
BASELINE CHARACTERISTICS

Variable Mean Sigma :‘;iesr?;;:)
1. Amplifier Gain (K;)i=1,2,3,4 18.8 ma/V 0.06827 * 1.0%
2. Valve Pressure Gain (Viyi=1, 2,3] 325PSI/ma 10.8 + 10.0%
3. Feedback Gain (Hi) i=1,23,4 16 Volts/Inch 0.0583 * 11%
4. Piston Area (A}i=1,2 3,4 0.294 (Im:h)2 0.00157 t 16%
5. Input Signal (E;}i=1,2,3,4 8 Volts 0.0133 * 05%
6. Valve Null (Mi] i=1,2,3 Oma 0.217 + B.15%
7. LVDT Nult (L;}i=1,23.4 0 Inch 0.000357 * 0.21%
8. V4, Valve Pressure Gain 152 PSl/ma 5.06 +10.0%
9. My, Valve Null 0.16 ma 0.184 t 6.9%

The results of the analysis show that the 3 sigma differential pressure
for any of the four elements does rot exceed 520 psi. The resultis

alsc show the most significant tolerances tc be those of the input
signal, LVDT excitation, and LVDT tracking. Valve nulls, LVDT nulls,
and preamplifier tolerances alsc contribute significantly to the
tclerance buildup.

Output Velocity and Centering Time
The seccndary actuator is required to travel thrcugh full stroke in
0.6 seconds with 3 elements and a 1000 psi pressure differential.

Follewing the loss of each element, the slew rate is allowed to de-
crease by 25 percent of the speed with four active elements.
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For the secondary actuator, the slew rate of the piston must be
1.67 inches/sec. BEach secondary actuator servo valve will have a
nominal no load flow of 0.96 CIS when supplied by 3000 psi. The
no load slew rate would be 0.555/0.294 = 1.89 inches/sec. with
1000 psi supply pressure disregarding the effects of bypessing
through the control ports of a failed actuator element. To slew
ot n rate of 1.89 in/sec requires a back flow of 0.1k4 gpm through
the C7 or Cp receiver orifice in the single stage jet pipe servo
valve {See Figure 37). Typical back flow through receiver control
orifice C; with Co and return open and no jet pipe pressure is:

Flow Diff Press
0.20 gpm 3¢ psi
0.30 gpm 80 psi

These data show that less than 10 psi per active element of 3 oper-
ating would have to be imposed on the operating valve load pressure vs.
flow curves which would have only & small effect in reducing the no
lcad flow. The equivalent load pressure due to friction would be
distributed over 3 elements which amounts to about 18 psi per active
element for the proposed actuator. The friction lcad pressure is
greater than the orifice load pressure. Assuming a straight line
approximation to the load pressure vs. flow curve between 0.21 gpm

and 1000 psi meximum {(no flow), the loaded flow would decrease from
0.21 gpm to 0.20 gpm with a 30 psi load pressure. The actuator would
then have a slew rate of 0.52/0.20k = 1.77 inches/sec which is greater
than the required 1.67 inches/sec. This analysis together with data
taken on the Supplier's prototype gquadruplex actuator indicates that
bypass valves are not necessary to meet the Procurement Specification
slew rate requirements.

The fellowing data on centering time were measured using the
Supplier's prototype guadruplex force summing actuator.

. . s si Centering

Spring Force - Friction Ferce = Net Force Slement Slew Rate
2L.5 pounds - 12.5 pounds 12 pounds 30 1.56 in/sec
16.5 pounds - 12.5 pounds } pounds 10 0.81 in/sec

The required centering time of 2 seconds from 1 inch displacement to
neutral is equivalent to a slew rate of 0.5 in/sec. The data pre-
sented ambove shows that the centering time can be achieved using a
centering force thet is at least 4.0 pounds greater than the friction
force. 8ince the secondary actuator will use a pumped back spring
centering device, the required force necessary to center within 2.0
seconds can be easily cbtained.

Compatibility With The 1600 PSI System

Assuming a leakage flow in each actuator of 85.0 in3/min = 1.L2 in3/sec
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at 3000 psi, the leakage flow at 1420 psi is given by

= (1L2p) /2

Q
3000 (1.42) = 0.98 in>/sec and 4(g

1420 _ . 3
IMEO) = 3,92 in~/sec

The total flow from the fourth hydraulic system at Pg = 1420 is
approximately 3.9 in3/sec.

Using the value of 1.96 in3/sec for flow in the 25-foot and 23-foot
line lengths and 0.98 in3/sec in all other line lengths shown in
Section III, the approximate differential pressures acrosg each
actuator element are listed helow.

Pitch Py = Py = 1420-4 = 1416 psi
Yaw Py~ Pp = 1420-3 = 1417 psi
Left Lateral PS - PR = 1420-65 = 1355 psi
Right Lateral Py - Pp = 1420-60 = 1360 psi

The threshold computations assumed a pressure gain of 152 psi/ms

using an average of 1400 psi. With & pressure recovery of 0.75

(PS - PR), the actual differential pressure availsbie across the piston
is listed helow.

Pitch = 1060 psi
Yaw = 1060 psi
Left Lateral = 1015 psi
Right Lateral = 1020 psi

The force limit valve in the actuator is set at (1000 + 20) psi which
is compatible with the above recovery pressures. The failure detect
level will be set to trip at a level equivalent to approximately
(930 + 30) psi.

IFM (In=-Flight-Monitor)

While the design and fabrication of the in-flight monitor is the
responsiblity of the SFCES Supplier, it is essential that the IFM
funetion be compatible with Secondary Actuator cperating character-
istics. That function is to detect and to isolate(shutoff)elemesnts
in which. failures have occurred,

Figure 4L presents a block diagram of the Secondary Actuator in-flight
monitor circuit. The diagram shows that the signal from the differ-
ential pressure (AP) LVDT is demodulated and compared in six cross
channel ccomparators whose outputs are connected to collection logic
for failure detection and shutdown of a failed secondary actuator
element. The diagram alsc shows a carrier sensor circuit which will
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indicate a failure if the LVDT output is open, shorted or the power
fails. The monitor time delay for the comparators is 0.5 seconds,

An active failure, i.e., a failure which results in a hardover signal,
is easily isolated by the circuit of Figure Ll., An active failure

in the blue element, for example, produces three signals to the AND
gate in the blue element collection logic approximately 0.5 seconds
later, and results in a shutoff signal to the blue element shutcff
valve., A single passive failure, on the other hand, will not be
detected under ancrmal operating conditions becsuse the failed element
does not generate encugh differential pressure te precduce a failure
signal. Detection and fault isclation will occur under stall con~
ditions, however, since all three cperating elements will generate
fallure signals. When twe passive failures have occurred, switchout
of either passively failed element can not be accomplished even under
stall conditions because it is no longer possible to produce three
signals to an AND gate.

The operation of the in-flight monitor circuitry is considered to be
satisfactory since the presence of one or two passive failures does

not degrade the secondary actuator performance appreciably. In
addition, the exercise of BIT before each flight will detect the exist-
ence of passive failures at that time as discussed in AFFDL-TR-71-20,
Section ITII. The probability of multiple passive failures should,
therefore, be reduced to an acceptable level.

Pressure Variations

The Secondary Actuator is designed to function with rather wide
pressure variations in the supply systems. GSince the pressure sensors
observe cylinder differential pressures, the pressure varistions
should have only a small affect upcn the actuator when the output is
static. Dynamically the time delay in the shutdown circultry prevents
any nuisance failure signals should a transient pressure differential
be developed that is of sufficient magnitude to trigger the failure
detecticn mechanism.

The use of low pressure gain serve valves reduces the sensitivity to
the effect of supply pressure variations. Tests have been performed
on the demonstrator hardware which verify that supply pressure
variations do not Jecpardize performance. Each element of the
secondary actuator is equipped with a pressure sensor. This pressure
genscr has three functicns:

¢ Tt will transmit an error signal (LVDT vcltage) in the absence of
pressure cr too low a pressure.

o It will signal when the differential pressure in the actuator
cylinders reaches a predetermined limit.

0 The force limiting feature will limit the cylinder pressures when
the pressure differential reaches a predetermined limit.
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The two phenocmens affected by pressure variations are cylinder
pressures and flow (actuator output veloecity). Since the pressure
sensor reacts only to cylinder differential pressure, a base pressure
difference between elements does not cause a large cross element
pressure fight. A small pressure fight may occur due to the change
in servo valve null bilas with pressure. However, the toclerance study
shows that this effect is negligible compared to feedback or input
signal tolerances.

The pressure variations specified are: supply, 1000 psi to 135 per-

cent of normal {4050 psi); and return, 0 to 500 psi for the 3000 psi
systems and 0 to 150 psi for the 1600 psi system.

Supply pressures affect the actuator output velocity. The output
velocity required is full stroke slew in less than 0.60 seconds with
a 1000 psi pressure differential across the actuator with either four
or three elements operating. The velocity is relatively unaffected
by the number of elements in operation since this is a force summing
type of actuator whereby the velocity of a single element is approx-
imately the same as it is with four elements.

The pctential effect on actuator velocity performance would be caused
by the pressure extremes causing an internal pressure level of an
element that would result in a force fight. In order for a failure
to be indicated, the differential pressure in & ¢ylinder in an coffend-
ing element must reach the failure detect level. Most of the perfor-
mance is with virtually no load force. The failure detecticon circuits
in the electronics has a built-in-time delay of 0.5 second., This

time delay prevents nuilsance failure indications should maximum
actuator velocities cause pressure fights sufficient to reach the
detection level.

Voltage Variations

The circuits contained in the path from the position feedback LVDT
through the servo-—amplifier to the serve valve include two opera-
ticnal amplifiers that use power from a +12 VDC power supply. The
possible variation in the output of an operational amplifier per
volt change in excitation is 0.15 millivelt/volt. Thus on a worst
case addition, the output of two operational amplifiers might vary
0.30 millivolt/velt. Since the power supply may vary within +25%
from low temperature to high temperature, the +12 VDC or -12 VDC
power supply should not exceed +3.0 volts above or below the nominal
value. Therefore, the cutput of the twe amplifiers should not
vary more than +0.9 millivolt from nominal over the temperature
range due to excitation variations.

The other major effect on the output of a secondary actuater is due

to changes in the 26 VAC excitation voltage to the feedback LVDT.

The change in excitation voltage dces not have any significant effect
at the neutral position of the actuator and LVDT. However, any change
in excitation affects the gradient of the LVDT which directly affects
the position gain of the servo actuator. The gradient selected for
the secondary actuator is 1l volts/inch at 26 VAC excitation. If the
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excitation voltage is allowed to vary, worst case *+ 0.5 percent
maximum over temperature and the actuator is positioned at some point
other than neutral, the actuator cutput position would vary a maximum
of +0.25 percent of total strcke. If the point was at full extend
stroke of one inch, the position change would be +0.0025 inch due tc
excitation variations over the temperature range of -54°C to + T71°C.
This maximum position variation at one inch assumes that all four
independent power supplies increase over temperature to the maximum
allowed value of +0.5 percent. However, this will in all probability
not ocecur and two of the supplies might be at +0.2 percent and two

at -0.4 percent sc that small pressure fights will occur between ele-
ments of the actuator at full stroke output. These small pressure
differences would tend to reduce the position variation to less than
0.0025 inch in voltage output position. The effects of veoltage
variations on the system in terms of positionability are negligible.

SURVIVABLE STABITATOR ACTUATOR PACKAGE (SSAP)

The SSAP is an integrated actuator package utilizing both power-by-wire
and Ily-by-wire concepts which is designed to replace the secondary
actuator and F-bL stabilator actuator combination for Phase IIC of the SFCS
program. The SSAP consists of a gquadruplex velocity summing electro-
mechanical secondary actuator and a surface actuator with dual tandem
pistons which are powered by two integral motor pump units., The SSAP also
contains two switching valves which allow the surface actuator to be
powered by aircraft hydraulic supplies in the event that one or both of
the integral motor pumps fail. A hydraulic schematic of the 33AP is

shown in Figure 45.

The integral hydraulic pumps used on the SSAP are the soft cuteff type
pumps. The pressure-flow characteristic of this type of pump is such
that the pressure supplied is dependent upon the flow being demanded.
This pump charscteristic causes the S3AP response to be dependent upon
the amplitude of the input command signal, and results in a nonlinear
response for the SSAP.

In the dynamic analysis of the SS5AP it was convient tc use both linear

ard nonlinear math models. The linear math model was used primarily for
stability, failure transient, and disconnect analysis and the nonlinear
model was used primarily for frequency response and threshold analysis.

The math models are developed in the following paragraphs. The parameters
used in the analysis are shown in Table XXV. They reflect the current
status of the 3SSAF, but they are subject to change as development progresses.

a. Stability

A linear analysis was conducted to determine the stability of the

SSAP when installed in an F-4 aircraft and driving the stabilator
surface. The stability analysis was conducted in three parts: {a)
the surface actuator alone, (b} the secondary actuator alone, and

(e} the total SSAP. The stability of the individual actuators was
determined from the roots of their transfer functions. The stability
of the total SSAP was determined via the rooct locus method.
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The parameters used in the SSAP stability analysis are shown in

Table XXV. Parameters such as actuator structural spring rates and
master ccntrol valve characteristics were furnished by the SZAP
Supplier. The aircraft structural spring rates and stabilator inertia
were determined by MCAIR enalysis. The surface damping coefficient
reflects an inherent surface damping. This coefficient was based on
experience with the F-4 stabilator actuator. An electrical feedback
is included in the actuator poriion of the package for use in the
longitudinal flight control system.

(1) Surface Actuator

The surface actuator is a closed loop servo system which makes
use of mechanical linkage for position feedback to the master
control valve, The schematic of the 3SAP installation in
Figure 16 shows the relationship between the surface actuator,
control linkage, installation geéometry, structural spring

rates and stabilator surface inertia. The surface actuater
portion of the SSAP can be represented by the linear math model
shown in Figure L47. The masses cof the actuator piston and
cylinder are small when compared to the inertia of the stabi-
lator surface reflected to the actuator piston as an effective
mass. These smaller masses have very little effect on the
overall system dynamics and therefore, were not included in the
math model. If it is assumed that the integral pumps produce

a constant 1600 psi, this math model can be used to represent
the surface actuator when coperating on integral motor pumps

or aircraft hydraulic supplies. This assumption is wvalid

Secondary
Actuator

Motor
Pum p Master

Reservoir Control

Valve
] L

e —

Mator
Pump
Reservoir X

FIGURE 46
SCHEMATIC - SSAP
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FIGURE 47
LINEAR MATH MODEL - SSAP SURFACE ACTUATOR

for stability analysis. A closed lcop transfer function for the
surface actuator math model can bte represented by:

(10)
v 2 {
M C m S + fo)
I

R I S
n o me LR T

+

L8

A = Keloly (M) g
X (ﬁOMm)S3 + [(K K, + K K L, L )

+K K S o+ K K K_L
] 3 oL 3

Two modes of operation of the surface actuator were considered
1) one system operating from an integral motor pump unit, and
2) cne system operating from an aircraft hydraulic supply, with
the second system inoperative in both cases. 'These modes of
operstion are anslogous to operation of the actustor afiter twe
and three failures, respectively. From a stability standpeoint
the worst case for the surface actuator is when only
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cne hydraulic system is operating. This is due to the fact that
the spring rate of the hydraulic fluid is reduced by 50% when
only one hydraulic system is operating. For this analysis it was
assumed that the system that is shut off does not contribute to
the total spring rate of the hydraulic fluid and actuator parts
(KD) and does not contribute to the overall system damping.

