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HEADQUARTERS

US ARMY TRANSPORTATION RESEARTCH COMMAND
FORT £USTI5S VIRGIN'A 23604

Under the terms of Contract DA 44-177-AMC-877(T), Hughes
Tool Company, Aircraft Division, has cvonducted ensine and rotor
whiott lesiz of the hot ~vele nropulsion svstemn to be used on the
XV-9A research aircraft. This testing was to accompinish 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 tests performed from 28 October 1703 through 18 May
1964, satisfactory twin-engine operation wi 1 mixed gas flow
through a common exhaust duct, isolation « individuai engines
through the use of J-85 diverte- valves, and engine operation at
different power levels were accomplished. Also, rotor whirl
tests up to 23,000 pounds lift and tests thrcugh full ranges of
cyclic and collective pitch control were accomplished, The test
objectives were completed with satisfactory results, ani no
serious problems were encountered during the program,
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ABSTHKACT

A summary of ¢ngine and whirl testing of the
rotor and power module portion of the XV-9A 15 pre-
sented. Tne results of engine testing include operation
of two gas generators into a comimon 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 check-out, performance evalu-
ation and strucivia: cvaiuativen Results of testing of
a jet-reaction yaw contrcl 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 Decem-~
ber, 1963, and from 27 March through 18 May, 1964. These tests
were conducted by the Hughes Tool Company Aircraft Division at Culver
City, California as called for by Contract No. DA 44-177-AMC-877(1).
This report is submitted in compliance with the sarne 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 Hct Cycle Research Aircraft and to evaluate gas
generator contiol and performance during twin-engine operation with
mixed gas flow through a common-exhaust duct and exit nozzle. These
tests provided a functional check-out and verification ot 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 as gas generators, and engine air
flow measurement. Data are presented in this report for the most sig-
nificant twin-engine test conditions.

The power module was remaved from the whirl tower foillow-
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
operation, engine and rotor sound characteristics, and rotor downwash
velocities.

i ol 9B 2 s
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The functivonal characteristics of the power plants, rotor,

and systems were deterrnined for rotor start-up, acceleration., cyclic
and collective pitch ceversals. steady-state operation at various rotor
power and thrust levels, simulaied ecmergencies and rotor shut-down.
A functional check-out of the blade-tip closure valve was also accom-
plished during the whirl test phase. Whirl testing consisted of 15
hours 49 miinutes of rotcr operation, Test objectives were completed
with satisfactory results, ang 10 gerious deficiencies or problems

were encountered during the whirl test program.

The power modu's and rotor were removed following com-
pletion of whirl testing and retursed to the factory area for teardown
insgection, reassembiy, installotion of modified engines, and final

mating with the XV-9A fuselage



2. SUMMARY

The engine and v hirl test phase of the XV-2A Ho. Cycle
Research Aircraft program was suaccegsfully completed in May 1964.
The results and analysis of the significant portions of the test data
are presented in this report.

The functiional check-cut of .2 complete XV-9A propul-
sion system including the rotor, YT-64 gas generators, J-85 di-
verter valves, engine and rotor controls, systems, and equipment
was accomplished. In general the performance of systems and equip-
ment was satisfactory. The need for the following component improve-
ments was determined:

1. Replacement of diverter-valve hydraulic actuators.
2. Improvement of diverter-valve actuator hydraulic
selector valves,
3. Reduction of diverter-valve leakage.
4. Revision of the rotor lubrication system to improve
scavenging.
Sealing of the 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 clearance for the tri-duct within the hub
area.
9. Improved heat Llanket insalation for the Y-duct and
tri-duct.
10. Improvement of the radiai bearing oil seals.

wun

A complete inspection of the votor, power module, engines,

and equipment was conducted after completion of whirl te
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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

o1 diverter-valve action and was then re-cycled to twin-engine operation,

hy

Lt el vt NI 5 <o BTN 24 - et

L

S o



" mm;u s

‘.,ﬁtwg.mm‘,.: e

The speed-power control characteristics of the hot cycle
rotor and twin YT-64 gas generators were found to be 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 measurements. The maximur measured rotor lift was 23, 000
pounds for an engine pressure ratio o1 2. 2. The test data substanti-
ated that the present hot cycle propulsion system has a lift rapability
of 25,500 pounds with the specification T-64 gas generators.

Operating temperatures of the various rotor cornponents
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 frejuency 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 revercais were determined
to be sotisfactory 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
been predicted from previous whirl test data. In general, the noise



level was not considered as objectionable as that for previous whirl
test with a J-57 engine.
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3. DESCRIPTION OF TEST SETUP AND CONFIGURATION

3.1 IENGINE TESTS

The basic engine test configuration consisted of two
YT-64 gas generators installed in the XV-YA power module, with
the fixed-duct portion of the propulsion systemn including two J-85 di-
verter valves, engine-diverter valve seals, transition ducts, and tail-
pipes. The power niodule 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 encines approximately 30 feet above ground level. The
engine test configuration is shown i1n 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 flight-quality Y1-64 gas generator received by Hughes Tool Com-
pany, was installed in No. 2 nacelle.

A standard bellmouth containing air flow instrumentation
was installed on Engine No. 1 for Runs 1 - 16 for air flow calibration
tests. A Hughes Tool Cornpany inlet, P/N 385-7503, containing the
same instrumentation was installed on Engine No. 2 for Runs I - i6.
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 filow through the rotor. The common-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.



The engine control systen: consisted of two separate
power levers, cable, pulley. and bell-crank systems running trom

S

»
2
2

the control van to the individual power control shatts on the fuc! con-
trols. The Ng governing system was not used, and the engine fuel
control load signal shafts were mechanically fixed.

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

JP-4 fuel was supplied to the engines from a trailer-tanker
at ground level by means of a common 1-1/2-inch-diameter supply line
and boost pump which dzlivered fuel through a flow divider to the indi-
vidual fnel control inlets at 20 psig.

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

Engine starting was accomplished by means of MA-1 gas
turbine compressc.r starting unit located at ground level. The air-
start valve on the MA-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 "Lnt starts'' were expcri-
enced during this program. Air delivery pressure to the engine AIS
manifold connection of 43 psig was maintained while accelerating the
engine to 30 percent Ng.

il b a1

An external engine lubrication system consisting of a
5-gallin reservoir, water-oil cooler, supply, return, and vent lines
a5 installed {or cach engine. Uil temperatures were maintained
below 175 degrees F for all engine conditions by regulating the flow of
water through the coolers.

-
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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 e¢ngine control system. This was adequate for individual
and twin-engine operation.
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3.2 WHIRL TESTS

The hasic whirl test configuration consisted of the XV-9A
power module and rotor assembly with test instrumentation installed
on the whirl tower. (See Figures 3, 5, and v.) The rotor contained
the following rodifications, which were incorporated as part of the
XV-%A program:

Laminated steel spars

Revised blade retention straps

Reinforced articulate duct clamps

Reduced weight stationary swashplate

Redu-ed weight Y-duct and tri-duct

Revise'l rotor shaft and spoke assembly

Reinforced hub gimbal lugs and added hub gimbal lug
thrust bearings

N W AW Y -

The power module included the YT-64 gas generators,
diverter valves, transition ducts, tailpipes, rotor support structure
and rotor shaft bearings and the following systems and equipment:

Flight controls

Hydraulic systems

Electrical system

Engine lubrication system
Engine fire extinguishing system
Fuel system components

Rotor accessory gearbox

Rotor lubrication system

o ~J O U w o

The power module and rotor assembly were mounted on
the whir] tower by means of the four attachment fittings which are also
used to mate this portion of the aircraft to the XV-9A fuselage. (Sce
Figure 7) The support structure for the power module contained the
four strain-gage load cells which were used for rotor thrust measure-
ments. The power module contained YT-€4 gas generators S/N
250010-4 and S/N 250026-1A, 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 actuataors. The rotor cychic and col-
lective piich controls were located in the control van at the test opera-
tor's station. A section of a Hughes 269A helicopter cockpit, including
the controils 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 extending 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
ofa cam and push-rod mechanism fo:r interconnecting the power lever
quadrant with the collective pitch control was installed but was removed
because of high operating forces which were vncountered from the long
cable runs and resuitant friction between the contro!l 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 and 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 Z2&-volt DC 150-ampere
generator was installed on each engine for test evaluation of the genera-
tor control and regulation system.

The flight-type ¢rgine lubrication system, consisting of
the oil reservoir, air-oil cooler, and plumbing, was installed in each
cugine naceile. The air-oil coolers were evaluzied during init.al whiri
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 3 bleed on engine and rotor performance.

The engine {ire extinguishing system, consisting of the
extinguishing agent hottle, solenoid valve, lines, and discharge ring,
was installed, and the ¢lectrical portion of the system was functionally
checked out. The system was not discharged during whirl tests, as no
serious engine fires were encountered.
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The portions of the fuel system which are contained i1 the
power module. iacluding the lines, shutoff valves, and rilters, were
installed.

The 10tor accessory drive gearbox, including the rotor
tachometer generator and rotor lubrication purmnp. was installed for
functional check-out during whirl] tests.

The revised rotor lubrication system was installed and
functionally tested during whirl tests. 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
\he speed of the rotor-driven pump was low.

