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U S OkRMY TRANSPORTATION RESEARCH COMMAND
FORT tUSTIS V•WaIN'A 23604

Under the terms of Contract DA 44-177-AMC-877(T), Hughes
Tool Company, Air( raft Division, has conducted enci,iv and rotor

I.. , t ., : b.2 Of the hot -- 4,,1 nronillsion svstem to be used on the

XV-9A research aircraft. This testing was to accomplish a
functional check-out of the propulsion system portion of the XV-
9A to assure adequacy for flight and to obtain quantitative data on
engine and rotor performance, rotor loads, and yaw valve
operation.

During the testb performed from 28 October 1^u3 through 18 May
1964, satisfactory twin-engine operation wi 'i mixed gas flow

X:• through a common exhaust duct, isolation w' individual engines
through the use of J-85 diverte- valveb, and engine operation at
different power levels were accomplished. Also, rotor whirl
tests up to 23,000 pouvads lift and tests thriugh full ranges of
cyclic and collective pitch control were accomplished. The test
objec.ives were completed with satisfactory results, ani no
serious problems were encountered during the program.
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SABSTRACT

A suniniary of engint" and whirl testing of the
rotor and powtr module portion of the XV-(QA ?! pre-

sented. Tne results of engine testing include operation
of two gas gcnerators into a commnon exhaust duct with

transient power conditions. Rotor whirl test results
of the hot cycle rotor used on the XV-9A are reported

and include functional c~ieck-out, perforrmatne evalu-
ation and strRet.,•' . Fesults of testing of

a jet-reaction yaw control valve are included.
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1. INTRODUCTION

The XV-9A Hot Cycle Research Aircraft engine and whirl
tests were conducted in two parts from 28 October through 10 Decemn-
ber, 1963, and from 27 March through 18 May, 1964. These tests
were conducted by the Hughes Tool Company Airc1 'aft Division at Culver
City, California as called for by Contract No. DA 44-177-AMC-877(U).
This report is submitted in compliance with the same contract.

The first phase of testing consisted of engine tests to verify
the operation of two YT-64 gas generators installed in the power module
portion of the XV-9A Hot Cycle Research Aircraft and to evaluate gas
generator conti ol and performance during twin-engine operation with
mixed gas floA through a common-exhaust duct and exit nozzle. These
tests provided a functional check-out and verification of the fixed-duct
portion of the XV-9A including J-85 diverter valves, engine-diverter
valve seals, transition ducts, and engine tailpipes.

Engine testing consisted of 17 hours 30 minutes of indi-
vidual engine operation with gas flow through diverter valves in "over-
board" position and 7 hours 48 minutes of twin-engine operation with
mixed gas flow through the common-exhaust duct and exit nozzle. Quan-
titative data were recorded during these tests for evaluation and analysis
of steady-state and transient twin-engine operating characteristics, indi-
vidual and twin-engine performance a Pas generators, and engine air I
flow measurement. Data are presented in this report for the most sig- I
nificant twin-engine test conditions.

The power module was removed from the whirl tower follow-
ing completion of engine tests and was returned to the factory area for
installation of the rotor, controls, and additional test instrumentation
in preparation for the rotor whirl tests.

The second phase of testing consisted of rotor whirl tests
to accomplish a functional check-out of the complete propulsion system
portion of the XV-9A in order to assure adequacy for flight and to
demonstrate compatibility of the rotor and the twin YT-64 power plant
operation with associated controls, diverter valves, subsystems and
ducting. Quantitative data were obtained from these tests to evaluate $
engine and rotor performance, rotor dynamic characteristics, struc-
tural loads and temperatures, rotor control characteristics, yaw valve I
operation, engine and rotor sound characteristics, and rotor downwash
velocities.



The .ti racteristics of the power plants, rotor,

and systems were ,teterrninc, d fir rotor start-up, acceleration. cyclic

and collective pitci• rever ,-l• steady-state operation at various rotor
pov er and thrust levels. si-,iilazed emergencies and rotor shut-down.
A functional check-cut of the- blade-tip closure valve was also accom-
"plished during the whirl tcst phase. Whirl testing consisted of 15
hours 49 minutes of rotor opc-ration. Test objectives were completed
with satisfactory result.4, aio io t;Qrious deficiencies or problems
were encountered during the whirL test program.

The power modu",:. and r,,)toz were removed following comn-
pletion of whirl testing and ret,,ri-ed to the factory area for teardown
ins;.ection, reassembly, install:'t~on of modified engines, and final
mating with the XV-9A fuselage

I
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2. SUMMARY

The engine and v hirl test phase of the XV-9A Ho, Cycle
Research Aircraft program was successfully completed in May 1964.
The results and analysis of the significant portions of the test data
are presented in this report.

The functional check-out of .he complete XV-9A propul-

sion system including the rotor, YT-64 gas generators, J-85 di-

verter valves, engine and rotor controls, systemb, and equipment
was accomplished. In general the performance of systems and equip-
ment was satisfactory. The need for the following component improve-
mnents was determined: j

1. Replacement of diverter-valve hydraulic actuators.
2. Improvemnent of diverter-valve actuator hydraulic

selector valves.
3. Reduction of diverter-valve leakage.
4. Revision of the rotor lubrication system to improve

scavenging.
5. Scaling of thc blade leading-edge segments to improve

air flow.
6. Reinforcement of the yaw valve ducting.

7. Increased clearance for the movable vane of the
blade-tip closure valve.

8. Increased clearsace for the tri-duct within the hub
a rea.

9. Improved heat blanket ins-ulation for the Y-duct and
tri-duct.

10. Improvement of the radial bearing oil seals.

A complete inspection of the rotor, power module, engines,
and equiprment was conducterd after co-,pletin of ,,,hirl testing. Th.
results :f this inspection are presented later in this report.

The two YT-64 gas generators with mixed exhaust flow
were successfully operated at a wide range of steady-state and transient
conditions with a fixed common-exhaust nozzle and subsequently for
rotor whirl tests. An individual gas generator was isolated by means
oi diverter-valve action and was then re-cycled to twin-engine operation.

3



The speed-power control characteristics of the hot cycle

rotor and twin YT-6 4 gas generators were found to bc satisfactory for
the complete operating envelope utilizing the standard YT-64 fuel

controls.

The predicted rotor lift and rotor power characteristics
of the hot cycle rotor and YT-64 gas generators were substantiated
by test measureinents. The maxinuir- ineasur:ed rotor lift was 23, 000

pounds for an engine pressure ratio ol 2. 62. The test data substanti-
ated that the present hot cycle propulsion syster, has a lift r apability
of Z5, 500 pounds with the specification T-64 gas generators.

Operating temperatures of the various rotor components
were either as predicted or lower at the maximum gas temperature
attained during whirl test.

The leakage of the rotor ducts and seals was less than
2 percent of the total flow as measured before and after whirl test.

Diverter-valve leakage was found to be higher than predicted by the

manufacturer's data.

Structural load measurements taken during whirl tests
substantiated the design of the various changes which were incorpora-
ted into the hot cycle rotor for the XV-9A program. With the excep-
tion of blade chordwise moments, all cyclic loads were of moderate

magnitude and below endurance limits. Blade chordwise moments
were near or slightly above endurance limits for the high rotor lift con-

dition at 23, 000 pounds.

The first mode b --de chordwise bending frequency was
determined to be 1. 43/rev, an increase of 14 percent over the previous

chordwise frequency prior to rotor modifications. There wer,. no
flapwise bending resonances within the normal rotor operating range.

Rotor control response and operating characteristics for
large cyclic and collective transients and revereals were determined
to be sitisfactory for flight of the XV-9A aircraft. The XV-9A yaw
control valve produced a measured thrust of 338 pounds, which was in
excess of the design objective.

Measured sound levels were approximately the same as had
heen predicted from previous whirl test data. In general, the noise

4



level was not considered as objectionable as that for previous whirl
test with a J-57 engine.

i
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3- DIESCRIPTION OF TES'I SETUP AND CONFIGURATION

S3. 1 IENGINE TESTS

The basic engine test configuration consisted of two
YT-64 gas generators installed in the XV-9A power module, with
the fixed-duct portion of the propulsion system including two ,J-85 di-
verter valves, engine-diverter valve seals, transition ducts, and tail-
pipes. The power module assembly was installed on top of the whirl
tower utilizing the mounting structure and test support systems pro-
vided for these tests and for subsequent rotor whirl testing. This
placed the engines approximately 30 feet above ground level. The
engine test configuration is shown in Figures 1 and 2.

Three YT-64 generators were used during the engine
test program. Engines S/N 250010-4 and 250013-5, which are ground
test engines, were installed initially with Engine 010-4 in the left
(No, 1) nacelle and Engine 013-5 in the right (No. 2) nacelle. Follow-
"ing the failure of Engine 013-5 during Run 6, Engine 250026- 1A, the
first ilight-quality YT-64 gas generator received by Hughes Tool Corn-
pany, was installed in No. 2 nacelle.

A standard bellmouth containing air flow instrumentation
was installed on Engine No. 1 for Runs I - 16 for air flow calibration
tests. A Hughes Tool Company inlet, P/N 385-7503, containing the
same instrumentation was installed on Engine No. 2 for Runs J - im.
The bellmouth was removed from Engine No. 1 and installed on Engine
No. 2 for Run 17 and the Hughes Tool Company inlet installed on Engine
No. 1 to obtain bellmouth air flow data from both engines.

The original hot cycle heavyweight Y-duct was used for the
engine tests to provide support for the large, common-exhaust duct
used to simulate gas flow through the rotor. The cornmon-exhaust
duct, having an adjustable plug-type nozzle at the upper end to permit
varying exit area, was installed on top of the Y-duct.

Power module attachment to the upper tower structure
was by the four spar attachment fittings on the front and rear spars
which are used for mating to the XV-9A fuselage. The four load cells
for measurement of rotor lift force were installed in the whirl tower
support structure but were not used for this phase of the testing-

6



The engine control systemi Lonsisted of two separate
power levers, cable, pulley, and bell-crank systems running Irti,

the control van to the individual power control shafts on the fuel con-
trols. The Nf governing systemi was not used, ;,nd the engine fuel
control load signal shafts were mechanically fixed.

Engine controls, instruments, switches, circuit breakers,
and test instrumentation were contained in the control van approxi-
niately 75 feet from the base of the tower (see Figures 3 and 4).

JP-4 fuel was supplied to the engines from a trailer-tankcr
at ground level by means of a common 1-1/2-inch-diameter supply line
and boo.it punmp which d-2livered fuel through a flow divider to the indi-
vAdual fuiel control inlets at 20 psig.

The 28-volt DC generators and the 3, 000-psi hydraulic
pumips were not installed on the engines for these tests. Electrical
power and hydraulic pressure for diverter valve operation were sup-
plied from ground carts.

Engine starting was accomplished by means of MA-1 gas
turbine cornpress,.:, starting unit located at ground level. The air-
start valve on the M&A- 1 cart was wired to the "start" switch on the

operator's control panel to control the air flow from the compressor.

Engine starting by the YT-64 air impingement starting
(AIS) system was very satisfactory, and no ",'ot starts" were expcri-
enced during this program. Air delivery pressurt to the engine AIS
manifold connection of 43 psig was maintained while accclerating the
engine to 30 percent NG.

An external engine lubrication system consisting of a
5-gallon reservoir, water-oil cooler, supply, return, and vent lines

.1,t.aleU• ... r rCaL.1 engine. Oi ternperatures were maintained

below 175 degrees F for all engine conditions by regulating the flow of
water through the coolers.

The engine control quadrant installed in the control van
was a flight-type control quadrant which was to be used in the XV-9A.
Stops were provided for off, idle, and maximum power-lever angle
settings by the engine control system. This was adequate for individual
and twin-engine operation.

7



4-

3. 2 WHIRL TESTS

The '-asic whirl test configuration consisted of the XV-QA
power module and rotor assembly with test instrumentation installed

on the whirl tower (See Figures 3, 5, aad t. ) The rotor contained

the following modifications, which were incorporated as part of the

XV-9A program:

1. Laminated steel spars
2. Revised blade retention straps

3. Reinforced articulate duct clamps

4. Reduced weight stationary swashplate

5. Redu-ed weight Y-duct and tri-duct
6. Revise-I rotor shaft and spoke assembly

7. Reinforced hub gimbal lugs and added hub gimbal lug
thrust bearings

The power rrmodule included the YT-64 gas generators,

diverter valves, transition ducts, tailpipes, rotor support structure

and rotor shaft bearings and the following systems and equipment:

1. Flight controls

2. Hydraulic systems

3. Electrical system
4. Engine lubrication system
5. Engine fire extinguishing system
6. Fuel system components

7. Rotor accessory gearbox
8. Rotor lubrication system

The power module and rotor assembly were mounted on

the whirl tower by means of the four attachment fittings which are also
used to mate this portion of the aircraft to the XV-9A fuselage. (See
Figure 7.) The support structure for the power mrodile ornnt;inped the

four strain-gage load cells which were uscd for rotor thrust measure-

ments. The power module contained YT-64 gas generators S/N
250010-4 and S/N Z50026-1A, which were the same engines used during

the earlier engine tests. Engine 250010-4, which was qualified for

ground test only, was installed in the left nacelle Engine 250026-1A,
which was a flight-quality engine, was installed in the right nacelle. At

this time the engine did not have the first-stage compressor modifica-

tion which was later incorporated on this and subsequent flight engines

utilized on the XV-9A.



The XV-9A flight control system was installed including

the flight-type hydraulic servo actuators- The rotor cyclic and (-(l-

lective pitch controls were located in the control van at the test opera-

tor's station A section of a Hughes 26qA helicopter cockpit, including

the controls and mixer, was installed in the control van for this pur-
pose. The collective and cyclic pitch controls were connected to the

input spools of the hydraulic servo actuators by a cable and push-rod

system extehiding from the contiol van to the power module on top of
the tower.

The engine control system used was the same as for the

engine tests. A collective pitch-power coordination system consisting

of a cam and push-rod mechanism foi interconnecting the power lever

quadrant with the collective pitch control was installed but was removed

because of high operating forces which were encountered from the long

cable runs and resultant friction between the control van and the tower.

A control van was located approximately 75 feet from the

base of the tower and contained test instrumentation and recorders, a

two-man test operators' console, engine and rotor controls, and vari-

ous test equipment (see Figure 3). The test operators' console con-

tained typical helicopter cyclic and collective control sticks, instru-

ments, switches, and circuit breakers for operation of the YT-64 gas

generators arnd rotor (see Figure 4).

The dual engine-driven hydraulic systems were installed

in the power module and provided the hydraulic power for operation
of the flight controls and diverter valves. A 2g-volt DC 150-ampere

generator was installed on each engine for test evaluation of the genera-

tor control and regulation system.