Substitution of parameter values from Table XXV into surface
actuator closed loop transfer function, equation (10), results
in the following relationships:

Operating from one integral motor pump:

{(11)
X = (2,06 x 107)8% + (1.7h x 10%)5 + 1.65 x 10*°
2. (1.015 = 106)53 + (1.782 x 107)52 + (2.43 x lolo)s+3.h3 x 107t
Operating from one ajrcraft hydraulic supply: (12)

012)
lO)

= (3.L6 x 107)52 + (2.91 x 108)5 + (2,77 x 1
o (1.015 x 108)83 + (2.18 x 107)8° + (2.97 x 10

wﬂdk

8+ 5.75 x lOll

The roots of these transfer functicons are:

Operating from one integral motor pump:

Numerator Denominator

-h,22 + 3 283.0 -14.1 + j 0.0

-L.p2 - 3 283.0 -1.73 + 3 155.0
- -1.73 - j 155.0

Operating from one aircraft hydraulic supply

Numerator Denominator
—L.22 + 3 283.0 =-19.35 + § 0.0
“k,22 ~ 3 283.0 -1.08 + j 171.0

-1.08 -3 17l.0

From the reoots of the closed locp transfer function for the
surface actuator it can be seen that the actuator is meore stable
when operating on one integral hydraulic supply than when oper-
ating on one aircraft hydraulic supply. These rcots alsc show
that in either of the two modes of operation the system is very
lightly damped. Due to the low damping further analysis was
performed to determine the relative stability of the surface
actuator. This analysis was performed only for the least stable
cf the two modes of operation, the case when the actuator was
operating from one aircraft hydraulic supply.
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The open loop transfer function for the surface actuateor can
be represented by:

S{(KOMm)82 + [K K Ku)M + K 018 +[(K K )c , Kk 1)

el =8
FD

m+ o I

For the case when the actuator is operating on cne aircraft
hydraulic supply, substitution of parameter values from Table
XXV into eguation (13}, results in the following relationship:

(14)
“F

T 4,719 [s2 + (8.43)s + 8.01 x 1oh]
o 8[s2 + {1k.h3)g + 2.92 x 10%]

A frequency response of the cpen loop transfer function is shown
in Figure 48. This freguency response indicates that for the
worst case, the S8AFP surface actuator has a gain margin of
approximately 5 dB.

(2) BSecondary Actuatecr

The SSAP seccndary actuator is a quadruplex, velocity summing
electromechanical servomechanism. It uses LVDT's for position
feedback and tachometer's for rate feedback, A schematic of the
secondary actuatcr is shown in Figure 49. TFor the stability
analysis it was assumed that =11l gears and linkages are infinitely
rigid and the inertia of the gears, differential, and the ball-
screw was reflected to the servo motor output. The secondary
actuator and its asscciated electronics can be represented by the
linear math model shown in Figure 50. Assuming all elements

are identical, a closed loop transfer function for this math
model can be represented by:

K Kol gl (Tpq8 + 1) (25)

+TT

17
e

X T ¥ 2
TaTM)S + [(1 +K o ) Tt TM]S

T ERR)T R EREN

Substitution of parameter values from Table XXV into equation (15)
and factoring the resulting relationship yields the fcllowing
roots.
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FIGURE 48
OPEN LOOP FREQUENCY RESPONSE
SSAP SURFACE ACTUATOR

Four elements operating:

Numerator _Denominator

-1009 + j 0.0 -147.4 + 3 0.0
-8k6.2 + J 0.0
-T67.1 + j 3291.
~767.1 - J 3291.

Three elements operating:

Numerator Denominatcer

-1000 + J .0 “104.7 + J 0.0
-890.5 + j 0.0
-Té6. + J 3296.
-T66., - j 3296.
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1
T2 1= = —
Cutput —=—= “‘:ﬁ:c.(_ MQ of LVDT's
_l Motor Motor
Tach Ech_L
7 No. 3 No. 4
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Backup Primary —_ =
Detent Ballscrew
Test Brake
C
- — Differential
Link Assembly Ballscrew Drive
D Typical 2 Places
) — pain
= 4 idler Shaft
Backup Baliscrew Maotor Brake
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A
Motor ] Motor
Tach Tach
4 g - ERRCALE B
No. 1 3] No. 2
\—Differential
Motor Summation
Typical 2 Places
FIGURE 49

ELECTROMECHANICAL SECONDARY ACTUATOR SCHEMATIC

Two elements operating:

Numerator Denominator

-1.000 + j 0.0 -66.7 + 3 0.0
-930.,1 + j 0.0
-765.6 + 3 3301.
-765.6 - 3 3301.

The roots of the eclosed loop transfer function indicate that no
stability problems are anticipated in the secondary actuator with
tachemeter feedback.

(3) Total SSAP

The total SSAP consists of the series combination cof the secondary
actuator and the surface actuator with an electrical feedback

loop closed around the two actuators. The total SSAP can be
represented by the linear math model shown in Figure 51. Using
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FIGURE 50
LINEAR MATH MODEL - SSAP SECONDARY ACTUATCR

this math model, an open loop root lcocus stabiiity analysis was
performed to determine the gain for the electrical feedback loop.
For this analysis the worst case for the surface actuator stab-
ility, operating from one aircraft hydraulic supply, was chosen.

This analysis indicated the need for some type of compensation
to stabilize the SSAP. The compensation chosen was a simple
first order lag in the electrical feedback loop.
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The open loop transfer function for the total SSAP can be pre-

sented by:
VF K . SECONDARY ACTUATOE SURFACE ACTUATOR K
e Paarasar) CLOSED LOCP TRANSFER CLOSED LOOP TRANS- f2 5
1 pa FUNCTION, EQUATION FER FUNCTION, (Tf S+ 1)(8+1)
(15) EQUATION (10} 2
Substituticn of parameter values from Table XXV into the open
loop transfer function and factoring results in the following
relationships:
For L elements of the secondary actuator operating:
. 15 (16)
Ve 2 Kop(1.30 x 1077)(8 + 1000.)(8 + k.21 + j283.0)(5 + 0.0)
v (s+1ooo.)(s+8h6.)(s+767¢;3291.)(s+2001)(s+1h7.)(s+19.3)(s+1.08i;171)(s+1)
For 3 elements of the secondary actuater operating:
0 (17)
Vo K., (9.72 x 107 )(8 + 1000.)(S + k.21 + j282.0)(s8 + 0.0)

£ £2
Vi (5+1000.)(8+890.)(8+766.+33296)(8+200. ) (8+105.)(5+19.3) (S+1.08+3171. ) (5+1)

For 2 elements of the secondary actuator operating:

1l (18)
Voo o Ko,(6.48 x 10 J(8 + 1000.)(8 + 4,22 + j283.0)(8 + 0.0}

v, (5+1000.)(5+930.)(8+766.+33300, ) (6+200. ) (5+67.){5+19.3)(6+1. 0B+ 171, )(5+1)

Root loei for these open loop transfer functions are shown in
Figures 52 through 54. From these rcot locus rlots it can be
seen that the S3AP is stable for an electrical feedback gain cof
6.1% volts/inch or less. A feedback gain of 1.17 volts/inch was
chosen for normal operation., This will result in a gain margin
of approximately 1.4 4B.

The results of this analysis indicate that no stability problems
should be anticipated with the SSAP per se. However, the effective
bulk modulug of the hydraulic fluid being used has not been well
defined when the fluid is used in an actuator at high temperature.
Also, many of the parameters used were based upon preliminary
estimates. Therefore, it is recommended that the SSAP be sub-
Jected to careful and extensive stability testing, and more
analysis when better information is available.

b. SS5AP Response Characteristics

An analysis was conducted to determine the response characteristics
cf the 33AP. In the SFCE, the serve controlled actustors have full
authority over the aircraft control surfaces. Therefore, the math
models used in determining the overall system response must reflect
the response characteristics of the proposed hardware over the full
range of actuator autherity. Also the SSAP makes use of soft cutoff
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hydraulic pumps. The pressure-flow characteristic of this type of
pump is such that the pressure supplied by the pump is dependent upcn
the fiow being demanded. This pump characteristic causes the SSAP
respense to be dependent upon the amplitude of the input command
signal, and causes the SSAP to have a nonlinear response.

For the reasons noted above, linear analysis techniques do not provide
an adequate description of the SSAP response characteristics. There-
fore, nonlinear techniques were used to determine the response
characteristics of the SSAP. Nonlinear analysis is also regquired if
the dynamic representation of the SSAP is to be refined in the future
te demonstrate correlation between the math model and characteristics
of the physical hardware.

A nonlinear math model was developed for the SSAP. For the sake of
clarity this model is presented in two parts; surface actuator and
secondary actuator. These two parts are then combined to preduce the
nenlinear math model for the SSAP.

{1) Surface Actuator

A nonlinear math model was developed for the surface actuator.
It was based on the linear math model shown in Figure 47. 1In
the linear math model the master control valve representation
was developed from:

(19)
qQ = ok X o+ 29 P

BXV v BPL L

This relationship is valid for small perturbations about an
cperating point when the supply pressure is constant. Because
the surface actuator is supplied by soft cutoff hydraulic pumps
it is obwvious that the linear relationship for the master control
valve is not valid over the full range of response for the SSAP.
However, the master control valve can also be represented by:
(20)

9=k X 4F - Fp

In this relationship Pg represents the pressure supplied by the
soft cutoff pump. The nonlinear representation for the master
control valve and the pump characteristic are included in the
nonlinear math model for the surface actuator shown in Figure

55 and 69 are also shown in Table XXVI. The only remaining ma-
Jjor nonlinearity in the surface actuator is the physical limit on
the master control valve stroke. This limit is alsoc shown in

the nonlinear math model. The significance of the 1limit is more
fully explained in the description of the total SSAP model.
Figures 56 and 57 preésent frequency respcnse plots generated by
the surface actuator nonlinear math model. The difference in
performance for small inputs is cdue to the low gain of the master
control valve in the area around null. The low gain around null
is required for stability. It should also be noted that the
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TABLE XXVT

MASTER CONTROL VALVE CONSTANT - SSAP SURFACE ACTUATOR

(2)

X (One System K {Both Systems

v MY Qperating) my Qperating)
+0.005 7.2 14.4
*0.01 10.8 216
+0.02 144 28.8
+0.03 16.2 324
+0.04 17.1 342
+0.056 17.7 354
+0.06 18.3 36.6
+0.07 186 37.2
+0.08 18.8 37.6
+0.09 19.0 38.0
+0.10 19.2 38.4

surface actuator response shows no signs of veleoeity cr accel-
eration limiting in the large signal response.

Secondary Actuator

A nenlinear math model, shown in Figure 59, was developed for the
secondary actuator. It was based on the linear math model shown
in Figure 50. The major nonlinearities considered in this model
are limitations of the physical hardware. These limits were
added to the linear math model as explained below.

The electronics associated with the secondary actuator contain
a limiting circuit which limits the maximum width into the
servo motor. This limit, shcown in Figure 70, was placed in the
math model at the cutput of the serve amplifier. The speed vs.
pulse width characteristic for a prototype servo motor contains
a deadspace and a steep rise, such that full motor speed ig
obtained with a pulse width of less than 25% of maximum.
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FIGURE 56

SMALL SIGNAL FREQUENCY RESPONSE - SSAP SURFACE ACTUATOR

The speed vs. pulse width characteristic of the prototype servo
motor shown in Figure 53 was placed in the math meodel &as a non-
linear function. The time constant for the serve motor is a
functicn of the combined motor, tachometer and gear train inertias
and the torgue developed by the serve motor. This time constant
was adjusted such that data generated using the math model would
match empiricel data from the prototype serve motor.

When the secondary actuateor is stalled, the speed of the servo
mctors goes to Zero. To perform this functicn & limit was in-
cluded in the math medel to limit the servo motor speed., This
limit is a function of secondary actuator output pesition limit.
When the cutput is sgainst its positive position limit the
positive motor speed limit is set to zero. The same relationship
is true for the negative position limits.

The differentials, gears and the ballscrew in the secondary
actuator have some inherent backlash. All of the backlash in

the secondary actuator was reflected to the output and mechanized
as friction controlled backlash. This backlash is inside the
feedback loop and therefore, does not effect the actuator
pesitionability. The backlash will, however, result in an output
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FIGURE 57

LARGE SIGNAL FREQUENCY RESPONSE - SSAP SURFACE ACTUATOR

with a nonlinear wave form. The fundamental component of this
nonlinear wave will exhibit a considerable amount of phase shift
fer a small input signal.

The nonlinesr math medel for the secondary actuator is shown in
Figure 59. Frequency response plots generated using this math
model are shown in Figure 60 and Figure 61. The small

signal frequency response in Figure 61 shows that backlash causes
the actuator to exceed the small signal phase limits above 5.5 hz.
The backlash used in this response was based upon the maximum
allcwable backlash for each compeonent, and thus constitutes a
worst case. This problem will be investigated later in the pro-
gram to establish more realistic backlash estimates and to aceter-
mine the effect on the overall system.

The large signal frequency responses presented in Figure 60 show
that for certain freguencies the actuator exhibits excessive
phase shift and amplitude attenuation. The basis of

this problem is that the serve motors deo not develop sufficilent
torque to accelerate the combined mctor, tachomeier, and gear
train inertias at a rate sufficient to follow the input command
signel. The acceleration saturation is verified by the fact that
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FIGURE 60

LARGE SIGNAL FREQUENCY RESPONSE - SSAP SECONDARY ACTUATOR
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FIGURE 61
SMALL SIGNAL FREQUENCY RESPONSE - SSAP SECONDARY ACTUATOR
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after the point of saturaticn, the amplitude ratic changes by
approximately 12 4B per octave. As explained below, the excessive
phase shift caused by acceleraticn saturation in the secondary
actuator will cause the SSAP to be unable to meet the large zignal
frequency response requirements. If velcocity saturation were to
ocecur it would ve at a higher freguency; it therefore will probably
not be encountered,

The Total SSAP

The total SSAP consists of the series combination of the secondary
actuator and the surface actuator with an electrical feedback

loop closed arcund both actuators. The nonlinear math model for
the SSAP contains all the nonlinearities shown in the surface

and secondary actuator models. In addition, it contains link=agc
freeplay and logic to adjust the maximum rate of the secondary
actuator.

The mechanical linkage between the seccndery actuator and the
surface actuator and the surface actuator feedback linkage con-
tains some inherent linkage freeplay at each bearing joint. all
of this freeplay was reflected to the master control valve and
mechanized as friction centrolled backlash.

Logic wes added to the SSAF math model to adjust the szeondary
actuator rate as a function of master control valve positicn.
When the master control valve ig against its position limit, the
secondary actuator can not move the master controi valve in the
same direction as the surface actuator, at a rate grester than
the surface actuator rate. To perform this limiting, logic was
added to adjusi the speed limit on the seccndary aciuator servo
motors such that when the master control valve is against its
position 1imit the secondary actuator rate is reduced to match
the rate of the surface actuateor. The surface actuator docs not
require & position limit due to the fact that the secondary
actuator will hit its position limit before the surface actuator
bottoms out.

The nonlinear math model for the SSAF is shown in Figure 47,

The frequency response requirements fcr the SSAP are sperified
without electrical feedback from the surface actuator and with
three elements of the secondary actuatcr operating. Frequency
respense plots were generated using the 3SAP noullirear math wmede’
to determine i1f the S52AP will meet the freguency response reguire-
ments.

