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An Investigation into Vibration Testina Techniocues for Aero-Engine Accessories

by A H E Holme

Abstract

The design of an aero-engine accessory requires a statement of its functional
objectives and a knowledge of iis operational environment. Achlevement of
these design objectives is the subject of its development programme. However,
experience has shown that in spite of successful completion of development
testing this has not always resulied in acceptable Service performance. In
particular this has been true of the simulation of the engipe vibration

environment.

Based on a series of vibration tests a revised technique is developed for
improved rig simulzstion of the engine based on 2 Spoke or Campbell Diagranm
and multi-sine endurance testing.

An extension of this revision to engine testing is given which advances the
accuracy of service relisbility predictions. This involves a Severity Criterion
based on the resultant vibration velocity amplitude from three orthogonal
measufement directions and augmented by a Mission Weighting.

A further investigation to improve reliabilitiy prediction is discussed ‘based
on structural dynamic modelling of the accessory. It is argued that this may
be better achieved by modal testing than by purely thecretical methods although
this depends on the accessory and degree of sophistication required.

Where relevant, ¢ase histories are cited to illustrate the arguments put forward.

Keywords  Aero-engine, Accessory, Vibration Test, Reliability, Hodelling.
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Preamble

A  Being based on industrial experience this work has benefited from the
contributions of many colleagues, espgcially those in the Measurement
Engineering and Accessory Development Departments. 4s such, it is
difficult for anyone to cleaim originality for any particular idea as
it will have been argued and discussed by those involved before
reaching the_refinement illustrated in this thesis. However the author
has provided continuity throughout this work and has been responsidble
for guiding it to a point where it is being applied by others. In
particular while contributing to the original discussions on the
Spoke Diagrams and Severity Criterion the author was responsible for
‘developing their application to accessory engine testing together with

the extension of this work to transfer function testing and modelling.

B Due to Rollz-Royce's involvement in the internationsl aircraft industry
the Company uses a mixture of units; American, Imperial and SI.
Although there appears to be a slow drift towards the general adoption
of SI units, in vibration work the aircraft industry still tends to
use Imperial units. Therefore in this thesis the author has kept to

existing Company practice while quoting SI equivalents in parantheses.
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INTRODUCTION

The correct function and operation of a gaz fturbine aero-engine

is monitored and controlled by various units. These are collected
under the gengric name of 'accessory' since they might be con-
sidered additional to the main engine cormronents of compressors,
combustion and turbines, However, the major enzine corponents
could not function correctly or safely without the various
accessories and hence these latter items azre an integral vart

of the vhole engire.

In order to perform correctly there mist be clear definition of
what the particular accessory's funetion iz likely to be, together
with a knowledge of the environmental constraints imposed on the

acecessory by virtue of its funetion and location.

These two factors, function and environmént, ars definsd in an
sccessory design specification (or similarly titled document).

This spscification is necessarily issued zhead of 2 new engine
design, or derivative, and hence contains a certain amount of
estimation, based on design predictions and past experience, of

the actual requireménts and environment of the installed accessorye.
Of various environmental parameters accessory vibration is arguably

the least accurately opredicted. The reasons for this are complex

and are based on the difficulties inherent in modelling the structures

involved. Hence to a large extent specification of the vibration

enviromment relies on experience until representative hardware is

‘available for teat verification. This has led to vibration problems

being discovered late in a development wrogramme or after entry
into aireraft service. Why this should be will become apparent
from an understanding of existing techniques and recuirements.
This thesis will then present arguments for improverents in beth
test techniques ard service reliability predictions. This
prediction is based on extending existing severity standards to

aero=engine accessories.

This approach has been summarized in references 7.1.1 - 7.1.3.
Further, by looking at modal testing of a typical zccessory
structure a method of modelling the dynamic properties of the
accessory is demonstrated which could be used when modelling

whole engine responses.
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These points will be illustrated by specific case histories

where appropriate.

Tet Accessory Grourings

Accessory functicns can be broadly clessified as those

which econtrol the operation of tlre engine and those vwhich

monitor this operation.

In the former group would be

included fuel pumps ard metering systems, comrressor Bleeds

and variable vane controls.

Typical examples of the latter

group would be pressure arnd temperature sensors, thrust

indicators and vitration monitors.

Further groupings of accgésory types are made by the method

used to perform their function.

These groupings have

¢omrrised hydro-mechanical, electro-mechanical, electrical/
electronic and ‘'otherst.

Exzmples of accessories within

these groups are shown in Table 1.1 although it is probable

that more functions will fall within the electrical/electronic

grouping in future years.

TAZLE 1.1 ACCESSORY GRCUPINGS BY FUNCTION
HYDRO-HECHAKICAL EIECTRO-MECHANICAL ELEQTRICAL/ELECTRONIC QTHERS
1P Fuel Pump Solencid Control Valve Control Amplifiera Air Starters
HP Fusl Pump Constant Speed Drives Igniter Units Thrust Reverser Drive

Fuel Flow Regulstor

Yydraulic Pumps

0il Delivery and
Scavenge Pumpa

And Alternators

Variable Inlet Guidae
Vane Controllera

Shut~-0ff Cocks

Tachometers

Tuel Flow Meters

Thrust Indicators

Preasure Transducers
Temperature Indicators

Vibration Indicators

Junction Boxes

Motors/Actuating Rams

Fuel/0il Filters
Fuel/Cil Coolers
Bleed Valvea

Throttle Linkage
Control Boxes
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A3 with accessory functions the environment to0 ¢an be split
into its various aspects; this cormonly comprising pressure,
temperature, vihration and 'miscellaneous'. This last nmentioned
containing such considerations as resistance to contaminents

and fire,.

The environmental aspects also result in a final sub-division
cf accessories namely those directly mounted on the engine
casing and those which in addition require motive power fronm
the engine and are usually mounted and driven from a gearbox.

Typical examples are shown in Table 1.2

TABLE 1.2 ACCESSORY GROUPINGS BY ENVIROMMENT

NON-DRIVEN, CASING DRIVEN, GEARZOX MISCELLANECUS

MOUNTED HOUNTED
Solenoid Valves - Various Fuel Punps, LP and HP| Speed Probes

Tarust Indication Transmitter Fuel Flow Regulator Thrust Reverser

Actuators
Amplifiers = Various Aydraulic/0il Pumps
Fuel/0il Coolers, Filters Aircraft Electrical
' Generators

Temp/Pressure Sensors
Starter Motor
Vibration Transmitter
Igniter Systen

Pire Detector/Sxtinguisher

It is jimportant to note these various divisions sirce each
needs to be taken into account when desizning s particular
accessory for use on an aero-engine which itself has 10 meet
the aireraft operating environment., A summary of these group-

ings is given in figure 1.1.



FUNCTION

TO CONTROL GR
MONITOR ENGINE

OPERATION

ENVIRONMENT

CLIMATIC AND
ENGINE
(Temperature Press.,
Vibration efc.)

GROUPING

1 HYDRO-MECHANICAL
2 ELECTRO-MECHANICAL
3 ELECTRICAL/

ELECTRONIC
4L MISCELLANEQUS

GROUPING

1 CASING MOUNTED
(NON-DRIVEN)
2 GEARBOX MOUNTED
(DRIVEN)
3 MISCELLANEOQUS

Fig_1.1
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Accessory Design Svecification

It is essential when designing a new accessory to know the
operational purpose of the function the accessory is required
to performe This is necessarily defined at the start of the
design specification. Closely tied to this is the perform-
ance of the accessory. This could include its construction

and method of operation together with any orerating constraints.
These last mentioned would include pressure and temperature
ranges, input and/or output required together with response
rates, tolerances and accuracies, As ¢an bhe surmised fron

the accessory groupings there is a large variation in perform-

ance characteristics depending on the accessoryts function.

A typical specification contimes by defining general design
and environmental requirements. The former includes such
topics as life and reliability while the latter includes
temperature and pressure regimes, a list of possible contamin-
ents, climatic environment, cperational loadings ard the

vibration environment.

Later sections deal with the whole gamt of development and
production unit testing required to show compliance with the

defined purpose.

Accessory Environmeni - General

Whatever the accessory it has to be capable of operating on

the ground between = 40°C (an Alaskan winter) and 50°C (summer
in the MiddleBast). The effects of ambient rressure and temperziure
changes with altitude also need to be accounted for in the

basic design with variations from 15.2 psi (1047 mbar) at 17°C
£0 2.1 psi (145 mbar) at = 57°C for typical commercial £light
cperations. However although these temperatures and pressures
may be considered to be extremes of our earthly environment

the accessory in operation could well be subjected to a diff-
ering set of pressures and temperatures due to the operations

of the engine, These engine generated environments will normally
inerease the pressures and temperatures well above theiyr rormsl
ambient levels, For example, core engine casing temperatures
could reach 6-70000 and HP Compressor delivery pressure could

be of the order of 425 psi (29.3 bar). It is unlikely that

any particular accessory would have to survive simultaneously
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all these extremes of pressure and temperature, but not

impossible e.% compressor bleed valves.

In addition to pressure and temperature considesration an
aceessory shall be able to withstand contamination from fuel,
oil or hydraulic fluid spillages or leaks. Further, wvarious
additives or cleaning fluids should not cause malfunctions
when in contact with the accessory. Water in the form of

rain or sea spray should not cause faults or corrosion, this
Eeing'of particular concern with elsetrical equivment. 4ll
accessories should be able to withstand or contain fire to
varying extents. It is far more important for units containing

fuel to be fire resistant than for an amplifier,

These environmental considerations are set out for each
accessoyy in its own design specification but a general
statement of them is given in the British Standard Specification
for General Requirements for Equipment in Aireraft, BS.33.100
(Reference Teled). In addition the various tests necessary

to show compliance with the above specifications are also
detailed, Similar standards such as Reference 7.1.5 exist

in America.

Accessory Environment - Vibration

Additional to the various constraints outlined previously the
vibration environment in which the accessory will have to
function is of great interest., As well as vibration resulting
from normal engine operzation mounting loads reéulting from
various landing and flight manoeuvres have to be specified in

the design requirenents.

Hounting loads are quoted as velocity or acceleration levels

seen at the accessory mounts due to airceraft manceuvres such

as clinb and descent, pitch or yaw, és well as those associated
with taxiing, take-off and landing. These manceuvres ara assumed
1o be resulting in zero frequency loadings and hence it is only
the basic rigid body modes of vibration which concern ths

designer.

During normal engine overation the rotor dynamic excitations

generated by the engine are of prime concern as these encompass
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frequencies from 10 to 10,000 Hz. However the effects of
the very high frequencies which are generated by rotor blade
vassing orders (no of bladés/stage multipliesd by rotational
speed) or gear meshing orders (no of gear teeth multiplied
by gear rofational sPeed) are difficult to quantify and hard
to measure exrerimentally. The effects ares likely to be
seen as frettage, wear or localised wall resonances of the

accessory.

Design Spzcifications have therefore never exceeded 3000 Hy
in this country or 2000 Hz in the USA. These freguency limjts
being considered reasonable to bound both basic accessory
resonances and test constraints imposed by exzcitation and

measurenent systems,

A summary of vibration regions for a typical accessory is
shown in the Cambell Diagram of figure 1.2. The derivation

of this plot is described in Aprendix D.

Accessory Vibration Testing

Having defined the accessory's furctional objective and

the environmental conditions in whieh it will have to operate
it is necessary to stow that it will meet these reguirements.
To wait until the finished article iz available and then test
it on the engine is likely to result in feilure fto neet the
design requirements. This would necessarily result in delay

. and expense to both engine and accessory rrogrammes, Devending
on the particular accgessory it is necessary to wvalidate the
operation of the various sub-systems zs well as the complete
accessory. Hence modifications can be incorvorated as required

before committing the design to full production.

This testing is performed on various rigs which are set up
%0 try and simulate predicted engine operation, assuming a
corpletely new accessory and engine design. Eowever most
accessory and engine designs are based to some extent on
existing systems and hence some testing narbe curtailed or
ormitted, an engineering judzement being made by the respons-
ible designer on what 1s necessary in agreemsnt with his

customer.
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Fig. 1.2 FREQUENCY SPECTRUM OF TYPICAL ACCESSORY
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A typical agcessory will have to pass through several cstages
of test before zcceptance for airline service. First, a
minimm standard of testing is verformed for early engine
accessories to allow initial bench (or ground) runmning of
the engine., Secondly a full type aprroval test iz regquired
to show full conformance with the design svecification.
Pinally production conformance and accevtance tests are
carried out to show that the initial Production standard
accessories can be made and perform to the desired standard.
Subsequently Quality assurance testing is perfor:ued‘on
selected zezessory units from Production batches to ensure

that standzrds are maintained.

All accessories have to demonstrate conformanee with the

above tests. MHowever each test is further divided depending
on wrat aspects of its function or environment are being
investigated. When investigating an accessory'!s resconse

to its vibration environment it has to show that it will
"withstand thz dynsmic vibrationzl stresses without structural
failure" and that it will "perform satisfactorily throughout
its declared 1life when subjected to a vibrational environment
equivalent to the maximum anticipated "in service" levels”.
(Ref 7.1.6). .

This conformence with vibration requirements is performed by
two basically distincet types of rig test. These are th
Resonance Search and the Endurance Test. In the former test
the accessory sub-systen or unit is subjected to an excitation
and its response measured. This has consisted of slowly
weening a simusoid through the desired frequency rangz ai

arpplitudes up to the sypecification limit.

