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POREWORD 

Thlß Is the second quarterly report concerning research and 
development of the flyvheel as an energy storage subetation 
concept for aircraft actuation systems. The period of 
effort which this report documents is from October 31^ 1905, 
through December 31, I965. 

This program under Contract AF33(6l5)-2971 is being conducted 
by North American Aviation Inc., at the Los Angeles Division. 

Publication of this report does not consistute Air Force 
approval of the report's findings or conclusions. It is 
published only for the exchange and stimulation of ideas. 

Air Force Aero Propulsion Laboratory, KTD 
Wright-Patterson Air Fore« Base, Ohio 

This program is being monitored by Lt. R. N. Alexander of 
the Aero-Prcpulslon Laboratory. The program is being conducted 
at North American Aviation Incorporated, Los Angeles Division 
with Mr. R. J. Dawson as Program Manager, Mr. C V'. Ilelsley 
as Principal Investigator and with the assistance of 
Mr. C. Simpson, Mr. B. Call, and Mr. C. Crother, on analysis 
evaluation, and testing. 
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ABSTRACT 

The first quarterly report for this program establlBhed design criteria and 
performance data for evaluation of the flywheel as a conponent.    The portion 
of effort covered by this second quarterly report includes the studies 
designed to integrate the flywheel into existant aircraft actuation systems 
ani evaluate the weight, reliability, and performance characteristics which 
j.^esult. 

One of the major factors which reduces the accuracy of this evaluation is 
the fact that hardware is not developed and tested which allows accurate 
definition of the flywheel housing, evacuation system, mounting and gearing 
in terms of weight, space, and canpatibillty with the air vehicle environ- 
ment and actuation system components. 

further in the course of the system investigations, several apparent facts 
were brought to light which tended to suggest an unanticipated necessity 
to direct development effort, in the exploitation of flywheel energy 
storage, toward utilization of all-mechanical couplings between the fly- 
whee1  input and output components.    The development level of these couplings 
whether they be, direct, on-off clutches, or servo controls, will establish 
an important measure of the probable successful application of the energy 
storage substation, in reducing air vehicle weight, within the minimum 
reliability limits that are acceptable. 

Performance of these studies revealed many basic relationships vhich are 
essential to the evaluation of the use of the flywheel as an energy storage 
substation that would not otherwise have been apparent. 

The studies covered two basic areas \/hlch v/ere, continuous duty cycle 
operation as typified by the XB-70 elevon system, and intermittent duty 
cycle operation as typified by the XB-70 landing gear system.    The elevon 
system studies compared a hydraulic powered energy storage substation and 
an energy storage substation with hydraulic power input and mechanical 
power extraction to t^e system currently in use on the XB-70.    In each 
instance the compared systems equaled the basic system in reliability and 
were Judged in some areas to exceed tiie basic system in performance. 

The measure of comparison then became weight.    On this basis the compara- 
tive systems turned out as follows: 

1. BASIC SYSTEM 2005„5 lbs 

2. ALL HYDRAULIC ENERGY STORAGE SUBSTATION SYSTEM       13^8.7 lbs 

WEIGHT SAVINGG I56.8 lbs 

3. HYDRAULIC INPUT MECHANICAL Ol/TPUT ENERGY 
STORAGE SUBSTATION SYSTEM 1539.0 lbs 

HEIGHT SAYINGß ^66.5 lbs 
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The landing gear nynttm studies used essentially the Mae spproach. In 
this case the comparative weights becane: 

1. BASIC SYSTEM (Weight of items which change weight)  612 Ibüi 

2. ALL HYDRAULIC ENERGY STORACZ SUBSTATION SYSTEM     600 lbs 

WEICHT SAVINGS 12 lbs 

3- BASIC SYSOEM (Weight of items which change weight) 1503.1 lbs 

k.    HYDRAULIC INPUT MECHANICAL OUTPUT FMERGY STOPA« 
SUBSTATIONS 1190.8 lbs 

WEIGHT SAVINGS 312.3 lbs 

Analog computer data accumulation runs were completed on the F-100 hori- 
zontal stabilizer system. However, the data have not been completely 
reduced and digested so the final conclusions to be drawn from this effort 
will be included in the final report. 

vl 
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SYSfltM ANALYSIS 

In confomance \rLth  the terms of the contract numerouE systems Incorporating 
the flywheel as the energy storage device have been studied. Also in 
conformance with the contract the bulk of the effort has been concentrated 
on configurations 1 through 4, page 22 of M.-6^-l?h.    Each of the systems 
corresponding to these configurations is basically hydraulic but involves 
some variations of coiqxment arrangements. The one exception to this 
general rule is the fact that configurations 3 and 4 cell for the use of a 
mechanical rotary hinge as the power output device in place or the con- 
ventional hydraulic linear actuator. 

It was also planned to direct at least half the studies towards a relatively 
small airplane such as the F-100 so that comparisons could be made between 
it ard larger aircraft. However, it shortly became apparent that, when 
the relatively low power requirements of this air vehicle were coupled with 
the need for multiple substations to meet redundancy recuireroentE, the 
individual substations becsme very small. Flywheels on the order of a 3- 
inch diameter turning at 200,000 rpm powered by hydraulic motors smaller 
than any existing frame sizes seemed to be what was required. In view of 
the problems involved in arriving at a fair weight comparison when dealing 
with subml nlature conrponents operating at speeds outside conventional 
component experience it was decided to concentrate on the KB-70 where 
systems of more reasonable size would be required. As a result the studies 
were concentrated on powering the XB-70 elevon system and the XB-7Ü landing 
gear system. 

The problem of working with components of practical size, however, did not 
have an effect on the analogue computer studies. These studies continued 
using the F-100 horizontal stabilizer at 3000 PSI system pressure. The 
studies were based on flywheel power Input and output shafts that have 
maximum angular velocity of 100 radians/second. The conversion to higher 
angular velocities by assumed gearing, has the effect of reducing the 
moment of inertia and weight at the expense of greater stresses in the 
flywheel material. In summary the study efforts which were oriented toward 
practical hardware considered XB-70 systems, wiiile»those which Mere  oriented 
towards control system characteristics continued considering F-100 require- 
ments as was originally planned in the contract. 

Ilie accomplishement of these studies revealed several basic relationships 
between substation components and pointed to possible considerations that 
would not have been apparent had it not been for the Btudles. Several of 
these significant facts are as follows: 

1. Transmittal of losses from source of power to remote station - Con- 
ventional arrangements for driving hydraulic pumps from the engine pad, 
discard the pump inefficiency losses as pump case and fluid tenperature 
increases. If the flywheel energy storage concept should relocate a 
portion of the punip capacity to a remote position, these losses would 
be transmitted to the remote position before being discarded as heat. 
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The transmission of these losses requires Increased trunk line capacity 
aiid reduces the benefits derived from the flywheel substation concept. 
This sane principle Is applicable for cases where the tranRuisslon from 
the engine to the remote station is mechanical, electrical; or pneumatic. 

2. Pump capacity versus maximum system demand - Jty application of the fly- 
wheel substation concept to conventional hydraulic systems which have 
engine driven pumps sized equal to or larger than the niAvinmm system 
flow demand, a reduction in pump size at the engine can be effected. 
Tti€ reduction, however, does not reduce the total pvmplng capacity, 
therefore, does not reduce total pun?) weight,  since it merely relocates 
a portion of it from the engine to a remote energy storage substation. 
TMB reduces the maximum flow requirement through the trunk lines which 
connect from the engine to the energy storage substation.    The weight 
trade which must be evaluated is between the trunk line reduction and 
the flywheel equipment addition. 

3. Flywheel speed reduction versus punp capacity - The weight of a fly- 
wheel is greatly effected by the allowable speed reduction, i.e. the 
minimum speed to which it is allowed to degrade at the end of its duty 
cycle.    If the flywheel is coupled to a variable or fixed delivery 
pump, the maximum output of the pump reduces in proportion to the 
flywheel speed, and therefore, the required pump size Increases in 
proportion to the allowable flywheel speed reduction.    Each application 
of a pump-flywheel unit has a combined component trade-off for minimum 
weight.    This trade-off is heavily dependent upon the weight of the 
flywheel   housing evacuation system, mounting, etc.    Since these 
components have not been developed and tested,  it is difficult to 
assign a high degree of confidence to this basic building block in the 
concept. 