The flight-type crgine lubrication system, consisting of

the oil reservoir, air-oil cooler, and plumbing, was installed in each

Cngine Ina-elle. The air-oil coolers were evaluatjed during init.al whi.rl

tests and found to be satisfactory. However, the water-oil coolers

were reconnected during the latter whirl test runs to evaluate the effect

of the P 3 bleed on engine and rotor performance.

The engine fire extinguishing system, consisting of the

extinguishing agent 'ottle, solenoid valve, lines, and discharge ring,
was installed, and the electrical portion of the system was functionally

checked out. The system was not discharged during whirl tests, as no

serious engine fires were encountered.

9
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T"he portions of the fuel systern which arc contained i i the
t power nmodule. inicluding tVc lines, shutoff valves, and filters, wcre

installed.

The rotor accessory drive gearbox, including the rotor

tachometer generato, and rotor luhrication pump. wvas installed for

functional check-out during whirl tests.

The revised rotor lubrication system was installed and

functionally tested during whirl tebts. An electrical scavenge pump
was added to the system, to provide adequate oil scavenging from the

upper and lower bearings during rotor start-up ard shut-down when

t.he speed of the rotor-driven pump was low.

The yaw control valve was installed onthe xhirltower for

finctional check-out and evaluatiun during Runs 24 and 25 (see Figure 8).

The valve was trountr d on an auxiliary supporting structure built up on

the whirl toxer upper work platform. The installation included ýwo

strain-gaged links for measurement of yaw control valve thrust and an

electrical actuator for positioning the valve at various ope'iings. The

actuator -vas controlled from a switch on the cyclic control stick in the

centrol van, A shorL portion -f the aircraft yaw control system ducting

was used to connect the valve to tne gas supply ports or, the Y-duct

"The yaw control valve rotor was positioned at various openings for the

tebt by nmeans of the electric actuator controlled by the swi ch located

on th-- cyclic control stick. An indicator sk-.owina the amoult of yaw Lon-

trol valve openin.g was ,mounted on the test operators' console

"The two-position XV-9A blide-tip closure valve was

functionally tested during Runs 28 through 30 by mounting the valve

assembly on the yaw control valve support structure and using the yaw

control valve supply duct as the high-energy gas source (see Figure 9).

"The solenuid valve and the high-prtssure air supply bottle for the blade-

tip k-lobure valve actuator were located at the base of the whirl tower to

simulate the relative location of components as they will be installed in

the aircraft. The solenoid valve for operation of the blade-tip closure

valve from normal to single-engine position was controlled by a switch

on the test operators' console The results of this test are reported in

Refer' nce 6

10
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j 3 3 CHANGES TO THE ROTOR SYSTEM

The following changes to the rotor system were ac corplished
prior to start of whirl testing in order to improve structural integrity,
to reduce weight, and to improve performance of the hot cycle system

I a Replacement of solid machined titanium spars with

S~laminated steel spars

2- Installation of new blade retention strap packs-
3. Installation of reinforced articulate duct clarmps.

4 Installation of a new, lighter weight, stationary
swashplate.

5. Installation of a new, lighter weight Y-duct and tri-duct.
6- Installation of a new rotor shaft and radial bearing

support spoke.
7. Installation of a new hub gimbal asscrnbly having

strengthened hub gimbal lugs and added thrust
bearings

8. Installation of a rotor accessory drive gearbox.
9. Installation of anew rotor lubrication system.

3. 3 1 Laminated Steel Spars

The nev lamninated steel spars were fabricated from
AM 355 CRT stainless-steel material. The spar assembly consists
of the laminated section and a nmachined spar root fitting also of
AM 355 CRT

The laminations were bonded together and to the spar root
fitting with a high-temperature adhesive The spar cross-sectional
area was tapered by dropping off laminations at intervals along the
length of the spar

The spar assemblies were bolted to the blade segments and
blade root sections using the same attachments as were used for the
previous spars A shim of low-friction material (Armalon) was in-
stalled between the spars and the blade segments to prevent fretting

3. 3. 2 Blade Retention Straps

The chordwise natural bending frequency of the blades in
cantilever mode was increased by the design and fabrication of new

20
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packs consist of two strap packs per blade, each having 22 lrniriations

of AM 355 CRT st oinless steel of increased width over previous straps.

3 3 3 Reinforced Articulate Duct Clamps

The articulate duct clamps were reinforced to eliminate I
duct leakage during severe maneuvers.

3. 3. 4 Stationary Swashplate

The stationary swashplate was redesigned to reduce weight

and to provide for the flight-type hydraulic servo actuators. A weight

reduction of approximately 30 pounds was achieved.

3. 3. 5 Y-duct and Tri-duct

The stationary Y-duct and rotating tri-duct were redesigned
and fabricated from drop-I- mrner-formed Inconel 718 sheet material.

A weight saving of approximately 105 pounds was achieved.

3. 3. 6 Rotor Shaft and upportSpoke

The rotor shaft was redesigned to increase strength and

tL incorporate a gear for use iin drivijig the acctbzory drive gearbox.
The three-armed spoke utilized in transmitting shaft radial loads to

the upper bearing was also redesigned to increase strength.

3. 3. 7 Hub Gimbal Bearing Reinforcement

The ciisting hub gimbal assembly was revised to provide

for reinforcement of the hub gimbal lugs in order to increase the

strength of the hub gimbal system for in-plane loads and by the
addition of thrust bearings to provide a direct load path for in-plane
loads.

3. 3. 8 Rotor Accessory Drive Gearbox

A rotor-driven accessory drive gearbox was designed

and fabricated to provide drive pad& for the rotor lubrication system
pump, rotor tachometer generator, emergency hydraulic pump, and

rotor speed governing units. The gearbox is driven through a cogged-



tooth timing belt from a drive gear idded to the rotor shaft T7he gear-
box is a basic off-the-shelf unit modified by the addi'.ion of a 90-degree

dri-e unit.

3. 3- 9 Rotor Lubrication Syster

A flight-type rotor lubrication system was designed to sup

ply circulating oil for the rotor upper radial bearing and the lower

rotor thrust bearing. The system employs a combination pressure and
scavenge pump driven by the accessory drive gearbox. An electrically

drivf.n scavenge pump was used to provide adequate oil scavenging at

low rotor speeds.

3. 4 CHANGES TO THE WHIR" TEST FACILITY

The following chan.ges and additions %kere acccrnplisled
to the whirl tes1 . facility pricr ýLo the start of engine and whirl tests in

order to accommodate the XV-9A power module and rotor installation.

1. Removal of ducting. rotor supports, J-57 engine

mount, and various systems and equipment used for

the pr.vious whirl test.
2. Design and fabrication of a new upper work platform.
3. Revision of the movable blade work platform.
4. Revision of the rotor mounting structure.
5. Deeign and installation of a rotor thrust measuring

systern.
6. Design and installation of an engine lubrication

systern.

i. Design and installation of an engine and rotor
control system.

8. Design and installation of a 28-volt DC electrical
systen,.

9. ,,c.vis.t ,of whirl site elctrical power dCicltiies.

3. 4. 1 }erreoval of Ductin,, Rotor Support Structure, J-5l
-_gine Mount, and Various Equipment

The large, vertical, hot-gas supply ducts, r,)tor support
structure, J-57 engine mount, and the equipment and syslemb used for

operation of the J-57 engine and hot cycie rotor during previous whirl

22



tests were no longer needed and were rermoved to permit installation
of the ,lew equipment.

3. 4. 2 Design and Fabrication of a New Upper Work Platform

A work platform of steel construction was fabricated and
installed on the whirl tower to provide access to the TIower module,
the YT-64 gas generators, and the rotor hub area.

3. 4. 3 Revision of the Movable Blade Work Platform

The movable blade work platiorm, which provides access to
the entire blade length and blade tip when in the "up" position, was
shortened and relocated to be compatible with the new upper work plat-
form. A hydraulic actuating system was used to raise or lower the
movable work platform as required.

3. 4.4 Revision of Rocor runtin Structure

The mounting structure used to support the rotor pylon
truss during the previous whirl test was modified to accon-mmodate the
rotor thrust measuring load cells and the power module suppor. adapter.
The power n odule and rotor were mounted on the revised structure.

3. 4. 5 Design and Installation of a Rotor Thrust Measurin _ S stem

A rotor thrust measuring systerr, utilizing four strain-gage J
load cells was designed and installed. The load cells and their attach-
ment fittings formed the power module support system. The thrust
measuring systt:m provided a summing meter read-out of the four load
cells in addition to individual recording of each load cell on oscillograph
recorders.

3. 4. 6 Design and Installation of a New Fuel System

A fuel system was designed and installed to provide JP-4
fuel to the YT-64 gas generators installed in the power module at the
top of the tower. A boost pump. pressure regulator, filter, and shut-off
valve were located at the base of the tower. A single 1-1/2-inch-d-ramne.-

ter supply line c:arried fuel to a flow divider at the top of the tower which
provided fue& supply to each engine fuel control inlet.

23



-.34.7 Design an Tnsta~iiat-.n of an, Enin Strtn Sy

An engine starti,.g system was designed and installed to
provide "air starting" of the YT-64 gas generators by means of the
engine AIS manifold. An MA- I ground turbine compressor was used

to provide the "air start" air flow and pressure. The engine starting
system consisted of an individual air supply line with couplings and
connections for the MA- I nozzle and the engine AIS manifold.

3.4. 8 Design and Installation of an Engine Lubrication System

A separate engine oil reservoir and oil cool,ýr were required
during engine tests to permit using the standard bellmouth for air flow
measurements. The systein consisted of a reservoir, oil cooler, check
valves, and suction and return lines for each engine.

3.4. 9 Design and Installation of an Engine and Rotor Control

System

The engine and rotor control systems consisted of cables,
pulleys, bellcranks, and push-pull rods to provide remote control of
the rotor servo actuators and the engine power control shafts from the
control van at ground level approximately 75 feet from the base of the
whirl test tower.

The rotor controls in the control van consisted of a portion
of a typical helicopter cockpit :ontaining cyclic pitch and collective con-
trol sticks.

The engine control quadrant used in the control van was the
XV-9A fliglht unit.

3.4. 10 Design and Installation of a 28-Volt DC Electrical System

A 28-volt DC electrical system was designed and installed
to interconnect with the power module electrical system and to prov'de
electrical power distribution for the various test instrumentations and
equipment.

Electrical power was supplied either from a 28-volt DC
external power rectifier cart or from the engine-driven 28-volt DC
generators.



3. 4, 11 Revision of Whirl Site Electrical Power Facilities

Additional 60-cycle, 440-volt electrical power was provided
to the whirl test facility by means of a diesel generating unit and power
distribution system. The additional power was required to operate tect
equipment and for operation of component tests (Reference 6) concur-
rently with rotor whirl tests.

I
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1 4. DESCRIPTION OF TESTS

A summary of test runs for engine and whirl tests is shown

in Tables 1 and 2. Tests were conducted in accordance with the objec-
tives and procedures outlined by Reference 1. Test Runs 1 - 17 were
engine tests without the rotor installed. Test Runs 18 - 32 were whirl
tests of the complete XV-9A propulsion system. The results and analy-
sis of testing a-e presented in Section 5 of this report.

I

26



tn > e n 4 I

E w0 - 0 LO~ 0' c) Q

E~~~ fn N0yt. 2 A
U-1 0

it, I

H - N -j 7:. NN

CIC3 0 0 C,

0 0 V 000
4) H ~ - r. 4)0 a

N1 N 4 0

00

4))

4)

4) v 4C - - i 1
v g .4 ýo' 0 W U ) .

.9 toUO 0 0 Ut e(

u w - . L V

E E 4ý

4)4)

(n~~4( V) o u ti

v0 '0 '0 w ~ C-$ j'0 '0 '

> W. be bC C
0 0 0--~~t r

-~ ~ ~~~~ %4 ' L 0N- ~ 0 -
o8/5 _ _ _4 _ _ r

27



- - ('0 u

C)

> ~ w. C)

.cco
ea r

- 00

> ý L . : W 1 1 . :; < it
<t1 0 IX ~ 9 0 -

-d 0 Xo' 4,) A
x~: 0 o - .

"1 1s0 0Db



ul CID

t. W

N' - N C N '

~ N Go
(I U) coa

4J0~~~I 0f4 r -. ~~

1. qu U~N

0 0 0 §
.0 0 0 0 CL 09ýr

-0 - fo . 0 cz

C ~ ~ ~ - c 0 r. -C 0

0 0 - v

0 Nu V

>H 0

r u s, P . , " 4,-, > - l

E ~ E

r, 0

0 
r- 0

'- 00 ~ -

,lei0 ~



4--

-r r-o

u~ r 0

W ZC

w an w N0

t- n

I o0x-C0

> lo

cu >

0 w0
I.. ft_ m_ _ _ _

:3 0 P*1

0tc

m bt

10 0 0. Q "

>~~ 0
uo u 114 Cz L7

30~



5. TEST RESULTS AND ANALYSIS

his section presents the significant data and analysis for
the test objectives which were accomplished by the engine and whirl
tests. The following subjects are included:

1. Rotor performance
2. Rotor system leakage
3. Structural temperatures
4. Structural loads
5. Rotor dynamics

6. Control system characteristics
7. Yiw control valve characteristics
8. Rotor downwash I
9. Rotor-engine sound characteristics

10. Twin-engine test results
11. Simulated emergencies
12. Component maintenance and repair

5. 1 ROTOR PERFORMANCE

5. 1. 1 Summary

In the hot cycle system, rotor lift is directly related tu
input pressure. A plct of rotor lift vs. engine discharge pressure thus
provides a comprehensive and over-all check of system performance.
In this manner, Figure 10 presents the results from rotor whirl test.

As the ambient conditions prevailing during the test pro-
gram closely corresponded to a standard day at sea level, for practical
purposes the plot represents rotor performance on a standard day at
:...-- . The effect of paranneteks uther than pressure is negligible.
An effort was made to identify the effect of measured wind and rotor
rpm. No visible trend due to wind or rotor rpm could be established
within the scatter of test points. It was also found that increasing the
exit area by opening the yaw control valve did not influence the relation
between rotor lift and pressure. However, opening of the yaw control
valve did cause a pressure drop and therefore a loss of rotor lift at a
constant engine power setting.

The predicted curve of rotor lift vs. engine discharge pres-
sure has been included on the plot for comparison and as a means for
estimation of system behavior with specification T-64 engines.
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Evaluating the whirl test results shown in Figure 10, the

tollow'rig conclusions can be made:

1. The rotor lift showa as a function of the input
pressure very closely follows previous predictions.

The maximurn value of measured lift is shown to
be 23, 000 pounds at a discharge presbure of 38. 6 psia.

2. Chi the basis of test results, the present propulsion

system when powered with specification T-64 engines
and without introducing any improvements can lift
25, 500 pounds out of ground effect at a discharge
pressure of 41. 8 psia. hn this regard, performance

of the rotor was considered as very satisfactory.

