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An Investigation into Vibration Testing Techniaues for Aero-Encine Accessories 

by A H E Holme 

Abstract 

The design of an aero-er~ine accessory requires a statement of its functional 

objectives and a knowledge of its operational environment. Achievement of 

these design objectives is the subject of its development programme. H01~ever, 

experience has shown that in spite of successful completion of development 

testing this has not always resulted in acceptable Service performance. In 

particular this has been true of the simulation of the engine vibration 

environment. 

Based on a series of vibration tests ~ revised technique is developed for 

improved rig simulation of the engine based on a Spoke or Campbell Diagram 

and multi-sine endurance testir~. 

An extension of this revision to engine testing is given which advances the 

accuracy of service reliability predictions. This involves a Severi~J Criterion 

based on the resultant vibration velocity amplitude from three or~~ogonal 

measurement directions and augmented by a Nission \feighting. 

A further investigation to improve reliability 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 theoretical methods although 

this depends on the accessory and degree of sophistication required. 

Where relevant,case 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, esp~cially those in the Measurement 

Engineering and Accessory Development Departments. As such, it is 

difficult for anyone to claim originality for any particular idea as 

it· will haye 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 responsible 

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 Rolls-Royce's involvement in the international 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 ~rork 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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1 • 0 I:T':'RODUCTIO!l 

The co:::-rect function and operation of a gas turbine aero-engine 

is monitored and controlled by various units. These are collected 

under thG rreneric name of 'accessory' since they might be co:1-

sidered additional to the min enQ.ne com~onents of corilpressors, 

combustion and tu=bines. HoHever, the major er..:;ine COI:l:!JOnents 

coulC. not function correctly or safely 11ithout the '!arious 

accessories and hence these latter items are an integral part 

of the l·rhole engine. 

In order to perform correctly there must be clear defir~tion of 

~·rhat the particular accessory's function ia likely to be, together 

:·ri th a kno1·rledge of the environmental constraints imposed on the 

accessory by virtue of its function and location. 

These tvro factors, function and environment, are defined in an 

accessory design specification (or similarly titled document). 

This specification is necessarily issued ahead of a ne1~ engine 

design, or derivative, and hence contains a certain amount of 

estimation, based on design predictions and past experience, of 

the actual requirements and enviror~ent of the installed accessor;. 

Of various environmental parameters accessor; vibration is arguably 

the least accurately predicted. 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 

environment relies on experie:!ce until representative hard1·rare is 

available for test verification. T'cis has led to vibration problems 

being discovered late in a development ~rogramme or after entr; 

into aircraft service. \·/hy this should be will become apparent 

from an understandir~ of existing techniques and reouirements. 

This thesis ~rill then present arguments for impro'!eoonts in both 

test techniques and 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 lookir~ at modal testing of a typical accessory 

structure a method of modelling the dynamic properties of the 

accessory is demonstra.ted l·rhich could be used ;;hen I:lodelling 

i·thole engine responses. 
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These points will be illustrated by specific case histories 

where appropriate. 

1.1 Accessory Grcu-cings 

TABLE 1.1 

Accessory functions can be broadly classified as those 

which control the operation of tte engine and those which 

monitor this operation. In the former group 'rould be 

included fuel pumps ar~ metering systems, compressor Bleeds 

and variable vane controls. Typical examples of the latter 

group would be pressure ar~ temperature sensors, thrust 

indicators and vibration mor~tors. 

Further groupings of accessory types are made by the method 

used to perfo=m their function. These groupings have 

comprised hydro-mechanical, electro-mechanical, electrical/ 

electronic and 'others'. Examples of accessories witr~n 

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. 

ACCESSORY GROUPINGS BY FUNCTION 

I!YDRCl-l·:ECI!ANIC•L EIECTRO-Hl..'CHANICAL ELECTRICAL/ELECTRONIC OTHERS 

LP Fuel Pump Solenoid Control Valve Control Amplifiers Air S tartars 

HP Fuel Pump Constant Speed Drives Igniter Units Thrust Reverser Drive 
And Alternators Motors/Actuating Rams 

Fuel Flow Regulator Thrust Indicators 

Variable Inlet Guide Fuel/Oil Fil tars 
Eyd.raulic l'um.ps Vane Controllers Pressure Transducers 

Fuel/Oil Coolers 
Oil Delivery and Shut-Qff Cocks Temperature Indicators 

Scavenge fumps Bleed Valves 
Tachometers Vibration Indicators 

Throttle Linkage 
Control Bo:z:es 

Fuel Flow Meters Junction Boxes 
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As with accessory functions the environment too can be split 

into its various aspects; this co~~only comprising pressure, 

temperature, vibration and 'miscellaneous'. This last mentioned 

containing such considerations as resistance to contaminents 

and fire. 

