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ABSTRACT

The UH-1H helicopter test bed program was accomplished at the US Army
Aevonautical Depot Maintenance Center (ARADMAC), Corpus Christi, Texas,
during the period 4 October 1970 through 17 Cecember 1971. The program
objective was to determine the feasibility of state-cf-the-art hardware
to automatically accomplish inspection, diagnostic and prognostic main-
tenance functions on selected subsystems of the UH-1H helicopter. The
Hamilton Standard hardware for the program is identified as Airborne In-
tegrated Diagnostic System. Helicopter components, both sevviceable and
degraded, were run and monitored for malfunction discrimin<:ion by the
AIDS in ARADMAC test cells and in two UH-1H aircraft. Tre..iing for prog-
nesis was attempted while accumulating flight time on two ..cditional UH-1H
aircraft utilizing serviceable components. The test resalts demonatrated

the objectives of the test bed program.
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FOREWORD

The UH-1 Helicopter Test Bed Program was conducted for the US Army Aviation
Systems Command under a contract (No., DAAJ01-70-C~0827(P3L) with Hamilton
Standard Division of United Aircraft Corporation. This program is a sub-
element of the Department of the Army RD&E project (1F164204DC3201) to
develop an Automatic Inspectica, Diagnostic and Prognostic System (AIDAPS)
for Army aircraft., The overall program is ir response to a Qualitative
Materiel Requirement for an AIDAPS which was approved by DA in October 1967,

GOVERNMENT ASSESSMENT OF PHASE E VERIFICATION TEST

Section 10 of this report documents the accomplishments under Phase E of

the program. Phase E was a test of the Agccuracy and Repeatability of the
Hamilton equipment. Page 10-18 of Volume I summarizes the Hamilton Standard
diagnosis of the helicopter components (both serviceable or good and degraded
or bad) which were implanted by the Government in the UH-1H aircraft.

The table below lists the actual conditions of the test components im-
planted in the UH-1H aircraft monitored by Hamilton Standard:

B o s Rl

Conditions Date Engine Tranmission 90° Gear Box 42° Gear Box
1 19 Nov 71 Bad Bad Good Bad
2 24 Nov 71 Bad Bad Good Bad* :
3 3 Dec 71 Good Bad Bad Bad k
4 7 Dec 71 Goced Bad Bad Bad :
5 9 Dec 71 Good Good Bad Bad
6 10 Dec 71 Good Good Bad Bad
7 14 Dec 71 Good Good Bad Good
8 16 Dec 71 Good Good Bad* Good

*The component conditions noted with an asterisk (above) were revealed to
the contractor prior to his final analysis and are not included in the
percentage scores shown below, The remaining component condit:ons had not
previously been identified to the contractor,

An overall diagnostic accuracy of 907 was obtained by Hamilton Standard in
determining the conditions (Bad or Good) of the implanted engines, trans-
missions, 90° gear boxes and 42° gear boxes,

Although the Hamilton Standard equipment did achieve objectives of the Test
Bed Program to demonstrate state-of-the-art capability, the foregoing re-
sults are not satisfactory for immediates hardware implementation.

The efforts expended by the Hamilton Standard Corporation and assigned per-

sonnel were very commendable., The above efforts and the knowledge accumu-
lated will be used in subsequent steps during development of AIDAPS.

P d
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v 21 Seport Scomery
Tis Sonument foily detalls 21l srtivities cerried ot by the

Banflitor Stezderd Divisicn of Urited Afircrzeft wier the Axtomsftis

Ezopection, Dizgrostizs, 2of Progzostics (JIDAPS) EE-12 Test Sed Program
cortract DRASDE-TO-C-0027 (FIL) isswed by the G.S. Army Avistion

Systens Commerd. Coctract perfosmaoce commecced fin July IG70 =3 wERR
extend thromgh Mere: RS2,

The report is divided izto tex amin secticss cortzized o tuo
soinmes. Volmme I cociaf~e 2131 of the text materizi. Volmme I frcindes
212 of the figmres followed Ty toe tables Giviied wp iclo secticcs so
arrarged ttet they zcoomsany the text for tiat sactic.

Section 1 discusses the progran philoscyhy 2nd goels. Secticn 2
nighligsts the progran corduet zmd zchiew ts. Secticc 3 explaizs
tze progranm tasks perfommed aod their prpose. Section B describes ine
bardcare employed by Eamiitcn Standard. Secticas 5, 6 2nd 7 are toe
tecznical heert of the report. These secticss corpletely explain thke
dlagnestic technigues utilized 2nd document the test results. Section 7
presents ite Pnase D Verificatice Test Analysis. Sectiors 8 acd 9
swrarize the conclusions and recanmerdatiors, respectively, wlich are
dravn from the detailed text performance descriptions for all phases
of the program. Section 10 is considered 3s an Apperdix coveriis

Piause £ work and results.
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Disorssion of Progmm Pioflosopinr

Tve G.S. Zroy kas & repxiremests to emimete suioneted Izspertiom,
Aegrosits, axd croguestic systens leedirg £ & Suily fircticmel it that
cchieves incressed afromeft svefilabilfity axd lover meictecazce costs 23:
1. FRedoelmg ummrracted remcrals, s=d
2. Bedocfog faxit isclzticn meirlecerce time.

To meet the abowe goals, Eentiton Starnderd tas worked ~ith AVSCOM
thoorele the Test YSed Progrenm ic gererate te mecesszry softazre &0 perfom
Elzgmostizs axd progrostics or mejor sshogstens of the UE-1IS vebicie.

Toe use of a Eaniltor Stanfard sirtcrme syster with co-board real-time
Frecessing allioved for a onpresensive emaizaticor of total systen
Smzbilities to 0211 2rny regziremects,

Tae zprrosch in the Test Bed Progren w=s o collect S=tz on pertinent
sarzmeters of the U3-18 subsystens 2) while the subsystes is operatiog
nomir2dly, 2nd b) while koown degraded parts bave beer implanted within
tte subhsystem. The 2bove two groups of Gata are ther corpared and
differences poted for gezmeration of toe preper fault isolation cessage.

8y ixplanting koosn degreded parts, much more pertirent datz can be
generated 204 fault isoletion softvare accomplisted duricg e glven pesriod
of time. However, implementation of this approecn engerders such
prodiexs as:

1. The degraded parts chosen are not rezally functionai degraded, or so
slight so as pot t0 cause differences froc normal sigoatures.
2. During the bulid-up of the subsystem with the degraded parts, the

signature changes because of the build-up.

1-2
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‘ 3.2 Sot froned

3. Tre sigmtcre petlierm genersted Is oot a irue resporse tecaune the
"tousizg™” the degraded part was plactes irto ftest was ot the sme

\.‘9

ome thet the mart became faulty in. (Fds effecztively places the

st Io a= artifical eoviramest and 1bus caxses differences from

the resl enwiracment.

Tt w2s acticipated tiat i tue course cf the program the above
Jeopardies would be minor risks wher compared to the berefit of the

; cortrolled experimert with an accelerated time sciedule.
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Ewmfilton Standerd Effectively Met A11 Gosls

The purposes of the Test Eed Program were:

1. To develop icgic that will isclate melfunctiocs oo toe EH-1E ajrcraft.

2. To deternrime tie capability of existing state-of-the-a=t bardware.

3. To collect sufficient Zata to be used 2s a data bese.

k. To perform malfunction detectior and verification tests oo a UE-1E
aircreft.

5. To predict thrcugh trending tectiniques the remaining time before
component rewowal is reguired.

Eaniltor Stardard, ic its performance during the progras, has
effectively met all the goals.

Tee use of tte modified systex develcped by Hamilton Stardard for
the XSS (XIM Royal Dutch Airlines, Scandinavian Airlines Systex and
Swissair) group of airlines cn their DC-9 eircraft provided readily
avallabvle existing harduare for the mrogran,

Tne following softvare logic wes developed, proved out or implewented:
1. Cas Path Analysis
2. Lycoming Logic Package
3. Other Mechbanical Logic {Hydraulic system, electrical)

4. Vibration

The Gas Path Analysis developed from Hamiltomn'’s extensive fuel

control experience wae shown able to detect the implanted degraded

thermodynamic parts. The Vibration Anelysis concept and resulte are
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Coutinued

very promising in that s Logic approach bas beer used which has detected
the degraded parts with a high :iegree of confiderce. In performing
Pizases B, D ard E, a large smoul of properly documented data was

taker. This bas assured a sufficlent data base. Malfunction detection
znd verification was successfully performed in Phases D and E. Trending
was accomplished, but the cccumulsted flight time was not high enough

to confirm the resaining 1ife pre.istions.
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2.0 PROGRAM CONIMICT AND ACHIEVEMENT HIGHUIGHTS

2.1 Program Conduct

The Test Bed Program was structured to achieve the following
objectives: (1) automation of inspection methods, (o) fault isolation
via diagnostics, and ﬁ3) life remaining predictions via prognostication.
The program scope included use and evaluation of state-of-the-art
equipment, non-interference with test vehicle subsystems, use o:
existing sensors to maximum extent poseible, development of datd base

for this and interim programs, and determination of AIDAPS potential

as a maintenance tool.

The program plan involved four basic phases plus the addition of
Phase E. Phase A allowed three months for the preparation and delivery
of two "off-the-shelf" state-of-the-art hardware systems. Test cell
basellne malfunction signature data was gathered and analyzed during
the 2 month Phase B period. One month was provided as Phase C to
install the AIDAPS gensors and hardware in two UH-1H helicopters at
ARADMAC, Flight testing of AIDAPS with known good and bad parts
occupiszd 6 months of Phase D, Two more months were added to Phase D
by verification flight tests with unknown bad parts implanted. Phase E
included a two month period for rotor monitoring and worse degraded
parts flight tests plus transmission testing to fallure in a test cell.

The program phases are summarized in Figure 2-1.

2-1
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Progr:am litghlights

Phase 3

- 178 test runs werc achieved insteéau of the planned 142. 28
engines, 63 transmissions, 52 90° gearboxes, and 35 42° gearboxes
were lnstrumented and analyzed.

- OGignature analysis verified abiiity of dlagnostic techniques
to discriminate between guod and bad parts.

- AIDAPS hardware and instrumentation successfully performance
tested.

- 100% detection of bearing and gear faults by vibration analysis
technique.

- 80-90% detection of engine compressor and turbine section faults
by Gus Path Anslysis.

- Existing Gas Path Analysis method successfully applied to
TS53-L13 engine.

-~ Extensive test cell data base obtained.

- Test cell enviromment enabled detection of minor component
failures baviuag very low detection threshold.
Phase ©

- 2 UH-1H's instrumented as indicated in Figure 2-2.

- AIDAPS installed and tested for no interference with aircraft
systems.

- AIDAPS given flight safety approval.

2-2
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2.2.3 Phuse D Flight Tests

- Provided flight refinement of software limits and data recording

Az

criteria.

- Obtained trending data for prognostication. Initial trend data
(245 hours) within norms expected.

-~ Verified test cell gas path analysis conclusions.

Indicated refinements necessary in vibration analysis to

account tor transmissibility, aerodynamic noise, and mounting. Baseline
mean data scatter was higher than in test cell runs.

- 74-81% malfunction detection (6 borderline cases) in 80 vibration

test cases with known bad implants including eungines, transmissions,

h29 and 90° gearboxes.

- "Degree of badness" of vibration causing implants generally low.

P

- Validity of diagnostic methods to detect marginal parts

indicates capability to track part deterioration while in service.

& R 2

2.2.4 Phase L Verification Test

- Six sets of unknown implunted bad parts test flown.

- On July 23, 1971, AIC 61011 was flown with unknown bad engine
compressor, bad 42° gearbox input roller, good 90° &earbox, and good
transmission. All degraded LRU's were correctly diagnosed and no
pood LRU's were judged faulty.

- Overall diagnostic fault isolation score calculated by

Hamilton Standard to ve 8&4%.

2-3
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2.2.6

Panse £

- Rotor out of trock and ocut of belance diagrostica found
fe.sitle for iategraticr within AIDAPS.

- Data froe first transnission test to failure indicates vibration
araly;sis wculd have predicted functiomal fajlure 50 hours before
ocerurence.

- Worse degraded parts testing gave more positive measure of
AIDAPS diagnostic effectivity. Zignt fligktts accorplished instead of
O projected.

Uverall Hienliochts

- Over LOOO vibration parrov bané spectrum analyses were perforwed
cu wore than 1,264,000 data inputs.

- About 60 rolls of nagnetic tape were utilized with three-quarters
of 2 mile of data on each.

- Approximately 5 miles of computer printouts were generated
anrd analyzed.

- Demonstrated AIDAPS feasibility for helicopters through
Hamilton Sturdard's airborne Aigital processor approach .

- Developed and verified software techniques such as limit analyslis,

vibration, and gas patn application rejuired ror AIDAPS implementation

How.
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Bereucre Utilized

Ezx _lton Standard chose an off-the-shelf sirborre digitel processor,
Ajrborne Totegrated Dsta System (AIBS), for application in tie E=-1E
Test Bed Frogram. The oo-hoerd systenw configuar=tiors chosen Eas the
follosing chrracteristics:

1. Sutomatic data scanning and sigml coovarsion

2. FEasy moiification of dizgnostic limits

3. Zutomatic data conpression terouzh flight mode recognitioc azd digital
rec. “ing of a2irborce data.

k. Flexivility and ease of unodification through progrez software.

The Hemilton Stzndard airvorne AIDAPS precessor bz2s a fuily
programm=ble magpetic core mecory and a high speed 16-bit pexz2llel
arithzetic unit wvbick permits tixely and complete system flexibiiity.
From an operatioral standpoint, the systex's airborne operation was
fully automatic and did not require any flignt crew attention. The use
of such items as a Flight Datz Entry Panel allowed for instaut read-out
of parameters to check data validity and system operation before the
test flignts. Via ground memory loader, the system operztion was altered
in 2 manner of minutes from a prepared punched tape. Due to the tight
schedule and quantity of parameters used, the choice of an airoorne
digital processor was particularly advantaigeous in meeting the objectives
of s trial program because the expected changes could be implemented
readily throush software modification rather than hardware revision.

The hardware included an airborne go/no go Maintenance Action Annunciator
Panel (MAAP) to display in real time aircraft system replace or

nd justment messages generated by the processor output.

2-5
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peveloged Bivgrostic Soffturre

The dfrppostic softare csed I the TE-18 Test Sed Program ¢z
be split icto four main Herdimgs:

® fee Path

* ¥igratioe

% Mectarical/Zlectrical Linit Checkirg

* Tremiing

The gas ratsh logic s genersted by Ezxnflitcor Starderd zarny years
250 to Fill the need withiz tie gas turdin Indostry for am ammiyticzl
approect: to predicticg the impossible to meastre parameters toat effect
engice beslth such 2< efficlercy clizrges, arezs changes, CONITESSOT
mmping capecity charges, a2nd twbire irlet temperature cZarges. Early
in the progran, tiie generalized eguations were fitted to the Lycoming
753-113 engine and ivcorporated within the airborce system.

The development of tne vidbration softuere, as 11lustrated in
Figure 2-3, was nore experical in mature. It beceme apparernt early
in the evolution of t{he Asmiltcen Standard vibratior approaco tiat the
problen of epplying vibration analysis to a heliccpter propulsion systex
had never before been treated in depth or successfully achieved. Muck
original creative work was carried out during the Test Bed Program
which for the first time brougnt helicopter power train system health
apnalysis through vibration to the poirnt of practical feasibility.

The steps involved in arriving at the Hemilton Stendard vibratioa

analysis technique are outlined in Figure 2-3 and fully explained in
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T livens £.3 thooggh ©.5. Fariitos Stenierd feels tust tids work
TerpoTecds some =f She nogt sfgrificest wresnifts fran te Test Sed
FruZomm.

Nechucteaisolectrio=l 1fnit checkirg sofbumre wzs imolemectied
tusyd czon Ziszrete poaranster mcedtarirg o perfoom disg-ocstics oo
the exclinre weregssry systans, oil Encricatior: sysiew, Bydmuiic system,
z=md electricsl syster. Toe Icae wos carised Tased wpor the Swmy
supliad dats oechagze 2né irfometize fNornisted oy Lycomicg.

Teckoicues applied 5y Tzadltorw Steoderd inm impiewenting the logic
Srocludied fixed, odeptive. 2od flcoticg iimits tesed wpos parzmeter
crer=liocel chnracreristics. ofuliti-perzweter cross-correlztiorm o
acnieve z aigher degree of Zsuki is0istios and verificaticm w=s 2150
ensloyed. Parameter iimits were astablisbed cxd verifiec. Most flioht
datz was JAthip the sxceedzace limits since tze systerms zomitored were
0t deliiverztely rendered cperatiomisy Zzulty.

Trend softuare <235 fevised 19 pe-forz ktealts progaosticatiosn on
tue wonitored parameters. Tane tize 2istory of the ipmdividuzl paraceter
was extrapol:ted to predict the 1life reczining wtil exceedance of
2 aizguostic limit. & large ousber of these plots arnd predictions are
included in Section 5. The iritial trend data for the 245 hours of
flight testing just overb2uled systew’ was withip tne rorms as would

be expected.
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Duln. Frozessinge Fesffgemed xouw Sosten Coltouks
e drebe proressing serforned ey be copsidered Inm tuo peris:

1. Ce-boerd proressisg
7. Qff-site gvoressing

C-fioeri Processing
The zirborre urdeare nwsed fes the il cxpebilily to roocess

toe et regrired top cerform mesfremicsl =of g=s reth Gizgrostics. The
sroten cutipet wect to twe pizees. The first w3 o 2 Gigital recoxder
for wse fr =n of?-site processtr such 25 22 I 370 for refireme—t of
tihe sopftcere; ihe seotd w2s Lo the Xzirterzroe Srtice Armeociztcor Parel
(22P) mick displeyed the dizgoestic messzges with electro/mechanical
ircicators on boerd toe keliconier.

Ofe-5ite Processica

The ;ir’cmz:e recorded digital tapes were returred to Eariltoc Stazdard
after 2 revies of the izpec w2s xpde or the on-site DIP-216 processor
focr corpleteness of ézte. These tzpes were tker processed a2t Hzziltos
Stepdaré to confirz a2ni irprove the c2-bozré softvare. Tke Gata wzs
1150 used for the treidipg {progmostication) softwzre. Output of tie
processing -as sterdard (84 bard copy print-out.

Vivmticn Datz Apalysis

Tne vibretion data was alroorse recorded usicg temmorasry analog
cquirment. [4%is apalcg datz was thern digitized to allow the use of an
a7 f-site vrocessor to perforx the marcipulations required. Cozparison
sunswry shects which corpared each transducer's ocutput for 2 particular
flight to tue generated mean of the good fliznts were generated as the
outnit of the vibration data analysis.

2-8
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THE PROGRAM

Program Tasks and Organization

Section 3 explains how the Test Bed Program was conducted to fulfill
the goals outlined in Bection 1.2. These goals can be considered in terms
of their inspection, diesgnostic, and prognoaf.ic impact on Army airmobile
operations. The relaticon between furthering these goals AIDAPS and the
structure and operation of the Test Bed Progrem is initially expanded upoa
in Sections 3.2 - 3.5. The various program tasks carried out to achieve
end verify the goals are then detailed for each of the Phases A through D.
Phase E 18 treated separately as an Appendix in Section 10, The Test Bed
Program was strongly goal oriented, and this emphasis on results end

evaluation set the progrem theme.
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':~ 3.2  Izspectios Tapect

2 Toe Fexiltcn Staniasd ATOAPS systex wes desigoed to sigrificantly Sap=ove
w the efficiercy with wiick mai~iemmzce perscomel roztimely scooppliish sircralt
o 37 texs frspecticos sfter the sircraft Bas Ilsvded or pricr to takeofs. Frese=t
tormsroced procedcres are Based coon performing & viscal imspectionm ox the

k use of limited dets from the fEight crew.

Iospecticn adwectsges ace actiewsd through (1) sstomation of inspectiom
rroceizres; (2) a scostaztial redzction in irspecticn times; and (3) Gecressing
'"* reguired perscr=el skiil lewels.

3 3.2.1 Zztcmetion of Frspection Procedures

From & cpersticnal staciroint, the US-1 AIDAPS system is fully sutcmatic
a=3d Goes mot reguire acy fiigrt crew sttectiom. Riso, sizce it is an ajirborme
‘ system, the mechanical corditi'a of the aircraft is £1r being monitored
3 Guring flight; i.e., tze aircraft irspection is completed Guring the 1igit
aczd diagnostic messages will e cutputted in & corcise manner and displayed
i or a Maintenance Actic: Anrumciator Pazel. The ipformatico is thus available

* to the ground crev immedietely after landing.

Arcther important aspect is trat esch parameter is being continuously

»
oare s fins v

monitored once every two secconds for proper operation. Nor=ally, ground crew

.
LA A

inspection is limited to discrete prefliight inspection and post flight checks.

AT,

These inspections ceunot practically check zany psraneters which are cox-

.
e i

prenensively included within the ATIDAPS airborne systen.

ey

b
. f.-
i
3

3.2.2 A Substantial Reduction in Inspection Times

Since the AIDSAPS system is a completely automatic eirborne system, in-

spection is continuously accomplished during the flight of -he aircraft.
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Inspection Impact
The Hamilton Standard AIDAPS system vas designed to significantly improve

the efficiency with which maintenance personnel routinely accoaplish aircraft
systems inspections after the aircraft has landed or prior to takeoff. Present
turnaround procedures are based upon performing & visual inspection or the .
use of limited data from the flight crew.

Inspection advantages are achieved through (1) automation of inspection
procedures; (2) a substantial reduction in inspection times; and (3) decreasing
required personnel skill levels.

Automation of Inspection Procedures

From an operational standpoint, the UH-1 AIDAPS system is fully automatic
and does not require any f}ight crev attention. Also, since it is an airborne
system, the mechanical condition of the uircraft is constantly being monitored
during flight; i.e., the aircraft inspection is completed during the flight
and disgnostic messages wvill be outputted in a concise manner and displayed
on a Maintenance Action Annunciator Panel. The information is thus available
to the ground crev immediately after landing.

Another important aspect is that each parameter is being continuously
monitored once every two seconds for proper operation. Normally, ground crew
inspection is limited to discrete preflight inspection and post flight checks.
These inspections cannot practically chocki many parameters vhich are com-
prehensively included within the AIDAPS airborne system.

A Substantial Reduction in Inspection Times
Since the AIDSAPS system is a completely automatic airborne system, in-

spection is continuously accomplished during the flight of the aircraft.
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Continued
Many routine ground 1nspoctioh tasks are eliminated with attendant time savings.
Because the various aircraft systems are monitored during filight, the changes
in parameters analyzed, diagnostics performed, and messages read out on the
Maintenance Action Annunciator Panel, the aircraft inspection health status
is immediately available to ground personnel. This method of airborne inspec-
tion eliminates the need for an extensive postflight inspection. Postflight
inspection can be confined to inspection of aircraft structure, other visual
damage, etc., that cannot be monitored utilizing the AIDAPS airborne system.
In some cases, the AIDAPS airborne system may not fully diagnose a subtle
mechanical problem, but can help the ground personnel pinpoint the problem
by selecting an area for further troubleshooting. ‘

" The airborne AIDAPS system, in addition to reducing inspection time,
is more thorough than manual inspections; i.e., many more parameters are
monitored than is possidble by manually reading the available aircraft in-
strumentation. Therefore, a more thorough preflight, during flight, and
post flight inspection is accomplished using the airborne AIDAPS system.
An inherent advantage of the AIDAPS system in reducing inspection time is that
the difficult task of duplicating flight problems on the ground is no longer
necessary since the AIDAPS system is constantly gathering data during the flight.
Decreasing Required Personnel Skill Level

Various types of inspections are performed on aircraft by assorted maintenance

personnel of different skill levels. For example, daily preflight and postflight
inspections are normally performed as indicated by the crew chief. These checks inclu¢
checking fluid levels, plugged filters, foreign object damage, etc. The AIDAPS

system will perform most of these inspections and permit the crew chief to perform

3-3
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3.2.3 Conmtinued
troubieshooting functions that were rormally perfocr=ed by specialists.

The use of the airborne ATDAPS system tends to reduce the required skill
level of maintensnce persozrel engaged in line maintenance activities, Each
crev ckief, by utilizing the AIDAPS systems, can efilectively troubleshoot
the varicus aircraft systems without outside assistance. The use cf snecialists
for lire maintenance ectivily can, therefore, be reduced to the troubleshooting
of more difficult and subtle maintenance problems that are beyond the scope
of the AIDAPS system.

Also, periodic inspections and intermediate inspections are normally
perforezed by qualified rmecnanics. These inspections include visual ex.crnal
inspection of engines, borescope inspection of internal engine sections,
hot section inspections, calibratior of some sensors, inspection of accessory
systems, etc. Using the AIDAPS system, these inspections are quickly and
accurately performed by mechanics with a lower skill level than would be
reguired if they were done manually.

Various different configurations of automatic inspection aids and displays
can be incorporated into the AIDAPS system to evaluate and display selected
parameters so as to most effectively help maintenance personnel do their Job.
Typical of the maintenance interfaces available are:

1. Visual indicators readily visible from ground level.

2. Information recorded end displayed on-toard whenever aircraft electrical

power is actuated.
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3.2.3 Continued
3. Information recorded and stored on-board and displayed by ground
support equipment.
4. Inclusion with visual indicators of an integral engine-mounted

"use and abuse" history recorder which manually displays historical

data.
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3.3 Diagnostic Impact

The Hamllton Standard AIDAPS system is designed to have a direct and

immediate benefit to all forward operational organizational level units. This
benefit is derived from increased operational availability of the aircraft,
decreased requirements for maintenance diagnostic skills and time, and a
decrease in spare parts usage. The Hamilton Standard AIDAPS system provides
to the using organization capabilities that do not now exist or that require
extensive skill development and time to acquire., This is especially relevant

due to rapid turnover of personnel in the military. At the same time, the

system will furnish the operational commander a real-time status report for
each aircraft and increase the operational availability within his present

resources.

3+.3.1 Increased Aircraft Availability

Aircraft availability is primarily determine< 1y the maintenancs time
to: (a) conduct periodic maintenance inspections, and (b) trouble shoot,
isolate, repair, and test to insure correction of failures by unscheduled
maintenance,

Probably the most significant improvement attributed to an airborne
diagnostic system is the increased availability obtained by reducing the time
required for both the above maintenance actions in data compression and
immediate on-the-spot diagnostics. The reduction of maintenance man hour per
flying hour associated with the reduced time for problem identification and

components isolation; added trouble shooting capability of each crew chief}
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mid reduction in scope of periodic meintenance adds up to a 15-20% improvement
in availability of operational aircraft considering only the maintenance action
aspect. Improved spares level through reduction in false removals and improved
data base for overhaul and repair will further contribute to the improwved avail-
ability.

Decreased Maintenance Time

Crew chief experience will in many cases pinpoint a failure and identify
corrective action based on repeated cases, However, if an airborne AIDAPS
system is installed on the aircraft, the crew chief can use this system &s a
tool to troubleshoot maintenance problems, The system not only identifies the
discrepancy, but it also details the corrective actions by drawing upon the
built-in cumulative wisdog of many human experts. This meintenance aid, there-
fore, decreases the requirements for maintenance diagnostic skills.

It is a well recognized fact that the major portion of troubleshooting
time on jet engines is spent in identifying flight discrepancies and trying
to duplicate these problems on the ground. If an airborn> AIDAPS system is
utilized, diagnostic information is immediately available when an asircraft lands
which will identify the malfunctioning system component and furnish recomuwended
maintenance actions. In addition, these maintenance actions can be performed
by the crew chief and should not require specialist help for pinpointing prob-
lems. Maintenance time is {hus basically reduced to repair and re-insgpect

time.
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Decrensed Spare Parts Use and Operatf,ional Cost

In mnny cases trouble shooting by maintensnce people with limited
diagnostic skills is done by the process of elimination; i.e., removal of

various parts in the system in a sequential meanner until the problem is

resolved. This type of troubleshooting plus the need to "time change"

certain components requires that a large amount of spare parts be kept in

readiness, These spare parts stocks and costs will be minimized through the

abilities of AIDAPS to accurately diagnose malfunctions and permit implemen-~

tation of "on-condition" meintenance.

Fuel costs constitute another important part of aircraft operating
expenditures. The USAF estimtes that AIDAPS can save 5% on fuel use while

commercial airlines generally estimate higher than- the 5% figure. This saving

is reflected through identifying high fuel flow engines and initiating

corrective action. Such savings can be reflected in added flight time or

reduced operating costs,

Mission Effect

The airborne AIDAPS system can also provide, if so desired, a cockpit
display of real-time information enabling the pilot teo judge critical conditions.
This will permit the pilot to evaluate the condition versus the mission and

take precautionary action when necessary. For example, if a serious condition

occurs over a combat zone, the pilot may choose to reduce power or maintain

a higher altitude on the trip back to base., If a serious condition occurs

shortly after takeoff, the mission may be aborted in the interests of flight
safety.
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Prognostic Impact

The abiiiiy of the damiliton Stggdard ATDAPS system to collect and
analyze trending data and perform prognostic functions will produce long
range improvemenfs to twc difficult meintenance problems that hsve long
hempered aircraft operatioml availability, both military and ~ivilian. These
are TBO (Time Between Overhaul) and Maintenance Scheduling.

Increased TBO (Time Between Overhaul)

Currently, overhaul periods sre predetermined based on statisticel
maintenance date which results in LRU removel from the aircraft on a "time
change" basis. Many items are thus removed at prescribed time intervals
regardless of the fact that they may still be serviceabie and, conversely,
degenerating items may not be detected until severe malfunctions occur.

Since the AIDAPS system monitors the performance status of all major
LRU's during all phases of flight operations, a constant knowledge of sub-
system and component health condition wi’" respect to allowable tolerances is
available, This continuous'on condition monitoring will reduce time changes
to a minimum and vill wltimately eliminate time change requirements, thereby,
substantially reducing the amount of spare parts required. Thus, an LRU will
no longer be removed from an aircraft solely becawse it has accumulated a
prescribed amount of flying time, but rather because it shows signs of wear
and impending failure, This on-condition method, when applied to &ll the
aircraft systems, will serve to increase the average time between overhaul
{TBO) of the major LRU's in the aircraft and will result in lower spares

stocks, lower overhaul costs and high availability,
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3.i:.2 Improved Meintepance Scheanling

Use of thz AIDAPS system will increase (TBO)} and give advance notice of
overhaul reed for all of the major LRU's ip the aircraft as explsired ebove.
As a result, scheduled maintenance operations will occur less freguently,
and can be grouped for an sircraft, thereby permitting meintenance officers
to more efficiently plan their scheduled maintenance activities. Assuming
that a8 maintenance officer is working with his present resources, ke can more
effectively perform scheduled maintenance operations since his specialists
are uaburdened from the normal trouble shooting functions which the crew
chief, with the aid of AIDAPS, can now accomplish. Therefore, due to the
more effective utilization of personzel, a reduction in required manpower and

training costs is possible to accomplish the same maintenance tasks.
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3.5  Program Operation

The estire AIDAPS program wss originellzr plenned for campietion within

2 period of one (1) yeer. The progrex was divided into four (%) phases as

follows:
Phase Stert Date Comgietion Date
A 72/ 9/30/ 2
B 29/1/70 11/30/71
c 12/1/70 12/31/n
D 11/ 6/30/7

Pinses A, B, and T were completed as scheduled, however, Phase D was extended

10 accommodate a change in scope of the program. Originally, two (2) UK-1
aircraft were to accurmilate flying time at Fort Rucker, Alabama, with two
(2) AIDAFS systems aboard. Since the flight test location was changed to
ARADMAC at Corpus Christi, Texas, it was decided to expand the Phase D
program to fly one aircraft with various discrepant components. Also, six
nominal eets of components (engine, transmission parts, 42° and 90° gear
boxes) were flown to estabiish baselines for verification testing. This
program sxpansion extended Phase D into the first part of October, 1971.

3.5.1 Location of Work

The following major tasks in the UH-1 AIDAPS program for each phase were

accomplished at the following locations:
3.5.1.1 Phase A
1. Fabrication of AILAPS hardware -~ HSD

2. Installation Analysis - HSD, Bell Helicopter, and Lveoming

3-11
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3.5.1.1 Contirmed L
2 3. Sensor Selectiou - B and Iycomirg
' k. Engine Sensor Pebricetion - Lycoming a

5. Generaticn of Softwere, PIP and other documentzation - B
3.5.1.2 Tiase B

1, Test Tell Ipstallation - FRADMAC
2. Systen Calibraticn - ARADMAC snd HSD
Test Plens - ESD

L. Test Cell Tests - ARADMAC

2 NS A AN AN AN
w
L]

%. Test Cell Deta Apalysis - ARADMAC and HSD
3.5.1.3 Phase C

1. Fabrication of bracketry, etc. - HSD

T b g En
RARUUERARNGL L EEL

2. Fabrication of harnessing - ARADMAC and HSD

2
A

vy

3. Helicopter Instellation and Checkout (2 aircraft) - ARADMAC
3.9.1.4 Phase D

R MATET Ky

1. Flight Tests - ARADMAC

s

2. IFlight Test Data Analysis - ARADMAC and HSD

e
it

-
At

3. Calibration of Equipment - ARADMAC and HSD

3.9.2 Manpower Loading at Test Site

The manpower requirements in terms of full time personnel for Phases B,

C and D were as follows (no test site activity during Phase A):

Phase B

2
9
By
ke
X
K
%
3
¥
s
Z
2
b

Four (4) Engineers

1 - Project Engineer (Spent time at test site and HSD as required)

1 - Programmer/Analyst

3-12
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Cortirred
1 - Test Engineer (Bardwere specizlist)
1 - Test Engineer (Vibration specielist)
Two (2) Teckaicians
1 - EBlectroxics
1 - Transducers
Phase C
1 - Project Engiceer
2 - Test Engineers
£ - Technicians
Phese D
i - Project Enginzer (Spent time at test site and as required)
2 - Test Engineers
1 - Technician
It should be noted that throughout the progrsm additional part time
manpower was used within budgetary limits to support the program. Additional

manpower was needed especially during initial installation of the equipment

in the test cell and then on the aircraft.

Role of Bell Helicopter and Lycoming

Bell Helicopter Company (BHC) was chosen as consultant to AVSCCM for the
purpose of assisting and advising Hamilton Standard in all technical areas
associated with fhe ATDAPS Test Bed Progrem., When required, Bell Helicopter
Company obtained support from Lycoming. In addition, Lycoming was also

selected under separate contract as a vendor to Hamilton Standard to supply

3-13

S AR R S oA
R T R R O R AR L L s
P St B TC S e e S S A et AT Rt
o PP Y e R e R ) 5 . B




Hamiton____ U HSER 6060
Standard Re Volame I

P e

3.5.3 Cortirmed

two m2ts of engine tramsduweers a2ni bwnesses for test cell testimg and Fiight
testing. Lycoming slso provided to Hamilton Standerd & disgnostic softusre
pecksge for dzptation withim the 2irborse softwere prograx.

3.5.3... Bel) Felicopier Company Support

Bell Helicopter Compeny support daring the UZ-1 Test Bed Progran inmcluded
the following activities:

3.5.3.1.1 Phase A Iustall=tion Lisison Support

Duricg Pnese A, Bell Helicopter support wes drawa on extensively in
establishing wverious transducer locations tiroughout the aircraft. Hemilton
Standard engineering personnel worked clocely with BEC to determine location
and method of attachment of tramsducers. Also, BHC provided all needed
drawings, sketches, etc. to aid in the _2gsign of various brackets for
transducer installations., BHC also assisted in solving problems associated
with transducer and AIDAPS hardware instaliation.

3.5.3.1.2 Phase A Flight Test Plan Consultation

BHC was contacted to aid in the preparation of a Flight Test Plan to
be followed during the Flight Test Phase of the program. The combined efforts
of Hamilton Standard and BHC were used to generate a Flight Test Plan mcst
suitable for the UH-1 aircrait and its use in the AIDAPS Test Bed Program.

3.5.3.1.3 Diagnostic/Prognostic Data Consultation

BHC efforts were utilized in the refimement of mechanical diagnostic
software during the course of the program. BHC reviewed the mechanicel

diagnostic logic generated by Hamilton Standard and advised changes in certain

3-14
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aress baced on their experience with the UH-1 aircreft. Eaniiton Stacdassd
8lso suggested chenges to the B=SC reports.
3.5.3.1.% Additionz]l Bell Felicopter Cowpermy Support
BRC provided the following sddition2] support £o Eamilton Standsrd:

i) Supplied a two-volmme dzta packzge which provided information reguired
to initiate Phase A sctivity

2) Reviewed end epproved herdwere instaliztion plens dGuring Phase A

3) Provided corsultation during Phase B date aszlysis with regard to
transmissions ani gesr boxes.

i) Provided consultation during the Installation Phase C regarding
implerentation of the approved icstallation plans for AIDAPS hardware
and transducers

5) Provided consultation during Phase D and helped resolve problems en-

countered during the Flight Test Phase of the program.

3.5.3.2 Lycoming Support

Lycoming support during the UH-1 Test Bed program consisted of assisting
Bell Helicopter Company where required to complete support described in
Sections 3.5.3.1.1 through 3.5.3.1.4 of this report. In addition, Lycoming
supplied two sets of engine transducers and harnesses complete with installation
plans and photos for installation in the test c211 and UH-1 aircraft. Lycoming
also provided a diagnostic software package that was partially used in the
finel airborne software prcgram. Lycoming also provided support in maintaining

ttis hardware during the Test Bed Program.
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3.%.5% Portshle Work Arez (Van)

3.9.5.2 Geners] Description

The porizble work arez that wes used dring Pheses B, C, and D of {he
UH-1 ATDATS program is 2 McCarthy Mcbile Office No. MC-356, modified to be
used 25 & combinztion office and lshoratory.

The Mobile Office (Ven) is 35 feet in lergth of which 32 feet is usable.
The vap is divided into two seperate sreas (refer to Figure 3-1, 3-ia, 3-18)
designeted the Softwere COffice and the Eguipment Meintensnce and Calibretion
Office each hawving tkeir own entrance. The rear porticn of the Van houses
the equiprent required to coniluct tie softwere portion of the progra: in-
cluding the Digital Processor, Tepe Reeders, etc. {eguipment listed in
Section 3.5.4.2). This software section has a separste entrance and office
area containing a desk, filing cebinets, and overhead storage cabinets. Like-
wise, the forward secti‘on of the ven is suitably equipped to perform hardware

service and calibration. The equipment in the van was not built-in but rather

TR S (T0RF PR RN R ARV TR L AT A IV RO R A M N s s AT GRGAE R A £

the van end the contents were shipped to ARADMAC separately and assembled on

™

site. This approach minimized shipment damage and facilitates disassembly

£

and economical disposition of the van at the completion of the AIDAPS program.
3.5.4.2 List of Equipment in Van

3.5.4.2.1 Software Support Equipment

1 DDP 116 Digital Processor
1 Teletype; ASR33
1 Magnetic Tape Reader

2 High Speed Paper Tape Reader
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3.5.5.2.2 Hardware Support Bguipment

2 MHillivolt Supplies

Higital Volt Meter (DVM)

Four-Cranmel Scope ani Scopexobile
Preguency Counter

Punction Germerator

Anelog Voltmeter

Verievle Transformer

T I I

Megohe Decade Box
Various essortment of Scope Probes, Test Ieads, Coaxial Cables, and

conpectors, etc., to support airborne hardware and calibration activity.

2.5.4.3 Van Power Requirements

The power requirements for the van are as follows:
115 VAC; 60 Hz ~ 120 amp service
115 VAC; 3 @; 4600 Hz - 750 VA
28 ¥DC - 50 smps
The 120 amp service 1s required to accommodate all the test equipment,
lighting, air-conditioning and other utilities. The 115 VAC 3@ power is re-
quired to provide power for the airborne hardware during calibration and
maintenance.

The 28 VDC power is required to run the airborne inverters for system

testing in the van,
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1.0 0 Commmicalions

3.5.5

The van comes equipped wiih standard telephone jacks approved by the Bell
System for telerphone instaliation. Two telephones were instaliled in the vang
i.e., one for the Softwere Office and one for the Equipment Maintenance and
Calibration Office. The same extension was used for conference call purposes.

iiSD Computer Support

A1l recorded date thet was taken during test cell and flight testing was
processed via an on-site ground based computer for preliminary analysis. This
computer (the DDP116) was used to confirm that valid information was being ob-
tained for the detailed off-site analysis and verification studies that were

completed at the Hamilton Standard computer center.

3.9.5.1 Off-Site Data Analysis

The off-site data analysis utilized an IBM System 370 Computer located at
Hamilton Standard. The major tas}s that were accomplished by this computer
included verification and refirement of the diagnostic logic and data interw
pretation for trend anaelysis. The input to the IBM 370 computer was the
magnetic tape data obtained from the airborne computer and reviewed by the
DDP 116 computer.

The detailed analysis program included the following tasks:

1. Present the recorded data in tabular form in engineering units or the
raw data on request.
2. Conduct trend analysis and investigate the feasibility of predicting

the life of the components,
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3.59.%.1 Continued

3. Store the data and update the trending files as indicated by the trend
program,

Verify or refine the diagnostic analysis of the airborne computer.

5. Prepare and format the recorded information for final display.

The verification and refinement of the diagnostic logic was an iterative

man-machine process. The initial IBM 370 program was a FORTRAN version of the

airborne computer program. The airborne-generated action messages were then
verified by the ground programs. The tabular data presented by the computer
was also analyzed for simplified means of arriving at the same action

messages. Second generation programs were devised and checked out to reduce

the task of the airborne computer. These second generation programs were

incorpor:ted into the airborne computer at opportune times.

3.%.9.2 Data Analysis Flow Chart

The flow chart shown in Figure 3-2 illustrates the procedure followed

for es~ aagne’. » thet wsc generated during the Test Cell Phase B and
the Flight -~t ".ase D.
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j.0 Phase A Tasks

Phase A activity was‘conducted at Hamilton Standard during the period
from July 1, 1970 through September 30, 1970, The major tasks invoived
modification of existing hardware for use on the UH-1 aircraft, a diagnostic
logic analysis, instellation analysis and sensor selection, Two (2) com-

plete shipsets of hardware were prepared during this phase of the program.

. 3.0,1 Hardware Modification and Fabrication

. The major portion of the hardware used during the UH-1 Test Bed program
Al i was redeployed from the Hamilton Standard KSS-DC-9 Airborne Integrated Data
Systems (AIDS) program. NOTE: Refer to Section 4.0 for hardware description.

The Main Electronics Unit (MEU) and Data Entry Panel (DEP) were modified for

S B

adaptation to the UH-1 aircraft. All new signal conditioning circuitry was

% incorporated in a separate Air Transport Rack (ATR) box called the Auxiliary
E Box which was interconnected to the MEU and DEP, This auxiliary electronics
ff box was used for expediency recognizing that the MEU had more circuitry than
g was needed because of the complexity of the DC-9 system. This extra

ﬁ capability could have been removed and the new UH-1l signal conditioning

3

?ﬁ circuitry could have been added to the existing MEU, but this would have

é resulted in extensive MEU rework. Therefore, it was decided to incorporate
? all r.~w circuitry into the Auxiliary Box and merely deackivate the circuitry
: not required in the MEU,

g Other hardware was also fabricated specifically for the UH-1. A "brass-
% board" MAAP (Maintenance Action AnmnPanel) was fabricated (see Section kL.k),
; Also fabricated were all the braczkets, fittings, etc. that were vequired to
§ mount the sensorsg and electronics hardware in the UH-1 sircraft. ertain
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3.6.1 Conlimed
items such as the digital magnetic tape recorder did not have to be modified.
Also items such as the two (2) 28 VDC to 400 Hz inverters required per ship-
set were purchased for installation in the UH-1 aircraft., Certain ground
base hardware had to be fabricated such as magnetic tape to DDP 116 interface
circuitry, etc.

During this phase, Lycoming prepared all the transducers interface hard-
ware that was required for the engine. They also fabricated all engine
harnessing that was required. Additional harnessirg to interconnect the
eleclronic boxes was also fabricated during this period for test cell and the
Ull-1 aircraft installations.

All sensors that were selected for use on the UH-1 aircraft were ordered
and received during this time period. Certain long lead time items that
were not required until the Flight Test Phase were not received until Phase
B or Phase C.

3.6.2 Diasgnostic Logic Analysis

A1l government furnished data was reviewed and analyzed and a diasgnostic
logic analysis was performed. IExtensive work was conducted on generating the
software that was required for test cell running and the Flight Test Phase.
This software was refined during Phase B and further refined during the Flight
Test Phase.

During this time period an On-site/Off—site Data Analysis Plan was
prepared, ard Quick-Look Van analysis equipment was specified. Also a

sample simulation tape was prepared. The software that was genersted included:
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(a) Recommended parameter limits

(b) Recommended parameter interrelationships

(¢) Recommended preliminary diagnostic/prognostic logic
(d) Output data and display formatting

(e) Internal system supervisory program.

Installation Analysis

A detailed installation analysis was performed during Phase A which in~-
cluded trips to Bell Helicopter Company and Lycoming for consultation. All
detailed drawings and sketches that were required for equipment installation
were prepared during this period., This work culminated in the preparation of
the "Ilight Hardware Installastion Plan for UH-1 Test Bed Program,” Document
No. H-AIDAPS-0-18, dated 17 September 1970. Details regarding installation
are also covered in Section 3.8 of this report.

Sensor Selection

During Phase A, a detailed sensor accuracy analysis was conducted and
sensors were selected that would achieve the accuracy requirements of the
AIDAPS system. It should be noted that a large number of parameters were
chosen using the philosophy that "it is easier to remove items than to later
add them." Throughout the program, the contribution of each sensor to the
total diagnostic system was reviewed periodically to determine if that
particular parameter would be retained or dropped at the end of the program,
A detailed sensor and parameter description is given in Section 4.10 of this

report.

",




i

TTETET

R VRV T

Hamilton U : HSER 6080

LB Wy (3 L TED AMCNAS T CORPORA TN

Standard Ae . Volume I

.. Olher Phagse A Activities

$.0.n.1 Prorram Implementation Plan (PIP)

(a)
()
(c)
()

y (e)
% (£)

()

(a)
(v)
(c)

Besides the activities discussed above, other contract requirements were

completed during Phase A such as the generat.on of a "Program Implementation
Plan for UH-1 Test Bed Program", Document No. H~AIDAPS-0-14, dated October,

1y/0. This plen detailed the Phase B and Phase D test operations,

The Phase B segment included:

Schedule of Activity

Equipment to be tested

Facilities and test equipment to be utilized.

Equipment set-up and sensor‘instéllétion procedures

Test run procedures
C

Sensor remcel procedures

Documentation plans

The Phase D segment included:

Flight coordination procedures

light debriefing procedures

Flipht conditions to be evaluated.

3.6.5.2 Procurement of Portable Work Area (Vaa)

Fm\m &

Phase A activiiy also included the search' for a suitsble Portable Work

Area to be utilized during Phases B, C, and D. It was decided tov procure a

standard mobile office and prepare the work area cn gite, This item is

discussed in deteil in Section 3.5.4 of this report.
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3.0.9.3 Initial Airborne System Checkout

Following the fabrication and individual testing of each electronic
component, the entire AIDAPS system was checked out during Phase A with

certain portions simulated as required prior to shipmert of the two (2)

systems to ARADMAC, The initial airborne softwere program was used during

the initial system hardware run-up and performance vr:rification,

i e n—— | ———— e ——— i b 2
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Phase I Tasks

Phase B activity consisied of monitoriny engincs, transmissicms, and gear
voxes using the two flight hardware systeme prepares during Fhase A, During
his phase, & test gosl of 38 engiunes, 40 transwicaions, 40-90° gsar noxss,
and 24-42° gear boxes was, establishzd. The ibove totals comsist of both good
{aominal) and discrapant parts. The actual total number of components monitored
dvring Phase B was 28 cogines, ©3 transmissions, 52-90° geay boxes, and 35-k&"
&ear boxes, for an actuul total of 178 componeunts tusted against a design goal
of 142. A mein objective of this phmse was 0 periormance test the eutire
AYDAPS System and proic these techniques soulit actuslly detect known discrepazt
yverts.

Test Cell Installation

The test cell instulilation antivity was started oz schedule (10-1-T0)
baged on prelinminary liaison affort conducted during September between HSD
per3onnel and the ARADMAC Test Cell Engiueering Gr uwp. Dellvery o *he McCarthy
Mcbile Office was accepted in late September 1970. Work to transform the
Mobile Office inco & sultablz po:rtuble work ares (Van) vas Jnltiated during
the lnst week of September 1970 snd cospleted during the first week of
Octeber 1970,

Test (211 Wirina

Jie Tesv Cell wiring instailation uas deslizred to minimize the time
reguive¢ for hook-up cnce a component {ergine, tracsmission or gea: Tox)
wue instzllad in its appropriate iest ceil, Wire bundlez were routed througu

the test cel! walis via existiug condult and large electrical. quick-discoraect

, connectoss wese used &t both ends oif' tne wire bundle. This facilitated a

w
I\
o
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3.7.1.1 continued

3.7.1.2

quick electrical book-up ol a cumponent (engine, transmission or gear box)
that wes prepared for test outeide the test cell and also emabled quick

change of the flight hardwere system Ffor calibration, troubleshooting, etc.
The harnesses used on each particular component (engire, transmission, or
gear bc.) were aiso designed for quick change. FBach leg of the harness for
each sensor lccatvion wes lengthened and draped over the componert with mini-
mun tie-down to the component, thereby expediting the irstallation and removal
of the partizular harncse.