The yaw contrel valve was installed onthe whirltower for
finctional check-outand evaluzticn during Runs 24 and 25 (see Figure 8).
The valve was mountrd on an auxiliary supporting structure buiit up on
the whirl tower upper work platform. The installation included (wo
strain-gaged links for measurement of yaw control valve thrust and an
electrical actuator for positioning the valve at various opeuings. The
actuator was controlled from a switch on the cyclic control stick in the
central van., A short poartion of the aircraft yaw control system ducting
was used to connect the valve to tne gas supply ports on the Y-duct
The vaw control valve rotor was positioned at various openings for the
test by mieans of the electric actuator controlled by ithe swi‘ch located
on th= cyclic control stick. An indicator skowing the amou 't of yaw con-
trol valve openii.g was mounted on the test vperators' console

The two-position XV-9A blode-tip closure valve was
functionally tested during Runs 28 through 30 bv mounting the valve
assembly on the yaw control valve support structure and using the vaw
contrul valve supply duct as the high-energy gas source {sec¢ Figure 9).
The solenuid valve and the high-pressure air supply bottle for the blade-
tip closure valve aciuaiur were incaied at ithe base of the whirl tower to
sirnulate the relative location of components as they will be installed 1n
the aircraft. The solencid valve for operativon of the blade-tip closure
valve {frcm normal to single-engine position was controlled by a switch
on the test operators' console. The resvits of this test are reported in
Refer:nce €

10
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Installation of Power Module and Rotor on Whirl Tower

Figure 7.
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33 CHANGES TO THE ROTOR SYSTEM

The following changes tothe rotor system were accemplished

prior to start of whirl testing in order to improve structural integrity,

to reduce weight, and to improve performance of the hot cycle system.

1 Replacement of solid machined titanium spars with
lamminated steel spars

2. Installation of new blade retention strap packs.

3. Installation of reinforced articulate duct clamps.

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

5. Installation of a new, lighter weight Y-ductand tri-duct.

6. Installation of a new rotor shaft and radial bearing

support spoke.
7. Installation of a new hub gimbal assembly having
strengthened hub gimbal lugs and added thrust

bearings.
8. Installation of a rotor accessory drive gearbox.
9. Installation of anew rotor lubrication systern.
3.3 1 Larminated Steel Spars

The nev laminated steel spars were fabricated from
AM 355 CRT stainless-steel material. The spar assembly consists
of the laminated section and a miachined 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 iaminations 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 c¢nnsist of two strap packs per blade, each having 22 laminations

of AM 355 CRT stainless stecl of increased width over previous straps.

333 Reinforced Articulate Duct Clamps

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

3.3.4 Staticnary 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-} mmer-formed Inconel 718 sheet material.
A weight saving of approximately 105 pounds was achieved.

3.3.6 Rotor Shaft and Support Spoke

The rotor shaft was redesigned to increase strength and
to incorporate a gear for use in driving the accessory 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 c¢xisting 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 Rotuor Accessory Drive Gearbox

A rotor-driven accessory drive gearbox was designed
and fabricated to provide drive pade for the rotor lubrication system
pump, rotor tachometer generatoer, emergency hydraulic pump, and
rotor speed governing units. The gearbox is driven through a cogged-
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tooth timing belt frem 3 drive gear idded to the rotor shaft  The gear-
box is a basic off-the-shelf unit modified by the addi‘ion of a 90-degree
drive unit.

3.3.9 Rotor Lubrication System

A flight-type rotor lubrication systeni 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 gearhox. An electrically
driven scavenge pump was used to provide adequate oil scavenging at
low rotor speeds.

3.4 CHANGES TO THE WHIRI. TEST FACILITY

The following changes and additions were acccmplished
to the whirl tes'. facility pricr io 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 previous whirl test.

2. esign and fabrication of a new upper work platform.

3.  Revision of the movable blade work platform.

4. Revision of the rotor mounting structure.

5. Derign and installation of a rotor thrusi measuring
system.

6. Design and installation of an engine lubrication
system.

~1

Iesign and installation of an engine and rotor
control system.
8. Design and installation of a 28-volt DC electrical

systen.,
9.  Hevisiosn of whirl site elecirical power facilities.
3.4.1 Removal of Ducting, Rotur Support Structure, J-57

Engine Mount, and Various Equipment

The large, vertical, hot-gas supply ducts, rotor gupport
structure, J-57 engine mount, and the egquipment and systermns used for
operation of the J-57 engine and hot cycie rotor during previous whirl

22



tests were no longer needed and were removed to permit installation

of the new equipment.

g

3.4.2 Design and Fabrication of a New Upper Work Platform

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

3.4.3 Pevision of the Movable Blade Work Platform

The movable blade work plattiorm, 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 Kotor Maunting Structure

The mounting structure used to support the rotor pylon
truss during the previous whirl test was modified to accommodate 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 Measuring System

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

R e e ] el

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~44 gas generators installed in the power module at the
top of the tower. A boust pump, pressure regulator, filter, and shut-off
valve were located at the base of the tower. A single 1-1/2-inch~diame-
ter supply line carried fuel to a flow divider at the top of the tower which
provided fuel supply to each engine fuel control inlet.
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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-1 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-1 nozzle and the engine AIS manifold.

3.4.8 Design and Installation of an Engine Lubrication System

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

3.4.9 Design and Installation of an Engine and Roter 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 a2 typical helicopter cockpit zontaining cyclic pitch and collective con-
trol sticks.

The engine control quadrant used in the control van was the
XV-9A flight 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 wae supplied either from a 28-volt DC
external power rectifier cart or from the engine-driven 26-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 additicnal power was required to operate tec-t
equipment and for operation of component tests (Reference 6) concur-
rently with rotor whirl tests.
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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 are presented in Section 5 of this report.
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5. TEST RESULTS AND ANALYSIS

e e

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:

Rotor performance

Rotor systern leakage

Structural temperatures

Structural loads

Rotor dynamics

Control system characteristics
Yaw control valve characteristics
Rotor downwash ]
Rotor-engine sound characteristics
10. Twin-engine test results

WO NOoLR W
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11. Simulated emergencies

12, Component maintenance and repair
5.1 ROTOR PERFORMANCE
5.1.1 Summary

In the hot cycle systern, rotor lift is directly related to
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.

A 0 e A N

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
sea l2vel. The effect of parameters other than pressure is negiligibie.
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 alsoc found that increasing the
exit arca 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 rcsults shown in Figure 10, the
follecwing conclusions can be made:

1. The rotor lift showa as a function of the input
pressuve very closely follows previous predicticns,
The miaximum value of measured lift is shown to
be 23, 000 pounds at a discharge pressure of 38. 6 psia.

2.  Omn 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. In 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 generators when compared 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 accompbplished prior to installation of the rotor systein. Resulis

ste
from the above tests are descr.bed later in this report.

The whir! test performance data of the complete hot cycle
propulsicn system are reported in this section. About one-third of the
accumulated whirl test time was devoted to performarnce 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.
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Three basic groups of performance data were recorded
as follow=:

I. Power supplicd te the rolor system was measured
in terms ot blade tip exhaust pressure (PT }, tip
temperature (TT__), and mass flow (W’7).

7

2. Rotor aerodvnamir performance was determined
by measurement of the rotor lift and a comparison
with theory.

3. The measurecinent of engine discharge ccenditions
(Pp TTr, , and Wg) and rotor tip pressure
(PT7) produced data which were used in deter-

mination of subsysten: and component performance.

The over-all system performance has been summarized
in Figure 10, which shows rotor lift vs. engine discharge pressure,
The maximum value of measured 1lift was seun to be 23, 000 pounds at
the discharge pressure ot 38, 6 psia.
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In order to define the power supplied to the rotor, rotor tip
instrumerntation was iustalled, consisting of pressure and temperature
probes which were located at the inlels to the blade-tip cascade noz:sles.
I+ is impertant to note that the tip pressure instruraentation operated at
var.able temnperature levels and in a tentrifugal field exceed .g 500 ¢'s.
These conuitions and lack of space restricted the numbe of pressure
probes that could be installed at that station. The pressure test data
recorded 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}) were
adjurted to represent the average total pressare at the measucing
station (P ). The uyj. temperatures were recerded on a servo-balenced
strip rucoracr and dic not piesent any provlem,

Values of power requirea by the rotor based on the rotor tip
measurements vs, rotor lift are shown in Figure 1!, v’ ‘ch is discussed



iri the next section. Values of engine discharge tempercture and mass
flow rate are shown as a function of engine discharge piessure 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 pewer required by the
rotor was the same as that described in Reference 2,

“7

\ T e cer———— V. -V
RHP %550 (C )

\Y%

In this equation, V_j-
i

classical methods, using P and Ty . VT is blade tip speed. The
7

, the ideal jet velocity, is obtained by

determinaticon of flow at station 7 (W7) was based on measurenients at

the engine station (WS) combined with measurements of the major source
of leakage -- that through the diverter valves. The diverter-valve leakage
was found to he 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 Cy; used in the above calculations was
. €
. 955, which was presented in Reference 2.