Figure 63 and Figure 64 show the SSAP small sigral freguency
response plots. The S5SAP response falls slightly cutside the
amplitude and phase limits even without considering the effectu

of backlash and linkage freeplay. Backlash and linkage Ireeplay
cause a further degradation in the SSAP response. The impact of
this degradation in response cn the performance ~f the lonesitudins:
control system is currently under investigation. Figurs »¢

shows the SSAP large signal frequency response plerts. For
frequencies above 5.4 Hz the SSAP falls outside lie phase Limits.
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4. Backlash: B’I = 0,005

5. Linkage Freeplay: B, = 0.0046

6. Nonlinear Math Model

SMALL SIGNAL FREQUENCY RESPONSE - SSAP

This is a direct result of acceleraticn saturation in the
The effect of this saturation on the
stability of the longitudinal control system is discussed in

secondary actuator,

Supplement 2 of this

report.

Figures 6 and 67 show the large

and small frequency respcnse plots for the SSAP with electrical
feedback from the surface actuator.

This analysis was based on data from a prototype servomotor and

preliminary estimates on many of the other parameters.
fore, it is expected that this analysis will be updated when data

is available on the production hardware.

SSAP Threshold

There-

The threshold for the SSAP is specified as 0.06% of the full stroke
cf the surface actuator.
The threshold for the SSAP is dependent upen the threshold of the
secondary actuator and the linkage freeplay between the secondary
actuator and the surface actuator.

This threshcld corresponds to 0.0058 inches.
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The threshold for the secondary sactuator 1s due primarily to the
threshold of the servo moters. TFrom the speed vs. pulse width curve
for a prototype servo motor shown in Figure 58, it can be seen that the
motor has & threshold of 5.0% pulse width. The servo motor thresheld
can be reflected to the surface actuator cutput by:

¥ (gec.act.) = Ly, (motor threshold) {21)
P T. K. Kes Xa
3 fl

Using the parameters from Table XXV, the threshold due tc the secondary
actuator is 0.0012 inches.

The threshold due to freeplay in the linkage between the secondary
actuator and the surface actuastor can be determined by reflecting the
freeplay at each linkage bearing Jjoint tc the surface actuator output.
Assuming that the inherent freeplay in each bearing Jjoint is 0.001
inches, the threshcld due to linkage freeplay is 0.033 inches at the
surface actuator output. This results ir & total threshold of 0.3€%

of full stroke or approximately six times greater than the specified
value. Due to the fact that the primary source of threshold is

linkage freeplay, precisicn bearings and belts are being used to reduce
the threshold to values consistent with overall SFCES requirements.

Failure Transients

A failure transient will result whenever an active failure occurs in
e secondary actuator element. When such a failure occurs, that
actuator output is displaced until a velocity balance is achieved or
the breke is applied and the failed element is switched off line. On
third failure the brakes are applied tc hold pesition when the last
two elements are switched off line.

Under dynamic conditions, failure transients are influenced by control
linkage and surface actustor dynemic characteristics in addition to
monitor delay time. Differences in maximum servo motor speeds

may also be a factor. The effect cof these characteristics on failure
transients will be investigated during the SSAP simulation scheduled
for later in the program. However, when these characteristics are
igncred, the failure transients for the secondary actuator may be
estimated by means of a linear analysis. The output displacement of
the secondary actuator is specified not to exceed 0.%¢, 0.95, and 2.2
percent of full stroke for first, seccond, and third failures, respec-
tively.

A linear analysis was performed to determine the maximum failure
transients for the secondary actuator. This anaslysis was based on the
linear math model shown in Figure 50. Assuming a hardcover into one
element and assuming a steady state condition is reached before
shutoff, the resulting failure transient can be approximated by the
following equation:

X, =(1 + KTKaKM) [éMi] (22)
Kfl Kea Ka KM (Na - 1)
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it should be noted that eMi is the maximum speed of servomoter in the
failed element and Ny is the number of active elements prior to the
hardover failure.

The maximum failure transients are shown in the table below:

'Lst Failure 2nd Failure ] 3rd Failure

XD(Percent of 0.68 1.01 2.04
full stroke

These failure transients are based on allowing the actuator to reach
a steady state condition before the failed element is shut off.
Although the 1st and 2nd fallure itransients do not meet the require-
ment they can be reduced by setting the trip out time such that the
failed element is shut off before the actuator reaches a steady state
cendition. The trip out time is more critical on the third failure
than for the first or second failure. This is due to the fact that
if the maximum speeds of the servo motors are not identical, the out-
put will drift until the elements are shut off. For example, if the
maximum speed of the servo motor in the failed element is 10% greater
than the other motor, the ocutput will drift at a rate of approximately
6% of full sircke per second. The SSAP failure transients will be
fully investigated during the SSAP simulation.

Nuisance Disconnect

Nuisance disconnect in the SSAP may occur in the motor pumps or in the
secondary actuator. In the SSAP, hydraulic fluid is normally supplied
to the surface actuatcr by two motor pumps at pressures greater than
500 psi. Should motor pump output pressure fall below 500 psi, the
hydraulic switching valve will switch the surface actuator from an
integral to an aircraft hydraulic system. Cnce switchout has tsaken
place, the surface actuator will remain on the aircraft hydraulic
supply until the hydraulic switching valve is reset manually. The
pilot can accomplish reset in flight by pushing a reset button on

the S8SAP hydraulic system status panel.

In the electromechanical secondary actuator, nuisance disconnects will
occur if the tolerance buildup between elements resulis in an angular
rate difference in excess of the tripout threshold between one element
and all other elements not previcusly failed. For the special case
where the tolerance buildup is assumed to cccur in one element only,
the difference in angular velocity between the element with a toleranc
buildup and the elements with zero tolerance buildup can be found

from the feollowing equation.

49 = Kea Ka KM Vs = Kea Vs {23)
+
EERE N S Kp

177



Lans]
.

For a toclerance buildup (Vg) equivalent to one percent of nmaximum
signal, the angulsr velocity between elements is 295 rad/sec. Eince

the tripout threshold is 785 rad/sec (7500 rpm), a tolerance bulildup

of appreximately 2.7 percent of maximum signal will reeult in a aulisance
disconnect. Equation (23) is independent of the rnuumber of olemeric
which are operating so that the sensitivity of the secondary actuator

t¢ nuisance disconnect does nct change.

&n abbreviated statistical analysis, similiar to that discussed in
Paragraph 2.e, was conducted to provide a statisticasl estimate of the
probability of nuisance disconnect. This asnalysis included only ‘thiosa
tolerances found significant in the analysis desecribed in paragraph
Z2.e, namely, input signal, LVDT excitaticn, and LVDT tracking. The
three sigma value of differential angular velocity was found Lo ne
less than 40O rad/sec, which is well below the tripout threshold of
785 rad/sec. A review of this analysis will be conducted onee tul-
erances in the servomcotor drive electronics are egtabiished and
operating characteristics under stell conditions have been svalusted.

Cutput Velocity

Both the secondary and surface actuaters must meet maxirum slew raty
requirements under no-lcad conditions. In addition, the surface
actuator must achieve a specified output veloecity when retracting
against an 8600 pound lcad which is the worst case condition.

{1) Secondary Actuator No-Load Velccity

The veleocity of the secondary actuator along its two inch stroke
is approximately:

= (o

X Na KG GMAX {24 )
where Na is the number of elements operating. The no-load

velocity with four elements operating is approxima‘ely 5.0 Iinchers

per second. With the loss of each element o 2% percent reduttion

in velocity occurs. Since the requirement is to travel full
stroke in 0.9 seconds, the requirement is met with two or more
elements operating.

(2) Burface Actuator No-Load Velocity

The surface actuator may operate on either integral and/or oirv-
cralft hydraulic supplies. With either hydraulic supply s

the maximum velocity under no-load conditicns Is deternined by
supply system characteristics, master control valve chars-ter-
isties, and internal line losses. With an aircraft hydraulic
supply, the no-load veloelty is also influenced by externai

line losses. The master control valve characteristics {nr the
SSAP differ frem the F-h production actuator ralwe crococteristics
in that the orifice areas are larger near maximm treve.. Thin
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results in a higher output velocity for the SSAP surface actuator
whether o¢perating on integral or aircraft hydraulics. The

change in valve characteristics was made to inerease the cutput
velocity under load and an increase in no-load velocity is a
natural conseguence.

Velocity Under Load

The purpose of this study wes to determine the adequacy of the
pump flew pressure characteristics to provide an SSAP output
veloeity of 6.9 in/sec while operating against a retract load

of 8600 pounds. This requirement applies with both pumps oper-
ating and provides an adequate stabilator recovery rate when

the aircraft encounters a low static stability flight condition.
An evaluation of the adequacy of the pump characteristics in-
volves the matching of pump, master contrcl valve, and surface
actuator characteristics as discussed in the following paragraphs.

() HNeutral Pressures

With 1000 psi appiied to the actuator, the output veloeity
is required to be approximately 10.7 inches per second.
Using this as a design condition and assuming an ideal
neutral pressure of 500 psi, the nc-locad pressure in each
gylinder, based on the piston areas shown in Figure 68 will
be:

Pl = 500 psi

Pp = 500 psi
Py = + Ay)/2 (500/A3) = 560 psi
Py = P3?A3/Ah = 450 psi
/— System “B” o
Powered by Black Motor Pump or PC1 System “A
Powered by Yellow
3 245 3 369 Motor Pump or PC2
|_| 2.00
4 I I r 1.663
y L
- _ !3 ____

F,_rl*u rr'

- (3.3692 - 2.00%) 1/4 = 5.77in.2 A4 - (3.2452. 2.00%) 7/4 = 6.13 in,
(3.3692 - 2.00%) 1/4 = 6.7 in.2 A4 - (3.2452 - 2.00%) /4 = 6.13in.2

A, = (3.3692 . 2.00%) 1/4 = 6.77in.2 A, = (3.2452 - 1553%) 71/4 = 6.38 in.?

FIGURE 68
ACTUATOR AREAS
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(b)

(c)

(a)

Valve Pressure Drop

From above, the valve pressure drop at 10.7 in/sec will be:

Extend Retract
AP 500 psi 500 psi
AP> 500 psi 500 psi
AP 560 psi Ligo psi
AP), 550 psi 450 psi

and the pressure drop at 6.9 in/sec will be:

AP = APo (V/Vo)® = APo (6.9/10.7)° = .L16 APo

Extend Retract
AP, 208 psi 208 psi
APp 208 psi 208 psi
AP 233 psi 183 psi
AP, 229 psi 187 psi

Pump Pressure Available

The flow rates required are determined from
= XA

@ b2

At 6.9 in/sec the flow rates are:

6.9(5.77) = 39.9 in>/sec or 10.35 gpm

£
1}

Q, = 6.9(5.77) = 39.9 in/sec or 10.35 gpm

Q3 = 6.9(5.13) = 35.4 in3/sec or 9.2 gpm
Qh = 6.9(6.38) = Li.0 ins/sec or 11.k gpm
From Figure 69, the minimum pump output pressures will be:
Extend Retract
Syst A Pressure 1170 psi 1170 psi
Syst B Pressure 105G psi 1300 psi

Output Force
The force capability, neglecting friction, will he:

F = (P - AP ) A

ext Aext 2ext’ T2 (4P

JA

lext 1

* (PBext . APhext} Ah - APBextA3

{1170 - 208) 5.77 - (208) 5.77

+ 1050 - 229) 6.38 - {233) 5.13

8393 ibs.
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P = (P - AP ) Al - (APuret) A

ret Aret lret 2

+ (P ) A

Bret AP3ret 3 (APhret) Ah

(1170 - 208) 5.77 - (208) 5.77

+ (1300 - 183) 5.13 - (187) 6.38

8887 1bs.

With & 6.9 inch per second rate, the forces availsble are
8887 pounds retract and 8393 pounds extend which exceeds
the requirements in both directions. Since the critical
direction is retract, (stabilator trailing edge down) the
presently specified pumps, with the characteristics shown
in Figure €9, will provide acceptable performance.

g. In-Flight Monitoring (IFM)

In-flight monitoring for the SSAP includes monitoring for the two
moter pumps in addition to the secondary actuator. Switching valve
position, low reserveir fluid level, pump over-temperature, and low
pump output pressure are monitored on each motor pump. Should the
output pressure of an integral pump fall below a specified pressure
the switching valve will automatically switch the faulty motor pump
off and switch in an aircraft hydraulic supply. The in-flight monitor
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provides the pilot with information on integral to aircraft hydraulic
system switchover, on empty reservoir, a high motor pump temperature,
and degraded motor pump operation, respectively. All of these vrovide
malfunction indication to the pilot. Of these only the hydraunlic
system switch over signal is the result of & pilot initiated actiong
the cthers are automatically activated.

For the SSAP secondary actuator, the in-flight monitoricg cironioy

is functionally equivalent to that of Figure LU and discussed in
Paragraph 2.i. The signals to six comparators are obtained from dusl
tachometer windings connected to each of four gervo motors. A colter
tapped tachometer cutput winding and a special ecoil which couples
excitation voltage to the output at zero rpm allow the use of the
cerrier sensor monitoring scheme. The carrier sensor signal will
provide a failure signal if the tachometer windings are open, short=a,
or a power failure occurs. The menitor time delay has heen tentativaely
get gt 100 milliseconds.

Voltege Variations

A study of the effects of voltage variations was conducted to deter
mine the effects con the performance of the S5AP. The regults ot the
study are presented in the following section.

The supply bus voltage variations are expected to be 27.0 to 2.3
VOC when the battery is being charged from a properly functicning
transformer-rectifier, and 20.0 to 24.5 VDC when the batiary is rot
being charged.

The effects of supply veltage varistions on the performance cf the
secondary actuater are as follows:

(1) Brakes

In order to prevent overheating in the brake sclennids, =
regulated voltage of +19 volts, derived from the battery voltass,
will be used for brake power. With a regulatea supply., braks
performance and heating will be unaffected by butiery volrage
variations.

(2) Maximum Actuatcor Speed

The maximum speed is dependent almost entirely upon the Ifreguer.y
of the 400 Hz generated by the SFCES and is virtually independent
of the veoltage over the supply range of 20 to 20,32 VDC. FRelow g
stall terque load the tachometer feedback maintains & nesrly
constant motor speed relative to supply veoltage.

(3) Maximum Power and Torque

1

In order to reduce power digsipation in the electreoniecs srnld in
the motor, pulse width modulation cof both the fixed and control
phases of the motor is employed. The maximum pnlse width is
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limited as a function of supply vocltage as shown in Figure 70.
By limiting the maximum pulse width, the maximum power from the
battery and the maximum dissipation in the electronics are not
appreciably affected by supply voltage variations. The maximum
torque is also limited s0 the velocities of channels supplied
from separate batteries will not differ appreciably under stall
conditions. This prevents nuisance disengagement resulting from

differences in stall torque with different battery vcltages.

Static and Dynamic Performance

If it is assumed that there are no tolerances on pulse width
limiting, the performance of the Secondary Actuator is almost
unaffected by supply voltage variations during stall conditions
because the maximum pulse width is limited as described above.
If the supply voltages of two channels are +20.0 volts and +28.3
volts, respectively, there is little affect on the Secondary
Actuator stall torgue. However, pulse width limiting does not
compensate for differences in channel performance when pulse
wildths are below the meaximums. The probability of nuisance dis-
engagement is slightly increased due to the combinaticn of
steady state and dynamic difference velocities described below.

(a) ©Steady-State Difference Velcocities

The steady-state difference velocities of any two channels
increase at high torque lcads. For example, 1f the two
channels have, respectively, error offsets of +0.1 and

-0.1 volt (referred to a +10 input), the difference velocity
at no load is 592 rad/sec-based on speed-torque data of a
prototype motor. If the load is increased to 7.7 in-oz,
with zero output displacement velccity, the velocity differ-
ence increases to 652 rad/sec, an increagse of A0 rad/sec.

(b) Dynamic Velocity Differences

The dynamic performances of any two channels differ because
greater torque can be generated in the high-veoltage

channel for a given error signal. The time constants of
the tachcometer feedback loops of the twe channels differ by
mcre than a two-to-one ratio:

Toov = 285 rad/sec. _T28.3v = G0S rad/sec.