U.    Flywheel versus accumulator as energy storage substation - The flywheel 
coupled to a hydraulic pump performs essentially the same function as 
a hydraulic accumulator in that it ßupplles flow for peak demands when 
the maximum steady state supply is exceeded.    A basic difference exists 
in that as an accumulator becomes depleted, the pressure supplied drops 
and approaches the accumulator precharge levels, while the flywheel 
driven pun?) will retain its pressure level until its flow capacity is 
exceeded. 

i 5.    Subsystem weight versus punplng system requirements - There will, often 
be instances where trade-off of hydraulic substation energy storage, 
when considering a particular subsystem, will yield a weight saving 
over conventional arrangements.    VTlien this occurs it would be essentially 
the result of reduced trunk line capacity between the engine driven 
pumps and the subsystem components. 
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However, when all BubsysteinB are considered it frequently occurs that 
the engine driven pumping system and trunk lines must be of, or near, 
the original capacity to support other subsystem functions.    Such 
weight trade-offs cannot be accurately evaluated without taking into 
account the complete air vehicle systems and determining if all systems 
could be proportionately reduced by application of hydraulic energy 
storage substation concepts.    In any event, as the number of non- 
simultaneous peak load subsystems Increase, the amount of weight savings 
which can be allocated to each flywheel substation reduces. 

I 

Hydraulic actuator area unbalance flow requirement - The concept of 
hydraulic energy storage substations through flywheels does not assume 
individual reservoirs, but assumes that fluid is locally pumped from 
the return lines to the pressure lines.    In the case where an actuator 
has high loads in one direction only and has a large diameter rod to 
support column loading, the trunk line capacity is essentially establish- 
ed by the volumetric displacement of the rod.    Increased flow, through 
the flywheel substation, from return to pressure does not reduce the 
trunk line capacity requirement caused by the rod volume. 

7. Maximum pump speed and flywheel speed incorapatability - Maximum hydraulic 
pump speeds range from 5000 to 15,000 rpm.    Flywheel speeds using 
optimum design parameters range from 30,000 to 100,000 rpm.    In all 
cases of iiydraullc energy storage substations a gear reduction box is 
required between the flywheel and hydraulic pump. 

8. Utility function   characteristics and possible "all-mechanical" power 
extraction - For the cases of utility actuation functions typified by 
a fixed displacement and time for each cycle, it is possible to assume 
a flywheel directly coupled through a clutch and gearing to the load. 
Such a system arrangement could consider the output rate to vary in 
propertlon to the speed decay of the ilywheel and the instantaneous 
gearing ratio existing throughout the cycle.    Also it is possible as 
in a landing gear cycle to use over-center linkage to allow the clutch- 
ing act-'.o.i to occur while the high Inertia members are moving at 
essentiaJly ^ero rate and hence requiring essentially zero power 
dissipation during the slipping portion of engagement. 

4» 

Ihe system stuües from which tlie above discussions were derived and upon 
which specific weight reduction were determined follow. 

< 
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STUDY OF XB-70 ELEVDN SUBSYSTEM 

Present System - The present elevon system used on the XB-70 cooslsts of 
12 In&lvldual elevon panels (6 on each side of fuselage center line) each 
of which is operated by two servo controlled hydraulic linear actuatdars. 
(See Figure l)   Alternate actuators in each of these actuator pairs are 
operated by separate independent hydraulic systems.    The failure of one of 
these hydraulic systems will cut hinge moment (load) capabilities in half 
but leave low load rate capabilities essentially unaffected. 

The basic requirements which this system is designed to meet are as follows; 

1. ^^250,000 in-lb hinge moment at a rate of 7 dtgrees per second per 
system (or per side, i.e. 6 panels) is the maximum power requirement. 

2. Maximum rate equals 28 Aegrees per second at zero output hinge nwrnent. 

3. The outer two panels on each side are deactivated when the wings are 
folded during the high speed portion of the mission profile. 

A plan view of the general layout of the system is shown in Figure 1.    The 
mean distance from the power source (secondary power bays) to the elevens 
is approximately 90 feet and the mean tubing siae is 1-1/8 inch diameter. 

The measured demands of the XB-70 flight control system show the following 
hydraulic system (one system ) requirements: 

Fuel pvn^p drive hydraulic motors -    16 GPM 
(steady state) 

Elevens - Low Hinge Moment (low pressure) - 124.6 GPM 
at 25*/Bec   (Max-'-nun average) 

ELevons - Continuous motion, High hinge -    15 GTM 
moment 3"/sec 

FACS servos (yaw, pitch,  roll) Master -      6 GPM 
Actuators 

System LeaJcage  (continuous) -    9»6 OFM 

Wing Fold -    33-^ GPM 

- » 
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Hydraulic Energy Storage Substation 

The substation la Integrated into the system as shown In Figure 2 and 
consists of: 

1. A fixed angle, variable displacement motor-pun?) unit, 1.25in3/REV« 
maximum displacement, which supplied 30 GPM at 6000 RPM and which will 
wind down to 22.5 GPM at 1^500 RPM is selected as the flywheel power 
transmission device.    Input flow will be from a kOOO PSI system with 
line loss set at 10OO PSI.    Effective motoring pressure vrULL then be 
3000 PSI.    One unit in each wing win supply a single system,    {h will 
be required for the total A/v two system requirements.) 

Windage loss of the motor is estimated by extrapolation of measured 
torque values of 5 in3/REV and 2.5 in3/REV displacement Vickers pumping 
units.    This value is 210 in-lbs and by conversion: 

Iip    __    (210 ^MfOO ^    -    20 HP/UNIT 

2. A gearbox which will transmit 60 horsepower maximum and have a motor 
to flywheel gear ratio of 6000 RPM to ^0,000 RPM. 

Windage losses of the gearbox are estimated at 8 percent of total trans- 
mitted peak HP. 

HP loss    -    .08 (60)    =   k.Q HP/UNIT 

3. A flywheel enclosed in an evacuated case and sized as follows is used 
in the energy storing device 

a. Flight Control Peak Requirements 

ELevons 12'* GPM 
PACS & Master Act.        6 GPM 
Sys. Leakage 9.6 GPM 

139.G GPM/SYS 

b. Supply syst'ira 

Substation 22. S GPM/l'n't   kj  GPM 
*-Hnglne Driven Pumps     ')h  GPM 

139 GPM/SYS 

*HDTK:    Flight Control Requirements 9^ GPM 
Fuel Pump Drive l6 GPM 

110 GPM/SYS. 

110 GPM/SYS Required at 6l^ engine RPM 

öl-o (180) = 110 GPM - (3 pumps at 60 GPM each). 
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3. Continued 

c. Flywheel sizing 

HP system - ^ ^j^2600 reI) . U5.5 

HP gearbox windage « k.& 

HP pump windage = 20.0 

HP flywheel windage (See report   =  1.^ 
NA.63-325 - Evacuated Flywheel) 

TOTAL = 71.8 HP 

Taken for 12 SEC period at 50^ of time 

HP SBC = 71.8 x 6 = ^30 

Prom Figure h NA6 5-825 

flywheel radius     -    SO IN 
weight     -   13.0 LBS 
RPM =   43200.0 

Systems Evaluation 

Steady state flow requirements are as follows: 

a. Fuel Pump Drive l6 GPM 

b. ELevons 15 GPM 

c. FACS & Master Act. 6 GPM 

d. System Leakage 9 GPM 

e. Substation Windage 
(26.3 HP x ITlU) o 30 GPM 

f. Total steady state flow 76 GBI 

Peak requirements are as follows:    (At Substation) 

a. ELevons 12^ GR1 

b. FACS & Master Act. & Leakage 15 GPM 
139 GPM 

8 
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As substations are capable of 1+5 GFM output peak line flow fron engine 
pumps to wings Is equal to 9^ GPM.   As soon as steady state conditions are 
restored to 76 GFM a mlnlnum of 18.0 GFM will be available for substations 
wlnlup. 