In order to allow for the power required to purnp spar cooling
air, to drive accessories, and to gvercome 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 whirl tower) is shown in Figure 11
for 109 percent and 90 percent rpm. The calculations of induced power,
profile power, and ground eifect are based on standard NACA methods
presented in Reterence 3. The profile power coefficient used in the present
calculations was increased 17 percent to allow for the 18 percent thickness
in the hot cycle blades compared to the blades of 12 perc<.® thickness upon
v hich the profile power coefficient given in Reference 3 was based. The
calculations include correction for the design blade twist of -8 degrees as
given on page 85 of Rererence 3,
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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):

Ct 3/2 T 3/2
C, = C T ( °°) +1.17 _od
V2 B T 8
C C 2
+E_‘L. T N 4 4, T
3 a BZ aaz B2

Inspection of Figure 11 indicates that the calculated aerodynamic
performance agrees quite well with the measured performance.

5.1.2.3 Over-all System Performance

The measured values of tip pressure, temperature, and
mass flow previously discussed were used to reduce component system
performance (friction coefficient, flow cceffi:ient, etc.), and a calcu-
lation of roter power available versus engine pressure ratic was made.
Using the curve of rotor thrust versus power required (Figure 1!,
discussed above), a calculated curve of rotor lift versus engine
discharge pressure was obtained and was plotited in Figure 10
This curve is essentially the same as Figure £.1.1] of Reference 2,
when a 4 pe cent allowance is made for extra pressure drop between
the rotor hub station {used in Reference 2) and engine discharge (used
here).

The specification T-04 engines have a discharge pressure
of apprc;i":&‘.el‘,’ 41 K peia at rnaximum power. Referring to Figure 10,

a calculated rotoy thrust of 26, 400 pounds inside ground ceffect 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
bacis, the XV-9A helicopter. powered wi'h specification T-64 engines,
should lift 25, 500 pounds outuside ground effect.

Tt should be ni ted that the lift performance shown in
Figure 10 is obtained in the presence of Z. 5~purcent diverter-valve
leakage. It is anticipate . that this leakage can be reduced in future
work, with consequent increase in systermn performance



5.1.2.4 Effect of Wind on Power Required

|
¥
!

Due to the tight schedule of the whirl test program,
number of tests were unavoidably conducted under wind conditions which
developed after the test was in progress. Since the Figure 1! 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 11. As
discussed below, it was concluaed that, for the range of rotor para-
meters tested, and for the highest wind velocities encountered (20 mph),
the wind dces not change the power-required curve for a rotor in ground
effect, which is the case for the whirl tower.

An explanation of this result, which apparently contradicts
the conventional reduction of power rcquired (out of ground effect) vs.
forward speed, is given in Reference 4. That report points out that, for
a lifting rotor in ground efiect (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.

52 ROTCR SYSTEM LEAKAGE

The component and systemn leakage was determined in a
series of leakage checks conducted before and after the whirl test pro-
gram. The results from these tests are presented in Table 3. It is
shown that Jeakage in the rotor ducts and seals amovunt to less than
0.2 percent of the total flow. This quautity 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. This test is
described in Reference 6. The highest leakage was observed in the
diverter valves through the valve door when scated in the "rotor"
position. The resulting "overboard' flow was measured at the tail-
pipe during rovor operation The portion of gas flow escaping through
both diverter valves amounted to about 2-1/2 percent cf the total flow.

W

With the exception of diverter valves, all other compoenents
and assemblies of the duct system were tested with air at ambient
temperature. The typiczal 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 rotameater in conjunction ;
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

I A
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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 C.032
Retor Hub 0.114 o 0
Total Rotor System 0.168 0.125 0.183

Inboard Articulated
Duct Seals
(total in 3 blades)

Outbozrd Articulated
Th .. ca € . 7 .
ALl JTaid

{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.

lL.eakage 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 lecakage (pound/second) with the differential head across the
orifice (inches H;0). 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 in the rotor
and ,ower plant system was kept throughout the test program. The
temperatures of typical compoirents 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 comparisca. It is shown
that the hot-gas ducts and flexures operated at pred: ‘ted or slightly
lower ternperatures. The spar and the outer blade skin were consist-
ently cooler than predicted (Reference 5). No component temperatures
over design limits were encountzred 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 stown on
the Figure) did not exceed 300 degrees F. The temperature of aluminum
parts was below 250 degrees F.
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L oad measuremnents were taken during the whirl test
program ana weie scruumzed for critical loading of the various cons-
poncnis. With the eaception of blade ¢hordwisce moinunis, ail cyclic
structural lvads were of imodcerate magnitude and below their eudurance
limits (see Reference 7). High isrev and 2/rev chordwise bending
moments, some of which slightly exceeded endurance limits, occurred
during operation at high thrust in high winds (15 - 20 mph}. As shown
1n the section on rotor dynamics, the 2/rev chordwise moments were
a characteristic of the rotor mounted on the whirl tower due to the
coupling between blade chordwise bending and whirl tovwer pylon bending.

All structural loads measured during normal start-ups and
shut-downs were at acceptable levels. Loads during an emergency shut-
down were also at acceptable levels. Fairly high flapwise 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. iym). The limiting endurance stress or lcad shown is the
value selected for use in the design of the component for ¢yclic load-
ing. Th¢ umiting 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

front spar, Station 140 front spar and Station 220 {roni spar and for
vertical shear at Station 23 were inoperative during this testing.
These figures give the following miean and cyclic measurements:
+
Figure
Number Item
17. Front spar axial load (chordwise moment) at Sta. 90. 75
18. Rear spar axial load (chordwise moment) at Sta. 90.75
19, Front spar axial load (chcrdwise moment) at Sta. 149

20, Rear spar axial load (cherdwise moment) at Sta, 149
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Figure
Number Item

—————r—

Hub plate stress-aft

N ~
t —

j Hub plate stress-forward
j 23. Blade flapwise bending at Sta. 63 front spar
? 24. Blade flapwise bending at Sta 63 rear spar
A 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
i
28. Blade flapwise bending at Sta. 140 rear spar
' 29. Blade flapwise bending at Sta. 220 rear spar
30. Blade flapwise bending at Sta 270 front spar
: 3L 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 90° to blue blade
: 35. Pitch link load, blue biade
30. Pitern 1ok ioad, yeliow biade
‘ 37. Pitch link load, red blade
‘;f 38. Control actuator force, starboard
2 39. Contrel actuator force, port
i 40. Control actuator force, longitudinal

48




Figure
Number Item
41. Swashplate drag link
42 Bluc blade feathering angle
43, Blue blade flapping angle
44. Gimbal lug bending strain
45, Chordwise shear at Sta. 23.0
5.4.1 Chordwise Blade Loading

A correlation was found to exist between l/rev chordwise
moment and 1/rev shalt moment, as shown in Figure 46. During
trimmed flight, shaft 1/rev moment is a function of thrust vecior tilt
with respect to the oshaft, Thrust vector 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 moments shown in
Figure 46 are associated with the rotor mounted on a whirl stand,
where untrimmed forces car exist, During hover when all forces on
the helicopter are in trim, the only moments that are imposed on the
rotor shaft are those due to C. G, offset, and a shaft 1/rev noment
of 28,200 inch-pounds will be developed at maximum C.G. offset and
design gross weight. From Figure 46 it is seen that this will result
in an axial 1/rev load of 4100 pounds, which is only about 75 percent
of the chordwise design endurance limit. Calculations at high-speed
trimmed flight (125 knots) with the C. G. near the rotor sh-ft indicate

that a shaft 1/rev moment of the same order of magnitude as the l/rev

shaft moment during hover with full C. G, offset will be applied, As a
result, this high-speed forward flight condition .. :!7 L.a.e no higher
chordwis m.ments than the maximum value while hov: ring with full
forward C.G. when, a2« peinted out above, siresses are beiow the
endurance limit. It should be noted that these mioments anticipated

in forward flight could be reduced by locating the C, G, more forward,

Therelore, it appears that chordwise 1/rev moments can be optimized

during the flight program by control of aircraft C.G. position and that

the high chordwise loads experienced during whirl test (Figures 17 and

18) will not occur during flight test,
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.4.2 Engine Vibration

During the whirl test program, engine vibration in the low-
frequencv range (0 - 12 cps) was measured by -neans of accelerometers,
and 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 instructions supplied
by the engine manufacturer. The resulting stress measurements taken
during the whirl test program were well within the allowable tatigue area
for the critical front frame areas as established by the engine manu-
facturer (sce 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 chordwise strec ses were obtained. Prior to the present tests,
the spar stifiness was increased. During whirl tests, cyclic control
pulses of vi ying severity were applied at different rotor rpm. In
addition, a s.ow rpm sweep was made to locate resonance points at
reduced rotor speed. Results of these (summarized in Figure 56)
indicate that the first mode chordwise natural frequency is 1. 43/rev.
This increased firequency 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

Computaiions 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 resulis 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 225
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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5.5.3 Coupling Between Chordwise Blade Mode and Pyion
Bending Mode )

It was pointed out in the section 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 ot 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-, vhich involved the ccoupled modes of a
gimballed rotor on a fle »>le pylon, considered motions in the plane
of the rotor, including niotions 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 ¢ps, 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 resonances occur due to the etfect 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 systern. Of the four resonance points predicted on Figure 57,
three have been iocated on the oscillograph records (with the harmenic
as indicated). The last one (4/rev on the blade at 61 percent rpm) was
masked by a cyclic mode flapwise rescnance 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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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