When equal sinuscidal signals are applied simultanecusly

to both channels, the differences in phase shift result in
sinusoidal velocity differences. For example, an & Hz signal
of sufficient amplitude applied to both channels can produce
the following difference velocity:

AB = 8Y gin 161t rad/sec
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This difference is superimposed on the no-load velocity
difference and the probability of nuisance disengagement is
slightly increased.

The above examples of steady-state and dynamic difference
velocities show that the probability of nuisance disengage-
ment will be jncreased if only the maximum pulse widths are
limited as a function of supply voltage. The increases in
difference velocity of 60 rad/sec and 84 sin 16It rad/sec

are added to the no-load difference velocities. If the no-
load difference velocity is in the order of 592 rad/sec,

such increases are significant with the 785 rad/sec threshold.

i. BStabilator Actuator Feedback

The purpose of this study was to evaluate the merits of mechanical

and electrical feedback for stabilator actuastor operation. Study
results indicated that mechanical feedback should be used around the
surface actuator and electrical feedback should be used to close a
loop around both secondary and surface actuators as shown in Figure

T1. The considerations which resulted in a decision to employ both
mechanical and electrical feedbacks of surface position are as follows:

o After a third failure, the secondary actuator is held in its last
position. If electrical feedback only were used around the surface

Secondary . Stabitator
Actuator Linkage » Actuator ? -
|
| l
b e e e e e — -’
LvDT — -I
- w == Mechanical
e [ | @t iCa]
FIGURE 71

STABILATOR ACTUATOR FEEDBACK
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actuator with hydraulic power still applied, the surface actuator
would drift and the effect of this drift could be catastrophiec.
Mechanical feedback, con the other hand, would hold the surface
actustor in place.

0 The integral control law, as discussed in AFFDL-TR-71-20, Supplement
2, Section III, can be mechanized by utilizing an electronic high-
pass network in the secondary asctuator only if a mechanical feedback
of surface position is provided.

o Using both electrical and mechanical feedback of surface position
in Phase IIA and IIC will minimize changes in the electronic set
during Phase II, since the existing moving body actustor which is
retained in Phases ITA and B sutomatically provides mechanical sur-
face position feedback.

Electrical feedback from the surface actustor can alsc be utilized con
the secondary actuator - F-4 stabilator actuator combination and the
SSAP in order to improve the response of the longitudinal control system.
This electrical feedback will also tend to minimize the effect of non-
linearities within the actuators. The DC gain of the actuator loops
will not be affected due to the fact that the electrical feedback from
the surface actuator contains & high pass filter as shown in Figure 51.

The linear transfer function for the SSAP is very similar to the
transfer function for the secondary actuator - F-4 stabilator

actuator combination. Therefore, the general effect of the electrical
feedback for either of these actuator systems can be demonstrated by
referring to the SSAP actuator dynamic anelysis in Paragraph 3.b.3.
From the SSAP stability analysis, the root locus plots shown in

Figures 53 through 54 show that the electrical feedback loop increases
the SSAP bandpass from approximately 19 radians to 50 radians when
operating on aircraft hydraulics. The benefit of the electrical feed-
back loop is further demonstrated in the SSAP response anslysis. The
large signal frequency response plots in Figures 65 znd 66 show that at
3 Hz the addition of the electrical feedback loop decreases the phase
lag by 18 degrees and increases the amplitude attenustion by 2.4 dB
when operating on integral hydraulics. The direct effect of adding the
electrical feedback is to increase the overall gain and phase margins
for the longitudinal control system by reducing the phase contribution
of the actuator loop.

SYSTEM STUDIES

The results of actuator monitoring and electrohydraulic versus electro-
mechanical secondary actuator studies are presented below. Information
on the actuator menitoring study is based primarily on Reference 7.

This study provides the basis for the selection of an actuator monitoring
concept which will be used to detect and isolate element failures in the
quadruplex secondary actuators. The electrchydraulic versus electro=-
mechanical study results present the advantages and disadvantages of each
congept relative to the SFCS program. This study was based on References
5, b, and T.
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Actuator Monitoring

Actuastor monitoring techniques have been investigated for both the
electromechanical and electrohydraulic SFCS secondary actuators.
Three candlidate monitoring configuraticons were studied, each one com-
patible with SFCS redundancy requirements. The selected monitoring
configurition consists of eight cross-element comparators packaged
two in each computer and voter unit. Bix of the eight comparators
are selected by the aircraft wiring harness to perform the actual
monitoring function. Thus the computer voter units are identical
in all channels and therefore interchangeable. This particular
configuration was chosen on the basis of self-test complexity,
interface requirements and relative circuit complexity. Monitoring
circuitry can be used in Phases IIA, IIB, and IIC of the SFCS pro-
gram with minor modificetions since the selected monitoring scheme
is identical in format for either the electromechanical or electro-
hydraulic secondary actuator mechanizations.

(1) Secondary Actuator Configuraticns
(a) Electrohydraulic Secondary Actuator

A block diagram of the Electrohydraulic {(E/H) secondary
actuator is presented in Figure 72. As evidenced by this
diagram, the E/H secondary actuator is a quadruplex, force
summed unit which uses differential pressure sensors to
derive monitoring intelligence. The relgtively high position
loop gain combined with a common feedback point transforms
the guadruplex serveo into a limited averaging system, i.e.,
the contribution of each servec element to the positien
average is limited by pressure saturation. Assuming no load,
which cliosely approximates normal cperating conditions, the
differential pressure is a direct measure of servo element
devistion from the average position output. During normal
operation, toleresnces must permit operation substantially
below pressure saturation levels for differential pressure
monitoring purposes. Stringent failure transient reguire-
ments, which produce proporticnately high position loop

gain, thus place heavy accuracy constraints on circuit and
component designs.

The differentisl pressure sensor will detect any failure
within the servo loop capable of producing a significant
error signal at the valve, Error signals of this type
result in a large pressure buildup in the failed element
and a pressure change in the remaining elements sufficient
to balance out the failed element. This discrepancy may be
recognized and isolated by several differential pressure
monitoring schemes as demonstrated later in this section.

Another failure mode, which is not readily detectable with
a simple differential pressure monitor, msy be postulated
in the E/H secondary actuator. By nature, failure modes
which result in zero pressure or zerc indicated pressure
present a detection problem. Failures which fall into this
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(b)

category are zero servoamplifier failures, failed to center
valves, failed to zero hydraulic supplies and failed to zero
differential pressure. A preload in the differential pres-
sure sensgor detects hydraulic supply failures by .
displacing the differential pressure LVDT tc a hardover
condition when pressure is removed. Passive failure mcdes
within the differential pressure sensors are detccted by
using a center tapped LVDT output winding. A carrier sensor
sums the two LVDT winding voltages together directly (not
differentially) and checks for a sum greater than a minimum
level. Loss of LVDT excitation, open LVDT windings and
shorted LVDT windings are thus detected. More elaborate
schemes could be postulated to detect centered valves or
failed tc zero servoamplifiers; however, the complexity in-
crease is not warranted based upon the low failure proba-
bility and the use of BIT to detect these types of failures
prior to flight. Passive failures of this type cannot cause
serious problems until two additional active failures have
occurred, a situation which has a probablility of occurrence
comparable with the probability of system failure for the
quadruplex system. This probability is negligible.

Electromechanical Secondary Actuator

The electromechanical (E/M) secondary actuator, shown in
Figure T3 is similar to the E/H unit from a mcnitoring
standpoint even though the principle used in deriving a
position ocutput is entirely different.

Three differentials sum the four rotaticnal cutputs of the
electromechanical actuator channels. A common positicn
feedback point downstream of the differential allows limited
averaging c¢f the input commands, i.e., the servc cutput
represents an average of the four input commands during
normal operation. In an abnormal condition, however, each
servo element is limited in its contribution to the averaged
output by velocity saturation. Tachometers connected to
each motor output provide a measure of serve performance much
like pressure sensing in the E/H servo, but are nct normally
zero sighals. Because of this trailt, monitoring techniques
most logically applied involve some form of comparison
monitoring.

The basic fault detection capability of the tachometer is
essentially the same as that previously discussed with
respect to the differential pressure sensor. Although loss
of tachometer output may be argued as detectable, "in-line"
monitoring of the tachometer is used to prevent undesirahble
effects such as servo loop oscillation. A center tapped
output winding and & special coil which couples excitation
voltage to the output at zero rpm allow the use of the
carrier sensor monitoring scheme.
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ELECTROMECHANICAL SECONDARY ACTUATOR BLOCK DIAGRAM
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Secondary Actuator Monitoring and Logic Study

Three candidate monitoring and logic schemes can be postulated.
These are compatible with the basic E/M and E/H secondary actua-
tor configurations. The cross-element monitoring candidate
stown in Figure Ti has been chosen for the SFCES. Tt uses
direct compariscn to ascertain serve status. The monitor-
ing variable in each element i1s compared to the correspond=-
ing variable in the remaining three servoelements through
the use of a six comparator network. Since six comparators
cannot be distributed among the four Computer and Voter
Units (CVUs) equally, eight comparators are used to satisfy
CVU interchangesability requirements. Six of these eight
comparators are selected for use at CVU installation by a
nonsymmetrical airplane wiring harness. The logic cir-
cuitry of Figure Th defines a failure when all three of the
comparator limits associated with a particular serve element
are exceeded for a time duraticon determined by comparator
delay time. FEach of these comparator outputs is enabled by
the corresponding status signal to eliminate the need for
latching comparators, to provide cross-element intelligence
of power supply status, and to prohibit singie element
operation in the event of three failures. ©Servo status is
also dependent on a carrier sensor valid discrete and con-
tains & latching element resettable from the master control
and display panel. This latching element cannot be reset

by power interrupticns and, like the remainder of the logic,
is dual to ensure fail-safe failure detection and correc-
tion performance.

A demand-on switch, located on the master control and display
panel, has the capability cf engaging the serve irrespective of
engage logic cconditicns. The servo status signael is derived from
the engage solencid (or brake) drive and is transmitted to
external LRU's via a format which defines opens or low impedance
to ground as a failure and B+ as gocd. This particular monitoring
and logic candidate 1s applicable to both secondary actuatcr
types, permitiing commonality of hardware in the two program
phases.

Another form of "monitoring variable" comparison is achieved
through the use of voting mechanisms as shown in Figure 75. In
each element, a voter selects one of the monitored wvariables or
its output in accordance with a selection rule {such as the least
magnitude of the two middle values)}. Ry comparing a monitoring
variable against the voted value, an index of servc performance
is cbtained. Minimum logic is required for this configuration as
a result of direct association between comparator indication and
servo element status. As in the previous case, servc element
status signals are included in the logic implementation to pre-
vent single element cperation and the servo status is verified by
g carrier sensor discrete. The cutput circuitry is identical

to that previously described and the logic string is again fail-
safe.
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FIGURE 74
CROSS ELEMENT SERVO MONITORING CANDIDATE

An in-line threshold logic monitoring candidate is illustrated in
Figure 76. Ideally, in-line configurations minimize interelement
data exchange and in dolng so enhance element iscolation. 1In its
purest form, this particular candidate is more suitable for the
E/H secondary sctuator because the E/H moniteoring variable {AP)
is & nominally zero signal, the presence of which signifies an ab-
normal condition. The detection threshold must be set at a level
greater than normal tolerance levels to eliminate nuisance dis-
connects. Additional logic is reguired, however, to allow actua-
tor botteming or chip shearing in the main control wvalve. This
logic (Figure 76) permits excessive differential pressure if at
least one other element is in agreement within a time pericd
defined by the latch delasy. Threshold discretes are qualified
with servo status to eliminate crossfeed of a high differential
pressure threshold discrete after failure. This is necess-
itated by the current E/H actustor design which ocutputs =
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CROSS VOTER SERVO MONITORING CANDIDATE

high discrete if pressure drops (solencid is disengaged). The
remainder of the logic is similar to that previously presented.

At thils point, it is evident thet element isolation has not been
maintained in the practical case although it may be argued that
the interface is limited to discrete levels. The in-line monitor-
ing concept described may alsc be applied tc the E/M servo since
the same logic which must permit actuator bottoming will accept

a normally non-zero monitoring varisble.

The three secondary actustcr monitoring and logic candidates
described above can be compared on the basis of BIT complexity,
interface requirements, and relative circuit complexity. Table
XXVII presents a summary of the results of this compariscn. The
cross—element comparison candidate was selected for use in the
SFCS program on the basis of minimum test and circuit complexity.
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TABLE XXYIT
SERVO MONITORING CANDIDATE TRADEOFF SUMMARY

t\\\\\\\\\ Tradeoff Relati
Parameter i clative
Bit _ lntt:arface Complexity
Candidate Complexity Requirements {Reliability)
Cross-Element 1 1.3 1.0
Comparison
Cross-Vt?ter 3 1 1.5
Comparison
Thnlashold and 3 1.7 2.0
Logic

Electrohydraulic Versus Electromechanical Actustors

The purpose of this study was to compare electrohydraulic and
electromechanical secondary actuators. A secondary sctuator is a
device that converts four electrical command signals intc a mechanicsl
gignal for positioning the primary actuator input. The force and
stiffness requirements of this actuator are sufficiently low so that
either an electrchydraulic or an electromechanical actuator can be used.

The actuators considered in this study were the electrohydraulic
force summing actuatcr and the electromechanical velocity summing
actuator. The electrohydranlic force summing system utilizes four
individual servcactuators that are mechanically tied together to =a
single output ram. The cylinder pressures of each individusl actuator
are monitored and used for failure detection. The electromechanical
velocity summing system utilizes four servomotors. The outputs of
these motors are summed through three differentials, and a ballscrew
is used tc convert the cutput from rotary metion tco linear motion.
Each servcmotor has its own brake which is used in the event of a
failure. The tachcmeter on each of the servomctors is usged in the
feedback loop and fer failure detection.

When comparing the two types of actuators there are two major areas
of consideration; the adventages and disadvantages of each type of
actuator from a general design standpoint and the effect of each
type of actuator on the design of the electronic set.

The advantages and disadvantages of the two types of actuator are
listed below:
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Electrohydraulic, Force Summing

Advantages

¢ High power density

o Blew rate is independent of number of elements operating
o High attainable speed of response
o Hydraulic components proven in primary flight control systems
o Not subjJect to acceleration saturation
Disadvantages
© Requires four independent hydraulic supplies

o Requires special design consideration to compensate for
hydraulic pressure variations

0o A legkproof system is hard to obtain

Electromechanical, Velocity Summing

Advantages

¢ Provides quadruple redundancy without hydraulic supplies

o Eliminates some vulnerable hydraulic lines thus improving sur-
vivability

o Actuator is not effected by hydraulic pressure variations caused
by the primary actuator

o Has constant output force
Disadvantages

o Motors, gearbox, and ballscrew require high temperature
lubrication

o 8lew rate is reduced with each failure
0 High altitude aggravates motor cooling problem
0 Requires complex electronic drive circuitry

The impact of an electromechanical versus electrohydraulic actuator
cenfiguration is significant in terms of circuit complexity and
packaging. Figures 77 and T8 provide a reletive comparison of

circuitry inveolved for the two types of actuators; the electromechanical
servomotor amplifier is more complex than the valve driver amplifier.
The fundamental reason fcor the complexity contrast is the

significantly greater power requirements imposed on the electro-
mechanical servo amplifer.
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FIGURE 78
ELECTROHYDRAULIC ACTUATOR CIRCUITRY

Table XXVIIT provides a guantitative summary of the significant
electronic tradeoff factors. In all instances, the electromechanical
interface represgents a significant penalty. If all the servo

loop electrenics contained in each computer were scaled up by the
relative weight, volume, and power figures of Table XXVITI, the volum
cf the computer and voter unit would increase by at least 100 cubic
inches.