If a sensor siguanl was shared between the regular test cell instrumenta-
tlon and AIDAPS instrumentation, the electrical connection was made at the
serser locatioa. This wiring method minimized the interference with standard
test cell instrumentation and expedited troubleshooting of either an AIDAPS

Systew: wiring problen or a standard test cell instrumentation wiring problem.

Test Cell Sensor Installation

Two eete of sensor hardware were utilized during the test cell phase of
the program. This enabled a component (engine, transmission; or gear box)
to be prepared for test while another component was being tested in its
respective test cell; l.e., sensors were installed and quick-chapnge harness
wes ccrmwwcted to each sensor outside the test cell. Whan the test cell
was available, the component was mounted in the test cell and the only
further requirement was to hook up the electrical quick-disconnect connector
to the test cell harners and proceed with the testing. This procedure

consziderably minimized any interference with the normal activities of the

test ce.
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3eTe1.3 FKlectronic Hardware Installation

-, bnmme s e

The clectronic AIDAPS equipment including the vibration instrumentation
was mounted on a portable cart complete with an intercoannecting electrical

harness. The harness had a quick-disconnect electrical connector to facili-

tate quick removal and hook-up to the permanent test cell harness. This

feature expedited the removal of AIDAPS electronic hardware and viobration

R

instrumentation from the test cell for checkout in the portable work area

(Van). This procedure also made it possible to time share the electronic

T R A R S A A S R R T RA T C AR | RS RN

equipment between the gear box test cell: and the transmission test cells,

s e

as required.

Upon completion of the test cell testing (Phase B), the test cell harness

&
&
=
E

was left intact for possible future testing during the Flight Test Fhase.

This proved wise since the test cells were utilized during the Flight Test

Phase.

3.7.2 System Calibration

The AIDAPS System has been periodically calibrated to insure that no
unknown drift has taken place in the system electronics and sensors; If
drift has occurred, it may be trimmed out or accounted for in the data
analysis.

After test cell instellation and prior to data gathering, the complete
AIDAPS system was tested for proper operation, and all hardware and wiring
discrepancies were corrected. The vibration instrumentation was set up to
be completely independent of the AIDAPS hardware; that is, all vibration
sensor inputs vwere directed to an analog recorder where data was recorded
and consequently analyzed as a separate entity. This equipment was also

calibrated as & separate entity.
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3.7.2.1 AIDAPS Equipment Calibration

A1l electronic equipment and instrumentation was calibrated twice during
the Test Cell bhase. The method of calibration used for the AIDAPS equipment
is as follows:

1. Si.mlate all sensor signals using voltage sources at the inputs
to the signel conditioning circuitry in the Main Electronics Unit and
Auxiliary Box, which are described in Section L4.2.

2. Select approximately 6 different inputs for each sensor simulation
range and input these known signals into the electromics units (MEy 2nd
Aux. Box). The output readout is obtained at the Data Entry Panel (see

Section 4.3 for description). The output and input values are tabulated

for future processing.

3.7.2.2 Sensor Calibration

All sensors used in the system were callbrated once during the test cell
phase. These sensors were calibrated as separate entities; i.e., each
sensor was sent to its respective calibration lab (pressure, temperature,
etc.) and calibrated alone rather than calibrated with the electronic
equipment. The method of celibration used for the sensors is as follows:

1. Input actual pressures, temperatures, positions and flows, etec., to

each respective sensor via lsb standards test equipment.

e o g e

2. Select approximately 7 different value inputs for each respective
sensor and input these physical paramters to the sensor. The output is
read in voltage at the output of the transducers. The sensor is electrically
loaded to simulate the actual loading conditions in the test cell or aircraft;

i.2., th2 parallel impedance of the electronics unit and aircraft gages would

3-28
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3.7.2.2 continued
[4

be simulated and the transducer loaded with the simulated impedance during

calibration. The output and input values are tabulated for future processing.

3.7-2.3 Calibration Accuracy

A general rule regarding calibration equipment accuracy was adhered to

during the calibration of the AIDAPS equipment, sensors, and vibration
equipment such that all calibration equipment used should have accuracies
greater than airborne equipment accuracies by a factor of 10.

3.7.2.4 Computer Processing of Calibration Data

All calibration date obtained from AIDAPS equipment and sensor calibration
was tabulated and transferred to IBM cards. An IBM 370 computer was used to
process the calibration data obtained from the AIDAPS airborne hardware. This
processing included a program to integrate the calibration deta obtained from
the AIDAPS airborne electronics and sensors with the data actually obtained
from the same during each flight. Therefore, the IBM printout of all para-
meters that 1s obtained for each flight 1s automatically corrected with the
latest calibration date that is obtained from either AIDAPS System #L or
System #2.

Rigid control of calibration records was maintained throughout the Test
Cell Phase and the Flight Test Phase of the program. For example, every time
a sensor was changed or recalibrated, the calibration number was changed on
the flight log sheet and a new calibration sheet was forwarded back to HSD.
This data was transferred to IBM cards and inputted into the IBM 370 computer
when the data for that particular flight was processed. This procedure was

also followed when the ATDAPS airborne electronics was recalibrated.
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3.7.3  Gocd and Discrepent Parts Test Plan

A large portion of the data was obtained during norma. test cell operation.
A review of the normel test run-in procedures indiceted that many of the
operating conditions and transients are usually investigated &nd did not
require special planning. A certain amount of monitoring of the AIDAPS data
was done periodically during the normal comporent testing while additional
monitoring was accomplished as special conditions were cbtained during a
post test run.

3.7.3.1 Test Procedure for Component Testing

The basic procedure for component testing is as follows:

a. Turn on equipment and perform Van Test (Section 3.7.3.2.1)

b. Prepare the component for sensor installacion

c. Fill out HSD data sheet on the component

d. Attach sensors to brackets and install harness

e. Install component in test cell

f. Turn on equipment and perform Test Cell Test (Section 3.7.3.2.2)

g. Rup tests per specified Test Plan

h. During steady-state operation, verify that data is entering properly

i. Remove sensors and brackets after component testing

J. P11l in HSD data sheet

k. Verify the data on the magnetic tape with the DDP-116 ground base
computer in the Mobile Office

1. Fill in HSD visual displays at Mobile Office at end of day's activities

m. Route magnetic tape back to HSD

n. Revise dlagnostic software as a result of date from previous test runs
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3.7.3.1 continued

If an abnormal condition occurs during (f) above, an additional period
of running time (3 minutes) would be required to allow the development of

signature. Note: This extra data was taken only if a safety hazard does

not exist.

3.7.3.2 AIDAPS Computer Pre-Test Checkout Procedure

T T T T T T T R TR TR S
’

3.7.3.2.1 Check In On-Site Mobile Office

K3

1. Connect MEU, DEP, Auxiliary Box

2. Connect Semsor Simulator to Auxiliary Box

§ : 3. Turn on power

% 4k, Interrogate secnsors using IEP for correct value
o

£ 5. Record data on tape

6. Input magnetic tape to Van computer
7. Verify that data was recorded correctly
Note: This check wes completed weekly as a minimum.

}o703.2.22 Check-In Test Cell

1. Connect all AIDAPS components per installation instructions

2. Turn on povwer

3. Interrogate selected sensors using DEP; pressures and temperatures
will read ambient; speeds, fuel flow, temperature differential will

read zero

4. Record data on tape and repeat steps (6) and (7) above
Note: This check was completed before each run. If the equipment appeared
to have a8 malfunction present prior to or after the test cell runm, the equip-
ment was returned to the Mobile Office and the test specified in Section

3.7.3.2.1 was performed.

o e S
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3.7.3.3 Test Cell Test Plan (Gear Box & Transmissions)

The 909 gear box, 42° gear box and transmission tests presented in the
U. S. Army Test Data Sheets, WR55-1560-127/-128, WR55-1560-123, and WRSS-
1560-202/-203 were adequate end were used during test cell testing of the
subject components. The only additionel testing that was required wes a
slow RPM sweep of the first five (5) traismissions checked. The purpose
of this test was to identify transmission housing resonances.

3.7.3.4 Test Cell Test Plan (Engine)

The engine operating conditions which are tabulated below were monitored
during test cell operation. Tnese conditions are needed to confirm the
normal and malfunction signatures of the engine for use during the flight
test phase. The test conditions have been extracted from Chapter 11 of
WR55-2840-113 and the appropriate section is identified with each condition.
The sequence of encounter was not critical for AIDAPS. The time at condition
as presented in Chapter 11 was adeque®e. Additional required operation for

degraded engine components is specified in Table 3.1.

Engine Condition , Section
1. Start Up 11-38
2. Ground Idle il-39
3. Military Rated Power 11-54
4, Flight Autorotation 11-51
5. Acceleration/Deceleration Transients 11-52

5(a) Flight Auto. to Military Rated and Return 11-52

5(b) Ground Idle to Military Rated and Return 11-52
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Fngine Condition Section
6. 75 Percent Normal Rated Power 11-53
7. Normal Rated Power 11-54
8. 90 Percent Normal Rated Power 11-44 (Note 1)
9. Wave Off Test 11-58 (Note 2)
9(a) Military to 90% N, and Return 11-58
9(b) Military to 75% N, and Return 11-58
9(c) Military to 60% N, and Return 11-58
9(d) litary to 55% N, and Return 11-58
10. Shutdown 11-59

A specific test at 90 percent c. Normal Rated Power is not defined in
Chapter 11. However, the Vibration Test of Section 1l-Ul is conducted at
several settings of Ni and Né speeds which should cover the desired operation.
No additional tests would then be required to cover this condition.

Note 2:

The Wave Off Tests (Section 11-58) are presently conducted at two
levels of ambient or Pi pressure. The AIDAPS monitored both of these
pressures initially with the objective of eliminating one of the levels.

Baseline Establishments

The objective during baseline testing was to attempt to estahlisgh bhage-
lines for nominal LRU's to use &s a reference to distinguish discrepant

parts from nominal or good parts.
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The procedure used in establishing baselines for nominal IRU's was to
gather test data on as large a number of engines, gear boxes, and transmissions
as was feasible within the scope of the program. The data was utilized as
follows:

1. To determine whether normalized baseline data or customized base-
line data could be used during the flight test program; i.e., normelized
data being an average band of values for each parameter obtained from testing
a large sample of components while customized data is the data taken for
each parameter from testing each specific component.

2. To determine the nominal spread of data for each component; i.e.,
engine, transmission, y° gear box, and 90o gear box.

3. To determire by comparison of the baseline data taken in the Test

Cell and baseline data taken in the Flight Test Phase r what baseline data

to use in a deployable system.
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ifrise & Tusks

thase C activity (onsisted primariiy of fligh” :.ardware installation on
two [2) UH-1 eircraft. This activity extended for a period of avproximetely
one (1) oath. All bardware thai could be prefabricated was fsbricated at
BSD (breckets, fittings, etc.) prior to the beginning of FPhase ™. Since no
mekrp of the UH-1 wes svaiisble, a large porticn of fabrication was corpieted
at ARADMAC (hernmessing, etc.). All modifications to the UE-1 aircraft were
mede without affecting mejor sub-asserblies.

This section cf the report catlines éestalls cof sensor and equipment
ipsteliistion. The zctual ipstellation drawings and bracket detail drawings
erc pot included due to the guentity of Jrevings involwad. Hwever, efsrence
to drewing numbers for eech sensor and eguimmernt imstallaticrn is given in
Tebles 3.2, 3.3, 3.5, 3.5, srd 3.6 of th:s rep-—t. FEvery drawving listed
is aveilebie upon specific reguest. XHech specific sersor instelletion is
identified by en 35S item mmber. The izbles listed ebove tabulate 2ll
drasings reguired for eech specific HS itex puxber.

£ sysien wiripg diegrem w2s also prepared (FeZ. SX 75865, Wiring Diagran,
System febling, US-1, AIDSPS). This disgrem details all wire routing through-
out the az2ircraft.

Sensor Izstaiiaiicn

The genscrs tiat ere mounied tharcughcut the aircraft are ceperzied into
four sererete groipe. Iach group of sensors Les sepsrete kernesses waich
ere routed 2long existing asireraft +iring hundles vkere possidle. She foxr
sroupe ere the T2i1 boom Sevser grovp, the Eogine Seosor ZrTup  tor Treos-

-

oisslon 2od Hpdreutics Seosor Ssoup, 2nd the Insirimer Perel Secsor group.

24
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3.8.1.1 Tail Boom Sensor Croup

The Tail Boom Group is composed of the following various sensors located
in the 42° gear box, the 900 gear box, and along the iail rotor drive shaft.
Installation drewings and assonigsted detsil drawings for each sensor are

listed in Tabie 3.2 of this report.

HS Item No. Parameter Section
5k #2 manger Bearing Vibration Tail Rotor Drive
Shaft
56 #3 Hanger Bearing Vibration Tail Rotor Drive
Shaft
104 #1 Hanger Bearing Vibration Tsil Rotor Drive
Shaft
56 Input Quill Vibration 42° Gear Box
61 Output Quill Vioration 42° Gear Pox
58 A T 01l Temperature 52° Gesr Box
90 Chip Detector 42° Gear Box
8 Inpst Guill Vibsation 9¢° Gear Box
€5 Outpart Quill Vibration 50° Gear Box
63 5 T 0il Tezperature 90° Gear Box
o1 Caip Detector 90° Gear Box

The Teil Soox Sepsor wiring is routed elong existing wire 2s per deteil
shown in Dreving SX 79730-1€0. The direction of inme routing is as foliows:

The 90° gwar box wire burndle merges vith the 12° zeer box wire bundle
end the cobined Turdle runs elcng the right herd side of toe wil bonm
piczing up wirizg Trom 2, §7, end # banger bearings along the way. After

83105 the tell boxe 2ttach bulxheel, this #ire bupdis ruor alcas tee right

e o AEVRAMS M A 4 2
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slde of the alreraft and merges with the engine hsrness underneath the deck
behird the right side of the rear engine firewall bulihead.
3.8.1.2 Engine Sencor Group

b2 b 225 SR A RA MR O AR AN L DN N

The Engine Sensor Group is composed of the following sensors located on

the engine and in the engine compertment. . Installation photographs and

associated detail drawings for each sensor are listed in Table 3.3 of this

?; report. -
% HS Item Ilo. Parameter . : Section
g 1 # Bearing 0il Scavenge Pressure Engine
E’; 2 # Bearing 0il T Temperature ~ Engire
: 3 #2 Bearing Chip Detector Engine
5 Average EGT Engine
6 (a-1) EGT Pattern Engine
9 #3/4 Bearing 0il Scavenge Pressure Ergine
10 #3/4 Bearing 0il A T Temperature Engine
11 #/4 Bearing Chip Detector ETagine
12 Acc. Gear Box Chip Detector zngine
i3 P‘«l Engine
14 T_’, Engine
15 Pl Engine
15 T Engine
T Iil =gsne
15 i Zngine
19 PLA Bngine
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3.8.1.2 continued
| H3 Ttem No.
20
21

2

23
24
26
29
30
31
32
3k
36
37
19

120

Parameter

We

Ieft Fuel Boost Pump Flow Switch
Right Fuel Boost Pump Flow Switch
Fuel Pressure

Eng. Driven Fuel Pump Pressure Hiiishn
Fuel Filter A P Switch

Lib. 0il Temperature

Twb. 0il Pregsure

0il Filter A P

orque

Bleed Band Pesition

Startirg Bettery Volts

Engine Igniticn Exciter

IGV Angie

Inlet Alr Filter AP Switch

Engine 0il Pressure Switch

Fuel Temperature

#1 Henger Bearing

Co-bustion Flange Vibration

#/l Bearing Scavenge Iine Vibration

Intet ¥ousing Vibration

HEER 608C

Volume 1

PSSR R RIS L G S L St

Section

Engine
¥ngine

Exngine
Engine
Engine
Engive
Ergine
Engine
Engine
Engiue
Engine
Engine
Exgine
Engine
Engine
Zngine
Engine
Zngine
Engine

Comp.

Q)
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3.8.1.2 coptinued
The englne wirig hargess was pre-fabricated and ell wires terminated at

three Plrewgly connentors which were mounted on the lower aft firewall. The

wire bundles are rouated from the firewall to a compartment underneath the

rigiy:and engine maintenance deck via a 6" inspection hole located in the

P LN

deck just aft or the lower aft firewall. Beneath tbe maintenance deck, the
three ngine harness wire bundles merge with the tall boom harness previously
; desciibed, and then the combined harness continues along the right side of

; the olserart foullowing the heater duct uander the right engine maintenance
durk. Fntrance to the cabin ares is made via the heater duct near A/C
Svation #1356 at the &.rcraft floor line. This heater duct is no longer used
) on the UH-.¥ aircraft.

3.8.1.3 Transmission and Hyd-auilcs Semsor Group

The trarsmissicn and hydraulics sensor group 1s composed of the following
censors located in the transmission compertment and behind the Station #129
buikhead. Zustallation drawings znd assoclated detail drawings for each sensor

are listed in Tedls 3.« of this report.

. HS Ttem No. Paraneter Section
38 0ii Pressure Switch Transmission
39 0il Pressure Transmission
ko 0il Temperature Switch Transzission
'y 0il Temperature Pransmission
43 0il Sump Caip Detector Trevsmission
51 Bxterpsl 0il Filter AP Transaission
101 Cil Cooler Flow Transzission




3.8.1.3 continued

Hamilton____ U HSER 6180
Standard Re Volume I

— S —————

HS Tiem No. Parameter Section
102 Main Rotor RPM Transmission
103 Internal 0il Filter A P Transmission
45 Input Quill Vibration PTransmission
b7 Upper Mest Vibration (axial) Transmission
ko Tail Rotor Quill Vibration & Sump Pransmission

Input Quill Roller Bearing Vibration

123 Toper Mast Vibration (radial) Vibration Transmission
125 Input Quill Gearmesh Vibration Transmission
128 Offset Accessory Drive Gearmesh Vibration Transmission
126 Tail Rotor Quill Gearmesh Vibration Transmission
127 Upper and Iower Sun Gearmesh Vibration Transmission
129 fydrailic Pump & Tach Quill Ball Bearing Transmission

62 Pressure Switch Aydraulics

T0 Supply Pressure Hydraulics

T1 Supply Temperature Hydraulics

T2 Filter 8P Hydraulics

107 Pump Case leakage Flov Bydraulics

108 Pump Case Leakage Flow & T Bydraulics

The trensmission herness 1s rcuted along existing wire bundles and clamped

&t various points in the transmission compertment as required.

The hydraulics

herness is routed behind the panels at the Station #129 buikhead and merges

with the transmission tarness at the floor line of the Station #129 bulkhead.

This harpess epiers the catin arez vIz ep existing bulkhead conrector opening

A
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at the floor line of the Station #129 bulkhead. There are existing cutouts
at this location where bulkhead connectors for the armament system are

mounted.

Instrument Panel Sensor Group

The Instrument Panel Sensor Group is composed of the following sensors located
behind the instrument panel and below the lefthand control stick. Installation

drawings and associated detuail drawings for each sensor are listed in Table

3.5 of this report.

HS Item No. Parameter Section

7T Total Pressure Inst. Panel

78 Static Fressure Inst. Panel

37 Overspeed Governor Switch Inst. Panel

109 28 VIC Essential Buss Inst. Fanel

110 115 _VAC Essential Buss Inst. Panel

11 2¢ VAC Inst. Buss Inst. Pagel

112 Bi/Io RPM Warning Light Tnst. Panel

113 Hi/Io HPM Warning Audio Inst. Panel
80 Collzactive Pitch Stick Position L.H. Control Stick

The instrument panel harmess is -outed along existing wire bundles
behind the instrment panel and runs up the wire bundle between tne left and
right windshields end along the roof between the overhead ccnsoies. ¥iring
from the collective pitch synchio mounted under the lefthand costrel stick
is also imcluded in this wire tundle. Txe wire bundie enteirs the cabin area
from overhead at the Station #F129 tu:xheed znd is routed throvzh an existing

~50f opening down the bulkheed zo the seat eguizment pwtform.
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Fabricaticn of Aircraft Harnessing

Since pre-fabrircation of aircraft wiring harnesses is not feasible without

the aid of a mockup, all UH-1 sensor wiring harnessing, with the exception of

the engine harmesses, was fabricated on site. The method of fabrication was

to start at the most remote individual senscr connector in a sensor group

and the proceed to systematically build up the harness by merging with each

sensor in the sensor group. Eventually all sensor wiring terminated in

various wire bundles at three locations in the rear of the aircraft cabin
i.e., the righthand heater duct at Station #166, at bulkhead comnectors

near the floor line in the center of the aircraft at Station #129 bulkhead,

and from the overhead at the Station #129 bulkhead. All harnessing was

tied down at various points via ceble clamps arnd nyion cable straps as

required for a secure installation. Wherever possidble, wires were routed

along existing wire bundles as shown in Drawing SK T79730-160 (Aircraft Wire
Routing Method).

Electronic and Instrumentatioa Equipment Installation

A1l electronic hardware "black toxes,” vibration instrumentation equip-

ment, and inverters are mounted to plywood platforms which are securely

mounted to the passenger seats at the rzar of the cabin composed of the

five-mun seats across the aircraft at Stetion #129 and both two-man seats

on the left apnd right side of the transmission compartment. The equipment

layout is detailed in the equipment instalietion drawving SK 7985C-1. The

associated detail drawings for this equipment are listed in Teble 3.6 or

this report. All wiring from the eircraft is routed slong the transmission
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bulkhesds alo Lhe floor line under the seats to the connectors at the rear of |
the electronic and instrumentation equipment. Harnessing that interconnects
the electronic equipment and vibration instrumentation equipment was pre-fabri-

cated at Hamilton Standard.

3.8.3.1 Electronic and Instrumentation Equipment Power Source

The power source for all electronic and instrumentation equipment is two
inverters mounted as shown in the equipment installation drawing SK 79850-1.
D.C. power required to drive the inverters is obtained directly from the
non-essential 28 VDC buss in the left aft electrical coupartment. The two
size #8 wires from the inverters were routed through ‘the heater duct near
Station #166 on the lefthand side of the aircraft at the floor line. From
this point the wires were clamped to the existing wire bundle that rums to
the left aft electrical compartment. Termination was via wire terminals at
the non-essential 28 VDC buss. Fifty (50) amp capacity circuit breakers were
used in series with the inverter leads.

3.8.4 System Checkout

Upon completion of the sensor installation, equipment iastallation, and
harnessing, the complete system was continuity inspeccted and a comprehensive
“"power on" check was performed. Sensor inputs were similated to complete a
system dynamic checkout.

Prior to ground run-uy’, & representative from AVSCOM. inspected the
aircraft for compliance with flight safety requirements and adherenc= to the
instelletion plens submitted during Phase A of the program. Following ground
run-up, the aircreft was flight tested to ensure proper perforzmence of the

entire system prior to dete gethering.
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Proof of Non-Interference with Existing Aircraft Systems v

The method used to eliminate interference problems with existing aircraft
systems was to parallel exlsting aircraft signals at their source rather than
splicing in at aircraft junction boxes. This method required extensive
cabling, but expedited troubleshooting of the system when it became necessary
to deternine whether AIDAPS equipment or existing aircraft hardware and/or
wiring was ceausing a particular problem because & "Y" electrical connection
was utilized at sensor connectors which provided a meens to disconnect AIDAPS
wiring to isolate a particular problem.

All existing sensor outputs used by the AINAPS system were terminated into
impedances above the minimum impc:dance levels specified by Bell Helicclter
Company in order to maintain accuracy of the UHi-1 instrumentation. This
eliminated the possibility of electrically loading the existing aircraft
signals that were also utilized by th; AIDAPS system. During the checkout
procedure, all existing sensor signal outputs that were paralleled with
ATDAPS signal inputs were checked for non-interference. This was accomplished
by disconnecting the AIDAPS signal lead and insuring that no change in the

existing asircraft signal was present.
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1.0 Phase D Tasks

Phase D activity consisted of a 9-1/2 month long flight test program

¥ e e Ay

utilizing two airborne AIDAPS systems installed in two UH-1 aircraft. Onme
aircraft #17223 was deployed to gather trend data based on using all ori-
ginal "zero time after overhaul" parts. This aircraft accumulated a total

of 245 flight hours. The other aircraft, #61011, was utilized as a discre-

pant parts test aircraft where discrepant parts were implanted in major LRU's
(engines, transmissions, and gearboxes) and the aircraft then flown with
these discrepant IRU's. Baseline data was also obtained with #61011 utilizing

nominal LRU's. Originally, the flight test portion of the program (Phase D)

:
B
g
4
B

J

was scheduled to be completed within a six month period. However, the scope

of the program was enlarged to include flying discrepant parts and gathering

additional baseline data on six additional sets of IRU's. This addition to

the program extended Phase D from a completion date of Jume 30, 1971 to
October 12, 19T1.

Bk EA YR ST

Verification Testing was also completed during this phase of the Test
Bed Program during which unkmown discrepent parts were implanted in various
LRU's installed in either aircraft and then test flown. The results of
these verification tests are discussed in Section 7.0 of this report. The

airborne software was constantly being refined, as required, as the Flight

4
}
i
'ié
E

Test Program prczressed.

At the completion of Verification Tests, AIDAPS hardware was entirely

removed from aircraft #17223 and the aircraft restored to its original

condition. The remaining baseline testing was accomplished usipg six sets

of LRU's on aircraft #61011.




. et ——

3.9.1

3.9.1.1

Hamiiton U HSER 6080

Standard . Qe Volume I

Sy e S Y AR SRR A

Phase D Flight Test Procedures

Certuln procedures and specific flight profiles were followed during
the Flight Test Program involving the nominal and discrepant LRU's that were
flown in aircraft #61011, These procedures were also followed for data that
was obtained on the trend aircraft #17223. The following puragraphs detail
the procedures and flight profiles used during Phase D of the Test Bed Program.

Flight Procedures and Debriefing

{.9.1.1.1 Preflight

The following outline was incorporated as part of the standard preflight
procedure:

1. Verify that sufficient magnetic tape is available in the analog

and digital recorders.

2. Turn on system electrical power.

3. Confirm status of diagnostic program.

4k, Enter aircraft and documentary identification information.

5. Clear MAAP.

6. log counter numbers.

7. Put AIDAPS in "Standby."

8. After engine start-up, monitor paremeters specified on Flight ILog

Sheets using Date Entry Panel.

Note: Periodically perform complete AIDAPS check using sensor simulator,

manual insertion panel, etc.

i.9.1.1.”2 During Flight (A/C #17223 only)

1. Encounter conditions specified in Flight Profile (see Secticn 5.2.6).

2. Mintain condition then depress "EVERT" button.

3-46
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3.9.1.1.2 continued

3. Depress "EVENT" button just prior to a transistion.

b, Depress "EVENT" button whenever a special event occurs which mey be
of interest,

5. Record reason for "EVENT" indication on Flight Iog Sheet and whetner

event did actually occur.

%0901.1-3 POSt-Flight

1. Record status of MAAP indicators.

2. Record status of mechanical counters.

3. Remove magnetic tapes and mark reel for identification.
4, Turn off power.

5. Obtain copy of Flight Iog Sheets.

6. Review flight with crew for indication of special events.

3.9.1.2 Flight Profile

3.9.2

The flight profile used during Phagse D of the Test Ded Program is explained

in detail in Section 5.2.5 of this report.

Baseline and Known Discrepant Parts Testing

The Baseline and Known Discrepant Parts Testing accomplished during
Phase D was conducted according to the sequence outline in Table 3.7. The
policy followed during discrepant parts testing was to fly discrepant engines
and h2° or 90o gearboxes together with a good transmission. Discrepant trans-
missions were flown with good engines and gearboxes. This policy minimized
the danger of multiple failures during flight.

Four sets of LRU's were simuitaneously utilized in groups of two to

obtain the discrepant part test date listed in Taeble 3.7. Discrepant perts

3-b7
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listed in Table 3.7 were impianted in two sets of IRU's while the other group
of two sets vas being test flown with discrepant parts already installed.

The two (2) just built-up sets of LRU's were run through the test cells and
then installed on the aircraft assigned for discrepant part testing for each
vendor. While these aircraft were being flown by each vendor, the two other
sets of LRU's removed from the aircraft were being built-up in various assembly
shops. In this way four sets of LRU's each baving different discrepant part
combinations were continually cycled between the two vendor aireraft and the
assembly shops. These four sets of IRU's were finally re-assembled into
their original configuration and flown to obtain baseline data.

Unknown Discrepant Parts Testing (Verification Testing)

Verification Testing was conducted following the completion of the base-
line and known discrepant parts testing “iscussed in the previous section.
Unknown discrepant parts were implantec series of six sets of IRU's
(engines, transmission perts, 42° gearbox and 90° gearbox) in a sequence
that provided for both vendors to alternately obtain data and allowed for
build-up time in the various assembly shops. Following the test flights with
8ll six sets of IRU's, the LRU's were re-assembled to their originel confi-
guration and all six sets flowa to obtaln bsseline data. The completion of
baseline testing on these six sets of LRU’s marked the conclusion of Phase
D of the Test Bed Program.

A complete discussion of the discrepant parts found duripg Verification

Testing is covered in dstail in Section 7.0 of this report.

"
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A 3.9.4 Baseline Establishments

by

: : i .
i y Baseline data was thus gathered on & total of ten sets of LRU's
1§ during the Fllght Test Phase of the Tbst Bed Program to determine the

{ nominal spread of data for each subject LRU: engine, transmission, y2° gear-

box, and 90 gearbox. This data was compared te the baseiine data that was

5 gathered during the test cell runs (Phase B) to ‘determine what baseline

g data to use in a deployable system.

i ' ' ' 5 ’ )

- It was determined that 'thé- baseline date gathered during flight testing:
3‘ did differ frcm test cell basellne data, especially in the area of vibration
;z recording. The discussion of the differences are discussed in detail in

g Sections 5.0 and 6.0 of this report.

b * '

| It should be noted that the main transmission assembly was not changed
3 ' : l, ] . ’ .
f during baseline data flights. The original transmission was used and, different
ﬁ nominal sub-assemblies selected from among the main mast bearing; input quill,
5 ‘ :

73 ]

e and output tail rotor quill were imstalled for each one)of the ten baseline
B Y ' 1 '
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AIRBCRNE HARDWARE

e )




TR T, PR

e R e A B
AR AR ‘ﬁx"@?’?’@ﬂf/ 2

e
}
54
E:
p7:5
i
kY
A
oo
2
24
3
§
- i
s
3

. .
b R S A R M S R T

v«n‘m:;‘

-

o
b
!
4
E

2 PRad

S

A

o Py

S

’:)":h-vf,'f.‘éﬂ}lﬁ‘: ;:r"#’,‘ w:~ :

I e S TV n e DI S S N

4.2

Hamlltonmw..,,g.... P—— KESER 6080
Standard Re Volume I

AIRBORNE HARDWARE

Alrborne lectronics Block Diagram

A block diagram of the Airborne Electronics is shown in Figure 4-1, and
a corresponding photo of the electronic packages is shown in Figure 4-2.
Figure 4-1 indicat ; commnication paths among each of the electronics packages.
The descriptions and functions of the packages are detailed in the following
paragraphs.

Main and Auxiliary Electronic Unit

A block diagram of the electronics is shown in Figure 4-3. In keeping
with the cbjective of "off-the-shelf" hardware, a second or auxiliary
package (Figure 4-4 and 4-5) was used to house additionsl electronics
involved in the revision of an existing Main Electronics Unit (MEU)(Figure
4-6). Therefore, discussion of the electronics inherently involves both
the Main and Auxiliary packages. The physical size of each package is the
same: 1 ATR long, ARINC 404, including Supplement #2.

Input signals are broken into three basic types; Discretes (i.e., the
on-off vosition of a switch); Analog (i.e., a voltage level either AC or DC);
and Vibration (i.e., a combination of many frequencies of alternating volteges).
The vibration portion will be handled separately in Paragraph 4.7. Discretes,
being digital in nature (i.e., & bi-level DC voltage) need only be interfaced
to proper voltege levels before being inputted into the computer. The analog
signels, having similarity, are broken down into five input groups based on
similarity.

1. AC Voltage Ratio

2. DC Differential Voltage
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3. Synchro Voltage

k., Thermocouple Voltage

5. Flows or Speed Frequencies

As shown in Figure 4-3, multiplexing techniques are used which enable
all the signals of one type to be switched through the same siznal conditioner
at a different point in time (time-sharing). This addressing by the digital
processor 1o the electronic switches is broken into a basic ¢ wing pulse of
10 milliseconds for a capability of 200 switch closures in a two-second
frame, after which the process starts over again.

The function of the signal conditioners is to receive a signal correspond-
ing to the five different types of inputs and convert it into a standard vol-
tage level over the range of -5 to +5 volts DC. Hence, all analog signals
appear as a DC level at the output of the signal conditioners. These so-called
"time-shared" signals are then switched through the anelog to digital conver-
ters which convert a DC voltage to a group of coded pulses that iz inputted
into the digital processor. The digital processor also controls the output
interfaces which go to the Data Entry Panel, the Maintenance Action Annuncig-
tor Panel, and the Digital Recorder. The following paregraphs details each
one of these units.

Data Entry Panel (DEP)

A photograph of the Data Entry Panel is shown in Figure 4-7. Tt is
approximately 4" x 5" x 7" (L x W x H) and was an "off-the-shelf" unit. It

was designed in conjunction with the Main Electronies Unit to provide manual
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~cmmvos ovel iz ugllal pooctsea. o7 1eig) recorder. (ontrols available

are a function or tne c.i' .ua N oY the Pgitul processs., uuT

basically involve recording data at different rates sna writing pertinent
information on tape using the ten numerical pushbuttons. The pushbuttons

can also be used to call up on the eight digit dlsplay, any parameter or sen-
sor signal the operator may want to observe. This capability was used for
on-the-spot engineering information without having to wait for the data to
be processed from the tape. The IEP was thus a valuable engineering tool
during the Flight Test Prqgram.

Maintenance Action Annunciator Paunel (MAAP)

A photograph of the MAAP is shown in Figure 4-8. It consists of 64 BITE
(Built-In-Test-Equipment) indicators that are electromechanical devices having
a black ball whic}; rotates into a locked positlon and indicates white when
triggered by digital processor in the Main Electronies Unit. In this way,

a permanent record was made (until manually reset) of a malfunction or of

an aircraft parsmeter when it exceeded preseribed limits as determined by the
digital processor from the sensor signals inputs. A crewman can then refer
the BITE number to a diagnostic message and perform indicated inspection
procedure or maintenance€ action as designated by the message.

Counters are slso contained in the MAAP vhich were used to register the
number of datas frames recorded by the Digital Recorder and number of seconds
in flight. This MAAP was Qesigned as a "brassboard" unit specifically for
the Test Bed Program, and a final configuration would be considerasbly smaller

in rhysical size.

k-3




s A £ A K

r——— U oA 4 ey

4.5

4.6

ho?

Hamnilton U HSER 6030

OIVIBION OF UNMITED ANCRAY T COMORATON

“iandard Ao Volume I

Y I RN 2 VSRR . VR e

Digital Recorder

thotographs of the vigital Recorder are s‘.own in Figures 4-9 and 4-10.
It is an bff-the-shelf" item the® _aysically is 1 ATR long, ARIATG %Ok,
loeluding Supplement #2. Conteined in the unit iz a seven track digital
evnt reay el L~; 8 TOWE Tp.y i ~trates frem the 115 VAC 400 Hz

source. The .. . _. stained in & reavis, ~ne.iiBle cmme ool [ eun

-

on top of the recorder. This tape gystem is compatible with the IBM system

370 that was used to analyze the data av Faw’lton Standard.
Maintainability

The AIDAPS system, utilizing its on-board processor, has tae built-in
capability of checking its own internal operation for such things as limit
errors in drifts of amplifiers and signal conditioners, as well as giving
irmmediate indication of an abnormel exceedance in limits of any seasor
signal. This commnication is accomplished with indicators on the Iata
Entry Panel; and, by pushing the proper butten, the display can show what

has exceeded specification either internally or externally to the electronic

system.

Vibration Eguipment

As chown in Figure 4~1, the vibration recording hardware was not integral
with the basic AIDAPS. For the purposes of the Test Bed Program only, conven-
tional analog vibration monitoring and recording equipment was assembled and

mounted for temporary airborne use. This instrumentation is fully described

in Section 6.4.1.

4=}
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Herduare and Sensor Installation Photos

Several photous of the AIDAYS hurdware and sensor installsvicrs wove aken
during the test cell and flignt test phases. These photos follow to illus-
trate a sample of the haniware usad during the program and the method of
inotallation,

. - ‘.\ . N
Flgurs 4-11 - A 427 gearbox and a 90° gearbcx being monitored in the test

e - ~b APADMAC
Figure U-ic - A crr w... =~ - ' ttoret in vhe teew cells ay
ARADMAC,

Figure 4-13 - Temporary vibration recording equipment used during the
test in all phases.

Figure 4-14 - Engine being monitored in the test cells at ARADMAC.

Figure 4-15 - Quick' change engine harnessing used in the test cell at
ARADMAC,

Figure 4-16 - Manifold in series with oil »vsnge lines. Used to moni-
tor #2/#3, 4 bearing oil & %, A P and chip detection,

Figure 4-17 - Transmission oil cooler flow meter installation on the
Uli-1H aircrafy.,

Figure 4-13 - Fuel flow and temperature sensor installation on the
Uh-1H aircraft.,

Figure 4-19 - Aircraft installation of the IGV synchro for the Il3
engim;.

Figure 4-20 - Hydraulic filter A P installation on the UH-1H aircraft.

Figure 4=21 - Bleed band switch on Il3 engine.

b5
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Figure 4-23 - Hydraulic bypass AT and flowmeter fwste-latd... o

UH»1H aircraft.
Figure 4-24 - Aireraft installation of the delie tewiernoure for tue

90° gearbox.
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Aircratt Parameters Monitored

This section will discuss the actual parameters monitored. The sensors
respectively used to monitor the subject parameters are discussed in Section

4,10 of this report.

Power Plant Parameters

The engine parameters monitored are discussed in this section, Refer
to Figures 4-25 and 4-26 for engine station diagram and location of the para-

meters monitored.

Compressor Inlet Total Temperature and Total Pressure (Ttl andPtl)

These are two of the'most important parameters that were measured. The
range of values of these parameters form the boundary condition for the eval-
uation of the engine thermo-dynamic model. They provide the basis for evalu-
ation of engine performance and are commonly known as the "face" of the engines.
All cf the thermodynamic performance parameters irn the gas flow path are
related to and influenced by the values of the compressor inlet parameters.

Compressor Discharge Total Temperature (Tt3)

The conippressor discharge total temperature is one of the veriables used in
calculations of the thermodynamic moedel. It is a factor in the evaluation
of compressor efficiency and the gas producer turbine inlet temperature.

Compressor Discharge Pressure (P3)

The compressor discharge pressure is also measured because it is one of
Lhe variables used in calculations of the thermodynamic model. It is a factor
in the evaluation of compressor efficiency and the gas producer turbine inlet

temperature,

b7
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Gas i'roducer Speed (N1)

L
The rotational speed of the gas prodvcer is fundamental to engine per-

formance calculations. The referred value of the gas producer speed is used

.
&

in several calculaticns such ac high-low limit, malfunction detection and

diagnosis, and trend analysis.

Power Turbine Speed (No)

Power turbine speed is fundamental to engine power output. When con-~
sidered along with power lever angle, fuel flow rate, and torque-meter pressure,
the performance with respect to shaft power output can be evaluated. The
power output or change in power output, when considered along with changes in

other psrameters, forms the basis for malfunction detection and diagnosis.

Fuel Flow Rate (Wf}

Fuel flow rate is fundamental to the evaluation of the engine thermo-
dynamic model. For every power settting and set of environmental conditions,
there exists a proper fuel consumption rate. Almost all efficiency changes in
the engine components cause resulting changes in fuel consumption. Therefore,

changes in fuel flow, when compared to or plotted against other parameters,
indicate the are¢a of degradation.

Fuel Temperature

Fuel temperature is measured along with fuei flow rate in order Lo
determine the density of the fuel., The density of fuel is used to calculate

mass rate of flow which is the parameter that is most useful.

4-8
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h,9.1.8 Bngine Driven Fuel Pump Pressure Switch

A pressure switch is used to measure the engir: driven fuel pump
pressure in the fuel contrcl. When the output pressure drops below a pre-
determined value, it is an indication of a discrepant fuel pump, which
would result in a fuel control change.

4.9.1.9 Fuel Filter A P Switch

A AP switch is placed across the fuel filter in the fuel control for the
purpose of determining if the fuel filter is clogged. This switch is used to
display a diagnostic message "clean fuel filter" before the differential
pressure reaches a dangerous level,

%4.9.1.10 Exhaust Gas Total Temperature (EGT) (T+9)

Exhaust gas total temperature gives an indication of the energy level of
the gases through the turbines., It must be examined for a high limit value to
prevent over temperature operation., It is used in the thermodynamic model as
a dependent variable to establish component performance coefficients. Both
individual thermocouple readings and an average reading of all thermocouples
in the harness were Qonitored in order to locate hot spots in the engine,

4,9,1,11 Power Lever Angle (PLA)

The power lever angle is important as a means of correlating a standard
performance level with that actually obtained from the engine, The power lever
angle is the ind.cator for basic power setting. When related to engine pressure
ratio, fuel flow and engine rotor speeds, the existence (or non-existence) of
a proper correlation is indicated, The high-low checks or any other check

are valid only if predetermined power settings are established.
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4,9,1.12 Inlet Guide Vanes (IGV)

The inlet guide vanes position was also used to correlate a standard
performance level with that actually obtained from the engine. The
measurement of inlet guide vane position was used to clarify the results of
the gas path analysis performed on the engine,

" 4.9.7.13 Compressor Interstage Bleed Band Position

The compressor bleed band bleeds air from the final stage of the axial
flow comprestor section and is automatically controlled. It is normally open
during engine operation below 70% of Ny speed or during engine acceleration,
The position of this valve (actuator) was monitored to determire proper bleed
band operation.

4.9.1.14 Torquemeter Differential Pressure

The torquemeter operates to provide a differential oll pressure which is
proportional to the torque applied to the power turbine reduction gearing. A
torque value is obtainable from this differential pressure. From the torque
pressure and the speed of the power turbine, the horsepower developed can be
determined., This is & most desirable factor for the engine thermodynamic
model evaluation,

h.9.1.15 Engine Ignition Exciter Voltage

The engine ignition exciter voltage was monitored as a discrete signal
to fault isolate problems in the engine ignition system.,

4,9.1.16 Engine Oil Temperature

0il temperature provides information which relates to incipient bearing

failure including knowledge of heat added by malfunctioning components, O0il

4-10
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%.9.1.16 Continued
temperature will provide information regearding mechanical friction increases
which is pertinent to trend analysis.

h.9.1.17 #2/#3, #4 Bearing 0i1 A T

As indicated above, oil temperature can provide valid data of incipient
malfunction. To obtain a valid diagnostic tool from 0il temperature, use is
made of the oil temperature out as related to oil temperature in would be the
two parameters which measure the increase in frictional loads. This measure-
ment, was made by measuring oil temperature into the bearings and measuring oil
temperature at #2 and #3/4 scavenge lines.

4,9.1.18 0il Pressure

Proper oil pressure is essential to proper engine lubrication and cooling.
The oil pressure should be examined for a high or low value to detect clogging
or leaking. When recorded over a period of time, it nan give indications of
iubrication system component degradation. An engine oil pressure transducer
wag :¢ilized along with An engine oil pressure switch to respectively measure
system 0il pressure for trending purposes and io provide a discrete signal for
warning of a "below minimum" value of oil pressure. Pressure switches are also
incorporated in the #2 ard #3/4 bearing oil scavenge lines to determine if
leakage is present at the bearing seals,

%4.9.1,19 Chip Detectors

The T53 engine as installed in the UH-1H is equipped with a chip detector

located in the accessory case sump. While such a detector can indicate the

4-11
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4.9.1.20

h.9.2

h.9.2.1

accumulation of chips, it does not locate the source. To segregate the sources,
the installation of two sdditional chip detectors in the #2 and #3/4 bearing
0il scavenge lines was accomplished. As shown in Figure 4-26 Chip Detector #1
(cp#1) collects chips from the forward components. (CD#2) was located in the
external oil scavenge line leading from the number two bearing. (CD#3) was
localed in the external oil scavenge line leading from the power turbine
bearings. A signal from any one of these chip detectors would indircate com-
ponent degradation, be considered a "no-go" condition, and locate the area of
difficulty.

Cil Filter Differential Pressure

The pressure drop across the oil filter was examined for a high-low limit.
A high value indicates a dirty filter for which the system will initiate
maintenance instructions,

Transmission Parameters

The transmission parameters monitor:zd are discussed in this section. Refer
to Pipgure L4 -27 for location of parameters monitored.

0il Temperature

An increage in o0il temperatures will discern mechanical friction increases
occurring in the transmission and thus provide valuable data as to incipient
malfunction and prediction of on-condition removal as well as identify degrada-
tion of the oil pump and cooling system, An oil temperature transducer and an

0il temperature switch has been provided for this purpose.

.12
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2 %.9.2.2 0il Pressure

0il pressure should remain constant for the life of the transmission.
Decrease in pressﬁre could mean seal leakage or clogged filter; low pressure
1 a;ld high temperature would mean insufficient 611; increase in pressure and
temperature could mean malfunctioning of the oil pump or the cooling system.
H These signals are oriented towards pr(:zventive maintenance action at the first
maintenance echelon. An oil pressure transducer and an oil pressure switch
was provided for thls purpose.

4.9.2.3 Filter Pressure Differentiai

The pressure drop across the oil filter was examiaed for & high limit as

in the case of the engine oil filter. A high value indicates e dirty filter

AR LN bt

for which the system will initiate maintenance instructions.
; The two {ilters that are monitored by AP tramsducers on tone UH-1 trans-
mission are the internel oil filter aund tho external oil filter.

4k,9.2.4 Chip Detector

Suspension of significant foreign matter in the transmission lubrication
system can cause catastrophic malfunction. When it is detected, an examination

of the oil and identification of the source of the "chip" 4s mandatory so that

TSI T

the responsible unit, 1if any, may be removed and repliaced.

L,9.2.5 0i1 Cooler Flow

Knowing the ccendition of the transmission at all times is important to safe
helicopter operatiou. The condition of the lubrication cystem is & btasic imdi-~
cater of transmisslou health, so that importent indicator and knowing the
reason for en increase in oil temperature cen determine if a8 major or minor

. malfunction may be developing in the transmissiop,

b-13
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A flowmeter has been installed between the thermal control valve and the
0il cooler to determine the emount of o0il flow throughthe cooler at any time.
This parameter when compared with oil temperature can isolste problems in the
oil cooling system; i.e., high oil temperature and high oil cooler flow can
mean an inefPficient oil cooling system or excesslve friction in the transmission.
If the accunulated time between oil cnanges is large, the problem iz probably
an lnefficient oil cooling system, clogged oil cooler, etc. If the accumulated
time is low, an excessive friction problem mey be present. A high oil temrera-
ture and a low oil flow can mean a defective thermal control'valve. A Jow

ocil temperature and a high oil cooler flow can also mean & defective thermsl

control valve.

Main Rotor RPM

Main rotor RPM is monitored to determine if the rotor is in an underspeed
or an overspeed condition. Rotor speed is also compared to the audio and visual
rotor speed warning system signals to differentiate between rotor speed warning
system problems and actual rotor speed problems.

Gearbox Farameters

Both 42° and 90o gearbox parameters are discussed in this section and
their locations are shown in Figures L4-28 and 4-29, respectively. Parameters
for 42° gearbox and 909 gearbox are identical.

0il Temperature AT

The difference between the outside air temperature in the vicinity of the
gearbox and the actual gearbox oil temperature is monitored using two thermo-
couples. The temperature rise in the gearbox oil is importont in determining

if excessive friction exists either in the 42° or 90o gearbox.

hall
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4,9.3.2 Chip Detector

*
A chip detector is used in both the 42° and 90° gearboxes to detect if

metal chips ere present in the gearbox, thereby providing a warning of an
incipient gearbox failure.

4.9.4 Hydraulic System Parameters

h.9.4.1 Hydraulic Supply Pressure

Hydraulic system pressure is monitored to determine the condition of the
hydraulic system during flight. A hydraulic pressure transducer and the
existing hydraulic iow pressure switch was utilized for this purpose. A low
pressure indication (say, under 500 psi) indicates a loss in hydraulic system
pressure; i.e., a defective hydraulic pump or loss of fluid. A high pressure
indication (say, exceeding 1150 psi) indicates a hydraulic pump failure with
the relief valve maintaining maximum hydraulic pressure at 1150 psi; i.e., a
failure of the pressure regulator whizh is un integral part of the hydraulic
pump.