Wt. Conparisonfl 

ITEM (ENG. STARTING NOT COIEIDERED)  

Engine Driven Pinaps    3 required 

Llnee    9^ GPM vs 1^ GPM 

Fittings 

Supports 

Motor Pump    2 (30 GPM at 6000 RPM) 

Gear Box   2 units required 

Subsystem Installation 

Flywheels Incl.  Housing and Support   2 required 

WEIGHT ESTIMAIE 
SUB-STATION 

CONCEPT PRESENT 

180 300 

115.2 I6O.5 

70 100 

20 1+0 

60 

2^ 

20 

U6 
53^.2 600.5 

Mechanical - hydraulic Enerfflr Storage Substation 

The proposed system is shown schematically in Figure 3»    This system 
utilizes six power hinges per side, one for each eleven panel.    There are, 
however, only three energy storage substations.    The three substations 
utilize output shear shafts so that in event of failure of any one sub- 
station the other two can shear the third substation's shaft and continue 
elevon operation unimpaired.    In contract to the hydraulic system the 
energy storage system will loose only l/3 of its hinge mawent capabilities 
and none of its rate capabilities in the event of failure of one power 
supply system or of the energy storage substation itself.    It will be 
noted that all the energy storage substations are located inboard of the 
wing fold line.    This is necessitAted by tl--.. fact that the outboard elevons 
must be deactivated after wing folding. 

The basic requirements which the XB-70 elevon powering system must meet 
are tabulated in the following list: 

< 

J 
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(HM)   Max. Hinge Moment (at Burface)    » 4,250,000 in-lb 

Max. Hinge Monent per elevon       =       708,333 ln-lb 

(Wp)   Max. Power Rate » T'/sec 

- 1.16 RPM 

= .1215 Rad/sec 

(uJj    Max. Rate = 26,/sec    =   4.54 RPM 

(6)     Max. Deflection (amplitude) = ± 26° 

= .486 Rad. 

It is assuned that in the worst condition, the elevon powering system will 
have to meet is a Binusoidal power output duty cycle in which the elevons 
go through a maximum excursion of ± 28 degrees.    It is further assumed that 
the peak power requirement occurs at 4,250,000 ln-lb and V/eec.    The 
resulting  ycle is as shown in Figure 4.    It is obvious that the Telocity 
would call for infinite acr.eleration.    However, since the inertia of the 
elevons is ^ery small relaolve to the loads involved, the adoption of this 
sinqalifying assunption does not lead to significant error. 

On this basis it can be said that: 

Pa   = Pm 
/r 

s .707 Pm 

Where: 

Pa = average power delivered (IIP) 

pm = max. power delivered (HP) 

And 

P   = 
HM x to 

Where: 

HM =   Hinge moment in-lb 

uj =   Angular velocity (RPM) 

Also it can be said that: 

HMA   =    m^ax 

2 
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Therefore, In the case of the XB-70 elevon System, the Input hiiwe aoaent 
(a^i) to the mschanlcal hinge (Figure 2) assvnlng the hinge Is 05 percent 
efflelenx will be 

H^   -    '707 ^1 m 
-   770,000 ln-lb. 

during the opposing load portion of the elevon motion. 

During the aiding loed portion of the motion, assuming the reverse power 
flow efficiency Is the same as nonnal flow, the aiding hinge mooent Is: 

HM^   =    .65 A .707 x 708,333 

«    325,000 ln-lb 

It will be noted from further examination of Figure 3 that there is a 
parasite loss associated with the mechanical hinge which means that, when 
the output power requirement goes to zero, there is still a significant 
Input power requirement to overcome the bearing and lubricant threshing, 
windage, and friction losses.    The magnitude of these losse'- vary depending 
upon the design and gear reduction characteristics of the po .^r hinge. 

v However, it can be safely said that they will seldom exceed 10 percent of 
the maxiraum rated power output of the hinge. 

Based upon this fact the simplifying assumption made to approximate these 
losses is to consider that the average power input to the hinge during the 
opposing load portion of the cycle occurs during 110 percent of the half 
cycle and conversely that average power recovery during the aiding load 
portion occurs during only 90 percent of its half cycle.   This is shown 
graphically in Figure 3. 

Based V&JH this modification therefore the hinge moments Just determined 
would be modified as follows: 

ffltoi (opposing)   =   770,000 x 1.1   =   8^8,000 in-lb 

BMAi (aiding)        =    325,000 x 0.9    =    292,000 ln-lb 
|, 

Th'i net energy which must be supplied at each power hinge input during each 
cycle if tne storage system is not to be progressively depleted is: 

HUM ne't   =    (8W,000 - 292,000) 

=    556,000 in-lb/cycle/elevon panel 

13 i 
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Therefore: 

PA . K6'^1'16     - 10.20 HP/panel 

or for the complete system of 12 panels: 

PA • 122.U HP 

Based upon the preceeding data the peak torque (%) demand from the sub- 
station, assuming 98 percent transmission efficiency from the substation 
to the mechanical hinge and a 5000 to 1 speed reduction ratio for the 
mechanical hinge, would be: 

LS U5)Tf(Wx2(y)00) = ^ m-lb/substation 

To meet the maxjaum surface rate requirement of 26,/sec the substation out- 
put speed would be: 

W-* S mUJ surface x 8ear ratio 

= 4.5t RPM x 5000 

= 22,600 RPM 

The size of the flywheel used in the substation will be determined by the 
magnitude of the excess energy demand during that portion of the cycle 
where energy demand exceeds energy supplied. For this system, as has 
already been shown, the power supplied to prevent rundown will be 
PA = 10.2 HP/panel or 20.1+ HP/substation. This can be converted to: 

**'*■" aciüs; "^ für? - ^'^ «Station 
The l/2 cycle during which opposing loads exist represents that portion of 
the cycle where energy demand exceeds energy supply. The energy balance 
luring this period is as follows: 

Energy demand work   = HMAI 
X
 distance (20) 

»   81+8,000 1?1~lb  x 2 elevons x .972 
'   eleven 

= 1,61+3,000 in-lb 

Baergy supplied work  = PA x 1.1 t 

Where: t = time in seconds for 1/2 cycle 

t 

t   >   8 seconds 

11+ 

2 x .486 rad/l-2 cycle 
.1215 rad/sec 

m 
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Tbervfore: 

ln«rgy «vppUed - 13^,000 x 8.8   -   1,178,000 In-lt 

«•t energy required   - 1,0*3,000 - 1,178,000 

- 1*65,000 In-lb 

AasiBdLog an allowable flywheel speed reduction of 10 percent, the total 
energy storage capability (from Figure k,  NA55-Ö25) should be approximately 
2,J*50,000 In-lb. 

A aschanical energy storage substation which should meet these requirements 
is shown in Figure 5.   The flywheel is integrated with the input toroid 
of the mechanical servo, therefore it is assumed that a lower fatigue 
strength material will be used to provide leeway for selecting the material 
with the most desirable bearing properties at the roller-toroid contact 
point. It is assumed that the material, as a flywheel, has an endurance 
limit of 100,000 psi. Using the previously determined total energy require- 
ment the size, shape, and weight at the flywheel cnn be closely ajiproxlmBted 
from page h22,  Appendix A of NA65-825. This shows viät an 8 inch diameter, 
.030 inch tip thicimesB, 9.536 lb flywheel has a fcinecic energy slightly 
in excess of that required. 

Lumping this weight in with that required for a flywheel housing and a 
properly sized mechanical servo gives a total energy storage substation 
weight of 60 lbs. Additional data on the expected performance of the energy 
storage substation including an expected 9^ percent transmission efficiency 
at 42.5 HP (rated output) is shown in Figure 5« 

Ac has been previously pointed out the portion of the total power supplied 
to the mechanical hinge which must be drawn from the main system to prevent 
run down is 20.4 HP. Allowing for the efficiencies of the intermediate 
shafting and the energy storage substation the power which must be supplied 
to the energy storage substation input Is as follows: 

The power input device can be pneumatic, hot gas, mechanical, electrical, 
or hydraulic. For the purposes of this study a hydraulic power input 
device will be assumed. Therefore based upon a 4000 psi system (3000 psi 
differential pressure available across the device) the input flow required 
will be: 

m   1714 xP 
H psi 

iffii^p  . 12.6 VH 

15 
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To meet this damand a hydraidic motor with 0.5 ln3/rev. dlapLaeenent 
operating at TOGO rpn vlll be required. The approximate windage losses 
for a unit this size operating at this speed will be about 3.9 HP or 2.2 
GFM« 

"Hiemfore the flow logput required per substation will he: 

Q - 1U.8 OFM 

and the flow per system or side: 

Qu = 3 Q . kk.k  GPM 

and the total flow for the six substations on the air vehicle 5s: 

Qt - 2Qe - 88.8 GPM 

Based upon the flow per system (Qe) determined above, the engine mounted 
ptanps would be sized as shown in the following tsbulatloms 

Total simultaneous flow requirements for primary hydraulic system. 