TABLE XXNTIT
ACTUATOR ELECTRONICS TRADEOFF SUMMARY
. . Retfative Relative Relative Re_lat_we _F'ower
Configuration Volume Weiaht Cost Dissipaticn at
elg 08 Full Load

Electromechanical 10.0 9.0 40
Actuator Electronics ’ : ’ 65.0
Electrohydraulic 1.0 1
Actuator Electronics ’ 0 1.0 1.0
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Considering the comparison cuitlined above, both actuator concepts prove
to be feasible for the secondary actuator applicaticn, and both ftypes
of actuators will be used in the SFCS program. The SFCES is being
designed with the additionsl gquadruplex electromechanical actuator
interface electronics in the pitch axis only to accommodate the SSAP
which will replace the hydraulic actuator in Phase IIC. Common elec-
tronice are used wherever possible with the main difference being the
power stage required for the SSAP.

A more complete comparison between the electrohydraulic and the elec-
tromechanical actuators will be made at the end of the SFCS program.

At that point the study wili be atle to draw on the extensive ground

and flight test data that will be generated during the program.

CONCLUSTONS

Conclusions drawn on the basis of study results are necessarily contingent
onn the present status of actuator design and the current definition of
parameters. While nc major problems have been uncovered, it is evident
that additional study and investigation will be required in specific areas.
Specific conclusions are:

o BSecondary actuator nuisance disconnect characteristics are acceptable.
However, a review of the analysis will be necessary when tolerances
in the associated electronics are more fully defined. The status of
S8AP nuisance disconnect characteristics is comparable.

o A crogs-element comparison monitoring technique has been selected for
the SFCS in-flight menitoring.

0 Both electrchydraulic and electromechanical guadruplex concepts are
considered acceptable for the SFCS program and both wilil be used, the
former on the secondary actuator and the latter in the SSAP.

0 The secondary actuator, SSAP surface actuator, and SSAP secondary
actuator will be stable,.

¢ The electrohydraulic secondary actuator frequency response is adequate
to permit proper SFCS operation,

o The SSAP frequency response results indicate that the phase lag will
be in excess of required limits.

¢ BSecondary actuator failure transients are acceptable. However, the
effect of control linkage and surface actuator dynamic characteristics
on failure trangients should be investigated when the necessary in-
formation is available.

¢ BSAP failure transients may be excessive on a third failure unless
maximum rpm differences between servo motors can be reduced.
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APPENDIX T
SAMPLE SURVIVABILITY CALCULATIONS
GENERAL

The purpose of this appendix is to describe the ground rules and show the
basies of the survivability calculations performed in support of the Degree
of Redundancy Trade Study for the SSAP.

CONFIGURATION SCHEMATICS

The components considered for the various configurations are shown in
Table XXIX. Included in the table are the abbreviation and code letter
used to represent each component in the study. The configuration sche-
matics are shown in Figures T79-83 for each of the nineteen configurstions
considered.

STUDY BASIS

For the SSAP trade study, survivability was evaluated from the standpoint
of each configuration's gbility to survive, without loss of longitudinal
control, a specific number of projectile hits, e.g., one, two, and three
hits. The probability of hit was not considered; therefore, survivability
is conditioned upcn the various configurations receiving the indicated
specific number of hits. The study assumes that the components comprising
the various configurations must absorb the hits. A hit on any component
is assumed to destroy, or kill, that compcnent. Multiple hits on a single
component were considered, but multiple hits on a single component were
considered not required to kill any component. A second or third hit con
any component is simply overkill. The possibility of a hit destroying
more than one component was not considered. Components downstream from a
hit component are disabled in accordance with the redundancy paths shown
in Figures 79-83. A break in any stabilator actuator chanmber will cause
the loss of all upstream hydraulic pressure sources associated with that
chamber.

The compenent hit combinations causing loss of the longitudinal control
system are shown in Tables XXX-XLVI. These are shown for one, two, and
three hits for all the configurations considered. For all configurations,
a single hit on the stabilator actuator attachment would cause aircraft
¥ill. On the two hit matrix, the killing ccmbinations are indicated by
the letter "Y". The letter "Y" equals a "yes kill" and the letter 'N"
equals a "no kill". TFor three hits, the killing combinations are tabu-
lated using the code letters for the components involved.

A hit survivability summary is shown in Table XLVII. This shows for each
configuration the total number of possible hit combinations, both killing
and non-killing, and the number of killing combinations causing loss of
the longitudinal control system. These are shown for one, two, and three
projectile hits. The total hit combinations are determined by standard
combinatorial mathematics and are a function of the number of components
in the configuration. The number of killing combinations are those eval-
uated and enumerasted in Tables XXX-XLVI.
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The evaluation of each configuration is made by determining the proba-
bility of kill given a hit (Pk/h) and its agscciated survivability

(1 - Pk/h)- The Py/n f'or each configuration is the ratio of killing
combinations to total hit combinations. This has been done for each
configuration, for one, two and three projectile hits, with the results
shown in Table XLVII. As can be seen, survivebility for one or two hits
does not provide for sufficient discrimination between the majority of
the configuraticns. However, with three hits, discrimination between
configurations is now sufficient sc that an ordering of configuration
acceptability is possible.

Shown in Table XLVIIT is the ordered ranking of the nineteen configura-
ticns considered. The ranking is based on the configuration's ability to
survive, given three hits on the system. The ratings assigned to the
configurations are shown, and are the ones used in the Comparison Matrix
of S8AP Design Approaches, Table II.

TABLE XXTX
COMPONENTS CONSIDERED FOR SURVIVABILITY STUDY
Component Abbreviation Code

Left Hand Engine L/H ENG A
Right Hand Engine R/H ENG B
Left Hand Generator L/H GEN C
Right Hand Generator R/H GEN (M
PC-1 Hydraulics PC-1 E
PC-2 Hydraulics PC-2 F
Utility Hydraulics Util G
Hydraulic Driven Electric Generator HDEG M
Motor Pump No. 1 MP-1 |

Motor Pump Mo. 2 MP-2 J

Motor Pump No. 3 MP-3 K
Motor Pump No. 4 MP-4 L
Actuator Chamber No. 1 dact—! M
Actuator Chamber No. 2 dacT—2 N
Actuator Chamber No. 3 SacT 3 0
Actuator Chamber No. 4 dact—% P
Actuator Attachment 8 Q
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A C | M

L/H Eng L/H Gen MP-1 b et a
B D J N b
R/H Eng R/H Gen MP-2 8 pet—2
Configuration 1
A Cc I M
L/H Eng L/H Gen MP-1 b pct—1
G Q
Util )
8 D J N
R/H Eng ' R/H Gen MP-2 B act—2
Configuration 2A
c t M
L/H Gen MP-1 8 act™]
G Q
Util )
D J
R/H Gen MP-2
Configurations 2B and 2C
C ! M
L/H Gen MP-1 | 8 pc=!
G Q
Util 5
D J N
R/H Gen MP-2 Bpct—2

Configuration 2D

FIGURE 79
CONFIGURATION SCHEMATICS FOR SURVIVABILITY STUDY
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L/H Eng | L/H Gen MP-1 8 pct—!
G H K
Util HDEG MP-3
B D J N
R/H Eng R/H Gen MP-2 8 act—2

Configuration 3A

A C | Mt .
L/H Eng L/H Gen MP-1 b pacr!
G H K
Utit HDEG MP-3
8 D J N
R/H Eng R/H Gen MP-2 5Act~2

Configuration 38

A C | M
L/H Eng | L/H Gen MP-1 bacr—1
QG H K
Util HDEG MP-3

F
PC-2
B ») J N
R/H Eng R/H Gen MP-2 b ppr—2

Configurations 4 and 11A

A C | M
L/H Eng L/H Gen MP-1 bact!

G H K 0
Util HDEG MP-3 b pct—3

B D J N
R/H Eng R/H Gen MP-2 b pct—2

Configuration 5

FIGURE 80
CONFIGURATION SCHEMATICS FOR SURVIVABILITY STUDY

204




A C | M

L/H Eng | L/H Gen MP-1 S pct—1
G 0 Q
Util b pct3 | 5
B D J N
R/H Eng R/H Gen MP-2 b act—2

Configuration 6

A C
L/H Eng L/H Gen
E
PC-1
€] H
Ll HDEG
B D J N
R/H Eng R/H Gen MP-2 SACt—Z
Configuration 7A
A C | M
L/H Eng L/H Gen MP-1 Spc—]
E
PC-1 0
G H K B act™3
Uil MDEG MP-3
B D. J N
R/H Eng R/H Gen MP-2 ‘SAct_2

Configuration 78

FIGURE 81
CONFIGURATION SCHEMATICS FOR SURVIVABILITY STUDY
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A c | M

L/H Eng L/H Gen MP-1 b act™!
L
MP-4 0
G H K S pct3
Util HDEG MP-3
B D J N
R/H Eng R/H Gen MP-2 bact—2

Configuration 8

A C | M
L/H Eng L/H Gen MP-1 5Act—1
E P
PC-1 b act—4
G H K O
util HDEG MP-3 5Act*3
B D J N
R/H Eng R/H Gen MP-2 6 ppt—2

Configuration 9

A C i M
L/H Eng L/H Gen MP-1 b a1
L P
MP-4 8 pct=4
G H K 0
Utit HDEG MP-3 8 pct—3
B D J N
R/H Eng R/H Gen MP-2 8 pct—2

Configuration 10

FIGURE 82
CONFIGURATION SCHEMATICS FOR SURVIVABILITY STUDY
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A Cc i

L/H Eng L/H Gen
B D
R/H Eng R/H Gen
G N
Util & Act_2
Configuration 11B
A Cc }
L./H Eng L/H Gen MP-1
E M
PC-1 5Act_1
F N
PC-2 B =2
B D J
R/H Eng R/H Gen MP-2
Configuration 12
A Cc ! M
L/H Eng L/H Gen MP-1 5Act‘“1
E 0
PC-1 dpct3
F p
PC-2 8 pct—4
B D J N
R/H Eng | R/H Gen MP-2 d act—2

Configuration 13

FIGURE 83
CONFIGURATION SCHEMATICS FOR SURVIVABILITY STUDY
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TABLE XXXT
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

Configuration 2A

1HIT
Q Onfy
1 KILLING
COMBINATION
2 HITS ABEC P S I v v
) = -
g = E w | l‘?‘
w w g © 5 5
T I £ I £ d g
3 O 5 % %_ ‘g "g: w©
A | L/H ENG
B | R/HENG| ¥
C{LHGENI N N
1B KILLING DIRHGEN| N N N
COMBINATIONS | g uTIL N N N N
L | MP-1 N N N N N
JfmMP-2 N N N N N N
MidacT"' [N Y N Y N N Y
NléacT™21Y N Y N N Y N ¥
Qlsé Y ¥ ¥ ¥ Y Y ¥ Y Y Y

3 HITS
AAB AAN AAQ ABB ABC ABD ABG ABI ABJ
ABN ABQ ACN ACQ ADG ADM ADN ADQ AGS
AGQO AIN AlQ AJM AJN AJQ AMN  AMO  ANN
AQQ BBM  BBQ BCG BCM BCN BCO BDM BDO
BGM BGC BIM BIN BIQ BIM BJQ BMM  BMN
BNGQ BQQ CCN ccao ChG CDM CDN  CDQ CGJ
CGQ CIN cia Cam CIN cJa CMN  CMQ  CNN
121 KILLING cQa DDM DDQ DG DGM  DGQ DIM DIN DI

bJa DMM DMN  DMG DNQ  DOO  GGQ G GIN

GJm GJO GMN  GMQ GNQ GOQ iIN 10} 1MW

Ja {MN Ma INN INQ 100 JIM JJa JMM
JMQ  JNO JQO MMN  MMO  MNN MNQ MQQO NNO
Qa0

COMBINATIONS

ABM
AGN
ANQ
BGI
BMQ
CGN
CNQ
DJM
GIQ
LN
JMN
NQQ
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TABLE XXXII
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

Configurations 2B and 2C

1HIT
1 KILLING Q Only
COMBINATION
2HITS A B C D G | J M N O
[} = -
2 =2 5 P
R R s
I T I £ £ a2 a
O o O e I’:_.) % = cg (-c‘:( w
A | L/H ENG
B | RIHENG | Y
N N
15 KILLING C | L/HGEN NN N
comBINATIONS | D | R/H GEN
G | UTIL N N N N
1| mpe1 N N N N N
J | mp-2 N N N N N N
MlidactT~T [N N N N N N N
N|lSacT2|Y N Y N N Y N Y
alsé Y ¥ Y ¥ Y ¥ Y ¥ Y Y

TS AAB  AAN AAQ ABB ABC ABD ABG  ABI ABJ ABM
ABN ABQ ACN ACQ ADG ADN ADQ AG) AGN  AGQ
AN AlQ AJN AJO AMN  AMQ ANN ANQ AQQ BBQ
BCG BCN BCO BDQ  BGI BGM BGQ BIN BIQ BJQ
BMN BMQ BNQ BOQ - CCN cCQ ¢bG cCDN  cDO cal
CGN ¢GQ CIN cia CJIN cJa CMN CMQ CNN CNQ
cQo pDGQ DGl DGM DGO DIN Dio DJO DMN  DMOQ
DNQ DOC GGQ GIN GIQ GJM GJa GMN GMO GNOQ

103 KILLING

GQQ 1IN 1a [JN 1Ja IMN MO INN INQ 1QQ
Mo JMN  JMQ  JNQ Jaa MMN  MMQO MNN  MNQ  MQQ
NNQ NQCQ QoQ

COMBINATIONS
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TABLE XXXTIT
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

Configuration 2D

1HIT
Onl
1 KILLING Q Only
COMBINATION
HITS A B C D G |1 J M N Q
) 2
Sz & & T
wi w (] [&) 1 - o~ E '5
I I I y - N
S 35 % §8 & & o
A | L/H ENG
B | RHENG] Y
LLING C|LHGEN{ N N
O':;“ o D [RMeEN N NN
COMBINATIONS [ | o1 NN NN
1| mp-1 N N N N N
J | MP-2 N NN N N N
MiSacT- 7| N N N N ¥ N N
NldacT2| ¥ N Y N N Y N ¥
alé Y Y Y Y Y Y Y Y Y Y

3HITS AAB AAN AAQ ABB ABC ABD  ABG  ABI ABJ ABM
ABN ABQ ACN ACQ ADG ADN ADQ AG) AGM  AGN
AGQ AIN AlQ AJN AJQ AMN  AMQ ANN ANQ AOQQ
BBQ BCG BCN BCQ BDQ BGI BGM BGQ BIN BIOQ
BJQ BMN BMGQ BNQ BQQ CCN cca CDG CDN CDQ
CGJ CGM CGN CcGQ CIN cia CJN cJa CMN CMQ
CNN CNQ Cc0O0 pDQ DE DGM DGQ DIN (p]]¢] DJa
DMN DMQ DNQ DQOQ GGM GGQ Gl GIM GIN GIQ

109 KILLING

GIM GJa GMM GMN GMQ GNQ GQQ N na 1N
a IMN IMQ INN ING 1QQ JJja JMN  JMQ UNO
Jaa MMN  MMQ MNN MNQ MQQ NNQ NQQ QQ0

COMBINATIONS
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TABLEXXXIV
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