¥ 4.9.4.2 Hydraulic Pump BEypass Flow and A T

the pump by-pess flow back to the hydraulic reservoir is the leakage flow
from the pressure regulating portion of the hydraulic pump. This flow gradually
increases as the accumlated time on the pump increases. If this by-pass flow
and by-pass temperature (i.e., difference between hydraulic oil temperature in
the pressure manifold and hydraulic oil tzmperature in the by-pass line) is
monitored, the condition of the hydraulic pump is known at auy time. Also,
by accumulating trend data of these parameters, the expected life of the

hydraulic pump can be predicted. Further, an excessive increase in hydraulic
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5.9.5.2 continued
oil tempereture cen rean intercal leskmge somewvhere in the system or 2 low
fluld Zevel in the hydraulic reservoir. The sbore perameters esre momitored
in the UE-1 vie & flowmeter in the hydraulic pump by-pess iine and two thermo-
couples loceted with cme thermocouple in the system pressure menifold and one
thermocouple in the hydreumlic pump by-pess line. .

4.6.4.3 Hirgulic Filter AP.

A hydreulic filter is instslled in the main pressure lisne downstream of
the pydreulic pump. The pressure drop across this filter was monitored by
e AP traaséucer end exemined for e high 1imit. A high value indicates a2
dirty filter for which the systex will initiate mmintepance instructions. A
clogged filter is sn irdication of o0il contamination or an incipient failure
of & compoaent in the hydreulic system.

4.9.5 Remmining Peremeters ¥onitored in Aircraft

The paran=ters discussed below are monitored by varivus sensors located
throughout the sircreft.

.9.5.1 Total Pressure

Total pressure is monitored by sensing airspeed pitot tube pressure with a
pressure transducer. This peremeter is monitored for two reasoms: {1) it
is an important perameter used in the Gas Path Engine Analysis technigue; /{2)
1t is also used to monitor airspeed.

k.9.5.2 Static Pressure

Static pressure 1s monitored by sensing pressure in the sircraft instrument
static prescure line utilizing a pressure transducer. This parameter is moni-
tored for two veasons: (1) static pressure is also used to monitor aircraft

altitude; (2) total and static pressure are definitive of airspeed.
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5.9.9.3 Ax:l Pressurce

Afrcmft fuel system pressure is 2 parsmeter that wes siready monitored

In the UH-1 alrcraft. This paraneter was utilized in the UH-1 ATDRES system

v

to determine if fizel pressure et the fuel control input was sufficient for
proper overeation of the fuel comtrol. When fuel pressure drops below & psi,
a melfunction is present and the proper diasgnostic message was displayed.

i 5.9.5.5 Ieft and Right Fuel Boost Pump Switch

These discrete signels zre girecdy present in the UH-1 fuel system. They

are utilized in ATDAPS to determine if 2 fuel boost pump is not operating and

also 10 determine which boost pump is melfuncliicning.

5.9.5.5 Inlet Air Filter AF Switch

A A P switch is placed across the inlet air screen to detemmine ﬁthe
airflow through the screen is otstructed by foreign debris. When the differen-
tial pressure reeches a dangercus level, the switch is activated and the
proper diegnostic messeage is displeyed.

4.9.5.6 28 VDC, 115 VAC Esseatial Bus Voltage; 26 VAC Instrument Bus Voltage

The 28 VDC and 115 VAC essential bus voltages along w'th the 26 VAC
instrument bus voltage sre monitored to determine if malfunc®ions mey be
present in the various electrical systems. Also, by trending the various
bus volteges, incipient failures of critical components may be prevented;
i.e., a bus voltege supply mey be lowering over a fixed time period. A

diagnostic message to perform more detailed manual checks can be displayed.

4.,9.5.7 Hi/Io RPM Warning Idight and Audio

the Hi/Io RPM Warning Iight and Audio are signals already present in
the UH-1 eircraft. The AIDAPS system utilized these existing signals to perform

an operational check on the Hi/Ic RPM Werning System.
h-i7
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5.9.5.9

Overspeed Governor Svitch Position

The Cverspeed Governmor switck is aiready prezent in the UH-1 sircraft.
The AIDAPS system utilized this signal to determine whether the engire is in
s manual or automatic speed control x ade.

Collective Pitch Position

Collective piick positioz is an irdireci measurexment of the angle of the
main rotor bledes. Tkis parameter was origirelly chosen to correlate the
rotor blade apgle witk specific power settings. It was later decided that this
pararceter wes rot required in the system.

Vibration Transducers and Parareters Monitorad

™o majJor sources of vibration in each of the UHE-1 power train ccxzronents
are peyrings snd gears. Velocity type tramsducers were chosen to measure the
bearing vibration because these transducers provide more sensitivity at the
frequencies and arplitudes expected. Accelerormeters were chosen to measure
the mesh and sideband freguencies generated by the gears because of the higher
freguencies and axplitudes involved.

Tohe components that were chosen for rpomitoring vere parts within the
pover train components with the highest rate of failure as specified in Army
raintenan-e records contained in Bell Revort No. 295-359-520. The rimary
consideration in choosing mounting location for the transducers wes to pount
the transducers as close as possible to the part whose failure detection was
desired. Brackets were designed and fabricated of AMS 5616 steel to make
use of existing bolts or studs on the individual components for ease of
installation. The locations of the vibration paraueters monitored and the

sensors used are listed in Table L-1.

L-18
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Sensor Seiection

Sensors were selected for the UH-1 ATDAPS Test Bed Program after cerefui
studv of the recommendations made by Bell Helicopler Company aud AVCO Igcoming
Division (AID) in Report No. 299-099-521 - Autozatic Inspection Diagnostic and
Prognostic System (ATDAPS) Test Bed Program - Task II.

In geueral, the vast majority of the parameters which were chosen for
monitoring were recommended in the referenced report. All of the parameters
reccamended in the Bell Heport were reviewed with regard to the objectives of
the Test Bed Program. After this review, some Beli recomaended parameters were
eliminated in an attempt to accomplish the program objectives in the most cost
effective manner since additional perameters were required to emable the Gas
Path Analysis technique tc be performed es a diagnostic and prognostic tocl.

Sensors selected faﬁ. into the following mmjor categories:

1. Those which were existing in normal UH-1 inctallations which could be

ronitored in parallel with existing geges, alarm lights, etc.

e

2. Those which were selected by ALD based on experience with iastrumenta-

tion of the T53 engine used in the UH-1 aircraft.

3. Those which vere selected by Hamilton Standard based on extensive

experience in the field of instrumentation.

Sensors were calibrated at the outset of the program and this calibration
data was used directly. in the engineering unit conversion of all data taken
during the course of the program. The original intent was to recalibrate
all sensors periodically during the course of the program. However, all of
the necessarv fecilities to perform this calibration were not available at
Corpus Christi. Furthermore, schedule commitments did not allow seansors to
be transported back and forth to HS to perform the celibration. ECensors were
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thus recalibrated at the conclusion of Phase D and the ensuing review indicated
that the majcrity of the sensors r=mmined withiu the predicted accuracy. Some
prcblems were experienced with sensors during the program, but they can Le
attributed mainly to the constant assembly and disassembly which was required
because of the mmercus mechanical components which were tested.

A tabulation of sensor characteristics is shown in Table k.1. -

.11 Docunentation of Hardware Problems

Table L.2 of this report is & chronological lizting of =11 hardware problems
that were encountered during Fhase D of the Test Bed Progrsm. The problems
are typical of those encountered in most R & D programs.

Since this prozrsm is a Research and Development program, the hardware

used had to have flexibility for chaages; therefore, production hardware was
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not used. Tn order to have flexibility for change, some rriunted circuit

and the electronics chassis had to be "harsd wired”. 'H!;:lb makes the electronic
uaits more vuluerable to malfimetions and wiring rroblems. Aiso, due o the
numerous LRU's chanzes, the electronic hardware gemsors, &nd harnegses were
reaoved and repisced many times. This caused accelerated wear of the harnesses

and subjected the electronics and sensors to excessive hundling, thereby meking
them vulnerable to damage.
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DATA ACQUISITION AND PROCESSING

Introduction

An understanding of the data acquisition and processing methods is clerified
by segregating the two categories of information to be acquired: digital data
and vibrational data. A discussion cf the digital data acquisition is presented
in Paragraph 5.2 and the general processing techniques are discussed in Para-
graph 5.3. The remainder of this paragraph presents additional explanatory
information on the AIDAPS system.

The primary component in the digital data acquisition process is the Main
Electronics Unit (MEU) which was installed in each helicopter. The MEU contains
the necessary arithmetic and logic units required to convert the sensor data
into meaningful measures of the various signals. A detailed discussion of this
unit is presented in Section 4.2. The MEU is capable of performing all limit
and logic tests whick are required by a field AIDAPS installation.

The Maintenance Action Annunicator Panel (MAAP) wae provided to display
the results of the airborne diegnostic process. The mechanical details of
this component are presented in Paragraph 4.4 and the software logic which
activates the various indicators is presented in Paragraph 5.3.3.2. The Data
Entry Panel (DEP) was used to enter documentary data such as engine serial
number and to examine the data during the flight. The mechanics of this
component are discussed in Paragraph 4.3.

The AIDAPS Test Bed Program was, by its very nature, a development program
which implies the use of several approaches in examining the actual flight

data, Several ancillary components were then included to facilitate this
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DATA ACQUISITICN AND PROCESSING

Introduction

An understanding of the data acquisition and processing methods is clerified
by segregating the two categories of information to be acquired: digital data
and vibrational data. A discussion cf the digital data acquisition is presented
in Paragraph 5.2 and the generel processing techniques are discussed in Para-
e¢raph 5.3. The remainder of this paragraph present; additional explanatory
information on the AIDAPS system.

The primary component in the digital data acquisition process is the Main
Electronics Unit (MEU) which was installed in each helicopter. The MEU contains
the necessary arithmetic and logic units required to convert the sensor data
into meaningful measures of the various signals. A detailed discussion of this
unit is presented in Section 4.2, The MEU is capable of performing all limit
and logic tests whick are required by a field AIDAPS installation.

The Maintensnce Action Annunicator Panel (MAAP) war provided to display
the results of the airborne diagnostic process. The mechanical details of
this component are presented in Paragreph 4.4 and the software logic which
activates the various indicators is presented in Paragraph 5.3.3.2. The Data
Entry Panel (DEP) was used to enter documentary data such as engine serial
nunber and to examine the data during the flight. The mechanics of this
component are discussed in Paragraph 4.3.

The AIDAPS Test Bed Program was, by its very nature, a development program
which implies the use of several approaches in examining the actual flight

data. Several ancillary components were then included to facilitate this

5-1




T ove A T ®Ahe Y o ey

Hamiiton U

Yo v cmaras Shemars HSER 6080
Standard Re Volume I
" D TS A SRS R . N
- e Dipital Data Acquisition
The major functions of the MEU in acquiring the digital data are depicted
in Figure 5-1. The AIDAPS system monitored the outputs of U6 individual
=

sensors, 26 switch closures, and 10 self health parameters indicative of the
MEU operation, These signals or paremeters are introduced to the MEU,
amplified as required, and converted.to a digital representation for storage
via software control, The program logic or software then stores the data,
prepares it for output to the various ancillary devices, and conducts an

analysis of the data.

5.7.1 Input Frame Composition and Scan Rate

The actual number of parameters to be monitored is not restricted to
those values presented above, The total number of samples can be, and actually
were, much greater than 46 in a basic sampling frame. This sampling frame
was established as two seconds during an early phase of AIDAPS by the recorder
requirements and the number of parameter values to be acquired. The basic
sampling frame is further divided by clock pulses into segments of ten milli-
second duration, Thus a maximum of 200 parameters could be interrogated in
the two second frame if each parameter is addressed only once per frame,

. Several different sampling rates ere used in the actual AIDAPS program
which results in more than one parameter value for each sensor within a specific
freme. The actual sampling rates are gstablished for slowly changing parameters
(28 paremeters once every two seconds), moderately changing paresmeters (17
parameters once every second), ané fast parameters (17 parameters once every

half second). An additional five segments are reserved for documentaticn
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Continued
informaticn from the FDEP. Thus, a total of 135 of the available 200 segments
are presently utilized.

Limited input data compression is accomplished in the electronic intar-
face for the switch closures. The 26 closures can each he represented by a
1 or O and each switch need not be assigned to a separate word. The switch
information is actually packed into three data words and logic is provided in
the software to isolate and extract the individual switch stute.

Analysis and Deta Displeys

Several forms of output are provided for the Test Bed Program AIDAPS,
Current display of any parameter value is provided by the FDEP, The FDEP
displays the parameter number requested by the user and the voltage equivalent
of the! parameter. Documentary data such as aircraft and/or engine number
may also be entered into the computer via the FDEP., The MAAP provides 3
incremental counters and 64 message indicators. The 3 counters documerit the
flight duration, the number of recorded frames, and the number of engine
steady state frames,

The number of MAAP messages was determined by reviewing the initial
diagnostic diagrams, assignment of tentative messages, ard then providing some
growth capability. This procedure resulted in 64 indicators which were
activated on demand at the end of the flight to indicate the maintenance action
which would be required.

The development of the logic necessary to activate the MAAP indicators
involved one noteworthy step. The initial flights indicated that many
messages were being activated. Subsequent investigations revealed that

spurious fluctuations of various parameters had occurred due to normsl aircraft

5.4
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t ansienls resulting in the generation of erroneous messages. An interim

change vas initiated to separate the transient from the true maintenance

action requirement. This modification involved counting the total number of
incidents for each MAAP indicator, comparing this number of occurrences with

the number of flight frames, and then activating only those indicators which
had been enccuntered for a significant portion of the flight. The initisl
selection of the number of incidents required to activate any one message
indicators was 25 percent of the total flight. This percentage is not fixed
and subsequent analysis has indicated that a value of 10% could be satisfactorily
employed. Analysis also indicated that certain logic groups are of a sufficient
degree of severity to warrant a message activation for any single limit
exceedance. One example of a critical diagnostic group involves the rotor
overspeed and unde-~speed alarms., Improper operation of this warning system
would have a significant impact on the aircraft safety in a deployed situation.
A relatively minor modification is available to incorporate both of the

message activating approaches into the MEU,

He2.3 Output Frame Composition

The tape recorder is & seven track digital recorder. This means that 7
bits. of data (1's or 0's) are recorded across the tape and the tape is in-
cremented a fixed step between bytes (one byte is seven bits). One bit is
used as a recording check (parity) and 6 bits per byte are used for data.

An actual MEU data word consists of 16 bits but only 12 of these bits are
used for each parameter value, Thus, two tape hstes are equivalent to each
parameter and the program logic locates t.e proper word half and supplies it

to the recorder in a timely manner.

5-5
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The AIDAPS output frame to the recorder incluwdes the 260 words of the
input frame plus 3% docusentary words for & total of 237 words or k75 tytes.
The 37 documenteary words include frame identifiers, counters, timz, and test
information. The recordirg rate is haraware clocked at 300 bytes per secord
and a total time of 1.580 seconds is required Cor eech frame. Tnis allioes
420 millisecords between frame. for blank tape which is used as an inter
record gap (IRG). The IRG slso serves as a logical frare separation.

Conditions for Engine Anajysis

The proper analysis of & complex system suchk as a2 gas turcine engine
requires that the effect of random variables on the analysis be minimized
as much as possible, This requirement was recognized in establisbing
ground rules for the AJDAPS anelysis and led to the imposition oif three
requirements for acceptabilitr of the engine date.

1. The engine must not be analyzed in a transient operating condition.

2., Care must be exercised so thet non-lirear engine characteristics wili

not generate false data,

3. The effect of engine to éngine variations on the analysis must be

examined and minimized if significant.

These considerations are discussed in some detail in subsequent para-

graphs,

Engine Stendy State Criteria

Extensive vackground in the development of turbine engine controls has
demonsirated that the transient operation of an engine can significantly

effect the diagnostic results. For instsnce, the occurrence of a high

5~6
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dicative of the encrgy availatle £o zccelerate the ergine. Some nethod of
nininizing the effect of tremsient perfcrmence was then reguired in the

AIDAPS system, Aitempls to include the transisnt chearscteristics wouid heve
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resulted ir an exirsmely coxplex eangine model which woild not hz2ee been
econcxical. Tests were ther established 10 isvifte cnly the stesdy state
corditiors and ther reviewed for validity,

The ipitial siezgy-state criterie w2s establicned based o knowp
engines parameter chevacteristics such as opereting renge 2ud respogE§e iine
in corjunction with the sampled dstz securacy and the sempled fresuency.

These criteria were:

-

i. Tre ges turbine uncorrected speed (E;) readirgs withiv & 2 second

recording frame must not Giffer by =ore Than 160 RP¥,

e I T e R R e

2. Tke uncorrected mein rotor speed (ZR) singls frame sw2rzged vaiue,
irust be greater than the wmininum rormal flight limit of 2565 BRPM
specified by Beil Helicopter Co.

3. The corrected shaft horsepowsr {SHP,} wust be grester than iS¢ 5P
to eliminste autorotation conditions.

L, The corrected averaged velue of exhaust gas temperature {TTgr) betwme:
adjacent recording frames mist no® exceed 2.59R.

The steady-state criteria optimization was performed using the 5-13-Ti

(AM) flight of aircraft ¥o. 17223. This flight was selected because the

flight plan had included extremes of zircraft operation (i.e., high rate

climbs ard descents) in addition to normal flight patterns used to obtain
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ras path steady state data. The resulting gas path data obtained from this
Tlight and processed on the HS IBM 370 computer is presented in cﬁmputer

plot form in Figures 5-2 through 5-6. In these plots of compressor discharge
pressure, compressor discharge temperature, fuel flow, shaft horsepower, and
exhaust gas temperature, minimum, maximua, and averaged values are plotted at
the mid-point of ten (10) By, speed windows.

From these results, it was concluded that the percentage spread between
the minimum and maximum values (at constant Ny.) of Wp, SHP, and Trg was
unacceptable, A detailed evaluation of the flight data showed that the Tr9
data spread was being caused by the engine's slow thermal response charact-
eriscics (i.e., for large and/or rapid changes in collective pitch setting
transient Trg data wes getting into the gas data). '

The final steady state criteria accrued represents the optimal compromise
between the desired steady state criteria and the number of gas path data
points necessary to perform a good gas path analysis. This criteria is pre-
sented below:

1. The gas turbine uncorrected speed (F}) readings within a 2 second

recording frame must not differ by more than 200 RPM.

2. The gas turbine corrected speed (Njc), single frame averaged value,

cannot differ from an adjacent frame averaged value by more than 100
RPM,

3. The uncorrected main rotor speed (Np), single frame averaged value, must
be greater than the minisum normal flight limit of 295 RPM specified by

_Bell Helicopter Co.
| 5-8
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L, The corrected shaft horsepower (SHP,) must be greater than 150 HP.
». The corrected exhaust gas temperature (Trgc), single frame averaged
value, cannot vary by more than +2,50R in 60 seconds (or between
fremes if the time interval between frames exceeds 60 seconds).

Plots of the gas data measured parameters for the 5-13-71 (AM) flight,
using this steady state test criteria, are shown in Figures 5-7 through
5-11. ‘The table below shows the relative improvement in data scatter that
was obtained. The scatter band percentages have beer based on the average

baseline curve for each measured parameter.

MAX, SCATTER BAND (%)

Initial Final
Pgs 2.0 1.0 .
Tr, 1.5 .75
Trg k.0 .75
Wp 10.0 k.25
SHP 9.75 5.0

Studying Figures 5-7 through 5-11 shows that the averaged value at a
particular speed window was shifted by as much as 1.0% on SHP: between these
two steady state criterions. This indicates that even a more stringent steady
state criteria is desired. More stringent driterias were evaluated, but the
reduced amount of steady state data was unacceptable for a gas path analysis.

The maximum scatter band percentsgea for WF and SHP, although they
appear large, are not excessive by statistical analysis standards. The 1 sigms
standard deviations are 1.1 and 1.9%, respectively.

5=9
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Fnrine Baseline Characteristics

The fundamental approach to engine analysis involves comparing the
present engine condition with the performance of a good engine. This requires
ihat a baseline characteristic be defined such that deviations from the base-
line are then indicative of the engine health. The question then arises with
regards to the resolution of the baseline curves. Typical T53-L13 engine
characteristics were derived, and a study of this data indicated that an
adequate definition could be obtained using four straight lines to approximate
the curves. The usable power range was then defined by these four pnwer
windows and flight data collection was initiated in each of the windows. The

power ranges for the windows are:

Window Horsepower Comprzssor
Range Pressure Range P /3,
1 1100 to 1400 9k  to 106
2 770 to 1200 82.5 to 9k
3 470 to 770 71 to 82.5
L 250 to 470 59 to T1

A separate slope and intercept was cstablished for each power window and
the need for elaborate curve fitting algorithms was eliminated, The date was
actually collected as a function of compressor pressure ratio as indicated in
the above table., The validity of collecting data as a function of either
pressure or horsepower is developed in Section 6. Compressor pressure
was selected as the base parameter for the AIDAFS Test Bed Progrem because

of the ease in measurement,
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5.2.4.3 Engine Variability

The baseline characteristics of turbine engines have a strong impact on
the credibility of the analysis. A significant engine to engine variation
will generate false conclusions when compared with nominal characteristics.
This variation for the UH-l engines is quite large and, when combinkd with
the conservative degraded parts selection, resultel in the need for individual
("customized"”) engine baselines. These baselines for the engines encountered
during the AIDAPS program are presented in two sets of figures. The four
flight test engines are presented in FPigures 5-12 through 5-16, and the six
final demonstraticn engines are presented in Figures 5-17 through 5-21.

A study of the baselines for 10 engines provides an interesting insight
into the detection problem. These curves reflect a reasonable variation between
engines, However, the engine to engine variation is quite significast in
evaluating the health of the engine. The actual engine variations and re-
sultant degree of uncertainty of the implicit or calculated parameters are
tabulated in Figure 5-22, These variations of the implicit paramesters |
are quite large and are unacceptable for a reasonable diegnostic system.

Thus the need for accurate individuel baseline characteristics is established
in order to minimize the degree of uncertainity of the results and to obtain
proper and timely diagnostics.

Adaptive Recording Control

Adaptive recording was provided as s means of major data compression
during a flight. This technique was employed as a method of obtaining critical
data without accumulating an unwieldly mass of background information. The
following tests were devised to initiate recording:

5-11
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Continued
1. Record once each minutes or
2. Record vhenever 10 erceedances of the total of 135 limits were encount-
ered in a frame; or
3. Record all valid gas path frames as defined by the steady state tests
oy paragraph 5.2.4 and record typical frames as steady state engine
conditions are being approached.
These tests then compressed the large amount of information available
on & flight into a meaningful flight history.
Periodic Becording Mode
The ability to record at least once every mimute provided the means of
monitoring individual sensor operation. These records were then examined for
proper parameter values as a check on the system.
Limit Exceedence
The recording of every frame for which 10 out of 135 limits were encountere
served to document critical operating conditions. The value of 10 limits was
an arbitrary selection and can be adjusted either up or down in a deployed
system,
Stesdy Stete Conditions
All data frsmes which satisfy the engine steady state conditions are
recorded for subsequent ground analysis, This step . . provided in order to
proper}y document the flight for additionsl software review and/or modification
The recording of typical frames as steady state conditions were being
approached was provided in order to aid in documenting the flight history.

These frames then provided the data base used in establishing the proper engine

steady state tests,
5-12
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Fiight Profile Definition
An important requirement of any development program is to obtain defin-

itive data at controlled operating conditions. A desired flight profile for
the AIDAPS missions was eatablished to satisfy this objective. This profile,
as presented in Figure 5-23 defines the desired speed settings and the time
at each condition as well as pertinent data which should bes noted. The
exact sequence is relatively unimportant in this profile since the MEU logic
is established to isolate the power conditions without regard to time. The
factors which were important include maintaining constant airspeed and con-
stant altitude, at each N;,. Nj, is celculated as follows: % Ny, = %N,
Indicated + Ny T; from curve. It should be noted that this desired profile
was only generated as a guideline for the Test Bed Program, Valid data can
be expected from normal missions, and the need for special dlagnostic
flights in a deployed installation is not indicated.

5=13
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the primery dxta processing in 2 deployed AIDAPS vill occour in the a2ir-
torme processor, in this case the MEU. Ground processirng may be desirable
for some cosmercizl -epplications but is mot 2 feasible :eguirement im AIDAPS.
However, ground provessing wes employed in the Test Bed Program in order to
clarify the test bed developmerts. This section then discusses the typical
software programs whkich emsbled the developmeni ol 2 succescful AIDAPS coxn-
cept.
AIDAPS Airborme Software Discusision

The gereral recuirements Jor the airborpe progran were discussed im
peragraph 5.2. The following steps were inclnded in the airborne program
anmi are {ypiczl of those logic groups which would be recuired in 2 deployed
situation.

1. Initializetion Test (once per spplication of power)

2. Parameter Inovut Secuencing (once, parsmeter each 10 m sec)

3. Parameter Outp:t Sequencing (one frame/2 sec)

4. Mechenicel Iinit and Logic Testing (as required up to orce every 10 msec
outputted at erd of flight)

5. Gas Path Deta Coliection (once per frame)
6. Gas Path Pnalysis (once per flight)
/. Haintenarce Action Display (once at end of flight)
A flow diagram of a typical ATDAPS airborne program is presented in

Figure 5-24 to clarify this discussion.
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».3.1.1 Initialization

The first lycations of memory are reserved for troubleshooting. These
locations are exe:: ised. only during a power interrupt or as the result of a
prograse logic erver. ‘‘he latter feature is useful in checking new programs
but is ot encounterec: during normal flights. The logic then functions wken
power is turned on t¢ wpply proper tension to the magnetic tape, initialize
counters and subroutiy: entries, ari clear the FDEP., The logic then synchro-
nizes on the 10 millisccond pulse (ref. paragraph 5.2.1) and decides what

type of action is requisnd. Possible actions at this stage include recording

one byte il the frame is not complete, initialization for the next frame of
either inputs or analysis if the flight is finished, or program termination
at the end of the flight #ni data analysis. Definition of a completed flight
is accomplished via a pushiitton on the FDEP which changes the data collection
routines to data analysis rw:;tine.

“.3.1.2 Parameter Input and Data Prccess Sequence

Tne proper input subroutine for each parameter is selected, the data is
brought into the MEU and stored, and the digitization process for the next
parameter is initiated. The logic flow then divides into two branches, Gas
peth analysis is done only during those times that recording is not required,
otherwise two more bytes of data are recorded. Finally, the mechanical limijt
and logic tests sre run on cach parameter as received, The MAAP digplay is
energized at the end of I1light test as indicated by the status of the DEP
switch based on number of logic faults, The program then cycles back to the

ten millisecond pulse logic and repeats this cycle.
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5.3.1.2 Continued

The mechanicsl limit and logic tests are basically small, table driven
routines. This means that & few general logic routines are used for all
variables, The number of tiie parameters to be tested, the type of tests,
the limits, the lamp number for the MAAP, and any special features are
condensed into small tables., These values are extracted and expanded at
the proper time to control the logic routines. This approach was utilized
in order to minimize the memory requirements. A more complete discussion
of the actual mechanical logic is not required for a basic understanding of
the airborne program., The complete logic is documented in Section 6.1.

%.3.1.3 Data Entry Panel Input Routine

An interesting input subroutine was devised for the FDEP, Data may be
displayed by activating a DISPLAY button and entering a parameter number from
1 to 200. Panel data may be stored for recording by activating an ENTER
button or recording may be initiated using the EVENT button., Finally, re-
cording will be initiated if a given number of 1imit exceedances have been
detected. The panel routine returns directly to the 10 millisecond pulse

logic because the subroutine is entered only when recording is not required.

5.3.1.4 Gas Path Calculations & Logic

Detailed gas path derivations and discussicns are beyond the scope of
this section and are presented in Section 6.2. A general review includes
data analysis during the flight end logic at the end of the flight. The data
analysis includes steady state tests, tests for the proper power condition
(window) and evaluation of the parameter variation from a pre-established

baseline. The logic includes noise elimination, calculation of the implicit
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engine variables from the explicit or measured parameters, and the detailed
rras path logic. Finally, the proper MAAP messages are activated and the
program returns to the 10 millisecond pulse logic from either the collection
or analysis sections,

AIDAPS Ground Data Analysis

The ground data analysis consists of two segments; on site data
review and remote analysis,

On-Site Data Review

The on-site data review is accomplished in the Mobile Office and
utilizes the DDP 116 digital computer. Data is read from the 7 track
tape one frame at a time and stored in the computer. 'The parameter values
may then be printed in engineering units on the ASR-33 teletypewriter. A
typical frame is shogn in Figure 5-25. A brief perameter functionzl check
may then be conducted to isolate and correct for any sensor malfunctions in
a timely manner. The 7 track tape is then sent to the main Hamilton Standard
plant for a more critical analysis.

Remote Data Analysis

The remote data analysis is accomplished via an IBM 370 Model 155 Digital
Computer. A general flow diagram of this process is shown in Figure 5-2 The
7 track tape is first edited to eliminate noise and supurious data and two 9
track IBM compatible, image tapes are generated. These tapes contain uhe
good airborne datea with the digitized deta converted back to volts. The
second or safety tape is obtained in order to maintain data security. The

airborre sensors and electronics have been periodically calibrated and this
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data iz supplied to the computer via punched card input. The main functions
ol ithe computer program are summarized in the central block of Figure 5-26
and will be discussed in more detail in subsequent paragraphs. The output
of the program is the printed data, gas path analysis plots, and data cards
for the TREND program.

Ceneral IBM 370 Program Discussion

The principsl function of the computer program is to reduce the data
from the flight into an effective summary. Several major steps are outlined
in Figure 5-26 and discussed in the remaining paragraphs of this section.
The first step is to convert the tape data from airborne computer volts
back to the proper engineering units. The individual frame data may te
printed as specified by the programmer and sample frames are shown in
Fipures 5-27 through 5-29. Each page represents one 2-second burst of data
and includes the frame number, time from the start of flight, and other
documentary information. The gas path parameters are printed on the left
side of the page and depict the four values in a frame under the parameter
title. The twelve values of the exhaust gas temperature ring are printed
in a column and generally separate the internal engine parameters from the
external perameters (embient temperature and pressures) and mechanical para-
meters. The mechanical parameters include the titles and readings (1, 2, or
4 values) immediately to the right of the title,

The center of the frame page is devoted to switch closure information,
Each switch is interrogated twice in a 2 second frume (slot 1 and slot 2) and

may be either a 1 or a O to designate an open or closed position. The third

5-18
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column at'ter the switch idertifier is the aalfunction code which is also
either a 1 or 0. A malfunction would be detected in the switch parameter
if the slot values agree with the malfunction code. Normal operation is
obtained when the slot readings are the complement of the malfunction code.

The final portion of the engineering unit page is a listing of average
frame data and the gas path data as corrected for ambient pressure and temp-
erature variations.

The second step in the computer program is the mechanical logic tests
as discussed in Section 5.3.4. The results of these tests are summarized
and printed at the end of the tape analysis as a diagnostic message. The
average values of pertinent parameters are also stored for printing as TREND
data.

Gas Path Analysis is the remaining portion of the computer program and
consists of those steps discussed in Section 5.3.5 including steady state
tests, baseline comparisons, implicit variable evaluation, and diagnostic
logic. The outputs of this step are the diagnostic message summaries, tabular
gas path data for detailed review, and plots of the critical engine parameters.
These plots are especially useful in appreciating the data because the results
of an entire flight can be quickly observed. One example of this usefulness
is discussed in paragraph 5.2.4.2 with regards to the engine steady state
test definition. The parameter plots revealed a large and unacceptable vari-
ation which was subsequently traced to an insufticient stability test.
Engineering Review

The final step in the ground processing is the engineering review and

analysis of the flight data. The complete data printout must first be reviewed
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: for rational operation of all sensors. Current dats and diagnostic informe-
tion is then analyzed to confirm that the analytical technique is ccrrect.
Program revisions have been made &8 required to improve the analysis. These
changes were incorporated into the flight software where reguired. Finelly,

the information is summarized and filed for future reference.

5.3.3 Detailed Program Discussions

The AIDAPS Test Bed Program encomparsed several disciplines which can
be discussed individually. These arees include
1. Mechanical diagnostics (Section 5.3.3)
2. Gas Path diagnostics (Section 5.3.4)
3. Prcgnostics or Trends (Section 5.3.5)

The individual logic routines are discussed in the appropriate sections
as indicated above,

5¢3.3.1 Mechanical Diagnositcs

f The basic mechanical diagnostics approach which was derived from several

sources includes establishing reasonable 1limits for the important parapsters,

K
limit exceedance tests on these parameters, and then confirming the resuits of
the 1limit test by the investigation of related pavameters. Thus redundant

F checks will establish whether a simple inspéction or a full replacement is

required.

The mechaniceal logic definition had two other goals., First, the logic
must be adaptable to the flight moce. Complicated cross checks, logic tests,
and limit interdependencies for each parameter would rapidly use up the

available computer memory and would result in an impractical system. Second,
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the amount of installstion and associated herdwere implicstiozs must be
within the scope of the basic AIDAPS progras. These goels were then
employed in reducing the mmber of potential cardidate peremeters to 2
reasonable definition of the critical copoments.

The assistance of the Bell Helicorter sma Awco Lycoming were actively
sought in fulfilling the above stated goals. The goverment furnished date
which included the Bell reports * end other merusls which were helpful in
defining the initial parameter limits and dependencies. The diagrostic
logic tree, which is discussed in detail in Section 5.3.3.2, was ther estab-
lished. A review of this logic by Bell representatives was valuable in
refining the diagnostics for the airframe area of concern. The Lycoming
data package assisted in defining the engine mechanical relationships.

Some aspects of both the Lycoming and Bell diagnostics had to be deleted
to arrive at a practical system for the AIDAPS goals. The compressor
operation was deleted as being redundant with Gas Path Analysis. Similarily,
kot starts and low cycle fatigue are very long term effects which would not
be encountered in the relatively short AIDAPS program :-xposure. Thus, both
data packages were edited in order to obtain a reasonsble demonstration
approach to airborne diagnostics.

The finalized limit values are presented for each parameter in Table 5.1.
Certain limit revisions were required as additional informetion on the heli-
copter operation became availarle. Examples of the limit changes include the
AC Essential Bus Voltage and the Hydraulic Pump Temperature Rise and Bypass

Flow. The initial voltsge band was increased from 5 to 10 volts to agree with

¥Bell Helicopter Technical Reports No. 299-099-520, dated 1/30/70
and No. 299-099-521, dated 2/12/70.
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the Intest meirtessoce imstructioss. The Pydreciic terjerstivre rise wez
increzsed from 30 to 50 degrees sl the leskage fiox frar 0.13 %o Q.55 zm»
to refiect the mcomsl zemy operztion &5 ~onpered with the coerziico of 2 oex
pap. The lower limits were determimed to be screpisbie culy for 2 new pomp
ir a test stznod checkout sod wonld kheve resgifed im cootimal pamp regizce-

mert without czuse.

iicated the need %o re-examire the Igwer REmit
of the DC Essential Bus. ZAcdfitiomsl azircraft powr Cemzndis beve resaltad
in this voltsge bteing & to 5 volt below the lower limit witk sztisfectory
operation, This indicstes thet the lower limit could be reduced frar 5
to 25 volts.

In summary, 2 rezsonzble effort was expended ip devising, checking,
revising and irplementing & workable approzch to mechzaicel disgmostics.
Tre —esult of tids effort is the detailed logic tree 25 presented in
Section 5.3.3.2. Tkis diagnostic logic was irccrporzted into toth the air-

borne and ground software programs and the results are discussed in Sections

6.0 and 7.0.

Detailed Mechanical Diagnostics

The mechanical diagnostic logic which are used in the airborne and
ground based programs are identical. The actual logical flow diagrams and
maintenance acticn messages are presented in Pigures 5-30 through 5-39 and
a detailed discussion will be presented as the final portion of this section.
A brief overview of the Hamilton Standerd approech is now presented to improve

the uncerstanding of later discussions.
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3.3 5.7 cTontimaed

The mecksxizel messoges, M tirongh W7, are Listed fim Pigxre 5-37 sad
z2re refererved 3y the logir disgraws of Tigres 5-I0 throrgh 5-3B. The first
27 messages pertein to the exgime 8xd are the reszii of & series of ifwit
excesdsore tests. Hsch test is showr im 2 Block saf the logic filow follows
the “yes” or "mo” bwemch depending cr tke results of the test. For exrmmgplie.
messsge 2 «i12 Be activeted omiy if the followimg comditices exist:

Besring #2 pressre (B2P) must exceed B psi emd eitrer bearing #2

tespersture rise must exceed 220°F ar beering #2 mrst keve ckip
imjication.

The logic for mess2ze M3 cz2n te writlten zs:
Engice 051 Tewpersture grester then 250°F
emd
eitker besring tewperature rise grester tihan 220°F
or
both besring temperature rises grester than 220°7.

Review of the engzire diagrostics shows thet most pessages requize 2

double exceedance to activate or flag & message. A similsr technigue spplies

to the geer box logic for me<ceges M18 tnrough M?1 in thet 2 single exceedance
require an inspection while two exceedsnces require & reroval.

The logic for the hydraulic system (MZ2 through M25), the fuel system

(M26 through M28), and the electrica? system (M29 througn M32) is direct and

self evident. The transmission logic generates messages M33 through Myl.
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The Borfe for MBS throoph NGB wes deriwed tAromg® disrussioms «itih SeRd
regresectiztives and Ziimstiretes the degree cf fpclstine yifeh mpy oo citximed.
This Blork ofn detect ® Bad temperstinre suftcn (MG5) or tRe oSl cocler tZermeld
walve (MGE) ar 2= cistrurted il cocler (M37) or pocr e cperstiom (MGE).

T fimel st of lggic is direclied tomsrds the roicr speed wermimg system.
Tee irtersi fere is mof o Goplicsie the presezt slzrm systenm, alfrough $iat
oould eesily be acoomplisited, Exi to check for proper cperalicm of tie
werricg systen. This Iogic gererstes messsges if e zndfc or vismel =izwme
zre oo Izcorrecily or sre oot aciiveted wheo recxired,

The B211 Eliccpier Conpesy reporis referenced in Seciion 5.3.3 inciofed
2 procedare for estimeting the effects of creep, low cyele fziigne, a2nd
thermel shock om the 1ife of zoe engine tixbimes. These Tomeiions sre zlsp
incorporated into a2m "Brgine Uesge Indicetor” Geveloped oy the Aveo Iycoming
Ergine Compeny. Yoe appliczbility of this herdwere cempormernt was considered
in the ipiti=l data reviews but wes sutzecuently deleted 2s being oot sppliczbdle
in the scope of the Test Bed Progrem. The reesces for this deletion zre
presented in the following paragraphs.

The basic bardwere compopent developed by the Awvco Lycaxming Compeny
consists primeriyy of emelog function generation ard integration circuits
which in turn activate three pechenical counters. The functions implezented
ir this cozponent are within the capabilities of the airtorne MEU srnd the
basic Lycoming unit was thus not regquired. However, the mechenical counters
were purchased in anticipation of & software implementation of the hot end

functions and diagnostics.
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9.3.3.5 Comtimued
The Eycaning ot Znd Anelysis consists of thmee geiersl tesis =5 =
function of eximust ges tespersture (20T), grs grofucer speed (), =3 tae
cammges fm esch. These tesis then esifmste the following toriime comPitf wme:
1. &eep;
2. Low Cycle Fetigue; =3
3. Thermed Shock.

The tiree tesis are esch discussed im seperste caragraegis. Tee rerioss
linits 2o weits aere definmed By Ipoamimg &3f extrected frar fope~dix 2 of
the refererred Gell repcris.
mircte cr wen (ke tolal exposore excesds 200,000 wrmits., Thiz creep rzie
wold ot occwr wztil stesly stete coditioms of 1GR%E 25 1600°R are
encouztered. These conditioms were rot experienced in the Test Sed Program.
The totzl exposure of 200,000 units would reguire either wery losmg operztirg
tinmes or significarnt enginme deterioretion, neither of which were erncousntered.
For instance, gleedy stete operction et 90% ¥; an3 2600°% would mecessitate
over 1800 bours of operation to sccummlate the totzl expssure of 200,000 uxmits.
Thus creep did rot appear to be & mejor cardidzte for the Test Bed Prograr.

¥einteperce 2s & function of low cycle fetigue is recuested when its
accuwuiated index exceeds 45,000. The index is 2 function of the ckanges of
H; and EGT and a large suxber of bot starts would have been required to
reach the exposure ipdex threshold. The index for 2 speed change of 100%
end an EGT change of 17C0°R is only 11 units and 4OOO sterts of that severity
would have been required to exercise the logic. Thus low cycle fatigue was

not a prime diagnostic candidate for the Test Bed Program.
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Mefntiewprre 88 8 resuit of therwel shock wes recomrendied awtex fts Sottsd
imlex exreefed 30,000 writs. This imfer fis = Minesr ftnekiom o the rete of
ciaage of Z5T euf kes & sispe of 6 writs per 100 degreesfoeromd.  fhme
sgoroxinetely S000 Itrge sccelereticns woxld keve beem required to evercise
this logic. This megritode wes siso juiged $o be beyomd iz scope of the
Test Bed Frogram.

In samery, the Fot End Amelysis Tertricoe 25 octlired im frpemdiz A
of the Bell reporis wes reviewsd im Getzil sad wes Suiped to e beyomi the
srope of the ATDIRS Test Bed Frogran. The besic zprroech is w«ithin the

cEpEpility of the ATIUTE MEE 2nf ooois D Izcinied I & e-polEciice

systen to resclive the remelicing issmes if $0 Sesired. The mejor Tovescived
iszoe is whal exprszre imdex shotild be msed follcocwirg the orertezl of 2m
engine, This topic stould be Irvestigsied Dy the ezgine mp-rfectrer pricr

to toe preprodortion activity.

5-26




s
s
e

IRAINTIERA

Fi) FALOR IR P THE HERY

oyt

Ay

ok S e e A

Hamiion U __ HSER 6006
Re

Standerd

Yoiame 1

.3-5.2

Cas Petl: Zos awfs Broprem

Toe deriveting of the tauic aonlyticel fecimicwe snd erpizsgtiom of tre

frateneris] rrimeicles fmclived ic Ciscngred fm Sectiom 6.2. This sectiom
dizexrres tfe applicaticn of tie terfrimne $o 4Ee sirtcrme system. The e

of #x IBK 30 oaprier 25 2 dereloopent axd werificaiicn tool for tie Test
Bed Program i1l £lso Be docimerted alffoeph tihfs compoter iz rof regoired im
& dexloged sitcatice.

Bpiliefit 2ad Imlﬁgiﬁ: Paregeiers
Xime ensire s*imﬂsmew.meéfm&&e%@as%@mﬁgsﬁs.
These sigmals are zmbiert prestore and fempersicre, conpressor éischerge
sressure 2of temperzivre, fel Ilow. povwer Lirbine ftorooe, extEest g=S
temperaizre, z2ad g2s profeer &0f power Trbice speeds 2s disxsseE in
tica k.G, Tiese mezswred peremeters zre fhez combired to Zore 6 explicit
exgine prraneter ratiss:
§, = B/2%.7
8, = T;m/539.
53¢ = P53/ 8,
Tpc ~ %’3-/ 6,
Wge = #2/8,0,
SHP, = OzNz / 6,\/3-,
e = Wﬂ:
Trge = T'fg/ 6,
The Gas Path Apzlysis then used Pg3c as the independent veriasble to
define ths baseline values of TT3C’ Wpcs SHP., Hy,, and TT?C so that the
percent variations of each measured parameter ratio could be evaluated. These

known or explicit parameters ivere then combired to calculate the status of %he
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inplicit. exzice Resith ss defimed by the Jcllowing $ix persmeters:¥®

au, = compressar Sirflow; SHOTE: See Sectiz 6.2.2
Afe =  compressor efficieccy; plnglieir
2235 (ar m_,@) = gas prodocer turdine sres; ﬁ;ﬁm
ARr = g5 producer Turbice efficiency; "‘::fﬁ.&‘:’;.m
AN PT = power turdire efficiency; and

ATz = txYine inlez temperatzre,

AAa=~M?§=pwermbﬁem'

The dizgnostic logic is {hen based on these implicit evaluetices as discussed
belgws

Este Cpilectiom

A flow disgrem of iie comdietle gis peth arnslysis is presernted in Figure
5-EG and the disgrostic messag=s zre tziuisted in Tsble 5.2. Tre dats is first
converted io engineering units znf then the 6 explicit engire psraxzeter
retios =sre evelusted. The enzice steady stete tests as discusseé in psregraph
5.2.5.2 zre then conducted. Tre frame of éats is ignored if the engine is
not in steedy stete or ia sp acceptsdble power window (refer to parzgraph
$.2.5_3 for windov éefinition). If stesdy steie tests are satisfied, values
for Tyac. M) .. Wre, SHP, 8nd Tpge sre calculsted as & function of Pg3c &nd the
irdividual veriation of the actusl date from the respective predefined beseline
valees is evalust=»i. These 5 varistions, ATp3, AN, AW¥Wpe, ASHP, and

A Tpge (obtained <irectly irom measured signals) and thus explicit deltas
are then investizeted to se2 if they have exceeded reassonsble tolersnces. If

any sensors are suspect, tris step completes 8 dats collection segment of the

progrem and data analysis mey comzmence.
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. 5.3.5.3 Dsta fralysis

The dets analysis consists of evaluating the health of the engire and
idertifying the reguired maintenznce action. The varietions of the §

explicit veristions are syrptoms of the engin? hesith. These five explacit

deitas are then combined to identify the variations in six implicit engine

peremeters:
AW, -= compresscr airflow;
Al = capressor efficiency;
AE; = gas producer turbine area;
AMT = 8g8s proGucer turbipe efficieacy;
AA, = power turbine area; and

A Tps5. gas producer turbine inlet temperature.

The required maintenance action is ther. dependent upon these 6 implicit
varistions. The first series of diagnostic tests are directed =t the gas
producer turbine: Variations in nozzle aree and turbine efficiency may result
in either inspzction or replacement of the turbine rotor or nozzles. It is
also pcssible to distinguish between closed or coked or eroded nozzles.

The next test is brief and identifies power turbine problems. A more
complete analysis and diagnosis would be obtained if the pressure and temp-
erature between the two turbines could measured.

The next mejor series of tests involves compressor airflow and efficiency.
A deterioration of either parameter will result in & warning or caution
message. Sufficient degradation of bo:th parameters yields the conclusion that
the compressor rigging needs adjustinz or that the compressor should be re-

placed,
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Continued

The final series of tests contain two branches which are dependent on
the results of the preceding analysis, Fuel flow is examined if no fault
has been: detected and turbine inlet temperature ( A.TT5) is examined if a
fault has been detected. A fuel flow deviation, with no other diagnostic,
would reflect v.ther a sensor mslfunction or a deviation in the associrted
burner hardware. The opera:ion of the fuel flow sensor is investigated
during the preliminary analysis steps as previously discussed. The fuel
flow deviation is then indicative of the health of the burner nozzles,
liner, and diffuser. The turbine inlet temperature change is examined to
define the need for an overtemperature inspection. The need for this in-
spection is based on an extrapolation of the data obtained during normel
engine operation at moderate powers. If the turbine temperature is high
at moderate powers it will probably also be high and exceed its fixed limits
if the engine controls requested a transient high power condition. This
high temperature diagnostic is thus inferred from rormal flight conditions.
Diagnostic Limits

The diagnostic limits which are shown in Figure 5-40 as L1 through L8
are quite rlexible and may be adjusted as desired in a production system.
Fixed limits of 25% for L1, 2.5% for L2 through L6, and 5% for L7 and L8
were used in the Test Bed Program because of the conservative approach used
in selecting degraded components., These limits would be much larger in a
production system and may even vary with the particular engine, For instance,

two new engines may exhibit an airflow difference of 10% as discussed in
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b.3.4.9

Continued

paragraph 5.2.4.4, The diagnostic limit for the better engine would then be
10% higher than that imposed on the poorer engine. The Gas Path Analysis
thus has sufficient resolution to isolate the multiple degradations commonly
produced by normal wear and still incorporate normel engine to engine
tolerances,

Ground Processing Diagnostic Investigations

The IBM 370 computer was used as a development tool in the Test Bed
Program to examine alternate applications of the diagnostic technique. This
flexibility was provided to improve the confidence in the final application
as to the proper method of diagnosing engine health condition. Several
alternate approaches were investigated as outlined below with the indicated
results,

The individual frame data was e¢xamined to de.ernine if a2 arithmetic
average for each signal was correct «r if a statistical "wild point" technique
was required to improve the data cred:+itity. This comparision exhibi: =4
little difference between the two sets of data and demonstrated that the
simpler arithmetic average could be employed.

A diasgnostic analysis based ou an average of all valid frames in a given
flight was compared to the same analysis of individual frames. This comparison
confirmed that the analysis based on the average of all valid flight frames
would yield proper results and tended to minimize the effect of odd frames.
These odd frames were produced by the normally noisy environment and because
an absolute steady state test cannot really be defined as outlined below,

Analysis of individual frames could thus result in improper diasgrostics,
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The engine steady state tests as described in paragraph 5.2.4.2.were
refined on the IBM 370 computer. Perfect-steady state tests, or a test for #
absolute stability, would require that a condition be unchanged for long
periods of time which is an impractical requirement. The combination of
reesonable steady state tests and averaging an entire flight then tends to
minimize the effect of individual frames of data which are collected during
the approsch tc steady state.