3. The results of the whirl test currently reported con-
firm the results from previous whirl testing reported

in Reference 2. The improved instrumentation and

better test methods are evidenced by the greatly re-

duced scatter of test points. Higher lift resulted
from the higher pressure produced by the YT-64
gas generator3 xhen cornpared to the J-57 gas genera-

tor used in previous tests.

5. 1. 2 Discussion

The performance tests of the hot cycle rotor system covered

in this report were fulfilled in two different phases of the test program.

The power plant tests, twin-engine operation, mass flow

calibration, and measurement of pressure loss in the stationary ducting
were arcornmnlished riot t c t 'ation ofotor. .y-. 4R.. .: .2S ..

S...... ...... -ysten-,. Re,.u l.

from the above tests are described later in this report.

The whirl test performance data of the complete hot cycle

propulsion system are reported in this section. About one-third of the

accumulated whirl te3t time was devoted to performance measurements.

All measurements, with the exception of the last two test points, were

made at power settings restricted by the temperature limitation of the
ground test engine. Just before the completion of whirl testing, this

limitation was lifted to allow a measurement of lift at a power level

approximating that of the YT-64 flight engines.



Three basic groups of perforinance data %kere ret orded
as foilow.ý:

f 1. Power suppliod to the rotor system was mneasured
4 in terms of blade tip exhaust pressure (P7), tip

temperature (TT7), and mass flow (W 7 ).

2. Rotor aerodvnanic performance was determined
by rne:asurement of the rotor lift and a comparis-on
with theory.

3. The mea.,3urei:,eent of engine discharge conditions

(PT 5, TT, , and W 5 ) and rotor tip prt.ssure
(P T) pro6uced data which were i.sed in deter-

ruination of subsystei' and component performance.

The over-all system performance has been summarized
in Fig.,re 10, which shows rttor lift vs. engine discharge pressure.
The rnaximurn value of measured lift was setri to be 23, 000 pounds at
the discharge pressure o_ 38.6 psia.

C- T-) C'... -1 - . _ : - 1 .• Lý T3

A - -L "LPI L%;ý kU L Ll I. -U L U-It JJ

In order to define the power supplied to the rotor, rotor tip
instrumertation was installed, consisting of pressure and temperature
probeýs which were located at. the inlets to the blade-tip cascade nozz'les.
It is important to note that the tip pressure instrurmentation operated at
varlable temrperature levels and in a centrifugal field exceed ,g 500 g's.
Thest: conuitions and lace, of space restricted the nurnbe-" of pressure

probes that could be installed at that station. The pressure *esb data
recordect on the oscillograph were consequently subjected to various
corrections. In addition, using the classical theory of flow in straight
ducts, all tip pressure readings (taken near the duct centerlines) werc
adjusted to represent the average total pressire at the mea.,ui'irig
station (P ). "he tiI. temperatures weie recorded on a servo-bahlnccd

strip rucjrhr and did not p.esent any probiem.

Values of power required by the rotor based on the rotor tip
ineasuremne.,ts vs. rotor lift arc shovI, Hn Figure 1I, v "ch is discussed
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in the next section. Values of engine discharge tempeirture and rnasb

raw t te are s howkn as a f... uncai of cnginu di sch a rg pi u rsurc in
Figure 12. These values, plus Figure 10, completely define the quantity
and quality of gas flow to the rotor as a function of rotor lift during tests
on the whirl tower.

The equation used in calculating the powei- required by the
rotor was the same as that described in Reference 2.

Rl P= (CVe V. - V ) VTg x 550 T) VT

In this equation, Vji, the ideal jet velocity, is obtained by

classical methods, using P 1 , and TT VT is blade tip speed. The

determination of flow at station 7 (W 7 ) was based on measurenments at
the engine station (WO) combined with rneasurements of the major source
of leakage -- that through the diverter valves. The diverter-valve leakage
was found to be 2. 5 percent, as reported later in this report. Post-whirl
test measurements of hub and blade leakage indicated a value of less than
0. 2 percent.

The velocity coefficient Cv used in the above calculations was

955, whach was presented in Reference 2.

In order to allow for the power required to pump spa.r cooling
air, to drive accessories, and to overcome bearing friction, ar. arbitrary
allowance of 100 horsepower was subtracted from the power calculated by
using the above equations.

5. 1, 2. 2 Rotor Aerodynamic Performance

The computed hovering thrust of the rotor vs. power required
(as influenced by ground effect on the v~hirl tower) is shown in Figure 11
for 100 percent and 90 percent rpm. The calculations of induced power,
profile power, and ground eifect are based on standard NACA methods
presented in Reference 3. The profile power coefficient used in the present
calculations was increased 17 percent to allow for the 18 percent thicknes,

in the hot cycle blades compared to the blades of 12 percc-,, thickness upon
' hich the profile power coefficient given in Reference 3 was based. The

calculations include correction for the design blade twgi~st of -8 degrees as
given on page 85 of Eucierence 3.
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I
Applying the above factors, the equation for power coefficient

vs. thrust coefficient becomes (using procedures from pages 85 and 112

of Reference 3 and symbols as defined in that reference):

Cp = C. T /) + 1. 17 ___

TB T8

3 a Bp. a Ba2

Inspection of Figure 11 indicates that the calculated aerodynamic

performance agrees quite well with the measured performance.

4 5. 1. 2. 3 Over-all System Performance

The measured values of tip pressure, temperature, and

7 mass flow previously discussed were used to reduce component system

performance (friction coefficient, flow coeffi :ient, etc.), and a calcu-

lation of rotcr power available versus engine pressure ratio was made.

Using the curve of rotor thrust versus power required (Figure 1I1

discussed above), a calculated curve of rotor lift versus engine

discharge pressure was obtained and was plotted in Figure 10
'This curve is essentially the same as Figure 5. 1. 1 of Reference 2,

when a 4 pe cent allowance is made for extra pressure drop btweern

the rotor hub station (used in Reference 2) and engine discharge (uased

here).

The specification T-64 engines have a discharge pressure
L . . . 1 . A... s -It r-n % , ,vry nw-n,,,mu r. e-fr- r ir no tcn ' gP oiir 10l.

a calculated rotor thrust of 26, 4.00 pounds i:side ground effect is pre-

dicted, consistent with the height of the whirl tower, which introduces

about a 4 percent thrust increase with constant power available. On this

batcis, the XV-9A helicopter, powered wi'h specification T-64 engines,

should Lift 25, 500 pounds outU.ide ground effect.

It should be ni ted that the lilt pei'forrr;ance sbov. n in

Figure 10 is obtained in tVe presence of 2.. 5-purce,:nt diverter -valve

leakage. It is anticipate . that this leakage can be reduced in future

work, with consequent increase in systemn performance



5. 1.2. 4 Effect of Wind on Power Required

Due to the tight schedule of the whirl test program, i

number of tests were unavoidably conducted under wind conditions which

developed after the test was in progress. Since the Figure II curve of

thrust vs. power required was prepared for a zero-wind condition, it
v as necessary to examine the possible effect of wind on Figure 1 I. As

discussed below, it was codcluced that, for the range of ro.tor para-

meters tested, and for the highest wind velocities encountered (20 mph),

the wind dces not change the power-required curve for a rotoi in ground

effect, which is the case for the whirl tower.

An explanation of this result, which apparently contradicts

the conventional reduction of power required (out of ground effect) vs.

forw'ard speed, is given in Reference 4. That report points out that, for

a lifting rotor in ground effect (i.e., for rotor height/rotor radius value

of the whirl tower), power required is essentially constant from hovering

out to the speeds measured during the whirl test.

5.2 ROTOR SYSTEM LEAKAGE

The component and system leakago was determined in a

series of leakage checks conducted before andi after the whirl test pro-
granm. The results from these tests are presented in Table 3, It is

shown that leakage in the rotor ducts ard seals amount to less than

0. 2 percent of the total flow. This quantity is negligible and the rotor,

after passing through two whirl tests, may be considered as practically

leakproof. A rate of less than 1/2 percent leakage was measured during

the laboratory tests of the engin,-diverter valve seals. Thii; tc:st is
described in Reference 6. The highýest leakage was observed in the

diverter valves through the valve door when seated in the "rotor"

position. The resulting "overboard" flow was measured at the tail-

pipe during rotor operation The portion .-if gas flow escaping through

both diverter valves amounted to about 2-7/2 percent cf the total flow.

With the exception of diverter valves, all other components

and assemblies of the duct system were tested with air at ambient

temperature. The typical test arrangements are shown in Figure 13.
The shop air supply was used with pressure regulated at 27. 5 psig to

represent the typical operating pressure. A rotarneter in coonjunction
with two pressure gages was used to measure air flow caused by the

leakage. Pressure was measured at the exit end of the rotameter and.



TABLE 3

LEAKAGE IN THE ROTOR SYSTEM AND
ROTOR COMPONENTS

% of Total Flow

Component: After 1961/62 Before 1964 After 1964
Whirl Test Whirl Test Whirl Test

Blue Blade 0.052 0 0

Red Blade 0.103 0.006 0.03

Yellow Blade 0.085 0.0015 0.032

Rotor Hub 0. 114 0 0

Total Rotor System 0. 168 0. 125 0. 183

Inboard Articulated

Duct Seals
(total in 3 blades) -

Outboard Articulated

(total in 3 blades) 0.075
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in the component undergoing the test. The recorded readings from the

rotameter were subsequently converted to standard cubic feet per
minute. Leakage area is referred to the total exit area of the blade-tip
cascade nozzles. This definition of leakage makes the results from the
cold tests directly applicable to any operating conditions.

Leakage through the diverter valves was measured during
operation of the rotor system. The test arrangement is shown in
Figure 14. A cone-type orifice was designed to reduce the tailpipe

exit area and to raise back pressure enough for the application of
standard flow measuring techniques. A calibration curve was prepared
relating leakage (pound/second) with the differential head across the
orifice (inches H20). Using this method, leakage through both diverter
valves was found to be about 2-1/2 percent of the total gas flow.

5. 3 STRUCTURAL TEMPERATURES, BLADE AND HUB

A continuous record of temperature distribution ir, the rotor

Sand rower plant system was kept throughout the test program. The

temperatures of typical compoi~ents measured during the hottest run of
the whirl test program are shown in Table 4. The corresponding
predicted temperatures and the measurements taken during the 1961/62
whirl test are included in the same table for comparison. It is shown
that the hot-gas ducts, and flext re. operated at pred" "ted or slightly

lower temperatures. The spar and the outer blade skin were consist-
ently cooler than predicted (Reference 5). No component temperatures
over design limits were encount-2red during the conduct of the test
program. Figure 15 shows the location of all thermocouples, which are
marked with maximum temperatures recorded during the same test run.

The pattern of temperature distribution in the rotor system
is similar to one discussed in more detail in Reference 2. The highest

temperature recorded in steel parts close to the engine (not sl-own on

the Figure) did not exceed 300 degrees F. The temperature of aluminum
parts was below 250 degrees F.
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Load measurements "%tre taken durfing th- A*hirl test

prograin anu ,cre sicrutinized tur critical loading o0 thle varioufs coni-
pormn, VI 1 1.1 V1'-" . . . ... t1a .Cl Ul= ib' iI~)lluslc lte cl l yc i

structural luads %kcrt: of 5nodc~ratc inagnitudcz and belo',x 0-, ir eudurallce

linmitb (See Referene 7). High i/rev and 2/rev chordvir-c bending
monients, sonic oi vwhich slightly exceeded enduratncc limits, occurred
during operation at high thrust in nigh winds (15 - 20 rnph). As shown
in the section on rotor dynamics, the 2/rev chordwise n-.n-ients were
a characteristic of the rotor mounted on the whirl tower due to the
coupling between blade chordwise bending and whirl tvwcr pylon bending.

All structural loads measured during normal start-ups and
shut -dowrts were at acceptable levels. Loads during an emergency shut-
down were also at acceptable levels. Fairly high flapvise bending loads
are generated when collective pitch is used to slow the rotor during
shut-down; therefore, collective pitch should not be used for this
purpose. Figure 16 is a plot of rotor rpm vs. tim., during a normal
start -up

Included as Figures 17 through 45 are plots of significant
structural loads vs. rpm (as well as blade flapping and feathering
angles vo. ri-rn). The limiting endurance stress or load shown is the
value -elected for use in the design of the component for cyclic load-
ing. T!.; i.miting mean stress or load shown is the permissible value
of steady load corresponding to the limiting endurance value. Strain

gages utilized for measuring blade flapwise bending at Station 75. 4
f rntsprS~ttin A . fr~n saran Statio .J.2U~ 220 fronti t and for

vertical shear at Station 23 were inoperative during this testing.
These figures give the following mean and cyclic measurements:

Figure

Number Item

17. Front spar axial load (chordwise moment) at Sta. 90.775

18. Rear spar axial load (chordwise moment) at Sta. 90.75

19. Front spar axial load (chordwise moment) at Sta. 149

20. Rear spar axial load (chordwise rrmoment) at Sta. 149
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21. flub plate stress-alt

S22. Ilub plate strcss-furvkard

23. Blade flapwise bending at Sta. 63 front spar

24. Blade flapvise bending at Sta 63 rear spar

25. Blade flapwise bending at Sta 75. 4 rear spar

26. Blade flapwise bending at Sta 100 front spar

27. Blade flapwise bending at Sta. 100 rear spar

28. Bladc flapwise bending at Sta. 140 rear sparI 29. Blade flapwise bending at Sta, 220 rear spar

30. Blade flapwise bending at Sta 270 front spar

31. Blade flapwise bending at Sta. 270 rear spar

32. Blade skin torsion at Sta. 38

33. Blade skin torsion at Sta. 83

34. Main rotor shaft bending 900 to blue blade

35- Pitch link load, blue b'ade

36. iitcl.ik lo.Ld, ye*.Au\, lulade

37. Pitch link load, red blade

38. Control actuator force, starboard*

4 39. Control actuator force, pz.rt

40. Control actuator force, longitudinal
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Num ber It C m

41. Svkashpiate drag liak

Blutu blade leathering angle

43. Blue blade flapping angle

44. Gimbal lug bending strain

45, Chordwise shear at Sta. 23. 0

5. 4. 1 Chordwise Blade Loadinj

A correlation Nxas found to exist between 1/rev chordwise
monment and 1/rev shaft moment, as shown in Figure 46. During
trimmed flight, shaft I/rcv moment is a function of thrust vector tilt
with respect to 0-m ohaft, Thrust .-ector tilt is a function of aircraft
weight and C. G. position, fuselage drag, and fuselage moment from
the down load on the tail surfaces. The bending monments shown in
Figure 46 are associated with the rotor mounted on a whirl stand,
where untrimmed forces carn exist. During hover when all forces on
the helicopter are in trim, the only moments that are inlposed on the

rotor shaft are those due to C. G. offset, and a shaft 1/rev moment
of 28, 200 inch-pounds will be developed at mnaximum C. G. offset and
design gross weight. From Figure 46 it is seen that this will result
an an axial I/re=v load of 4100 pounds, which is only about 75 percent
of the chordwise design endurance limit. Calculations at high-speed
trimined flight (125 kniots) with the C. G. near the rotor sh-ft indicate
that a shaft 1/rev mnoment of the same order of mnagnitude as the 1/rev
shaft moomtnt during hover with full C.G. offset w•ill be applied. As a

result, this high-speed forward flight condition .. ,. :'-! -_. e no higher
chordia.i n-ments than the maximum value while hov-rinig with full
forward C&,. .C.hn. -. • printcd out above, trebbess are below the
endurance limit. It should be noted that these mnoments anticipated
in forvkard flight could be reduced by locating the G.G. more forward.
Therefore, it appears that chordwise 1/rev monments can be optimized
during tk,e flight program by control of aircraft C. G. position and that
the high chordvise loads experienced during whirl test (Figures 17 and
18) will not occur during flight test.
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Figure 18. Rear Spar Ania] Load (ClaordAise Moment) at Station 90. 75"
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Figure 23. Blade Flapwise Bending at Station 63" Front Spar
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120 Figure 25. Blade Flap-wise Bending at Station 75. 4" Rear Spar
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Figure 26. Blade Flapwise Bending at Station 100" Front Spar
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Figure 27. Blade Flapwise Bending at Station 100" Rear Spar
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Figure 28. Blade Flaplise Bending at Station 140' Rear Spar
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Figure 30. Blade Flapvise Bending at Station 270" Front Spar

64



14

0 10, 000 lb THRUST _
[12 - 15. 000 lb THRUST]-

1 1-5000 Ib THRUST

-I I
S107 ' * ,

DESIGN ENDURANCE LIMIT LOAD 7,900 IN. -LB.