Hore recently use is being made of band limited random noise
which apriies a rapndom signal over the freguency range of
interest. iThichever test methed is used tha objeciive is to
determine the test systenm natural fregquencies and obtain
estimates of their damping uzually expressed in terms of the

Quality or - Factor.
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Conformance with the test objectives is then demonstrated
by carrying out Endurance Testing 2t selected natural
frequencies for 106 or 107 eycles, Successful completion
of the Zndurance Testing has been deemed %o show conform-
ance with the specification. 'Successful' here izplies that
on completion of the test the accessory was still zerforming

within its functional limits without obvious signeg of distress.

However, the final arbiter of acceptability iz how the accessory
verforms on the engine in the zircrafi. Prior to this,
developrment engine testing will have served to give some
indication of how correct the design specification estimates
were and how accuraztely they were simuleated on the »ig by

the way in vhich the accessory behaves during the Development

Programme.

Aims of Thesis

Having detailed the types of zero-engine azccessory and out-
lined the invironment that'they are designed to neet it will
be shown that they do not in fact always give adeguate service
in spite of successful completien of their development

rozramme.,

It is the z2im of this thesis to:

a) Show why ezisting rig and engine test technique have not
alweys revealed potential vibration problars subsequentlr

discovered in scrvice, and

) Argue for aprrovriate changes

<t

o thess tzechniques to

ensure that vibration asscciated problems are designed

out or discovered as soon 25 possible.
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VIERATION EXPERIENCE TN SFRVICE

The RB 211-22B entered service in the Lockheed L1011 Tristar on

& April 1972 after a development programme containing more than

its fair shere of financial and technical traumas. Just over

five years later the uprated -524 version of the RB 211 entered
service on 28 May 1977. Between these two milestones was approx-
imately 4 million hours of engine service experience, One of the
customer irritants that became avparent in this peried was the lack
of reliability of certain accessories. ¥For example, the gearbox
mounted fuel flow regulator (FFR) was causing an in-flignt shut-
down rate of 0,005 in 1974 increasing to 0,009 in 1977. This
compares with' an engine shut-down rate from all causes which was
reducing from 0.2 to 0,16 over the same period. These rates being
based on incidents/1000 hours as quoted in the Summary of Operations
statisties (7.2.1). Not all the problems experienced by the FFR
could be attributed to vibration but those seen with the lower |
Teleflex Control Box were almost entirely vibration related. This
latter unit is 2also gearbox mounted. It is not driven by the gear-
bex but is part of the linkage between the Cockpit Throttle Lever
and the engire FFR. This accessory resulted in an in-flight shut-
down rate of 0.004 in 1974 increasing to 0.008 in 1977.

Service statistics presented at the 1976 Operators Conference (7.2.2)
showed that the FFR and Teleflex Control Box problems were the source
of 10% of all in-flight shut-downs.

These statisties ignore accessory removals from the engine as a
result of reported flight problems, Hence in order to improve what
was basically an excellent aero-engine further detailed investigations
were required as the reported faults had not be seen during the

development testing programme ocutlined in the introductory chapter.
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Lower Teleflex Control Box Testing

The engine end of the throttle linkage is shown in figure 2.1
and comprises an upper control box mamufactured by the Teleflex
Corporation which transmits rotary movement from the aircraft
controls into linear movement of the engine controls, This is
achieved by a toothed quadrant and rack, .This upper control

box also sequences reverse thrust engine operation.

A cable runs from the top control box round the engine fan
casing to the lower control box which operates in the reverse
sense to the upper and is mounted on the end of the gearbox
input drive tower (figure 2.1). The output lever of the

lower control box moves the input lever of the Fuel Flow
Regulator (FFR) by means of a control rod. In this way the
pilot is able toschedule his fuel flow requirement to meet any
particular flight regimes.

The control boxes successfully passed both their specified
rig and bench development engire tests but in service failures
began to ocecur particularly on the lower control box as

surrmarized in figure 2.2.

Vibration rig testing indicated that the control rod between
the lower Teleflex Box and FFR had a natural frequency in the
HP shaft frequency range and this was modified., Additional
bracketry was introduced in an attempt to stiffen the input
conduit. However, some engines continued to show wear of the
rack and quadrant teeth, This wear was initially observed as
throttle stagger, ie the need to have different throttle angle
settings on each of the engines to achieve the same thrust.
This had resulted in a Service Instruction to inspect the Boxes
every 350 hours if not required sooner and in the worst instance
a Box had to be changed after 84 hours,

Development Testing had not shown the cause of the problem and

so it was decided to take nmeasurements on Service engines that
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exhibited the problem in order to determine what differences
there were and obtain some indication of the possible cause.
Thig testing showed thet high levels of 1st HP order and

external gearbox drive shaft orders (1,46 and 2.56 =P) were
present. These ezeitztion sources are zhown rela%ive to the

lower Teleflex Box in figure 2.7.

On one of the test engines it was found that looking at the
levels associated with these orders i# the frecuency domain
strain gauge measurenents on the throttle conduit showed
stress levels of 11,000 psi pk - nk (756 MPa) at 160 Hz

(1st EP) and 2t 400 Hz (2.56 EP) in an engine axial direction.
Radial to the enzine these levels were 1500 vsi (10 IPa) and
4000 vsi (27.6 ¥Pa) resvectively,

COMPARISON QOF AXIAL & RADIAL STRESS COMPONENTS,
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In themselves these vibratory conponent strecs levels could
not account for the failures seen. However on looking at

the time of occurrance of the spectral peak the locus dlois

of figure 2.5 were obtained which indicazted that the gauge
tositions rmay not be shouwing the mazirun resultant level, i.e.
they were not in the opiimim rvositions, and that the conduit
was not vibrating in a simple mode. In fazct it was rezlised
that the various frequency components in oceurring simil-
tanecusly in all three planes were giving a complex exeitation
not previously simulzted in rig endurance testing. It was
also found that these simultaneous excitations were occurring
in the climb/cruise region, 2 region in vhich the service
engine spends a considerable portion of its operating time
unlike the development engine which is usually run at

maximm ratings. Other conclusions were reached and tests
performed which are detailed in 7.2.3, T.2.4 but in the

context of this work the above are the significant results.

The realisation that it was not necessarily correct to treat
each resonant condition separately was a revolutionary if not
a novel discovery. Previous vibration experience had been
largely built up on blade vibrations where discrete nodes are
excited 2t variocus engire conditions and similtaneous execitation
from several sources was not knowm to give rise to particular
rroblems., Further ccnsideration showed that on accessories
high levels of forcing could occur from several soureces even
at non-resonant conditions esvecially in the critical cfuise
speed ranges. This in turn lead to the realisation +that a
high vibration level at take~off speeds might he tolerable for
the relatively short time this occurred while lower levels at
crulse occurring over several hours per flight could well lead

to the types of problems experienced with the Teleflex Box.
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Lower Teleflex Contrel Box Testing - Problem Solutions

AS a result of the lsssons learnt in the above investigation
the ftesting to obtain =2 solution concentrated on the following

areas:

a) foreing function transmission path analysis,
b)  investigation of iirline proposed solutions,
c) improvement to the vibration environment, and

a) investigation of an alternative contrel box construction.

Details of the testing involved in the above aprroaches are
given in Appendiz A and references %2.5 - 24, a summary only
being given here. It was found that the transmission vath
analysis was problematical and did not prodﬁce conclusive
results due to limitations in the technicue used. This arose
because there was no clear single input and response on which
to perform Coherence analysis and resolution problems using

correlation techniques proved diffiecult.

Of the various Airline prorosals one was found to be helpful
nanely that of incorvorating a shortened rack which increased
its first cantilever frequency at cruise above the HP shaft

order exeitation frequency.

In conjunction with this modification improved standards of
balance in the gearbox drive system reduced the input forcing.
This resulted in such a change to the vibration invuis that

the alternative control box was not required .

The introduction of these modifications into Service is such
that the inwflight shut down rate has reduced from 0.008 in
1977 to a current rate of less than 0.001,.
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Summary

Testing the lower Teleflex Control Eox on Service engines

which have exhibited severe wear to racik and quadrant teeth

have shown differences to 'captive' Development éngines.

This testing has revealed that problems appear to be associated
with the presence of several excitation sources which occur
similtaneously at a critical operating speed. These excitations
rsults in a three-dinmensional resvonse of the =zccessory and it
is apparent this can result in a resultant feSponse vhich is

the vector addition of the messurement directions. This could
result{ in vibration zmplitudes considerably greater than those

reasured in the three chosen planes.

As a result of this testing modifications to the Control Box
have been introduced which have increased their life from the
roint where they had to be inspected every 350 hours to an
average life in excess of 3000 hours. The wo¥st Service engine
resulting in rejections after 84 hours, has recently achieved
3381 hours satisfactory running and is still in Service use.
References T.2.25 = 27 show that engines which initially
incorporated the balanced drive shafts have achieved Pox lives

of over 5000 hours and those with the modified rack over 3C00

hours.

As a result of the Service experience outlined in 2.0 and the
results of 2.1 a detailed review of =2ccessory vibration test-
ing procedures has been undertaken. The results of this review

are the subject of subsequent chapters.



3.0

ACCESSCRY TEST REVISTONS

In the mrevious chapter it was shown that accessory reliability
on ir-service RB 211 engires was worse than that predicted fronm
the develecrpment test prograrme. On the basis of lessons learnt
from the case history of the lower Teleflex control box, the
arguments for a2 provosed revision to the test procedure will be
set out which better simulates the particular vibration environ-

ment generated by the aero gas turbine engine.

In section 1.5 the objectives, and methods of achieving then,

used in vibrztion testing were outlined. These nrocedures were

based on such standards as BS 3¢ 100 {part 2, section 3, sub-

section 3 = Vibration) which in this instance refers to aireraft

rather than engine mounted equipment. Other standards which have

been followed are embodied in such documents as reference 7.1.5.
Zal The Snoke Disoran

A study of engine test resulis from vibration testing on
accessories has shown that the typical accessory iz subject
£0 various forcing functions associated with shaeft out eof
balance, blade passing orders, pump pulsing or ripple rates
and gear nmeshing, All these excitations occur a2t integer or
non-integer harmonicy of the appropriate drive shaft funda-
mental frequency and hence very with shaft speed at a known
rate. These harmonics are cormmonly referred to z2s engine

orders relative to the apvroprizte erngine shaft.

It has also been noted that several of +the above excitations
can occur simrltaneously and usually result in z large
response, i.e. resonance if coincident with a natural mods

of the accessory., It is also the case that scme of these
‘orders' merely result in increasing response as engine speed
increases, for example, an out of balance shaft order with

no coinecident fundamental medes in the engine running range.
This excitation source can result in a significant forcing

input into an accessory.
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These various 'orders' can cause significant accezsory
resyonse in three dimensions =t differing regions of

engine oreration.

With a knowledze of the accessory location ard the surrouni-
ing structures, it is wnossible to predict which engine
orders are likely to be seen by the particular azccessory

ard with exverience, their probable magnitude can be

estimeted in broad terms,

Hence it is possible at the design stage to develor a
frequency v. speed diagram with the avuropriate engine
orders shown on it, i.e. a Campbell or Spoke Diagram.

It iz then a short step to experimentally zererate this
Spoke Diagram when it comes to rig testing the srproprizte

accessory.

While it is feasible to sweep each order in the correct
ratios, the conirel rroblems are difficult and hence it is
vroposed that this technique of simulating the accessory
environment only be used for endurance testing. In fact it
is not necessary for resonance searches since it is the
existance rather than the resvonse of a resonance which is

of initial interest.

It is therefore proposed that on accessory rig testing a
resonance search be performed using 2 suitable technigue
from those described previcusly in section 1.5 or detailed

in references T.1.4 to T.1.6.

This is to be followed by Endurance testing using 2 complex
broad band signal generated in a sirilar fashion to that
seen on the engine by using multiple sine waves set at
freouencies and amplitudes in accordance with the procedures
to be set out in section 3.2, based on a Snoke Diagram. It
should be noted that this testing is still performed in a
single plane at 2 time on the rig due to the complication and
expense that multidirectional execitation would involve. It
will subsecquently he shown thet this need noi be too severe

a limitation.
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Fs2 Derivation of Snoke Discgram

A typiecal flight operating regime is shown in Fig 3.1.A
vhere for particular speed bands three major regines

erist; namely "idle", "cruise" and " take-off". zThe
frequency variation of -three engine speed reolated
excitation or foreing functions A, B and C are super-
imposed showing linear variation with speed, These could
tyrically be a pump riople rate and drive shaft fundamental
excitation.

This plot constitutes the Spoke Diazran.

For typical mid-regime speed points the response spectra
shovm in Fig 3.,1.B might be obtained. These spectra levels
should be expressed in terms of root mean souzre velocity

(Trms) for reasons which are detailed in Appendix F,

From these response levels and based on experience, it is
rossible to weight these forcing funcetions to give an accessory
designer an indication of whether a system natural freguency

can be tolerated at =z point coincident with one of the forcing
inputs and/or one of the flight regimes. The proposed weighting
scale is as follows:=

Catezory 1 forgine - Capable of causing short or long tern

failure if coincident with acceassory
natural frequencies in any region of

the Spoke Dizgram,

Category 2 forcinzg - Long term service problems probable if

coincident with accessory natural
frequencies in critical ranges of engine

shaft speeds, i.e. flight regimes,

Category 3 forecing - Low input level which will only be
significant if:- '

(a) Coincident with accessory high
megnification natural freguency
in eritical ranges of engine

shaft speeds.
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(b) Increased by known engine

service problems,

With reference to fig 3.1, input A would be regzarded as
category 1 due to the general high reszonse level over a
wide speed range, B as category 3 dus to its low arplitude
over a wide speed range, and C as category 2 due to its high

response in a limited speed range.