A disgnostic analysis based on an average of all valid flight frames
was compared with the analysis based on the average data in each power
window. This comparison confirmed that multiple power windows are required
to define the baseline characteristics and that an average set of variations
for the entire flight would yield acceptable diagnostic results.

A comparison of the analiytical results using baselines as a function of
campressor pressure (Pg3/§,) and compressor speed (Ny/ ﬁ' )} indicated that
the use of pressure ylelded somewhat better results. The use of speed as the
independent variable tended to amplify auny inherent noise in the system through
the action of the steeper baseline characteristics.

Thus the IBM 370 computer served as an effective development tool in
refining the Gas Path Analysis techrique. A commercial computer such as the
IBM 370 is not a requirement for a production AIDAPS system because the
diagnostics can be accomplished in the helicopter. However, such a computer
may be desirable at the depot level if elaborate history files are to be

meintainei on an entire fleet of aircraft, v
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5.3.5.2

AIDAPS Trend Program Discussion

One objective of the AIDAPS Test Bed Program was to examine the helicopter
engine operation for long term trends and to investigate the effectiveness
of this tool in extending the time between engine overhaul (TB0O). The two
UH1-H helicopters which were used for the Test Bed Program had tail numbers
61011 and 17223. Helicopter 17223 was devoted to collecting data for the
trend analysis and helicopter component changes were not introduced into
this aircraft., The planned part changes of AC €101l prevented data accum-
ulation for any significant operating time with a fixed hardware configuration.
Thus the flight date obtained firom AC 17223 has been utilized exclusively for
the trend analysis.

Trend Data Collection

The initial flight objectives were established in an attempt to collect
data for every hour of flight. The accumulation of time on the aircraft was
found to be very slow under this procedure and revisions were initiated in
order to more rapidly accumulate aircraft time. These revisions included
longer cross country flights and even some overnight flights. Data collection
flights were then initiated every 10 to 20 hours of ajrcraft time, However,
the total data exposure for this one aircraft was only 245 hours which is
approximately 25% of the current TBO for the UH-1.

Trend Parameters

The parameters to be included in the trend data were limited to those
parameters most indicative of the helicopter capability. These parameters

and their respective trend limits are presented in Table 5.3. The gas path
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parameter limits were derived by Hamilton Standerd and ‘reflect the present
estimate of deterioration at which .an ovefhanl shouid be ini;iatéd. Ii must ¢
be noted that a firm basis fbr thegg limits has not been established and that
more long term data is réquired.befbre a.ﬁmoductiod;tipe limit can be defined.
The mechanical érend limits were extracted from éhe Army furni§hed Beil
Hélicépter reports which are referenced in paragraph 5.3.4. _ i

Trend Analysis

The trend analysis program utilized the data oﬁtained from. the IBM 370
programs in order to pro?ide the capability of developing a.ternate analytical
approaches. The current trénd pr?gram consists of two diﬁtinct portions as
discussed below: - | |

1. Data Collection and Averaging; and

2. Data Anmlysis

Data Collection and Averaging

' The data collection and averéging prograﬁ functiong to compact the valid
information féam'a flight int& the average value for each parameter of interest.
Valid information :for this‘prc:fém includes that data which has sqécessfuly
passed the steady staﬁé tests which were discussed in péragraph 5.2.4.2. The
result of these steady state tests is dépicéed in Figure 5-41. The first
sketeh (I) illustrates a pogsible flight and includes both the steady state
deta and transient data. This transient data has been shown to produce

erroneous results, and the elimination of it produces the data get shown in

Sketch II. The previcusly discussed data collection then results in the
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elfective values of Sketch III. The initial portion of the flight is deletec
because it is outside cf the desired powsr windows. Thus the stea’y state
tests also serve to compress the large amount of flight date into & meaningful
measure of the helicopter operation.

The data collection program was established to isolate the valid data

as a function of the four power windows discussed in Paragraph 5.2.4.3 in
order to allow an evamination of possible trends as a functicn of engine
power conditions. Very little steady state data was obtained in either the
high or low power window and most of the stable conditions occurred between
500 and 1000 horsepower. Subsequent discussions with Bell Helicopter
representatives and analysis of the engine capabilities revealed that the UH-1H
helicopter engine produced more power than required for the Yest Bed Program
loads. The extreme power ranges were only encountered during high velocity
climbs and moderate velocity descents, respectively, and neither of these
operating regimes are engine steedy state conditions. The minimal data in
the high and low power windows was then too scattered in time and quantity
to be useful in the trend analysis.

Thus the result of the data collection program is a measure of the parameter
values, the time of occurrence in the flight, and the number of wvalid data
points in each flight for each power window which was encountered.

9.3.9.3.2 Analysis Program

The primary objective of the trend analysis program is to extend the

current data and predict when an overhaul will be required on any component.

Three questions are immediately raised in the prediction process.
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1. Whol type of curve should be used to extrapolate the evailsble date?
2. Wuat is the proper point in history for the data?

3. Are the effects of unusal flights considered properly?

These questions are considered in the following paragrapns.

The best curve to be utilized in the prognosis should be obtained by
monitoring the trend of many helicopters on a long term besis. This could
be accomplished by establishing a data base during a pre-production program.
However, this date was nct available and alternate approaches were investigated.
The current technique perpits a first order approximstion to most curves
without an elaborate curve fitting algorithm., A series of straight iines are
used to fit the data as shown by the examples in Figure 5-42. This figure
assumes typical trend curves and shows how three straight lines may be used
to approximate the data. The technique thus utilized the most recent data to
predict short term trends (time span 1), the next eldest data to predict
noderate trends (time span 2) and the oldest data to predict long term
trends (time span 3). The time spans selected for the Test Bed Program were
20 and 100 hours for time spans land 2 respectively. Any data over 100 hours
prior to tlie current aircraft time was used in time span 3.

The second question in prognostics concerns the proper point in history
for the date., This question was of secondary importance in the moderate and
long term trends but is important in establishing the short term trends of time
spen 1, The trend program utilized the aircraft age at the start of a flight

(hours since overhaul) and the time into the flight at which the data was
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encountered to define the actusl time since overheul st which the dziz wss
* obtsined. Tas data which is obtained during the first 3 howr of ome 3 howr
flight end durizg the finell hour of the next 3 howr flight wes (and should

be) analyzed using the ectus) time differentizl of 5 hours rether thzn the

f artifical time of 3 hours (the flight duration).

The third guestion invoiving the treatment of unusuml fligits wes resolved

by documenting the nurber of velid frames of date in each power window. A

flight with few velid frames could then be considered as urmususl if tie data

disagreed with the many valid frames which occurred in the fiights before ard
after the unusual flight. Documenting the mumber of valid frames then allowed
the effect of unusual flight on the normsl trend to be minimized.

The final trend anﬁlysis program includes the previously described
steps as presented in the flow diasgresm of Figure 5-43. The program first
reads new dete into span 1, 0ld data is shifted to the next span if the
time spresd in a span exceeds the desired time. The process is continuved
until all available data has been assigned to the proper time span and power
window.

All data now exists as effective values for each parameter &t four power
conditions and 3 time spans. A linear equation is then determined for each
parameter-power-time span set using the least squares fit approach. The data
and trend lines are then plotted in order to graphically present develcping

trends. The derivation of the generic trend line equations is presented in

Figure 5-lh,
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Pirslly, the trend lines sre ecuated to the presert mmlfurction Rimits
ani 2 totsdl effccii= life for eszch perapeter is defimed. This life is the
intersecticn of the trerd lime &nd the perameter limit, of Table 5.3. This
time wonld tken be useful in schedling meintensnce since it is the time st
which a disgnostic would be encourtered. The actuzl meinterance action to
be performed would be obtsined from the disgnostic logics of paragraph
5.3.4.2 for mechanical pasrameters and paragraph 5.3.5.2 for g2s pzth
paraneters.
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* .0 STCRATIES ERFIATTION AND AMRIYSIS OF FLIGET DATA
@1 Introdurtion

This section is mrimerily concerred with sppliying the dzts obizimed
Furing the flight phase of the Tost Bed Ercgram, The werificstiom test
results sre documernted in Sectiom 7. Results of the G2s Path Analysis, 2zd
2 derivation of the hasic amelytical technigue, zre presented in Sectiom 6.2.
Mech=nical diegrnostic logic results, which include the comiritutions of
Avco Lycoming BEngire Compeny and Bell Helicopter Compeny, zre presented in
Section 6.3. Sectioe 6.4 documents tihe results of the vibratioz amzliysis.

.2 Tne Cas Petn Analytical Technigue

.21 A full epprecietion of the Gas Path Analysis Technique reguires thet a basic
understending of the engire signels utilized pe provided.

A schematic rendering of the AIDAPS engine is presented in Figure 6-1.
The station designations are as indicated, andi the gereral gas flcw path is
indicated by arrows. A brief discussion of the parameters which are utilized
in the Gas Path Analysis is presented in the following paragraphs.

.2.1.1 Engine inlet total pressure (PT) was measured at the sircraft probe. This
would be the same pressure that exists at station T ard includes the effects
of airspeed and altitude. Pressure Pr is a referencing parameter used to
compensate for varying air density.

.2.1.2 Compressor inlet temperature (T7)) was measured at station 1. This temperature
is 8 referencing parameter used to compensate for varying air density and

to correct the internal engine temperatures for non-standard day conditions.
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6.7.1.3

6.2.1.5

6.2.1.5

6.2.1.6

6.2.1.7

6.2.1.8

6.2.1.9

Corpressor disciarge pressare (Ps3) wes messured st ststion 3. This presscre,
1n conjumctica witi: Py, is & meesare of the presscre rstic Delrzg deweloped
by the compressor sl thuzs the genersi power potential of the erginme.
Compressor pressure rstic (Pg3/Pr) is wsed ss the indepesdent peramster in
estsblishing ergine beselire charscteristics.

Compresscr discharge tempersture (Tr3) wes meesured st stetiom 3. This
tempereture is importent in defining the thermodyrenic efficiency of the
compressor end the ges producer turbine efficiency. Temperzture Tp3 exeris
2 secouniery effect on ithe turbine inlet temperziure ani twrbine zres czlceul-
ations.

Bngine fuel flow (Wp) was mesgured st 2 low pressure point between the fuel
tanks and the fuel controX. Fuel flow is & meesure of the erergy z2vaiizble
to the power plant and exerts a strong effect on camspressor zirflow apd the
turbire ereas.

Exhaust gas temperature (Trg) was measured at station 9 using the thermo-
couple F*ing which is inherent with this engine. This tempersture is required
to develop the thermodynemic efficiency relationships irn the engire and has
a major influence on all other celculations.

Gas producer speed (N1) was measured at the available sircraft tachometer.
This speed exerts a major influence on the coampressor airflow evalustions.
Power turbine speed (N2) was measured at the available aircraft tachometer.
This speed is required to convert the measured torque to shaft horsepower.
Power turbine torque (@ o) was measured using the torquemeter which is in-

herent with this engine. Tcrque and power turbine speed are used to recalculate

€-2
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6.2.1.9 Cormtirued
steft horsepower wrich bhes 2 stroog effect inm defirmimg tZe power turbine
efficiency verietions. Sheft horsepower hss 2 secondsrr> (Tut not negligible)

effect on toe other exgine calealations.
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(.2.2  Gas Path Anmlysis

A primery objective of the AINIPS program is to eveluste the stete of

= mechonical heelth of the eirfrane powerplant, In e gernerel sense, the engine

vy be viewed 2s being comprised of accessory equipment, rotatioral meckeni-

cel eguiprent, and energy converting gas path elerments. The accessory equip~

LS £ AP R AR

zment include such elements as the fuel control, fuel pump, lubricetion
systen, ignition system, hydraulic power system, and engine air bleed system.

‘The rotetional mechanical equipment includes the verious gear boxes and

LA FARIAR

transmission elements and the maln engine bearings. The gas path elements

include the compressor, the burner, the gas generator turbine and tke free

sapues

pover turbine, Program treatment of the accessory and rotatiopal equipment

is dealt with in Section 6.3 - 6.5, and this section will confine itself to

AT Ly 1)

a theoretical consideration of the gas path elements., The actual implemen~

Lesatids

tation of the techiaique 1s presented in Section 5.3.

The paremeters available to use as a basis for judgement of gas path

TR

relative heclth ere vardous corrected temperatures, pressures, fuel flow,

3 engine speed and output horsepower as outlined in paragraph 6.2.1. As a

i generality, differences in these parameters from their expected values can
be used to infere.uticlly determine which ~lements of the gas path have under-

5 gone distress, or departed from thelr initial or expected condition. The

: key word here is "inferentially"; it must be stressed that any parameter in

itself is not directly indicative of faults in any particular element. For

N B

(Gaie

§ example, at any glven speed a change 1n compressor discharge pressure does

Ty

not necessarily mean there 1s a compressor fault, The change may be because

of a combined compresscr and turbine fault, or due to a turbine fault alone,

N 2
Pyt o Beeiay

6-4

Y

]




Hamlltonmo,mg_,,m“ HSER 6080
Standard Volume I

Continued

The primary independent variables of the gas path are the compressor
air pumping capaclty and efficiency, the burner efficiency, the gas geners-
tor turbine inlet nozzle area, inlet temperature and efficiency, and the
power turbine inlet nozzle areas and efficiency. These implicit parameters
are not directly measurable but can be derived from various measurable

explicit dependent variables.

Fundamentally, the parameters being measured are dependent variables
whose absolute values depend on the absolute levels of all the primary in-
dependent engine variables. Concomitantiy, changes in the primary but
unmeasurable Independent variables result in changes in the measurable
dependent variable. . Therefore, any diagnostic system which hopes to isolate
ga: path faults must be capable of interrelating changes in the dependent
measurable parameters to changes in the independent unmeasurable parameters,

A flow chart showing the Hamiliton Standard approach to this problem,
used in the AIDAPS program is shown in Figure 6-2. Iooking at this chart;
since the approach is based on interrelating differential changes, the first
task is to gather base line data in the useful power range on the parameters
to be measuced. On the T53L13 engine the corrected parameters available are
N1/ VeI, T;/61, We/ 6181, HP/61VE], To/6) and P3/ 6. As shown in Figure
6-2, the first five parameters are stored as functions of P3/ 61.

If there were no engine-to~engine variation among new production line
engines, the stores baselines for all engines could be & single set of
nominal baselines, In point of fact, new engine variabillty is of the same

order of magnitude as the deterioration changes being sought; and, therefore,
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Individusel custom baselines of the particular engines in their "new" state
must be stored. At any point in time after the engine has been used or
abused (Installed Time > 0) measurements are repeated on the aependent vari-
ables and the differences calculated between their respective baseline values
and present state values at the measured value of IE/;GJK These differences
are used in an interrelationship matrix, explained subsequently, to determine
what changes 1f any, and in whatever combinatior, have occurred in the basic
independent parameters., The ability of Gas Path Analysis to sort out multiple
faults is a key advantage over previous techniques such as a fault coefficlent
matrix. If there are any changes in any of the independent varisbles, these
are put through & dliagnostic loglc routine which then ennunclates the probable
causes of the fault or faults and the action to be taken,

From the preceeding, an obvious requirement for successful diagnostics
is a means to interrelate changes in measured variables with basic engine
faults, The most widely known prior technique in the industry relies on
measuring changes in the dependent variables and comparing them with tables
ci pre-calculated expected deviations in these parameters (fault coefficients)
for various possible engine faults to determine the statistically most
probable single fault. The obvious shortcomings of this technique are that
is 1s often statistically and thLormodynamically possible to have multiple
faults occurring wherein the effects of one fault will mask, cancel out or
confuse the effects of the other fault on the chosen parameters, and that it
is mathematlcally and thermodynamically possible for a set of multiple faults
to have an undistinguishably similar effect on the chosen parameters as a

totally unrelated single fault,
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Tie importance of this probiem becomes obvious when it Is realized that

multiple faults must occur in a physical system such as a turbine engine. A

pronerly designed system will experience a relatively uniform wear in all

components (compressor, turbines, burnmers, etc.). A single failure of a
corponent m3sy occur due to unusual damage conditions but the general tendency
will result in continual wear of all components. Thus the diagnostic system
must isolate the multiple faults which will commonly occur. The new concept
for Ges Path Analysis irplied in Figure 6-2 has been previously developed
by HBexilton Standard and applied to the AIDAPS program permits the simutan-
eous evaluation of ali possible primary fauvits within the gas path.

A fundamental premise of the H.S. concept, as stated above, is that the
measureble engine parameiers are dependent variables, changes in which, at
any given power and rlight condition, are brought ebr~ut by deviations in the
fundamentally independent component performance parameters. Using the
techniques found in "Gas Turbine Engine Parameter Interrelationships", a book
published ®y Hamilton Standard, 1t can be shown that a general influence
coefticient matrix may be written for the TS3Ll13 engine defining the set of
di:ferential equations interrelating the various engine performance parameters.
Looking at the major parameters of interest, it would be of the form shown
in Table 6.1,

The means to use this general matrix to perfom gas path analysis is
as follovws:

1, As previously mentioned, gather and store engines steady state base~

lines, over the operating range of interest, of Nl/Jbl , T3/Gl,wf/ 51913’,
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2) At any point in the engine'slife, operate the engine in stesdy state,

at any flight condition and at any arbitrary power condition within

the baseline range, and remeasure the corrected perameters of step 1,

3) At the measured value of P3/¢, compute

ONy /0

- (M/J6;) measured - (N1/.6;) base line

M 1

(W /Jo,) vase line

and similarly for the other corrected parameters.

L) Let the measured corrected quantity differences be called

oN/Je, =xa; 9T3/1 =xb; gWe/ 6187  ==xc
m/Je Y We/ 61917
OHP/51J01 =xd; 8T9f6y  =xe
P/ 61 o1 ECH
5) Extract from the general influence coefficient matrix its pertinent
elements,
Per %
Change In Ny /Jol
Changs T5/01 (x2)” I'n ne nbv A5 nt npt
T3/0y = .129 Th6 202 -402 0 =202 .028 0
P3/é1 = «397 2.299 621 .,087 0O =621 087 0
we/ 61607 = 1,518 1,782 482 ,365 1 .518  =.072 0
HP/§1J61 = | 2.233 2,703 731 1L.778 O  .,269 1,548 1.0
T9/6; = J00k  ~.484  ~131-,031 0 .131  -.261 -.153
An = ~1,097 1.849  ,500-1.347 O  .500 -1,450 0

6-8
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6)

The nmumerical valuks shown are for a medium power condition

(P3/5. = 78 psi, HPPT 25 750). The engine nonlinearities would '
: ]

- introduce only minor second order:'differences in these coefficients

_at other power conditions.

This matrix represents a set of <ix differential equations in terms
of six kncwns and ei,ght unknowns., To make this solveable, recognize .'

!

the following:

i |

- a) : Actual § b variations rarely cccwr and even then tend to be

negligible, Purnex 'prol;lems are more likely 'tc‘a manifest
themselves'as variations in the downstream temperature pro=
file and can be'détected‘by the profile shown by the EGT rakes.
b) Power turbine nozzle (An) @ping or burning and 4 pt varia-
tions will 'a.ccompa.ny ee.lch other. As a good firét approximation
- let | » pt change = -An change. Although this coz;responden‘c:e
will not ev.l‘ways1 be exact, at .least the faults will be isolated
to the propér c@p&nent. Mc;re precise evaluation of the exaci';

changes would demand measurement of at least ‘one more parameter;

for instance, P7/ d 1, the inter-;turbine pressure,
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7)  The rearranged matrix in its specifically used simplified form there-

fore is:
T
hohenge In | .2 ;1 op A5 py opopt

J29 202 «402 -,202  ,028 0 =xb ~ 46 x a
.397 .621 L,087 ~.621 ,087 0 = 2,299 x &

1.918 U482 365 .518 -,072 0 =xc - 1,782 x a

2,233  L731 1.778 .269 1.548 1,00 = xd - 2,703 x a
.90"'> -0131 "'0031 0131 -.261 -0153 = xe + oh&" x 8

©1,097 .500 =~1.347 .500 =1.450 O =~ pt - 1,849 x z

3

TR

e
4

T

Py

P

T TN SR errryC
SATIOT AL P S AL A SR L SR B

¢z

A S e N A

VA RIS

i3

IR
N X

8)

This now represents a solveable set of equations.

By matrix inversion, this ma*rix may be inverted to form the following

simple set of equations, which are solveable by the basic operations of .

multiplication and addition:

% Change In

xa . xb

Xe xd xe o
T5/0y = 0 b5 -.151 151 .89 | =ya
= -3.700 =~,007 1.3%0 =.340 =2,225 = yb
Ne = 0 -2,325 0 0 0 = ye
A = ) 0230 1.266 =,219 =1,740 = yd
Nt = 0 1,936 .162 175 -1.061 = ye
npt = 0 J063 =1.234 699  1.529 = yf
An = 0 -.063 1,234 -,699 ~1.529 =yg = =yf

The change in any unknown is simply the arithmetic sum of the multiples

of its "b" coefficients times ithe measured knowns.

6-10
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9)  Thus, by measuring the changes in five corrected parameters at any
arbitrary compressor discharge pressure, an evaluation has been made
of the precise changes in all of the thermodynsi..c' parameters of
interest, and the physical parameters which cu..iributed to these changes.

Note that there is no need to measure actual air flow or high turbine

inlet temperature - parameters which are traditionally very difficult
to measure - yet the precise changes in these parameters from their

baseline values have been evaluated. Although the change in turbine

o 2 A O A NG g

inlet temperature may be evaluated when operating below maximum engine
conditions, this change will be a direct measure, ignoring very minor
secondary effects, of how far.over turbine inlet temperature the engine
would be at high power lever settings where the fuel control would call
for the engine to inferentially operate at the maximum turbine inlet
temperature for a new fault-free engine,

Since the column headings of the original influence coefficient
maxtrix (Table 6.1) are now completely defined, it follows that the
change in any other internal gas path parameter may be evaluated, if
this should prove of interest for any purpose.

Precise values of the matrix coefficients vary somewhat with engine
operating condition., Therefore multiple sets are stored covering
contiguous operating ranges or "windows", and the proper one chosen

during operation to correspond with the P3/6 1 of the operating point.

6-11
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10) To summarize:
a. At any arbitrary engine operating point, as defined by the measured
compressor discharge pressure P3/5;1, changes have been measured in
Ni/j61 = xe T3/0; = xb Wr/ 81617 = xc HP/§ 1 JO, = xd
Tg/01 = xe
b. At the operating point the changes have been evaluated in
T5/61 = ya r;=yv e = ye As = yd
Nt = ye npt = yf An = yg
and, if desired, any other thermodynamic parameter.

As mentioned previously, the baselines are plotted as functions of P3/6]_
and the changes in the other parameters ars all computed as the percentage
difference between the,actual measured value and the baseline value, taken
at the constant measured value of P3/ é 1+ The nature of thermodynamic
corrected parameters is such that the baselines legitimately may be plotted
as a function of any of the corrected parameters, and the measured changes
calculated at the constant value of the chosen abscissa. An eppreciation:
of the choice of P3/§ 3 may be had by examination of the "Fault Coefficient”,
Table 6.2. By definition the fault coefficients are the magnitude of the
changes that will take place in the measured parameters, at a constant value
of another specified measured parameter, in response to a 1% change in the
independent six parameters, taken one at a time, For example, in response to
a single fault of a 1% fall off in compressor efficiency, T3/Ol will increase

0.59%, P3/§ 1 will increase 0,42%, fuel flow will increase 1.92%, etc., com-

6-12
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pared to their baseline values at ccnstant Ny/J@;. Also at constant N/J6,,
in response to a single fault of s 1% fall off in gas generator turbine

efficiency, T3/0; will increase 0.15%, P3/§ 3 will increase 0.46%, fuel flow

will increase 2.55%, etc.

The fault coefficients are shown for baselines plotted as functions
either of Ni/J61, P3/81, We/ §16,Y or HP/8; 4/o;. At first glance the
tables appear to be a collection of random numbgrs of arbitrary sign. How-
ever, upon closer study several unique observations may be made about the
constant P3/§1 table:

1. If only Ny/ J6; increases and all others remain constant, then com-
pressor pumping capacity has decreased.

2, If there is any change in T3/Ql, there is at least a compressor
efficiency problem, even in a multiple fault situation.

3. If only fuel flow increases and all others remain constant, then burner
efficiency has decreased.

4, If fuel flow, horsepower and T9/Ol all go down, there is a power
turbine problem,

5. If there is a large relative increase in horsepower and fuel flow

of about equal magnitude in each, there is a gas generator turbine

problem,

6. If there is no change in T3/Ol but changes in the others, then there
is a hot end problem,
7. If the only changes are a decrease in horsepower and an increase in

T9/61, then power turbine efficiency has decreased.

6-13
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In the event of a single engine fault these uniquenesses can be used to
fortify the diangostic answers provided by the Gas Path Analysis, which of
course can handle either single or multiple faults.

Beyond this uniqueness another advantage of using P3/ 81 as the plotting
abscissa is the relative gains of the various resulting parameter -rves.
For example, when plotting parameters as a function of N;/\f6;, the ~esulting
curves are all relatively steep; therefore any small error in reading
Np/ J61 will be magnified several times in the calculated error or change
in the parameter. These same parameters plotted as functions of P3/6;L
exhibit considerably reduced slopes (reduced by the magnitude of the slope
of the P3/§; vs. Ny/ J6; curve); therefore calculation errors are considerably
smaller than the corresponding erroes using N1/~fé. In view of the atuve
reasons, it was felt advantageous t; use P3/6J_as the plotting abscissa.

Thus proper application of the Gas Path Analytical technique will permit
isolation of the condition of the engine to a degree which was heretofore
not previously available. This technique can also satisfactorily accommodate
a wide range of "new" engine variations. For instance, consider that the
airflow range for any engine may vary from 90 to 110% of = many-engine average.
The diagnostic limit could then be established at -20% for the poorer engine
and -40% for the best engine with the result that maintenance would be required
when airflow deteriorates to 70% of the nominal average. The full life of
very good engines is thus obtained without producing a dangerous situation

in "poor" engines,
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6.2.3 Gus Puth Diagnostic Results

[ S

0.2.3.1 Test Cell Anulysis
The data obtained during the Phasa B test cell runs yielded encouraging

results. Certain component signatures could be identified and the effort

was useful in readying the hardware for flight tests and in refining the
software application of the analytical techniques. However, these refine-
ments have resulted in obsolescent data and the remsining discussions will

concentrate on the subject of primary concern; i.e., the flight data and
analytical results,

0.2.3.2 Phase D Flight Test Analysis

6.0.3.2.1 Signature Identification

This section will discuss those tests in which known degraded parts
were implanted in four engines for signature identification purposes. A
discussion of the verification tests including results is presented in
Section 7. The degraded part tests included 10 totel engine gas path tests
on the above L engines. Five transmissions had discrepant parts installed.
Additionally one maladjusted fuel control was tested. The 5 transmission
tests utilized a nominal engine and the engine was not subjected to a detailed
analysis. This seme engine 1E16522, was utilized in the fuel control tests.

The implanted fuel control malfunction attempted to alter steady state
and transient performance, This was done by adjusting the fuel control
pressure regulator and speed droop cam. The steady state errors did not
significantly effect the engine operation because of the inherent closed loop
control reset performance. Thus, the fuel control pressure regulator adjust-

ment had little effect on speed in steady state because the fuel control
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operates on n closed loop governing droop line. The power turbine speed
droop cam change is also corrected by the control operation. The attempt
to diagnose any transient fuel control malfunction was not included in
the Test Bed Program. A significant increase in the digital processor

memory requirements would have resulted if the fuel control schedules

were duplicated in the AIDAPS digital processor.
; The remaining 10 engine tests included one set in which the digital
processor was not functioning properly, and one set with inadequate hardware
! and software definitions., Thus a total of eight tests were available for a
' detailed gas path analysis. These tests included both degraded gas path
components such as nozzles and a turbine and non-gas path components such as
bearings. The intent here is to demonstrate that discrimination can be
obtained between the two types of malfunctions.

Baseline Analyticel Approaches

The three anslytic approaches which were used in the detailed analysis

involved modifications of the baseiinc definition and the data set to be
employed. The flight test data was analyzed using baseline data as a function
of corrected gas producer speed (Ny/y/6;) and corrected compressor pressure
(Ps3/6;1). The test cell date taken prior to installation in the aircraft

was also used to clarify the flight test results., A certain amount of

random scatter was noted in the flight test data. This scatter was produced
by both normal noise snd by a non-ideal steady state test. In either case,

a deadband was investigated as a means of minimizing the effect of this
scatter. The deadband was employed such that only perturbations in excess

of the band were used to define the malfunction. The results of the diagnostic
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investigations are summarized in Figure 6-3. This table lists the inserted

camponent (and engine number) and the results of each analysis. Each block

lists the detected mslfunction in order of severity.

6.2.3.2.3_Good _and Bad Parts Discrimination

One {est of the diagnostic system involves the ability to distinguish
between good and bsd parts. This test was successful in that the imbedded
bad bearings were not detected as gas path melfunctions. (Bearing diagnostics
are discussed in Section 6.4 on Vibration Analysis.) Two of the four turbine
problems were also properly diagnosed as defective turbines. The other two
turbine malfunctions were not detected by either the flight test data or by
using the test cell data. This leads to the conclusion that the degree of
degradation was not sufficient to register as a firm malfunction, Finally,
the compressor flight test did not register as a degraded compressor. How-
ever, this test was conducted during an early period of hardware and software
ad justments and may well have been detected if it had besen repeated after
complete system development.

6.0.3.2.4 Test Cell and Flight Data Comparison

A comparison of the flight data analysis and test cell data analvsis
is useful in appreciating the diagnostic resulits. This comparison indicates (Fig.6¥
that the conclusion are essentially the same, with the above noted compressor
test exception, and that multiple deviations were detected in several instances
when only single malfunctions were expected. Tne validity of the airborne

diagnostics and data is thus confirmed by the test cell data, A detailed
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tubulation of the actual parameter variations is presented in Figures 6-k

through 6-7 on a per engine basis. The five measured or explicit parameters

are listed for a speed or pressure baseline along with the resulting calcu-

lated or implicit variables, One fact that is apparent from a study of these

tabulations involves the degree of severity of the degraded parts. Very few

deviations exceeded a +5 percent band and most were within +2 percent of the

[aret DTSR

baseline for that engine. The "no problem” band for the implicit variables

was +2.5 percent which is a very tight band. This indicates that a conser-
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vative approach was followed in the s-lection of degraded parts, and that

gror

acceptable performance could be expected from the system as further deterior-

y AR
SO

T2 ation occurs,
* x

The actual differences between the test cell and flight data variaticns

SRzl
L

are attributed to several causes. First, completely different instrumentation

43

and data collection techniques were utilized., Second, the baseline and bad

P
i oS

part runs in the test cells were not generally taken in the same cell. which

W
RO

introduces an unknown instrumentation error. This area of concern was

minimized in the helicopter installation by using a consistent sensor set es

s R T AR

much as possible. Finally, very few steady state points were available in

the test cell data, The AIDAPS MEU averaged data throughout a long flight in

Gt

order to perform its analysis.

? (.2.3.3 Gas Path Trend Data Analysis

2 6.2.3.3.1 Geperal Background Information
5 The change in trend data collection flights, as outlined in paragraph

5.3.9.2, resulted in data sets obtained at intervals of 10 to 20 aircraft

sty
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hours. Short term trends are not presented for this reason. Moderate term

trends (in the 100 hour time span) yielded 1little information and the major

results to be discussed include all data in the long term trend.

A XA ARG

The actual trend results are presented in Figures 6-8 through 6-17.
Figure (-8 illustrates the number of data frames which were used from each
flight, This information served in conjunction with the parameter value and
Lime to define the trend lines,

(1.2.3.3.2 Measured Parameter Trends

The five measured parameter trend plots are presented in Figures 6-9
through 6-13. The plots for fuel flow (Figure 6-9), horsepower (Figure 6-10),
and exhaust gas temperature (Figure 6-11) illustrate reasonable results. The
fuel flow which is required to obtain a given pressure condition should in-
crease as engine wear occurs and the power which is produced would also be
reduced. Thg rising exhaust gas temperature is indicative of poorer
efficiency and is consistent with the horsepower and fuel fluw trends,

The data on compressor discharge temperature and gas producer speed
(Figure (-12 and 6-13, respectively) illustrate barely discernible trends.
The most probable conclusion is that no trend has developed in these two
parameters at this time,

The estimated life of these five parameters has not been evaluated,

The five measured parameters are symptoms of an event and it is more correct

to analyze the event rather than the symptom,
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6.2.3.3.3 Calculated Parameter Trends
The turbine inlet temperature (Figure 6-14) illustrates a trend which
is similer to the exhaust gas temperature, i.e., that increasing temperatures

are occurring. However, the shallower inlet temperature slope indicates

that the hot exhaust gas temperatures and less efficient turbines. The

trend limit for Tr5 is epproximately +5%. The trend line would then intersect
this limit at 4240 hours, The conclusion from this long estimated life is
that cnly an initial deterioration has been encountered.

; The gas producer turbine is characterized by the nozzle area and
efficiency plots of Figures 6-15 and 6-16, respectively. The nozzle area

is increasing which indicates that nozzle erosion is occurring and the turbine
is becoming less e:fic1ent Preliminary trend limits of 120% for turbine

area and -15% for turbine efficiency result in a life estimate for the gas
producer turbine of 2900 hours (2880 hours for nozzle area and 2920 hours

for turbine efficiency). This conclusion also indicates that only an

initial wear pattern has been established.

The power turbine area trend (Figure 6-17) exhibits a somewhat steeper
slope than the other turbine parameters and thus results in a shorter estim-
ated life. The aircraft time to reach a 20% deterioration at the indicated
slope is 1670 hours. The explanation of this shorter estimated life involves
the number of parameters which could be measured as discussed in Section 6.2.2.
The proper analysis of the power turbine would require instrumenting the
pressure between the turbines which was not practical for the AIDAPS Test

Bed Program. The parameter plotted in Figure 6-17 thus represents both the
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aren and effictency of the pover turbine. The ges producer turbine ares

aai efficiency detericreticns of 20% and 155, respectively, sum to 35%
which, if ceed 23 the zliowzhile power furpine detericration, yields an estim-
afed Dife of X530 hours. This 1ife then tendz to indiczte theot the power

terbime 2rd g2e prodocer burbice sre deteriorsting at (e seme rate.

Tre plots of compressor temperature (Figare 6-12) and g=s producer speed
(Figre €-13) inmdiczte thet mo merred trend hes Geveloped in either parzpester.

There tan peremetiers sre the meiar factors in oomoressor efficiency and adr-
iz 28 thos oo Ziwve trer? w2 iZentifizble in fhese criculztioms.

6..2.3.3.% Tete Dizpersiorn

The zteriord erxor of ~silimete for the lezst sgrmeres fiicing 2lgoritom
=3 ereicates to ottzin 2 messure of the dzfs dispersion z22d resuifed inp the
forlowing esiineted 1ife taxds.

Zerepetsr Iinit RAverzee Iife Min, IEfe Mex, iife

57 5% B250 bxs. 3550 kws. %630 rxs.
4z 2% 23 txs. 2650 Fms. 390 brs.
ANT i5% 2010 trs. 270 bxs. 3030 mrs.
AL, 35% 2£20 brs. 2730 trs. 294D Ers.
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The limits for the gas producer turbine area (A As) and efficiency
(47 T) of 20§ and 19%,respectively, were tentatively assigned utilizing
engineering judgesent and the limited information ohtained during the
test program. The nozzle aree variation (4 An limit of 35%) was set
Jarger becmsuse an additional measurement is required to differentiate
petween the power turbine area and efficiency (Eeference Paragraph 6.2.2).
The fipnal 1imits in a production system will include a more extensive
data tase and approval of the eugine manufacturer.

Toe intent of tne above iable is to illustrate the quality of the
éata by estimeting the zverage life as outlined in Figure 5-4k and tnea
displacing the average trend line to intersect the highest éata point
for =inimm life and the lcwest data point for maximmm 1ife, The
estirate cosponent life in howrs then varies fraz # 9% for 4 T5 to + kP

for Ain ard ingdicetes that the data dispersion is a~csptabie.
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Analysis of Mechanical Diagnostics

" The derivatioq of the &tﬂal mec_:_hanic&l log‘;Lc and information 'wiiich was
1'xsed in defining th-e d.iagngstic limits is presented in Section 5.3. In
genei'al, the degraded parts, exclusive of ‘any gas path or vibrational
characteristics, did no produce & decisive diagnostic message. The lack cf
a diagnostic output is attributable tc several possible reasons:

1. Sensor malfunction; - ‘

2. Incorrect limits;

3. Pa;:ts which were still serviceable; or

L, Parts which reflect an effect rather then a cause of the malfunction.

Discussion of Results

Sensor malfunction was considered as a reason for the lack of a diagnostic
but was eiiminated from the -candidate list by confirming the sersor caiibration
ard by exchanging the .c;ensors between the two belicoplers. A simple re-
definiticn of the disgnostic limits would not make detect nn of thke degraded
mechanicel parts possible. The operating levels of the bad part parareters®
on AC 61Ci1 were essentially the seme as thet of good parsmeters on the tremd
gircraft, AC 17223.

Tre serviceabdility of tke irplented part rust certainly be viewed &s 2
candidste reeson for tke ipcorclusiveness of tite mechapicel disgnostics. A
conservetive epproack to ibe selectioce of degraedea parts was noted in both
ihe g25 path and vioration 2p2iysis effort. The cause znd effect relation-
ship shouid be exsmined clgsely. Consider z gser box dvrirg its norzai

opzration ¥hen tpr 0il evel decresses. Alditinnzl heat would thec

g
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renerated due to inadequate iubrication and chips would form and excessive
wear would probably result. However, the process is not generally reversible
and putting that worn part vack in a clean lubrication supply of the correct
amount should not be expected to produce high temperaturee or chips.

Mechanical Parameter Trend Data Analysis

The gereral comments regarding the gas patn parameter trends (para-
graph 6.2.3.3.1) are also valid for the mechanical paremeters with respect
to the time span which was analyzed and the mmber of data frames in each
sample (Figure 6-8). The actual mechanical parareter trend results are
presented in Figures 6-18 through 6-32.

Eiectrical System Parameters (Figure 6-18 through 6-21)

The four voltages which were monitored during the AIDAPS Test Bed
Program sre:
1. the starting battery voltage, Figure 6-18;
2. the AC essential bus, Figure u-19;
3. the AC instrument bus, Figwre 6-20; and
L., the DC essential bue, Figare 6-21.

These parareters exhibited modest trends buc fairly large dispersions
around the trerd lire, the;v fore, significant life estirztec are difficult
to meke. Tiis dispersion rould have been caused by loed (current) variastions,
and th2se verietions skould reelly te considered if accurste trendieg is to

be done. The egtizzted lifes ere presented below

T
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Parameter Life Uncertainty of Estimate
Btart Battery Volts 1400 hrs. 430 hrs.
e AC Essential Bus 635 hrs. +105 hrs.
} AC Instrument Bus 710 hrs. #160 hrs.
‘ DC Essential Bus 875 hrs. +100 hrs.
6:3.2.3 aulic System Parameters (Fi 6-22 through 6-2k

The three hydraulic system parameters which were monitored for trending

are:

1.  hydraulic pump leakage flow;

2.  hydraulic pump temperature rise; and
3.  hydraulic supply pressure.

The hzalth of the pump is primarily established by the leakage flow and
temperature rise and these parameters exhibited an estimated life of 670 and :
620 hours, respectively. However, the uncertainty of the datu, as reflected
by the tolerance band on the life estimate, is :65 hours for leakage ilow and
#175 hours for the temperature rise. Discussions with Bell Heliccpter
representatives also indicated that firm data es to what constitutes a worn
pump is not presently availsble, A large urcertain aree thue exists as to
the differences between a new purp end a failed pump. However, the flow and
temperature rise life estimstes are in reasonsble sgreement and illustrate
thet tlese paraneter: sbould be monitored to indicete the status of the
puzp.

Tre nydraulic supply pressure dets (Figure 6-25) exhibits a large

veriation and 2 low life evtimate of 3k0 bowrs. Bowever, the msjor dsts
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sets before 160 hours are in the range of 650 to 750 psi and those after 160
hours occur in the range fram 1000 to 1100 psi. This indicates that a control
setting adjustment may be desirable., The preliminery conclusion then is that
no marked trend has developed.

Fuel Pressure (Figure 6-25)

The fuel pressure data exhibits an estimated life of 950 hours. How-
ever, this life is strongly influenced by the data set at 230 hours which is
near the enu of the testing. The elimination of this point results in the
dotted trend line and a life estimate of 4820 hours. The longer life is a
more reasonable estimate but more flight data would have to be obtained and
be required to confirm the validity of the assumption.

Transmission Lubrication System (Figure 6-26 and 6-27)

The transmission oil cooler flow (Figure 6-26 ) indicates a nominal trend
towards increasing flow demand. The estimated 1ife to the diagnostic limit
is 800 i 260 hours. This parameter ard engine oil cooler flow should be
monitored in e pre-production system to clarify tnis initiel conclusion.

Transmission oil pressure (Figure 6-27) has been uniformly constant for
the Test Bed Program. No marked trend hes been established.

Transmission oil temperature has been significantly below the diagnostic
limit of 230°F and was coxronly below the calivwration range of the MEU which

was 100 to 300°%F. No data is presented for this parereter.
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6.3.7.6 Engine Lubrication System (Figures 6-28 through €-30)

€

: Engine oil pressure (Figure 6-28) illustrates a shallow trend with an

estimated life of 1550 hours. However, this life estimate has been increasing

as more flight data was obtained and the actual pressure has stabilized at

79.5 psig. Thus the most probable conclusion is that some initial wear was

R

encountered but no marked trend has really developed.

The engine oil temperature exhibited the same characteristics as
transmission oil temperature, i.e., the temperature was below both the
diagnostic limit of 250°F and the MEU calibration range or 100 to 300°F.

No data is presented on this parameter.

The bearing 2 temperature rise (Figure 6<29) exhibits an increasing
temperature with time. However, a large portion of the deta is above the
diagnostic limit of 2200F and therefore no reasonable life prediction can be
made. This does indicates that the bearing temperature differential should
be monitored in a pre-production system to more firmly establish the diagnostic
1imit.

The temperature rise across bearings 3 and 4 (Figure 6-30) illustrates
a trend towards higher temperatures. The estimated 1life to the diagnostic
limit of 220°F is 44O hours, but this limit may require revision depending
on the results of subsequent bearing tests as outlined above. It should
also be noted that very high temperatures at 27 hours resulted from a hes?-

ware nalfunction epnd were not included in the enslysis.
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6.3.2.7

Gearbox Temperature Differentisls (Figure 6-31 and 6-32)

The temperature differential between o0il and ambient temperatures
was monitored for both the 42 degree and 90 degree gearboxes. This data

is significantly below the 13090F diagnostic limit end no trend was estcblished
in the test bed exposure,

)
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!;.h Test Cell Program

The following paragraphs elaborete upon test cell instrumentation, as

well as the data analysis techniques and results,

PR ECNPPVY

S

A%

%

: 6.4,1 Vibration Recording Equipment

The vibration data acquisition and recording system used on all phases

PRI N

of the AIDAPS program vtilized an Ampex AR~200 magnetic tape recorder. In
addition, the system contained provisions for signal conditioning, amplifi-

cation, standardization of transducer signals, tape coding, and central

ﬂn"av‘ ENTIALTEA A2

control. A one-channel signal block diagram of the recording system 1s

R

W\

shown in Figure 6-33. The function of the various elements in the signal

v

path will be outlined in the following paragraphs. !

The diagram, Figure 6-33, shows a transducer connected to a device called

ST 455
(11 8 SR ey 2

a signal conditioner. Just as the name implies, a signal conditioner is used

AT B

to condition the electrical output of a transducer prior to amplification

and subsequent recording.

AR H e

This conditioning may consist of balencing a DC-excited full bridge trauns-

A
gl

E: ducer, filtering the signal from a self-generating transducer such as an

accelerometer or velocity pickup, or limiting or clipping the signal generated

ty & magnetic pickup used as & speed transducer.

L TLOr AU L WY

In general, ihe signal conditiorpers are not used to modify tke data

43 gt

such as integrating an accelerometer output t¢ ootain velocity or converting

i

an AC speed signal to record & DC snalog of speed., The primary fumnetioa of
the signal conditioner is to condition electrical signals to make them most
al_znable to good recording techniques.
F: Signel conditioners also select e standerdized source for electricel

E: stendardizetion of & recordirg chemnpei. The term stenderdize is used insteed

3 €-28
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of calibration because fixed measured physical quantities are not inserted
into the recording system as is dope when calibrating a device, The recording
system iz standardized by inserting signals equal to-zero and full scsale
recording level into the record system, On playback, the system is adjusted
for zero output during zero standardize and fuil scale output reference voltage
during full scale standardize.

The next block in Figure 6-33 is a pre-amplifier which is used to raise
the signal amplitude from low level transducers to a level compatible with
the input requirements of the record amplifier, Full scale output of the
pre-amplifier is +2,5V pk.

A record amplifier is a device wbich converts and prepares electrical
signals for optimum recording on tape. Both direct record and FM record
techniques are used.

The record head converts the electrical signals from the record amplifiers
into varying flux patterns on the tape.

Record System Implementation

Figure 6-34 is a photograph of the AR-200 recording system., To make the
various groups of equipment a working system with central control func#ions
and to make the system compatible with an automatic data reduction system, a
number of control functions and coding signals ere required. Figure 6-35
showe the major hardware elements of the tape recording system and indicates
the routing of the system control functions. This is also shown, in more
detail 2n Pigure 6-40. Priefly. the Tape Junction Unit (TJU) bouses the

signal conditioners, the Tape Pre-amp Cese (TPC) contains the signel pre-

«)
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6,4.1.1.1

6.4,1,1.2

Continued

amplifier, the Tape Control Unit (TCU) is the operationsl unit of the
system which provides the system control and coding, the record electronics
consists of the record amplifiers and assoclated power supplies, and the
Time Generator provides time and run number coding for the tape.

Time Generator

A standard reel of instrumentation tape (10-1/2" reel of 1 mil tape)
is 3600 feet long and represents a real time recording length of 25-100
minutes depending on tape speed. It would be a difficult task to locate
areas of interest on the tape during playback if there were no coding, but just
three quarters of a mile of tape filled with data. To resolve this problem
on IRIG B Time Code Generator was used to provide indexing of the tape. This
generator records a code on the tape in a standardized IRIGB format to define
clapsed recording time in seconds and a run number. The run number is used
to define groups of data points. The recording of this code makes it possible
to automatically search and playback selected segments of data during data
analysis.

Tape Control Unit

The Time Generator helps to solve one of the problems encountered in
tape recording. However, mcore information in the form of coding is desirable
for indexing a tape to eliminate confusion and allov for automatic playback
techrique., The Tape Control Unit generates various tone codes which are
recorded for playbeck control informaetion on a2 separate tape track. Code

signels recorded in a”gition to the time code are sas follows:

€-30
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Record Code Indicates duration of data recording and
(3000 Hz) provides a precise .,01% reference frequency.
Ful) Scale Standardize Code Indicates the recording system is in the
(1500 Hz) full scale standardize mode.
Zero Standardize Code Indicates the recording sysvem is iIn the
(750 Hz) zero standardize mode,
Mark Code Used to indicate occurrences of interest
(500 Hz) during data recording.
"A" Code Indicates recording is from transducers
(315 Hz) at location "A", if location switching
is used during testing.
"B" Code Indicates recording from location "B",
(250 Hz)

6.4,1.1.3

6.h,1.1.4

The listed code signals are multiplexed on track 13 using a direct
record ampiifier.

The Tape Control Unit also provides control signels for operating the
various units of the Tape Record System. These control signals are routed
through the system and serve to place the system in the various operating
modes. A microphone input is also provided on the Tape Ccntrol Unit and
voice infcrmation is recorded on track 14. Figure 6-36 is a photograph of the
Tape Control Unit which shows the frout panel operational controls ard indi-
cators.

Power & Contrcl Junction Unit

The Power end Control Junction Unit providec the system power supplies
and the routing of AC and DC power throughout the system.

Tape Junction Unit

The Tape Junction Unit {TJU) represents the "front end” of thne Tape

Record System. Tnis unit provides e penel for connecting transducers to the

6-31
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Continued

recording system, provides connections for transducer excltation sources,
houses the Signal Conditioners, provides standardization souvrces, -2d routes
the signals to be recorded to the Pre-amp Case, The TJU contains 12 slots
for tue Signal Conditlioner plug-ins.

As wes indicated previously, there are two standarize modes used to
define the sensitivity and zero point of the record and playback system.
These are designated zero and full scale standardize, For tie velocity and
acceleration transducers used on the program the full scale standardize
signal is an absolute AC standardize signal (sine wave) at 200 Hertz with an
smplitude of 30 peak millivolts. When the system is switched to the fuil
scale standardize mode, attenuators in the pre-smpiifiers and signal condi-
tioners are.automatically changed so that the lnput 30 peeak millivolt signal
is normalized to 2.5 volts pegk ¢ the system output.

Self-genérating signal conditioners were used with both the velocity and
acceleration transducers ou this program. These signal conditioners performed
the following {unctions.

1. Buffered the signals from the trapsducers to minimize any

electrical loading.

2. lrovide additional signal attenuation for those channels

wbere the range of amplifier attenuator is not sufficient.