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 stahle 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 8 = 9. 85 degrees and return
to 6 = 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
ccordinated 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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Figure 62. Collective Pitch Transient, Run 30, 11 May 19064
NR = 9%, 4 Percent
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Figure 63. Collective Pitch Transient, Run 30, 11 May 1964
Nig = 98.4 Percent
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TABIE S
OSClL.LLOGRAI'H SETUY SHEET

Ground Ruar, 11 Record No's 15 & 40 Pcint 7-F Oscillograph #1
Channel Scunsitivity
No Transducer Locati:n Zero Unuts/Inch
1 Rotor rpm & Azimuth Blue Blaade Fwd
< Collective Pitih 11 21 dn 5. 25 Degreve
3 P-5 Eng'nw #i 10 8& 1. 04 psi
4 P-% Eng.ne #. 10. 68 15. 40 psi
B Thrust l.oad Cceil #! 10. 47 5114 1b
6 Thrust Load Cell #2 10 Z8 5043 Ib
7 Thrust Load Cell #3 9.¢- 325¢ 1L
8 Thrust Load Cell % 9. 90 £3¢7 1b
) Thrust Meter 9.70 9427 1L
. 10 Swashplate Drag Link 9. 35 t0L 1n
X ! P'-3 Engine #. 9. 25 73 b2 psy
12 -3 Engine #2 9.02 70. 52 pai
: i3 PLA Engine ¥ 5. 63 See Curve
14 PLA Engine #. & 07 Sev Cursve
i5 Variable Geometry Engine #1 | 8.52 I IUR TR
1o Variathle Geometry Engine .0 | & 35 1.1C in
17 RI'M Engine ¢l & 1] 1770 cycies
18 RE'M Engine #2 7.76 1316 cycles
» 19 Longitudinal Cyclic 6. 72 neut. 8 02 degrees
: 20 I.ateral Cyclic 7. 33 neut 3 47 degrees
21 Diverter Valve Pressure 7. 3¢ 7. 33 psi
2 Engine #. Accel Vert 7.77 197G
i 23 Engine #! Accel Lat 6.b6¢% .53 G
£ 26 Engine #. Accel Vert 5.52 1.81G
27 Engine #2 Accel Lac. 4 75 .56 G
J 28 P-5 Hub Pressure 4 93 11 5¢ psi
F 29 Crouss Flow Indicator 4 29 56. 47 degrees
1 30 AGY FParaliclto Engine 2 ¢ | 4 54 531 win/in
3 31 AGP 452 to Engine #2 ¢ 4 02 600 gin/in
2 AGP 90 tu Engine £2 G 3.73 545 uin/in
: 33 R/H Pad Lower 3.05 423 pin/in
34 R/H Pad Aft 2 23 448 un/in
35 R/H Pad Upper 3. 14 4i& mn/in
i 3
: 37 Contrul Actuator Starboard 3.92 3. 25 degrees
35 Contro! Actuatur Port 227 6 27 degrees
33 Contr -l Actuator Long 1 35 4 §4 degrees
49
4!
) 2 Diverter Valve #1 Rotur 1.65
' 43 Diverter Valve #1 Overboard . 81
44 Diverter Valve #2 Rotor .26
s 45 Diverter Valve #.! Overboard
H 47 Diverter Valve #. Lateral 1 44
: 45 1./H Pad Upper 1 37 434 uin/in
; 49 L/H Pac AN 1.0y 448 win/in
% 50 L/H I’ad Lower .48 363 win/in
¥ 109
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TABLE 5 (Continucd)

OSCILLOGRAPH SETUP SHEE1

— e ke

i ! Ground Run 31 Record No. 45 & 4¢ Peint No  7-F Oscillograph #2
E Channel Sensitivity
z No. Trausducer Location Jero Units /luch
1 Rotor rpm & Azimuth Blue Blaac Fwé
pa Collective Pitch 10.92 dn. 5.86 Degrees
3 Blue Blade Feathering Angle 10.93 14. 0 Degrees
4 Blue Blade Flapping Angle 9.87 4.93 Duegreen
5 Hub 11ilt Angle 9 7t 24 47 Degrees
6 Flapw.se Bending Sta. 3.0 I'/5S 9.53 24,000 in-1b
7 Flapvise¢ Bending Sta. 63.0 R/S 9.39 173,111 in-1%
8 Voltage Ref. A BB
9 " H 75.4 R/S 10.51 45, 824 in-lb
10 " ' 100 ¥/5S 7.94 14, (82 in-lL
- 11 " " 100 R/S 10.21 23,507 in-1b
| 12 " " 140 F/S
13 ' ' 140 R/S 9.20 10,273 in-1b
14 ' ! 220 ¥/S 10.57 9,517 in-1b
15 " " 220 R/S 7.74 16,275 in-1b
16 " " 270 1°/¢ 6. 44 24, 606 in-1b
: 17 " " 270 R/5 5.42 15,694 in-1b
N Tip Press. Yellow Blade Fwd. 7.58 15.62 psi
19 Chordwise Bending Sta. 90. 75 F/S 7.65 21,770 in-1b
20 Chordwisc Bendiug Sta. 90.75 R/S 7.31 19,627 1u-1b
21 Churdwise Buonding 5ta. 149 F/s .91 20,056 in-1b
2 Chordwise Binainyg Sta. 149 R/7S 6. 32 10,111 1n-1b
23 Chordwise Shear Yta, 23 6.24 3841 1b
' 2¢ Vertical Shear Sta. 23 5.25 3441 1b
27 Duct Torsion Sta. 15 Blue 4.9t 6053 1n-1b
2b Duct Torsion Sta. 15 Red .19 6042 1n-lw
2 Duct Torsion Sta. 15 Yellow 4.3 7574 in-1b
30 Tip Pressure Yelluw Art .85 13,38 psa
31 Skit: Torsicn Sta. b 3.u7 72,1497 1e-1b
32 Tip Pressure Blue Aft 4. 54 13.52 ps:
33 Skin Torsion 5ta, 83 3.28 49,833 1n-1b
34 Tip Pressure Blae Fwd. 4. 00 13.28 ps1
35 Moan Shaft Bending Inplane 2.567 195,752 in-1b
36 M 11 Shaft Bondiug 90° 2.7 90U, ¥65 1n-1b
37 Tip Pressure Red Fwd 3.50 10.21 ps1
3b Tip Pressure Bod Aft 3.0- 13,00 ps:
39 G'mbal Luyg Bending 2.03
40 G.ombal Lug Bending Alt 2.5b6
4} Hieb Prate Strawn Fwd 2.42 1316 uinan
42 Hub Plate Strain Aft 1.81 2825 xin/in
43 Pitch Ltk Bluc 2.24 9035 b
44 P.tch sink tsed 1.77 10,256 1b
25 ’.tch Link Yellow 1.25 9839 1b
4o Contral Actuator Force Starbuard 1.4¢6 2092 1n
i 47 ICoutrol Actuatur Force Port 1.44 2451 1L
48 | Control Actuator Force Louy. . 9t 1971 1L
49 Volcage Rel, 3 BB
50 Voltage Ret € BB
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TABLE 5 (Continued) é
OSCILLOGRAPH SETUP SHELET §
= = , = :
Ground Ruu 30 Kecord No.o 82 Point 13-4 Oscillograph #1
y - -
Ci.dr.nel—i Scnsitivity
No. Transduccer Location Zere Umits/Inch
1 Rotor rpm & Azimuth Bluc F wd.
2 Collective Puteh 11.23 dun 5.5 Degrees
3 P-5 Engine #i 10, 80 16, 04 psa
4 P-5 Engine #2 10,59 15.39 p=a
5 Thrust Load Cell #i 10.50 5300 b
© Thrust Lead Cell #2 10, 31 5519 ib
7 Thrust Load Ccil #3 9.63 3220 1b
€ Thrust Load Cei} #4 9.97 5318 1b
“ hvust M ter 9.70 95949 lb
1u Swashbplate Drag Link 9.35 602 1b
11 P-3 Engine #l 9.25 72.8 psi
12 P-3 Engioe #2 9.02 69.2 p=
13 PLA Enginc ¢l 8.57 Sce: Curve E
14 PLA Engine #2 | £.40 Sce Curve 5
5 Variable Geometry Engine #1 5.5 .98 inches 2
lo Variable Geometry Engine #2 8.37 .98 inches
17 rpo Engine #l 8.12 1754 Cycle
1 TP EZngine #2 §.40 1293 Cycle
19 jongitudinal Cyclic 6¢.71 neut. 8.01 Degrec
20 Lateral Cyclic 7.2C ncut. Sce Curve
21 Iverter Valve Pressure 7.57 7.29 psu
22 Engine #l Azcel, Vertical 7.7¢6 1.95¢ ;
23 Engine #1 Accel. Lateral 6.93 .54 g i
26 Engine #2 A-cel. Vernucal 5.52 1.79 g H
27 Engine #2 Accel. Lateral 4.74 .56 g H
28 P-5 Hub Pressure 4.94 11,60 psa | :
; 29 Cross Flow Indicatur 4.25 55.51 Degrees i
30 AGP Parailel to Eugiue #2 § 4 .55 526 uin/in
31 AGP 459 to Enginc #2 § 4.04
32 AGP 30° 10 Engine #2 § 3.73 545 i:ufiu
33 R/1 Pad l.ower 3.02 423 in/in
34 K/H Pad Aft 2.22 445 friu/in
35 E/H Pad Upper 3.12 413 M4 1u/in
3b Cascade Valve Position 2,40 opeun 1.23 closc
37 Control A_tuator Starboard 3.30 5.35 Degrees
k1 Control Actuaior Port Z .35 10,79 Duegrees
39 Control Actuator lLong, 2.75 7 57 Deogreces
40
41
2 hwerter Valve #: Rotor 1,006
43 Inverter Valve 1 Overboard L8]
44 DD verter Valve #2 Rotor L 0L
45 Iy verter Valve #2 Overboard . 55
40 Accel, Upper Beariug liong. .87 .52 g
) 47 Azccl. Upper Bearing Lateral l .40 1.9 g
48 L/H Pad Upper 1.30 434 yn/1n
1 49 L/H Pad Aft 1.10 449 g410/1n
} 50 L/H Pad Lowcr .53 350 4 in/in i
3