The above inforreztion contained in fig 3.1.A should be
available early.in the design programme and hence can be
made availzble as a guide to the accessory designer. This
should enable unacceptablz resonant conditions to be avoided
and designed out rather than develorved out at a2 later stage
of the progracme,

)

From the above design considerations, orobably backed by
initial rig testing, the designer can enter the resonant
frequencies found onto the Spoke Diagram as shown in fig 3.2.4.
The component natural frequencies are represénted by the
constant frequeney lines rumbers 1 to 5, with nunmber 4 being.
a high magnification mode. Tvrical points of coincidence
between these natural frequencies and various engine order

A -

excitations are shown at points A through J.

On this Spoke Diagram only two flighi regimes, Y and Z, are
shown and it is only points of coincidence between ergine

order foreing and natural frequency within these regimes

which are of interest or category 1 excitations within these
speed bands. The former are illustrated by vointz 3 anid D

in range ¥ and A, G znd € in range 2 while the latter condition

is showvn by E ard F,

Use of The Spoke Diasram in Endurance Testine

=1

a) Sndurance Period

The above voints are verified by resonance sueep testing
on a rig or develovment engire derending on timescales
ard degree of build. .\n =2ccessory sub-assermbly is more

likely to have its natural frequencies investigoted on

-—
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a rig than as part of the whole asseumbly on the engine.
However, the resonance search in conjunction with the
Spoke Diagram only shouws possible problem areas, it does
not confirm the specification vibration test objectives
stated in 1.5. This is attexnpted by rig endurance testing
and hopefully verified by development engine endurance
testing.

Historically endurance testing has been carried out at
predeternined amplitudes and frequeneies based on the resonance
search results. The amplitude chosen by Rolls-Rdéyce to ensure
structural reliability based on Stress Office recommendations
is.1.9 times the basic specification level at natural frequencies
showing the hishest response, e.g. component frequency number

4 in fig 3.1.A. Depending on the accéssory this would either
have been continued for 106 or 107 cyeles assuming no prior

failure ceccurred.,
This could be very itime consuming since at

100 Hz -106 cycles takes 2.77 hours or 107 cycles takes 27.7
hours, while at

1000 Hz -106 cycles takes 0,27 hours, 107 cycles takes 2.77
hours.

It also assumes that accessory functional failure would

be due to a eyclic fatigue failure which obeys the classic
steel S-N curve which has an endurance limit. Hence if the
test amplitude was below the endurance limit and it survived
106 (of 167) cycles it would continue to operate satisfactorily
for its guaranieed life. However, service experience has
shown that the assumption of an endurance limit is invalid

and problems have been occurring at a much lower level after

108 cycles say, This is illustrated by point B in fig 3.3.

In order to improve this aspect of the engine environmental
simalation it is proposed that endurance testing should be

based on the rig on a time xather than number of cycles.
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Te endurance period prorposed is 100 hours in each of thre=
mutuzlly perpendicular rlanes, As modification and tyve
approval tests on engines are based on 150 hours of endurance
running, and since this ftesting excites all three »lanes
simultanecusly a test which involves total testing to twice
this perioed is a2rguably 2 reascnable conpromise for ensuring
that the desired degree of agreement with test ovjectives is
achieved in terms of service reliability estimates. Tt is

also reasonable in terms of cost and rig occupancy.

It is zccepted that this time may not fully test any low
frequeney resonances but should give vlenty of experience
with the higher freguency spoke diagranm tssi conditions, for

exanple:-
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10 Hz in 100 hours gives 3.6 x 106 cycles.
100 Hz in 100 hours gives 3.6 x 107 cycles.
1000 Hz in 100 hours giveé 3.6 108 cycles,.

However at the very low frequency end of the environment, the
forcing funetions are small and hence reéponse of the typical
aero-engine accessory is usually negligible. Possible problems
occurring are with whole body resonances of units on anti-
vibration mounts which have their first natural frequency in
thé 20~30 Hz region, and which due to the lerge displacements
.associated with low freguency might impact on adjacent

fittings.

b) Mission Weighting

This 100 hcurs endurance would be split according to
the mission profile to cover ezcitation sources in each

speed band defined on the Spoke Diagram, e.z.

TABIE 3.1 Example of Possible Missions
Short-Haul HMission Long-Haul ilission
égist . = 48% of mission . gg::ds = 185 of mission
g;‘é’i‘;: = 504 of mission g;zje'zz = 80% of mission
g;g:agff = 2% of mission g;zzagff 2% of mission

- Hence for testing on an accessory for use on a long-haul
engine 80 hours in each plane would be performed with

frequency points which occur in the cruise regime.

The exception t¢ this would be where high magnification
response occurs outside the critical speed range (e.g.
point J on fig 3.2.a). Here a certain time should be
.allowed on endurance testing to include this resonance
up to say 15 hours with éppropriate adjustment to the

flight regime times above.
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Endurance Testine Leyels

Faving discussed the time in each plane, it is necessary
to define levels at which to inmut the various foreing
funetions. With reference to fig 3.2.A it is vroypoced
that categories 1 and 2 foreing functions coincident
with a natural frequeney in a critical hizh speed range
(renge 2 in fig 3.2.A) should be erduranced at twice the
specification vilkration envelope appropriate to the
particular coincident frecuency (esg. voints A and C).
This same criterion would be applied to any excitation
dus to a category 3 input vwhieh is coincident with a
high magnitude natural frequency, i.e. lightly damped

mode, e.g. point G in the hizgh sveed range.

For similar conditions in the low speed range it is
vroposed that 1.5 tinmes the aprropriate envelope level be
adopted 23 the basic forcing function amplitudes are

normally lower,

Cognisance should also be taken of any category 1

foreing functions which pass through a critical speed
range but are not coincident with a natural frequency of
the structure, since the response due to this foreing is
still likely to be significant. In the hizgh speed range
a weighting of 1.5 is aprrovriate, while at the low speed
a factor of 1 would apply (e.g. voints E and F resvect-
ively).

Any endurance testing required at category 1 coinecident
conditions outside the critical speed bands (point H) or
high magnification conditions (point J) should be at the

basic vibration envelove level.

Having chosen the zprrorriate levels for ezch sveed

range the endurance testing should be carried out by
setting those points to give a2 multi-sine input to the
accessory concerned. For fig 3.2 endurance testing would
comprise the amplitude factors and times for the cormponent

veints showm in fable 3.2.
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These factors have been chosen with particular reference
to the R3 211 family of engines and are based on
experience which has been confirmed by a survey of
production engine pass—off test vibration figures which
indicate that the average engine is sent outiat 5CE6 of -
the pass=~off test limit, Other foctors could well be

appropriate for other apprlications.

TABIE 3.2
Speed Ref Component | Spec Indurance Period
Regime Letter | Frequency | Amplitude -
Humber Factor Long=- Short~
Haul Haul
Flight Flight
Idleor | F 6% 1.0 16 hrs/ | 43 hrs/
low plane plane
B 2 1.5 16hrs/ 4% nrs/
(Y-Fig plane plane
3.2) D 3 1.5 16 hrs/ | 16nrs/
nlane plane
High or | 4 1 2,0 74 nrs/ | 47 nrs/
cruise/ plane rlane
take= ko T* 1.5 74 rrs/ | 47 nrs/
off vlane plane
G 4 2,0 74 hrs/ | 47 hrs/
(Z-Tig nlane plane
3.2) c 5 2.0 Tanrs/ | 47 nxrs/
plane plane
Ton J 4 1.0 10 hes/ | 10 hrs/
eritical plane nlzne
q 3 1.0 10 ars/ | 10 urs/
plane vlane

*Frequency at which pesk amplitude of non-coincident category 1

forcing function occurs (Fiz 3,2.4).

In practice the revision to the accessory specification for
vibration {reference 7.1.6) has limited the speed ranges to two,
grouring cruise and take-off conditions togeiher as there is
little practical difference in frequencies, Table 3.3 pives a
lizting of amplitude factors arplicable in z2ny instance for sach

speed regime.
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The above describes the comnlete reguirements for rigz testin

of accessories to ensure that they will meet their design

environment.

Hovwever, this does nod% negate the requirement

for a check on the engine environment to which the accessory

will be

exposed.

This is essential both to check the

svecification levels znd inruts and also to verify the effect

of three 23 opnosed to single nlane excitation.

TABLIE 3.3 VIFRATION SPECIFICATION AMPLITIDS FACTCRS
Speed Foreing Excitation ith high With any With no
Category \Coincidence pagrification | other natural
natural natural frecuency
frequency frequency
Low Category i 2.0 1.5 1.0
2 2.0 1.5 0
3 1.5 1.0 0
High Category 1 2.0 2.0 1.5
— 2.0 2,0 1.0
: 3 2.0 1.0 o)
Non Category 1 1.5 0 0
critical —_—2 1.0 0 0
—_—3 0 0 0
II0T=ES.

1. '0' indicates no endurance testing for this condition unless there is

a specific reason.

2o ihen choosing endurance conditions for ezch speed regime use highest

value factor points first.

3.4

Use of the Svoite Diasran - Fuel Tlow Reemlator Cace Fistory

Taving begun te apvreciate the implications of zevera

o

1

excitation scvurces acting simultanzously the copmertunity

w25 taken to use this ltnowledgs and aprly it to a2 zroblem

occurring on another accessory.
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In chaepter 2 it wos indicated that considerabls service o
reliability problers had been experienced with the Puel Flow
Regulator (FFR) which meters ths correct amount of fuel to the
engine corbustion chambers for each flight condition. A
detailed description of thic type of unit is given in 7.3.22
Part of the voor reliability was atitributed to vibration.

In this context the problem wes initially observed as a
reduction in starting fuel flow and hence difficulty in

starting the engine.

The vosition of tha varizble metering orifice swcol which
schedules fuel to the burners in the combustion chamber is
controlled by a set of bellows 2t the end of a pivoted stirrup
asgenbly. The scheduling »roblen was attributed to gradual

wear in the vivot bearings. Since this wear took up to 2000

.

hours to become arparent its simulation on the rig had rrovsd

elusive. As 2 rssult of measuring the engine environment
and determining the various excitation sources it bacane
possible to simulate the service environmeni and achieve

renresentatives wear within 300 heours runaning on the rig.

The proposed modification wzos then tested in a similar menner

and found to be satisfactory.

Details of the above testing can be found in the references

in 7.3.1 -~ 21 and are summerdsed in Apmendix B.

Summary

3

his chapter has shown that using the lessons learnt from
engine testing accessories have been used to develop an
improved simulation of the =sero-engine accessory vidration
environment. That this is an improvement has bzen demonsirated
by the FFR Vii0 Stirrup testing on which the service ez

w23 simulated. Incorporation of thisz revised Stirrur assembly
is partliy the resson for a reduction of the in-flight shut

down rate due to the FFR of 0.011 in 1979 to 0.007 to Herch

this rear. On the basis of exverierce and engine testing it
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is poszible to derive znd verily =2 3roke Diagrem so the

coincidernce of nztural medés and engine sxcitaticn can be

avoided =2t an earliy stage.

Hewever, while this reduces the probability of Service
troblems by improving the design inforpation base it dees
not cenfirm that service rerforrmance will be acceptable.

Ilethocs of improving this ascessment by direct engine

measurenent and by modal testing will now be discussed,
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4,0 ASSESSING THE VIERATION ENVIRONMENT

Most assessments of component reliability are based on testing
sufficient samples to give confidence in applying the results to
the vhole comronent population, This work is well detailed by
standard works on Statistics. In an aero-engine development
programme the sample vopulation is usually very small although

it is hoped the final poﬁulation will not be. In practice,
reliability estimates are based on the results of the accessory's

performance in a limited number of tests.

Historically, therefore, confirmation of probable service perform-
ance has been based on the results of endurance and cyclic test-
ing combined with specific tests such as the measurement of the
vibration environment. TFor accessories this form of engine test-
ing together with the original type of rig testing had resulted

in service problems which were not discovered during the develon-

‘ment programre.

As far as vibration was concerned, the vibration response of the
accessory and its mounting at some representative points was
measured and then compared with the original design specification
limits. If the accessory vibration ezceeded this limit,
appropriate action‘to rectify the point of exceedance would be
undertaken. This could result in effort being expended on an
exceedance that would not cause a Service problem as it did not
cccur in a significant part of the operating range. It could also
be that the limit was exceeded at one point in one measurement
plane only and that the resultant of all three plares was not
excessive, or conversely a potential problem was missed because

| the resultant of all three planes was excessive while the individual

directions were not.

In order to overcome these deficiencies summarised in Fig 4,1 an
assessment of vibration severity based on the results of three

dimensional accessory vibration testing will now be derived.
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Severity Critericn

In order to obtain an estimate of rrobable service life fron
erzine testing some form of acceptance criterion is required.
These criteria have been developed particularly for process
industry prime movers. Initial work was carried out by
Rathbone (7.4.) and other researchers have followed his lead
(7.4.2 to 7.4.4). In the UX and Europe this has resulted

in an industry standard (7.4.5) which develops a criterion
tased on the measurerent of root-mean-square velocity (Vrms)
for classes of machines within the frequency range 10 to 200

revolutions/sec.