W

. Trovided & regulated 20 VDC voltage for the Columbis 1111-1
aad CEC 4-128 accelerometers used on this progrem. (These
trensducers ere piezo-electricel &ccelerometers with a built

in stege of electronics. The electronics is essentially

\
5
N\
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L,

a high impedance buffer stage composed of a field-effect
transistor and associated components, The ac antage of
these transducers 1s that the output signal is at a low
impedance level wnic. minimizes the effects of cable
capacitance and electrical nolse inhereat in high imped-
ance transducers, )

Figure 6-37 is e photograph of the Tape Junction Unit.

6.4.1.1.5 Tape Pre-amp Case (TEC)

The primary function of the TPC is to house the pre-amplif?: rs required

for amplification of low level transducer signals from the TJU., The pre-amp

case output signals are routed to the Tape Record Electronlcs for recording

on tape.

Additionally, these cutput signals are also availsble on a monitor

connector which allows all the recorded channelis to be monitored on an

oscilloscope so that assessments of data quality can be made. The following

specifications apply to the AC nre-amps used on this program.

1.

Input impedance - 2 18 minimum

Output impedance - 50 ohms maximum

Gain - 58 db (830) {Full Scale input is +3 mv pk at ATT x 1)
Gain adjustable by attenuator in steps 1, 2, 5, 10, 20, 350,

100, and infinity. (The attenustor is automa;: . .ily set to

1C during the Stendardize Mode.)

Frequency Response - +1% fiom 7 Hz to 50 KHz.

Dynamic Range - 46 db over full bandwidth

6-33

R A daih b e WA s




HSER 6080 - '
Volume 1

Hamiiton
Sill!l\titlr!!

o werso s comenarn
Re .

6.4.1.1.5 Continued . : ' !
7. Overload Indicator which lights when peak output level

exceéde full scale by 30 percent, ’

8. Output level meter which shows average output signal
level in percent of full scale. Figure 6-38 is a
photégraph of the take pre-amp case, and 6-39 is a

photograph of the monitor oscilloscope.

1 i .
6.4,1.1.6 Record Electronics :

3

The final block in the signal path in the Record Amplifier which pre-
pares the electricalisignais from‘yhe pre-amplifiers for recording on tape.
As indicated previously, two recordiné techniques are used, FM agd Direct
recording. . | ‘

The'FM Record Amplifier i$ a device, with DC response, wﬂich converts
input voltage to output frequency. The amplifier operates at a nominél or
center frequency for zero input, and the frequency is modulated +i0% for |
full scale inpuf'signals (+2.5 volts); ‘ L

The Direct Recorﬁ amplifier mixes data signals with a blas signal and
feeds the resultant té a record head, Full scale input, li%e the FM reco;d
smplifier, is i?ls volts. '

The FM Record process:is far ﬁhe more precise than the Direct Record.
Amplitude accuracy of the FM prdces§ is at' least in order of magnitude better,
and the dynamic rénge is approximately'lo db greater. The Direct Recording

does, however, provide a decade greater frequency response than FM at the

same tape speed.

6-3k
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In general, FM recording is used where DC or low frequency response is
required and when good emplitude stability and linearity are desireable.
Direct Recording 1s used only when frequency information is required or wkere
wide bandwidth 1s mandatory. All vibration signels recorded on the AIDAPS
program used the FM record technique at a tape speed of 15 ips. This pro-
vided a recording bandwidth of 7 Hz -~ 5 XKHz for the vibration signals,

6.2 Test Conditions & Parts Implanted

The three operating conditions used in the test ceil are listed in

Table 6.3 (i.e. 2 torque levels at 6400 rpm, and one torque level at 6600 rpm).

Engine Transmission 42990° Gearbc
Spee+ Torque Torque ‘Tailrotor ‘Generator' Torque'Horse~
vpm in-lbs Horsepower ' losd ' Amps  'Horsepowern] in-lbs'power
6400 10,860 1100 135 ' Law ' 200 ' 1008 3640 ' 92
8,860 900 128 ' High ' 200 ' 987 1170 ' 30
1 - ) B 1
6600 10,50k 1100 T4 ' Low ' 156 ' 570 {2210 ' 58
? 1 1 1

There were two considerations used 1n choosing these test conditioas. The
first was to choose condaitions which were part of the present ARADMAC "green
run" procedures. The use »f "green run" test conditions minimized the cell
time involved &nd allowed vendor testing to be performed without increasing
the tlme a component normally remeined in the test cell. In addition, the
use of established "green run" test conditions meant che rig operators would
be setting up conditions with which they were quite familiar and the chances
of an lmproperly set up condition would be lessened, It was felt that if
different test conditions had been chosen there would have been a greater

chance for variations in test conditions from run to run. The second

6-35
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o consideration was to choose high power conditions which were representative

ol conditions 1likely to be seen during Phase D flight testing. The high

pover conditions: were chosen to insure that a good vibration signature would

oD

be obtained.

N P R R R R VT o,

Figure 6~69 is a summary of £he defective parts implanted in the engine
during the test cell phase, Figures 6-70, 6-T1 and 6~72 ere similar summaries
for the transmission, h2° ard 90o gearbox test cell data, Each summary gives
the part rame, part number, end part serial number of each part tested, as
well as how many of a type were tested. A description of each defective part

is also given along with the serial number of the component in which the

defective part was implanted.

GJia3 Vibration Data Analysis - Test Cell

ek ir i B SRR A SRR SRR FA R

6.4.3.1 Role in AIDAPS

One of the goals of the AIDAPS program was to determine if vibretion
analysis could be used as an effective diagnostic and prognostic tool. A
secondary goal was to determine whether an analytically effective approach
would lend itself to practical flight hardware implementation. In this re-
gard, the entire power train system of the UH~1 helicopter was momitored using
vibration transducers mounted at the selected locations. The power train system
included the engine, the main transmission, the y2° gearbox, and the 90° gearbox.
Detection of faulty gears and bearings was emphasized in the test program
through the installation of worn parts in the power train. The following

paragraphs deal with the general nature of the malfunctions that occur in

bearings and gears.
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6.h.3.2  Nature of Expected Malfunctions

6.h.3.2.1 Bearings

Any one of a great number of problems in machine desiem, faulty opera-

tion or maintenance, or improper environment can lead tc “.zaring troubles.

Some of the most common are listed below:

1.
2.
3.
L,
5.
6.

Lubrication Failure

Fatigue

Dirt

Passage of an electric current through bearing
Brinelling

Corrosion

However, even if a bearing is properly lubricated, properly aligned, kept

free cf dirt, moisture and corrosive sgents, end properly loaded the bearing

will ultimately fall from fatigue.

Repeated stress cycles in heavily loaded

contacts between rolling elements and raceways first result in microscopic

cracks at the weakest points in the grain structure of the material., As these

cracks propagate, small surface areas become looscaed from the main body of

the bearing material. Once such a fatigue crack or pit is formed it becomes

the center for high stress concentrations and the initial fatigued area is

rapidly increased. Ultimately complete failure of the bearing results, The

cther causes of premature faillure listed above also have a simllar effect on

the bearing surfaces 1.e, causing pits, scratches, race eccentricities, or

other physical damage to the bearing.

come noisy and to emit vibrations.

This damage causes the bearing to be-

6-37
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e

R

calculated in & simple case, The calculations are ba:rcd on the known

EQ

e

bearing geometry and the speed of the shaft it supports. These frequencies,

their definition, and derivation are shown below:

The follmring bearing parameters must be known to calculate the bear~
ing frequencies:

8

%

e PR TS IR,
=
it

d; = Outer Diameter of the inmer race
d> = Inner Diameter of the outer race

d3 = Diameter of the besring element (bell or roller)
Number of elexents in the bearing

Dl = dl
dy +dp
D = d2
dl + dz

The bearing frequencies are calculated from the above using the follow-
ing relations:
F, = Differential rotational frequency between the inner and outer
race {shaft rps)
Fg = Element spin frequency = F, D; (%)

P Element train passage frequency = £y D;

o |
L1}

Fy = Frequency of a rough spot on the element = 2fs

)
[
L]

Frequency of a rough spot on the inner race

i

F, N Dp

o
]

Frequency of & rough spot on the outer race = Fn N Dy

6-33
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EXTPREN

The energy generated at these repetition rates is in general not

sinusoidal but composed of waveforms rich in harmonic content, This

v e e AR R

phenomenon tends t6 spread the energy associated with a bearing mal-
function throughout the frequency spectrum rather than confining this
energy into discrete narrow bandwiiths. The following discussion will
illustrate this point,

Take the 42° gearbox as an example. The gearbox has no speed change
between input and output shafts, It hus a dvplex inmput and output ball
bearing plus & single input and output roller searing. Further assume
that the nature of the bearing malfunctions is unknown and that it could
be either on the input or output bearing set. ‘Table 6.4 lists the possible
repetition rates]ﬁequencies associated with a melifunction in this bearing
asgembly. If the malfunction is a fatigue pit on the outer race of the ball
bearing (Fo) the vibration transducer would sense & waveform sililur to that
shown in Figure 6-41

For purposes of this discussion assume the input and output shafts are
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6.%.3.2,1 Continued
rotating at 4200 rpm., The fundamental frequency of F, would be 346 Hz.
However, due to the complex shape of this waveform, harmonic amplitudes exist
at 2 Fy, 2 ¥y, 4 Fo, etc. Also shown in Figure 6-4l is an arbitrary waveform

representing F, (70 Hz). This vaveform is also complex and rich in harmonics.

Harmonics in this waveform can be caused by shaft eccentricities, shaft un-
balance, misalignments, etc., For purposes of this discussion it is assumed
that significant harmonic amplitudes exist up to only 5 F,.. There is a complex

modulation phenomenon that occurs between the basic shaft rotation frequencies

A A S vy o 17—

(Fpy 2Fp, » o . 5F,) and the Fy, 2F, , , . 5 Fo frequency components,
Figure 6-h1 shows a superposition of these waveforms. This superposition or
‘ complex modulation causes a sideband structure to occur centered at F, and
multiples of Fo. This sideband structure ciylents itself as listed belcow:
: Fo +Fp, Fo # 2T, o o . Fy +5F,
2Fo +Fry 2Fo £ 2Fp, ¢ 0 o 2Fo £ 5 7y

3Fo*Fp, 3Fo+2F, .« «3Foz5F,

b Fo+ Py bFo22F, .. .4 Fo 5 F,

SFox% %, 5F+2F, . . .5F *5F,

Similaer sideband structures at different frequencies can be developed for
F; and F, and are illustrated in Table 6.4, The table lists only the basic
repetition frequencies and thely sideband structure. It should be recognized
that the atove development was for a simple case of only a single pit on either
the inner race, outer race, or bearing element., As the number of pits in-

creases the modulation process becomes difficult tn describe mathematically,

The vibration energy associated with a large number of pits would tend to

6-39
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distribute itself in the frequency spectrum in a complex manner. The emitted
vibrations would tend to iuncrease or decrease depending on the severity of
the pitting. The exact level was to be verified during the test cell program
for good and bad bearings.

6.4k.3.2,2 Gears

Like bearings, gears also fail from a number of causes. Listed below

are some of the more prevalent causes of gear failure.

1. Misalignment

2, Inadeguate Lubrication

3. General wear i
b, Plastic flow !
5. Surface fatiéue

6. Tooth breakage

The above malfunction sources cause much the same damage to gear teeth as
was the case with bearings. Minute fatigue cracks form in the gear teeth,
small particles of metal flake off the gear teeth, or the gear teeth are de=-

formed under load causing the gearmesh to run rough and emlt vibrations of

increased amplitude. The level of gear vibratior. tends to be much higher

ENIle

than that of bearings due to the fact that load transmission is involved. ‘
Like bearings, a complex modulation process occurs for gears. Figures 6-42

and 6-43 indicate the fundamental gearmesh repetition rate (Fgy) at 4200 rpm

for the 42° and 90° gearbox as well as the transmission. For the 42° gearbox,

the fundamental repetition rate is 1936 Hz, Energy of this repetition rate

AT R R S PR R

is also complex and therefore rich in harmonics. Sheft eccentricities at F,

6-L40
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’ and its integer multiples can cause the driving.geartecstia to be driven into
and away from the driven gearteeth resulting in a load fluctuation. The
amplitude and phasing of tooth contact noise (1936 Hz) is increased and
decreased and a complex modulation process occurs. Sideband structure are
formed at the following frequencles:
FeM +F,, FgM + 2 Fy, . . . FoM 25 ¢
2FeM+F., 2FaM + 2F, .« . 2FgM 1 5 Fy
3FeM +F., 3Fam +2Fp, « « « 3FgM 5 R
‘*ne sideband structure 1s carried out only to 3 Fgm to illustrate the
point. Vibration data on the 42° gearbox taken during the AIDAPS program
shows that the sideband structure exists at least out to Fgy + 10 F, and
2 FgM + 10 F,.. An analysis similar to the one above can be carried out for
every other gearmesh in the UH-1 power tmin system,

Goho3e3 Tradeoffs in Analysis Techniques & Bandwidths

All arbitrary broad~band signals can be considered to exist in three
dimensions: amplitude, frequency, and time. A sinewave for example is an
amplitude~time relationship that exists at some frequency. A plot of this sine
wave time history on an amplitude versus frequency basis would result in a
vertical line at the frequency of the sinusoid. Such a plot of the frequency
content of an amplitude time waveform is called a spectrur or i{requency analysis.

The characteristics describing this waveform could also be considered
as a function of ampiltude vs, time, One immediate result would be the original
amplitude time functicn. If, rather than viewing this waveform in real time,

anotner time function equal to the time difference between arbitrary sampled
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6.4,3.3  Continued 9
roints on the waveform were introduced and the characteristics of the original
waveform were displayed as a function of amplitude vs, time delay or difference
a correlation function would be obtained.

On the other hand, if the arbitrary amplitude time signal were analyzed
with respect to the percentage of time the signal exists within certain amplitude
limits, a probability fumction would be obtained. Each of the above three
functions: frequency spectrum, time correlation, and amplitude probability
are important analytic tools used in describing the characteristics of complex
broadband waveforms., However, the most widely used and generally understood
presentation of signal cbaracteristics has been & plot of its spectral content,
fimong the many factorg responsible for the pre-eminence of spectral analysis
are, (1) the successful history in utilizing Fourier analysis techniques in wave-
form analysis, (2) the availabiiity of wave analyzers, and (3) more receftiy

the availability of computer programs that allow waveform analysis to he

accomplished using digital techniques,

Befor= deciding upon a specific technique and system to perform the
vibration analysis on this program the following additional factors were
considered. These factors outline the general characteristics the analysis
system must possess.

1. The sheer volume of data (approximately 400 separate spectra) to
be analyzed on this program dictated the analysis should be done
digitally.

2. 'The general unature of malfunction fuformation emitted by faulty
gears and bearings, 1l.e., thelr anticipated frequency distribution

indicated that a system with good frequency resolution was needed,

6-h2
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3. The system must be capable of enalyzing an arbitrary broadband
signal with both random and periodic components present,

k, The system should have & large dynamic range (60 - 80 db) to

handle both the high level gearmesh vibration signals and the low
level bearing signals,

5. Since the test program would generate date requiring many compari~
sons of good and bad parts in both test cell and flight operations
an analysis system that would facilitate these éomparisons was
essentlal,

6. The system should be equally useful for diagnostics and prognostics,

T. The technique employed must be able to make comperisons between
good and bad parts on both an amnplitude and frequency basis, This
is mandatory if fault isolation to a particular line replaceable
wnit (IRU) is to be accomplished,

8. The system should provide for increases in signal to noise enhance~
ment capabilities in the event that normal operating background nolse
on & particular component obscures the desired malfunction signsl
information.

These conslderations clearly indicated that narrov band spectral analysis
would be required at least as an intermedlate step in the data analysis process.
Figure 6-4h graphically illustrates the usefulness of a narrow-band constant
bandwidth analysis compared to other more coarse types of frequency analysis.
In this figure it 1s assumed that & segment of broadhand analog vibration data
1s analyzed by filters of various bandwidths., The top curve shows the overall

vibration level when the signal is analyzed with octave band filters. As can
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be seen thls analysis lacks sufficient resolution to give any significant
information about the frequency content of the broadband waveform. The second
curve is a narrower band (1/3 octave) analys!s of the same broadband waveform,
Here some frequency peaks show up &t the lower frequenclies but this analysis
also loses resolution at the higher frequencies. The third cu;ve in Figure
6ull shows the results of yet a narrower analysis bandwidth #4% or constant
percentage analysis, This analysis defines more frequency peeks in the spectrwn
but also suffers from adequate resolution at the higher frequencies. Finally
the bottom curve-in Figure 6-#4 indicates the spectral content of the broad-
band wave when 1t 1s analyzed by a narrowband 2 Hz constant bandwidth filter.
The content of the broadband signal can now be seen to be 8 serles of discrete
frequency components arranged in a systematic order in the frequency spectrum,

The narrow band spectral analysis technique used on the AIDAPS program
involved theuse of Power Spectral Density (PSD) units [G2/Hz or (in./sec)2/Bz).
This narrow band analysis was Implemented digltelly using a computer and a
Fast Fourler Transform (FFT) algorithm,

Three steps are performed to extract the PSD content from any broadband
complex data signal, TFirst, the signal to ce analyzed is introduced to a
narrow band filter which 1s swept over the desirei frequency range. Secmd,

a power function (squaring operation) is formed from the narrow band filter
output. In the third step, & normalized average.product is formed by inte~
gration and division of this product by the effective filter bandwidth,

Mathematically(the above operatlions are expressed:
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= - P(f) = 1 j T ¥s? g4
3 T
4 ¢ Lim T‘* [ ) o

. B 0

% where: P(f) = PSD

Y82 . instantaneous square of the signal within a narrow bandwidth
B = signal bandwidth
Closer inspection of the above equation reveals that in order to obtain
a true PSD, data records and averaging time must be infinitely long snd the
bandwidth must be infinitesimelly narrow. It 1is tbus Zmwnosesible to obtain a
true PSD, ratner in implementing practical PSD analyzers the PSD obtained is
an estimate of the true PSD, The quality of this estimete is dependent upon
compromises between date record length, averaging time, and analyzing filter
bendwidth, An iwmportant point to remember is that the above considerations

AT A L AT PRI SR RS T AT Y A AR ORI U 2

%K

apply only for random date since the average power of a perlodic wave is the

same wietoner it is averaged over one or many periods, Since data collected

AN

on the AIDAPS nrogram is a combination of harmonicaily related sinusoids due
to various rotational speeds, sinusoids due to structural responses, and ran-
dom signels, one of the first questlons one might ask is how good must the
estimate of the PSD for rendom data be and bow is it best described,

The quality of a PSD estimate is related to the statistical degrees of
freedom associated with a random data sample, The number of degrees of freedom
(N) 1is defined as N = 2 BT, where B is the analysis filter bandwidth and T is
the length of the broadband dais sample that is analyzed,

It has been shown by various reiearchers that the output of a narrow

band filter approaches & Gaussian distribution when broadband random noise is
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applied at the input. This relation holds true irrespective of the distribu-
tion of the input signal, Since, as mentioned earlier for PSD work, the out- ¥

put of the filter is squared, the properties of the square of a Gaussian

random variable are of immediate interest. The square of this variable follows
a chi-square (X2) distribution. The ability to specify or estimate the PSD
is related to this chi-square distribution and the number of degrees of freedom

assoclated with the narrow band anelysis, Figure 6-45 shows curves commonly

243 AERTOLAA ¥
SRR S R IV LA R e I

. used in PSD analysis of random date that relate the quality of the spectral

» o

estimate to the number of degrees of freedom for various confidence limits,

All narrow band analysis performed on the AIDAPS program utilized 64 degrees

of freedom, If & 98% confidence level is assumed the curve in Figure 6-45 in-
dicates that the true mean square value lies between 1.7 amd .7 times the obgerved
mean square velue, In this case the observed mean square is the squared and
averaged output of the narrow band analyzing filter for a particular increment
of bandwidth within the analysis range,

More simply, imagine a serles of similar data records from one trans-
ducer mounted on one component such as the 2° gearbox were taken and analyzed
using a nerrow band PSD technique. If the output mean square signal level of
the same narrow band filter were measured for each of the data samples taken,

and the date was truly random, that level could vary by a factor of 1.7 or gég.
1

(98% confidence and 64 degrees of freedom) T
For a glven statistical confidence level the quelity of the PSD estimate

improves as the statistical degrees of freedom increases, However, Figure
6-45 indicates that the rate of improvement diminishes rapidly as the degrees of

freedom increase, The number 64 chosen for this program was a compromise betweer
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required accuracy, required analysis bandwidth, and computer compu-
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tation time,

The narrow band spectral analysis technique was implemented using a
digital computer. Analog data was first digitized, ard the digital repre-
sentation of the enalog signal was stored in tke computer memor&. The memory
capacity, as well as the rate at which the analog data is sampled and digiti-=24,

are important considerations which affect the frequency range of the analysis

§ and the frequency resolution, i.e., analyzing Cilter bandwidth.

With the Fast Fourier Transform (FFT) ytilized, the nominal bandwidth

e Bt LR EEY SA AL SOl Rl S8

(B) of the analyzing filter synthesized in the FFT algorithm is defined as the
reciprocal of the length of the digitized data sample which is stored in the
computer memory. The detailed shape of the fiiter synthesized is shown in
= Figure 6-46. The plot is normalized to the nominal bandwidth B. This filter
: has an asymptotic attenuation slope of 18 db/bandwidth octave,
Selection of tﬁe exact bandwidth for the analysis filter involves many
- considerations and some compromiseq. |
E' 1. Earlier the statistlcal degrees of freedom assoclated with a data
sample was defined as

N =2 BT -
If the analysis filter bandwidth B 1s made nsrrower and the degrees
of freedom are to be kept constant then the length‘T of the digitized
data sample must Increase Airectl s as fillter bandwidth decreases,
Other things being equal a ceduction of analysis bandwldth by one

half would double the computer memory requirements and the length

7
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of time required to make a digital spectrum aagrlysis. As a matter
of economics, *he analyzing filter baniwidth should not be narrower ]
then required to properly resolve the significant components in s
broadband data signal.

The selezted analyzing filter randwidth shouid be narrow enough to
separate high level normal components in a broadband deta signal
from possible adjacent low level fregquency coumponents that are indica-
tive of a malfunctioning gear or bearing. Ia ordzr to make a satis-
Tactory bandwidth selection some knowledge ol the amplitude and
frequency distribution of the data is required. The Bell Helicopter
Company report, titled Automatic Inspection, Diagnostic, and
Prognostic System (AIDAPS) Testbed Program - Task II wes especially
helpful in this ares,

The analyzing filter bandwldth should be narrow enough to provide
sufficient sigpal to noise enhancement so that low level bearing
vibration signals can be separated from the normel operating back-
ground vibration level, Again thils requires some prior knowledge

of the expected nature of the broadband data in order to make an
initial selection. The degree or deterioration of a particular
bearing or gear which must be 1ecognized mgey also play an important
part in filter bandwlidth selection. That i1s, as the part wears, the
amplitude of the malfunction signals may iucrease relative to the

amplitude of the background vibration level,
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The following example serves to illustrate how & judicious cholce of
analysis filter bandwidth can provide significant signal to noise enhancement
in the case of a signal obliterated by noise. Assume a sinusoidal signal of
10 mi¥iivolts rms exists ithnin 8 random signai of 1 volt rms in a frequency
band from 10 Hz to 2000 Hz. This sinusoldal signal could, for instance, be
a bearing frequency component. If this composite signal were applied to an RMS
meter, the meter would indicete approximately 1 voit rms and would be totally
useless in an attempt to separate the signal frow the noise. The RMS signal
+o noise ratio of this composite signal is -%0 db. If this composite signal
is applied to a 200 Hz filter which is centered at the frequency of the sinusoid
the filter output would be the 10 mv rms signal plus an additional noise
component, However, by reducing the spectrum of the noise signal from a band

1990 Hz wide to one 20C Hz wide the level of the nolse has been reduced from

1 volt mms to 317 mv mms (1 volt rmsﬂ/(.317)2 x 1990
200

The filter output signsl to nolse ratic is now approximately -30 db, a
10 db improvement,

If the filter bandwidth was reduced from 200 Hz to 20 Hz the filter out-
put would still contein the 10 mv rms sinusoid but the noise component would
be reduced to 100 mv rms, The output signal to noise ratio is now -20 db, a
10 db improvement. For every 20 db reduction in filter bandwidth the signal-
to-noise ratlo is enhanced by 10 db. Any desired degree of signal-to-noise
enhancement is possible provided that a narrow enough filter bandwidth can be

obtained,
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In a sixilsr veln, e high axplitude nor.sl frequency component can
obliterate signals in adjscent fregquency bands. Peducing the analysis filter
bandwidth can improve on the abllity to discriminate between energy sources.
Consider a normal sinusoldal cosponent of 1 volt rms et 1000 Hz and an

analysis filter bandwidth (B) of 20 Hz. If it is desired to detect a signal

ot wname 0 e

of 10 v rms at 960 Hz, close examination of Figure 6-47 shows that it is not
possible. When the filter is tuned or centered at 960 Hz the desired 10 mv

signel would be swamped by & 100 mv component due to the 1000 Bz signai. If

[

the filter bandwidth were reduced to 2 Hz but stil]l remained centered at

960 Hz,the interfering 1000 Hz signal component would be reduced to approxi-
mately 1 mv 51§ce the effective attenuation ofa2 Hz filter would be &pprozi-
mately -60ib at 960 Hz.

To graphically illustrate the above concepts of analysis filter bandwidth,
degrees of freedom, and signal to noise enhancement and the additional spectral
resolution possible using narrower filter bandwidths reference is made to Figure:
6-48, k9, 50, and 51, . actual test cell data obtalned during this program.

These figures are analog PSD plots of an identical sample of date taken
on the 42° gesrbox during the test cell phase of the program. For this
particular test condition, there were defective implants in both the 42° oe8sr-
box and the 90° gearbox. The 42° gearbox bad & bad output ball bearing implant
while the 90° gearbox had a defective gear implant. The transducer selected
was a velocity pickup on the 42° gearbox (parameter #9). The following table

lists the important differences between the four analyses.
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Figure Anslysis Bandwidth IBGREES (% ’SEEDOM

5 648 Lo HERTZ 512
* 6-h9 20 HERTZ ¢
e
E | 6-50 2.5 6
. 6-51 1.25 HERTZ 32
=
2 It can be seen from these figures that as the statistical degrees of
: freedom increase, the date scatter essociated with the raniom vitration
; improves. This is most noticeable in those areas of the grephs between the
i major peaks, These areas represent taz aormal background level vibration
5 which tends to be random in nature. Tie agreement between the maxdimem/minimum
points of thc scatter and the values predicted by the chi-square distrivution
.é chart referred to eariier (Figure 6-45) is excellent.
i As the analyzing filter bandwidth is made sucessively smaller, the four
? graphs also indicate the improvement on spactrzl res.'ution. For example,
g signii cant readily distinguishable peaks in the 1.25 Hz bandwidth analysis are
} completely obliterated in the %0 Hz analysis.
% To convert from PSD units (which in this case arz in inches per second
% squared per Hertz) to RMS units of the transducer (inches per second RMS) the
; following relation is used,
§ RMS inches/second £1§§5-;-§§1
g Here PSD refers to the value of a parti:ular geak on the graph and is read on
f the left hand verticel axis of the graph, and 3W refers to the particular
é analysis bandwidth used in an analysis, Depending on which PSD analysis 1is

being used (i.e. Figures 6-48, 49, 50, 51) the corresvonding BW would te

P
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either 50, 20, 2.5 or 1.25 S2rtz. On the right of the charts are mmbers tiuat
correspead to HMS transducer w.itz iIn inches per second. These mxbers were
obtained by using the above relatiomship. Ad{itionelly woere significant
peaks ozcur, & change in attenustor setting was mede, The full scale PSD
value for these particular peaks should be adjusted accordingly, es indicated
by full renge values. For example, all figures show significant peaks et 1850

Hertz. f{‘hisisthebasicgearclashfreqnencyfarthehzogearboxatthis :

operating condition. Just above the peak the number .01 indicates that the
full scale value for that particular band is (.01 inches/secord)squared/hertz
rather than .001 {in./sec)squared/hertz as is the case for the majority of the
spectrum., This type of presentation 1s necessery due to dynamic range limita-
tions in the analog equipment used to make tThe snalysis,

The final compromise for bandwidth chosen for the majority cf date
collected is as listed below.
Frequency Range Bandwidth B No. of Spectrum Points

0 - 5Hz Data 14,65z 341
(accelerometer cutputs)

0 - 2 Hz Data 5.9 Hz . 541
{velocity pickup outputs)

Statistical Approaches

The narrowband spectral analysis in terms of amplitude squared per Hz
versus frequency 1s only an intermediate step in the final data analysis
process, Not only must a practical method for making comparisons between good
and bad vibration spectra be implemented but also the implementsation of this

method must take into account the following:
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1. The manner in which the vibratior spectrum for a particular

. nonitore¢ parameter differs Zetween samples of Imown good

components. For exaample, the expected level of dispersion
vetween specire for 10 known good engines would be a Geter-
rianing factor.

2. ‘Toe change in vibration spectrum with either test cell oper-
ating condition or flight test operating condition. !

3, The repeatability of spectra obtained from the same good W
component checked at different times following removal and
re-installation in either the test cell or aircraft.

L. How best to arrive at & vabration spectrum thai can be con-
sidered an "average” spectrum representative of all good

components,

PPRRT Ny TPLIvY

5. Effect of locations of transducers.

6. Correlation of the vibration spectral pattern with known

specific mechanical events on the tionitored compcnents.

7. Establishmeat of vibration amplitude threshold that dis-
criminates between normal and abnormal operation with a
high degree of confidence.

8. Development of a data reduction and analysis technique that
can make dlagnostic decisions quickly and display any
abnormelities in a convenient format; especially in view
of the magnitude of data that is involved. (i.e., each of

the spectral analysis performed in the program involved at
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lesst 3Ll individusl frequency/asplitvde points or lines.
Since over 4,000 individual narrow bani spectra were pro-
cessed during tbe procram, 1,264,000 (%,000 x 341) seperate
pleces of data bad to be menipulated and compared. The
sheer volume of data made digital data smalysis mandatory.

Since comperisons between vibration sigomels of krown bad and good compon-
ents vere to be made, information would be required regarding the average
properties of these signals, the probability cof their occurrence, their ampli-
tude distribution etc, These comsiderations clearly indiceted an anslysis
based on the statistical properties of these signals would be required. The
statictical approach established for this program is detailed in the follewing
sections.

Generation of Means

Once tae narrow band vibration spectra for a given sample size of known
good camponents cyperating at a pairticualr test condition were obtained, & mesn
or average spectrum was caiculated. This was eccomplished by summing the in-
dividuel PSD values of the same frequency bands in each individual spectra and
dividing the sum cbtained by the number cf individual spectra used to generate
the mean, As a result, the mean gpectra also conteins 341 frequency bands but
the PSD amplitude in each band represents an average value, Figure 6-52 shows

the rean calculation in detail.

Standard Deviation

Similarly the stendard deviation(6?) is also calculated for each of the 341
averaged frequency bands in the mean spectra. This 1s shown in detail in
Figure 6~52. f%he calculated standard deviation ¢oes not imply any knowledge of
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e the amplitude probability distribution of the signals at the output of a par-
ticular filter band and is independent of the exact distribution. However,
. assume “he true ezaplitude distribution of the vibration signals of the varicus

good components at a particular filter band output is known. In that case,

definite confidevce limits could be established for that band relating the

probability that mcsi of the sampled vibration saplitudes of known good com-

[

ponentz 1de betweep specific amnlitude limits, As an example, assume a normal
or Gaussian amplituije distribution exists at the output of a perticular filter.

This assumption also tacitly assumes that the sample size is sufficiently valid

bR AERA U W <Ay Ny 4 £ A

t0 be eble to approximete the true distribution for normsl components. In this

case setting an azplitude limit at 3 standard deviations above the mean value

S

for that frequency bend would insure that 99.T4$ of the vibration sigral empli- 3
tudes in this frequency band would be within this limit. The 3@ 1limit couléd
be u-ed to indicate general wear or incipient failure of a suspect component.

6.4.3.,k.3 Comparison Summary

The comparison summary is a tabulation of data used to shcw the dispersion
of both known good and bad components from the mean spectra. 3

Initially, once a mean spectrum is obtained from a mizuber of narrow band

spectra for good parts, each of the good part spectra 1s compared tand by
frequency band ageinst the mean spectra at selected multiples of the at-wdard
deviation. These comparison levels for each band are the meanr value and tihw
mean value plus 1, 2, 3, and 4 standard deviations. The results of this
comparison are tabulated., The number of frequency bands exceeding the above

threshold values are printed and a graphic display of thelr occurrence in the
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frequency spectrum is generated. See Figures 6~53 and 6-54 for examples,
This tabulation gives both a qualitative and guantitative measure of the
dfspersion between known good components on a frequency/ampiitude basis. The
interpretation of these printouts is covered in detail in paragraph 6.k.3.6.
There is an important point to remember regarding these threshold valuss (suy
the 2 ( case). Even though an item spectra is checked in each frequency band
at the 2 § level the absolute value of this level can change significantly for
each of the 341 freguency bands in the spectrum. For an accelerometer signal
as an example, the actual "g" level for a 2 G threshold level could vary
from 0.1 to 30 g across the spectrum,

In a simiiar manner, each rarrow band spectra of a known bad component
is compered against the mean spuctrum and a similar tabulation of comparison
levels exceeded vs, freguency i8 made. The mean value plus U standard devi-
ations (M + & r) was initially established as an amplitude threshold above
vwhich a component would be flagged as abnormal. This choice was based on the
statistical considerations cutlined above and the comparison summaries of the
known good spectra used to establish a mean spectra. This technique, since
1t tabulates both the exceedance of a predetermined threshold and the frequency
band in which it occurs, also facilitates correlation of the exceedance
pattern at the 4 & level with the known vibration frequency geometry of the
monitored component and isolation of the malfunction not only to a line re-

placeable unit (ILRU) but possibly to a specific defect within the LRU.,
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Vibrational Analysis Implementation

The AIDAPS vibration data was recorded on analog tape in both the test
cell and flight phases of the program and shipped to Hamilton Standard for
analysis. The first step 1n the anaiysis process which is illustrated in
Figure 6-55 was to verify that valid data was recorded on the tape, This was
done by playing back the data and observing the outputs of the individual tape
channels on an oscilloscope looking for any indications of invalid data such
as intermittent data signals, spurlous noise components or clipped waveforus,

The outputs of the individual tepe channels weir: then filtered with a low-

pass filter prior to being fed to the analog to digital converter, In the

analog to digital converter the analog signals were sampled at & rate deter-

mined by the frequenc§,razge desired and tke digital samples renuorded on digital
tape, A computer Fgst Fourier Transform (FFT) Spectral Analysis Program was
then used to perform & narrow band Powe1 Spectral Density (PSD) analysis on

the digitized data,

Follovwing verification of the narrowband printouts from the FFT program,
the data was divided into two groups “gocd" parts and defective parts, The
narrowband analyses for the "good" parts w-re then segregated by transducer
and test condition and a mean and standerd deviation spectra generated for each.
The mean of each analysls band 1s generated by summing the PSD values for each
sample of that tand and éividing by the number of samples, In a similar manner
the standard deviation of each analysis band is generated by taking the sum of
the squares of the difference between each sample and the mean, dividing by the
number of samples minus one and then taking the square root. A ccmputer print-

out was obtained for each mean and standard deviation spectra generated.
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Following generation of the mean end standard deviation, the individual

narrow band spectra from the defective parts were compared against the mean

spectra using the computer, This Iinvolved compering each individual freguency

band for the defe:tive vart spectra against the corresponding frequency band
of the mean spectra end determining, in discrete increments, how muck higher
than the mean spectra the defective part spectra wes. A computer printout
was obtained for all comparisons made, In addition, for the test cell data
the com:arison information was printed out in the form of an X-Y plot. The

comparison summary printout indicated by how much and at hat frequency the

defective part spectra exceeded the spectra of the “good" mean, The comparison

summaries were then analyzed to determine if a signature existed for each type

of defective part.

In many cases a data sample will contalrn frequency components above the
highest frequency of intercst, If these frequency components are not attenu-
ated prior to digltizing an error is introduced in the form of spurious
frequency components in the analysis, It 1is worthwhile mentioning that care

vas taken in the digitization to prevent fold over or aliasing errors by use

of presempling filters, The Nyquist sampling theorem states that the sampling

frequency should be at least twice the highest signal frequency of intervest,
In practice a sampling rate of three times the highest signal frequency of
interest is used, Sampling at & rate lower than this fails to consider the
fact that the anti-sliasing filter does 1ot provide an ianfinite rete of
attenuation at the cut-off frequency, but rather rolls off at some finite

rate, The anti-aliasing filter used in the AIDAPS analysis for instance,
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rolls-off at a rate of 30 db/octave. The cutput filter in the analog magnetic
tape reproduce system provides an additional 40 db/octave attenuation., The
data is sampled at the rate of three time- the highest signal frequency of
interest for & period of time determined by the number of degrees of freedom,
the analysis filter separation and the frequency analysis range.
The snalysis ranges, aati-aliasing filters, sampling rates and data
sample lengths used for the AIDAPS vibration deta ere shown in Figure 6-56.
The primary consideration which determined the analysis ranges, filter

separations and noise bandwidths listed in Figure 6-56 have already been
covered in detall.
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Test Cell Data Documentation

Throughout the AIDAPS program care was taken to adquately document
all testing and data analysis work. During this program over 12,000
vibration data records were recorded on 50 reels of analog tape and when
analyzed by computer over five miles of computer printouts were generated,

Figure 6-57 is an example of & test log sheet for the analog tape
recording system. Every data run taken in the test cell phase was indexed
on this type of log sheet. This log sheet lists the various parameters
needed for the data reduction work such as reel number, run number, run
start time, tepe system attenuators and transducer serial numbers. In
addition, the test conditions and serial numbers of the components and
defective parts under test are listed. Figure 6-58 is an example of a

master data log sheet tc which each test log sheet is referenced. This

log sheet lists t.e tape speed; parameters being recorded and the corresponding

tape track; transducer type, serial number, and sensitivity; the type of
signal conditioning and preampiifier equipment used, and whether direct

or ™ recording was used.

Figure 6-59 is &n example of & special AIDAPS vibration log sheet used

for this program. This log sheet contains & description of the defective
part implanted, the type and serial number of that part, and the serial
number and total tYime on the component in which the def..tive part is
installed. Additionasl information such as date, log sheet number > ad

run number are provided to reference this log sheet to the analog

recorder test log sheet.
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As explained and aiscussed in the previous "Data Analysis“ section,
there were three different types of compater printouts ébtained during the -
analysis phase; nsrrov band printouts, mean and standerd devistion print-
outs, and comparison summary printouts. The following paragraphs expiain the
interpretation of the heading information on these various data printouts.

Referring to 'the heading of Figure 6-60 and 6-61 for 2 moment, "Item" '
refers to the component upon which the particular transducer being analyzed
is mounted; engine, transmission, 42° or 9O° gearbox, "S/N" refers to the
serial number of the component under test, "Reel No." and"Run No." identify
the specific analog reel and run being enalyzed, and "Test log Sheet No."
refers to the snalog tape test logsheet which documeats this particular rui.

1

and "Perameter Title" specify which particular trans-

"Parameter No."

ducer on the component is being ;nalyzed. "Spectrum No." 18 an identifying
number given to each spectrum to facilitate searching through the digital
tapes. These pnumbers run consecutively from 0001 to appfoximately 4000,
"Item Speed" refers to the input shafé speed of the item under test
while "transmission input speed" lists the correspondihg fransmission input

speed. Item speed for the engine, however, refers to the output shaft speed.

"Torque" lists the torque of the item under test in percent or in-lbs. depeuding

upon the particulaer convention used in the various ARADMAC test cells.
4 "Frequency range" lists the anelysis range and "analysis bandwidth" lists

the effective squsred bandwidth of the analysis filter.
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6.4h.4 Cont4nued

The narrow band analysie is printed below the heading in ten columns.
Column one labelled PNT is the filter or frequency band identification
number. The second column labelled FREQ is a listing of the filter center
frequency. Column three is a coarse plot of the amplitude of the
g-level in each filter band, each asterisk representing a 3 db. change
in amplitude. Columns four and five are+the amplitude devels in peek g's
and inches/sec. in each anslysis band. Two systems of units were used bacause
both velocity pick-ups and accelerometers were utilized and comparisons
between transducers were more convenient with the units of one transducer
converted to the units of the other. Columns six through ten are a conti-
nuation of columns one through five for the second haelf of the frequency
range. Below the narrow band printout are listed the characteristic
frequencies of the bearings and/or the gearmesh snd sidebands of the
gears closest to the transducer ueing analyzed.

Figure 6-62 is an example of & mean and standsrd deviatiza printout from
the test cell. Referring to Figure 6-62, the first part of the heading lists
the mean identification number and the narrow band spectra that composed the
mean., This information facilitates searchipg through the narrow band priut-
outs to find a specific spectra for a “good" component. The parameter numbers

and their corresponding mean identification numbers for the test cell datsa

are as follows:
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\ PARAMETER NO. TEST CRLL PHASE
) 7 L201, k202, 4203
4 1oL, ho2, 4403
8 4601, 602, 4603
5 0101, 0102, 0103
L7 0301, 0302, 0303
L9 o701, 0702, 0703
123 0501, 0502, 0503
125 0601, 0602, 0603
126 1101, 1102, 1103
129 0201, 0202, 0203
t 59 2101, 2102, 2103
t 61 2301, 2302, 2303
6k 3501, 3502, 3503
66 3701, 3702, 3703

The second part of the heading for the mean and standard deviation
printout is for the most part an exact duplicate of the informetion printed
on the narrow bsnd spectra. Tape ree’l. number, run pnumber and spectrum
rumber are not listed because the mean is made up of several different
reels, runs and spectrums. The "No. of Spec. Avgd" figure indicates how

many spectra for "good" parts went into the mean.
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s

Unlike the narrow band priantouts where the fiiter cutput wvas tabulsted

in both g's peak and ips peak regardless of the transducer type, the mean

printout is in terms of the units of the particulsr traneducer. The first
columm to the right of the plot gives the PSD value of the mean in terms

of average unitsZ/hz, while the next column gives the mesn in units pesk.

v B rnne e

The units referred to are those listed in the heading informetion under
"units" and correspond to the type of transducer used. The mean printout

plot s in terms of the PSD, with the highest PSD value obtained in the mean

. ISR, L g 8

plotted on the extreme right and the remaining values plotted in 2 db. increments

below this, for a total runge of 40 db.

The standard deviation analysis printout {reference Figure 6-63) gives

N L

the coefficient of variance end standard devistion of the mean for each
filter bandwidth. The standard deviation is tabulated in the units of the
transducer while the coefficient of variance is listed in percent. The plot
that accompanies. the standard devietion printout is a plot of the coefficient

of variance with a 0 to 400% scale in 20% increments,

Figure 6-64 is an example of & test cell compsrison summsry printout for

i

A B T AT A N T T D R TR A T B S T A W AT

34

peremeter #59 “"input quill and output quill bearing”, for the 420 gearbox.
This particular comparison summarizes the results for the defective ball
bearings implanted in the 420 gearbox for one of the three test conditions.
The mean identification nuwber indicates which mean these defective parts
were compared against. The "tape", "run", "channel" and "spectrum number"
identify the particular defective part runs. Referring to Figure 6-6l,

the first run compared was run #314%, spectrum #1059. This defective part

6-6k4
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6.5k Continued

hed 107 bands out of 3%l exceeding the level of the mesn. At the

mesn plus one stancard devistion level there were only 67 bands which

shoved exceedances. The mesn pius two standard deviation level shows

k9 exceedances, the meen plus three stsndard devistion level 39 exceedsnces ani
the mean plus four standard devietion level 3% exceedsnces. Ti:e next two lines
ere a list of tkhe band numbers of tkhe 34 individual frequency bands which
exceeded the mean plus four standard deviation level. The remaining runs

are summarized in & similar manner shoving the exceedances at each of the
comparison levels and the bend numbers for tnoee individual frequency bands
which exceed the mean plus four standard Jeviation level. ZEach comparison
summary contains all of the data samples for & particular defective part.

The information summarized at the bottom of the comperison summery is a

reveat of the information contsined on the mean and standerd devistion
printout. A total of 348 of these comparison summary printouts were generated

for all transducers and test conditions of the test cell phase.
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6.5 Summry of Test Cell Amslysis

Ueing the stetistical methods, mesn generatiorn, erd comperison summsries

8s outlir>d in previous sections of thie report, ensiysis of the test cell

data ylelded the following results:

1. 1In every csse of 2 bad implant on either the engine, tranemission, or
gearvozes 4 (§ exceedsnces were observed when a comperison was meée of
a vibration spectrum for a8 "bad” part ageinst the meean spectrum for “good”™
varts. Ieo sdditicn, b G- exceedances were obgerved ot only on that trans-
ducer closest to tne known implant, but also on those transducers relatively
far -removed from the known implent. For exsmple, on tne trsnsmission which
vas instrumented with seven vibrstion sensors, a fsulty gear implant on
the upper sun gearmech caused 4@ exceedences oz 21l sevea sensors. This
indicated a substantial amount of transmissibility between the various
components within the trensmission. The same phenomepon was observed in
the cese of transducers on the engine and gearboxes.

2. For faulty gear imvlants, the comparison summaries indicated that the g~
bands exceeded were primarily associated with the basic gear clash of the
particular gear end its sidebends. Also evident are the harmonic frequencies
of the basic gear clash frequency and the additional sideband structures
associated with the hermonics. However, for known baé gesr implants there
is no single frequency band that cen be used &s & consistent indicator of
s faulty gesr. Depending on the particular gear, the dominant 4 U~ frequency
band might be the S5th and 6th upper sidebands, or the 1st end 3rd lowver

sidebands, etc. The comparison summsry plots graphically show thie trend.
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., 6-5.5 Cont inued

For exsxmple, tske the cess of three different faulty sun gears whose

funismentsl gearmes: freguency is 645 hertz when the imput quiil is

X STA PR
< e

running et 6500 rpn, (reference Figures 6-65, 6-66). The compzriscs
; sumnery displsys the combiced hd-exceedazzces of all three gears vs. the

frequency tends in which these exceedscces occurred. Ia mo case do 211

four impients shere & commoni freguency vangé st the LG 1level (i.e.
j 100f freaquency baris). The ssae trend wse observed for gear implents

the 420 end 9P geerboxes.

in

3. In the csse of bearing implants e& distinction between ergine bearings and
transmission and gearbox bearipgs must be made. This irportant point

¢
is fully expanded in the following paragraphs. Realization of the

necessary distinction, however, leads to two significant conclusions.

1) For degraded transmission and gearbox bearings (at least for

the degradation level utilized in the test cell implants),

WWMMWMzzn-mmm’m@\m“amwammmsmmwmﬂ‘%ﬁ“‘*?ﬁ“’? ;
R R AR TRARE

bearing frequencies can be picked up but are low in energy,
and require more sophisticetion to detect than the con-

current and resultant changes in the gearmesh frequency and

its sidebands.

T L S e L S
AT
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Continmed

2) Por degradjed engine bearings the besring frecuercies should be

considered of great interest since fault lewels ere ruch higher
in megnitude than in the case of the transmission ard gearboxes,
and since these feults may not nsnifest themselves in engire

rotation freguency components (i.e., shaft urbalance of the K,
ani Ho systesms).

The above conclusions are smplified in the succeeding paragraphs.

e. Transmission and Gearbox Beerings

In every case of a known bad bearing implant in dither the transmission
or gearboxes, the spectral snalysis performed indiceted no 4 § exceedunces
in frequeucy bends that could be essociated with pits on the bearing inner

or outer races or the rolling element. The pattern that was observed wss

similsr to that for a raulty gear. For example, for a bad bearing implant

in the 42° gesrbox, spectral analysis and comparison indiceted 4 @ exceed-
ances associeted with the gear clash frequency of the 42X gearbox. In
eddition, shaft unbalance components were found associated with the
rotational speed of the shaft which the faulty beariag supported. This
pettern was again observed for 8ll beering implants in both the trans-
mission and gearboxes. A faulty main mest bearing, for exemple, indicated
hﬁ.exceedances associated with the upper sun and plenetary gearmesh. This
gear system drives the shaft supported by the mein mast bearing. Since this
trend was consistently observed throughout tne test cell deta, snd es a

result cf date asnalysis to be subsequently referred to, it was concluded

6-68




Hamiiton U FSER 6080
Standard  Be Volume I

s 6.5.5.(3)(2) Continued

thal there wes & mechanicel reaction between the feulty bearing, the shafting,

and the gears, ceusing the gearmesh to run rougher and emit increased vibrations.
Tnis reaction is not due to any pitting on the bearing racewsys or rolling

: element but is caused by 2 general wear in the bearing assembly with attendant
£

incresses in shaft eccentricities and misalignments.