- TABL.E 5 (Continucd)
e OSCILLLOGRAI'H SETUDP SHEET
F S - . T I T T T e e
f Ground Run 30 Record No. B2 Point 13A Oscillograph #d
E Channe!l Sunsitivity
E No. Transducer lLocation Zero Units /Inch
5 1 Rotor rpm & Azimuth BE'uc Fud.
2 Collective Pitch 11.04 dn. 6. 0 Degrees
3 Blue Blade Feathering 10. 30 14, 6 Degrees
z 4 Blue Blade Flapping 9. 94 4. 85 Degrecs
: 5 Hub Tilt 9.9? 2449 Degrees
’ 6 Flapwise Bending Sta. 63,0 F/S 16. 98
7 Flapwisce Bending Sta. 63.0 R/S 10.75 22212 in-1Y
8 Voltage Ref, A BB 9.50
9 Flapwise Dending Sta. 75.4 R/S 10.52 46507 in-1b
10 Flapwise DBending Sta. 1060 F/S 7.97 14082 in-ib
11 Flapwise Dending Sta. 100 R/S 10.25 23864 in-1b
12 Flapwise Be iding Sta, 140 F/S .41 10383 in-1b
12 Flapwise Bending Sta. 140 R/S g.11 10056 in-1b
14 Flapwise¢ Bending Sta. 220 F/S 9.21 15956 in-1b
15 Flapwise Bending Sta. 220 R/3 7.69 10043 in-1b
16 Flapwise Bending Sta. 2706 F/S 6. 41 24606 in-1b
17 Flapwise Bending Sta. 270 R/S 5.42 154690 in-1b
18 Tip Press. Yellow Blade Fwd. 7.54 13. 32 psi
19 Chordwise Bending Sta. 90.75 F/S 7.67 22201 in-1L
20 Chordwise Bending Sta. 90.75 R/S 7.23 19627 in-1b
21 Chordwise Bending Sta. 149 F/S 6. 91 20056 in-1b
22 Chordwise Bending Sta. 149 R/S 6. 3¢ 15962 in-1b
23 Chordwise Shear Sta. 23 6. 26 3877 1b
20 Vertical Shear Sta. 23 5. 16 3073 1b
27 Duct Torsion Sta. 15 Blue 4. 59 6653 in-1b
2 Duct Torsion Sta. 15 Led 4.23 6015 in-1b
29 Duct Torsion Sta. 15 Yellow 4,26 7574 in-1b
5 30 Tip Pressure Yellow Aft 4. 83 13. 09 psi
31 Skin Torsion Sta. 38 3.50 72149 in-1b
32 Tip Pressure Blue Aft 4. 57 13.52 psi
33 Skin Torsion Sta. §3 3.30 50327 in-1b
34 Tip Pressure Blue Fwd, 3.92 13, 80 psi
35 Main Shaft Bending Inplane 2.90 201, 830 in-1b
36 Main Shaft Bending 90° 2.786 90765 in-1b
E 37 Tip P’ressure Red Fwd. 3.52 10.27 psi
38 Tip Pressure Red Aft, 3.12 13. 66 psi
§ 39 Gimbal Lug Bending 2. 11
; 40 Gimbal Lug Bending Alt, 2 59
41 Hub Plate Struin Fwd. 2. 27 1315 Lin/in
5 2 Hub Ptlate Strain Aft 1. 97 2822 win/in
i 43 Pitch Link Blue 1,70 9162 1b
44 Pitch link Red 2. 00 1C, 508 Ib
45 Pitch Link Yellow 1. 34 5692 1b
- 46 Control Actuator Force Starboard 1. 94 2064 1b
- 47 Control Actuator Force Port 1.80 2358 1b
48 Control Actuator Force l.ong L83 1971 1b
44q Voltage Ref B BB .95
50 Voltage Ref C BB .81

12




5.7 YAW CONTROL VALVE TESTING

In addiiion (o functional check-out, the purpose of the yaw
valve tests was twotold: (1) mnmecasurement of the available yaw thrust
and (2) investigation of the eifect that opening of the valve has on lift
and/or power lever position. The measurement of yaw force was
made in a sequence of stecady-state points recorded at incremental
opening of the valve, These tests were repeated in two modes of opera-
tion: at constant rotor lift and at constant power lever position (PLA).
The results from the above tests are shown on Table 6 and Figure ¢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, which exceeded the 300 pounds established as the de-
sign objective. When the valve was actuated at constant PLA, both
rotor lift and yaw thrust niotably decreased. In order {o maintain
constant lift, a cocrdinated movement between the directional control
and the power lever was required.

The tests have shown that the adjustment of PLA associated
with each valve opening was within practical lirmits. 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 18t to the opposite

direction. After the tests were completed, steps were taken to reduce
this dead band to i

ninimum,

&

5.8 ROTOR DOWNWASH VELOCITY

Rotor downwash velocities were measured during rotor
performance tests using 2 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 1LEVE],

Sound pressure level data were taken during the perforrnance
runs at high engine power and thrust levels. The YT-64 gas generators
were run without sound suppression for iniet noise.
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YAW CONTROL VALVE THRUST, POUNDS
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Figure 64. Yaw Valve Thrust Measurcement
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Sound spectral data were taken at 100-{oot intervals from
the base of the whirl tower from 100 to 400 fect. These data are pre-
sented on Figure 66 showing the over-all sound levels,and in Table 7,
showing the sound levels for three frequency bands, An ociave baud
noise analyzer was used to record these data,

The highest sound pressure levels were recorded directly
in front of the power module and engine inlets. The over-all sonrnd leye?
.ncasured at 1lo vecibels at a point 100 feet directly in front Of the
power module. Ambiert sound level was 80 decibels. At a point 100
feet and 90 degrees to the right of the power module, the sound level
Waas revorded at 108 decibelz, The 10los tLrust was approximately
16, 000 pounds for these conditions.

Although the measured sound levels 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 rnioise disturbance re-
ported by nearby l.oyola 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 its
diverter valve in the ""overboard’”’ position to obtain the engine operat-
ing line data for this fixed exit area and for military speed "‘tonping"
adjustment., The tailpipe exit area was 52. 55 square inches for these
tests.

a

The turbine speed, NgG, limit at topping was established as
a function of the jet nozzle area and turbine discharge temperatu

tor a turbine inlet temperature limit which was defined by the manufac-
turer's calibration data supplied with the engines. Engine S/N 250010-4

had the lowest pTB at topping and was considered the reference engine,

w3

e o
re, s
7

Engine 250026-1A had higher PTS at topping and was ''topped’ below its
Tg limit for the effective exit area to match the pTS from Engine 010-4,

During this phase of “esting it was noted that the apparent
square inches and that considerable gas flow was leaking past the

diverter valve door into the upper common duct, even with the diverter
valves locked in the overboard position. Rerigging and adjustment of
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the diverter valve actuating mechanism reduced the leakage to some
degree, but a completely tight scal was not obtainable.

The use of tailpipe "tabs' was employved to change the effec-
tive exit area and to permit "'topping” the engine on the desired operat-
ing line. This procedurc was used successfully on Engine 026-1A
during topping to reduce the cffective exit area, which was larger than
desired because of diverter-valve leakage, The installation of tabs
amounting to 5 square inches changed the eftective exit area from 57
square inches to 52 square inches, and engine ''topping’ was set with
the tabs installed.

The change-over from individu«l to twin-engine operation
was accomplished by stabilizing both engines at idle with diverter
vaives In 'overboard position and then actuating the diverter valve
switches simultaneously to "'rotor"” position. The exit area of the com-
mon exhaust nozzle was previously set for twice the nominal single-
enginc <xit area.

Diverter-valve actuating time was appruxituateiy 0.5 sec-
ond from "overboard” to "rotor'' position. Engine opcration was
completely stable during the transition, and the only perceptible change
in the engine instruments was an equalization of Pt on both engines.