0

,J 4

2 -

0T

UP 8 J F

6bII 2
NOTE: CORRECTED FOR, TOTAL BLADE

DROOP MOMENT AT STA. 270× 4 i I ii i
LIMIT MEAN LOAD 7.900 IN. -LB.

- II
o 1• }
- 4

-2 -z --. ---..-..--. -i

-6 .
II

DOWN -8 .. __I
0 20 40 60 80 IOU 120

ROTOR R. P.M., %

Figure 31. Blade Flapwise Bending at Station Z70" Rear Spar
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Figure 33. Blade Skin Torsion at Station 83''
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Figure 36. Pitch Link Load, Yellow Blade
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Figure 38. Control Actuator Force, Starboard
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Figure 39. Control Actuator Force, Port
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Figure 41. Sash-Plate Drag Link Load

75



i ~~ '75J
S• O-10, 00(" Jb THRUS I

i• ,,2s, O- 5, O0001L THRUST l r

5- U00 lb THRUST

,Ov 23,( (79 IL THRUS I

0.75 -- ___-

,. 0.50 5 -

9

Ii Ir'ii--_

7

'p13

2- __ )

÷0 20 40 t•0 80 100 120

,• }ROTOR R. P. M., %I Figure 42. Blue-Blade Feathering Angle

27 5
44

76

I ' i " - r



.70 v-i I 1 [I F'I1iI - 10, 000. lb THtLUSI j
0. 60 C3- 15, 000 lb THRUST- IU

5000 lb THRUSIT
2 3. . b,79 1,; ..... RI,_T C

rj . 50 . . . . . . -----C -1 - t

._ , __0_

oI _ _

u 0.30 -- •-.--�----- __- _-0

0.10 -. ...

1 1
0

8

7i

I I

w

•i 5

44

20 4 to 80 100 120

ROTOR R. P. M.%

.Figure 43, Btl..e-Blade Flapping Angle

77



14 0 -v-T I
'DZSIG N 8IDJI RA NL " : S' iPAIN 890 At IN . /IN .

-t- --- - I-- ---t--i 
• -

O 10 , 0 o00 lo I H R U b t I l
- - 1 5 , 0 0 0 I b I HI 1 _ _H . L 1 1 Q

A • - 5000 Ib THHRUST f I
- 23, 000 lb THRUS-I

80 - - 0

StU 40 

"
20 1

L.. .- 1 ~i

MEAN DLSIGN SlIEADY STRAIN 15 , AL IN. /IN.

140 -i - -_____________ _
NO1E: ON THE ORIGINAL HOT CYCLE ROTIOR,

N-PLANE , tUB LOADS PRODUCED

z 120 BENDING ON 'IHE HUB GIMBAL LUGS.
" THE REWORK OF THE ROTOR SYSh.M
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Figure 45. Chordwise Shear at Station 7-3. 0
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-YM CONDITION COLLO R. P. M THRUST WIND
<,__ - STEADY 0° ,00% 3700 LBS 5MPH

0_ 3 92. 5 65u0
___ 0 3 99 __7500

a 5 92. 8 9700
v 5 99.8 12300

- - • 1 0 93.3 18000
r 7 100.2 15400

-' ______ _ 10 99 20300

I- " ___ 9 100.2 18500 V
11 90.3 19500 18.5

IZ 93 22800 14
___ _ 11 97.5 23000 18. 5

, POWER REDUCTION 6.9 100-78 --- 18. 5
CYCLIC MOTION 5 95 11000 4--o7

1 7 90 -Z1000 10-16

- STEADY 5 90.8 9800 18.5
"" 4. 5 95 10z00
Z I 4 100 970008.6 91 15000

___ __ - _ _ __ __ _ 8 94. 5 15000

- -- -- - 6.9 1oo.,l00..8 o55 0 0-- -1 I I i 1 -
228 30 32 34 36 38 40 4Z 44 46 48 50 52 54 5b 58 b8

k $DING (CYCLIC I/REV), IN. -LB X 1000
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5. 4.2 Engine Vibration

During the whirl test program, engine vibration in the low-
frequenc,, range (0 - 12 cps) was measured by :scans of accelerometers,
ard the level exceeded the engine operating limits during some transient
conditions. The installation of strain gages on the engine front frame
was subsequently accomplished in accordance with instructiont, supplied
by the engine manufacturer. The resulting stress measurements taken
during the whirl test program were well within the allowable fatigue area
for the critical front frame areas as established by the engine manux-
facturer (see Figures 47 through 55). Additional engine vibration
measurements were to be obtained during tie-down and flight tests.

5. 5 ROTOR DYNAMICS

5. 5. 1 First Mode Blade Chordwise Bending Frequency

A significant aspect of the present tests was determination
of the first mode blade chordwise bending frequency. During the origi-
nal whirl testing (reported in Reference 2), it was found that this
frequency was 1. 25/rev, which was close enough to 1/rev excitation
that high chcrdwise stret ses were obtained. Prior to the present tests,
the spar stiftness was increased. During whirl tests, cyclic control
pulses of v, ying severity were applied at different rotor rpm. In
addition, a 3,ow rpm sweep was made to locate resonance points at
reduced rotor rpeed. Results of these (summarized in Figure 56)
indicate that the first mode chordwise natural frequency is 1. 43/rev.
This increased frequency causes the blade to have a lower response
to 1/rev excitation and results in lower blade stresses than measured
on the original blade under similar conditions.

5. 5.2 Blade Flapwise Bending Frequencies

Cornputatiaonr were made of the flapwise (and chordwise)
blade bending frequencies for the collective mode (3, 6, 9/rev) and
cyclic mode (1, 2, 4, 5, 7, and 8/rev) when the rotor is mounted on

a rigid pylon. The results of these calculations are shown in Figures
44 and 45 of Reference 7 These figures indicated that no flapwise
resonances should be found in the normal rotor operating range of 2Z25
to 255 rpm. Examination of the flapwise bendi..g gages taken during
the whirl tests showed that, as predicted, no flapwise bending reso-
nances are located in the normal rotor operating rpm range.
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35. 5. 3 Coupling Between Chordwise Blade Mode and Pylon
: Bending Mode

It was pointed out in the s.ection on structural loads that
large 2/rev chordwise bending moments were observed near full rotor
speed (90 percent to 105 percent rpmn). Such a chordwise response was
not predicted in the frequency analysis of the rotor on a rigid pylon
summarized in Figures 44 and 45 o' Reference 7. Analysis of this 2/rev
"response indicated that it was due o coupling of the first chordwise
bending of the blade with bending of the rotor pylon.

This analysi'- N.,hich involved the coup modes of a
gimballed rotor on a fle )le pylon, considered motions in the plane
of the rotor, including motions of the hub and chordwise bending of
the blades. The coupled analysis required knowledge of the blade
chordwise bending mode frequency (1. 4/rev) and pylon bending fre-
quency (measured as 8 cps, or 2/rev, with rotor attached, but not
turning). The calculations are summarized in Figure 57, which
shows frequency in the nonrotating system plotted against percent of
rotor speed.

The calculations show that the coupled pylon-blade system
(which can respond in the nonrotating system only to 3/rev, because
the rotor has three blades) has four predicted resonance points ir. the
range from 35 percent of rotor speed to 100 percent rotor speed.
These four resonant-es occur due to the effect of rotor rotation on the
pylon-blade system. The rotor rotation causes a two-branched cvrve
to spring from each of the basic two resonance points of the nonrotating
coupled blade-pylon system. The change in coordinates from rotating
to nonrotating system (which will respond only to 3/rev) requires that
excitation be caused by 2/rev and 4/rev excitation on the blade in the
rotating system. Of the four resonance points predicted on Figure 57,
three have been located on the oscillograph records (with the harmonic
as indicated). The last one (4/rev on the blade at 61 percent rpm) was
masked by a cyclic mode flapwise resonance predicted for this reduced
rpm region (see Figure 45, Reference 7).

The results shown here indicate that the observed 2/rev
blade stresses near 100 percent rpm are in fact due to coupling of the
blade and pylon on the whirl stand. This same coupling was observed
in whirl stand tests of a similar 3-bladed jet-driven rotor (the 75-foot
McDonnell XHCH rotor) reported in Reference 8.
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I The 2/rev response noted during whirl testing is therefore
characteristic of the system involving the rotor and the pylon mounted
on the whirl stand. The situation that will be obtained with the rotor

- mounted on the actual aircraft will be different, due to different response
characteristics of the rotor pylon when mounted on the XV-9A fuselage.

5.6 ROTOR CONTROL DEFLECTIONS

irv Rapid cyclic control reversals were performed to evaluate
control response, rotoe stresses, and loads in control system compo-
nents, Copies of oscillograph recor Is taken during a typical lateral
longitudinal reversal is shown on Figures 60 and 61. Cyclic control
operation was smooth and stable with negligible control forces. Struc-
tural loads were low for these deflections.

Rapid collective power transients were performed to
investigate effect on rotor stresses and to evaluate control response.
A collective input from 8 = 2. 25 degrees to 0 = 9. 85 degrees and return
to 8 = 2. 25 degrees is shown on Figures 62 and 63. Control response
was smooth, and all structural loads were within the allowable lim.ts.
These collective power transient tests were performed using manually
coordinated engine power control. The rotor droop at maximum thrust
(15, 800 pounds) was approximately 10 percent. The complete transient
was performed in 10 seconds.

Copies of oscillograph setup sheets showing identific°•tion
of traces and trace sensitivities for Figures 58 through 63 are included
as Table 5.
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OSCII.LOG),RAII SLIUII SHEEI

Run . ._ .C_,_ ..... i, 5 & 46 P'cint 7-F Oscillograph 41

e I Scnsitivity

No Tranaducer Locat-,ý Zt-ro UnttsIltth

I Rot, r rpin & Az riiuth Blue Blalae-Fvd

3 Collecti\t l tdl 1i 21 dr, 5. 25 Dcgreve
3 P'-5 En ',-#1 10 b~b 1U. 04 psi

4 15 Eng~ne #- 10. b8 15.40 psi

lhrust Load Ccil #1 10. 4' 5114 lb
6 1 hrubt Load Cell #2 10 2b 5043 lb
7 1hrust Load Cell •3 9. f256 lb
i 71hruet Load Cell , 9. 1b •3ti7 lb
9 Thrubt VItlur 9. 70 94"17 lb

10 SashiFlate I)rag Linku 9. 35 0l1 lb

lI P-3 Figine #: 9. 25 73 62 psi
12 ' -3 EnIzgilne #2 9- 02 70. 52. p.,
i3 I'LA Eng.ne ;.Y b 6.3 See Curve I
14 I-LA Engie #, 8. 07 Se'c Cur,.t.
15 Variablr Geoiietry Engine #1 8. 52 1. 0 it.
1lb V'arya.eil G univetry Engine 0.' 6. 35 1. IC ii,
17 RPM Lngirxe 01 8. 11 1770 cycles
lb RIM Engint * 7 7b 131b cycles
19 Lon& ttadina! Cyclic 6 72 neut 8 02 degrees
20 Latcral Cyclic 7. 33 neu" 3 49 dtjgrees
21 Diverter Valve Prcssure 7. 3t 7- 33 psi
22 Engine #1 Accel Vert 7 77 1 9-1 G
23 Engine #1 Accel Lat 6 8. 53 G

26 Engine #2 Accel Vert 5. 52 1. 81 G
?7 Engine #" Acctl Lv- 4 75 .56 G
28 P-5 Hub Pressure 4 93 11 5t psi
29 Cross Flow Indicator 4 29 56 47 degrees
"" rl, Paziiltl to Et)gine V: (T 4 54 53i uin/in,
31 AGP 450 to Engine *" 4 02 600 buiniinS32 ~~AGP" 90° to Engine fl- CL=7 •5#ni

S33 R11 Pd Lo"ter 3. 05 423 win/in
34 R/I1 Pad Aft 2 23 41b min/in
35 R/H Pad Upper 3. 14 4 i2 bmin/in
3t
37 Control Actuator Starboard 3. 92 3. 25 degrees
3b Control Actuator Port 2. 27 6 27 degrees
39 Contx.,i Actuator Long 1 35 4 S4 degrees
40
41
42 Dive rter Valve #1 Rotur 1. 65
43 Diverter Valve #1 Overboard .81
44 Divurter Valve #W Rotor 26
45 Divert-r Valve #2 Overboard
47 Dieerter Valve #2 Lateral I 4k,
48 L/11 Pad Uppter 1 37 434 L in/in

4Q L/I Pad Aft 1 011 446 in/in

50 L/H Pad Lower _48 33 in/in
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I1 ABLE 5 ('Cuntiniuwd) -

ObCILLOG1{AP11 SET UP S11L1E

Grou:id Run 31 RvcoLrd No. 45 & 46 Point Nc 7-1- Obc-illograph #2

Channel Sensitivity

No I'~ LIILS/rLualn 1

I Rotor rpn) & Azimuth I Blue Plaue F~
2 Coll,,ctivt. 1'it'.h 10. 92 din- 5. 86 Dvgr.,-eb