To establish the megnitudedf frequencies sssociated with pits on the

t
[T I

bearing eiements ueed or this program, 8 sample of test cell data from
the 420 gearbox was analyzed with filters of various bandwidths. This is
shown in Pigures 6-48, 6-49, 6-50 and 6-51. This 42° gearbox had a faulty
bearing while at the same time the 90° gearbox had a faulty gear. (The
420 gnd 90° gearboxes were run as pairs). The spectrum obtained by the
digital an;:lysis is roughly equivalent to the resolution midway between
Figures 6-1-;9 and 6-50. The PSD plots of Figures 6-50 and 6-51 were
generated using filter bandwidths of 2.5 hertz end 1.25 hertz. Figures
6-48, 6-49 and 6-50 show the spectrum to 5 KHz while Figure 6-51 shows

TR LTV AT A

=

the spectrum limited to 2 KHz. It should be noted that these spectrsl

R

plots were generated from the same sample of analog vibration data.

7ot NTv ek )

Inspection of these four curves indicates that as the analyzing filter

£4Y
»

bandwidth is decreased, more pesks can be distinguished in the frequency

spectrum. In the 2.5 Hz end 1.25 Hz analysis an almost bewildering array

e cmTos RN

of spectral peaks can be observed. The frequencies of these various

responses have been labelec end identified. To determine which frequencies

TSI YD )

are associated with & bearing and whichr are csused by gearmesh the various

sy

frequencies must be sorted out.

LAy

b
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6.4.9 {3)(a) Continued
‘‘he majority of .Ligh amplitude responses are associated with shaft unbalance
Srequencies, .earmcsh, and gearmesh sidebands. Although these plots are

obtained from traasducers located on the 42° gearbox, it can clearly be

seen that the gearrw=sh and sideband structure associated with the 9(P
gearbox is precent. This indication of trensmissibility between gear-
boxes on the test rig hinted at the potential transmissibility that might
be encountered on the aircraft when all components of the UH-1 power tirain
system would be couplsd together.

To assigt in identityi:g the major peaks and their sources, detailed
knowledge of the frequency geometry of both gearboxes is required. The
following tebulation 1l:%s the mejor frequency peaks and the sources of
these components.

420 GBX SHAFT UNBALANCE Frlp + 2Fplp + ... +10F)0
and HARMONICS

420 GEX FUNDAMENTAL GEARMESH Fgyio * Fpyp + ...  10Fpyo
FREQUENCY AND SIDEBANDS ’

42° GBX 2 ND HARMONIC GEARMESH ©2F + Fops + ... + 1OR,
GMh2 = b2 = X W o
FREQUENCY AND STDEBANDS t b

90° GBX INPUT SHAFT UNBALANCE SAME AS 42° GBX
90° GBX OUTPUT SHAFT UNBALANCE F 090 + 2Fr090 *+.00 + 10Fp090

90° GBX FUNDAMENTAL GEARMESH Fomgo *+ 2 Fri2 * ... 10 Fpolo
AND INPUT SHAFT SIDEBANDS

90° GEX FUNDAMENTAL GEARMESH Faugo * Frogo * -+ LOFpagq
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As an aid in sorting the various spectral peaks on the graphs,
the following table was made, It lists the various sources of
vibration and identifies ther with a code. This code must be used in

interpreting the various spectral peaks on the graphs of Figures 6-U3
to 6-510

Codes for spectrum analysis Figure 6-48 to 6-51

WEYEN L T

A 42° gearmesh
M1y Mepy Abgy o 0 0 Mg 420 gesarmesh upper sidebands
% ALy, Aapy B3y o e o AL, 420 gearmesh lower sidebands
B 2nd harmonic 429 gearmesh
: Bely Be2y) B3y ¢ o o Bip 2nd harmonic upper sidebands
§ B.1s B.p» B_3, oo B, 2nd harmonic lower sidebands
} c 9C° GM gearmesh
: C+1s Cipy C+3y ¢ * ¢ Cyp 90° Gif upper sidebands .
; o input shaft
: Cals Cupy Cu3y * ¢ Cup 90° GM lower sidebands
‘ e ¢ o ° 4
Dy1y Dupy Dy3 D¢n 90~ GM upper sidebsnds output shaft
Dy, Dpy D3y ¢ ¢ ¢ Doy 90°  lower sidebands
E 2ng. harmonic 90° gearmesh
E * 0. o u sidebandis.
Ey1p Bypy Be3 Fin 9 | e input shaft
E.1» By Eagp » ¢ ¢ Ep 90° lower sidebands
Fypr Fapy Fagp o o o Fup 90° upper sidebands ‘
Fals Fapy Fugs o o 0 Fop 90° 1ower sidebands output shaft
Gy Gpy G3o o o o Gy Shaft unbalance (72 Hz)

=

By, Hpy Hy o Shaft unbalance (28 Hz)
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6.4.5 (3)(a) Cont.inued
For the item speed for which these PSD plots were generated:

Fayp = 68 hertz

FGMu o ® 1832 hertz
FGM90 = 1017 hertz
Fr090 = 26 hertz

Substitution of these frequency values in the above relationships allows
the major responses to be identified on the spectral plot.

Figure 6-42 lists g1l the predominant sideband frequenciee associated
with the gearmeshes in the 420 and 90° gearboxes and the transmission.
These frequencies were tabulated based on 6600 rpm at the transmission
input quill as a reference. Any ckange in the reference speed of 6600 rpm
will change the location of the gesrclash and sidebasnd structure for
each gearmesh in the power train. For example, the gearmesh for the

42° gearbox based on a transmission input shaft speed of 6600 rpm as

a reference is 1936 hz. A 1% change in shaft speed would change the
gearmesh frequency by 1% or 19.l4t hertz and cause the sidebands

assoclated with this gearmesh to shift by a similar amount.

A speed correction technique was employed in the digital data analyasis
to correct for rig speed variations to withian + 1 analysis filter
bandwidth. This speed correction technique coupled with the averaging
spectra and the statirlical analysis techniques employzd in the data

analysis was initieslly considered adecuate.
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“ £.8.5 {3)(2) Contimued

Once 8ll the gearmesh and sideband and shsft unbalance components in

[ TSP O

tke spectrum were identified, a search for frequencies that could be

relsted to the pit frequencies for the 42° gearbox L2arings was made.

Tacle 6-U4 lists the frequencies thet are associated with a pit on

ARSI i £

the inner ond outer races and rolling element for both the bsll or

5

roller bearing sssociated with the 420 gearbox input and cutput

shafts. Since there is no speed change in the 42° gearbox, both the
input 8and output bearing frequencies are the seme. The "boxed-in"
freguencies in the tsble indicate the various pit frequencies. If

o moduletion was preseent, these Zreguencies end their harmonics

would be the only frequencies present in the epectrum. The frequencies

in the table have been correcied to 6238 rpm.

YR SR N ET TR ey T T P e T VB R T

Inspecting the 1.25 hertz spectrum enslysis of Figure 6-51 smaller
responses can be observed throughout the spectrum including that
portion where the pit frequencies would be expected. One significant
observation regarding these smaller peeks is the frequency separsation.
This separatinn varies between 6 hz, 10 hz, and 15 hz and repeats itself
systematically throughcut the spectrum. If these componeats are the
henring pit frequenci-., an explanstion is required for this unusuasi
spectral distribution.

Arguming 8 complex modulation process existe for the bearings as is the
case for geirs, the remainder of the frequencies in Table 6-U4 were
generated. In implementing the frequency structure in the figure,

it w38 essumed that th~ basic pit frequencies were modulated la some
complex manner hy frequen.ies sgsociated with the speed of the shaft which
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the bearings support - in this case 68 hertz. In a maunner similar to

that for gearmesh sidebands, 68 hertz and harmonic multiples of this

N N .
e Ry B g g
R AV AR LA e PR

frequency were added to and subtracted from the basic pit frequency

0

repetition ratefbr the various bearing elements. Fitting this

TN

frequency structure to that indiceted in the spectral plot of Figure 6-51

gave excellent correlation.

£
s SAE WPE AYR RR S, 0 n b . i o

' Though not shown in the table, harmonics of the basic pit repetition

}i rate can be modulated by the shaft rps and its multiples to produce a
fi similar frequency structure higher in the spectrum just as the spectral
%E plot indicates. Since the amplitudes of these frequencies that were

'i tentatively aseéciated with bearing pits are so low, a number of tests
;2 to insure the validity of the spectral data were performed.

'2 To eliminate the possibility that inherent system noise in the reccrd/
}; reproduce data gathering and analysis process was a significant factor,
qi a spectral plot of the recording and playback system was made with

‘%% the system in the zero standardize mode. 1In this operating mode the
:5& transducer is disconnected from the recording system, the input to the
;Ef signal conditioners is terminated in a low resistance representative of
;ﬁ- the transducer output impedance, and a tepe recording is made.

_z: Spectral analysis of this recording will indicate the magnitude of the

total system noise exclusive of the transducer. Figure 6-67 is a PSD
spectral plot of the zero standerdize mode data. The peaks between

0-1,000 hz are power line components, 60 hz and harmonics of 60 hz.
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6.h.5 (3)(a) Continued

The maximum componen£ at 240 hz is apﬁfoximately 1x 10"5 inches/second

PANPL VA

squared per hertz (PSD units of the transducer). Converting this to

{ RMS units of the transducer using the relationshi;; RMS units =

| J5§5_§—§W, a level of .005 inches/second RMS is obtained. This is
the amount of pover line component at this frequency (240 hz) that is
coupled into the system. ¥n a gimilar manner the average level of
the system noise throqghout the\apectrﬁm is about 1.2 x 16‘6 ﬁnches/
second)squared/hertz.l Converting this to equivélent RMS transducer
units, a value of .00l inchee/secqnd ﬁMS is obtained. This number
represents the. average noise level of the record and §1ayb?ck syeteﬁ
and is the lower limit of signai detection. That is, any signal lower
than .00l 1nchea/s¢cond would be effectively mixed ;n with the system
nolse and irretrievable. lComparing the speﬁtrallplot of the zero stendard-

‘ ize, Figure 6-67 with the 2.5 hz data spectrum, Figure 6-50 it can be
:seen that the system noise level is sufficlently below the level of the

' . 1
data signels associated with bearing pit frequencies.

In & similar menner, it is possible fdr magnetic tape recordihg and
reproducing systems to distort recordéd data due to epeed. variations
‘commonly termed as flutter. This concern is especially iTportant when
trying to determine whether low amplitude levellsignéls such as those

obgerved for bearing pits aré valid.

High amplitude signals recorded on tape are effectively modulated by

the flutter and spurious sidebands related to the flutter frequencies

are created. The amount of distortion that is created depends on the

level of the modulated signal and the amount of flutier.
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afh.s (3)(u) Ccontinued

: For example, the spectral analysis plot of Figure 6-S1 (1.25 hz bandwidth)
has many high level gearmesh and sideband frequencies in the spectrum.
It is possible, due to poor flutter characteristics in either the tape
recorder or reproducer, to generate new frequences not associated with
the data. To assess the significance of this effect and as a check on
the record/reproduce system flutter, a spectral analysis was performed

on a full scale standardize tape record.

In the full scale standardize mode, the vibration transducer is
disconnected from the system and a fixed 200 hertz sinusoidal signal of
a precise amplitude is inserted in &ll recording channels to calibrate

the system.

Figure 6-68 is & spectral plot of a full scale standsrdize tape record
using an analysis filter bandwidth of 1.25 hertz. The most obvious

and highest level component is the calibration frequency at 203 hertz

at a PSD level of .1l42 @nchea/eecond)Bquared/hertz. The second harmonic
cf this calibration signel is also evident at 406 hertz. The amplitude

of the 2nd harmonic is only 2 x 10'6(inche8/second)squared/hertz.

The sideband structure indicated in the spectral plot is caused by flutter
in the tape.record/reproduce systems modulating the 203 hertz signal,

This signal is recorded at a full scale level and is about 10 times

higher than the highest peak on the data spectrum of Figure 6-51,
Accordingly, the level of the flutter sidebands should be decreased

from 2 x 10~0 Psp units 2 x 107 PSD units in relating the

flutter effect to the data spectrum. This level of 2 x 10~7 psp units

6-76




Hamiion U HSER 6080

LU i e i

s G.b.5 (3)(s) Continued
is substantially below the overall noise level of the system.

Counsequently, flutter effects on the dets were diecounted.

A final test of the spectral data concerned iteelf with the random

background vibretion evidenced on the spectral plot. This random

e s e e

, data in the spectrum can be most easily seen a8 the fluctuations

between the major peaks of the gearclash sidebands.

§ To insure that the low level pesks associated with the bearing pit
frequencies are not caused by random vibration fluctuations, iinits
must be established for the expected variation of the randoem data.
It will be recalled from the previous discussion on PSD analycsis that
the true PSD value of random data is never obtained. The quality of
the estimate is related tc the statistical degrees of freedom of the
data record and the chi-square distribution. Horizontal lines repre-
senting the limits of minimum and maximum excursion of the random dsta
that would be statistically expected for the analysis in Figure 5-51
are indicated on the spectral plot. For the degrees of freedom of this
analysis, these limits indicate a band, with 98% confidence within which
the amplitude fluctustions associated with the random vibretion will
fall. The spectral peaks associated with the bearing pit frequencies

are substantially above these limits.

6-77

%5
4
75
B

1
23
B

X

‘(
3
r
?‘g
E

.
¥
v
ol
3
3
-
"
i




J

Vg

E U LTGHRE i

o

SRR

TPy
el 18

28
.
ex.

Hamiiton_____ U HSER 6080
Re

Standard

Volume I

G6.4.5 (3)(8) Continued

The smplitudes of these bearing pit frequencies average epproximately
.003 inches/second RMS. Trie can be determined by looking at the
right hand vertical axis of Figure 6-31 where the ecrrespozding
transducer units for a particular PSD velue are shown. This level

would not be detected by the coarser bendwidth used on the digitsl

analysis.

Engine Bearings

The pit frequencies essociated with the engine bearings were easier
to identify then those oa the transmission or gearboxes. The test
cell data on engine bearings shows that the pit frequencies fall very
close to those predicted by caiculation. The date also indicates thet
the signal levals assoclated with tke engine bearing pit frequencies
are at higher levels than the signals obtesined for transmissions and
gearboxes. First, tne pit frequencies are higher in the frequency
spectrum giving more "g%s for agiven displacemen.. Secoad, the
centrifugal losding on the rolling elements increases as the square
of rpm. For example, assume thst the 420 gearbox and engine bearing
rolling elements are the same distance from their respective rotating

axes. The approximate six to one sieed difference between these

componente indicates that the engine bearing rolling elements are

subjected to 36 times the centrifugal losding of the 420 gearbox

bearing rolling elements.
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6.h.6 Summary of Test Cell Dsts

Figure 6-69 is 8 complete summary of the test cell dats for one test
condition on the engine. Figures 6-7C, 6-T1, 6-72 are similer suzmaries
for the transmission, 420 and 900 gearbox test cell data. Each summary gives

the part neme, part number, and part serial number of each part tested, as

well ss the number of each type tested. A description of each defective

part is given slong with the serisl number of the component in which the
defective pert was implanted. The numbe;’ of bands which exceeded the 4G
threshold level are listed along with the band numbers of each of thease
exceedsnces, Not &1l of the summary sheets contain the band number informstion.
For exsmple, in Figure 6-69, there are no band numbers listed for the engine
test cell deata., This is due to the fact that the bend numbers were not printed
out as such, but instead the frequency informstion was printed out in en X-Y
plot formnrt for this component. This is also true for the defective gear

ceses for parameter #61 on the 42° gearbox. These summary sheets are simply

a synopsis of all of the AIDAPS vibration log sheets and comparison summaries

generatad during the program.
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Flipght Test Program

Vibration Recording Equipment

The same eguipment as described in Section 6.4.1 was also used during
the flight test phase of the program with some minor modification. The
system as described previously is basically a 12-channel system, but since
additional recording capacity was required for the flight phase, an additional
Tape Junction Unit and Tape Pre-amp Case were added to expand the system
capacity to 24 chennels. Since the tape recorder itself has only 14 tracks
available for recording, the signels fram each Tape Pre-amp Case were
routed through an automatic switching box which sequentially recorded each
of the TPC outputs for a predetermined time interval once the record mode

was initiated.
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.52 Test Conditions and Parts Implanted

The flight test operating conditions are listed in Tsble 6-5. These

conditions were chcsen as being representative of the nigher power steady

state ccnditions flown during a typical mission profile. They wer: conditions
which could be readily set-up and bheld by the pilot for the 30 sezond re-
cording time.

Figures 6-9%, 95, 96, apd 97 (thnt Test Summary of Results) contain
summsries of all defective parts implanted in the engine, transmission,
42° geerbox, and 90° gearbox during the flight test phase. Each summary
contsains the part neame, nmumber, and serial number of each part tested ass
weil as the number tested. A description of the defective part end the
serial number of the component in which the defective part was implented is

also given.

Engine Trapsmission
Test torque-psi N1 speed - % speed-rpm
Condjtion ranges _ ranges ranges
ground 24 - 26 92 - 34 6550 - 6612
hover 22 - 31 87 - 95 6505 - 6622
115 kt level flight 30 - 39 92 - 95 6505 - 6574

Table 6-5 Flight Test Operating Conditions
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.5.3.1 Besulit of Using Test Cell Meeans

The date that was recorded during the first few flights on ship 66-1011
was analyzed and compared against tbe cell 1=an to determine whether or not
the test cell mean could be used durirg the flight phase for comparison
surary purposes. The comparisons of the good flight data ageinst the test
cell meen are illustrated in Figures 6-73, 74, 75, and 76.

When compared against the test cell means, the flignt test data indicated
a number of exceedances at the mesn plus four standard deviation level. The
90° gearbox showed the greatest number of exceedances with an average of 19k.
The engine and 42° gearbox ...owed an average of 20 and 23 respectively and
the transmission the least number of exceedances with an average of only 9.

These large numbe: of exceedances at the mean plus four standard deviation
level indicate that’"good" parts installed in the aircreft experience higher
vibration levels than the same parts when instslled in a test cell. The
following reasons are listed to explein this effect.

1. The mounting configuration is substantielly different on the &ircraft
from the test cell. In the aircraft the parts are interconnected to

each other and mounted to a rather flexible aircraft structure. In

the aircraft there is intercoupling of vibration frequencies between

components, the 42° and 90° gearboxes interact with each other and

the transmission interacts with the L2° gearbor.

n

There is & general vibration level in the aircraft due to aero-dynamic
effects and various rotating machinery such as pumps, generators,
inverters, etc.
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Continued
With the vibratory level of "good” components in the aircreft so much

higher than the test cell components it was apparent that a new baseline

would have to be generated for the aircraft.

6-83




Hamilton Y. HEER 6080
Standard  Re ' Volume I

6.5.3.2 Ceneration of Flight Test Mean

The initial bsseline data gathered for the flight test consisted of six
gamples of each of the power train components. The individual transducer means
generated from these six baseline samples did not exhibit the same stastistical
variatica as the corresponding means generated during the test cell phase. A
typical mean from the test cell exhibited coefficients of variance ranging from
50% to 250$ whereas the corresponding flight test mean showed coefficients of

variance ranging from 10% to 100%.

The low coefficients of variance for the flight test were indicative of
very little “scatter" about the mean. This indicated that the £1ight test
mean comprising six samples was statistically different than the samples that
composed the test cell mean. For this reason six additional baseline runs were
made following the verification testing. A new set of means containing the
twelve baseline samples was then generated and the coefficients of variance for these
means was found to be in the range of 60% to 300% with the exception of the
transmission, reference paragraph 6.5.3.3. The larger coefficients of variance
obtuined with the larger baseline sample indicated the flight mean was now

exhibiting statistlcel variations similar to the test cell means.
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6.5.3.3 Initial Data Findings

Initial att.mpts to analyze and correlate known bad implants according
to spectral patterns, using the statistical techniques outlined at the hG.level
produced puzzling results. Not only did 4 ( exceedances occur on those trans-
ducers on the particnlar defective IRU but also on every other transducer in
the power train system., It was initlally concluded that two major factors
were responsible for causing this effect.

The first factor was the transmissibility of vibration signals from one
IRU to another. It was evident from the test cell data that a substantial
amount of transmissibility existed between the two gearboxes in the test cell,
In the flight test, since all the compiments were now intercoupled, it seemed
reasonasle to expect that increased vibration signals due to an implant in one
I@U also could be sensed by transducers on the other LRU's. Some idea as to
the expected degree of transmissibility that exists, or some means to nullify
its effect would be reguired.

The second factor that could account for so many k(]‘éxceedances on all
the transducers is related to the sample size of data used to generate the
flight test mean and standard deviation spectra., Initial comparisons between
known bad and good parts were made using a mean spectra for the transmission
in which only two different IRU's were used. In order to expand the sample size
quickly, several runs at similar operating points of a particular LRU were
obtained and these several runs averaged together to form a msan., Statistically
this procedure is poor. The standezrd deviation and coefficient of variance
spectra for the above mean spectre bore this out, Coefficlents of variance
(ratio of the standard deviation to the mean value for a particular spectral
line or filter) for these mean spectra ranged from about .05 to .35. Statisti-

cally this indicated a very tight dispersion between the various narrow band
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spectra used to establish the mean. Comparing the coefficieantz of wvariance

for the flight test mean with those established in the test cell alsc indicated
this effect.
There is an inference to be drawn from this limited sample size. In

order to test the flight implants statistically at the same confidence level

as in the test cell, the threshold value of llﬁ" must be increased to refliec:
the limited sample size.

Accordingly, next, the analysis technique was tried with the threshold
level adjusted to indicate exceedances at integer multiples of the standard
deviation up to 10, Another problem arose 1n making comparisons between good
and bad parts at the various threshold values up to 10 G' . The nature of this
problem is best defined by using a specific example. When & known bad h2°
gearbox was implanted on a particular flight, the statistical cowparison tech-
nique indicated hvexceedances on all (¢ the monitored vibratio: transducers
on the aircraft., Increasing the thresho.< value in steps o1 1 up to 10 & uad
cause the number of exceedances on all transducers except those on the h2° geerbox
to drop to zero. At the same time the number of exceedances (say at the 100“'
level) on the h2° gearbox transducers was reduced from perhaps 25 to two or
three. For five known bad gearboxes, these two or three exceedances at the
10 (rlevel vere not in the same portion of the frequency spectrum. In other
words, 10 to 1% different frequencies at the 10 6_1evel were all indicative of
a gearbox malfunction depending upon the particular gearbox of the five involved.
The same general pattern was observed for known bad implants in the other power
train components. Two or three frequency bands out of a possible 341 which
changed po-ltion in the frequency spectrum for malfunctions of a given type on

the same component was questionable for use as a highly reiiable criteria to

flag a part as bad.
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&t this time, 1t was evident that additiczal vibration spectra on good
comporents would be recuired to increase the sample size of the mcan spectra.
These eiditionel sexmples were not obtained until efter the verification phase
of the fiight test wa2s concluded.

Wien these sdditiomal samples of known good components were obtained, a
new mesn end sizmdard deviation spectru: were generated, Comparisons were then
nste betueen the new mesn spectra and those from the unknown bad implants in
the verification test and the known bad implants. These new attempts at correla-
zing tne 5 {§ exceedsnce pattern to a known bad impiant with a high degree of

probebility were pot encouraging; the seme basic problem as described above existed

g,zl
(33
5

e iesger degree. Some cases of known bad implants could be readily distin-
gxished while otkers could not be distinguished. The fact that multiple faults
were igpianted in the gear boxes further complicated matters.

The ceen generated for the transmission transducers posed scme special
considerations besed on the steuvistics of the analysis. Adequate sample sizes
wers odtained during the fiight test for the engines, the h2° gearbox, and the
95° gearbox by chenging these components as complete IRU's, This was not done
for the transmissions because of the ¢ime required to replace transmissions.
The mean for the transmissions was based on interchanging sufficient known good
guantities of input quills, tsil roior quiils, and main mast bearings in the
tvo eircreft transmissions provided for tho flight test. Inspection of the
nean and standard deviation sp-ctra for the various transducers on the flight
transmissions indicated that the dispersion of the various good narrow band
specira used in calculeting these means was still too tight. That is, the
coefficients of variarce for the various bands !n the spectrum were too low

(.05 to .5 in the majority of cases). This indicated that in order to
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estublish a satisfactory mean spectrum for the various transmission transducers,
vibration spcetre on a series of complete good IRU's would be required. The
fact that the transmission means were too tightly dispersed manifested itself
by producing significant numbers oflbérgxceedances (75-200) on the transmission
transducers even though there were no bad implants within the transmission.

It vas then decided that study should be made into the vibration phenomenom
and the problems associated with transmissibility in order to'better interpret

the data, These studles will be now covered.
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6.5.3. 0 Re-examination of Statisties

The caleulution of the standard deviation is a straightforvard arithmetic |
calculation, ' Further this caiculation is independent of any statistical
distributicn., Additionally, it will ze recdlled that an index of dispersion,
called the coefficient of variance (C.V;) is simply the ratio of the standard
deviation to the mean value for a particular filter band output.l Since ea$h
mean spectrum covers a O-S.kHi specfrum and was for our analysis divided into
341 separate filter bands, each mean spectfum iqvoiveslthe calcﬁlétion of 341
means , 341 standard deviations, and 341 qoefficients‘of variance. Re-examination
of the tabuléted C. V. for eaéh of the mean srectra for both the flight tést and
test cell indicated = range f;om about .1 to 3, indicating a substantial amount
of dispersicn within certain frequency bgnds. Eor example, a frequency band with
aC, V. of 3 ipdicates a substantially wider range of amplitude values for that
same frequency band in fhe various narrow band vibration spectra used to generate
the mean compared to a filter band with a:C.V. of .l or even l:O. 1

Without knowledge of the true amplitude distribution of vibration amplitudes
at a particular frequency bar” output all that can be said regarding the above

observed C.V.'s is that some bands irn the mean spectrum have a wider distribution

of amplitude values than others. : '

If the true amplitude distribution in the various filter bands was known,
then the standard deviation aﬁd C.V. could bé used to relate the amount of
dispersion betyeen the various filter bands of the mean spectrum. Since the
exact nature of the amplitude distribution at the 341 filter band outputs is

unknown and cannot be accurately determined from the data obtained duc to the
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small sample sizes,'a normal or Gaussian distribution of amplitudes was
assumed for all the 341 filter frequency bands. For example, take the case
of the 42° gearbox frequency at 1933 hertz which is located in filter band
133 in the 0-5 kHz spectral analysis. If a number of known good gearboxes
were spectrally snalyzed, the assumption of a normal distribution at the
output of filter band 133 indicates that the distribution of these vibration
amplitudes associated with the 42° gearmesh would be Gaussian. The same
reasoning can be extended to all other 340 filter bands in the spectrum.

- Due to the small sample size involved (approximately 10) in calculﬁting
the mean spectra, the Cumulative-t-Distribution tables were used to compare
the anticipated amplitude distributions with those actually obtained. The
use of these "t" tables rather than the normal or Gaussian tables takes the
small sample sizes into account in deriving confidence limits for the amplitude
distribution.

As an example of tﬁe use of the "t" tables as opposed to the normal or
Gaussian tables consider the following example based on a sample size of 10,
Ten different gearbox vibration amplitudes from 10 different "gocd" gearboxes
in the same frequency band are averaged and the standard deviation for that
filter band obtained. The Gaussian tables indicate that 99% of all other

good gearboxes compared against the mean generated using 10 samples would

A ’ have vibration amplitudes in the particular frequency band under consideration
3 that 4o not exceed the mean value plus 2,33 standard deviations. Using the

: "t" tables, however, indicates that for the same degree of confidence with a
sample size of 10, the upper limit must be increased to the mean value plus

2,82 standard deviations. In a similar manner, as the sample size used to
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enleulate a mean and standard deviation decreases to two samples, the "t“

tnbies Indicated that the upper limit, for the same degree of confidence,

mugt be increased to the mean plus 3.18 standard deviations. This example

demonstrates the importance of an adequate sample size for the calculation

of a mean and standard devliation spectrum.

There is a simpler approach to assess the dispersion of each "good"
narrow band spectrum when it is statistically compared to its mean spectrum.
That is to inspect and determine the number of filter bands out of 34l that
exceed the mean spectra at the various testing levels and relate the amount

of these exceedances to the assumed distribution. For example, for a sample

size of ten and again referring to the Cumulative-t-Distribution tables, only

4% of the 341 bands or approximately 13 should exceed the mean plus 20— thresh-

old value, For convenlence the assumed confidence level for the above

example was taxen at 96%. It u simi%gr maniner, dal the sume coufidence level,
only 3 bands out of 34l should exceed the mean plus 30— threshold value. Re-
examination of the meun data for both the test cell and flight test in light
of the above discussion showed that for every calculated mean spectru,

approximately one-half of the "good" narrow band spectra fell substaitially

oulside or the expected distributions. One example of this from the test cell

data for the 42° gearbox will be discussed in detail. Figures 6-77, 6-78, 6-73

and A-8u are the tabulated aud plotted comparison summaries for the 42° gearbox.
Figure 6-77 lists the number ot 42° gearboxes that were used to generate the

mean spectrum at this operating condition. This figure also lists the number

of exceedances each gearbox shows at various levels when it is individually

compared to the calculated mean spectrum, If the number of frequeancy bLand

exceedances over 13 at the 29— level as outlined previously is used as a

statistical dispersion criteria, 5 or the 11 gearboxes are non-Gaussian.
6-91
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Another indicator ot non-Gaussian distribution 1s the number of gearboxes thal

vxceed the mean value in more than 170 frequency bands. Only one gearbox Serial

No. B13-5199 exceeds the mean value in more than 170 frequency bands, whereas %
or 6 of the gearboxes should. Further, gearbox no. BL3-5199 exceedauces at the
various testing levels are so great compared to the other gearboxes that it is
clearly not representative of an average good ccmponent.

Figure 6-78 is a graphic display of the same information tabulated in
Figure 6-77. Here, all the components (11 gearboxes) are displayed simultaneously
in terms of percent of all gearboxes versus frequency at the various testing
Levels. Each test level represents the comparison of 3,751 (341 x 11) individual
data points. At the mean cowparison level, for a normal distribution, one
would expect 50% of the gearboxes to exceed the mean in at least one-half (170)
of the total frequency bands in the spectrum. Thal this is not true is plainly
evident by visual inspectlon. If straight vertical lines are drawn from frequency
bands exceeding the 3@ level to the same frequency bands at the mean level, it
can be seen thut only one gearbox out of 1l exceeds the mean value of that fre-
quency band. This, again, is strongly suggesting that one gearbox, with a high
level vipbration signal in one band distorts the mean value of that band to such
an extent that the other L0 good gearboxes do not exceed the mean value of that
band.

Figure 6-T79 is a tabulation similar to thut or Figure 6-77 except that the
gearboxes Labulated in Figure 6-79 have known defective implants (gears in this
case). The tabulation lists only the frequency bands that exceed u(Y', the
initial threshold level established as a demarcation point between known good
parts and known defective parts. Figure 6-80 is similar to Figure 6-78 in that

the known bad gearbox spectral band exceedances when compared to their corres-
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ponding mcun spectral bands are simulitaneously displayed in terms of per

cent ol all bud geurboxes (6 in this case) versus frequency at the test levels

indicated.

The 4@ pands in the tabulation of Figure 6-TY for each known bad implant
in an individual gearbox can now be correlated against the known frequency
geometry of the 42° gearbox. At the indicated item speed the fundamental
gearmesh frequency should occur at 1878 hértz with a sideband structure above
and below this frequency with each sideband separated by approximately 69 hertz
(the shaft rotation speed in RPS),
The "good" gearboxes whose frequency spectra are not representative ot a
normal distribution cause distortion of the mean spectra. This resuits in
significant energy changes in certain bands assoclated with a malfunction to be
overlooked in the statlstical comparisons at the 4@ level. The significaice of
the frequency bands that show signal levels in excess of whal is statistically
expected 1s that they are related to some abnormality in the particular component.
As an cxample, consider a known good 42° gearbox. This gearbox is determined
guod by inspection of the individual components gears, bearings, shafts, and
gearcase by various techniques, i.e., visual iuspection, dimensional checks, magna-
fluxing and Zyglo. However, once all the individual parts are assembled into a
complete gearbox it is reasonable to expect that some gearboxes due to a stack-up
of tolerunces, shaft or bearing race eccentricities, or vinion eccentricities would
run rougher than others and, consequently, emit vibration signals of increagsed amplitude.
For the case of a gear, certain frequency bands associated with the gear clash rate, the
side band structure, and shaft rotation would have an increased output amplitudes. If ten
42v geartox spectra are to be averaged and even one or two of these boxés emits

increased vibration sidebands in a portion of the frequency spectrum where the
6-93
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other gearboxes have no sideband energy the nei etfect is a distortion of the

statistics.

The amount of distortion is directliy related to the amplitude of

the vibrations and the number of frequency components

The first effect of including an abnormal component in the calculaticn of

an average and standard deviation spectra is an increase in both these quan-

tities which is not represeniative of tne average distribution. There is also

an increase in the coefficient of variance (C.V. - defined earlier as the ratio

o’ the standard deviation t0 the mean valﬁe for a particular frequency band in

the mean spectrum in terms ot PSD quantities). The C.V. is also tabulated for

each frequency bsnd of the mean spectrum. This quantity ranges from approximately

.2 to 2.5 within each mean spectrum. Invariably the data shows the C.V. tends to

be highest in those frequency bands thal are associated with a malfunction of a

particulur part i.e,, side band and gearclash fr-quencies and shaft unbalance

requencies for a gear. To quantitatively relate the effect of tiis distortion

on the 49 thresiiold level a relationship is required that allows the absolute

level of the 4 threshold to be calculated preferably in units of the trunsducer,

Tnis relationship is:

, 1l/2
T.L. =M [1 + N\C.V.U

wnere T,L, = Threshold value at any given standard deviation

M
N

C.v.

n

Mean value of a filter band output in transducer units

i

Standard deviations (1, 2, 3, 4 etc.)

Coerficient of wvariance

Belovw is a table derived using the above relation for various C.V.'s and

standard deviation levels

N

Std Deviation Level TL(CV=2.5) TL(cV=2.0) TL(CV=1) TL(CV=.5) TL(CV=.2)
L 3.3 XM 3 XM 2.2 XM 1.73XM 1.3 XM
3 2.91 XM 2.65XM 2 XM 1.58 XM 1.26 XM
2 2.5 XM 2.2XM 1.73 XM l.b1xM 1.18 XM
1 1.87 XM 1.73XM 1.1 XM 1.22XM 1.09XM
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Pnis tuble vividly demonstrates in a gquantitative manner the effects of
statistical distortion on the computed wean spectra. For example, the 4 sSigma
threshold value in terms or transducer units couid range from 1.35 mean

to 3.3 mean value for a pariiai lar frequency band depending on the C.V, in

that band. The above indicates that it a mean spectra filter band is distorted
statistically so that the C.V. in that band is 2,5 when a 0.2 value is more
representative of the vibration amplitude of the average vopulation for ikat
band, the 4 threshold value in absolute terms in raised significantly. The
statistical distortion would also raise the mean value for a filter band with
a C.V. of 2.5 relative to that same band with a C.V. of U.2 approximately by & factor of
two. In thi. case the vibration amplitude associated with an abnormality
instead of indicating a 4 @ exceedance at 1.35 megn value for thut filter Qand %
- 2x 3.3
would have to rise to an amplitude level of 2 x 3.3 mean value or § times { 1.35
that level statistically expected to be required to flag a part as abnormal.
T'he above exawple is ad@ittedly a worsf case analysis but it is used to demonstrate
the nature of the problem, The same effect exists in others filter bands to lesser
degrees and is dependent on the amount of statistical distortion in *hese bands.
The distortion discussed above has two major effects on the data, F¥irst, it
raises the 4T threshold level in absoiute trunsducer uniuis sufficieully in the
very trequency Lands that are the best indicatHrs of a malfunction of a part.
Consequently, even though vibration amplitude levels do rise significantly in
these bands, they do not rise sufficiently to exceed the 4 threshold level that
was established. Secondly, since most of these slgnificant frequency bands that
are associated with an abnormality within a given component are not indicated in
the comparison summary, correlation of a known bad part with its frequency spectrum

or signature is made much more difficult,
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6.5.3.5 dighly Resolved Spectrum Analysis & Transmissibility Evaluation

Test cell data obtained from the 42° gearbox was selected to be used for

initial high resolution spectral analysis for the following reasons:

1. The 42° gearbox is a simple system to analyze in that only one
gearmesh 1s present. Any significant results obtained from this
gearbox analysis could be extended to a more complex system such
as the transmission which has several gearmeshes.

2. Test cell data was chosen because the engines and transmissions
were run in separate cells during this testing and transmissibility
between these components and the gearboxes was not & factor.
However sincs both 42° gearboxes and 90° gearooxes were simul-
taneously tested in the test cell rig some idea c¢f the amount of
transmissibility between these two components could be obtained.

Figures 6-50 and 6-51 are two highly resolved FSD plots of the 420 gear-

box data, Figure 6-50 is a 2.5 hertz analysis and Figure 6-51 is a 1.25 hz
analysic. The transducer from which the vibration spectra were obtained was

#59, a velocity pickup, The 90° gearvox had a bad gear implant and the 2"
gearbox a bad output ballbearing implant when this data was obtained., Inspection
of these two PSD spectral plots shows the following mejor spectral responses;

1. The basic 42° gearmesh frequency at 1832 hertz wicth a side-
band structure separated by the input shaft speed of 68 Hertz,

2, The second harmonic of the 42° gearmesh frequency at 3664
hertz with a sideband structure separated by the input shaft

speed of 68 Hertz.
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3. The 90° gearmesh frequency at 1017 hz with a sideband

structure separated by 68 bz and 26 hertz.

4, The second harmonic of the 90° gearmesh freguency at

2034 Hertz separated by 68 hz and 26 hertz.

S. Shaft speed components at 68 hz and 26 hertz and harmonic

multiples of the shaft speed.

Since the 420 gearpox has no speed change between inyut and output
shafting the sidebands assoc:ated with this gearbox are separated by 68 hertz.
The 90° gearbox has a spe>d change, the input shaft rotating at 68 rps in this
case and the output shaft at 26 hertz. This speed change between input and
output on the 90° gearbox accounts for the double side and structur. of the
90° gearmesh. One structure (68 hz) is associated with the input shafting,
bearing, and drive gear, the other sideband s£ructure (26 nz) is associated
with the output shafting, bearing, and driven gear.

Also evident from Figure 6-51 is the second harmonic of the gearmesh and
sidebands frequencies from the 90° gearbox mingled in with the basic gearclash
frequency and sidebands of the 42° gearbox.

The gearmesh frequencies for the gearboxes are calculated by multiplying
the shaft speed in rps by the number of gear teeth. The sidebands are separ-
ated from the gearmesh frequency by the shaft speed and multiples of the shaft
speed, Since the gears have an integer number of teeth, sidebands of gearmesh
frequencies for gearboxes coupled by shafts rotating at the same speed will fall
in the same frequency bands if the sideband structure is extended far enough,

0
For example, since the output of the 42 gearbox and the input of the 90°
6~97
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gearbox are coupled by the same shaft, upper sidebands of the 90o basic gear-
mesh and lower sidebands of the 42° gearmesh will occur at the same freqrzncies,
Figure 6-42 shows this effect and it may also be observed on the two spectral
plots of Figures 6-50 and 6-51.

This factor is a source of interference which depends upon the absolute
magnitude of a 90° gearbox sideband component, the transmissibility between
the 90° gearbox and 42° gearbox at that frequency, and the relative magnitude
of a 42° gearbox sideband compared to the transmitted magnitude of the inter-
fering 90° sideband component,

For example, Figure 6-4Z shows that the sixth lower sideband of the u2°
basic gearmesh and the sixth upper sideband of the 90° gearmesh occur at the
same frequency. For the example cited this frequency is 1424 hertz., This
interference will occur even though' the input shaft speed changes. Changes in

shaft speed would only change the frequency at which the sixth sidebands occur.
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0.5.3.5  Conlinued .
Assume the true value of the sixth lower sideband of the 42° gearbox

to be 0.5 g rms. If at the same time the true value of the sixth upper
sideband of the 900 gearbox was 10 gmms _and the transmissibility between

the gearboxes was 0.1 at this frequency, 1 g rms (10 x 0.1) of the 900

gearbox response would be sensed by the 420 gearbox transducer. The net
effect in the spectral analysis of the U42° gearbox vibration Jata would be to
increase the apparent response in the 142h4 Hz band from 0.5 g rms to

(0.5)2 + (1)2 = 1.12 g rms. Thus the effect of transmissibility is to more than
y

double the spectrel energy for this example, A fairly accurate agsessment of

the amount of transmissibility between the gearboxes was obtalned using
the following technique: The mean spectra for the 420 gearbox and the
900 gearbox are first compared. The highest response for the 90° gearbox
occurs at its gearmesh frequency. Comparing the magnitude of the response
at this frequency band on the 90° mean spectra with the same frequency
band on the 42° gearbox mean spectra yields significant information
regarding the amount of transmissibility at that frequency. In a similar
manner the highest responses on the 42° gearbox mean spectrum were compar-
ed with the 90° gearbox mean spectrum. Preliminary information indicat-
ed the transm!ssihillity between the gearboxes in the test cell ranged
from gbout .1 to .2 . Admittedly this information was obtained at = few
selected frequency points in the spectrum and does not account for any
potential structural resomances that might magnify the transmissibility
nt some frequencies. The above technigue was also extended to the flight
test data with similar results.

The net conclusion is therefore that transmissibil.ty is predominant,

and its value ranges from .l to .2 .+ The effect of this transmitced

6-99




Hamiiton U HSER 6085

Standard Oa Volume I
[ T AR - SR R

wH. 3.5 Continued

energy ls variable depending upon the reiative signal strengths of the

interacting components. Its effects must be considered, however, in any

analysis slanted toward fault isolation to the LRU.

6.5.3.6 MODES OF MODULATION

Further inspection of Figure 6-51 indicates that the sidebard
structure around the various gearmesh frequencles extends quite far in
the frequency spectrum ( + 10 sidebands). Additionelly, the amplitudes
of the sidebands do not drop off rapidiy as the frequency separation cf
a sldevand from the gearmesh frequency increases.

Various researchers have described the sideband generation process

gears and bearings as related to amplitude modulation. For the case of

for

gear

sideband generation the physical process creating th: amplitude modulation

within the gearbox has been related to shaft, bearing race, and gear

eccentricities. It has previously been assumed that tuese eccentricities ada

and create a net shaft unbalance at the shaft rps and harmonic multiples.

This shaft unbalance vnen can cause the driving gearteeth to be driven

into and away from the driven gearteeth resulting in a load fluctuatica.

This load fluctuation can then cause amplitude modulation of the basic
gearmesh frequency which forms a sideband structure. However, shaft
unbalance in the majority of cases manifests itself in vibration
components wnlch are predominant at the shaft speed. The amplitude of
the higher order components diminishes rapidly with frequency. Due to

the nature of the amplitude modulation process the sideband structure

should show this same trend. Figure 6-5)1 indicates that this is not the
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caue, Bm foet fost the cgposite effect 33 indicated. Significantly,
hiyrhne order sidetenis beve armlitudes grezier than those of lcwer order.
This tremt anf other inconsistencies im relsting the observed spectral
distribmiion fror tke test dztz (o 2 predomdmently spplitude wodulation
sreammEace ied to the comciusion that fhe predaminent modmlation process
irpolived io gEmereiing the geermesh sidebands was gue to phasse or freguency
it fors.

To =staniiszh e existence of FM modnletion in the data, tze foliow-

(3.2

ry experiment wxz performed. A tzpe loop of 2 sarple of the vibration
cage fram the L3V geardox wes mefe. The sigpel fros this tape icop wes
pliaped back inio &n M fiscrimimzior or demedulzior. Tne derodulsator
irgnt filter wes cemiered 2t zpproximetely 3800 hertz which is the fre-
Toeoey of the 208 hermonic gearmest of the §2C gearbox. This filier a2liovs

ssocizted #ith sidebands

)]

ocly téet poriion of the tolzl freguency specinz=
of 1ze 2of hermonic gearmest Lo be processeé Gy the demodulator. The 2rd
Eres. ic geermesh end sifebanmis were chosen because tne 2né narmonic
eraesh vidreitions were iwice ibe erxpiitude of tre {irst hermenic. In
zédition, the Treguency specins arcund ithe Znd harzonic gearmesn was
relativedy f:oc= Of 2% interfering freguepcies. Tre resulis of this
experirent were thai the shaft frecuency and its narponic muliiples
emerged 2t e output of the FY demodulator. Thnic experiment confirmed
tra* ihe L7 gezrzox gearmesh freguency was ceing phase mojulated at the
saft rps 2rd its heroonic oudtiples.

Prior to proceeding, a brief discuission anG expiansiion of the
‘=- moduation meithods AM end M will be presented.

£ menerel aiternsting weve Zay be presented ty the eguation

N

b 2() = &~ (% 2 @) w=2frf' t = Time
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6.5.3.6  Contimied

In amplitude moduletion A is varied in accordance with the time
variation of the modulating signal. In angle modulation the phase term
@ is varied in accordance with the time variation of the modulating
signel.

Amplitude Modulation

The general expression for amplitude mcdulation of a carrier with

a single sinusoidel freguency is

{(2) £(t) =K (1 + m cos wnt) cos wet vhere X is a system constant
vy 1s the modulating fre-
quency
we 1s the modulated fre-
quency or carrier
m = modulation factor and
denotes the fractional
extent by which the
modulation varies the
carrier amplitude

Qo

Figure 6-81 shows a typical modulating signal and the carrier
envelope variation correspeonding to this modulation described by tile
above equation. Equation 2 can be expanded using trigomometric identitiles
to the following:

f(t) = K cos wet + -g cos (ve + wp) t + Eé cos (ve - vm) t

The sinusoldaliy modulated carrier 1sshown tc consist of the sum
of three sinusoidal compcnents of different frequencies, the original
carrier plus an upper and lower sideband. This is also shown in Figure
6-81. The amplitude of each sideband frequency for a sinusoidally modulat-
ed wave 1s m/2, which has a maximum value of 1/2 for 100% modulation.

Additional characteristics of the AM process are:

6-102
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6.5, 3.0 Continued

X

1) The number of sidebanrd componerts for & single modtilating signal as
shown does not change if the amount of modulation (m) is increased. For
the case shown, if the modulation was doubleé, the emplitude éf
upper end lowver sidebenas about the carrier we would also double but
the narrier amplitude wouild remain constant and no additional
frequencies woulé te generated,

2) The amplitudé of each sidebend frequency for a 'sinusoidally
modulated wave is m/2‘vhich has a maximum value of 1/2 for 100%

modulaticr. Relative amounts of power in the sideban&s gre’:

Pearrier = 1 02

Piower sideband 1{

Pupper sideband = 1;'

OR 2
Pyotal. sidevands =~ X Pearrier

i

With 100% modulation the total power in the sidebands for sinusoidal

modulstion is one half of the carrier power, However for 10% modulation

it is only .005 x the carrier power Ci}-érii)

3) Increased enefgy in the sldebands is not obtalned from the carrier,
the carrier power remains constant regardless 'of the amount of
modulation.

Frequency Modulation

|

Figure 6-82 illustratee a carrier frequency mcdulated by e repetitive
sawtooth wave of perio@ T. As the modulatiné wave increases in
magnitude the carrier oscillates more rapldly or the frequercy deviation
increases, That 1s the frequency deviation of the carrier is proportional
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to the ~mplitude of the modulating wave. The urate at which the carrier
#r: Juency changes 1s the rate of the modulating wavee.

The general expression far a frequency moduleted carrier is
(3) f£(t) = cos (wet + (5 sin wmt)

where vwe is the unmodulated carrier

wp 18 the rate of modulation of the carrier
18 the modulation index and represents the maximum phase

shif% of the carrier dwring a carrier cycle.

Q is further defined as

b _av
% =%

and is defined as the ratio of the instantaneous frequency deviation

of' the carrier to the modulating frequency.

BEquation 3 may be manipulated and expanded to the following form
(the details of this expansion may be obtained from any text dealing
with modulation theory).
(4) £(t) = Jo(B) cos wot - JL (@) cos (we - Wm)t ~ cos (ve + wm)t
+ Js (@) cos(we-2wm)t + cos (we+owm)t

- J3 (@) cos(wc-3wm)t - cos (wc +3wm)t
where Jn (@) denotes a Bessel fuaction of the first kind which occurs

in meny physical problems. Tables are available to evaluate the magni-

tude of & particular Jn (@ ).

6-10k4
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Continued

Equation 4 indicates a time function consisting of a carrier Jo
(ég ) cos wet and an infinite number of sidebands spaced at frequencies
+fm, +2fm, etc, from the carrier. Note that this is in contrast to the
AM case discussed previously where only the carrier and a single set of
sidebands existed. (Again this assumes sinusoidal modulation for both
the AM and FM cases.)

For the FM case the magnitudes of the carrier and sideband terms
depend on CB s the modulation index. This dependence is expressed by the
appropriate Bessel function. This also contrasts with the AM case, where
the carrier magnitude is fixed and not affected by the modulation and
the amplitude of the two AM sidebands varies only with the modulation
factor m. Or, in other words, the value of the carrier term in the FM
case Jo ( G}) is always reduced when modulation occurs because Jo (63 )
is less than one for all values of other than zero.

Anotier important characteristic of the FM process is that the
average power in the modulated wave is not changed by the modulation.