The power levers were then advanced simultaneously to
pruduce a synchronized power lever angle until the desired twin-engine
power setting was rcached. Engine turbine speed, NG, was used as
the primary reference during the power setting process with fine bal-
ance adjustments made by matching compressor discharge I’-I~3. Ng»
and I)TS.

Air flov matching by setting equal I)TB'S was checked
against the manometer board air flow measurement and found to be an
accurate means of obtaining niatched air flows,

Engine response during twin~engine accelerations and
power lever changes was essentially the same as for single-engine
operation, and no difficulty was encountered to control both gas gen-
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Good correlation between engine fuel flows was noted dur -
ing e¢ngine matching., and this parameter could be particularly useful
for power setting and engine matching during in-fhight operation of the
hot cycle system.

T win-engine shutdown was -~ cconiplished by reducing both
engines to idie power and simultancous:y actuating the diverter valve
switches to "overboard' positicn, Individual cngine shutdown was then
made by moving the iudividual power levers te "off" position,

Normal shutdown procedure was to start the MA -1 cart
prior to engine shutdown n order to "motor” the cngine in the event of
a post-shutdown firc or residual fuel burning. however, all shutdowns
were 'clean' and pust-shutdown motoring was never regquired.

5.10.1 Test Results and Analysis

The engine and power module tests were canducted prior
to the installation of the rotor in the propulsion system. Unlike the
rotor, which had already demonstrated its capability in the 60-hour
endurance test, the power module had never been tested as a complete
unit. Many aspects of 1ts operation thus remained unknown until the
actual testing was completed, The samc applied to the engines and
diverter valves which, during the previous rotour feasibility testing.
were in the development stage. The concept of the common exhaust
system for a cluster of jet engines, though feasible theoretically, was
yet to be checked in a practical applicat.on. The proof of practica-
bility of twin-engine operation was of primary importance with regard
to the whirl test prugram and tu the hot cycle concept.

In effect, the power module test demonstrated excellent

operating characteristics of the twin-engine system used in the XV -GA.

The normal steady-state operation was exactly as predicted in the

earlier studies madc in connection with this program,

The transient runs, as scvere as any to be expected in emergency

situations, demonstrated that the power plant operation i completely

stable. This stability was proved by misinatching engines to a con-
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Within the scope of performance evaluation, the {ollowing
test objectives were accomplished:
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1. Detinition of ¢ngine operating line
2. Verification of engine manutacivrer's tegt data
3. Sclection of tovping procedure and topping Con-

ditions tor ewach engine

4.  Twin-engine matched steady-state operation

5. Twin-engive rmatched transient eperation

. Migmatched engines in steady-state and
transien' opegration

7.  Simulation of engiac or diverter valve tailures

&. Comparisecn of various engine flow measaring
nicthods

9. Measurement of pressure loss in the duct system

Mosy of the test objectives were accomplished during Runs
15, 16, and 17. The respective test data were used in the performance
evaluation. Figuves 67 through 76 illustrate the test roesults,

Figures 07 and ¢85 show a plot fcr cach engi of corrected

Ty N
i N,

versus corrected engine spee:dw . The

exhaust temperature —

operating lines estahlished by the manufacturer at tixed nozzle areas,

T
L . s 4/

together with the inrtine inlet temperature Hmit lines, —Fe———o

Ty Limit

, and
1)
t -
exhauvst pressure lines, ——5-2 , form the background map on which test
peints and curves arc indicated. These maps were us-d during the
tests for a quick determination of operating lines, effe .live exit arcas,
and temperature limits. Figure 67 represenis the operating record of
Engirie 01G-49 from Runs 15, 16, and 17. Typical twin-ergine matched
and mismatched test runs are recorded. Each of these operatizns was
run al the total geometric exit area of 109. € square inches (carves A
and B} aud 98. 6 square inches {curves C and D). The correspanding
operating lines of Engine 020-1A (curves A, B, C, ard D) are shown
on Figure 68 Twin-cngine topping was accomplished by topping Eng-
inc 010-4 ot its temperawure limit, while Engine 026-1A was adjusted
io vqual the lower exit pressure ol its weaker counterpari.  The power
developed at topping speed i indicated on the plot in terms of shait
horsepower (St11') as definced by the engine manufacturer. The tests
showed no significant adverse cffects causced by the common exit
arrangement.  When the engines remained essentially matched through
the range of operation, they ran practically as they would run naving
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individual discharge nozzles. The steady-state engine opurating char-
acteristics at the diffcrential power setting were checked by bolding
Engine 026-1A at a constant powcer lever angle of about 97 percent
speed while reducing the speed of Engine 010, The degree of mis-
match was increased incrementally until the speed ratio in one case
was 97.5 : 74. There was no adverse effect of mismaitching. Doth
tests consitituted a sequence of stable steady-state points. The temp-
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 specd levels the engine reacted in a normal and
safe manner, with speed remaining within the droop line limirts.

Figures 69 and 70 were used to compare the engine manu-
facturer's lest data with the Hughes Tool Company test data. The cor-

WZ, /92

82
ratio P'I /PrI on Figure 69, and the corrected compressor flow

3 2

r- cted compressor {low curves Versus Ccompressor pressure

versus corrected speed on Figure 70, provided the background on which
test points were plotited. Figures 69 and 7C were prepared for Engine
026-1A; they show a gooa correlatior between the engine manufacturer's
and Hughes Tool 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

correlation of cngine manufanturer's test data and Hughes Tool Company
test data for mass flow was developed, was found to provide gocd

agrcement and was utilized.

The next four figures are transcriptions from the oscillo-
graph record. Figures 71, 72 and 73 show the effect of typical twin-
engine transient operations on various e¢ngine parameters. They
illustrate, respeciively, rapid acceleration from idle to maximum
power rapid acceleration to maximum power with differential starting
speeds, and rapid power change from maximum to 80 percent N
and return to maximuam. 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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Figure 70.

Engine 026 Compressor Corrected Flow vs.
Corrected Engine Speed Twin-Engine Operation
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5.10.2 Flow Determination in Engine Testing

in ihe testing of the hot ¢yclie sysiein, the qualiiy of per-
formiance evaluation depends much on the quality of air flow measure-
ments. However, the problein of flow determinatieon in the hot cycle
duct systuin is complicated by vari '

various faciors s otk
Ciaa GYy aiifUs 1aliOl &, i

ic tirst place, the
internal ducting dous not have a suitable section where any standard
flow -mcasuring devices could be located. Sccondly, the wide range
of test conditions from stationary to flying is difficult to cover with
any single conventional arrangement of instrumentation.

5.10,2.1 Bellnmiouth Measurements

The standard Toud bellmouth inlet was designed specafically
for that engine to provide the mcasured values of inlet air flow. During
the ecugine test program, the Tod beilmouth was considered as a primary
standard for the purposc of calibration of pertinent systemn components,
Until Run 17, which was the last in the series, the bellmouth was instal-
led on Engine No. 1 {01C-4). A water manometer was used to measure
the pressure difterential P, -P5. The calibration curve supplied by
the engine manufacturer was used to convert manometer readings into
corrected compressor flow. When some discrepancies were found
between the results of the current tests and the manufacturer's test data,
the complete bellmouth measuring system was thoroughly checked out,
No leakage was detected in the system. The indications of the remote
manoricler were compared with the readings of sensitive gages mounted
directly on the test rig. All readings were found to be the same. The
bellrmouth calibration curve was checked against the theoretical flow
curve for compressible flow, The resulting flow coefficient for the bell-

mamnith uae tannAd 14 BWa O - N ara Cine thic mivenal ~» o
mMouta Wabd 40Ul 10 UL oy = v 7o, Daind LS NIUImeCr

c was typica!l for
bellmouths of this type, the calibration curve was concluded to be cor-
rect, In resull, no reasons were found to question reliability of bell-
mouth measurement,
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During the transient runs, the response of the manometer

was checked with an electronic counter. The manometer attained
steady state almost simultaneously with the counier and far ahcad of
the console 1’1‘3 pressure gages, This feat qualified the manometer

indications as good for monitoring purposes.

5.10,2.2 Hughes Tool Company Inlet Duct Measurements

The XV-9A inlet duct was designed with generous intern-
al lip thickness to ingure smooth inlet flow both statically and in flight,
The instrumentation used with the inlet duct was identical to that in-
stalled wiih 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
arrangement was reversed to enable calibration of the inlet. The filow
data recorded during that test had indicated that Hughes Tool Company

inlet had essentially the same air flow calibration curve as the stand-
ard bellmouth.

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
manufacturer, is usually the most common method for determining the

. . . :V) N 9)
air flow in flight testing. The curves are generally plotted as = bnd
p L
W, Vo T
vs. N. and 2 2 VS, ___.:i_ . However, the T64 compressor
v, p.
2 ) T2

has variable geometry which is related to a specific setting of the
governor. Once the governor is removed for some reason or the vari-
able geometry (V. G.) is reset, the calibration of the compressor

is iosi. The effect of hysteres
in an appreciable error, which
curve.

ig of ¥, C mechanism may also result
adds to inaccuracy of the speed vs. flow

The effect of the above limitations was noticeable in the
test results. 1In Engine 010-4 and 013-5 the speed-flow relation was
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ditferent from that given by the manufacturer, and the flow virsus com-
pPressor ratio was not consistent with other data. It is possible that the
diffierences were caused hy different V. (. settings and/or by some
deterioration of the compressor. Contrarily, the new Engine 02u-1A
showed good correlation between all measurenients (see Yigures 69

700

and 7 V.