3 Blue Bladte Feathering Angle 10.93 14. u Degrees
4 Blue Bfla~e Flapping Ang~le 9. 97 4 93 Dvgrees
5 Hub 'I ilt Angle 9 76 24 49 Degrccs
6 Flapx..v~ Bending Sta. 63. 0 1>/'S 9.53 24, 000 in-ILP
7 Flapv.is lit. riding Sta 63. 0 1ý /S 9. 39 173, 111 in-lb

S Voltage Ref. A IM
9 t,' 75. 4 R/S 10. 51 45, 824 in-lb

10 ' 100 F/S 7.94 14, ()82 ill-i1:
11 " '100 R/S 10.21 23, 507 in--lb

12 ' 140 F/S
13 "140 h/S 9.20 10, 273 in-lb

14 "220 Y/ 5 110.57 9, 517 in-lb
15 220 R/S, 7.74 16, 275 ini-lb

16 H270 / 6.44 24, 606 in-lb
17 "270 R/S 5. 42 15, 694 in-lb

:8 T1i p P'-esb t. Yelo-.'. liladt: Ywd- 7.813.62 psi
19 Chord~isc Be ndi ng Sta. 90. 75 F/S 7.65 21,770 iii- lb
20 C lor dA i B endi tig Sti. 90. 7'i R/S 7. 31 19,627 inu-lb

21 Churdw~ s, B,:n)d inii Sid. 1t FS. 91 20, 05ti in-lb
22, C h ur d,.%i! B -- i aa i Sta.- 14) 1R!S t. 32 16, 111 in-lb
23 Criurdv, isL- Shear etat. 2 3 b. 24 3641 1b
26 Vertical Shcar SL,! 23 5. 2 I ~ 3441 lb
27 D-iet -lox ýion Sta. 15 Blut 4. 9 L, 6653 in-lb
26 DdcL(t Torbion Sta. I ; Rc d 4. i9 606j2 inl-1t

iýc rso t.I elv 4.33 7574 in-lb
-30 Tip Pre ý,surt: Ycluo,- At 'i. 85, 131. 36 psix
31 Skitn Tur!,iyn Sta. ýb 3. c;7 72, 14, ir-lb
32 'Tip Pressure. bluoc Aft 4. 54 1 3. 52Zs

33 Skn Io~inSta. 8 3.28 49, 833 in-lb
34 '1ip Pr( ~surt- B~it, Fwd. 4.,00C 13.28 psi
35 Mv in, Sha ft B132ndlulg; Zrpd ~. 157 195, 7 i2 in -it,
36 M ill Shaft Bte ndfuI~g 90' 2. 7u 9U,96,5 in-ILb

37 7LIp Prc~buru Rd F'%d 3.50 10.21 psi
38I Al Ic 1 Prt .ur. It' If 3Jc ii.

39 Gin1bal Lug Bcndinig 2. 03
,4) G~nibJ Lug Benidinrg Alt 2. 5 b

41 1i(-b P~al., Straini Fw&d 2.42 1316 4in

41 ilkib P-.itc Strain Aft 1.81 2823 i/in
-13 PLeh L'rk 'ut 2. 24 9035 11b
44 P.teh i...ink Ihed j1.77 In,_,56 lb

Phtc h Link 'icAlo% 1-25 9b39 lb
4 U Coutrj)l Actualor Fortce Starboard 1 .46 2092 lb
47 CtrlActui;.tur Yuot .el'irt 1.44 2451 lb

4b Control At-tuatur Forcc Long. , 96~ 1971 lbL u VohageR... B5 Bb ___

50 VL~tagc At C BB

10



1 ADLI 5 (Coritinutjd)

OSCILLOGRAPpi SETUP SHELL

Ground Rut, 30 h-c cord N.) 82 Point 13~-A Otcillograpj ml1

Io iatndiidc -Lr Lot- ation Zurc U1nI~S/II c h

1 Rotorr pmn & Azimuth Blue 1 Ad.

2 Coll( CtIvu ['.tch I I. 2 3 du 5. 5 DegrcesI
3 P-1- Lngiric 0. 10.80 16~.04 pz, i
4 P-5 Lnginc ,ý2 10. 59 15. 39 psi

5 1 r u~,, Lo ad Cel t, 1 f 10.50 5300 lb
6 7hrust Lcoad Cell ff.' 10.31 55119 lb)
7 3Ihrubt Load C('- 103 9 .63 3Z20 lb

E huý Load GeA #4 9.97 5318 lb

f? Thvuht IA ttr 9 .70 9599 lb

I L SwAa~hplate Drag Link 9.31 6,02 ILb
11 P-3 Eigint fl) 9.25 72. 8 psi

13 PL-A Engint jyl 8 .57 St. Curveý
14 PLA I 'ngint: ty2 8.40 See Curve.
15 Variable G,2omc try Lngmt: #1 8.5~3 .98 inlchc!s
It. Variable Geoixit try Engine. #-' 8 . 37 .98 imches
17 rpilr Enigink: #1 8.12 1754 Cycle
I I' ,p]In Enginec #2 6.40 1299 CycIt-
19 1-ougigtudinal Cyclic 6 .71 neut. b. 01 Degree-
20 Lateral Cyc~E 7 .20 neut. Scc Curve
21 D)-verter Valve Pressure 7 .57 7. 29 pbl
22 Engitne #1 A'zcel. Vertical 7. 7 t 1. 95 g

Lniginit #1 Acccl. Latferal 6.93 .54 g,
2 6 Enigin-.- *2 A -ce1I Vertical 5 .52 1. 79

Lngie *2 ALced. Lat-eral 4.74 5g
28 P-5 Hub Pressure 4.94 11,60 psi

29 C-35S Ind 'I'L, 11.2555.51 1) I Vt-e
30 AGP Parallel to Llgiie if? (L 4.55 52bp/dir./iri

31 AGP- .45' to Engine #2 4j 404
32 AG P 30' to Enginec NZ 3. 73 545IJjitflrit

33 R/B Pad Lowur 3. 02 423/1ir./Iri
34 R/H P~d Aft 2.22 449P Iu,/Iri
35 R/li Patd Upper 3. 12 41 311 ni/in

3 , Cascade X'a)ve v Pobition 2 .4'D ope 1 1.-2 3 cdusýt.

3, Control AL~tuator Star biard 3. 30 5. 35 Degrees2ý C .35 10. 79 1)!gres

39 Cuntrol Actua±tir Long. 2 .75 7 57 D.grcus
4 r)

41
4 Z Dhvtrter Valve: 0, Rctur 1.06
43 Divurttr Valve 41 Ove~rboard .8]

44 1) ve rter V/alve- ff. Rotor bb

4S 1) veLrter Valve #1 Overboard . 5s
4, A, cel. Upper B-iarit~g Long. . 87 .52 h;

47 A-cel. Upper BDearkng Lateral 1 4 4t. 1. 96 g
48 LIH Pdd Ulpptr I. 3t, 434p /in
4 9 L!fl Pad Aft 1 .1044 n/n

50 1./l Pad Lowecr .53 35u/j lin/i



' TABIl: 5 (Continuud)

OSCILLOGRAI'It SF2U1' $SHEET

Ground Run. 30 Record No. b2 Poinjt I 3A O'•cillogravl, P2

Chanuel _ Seunsitivity
No. Transducer Location Zero Units/Inch

Rotor rpm & Azimuth L'u- Fd.
2 Collect.v. Pitch 1 1. 04 din. 6. 0 1)egrees
3 Blue Blade Feathering 10. 30 14 6 Vegrets
4 Blue Blade Flapping 9. 94 4. 85 Degrees

t5 ub 'lilt 9. 3, 24 49 Degrees
6 I'lapwis. Bending Sta, 63. 0 F/S 10. 96
7 Flapmise B1ndiing Sta, 63. 0 R/S 10. 75 22e12 in -lb
8 Voltage Ref, A PB 9. 50
9 Flapvise Bending Sta. 75.4 R/S 10. 52 46507 in-lb

!0 Flapvkise Bending Sta. 100 F/S 7. 97 140(b2 in-ib
II Flapw1se Bend.ng Sta. 100 R!/S 10. 25 23864 in-lb
12 Flap ise Bt iding Sta. 140 F/S b. 41 10383 in-lb
13 Flap\Aibe Bending Sta- 140 R/S 9. 11 10056 in-lb
14 Flapwisc Bending Sta. 220 F/S 9. 21 159,6 in-lb
15 Flapwise Bending Sta- 220 R/S 7. 69 1,043 in-lb
16 Flapwise Bending Sta. 27U F/S 6. 41 24b00t in-b
17 Flapwki.e Bending Sta. 270 Ri/S 5. 42 154bO in-lb
18 Tip Press. Yellowk Blade Fwd. 7. 54 13. 32 psi

19 Chordwis, Bending Sta. 90. 75 F/S 7. 67 22201 in-Il
20 Chordv,.ist Bending Sta. 90. 75 R/S 7. 23 19627 in-lb
21 Chordwise Bending Sta. 149 F/S 6. 91 20056 in-lb
22 Chordwise Bending Sta 149 P/S 6. 36 15962 in- lb
23 Chordvise Shear Sta. 23 6. 26 3877 lb
26 Vertical Shear Sta. 23 5. 16 3073 lb
27 Duct Torsion Sta. 15 Blue 4. 59 6653 in-lb
28 Duct Torsion Std, 15 Ked 4. 23 6015 in-lb
29 Duct Torsion Sta. 15 Yello\ 4, 26 7574 in-lb
30 Tip Pressure Yellow Aft 4. 83 13. 09 psi
al Skiii Torsion Sta. 38 3. 5o 72141) in-lb
32 Tip Pressure Flue Aft 4. 57 13. 52 psi
33 Skin Torsion Std. 83 3. 30 50327 in-lb
34 Tip Pressure Blue Fwd. 3. 92 !3. 80 psi
35 Main Shaft Bending Inplane 2. 90 201., 830 in-lb
36 Main Shaft Bending 90° 2. 78 90965 in- lb
37 Tip Pressure R,,d Fwd. 3. 52 10. 27 psi
38 lI'ip Pressure Red Aft. 3. 12 13. 66 psi

39 Gimbal Lug Bending 2. 11
S0 Gimbal Lug Bending Alt. 2 59
41 flub Plate Strain Fwd. 2. 27 1315 .,in/in
42 lub P'latc Strain Aft 1 97 ib822 uin/in
43 Pitch Link Blue 1.70 9162 lb
44 Pitcl, Link Rcd 2. 06 10, 508 lb
45 Pitch Link Yellow 1. 34 96•92 lb
46 Control Actuator Furce Starboard 1. 94 2064 lb
47 Control Actuator Force Port 1, 80 2358 lb
48 Control A( tuatur Force oung . 83 1971 lb
41, Voltage Ref B PB . 95
50 Voltage Ref C BB .81
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5. 7 YAW CONTROL VALVE TESTI NG

L, addiiiou to functional chech-out, the purpose of the yaw
valve tests was twof )ld: (1) measurenment of the available yaw thrust
and (2) investigation of the effect that opening of the valve has on lift
and/or pov.er levcr position. "lhe zieasurement of yavk force was

m1ade in a sequence of steady-state points recorded at incremental

onening of the valve. Those tests wer, repeated in two modes of opera-

tion: at constant rotor lift and at constant power lever position (PLA).

The results froni the above tests are shown on Table 6 and Figure 64.

4
The operation of the valve at constant lift represents capa-

bility of yaw control in hovering The maximum measured yaw thrust
was 338 pounds, wrtich exceeded the 300 pounds established as tht de-

sign objective. When the valve was actuated at constant PLA, both
rotor lift and yaw thrust ;:otably decreased. In order to mnaintain

constant lift, a coordinated movernent between the directional control
and the power lever was required.

The tests have shown that the adjustment of PLA associated

with each valve opt-ning was within practical lirits. It is interesting
to note that in the hot cycle helicopter t_ e corrective PLA movement
is always in the same direction, in a helicopter with a tail rotor,
this movement is opposite for the opposite pedal deflection.

A neutral "no-force" position of the valve was found to ex-
tend over 18 degrees of the control valve movement. This was con-

sidered excessive for a smooth transition of the yaw thi ist to the opposite
direction. After the tests were completed, steps were taken to reduce
this dead band to minimum.

5. 8 ROTOR DOWNWASt! VELOCITY

Rotor downwash velocities were measured during rotor
performance tests using a downwash velocity boom and a movable probe
with a standard pitot head approximately 9 feet below the plane of the
rotor. These data are shown on Figure 65.

5. 9 ROTOR-ENGINE SOUND LEVEL.

Sound pressure level data were taken during the performance

runs at high engine power and thrust levels. The YT-64 gas generators

were run without sound suppression for inlet noise.

113 1
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Sound spectral data wcre taliken at 100-foot intervals fromi
the base of the whirl tower from 100 to 400 feet. These data are pc,,-
sunted on Figure 66 showing the over-all sound levels, and in Table 7,

showing the sound levels for three fr-quene;cy bands. AAn octave band
noise analyzer was used to record thtse data.

The highest sound pressure levels were recorded directly
in front of the poxer module and engine inlets. TI'L o-r-•1l ,o 1 1 ,A Arv'

.iLadured at 11 ,. utecibel, at a point 100 feet directly in front )f the
power -:dule. Anibiert sound level was 80 decibels. At a point 100

feet and 90 degreets to the right of the power module, the sound level
.|c.,r-d •t 1W c . ,, t".rust was approx'.>:ately

16, 000 pounds for these conditions. j
Although the measured sound levIls during these tests were

as high as for the previous whirl tests where a J-57 engine with noise
suppression was used, there were no cases of noise disturbance re-
porled by nearby Loyola University during either the engine or the whirl
test programs.

5. 10 ENGINE TEST RESULTS

Prior to twin-engine operation of the YT-64 gas generators
with mixed exhaust flow, each engine was run individually with iZ,
diverter valve in the "overboard ' positiozi to obtain the engine operat-
ing line data for this fixed exit area and for military speed "topping"

adjustment. The tailpipe exit area was 52. 55 square inches for these
tests.

The turbine speed, NG, limit at topping was established as
a function of the jet nozzle area and turbine discharge temperature, T 5 .
ior a turbine inlet temperature limit which was defined by the rrmanufac-
turer's calibration data supplied with the cngines. Engine SIN 250010-4
had the lowest tT 5 at topping and was considered the reference engine.

Engine 250026-IA had higher 1T 5 at topping and was "topped" below its

1I5 limit for the effective exit area to match the PT, from Engine 010-4.

During this phase of "esting it was noted that the apparent

evlgiii, exit area was greater than 52. 55 square inches by three to five
square inches and that considerable gas flow was leaking pabt the
diverter valve door into the upp-.r common duct, even with the diverter
valves locked in the overboard position. Rerigging and adjustment of
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the diverter valve actuating miccliaisnis reduced th- lakagu to sonie

degree, but a completely tight seal was not obtainable.