Configuration 3A

1HIT
Q Only
1 KILLING
COMBINATION
2 HITS A B C D G H | J K M N Q
9 2 £ Z T 9
wr s T i R T
T:5:52¢8¢8¢: 8.
A | L/HENG
B | R/H ENG Y
20 KILLING €1 L/HGEN NN
COMBINATIONS D | R/H GEN No NN
G| UTIL N N N N
H | HDEG N N N N N
I ] MP-1 N N N N N N
J | MP-2 N N N N N N N
K| MP-3 N N N N N N N N
M{SacT-'| N ¥ N ¥ N N N Y N
N{dacT"2| ¥ N ¥ N N N ¥ N N Y
Ql s Y Y Y ¥ ¥ ¥ ¥ Y Y ¥Y Y Y
3 HITS
AAB AAN AAQ ABB ABC ABD ABG ABH ABI ABJ
ABK ABM ABN ABQ ACN ACQ ADG ADH ADK ADM
ADN ADQ AGJ AGN AGQ AHJ AHN AHQ C-AIN AlQ
AJK AJM AJN AJQ AKN AKQ AMN AMO  ANN ANQ
AQQ BBM BBQ BCG BCH BCK BCM BCN BCO BDM
BDQ BGI BGM BGQ BHI BHM BHQ BIK BIM BIN
BIQ BJM BJO BKM BKQ BMM BMN BMQ BNQO BQQO
CCN cCQ C¢DG CDH CDK CDM CDN CDQ CGJ  CGN
176 KILLING

cGQ CHJ CHN CHQ CIN cia CJK CJM CJN cJa

CKN CKO CMN CMQ CNN CNQ cQO DDM  DDQ DG

DGM DGQ DHI DHM DHQ DIK Dim DIN DIQ DM
bDJa DKM DKQ DMM DMN DMQ DNQ DQQ GGQ GHO
Gl GIN GlQ GJM GJa GKQ GMN GMQ GNQ GQQ
HHOQ  HUJ HIN HIQ HJM HJQ HKO HMN HMQ HNO
HQQ 1IN 1Q 1JK (W] LIN o IKN tKQ 1MN

IMQ INN INQ 100 JIM JJa JKM JKQ JMM JMN

JMQ  JNG Jaa KK KMN KMGQ KNO KQQ MMN MMQ
MNN MNQ MQQ NNQ NQQ QQQ

COMBINATIONS
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TABLEXXXY
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY
Configuration 3B

THIT
1KILLING Q Only
COMBINATION
2HITS A'B €C D G H | J K M N Q
e 2 7 & -
T T 22282 < o oo 5k
Sz 3z5%2 558 ¢8 & & .
A | L/IHENG
B|RMHENG| Y
17 KILLING CLHGEN| NN
D|RMHGEN] N N N
COMBINATIONS
G| UTIL N N N N
H | HDEG N N N N N
| MP-1 N N N N N N
J | MP2 N N NN N N N
K| mp-3 N N N N N N N N
M| SacT—1 N Y N Y N N N Y N
N|ldactT—2| N N N N N N N N N Y
Qls Y Y Y Y Y ¥ Y Y Y Y Y Y
3HITS
AAB  AAQ ABB ABC ABD ABG ABH ABI  ABS ABK
ABM ABN ABQ ACQ ADG ADH ADK ADM ADQ AGJ
AGN AGQ AHJ AHN AHO AIQ AJK AM AJQ  AKN
AKQ AMN AMQ ANQ AQQ BBM BBQ BCG BCH BCK
BCM BCQ BDM BDQ BGI BGM BGQ BHI  BHM BHQ
BIK BIM BIQ BJM BJQ BKM BKQ BMM BMN BMQ
BNQ BOO CCQO CDG CDH €DK <CDM C€DQ CGJ CGN
CGQ CHI CHN CHQ <CIQ CJK CIM CJO CKN CKO
159 KILLING

CMN CMO CNO COO DDM DDQ  DGI DGM  DGQ  DHI
DHM DHQ DIK DIM Dia DIM DJa DKM DKGQ DMM
DMN DMQ DNQ DOQ GGQ GHG GH GIN G1a GJM
Gl GKQ GMN GMQ GNQ GQQ HHQ HU HIN HIQ
HJM HJO HKQ HMN HMQ HNQ HQQ 110 K 1M
Ja IKN KO IMN MG INQ [s]9] JUM JJQ JKM
JKQ JMM UMN JMQ  UNG JOo KKQ KMN KMQ KNG
K@ MMN MMQ MNN MNQ MCQ NNO NOQ QQQ

COMBINATIONS
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KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

TABLE XXXV

Configurations 4 and 11A

1HIT
Q Only
1 KILLING
COMBINATION
2 HITS A B C D F G H I J K M N Q
¢ O Z2 Z — ™~
g2 & oo T S
I Tz 8 E Q8 dag 2 2
3 o 4O &£ o DT 2 E Z w W ow
A | L/H ENG
B | RIRHENG| Y
C|{LHGEN| N N
ISKILLING Vo b pHGEN] N N N
COMBINATIONS | | pe NN N N
G | UTIL N N N N N
H | HDEG N N N N N N
I | MP-1 N N N N N N N
J | mp-2 N N N NNNNN
K | MP-3 N N N N NN N N N
MléacT-' | N N N N N N N N N N
N[daCT 2 | N N N N N N N N N N Y
alsé Y Y Y Y ¥ Y Y Y Y Y Y Y Y
3 HITS
AAB  AAQ ABB ABC ABD ABF ABG ABH ABl A8
ABK ABM ABN ABQ ACQ ADQ AFN AFQ AGQ AHQ
AlQ  AJQ AKQ AMN AMQ ANQ AQQ BBQ BCG BCH
BCK BCN BCQO BDQ BFQ BGI BGM BGQ BHI  BHM
BHQ BIK BIN BIQ BJQ BKM BKO BMN BMQ BNQ
BQQ C€CQ CDbQ CFN CFQ CGO CHQ ¢Cl@ CcQ  CKO
135 KILLING CMN CMQ CNQ COQ DODQ DFQ DGM DGQ DHM DHQ
COMBINATIONS DI DJO DKM DKOQ DMN DMQ DNQ DQOQ FFQ  FGO
FHQ FIN  FIQ FJO FKQ FMN FMQ FNO FOQ GGQ
GHQ GIQ GJM GJa GKQ GMN GMQ GNQ GGQ HHQ
HIQ HJM  HIQ HKQ HMN HMQ HNQ HOQ 1iQ 13Q
IKQ IMN  IMQ INQ  10Q  JQ  JKM  JKQ  JMN  JmQ
JNQ  JOQ  KKQ KMN KMO KNG KQQ MMN MMQ MNN
MNQ MQQ NNQ NOGQ 0QQ
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TABLE XXXVIT

KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY
Configuration 5

THIT
Q Only
1 KILLING
COMBINATION
2HITS A B CD G H I J KMNOOQ
“g-' % E é 2 9 TI— T— T_
T 2 IEFd4addi @9 Y
dJ £ 4d4 @ 3O ZE 2 W@ oW o oW
A | L/HENG
B | R'RHENG| v
¢ | L/H GEN N N
14 KILLING olameen] N N
COMBINATIONS
G| UTIL N N N N
H | HDEG N N N N N
1| MP-1 N N N N N N
1 | MP2 N N N N N N N
K | MP-3 N N N N N N N N
MIBAacT™ T N N N N N N N N N
N|[dacT2f N N N N N N N N N N
Ol8AcT3 | N N N NN NNNN N N
als Y Y Y Y Y Y Y Y Y Y Y Y Y
3HITS
AAB  AAQ ABB ABC ABD ABG ABH ABl  ABl  ABK
ABM ABN ABO ABQ ACQ ADG ADH ADK ADO ADQ
AG) AGN AGQ AHJ AHN AHQ AIQ AJK AJO  AlQ
AKN AKQ AMQ ANO ANQ AOQ AQQ BBQ BCG  BCH
BCK BCO BCQ BDQ BGI BGM BGQ BHI  BHM BHQ
BIK BIO BIQ BJa BKM BKQ BMO BMQ BNQ BOQ
62 KILLING BOQ CCQ CDG CDH CDK CDO <¢CDQ ¢GJ CGN CGQ
COMBINATIONS CHI CHN CHQ CIQ CIK CIO €l CKN CKQ Ccma
CNO CNQ €00 CQQ DDQ DGl DGM DGQ DHI  DHM
DHQ DIK DIO DIQ DJQ DKM DKQ DMO DMQ DNQ
DOQ DQQ GGQ GHQ Gl GIN Gl GJM GIQ GKa
GMN GMQ GNQ GOQ GQQ HHQ HIJ  HIN  HIQ  HIM
HIQ HKQ HMN HMQ HNQ HOQ HQQ 11la LK 1O
QKN 1K@ IMQ  INO INQ  10Q 100 M3 JKM
JKQ JMO  JMQ  JNQ  JOC  JOQ  KKQ KMN  KMQ  KNQ
KQQ MMQ MNC MNQ MOQ MQQ NNQ  NOQ  NOQ  00Q
0aQ  QoaQ
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TABLE XXXVIIT
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

Configuration 6

THIT
Q Only
1 KILLING
COMBINATION
IHITS A B C D G I J M N O Q
e g2z & T o @
e A
S 3255 58 && &5 .
A | L/HENG
B |RMHENG| Y
12KILLING | © [ L/MHCGEN | NN
COMBINATIONS | D {R/AHGEN | N N N
G | UTIL N N N N
|| MP-1 N N N N N
1 | MP2 N NN NN N
MidacT™" | N N N N N N N
N|SacT2| N N N N N N N N
O8acT™3| N N N N N N N N N
als Y Y Y Y Y Y Y Y Y ¥ vy
3HITS
AAB AAQ ABB ABC ABD ABG ABI  ABJ ABM  ABN
ABO ABQ ACQ ADG ADO ADQ AGJ AGN AGQ AIQ
A0  AJ2 AMQ ANO ANQ A0OQ AQQ BBQ .BCG  BCO
BCO BDQ BGI BGM BGQ BIO BIQ BJQ BMO BMQ
BNQ BOQ BQQ CCO CDG CDO CDQ CGJ CGN €GO
cia CJ0 CJa cMQ CNO CNQ CoQ coa ©DDQ DGl
DGM DGQ DIO DIC DI DMO DMQ DNQ DOQ DQO
GGQ GIJ GIN GIQ GM G GMN GMQ GNQ GOQ
116 KILLING GaQ HQ WO 1Ja IMQ  INO  INQ  1oQ  leQ  JJQ
COMBINATIONS JMO  JMQ  JNG  JOQ  J0Q MMQ WMNO MNQ MOQ  MOQ

NNGQ NOQ NCQGQ 00Q 040 QOO0
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TABLE XXXIX
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

Configuration 7A

1HIT
1 KILLING aony
COMBINATION
2HITS S T
%) z
2E1E_ . [
Tz Eaasdc §8¢9
£ 3 & 5533 3 £33 w
A [ L/HENG
B | RIHENG| Y
C|LHGEN| N N
16 KILLING D|RHGEN] N N N
COMBINATIONS | ¢ | pe g N N N N
G| UTIL NN N N N
H | HDEG NN N N N N
I MP-1 NN NN N NN
J | mP-2 NN N NN N NN
K| mp-3 NN NN NNNNN
Ml sacT-! [ N N N N N N N N NN
N16ACT-2] N N N N N N N N N N
OlbacT™3 [ N N N N N N N N N N )
als Y Y Y Y Y Y Y Y Y Y Y YY Y

JHITS
AAB  AAQ ABB ABC ABD ABE ABG  ABH ABI ABJ

ABK ABM ABN ABO ABQ ACQ ADG ADH ADK ADO
ADQ AEQ AG) AGN AGQ AHJ AHN AHQ A0 AK
AJO  AJO AKN AKO AMQ ANO  ANQ A0Q AQQ BBQ
BCO BCQO BDQ BEQ BGM BGQ BHM BHQ BIO  BIQ
BJO BKM BKQ BMO BMQ BNQ BOQ BQQ CCQ CDO
160 KILLING €OQ CEQ CGN €GO CHN CHQ Cla@ CI0 Ccla  CKN
COMBINATIONS [ ckoa cMa CNO CNQ €OQ C€OQ DDQ DEG DGM  DGQ
DHM DHQ DIO DIQ DJO DKM DKQ DMO DMQ DNQ
DOQ DOQ EEQ EGQ  EHQ El0 EJQ  EKQ EMQ  ENOQ
EOQ EQQ GGQ GHQ GIN GIQ GM GJ2 GKO GMN
GMQ GNG GOQ GOQ HHO HIN  HIQ HIM  HJQ HKQ
HMN  HMQ HNQ HOQ HOQ 1Q Nle) 1JQ KN IKQ
iIMQ INO INO 100 100 Ja  JKM  JKQ MO Mo
JNQ  J0Q  JOG  KKQ KMN  KMQ KNQ KOQ Kaa MMQ
MNO MNQ M™MOQ MOQ NNQ NOQ NQCQ ©00Q 000 QQQ

217




TABLE XL
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY

Configuration 7B

1THIT
1 KILLING QOnly
COMBINATION
2 HITS A B CD E G H I J K M N O0OQ
a a9 = Z - ™™
SE8% L2 no0b5b
Tz iFe52¢fg EfEe
A | L/HENG
B | RRHENG| Y
15KILLING | C | L/HGEN| N N
COMBINATIONS | D | R/HGEN| N N N
E | PC1 N N N N
G| uTiL N N N N N
H | HDEG N N N N N N
| me-1 N N N N N N N
J | mp-2 NN N N N N N N
K | mp-3 N N N N N N N N N
M|8SactT-'] N N N N N N N N N N
N | dacT 2 N N N NN N N N N N N
O(8acT 3! N N N N N NN NN N N N
al s Y Y Y Y Y Y Y Y Y Y Y Y Y Y
3HITS
AAB  AAQ ABB ABC ABD ABE ABG ABH ABl  ABJ
ABK ABM ABN ABO ABQ ACQ ADG ADH ADK  ADO
ADQ AEQ AGJ AGN AGO AHJ AHN AHQ AlQ AKK
AJO  AJQ  AKN AKQ AMQ ANO ANQ A0Q AQQ BBOQ
BCO BCQ BDQ BEQ BGQ BHQ BIO B8IQ BJQ BKQ
142 KILLING BMO BMQ BNQ B80Q BOQ CCQ CDO CDQ CEQ CGQ

COMBINATIONS CHO Cla CJo Cia CkKQ CMQ CNO CNO CcOQ CcOQ
Dpog  DEC DGQ DHQ  DIO DIQ DJa DKQ DMO DMQ
DNQ DOQ DQQ EEQ EGQ EHQ EtQ BEJO EKQ EMQ
ENO EOQ EQGO GGG GHO Gla GJO GKQ GMQ GNQ
GOQ GO0 HHCQ Hia HlQ HKQ HMQ HNQ HOQ HGQQ
1na O 1Ja IKQ IMQ INO INQ 100 100 JJQ
JKQ JMO JMQ JNQ JOoQ Jaa KKQ KMQ KNG KOQ
K0 MMQ MNO MNO MOG MOQ NNG  NOO  NOQ 000
cQa  Qae
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TABLE XLI
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY
Configuration 8

1HIT
1 KILLING Q Only
COMBINATION
2HITS A°B C D G H I J K L M N O Q
%%éé_,o Ti—CTI—T—w
I I IIZ5gza e 2 8989
-4 @£ J @& 2O I = Z = = w0 w w w
A | L/HENG
B | RRHENG| Y
C|LHGEN| N N
15 KILLING D|RHGEN| N N N
COMBINATIONS | 5 | uTIL N N N N
H | HDEG N N N N N
I | MP1 N N N N N N
J | MP-2 N N N N N N N
K | MP-3 N NN NN NNN
L | MP4 N N NN NN NIDNN
M| dacT ! NN N NN NN N N N
N|SacT 2| N N N N N N N N N N
OfdacT3| N N N N N N N N N N
alsd Y Y Y Y Y Y ¥ Y Y Y Y Y Y Y
3HITS
AAB AAQ ABB ABC ABD ABG ABH  ABI ABJ  ABK