Fuel Punq? Drive 16 GPM 

FAC6 & Master Actuator     6 GPU 

System Leakage 9 GFM 

KLevon Substations       kh.k GPU 

75.^ GPM 

A aumnary of the weights of the components making up this system and its 
total weight is shewn in Table IV. This table also compares the weight of 
this system with the other two eleven system approaches studies, i.e, the 
base line (present) hydraulic system and the all hydraulic energy storage 
substation system. 

17 
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TAHi I 

CQMPABATIVI SYBTBf WBIOSEB (LBS) 

OOMFQRBfr 
EBBCRUTIDN 

Inglne Driven PuBpe 

Qjrdraullc Lines 

hydraulic Fittings 

Line Supports 

Manifold Filters, 
Ripple Dasqpers, etc. 

hydraulic Actusttort 

Substation Fevering 
Device 

Auxiliary Gearboxes 

Substation incl. 
flyvheel 

Substation Instal. 
Brackets, etc. 

Mechanical Hinges 

Connecting Shafts 

Heat Kxehangers 

TOEALS 

Weight Savings 

FRBQDfT 
XB-70 KLKVDR 

SUSBYSTBf 

300 
(3-15^ GPM) 

I6O.6 

100 

ko 

6aM 

780 

HYISAXIC 
EHBRGY STORAGE 

SUB3TATIQH 
SYSTBI 

180 
(3-91* QPM) 

115.2 

70 

20 

^63.5 

780 

60 
(  2 - 30 OPM 

6000 RPM) 

2k 

h6 
(2 required) 

80 

2005.5 lbs 

None 

18^8.7 lbs 

MKE HnSAXIC 
HODRGY STQRACB 

SUMTATIDH 
SYSTEM 

150 
(3-7^.5 GPM) 

100 

60 

18 

371 

2^ 
(3 - 14 GFM ■ 
7000 RPM) 

10 

180 
(3 required) 

60 

5^0 

17 

 9_  

1539 lbs 

156.8 U66.5 

18 
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STUDY OF XB-70 LAKDIKG OSAB SUBSYSTPi 

Prefice 

Thl» study attenpts to establlßh system concepts and weight compari- 
son« between the first three "Possible Configurations" as listed in the 
contract for an intermittent duty type function. 

Discuasion 

Energy stored in the Torm of motion can be converted into hydraulic 
energy only through a pump.    Since pump size is dictr'-ed by rate require- 
ments it follows that for a given operating pressure, the punqping capacity 
of the sub-stations plus the engine driven pumps (configuration 2 of the 
contract) must be at least as large as the engine-driven pumps in the standard 
system (configuration 1 of the coirtract).    Therefore, any added weight of 
flyvheel, gearbox, filters, etc.; required for the energy storage substation 
configuration must be off-set by savings in weight of the trunk lines and 
engine-driven pumping system.    The large air vehicle with long, large 
dianeter trunk lines appears to offer the best opportunity for this stored 
easrgy concept, therefore, the landing gear requirements of the XB-70 are 
used in this study. 

One approach is to install one flywheel, geared to a motor-pump, in 
each wheel well to supply as much as possible of the energy used in that 
wheel well, while requiring the engine-driven pumps and trunk lines to supply 
only enough fluid to charge up the flywheels prior to use and to make up 
any deficiency in fluid resulting from unbalanced actuators and fluid 
corapressabHity.    This is Investigated as configuration 2 and conforms to 
configuration 2 of the contract. 

The XB-70 gear system is designed to minimize Installed weight, to be 
as simple at possible, and to have maximum reliability.    It tu not economi- 
cal in terms of total quantity of energy used.    This wasted energy which 
represents a negligible quantity of fuel, results from the use of flow 
regulators to maintain constant rate in landing gear operations, regardless 
of load variation. 

In a stored energy system this waste may result in a nou^ceable increase 
in weight of storage equipment, tiiij^efore, a second system is investigated. 
Configuration 3 represents a system in which a rotary mechanical hinge, 
driven directly by a flywheel, powers the Individual operation.     Due to 
acceleration rate control Inherent in over-center linkages,  this system 
minimizes wasted energy while providing simplicity in speed control.    How- 
ever, since subsystems which power non-simultaneous functions, demand a 
continuous flow of energy to keep their flywheels wound up,  it foUows that 
the weight saving in engine pumps and trunk lines tends to disappear as 
the number of subsystems Increases. 

19 i 
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CONFIGURATION #1 

Description 

Primary Power - Jet Engine 
Secondary Power - Hydraulic Pumps 
Control - Hydraulic Valves 
Actuator - Linear Hydraulic 

This configuration is that used in the B-70 air vehicle as well as 
most other aircraft. It will be used as the standard against which other 
configurations will be evaluated. To simplify evaluation, B-70 landing 
gear system will be used but the pumping and distribution system will be 
resized tt support only the landing gear system. Other hydraulic leads 
tend to be additive and will be omitted. 

In this configuration two nydraulic iystems divide the gear functions 
for normal operation and either system can power all functions at reduced 
rate for emergency operation. A three line system with shuttle valve at 
each actuator is used. 

Figure 6 is a simplified schematic of this syster.:. Table II shows 
the power requirements for roifiguration 1. 

Z 
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T 
TABI£ II 

LANDING GEAR POWER RBQUIRKMENTS 

** 
<* 

FUNCTION 

Nose Gear 

Brakes 

Operating 
fiae 
Sec 

Door Open ^.5 
Door dote 3.0 
Gear Extend. 15-9 
Gear Retract 11.3 

Steering 5.0 

Main Gear 
Door Open h.3 
Door Close 3.0 
Gear Extend 12.5 
Gear Retract J.h 
Bogie Rotate 5-5 
Bogle Unfold 5.5 
Bogie Fold 5.5 

Flow 
Req. GPM 

5.1 
5.1 
5.5 
h.5 

5.0 per application      7.0 

11.3 
12.3 
12.5 
15.1 
5.5 

19.7 
2k.k 

2.0 per application S.h (Ave) 
10.8 (Peak 

■4 ' 

Combinations of Flow Required: 
Normal operations - System 1 

II    Nose Door Open    +   Main Door Open    = 5-1 + 2(11.3)= 27.7 GPM 
2. Nose Gear Extend + Main Gear Extend = 5-5+ 2(12.5)=30.5    GPM 
3. Steering    +   Brakes     =   7 + 2(10.8) = 28.6 GPM 

Normal operations 
1. Bogle Fold 
2. Brakes 

• System 2 
- 2(24.10 
= 2(10.8) 

48.8 GPM 
21.6 GPM 

Engine Pump Size 

Pump efficiency at kOO F     =     86^6 (asatmed) 
Engine RPM at gear extention = 8050 (assumed) 

System 1 30.5 hk.h GPM 
B056 x 86^ 

System 2 kQ.k 
= 56.4    GPM 86^ 

22 
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Two PV062 Pumpe at TOOO RPM =■ 56.U GPM 

COMPARISON WEIGHT OF CONFIGURATION 1 

Weight of Items which will be changed In other configurations; 

Eng. Pump, lb.    (2 PV062) 

Filter 50 GPM 

Trunk Lines & Fluid: 

Main Gr    116 x 1-1/8 OD 

Nose Gr    112 x  l/2 OD 

Line supports, etc. 

A/V Weight ,  Total 

56 

18 

96 

20 

116 

306 

612 LB 

23 
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CONFIGURATION #2 

IBCRIFIION 

Frimary Powar - Jet Inglne 
Secoadaiy Power - hydraulic Punqp 
Soeify storage Subsystem - hydraulic Motor-Pump-Plywheel 
Cootrol - Hydraulic Valve 
Actuator - Linear Hydraulic 

IMs configuration cooslstc of a flywheel geared to a motor-pxiqp, In 
each wheel well,  to supply as much as possible of the energy used In that 
area.    The engine driven puqps and trunk lines are sized to charge 19 the 
flywheels prior to use, and to supply sufficient flow to make up the suction 
requirements of the whbel well mounted pumps resulting from fluid com- 
pressibility and differential displacement of unbalanced actuators» 

To be comparable to the B-70 arrangement the bogie is folded by one 
system and other gear operations are powered by the opposite system.    The 
flywheels will be sized for a 10^ speed reduction   and in emergency use 
with one system out of action, the extra demand will be supplied at a lover 
rate as the flywheel slows below 90^ speed. 

Table III shows the flow requirements needed to maintain the inlet 
fluid simply of the flywheel powered pumps when system actuators are 
extending. 