"Ihe use of tailliue ''I.ahs" w-as -nttlov, d ti) clia no the effvc-

tive exit area and to perimit 'topping' the engine on the desired operat-

ing line. This procedure was used successfully on Engine 026- IA
during topping to reduce the effective exit area, vhich was larger than
desired because of divertr-valve leakage. 'Ihe installation of tabs
amounting to 5 square inches changed the efiective exit area from 57

square inches to 52 square inches, and engine 'topping" was set with
the tabs installed.

The change-over fronm individu"l to twin-engine operation
was accomiplished by stabilizing both engines at idle with diverter

in "overboard position arid then actuating the diverter valve
switches simultaneously to "rot,,r" position. The exit area of the corn-

j mon exhaust nozzle was previously set for twice the nominal single-
engie '-it area.

Diverter-valve actuating time was appruxii-, ate!i 0. 5 sec-
ond from "overboard" to "rotor' positioi. Engine operation was

completely stable during the transition, and the only perceptible change
i- the engine instruments was an equalization of I'T5 or, both engines.

The power levers were then advanced simultaneously to
produce a synchronized power lever angle until the desired twin-envŽine
power setting was reached. Engine turbine speed, NG, was used as
the prinmary reference during the power setting process with fine bal-

ance adjustments made by matching compressor discharge I-T3. NG,
and I'lT5.

Air flov matching by setting equal P T31 s was checked
against the manometer board air flow measurement and found to be an
accurate means of obtaining niatched air flows.

Engine response ouring twin-engine a.:celerations and
power lever changes was essentially the same as for single-engine
operation, and no difficulty was encountered to control both gas gen-
erator.. by manual povkcr lc..... r .ipu.atOn 11. sing the standaIUd rUf-

erence instruments.
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G,)od corrclatioxi bctvkccii cngmne fuel flovss wab, !i(ted dur -

ing engine rinatching. and this parameter could be pariticularly useful
for power setting, and eiikinc incotching durixig in-flight. operationi of the
hot cycle system.

I1 xiin-crgirse shutdo-wn was -cconipllshed by reducing both
engines to idle p~owAer arid sitnultancouF.,y ac-tuating the divcrter %valve,
switches to "overboard" positi'm. Individual tngine shutdo-)Wn was then

mnade by moving the i~idividual power levers to- '"off"' pos itliul.I

Normal shutdowni procedure \,as io start the MýA -i cart
prior to engine shutdown in order to "moltor' thc engine in thle everlt of
a post-shutdown fire or residual fuel burning, however, all shutdowns
wkecre celean' and posti-shutdown motoring wa6 never required.

5. 10. 1 Test Re~sults and Analysis

The en~gine and power rinodule tests were conducted prior
to the installation of the rotor in the propuls ion systemn. Unlike the

rotor, which had already demonstrated its capability in the 60-hour
endurance test, the po~er moduleu had never been tesited as a completi:
unit. Many aspects of its operation thus remained unknownl until the
actual testing was comiple~ted. Incl sarre applied to the engines arid
diverter valves which, during the previous rotor feasibility testing.
were in the developm-rent stage, The concept of the comm-rron exhaust
system for a cluster of jet engines, though feasible theoretically, was

yet to be checked in a practical application. The proof of practica-
bility of twin-engine operation was of primary importance with regard
to the whirl test programn and to the hot cycle concept.

In effect, the pow.\er module test demnonstrated excellent
operating chiaiacteristics of the twin-enginie system used in the XV -9A.
Thie normal steady-state opex ~tion was exactly as predicted in the
earlier studies made in connection with this program.
The transient runs, as severe as any to be expected in emergency
situations, demionstrated that the power plant. operation if completely
stable. This stability wvas proved by mismatching engines to a con-

Within the scope of performance evaluation, the following
test objectives were accomplished:
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3: 1 . l)'tinitioll of . iginc opcrating line

3. VICiit'icair Of t~ýPil COIL-r~r~~
S3. SciCction of topping procedure and topping coi-

ditions lor cach engine
4. Tz•ia-,-egine mathicd steady- r*tate operation
5. 1 Ain--engine matched transient operation
6. Xiislnatt l•ed engines in steady- sate and

transient ope-ration
7. Simulation of engi:-c or diverter valve failures
8. Co nparison of various engine flow measuring

nmethods
9. .,Ncaburxnenrt of pressure loss in the duct system

Kiost of thet ti., st objectivs werc accomplished during Runs

15, 16, and 17. The respective test data wcere used in the purformance

evaluation. 1"igureb 67 through 76 illustrate the test results.

FIigures 67 and u8 show a plot fcr each engi- of corrected•, T M N
5 G

exhaust teriperaturce v versus corrected engine peed -61 The

oper.iting lines established by the manufacturer at fixed nozzle areas,

together with the tirLirne inlet ternlperaturc limit lines, L , and13 T14 Lim~it

exhaust presstre lin.S, -.- , form the background -nap on ,khicn test

points and curves are indicated. These maps were usi.d during the
tests for a quick deterniination of operating lines, efft _tive exit areas,
and leinperature limits. Figure 67 represents the operating record of
F noine 010-3 from Runts i5, 16, and 17. JIypical twin-engine matched
and jirisratched test runs are recorded. Each of these operat" :ms was
run ai the total geornetric exit area of 109. 6 square inches (curves A

and B) arid 98. 6 square inches :curves C and D). The corresponding

operating lines of Engine 0?6-1A (cur%,es A, B, C, and D) are shown

on Figure 68. 'TvNin-unginc topping was accomplished by topping Eng-
inc 010-4 .-t its temperat.ure limit, while Engine 026-1A was adjusted

to equal the fo'ier exit pressure oi" its weaker countcrpart. Inhe power

developed at topping speed i. indicated on the plot in terms or shaft
jhorsepo-wcr (SIIP; 4s defined by the ,rngine manufacturer. Pie tests

showed no significant adverse effects caused by the common exit

arrangemen-t. Wlen the engines remained essentially niatched through

the rangem of o.c:.'at:on, they ran pr a' tically as they would run having
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U

individual discharge nozzles. The steady-state engine ope.rating char-

acteristics at the differential power setting were checked by Lolding
Engine 0,26-!A at a constan' power lever angle of about 97 percent

speed while reducing the speed of Engine 010, The degree of mis-
match was increased iicrementally until the speed ratio in one case
was 97. 5 : 74. There -,as no adverse effqect of niisinatchixi.g -Dot1

tests consititutcd a sequence of stable steady-state points. The tenkp-
erature of neither engine exceeded the limits.

To simulate one engine failure during twin-engine opera-

tion, the diverter valve on Engine 010-4 was switched 'overboard. "

The effects of valve switching on the opposite engine are shown on

Figure 68. At all spetd leve'ls the engine reacted in a normal and
safe manner, with sp,;ed remaining within the droop line limits. E

Figures 69 and 70 were used to compare the engine manu-

facturer's lest data with the Hughes Tool Company test data. The cor-

r cted compressor flow curves versus compressor pressure
6 2

ratio 1P /tP1 on Figure 69, and the corrected compressor flow
3 2

versus corrected speed on Figure 70, provided the background on which
test points were plotted. Figures 69 and 7(C were prepared for Engine

026- IA; they show a good correlatioi between the engine manufacturer's
and Hughes Too] Company test data. A similar plot made for Engine
010-4 was not so consistent with the engine manufacturer's test. How-

ever, as pointed in paragraph 5. 10. 2. 4 a different approach toward
corrclaion of cngine nanufa,.tur•r's test data and -ughe-, Tool CoCI1pany

test data for mass flow was developed, wab found to provide gocd

agreement and was utilized.

The next four figures are transcriptions from the oscillo-

graph record. Figores 71, 72 and 73 show the effect of typical twin-

engine transient operations on various engine parameters. They

illustrate, respectively, rapid acceleration from idle to maximum
power rapid acceleration to nmaximnum power with differential starting

speeds, and rapid power change from maximum to 80 percent NG
and return to maximum. Figure 74 shows a sequence of steady-state
conditions at various differential power settings, followed by accelera-
tion of the slow engine to its original power setting. This test is the
same as one illustrated by curve D on Figures 67 and 68.
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S5. 1o. Ylo, Deteriinatioi, in Lnginc Testirig

LI 5he Testing o1 tile not cynit ,'Sy tujll, ihe qudiiiy of per-

fornanmee evaluation depends much on the quality of air flow measure-

mnents. Ltov. tve, the problem of loA deternaiination in the hot cycle
Sduct y tc it; ....... - _"-- 4 V_ 1-ractr... . in . ...... 11r t pl , thu"

internal ducting dou not haved a suitabht suction where any standard

flo%,-nmasuring dzvi-cts could be located. Secondly, the w ide range
of test conditions tronm stationary to flying is difficult to cover with

any single con,,untional arrangumncnt of instLrunic-ntation.

5. 10. 2. 1 Bu!lniouth Measurements

The standard Tu4 bellhiouth inlet was designed specifically

fo, that eunine to provide the nmeasured values of inlet air floy. During

the engine test pograin, the T64 be'dnmouth 'as considered as a primary
standard for the puipose of calibration of pertinent system components.
Until Rtun 17, -which was the las.t in the series, the bulhnouth was instal-

led on Engine No. 1 (010-4). A water inanometer vwas used to measure
thc pressurt differential P1 ,][ -P 2 . The Lalibration curve supplied by

the engine manufacturer was'used to convert manometer readings into

corrected comnpreusor flow. When some disc repaiicies \.erer found
between the results of the current tests and the manufacturr's test data,
the complete bellmouth measuring system was thoroughly checked out.
No leakage was detected in the system. The indications of the remote
manormieter \,.ere compared with the readings of sensitive gages mnounted
directly on theu test rig. All readings were founid to be the samne, The

bellinouth calibration curve was checked against the theoretical flow
curve for conipressible flow. The resulting flow coefficient for thv bell-

mouth1- %as found to V,' f n. our "--,c t~ls n n r wa yicl o

bellynouths of this type, the calibration curve was concluded to be cor-
rect. In result, no reasons were found to question reliability of bell-

mouth meabsurcmient.
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During the transient runs, the response of the inanometer
was checked with an electronic counter. The mranometer attained

steady state almost siimultaneously with the counter and far ahead GAf
tile console IP. pressure gages. This feat qualified the iranonieter13

indications as good for mnonitoring purposes.

5. 10. 2. 2 Hughes lool Company Inlet Duct Measurements

The XV-9A inlet duct was designed with generous intern-
al lip thickrncss to int:urc smnooth inlet flow both statically and in flight.
The instrumnentation used with thu inlet duct kas identical to that in-

stalled with the standard bellmouth.

in all tests, with the exception of the last, the bellmouth
was installed on Engine No. 1 (010-4) while Engine No. 2 (013-5 and

026-1A) was operated with XV-9A inlet. Prior to the last test, this
arrangeTment was reversed to enable calibration of the inlet. The flow

data recorded during that test had indicated that Hughes Tool Company
inlet had essentially the same air flow calibration curve as the stand-

ard bellrnouth.

5. 10. 2. 3 Engine Compressor Air Flow Measurements

The possibility of using the engine as a flowmeter has been

discussed several times with the engine manufacturer.

Using compressor air flow curves, furnished by the engine

1- manufacturer, is usually the most common method for determining the

Sw~, ,fV,
* air flow in flight testing. The curves are generally plotted as -

N W 4-02 T3 W2
VS. and vs. However, the T64 compressor

2 T2

has variable geonietry which is related to a specific setting of the
% governor. Once the governor is remove-i for some reason or the vari-

able geometry (V. G. ) is reset, the calibration of the compressor

is lubt. Th"e f Of -hysteresit. of • V. C .echani- may also result

in an appreciable error, which adds to inaccuracy of the speed vs. flow

5 curve.

The effect of the above limitations was noticeable in the

test results. In Engine 010-4 and 013-5 the speed-flov& relation was

1
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different from that given by the nianufacturer, ai.d the flow versus corn-
pres,,or ratio was not consistent with other data. It is possible that the
differences were caused by different V. C. settings and/or by some
deterioration of the con-pressor. Contrarily, the new Engine OZU-IA
showed good correlation between all measurements (see Figures 69
and (" I V .

5, 10 2.4 Engine Turuine Inlet Air Flow Measur ements

Not until the twin-engine testing "as in progress was
Station 4 (turbine inlet) considered for checking flow measurements.
An evaluation study vwas mrade vihicn proved that the turbine inlet used
as a flow--measuring section is more accurate and better applicable in
the test programn than any other methods proposed previously. This is
mainly due to the fact that Station 4 renmains choked from maxinium power
down to the !light idle.

''The turbine inlet also retains its geon etry, unlike the con-
pressor, and is unaff, cted by the changes in flow p ttern associated with

Schanges in flight conditions which cause inlet measurernents to be mean-
ingless.

Since the turbine inlet is not instrumented, its flow function
cannot be expressed in terms of Station 4 parameters. However, it can
bU proved that wht-n the turbint inlet is choked the following functional
relation exists between the parameters measured at Stations 2, 3, and 5:

W 2 V t f (I't* C - Tt2

Pt3 Ttt 3 3

I.n practice, the above relation represents a single curve which may be
used to calibrate engine flow in any specific engine over the entire range
of flight operation. Using this aFproa:h, Engines 010-4 and 026-1A Xa e
been calibrated. TIest ceu data and Hugtes Tool Company engine .est
data were used iii the calibration procedure. An example of a calibration

curve is shown on Figure 75.
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5. 10. 3 Pressure Loss in the Power Module

The absence of the rotor during the twin-enginc test offered
an opportunity to measure pressure losses in the nonrotatinig ducts of
the power module. The straight annular duct of the comnmon discharge
nozzle was designed in anticipation of this particular test. Its iocation,
which corresponded to the future location of the rotor hub, was suit-

A able for this purpose. The duct was instrurnented with 10 total pres-
sure probes and 4 thermocouples equally divided between the opposite
sides of the annulus. Gage pressure from the individual probes was
recorded on the oscillograFh. The temperatures were recorded on
the strip chart recorder. As expected, the temperature in the mod-
ule essentially remained unchanged. The results from total pressure
measurements plotted versus engine discharge flow function are shown
on Figure 76.

In the complete system, with the rotor operating between
90 and 100 percent rpm, the discharge flow function was found to vary
between 53 and 54. At this value, the pressure loss between the eng-
ine exit and the rotor is about 4 percent.

5. 10.4 Engine Test Instrumentation

The YT-64 gas generators were extensively instrumented
to determine their operating characteristics and performance during
twin-engine operation in the XV-9A propulsion system. The control
van test operators' console which contained the basic engine instrument-
and controls was the primary reference for engine operation during
all phases of testing, including starting, twin-engiine steady state, and
twin-engine transients. The instruments used for this purpose were
of the standard sensitive type currently being used in rnultiengine jet
aircraft. Most of these instruments were to be used subsequently in
the XV-9A during flight testing.