ABL ABM ABN ABO ABQ ACQ ADG ADH ADK ADO
ADQ AGN AGQ AHN AHQ AIQ AJ0 AJQ AKN  AKQ
ALQ AMQ ANC ANQ AOQ AQQ BBQ BCG BCH BCK
BCO BCQ BDQ BGM BGQ BHM BHQ BIO 8l BJQ
BKM BKQ BLQ BMO BMQ BNQ BOQ BOQ CCQ COG
163 KILLING CDH CDK €DO CDQ CGN CGQ CHN CHQ Ccla  CJO
COMBINATIONS CJO CKN CKQ CLO CMQ CNQ CNQ C€OQ CQoQ DDQ
DGM DGQ DHM DHQ DIO DIQ DJG DKM DKQ DLO
DMO DMQ DNQ DOQ DQQ GGQ GHQ GIN GIQ GIM
GJa GKQ GLQ GMN GMQ GNQ GOQ GQQ HHQ  HIN
HIQ HJM HJQ HKQ HLQ HMN HMQ HNQ HOQ HQQ
e WO N IKN  IKQ ILQ  IMC  iNO  INQ 100
a0 WO JKM  JKQ  JLQ JMO  UMQ  JNQ JoQ  Jaa
KKQ KLQ KMN KMQ KNQ KOQ KOG LLO LMQ LNG
LoQ LeO MMQ MNO MNQ MOQ MQQ NNQ NOQ  NQO
00Q 0QQ QQQ
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TABLE XLII
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY
Configuration 9

THIT
Q Only
1 KILLING
COMBINATION
2 HITS A°B C D E G H I J K M N O P Q
o o = [dr} -
2885 _ L9 ._4okbik
Tiiisseieesifiia
Al L/HENG
B|RMHENG| Y
C|LHGEN| N N
16KILLING ) 5| g/iGEN] N N N
COMBINATIONS | £ | poy N N N N
G| uTiL N N N N N
H | HDEG N N NN N N
bl mp- N N NN N NN
J | MP-2 N N NN NNNN
K | MP-3 N N N NV NNNIGNNN
M|lSacT-T| N N N N NN N N N N
N|SacT2| N N N N N N NN N N N
Ol8acT3] N N N N N N N N N N N N
PldacT4 | N N N N N N N N N N N N N
Q8 Y Y Y Y ¥ Y Y ¥ Y Y Y Y Y Y Y

3 HITS
AAB AAQ ABB ABC ABD ABE ABG ABH  ABI ABJ

ABK ABM ABN ABO ABP ABQ ACQ ADQ ADH ADK
ADO ADQ AEQ AGJ AGN AGQ AHJ AHN AHQ AlQ
AJK  AJO  AJQ AKN AKQ AMQ ANO ANQ ADQ APQ
AQQ BBQ BCQ BDQ BEQ BGQ BHQ BIQ BJQ  BKQ

146 KILLING EMQ BNQ BOQ BPQ BQQ CCQ CDQ CEQ CGQ CHQ
COMBINATIONS Clk € CKG ¢MQ CNQ COQ CPQ CQQ DDQ DEQ
DGQ DHQ DIG DJO DKQ DMQ DNQ DOQ DPQ DQQ
EEQ EGQ EHQ EIQ EJQ EKQ EMQ ENQ EOQ EPQ
EQQ GGQ GHQ GIQ GJQ GKQ GMQ GNQ GOQ GPQ
GOQ HHQ HIQ HIQ HKG HMQ HNQ HOQ HPQ Haa
Q. Na 1K@ IMQ INQ 10Q 1PQ 10Q Q. JKQ
JMQ JNQ JoQ JPQ  J0Q KKQ KMQ KNQ KOQ KPQ
KOO MMQ MNQ MOQ MPQ MQQ NNQ NOQ NPQ  NQQ
00Q OPQ 0QQ PPQ  POQ  QQQ
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TABLE XLIOOT

Configuration 10

KILLING KIT COMBINATIONS FOR SURVIVABILITY STUDY

1HIT
1 KILLING Q Only
COMBINATION
2 HITS A B C D G H | J K L M N O P Q
2258, 111
e T - N TR TR TR 2
T2 325288 28388
A | L/HENG
B | RRHENG| Y
C|lLHGEN| N N
D{RHGEN{ N N N
16 KILLING G | UTIL N N N N
COMBINATIONS | H | HDEG N N N N N
I | mp-1 N N N N N N
J | mp-2 N N NN N N N
K| MP-3 N N N N N N N N
L | MPa N N NN N NN N N
MlSacT-'| N N N N N N N N N N
N|{dacT-2| N N N N N N NN N NN
O|8acT 3| N N N N N NN NN N N N
PldacT]{ N N N N N N N N N N N N N
Q| é Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
3HITS
AAB AAQ ABB ABC ABD ABG ABH ABl ABJ ABK
ABL ABM ABN ABO ABP ABQ ACQ ADG ADH ADK
ADO ADQ AGQ AHQ AI0 AJQ  AKQ ALQ AMQ  ANQ
A0Q APQ AQQ BBO BCG BCH BCK BCO BCQ BDQ
BGQ BHQ BIQ BJQ BKGQ B8LQ BMQ BNQ BOQ BPQ
BQQ C€CQO C€DG CDH CDK CDPO C€DQ €GO CHaQ CcClo
CJa CKQ CLO CMQ CNQO CcOQ CPQ COQ DDQ DGO
céﬁaﬂaﬂ%ﬁs DHQ DIQ DJQ DKQ DLQ DMQ DNQ DOO DPQ  DQQ
GGQ GHQ GIO GJO GKO GLQ GMQ GNQ GOOQ GPQ
GQO HHQ HIQ HIQ HKQ HLQ HMQ HNQ HOQ HPQ
HQQ 110 1ja IKQ ILQ IMQ INQ  10Q  IPQ  lQQ
Jo  JK@  JLa JMa  JNQ  Joa JPQ 400 KKQ  KLO
KMQ KNQ KOQ KPQ KQQ LLQ LMQ LNQ LOQ LPQ
LOO MMQ MNQ MOQ MPQ MQQ NNQ NOGQ NPQ  NQO
00oQ OPQ 0QQ PPQ  PQQ  Q0Q
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TABLE XLIV
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY
Configuration 11B

1THIT
Q Only
1 KILLING
COMBINATION
2 HITS A B C D G | J M N Q
¢ £ 8 & T o
T Tz v 580
S 35 %5 &8 .
A | L/HENG
B [R/HENG | ¥
13 KILLING CILMHGEN [ N N
COMBINATIONS | D |R/HGEN | N N N
G |UTIL N N N N
|| mP-1 N N N N N
J | mp-2 N N N N N N
Midact—! | N N N N ¥ N
NidacT 2 | N N N N N N
als Y Y Y Y Y Y Y Y Y vy
3 HITS
AAB  AAQ ABB ABC ABD ABG AB! ABJ ABM ABN
ABQ ACQ ADG ADN ADQ AGJ AGM AGQ AIQ  AJN
AJO AMN AMQ ANO AQQ BBQ BCG BCN BCQ BDO
BGI BGM BGQ BIN BIQ BJO BMN BMQ BNQ BQQ
95 KILLING

CcQ CDG CDN CDO CGd CGM CGO Cla CJN ClQ
CMN CMQ CNQ CQQ DDQ DG! DGM DGQ DIN D1Q
DJa OMN DMG DNGQ DOQ GGQ GU GiM Gla GJim
GJQ GMN GMQ GNQ GQO lIQ N na IMN IMQ
INQ 100 JJa JMN JMQ  JNQ Jao MMN MMQ  MNN
MNGQ MQQ NNQ NaQ Q00

COMBINATIONS
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TABLE XLY
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY
Configuration 12

1HIT
1 KILLING Q Only
COMBINATION
2HITS A B C b E F 1 J M N Q
[8a) =
253 T
=
I Tz 53 4d 99
5 3 & 9% g 8 & & o
A | L/HENG
B|RHENG| v
13KILLING | G| L/HGEN | NN
comginaTions | D | F/HGEN| N NN
E | PC1 N N N N
F |pc2 N N N N N
| me-1 N N N N N N
J | MP2 NN N N N N N
M | dacT™1 N N N N N N N N
N | SacT—2 N N N N N N N N Y
als Y Y Y Y Y Y Y Y Y Y Y
3HITS
AAB AAQ ABB ABC ABD ABE ABF ABl  ABJ  ABM
ABN ABQ ACQ ADF ADM ADQ AEQ AFJ AFN AFQ
AlQ  AJM AJQ AMN AMQ ANQ AQQ BBQ BCE  BCN
BCQ BDQ BEI BEM BEQ BFQ BIN BIQ BJQ BMN
BMQO BNQ BQQ CCa CDQ CEQ CFN CFQ ClQ  cJa
CMN CMO CNQ CQQ DDQ DEM DEQG OFQ DIQ DJO
DMN DMQ DNQ DQQ EEQ EFQ  EIQ  EM  EJQ  EMN
EMQ ENQ EQQ FFQ FIN FIQ FJa FMN FMQ FNQ
100 KILLING

FQa lla (i8] IMN IMQO NG 110G JJa JMN JMQ
JNQ JoQq MMN  MMQ MNN  MNQ MOO NNQ NGQ QGO

COMBINATIONS
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TABLE XL
KILLING HIT COMBINATIONS FOR SURVIVABILITY STUDY
Configuration 13

THIT
Q
1 KILLING Only
COMBINATION
2 HITS B ¢C D E F I J MNO P Q
&) pd —
z @ o rT T T
: 2z Y19 G555
£ £ X L d
c T £ 855 &I FE e
A | L/H ENG
B|RHENG]| Y
14 KILLING ¢ | L/H GEN N N
COMBINATIONS | o | R/H GEN N N N
E | PC1 N N N N
F | PC2 N N N N N
)| MP-1 N N N N N N
4 | MP-2 N NN NN NN
M| SacT! N N N N N N N N
N | acT—2 N N NN N NNNN
Ofl8acT™3| N N N N N N N N N N
P | dacT % NN NN NNDNNNDNNN
als Y Y Y Y Y Y Y Y Y Y Y Y Y
3HITS
AAB AAQ ABB ABC ABD ABE ABF  ABl  ABJ  ABM
ABN ABO ABP ABQ ACQ ADF ADP ADQ AEQ AFJ
AFN AFQ AIQ AJP AJO AMQ ANP ANQ AOQ APQ
AQQ BBQ BCE BCO BCQ BDQ BEI BEM BEQ BFQ
BIO BIQ BJQ BMO BMQ BNQ BOQ BPQ BQQ CCOQ
F ! cMa Q P 0Q
115 KILLING CDQ CEQ CFQ ¢l cJa cCNQ  CO cPQa ¢

Db DEQ DFQ  DiQ DJo DMQ DNQ DOQ DPQ DQa
EEC EFQ EIQ EJO EMQ ENQ ECQ EPQ EQQ FFQ
FiQ FJa FMQ FNQ FOQ FPQ FQQ 111G 1JQ iMQ
INQ 10Q PO 1QQ JJa JMQ  JNQ JOQ JPQ Jaa
MMQ MNO MOQ MPQ MQQ NNQ NOQ NPQ NQO 00O
OPG 0QQ PPQ FQQ QQQ

COMBINATIONS
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HIT SURVIVABILITY SUMMARY

TABLE XLVIT

Number C;::t::::iﬁm@ cgft','i'r';fm @ Pl = @/@ Ps=T1-Pe/m
Configuration of - - ] )
Components Hits Hits Hits Hits
1 2 3 1 2 3 1 2 3 1 2 3

1 9 9 45} 165 | 1 25 | 1256 | .1111 | 5556 | .7576 | .8889 | .4444 ] 2424
2A 10 10 b | 220 { 1 18 | 121 | .1000; .3273 | .5500 | .9000 | .6727 | .4500
2B 10 10 65 | 220 | 1 16 | 103 | .1000 | .2727 | .4682 | .9000| .7273| 5318
2C 10 10 B5 | 220 | 1 15 | 103 | .1000 | .2727 | .4682( .9000|.7273| 5318
2D 10 10 55 { 220 [ 1 16 | 109 i .1000 | .2909 | .4955 | .9000 | .7091| 5045
3A 12 12 78 | 364 | 1 20 | 176 | .0833 | .2664 | .4835 | .9167 | .7436| .51656
3B 12 12 78 1 364 | 1 17 | 159 | .0833 [ .2179 | .4368 | .9167 | .7821| 5632
4 13 13 91 ] 4565 | 1 15 | 135 | .0769 | .1648 | .2967 | .9231 | .8352| .7033
13 13 91 | 455 ] 1 14 | 162 | .0769 1.1538 | .3560 | .9231 | .8462| .6440

6 1 1" 66 | 286 | 1 12 | 116 | .0909 | .1818 j .4056 | .9091 | .83182| 6944
1A 14 14 | 105 § 560 | 1 16 | 160 | .0714 ] .1429 | .2857 | .9286 | .8571| .7143
7B 14 14 1105 | 560 | 1 15 | 142 .0714 | 1429 | .2536 | .9286 | .8571, .7464
8 14 14 | 105 | 560 | 1 15 | 163 | .0714 | 1429 | .2911| .9286 | 8571 .7089
9 15 15 {120 | 680 1 16 | 146 | .0667 |.1333(.2147 | .9333 | .8667| .7853
10 15 15 | 120 | 680 | 1 16 | 146 [ .0667 |.1333 | .2147 | .9333 | .8667 | .7853
T1A 13 13 91 | 456 | 1 15 | 135 | .0769 {.1648 | .2967 | .9231 | .8352| .7033
118 10 10 B | 220 | 1 13 95 | .1000 |.2364 | .4318 | .9000 | .7636 | .5682
12 11 T 66 | 286 | 1 13 | 100 | .0909 | .1970 | .3497 | .9091 | .B030| .6503
13 13 13 91 | 455 1 14 | 115 | .0769 |.1538 | .2527 | .9231 | .B462 | .7473

225




TABLE XCVIIL
SURVIVABILITY RATING BASED ON THE CONFIGURATION'S ABILITY TO SURVIVE,
GIVEN 3 HITS ON THE SYSTEM (Pg = 1 — Pc/3p)

Order Configuration PS Rating
i 10 .78563 A
2 9 .78563 A
3 13 7473 A
4 7B 7464 A
5 1A 7143 A
6 8 .7082 A
7 4 .7033 A
8 1A 7033 A
9 12 .6503 B

10 5 .6440 B
11 6 5944 B
12 118 .5682 B
13 3B 5632 B
14 28 5318 C
15 2C .6318 C
16 3A 5165 C
17 2D 5045 C
18 2A 4500 c
18 1 .2424 C
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APPENDIX II
SAMPLE THERMAL CALCULATTONS

GENERAL

The calculations presented herein are excerpts from those performed in
suppert of the degree of redundancy trade study. Some narrative elucida-
tion has been added to help the reader understand why a particular ap-
proach was used, to more fully present the limitations of the apprecach,
or to justify its use. The calculations presented herein pertain to the
predicted temperatures, designated "unimproved package temperatures', in
the degree cf redundancy trade study presented in Secticon III. To devel-
op thermal models of the numerous candidate configuraticns of the trade
study, it was necessary to assume package design details which normally
evolve during the gradual nrogresgss of a design toward production. The
sample calculations presented in this appendix sare based on configuration
12, Figure 84, and utilize both soft cutoff and servocontrolled pumps.