A review of these criteria (7.4.6, 7.4.7) with particular

- reference to the accessory design specification and a survey

o7 the available accessory measurerents Fig 4.2 has suggested

trat an extension to 7.4.5 is appropriste for aero-engine

seressories.

Ir this new standard the wvalue of Vrms is found for the

- frequency band of interest for each point in the engine

sceed range. This c¢an be done by using an R¥S voltmeter,
suitably scaled, or in the case of zero-engine accessories

b looking at the peak levels in the spectrum at each speed

‘girce

A

o PNk
VI‘I:‘-S = [ (V + v + v +..-0 N)] g e s s 4.1

2

3
A 2 :

Wnere VN is the velocity amplitude pesk of the Wth speed

point.

This value of Vrms is obtained for each engine related plane
i.e. axial, radial and tangential and the nominal resultant

found

Voow= | v8x. _ +v8ag  + V% 2 4.2
RES — Xrmg FVTRng Mrpg | T *
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This resultant value (vﬁES) is then compared with the levels
shown in table 4.1 and a classification obtained. This table
is purely empirical and is based on accumulated test evidence
from several Rolls-Royce aero engine types, the summary of
the evidence for it being given in Fig 4.2 which shows sonme
peak vibration levels measured on various gearbox and casing

mounted accessories.

It is apparent that there is a lerge range of scatter in the
results especially at the higher frequencies. This scatter

is in part due to the measurement techniques employed but this
is now impossible to verify without reveating all the tests to

a common instrumentation standard and technique.

TABIE 4.1 SEVERITY CILASSIFICATION FCR AFRO-ENGTINE ACCESSCORIES
Resultant Classification Predicted Service Life
Velocity
thslns/secrmS'

( see)

10 or above
(254)

Extremely rough | Probable immediate failure

Zm==10 Very rough Short=term failure,
especially if peak occurs

(76 - 254) in critical speed range.

1e==3 Rough Long term failure,
especially if peak occurs

(25 - 76) in critical speed range.

0e3m=at Fair No service problenms
expected within guaranteed

(7.6 - 25) life.

0.1--=0,3 Smooth No failures expected

(2.5 - 7.6) within guaranteed life.

Less than 0.1 (2.5) Very smooth No failures expected.
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The levels seen are considerably higher than those set out

in references T7.4.1 to 7.4.4 and attributed originally to
empirical levels determined by Rathbone in 1939. The reason
for this is due to the differences in measurement locaiion.

The work in other industries is based on the measurement of
vibration at bearings or "solid" parts of the structure and

is more comparable with the standard engine vibration
monitoring pick-up location than to measurements on accessories.
In fact taking into account the increase in flexibility inherent
in the design of an aero-engine structure when compared to a
ground based prime mover, the differences are not that different
between the aero-engine vibration levels and the published
standards. A surmary of the appropriate lewels from BS 4675

i3 given in table 4.2 for compurative purposes.

SEVFRITY CIASSIFICATION FOR TURBO MACHTIERY (2S 4675 Pt1_:1376)

res - Veloeity at | Classification | Posgsible Description*
Range Limits

ins/sec (mm/sec)

0.71 and above D : Inadomizsable

(18)

0.28 -~ 0,71 c Improvement Desirable
(7 - 18)

0.11 - 0.28 B Adﬂﬁ.ssable

(2.8 = 7)

Less than 0,11 A Good

(2.8)

*B3 4675 does not give a description for the classification,

or gquality, letters A through D. The descriptions aprended

are taken from the German standard VDI 2056. The levels

refer to single axis measurements taken at the machinery bearings.
If it is assumed that fhe sare amplitude exists in all three
planes, a VRES covering the rough to smooth regions in table 4.1

is obtained at the range limits quoted above.
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Recent testing at Rolls-Royce has not found any accessory

" yidbration which falls within the "extremely rough"

classification so the choice of 10"/sec rms remains to be
validated, The occasional accessory in the "very rough"
classification has been found and =zction taken to reduce

the response to acceptable levels.

Experience would indicate that the levels originally

proposed are reasonable and that the split between acceptable
end not acceptable at 1"/sec rms is correct for this large
aero-engine over the mid frequency ranges. At lower
frequencies { < 100 Hz) this level could probably be increased
without detriment to fhe agcessory and similarly =t higher'
frequencies ( > 2000 Hz) vibration levels above this level

are commonly seen with no known hazard to accessory religbility.
Howzver, the objective rust obviously be to exzpoze any
accessory to the lowest practical vibration environment

and rence the level chosen appears to be an accentable

comrronise,

Miszion Yeishtings

Having obtained severity classification for varicus parts of
the orerating range as indiczted in the previous section, it
nay in come instances not be elear which of several problenm
areas is the greatest potential reliability hazard. An
estimate of this can be obtained by consideration of the
mission (or flight) profile. This profile gives the typical
flizht times spent at various engine speeds and hence a
factor expressed as a vrercentage of the total time can be
obtained for each operating condition or speed band, A
tyvical mission profile is showm in Fig 4.3.A. The percentage
of the overall flight time at vach condition is then shown
in Fig 4.3.B.

Simple multiplication of the various VRES peak values can
then be made and the necessary comparisons made. It is quite
clear from the factors of FPig 4.3.B that a relatively low
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level in the cruise regime can result in greater unreliability
than a higher level at take-off. A simple example of this is

shown in the case histories in the next section.

Tt i3 not necessary to zpply this final weighting in every
instance as it usually is quite clear what iz causing a
rarticular problem. Towever, uwhers this is not so, application

of this weighting can prove useful.

Testing the Severity Criterion

Yaving developsd a Severity Criterion to zive an assessment
of rotential engine service 1life it was necessary to zpply
it %o a new enginre, The only suitable vehicle for this was
a new derivative RB 211 engine type the 535C, which was

shortly to commence development testing.

Unfortunztely the accessories had been designed to the pre-
SpokeDiagram specifications but the oprortunity was taken
rrior fto erngine testing to draw Spoke Diagrams for the rmajor

accessory locations (7.4.8).

Yhen engine testing had occurred some minor revisions to the

Diagrams were found necessary.

The peak vibration levels seen on these tests were used to
nanually estimate the Rms Velocity level for each axis in
accordance with equation 4.1. These values were then arplied
to equation 4.2 to derive Tppg. The appropriate Severity
Classification from Table 4.1 was obtained for particular
gpeeds and the worst classifications highlighted. Subsequently
the mini-commuter described in Appendix D was modified to
perform the Vrms caleulation (7.4.28).

Table 4.3 summarises and references 7.4.9 - 27 give the details

of this testing. Any accessory with & 'rough' or worse

classification wasretested and if the classification was confirmed

aprropriate reredial aetion taken.
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It should be noted that the Severity Criterion is derived
from Standards with an upper frequency limit of 1000 Hz.
Figure 1.2 has already shown that significant excitation
sources exist above this frequency, in particular LP fan
blade passing and external gearbox gear mesh excitation.

A rider is therefore added in the reported classification
where this depended primarily on any excitation up to 5000 Hz.
and above 1000 Hz. Accumlating Development experience has
not given rise to any events to cause revision to this

extenaion.

An example of typical Vrms plots for a gearbox and a fancase
mounted accessory are shown in figures 4.4, 4.5. These also
show an estimate for vﬁES
corresponding Severity Classification. In fig 4.4 & 'rough'
c¢lassification is only obtained in the high speed region
while in 4.5 & 'rough' classification is obtained at both
low and high speeds. In the latter case it is appropriate
therefore to apply the mission weightings of fig 4.3 to
decide which peak is potentially more hazardous. In this
example it is the high speed peak which is more likely to
cause problems although it does not result in the greatest

amplitude., In practice this particular vibration level

for the wvarious pesaks and the

was reduced to acceptable levels by attending to a balance

" problem in a shaft.

Summary

In this chapter a Severity Criterion has been developed from
existing Standards to provide an assessment of the three
dimensional vibration enviromment experienced by the installed
accessory. The levels chosen are based on sﬁrveys of past

and present vibration levels measured on Rolls-Royce =zero-—
ongine accessories and are weighted in a similar manner to

the existing standards.

Where it is not clear which of several ezcitations may prove
most troublesome factoring VRES at particular engine conditions
with a mission weighting can be used to c¢clarify the situation.
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Arplication of these procedures is straightforward and has
been tested on an engine wnich i3 on the point of entering
airline service, Data is now zwoited to confirm the
predictions of satisfactory serviece life which are indicated

vy Developnment experience.
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TARLE 4.% RB 211= ACCESS YIBRATION CLASSIFICATIONS ON TAL TESTING
LocATION ACCES3CRY SEVERITY REMARKS
CLASSIFICATION

External Voodward Fair "Rough' with poor LP
High Speed Fuel Flow Fan Balance
Gearbox Governor ’

HP Fus) Pump Fair

1P Fuel Pump Fair

Bydraulie Pump Pair

Starter Motor Pair "Wery rough® during

atart

041 Pump Faiz

EP Tachometar ' Pair

Integrated Drive Falr

Genarator Simulator

1P Compraasor HP3 Handling Bleed Rough
{or Fan) . Solenoid Valve
Case EP3 Starting Bleed Fair
Solenoid Yalve
Integrated Engine Rough
Preasure Ratlo
Transmd tter
Blectric Engire Padir
Supervisory Controller
Bigh Bnergy Igniter Rough
Boxes
Puel Cooled 011 Rough
Coolar
Bleed Valve Control 8moocth
Unit
P1 Altitude Pressurs Rough
Svitch
IP Comprassor Deceleration Smooth
Casing Deteotor Unit
15 Senacyr : _ Fair ' -
Top Tenmperaturs Pair
- Limiter
IP Compreasor IP Bleed Valve . Rough
Casing Solenoid Valves
?2 Sonic Yery Rough
Thermocouple

B: If confirmed 'rough' or worae on retest modification to the mounting or unit waa under~
taken as appropriate.
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50 MODELLING THE ACCESSORY

As part of the engine design process finite element models are
used to predict probable engine dynamic behaviour and structural
loadings. This is essential if costly mistakes are to be avoided.
These models are correlated with rig and engine testing and
modified as necessary. Recent work on this is cited in 7.5.1.

In order to achieve accurate predictions of the engine dynamica
the approach has been to model the low frequency whole engine
modes separately from those which occur at higher frequencies.

At low frequencies the effects of shaft ard rotor dynamies can
be neglected and these structures represented by appropriate mass
end stiffness at the various bearing surfacea. In a similar way
the presence of accessories can be catered for. 4s the freguencies
of interest increase the effects of shaft and rotor dynamies must
be included in the response calculations as the engine no longer
exhibits whole body modes and localised response begins to occur.
At these higher frequencies, from 20 Hertz upwards approximately,
it may 2%ill be appropriate to represent accessories as masses
and stiffnesses acting at their mounting features but at some
frequency even accessory structures will begin to have their

own localised modes. These modes in turn will be meodified by

the response of the various internal components.

As already indicated simply designing and testing an accessory

to a simple vibration envelbpe does not necessarily result in an
acceptable service unit. The existing vibration testing and the
improvements called for still only give an indication of the
response to the estimated Service vibration environment when
hardware in the form of accessory and engine exist. There is no
fundamental reason why modelling of accessories should not take
place in the early design and development programme as occurs on
the complete engine. However this would result in inereased cost
in both manpower and computing facilities which may not be readily
available to an accessory supplier. Further, the complexzity in
shape and construetion of meny accessories mekes finite element
modelling of the accessory difficult.
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Therefore it is suggested that once the basic design has
been finalised and some development units are available

an experimental approzch using modal testing be used to
obtain a basic spring-mass subsystem model of the accessory
based on techniques given in such works as 7.5.2 = 7.5.6.
From this testing it is possible to experimentally obtain
the modal properties of the accessory which could then be
combined with existing engine models to predict overall
Tresponse. :

In order to investigate this approach transfer function
testing has been performed on a Fuel Flow Regulator (FFR)
using the free-free mounting arrangement and rig set-up
shown in figures 5.1 and 5.2. Details of this set-up are
given in Appendix ¢ and of the analyser in 7.5.7.

This unit was chosen for beoth its convenient size and because
it had been exhibiting vibration problems in Service as
described previously. It was possible therefore, that

this testing might have thrown further light on the problem.
However the testing summarised in 3.4 was successfully
completed before this work.
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M Test Results

A fully assembled FFR mounted as shown in figure 5.1 was
excited by a sine wave sweeping from 10 - 3000 Hz. The
input force and response were measured and the transfer
function plotted as Mobility (velocity/force) is shown in
figure 5.3.

After an initial rigid body mode.of shaker and FFR at 10 =
12 Bz the Mobility plot shows a basieally linear response
with gradient of «1 to 70 Hz. Since it can be showm (7.5.5)
that Mobility, M, is given by o

M| = -1/wm ————— 5.1

where w is the exciting frequency and m is the dynamic

pass of the accessory this response shape is mass-~like in-
that the structures driving-point stiffness and damping
have little effect, the motion being that of the mass alone.
Hence up to 70 Hz the assumption used in the engine model,
that the accessory represents added mass is true for the
FFR. In practice this frequency will be modified by it
being clamped to the gearbox and further restrained by the
connecting pipework.