5,10 2.4  Engine Turuine Inlet Air Flow Mcasurements

Not until the twin-engine testing was in progress was
Station 4 (turbine inlet) considered for rhecking flow nieasurements.
An cvaluation study was made whicn proved that the turkine inlet used
as a flow-measuring section is more accurate and better applicable in
the test program than any other methods proposed previously, This is
mainly due to the fact that Station 4 remains choked from maximum power
down to the {light idle.

The turbine inlet also retains its geon etry, unlike the com
pressor, and is unafi/ cted by the changes in flow p ttern associated with
changes in flight conditions which cause inlet measurements to be mean-

ingless,

Since the turbine inlet is not instrumented, its flow furction
cainot be expressed in terms of Station 4 parameters. However, it can
be proved that when the turbine inlet is choked the following functional
relation exists between the parameters measured at Stations 2, 3, and 5:

w T -
2 \/-t3 ) £ty - th).
P -

l3 t3

In 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 approach, Engines 010-4 and 026-1A Lae
been calibrated, Test cell data and Hughes Tool Company engine .est
daty were used in the calibration procedure. An examrple 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 opp-rtunity to measure pressure losses in the nonrotating ducts of
the power module. The straight annular duct of the common discharge
nozzle was designed in anticipation of this particulartest. Itsiocation,
which corresponded to the future location of the rotor hub, was suit-
able for this purpose. The duct was instrumented 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 oscillograrh. 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
measurcments plotted versus engine discharge {low function are shown
on Figure 76.

e D O 1 o AR

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 instruments
and controls was the primary reference for engine operation during
all phases of testing, including starting, twin-engiune steady state, and
twin-engine transients. The instruments used for this purpose were
of the standard sensitive type currently being used in multiengine jet
aircraft. Most of these instruments were to be used subsequently in
the XV-9A during flight testing.

=
i
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A 50-channel oscillograph recording 30 data functions was
used to record engine parameters during transients and conditions
where rapid changes 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 flow measurcment was by means of a standard
calibrated bellmouth, with instrumentation probes installed ‘o mceasure
total and static pressurcs and temiperatures at six radial locations.
Temperature probes consisted of three individual elements paralleled
for single read-out at six radial lecaticus and recorded on a multiple-
point temperature recorder., The 1otal and static pressure probes were
connected to the water tube manomeler located in the control van and
recorded by the 35mm camera,

Although only one standard bellimouth was available during
these tests, air flow calibrations weve obtained for both engines by
installing the bellmouth on each engine for calibration tests. The
standard bellimouth was installed on E'ngine No. 1 (310-4) during Runs 1
through 16 and on Engine No. 2 (026-1A) 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
026-1A during Puns 8 through 16 and on Engine 010-4 during Run 17.

1. Control Console, Direct-Reading A:izcreft Type Instruments
(35mm Sequence Camera Used For Recording)

Engine Speed, NG Botli Engines, % RPM
Turbine Discharge Temperature, Tjq " " “C

Turbine Discharge Pressure, PT5 . " "Hg AI3S,

Fuel Flow, WF ' " LBS/HR
Compressor Discharge Pressure, PT3 " " "Iig AES,
Power Lever Angle, PLA " ' Units {(calibrated}

Variable Geometry Position, VG

Fuel Control Outlet Pressure : " PSIG

Fuel Temperature ' " °F

Engine Cil Pressure " " PSIG

Engine Oil Temperature " " or
138



Engine Vibration Both Engines, Mils. displace-

ment
Fuel Boost Pressure PSIG
2. Oscillograph, 50-Channel with Magazine and Take-up Reel
Engine Spced, RPM Both Engines
Turbine Discharge Pressure, PT " "
5
Compressor Discharge Pressure, P " "
2
Eng.ne Power Lever Angle, PLA v "
Variable Geometry Position, VG " "
Fuel Flow, WF " n (Limit Switches)
Diverter Valve Position " " {Limit Switches)
Acceleration Vertical " ' Fwd. Engine
Mount
Acceleration Herizontal " " Structure Sta.
279
Common Duct Total Pressure, PT 10 Probes Total Pres-
6 sure Rake
" " Static Pressure, PS {4) Orifices
6 Manifolded
Compressor Discharge Static
Pressure, P53 Eng. #1
3. Strip Chart Temperature Recorders (4) (Chromel-Alumel)
Turbine Discharge Temperature, T5, Both Engines

L) "

Coinpressor Discharge Temperature, T,
o
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4. Temp :rature Recorder #] (Coppcr-Constanl?n)

Engine Inlet Temperature, T_ {6}, each engine
L2

5. Temperature Recorder #2 {Iron -Constantan)

Power Module Structural Temperatures

6. Strip Chart Temperature Recorder (Chromel-Alumel)

Common Duct Gas Temperature, Té

7. Manometer Board & 35mm Sequence Camera

Engine inlet total pressure, P (6) each engine
2

Engine 1inlet static pressure, P (6) each engine
P s2 g

5. 11 SIMULATED EMERGENCIES

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

1. Rapid Rotor and Engine Shutdown

A rapid shutdown of the rotor a:ii both engi .es was
accomplished at the termination of k.an 28 on 7 May 1964 when
residual hydraulic fluid underneath the No. 1 diverter valve was

ignited.

The shutdown was initiated from the following conditions:

Rotor Englne #1 Engine #2
8 = 10° Ne = 99.9% Ng = 101. 4%
Np = 97.5% Ty = 604°C T, = 595°C

Lift = 20, 800 1bs
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The shutdown was accomplished in the following sequence:

a. Engine power reduced to NG = 90%

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

c. Reduced collective to 0° as rotor specd decreased
below 80% NR

The shutdown was accomplished rapidly and smoothly and
rotor structural loads were low.

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 t¢ 27.5% Np.

2. Single Hydraulic System and Controls Operation

The rotor controls were operated through their normal range
and rates with each hydraulic system at zero pressure during Run 31
on 14 May 1954, The procedure was to bypass each hydraulic system
one at a tirne and to operate cyclic and collective controls wich the
remaining system providing hydraulic power a* 3500 psi. Cyclic and
collective control operation was smooth and stable while operating
on each individuai hydraulic system at 3500 psi. There were no
control transients or any noticeable effects when either systern 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
Nr = 9¢.5% during Tiun 31 on 14 May 1964 The procedure was to
reduce power on engine No. 1 and simultaneously increase power on
engine No. 2 until N, dropped to 8!%. The engine No. 1 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. Engine Shutdown ty Means of the Fuel System 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 00 seconds as a
considerable amount of fuel is contained within the enginc fuel control
which is downstream of the shutoff valves. Both engine shutdowns
were completely normal.

5.12 COMPONENT MAINTENANCE AND REPAIR

During 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 action
during the program:

a. Engine tailpipe assembly - Failed 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 250026-1A was installed
for the remainder of testing.

¢. 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.

o
®

iverter valve - Units installed durin
tests had insignificant leakage and were replaced
with previously reworked spare units prior to
whirl test. Removed units were subsequently

reiurned to manufacturer for seal rework.

g engine
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e. Diverter valve actuator - O-ring failed during
whirl test and was rerl!2ced. Actuator per-
formance was erratic during entire test
progranm. New actuators were designed and
fabricated and were installed subseguent to
whirl test.

With the exception of the above items, the results from

the miechanical and performance tests of the system showed that all
components functioned satisfactorily.
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6. RESULTS OF POST-TEST INSPECTION

"ollowing completion of whirl testing, the power module
and rotur were removed from the whirl tower and returned to the fac-
tory area for leakage tests, teardown inspect.on, and reassembly
prior to mating the power modv’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 Lly
was removed from each blacds. 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 assemn-
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 tc 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
existed between the hub structure and the tri-duct. This was eliminated
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, miade from slightly longer material with their
ends bonded together, were installed in an effort to minimize oil leakage.
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Spacer biocks were remade using titanium to provide & more rigid
path for the tii-duct thrust loads. The cooling-air curtain was torn
trom interference with an instrumentation bracket and was replaccd.
The outer carbon seal asseinbly ¢lamp gasket was hard and brittle.
A new gasket was installed. 'lh'LI'e was no noticeatle wear found on
the {ollowing:

Hub gimbal bearings
Shaft radial bearing
Shaft thrust bearing
Accessory drive belt

B N
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Rotor Blad:s and Spars

I —t

Bolts attaching the spars were removed. No torgue
values were below drawing telerance except one wlere a nut plate
came lcose. A nev. nut plate was instalied and new attaching bolts
were used even through there was no evidence of excessive fretting.
This was done to make it possible to identify any fretting taking place
during the next phase of testing. There was no evidence of cracks in
laminations. Small marks were found on each spar in one area where
the edge of a segment contacted the spar. Corrective action was
taken to eliminate his by extending the Armalon antifretting material

. to cover this area entirely. No evidence of elongation of holes in the
segments due to whirl test loads was found. Some holes were found
cut of tolerance uand wvere reamed out and bushed as required. Small
areas of spar delamination at the ouier end of some of the laminates

e<isted prior to whirl tests. These areas showed no avidence of having
extended during tests. The root-end {itung and attachment were re-
worked .y improve the fatigue strength of this area as substantiated by

compcenent tesiing.