PC-2 PC-1

MCV

B/P 8/P

FIGURE 84
CANDIDATE SSAP CONFIGURATION NUMBER TWELVE

For thermal analysis purposes, the output rating was used Lo establish
the electrical motor and pump efficiency. A comron technigue must be
used to reduce the likelihcood of selective errors appearing in the heat
generation calculations. BSeveral factors influence the reguired output
rating for the pump and motor, the most important of which is the maximum
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hydraulic horsepower output required of the motor pump. This is a fune-
tiocn of the pesk flow, peak pressure, and cuteff pressure assumed.

Package gize, shape, and surface area are used in calculating the con-
vective and rediastive heat transfer rate. The mass and equivalent spec-
ific heat of the package determine in pert the package vulnerability to
high temperature transients. The information used herein was derived by
examination of the LTV-E Simplex package, the Vickers APU for the F-l,
various preliminary configurations developed by GE and LIV-E during the
AFFDL IAP Exploratory Development Program, and various scaling factors
based on motor, pump, reservoir, and actuator piston area similarity and/
or geometric relationships and estimates of what mounting bracketry for
the motors, servovalves, Master Control Valve (MCV), etec., might be de-
signed.

SOFT CUTOFF FUMP

a. Package Characteristics
Surface actuator piston area = 5.62 in® per chamber.
Maximum flow = 12.2 gpm per pump
Maximum pressure = 160C psi

Peak hydraulic horsepower output per pump = 5.0, see Figure 85.

An eleciromechanical as well as an electrohydraulic secondary actua-
tor is & candidate for use on the actual hardware. Its assumption
fer this thermal medel would produce slightly different parameter
velues. It would not significantly change the comparative configura-
tion ratings.

For initial sizing only, overall efficiency = 0.47 (same as Vickers
APU for F-4). Maximum electric motor input HP = 5.0/0.47 = 10.6.
Assuming that the peak electric motor output efficiency is 0.86 (see
curve for Preco motor, Figure 43), the peak electric motor output
power would be 0.86 (10.6) = 9.1 HP for thermal analysis purposes,
i.e., for the thermal model.

There is an infinite number of combinations of peak output motor
power and motor efficiency that could result in the same electric
motor heat losses as used in this analysis. Therefore, if the peak
output motor power of the thermal model used herein is subsequently
found to be slightly different from the actual design, it does not
necessarily follow that the motor heat losses themselves are in error.

To compute hydraulic pump losses, use the empirical equation developed
by this thermal analysis to achieve consistency between soft cutoff
and servocontrclled pump calculations, and between the pumps of the
same type but of different sizes, and for the same pump at widely
different operating points.
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b.

The pewer lost irn the pump, in horsepower, is:

Power Lost

Power Lost

where:
Pr

P

Qr

0.093 QrF + ¢.069 g Pr
171k

when P > 0.33 Pr

0.031 Qr Pr + 0.069 Q Pr
1714

fl

when P > 0.33 Pr

Rated pressure, psi

Pressure at operating condition where losses are to be
computed

Flow rate, gpm

Flow at operating condition where losses are to be computed,
gpm

Calculation of Heat Generation

The following calculations are based on the assumption that a flow of
.5 gpm continucus is used for the secondary actuater, servovalve, and
leaksage.

(1) Quiescent Surface Actuator

At 0.5 gpm, P = 1560 psi (from Figure 85).

¢.5(1560

171k = 0.5 3P

Pump OQutput Power =

0.093 (12.2)(1560) + 0.069 (0.5)(1600)
171k

Power Lost = = 1,1 HP

Pump Input Power = 1.1 + 0.5 = 1.6 HP per pump

Percent of rated electric motor load = %4%- = 17.6%

Motor efficiency = 0.75 (from Figure 42)

Motor input = L = 2.13 HP per motor pump
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Fiow per Pump - GPM

12

Note: Based on Configuration No, 12

| L J | |

Percent Efficiency

2 4 6 8 10 12 14 16
Pressure - PSI x 100

FIGURE 85
OUTPUT OF SOFT CUTOFF THERMAL MODEL

100 v
Note: Based on |
Preco Electric Motor
Model KE, P/N K21235
80
60
40
20
0
0 20 40 60 80 100

Percent of Rated Continuous Power

FIGURE 86
ELECTRIC MOTOR EFFICIENCY FOR THERMAL MODEL
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(2) CGust Loading Condition

Assume & sine wave input from gusts with a peak-to-peak deflec-
tion of 1.2 inches and a frequency, T, of 0.8 cps.

°Nf = 6.28{0.8) = 5.03 radians/sec

W

x = Xo sinwt

V = %%-= wXo coswt = surface actuator velocity
Assume v = 0.70T V max = 0.707 wXo

i n

0.707 (5.03) (0.6) = 2.13 inches/sec = mean velocity

The Hydraulic flow rate, Q, expressed in gallcns per minute (gpm),
is:

Q = 0.26 ApV; where Ap = piston area, in2

Q = 0.26 Apv
0.26 (5.63}(2.13)

3.12 gpm = mean flow rate

q Total = 3,12 + 0.5

3.62 gpm
Pressure at 3.62 gpm = 1330 psi
3.62 (1330) _
__—i?iﬂ_——“ = 2,81 HP

0.093 (12.2) {1300) + 0.069 (3.62) (1600)
171k .

Pump Output Power =

Power Lost = =1.11 HP

Pump Input Power = 1.11 + 2.81 = 3.92

Percent of rated electric motor load = %;%€-==h3-1%

1l

Motor efficiency = 0.82 {from Figure LL)

Metor input = g*%%—: 4.8 HP per motor pump.
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Input Horsepower Per Source

The gust cycle mean power computed by the foregoing relation-
ships is slightly conservative, per Figure 87.

2. Frequency of Actuator Motion = 0.8 CPS
3. Half Actuator Stroke = 0.6 in.
4. Actuator Simple Harmonic Motion Assumed

r\ N
\/ra
T~

Y C 1. Soft-Cutaff Configuration 12 of Trade Study

|— Electric
\ Motor Input
Hydraulic A - Assumed Mean for Thermal Analysis
Pump Input~ B - Actual Mean Value for This Case
N C - Mean if Power Varies Sinusoidaily vs Time
N

Quarter Stroke ——

-

0 0.1 0.2 03 0.4 0.5

Travel Time Past Neutral - Sec

FIGURE 87
GUST CYCLE MEAN POWER

(3) If the surface actuator isg subjected to 1 minute of gusts and it
minutes quiescent ocut of each 5 minute period, the power re-
quired is:
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L (2.13) + 1 (L.8)

= 2.7 HP mean electric input power per
motor

5.k HP electric input power total per

package
4(1.6) + 1(3.92
( ) g 22) = 2.1 HP mean hydraulic circuit power per
pump

= 4.2 HP Hydraulic power total per package

The effect of other gust durations is shown by Figure 88. A
summary of the above calculations is shown in Table XLIX.

10
&)
o3 R
§ 8 oS o
D ‘e’ \50
b X ® ge,é
ey Ge“ e“a
g _ o =
é T 6 y a\\)\ . "
3 E g P G'\(C,\)‘
23 N
s
% né g \JN(\ _
h : Controlle

% o — T otal Heat Generated (Sev0
T
> ed)
) Hydraulic Circuit Heal {Servo Contro

2 | S———

0

0 1 5 > 4 |

Duration of Gust in Each Five Minute Period - Min

Notes:
1. Two motor pumps based on Configuration 12
2. Harmonic¢c motion

# Frequency = 0.8 CPS

eHalf Amplitude = 0.6 In.

FIGURE 88
EFFECT OF GUST DURATION ON HEAT LOAD
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TABLE XLIX
SOFT CUTOFF HEAT GENERATION SUMMARY

Hydraulic Circuit HP Electric HP
Per Pump Total Per Motor Total
Quiescent 1.6 3.2 2.1 4.2
Gust 39 7.8 4.8 9.6
1 Minute Gust 2.1 4.2 2.7 5.4
+4 Minute Quiescent

Note:  Harmonic actuator cutput maotion at 0.8 ¢ps and 1.2 inch peak to peak stroke

Operating Temperature Calculaticns

The uninmproved fluid operating temperature is a function of the heat
dissipated per unit area from the hydraulic circuits, the compartment
temperature to which the heat is dissipated, and the convective and
radiative heat transfer ccefficients which determine the temperature
difference between the hydraulic circuits and the compartment. The
compartment temperature is a function of the sum of the heat dissi-
pated by both the electrical and hydraulic components. It is also a
functicn of the ram air flow and temperature.

(1) The surface area is used in calculating the hesat dissipation per
unit area and its geometry is used to estimate the convecticn
heat transfer ccoefficients and the radiation view factors. The
following is a breakdown of the surface area estimated for con-
figuration 12.

Regervoirs¥ 60k in?
Pumps 120 inZ
Filters 20 in®
Switching Valve 131 in?
Control Valve 101 ing
Tubirg Lg in®
Actuator Cylinder 3h1 in®
TOTAL 1362 in® = 9,46 Tt
*

Standard "unimproved" reservoir was assumed to have nominal
finning or equivalent irregularities.

—
™o
e

Surface Heat Transfer Coefficients

(a) Convective Coefficient, h,
The cross-gsectional area of the compartment which, at the
SEAP, is usable for airflow is approximately 400 inZ. At

1.46 at 50,000 feet pressure altitude the airflow through
this ares will be approximately 13 Lbm/min. The air density
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at 50,000 feet for a temperature of 150°F is .0075 Lbm/ft>.
Therefore, the average air velocity, V, will te

v = 13/60
T (0.0075)(Lkoo/1ll)

= 10.h ft/sec

From Reference 4, for air flowing across a cylinder,
Nusselt Number = (Reynolds Number)®., Assume a diameter of
.5 feet as the characteristic dimensiocn of the thermal
model. Evaluate the physical properties of the air at the
average film temperature, tg.

ts + t
ty = 5
tg = surface temperature
t = air temperature

For a surface temperature of S574°F, the average film tempera-

ture is
tfzw= 3620}7

2

Using this temperature

Reynolds Number, Ny = Egﬁ-= 1650

and

n = 0,4L6
C =0.615

and solving for h,, we have

L
he = 0.615 %{NR)O 46
where
k = thermal ccnductivity at average film temperature
D = characteristic dimension.

Substituting, we calculate

2 o

L, = 0.84 BTU/Hr Ft
Radiative Heat Transfer Coefficient, hp

Assuming heat exchange between two non-black surfaces,

235



{c)

b L
hg = FAE(o.l'rh)(lo'B)(llg—%%ﬁ—— )

i8] e
tp = Package radiating surface temperature, °F
Tp = Package radiating surface absclute tempersture, °R

= tp + )

t, = Compartment temperature, °F

T. = Compartment absolute temperature, °R
= t, + L60

Fapp = Combined emissivity and shape factor for package
and compartment surfaces

Because of the complex shape of the packsge, only a portion
of the area is fully effective for radiation heat transfer
to compartment walls. Various package components could have
emissivities significantly below 1.0. Therefcre, Fpp is
taken as L5 for the overall thermal model.

Overall Package Heat Transfer Coefficient, hp
Considering both convection and radiaticn heat transfer
hp = h, + hg
=0.8% + hg, BTU/Hr Ft OF

The actual overall heat transfer coefficient is envisioned
as a composite cocefficient created by thermal radiation co-
efficients and convection coefficients which individually
vary a great deal over the package surface. The convection
variation results from the fact that the airflow is vari-
ously over short-~flat surfaces, and miscellaneous irregu-
larities, alcng and across cylinders, and between actuator
members which form passages of widely differing wetted
perimeters, etc. Because of their proximity to each other,
the irregularities and passages mutually disturb the air-
flow patterns of others. In addition, the immediate
presence of aircraft structural members, wire bundles,
tubing, etc., also disturbs the flow and tends to increase
the rate of convecticn. The total package surface area is
variously distributed amcng the resulting coefficients,
tending to increase the importance of some and decrease the
importance cof others. The radiation variation results from
the fact that some of the package surfaces heve a poor view
of the aireraft structure or "see" relatively hot structure.
Therefore, locally, the benefit of radiation is reduced.

It appears nonproductive to make incrdinately complex
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assumptions to define explicit details of the foregoing
areas and coefficients. Impliecit in the thermal modeling
herein is an allowance for the existence or use of any
number {n) cf combinations of surface areas (A) and heat
transfer coefficients (h) that produces an overall coeffi-
cient egqual to that in this analysis.

It is possible, of course, that under these various influ-
ences, the local coefficients at different parts of the
package may tend to be self equalizing. The following
reasons could cause that tendency.

o For large flat surfaces where parallel flow convection
coefficients are usually low, the radiation coefficients
are usually relatively high, if the emissivity is high.

0 For complex shapes and passages, having small character-
istic dimensions, and where convection ccefficients are
usually high, the radiation coefficients may be low,
because the complex shape produces a poor view factor.

Explicit detailed assumptions and exhaustive coefficient
investigations can more productively be made when determin-
ing the heat transfer provisions required tc operate at o
specific fluid temperature. Then, the assumed details or
their equivalent can be treated as required features, if
beneficial, tc be incorporated in the package design. For
this prediction of unimproved package temperatures, however,
the rationale for developing the thermal model is considered
adequate. :

Compartment Temperature, t.

The equilibrium compartment temperature is determined by
means of energy balance eguations which can be solved for te
as fellows:

_ {Total package horsepower)(25L7)+UA{taw )W Cp6Oty
c UA +W Cpbo

t

Total paékage horsepower = 5.41

Aircraft compartment thermal conductance, UA = 29.7
BTU/Hr°F

Adiabatic wall temperature, taw = T8°F
Ram air flow,W = 13 Lbm/min

Bpecific heat of alr at constant pressure, Cp =0.24
BTU/Lbm°F
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(e}

Ram air temperature, tr = 95°F

therefore

to = 5.81(2547)+29.7(78)+13(0.24)(60}(95)
26,7 + 13{(0.24)(60)

H

156°F

Package Surface Temperature, tp
The heat dissipated by the motor itself will be transferred
directly to the compartment air and structure. Except for
raising the compartment tempersature, the motor dissipation
will not significantly affect the temperature of the hy-
draulic components. The steady energy balance for the
hydraulic components is

Pump input power = HPpi = hphg (tp'tc)

Rearranging
b= (FPpi) 14+ ¢, =(TPpi)(_ 1 ) + t,
P4, hyp Ay 0.8L + g

4 nomograph of this equation was made feor various values of
tp, t. and HP i/AS for use in evaluating the unimproved pack-
age temperatures for all trade study configurations.

For the configuration 12 soft cutoff thermal model

0

Foi . L.2a{25uT) 2

Ag 9.L6

= 1132 BTU/Hr Pt

Using the above value of heat dissipation per unit area,
the value of tp read from the nomograph was STLOF.
To check the temperature by calculation, we obtain:

2

h 1.84 BTU/Hr Ft

R

P

1.84 + 0.84 = 2,68 BTU/Hr th oF

and

1
. (1132)(§T€§9 + 156

422 + 156 = 579°F

pat
]

This is close enough to the nomograph value to validate its
use. Assuming the mean fluid temperature is 10°F higher
than the surface temperature, the package mean fluid temper-
ature = 5TL + 10 = 58L4°F,
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Effect of Thermal Parameter Deviations

The thermal parameters for an actual package are expected to
deviate somewhat from the surface ares, convective heat
transfer coefficient and the combined emissivity and shape
facter that are uged herein. Asgssuming a constant heat dis-
sipation per unit area, the effect of deviations on unim-
proved package temperature is shown by Figure 89.

The convective coefficients used in caleculating the unim-
proved package temperatures are probably low because a
simple smooth cylinder was assumed in the analysis, rather
than the complex arrangement of protuberances, shapes, and
passages.
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FIGURE 89
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