Using equation 5.1 it can be shown that for .this test the
dynamic mass varies with frequency between 16.5 1lbs (7.5 kg)
and 18.7 lbs (8.5 kg), compared with an actual mass of
53.5 1lbs (24.3 kg), nominal., Since for convenience the
exciting force waz adjacent to the mounting flange
rotational effects have apparently reduced the mass by the
amount shown. A simplified calculation shown in Appendix
C gives a value of 19.9 1bs {9.05 kg) for the dypamic mess
as measured at the flange. For a free-~free beam reference
Te5.8 shows that the dynamic mass measured at the end of
the beam can be a quarter of the mass acting through the
centre of gravity of the beam.



A3 the mobility plot of fig 5.3 is traced zbove 70 Hz the
effeet of initially damping and then stiffness begin to
predoﬁinate until the response from 115 Hz to 250 Hz is
esgsentially entirely spring-like.

Since it can be shown (7.5.5) that
iml = wk e 542

where k 13 the dynamic stiffness, it is found that the

. FFR has a stiffness varying between 16.9 to 13.9 x 103
ibf/ins (2.9 and 2.4 x 10 N/m) over this frequency. It
should be noted that the response anti-resonance shown here
is typical of an over—damped system since the intersection
of the mass and atiffness linesa is below the mobility curve.
This is explained in 7.5.2. This level of damping also
explains the c¢ontinual change in phase of slightly over

180° in this region. If the structure was lightly damped

a localised change of 180° would be observed.

Between 220 and 230 Hz the perturbation in the plot is dume
to a drive rod resomance.

An over-damped resonance at 240 Ez is followed by a mass~
line to 300 Hz. This leads to a strong anti-resonance,
resonance pair at 330 and 445 Hz respectively with little
evidence of a stiffness line between the two. A discrete
1800, nearly, phase change is associated with these
conditions. Based on half=power point theory damping
estimates have Q values of 33 and 18 for the anti-resonance

and regsonance,

The signal glitch in the anti-resonsnce signal is the result
of the lack of servo control in the test rig. At an anti-
resonance the increasing force is 'sosked up' by the
structure and no response is obtained resulting in very

low signals from the measuring accelerometer, Under

manual control it was found difficult to keep the force and
response signals matched within the dynamic range of the

analyser.



- 64 =

Above 445 Hz the mobility changes to a shape indicating
increasing modal density and coupling between modes. This
is probably the result of local resonances both of the FFR
body and its internal members.

Further testing to investigate the effects of wvarious
internal and structural components was carried out and is
summarised in Appendix €., The structurea tested were the
FFR with the fuel side internals removed and the FFR fuel
side bedy on its own. The zir side of the FFR shown in

fig 5.1 was assumed to add mass and stiffness to the fuel
atructure.
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5.2 Sprinz - Mass Subsystem Representation

It has been shown by Salter in 7.5.2 that it is possible

to graphically derive the dynamic properties of a struecture
from its Mobility Plot. This technique is based on drawing
the t'skeleton' of the plot. This skeleton is then used to
deduce the mass and stiffness values of the structure which
can then be represented by an arrangement of simple masses
and springs., It should be noted that the springs might

be termed 'real' rather than idealised springs as they
include the effect of damping, since damping is more closely
associated with relative motion than inertia.

For simplicity the mobility plot of the FFR fuel side body
with its internal components removed will be used to demon-
atrate this technique. The mobiliiy plot obtained from
testing in a similar manner to that described in 5.1 and
detailed in Appendix C.1 is shown in fig 5.4. Superimposed
on this plot is its skeleton, although agsin for eclarity
of illustration a mode around 2000 Hz has been ignored.

The skeleton illustrated has two mass and two stiffness
lines and hence can be represented by a mass-spring system
comprising two masses and two springs.

If the force applied at the driving point is represented

by F and suffixes 1,2 refer to the two subsystems comprising
M4, K1, and Mp, Ko the complete system can be represented
by the model shown in figure 5.5. '

At frequencies below 474 Hz (= 1500 / 10) the response
follows a mass line M; which is given by

My =M + M, = To9 1bs (3.6 kg) —— 543

At frequencies above 9961 Hz (= 3150 xy 10) the system
follows a spring line K; which is given by

xé = K, + K, = 365z 10° 1bf/ins (62.83 x 10° N/m) —— 5.4
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[MOBILITY]

FREQUENCY

PARALLEL MASS SPRING SUB-SYSTEM MODEL
OF FFR FUEL SIDE BODY

A‘r low frequencnes response is Mass like
M1 = My + My

Ai' hlgh frequenmes response is Sprmg~l|ke

KZ— K1 + K2

- Fig. 5.5
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The frequencies cited above are the values y 10 below and
IHO above the appropriate anti-resonance frequency at which
points for a lightly damped structure it can be shown (7.5.2)
that the error in measuring a mass or spring-l#ke response
is small { <10%). '

At the resonant point (2273 Hz) all the elements are active
with the system comprising two masses joined by a spring
and we have the resonant frequency Wy given by

2 _
Vi = KK +_1_g

K, +EKy (M, ",

me———— 5.5

Whilst at the two anti-rescnances all the elements are
active and we have the lower and upper anti-resonant
frequencies WAL’ WAU given by

2 2 = K, + K ‘
V) AL + W AT ﬁl' Mg ——m———— 546
1 2

[} 1
Hence from a knowledge of @R, wAL' WAU and M1, K1 the sub

system mass and spring stiffness values can be determined,
giving

M, = 6.01bs (2.7 kg)
M, = 2.2 lbs (1.0 xg)
Ky = 138 x 10° 1bf/ins { 23.8 x 1P N/m)
K, = 227z 10° 1bf/ins (39.1 x 10° N/m)

It is apparent that the rotational effects described in
5.1 are reducing the apparent mass below that of the actual
weight of 19.3 lbs (8.75 kg).

It is not clear from comparing the above simplified model
which parts of the structure are acting as masses and

springs. However if the small resonances and anti-resonances
which were originally ignored are included they would change
the model t0 a four mass system. The fuel side body comprises
four sections bolted together and it is not unreasonable to
hypothesise that these sections represent the masses with the
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springs acting through the flanged joints.

The final requirement to fully define the FFR body using
this spring-mess subsystem representation is to obtain an
eatimate of the damping at resonancerand anti-resénance.
This is simply done from consideration of the interpretation
of the mobility plot. For a structure with critical damping
the mobility plot would consist solely of mass and atiffness
lines, i.e. the basic skeleton. However, with zero damping
the mobility plot would tend to infinity in either a positive
direction at resonance or a negative at anti-resonancs.
Hence the difference between the intersection of the mass
and stiffness and the appropriate point on the mobility

plot gives the damping or Q value directly.

In this example at 1500 Hz Q = 17
2273 Hz Q 345
3150 Hz Q 30

These values can be confirmed using the half power point
formila for Q given in reference 7.5.5 for example., It
should be noted however thet as the damping increases, i.e.
Q gets smaller, the errors inherent in the assumption ¢n
which this technique is based increasse {see 7.5.2). I%
should not be applied for Q less than 3, which implies the
damping estimate at resonsnce is in error in the above
example,

This technique can therefore be used to obtain a simple
but accurate model of the accessory simply from the mobility
plot results.



543

form

-T7] =

Model Proverty Estimate using Vector Techniocues

The previous section outlined a simple graphical approach
to the interpretation of the driving point mobility plot
of the test structure. With the availability of mini-
computer based analysis equipment it is becoming easier
to determine the modal properties of a structure based on
the solutlon of eigen vectors and eigen value equations.

The derivation of these matrix equations while being based
on classical theory allows mch to the vector analysis
techniques first reported by Kemmedy and Pancu {7.5.3) and
their interpretation by other researchers such as the works
cited in T.5.4 to 7.5.9.

Any vibrating structure, such as an aero engine accessoryy
can, in general, be represented as a multi-degree of freedom
System having a number of modes of vibration. Each of these
modes will have an eigen velue and an eigen vector associated
with it as well as a modal mass, Mr, and damping loss factor
?r. The eigen value gives the natural frequency,' Wr, and
the eigen vector the mode shape.

In general terms this may be expressed‘as=-

n ' ¢
- E vrp A
OC pq(w)- (1 - (wlwr?.a+ i?r) _____ 5.7
r=1

where “P‘t is the receptance (displacement/ force) measured

at a point p due to an exeiting force of frequency w

applied at point q. For each of the r modes of the structure
!

there exists a modal flexibility coefficient’”rp. The

 flexibility beingAgiven by

WVl [3U]F
P Mr Wy ———— 5.8
where [?’]P is the mode shape vector.

Equation 5.7 can be expressed in complex notation in the

Cr.eie" :
(-0 W Feipe] - -==2"2

r=1 ,
ard at frequencies close to Wr this can be written as

o (w)=
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___Crelfr |
W= Tty T Op..__5.10

where Dr is a complex residual representing the effective

contribution of 2ll other modes to the resonance,

If the receptance is plotted on a Nyquist Diagram it can be
shown that the resonant frequency occurs at that point where
the spacing of equal frequency increments is greatest i.e.
at the point of maximum rate of change of frequency. A
diameter drawn through this point of the arc can be showa
to represent the value Cr/ fz r, as indicated in figure 5.7
With reference to this figure ?r_can be found using the
. relationship.

. (wia— w;l) 1
I == * TfanBiz+tandez) ===

The displacement of the end of the diameter opposite Wr to
the origin of the Nyquist axes gives the value of Dr and
the angle of Dr to the imaginary axis gives Br.

The derivation of the above relationships is given in

such works as 7.5.5.

Hence by measuring the transfer function at the driving point

and at a number of other locations on the structure the

modal properties of the test structure may be determined.

It does not matter which form of transfer function is measured as

receptance, mobility and inertance are related by frequency.

Using the same FFR fuel side structure as in 5.2 and the

rig shown in figure 5.2 with the SD 109B Co/Quad analyser

the real and imaginary mode response vectors {or coincident
and quadrature vectors) were found. Applying the excitation
at the centre of the FFR body the Nyquist plots of figure 5.6
were obtained. (It should be noted that these plots are
inertance plots, mobility circles would be rotated 90° clock-.
vise,)
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It should be observed from figure 5.6 that due to coupling
between the modes complete circles are not obtained and
each mode is determined from the characteristic loops in
the plot. "

Using the lesast=squares technique (7.5.9) a computer programme
wa3 developed, Appendix C.5 which plotted a best fit circle
through the experimental data points for each mode and
derived the natural frequency, damping, flexibility, and
residual terms for each mode as summarised in figure 5.7.

Having obtained the modal parameter  values the final
piece of information for complete determination of the
mode is its shape. Since for a pure mode the real term
tends to zerc and the imaginary to a maximum measurement
of the normalised imaginary term at different parts of the
structure give the mode shape directly for a particular
value of Wr.

Using the measurement locations shown in figure 5.8
the mode shapes at the two different frequenciea of
figure 5.8 are cbtained. These show simple bending of
the FFR fuel_side body.

Hence, although simplified it has been shown in this
section that it is feasible to obtain the dynamic
properties of an accesscry from a measurement of its
transfer function.
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NYQUIST PLOT OF MODAL CIRCLE

b Im
Re__
Dp
W
8|~ CP/DL// 1
< )4)1
// 2
W " 21
Now wg_-wf 1

= w2 ’run(DV2+fan¢2/2

Hence we can solve the Receptance Eqn.
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Summary

In this chapter it has been argued that further insight
into accessory dynamic behaviour can be achieved by
ineorporation of thé accessory response in an engine
model. The assumption that the accessory can be
modelled bagically as an additional mass element has
been validated although the frequency range over

which this assumption can he made will depend on the
accesgsory and its attachments to the engine.

Further it has been demonstrated using the FFR that
exiating graphical or modal techniques can’be used: to
obtain an adequate representation of the structure
which could be used in the engine models., The
development of mini-computer systems favour the modal
testing vector approech with systems now being
available which directly obtain the modal parameters
found in section 5.3.

This increased understanding of accessory dynamies
can only help in the goal of achieving acceptable
service reliability.



6.0

CONCLUSIONS

Since the reliability of an aero-engine depends in part on the
reliability of its accessories, accessory dynamic behaviour

has becoms of increasing interest. Problems highlighted in

chapter 2 have shown that the initial testing described in

chapter 1 had proved inadequate, especially in terms of vibration
simlation. A careful study of both rig and engine testing

showed where improvemenis in this simmlation of the engine environ-
ment could be achieved.

This thesis has detailed thia work and the improvements which
have recently emerged as a revision to the hasic Accessory
Vibration Specification used at Rolla-Royce, Dexrby.

The major revision has been the provision of a Spoke Diagram,

both as g design aid for the Accessory Mamifacturer and as a
development aid for rig endurance testing. The use of this
diagram should help to significantly reduce vibration problems
occurring during all phases of the accessory and associated
engine development programme. This will assist the achievement
of these programmes within the desired project costings and
timescales.

The use of multi-sine testing has been shown by the FFR Pivot
Arm example to better represent the engine enviromment on the
rig than previocus techniques, With the increased endwrance
period associated with this form of testing improved service

- reliability is expected, since a better indication of functional

problems associated with accessory operation in service use has
been demonsgtrated.