The power in the sidebands is obtained by a reduction in the carrier

power. Mathematically this is expressed
n =
02 (@) +2 > m (@) =1
n =1

for all values of ég .
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6.59.3.6 Continued

The entire science of gear design emphasizes the importance of

achieving linear angular velocity in order to optimize the transmission

CHACEFT e s wm e

of torque or power. Any one of & great number of factors that can cause
dynamic variations in angular velocity will effectively cause phase or
frequency modulation of the basic gearmesh vibration frequency.

The only factor contributing to variations in angular velocity of
a gear that can be determined statically is the effzct of tooth profile
variations. Tooth profile position variation or "position variation" is
defined as the deviation of a gear's tooth profile from true position.
Dynamic or operating variation of the angle (@) shown in Figure 6-83 will
contribute to posit;on variation inaccuracies. The degree of position

variation is determined by the addition of all the factors affecting the

R O R R B P R S A Bt G PR e e e R B G

" tocoth profile positions; some of which are:

1. Rotating variations

a. Radial runout '

b. Lateral runout

o A R SR

2. Tooth-to-tooth variations

a. Profile deviation from true involute

b. Profile spacing

TR PR R SE

C. Tooth thickness variations
Typical geometric gear variations are shown in Figure 6-83. It is

important to appreciate that once a gear has been fabricated, it contains

LS i N

position variations due to manufacturing tolerances which are an inherent

property of that particular gear. The effect of these variations on a
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6.5.3.6 Continued
vibration signature does not become apparent until after the gear is

mated with another gear. Also, when a gear is assembled into a camplete

system, additional position variations are encountered due to the

tolerances of the installation., These variations are generally due to
runout of the shaft and/or the bearing races.

When a gear system is transmitting power the dynamic loads on the
gearteeth also cause position variation errors. Some of the dynamic
factors are:

1. Elasticity of the gear umaterial and the gear mounting.

2. Torsional deflection and beam bending of the gesar shafting.
3. Gear tooth loading and resultand deflections.

4. Dynamic balance of the rotating components.

5. Temperature differentials within the gearbox.

6. The mass of the gear and shafting system.

All of the above factors then contribute to dynamic geartooth profile
position errors and effectively phase of frequency modulate the gearmesh
frequency or carrier,

The physical process which generates frequency modulatica is demonstrated
by the example in Figure 5-84. In this example, it is assumed that a
gearbox similar to the 42° gearbox with 20 teeth per gear is under consid-
eration, There is no speed change between input and output shafts and
the shaft speed is 100 rps. The top half of Figure 6-84 shows the

theoretically perfect case of no geat tooth profile position errors.
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Continued

A vibration transducer monitoring this gearbox would sense only the
vibrations caused by the meshing teeth transmitting power which occurs

at 2,000 Hz (20 teeth x 100 rps). Only the basic gearmesh frequency is
assumed to be of significance in this example. The figure shows one
complete revolution of the shaft or gear. Accordingly the unmodrlated
wave at the top of Figure 6-84 shows 20 sinusoidal cycles or 20 pairs of
geartooth mesh., Since the shaft rotates at 100 rps, the time for one
complete shaft rotation is .0l seconds as illustrated. The time between
successive positive pneaks on the unmodulated sinusoidal gearmesh frequency
is .5 x 10~3 seconds (Jégp and is constant from cycle to cycle. Since

one shaft rotation is equivalent to 360 mechanical degrees of the gear and
there are 20 teeth on the gear, the mechanical angle between successive
tooth profiles is 18° (360/20). 1In terms of the electrical output waveform
of the transducer which senses gearmesh vibration, one electrical cycle
(3600 electrical) is generated for each fractional turn of the shaft equal
to the mechanical degrees between geer teeth. One mechanical degree is
equal to 20 electrical degrees (1/18 x 360).

The two bottom illustrations in Figure 6-84 show the case ficr a tooth
profile position mechanical error of 1/6 degree peak mechanical. This
error could arise from one of the many factors discussed above and is
assumed to vary sinusoidally as the gear completes one revolution. The net
effect of the position error is to change or modulate the instantaneous fre-

quency of the 2000 Hz gearmesh frequency. This is also shows in Figure 6-82
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The peak mechanical position error of 1/6 degree would cause & peak phase

shift of a carrier cycle of 3.3 electricel degrees ( léé =4

50-3 x = 3.30
ELECTRICAL). Assuming an approximate 3.6° error rather than 3.3° for

convenience, it can be seen that the net effect of the position error is

to cause a pesk frequency deviation of the carrir of 3.6/360 x 2,000 or 20

cycles. This frequency deviation is equivalent to the Af -term in the

expression of the FM modulation indes 65 =€E§-. Since the shaft speed is

100 rps, and the position error is assumed sinusoidal over one gear

revolution, the effective modulating, frequency im is 100 rps. This gives 65

a value of 0,2, If the position csror vaeriaticn over one gear revolution

5

is non~sinusoidal, the effective modulating frequencies will occur at

e

o o o e e A L e AR IR AS

100 hertz and multiples of 100 hertz since the variation pattern is repeated

at a 100 Hz rate. The exact distribution of the harmonics would depend on

the particular position variation pattern within the gear system and the

modulation index Gg . For ég = ,2, the only Bessel coefficients of

significant amplitude are J, (.2) and Jy (.2). Substituting the values

g of these coefficients into the expression for the FM wave gives:

, £ (t) = .99 cos wet + 0.1 cos (wg = Wy) t + 0.1 cos (wg + wp) t
§ Jo (.2) = .99 £, = 2000 Hz

§ Jp (.2) = .1 fo + £y = 2100 Hz

3

fo - £ = 1900 Hz
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Continued

This is very similar to the expression for the case of amplitude modulation,
i.e., a carrier term of approximately unchanged amplitude and two side-
bands of equal amplitude spaced from the carrier frequency by the modulating
frequency. In fact, if & spectrum analysis of this FM wave were obtained,
it would be impossible to distinguish the resultant frequency structure
from that obtained with amplitude modulation. However, as the FM modulation
index increases, or higher harmonics of the basic gearmesh frequency are
considered, some interesting effects manifest themselves.

Figures 6-85, 86, and 87 show graphically the effect on the FM
sideband structure associated with the carrier or gearmesh frequency as
the modulation index QB is increased. These figures also illustrate the
second harmonic coépouent of the basic gearmesh frequency scaled to give
an amplitude of twice that of the basic gearmesh frequency. The reason
for selecting two harmonic components at this relative magnitude is that
this pattern has been consistently observed for the 420 gearbox spectral
analyses (i.e., the second harmonic component is twice the value of the
first).

Figure 6-85 shows the case for 6= 0; i.e., no phase modulation, At
the top of Figure 6-85 is drawn a gear tooth pattern indicating perfect
meshing conditions; i.e, vooth profile position errors do not exist,

Below the gear tooth pattern is shown the resultant wave which includes
the first and second harmonics of the gearmesh frequency. Below the
resultant wave the individual gearmesh frequencies (first and second

harmonic) are shown with no frequency modulation. And finally et the

bottom of Figure 6-85 is shown the spectrum of the vibration signal for

o
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6.5.3.6

Continued
the case of no modulation. Oly two frequencies at relative amplitudes
of one and two units are present in the spectru.

Figure 6-86 shows the case when some FM exists due to a sinusoidal
phase modulation or profile position error. Here it is assumed that
cs = 0.5 for the first harmonic. If, as in the previous example, the
gearmesh frequency is assumed to be 2000 hertz and the gearshaft rps is

100, A fe of the gearmesh if 50 hertz (A fo = (Dxf ). Also for ‘8 = 0.5

the significant Bessel coefficients are ndw:

Jo (.5) = .94
Jq (.5) = .24
J2 (.5) = .03

Referring to the equation describing the FM wave and inserting the above
Bessel coefficients, it can be seen that the sideband structure has
expanded. The spectrum of the FM wave now contains the original carrier
or gearmesh frequency at a reduced amplitude of .95 ard two pairs of
sidebands senarated from the gearmesh at +100 hertz and + 200 hertz at
relative amplitudes of .24 and .03,

Similarly, Figure 6-87 shows the case when the modulation index
associated with the first harmonic of the gearclash increase to one

( é; = 1). The significan® Bessel coefficients are now:

Jo (1) = 0.77
Jp (1) = C.bk
Js (1) = 0.11
J3 (1) = 0.02
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Continued

As contrasted to the case of @ = ,5, this case of 6= 1 indicates that
the frequency spectrum contains the gesrmesh frequency at 2000 Hz but
reduced in amplitude to 0,77 and a sideband structure at +100, +200, +300
hertz from the carrier at relative amplitudes of 0.4k, 0,11, and 0,02, The
spectrum is also shown in Figure 6-87.

The point of the above discussion is the fact that a single modulating
frequency related to the shaft speed and a moderate amount of frequenry
deviation (O f,) which is related to the peak tooth profile position error
can combine to cause an extended sideband structure around the basic gearmesh
frequency. The greater the frequency deviation (Z3 fc) or effectively, the
greater the modulation index@ the more extensive is the sidebana structure.
Further, and most important to the understanding of vibration specifics, it
can be seen that as 63‘increases the energy increase in the sidebands is
accompanied by & corresponding decrease in the energy at the carrier or
gearmesh frequency.

The effect i frequency modulation on the second harmonic of the gear-
clash is somewhat different than the effect on the fundemental. Recalling
that one of the equations describing the FM wave was

£(t) = cos (w,t + sin wpt)

Where w, = carrier or gearmesh frequency (first harmonic)

wp = modulating or shaft rotation frequency.
The equivalent expression for the frequency modulated wave at the second

harmonic of the gearmesh is:

t) (2nd harmonic) = cos (n wot + n sin wyt)
Where n = 2
fm = wm
2
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0.5.3.6  Continued
‘his equation indicates a time function at twice the carrier or gearmesh

frequency modulated at a rate determined by the shaft rps (fm) with an

effective modulation index n ewhich is twice that (n=2) for the case
of the basic gearmesh frequency.

Since @J s the modulation index, is defined as e:v =A———-—$ and fm is the
shaft rps the effective modulation index (63) for the second harmonic of
the gerrmesh frequency is twice that of the first harmonic. This is shown
in Figures 6-85, 8G, and 87. The effect of this phenomenon is to cause a
more extensive sideband structure at the second and higher harmonics of a
gearmesh frequency. This is also shown in the spectrum plots in Figures
6-50 and 6-51. The appropriate Bessel coefficients for the second harmonic

modulation idexes of (5 = 1 end é3== 2 are listed below.

6 =2 6 -2

Jo (1) = 0,77 Jo (2) = 0.22
Jy (1) = 0.k J, (2) = 0.58
Jp (1) = 0.11 J, (2) = 0.35
J3 (1) = 0,02 J3 (2) = 0.13
J), (1) = Not Significant Jy (2) = 0.03

The fact that the modulation index increases in direct proportion to the
harmonic number of a particular gearmesh frequency implies the following:

Even though the modulation information associated with a malfunction
contained in the carrier and sidebands of a gearmesh is the same at the
fundamental gearclash as it is at the higher harmonics, the spectral
distribution of this information will be different depending upon which
harmonic sideband structure is analyzed.
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The significence of the modulation index (.ét;f?_) is that the Afc

term represents the net sum of the many factors previously cutiined that

contribute to gear tooth profile position varistions on s dynsmic basis.

The identification of this M effect and its characteristics alsc
expleins the reaction initially observed in the test cell phase tetween

a bad bearing'implant and the gear and shafting system, (i.e. the bearicg
implant manifesting itself by causing a change in the relasted gear
sideband structure).

The above discussion of FM assumed, in all cases, a sinusoidal modu-
lating wave. However, this assumption does not represent typical gear
tooth profile positign variations. Significant harmonics of the sinu-
soidal pesttern do exist. The extension of the FM process with a ccmplex
modulating signeal or profile variation pattern is considerably more
difficult and cumbersome than the case for & single frequency. However,
the general characteristics outlined above are still applicable. For a
complex modulating signal the energy in the gearmesh sidebands would occur
al known points in the frequency spectrum, i.e. at integer multi.ples of
the gearshaft rps or fm. The sideband structure would not be symmetrical
about the carrier. This féct has been established by various resesarchers on
frequency modulation and has been consistently observed in the path,

The modulation index‘ég is an extremely importaant indicator as to the
amount of phase or frequency modulation that exists in & particular gear,
bearing, or shaft system This index would in general be different for a
particular gear system (i.e. 420 gearbox, 90p gearbox, transmission tail

rotor, transmission input quill, etc.).
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Tt would depend on such factors as
‘ 1. The geometry of the gear (no. of teeth, size of gear, stc.)
| 2. The manufacturing tolerances for a particular gear (input quill,
tail rotor, etc.).
3. The mess of the gear.
4. The rotational speed of the gearshaft
5. The mechanical load
Assume, for exsmple, that gear tooth wear is the only factor under
consideration. If a mean spectra representative of all new 420 gearboxes

wvere obtained, the sideband structure for all samples that were used to

‘ generate the mean spectrum should be similar if the gears were cut by
| the same machine. As the gearteeth in these gearboxes wedr as a function
of usage, the relative tooth profile position error would increase, causing
e to increase and causing the sideband structure to be altered in some
predictable manner. However, due to the many factors in addition to
vear influencing the tooth profile position error, it can be expected
| that the sideband pattern would differ depending oc the causge of a
‘ malfunction. At this time it appears that it may be possible tec correlate
the sideband structure with a particular malfunction.
The FM effect also tends to substantiate the test results obteined
based on the statistical analysis of the dsta. It wili be recslled that
® statistical indicators employed to test the narrowband spectra used to com-
pute a mean spectrum for a particular component indicated that some of the
components were not representative of the mean and caused statistical .

distortion. Invariaebly the filter bands that were associated with gear-

mesh sidebands indicated the highest coefficients of variance.
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This brings out twc distinct possibilities: first, that
those components that differed statistically from the mean were "bad"
Lo the extent that they required replacement; or second, that these
componrentis remesented different degrees of wear relative to the other

components used to estatlish the mean. The data analyzed tends to

X

substantiate the latter case. A further extension of this line of
reasoning would indicate that it is distinctly possible, using the

statistical approach outlined earlier, to segregate "good" components

. into various mean spectra. These mean spectra then would be representa-
tive of various degrees of wear. Perhaps comparison of a suspect compounent
could be made with the varionus mesn spectra to determine useful operating
hours of life remaining. Additionsl testing, data snslysis, and .
correlation would be required to determine if this is in fact possible.

There is one additionsl significant f'actor concerning the FM
process. That is the equations describiag the modulating process
predict that as the modulation index eincreases, the energy associated
with Lhe carrier or gearmesh vibration frequency decreases. In fact at
some modulal.ion indices the energy associated with the carrier will
disappear completely and all the energy associated with the ™ wave 1is
contained in the sidebands. This effect is not normally noticeable until
the modulation index exceeds approximately 1.5. To ascertsin whather
f this effect could be observed .- the data, Figure 6-88 showing expected’

modulation indices for the various gearmeshes in the power train was

T g ey
¥
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representative of what could be expected for the various gearmeshes.

Cont. inued . : .
[} s 1

enlcuinted. The basis of the calculation was that the maximum Af. term

1
in the modulation index,(B; Afe )' was 1$. This number was considered
C T fm :

The mdullation index was calculated by taking one percent of the various
gearmesh frequencies and dividing by the respective shaft speeds asso-
ciated witt} a particuhr éearnelh. This was done for both ‘the ‘driving
gcar and the driven gear. ! gy
- The figure mdicates that based on the moduiation index only the
upper and lower planetary gearmeshes would be likely candidrtes on which'
to check the existence of this effect, Vlibxjatlon: spectra’ from ell. the

other gearmeshes indicated that. the predominant' components are thé gear-

" mesh frequencies. +This would be expeqted based on the value of their

modulation indexes., ' \ o

Figure 6-89 is a narrowband spectral (2.5 Hz analysis tilter) anaiya:l.s
of Lhe vibrnuon signals from transducer No. 125; a piezo-electric accelero— *
mpter which’ was mounted on the transmission input quill. This spectrum is
f'rom i‘llght test data, and the ‘defective implant is ap input quill beli bearmg.
The spectral analysls éxtends from 0 to 5,000 Hz. The highest amp.l.:l.tude
response is the input quill gearmesh fredquency which fo:lr the item speed in'
this nna;.ysis is a{: 3133 Hz. Siéebands assosiated wi.th this gearmesh are
identified on the ar_xalysis for both the driving gear ahd the ariven geer,
They are spaced at approxin;ately +108 Hz and 1-751 Hz frcfn the gearmesh. ' These

’ }

sidebands are of a relatiye]q; low value compared to the geérmesh. This is.

. N | '
Lo be expe:ted for two reasons., The filrst is that the modulution index

nssociated vwitlh this gearmesh is low ( 6 = 0.3). THe second is that,
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since the defective implanted bearing had minor pits and scratches on

the balls and races, it is ouot ressonable to expect these defects to
react on the gear vith any apprecisble msgnitude.

Also identified in the spectral analysis sre the other transmitted
gearmesh frequencies associated with the tail rotor drive and accessory
drive. The tail rotor basic gearmesh occurs at approximately 1830 Hz and
its second harmonic at 3660 Ez. Sidebands of these gearmeshes, though
they exist, are not transmitted with sufficient energy to make thea
standout above the background noise at this transducer location.

Therefore no attempt vas made to identify these components. The
accessory drive gearmesh at 2779 Hz is also identified but the same
reasoning as above applies to its sidebands.

Further observation of this spectral anslysis shovs significant
responses located throughout the spectrum. They have been {dentified
and labeled. It is seen that these responses are associated with both
the upper and lower planetary stage gearmesh frequencies, sidebands
of the gearmesh, harmonics of these gearmesh frequencies and sidebands
associated with the gearmesh harwonics. It is again pointed out thet the
energy assoclated with these responses is being sensed by an accelerometer
on the input quill.

The upper planetary gearmesh at the item speed for this anslysis is
628 Hz. This component is missing yet two sidebands spaced about 5 Hz apart
at 633 Hz and 638 Hz are apparent. Based on the modulation index table,
5 Hz spacing of sidebands should be predominant. The responses at 592 Hz

and 683 Hz are also sidebands associated with the 626 Hz gearmesh. The
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second harmonic geamlh'freqnency of the upper planetaries, is evident at about
, _

1255 Hz, Howvever, the amplitude of this geu‘e-h relative to itsassociated

.sideband siructure is quite low, Also notice that the sideband structure is

separated by intervals of about 5 Hz., The sideband structure at the second
harmonic is more extensive than that at the first harmonic. This is to be
expected since the effective B at the second harmonic is twice that of the first
harmonic. The dominance of sidebands at 5 Hz is also to be expected because
the modulation index for the 5 rps shaft is greater than 3 times that for the
17 rps shaft,

The next significant response occﬁ around 2000 Hz, The first harnqnic
gearmesh of the lower planetaries should occur at 1945 Hz, Again this response
is missing. However a sideband structure separated at intervals of about 17
Hz exists around this frequency. Again based on the modulation index this is
understandable,

The next significant response is associated with the Lth harmonic of the
upper planetaries. This should occur at about 2448 Hz. Again no significant
response exists at this frequency. However, notice the spacing of the side-
band structure around 2448 Hz., It is in 17 Hz increments and multiples of 17 Hz.
This is an effect not cbserved at the lower harmonics of this gearmesh, Hovever,
since the effective § for the 17 rps shaft on the upper planetaries 1is now
appraximately 1.5, sidebands associated with this shaft now proliferate as
expected. Also notice vwhere the 5 Hz sidebands associated with the upper
planetaries are now located. They are at 2705, 2720, 2730, 2760 Hz, The
effective B associated with the 5 rps shaft based on the assumption in Figure

6-86 1s now greater than 5.
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The same reasoning can be extended to the other responses in the spectrum

out to 5KHz. In general, since the modulation index is increasing, sidebands
move further and further away from the harmonic of the gearmesh frequency and
there is a general intermingling of sidebands spaced away from the gearmesh
frequency by 5 Hz and 17 Hz.

The fact that the high level responses associated with the two planetaries
actually exist is shown in Figure 6-90. This figure lists all of the major
spectral responses observed in the mean spectra that were generated for each
transducer on the transmission and gearboxes during the fijight test. The table

'+ 11sts the magnitude of each peak response for each transducer in peak units of
the transducer and the filter band in which it occurred. The center frequency
of each filter band in the spectrum is also listed. The transducers are referred
to by their identification numbters. Since all spectral analyses on the trans-
mission were carried out from O = 5,000 Hz with a 14.7 Hz analysis filter, it
will be appreciated that the resolution of this filter is not sufficient to
separate all of the 5 Hz sidebands,

Inspection of Figure 6-90 shows that all the major responses such as tail
rotor quill gearmesh, tail rotor quill second harmonic, the input quill gear-
mesh, the accessory drive gearmesh, the upper and lower planetary gearmeshes
and their sidebands are listed. The table also allows cross-correlation be-
tween the various transducers on the transmission so that transmissibility
effects can be evaluated. The table shows not only that the transducers
closest to a particular excltation source give maximum response but also that
there 1s a significant amount of transmissibility of this excitation to the
other transducers. The item speeds in this figure were digitally speed corrected
to a reference of 6600 rpm input quill shaft speed within A1 filter band..
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Figure 6-90 shows that both velocity pickups #47 (axial) and #123
(radial) mounted on the transmission top case are most sensitive to the
planetary gearmesh vibration. It further indicates planetary sideband
components sensed by these transducers at levels of .32, .42, and .57 peak
inches/second in filter bands around 4,000 Hz (second harmonic lower planetary

gearmesh). In terms of acceleration this amounts to 15 to 40 pk g's.

Study of the test data also indicates that the FM process exists in the
case of bearing pit frequencies, It will be recalled that the highly resolved
spectral analysis and discussion of the data on the 42° gearbox from the test
cell phase established the existence of the bearing pit frequencies. Although
these frequencies were at extremely low mplitixie levels, the nature of the
spectral distribution of these frequencies follovs the same spreading pattern
obgerved for the gears. This can be explained by the fact that the bearing
elements, be they balls or rollers, are separated from each other by a cage
retainer. Mechanical effects contribute to changes in the relative spacing of
these elements (i.e., tolerances, wear, loading) will effectively cause time
variations between impacts as the elements strike a pit in the bearing races.
This will give rise to frequency or'phase modulation just as wvas the case for
gears, Two major distinguishing features for modulated hea:ing frequencies
are present, First, the overall amplitude level associated with a pit frequency
is much lower than is the case for gears; secondly, the frequencies associated
with the bearing are not only a function of the bearing geometry and rotational
speed but also of the contact angle and any element slippage.

In conclusion, it can be shown quite positively that the predominant

modulation process that accounts for extensive sideband structure associated
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Continued
with gears and bearings is frequency modulation. This allows a great
deal to be learned about the health of a mechanical system by studying

a detailed spectrum analysis., It also precludes the usage of simgple
"ampiitude of fundamental” messurements as indicefors cf the health of

a systenm.
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6.5.4 Flight Test Data Documentation
. Documentation similar to that for the test cell was also kept for the

flight test phase of the program. Every data run taken was indexed on the
analog tape system test logsheets, and these tesat logsheets were referenced to
master data logsheets in the same manner as in the test cell. The special
AIDAPS vibration logsheets were also kept listing the defective parts im-
planted, their serial nmumbers snd the descriptions of the defects.

Analyses similar to those of the test cell were performed on the flight
test dats and the computer printout formats were similar to the test cell
printouts with those exceptions detailed below.

Figure 6-91 illustrates the heading information on the flight teat
narrow band anslysis. The informstion in the first 3 lines is the seme ss
that of the test cell except that the speeds listed are corrected speeds.

For the flight teat analyses, the actual speeds were corrected to their
equivalent 100% rpm value and che data was shifted in frequcnéy a corresponding
amount. Line 4 contains the corrected N1 and N2 speeds of the engine, the
particular flight condition being analyzed, the ajircraft serial number and

the aircraft speed. Line 5 is similar to the test cell and line 6 gives

the actual rpm values before correction. The data printout format is

similar to that of the test cell data,

Except for the mean identification number, the flight test mean and
standard deviation - printout is the same as that of the test cell. Figure 6-92
is an example of a flight test mean and standard deviation printout. For the
flight test the mean identification numbers and their corresponding parameters
were as follows.
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Parsmeter No. Flight Test Mean Identification No.

7 MNAOQ7

L MNADOL

8 ~ MKA0O8

L5 MNOOL5

u7 MNOOL7

k9 MROOLU9
123 M0123
125 MNO125
126 MNAL26
129 MN0129

59 MRAO59
61 KNAO6L
64 MRAO6Y
66 MIAOG6

Figure 6-93 is an example of the mean plus ten standard deviation
comparison summary for parameter number 66 "output quill bearings” on the
90° gearbox. This figure illustrates part of the defective part testing
during the flight test phase. The flight test comparisons were not sorted
according to type of defect as was done with the test cell dats because of
the small number of defective parts tested. Each run number of Figure 6-90

therefore, is for a different type of defect. Correlation between run number
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and type of defect can be determined by reference to Figures 6-94, 95,
96, and 97 dlscussed in Section 6.5.6.

In the flight test comparisons, the individual frequency band numbers
wvere printed out for the seven highest comparison levels., While the general
format of the flight test comparisons is the same as that of the ground test,
the large number of levels which had the "bands greater than" orinted out,
necessitated simplifying this portion of the piintout. For the flight test,
orily those bands which exceeded one level but dropped out before the next
highest level were printed. To determine the freguency bands that exceeded
a specific lével, look at that level and all levels greater than that level.
Referring to Figure 6-93, run 167 for & moment, the comparison summary indicates
that three irdividusl fregvzrcy bands exceeded the mean plus five ctandard
devigtion level. Under “bends greater then" the mean plus five sterndard
devietions there ere two bend mucbers listed: 83and 422; undér tke meén plus
six stepdsrd deviation ore band m=ber 47. This means that band mmbers 83,
522 exceeded the mean +5S but dropped ocut before the meen +5S level; band
mzber 47 exceaded the meen +6S1evel end dropped out before the meen +7S

dezel.
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6.5.5 Summsry of Flight Test Analysis

6.5.5.1

General

As has been :’Lndicat'ed, analysis of flight test data was compliceted

compared to analysis of test cell data bécasuse of various causes. These

may be summerized as follows:

l.

3.

Small sample size for determinstion of LRU baselines (i.e., only fwo
transmissicas esiablished the baseline).

Method of speed compensation left undesirable granularity in band
placement, and difficult correlation between N1 and N2 effects.,
Transmissibility in eircraft made isolation of "cause-effect” relation-
ship more difficult than anticipated.

The degree of "badness" was in general unknown.

The net result of the first two problems was that the coefficient of

variance for the different bands was significantly higher than desirable.

Therefore, many sigrificant changes in the vibration signature might not

ceuse b (f_ exceedances.

The resuit of tke third problem is to increase the number of LG

exceedsnces for a8 particuler IRU due to couplirg of energy between IRU's,

The result of tke fourth problem is a difficulty in distinguishing

petaezy good apd bed peris.

Bezlizirg these problexs cxist and &lso realizipg ikat 2 decision k2d o

e =2ie éespite trese probiers, ¢he scope of tie amalylical {echnicue pre-

vicusly vs2d for test cell analysis «=c wicened to try to oovizie these shori-

co=inzs.
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Froblem Analysis Technique

Nothing could be done in an analysis technique to cope with yproblem (1)
which was clearly & question of an insufficlent statistical base,

The data could not be reprocessed in time to fully compensate for
problem (2). In order to partielly compensate, however, & + 1 band

inaccuracy was assumed in the Fourier bands.

The fact that fewer than hoped for U4 § exceedances resulted from
problems (1) and (2) could not ressonabiy be adjusted for without extensive
data re-analysis; therefore, this was simply recognized as a problem which
would limit the effectiveness of flagging a bad unit.

The transmissibility effect was corrected by the following orocedure:
a, The expected bands due to gear mesh and side bands of each mesh were

calculated for pertinent sensor location.

_b. The expected bands due to rotational speed and harmonics were calcu~

lated for each sensor location,

c. The bands were then compared to determire what bands were common between
sensors, and whet bands were unique.

d. Compariscn surtaries were then prepsred for each known pad parts flight.
A cozperision surmary lists all band exceedsnces for eech transducer which
exceeds the mean plus &  , whkere the mean epd (§ for the various bapds
is as determined from ke known good parts flighis.

e. Tne bl 0’ exceejances for each sepsor were tten studi=d to see if ittkey
corresporied to an expecied t2pd of imferest. 1If irey did, tiey were
weighted 2 or 1, €eperding upcn wretker {iey were unicue or coomon bands

recpestizely. IF they 4id cot, the exceedance was xaled a5 zero. X2
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concept of utilizing a weighting factor was utilized in order to
provide a betiecr means of separating good and bad parts., In crder
to demonstrate the usef*ulﬁess'of weighting the bands, the above-
mentioned rating factors were chosen. Iater the weighting
factors were expanded.in an effort to further improve the "good,
bed” part discriminations. This is elaborated upon in Section 10,

Paragraph 10.4.4.1, The effectiveness of weighting factors was

clearly demonstrated in the improved ability to separate good and

bard parts (i.e., make their spread in ratings greater, reference

Paragraph JO.4t.4.1). The next step would be to provide a computer

with all the data (i.e,, Ug~ exceedances for good and bad parts

plus the good-bad parts definition) and allow it tc optimize the
weighting factors for the different bands, The computer program
was, nowever, beyond the scope of the program,

f. All sensor exceedan: re similarily computed an¢ 211 sensor
outpute on an IRU were summed,

Problem (%) then became evident; i.e., the degree of badness in
the parts inst&iled. The spread on the answers due to the above
epproach mede choice of a good/bad level difficuli., It shounld be
emphzsized, nowever, that had problems (1) and (2) not existed, more
1 0 exceedances would be expecied in ine tands of interest for ihe
vad paris aand, therefore, much izprove ihe sensitivity of our analysis
to aiserinimate betiveen good exd ted parts., Foesz T Wil study the

izprovement trezgnt eboat by resolvicg probiex (2).
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6.5¢5.3 Derived Evsluation Criteria fi'om Known Bad Parts Tests

From the known bad parts testing, the following lewvels were

chosen as bet fits to detect the knéwn bad parts:

Engine 7
42° Geerbox 4
90° Gearbox 12
Transmission 22

K3

Sensors 45 and 49 on the transmission were not analyzed nor was'
sensor 59 on the 42° gearbox. At the time these were felt redundent,
The engine ratiﬁg of 7 was correct in 15 out of 20 cases, with
2 being borderline cases {i.e., an engine called good with a rating
of 6, and bad with.a rating of 9).
The 42° g?arbox rating of 4 was right in 17 out of 20 cases.
The 90" gearbox rating of 12 was right in 14 out of 20 caseé.
The transmission rating of 22 was right in 13 out of 19 cases
(in one case sensors 47 apd 129 were not funectioning, so the case was
thrown out) with 3 borderline cases.,
Wrile it is recognized that the score is no£ verfect, it is
strongly felt that considerable improvement is possible by employing
date processing and technigue refinement (Reference Section 10,

Paragraph 10.4.4.1) which are now evident.
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Summary Flight Test Data

Figure 6-94, 95, 96, and 97 contain & summary of the flight test
data for the level flight test condit’'on on the engine, trammission,
420 and 90° gearbox, respectively. The information contained in these
figures is presente. in the same formet es that for the test cell data

described earlier in paragraph 6.4.6.
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- 1.0 VERIFICATION TEST ANALYSIS

3 T Gas Path Date Analysis

i The AIDAPS Test Bed Program included a series of technique verification

tests. The objective of the verification tests was to identify degraded
parts which were implanted in six engines without prior luo. .edge as to what
part had been changed. This section covers the application of the gas vath

technique to the six unknown engines in diagnosing possible degraded gas

Bttty

£

producer (compressor, Nj and N, turbine and nozzles, etc. | ‘aults,

T.1,1 General Comments

The six verification engines had not been previous’y encountered in

B LSRR S

£ the Test Bed Program and therefore baseline flights were required on each
3 engine to demonstrate the unique Hamilton Standard gas path analytical

technique. (Refer to Section 6.2)., The data resulting from these tests is

ianjiessve s o

displayed in bar chart form in Figures T2 through 7-~13. These charts depict

Ty
L LAEE

the change of the measured parameters from a baseline (Figures 7-8 through

% 7-13) and the engine variations which produced these changes (Figures T=2
& through 7-7). The actual baseline characteristics which were used for the
ﬁ analysis (Figure 7-1) are:

i 1. The flight of the specific engine in a "good" configuration;

? 2, The average flight data from the (4) Phase D and (6) verification

% engines; and

é 3. A typical engine characteristic extracted from the data provided

by Lycoming Model Specification No. 104,33,
A fourth bar is included for two engines, LE 14819 and LE 17376 (Figures

7-4, 7-5, 7-10, and 7-11), which demonstrates the results of an analysis

7-1
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T.1.1 Continued
based on date tabulated by ARAIMAC personnel during the test cel. engire
checks. This bar illustrates the difference between degraded and rebuilt
runs in the test cell, These exe the only two engines for which & complete
data set is currently available.

The data has been compared to the three separate engine characteristics
or baselines listed above in order to demonstiate the potential jeopardy
inherent in using the improper baseline. The correct result is the first
bar in each parameter group which compares the test and baseline flights for

the specific engine, The second bar 1llustrates the results which would be

obtained from an everage characterlstic based on a small engine sampling.

The third bar approximates the results which could be obtained from an
average of many engines, Conclusions from this comparison will be summarized
following a discussion of the inidividual results.

A final comment involves the limits of degradation which must be
encouutered before englne maintenance is required. The proper definition of
these limits inherently remeins the responsibility of the engine manufacturer.
The definition of malfunction limits based on the small sampling used in this
Test Bed Program would probably prove to be too restrictive for a production
system, However, it is proper to define detection limits for the Test Bed
Program to distinguish between normal variations and implanted changes.
Exceedance of the detection thresholds listed below in terms of percent change

allowable indicates a malfunction.
Trs +5%
Wy -6%

T7-2
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T.1.1 Continued

Ne 3%
A5 5%
nr 3%
An +5%

7.1.2 Verification 1 - LE 18270, Figures 7-2 and 7-8 (July 16, 1971)

The data presented for this engine illuAtrates that different answers
may be obtained from the three analytical appreoaches*. Application of the
1limits of detection to the second and third bars (average baselines) results
in the diagnostic cf No Gas Path Fault, The custom baseline indicates that
both the N, turbine area ( A& Ag) end the power turblue area (A An) have
changed by 6% and are thus the probable implants. However, as was mentioned,
the baseline flight for this engine experienced a shere¢ circuit in the
exhaust gas temperature harness. A reduction of the base temperature by
14 degrees (1%) would produce a 2% area reduction for both nozzles aad a
2 1/2% airfiow reduction. This engine is thus in the gray area in that no
change is & definite possibility. The Army Aviation Systems Commangd,
AAVSCOM, confirms that no degraded component had been implanted in this
engine,

1.1.3 Veiification 2 - LE 20791, Figures 7-3 and 7-9 (July 19, 1971

This set of engine data i-dicates that the turbine nozzle areas ( A A5 and
An) have probably not been changed since all variations are within the
limits of detection. This date does illustrate the uncertainty which results

from the baseline definition in that the third bar for A Ag is very near a

* An additional complication for this engine was present since for the
baseline flight the EGT (Tg) harness had malfunctioned. An extra-
polation of ARADMAC test data was used for this perameter.
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7.1.3 Continued
detection 1imit and a slight additional coking would produce an incorrect
diasgnostic. ‘iHowever, the diagnosctlc derived for thils engine is that compressor
airflow ( A %,) has deteriorated. Data obtained from AAVSCOM indicates that
no deteriorated component had been implanted. Subsequent analysis of the
flight data and study of the engline operation capabilities indicates that a
change of only 5% in the engine bleed air exiraction woulld chenge the airflow
from =7.2 to =5.2% and result in the diagnostic of No Gas Path Fault,

Tl Yerification 3 - IE 14819, Figures 7-h and T7-10 (July 23, 19T1)

This data clearly indicates that a degraded compressor has been implanted
in the engine since AWy end A N . have exceeded their dwtectlon limits.
This conclusion is confirmed by AAVSCOM, The fourth bt.r of each parameter
group which resulted from an analysis of the data cn ~RAIMAC test vell log-
sheets also confirms this conclusion. The 4% deter’. - .ion in power turbine
nozzle area ( A An) might well be reduced significantly had inter-turbine
pressure measurements veen included in the mathemsnvical model. The A An change
did not, however, producz an -mdesired dlagnostic message.

7.1.5 Verification 4 - IE 17376, Figures 7-5 and 7=-11. (July 26, 1971)

This data indicarves that no degraded pe:t was lmplanted in the engine,

The ARADMAC test cell logsheet data (fourth bar) confirms this conclusion.
However, AAVSCOM has indicated that the N; nozzles were changed for this
flight. Subsequent discussions with AAVSCOM and Bell Helicopter representa-
tives have indiceted thet it is difficult to match the turbine stator (nozzles)
and rotor and the apparent disagreement between the date and desired implant

could be attributed to this problem, It should be noced that the baseline

T-4
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1.5 Continued
r f1ights occurred after the degraded part flight and the match for this

baseline flight may not have been sufficient to permit detection of the
implanted component. Thils test result is thus in the gray area,

7.1.6 Verification 5 - IE 18301, Figures 7= =:rd 7<l2 (July 30, 1971)

R G 1

This test indicates that changes have been Iimplanted in the Nj turbine

nozzles and N; turbine nozzles bLecause both £kA5 and AAn exceeded 1limits
of detection. AAVSCOM has confirmed thei the No turbine nozzles were
changed and thus the diagnostic approach correctly isolated the fault to the
turbines, The veriation in Ny nozzle area (t}.AS) may again be caused by the
matching problems on rebuild end compcunded by the lack of an inter-turbine
pressure measurement. The ARAIMAC logsheets for this engine were not avail-
able for analysis at publishing time.

7.1.7 Verification 6 ~ IE 16886, Figures 7-7 and 7-13  (August 12, 1971)

The flight data indicates that no degraded component was lmplanted for

this test because no parameters exceeded their limits. This conclusion was
confirmed by AAVSCOM. It is interesting to note that the data for a 10
engine average baseline (second har) indicates an Ni nozzle area change

( A}.As) which 1s not conflrmed by any other date, This deviation again
demonstrates that the best conridence can be obtained from the Hamilton
Standard approach of comparing & deteriorated engine with the same englne
in a "good" configuration.

7.1.8 Summary of Analytical Techniques

The verirication test data has been presented for three baseline

< definitions. Tn general, the conclusions obtained by comparing the flight
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Continued

data to either a 10 engine average baseline or the engine godel baseline
is not in good agreement with the specific engine results. Further study
also indicates that some of the variations, rotably in the turbine areas,
illustrate opposite signs. This result is quite possible because the de-
graded flight data r~an exist between a multi-engine average and the
specific "good” engine data. This then confirms the Hamilton Steandard
approach of c¢nly compering data on & specific engine as yielding the
most reliable results.

The gas producer and power turbine areas (4 A5 and A An, respective-
ly) are actually éffective flow areas which are determined by the stator
vane and rotor configuration. A positive area change is indicative of
either an eroded or worn nozzle or that the angle of attack between stator
and rotor is too shallow. A negative area change indicates eituer & coked
or clogged nozzle or a steep angle of attack. Thus it is quite possible
for ihe turbine area changes to be of opvosite sign in any given

installation.
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fo1.9 Gas Pailh Analysis Restrictions

The above described test results have been successfully formulated in
spite of three basic assumptions which tended to restrict the conclusions.
First, it must be assumed that the engine characteristies will not change
during two disassemblies and reassemblies. The validity of this assumption
has not been tested, Second, it must be assumed that the "degraded” parts
are significantly different from the original parts. The small variations
vhich were encountered in some instances would indicate that this assumption
may not be universally valid. Finally, the "degraded parts tests" utilized
two helicopters while the baseline tests used only one helicopter. The effect
of this variation has been minimized as much as possible by attempting to
retain the sensors with the engine, However, normal wear and attrition has
occurred which introduces a degree of uncertainty into the final conclusions.

Considerable improvement of the diagnostic confidence will be obtained
in a prodvction AIDAPS system by eliminating the aforementioned restrictions.

The initial fiights will esteblish the actual engine baseline characteristics
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g 7.1.9 Continued
i for the remainder of the engine life. Component degradation will then be
firmly szicohlished as wear occurs and the uncertain artificial variations

between "good" and "bad" parts will be eliminated, The use of a completely

Sttt S g

consistent equipment set will eliminate the need to estimate performance
differences between helicopter installations, wiring, and senscrs, Finally,
-

the effect of the continual ergine disassembly and rebullding process will

be eliminated as a potential variation becaise this process would not occur

M AR A e I e AP
TR A LA PR R P DR

in a normel application. Any overhaul which is required would result in a

nev engine baseline charucteristic belng established concurrent with engine

ps

re-installation.

R LR s Lt Tt

7.2 Mechanical Diagnostic Summary

ASpTREnAl

The entire subject of mechanical dlagnostics was discussed in detail in
Section 6.3. The conclusion reached was that the degraded parts did not
é establish & malfunction signature during the flight test phase. This same
conclusion is generally applicable to ﬁhe verification test flights. Those
parts installed in aircraft 61011 did not exhibit any significant limit
exceedances or diagnostics.,
4 The same concilusion is true of the parts installed in aircraft 17223
% with only two exceptions, These involve the bearing temperature rises on
the second and sixth engines, IE 20791 and IE 16886, resractively. The oil
temperature rises in bearing 2 and bearings 3 and 4 excecded preset limits
for a large percentage of both flights and resulted in the diagnostic to
inspect the lubrication system., A further lsolation of the actumsl problem

cannot be obtained because this condition was not encountered dud ng the
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7.2 Continued
’ flight test. An attempt to understand this coundition involved additional

reviews of the date flights on helicopter 17”23 as outlined below,

The data flights on AC 17223 during the flight phase all exhibited
high bearing temperatures for both bearings with respect to the equivalent
temperatures on AC 61011, The bearing 2 temperature rise was consistently
near or above the dlagnostic limit but no other malfunction indication was
present and bearinge 3 and 4 temperatures were 40 to 50 degrees below the
limit. The verification flights produced bearings 3 and 4 temperature rises
which averaged above the 1limit and bearing 2 had also become higher. This
leads to the conclusion that the cooling system on AC 17223 was less efficient
than that of AC 61011 and that some change had been incorporated for the

demonstration f£lights of LE 20791 and IE 16886,

-8
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4 1.3 Verification Testing -~ Vibration

7.3.1 General
The criterion generated in paragraph 6.5.5 was next applied to the
verification test results. In these cases, however, sensors 45 and 49 on
the transmission and 59 on the 42° gearbox were analyzed. Therefore, good-

bad levels had to be established for these components. Based on two sensors

R

being used on the L2° gearbox instead of one, this LRU level was doubled to 8.

AT

o, “.

The transmission sensors 45 and 49 proved to generate a disproportionate

% number of exceedances, and the limit was, therefore, raised to 100. The

o

verification good-bad levels are svmmarized helow:

"

E Engine 7

f 42° Gear Box 8

% 90° Gear Bov 12

? Transmission 100

E ‘The weighted 4 A% analysis described in paragraph 6.5.5 was then calcu-
? lated witb the following numerical rating resulting.

% Engine 42° 90° Transmission
£ Weighted Weighted Weighted Welghted

4 Date Run No. L I 4 < Yy T L G

;\ 16 July 170 6 T 0 145

2 19 July 173 12 No Data h 169

,1 23 July 176 13 10 0 47

3 26 July 179 13 1 5 106

4 30 July 182 0 10 31 25

3 2 August 185 16 1 6 183

AT
TSI
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1.3,

1.3.2.1

Further Considerations of Transmissibility Between LRU's

From t.he results of our known bad parts tests, reference 6.5.5, it was
evident that our score could have been significantly improved if certain
borderline cases had their decisions reversed. A further look was then
taken into the problems associated with trensmissibility to see if borderlire
cases could be swayed one way or the other. Of particular interest is
coupling between the engine and the transmission as well as between the 42°
and 90° gearboxes.

Transmigsion to Engine

In the case of the engines, run No. 179 and 185 were thought borderline.
In these two cases, the transmission had high 4 0 exceedances. The eleven
bands were studied to see if they could be eliminated because higher energy
was present in that band at the transmission thau at the engine; this is an
indicator of the transmission being the source or this energy rather than the
engine. This reduced the weighted 4 O~ exceedances by 6 and 5 for Runs 179
and 185, respectively. To assure that this approach wes indeed improving our
overall ability to discriminate between good and bad parts, similar analysis
were made for the other -«rification flights., The results showed an average
reduction of less than 3 for tre other runs; therefore, producing a net im-
pruvement in discrimination, Interaction in the other direction between
enzine and transmission was not considered for two reasons:

1. High ratio of 4 (™ transmission exceedance to eng:ns 4 O~ exceedances.
2. Relatjvely few overlap bands {less than 8%) between the transmission
and engiue compared to the total number of transmission bands consid-

ered.
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‘(.3.2.2 90°.and 42° Gearboxes

.The other interactions considered in the finsl choice involved tne 90°-
k20 gearbox tran;missibility. "If Runs 170 and 182 are considered ma}ginal
-on the 420 gearbox, interacéion with the 906 gearbox should be considered.
Since there were no'90° th‘exceedances for Run 170, tee corresponding 42°
rating of 9 was not altered.‘ waever, there were 31 90” L o~ exceedances in
the case of Run 182. These were fhen studied to determine what the weighted
L (> would be if the interactive bands were totally dropped, rather than
rating them 1. This gave a new weighted b O of 6.

None of the 90° boxes were considered’ merginal, therefore, thesge were

not studied further.

As a result of the above judgment decisions, the final welghted b o~

sumnary of the verification tests is presented.

Engine 420 90° ~ Transmission
Weighted , Weighted Weighted Weighted
. Run No. Yy o~ Y o~ 4 L 5~

170 5 7 0 145 :

73 8 0" 4 169

176 10 10 0 ' 45

179 7 . 106

182 0 ‘ 6 3i 25

185 11 1 6 185 -

7.3.3 Scoring System

A rating technique was devised as follows to account for the degree of
wrongness in the answer, while not accentuating the degree of rightness.

The rules adhered to were as follows:
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Continued

1. It answer was right - score 10.

2. If answer<was wrong - score reting over threshold level times 10 for
numbers less than the threshold, and the threshold divided by the rating
times 10 for numbers greater than the threshold.

3. The total was divided by 230. (Note 23 X 10 is maximum score, since
on Run 173 sensor 61 was not functional; therefore, it was felt unfair
to call enswer either right or wrong to obtain percent ratio.)

4, Finelly the answer was modified in the case where the ges path correctly
called an engine tad if the vibration called it good. In-this case the
answer was scored 10.

5. G = Good B = Bed
The case of the engine will be worked out in detail as a sample calcu-

lation.

Engine

Weighted HSD AVSCOM

Run No. 4 o~ Threshold Auswer Answer Score

170 5 7 G B 5/7 x 10
173 8 7 B B 10
176 10 7 B B 10
179 7 7 B B 10
182 0 7 G B 0/7 x 10
185 11 7 B B 10

T-12




Hamiiton U HSER 6080 -
Standard Re

]
=t

1.5.3 Continmued

Tre net effect of inclusion of the gas path is shown below:

HSD AVECOM
Run Fo. corposite Answer Answer Score
170 B B 10
173 B B 10
176 B B 10
179 B B 10
182 B B 10
185 B B 10

The seme procedure is worked out for the remsining 1RU's, with the

results as tabulsated.

Engine Scores Engine Scores

Flight Without Gaspath With Gaspath 42° 90° Transmission
170 5/7 X 10 10 7/8 16 100/145 X 10
173 10 10 Delete 10 10
176 10 10 10 10 10
179 10 10 1/8X10 10  100/106 X 10
182 0 10 10 10 10
185 10 10 1/8 X 10 10 100/183 X 10

TOT AL L7 60 31 60 52

Grand Total (Without Gaspath) 190/230 = 83%

Grand Total (With Gaspath) 203/230 = 88%

7-13
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Statisticel techniques can be used to sort gocd-bad parts for isoiated
IRU testingz. A meen spectrum could be gererated, and therefore allow

a sorting of units in terms of deviation fram the rean.

Significant amourts of trarsmissibility nawve heen observed between

the various transducers on the trensmission and between the 42° geerbox
and 90° gesrvox. This causes the purely stetisticel approech to have
juesticnable application unless trensmissibility is accounted for.
Frequencies associeted with pits on bearings have been identified on the
L2° gearbox, but the amplitude levels seen to dete have been smail. A
better means of detecting faulty bearings appears to be in the veriation
they generate in the gear mesh frequency spectrum., In the case of the
engine bearings, however, the bearing frequency components associsated
with pits are much higher in level, srnd detection is feasible with
reasonable analysis techniques.