Figure 7 shows the soheamtic of a flywheel stored energy system. 
Additional functions, such as wheel door, bogie rotation, etc., are provided 
17 addition of another valve, plumbed in parallel to the first one.    When 
any valve is energized to an actuation position,    the drop In system pressure 
switches the motor-punqp from the motor mode to the pumping mode.   When the 
function is completed the pressure rise will return the motor-puqp to the 
motor-mode. 

Boergency extension is provided by the other system, supplying pressure 
through emergency lines and shuttle valves at the actuators.    Return flow 
is routed to its proper system by the emergency selector valve. 

Reliability is therefore, that of two separate systems down to the 
shuttle valve on each actuator, as in the basic B-70 prior to addition of 
the completely non-electrical gear extension system. 

2\ 
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TABIX    13 
:■ 

ENGINE-DRIVEN PUMP GTZED TO SUPPLY INI£T FLOW FOR FLYWHEEL PUMPS 

FUNCTION 
| DISPLACEMENT             | OPER, 

Time 
Differential Flow 
Req. from Eng.Pump 

TOTAL 
IN Out Flow Req. 

Cu. In. Cu.  In Sec. Cu In/Sec        GPM GPM 

Nose Gear 

Door Open 87.I 55.Ö 4.5 31 1.8 5.1 
Door Close i   55.0     !      07.l 3.0 - - 5.1 
Gear Ext. I 337.       '     19^. 15.9 143 2.3 5.5         ' 

: 
Gear Ret. 19^. 337. 11.3 - - 4.5 

Ste-Tlne 70.2 78.2 5.0 per _ _ 7.0         i 
applica. 

i 

Main Gear 

192. 13^. 4.5 58 3.4 

! 
■ 

Door Open 11.3 
Door Close 13^. 192. 3.0 _ 12.3 

1   .> 
Gear Ext. 59^ k2h 12.5 170 :>.o 12.5 
Gear Ret. 1*24 59^ 7.4 * 

t 15.1 
Boßle Rot. DN 126 112 5.5 14 • 7 5.5 

0 UP 112 12o 5.5 - 14 -   .7 5.5 . "Unfold 'til                  :        517 5.5 _ - 19.7 
"    Fold 511 411 5.5 105 5.0 24.4 

Brakes 2k- ..J2 2.0 per 
I cipplica. 12 3.1 1J.4 Ave 

10.8 peak 

COMBINATIONS OF DIFFEREin riAL FLOWS REQUTPJJP ;;T '.:; ENGINE-DRIVEN PIM PS 

Normal or Emerpency(Spllt or single)Sy5tei:i Operation 

1. Nose Door t- Main Doo^ Open ^ 1.8 + 2(3.4) =  8.6 GPM 

2. Nose Gäar : Mr.in ar Ext.    2.3 + 2(3.6) =  9.5 GPM 

3. Nose Gr Ext. + Bogie Rot. + Unfold = 2.3 + 2(„7) - 3.7 GPM 

4. Boclc Fold =2(5.0)     =10  GPM 
5. Steennc -' Brakes =2(3.1)    =6.2 GPM 

Maxiir.:jn puiap 'jize required for 'ear extension with enfine at oO^ RPIU 

8.5 
„v  p^  = 13.8 GPM 

Maximum pianp jizc required for ^ear retractiot; with engine at IO^J RPM; 
10 

The engine driven-pump will be a ^7024 producinc 13.8 GPM ai 8600    RPM. 

26 
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r. 
TABLE IV 

ENKRGft STORAQB 8UBBYS1BM PUMP & fLYWUBEL SIZING 

Energy Storage Equipment 
Sized for Min. Weight 
Bug. Punqp & Trunk Lines 

Engine-Driven Pugg Output 

Gross: 13.8 GPM at 100% RFM 
Net:   11.9 GPM at 1000 RPM 

9.5 GPM at 800 RPM 

1 

FUNCTION 
now Req. 
3700 pal 

From Eng. 
PuOQ) 

Energy R 
Flywhee 

eq. From 
L Pinqp 

Load 

Duration 

Stored Energy    i 

Ft-Lbs               1 GPM GPM HP 

OFM RET EXT Hfc'T EXT RET EXT SEC RET EXT 

Nose Gear 

5.1 
5.1 
5-5 
^•5 

1.6 1.8 

2.3 

3.3 
5.1 

^5 

3.3 
5.1 
3.2 

7.1 
11.0 

9-7 

7.1 
11.0 
6.9 

4.5 
3.0 

15.9 
11.3 

17,600 
18,100 

- 
ü0,300 

17,600 
18,100 
60,300 

Door Open 
Door Close 
Gear Ext. 
Gear Ret. 

Total 96,000 96,000 

13,700 

41,500 

1 

28,000 

41,500 

Steering 
7.0 peak 

7.0 peak 

M 2.3 2.3 

7.0 

4.7 

7.0 

5.0 

15.1 

10.3 

15.1 

5.0 per 
appli- 
cation 

No Brakes 

With Brakes 

Main Gear 
11.3 
12.3 
12.5 
15.1 

5.5 

5.0 
5.9 

5.9 
5.5 

3.8 

3.6 

3"6 

6.3 
6.4 

9.2 

7.5 
7.6 
8.9 

1.9 

13.6 
13-8 

19.9 

1 
1 

33,600 
22,800 

81,200 

■ ■ 

40,100 
27,100 

132,000 

12,400 

211,600 

Door Open 
Door Closed 
Gear Ext. 
Gear Ret. 
Bogle Rotate 

l6.2 
16 A 
19.2 

k.l 

4.5 
3.0 

12.5 
7A 
5-5 

Total 137,600 

""98,000 Pogie Unfold 
Bogle Fold 

19.7 
2U.U 5.9 

U.7      - 
-   il8.5 

15.0 
40.0 

32.h 5.5 
5.5 121,000 

- 

Brakes 

6.k Ave. 
10.8 Peak 

1K8 
6.0 

3.6 1.6 2.8 
1.7 

3.5 
• 9 

6.0 
3.7 

2 to 30 
2 to 30 

55,000 
14,900 

99,000 
61,000 

No Steering 
With Steering 

Total Energy to be Stared: 
Nose Gear Unit: 
Main Gear Unit: 

For Gear Ext: 
For Bogle Fold: 

96,000 Ft-lbs. 

211,600 Ft-lbs. 
121,000 Ft-lbs. 

27 
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NOSfr. GEAR PUMP SIZE 

Maximian Flow Requirements from Table IV 

Gear Extension: 5«1 
Steering: 7.0 

Nominal Pump Size: 

-—-I—,       = 10.1+ GPM 
0O5t x 86^ 

Eng RPM   Pump eff. 

Pump:     PV012 produces 10.U GPM    at    13000 RPM and weighs 9 lbs, 

MAIN GEAR PUMP SIZE 

Maximum Flow Requirements from Table IV 

Gear Extension:    0,9 GPM 
Gear Retraction:   9.2 " 
Bogie Fold: 18.5 " 
Bogie Unfold: 15.0 " 

Nominal Pump Sis?: 

Gear Extension: 
^9 

m  x 86^ 
-   ij.o GPM 

Gear Retraction: 9.2 --      10.7 GPM 
'66% 

Bogie Fold: 18.5 21.5 GPM 
36^ 

Bogie Unfold: 15.0 
= 21.: GPM 

80^ x 86 ^ 

Because each systen must power all functions for emergency extension 
the largest pump is required in each system. 

PUMP:     PV039 produces 21,:■ GPM at 850O RPM     and weighs 22 lbs. 

28 
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FLYWHEEL CHARGING 

Noae Gear Unit: 

Engine-driven pump flow available  (from Table II, is 2.3 GPM. 

Motor displacement =      2•3 ZjjQ x Q^       = .0352 Cu. IN/REV 
13000 RFM 

Yoke ancle = Sin -1    '^     = .0935 = 5° 22' 
•loo X t 

Power = h.2   H.P.    at    3700 psi 
Torque = 20.5 IN-LB. at 3700 psi 

MAIN GEAR UNIT 

Engine-driven pimp flow available  (fron Table II,  is 3,6 GPM. 

Motor diaplacemcnt =      3.6 x 231 x 36^     r j00^ Cu> 1^gEC 
H^OO 

Yoke ancle = Sin ^ .084 
^^Ti  = •0T00 " k0 

Power = 6.3 n.p,   at   3700 psi 
Torque =« ^9.5 IN-LBS at 3700 psi 

29 
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FLYWHEEL DIMENSIONS 

Sized for 10$ Speed Reduction 

ITEM NOSE GEAR MAIN GEAR BOGIE FOLD 

Energy Req., Ft-Lb 96,000 211,600 121,000 
H.?. - Sees. 175 304 220 
Dia., In 12 12 12 
Vel., R/Sec 5,^50 5.^50 5,450 

RPM 52,200 52,200 52,200 
Tip Thickness,  In .08 .19 .11 
Windage Loss, H.P. I.65 1.65 1.65 
Weicht,  LBS. 14 33 19 
Shroud, Support 9 10 9 
Bearings, LBS. 