S s

W

6.1, 3 Articulate Ducts

There was no measurable leakage at the inboard spherical
seal. The leakage rate of the outboard lip seal was measured &t ap-
proximately 11 - 12 ¢fmi. 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 were installed.

146



7. TEST INSTRUMENTATION

Tert instramentation measurements recorded during whirl
test are listed on Tables 8, 9, 10 and 11. The following portion of the
tes1 instrumentation was installed in the control van during whirltests:

Description Quantity
1. Oscillograph, 50-channel with Magazine {2)
and Take-Up Reel
2. 12-Point Temperature Recorder: (3)
3. Manomcter, Multiple Tube, H;0 with (1)
35mm Sequence Camera
4. Strip Chart Temperatare Recorders (4)
5. Engine & Rotor Instrument Panel with (1)
35mm 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 tacking
were used on tle rotor and power module. In areas where tempera-
turcs above 200 degrees F were expected, a high-temperature cement
was used. For application where the temperature was not expected
to excecd 200 degrees ¥, 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 weire waterproofed
and protected 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 0il contamination, In
these areac, the compound never hardened.

Irtorm.acion on the location of strain-gage bridges is
given in Table 9 and Figure 77,
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7.1.2 Blade Thermocouple Installation

Chrome!-Alumel {K calibration) therinocouples were
used exclusively on the rotor. These thermocouples were 30-gage

wire with double-woven fiberglasc insulation,

Ty
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The thermocouples on the blade skins, flexures and
duct walls were attached by spot-welding the thermocouple directly
to the part. The aspot-weld formed the junction at which the tempera-
ture wae measured.

The temperature of parts subjected to fatigue loading,
such as the spars, was measured by using a thermocouple with a
junction fused by use of a mercury arc. These thermocouples
were then cemented to the part. The thermocouple wire on 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-Alumel wire, Location
of thermocouples is given in Table 10 and Figure 78.

IR

7.1.3 Pow

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.
30-gage wire with double fiberglass insulation was used. Th/ >cation
of the various thermocouples is given in Table 11.

7.1.4 Engine Performance Thermocouples

|
é
|

All engine performance temperatures were measured
with probes furnished by the engine manufacturer. The engine inlet
temperatures were monitored by Copper-Constantan thermocouples
g which were attached to the lead wire with compensated quick-disconnect
plugs. The compressor outlet and turbine outlet temperatures were
monitored using Chromel-Alumel probes attached to the lead wire
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with compensated quick-disconnect pluge. These probes are showr
in Figure 79.

7.1.5 Rotor Thrust Measuring System

The rotor and power module were attached to 4 load cells
at the 4 points where the power module attaches to the fuselage. The
ioad 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 escillograph. The other bridge in each load
cell was also connected to the oscillograph so that the load sensed by
each individual luad 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 (P2) were measured with a multi-
tube water manometer. Compressor discharge pressures (P3) were
measured with pressure transducers. Turbine discharge pressures
{P5) were also measured with pressure transducers. Pressure trans-
ducers were used to measure the gas pressure (P()) 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 P
were measured during the whirl test program. In addition, additional
transducers were installed to measure the blade-tip cascade entrance
pressure (Py) and the diverter-valve pressure. A differential pres-
sure transducer war used to measure the pressure in the yaw control
duct. Figure 83 shows installation of pressure transducers near the
tip of the blade. The pressure transducer used to measure P was
selected because of its low sensitivity at g forces in the plane of the
diaphragm. The ervcor at 500 g's was less than . 3 percent of full range.
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7.1.7 Additional Test Instrumentiation

—
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v
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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 experienced 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
bolts,

3. Swashplate Drag Link

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

(o

1ade niteh control linke wacec dacy
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Each of th
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 coculd be used to measure the applied control forces. Each control
cylinder haa 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 wus strain gaged to measure the bending mormcnt n the
ring.

| Hu.‘“nu

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
eS8 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.

o i 154 o R g R £y,
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9. Blade Coning Angle Indicator

The coning and flapping angle of the blaue blade was
measured by using a pickup. The pickup consisted of a strain-gaged
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 is cylindrical 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.

R AT T I T

10. Strap Windup Indicator

The strap windup is a function of the relative movement
ol 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

A N e

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,

T

-

14, Engine Variaktle Geometry

The position of the inlet guide vanes was measured using
a potentxometer installed on the engines by the manufacturer. The out=

put of potentiometers was connected in a Wheatstone Urlugc arrange-

ment for convenience in calibrating and recording.

15. Engine Power Levar Angle

The pousition 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 sliown 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 lLaug

The gimbal 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. Swash-FPlatc Diag Link

PP TN DI |
The swasnp:ate a

500-pound increments using a static test machine.
strain-gage bridges was monitored with the use of a strain indicator.

rag link was loaded to 5000 pounds in
The output of the

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.
LY

7. Control Cvylinders

The control cylinders were calibrated in a test machine in
The output of

1000-pound increments up to a total of 6000 pounds.
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 lecad of 25U 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
The

ducts in a fixture and applying a moment with the use of weights.
torsion was applied in 200-inch-pound increments up to a total of 1000
The moment was applied in both directions. The output

inch-pounds.
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 the bridge was recorded

by an oscillograph.
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11. B've 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 with 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 outputof the pickup was recorded by an oscillograph.

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
aaother bubble level at right angles to it. The hub was then tilted by
pulling down or pushing vp 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

The pressure transducers were calibrated using a standard
deadweight tester. The pressure was increased in increments up to
the full expected operating pressure of the transducer. The transducer
cutput 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 from the
center position. This gives a 1 g calibration in each direction of the
sensitive axis. The accelerometer outputs were reccrded by an oscil-
lograph.

15. Engine Variakle Geometry

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

£
3

The thermocouple wire used had standard tolerances of
1 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 INSTRUMENTA TION

1. Strain-Gage Recording Instrumentation

“”‘wm m m B, e BT

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 toxes. These balance boxes
had the capability of being used in a cornmon power configuration. The
use of common power greatly reduced the number of slip ring tracks
required for a given number of bridges. For the strain gages and trans-
ducers whose cutputs 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. FEach 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.

e

R SRS

2, Engine Temperatures

Engine T3 and Ty temperatures were recorded by 18-single-
point strip chart recorders, two being used for each engine. Engine T)
temperatures were recorded by a 12-point recorder. Each T, thermo-
couple was connected to a stepping switch so that six separate
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terrperatures on each engine were recorded. The T3 and Tg probes
were each connected in parallel, and only one readout 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 temperatures 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 end-junction dissimilar metals from forming a thermocouple
which could introduce an error into the measurement. The wires from
the hot reference junction to the 12-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.

i

5. Manometer

e AT e e e

The multitube water manometer was recorded by using an
automatic 35mm sequence 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.

[T

6. Engine and Rotor Instrument Panel

The o

ngine and rotor ingtruments used by the test o
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 35mmn sequence camera, The instaliation can be

seen in Figure 95,

A
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TABILE &
ROTOR & ENGINE PERFORMANCE, ROTOR GUOMETRY, & CONTROL
SYRTEM MEASURFMITNTS

No. of
Trans-~
Function ducers Units of Calibration
Blide Tip Uressurve (PT ) ) PslAa
7

Turbine Discharge Pressure (}’T5) 2 PS15

Compressor Discharge (J3‘-I-3) 2 Ps1G

Compressor Inlet Pressure (Fgp ) 12 Inches ol Water

(& bg ) ‘

~2

Variable Arca Exit Nozzle (Pq 6) 11 1PSIG (Engine Test thy)
Yav Control Duct Pressare ‘ 1 PsID

Diverter Valve lHressure ] PSIG

Rotor Thrust 4 }P'ounds Fourzce

Yaw Control Valve Thrust 2 P'ounds Yorce

Eungine RPM 2 RPM

Engine Powe. Lever Angle 2 Degrees of Travel
Engine Cumpressor Variable Z Inches of Movernent

Geoumeltry

Frngine Acculerations 4 G's

Cross Flow Vane Position ] Negrees of Vara Movoment
Diverter Valve Posgiticn Z Rotor or Overboard
Control Actuatotr Position 3 Inches of Muveiment
Longitadinal Cyalic Svick 1 Uegrees

Pousition

lateral Cyclic Stick PPosation ] Degrees

Collective Position 1 Deprees

Rotur RPPM 1 RI°M
— = r—— masamrs | meoumennd
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TABLE § (Continued)

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

No. of
Trans-
Function ducers Units of Calibration
Rub Tilt Angle 1 Degrees of Hub Tilt
Blade Flapping Angle & Degrees of Blade Conming
Biade Feathering Angle 1 Degrees of Blade Fitch
Upper Bearing Accelerumeters 2 G's

prompranass s
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Figure 86. Engine Instrumentation Installation
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