A1l measurements should be speed corrected, in the case of the eagine
ror example, two outputs should be generated, one speed corrected with
respect to N1, one with respect to N2 ©o allow good discrimination
between close gear mesh ratios, bearing frequencies and sideband
structure. Also 8 finer analysis bandwidth would sllow more accurate

isolet ion of frequencies associated with & malfunction.
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5. The modulation process that accounts for the extensive sidebazd

T.

structures asscciated with gears and bearings is predominantly
frequency modulation. This has several important ramifications
concerning the extension and refinement of the diagnostic techniques
developed on this prcgram, and which are still being investigated.
Trensducer location is critical. In general, transducers on the power
train IRU's were located as close to the expected source of vibration
as possible. However, the engine transducers were less optimally
located. While it is recognized that it is characteristically difficult
to mount accelerometers close to actual engine bearings, this is highly
desirable, Additicnally, care should be taken that no structural
resonances are present in the surface the accelerometer is mounted
upon. In the case of the AIDAPS installation, some compromis= had to
be made in both of the above requirements to provide expedient
installation of the accelerometers.

A statistical approach modiried by weighting factors has rcsulted in
the ability to detect unknown implants with a success in excess of 80%.
Further refinements are expected to improve this number. The apr:oach
utilized would lend itself to in flight implementatiIcn with reasonable

hardware.
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Standardizeé Scoring Swrary

This section wili present the results of Phase D verification tests

according to the following restrictions as set down by AVSCOM:

1) Any ~acponent whick wes in fact a marginal part must be considered to be
pad for scaring purposes.

2) ‘The score faor each ecamponent must be exmressed in straignt percentage
form; i.e., the mmber of correct answers out of six.

3) ‘The agregate score for all coasponent rung must be expressed in straight
percentage form; i.e., the nuember of correct answers out of 24,

In addition, & general caztentary on this scoaring technique will be included.

crgines

t of six runs Hamilton Standard diagnosed the condition of four engines

correctly for a score of 6T%.

Transmissions

t of six runs Hamilton Standard diagnosed the condition of four trans-
missions correctly for a score of 6T%.

§:» Gearboxes

it of six ruus, Hamilton Standard diagnosed the condition of three gear-
boxes correctly for a score of 509,

90° Gearboxes

Out of six runs, Hamilton Standard diagnosed the condition of four gear-
boxes correctly for & score of 67%.

Composite Score

Out of the 24 combinetional component-runs Hamilton Standard diagnosed

the condition of 15 components correctly, for a ccmposite score of 63%.

7-16
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As has been previcusly stated, the technigue of ixplarting vad parts
in cozponents has some significaat drewbacks asscciated with it which
causes such an experiment to suffer from e lack of control, Specifically, :
the degree of tadness of the parts makes absolute diagncsis merginal, In
addition, the effect »f disasrembly and reessembly to accomplish implante-
tion puts an abnornial stra’n on the gas path technique of contiruocus coo-
parison %o a custamized besel’s:, Further, the gtatistical sample size for
vibration evaluation was szall, {Two units in the case of transmissions.)

If in fact the scoring is re;enmined in e manner wnich deletes the
parts which are marginal, the scares will alter as fcllows:

Examine only thove coxponents which were good. (i.e.. transmissions
from Runs 1, 3, 4, 5, and 6; 42° gearbox from Run 5; 90" gearbox from Runs
2, 3, 4, and 5) Out of a total of 10 good components, 7 were identified
correctly by Hemilton Standard as good for a score of 70%.

Examine only those components which were truly bad (i.e., 42° gearboxes
from Runs 1, 2 and 3; 90° gearbox from Run 5; and Engineé from Runs 1, 2, and 3.)

Out of a total of 7 bad components Hamilton Standard correctly identified
6 as being bad for a score of 86%.

The total combinationel score considering no marginal parts but only
good or oad components is 13 out of 17 or & score of 76%.

Seven of the parts used in the test were adjudged by AVSCOM as marginal.
Instead of arbitrarily calling these marginal parts bad, assume that these
fall into a "gray area” of the good-bad demarcation. That is, allow a
tolerance around the criteria judgement as to good or vad parts. Considering
this, then Hamilton Standard correctly identified 20 out of the 24 component

runs for a score of 83%.
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8.0 COECTUSIONS

The conclusions listed in this section are ell extracted from the
results detaiied in Sections 5-7 and Section 1. These conclusions are
listed below together with appropriate section source references..

8.1 General

v AIDAPS stute-of-the-art ecuivment functioned successfully in the
Arzy helicopter enviconment., (6.0, 7.0, 10.0)

v There was no interference in helicopter system functioning due to
the instrumentation and on-board electronics equipment. Conversely, there
was no adverse effect on AIDAPS from the helicopter systems. (3.8.4, 3.8.5)

o The degree of component operatiopal badness was found to vary from ‘
very slightly worn to field repimcezble bad in Phaeses B and D. This implies
that parts judged to be mechanicslly 28d by conventional standards can still
operate properly.

v Components selected for Prhase E worse parts testing were deliverately
chosen to display further degradation. This result was indicated quite
positively by AIDAPS (10.k4).

¢ Analysis of the Bell Helicopter Company rotor tracking and baiance
techrique shows it is quite feasible for implementation within AIDAPS.

(10.3.3)

« Diagnostic software did require some modification to effectively
utilize hover data as contrasted with level flight, Modifications involved
determination of stable gas path operating points for engine analysis and
adjustment of vibration thresholds to recognize hover conditions,

(10.4.4.1, 10.4.2.3)
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Continued

. Using the combineé methods of mechanical, Gas Path, and
vibration diagnostics resulted in isolztion to 17 effectivity of
approximately 85% for Phase D verification tests. Score is not
kno.n for Phase E verificaticn. (7;3.3)

. Inspection capabilities of #AIDAPS were demonstruied by tne
lack of non-existeat problems flagged. Although the parameter iimit
checking was not deliberately exercised, results were consisternt with
actual aircraft inspections and performance. (6.3,'7.2)

. Trending was carried out tfor approximately 250 hours on
numerous parameiers. This was nc. large enough to generate any extreme
trends but did show some definite patterns. (5.3.5, 6.2.3.3.2, 6.2.3.3.3)

Engine Diagnostics

. Hemilton Standard Gas Path Apalysis was readily implemented
for tne existing T53-113 engine. Seﬂsors were all conventional and
mainly consisted of standarG engine instrumentation. (6.2)

. Meaningful engine opereting thermodynamic information was acquired
from only five engine parameter weasurements. (6.2)

. Gas Path Analysis was successfull in fault isolation rnot ouly
to the LRU but also to the component level. (7.1.2-7.1.7)

Lycomirg "hut end" analysis technique was studied but not

implemented within AIDAPS because of the relatively few exposures
experienced compared to tnose required to achieve the thresnold indices.

(5.3.3.3)

8-2
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Sustom busclines should definitely be utilized Lo eniunce

Gas Patn ucourscy beczuse of tuesvariutions Létweés. éugihes. 'Cas

Path Arulysis signatures were conr'imied vetween test cell arnd fiigat

test witn knowsn bud pirts. Gus Path analysis thresbclds were

uccessfully iwplemeinted to distiitguisn vetween good 2ad bud nerts.

(€.2.3.2.4, 7.1.1)

. Engine disgnostics utilized comvinution of Gis Puth Anilysis

and detection of non gus puth probleas througn vibration wid wmeciarniee

di:wostics. Vioration amplitudes were renxaily distinguishavle for

engine beurings because of the high rotationul speads and centrifugal

foreces, but ueeued corrective tor extraneous otuer veariug frequercies

and speed. There were no deliverute mechunical dizspnostic implants

vut gechuntcel diagrostics did perform properly. (7.2, G.4.5, 5.3.3.1)

uesivox and Transmission Diagnostics

. The principle tecimique utilized was stavistical vioration

analysis. Mechanicul limit checking was also vtllized through tests

4
such as cnip detection, oil btemperature, ard oil pressurc but were not

sensitive enoush to detect artificially Implanted problems during

fligat test times. (6.0)

. A very thorough analysis of vibration debectiosn in the

helicopter euvironment was pertfoiwea during Pheses C aid D ana is

completely documented in Sections 6.3 through 6.5. (6.4.3.3)

T

e
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° The vibration apalysis technique establisheod is based upon digitiz-
ing the analog date and performing & Fast Fourier Transform (FFT)., A ®
statistical comparison of the spectral energy levels as compared to good
parts signatures enables stetisticel discrimination of bad parts. (6.4.3.4).

o This method was extensively tested during Phase B and was completely
successful in differentiating good IRU's fram bad IRU's.(6.4.5).

v Flight testing indicated refinements of the vibration technique

where necessary to correct for transmissability effects, aerodymamic noise,

and the structural mounting of LRU's (6.5.3).

v Adjustment for the above effects involved evaluation of the statistical
distribution utilized, the spectrum width (the number of power spectral
lines computed) transmissability (amount of energy transfer between IRU's)
modulation effects (the effects of faults on power spectral distribution)
reactions (the effects of bearing faults on gear mesh energy) and mechanical
properties of gears, bearings, and shafts (6.5.3.4 - 6.5.3.6).

v Vibraetion analysis technique was successfully implemeﬁted for flight
tests as a result of the above studies., Main factors involved an under-
standing of the geexr claéL sidebands and harmonics together with the
frequency modulation (FM) process resulting from the interaction of faulty

bearings, shaft eccenériéity, and geer mating abnormelities.(6e5.3.6, 645.5).

8-k
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. Gear clash frequency bands are most predominant isn energy ievel.
Rearings are directly observavle for trassmissious and gearvoxes but
are of a lower energy level. Successtul dlagnostics to the LRU lével
ere feasibly accomplisheu by analysis of the extensive gear mesh
frequency spectrum. (7.3.4)

.. FM effects ure a. very sensitive indicator of shaft gear or
pearing problems including tolerances, wear, and dynamic loading.
Analysis of the extent of the sidebaud structure and energy distributiou
can isolate problems to the couponent level. (6.5.3.6)

. Second and third harmonic energy distritutions are different
from the fundamental. (6.5.3.6)

. Transmission testing to aestruction at Bell Helicopter Company
resulted in a fzilure pattern 1'or a bad part whict: detected operational
£oilure 40 hours in advance. (10.5.3)

. ‘fThere are strong indications tiat vibration trending can be
accomplished by repented spectruzl analysis to ascertain shifts in
mechanical operation. (6.5.3.6)

. Statistical analysis tecnuiques were seasitvive enough to isolate
degrees of badness of parts i terms cf suponcsedly good parts used for
reference versus the judged bad parts. This leads to 4 re-~evaluation
of the operating capabilily of parts conventionally judged degraded

by coumon inspection means. (5.5.3.6)
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Significant amounts of transmissibility were observed between
the various transducers on the transmission and the 420 gearbox and
the 900 gearbox. The purely statistical approach must be corrected
for this effect. The modulation process accounting for the extensive
sideband structures associated with gears and bearings is predominantly
frequency medulation. The vibration technique developed has been
refined and verified through the Test Bed Program. The approach utilized

is feasible fuor in-flight implementation. (7.3.4, 10.4.4.1)
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RECOMMENDATIONS

» Engineering service test should be performed for a suitable
length of time with enough ajrcraft to generate a good trend data base
and to expand the data base used for vibration threshold determination.
This test will also enable evaluation of the impact of AIDAPS in the
normal aircraft operational enviromment. It is strongly felt that
AIDAPS will show its real potentsal effectivity under these conditions
because of the expanded data base, consistency of bagelines, and
avoidance of undue AIDAPS equipment chapnges.

- Work should be done on torque and fuel flow sensors to improve
repeatability. Consideration should be given to development of a real-
time oil analysis trarnséducer for use with AIDAPS.

» Vibration measurements should be speed corrected to allouw
discrimination between close gear mesh ratios, bearing freguencies
and sideband structures. Transducer vibration locations shoculd be
as close to the expected zource of vibration as possible. In particular,
engine transducers should be more optimally located. .Tbe engine
gearbox ‘should be instrumented with vlbration transducers for further
engine vibration testing.

« Rotor tracking and talance calculations should be included
within AIDAPS.,

+ Service test data should be utilized in the vibration analysis

program to further refine generation of means and confirm fault isolation

to the component level,
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Continned

- The wvibrztion technigne developed is feasible for sirborme
implementation.

- Toe airverne AIDAPS may well be utiiized with a time shered
ground computer tc form 2 Hybrid System where the ground computer serves
such functions as hard copy printouts, extended trend predictioms, &nd
generation of logistics records.

- Bead parts testing during AIDAPS skould be suppiemented by
Turther tests to establish a range for degrees of badiness between

marginally bad and pot safe Tor operation.
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Introdoction
Eased upon the promizicg resgits of Fheses X tkrougn D, tke fvmy chose

to extexd toe UB-2 ATNIPS progranm to seleciively porsue cerisin sress of
specisl interest. These areas were divided izto three tasks: (I) aircreft
(72-25) mair rotcr and isil rotor cut-of-balance aod out-of-track disgrosis,
(3%) additionel degraded compomenrt fiight testing, aad (IXE) zraliysis of
bearings

Zined failure modes. Tesiirg wes carried oub £t Lrwy lerorsriical

i

Depot Meintensrce Center (LRATMAT) 2t Corpus Chrisii, Texss s=3 the Bell
EeXicopter Compesy im Fort Worth, Yexas.

Phsce E ccamenced on Qcicber T, 1971, following the c@.f—.eyian of
FPrhase D aiiditioral Gaseline fiights. Testing wes substentizlly compieted
by Jaruary 3972. Phzse E and the present E-1 Test Bed Progrem will cuimirzte
on approxirsately Merch 30. 1672, with the completion of =213 dsiz arelysis,
report preparaztion, and comtrect dziz item submissions. Troe foilowing paragrspins
constituting Section 10 detail Hardlion Stavdard's Prese 2 ecliviiies as keyved
to tre three (3) tesks listed above.

Scope of ¥Work

Task I. Aireraft {UE-1H) Mein Botor znd Teil Rotor Dut-of-Balance and Cut-—

of-Track Disgnosis.

Very little data was gathered during tne Phese D flight portion of the
Test Bed Program regarding the out-of-track (OUT) or out~of-balaace (00B)

conditions of the main and tail rotors. The limited date base together with

the lack of adequaie time during Phase D to priperly estabiish the characteristics
of OOT and 00B rotors prevented formulatiocn of a rotor monitoring techknigue.

Thus, it was a Phase E objective to determine if field adjustments can

be predicted based on "as is" meesurements to minimize one-per-revolution main
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10,2, Comiinzed
srd tail rotor vitrations. The AIDAPS was employed to messwre and recard
vyion moiion, vitration amplitudes, snd poase sngles during wericus flight

10.2.2

10.2.3

conditions with pre-adfusted Imown rotor characteristics. From this dais,
TEC bas éeweioped an amalysis progran to predict cpiimm rotor adjustneris
vhich hes been evalukted by Hamilion Standard for feesinility of integration

into ATRPS., Sectiom 10,3 discusses ike Famiiton Sianderd data gathering
and iIspiementetion efforis,

Yask IT. Additioral Degraded Comporent festiz;‘.

AL the cRose of Phase D, 7% was determined thet some of the kncwm ted

WWWmmoﬂynwwinwof
operating capability. Tais we. nct desirable sirce it compiicaleld {he positive
eveiuation of ATDATS effectlvity through controiled experiments.

Comseguently, during Phase B, the same ATDAPS previously wfilized was
tested as o effeciiveness in detecting, faull isoiating, end prediciing
melfunctions in the UZ-1E aircrafi using degraded cozpozents (engine, trans-
mission, 42° and 90° gearboxes) which were jJudged in worse condition than those
previously tested in Fhases B and D. The same Hamilion Stendard developed
diagnostic techniques were eaxployed with results as described in Seciicn 10.k.

Task IT1. Analysis of Bearings in Final Fzilure Modes.

The purpose of this task was to gain additiorzl diegnostie insight into
the failure mechanism of transmission beerings through identifying progressive
fallure rates for known initial degraded conditions and evaluating thege —ates

for feasibility of detection ang prediction. A trensmission test cell at BHC,

10-2
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29.2.3  Comtimzed
Fo. North wss eguipped with sgitsdle v  rs, wiricg Earmesses, and vibraecion
imgtromentation by Esuilton Stazdard for the cordzet of the tests. fzzlysis
of tZe acguired data is presented im Section 10.5.

10.3 Botor nbeiscce Nesswremest and Izpliemenigiion Concept

10.3.2 Test Condue~t

The UE-IE Leliccpter wes insirument2d {o record pyionmotionmain sxd fail rotor
one-per-rev vitratiors ard » ftor ezimth. Dafz was recorded =& & given bsseline
condition. Flight dsta wes recoried cn foixr mair rotors axd ifree tail roiors.

For each mein roior, three stepwise sijustuenis were made or four peramefers:
roil (piitch iirk lengih), fed (tisde tad axgie) sweep (Erag Drace), a=d beisxce
(span wise). For ezch £a3l rotor, three stepwise sdjusiments were made on

three perazeters: 201l (pitch 1link lexgih), cbord belance, azd sren belsxzce.

Foliowing each sdjustmesnt, 2 specified siardard fiight nrofile wes
Zilcwm to collect 2 minimum of ten secornfds of stabilized datz a2t each flignt

cor@ition in the profiie. The Gztz was forwarded to B:EC for developzent of

a suitedle zdjustmeni prediction progrzm. This anelysis was forwerded by BE
to Hamilion Standard where 2 concept for implementation within the on-board

diagnostic systen (ATDAPS) was evolved as discussed below.

10.3.2 Hotor Unbalance Test ¥easurement

The tesis conducted were desizmed to monitor and record the once per revolu-
tion vibretions nf the rmein and teil rotor so as to gein the knowledge necessary
for developing & suiteble enalysis technigue which will permit field adjust-~

ments to be rade to minirmize the once rer revolution vibrations. Figure 10-1
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is a list of the meir ax3 £ail rotor parmmeters measured, Lheir cnce per revo-

latfon freguency, and their expected range of mplitudes. Figare 10-2 ligts S
the fype transiucers used to make the meszurements, the itransducer menu-

facturer, the model mumber, the serial mmber, the calibrated semsitivity,

and the tape track om which the transducer signel was ricorled.

In addition, Figure 10-2 also lists the type of signal conditioner and
amplifier used with each iramsducer and the eguivaient Full Sczie Standardize
quastity in trarsducer anits. Since the mmplifier atieruator settings are
sutomsticaliy set to X1 irn the Full Scale Standardize moie, the eguiwalent -
fuil scale quantity during data acquisition is obtained ty =ultipixing the
Pull Scale Standardize guartity by the particular amplifier attenuator setting
used duripg data acquisition as irndicated by Figure 10-2.

Figure 10-3 is a signal block diagram of the data scquisition and recordirg
system employed on the rotor unbalance test program. Transducer signais are
routed to a signai conditioner, these to an amplifier, and finally to aa AFPEX
AR-200 magnetic tape recorder.

The signal conrnditioner used on the rotor unbalance program provided three
furctions:

(1) Routed ihe proper excitation voltages to those transducers requiring

excitation.

(2) Housed a band pass filter which allowed oniy the orce per revolution

- coxmponent of the total transducer signal to be recorded. The center

frequeacies of the band pass filters used were 5.4 Hz end 27.6 Hz.

10-k
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The 5.% Bz filter wzs a Buwrr Brown 57IG-BP2N-5P30 and the 27.6 Hz
filter was a Barr Brown S5719-BP2¥-27R6.

Allowed calitration signals t6 be routed to the inpat of the barnd
pass filters. The calibration signals were symmetrical sguarsz
waves of precise arplituie at freguencies of 5.% Ez and 27.6 Hz.
The calibration signals were derived fram precision stable
oscillators and associsted circuits built into the recording system
for these tests. The amplitude of the sguare wave calibration
signels was adjusted so ikat when the Full Scale Standardize mode
of the recording system was selected the cutput of the signal condi-
tioner would be a sire weve of 10 peak millivolts amplitude. This

signal vas then routed t» an amplifier.

The ampliifiers usaed to increese the transducer signal leveis had freguerncy

response from DC to 20 KHz. This wide bandwidth avoided consideration of any

phase shift the transducer signals might experience in passing through the

amplifier circuitry. The amplifier specifications are listed below:

Input Impedance 10 megohms {differential)

Output I'mpedance 0.1 ohnm

Sain 47 ab (250) (Full scale input is +10 mv at an
attenaator setting X1)

Gain is adjustable by attenuator in steps of 1, 2, 5, 10, 20, 50.

The attenuator is automatically set to X1 during the standardize

modes.

10~5
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5. Frequency Yespons: DC to 20 KHz +10%
6. Dynamic Range 50 db over full bandwidth
7. Linearity +.01%
8. Common Mode Reje:#ion 110 db DC to 60 Hz
9. Zero Drift +.02% Full Scale in 200 hrs.
+.001% Full Scale/°C change
The signals from the DC grplifiers were then routed to an AR~200 tape
recording system. The signals were recorded using an FM record technique at
15 IPS. The recording head aseivriblies used on this program were configured
to Ampex Standard specifications. Figure 10-4 indicates the two seven track
head assemblies and the location ¢f the various tracks with respect to the
magnetic tape. Analysis of the recorded rotor unbalance data was performed
by the Bell Helicopter Company.
10.3.3 Rotor Unbalance Integration Concept
10.3.3.1 Genergal Comments

As a result of the testing at Bell Helicopter Company, it has been con-
cluded that a rotor balance system can be implemented with a pilot's seat
vertical accelerometer, acwash plate Iorward/aft accelerometer, and a pulse
pickup for azimuth reference. The output of the first accelerometer will
allow aserodynamic balance while the second will allow dynamic balance.

The following paragraphs outline the recommended herdware and software

implementation of the system.

10-6
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} 10.3.3.2 Hardware Implementation

In order to implement the system, (which will be firther elaborated upon
in Section 10.3.3.3) X and Y resolved components of the pilot's seat vertical
acceleration and swash plate forward/ef% acceleration are required where the
X and Y coordinates are based on a phase reference derived from an azimutﬁ.
pulse pickoff. Figure 10-5 displays in block diagrams form the conditioning
of the sensor iaputs.

Each accelerometer will be first preconditioned hy & buffer amplifier
to convert the acceleration into a voltage signal., This signal will then
be passed through & 5.4 Hz pass band filter to attenuate signals other thun'
the one per rotor rev. signal. The azimuth pulse pickup ls first pulse shaped,
and then fed directly to two balanced modulators as well as & 90° phase shifter,
The quadrature output of this phase shifter will also feed twe balanced modu-

lators. The modulators are fed, as shown in Figure 10-5, from the ocutput of

the two above mentioned 5.4 Hz filters. Each balanced modulator is followed

by a low pass filter to attenuate the 5.4 Hz ripple. The outputs achieved at
X3, Xp, X3, X} are thus as summarized below:
Xi = pilots seat vert. accel X sin @,

X» = pilots seat vert accel X cos 6,

X3 swash plate forward/aft acceleration X sin 6,

X), = swash plate forward/aft acceleration X cos 6.
X5 is simply a DC voltage proportional to the rotor speed so that phase

error introduced into the sysiem due to the rotor frequency being not exactly

at 5.4 Hz can be compensated for if desired. At the present time, this correction

10-7
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10.3.3.2 Continued

is not felt necessary. The five inputs X; through X5 are then fed to s

multiplexer and from there into the A/D multiplexer all steps being under !

1

computer control so that the date can be properly digitizec and read into the

coaputer.
Hardware will also be provided to drive various MAAP indicstors, under

computer control, to indicate adjustments required to aerodynamically and

dynamically balance the rotor system.

10.3.3.3 Software Implementation

Balancing or "sweetening" of the rotor involves an aerodynauwic as well
as & dynamic balance adjustment. Two adjustments, known as roll and tab, are
utilized for aerodynaemic balance. Similarly, two adJustments, balance end
sweep, are used for dynamic balance. Pilot's seat vertical ;cceleration is
used to detect aerodynamic balance, while dynamic balance is determined by
forward/aft acceleration of the swash plate.

It has béen found, by testing incremental changes of these four parsmeters,

that the following facts appear to be true in general.

1. Balance and sweep adJjustments leave little effect on aserodynamic
F balance (as monitored by pilot seal vertiecal g).

2. Roll and tab effect aerodynamic ae well as dynamic balance.

3. The pilot's seat g vectors introduced by roll and tab adjustments

are roughly at the same azimuth angle and vary linearly (or nearly so)

4 with adjustment increment.

—

4

Tab adjustments seem to be useful in compensating for velocity sensitive
aerodynamic unbalence, while roll adjustments are better to compensate

for non-velocity sensitive serodynamic unbalance.

10-8
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5. 'The swvash platg acceleration vector introduced by bala.ncé’adjuatments

(YY)

is approximately in quadrature to the swash plate acceleration vector
introduced by sweep adjustments.

Based on prelininary investigation, it is estimated that 6 plus and 6
minus adjustments for each of the four variables (rcll, tab, balance, and

sveep) wsuld allow the majority of rotors to be sweetened. (Note plus and )

minus denote in phuase and 180° out of phase vector, respectively. From the

above information, the following implementation of the sofiware program is
suggested.

Resolved components (X and Y) for the pilot's seat vertical acceleration
and swash plate forward/aft acceleration would be stored for 6 positive and

1
6 negative increments of roll and tab adjustments based on average flight test

baselines. Storing the resolved components allows the ability to easily store

both magnitude and phase of these vectors. Similarly resolved components

of swash piate forward/aft acceleration would be stored for 6 positive and

6 negative increments of balance and sweep. The following data, acquired from

flight test, would theu he utilized:
1. Resolved pilot's seat vextical acceleration at 80 and .120 knots,

2. Resolved swash plate forward/aft scceleration at 80 and 120 knots.
The resolved pilot's seat accelerstion at 80 knots would be used in coﬁ-

Junction with the roll adjustment table mentioned before to minimize the force

vector. This would be accomplished by solving the following equation:

Yy = Y2
arc tan —————— o= gl
!
10-9
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10.3.3.3 Continued ' \
(where X and y; are unbalance rotor components, and X5 and Yo are force
vector components for a given roll adjusiment). Repeated comparison of
this 6, value against a stored 6 value for that particular roll adjustmen@
in an iterative manner enables A 8 error to be minimized.

The rcll adjustment would then be added to the pilot seat input at 120
knots. Next the tab udJustment tabie would be utiized by again solving the
above equation for 6,5, comparing this 0, ageinst a stored value, and repeating
at various tab table entries until 6, is minimized. )

This would complete the aerodynamic balance phase. The final step would
be to provide dynamic balance. This would be done by modifying the swash plate
forward/aft acceleration at 80 knots per the roll ‘and tab adjustments made,

using the stored average flight test baselines mentioned previously. The

! X and Y components of this new vector would then be reduced to as near zero

as possible by the iterative addition of balance and sweep adjustment vectors

per the stored average flight test baselines. This is possible since the balance
and sweep vector are nearly in quadrature, therefore, the X and Y vectors can

both be minimized.

i

10.3.3.4 Impact on AIDAPS by Addition of Rotor Balance Capability

It is estimated that the above soif'tware capability, including table storage,

T L e

can be implemented in less than 250 words of memory. Hardware required to
interface with the computer and MAAP should represent approximately 3, 1/2 ATR

size-printed circuit beards of circuitry.
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4110.k Worse Degraded Component Flight Tests
10.4.1  Test Conduct

Unknown worse deéradea parts were implanted in the UH-iH aircraft for
flight testing, analysis, and evaluailon by the Hamilton Standard AIDAS.
Two flights each were made with eight sets of posa_ible “mltiple faultes in the
engine, transmission, an& 42° and 90° gearboxes. .A pair of flights with a

single set of faults was performed on each of the dates:

FLIGHT DATE ENGINE
1. November 19, 1971 - LE 18270
2. November 24, 1971 LE 17376
3. December 3, 1971 LE 14819
4. December 7, 1971 LE 14819
5. December 9, 19T LE 14819
6. December 10, 1971 LE 14819
7. Decembér 14, 1971 LE 14819
8. December 16, 1971 LE 14819

1

In each case, the aircraft flight profile was limited to flight idle (on

the ground), intermediate power (light on skids), and hover (within ground
effects). The same mechanical analysis, Gas Path Analysi;;, and vibration analysis
diagnostic techniques previo:asly implemented and explained were employed. Again,
both Gas Pa*;;h Aha.lysis and vibration methods were used together to establish .
el‘fxgine condition. Results ns evaluated by Hamilton Standard were quite positive
indicating that the worse degreaded ccuponents did, indeed, yie]l.d more pre-
dominsnt diagnostic signatures. Some reyisions to the software were necessary

to properly aﬁalyze data acquired under hover conditions. The foliowing sections

fully explain the data analysis and results. Figure 10-6 tabulates the component
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Continced

health results sulwitted to the Army by Hamiiton Stendard afier the completion
of flight testing.

Engine Analytical Conclusions

The availsble data included three engines in eight configurations. Two
hover runs were conducted for each configuration. A detalled analysis was
completed for at least one data tape on each of the indicated dates.
Mechanical Parameters

No significanv 1limit exceedances were encountered during the Fhase B

tests. This result was anticipated since these tests were concenirated on
the gas path and vibration areas.

Gas Path Diagnostics

The data for each engine is vpresented as bar charts in Figures 10-7
through 10-14 of this report. Figures 10-7 apa 10-8 present a surmaxy of the
average result (on which the following conclusions are based), and the results
obtained from several steady state tests (as outlined later in this report)
are presented in Figures 10-9 through 10-1k for the individual engines.

Engine LE 18270 exhibits the characteristics of degraded nozzles for both
turbines. The gas producer nozzle area ( 4 As) is degraded open by 11% and
the power turbine nozzle area (A 4,) is degraded open by 9.5%. The compressor
parameters ( AV, andA”c) have varied only a slight amount which indicates
that the compressor was probably not chenged.

Engine LE 17376 exhibits the characteristics of degraded gas producer
turbine and nozzle. Tlie gas producer nozzle area (AAS) is degraded ciosed

by 4.9% and the turbine efficiency (ANT) has decreased by 4.9%. The other
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10.5.2.2 Contlinued

¥

10.4.2.3

paramcters co not exhibit a significant wariation.

Bngine IE 14819 is essentinlly an engine with no gas pach fsults.
Himrmintimsweremomtere&indlp.;ueﬁersmmmemzﬁcimt
to exceed & detection 1imit.

Engine Steady State Tests

The original steady stete tests which were used in the other AIDAPS
data analysis were found o be too restrictive for the short hover runs of
Phase E. The steady state data obtained from the hover crndition was not
considered to be sufficiently reliable and additional data conditioning
and smoothing tests were incorporated in order to mroperly isolate steady
state operation. These new tests, as outlined below, yielded good correla-
tion with the original tests on a normal ATDAPS flight test. The titles of

the six revised steady state tests are:

1., EGT Aj;
2. EGT B;
3. FLOW A;
4, FIOW B;
5. IAG: and
6. SIOPE,

EGT A: This test is essentially tne same as the original steady state test.

EGT B: This test is similar to EGT A with wider tolerances.

FILOW A:  This test considers the fuel flow scatter in a frame as an
indication of steady state operation.

IAG: This test approximetes the thermal conditions of the engine., Each
parameter is modified by an exponential decay function and steady
state is defined when the difference between the lag output and
the instantaneous frame velue for all parameters is within the
specified limits,

10-13




Hamilion Y HSER 6030
Standerd Re

Yolume X

310.8.2.3 Continued

10-*03
10.‘03-1

10.4.3.2

SIOPE. A licesr eguetion was calculsted for 10 frsmes of dsta (sprroximately
20 seconds) for esck gas path parmmeter usizg s lesst-sguare-error fif.
Steady state was then defired whez tie change In siope betweez dafs blocks
for all parsmeters is within the specified limits. The naniznsl wvelue I

the current data tlock wse used in tke ges peih arslysis.

Worse Degraded Parts Vibration inalysis

Phase ¥ Vibration Testirg

During Phase E additional vibration data was gathered through flight
testirg. The vibration sensors azd recording system yw:re idextical o that
used during Phase D. Fhase E discrepant parts were instalied on the alrcraft

without any kmowledge of the particular faulty implant by the contractor.

The objectives of this phase were:

1) To obtain vibration signatures on power train bearing componexnts
thet represented 2 faulit condition worse than that observed during
Phas= D,

2)

To identify in which ILRU the faulty bearings were implanted by comparing
vioration spectra.

Vibration Data Analysis

A1l vibration data comparisons of Phase E data were mede with the

helicopter in the hover mode. The cata analysis of Phase E used the same

statistical approach outlined during Phase D testing. A new mean and

atandard deviation spect:rum was generated for the flight hover condition.

10-1%
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Data on eight werification rumsg with winown faulty peris were ciiained
during Phese E. Figure 10-15 is s tabuistion of the wvaricus Tiights by
rur mabers versus the maber of & 0 exceedacces by filter band mmber
for esck of the transducers ou the helicopter. mm.ssmmé
used.
¥Yiiretion Acaiysis Evalustion Technique
Befinements in Acalysis Techrigue Essed on Further Study of Passe T Data

Prior to anaiyzing the Phase E data, Prase D data was re-analysed %o

try to provide & more straightforward mmerical technique (i.e., no judgment
decisions required, reference parsgraph 7.3.2) and a better mstoh between
the numberical »stings and the final AVSCOM answers. The analysis teckaique
outlined in 6.5.5.2 was taken as the basi=, and verious iZerations were
trisd. The technigue that evolved as the best of those tried basically
altered sections a and e of paragraph 6.5.5.2. Section a was altered to
include the -=2cond harmonics of the gear mesh frequency and it= sideband
gtructure vhenever these bends fell within the anglysis region. Section e
was altered to place more exphasis on certain tands. The gear clash
frequency and the firzt two upper and iower sidebands were given a X2

rating factor. Also the fundamental and first two harmonics of rotational
frequency were similarly rated X2. Band interference was considered as
before, even with the added bands, by weighting them 2 or 1, depending upon
whether they were unique or common bands respectively. Four sigma exceedances
could not therefore be rated either 0, 1, 2, or 4 as indicated in the

table below.
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Noz-pertizeat baxmd 1]

Pertinent bepd But with interferezce tand elsevhere oz the

sircraft and bend not Nimdamertal or cse of first 3 sidebancs 2

Pertimen- tand but itk interference band elsevhere oz the
aircraft but band is fuzdamertal or coe of first 3 sidebends
or parlinent beand witk no interference bend but bend is not

fordanestal or one of first = sicebands 2

Pertinent baxd, no interference cand, and Serd is

Zuriamental or one of fTirst three sidebands L

The improved technique provides significantiy Letter separation
between the good ari bad parts. Phase D results cn the 42° geerbox are
presented below to jllustrate this point.

a) Prase D Kncvn

Bad Parts Based on Threshold of 5, 19 Out of 20 were Right

b) Phace D

Verification :
Original Original

Flight Analysis Analysis Originel Revised Revised AVSCM
Date Ko. Technigue With Judgment Threshold Technique Threshold Answers
16 July 170 7 7 8 28 10 B
19 July 173 No Data No Dats 8 No Data 10 -
23 July 176 10 10 8 31 10 B
26 July 179 1 1 8 1 10 G
30 July 182 10 6 8 16 10 G
2 Aug. 185 1 1 8 8 10 G
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;10.&.&.1 Coatinged
A muchk better match is evidest with the revioed tecimigue, plus mo
- Juigment decision is required. The establisimest of & final threshold
level was also reviewed. This is felt to be a problem thst could be
eliminsted with 8 larger dats bese. A ievel of 10 wvas chosen as & compramise
between the Fhase D known bad perts flights and the Fhase 5 verification.

A siniler analysis was made for the eogine, transmission, and 99° gear-
boxes. Intheclse—ofthetrm-iﬂdm,theﬁmsdncerstbd:mrentﬂized
in Phase D verificsticn were not all available during the Pzase D known
bad parts testing. Ir order to try to improve the dzta dase for determination
of the threshold levei, TYhase D data was re-analyzed using the new techrique,
ani also using only those sensor outputs that were avaiiadie during Phase D
known pad parts flights. The net result was that if = threshold of 38 was
set, the Phase D score improved from 3 out of 6 to & cut of 6, and the
Phase D known bad parts from 13 sut of 19 to 16 ocut of 19 correctly
identified. 1t is felt ttat if & larger data base for the known good
transpissions were established, the score would further improve.

In summary, the following threehold levels were esiablished, based on
the re-analysis, for aoplication ito Phasge E verification.

Engine 7 (based on using sensors 4, 7, and 8)

Transmission 38 (based on using sensors 125, 123, 126, and 129)

90° Gearbox 8 (based on usirg sensor 64 only)

420 Gearbox 10 (based on using sensors 59 and 61)
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Applying the revised apalysis technigue as deseribed in 10.k.1 to

the Phase E verificetion data gave the Zoliowing results:

Engine ko0 90° Fransxission
Daie RBun No. Lo Lo Lo Lo
19 Kov. 205 5 i o 7
2k Nov. 207 0 0 o 13
3 Dec. 209 o a5 67 50
7 Dec. 21 0 23 sk 5L
9 Dec. 213 (1] 21 ko 19
10 Dec. 215 i 19 53 b
1k Dec. a7 o k 18 8
16 Dec. 219 1] 0 G 6

Based on the new toreshold levels (refererce 10.4-1) the following

conclusions are Ggrawvn with regsrd to vibcetion faults:

Run No.

205
207
209
211
213
215
247
219

Engine

Good
Good
Good

120

Good
Good
Bad
Bad
Bad
Bad
Good
Good

10-18
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10.5

10.5.1.

Transmission Test Cell - Tests to Destruction (Transmission Input Quill)

Zest Conduct

During Phese £, a test program was conducted st the Bell Helicopter
Company transzission lest facility. The purnose of tris test progran was
twofold:

i. To obtain vibration signatures on transxission input quill bearings
that represented worse wear conditions then those tested at the
ARADMAC test cells during Phase B,

2. To obtain vibration signatures on one or two degrajed transmission
inpput quill tearing assemblies as these bearings were run to
destriuction.

The magnetic tape data acquisition system, transducers, and transducer
locations were essentailly identicaZ to those used during the Phase B
testing at the ARADMAC %;est cells,

Only the vibration data associated with the test to destruction of
cne #nput quill bearing asserbliy was analyzed by Hamilton Standard. The
bearing assemhly selected for testing had an incipient spalling failure
Jjudged to be typical of the characteristic failure mode observed in this
type of bearing. After installation an initial vibraticn record was
taken. Additional vibration records at the same RDM and power settings
were then taken in five-hour ircrements until complete functional failure
of the bearing was obtained.

The results of the testing to destruction of one input quill bearing
assembly are shown in Figures 10-16, 10-17, and 10-18. These figures are

power spectral density analyses of the vibration data and were generated
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using a narrowband (2.5 heriz) comstant Wth analog spectrum analyzer.
Vibration data fram transducer No. 125 an accelerometer mounted on the
transmission input guill was used to generate the spectral analyses. The
transmission operating speed and power conditions are indicat-:ed on the
respect:ive spectral analyses. Figure 10-16 illustrates the initial

vibration spectrum obtained for zero operating houwrs; Figure 10-17 illustrates
the vibration spectrum after the bearing assembly had been run for 20 hours;
and Figure 10-18 illustrates the vibration spectrum after 40 operating hours.

Functional failure of this bearing assembly occurred at approximetely
42 operating ncurs.

Data Analysis

The spectrum is displayed in terms of PSD units (g2/hertz) versus
frequency (hertz). The PSD values are indicated on the left vertical axis
of the spectral plot. Numters in powers of 10 listed above some of the
major spectral responses on these spectral analyses indicate a change of
attenuation setting in a segment of the frequency spectrum. These changes
in attenuator setting axe necessitated to accommodate the wide dynamic
range of the vibration signals,

As an example in interpreting these attenuator changes, rzference is
made to Figure 10-16. The full scale PSD value for the frequency range
from O to 1000 Hz is indicated as 0.1 ge/hertz. The value of the spectral
peak at 715 hertz would be read from the chart as 0.058 g°/hertz. The

frequency segment from 1000 hertz to 200C hertz indicates two major spectral
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peaks at frequencies of 1268 hertz and 1338 hertz. The number 10 above

~ -

each of these spectral peaks indicates that a change in spectrum analyzer

" wmrm;';‘);;mww‘

Noea e

attenuator setting was made and that the full scaie PSD value for these

peaks is 10 g°/hertz. On this basis the peak value of the response at

—— ,wlkwm

1268 hertz is read as .18 gz/hertz and the peak value of the response at

1338 hertz is read as 1.25 ga/hertz. All thre=e spectral analyses should

be interpreted in a similer manner.

R T x.::.{»

Table 10.1 is a listing of the significant bearing frequencies, then

sidebands, the input quill gearmesh and its sidebands. A code was adapted

L 1

to label the significant spectral responses on the graphs and is also in-

dicated in Table 10.1l. For example, Bl refers to the fundamental frequency

o ?
e 3 DU AT R EI we

associated with a pit on the bearing outer race, (Fo), B2 is the second
harmonic of this frequency, (2 Fo), etc., +1Bl refers to the firgt upper
sideband of Fo or Fy + F..; -2B1 reférs to the second lower sideband of F,

or Fy - 2Fyp, etc. In a similar manner Al refers to the fundamental fre-

quency associated with a pit on the bearing inner race (Fi)i and GM refers

to the input quill gearmesh frequency. The frequency values listed in the

table are more exact for Figures 10-17 and 10-18.

e o e

These frequency values

T

LI are somewhat low for Figure 10-16 since the operating speed for this spectral
analysis is somewhat higher than that of Figure 10-17 and 10-18 as indicated.
o Figure 10-16, the vibration spectrum for the input gquill bearing

f assembly at zero operating hours (TO) has the major spectral responses

; labeled according to Table 10.1, The frequencies associated with a pit

on the inner and outer. bearing races are clearly defined, In addition
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other spectral peaks uassociated with the upper and lower planetary gear

meshes are also in evidence. These frequencies are transmitted through

the trensmission case and sensed by the input quill transducer as indicated
previously in Section 6.5.3.6.

Figure 10-17 shows the vibration spectrum for the bearing after twenty
operating hours (T20). The bearing pit frequencies {F, and Fy) and their
hermonics are still the dominant responses in the spectru. In addition

sideband frequencies separated by the shaft rotation speed (Fr) are now

more clesrly evident. These sidebands are arrayed around the pit frequencies
and their harmonics (Fo + n Fp, 2F, + n Fp, etc.).

Figure 10-18 shows the vibration spectrum of the bearing assemirly
after forty operating hours (T4O). The sjdevand structure associated with
the pit frequencies is now considerably ﬁore rnxtensive and spectral pesaks
are located throughout the spectrum. Additionally, the level of vibration

has risen sufficiently to require an attenuator change from 0.1 to 1.0.

The extensive sideband structure has been labeled and reference to
Table 10.1 allows the great majority of the spectral peaks to be identified,

Reference to this table indicates that the frequencies associated with a

pit en the inner and outer races, harmonics of these frequencies, and
4 : ;;erqus associated with these frequencies are the dominant responses in
the spectrum.

Calculations of the bearing frequencies Fo and F; at the operating
gpeed shown in Figure 10-18 (5640 rpm) indicate that the basic repetion

rate of the Fy and F; frequencies should occur at 589 hertz and 820 hertz,
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other spectral peaks associated with the upper_and lower planetary gear\
meshes are also in evidence; These frequencies are transmitted through 9
the transmission case ;nd sensed by the input quill tranrsducer as indicated )
previously in Section 6.5.3.6.

Figure 10-;7 shows the vibration spectrum for the bearing after twenty
operating hours {T20). The bearing pit frequencies (F, and Fj) and their

barmonics are still the dominant responses in the spectru. In addition

sideband frequencjes seperated by the shaft rotation speed (Fr) are now
more clearly evident. Thése sidebands are ;rrayed around fhe pit frequencies
and their hermonics (Fo + n Fp, 2F, + n Fy, ete.). |

Figure 10-18 shows the vibration spectrum of the bearing assembly
after forty operating ho&rs (T40). The sideband structure associated with
the pit frequencies is now considerably more extensive and spectral peaks
are locuted throughout the spectrum. Additionally, the level of vibration

has risen sufficiently to require an attenuator change from 0.1 to 1.0.

The extensive sideband structure has been labeled and reference to |
Table 10.1 allows the great majcrity of the spectral peaks to be identified.
Reference to this table indicates that the frequencies associated with a
Pit on the inner and outer races, harmecnics of these frequencies, and
sidepands associated with these frequencies are the dominant responses in
the spectrum. ‘
Calculations of the bearing frequencies Fo and F; at the operating
speed shown in Figure 10-18 (5640 rpm) indicate that the basic repetion

rate of the F, and Fj frequencies should occur at 589 hertz and 820 hertz,
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A

cccurs at 705 hertz., It is suspected tﬁat slippage of the rolling elements
o is occurring to account for this discrepancy. Any slippage of the bearing
elements with respect to the races would cause Fp the train passage fre-
quency to increase. An iqcrease of Fp relative to Fr would have the effect
of lovering Fy énd increasing Fy proportionally. is is exactly the

effect observed in the date, i.e., 7y decreases from 820 Fz to 705 Hz and

Fo ircreases from 589 Hz to 660 Hz. Bearing contact angle variations,
though they exist are not sufficiently large to account for such a large

change in the basic frequency.

Frequency medulation is responsible for the generation of the extensive

* gideband structure indicated in Figure 10-18. The FM process has been

i e i
.

treated in detail in Section 6.5.3.6. Relating the jaformation in the

il

three vibration spectra to mechanical avents in the bearing is done as
follows, Initially at TO the spectrum in Figure 10-16 is indicating that
the bearing inner and outer races have & major fatigue pit or spell. These

large pits one on the outer race and the cother on the inner race cause a

- B P e
- B W s A T a R LRI 0 S AT 9

mechanical impact each fime one of the rolling elements passes them., These
impacts manifest themselves as the frequencies F,, 2F,, etc., end Fy, 2Fy,

etc., in the vibration spectrum. The initial sideband structure is not

G

very predominant because the FM effect is small. As indicated previously

in Section 6.5.3.6 FM in a bearing would be caused by a general deterioration

Ay e

of the mechanical tolerances; the amount of the FM depending directly on

the degree of deterioration,

S
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In Figure 10-17 after twenty nperating hours, the pits have become
larger. This is indicated by a incréase in the vibration level at the F,
and F; frequencies. In addition thi¥ spectrum ;hows’that the sideband
structure attribu?able to the FM proceés is a bit more extensive than
that of Figure 10-16. This fact indicates that the mechanical tolerances
associated with the rolling elements havé increased. This variation from
ball center to ball center as the balls strikeiphe pitted area Eaﬁses the
phase or frequency modulation.process and the generation of additional
siéeban@s separated from each other by the shaft roéational speed F,

(94 hert~ in this case).

Finall ,'in Figure lO-lé, the pitted ares is larger still gnd mechanical
deterioration cf the bearing is setting in quite rapidly as evidenced by
the general riée in the overall vibration level and the number cf FM
penerated sidebands. Ball center to ball center variations are now much

' ! I
greater than in Figure 10-17. The spectrum shows that bedring feilure is
eminent and in facf functional fai%ure of this bearing assembly occurred
approximately two operating hours after this vibration signal was rececrded.

Another interesting aspect to these vibration speétra is the reaction
of the deteriorating bearing on the input quill gears and gearmesh
frequency (FgM). At the operdting speeds for which these vibration signals
were reco}ded, the input quill gearmesh frequency should occur at approx-
imately 2730 hértz and should be the major response. However, even though

th~re is a vibration component at 2730 Hz, it is not the major one. Most
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g i ?ﬂ of the vibration energy associasted with the input quill gearmesh is located
;’ § . in the first and second upper sidebands (+161, +261, see Pigure 10-18).

»ﬁi This effect is observed in all three spectral plots. As Table 10.1 indicates
; the frequency geometry of the sideband structure, it shows that fhe gesrmesh

and its sidebands fall very close to that of the fourth harmonic of Fi and-

X
N

ils sidebands. This makes it very difficult to separate the bearing
frequencies of LF; and its sidebands from the gearmesh. However, the fact

that the gearmesh sidebands are higher in value than the gearmesh frequency

itself indicates that the FM effect is also present in this gearmesh. That

TG b e

is the bearing assembly because of its high wear and relatively lioose

mechanical tolerances is reacting upon the gear/shafting system causing

the gearmesh frequency f.o be frequency modulated at the shaft rps (94

X

hertz). Not only then are the bearing frequencies indicators of mal-

function but also the gearmesh frequencies.

&k

Table 10.1 was generated by carrying the sideband structure associuted

with the various bearing and gear frequencies out to +10 sidebands. Close

S s

=T
S5

inspection of this table indicates that many sidebands associated with the

SRR

bearing and gear frequencies are extremely close to one another making
i resolution of the separate frequencies difficult and in some cases im-

possible. For example, the sideband tabulation at the bottom of Tablz 10.1

SR

lists the interfering sidebands associated with Fj and its harmonics.

2 PREAN
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The effect of this interference and its existence in a spectral £
analyses can ve seen in the spectrum plot of Figure 10-18. Spectral =

peaks associated with the higher harmonics and sidebands of ?o end Pi are
in many cases very irregular or jagged and wider than others. The spectral
peaks associzted with the fundamental frequencies of F, and P; (Bl and Al)
and their sidebands are relatively interference free and as a result are
narrower and monotoniec,
10.5.3 Conclusions

The conclusions drawn from the vibration data on the input quill
bearing tests to destruction are:
1) Vibrstion analyéis would have flagged the bearing assembly as bad

at leas.t 4O hours before functional failure occurred.

2) Conclusive proof that the FM effect exists for both gears and bearings.
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