A 50-channel oscillograph recording 30 data functions was
used to record engine parameters during transients and conditions
winh,-, i•-nirl rhanges were expected. Strip chart and temperature

recorders were used for engine gas flow and power module structural
temperatures. A water manometer board with a 35mm camera for
recording was used to record engine air flow data.
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Engine air flo. ineasuruinent was by mivans of a standard
calibrated bellmouth, wAith instrurncttation probe s installed 'o nca sure

total and static pressures and te fer-aturcs at six radial locations.

Temperature probes consisted of thrc, ridividual eleme-nts paralleled
for single read-out at six radial lcaticns arid recorded on a multiple-
point tenly)craturc recorder. Tlh. lolal and static prcssure probes were

connected to the water tube manonmter located in the control van and

recorded by the 35nmnm camera.

r Although only one standard belmoiuth was available during
these tests, air flow calibrations were obtained for both engines by

installing the bellmouth on each engine for calibration tests. The

standard bellinouth was inbtalled on 17ngine No. 1 (010-4) during Runs 1

through lb and on Engine No. 2 (026-lA) during Run 17.

The Hughes Tool Company inlet with air flow instrumenta-

tion was installed on Engine 013-5 during Runs 1 through 6, on Engine
026-IA during Runs 8 through 16 and on Engine 010-4 ciuring Run 17.

S1. C ontrol C onsole, D irect-R eading A~ icraft TL e _Instrum ents

(35mm Sequence Camera Uod For Recording)

Engine Speed, NG both Engines, % RPM

Turbine Discharge Temperature, "' 5  i " I-,C

Turbine Discharge Pressure, PT "5-Hg ABS.

Fuel Flow, WF ." LBiI/R

Compressor Discharge Pressure, P " "Tg ABS.

Power Lever Angle, PLA " Units (calibrated)

Variable Geometry Position, VG

Fuel Control 0 tlet Pressure PSIG

Fuel Temperature 0 F

Engine Oil Pressure PSIG

Engine Oil Temperature , o
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Engine Vibration Both Engines, Mils- displace-

rue nt

Fuel Boost Pressure PSIG

2- Oscillograph, 50-Channel with Magazine anid 7ake-upI Reel

Engine Spt.ed, RPM Both Engines

Turbine Discharge Pressure, P " "
'5

Compressor Discharge Pressure, PT -

Eng:ne Power Lever Angle, PLA

Variable Geometry Position, VG "

Fuel Flow, WNN'F (Limit Switches)

Diverter Valve Position (Limit Switches)

Acceleration Vertical Fwd Engine

Mo unt

Acceleration Horizontal ' Structure Sta.

279

Common Duct Total Pressure, P,. 10 Probes Total Pres-
' 6 sure Rake

Static Pressure, P (4) Orifices

"6 Manifolded

Compressor Discharge Static

Pressure, P Eng. #1S3

3. Strip Chart Temperature Recorders (4) (Chromel-Alumel)

Turbine Discharge Temperature, T5, Both Engines

Compressor Discharge Temperature, T"3 "
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4. leprature Recorder #] (Copper-Constantan)

Engine Inlet 'Iernperature, T- 16), each enginte

5. Temperature Recorder #2 (Iron -Constantan)

Power Module Structural Temperatures

6, Strip Chart Temperature Recorder (Chronmel-Alumel)

Common Duct Gas Temprrature, T 6

7. Manometer Board & 35mm Seqýuence Camera

Engine inlet total pressure, PT1. (6) each engine

Engine inlet static pressure, PS2 (6) each engine

5. 11 SIMULATED EMERGENCIES

The following simulated emergencies were performed
during whirl testing to determine the operating characteristics of
tht rotor, engines, and systems for these nonroutine operations.

L. Rapid Rotor and Engine Shutdown

A rapid shutdown of the rotor ad both engi .es was

accomplished at the termination of 1,..-i 28 on 7 May 1964 when

rebidudl hydiraulic fluid underneath the No. 1 diverter valve wa5
ignited.

"The shutdown was initiated from the following conditions:

Rotor Engine #1 Engine #2

e = 10° N_, 99.9% N,= 10). 47o

NR 97.5% T5 604 0 C T 5 = 595 0 C

Lift 20, 800 lbs
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The shutdovNn was accomplished in the following; sequence:

a Engine power reduced to N 90%
G

b. Both diverter valves actuated to "overboard" position.

c. Reduced collective to 00 as rotor speed decreased
below 80% N R

The shutdow&n was accomplished rapidly and smoothly and

rotor structural loads were !ow.

The time intervals were as follows:

t 0 Start engine power reduction.
t 13 seconds Diverter valves positioned to "overboard".
t 45 seconds Rotor speed reduced to 27.5% NR.'

2. Sing e Hydraulic System and Controls Operation

The rotor controls were operated through Lheir normal range

and rates with each hydraulic system at zero pressure during Run 31
on 14 May 1964. The procedure was to bypass each hydraulic system

one at a time and to operate cyclic and collective controls wigh the
remaining system providing hydraulic power a+ 3500 psi. Cyclic and

collective control operation was smooth and stable while operating
on each individual hydraulic system at 3500 psi. There were no t
control transients or any noticeable effects when either system was
bypassed to zero pressure. Normal operation of both hydraulic
systems was restored without any noticeable effect.

3. Simulated Engine Failure and Engine Isolation

An engine failure was simulated from an initial condition of
Nn = 96. 5%. during 1Pun 31 on 14 May 1964 The nroiedure was to

reduce power on engine No- I and simultaneously increase power on
engine No- 2 until NR dropped to 81%. The engine No. I diverter
valve was actuated to "overboard" position, which isolated this

engine from the system, This operation was accomplished without
adverse effect to either engine. The power on engine No 2 was

increased to NG = 100. 4%, and rotor operation continued at reduced
lift with this engine operating at twice normal exit area. The
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resultant rotor lift was considerably reduced since the two-position

blade-tip closure valves were not installed.

4. Eine Shutdown by Means of the Fuel SysteIn Firewall
Shutoff Valves.

Both engines were shut down from idle condition during
Run 31 on 14 May 1964 by closing the firewall shutoff valves. The re-
sultant engine shutdowns required approximately 60 seconds as a
considerable amount of fuel is contained within the engine fuel control
which is downstreani of the shutoff valves. Both engine shutdowns
were completely normal.

5. 12 COMPONENT MAINTENANCE AND REPAIR

fDuring the course of the test program, very limited
maintenance, repair and/or replacement of power module or rotor

components was required. The following assemblies required actionJduring the Frograrm:

Sa. E ngine tailpipe assem bly - F ailed during
engine tests due to insufficient penetration
of a weld. Part was repaired and
reinstalled.

b. Engine failure - Engine S/N 250013-5 failed
during engine tests due to compressor blade
fatigue. Engine S/N 250026-IA was installed
for the remainder of testing.

c. Hydraulic system supply selector valve -
Functioned improperly during initial
check-out. Return spring was replaced
with one of a higher force. Repair was satis-
factory.

d. Die rte r 21-e - Units instA-led during engine

tests had insignificant leakage and were replaced
with previously reworked spare units prior to
whirl test. Removed units were subsequently
returned to manufacturer for seal rework.
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e. Divcrter valve actuator - O-ring failed during
whirl test and was re-1e-,od. Actuator per- i
formance vkas erratic during entire test

program, New actuators were designed and

fabricated and were installed subsequent to
whirl test.

With the exception of the above items, the results fron,
the mechanical and perforrnance tests of the system showed that all

components functioned satisfactorily.

1

I

I
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6. RESULTS OF POST- TEST I NSPECTI ON

_'ollowing completion of whirl testing, the power module
and rotor were removed from the whirl tower and returned to the fac-

tory area for leakage tests, teardown inspection, and reassembly
prior to mating the power modi':e and rotor to the XV-9A fuselage. The
results of leakage tests have been discussed previously in this report.

The complete rotor assembly was removed from the power
module. The blades were removed from the hub, and all leading-edge
segments, trailing-edge segments, fairings, and access panels were
removed from the blades. The laminated spars were removed from

each blade for inspection of the spars, attachment bolts, and blade
segments. The Y-duct and tri-duct were removed from the hub, and
the blade-articulate ducts were removed- The tip-cascade assen .Ay
was removed from each blad,-,. The rotor hub and shaft were disassem-
bled, including hub gimbals and the upper and lower bearings. The
YT-64 gas generators, diverter valves, transition ducts and tailpipes
were removed from t' e power module. The flight control system com-

ponents were removed, including hydraulic servo actuators, control
rods, and swash-plate assembly. The instrumentation slip-ring assem-
bly and various transducers were removed for inspection and recalibra-
tion.

6. 1 INSPECTION RESULTS

6. 1. 1 Rotor Hub Assembly

Leakage of the Y-duct and tri-duct assembly was found to
be negligible. Carbon seals were found to be in good condition. Replace-
ment was not necessary. The C-102978 center seal was not compres-
sing freely. This was remedied by locally grinding some material from
the C- 102978-2 composite. Approximately 3/16 inch interference

and .. h... t--Auct.. Iri. 1 md 1 a l , e U
by removing some of the hub material and raising the hub a small amount
(1/8 inch). Hub tilt limits were changed from 10 degrees maximum to

9 degrees maximum.

A gap was found between the ends of the radial bearing
oil seals. New seals, made from slightly longer material with their

ends bonded together, were installed in an effort to minimize oil leakage.
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Spacer blocks were remade using titanium to provide ? more rigid
path for the ti i-duct thrust loads. The cooling-air curtain was torn

Iron) interference with an instrumentation bracket and was repllced.
p The outeT carluo,n seaj assc bly c:laýz,i,f -aku wa har ... i'-- brittle.

A nevw gasket was installed. There was no noticeable wear found on

U ~the following:

1. Hub girmbal bearings

2. Shaft radial bearing
3. Shaft thrust bearing
4. Accessory drive belt

6. 1. 2 Rotor Blad.!s and Spars

Bolts attaching the spars were reynoved. No torque
-values were below drawing tolerance except one wfere a nut plate

came loose. A nev. nut plate was installed and new attaching bolts

$1were used even through there wa;3 no evidence of ex-cessive fretting.
Thi.s was done to make it possible to identify any fretting taking place

during th0 next phase of testing- There was no evidence of cracks in
la-niinatio~ns Smnall marks were found on each spar in one area where
the edge oi a segment contacted thbe spar. Corrective action was

taken to eliminate Lhis by extending dhe Arrnalon antifrettijng material

to cover this area entirely. No evidence -,f elongation of holes in the
segments due to whirl test loads was found. Some holes where found

otit of tolerance and were reamed out and bushed as required. Small

areas of spar delamination at the outer end of some of the laminates

ec i stCL jJi jul L'to whirl testsL. .tJ-iCOL aireas s1LJOWeL no C keItV nain
extended during tests. The root-end fitting and attachment were re-
worked .- imprive the fatigue strength of this area as substantiated by

compcnrient testilig.

6. 1. 3 Articulate Ducts

There was no measurable leakage at the inboaxd spherical
seal. The leakage rate of the outboard lip seal was measured at ap-

proximattly 11 - 12 cfm. This is about the same ra'e as measured

on a new seal. However, since approximately 1/3 inch was worn off

the lips, new seals w,&-re installed.
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7. '1 EST INSTRUMENTATION I
Test instrumentation measurements recorded during whirl

test are listed on Tables 8, 9, 10 and 11. The following portion of the

test instrumentation was installed in the control van during whirl tests:

Deas c ription Quantity

1. Oscillograph, 50-channel with Magazine (2)

and Take-Up Reel
2. 12-Point Temperature RecorderL (3)

3. Manomcter, Multiple Tube, H0O with (1)
35mm Sequence Camera

4. Strip Chart Temperatire Recorders (4)
5. Engine & Rotor Instrument Panel with (1)

35rmm Sequence Camera
6. Thrust Meter (1)

7 1 DESCRIPTION OF INSTRUMENTATION

7. 1. 1 Strain Gage Installation

Foil strain gages with a high-temperature epoxy backing
were used on tle rotor and power module. In areas where tempera- I
turcs above 200 degrees F were expected, a high-temperature cement
was used. For application where the ten-iperature was not expected ;
tu cxteedt 200 degrees F, a room-temperature curing epoxy was used.
Each gage installation was subjected to a short cure at the expected
operating temperature to prevent drift.

All strain-gage bridge installations had 4 active gages
with the exception of the hub plate strain, which had 2 active gages,
and the engine strain rosette, which had 1 active gage in each bridge.

All strain-gage bridges on the blade were waterproofed
and protecLed by silastic-rubber compound. In addition, the compound

was used to attach the strain-gage lead wiring to the spar. This was
satisfactory except in areas where there was oil contamination. In
these areas, the compound never hardened.

Irnormadon on the location of strain-gage bridges is
given in Table 9 and Figure 77.
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I
7. 1- 2 Blade Thermocouple Installation1 7. 2 Crom-neI- Aiumvei (K calibrationl therruocouples were

used exclusively on the rotor. These thermocouples were 30-gage
wire with double-woven fiberglass insulation,

The thermocouples on the blade skins, flexures and

duct walls were attached by spot-welding the thermocouple directly

to the part. The spot-weld formed the junction at which the tempera-
- ture was measured.

The temperature of parts subjected to fatigue loading,
such as the spars, was measured by using a thermocouple with a

jjunction fused by use of a mercury arc. These thermocouples
were then cemented to the part. The thermocouple wire o,) the spars
was attached directly to the spar with a silastic compound. The lead
wire for the thermocouples installed on the blade was attached to the
blade by three small sheet-metal clips spot-welded to the blade seg-

ment. The wire underneath these clamps was protected by wrapping
-it with fiberglass tape. Silastic compound was then applied to hold

the wire in place. The arrangement worked very well.

The thermocouples installed in the blade-tip cascades

were made from inconel sheathed Chromel-Alurnel wire. Location
_ of thermocouples is given in Table 10 and Figure 78.

4� ower AN,^a.,UAe , ISLtructural "• .*iA L...P...

E Iron-Constantan (J calibration) thermocouples were used
to monitor the temperatures in the critical areas of the power module.

These thermocouples were attached directly to the parts by spot-welds.S~30-gage wire with double fiberglass insulation was used. Th, )cation

of the various therrmocouples is given in Table 11.

7. 1. 4 Engine Performance Thermocouples

All engine performance temperatures were measured

with probes furnished by the engine manufacturer. The engine inlet
temperatures were monitored by Copper- Constantan thermocouples
which were attached to the lead wire with compensated quick-disconnect
plugs. The compressor outlet and turbine outlet temperatures were
monitored using Chrornel-Alumel probes attached to the lead wire

148
ft



with compensated quicic-disconnect plugs. These probes are showr
in Figure 79.