WEIGHT COMPARISOri 

Stored Energy System - Confisuratlon #2 

Flywheel,  LB. 14 M 
Shroud, Supt., Brcs. Q 10 
Pump, Flywheel Q 2? 
Gear Box, Ratio/ 4:1 6;o 
Gear Box, Weicht 7 12 
Filter 10 GPM 6 20 GPM 10 

45 77 

19 
9 

uJO 
10 

20 GPM 10 

70 

Pump, Engine, Lb. 
Filter, Eng. - Pump, 11.9 GPM 
Trunk L nes, Mn. Gr., 11.9 OFM =116' x 5/8 

N. Gr., 2.3 GPM - 112' x 5/l6 

14 
D 

30.5 
lOo 
61 

S 

A/V Weight, 2 Systens 2 x 45  - 90 
2 x 77 = 154 
2 x 70 = i4o 

2 > -   61 » 122 

TOTAL -- 506 LB. 
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OOHFIQURATION #3 

Description 

This arrangement calls for a flywheel, a clutch actuated either by elec- 
tric power or hydraulic power; a high ratio gear box, a reversing gear, 
a motor and planetary gear to spin up the flywheel, and suitable over- 
center linkage at each point of operation.    If over-center linkage,which 
allows clutch engagement under the minor load of gear box and bcllcrank 
inertia,  iß not used, clutch size and energy losses become quite large. 

Figure 8    is a simplified schematic showing this concept applied to the 
B-70 aircraft.    Figure 9    illustrates how this concept would be applied 
for main landing gear retraction.    In theory, the over-center linkage 
could be the drag brace and also serve as the uplook.    However, the tra- 
vel of an acceptable drag brace is so great that it seems more efficient 
to retain the drag brace and the actuator to break it over-center.    The 
nose gear is treated the sane way.    Wheel doorp «vre too lerpe to be held 
closed by torque at the hinge line, therefore, the door lock actuators 
and   locks are retained. 

The two hydraulic systems operating together share the load for normal 
operations of all the stored energy functions.   Either system con power 
all functions but at reduced speed as the flywheels slow down below 
the IO56 level. 

A pressure controlled valve built into each charginc motor cuts it off 
the line when pressure drops below 3500 psi.   This allows steering, brakes, 
or bogie fold operations tc take all flow from the engine-driven pump, re- 
stricting flywheel charging to times when other fluid requirements are 
less than engine pump output. 

Because this approach requires structural and space modifications of some 
magnitude it is an illustrative configuration only and would be feasible 
only if designed into a new aircraft. 

The addition of the stored onerpy concept using direct mechanical drive 
to the bogie fold operation conflicts with basic design requirements.    It 
appears more practical for this study to redesign the bogie fold actuator 
to require no more flow than that which must be provided for brake opera- 
tion.    To keep the comparison between Configurations 1 and 3 as accurate 
as possible, the basic configuration is changed to incorporate the re- 
vised bogie actuator and is identified as configuration 1-A. 
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gXg atAR EXuBBIDlf. OOHFIQURATION #3 

HBQUIHBflOriV AND A88UNPTIDR3 

Engine RPM « 80^ for gear extension 
Clear extension tine «15.9 Bee. 
Tine between consecutive operations a 30 sees. 
Efficiencies:    Power Hinge ■   65^ 

Gear Set =   95^ 
Overall Mechanlcel =   95 x 95 x 65 = 50.?^ 
Motor Volumetrie      =   06% at i*OOF 

Energy Requirement (fron load-stroke curve) « 601,000 in-lb. 
Jly*rtieel speed reduction « 10^ 

Gross Energy required to extend gear 

Charging Rate 

^   =    2.6 HP 

Stored energy required 

77-6 - (2.6 x 15.9) = 36.2 HP-SBCS ' 

Flywheel size 

Tip thickness <= .Oh 
TAa.. * 8 
Vel. «= 8,250 Rad/sec 

« 78,700 RPM 
Weight = 3 lb 
Weight, Shroud - 4.2 lb 
Wirxiage = .8 IIP 

Motor Size 

Koolnal =   ^^   -   4.95 HP 

PF003 at 3500 psi - 4.95 HP at 11,700 WM - 1.4 uPM 

Weight   -    3.6 lb 

Z 

35 

1 

i 



NORTH  AMERICAN AVIATION. INC       LOS ANGELES DIVISION IA-65-Ö25-1 

Gear Ratios 

FLyvheel to Motor (Gear Set #L) 7QJQO 
U,700 6.73 : 1 

Jtotor to Power Hinge (Gear Set #2) = ^^ = 2.6 : 1 

Power Hinge = ^^5 1^^ : l/2 = 2380 : 1 

gMg GEAR DOOR CLC^ING 

REQUIRBMENTS AM) ASSUMPTIOUS 

Engine RPM - 80^ for gear extenaion 
Door closing time = 3 sees. 
Tine between coneecutlve operations = 10 sec. 
Efficiencies: Power Hinge = 65> 

Gear Sets = 95^ 
Overall Mechanical = 65 x 95 x 95 = 50.?^ 
Motor Volumetric = 86^ at kOOF 

Energy requirement (load-stroke curve) = 75/600 in-lb 
flywheel speed reduction = 10^ 

Gross Energy to close door 

Charging Rate 

lr- >'* 
Stor ;: e^rgy required 

9.8 "(1x3 sec.) = 6.8 HP-Sees 

Flywhsei Sl^e 

Tip thickness = .010 
= 6.1+ in. 
= 10,^00 rad/se-: 
= 10,000 RPM 

V-slg^. = .52 lb 
■^täig' -v bhroud, etc. = 2.6 lb 
' •'ddawrc = .u HP 
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Motor Size 

PF003 At  3500 PSI - 2.h  HP 

at 5700 RPM = 1.2 GPM 

Gear Ratios 

Ply^ieel to Motor (Gear Set 10,500 
=      5,700 

Motor to Power Hinge (Gear Set #2)    =   {p^~ 

Power Hinge =   lf00g0
x 3 ; 1/2   =   400 : 1 

mr    '   acTEMSioN, COHFIGURATIOK #3 

REQb tr ^tiSmS  AND ASSUMPTIONS 

Engine RPM Gear retraction = ICO1?; extension = 80^ 
Gear extension time = 12.5 sec. 
Time between coneecutive operations = 30.8ec. 
Efficiencies: Power Hinge      = 65^ 

Gear Train      = 9% 
Overall mechanical = 65 x 95 x 95 = 50.7"^ 
Motor overall    = 86^ at ^00° F 

Energy (from load-stroke curves) = 735,^60 in-lb 
Energy storage flywheels - 10c/ speed reduction normal. 

1.8U : 1 

1.42 : 1 

Gross Energy to Extend Gear 

2 x 6600 x 50.7^ 
■    96 HP-SEC/system 

Charging Rate 

30 
=    3-2 HP 

Stored Energy Required 

96 - (3.2 x 12.5) - 5-- ilP-SEC 

•f * 
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NORTH  AMERICAN AVIATION. INC        LOS  ANOELEt  DIVISION HA^^-dS^«! 