These improved vibration endurance tests will result in increased
testing costs. One supplier has estimated that his basic testing
costs will rise from £5000 to £14,500, almost a three-fold increase.
This neglects the costs of any additional egquipmeni needed to meet
the test requirements. However these costs are minimal when
compared to the c¢osts incurred by poor reliability, whether this

be Jjudged as the costs involved in an engine repair or evern loss

of further orders.
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Some recent accessory testing has further indicated that for
many fancase mounted electronic accessories coincidence between
natural frequencies and engine spokes have only occurred on one
or at the most two major conditions. This has meant that if
this new vibration specification had been applied to fhese
accessories apart from the endurance period the testing would
have reduced to the existing methods i.e. existing endurance
methods could be considered to be a particular application of
a more generalised technique suggested in this thesis.

Having shown how better simulation of the engine vibration
environment on the rig can be achieved impreved reliability
assessment techniques on the engine were developed. This
involved the use of a Severity Criterion based on the evidence
from three dimensional measurements on the accessory. The
resultant level seen at a speed was cobtained and compared with

a classification table derived from experimental evidence. Where
several unacceptable classifications resulted in the operating
ranges their relative significance could be estimated by applying
a Mission Weighting Factor. This would enable decisions to be
made on which areas would best warrant further investigatioms in
order to improve the vibration environment of the accessory and

hence its performence on the engine.

The forgoing has shown how improved simulation of the engine
eavironment can be gchieved on the rig and probable service
reliability predicted from engine test, this being summarised

in figure 6.1. One further approach to assessment of behaviour
in the service environment was shown in chapter 5 where the
extension of existing engine structural dynamic modelling to the
accessory was made. Although at an elementary level it was shown
that an adeguate model of the accessory could be achieved from

modal testing techniques.

This thesis has been based on the lessons learnt from wvibration
problems with accessories containing mechanical cdmponents which
have exhibited some form of wear. With the increasing use of
electronics to perform control functions it is probable that other
types of problem manifestation will occur. In this case it may

well be appropriate to modify the testing detailed in this work



although the principles used will be the same, Hence this work
could be regarded as a statement of the general case for accessory
testing.

Why existing rig and engine testing have not always revealed all
the potential vibretion problems that could oceur on an accessory
has been shown in this werk. Having revealed these failings
appropriate revisions to improve this have been developed to the
point where confidence in their validity exists. This has
resulted in a2 revised Accessory Vibratjion Specification, successful
solution of vibration problems, and predie¢tions of probable service
experience on accessories fitted to a major new derivative engine.
In addition the develcopment of a rouie towards betfer prediction
of vibration behaviour has been outlined and should be the subject
of further research.



YIRRATION SEVERITY CRITERION FOR ACCESSORIES

1.0 Traosducer signals of time {or apeed) varying waveforma from 3 perpsndicular directions may ba broken into -
instantaneous amplitude components at a frequency.

N NN =
W W

2.0 To decids whether any vibration is liksly to cause a problem current Rolls-Royce assessment methods abstrast
individual spectral peaks for each direotion in turn and apply a simple severity envelope.

Areunod Tiwe

FREQUENSY

v [
dispoeement — ___‘V us:ylnbh ’
valocity or log / //
ocgeleration - i B
disp .
acceplable / -.'
- e e .
Q - fin 110] —— AkHe O log 11§ ——m 2kHa

3.0 This negleots tha fact that the damage caused by real 1ifs motion is the result of all simultaneous speotral

peaks in } directions.
'rudni

ansal

resolved amplitude
ol total vidmtion

\/

mngunlicl
Amplituds /phase or time domain dala enables visual presenialion of complex motion
4.0 To improve the gurrent severity aassessment the following two atepa are taken;=

L.t Incorporats all spectral peaks for a speed and dirsction (B.S. 4675 refera), Tha vibration amplitudo. of

the peaks should be expressed in velocity r.m.s. as this has the advantage over displacement or acceleratio
that upto 1000 Hz almilar amplitudes can ba considered as equally severe,

A 0 A .
At & speed, we have V(’;‘) rms = ./i- (‘}: + V; $ oeee > v;) Where V_ is the peak amplituds of nth peak in the
4]

partioular direction,

L.2 Obtain the Resultant Asmlitude, ‘Whenever poasible resolve rms velecity values obtained from the 3 directlo
above as folloms:=

Vors :J(szms + Vyzma + Vszrm)

If oaly 2 directions are messured assums third is squal to ths rsaultant of the other two,

‘ 3 3 unless
Vers = ./(2{\": s « Vy“rms} ), :hare
]
If only 1 direction 13 memsured assume the remaining two are squal to the measured one:= a strong
' 3 oo : reason
Voey » /3 Vx“rms otherwise

5.0 The wvalue so obtained is then compared

to the empiricel table oppoaits to -
::tsin-ia Eeve;ity clsuif‘l;.ontion for Vees ins/ses | Classifioation
e unit in that environment. The )
effect of vibration defined by the >10 0 5ﬂrem1yhaoush
ssverity olassification must be assessed 2 -1 R"’YhROus
.  bearing in mind the structural properties 0 ;3 ] PO:E
and funotional gomplexity of the 01 -0 s‘ rth ‘
acceasory, and waighted for the 'worst 1 =03 o0
engine! case, <0.1 Very Smooth

6.0 The clasaifications cbtained at various speeds should then be multiplied by the appropriats flight time factor tg

obtain a mission meighted estimate of tho relative severities, e.g. a "rough" classification at take-off could ha
a lower weighting than a "smooth" classification at cruise,
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APPENDIX A Lower Teleflex Control Box-Problem Solutions Testing

As a result of the vibration problems seen in Service and the lessona
learnt from testing engines installed in the sircraft the following
investigative programme was underiaken:-

a) Investigation of possible foreing function transmigsion paths

With the Teleflex control box mounted on the end of the gearbox
input drive tower there were three possible transmission paths
into the control box rack and guadrant. These were via the gear-
box casing, from the FFR via the throttle rod, or from the fan

casing via the throttle cable and conduit.

Initially coherence measurement comparisons were made between
Teleflex box response and various other appropriate locations. 1In
this measurement the recorded data is transformed into the frequency
domain and the product of the auto-spectra at each measurement
location is divided by the square of the cross—spectra between
measurement locations. For locations A and B coherence function
XaAB it is expressed mathematically as:

¥24B = Hax. Hpp/ | HaB |2

where Hy,, HBB represent the auto-spectira of 4 and B and Hyp the
cross-spectrun between them.

Where A is an input and B is an output to a linear system the
coherence valus tends to unity if B is completely the result of A.
In the test it was found that at the relevant frequencies this
condition was met within experimental accuracy but for all three
possible paths. It was realised therefore that A and B could
well be responding to an unmeasured source C giving rise to the

type of problem indicated by figure A1 and described in greater
detail in 7.t1.1, 7.2.5.

This investigation then attempted to make use of correlation

techniques in order to try and resolve this matter further,
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However this met with only limited success due to the time scales
involved. The frequencies seen experimentally resulted in periods
varying between 2 and 7 milliseconds but assuming that the vibration
travelling between transducer locations iravelled at the speed of
sound in the structure required a resolution in the order of nano
seconds as summarised in figure A1. Again resolution probléms
proved intractable.

Subsequent work detailed in reference 7.2.6 confirms from another
source that this technique was of limited use in this situation and
it was eientually abandoned being superseded by the results of
other actions, -

“Investigate the wvarious solutions proposed by Customer Airlines

Service Departments

The proposals were to isolate the control box from the gearbox
vibration by fitting anti-vibration mounts, and to change the rack
response characferistics3bj'removing some*of the over-hung teeth on -
the end of -the rack. .

The former modification could present fuel scheduling problems since _. .
the anti-vibration mounts might result in increased motion of control
box and by implication the scheduling controls. "In practice this
was not found to be the case but the claimed jmprovements.could not -
be verifie& because rig similation 6f"the engine environment was

poor (7.2.7).

Testing the shortened rack was shown t¢ reduce the vibration prodlems

" in that the rack natural frequency for correctly adjusted tensioning

rollers was further increased above the operating range of st HP
shaft order excitation i.e. from arocund 170 Hz to 185 Hz (fig 42).
Further 'tuning' could be achieved by varying the . load applied via
the tensioning rollers which hold the rack against the quadrant (7.2.8).
This modification has subsequently been incorporated'into the Service
fleet.
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Investigate possible improvements to the wibration environment

From the testing detailed above it was apparent that the Teleflex
control box was being excited by the EP shaft and the drive train

to the external gearbox shown in figure 2.3. Work therefore
concentrated on looking at the balance standard of the warious
shafts and gears concerned. It was found that although

basically balanced to normally acceptable standards, the high rotational
speeds of the shafts (10,000 rpm HP shaft, 14,500 rpm inclined

drive shaft and 25600 rpm radial quillshaft) meant that unaceeptable
out of balance forces could exist. This situation was further
aggravated by one of the gears having an offset oil distributor

hole which gave large out of balance forces. Rig and engine test-
ing showed that:improved balancing of the radial drive quillshaft
halved the vibration levels measured at the teleflex box and that
better balaneing throughout the system further improved the
vibration environment, figure A3 (7.2.9 = 7.2.10).

Imnproved balance shafts and gears have been introduced into Service

engines.,

Control Box Alteration

In conjunction with the above testing and as a back-up in case
modifications to the vibration environment were unsuccessful a
design change to the control box was proposed. This eliminated the
troublesome rack and quadrant and replaced it with a cable system
(fig 44). This was fully tested (7.2.11 - 12) and would have been
put forward, in spite of some problems (fig A5) as an alternative
solution if the other mofifications indicated above had not been
succeasful. The rig testing of this Box was used to partially
investigate the effects of some of the revisions to test procedure
to be proposed in chapter 3 (7.2.12 refers).

Other testing on the Lower Teleflex Control Box is detailed in
referencea 7.2.13 = 24,
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RRB21: THROTTLE CONTROL SYSTEM |
~ LOWER TELEFLEX BOX ‘BOWSTRING' DESIGN «
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APPENDIX B - Fuel Flow Resulator - Testing the new technigue

A reduction in starting fuel flow and hence difficulty in starting the
engine had been attributed to vibration induced problems with the fuel
Flow Regulator (FFR). The FFR operates as follows:-

The Variable Metering Orifice (VMO) in the FFR controls the amount of
fuel passed to the fuel burners in the combustion cans. This orifice
is basically a triangular hole in a spool which is positioned relative
to a fized opening in the duct wall in which the VMO spool is located.
The VMO spool rotates and is moved axially by means of a complex pivot
mechanism and bellows system (Fig B.1). At the pivot point there are .
Some small ball bearings. As these balls were not rotating it was found I
that in service they were wearing resulting in increased end-fleat of
the VMO =pool which was experienced as low fuel flow. Due to the lever
arm eff'ect of the pivot, wear of only 0.001" would result in an end
float of 0.005" which lead to a reduction in fuel flow of 25 gph

approximately, a critical amount on start-up.

The FFR manufac¢tures, Lucas Aercdpace Ltd, put forward and tested various
proposals, T.3.1 to T.3.9, but were in difficulty in reproducing the
Service wear problem-on their test rigs. Analysis of engine and rig

vork showed several resonant conditions of the pivot assembly (Fig B.2).
Some of these resonances were coincident with engine shaft orders seen
on the external gearbox at certain flight conditions, in particular an
excitation due to the HP Fuel Pump Ripple Rate (number of teeth on gesr
pump x rotational speed of pump) was observed (Fig B.2).

Initial rig work had shown that the use of carbon bushes in place of the
roller bearings gave a much improved result in terms of wear, therefore
it was decided to compare the existing standard of assembly with the
rroposed modification by endurance testing using engine excitation
levels and frequencies. It was realised that as existing standards of
units were achieving lives of 2000 hours on the engine considerable rig
test hours would have to be built up to detect any significant wear.

Hence it was proposed that the standard FFR should be endurance tested
for at least 100 hours.
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From engine testing the vibration spectrum was obtained for a reference
point on the pivot arm (Fig B.3) and in order to simulate the worst
possible service environment the spectrum was scaled for a ’'rough'
engine case based on the vibration levels measured at the standard

engine vibration monitoring points.

Hence scale factor 'X* is given by

Service Vibration Limit (1;Oﬁ/sec2
X = Test Engine Vibration Level

This gave a factor value for frequencies up to 200 Hz approximately,
covering the basie shaft orders., For frequencies above this an

arbitary value of 2 was chosen for the scale factor.

On the engine the FFR is subject to excitation in more than one plane
and normally directions radial, tangential and axial to the engine
centre line are taken as reference directions., However rig endurance
testing could only be carried out in one plane. This was initially
chosen as the vertical plane (FFR Y Fig B.3) for convenience on the
rig set-up. A detail of the measurement set up on the pivet arm is
shown in fig B.3. Some testing was also performed at the Y + 450 plane
in order to combine the trunnion axial movement with a known in service
side load on the trunnion bearings, as well as to more nearly represent
the true Engine radiasl direction ¢of the installed unit.