7. 1. 5 Rotor Thrust Measuring Systern

The rotor and power module were attached to 4 load cells
at the 4 points where the power module attaches to the fuselage. The
load cells then attached the power module to the tower in such a fash-
ion that the force path of the rotor thrust was through the load cells.
The side loads were reacted by adjustable links to prevent horizontal
movement of the power module. The load cells were of the dual bridge
type. One of the bridges of each load cell was connected to a summing
circuit which provided the operating signal for a thrust indicator. This
indicator was equipped with a retransmitting slide wire to provide a
read-out of the sum in the oscillograph. The other bridge in each load
cell was also connected to the oscillograph so that the load sensed by
each individual l,.oad ceil could be recorded. The installation of the
load cells is shown in Figure 80. The indicator is shown in Figure 81.

7. 1. 6 Pressure Measurements

1. Engine Test

Engine inlet pressures (P 2 ) were measured with a multi-
tibe water manometer. Compressor discharge pressures (P 3 ) were

measured with pressure transducers. Turbine discharge pressures
111511wee asornesurudwit pessretransduce~rs. Pres,4ure tranb-

ducers were used to measure the gas pressure (P 6 ) in the variable
area exit nozzle. Figure 82 shows the probe arrangement in the
variable area exit nozzle.

2. Whirl Test

All pressures described above with the exception of P6
were measured during the whirl test program. In addition, additionai
transducers were installed to measure the blade-tip cascale entrance
pressure (P 7 ) and the diverter-valve pressure A differential pres-
sure transducer way used to measure the pressure in the yaw control
duct. Figure 83 shows installation oi pressure transducers near the
tip of the blade. The pressure transducer used to measure P 7 was
selected because of its low sensitivity at g forces in the plane of the
diaphragm. The er-or at 500 g's was less than . 3 percent of full range.
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7. 1. 7 Additional Test Instrumentation

• l.oJL _ý1 o L t-.Roor "haft

The rotor shaft was strain gaged to measure shaft bending
loads at the upper bearing. Two bending-type bridges were attached
to the shaft 90 degrees apart to provide information about the bending
moment at all times. The location of the individual strain-gage bridges
is given in Table 9. In addition, thermocouples were attached to the
shaft and spoke to record the temperatures expcrienced by the shaft.

2. Gimbal Lug

The gimbal lugs were strain gaged in such a fashion as
to be sensitive to bending loads caused by a load along the axis of the

0 bolts.

3. Swashplate Drag Link

t The swashplate drag link was strain gaged to be used as
a load cell to measure the swashplate drag loads. This was done by

designing a reduced area section in the link so as to give a high and

reliable signal level.

4. Blade Pitch Control Links

Each of the blade pitch c-on.trol li~nks a des-igned to
serve as a load cell by incorporating a reduced area section to in.-
crease the strain level. The links were strain gaged with an axial-
type bridge to measure the control forces.

5. Blade Pitch Control Cylinders

The blade pitch control cylinders were designed so that

they could be used to measure the applied control forces. Each control
cylinder hac two strain-gage bridges of the axial type to provide an
alternate in the event that one failed.

6. Blade Duct Torsion Bridges

The seal support ring was strain gaged to measure duct-
torsion loads. The duct torque is reacted as a couple in the ring, and
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so the ring was strain gaged to measure the bending mon,,nt iA nLIcI:
ring.

7. Yaw Control Valve Load Cells

Load cells were used as lateral supports for the yaw con-
trol valve when it was mounted on the whirl tower for test. Each load

es cell was wrapped with 1/4-inch copper tubing through which water

passed to keep the load cell cool. This was done inasmuch as the load
cells were subjected to the blast of the hot gases from the yaw control
valve.

8. Hub Tilt Indicator

The motion of the hub was measured by using a variable
potentiometer which was actuated by an arm resting on a fitting
attached to the hub. This fitting had a cylindrical surface covered
with a sheet of Teflon. As the cylindrical surface cancelled out the

component normal to the red-blade axis, the pickup sensed hub tilt
about one axis only. The hub tilt indicator is shown in Figure 84.

9. Blade Coning Angle Indicator

The coning and flapping angle of the blae blade was
measured by using a pickup. The pickup consisted of a strain-gagtld
beam attached to an arm which rested on a teflon pad at the root end
of the blade. The top of the blade at the root end it cyliidricil about
the feathering axis so that the blade flapping pickup is unaffected by a

change in blade pitch. The blade coning angle indicator is shown in
Figure 85.

1 0. Stra Windup Indicator

The strap windup is a function of the relative movement
between the blade and the hub. The strap windup indicator consisted

of a strain-gaged beam attached to a link which pivoted at the hub and
had one end fixed to the torque tube assembly. Figure 85 shows the
installation,

11. Rotor RPM and Azimuth Indicator

The rotor azimuth position was determined by using a
magnetic pickup attached to the stationary structure with a steel pointer
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attached to the rotor. As the blue blade passed the forward position,
it caused a pulse which was then recorded.

12. Vibration Sensors

Vibrations were measured by accelerometers of the un-
bonded strain-gage type. Two were affixed to the upper bearing struc-
ture to measure longitudinal and lateral vibrations. Each engine also
had two accelerometers attached. One was sensitive in the vertical
direction and the other in the lateral direction. Figure 86 shows the
engine accelerometer installation.

13. Control Movement Sensors

The movement of the pitch control cylinders was measured
with a displacement transducer. The cable was attached to the pitch
control cylinder, and the base was attached to the power module struc-
ture. The movements of the test conductors' control sticks were meas-
ured with similar transducers. One was connected to the collective
stick. Two were connected to the cyclic pitch stick, one to measure
longitudinal pitch and the other to measure lateral pitch.

14. Engine Variable Geometry

The position of the inlet guide vanes was measured using
a potentiometer installed on the engines by the manufacturer. The out-
put of potenrtiometers was connected in a 10h"Ieatstonue bDridge arralge-
ment for convenience in calibrating and recording.

15. Engine Power Lever Angle

The position of the engine power lever was measured by
attaching a displacement transducer to the engine fuel control cable.
The internal wiring of the displacement transducer is a Wheatstone
bridge circuit so that the output can be used with a balance box and
calibrated easily
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7. 2 CALIBRATION PROCEDURES

1. Rotor Blade

The initial calibration of the rotcr blade was carried out
as part of the component test program and is described in Reference 6.
At the conclusion of the whirl test program, the calibration of the flap-
wise bending bridges was checked by applying increments of 20 pounds
dead weight up to a total of 100 pounds, and the output of each strain-
gage installation was recorded.

2. Rotor Shaft

The rotor shaft bending bridges were calibrated by loading
the rotor shaft as a simply supported beam with a concentrated load
applied at the upper bearing by a static test machine. A strain indicator
was used to record the output.

3. Rotor Thrust Measuring System

The thrust measuring system was calibrated by connecting
the load cells in series and applying increments of load with a static
test machine up to 10, 000 pounds. The output of the summing circuit was
read on the dial indicator, and the output of the individual bridges was
recorded by an oscillograph. Later, when the load cells were installed

on the whirl tower, this calibration was verified by applying a load to
the system with a crane using a calibrated load ring to measure the
applied load as shown in Figures 87 and 88. This same calibration was
performed at the conclusion of the whirl test, and it was found that the
calibration remained unchanged.

4. Gimbal Lug

The glimbalu lug bending bridges Were calibrated by applying
a load in 500-pound increments to a total of 3500 pounds to the tip of
the blue blade. This method also provided for a check on the spar axial-
load bridges and the shaft-bending bridges. The output of the bridges was
recorded with an oscillograph.
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5. Swashl-Platc ),i Link

The swashplate drag link was l,,,aded to 5000 pounds in
500-pound increments using a static test michine. The output of the

strain-gage bridges was monitored with the use of a strain indicator.

6. Pitch Link

The pitch links were loaded to a total of 5000 pounds in
500-pound increments in a static test machine. The output was re-
corded with a strain indicator.

7. Control Cylinders

The control cylinders were calibrated in a test machine in
1000-pound increments up to a total of 6000 pounds. The output of

-each bridge was monitored by use of a strain indicator.

8. Yaw Control Valve Load Cells

The yaw control valve load cells were calibrated in 25-
pound increments up to a total load of 250 pounds each in a static test
machine. The output of the strain gages was monitored with the use

of a strain indicator.

9. Duct Torsion Bridge

The duct torsion bridges were calibrated by placing the

ducts in a fixture and applying a moment with the use of weights. The

torsion was applied in 200-inch-pound increments up to a total of 1000

inch-pounds. The moment was applied in both directions. The output

of the bridges was monitored using a strain indicator.

10. Blue Blade Coning Angle Pickup

The blue blade coning angle pickup was calibrated by lifting

the blade at the tip with a crane and measuring the angle of the pitch
arm with a precision clinometer. The output of th( bridge was recorded
by an oscillograph.
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11. Blue Blade Strap Windup Pickup

The strap windup pickup was calibrated by changing the
pitch of the blade while the hub was blocked to prevent rotation. The
angle of the blade was then measured .%ith a precision clinometer.
The blade pitch was increased in increments to full cyclic pitch, and
then collective pitch was added to increments until full collective pitch
was reached. The output of the pickup was recorded by an oscillogriph.

12. Hub Tilt Pickup

The hub tilt pickup was calibrated by placing the precision
clinometer on the hub parallel to the pitch axis of the red blade and
a.-Lother bubble level at right angles to it. The hub was then tilted by
pulling down or pushing up on the red blade using the other blades to
balance the hub so that the maximum tilt occurred at the red blade.
The hub was tilted in increments until the tilt stop was reached. The
output of the pickup was recorded by an oscillograph.

13. Pressure Transducers r
The pressure transducers were calibrated using a standard

deadweight tester. The pressure was increased in increments up to
the full expected operating pressure of tne transducer. The transducer

output was measured with a strain indicator.

14. Accelerometer Calibrations

The accelerometers used as vibration pickups were cali-
brated by rotating the accelerometer 90 degrees each way frurn the
center position. This gives a 1 g calibration in each direction of the
sensitive axis. The accelerometer outputs were recorded by an oscil-
lograph.

15. Engine Variable Geometry

d The variable geometry pickups were calibrated by actuat-
ing the variable geometry control cylinder with air and measuring the
extension of the actuator as well as reading the attached protractor
provided by the manufacturer. The output of the pickup was recorded
by an oscillograph.
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16. Engine Power-Lever Angle

The engine power-lever angle sensor was calibrated by
attaching a protractor to the power-lever shaft and then moving the
throttles in increments until military power setting was reached. The
output of the sensor was recorded by an oscillograph.

17. Thermocouple Calibrations

The thermocouple wire used had standard tolerances of
- 4 degrees F to 530 degrees F and 3/4 percent from 530 to 1000 de-
grees F. The various temperature recorders used were calibrated
according to the manufacturer's instructions upon installation and at
various times throughout the program. The calibrations included both

zero setting and span.

7. 3 RECORDING INSTRUMENTATION

1. Strain-Gage Recording Instrumentation

- The strain-gage bridges on the rotor were plugged into
junction boxes on the rotor head that were connected to a 200-track
slip ring. The slip ring installation is shown in Figure 89. From the
slip ring, the wires ran to bridge balance loxes. These balance boxes
had the capability of being used in a common power configuration. The
use of common power greatlv reduced the number of slip ring tracks
required for a given number of bridges. For the strain gages and trans-
ducers whose outputs did not pass through the slip ring, additional bal-
ance boxes were used. These balance boxes employed an individual
voltage adjustment on each channel for attenuation. Two 50-channel
oscillographs were used to record the strain-gage and transducer
outputs, Each oscillograph was equipped with a magazine which provi-
ded direct read-out. Take-up reels were attached to the magazines to
spool the record as it was developed. The paper selected for use
throughout the test was satisfactory. The oscillograph and balance boxes
are shown in Figure 93.

Z. Engine Temperatures

Engine '13 and T5 temperatures were recorded by 18-single-
point strip chart recorders, two being used for each engine. Engine T2
temperatures were recorded by a ]t-point recorder. Each T? thermo-
couple was connected to a stepping switch so that six separate
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temperatures on each engine were recorded. The T3 and TS probes
were each connected in parallel, and only one ieadout for each one was
provided. These recorders are shown in Figures 90 and 91.

3. Power Module Structural Temperatures

The thermocouples attached to the power module structure
in the critical areas were connected to a 48-point stepping switch. This
switch in turn was operated by a 12-point recorder to provide a record
of the temptratures encountered.

4. Rotor Thermocouples

All thermocouples on the rotor were connected to one of
three 48-point stepping switches. The switch boxes were then connected
to a hot reference junction. The hot reference junction was used to
prevent erd-junction dissimilar metals from forming a thermocouple
which could introduce an error into the measurement. The wires from
the hot reference junction to the l 2 -point recorder located in the control
van were all copper; hence, no error would be introduced. The stepping
switches are shown in Figure 92. The recorder can be seen in Figure 91.

5. Manometer
I

The multitube water manometer was recorded by using an
automatic 35nma sequencc camera. The pressures were then determined
by reading the film on a microfilm reader.. High contrast panchromatic
film was used and provided excellent definition for enlarging. This
installation is seen in Figure 94.

6. Engine and Rotor Instrumnent Panel

were also recorded photographically over the operators' heads. The
film used along with a fine-grain developer gave excellent results. The
camera used was a 35mm sequence camera. The installation can be
seen in Figure 95.
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ROTOR & ENGIjNE,, PERFORMANCE, ROTO0R G'E01ME'l RY, &C *JNTROL
SYSI MNE'ASTjRFM'-NTS

No. of1

Function ducvrs Units of Calibration

Comipressor Dischargc-'' 2 }'SIG

Compressor In~li- Prcvssure (P'T 12 uncc ; W ,ater

VariablieAr(,, Exil Noz,ýle (P'j 11 I'SIG (Lngiine lest Cl]Idy)

Ya', Control Duct Pressare I SI

Di~vurte, NVlv, P~rcssurc- I PSIG

Rotor Thrust I4 Pounds Forzc

Yaw Con~trol Va-lvc Tlirust 2 P oundt F orce

Enginec RPM 2 JII

Eng~niv Powe- Lever An-gle 2 D,ýgrees ýf U'rive.

Crotss Fiov. Va-if. Potition I Dcgrecs Of Vali', Mo(VCxIVIerf

Pi,,jv'rtt. r Va1 lve Positic ii 71 Pci) or Ovfurlboarcl

Control Ac LiiatŽ.ý Po sitiorn 3 T.i(nchs of Movement

1~aitral Cyc lic St~ck Position 3 Deg rvees

Colvjccti~ Position DL1 Dc i.e s

}R,)tjr. IRPIM RPj
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TABLE 8 (Continued)

ROTOR, •ENGINE PERFORMANCE, ROTOR GEOMETRY, & CONTROL
SYSTEM MEASUREMENTS

No. of
Trans -

Function ducers Units of Calibration

11db Ililt Anple 1 Degrees of flub Tilt

Blade Flapping Angle i Degrees of Blade Coning

Blade Feathering Angle I Degrees of Blade Pitch

Upper Bearing Accelerometers 2 jG'a
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cl-ide functional check-out, performance evaluation and struutural evaluation.
:•es.•utl o testing of a jet-reaction yaw control valve are included.
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