Flywheel 81M 

Tip thlcknesi ■= .03  In. 
MA. " Q.k  In. 
Vel. ■ 8,000 rad/sac 

- TMOO RPM 
Weight - h.3 It 
Weight; Shroud, etc. » 4.3 lb 
Windage ■ .85 HP 

Motor Size 

Nominal .1M=   $&$>'   ^ ** 

PP003 at 1U,000 RPM » 2.9 GPM 

Weight - 3.6 lb 

Gear Ratios 

Flywheel to Motor (Gear Train #L)       =   iT^   " 5A5 : 1 

Motor to Power Hinge (Gear Train ^) -     Vfab   '   2.8 : 1 

Power Hinge =    ^000^ 12^ :   |   =    2O85 : 1 

MMW mS DOOR CLOSIMG 

REQUIRBMBIKEB ANT ASSUMPTIOMB 

Engine RPM « 80^ 
Door Close Tine - 3 sec. 
Tine between consecutive operations - 10 sec. 
Sfriclencles: Power Hinge     « 65 $ 

Gear Bet       « 95^ 
Overall »techanlcal - 65 x 95 x 95 - 58.7^ 
Motor Volumetric  > 86^ at temperature 

Energy (from load-stroke curves) ■ 112,000 In-lb. 
Flywheel speed reduction ■ 10$ 

Gross Energy to Extend Gear 

112J000 
2 x 6&)T5ü.Y* " lk'k ^-^/»yt« 
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Charging Rat« 

■ » 

LO - 1.U4 HP 

Stored Energy Required 

\k.k -  (1.1* x 3) - 10.2 HP-SK 

Flywheel Size 

Tip thickness - .U10 
Dla. o 8 
Vel. = 8,300 rad/sec 

- 79,000 HPM 
Weight - .8 lb 
Weight, Shroud, etc. = k.O lb 
Windage - .8 HP 

Motor Size 

Komlnel Size ■ IM ♦ .8  , ^ .«, 
So^ x &im = ^ ^ 

PP003 at 3b00 pel ^ 3.26 HP 
= 1.6 GPM at 7700 RPM 

Weight = 3.6 lb 

Gear Ratios 

Flywheel to Motor (Gear Set #L) 
7,700   ^'d ' L 

Motor to Power Hinge (Gear Set #2) 

Power Hinge =  ^L*-^ 

7.700 
1.71 

1 
2 4 50 To- 

BOGIE ROOAai, 00NFIQURATI0N   #3 

RKQUIREMEHTS AM) ASSUMPTZDNB 

Engine 80^ at gear extension 
Bogie rotate time - 5.5 sees. 
Tina between consecutive operations = 30 sees. 
Efficiencies:    Power Hinge =   65^ 

Gear Set «   95^ 
Overall Mechanical -   65 x 95 x 95 - 58.7^ 
Motor Volumetric     -   86^ at temperature 

Energy requirement (Table        ) » 5.5 CSW at 3500 psi tar 5.5 «ecs. 
,   ^ x g500 x 5.5 . 53 HP-SBCS/syst. 

2 x 17.4 x 50.7^ 

39 i 
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t 

'  %. 

Charging Rate 

H - 1.8 HP 

Stored Energy Required 

53 - (1.Ö x 5-5) = ^3 HP-SBCS. 

Flywheel Size 

Tip Thickness = .040 
Dla. -= 8 
Vel. - 8,250 rad/sec. 

- 78,700 RPM 
Weight = 3.6 
Weight, shroud, etc. = \,2 
Windage = .8 HP 

Motor Size 

**^ * mrwo - 3.8 HP 
PP003 at 9000 RPM a 1.85 GPM 

= 3.8 HP at 3500 pal 

Weight = 3.6 lb 

Gear Ratios 

Plyvheel to Motor (Gear Set #L)   ^^ = 8.75 : 1 

Motor to Pover Hinge (Gear Set #2) j^~ = 2:1 

Power Hinge - ^^gq* ^"^ : | - 825 : 1 
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BPgg PUMP - OONFIOURATION #3 

ITEM 

T/tELT V 

Hose Gear Ext. 

Rose Gear Door 

Nose Gear Steering 

Main Gear Ext. 

Main Gear Door 

Bogle Rotate 

Bogle Fold 

Brakes 

Simultaneous rlow 
Required 

FLYWHBS. 
CHARGING 

GP»i 

2.4 

1.2 

(2.9) 5.8 

(1.6) 3.2 

(1.9) 3-8 

16.4 

0!£BER 
REQUXREMEHTB 

GPM 

7.0 

(10.0) 20.0 

(10.8) 21.6 

28.6 

Nominal Pump Size SöITW = "i-6™ 

A PV104 pump at 6100 RPM   =   kl.6 GPM 

Weight    -    38 lbs 

< 
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t 
TABLE VI 

POWER KENGS SIZING 

mm T 
..i-.T- 

NOSE 
(ZAR '+ 

NOSE CZAR 
DOOR 

Max. Torque 
(load- stroke-cruve) 

206,000     20,000 

mm 
(ZAR 

570,000 

.4  

Des. Life, Cycles 

Angular Travel per 
Cycle 

2,900       5,800 

360 36O 

Max. Dla. 

No. Stress Cycles 

8 

1^0 79 

2,900 

360 

10 

165 

Tooth   Stress/cycle        li06,000   459,000 

Xi (over-center 101,000   115,000 
cor. factor) 

479,000 

120,000 

1   ^ of Ult. Torque 

ULt. Torque 

22 22 22 
I-. 

1,300,000 127,000 ; 2,590,000 

ULt. Torque per Inch      190,000 41,500 300,000 

6.6 3.1 Ö.6 

8.4 2.2 12.0 

57 7 103 

MAIN GEAR 
DOOR 

52,000 

5,800 

360 

Lengtn, In. 

Welght/ln. 

Weight, LB. 
4 

5 

9^ 

545,000 

136,000 

22 

236,000 

70,000 

3.^ 

3-3 

11 

BOGIE 
ROTATB 

150,000 

2,900 

80 

6 

I -^ 
1   71,000 

i   71,000 

23 

652,000 

97,000 

6.7 

32 
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TAaE VIII 
WEIGHT COMPARIBOlf 

All lt«na which are different In the two configuration«. 

FIGURAT3 

raw 
CONFIGURATION 1-A OCR ON 3 

»0. UNIT TOTAL NO. UNIT TOTAL 
KBQ. WT. WT. RBQ. WT. WT. 

LBS. LBS. LBS. 

2-5 

LBS. 

finer. Selector Valve 1 3.0 3.0 6 15.0 
10 Port Valve 2   ,   86.0 172.0 0 - - 
Bner. Selector Valve 1        10.0 10.0 0 - _ 

N. Gear Sei. Valve 1          3.0 3.0 3 3.0 9.0 
Door Sei.  Valve 3   j      5.2 15.6 8 3.0 24.0 
M. Gear Sei. Valve 2   |      5-4 10.8 5 3.0 15.0 
Bogle Rotate Valve 2   1      5.4     10.3 0 - - 
Gear Sequence Valve 3 k.9 14.7 3 5.3 15.9 
N. Gear Act. 1 47.5 47.5 0 5.3 - 
N. Gear Uplock Act. 1 3.3 3.3 0 - - 
N. Gear Drag Brace Act. 1 17.0     17.0 2 9.0 18.0 
H. Gear Door Act. 1         26.9;    26.9 0 - 
N. Gear Door Lock Act. 1           3.6;       3.6 2 3.6 7.2 
Bogle Rotate Act. k        k2.0   168.0 0 - 
Bogle Rot. Pin Pull Act. k       hl.Oi l&y.O 0 - - 
Bogle Rot. Latch Act. 2 2.0-     4.0 0 „ - 
Main Gear Door Act. U 27.3   109.2 0 - - 
Main Gear Door Lock Act. 2 3.3       7.6 4 3.3 7.6 
Main Gear Act. 2 207.4   414.8 0 „ - 
Main Gear Uplock Act. 2 4.7        9.'4 0 - - 
Main Gear Drag Brace Act. 2   j       9.0      18.0 4 9.0 36.0 
Bogle Sequence Valve Lines 2   '    13.0      36.0 2 19.5 39.0 
Trunk-Bng.  - Main   Gear 2   :    57A   114.8 2 42.9 85.8 
Subsystem 1   (   81.1     81.1 1 31.1 31.1 
Engine-Driven Pump 1     38.0   38.0 1 38.0 38.0 
Flywheels 0  , - 10 s. 24.8 
Shrouds, Brgs, etc. 0 ; - 10 z 38.6 
Power Hinge 0 !     - - 5 z 210.0 
Motors 0 - _ 10 3.6 3^.0 
Linkages 0 - 5 t 176.0 
Powered Clutches 0 - " ? t 72.0 
Clutch Actuators 0         -          - 16 2.0 32.0 
O'Run Clutch 0          -    '      - 16 s.    ! 4.8 
Gear Sets                                  , _ JL-:. -  • 40 

. i 
255.0 

TOÜÄLS 1503.1 
T 

1 

1190.8 

DIFTCRENCE 312.3 
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SYSgM PERPORMAICE AKALYSIS (AWALOGUE 8TUDIBS) 

The System performance analyses of the energy storage flight control system 
which utilizes hydraulic techniques have been conpleted and the reduction 
of the analog cooqputer generated data has been initiated.    In addition, the 
system configuration utilizing a toroidal mechanical servo, rotary trans- 
mlBSioil chaft and power hinges and a flywheel-induction motor has also 
been evaluated on the analog computer. 