As rig testing to existing techniques had failed to produce the wear
problem ocutlined above initial simulation of the engine vibration using
four sine wave inputs to & Jkw shaker was attempted and shown to be
feasible (7.3.8) although no service type wear had been found after
extending the testto 325 hours. It was decided that this was the result
of using input levels below those seen on engine test. Testing was
then transferred to the 10 kw shaker system shown in figure B.4 and
increased testing at cruise conditions performed. This resulted in
an increase in the Vrms level based on the endurance frequencies from
0.8 ins/sec to 2.1"/sec (20.3 = 53.3 x 1077 m/s). With some change to
the test conditions this was contimed for a further 214 hours with no
apparent change to calibration settings or wear in the pivot systen.

A change to the engine radial direction for a further 38 hours produced
the same result.
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By this time further engine results from worn units (743417 = 19) indiecated
that the vibration levels could be increased further and that the effects
of HP Fuel pump ripple rate at 800 = 1200 Hz approximately (fig 3 .2) were
not being similated correctly due to too long a length of connecting
pipework on the rig (over 40 feet from pump to FFR instead of thé 2=3

feet on the engine).

This necessitated a change to the 20 kw shaker rig shown in figure B.5.
After some initial problems with setting realistic levels which did not
result in failures that were not seen on the engine it was found that a
small increase to 2.4"/sec (61.0 x 1073 r/s) Vrms produced service type
wear and fuel flow calibration drift within 100 hours of resuming the
test.

The test was then repeated with the modified FFR %o approximately the
same input levels, the Vrms level having reduced %o 2.3"/sec (58.4 x

1072 m/s) due to small changes in the test frequencies. The frequencies
were changed to tune in resonances of wvarious parts of the pivot assembly.
After 303 hours testing no wear or calibration drift was found. These
results are summarised both in fig B.6 which shows the change‘ in
calibration over the final 100 hours with the original unit and the

lack of change with the modified unit, and in fig B.7 which summarises
the test execitations and their effects.

Details of the above testing are given in 7.3.10 -~ 13 and 7.3.21 from
which a set of typical vibration plots are taken, figures B, 8 and B. 9.

It was concluded from this that the rig testing now simmlated the engine
environment with sufficient accuracy to indicate that it would be
satisfactory in Service. Statistics from Service operation unfortunaiely
do not eonfirm this directly since other faults have now been shown up
which were masked by the problem with the stirrup assembly.
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APPENDIX C - Fuel Flow Regulator Modelling

C1

Modal Teat Method

A complete FFR was suspended from a bar by means of elastic
bands to simzlate a free-free suspension system as shown
in figure 5.1. The test results indicated that this
suspension worked well with an initial mass-like response
on the Mobility (Velocity/Force) plots.

In serviece this unit is fastened at one end by a Vee=
clamping Quick Attach/Detach (QAD) ring to a mating flange
on the engine external gearbox which drives the wvarious
shafts inside the unit. A throttle control rod and
various fuel and air pipes provide the only other unit
attachments. In order to0 represent to some extent this
service environment it was decided to input the forcing
function.into a convenient flat face adjacent to the

mounting flange.

An electromagnetic shaker was used to supply the foreing
function. It was connected to the unit via a thin steel
rod which ensured that the input force was basiecally uni-
directional with no lateral or torsicnal component. A
Bruel and Kjaer (B and K) type 8200 piezo-electric force
fransducer of sensitivity 4.04p C/N was placed between

the drive rod and unit to measure the force. The response
of the unit to the input force was measured immediately

ad jacent to the foréing position using a2 B and K Type

8344 miniature piezo-electric accelercmeter of sensitivity
0.337 p ¢/ms™2.

This enabled a nominal point transfer function measurement
to be made on the unit. This measurement was taken using
a Spectral Dynamics SD 1002E Transfer Analyser System
(figure 5.2) and expressed in terms of the units’ Mobility.
A detailed description of this analyser is given in 7.5.7
but briefly it may be summarised as follows in conjunction
with figure 5.2 and the block diagram in figureC. 1.
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The conditicned force and accelerometer signals are fed
into the input chamnels of an SD 112-1-E Rms Voltmeter/
Frequency Log Converter which gives a D C voltage output
proportional to the logarithm of the force and acceleration
signals. These 3ignals however are first enhanced by
passing them through the narrow band tracking filters of
an 8D 122 filter to eliminate 21l spuricus data except
for the signal fundamental. This filtered DC voltage

is then processed by the SD 127 MZ/TFA Transfer Function
Analyser controller to give the desired input/output
ratio, in this instance Mobility, as well as the signal
phase relationship.

The SD 1002E also contains an SD 104-A Sweep Oscillator
which is used to supply the input forcing function to the
shaker power amplifier. For this testing a logarithmically

swept sine.wave was used.

No servo was used in conjunction with the sweep oscillator
as shown in figure C.1 Hence the force feed back shown in
this figure was not used. Suitable zignal levels were
maintained for the Analyser by manually altering the
charge amplifier level settings. This worked well apart
from ¢ceasional glitches in the Mobility plots, although
particular care had to be taken at anti-resonances when
the response signal reduced to very low levels.

+1 gsemble r Side and Fu ide lesg dits

internal shafts ete) Results

This assembly was tested as indicated above and the driving
point Mobility measured adjacent to the mounting flange
is shown in figure C. 2

As before after an initial body mode the driving point
response is basically mass-=like although this time
rotational effects have resulted in a dynamic mass
varying from 13.9 1lbs (6.3 kg) at 20 Hz to 16 1lbs (7.25
kg) at 110 Hz compared with an actual mass of 44 1lbs (20
kg).
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As damping begins to effect the response the mobility
plot begins to deviate from the mass line until at 340

- 350 Hz an anti-resonance of the drive point is observed.
This is followed by a resonance at 466-469 Hz with
associated 180° phase change. The stiffness line hetween
anti-resonance and resonance corresponds to 2.15 x 107
1bf/ins (3.76 x 108 N/m) and the subsequent mass line

8.8 1bs (4 kg).

After this point the Mobility plot shows several modes

but since these are not accompanied by distinct 180° rhase

changes they are presumably natural frequgncies of wvarious

air side components. It seems unlikely that they represent
strongly coupled modes of structure.

In order to investigate the structural response of the

unit itself without the effects of internal sub-system

natursl frequencies the test was repeated with the fuel
gide body alone.

FFR _Fuel Side Body Results

The results of this test are shown in the driving point
mobility plot of figuzre C.3. The initial mass line is

now present to above 600 Hz varying from 7.5 1bs (3.4 kg)
at 20 Hz to 8.8 1bs (4 kg) at 600 Hz. This compared with
an actual mass of 19.3 1bs (8.75 kg), again the differences
being explained by rotation about the centroid.

The initial drive point anti-resonance now occurs at 1500 Hz
and has an associated stiffness of 6.4 x 10° 1bf/ins (3.0 x
108 ¥/n) and a quality factor Q of 20 based on 4 power
points. This value has been quoted from the inecreased
resolution obtained with figure C.4.

This anti-resonance is followed by what appears to be two
small modes with some degree of coupling at 1675 and 1825 Hz.
A clearer estimate of these would be obtained by varying the
excitation input position.
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At 2000 Hz is an anti-resonance with a Q of 10.75 and
associated mass and stiffness of 2.6 1bs (2.7 Kg) and
9.2 x 107 1b£/ins (4.3 x 10° N/m). There is a strong
resonance at 2270 Hz with a Q of 9 followed by a mass
line of 2.1 1bs (2.1 kg).

A final anti-resonance is éeen at 3000 Hz before the
response changes to basically spring-like above this

frequency.

C 4 3Since drawing dimensions ﬁre glven in metres, metric

values only are shown here for clarity.

SCHEMATIC OF FFR—EFFECT OF EXCITATION AT _MOUNTING

FLANGE
Fein .
. 0183m R
I |
yA :
X
H

0.2375m” g

Fig. C5

Total Unit Mass{m) acting through G =24,3kg
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For FFR Moment of Inertia about G{Ia) = mass (m) x
radius gyration (k)2

Teg = m.k2

= 24,3 1 0.183°

Equating forces for small rotations about G we have for
a general displacement T*

Ee“t = 24,3 x (-wz. T*, elwt)
and

F,0.2375,61""

= 24,3 x 0.185° x (--wa, (1* ~ Yo)eiwt)
0.2375

where Yo is the displacement at the origin.

7 1 1 _
wimamm * ms) =

Yo/F = = 1/9.05 w2

Hence the dynamic mass seen at the flange = 9,05 kg
This compares with a measured level of 7.5 to 8.5 kg.



/8THIS PROGRAM 19 CALLED °‘CIRCLE’ &/,

/% TH18 PROGRAM CAN BE EXECUTED FROﬂ ‘PLOT? IN TS0 MODE 3/,
/8 THIG PROGRAM PUTE A BEST FIT CIRCLE THROUGH A SET OF 3/
/% EXPERINENTAL DATA POINTS AHD CALCULATES THE NATURAL .3/}

- #8 FREQUENCY,LO0SS FACTOR,FLEXIBILITY AND RESIDUAL. X’y

DECLARE AHEN FILE ENV( F(B®) SPACECRE,108) ) 3
DECLARE datout EHTRY EXT

DECLARE X(76) CONTROLLED &(TS! CON?ROLLED .FREO(?S) CONTROLLED ;

DECLARE EX(7S) CONTROLLED LEV(75) CONTROL é
DECLARE ES(?5) CONTROLLED ,THETYA(75) CONTROLL D)
DECLARE CIRFLO ENTRY EXT;

PUT LIET(’?)

PUT LIS?('Ct‘CLE FIT OF EKPERIHGHTQL DATA’ ),

PUT LIST(’NUNBER OF DATA POINTS = ?'),

GET LISTIN)

IF allocaiX)=) THEN FREE X,Y,FREQ,EX,EY)

ALLOCATE X(NH),¥Y(N),FREQIN),EX(N),EY(N);

DO I+1 TO M

gﬁ; LlST(FRéO(l).llll.Vil))] !

cer Lipeoxt, na,vi,ver-(xe-x11ex2e0v2-v1 1382,
LET ACOS(R,Q)sATAN(SORT(R123-01821/0);
/% COMPUTE SUMMATION TERAS 13-,
X2,Y2, XY, X3,Y3,XY2,¥X2,5X,5V+0;

DO Ie1 TO My

xa-xt:a:xaoxa,

Y2eV(1ix824Y2,

XVaX{IIRY(T)eXY,

NI+X(1)2234X3;

¥3s v:xxxta+v3i

XY2eX(1)EY(I)RB20XV2;
¥YX2eV(1IEX(1)8X20YXR)

SXeX(I)45X,

SY=¥(1)+5Y;

END
/: C&LCULAT!ON OF CIRCLE PROFERTIES 3/
s

$oSHARR-NIXD;

TeSKESY-HIXY)

UsSYEE2-NIvYa;

Ue SX!(RE#VZ)-N!(XJOXVE)]
ZeSYELY24X2)-NE(YI+VYX2 )}

A= lu:U-T!Z}/(UlS‘Tltall 5

8= (UST-532 )/ (Ta22-51V18.6)
C-SORTlﬁtta+ltlailx2+Y2)/N—E!(AtSK#BISVer),
PUT LIST(”),

PUT LIST(’CENTRE COORDS. OF CIRCLE+ *,A,B);
PUT LIST(:RADIUSS *,C))

PUT LIST(’)

.z CALEULATION OF FREGUENCY COORDINATES ON FITTED cIRcLE :/,

DO I=t TO N

Zes rt(lxllg-ﬁ)lta+(Yll)-])lla):
EX(IIe(CRIRL])-A)+TXA)I/Z
E:g!3-(¢l(ViI)-l)+le)/Z|

/: RESOHhHT FREGUENCY CALCULATION 2/
’

1F ALLOCALES)»1 THEN FREE ES,THETA,

T4

x/;

LD

Ly

v

ALLOCATE THttntN).llINll

DO Ist TO M=t

AL-SIDE(EXCTDLEXCI+L), EY(1),Ev(Ie8 )y
BL-SIDECEX(I). A EV(I). D}
cx-slbtctxcxoxl.a.:vctox .3
G1e314Ci=At)

R1.21811C1

THETAC1)+ACOSCRI, 011
ES(l)-antctThtthtl)l 269,

hRC-O;
K9
PUT LIsT(‘1, Dll DS'.D!J')‘
PO 14 TO N
PUT LIST(I, DS .D5a,083)
DSL=ESC1)/{FREQUI+1 I-FREQ(I))
IF l 1 THEN DS2-8; ELSE osa-cgt! 1)37(FREQ{1)-FREQL I~ I)lg
IF l=N-1 THEN DS53+@; ELSE DSJI-ES(I+1)/(FREQ(I+1)-FREQ(I)),
IF DS2=01D53=0 THEN GO TO LA
1F DS1>D528D51>DS3 THEN GO 73 LD; ELSE GO TO La;
IF 1=N-1 THEN GO TO LA;
IF DSt(DARC THEN GO TD LAy
ghgchSl]
“1y

END
put Listoox,pare),
PUT LIST(K,DARC)
Fe(FREQ(K] )FRES(K )12
PUT LIST(’*)
PUT LlSTl‘REgONﬂNT FREQUENCY = *,F, 'HERTZ' ),
PUT LIST(**)y
s DANAING CALCULATION 8/}

IF K)J30 THEN FREQ(K+1)*FREQ(K+19)LFREGI(K)-FREQ(K-18);
IF K>30 THEN EXIK#1)eEX(KH10ILENI(KI-EXIK-108);

IF K230 THEN EVIK#L )aEV(K+1DIMEYIK)I=EYI(K-19);
FT«(FREQ(K+1)0I2-FREQ(K ISR )/FE82;

37}

Hl'IEX(KOI)!QEOEVIKOl)tIE*EX(K)IIE EY(K)IIE)/(EI(EVlK§I)—EV(K)I);

H2e (EXIK#] )=EXIK) )7 (EVIK+L )~EVIK)))

HI=f+H2t32

H4=A+H2E(H1-3),

HS-ﬂttE-CSIEQCHI~I)tt3{
EXFi»(H44SQRT(H4822-H5LHI) )srHY,
EXFRetHA-SQRT(H41X2~HEXHI ) JrH)

PUT LISTC(/EXF1=’,EXF1, ‘EXF2e’, éxra),

IF EX{K+3)CEX(X) THEN GO TO ll

IF EXFIXEX(KIREXFLCEX(K+L) THEH EXFEXNF1)

IF EXFREX(KILEXFRCEX(K+1) THEN EXFeEXF2;

1F EXFICENCKILEXFIDEX(K41) THEN EXFEXF1,

IF EXFRCEX(KILEXF2OEX(K+1) THEN EXF-EKF&;
EYF-HI-HEKEXF;

PUT LIST(’") 6ﬂ

PUT LIST({’COORDINATES OF RESONAHT FREQUENCY=?7);
PUT LIST(EXF,EYF)y

PUT LISTC’*)

LET ?nN(x)-st(u11c05(x)
Ad+SIDE(EX{(K),EXF,EVIK), EYFI] .
lB-SlDE(EX(K}.ﬁ,EV(K).I) ’
Ca«SIDE(EX(KT1),A,EVIK+1),0);

az-d2+Ca-Ady

G) xIpusddy
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PHIL=ACOS (R, 0815

AJ«SIDECEXNF, EX(K+1),EYF,EV(Ke1) ),
IJ-SIDEIEXF.R.EVF.I){
CA«SIDECEX(K+1 ), A, EVYIK+1),D))
03+334C3-A3;

R3'Etl3!°3&

PH12=ACOS{RT,03)

' PH!-nTﬁH(TAN(PHI!I.E)+TRN(PHlal.5))j

PUT LIST(’FT,PHIL1,PKHIZ,PHI'),
PUT LIST(FT,PHIL,PHI2, PHI);
NETA=F T/PHI

PUT LIST(’‘ )y

PUT LIST{’DAMPING = ‘_HETA};
PUT LIST(??)

g FLEXIBILI*Y CALCULATION 2/,
/X

L T
CR=2XCINETA
PUT LIST('FLEXIDILITY = *,CR,‘X10%3-6 m/N’);
PUT LIST(")6N
/3% CALCULATI OF CONTRIBUTION OF OTHER MODES %/ "
g 73

EXF1e21A~EXF;
EVF§«233-EYF;

DR+SORT(EXF A $224EYF 1%42)

PUT LISTC’CONTRIBUTION OF OTHER MODES«’,DR);
PUT LISTC’?);

STORE FILE AHEH COPY

7% COMPLETION OF COMPUTATION %/,

#¥ K540 PLOTTING INSTRUCTIONS 37

rd

PUT LISTC'ADD Gt A’

PUT LIST{'DIM’,N,’ARR’);
PUT LIST(’ADD X +*);

CALL datout(X,N,AHEH);
PUT LIST{’ADD ¥ +’),

CALL datout(¥Y,N,AHEH),
PUT LIST(’ADD FREQ +°’);
CALL datout(FREQ,N,AHEH);
PUT LIST(’MERGE’)

PUT LIST(’ADD Q1 &)

PUT LIST(’DIM’/,N,*ARR’ )}
PUT LIST(’ADD EX +°)),
CALL datout(EX,N,AHEH);
PUT LIST(’ADD EVY +%);
CALL datout(EY,N,AHEH);
PUT LIST{’ADD FREQ +’)3
CALL dubout(FREQ,N,AHEH);
PUT LIST{‘RMERCE’)

PUT LIST(’ADD QL B*)
Call CIRPLO(A,B,C,AHEH);

PUT LlST('DISPLﬁYsK X1¥ Y3SYMCURVE C2 NEUéH XPLOT;Y YPLOT)LINE ITP 2;EQUAL;*);

PUT LISTU*CURVE C3 HEW,;X EX;¥ EY;SYM;NOLIN
PUT LIST(“SEL S1s01,EQ4¢ 8¢5 ¥y CURVE C23US
PUT LIST(/CURVE CX;NOLEG;GR 136077,

STORE $

CLOSE FI EfﬁHEH)HA

/% END OF PLOTTING ROUTINE 3+

NOLEG ’)
E SEL glj!)j

¥/,
PuT LIST('!H]T;E;OIS,CHRR 1;FREQ, ,REAL; DEF;PAR ¥, ,REAL 2;PAR X;PAR EX;PAR EY’);
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APPENDIX D Signal Processing Technigues

Fig 1.2 showed a Campbell Diagram (Frequency to 10Kz v
Time, expressed as shaft speed) derived from an accelero~
meter measurement on an external gearbox. This particular
plot and thé similar one shown in figure D1 were both
obtained from a mini-computer display of the output
obtained from a Real Time Spectrum Analyser (RTA), in this
instance a Nicolet UA -~ 500 A and Nova 422 computer. 4
block diagram of the system is shown in figure D2 and
detailed description in 7.6.1.

The RTA acts as 500 bandpass filters arranged in parallel
8¢ that the amplitude of that portion of the incoming
waveform which falls within a given frequency band is
obtained at the analyser output. However, since the time
taken to reach the true amplitude in each filter is
inversely proportioned to the filter bandwidth it would
take Q.05 seconds for the 10 KHz signal to reach the
correct amplitude with s resclution of 20 Hz. If better
resolution is required this can only be achieved at the

expense of time i,e. 0.1 Hz resolution requires 10 seconds.

In fact the RTA only has one filter and this is effectively
s1lid across the whole frequency range at high speed to -
give a frequency expansion of the actual signal and hence
time compression. With reference to the block diagram in
figure D2 this is achieved by first low-pass filtering the
input signal to prevent aliasing of the input signal when
sampling it at a rate determined by the analysis range set.
The sampled signals are then digitised and passed into a
recirculating digital memory. The loading of the data
blocks is accomplished during hundreds of circulations

of the memory but the readout is completed during only

one recirculation. The relationship between the load and
readout time (500 : 1 on the UA-500) gives the amount of
time compreasion cccurring. The digital output from the

memory is converted back to analogue and the reereated
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input signal is observed but with an expanded frequency
range {e.g 5 MHz for the 10 KHz range of figure 1.2).
This analogue signal is then spectrum analysed with a
sweeping filter (10 KHz nominal).

Hence each memory recirculation, which takes 100 jsec,
produces one line of the 500 line spectrum and the full
spectrum is produced in just 0.05 secs as with the 500
parallel band-pass filters. Hence 'the one filter is
producing the same resulit as 500 in parallel.

This time compressed signal is then again digitised and
either stored in a memory if signal averaging is being
rerformed, or fed directly to the computer input for
storage on disc, or it can be converted back to analogue
for direct display on some output device such as described
in 7.6.2 and 7.6.3. It is apparent from all this A/D
conversion why more recent analysers work purely with
digital data.

In actual operation the recirculating digital memory is
continually being updated with new blocks of data and
hence the output spectrum represents a continually
changing period of time, the storage of which is purely
limited by the size of the computer disc store something
like 8000 spectra for the equipment used in this work.

In fact the UA-500 analyser can analyse frequency ranges
above 10 KHz but it then has to store data and send the
output out in batches i.e., it is no longer operating in

real time.

Returning to figure D2 it should be noted that the shaft
speeds corresponding t¢ the particular instantaneous spectra
are sampled and stored by the mini-computer.

On completion of the data acquisition stage the stored spectra
and speeds can be recalled and menipulated within the computer
to give the required annotated display format.
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The Campbell Diagram displayed in figure D1 has an 'X'

synbol plotted at every 50 rpm increments to represent

an amplitude above a preset threshold level which in this

case i3 0.2"/s, Also to be seen are circles scaled relative
to the standard circle near the origin of the plot. This
standard circle is given the calibration level indicated

to the right of the plot. These circles are plotied when

an amplitude pesk is reached or can be plotted if a certain
threshold level i= exceed depending on the input instructions,

To eaze identification of the spectral data presented above,
integer engine shaft speed harmonics (or orders) are also
drawn on the diagram, with the spacing and mmber controlled
by the input instructions. These shaft orders are relative
to the particular abscissa scale shaft speed chosen. In
figure D1 this is the high speed shaft N3. Spectral orders
which do not vary linearly with increasing engine speed

can either he caused by another shaft or if basically
parallel to the abscissa usually indicate the presence of

a resonance of the structure.

Also shown in figure D1 {b) and (c) is another ocutput option
which has tracked a predetermined integer or non-integer
engine order and displayed the amplitude variation of the
g2igpal as it varies with speed. ¥Fig D.1.d Tepresents a
three dimensional display of the above dats and shows the
views used to obtain the plots a = c.

With accelerometer data it is also possible to integrate
(or double integrate) the data as necessary, although for
moat testing in order to obtain a reasonable dynamic range
in the recording, the acceleromster signal is integrated
to give veloeity at the conditioning stage (Ref 7.6.4 for
further details).

The computer can be used to obtain the rms velocity (Vrms)
content in the signal under analysis between predetermined
frequency boundaries and above a certain thresheold.
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Unfortunately, the systen currently available can only
analyse single data channels and it is not therefore possible
to store different data tracka to obtain the resultant
velocity (VRES) required for the severiiy criteria described
in Section 4.1. For this thesis this has had to be done

by hand looking at the peak levels.

It is probgbla that with new equipment under review it will
be possiblé to perform multi-channel analysis and hence
compute VRES directly and apply the appropriate flight
weightingé.
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APPENDIX E -« Excitation Technigues

In this work and during the course of the research various
excitation techniques have been mentioned or tried. - The

advantages and disadvantages of the various techniques ars
well known being detailed in such works as 7.6.5 to 7.6.19.

1. The main excitation technique used has been Swept Sine. -
This approximates to the steady state vibration excitatioﬁ
condition giving good results although somevhat time '
consuming.

2. Also inyestigated were the various forms of Random Excitation.
The basic techniques used are summarised in figure E.1 as is
a typical problem in figure E.2. These techniques gave
acceptable results in a far shorter timescale but required
a Fast Fourier Transform analyser to carry out the analysis.
An analyser of this type was not available until late in the
project.

3. The final excitation formats tested fall under the heading
of Transient techniques. In particular based on the work
at Southampton University the Chirp (or Fast Sine Sweep) was
investigated (7.6;13 - 15). This technique is summarised in
figure E.3 and appeared useful. However, it was found that
it was necessary to disconnect the exciter in some way to
ensure that the mass and damping of the exciter system did
not corrupt the accessory's response characteristics.
Heference 7.6.19 gives a summary of the practicalities of
using ‘'chirp’' excitation.
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" APPENDIX ¥ - Use of Rma Velocity

In 3.2 it was stated that for accessories the vibration response

spectra amplitudes should he expressed in velocity and root

mean square (rms) velocity in particular. The reasons for

this are based on the following covnsiderations:-

€ 1) All practical structures contain some form of damping

¢ 2)

which dissipates the Kinetic Energy of the vibration

as heat, This dissipation can be the result of friction
between adjacent surfaces, or air or fluid resistance,
or electrical damping or impacts beﬁween sub-systems.

It may also result from the lmperfect elastic properties
of the vibrating material.

For an accessory of mass m and vibrating at a velocity
v, the kinetic energy present is given by

Kinetic Energy = + m v°

Hence the energy dissipation for a given structure is
proportional to the square of the vibration wvelocity.

The above damping sources can result in fretiage or
wear on mechanical parts, or general operational problenms,

Therefore it has been common practice to relate the

- valocity measurement of vibration to its destructive

ability.

Consider a piece of equipment which when subject to a
certain excitation shows resonances responding to i"/s

at 10 and 1000 Hz. From the above the energy dissipation
is similar being independent of frequency and hence equal
velocity amplitudes have been associated with equal

vibration severity.

In addition for a sinusoid velocity is related simply

by frequency to both displacement and acceleration, which
results in velocity giving a very reasonable dynamic
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range for analysis.
Considering the above example

1*/s is equivalent to 0.032" at 10 Hz and 0.00032" at
1000 Hz, or 0.163g at 10 Hz and 16.3g at 1000 Hz if

expressed in acceleration.

Hence for displacement or acceleration measurements
both analysis systems would require a dynamic range of
at least 100 ¢ 1 (or 40 dB).

In reference 7.2.5 it is stated that the gereral
intensity of any random data may be described in
rudimentary terms by a mean square value which is
simply the average of the squared values of the time
history. In physical terms the mean square value is
a measure of the total area under a power spectral
densgity plot and hence is a measure of the signal
energy content. The root mean square value is by
definition the positive root of the mean square value

and hence the rms value Xrms may be defined at

xrms o= (1 - [Tx2 08t

In Appendix A of reference 7.6.18 it isg shown that this
is a statement of the standard derivation of the time
history x(t) about its mean. Hence measuring rms
veloecity not only gives a direct estimate of the power
involved in a process but also gives a direct estimate
of the process statistics.

Recent electronic advances have meant that true rns

measurements are now easy to make.