Although the data reduction   on the hydraulic system has not been completed, 
preliminary information indicates the general capabilities of the system. 
The following paragraphs juid graphs will llluatrate the expected Performance 
levels of sucn hydraulic applications,    (figures 10 through 18.) 

TSiis performance analysis utilized the F-100 horizontal stabilizer actuation 
system characteristics and requirements for the test configuration.    The 
linear hydraulic actuator is a dual tandem actuator utilizing 3*000 psi 
hydraulics.    For this investigation, the system was assumed to be one 
hydraulic source driving a single actuator with the hinge moment reduced by 
50 percent. 

As described in the first quarterly report, the hydraulic system application 
consisted of an engine-driven pump, a motor-purap shafted to a flywheel, a 
speed control loop and a linear hydraulic actuator.   A schematic of such a 
system is shown in figure 10.    The contribution of the energy storage portion 
of this system is in satisfying the high flow demands of the actuator. 

Since the flywheel is assumed to be attached directly to the motor-pump and 
hence rotating at the same angular velocity, the flywheel inertias utilized 
in this study can be specified In terms of horsepower-seconds. 

HP-SBCS    = 
IWF^ 

550 X 12 

where I is in IN LB SBC^ and WF is in RAD/SEC.    For example, for I =    20 
and Wp = 100, 

Flywheel Energy = 30«3 hp-secß. 

The actual choice of a flywheel to provide such an energy source would be 
dependent upon    Its maximum useable material strength and be made through 
the tables of optimum flywheel sizes.    Flywheel location and gearing would 
determine the required inertia and angular velocity. 

The nominal size of the engine-driven pump was determined by the hydraulic 
actuator requirements.    With the incorporation of the flywheel-motor-pump, 
it was then determined to what extent toe engine-driven pump could be 
reduced 3n capacity while maintaining satisfactory system performance. 

45 i 
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An examination was first made of the flyvheel-motoa>puq>-spM«d control loop 
to determine the effects of loop gain and torque losses. A block diagram 
of this loop la shown In figure 11. The speed control transfer function, 
using the terminology In figure 11, Is found to be: 

Qo F 'MV^8* k) 
IT. t2 ' fe *   -^ 8 + ***V1 

TT: 

First of all, l/o li t' be noted that Increasing the gains KJvj and K has 
the same effect f.B decreasing I (flyvheel inertia).    Using the following 
system gains, 

K       •«    .OOfi rad/raj/sec 

Kbn   -   2 In3/rad2 

T^     a    A sec 

T2     ■    «2 sec 

PM     =    3,000 PSI 

The transfer function denominator becomes: 

sa+(5^)  s*^ 

For I ■ 20 In-lb-sec2 the roots are about: 

(S + 6.5) (S + .9) 

While for I ■ 2,000 they are: 

(S + 5) (S + .012) 

Hence, as might be expected increasing the inertia (or decreasing Kjv. K) 
slows the loop response.    Increasing loop response however means a 'Jgher 
rate of speed loss or larger speed fluctuations under transient conditions. 

Assuming constant torque losses, e.g., due to windage or friction, a 
determination of motor-puayp flow demands for quleacient conditions can be 
made.   Again using figure 11 terminology the flow into the motor from the 
engine-driven punp to siqpport the torque losses Is: 

Tj>       f TF I 

^7 



NORTH   »ME.1ICAN   AVIATION   INC IOS   ANGELES   DIVISION NA-65-62^-1 

Aaiualng UJfc »100 rad/sec and 1^4 ■ 3,000 FBI, figure 12 showB the flow 
as a function of Kc^K and Tp.    Likewise the steady state speed loss given 
by: 

A0Jf ' w 
1B illustrated in the same graph.    It can be seen that for a given torque, 
Tp,  IncreaBing the gain Kj^K results in a raising of flow requirements 
during qulescient conditions while at the same time lowering the speed loss. 

For speed losses due to transient conditions the flow demand seon by the 
engine-driven pump is: 

<i    '    ^K    (O/Fc 'AlPf)ALOt 

A plot of Q versus^ CPt **& Kb^K is presented in figure 13.    It can be seen 
that for any given speed loss a higher Kbj^K gain results in a higher flow demand. 
Using these data, a plot of engine-driven pump excess flow capability as a 
function of flywheel speed Iocs is shown in figure 14.    Iliis flow capability 
muBt be biased, however, to take into account the steady state flow losses 
which total to about 9*5 JnS/sec  (6.5 InB/sec for the motor-pungj and 
3 InS/sec for the engine-driven pump).    This bias is shown by the dashed, 
straight line.    For a given speed loss, the excess flow available for fly- 
wheel acceleration is represented by the difference between the constant 
flow lose line and the appropriate pump size curve.    Hence, it is apparent, 
for Instance, that the lower pump size (l^ InS/sec) cannot generally recover 
from speed losses in excess of 8 rad/sec.    Recovery from momentary speed 
losses in excess of 8 rad/sec can be made if the existing pressure under 
such flow conditions is large enough to overcome the constant torque loss, 
Tf.    This is determined by the relationship 

**> DM 

Ihe significance of these graphs is that because of these flywheel-motor- 
pump losses, which must be carried by the engine-driven pump in addition 
to its own and the actuator losses, very little size    reduction is feasible 
in the engine-driven pump.    Decreasing the pain KD^K, decreases the flow 
requirements but Increases the steudy state speed loss,    l-'or a 100 rad/sec 
reference speed, a maximum 25 rad/sec speed loss is allowed, even for 
transient conditions.    The effect of increasing the reference speed is to 
increase tiie flow requirements. 

The nominal pump capacity for tnis application is about 30 in^/sec.    Based 
upon the anticipated losses and transient conditions dtiring operation, the 
pump size can be reduced only to an extent consistent with the allowable 
speed reduction. 

1*8 
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r 
In the analog computer data runs varloua duty cycle» were utilised to 
examine eyetem performance.    These were a terrain following duty cycle and 
sinusoidal duty cycles which ranged In frequency from l/8 to 1 cps and in 
anqplitude from * l/k inch to ± 1.0 inches.   At the flight condition utilized 
(.95 Mach at S.L.) stall hinge moment 500 x 10^ la lb (at hinge line) 1» 
encountered at about 1.3 Inches of actuator travel. 

Data reduction has not yet been conpleted to the extent that dynamic perform- 
ance coiqparisons (frequency response) between the nominal and the flywheel- 
motor-punq? systems can be made.    However, those data available indicate the 
relative sizing required for the engine-driven puny and the flywheel for 
allowable flywheel speed losses.    For tie terrain following duty cycle 
(figure 15) all of the pump sizes evaluated coaled with the various flywheel 
sizes resulted in 12 rad/sec or less speed losses.    Kils is shown In figure 
16.   Also depicted on the graph are the results obtained when the duty cycle 
was modified to result in larger surface deflections (amplitude Increased 
threefold, hinge moment reduced by 75^)»    Under this condition the 15 in3/8ec 
pump size coupled with the 20 in lb sec2 becotaes unacceptable. 

The sinusoidal duty cycle data are presented in figures 17 and 18.    The 
indicated frequencies and amplitudes are the duty cycle Inputs.    As might 
be expected, the more severe the duty cycle the more stringent is the pun?) 
size reqairement for a given flywheel size.    Figure 17 shows the system 
speed losses for a flywheel size of 200 In lb sec^*.    The difference in 
these data results from those shown in figure 17 is the inclusion of curve 
segments characterized hy stripes.    These portions of the curve reflect 
system performance «rhlch is actually unacceptable if the duty cycle is 
allowed to exist indefinitely.    However, such duty cycles can be expected 
to last only for relatively snort times because of the resulting severe 
air vehicle responres.    For this reason it was decided if the flywheel 
speed loss during wis snort time was lees than tiiree quarters of those 
losses Indicated In figure Ik the system concerned was considered acceptable. 
It will be noted the 15 ln3/8ec pump is still unacceptable for the 1 cps, 
± 1 in amplitude duty cycle. 

Such prellininary examination of the data lixlicates that commanded rates 
are more critical tnan hln^e moment for the hydraulic system application. 
Continued effort Is being made to further define the relationships between 
acceptable system size and duty cycle characteristics.    In addition, 
further examination of the data will allow the description of the various 
hydraulic systems frequency response characteristics. 
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