The environmental aspects also result in a final sub-division 

of accessories namely those directly mounted on the engine 

casing and those 1ihich in addition require motive po;rer froo 

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 E:lVIRON'HENT 

NON-DRIVEN, CASING 
}!OUNTED 

Solenoid Valves - Various 

Thrust Indication Transmitter 

Amplifiers -Various 

Fuel/Oil Coolers, Filters 

Temp/Pressure Sensors 

Vibration Transmitter 

!gni ter System 

Fire Detector/Extinguisher 

DRIVE!T, GEAR!JOX l!ISCELL\.NEOUS 
NOUNTED 

Fuel Pumps, LP and HP Speed Probes 

Fuel Fl01f Regulator Thrust Reverser 

Hydraulic/Oil Pumps 

Aircraft Electrical 
Generators 

Starter Hotor 

Actuators 

It is important to note these v"'rious divisions sir:.ce each 

needs to be taken into account when designing <1 particular 

accessory for use on an aero-engine 1·rhich itself has to meet 

the aircraft operating environment. A summar"J of these group

ings is given in fie,ure 1 • 1 • 



FUNCTION 
TO CONTROL OR 

MONITOR ENGINE 
OPERATION 

GROUPING 
1 HYDRO-MECHANICAL 
2 ELECTRO-MECHANICAL 
3 ELECTRICAL/ 

ELECTRONIC 
4 MISCELLANEOUS 

ENVIRONMENT 
CLIMATIC AND 

ENGINE 
!Tern pe rature,Press., 

Vibration etc. l 

GROUPING 
1 CASING MOUNTED 

(NON-DRIVEN) 
2 GEARBOX MOUNTED 

!DRIVEN l 
3 MISCELLANEOUS 

Fig. 1.1 
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1.2 Accessory Design SuecificaUon 

It is essential ~rhen designing a new accessory to kno,·r the 

operational purpose of the function the accesSOr'J is required 

to perform. This is necessarily defined at the start of the 

design specification. Closely tied to this is the perform

ance of the accessorJ. This could include its construction 

and method of operation together ~rith any operating constraints. 

These last mentioned 1;ould include pressure and temperature 

ranges, input and/or output required together with response 

rates, tolerances and accuracies. As can be surmised from 

the accessory groupings there is a large variation in perform

ance characteristics depending on the accessory's function. 

}.. typical specification continues by defining general design 

and enviroimental requirements. The former inclt:.des such 

topics as life and reliability while the latter includes 

temperature and pressure regimes, a list of possible contamin

ents, climatic environment, operational loadings and the 

vibration environment. 

Later sections deal with the whole gamut of development and 

production unit testing required to show compliance with the 

defined purpose. 

1.3 Accessorr Environment- General 

~hatever the accessory it has to be capable of operating on 

the ground between - 40°C (an Alaskan winter) and 50°C (summer 

in the Middle·East). The effects of a~bient pressure and temperature 

changes with altitude also need to be accounted for in the 

basic design with variations from 15.2 psi (1047 mbar) at 17°C 

to 2.1 psi (145 mbar) at- 57°C for typical commercial fli~~t 
operations. Ho1·rever 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 

increase the pressures and temperatures 1;ell above their r.ormal 

ambient levels. For example, core engine casing temperatures 
0 could reach 6-700 C and HP Compressor delivery pressure could 

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

any particular accesso::-y ~rould have to survive silllUltaneously 
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all these extremes of pressure and temperature, but not 

impossible e.~ compressor bleed valves. 

In addition to pressure and temperature consideration an 

accessory shall be able to withstand contamination from fuel, 

oil or hydraulic fluid spillages or leaks. Further, various 

additives or cleaning fluids should not cause malfunctions 

when in contact ~rith the accessory. 'i/ater in the form of 

rain or sea spray should not cause faults or corrosion, this 

being of particular concern with electrical equipment. All 

accessories should be able to ;ri thstand or contain fire to 

Va.I"'Jing extents. It is far more important for units containing 

fuel to be fire ~esistant than for an amplifier. 

These environmental considerations are set out for each 

accessory in its own design specification but a general 

statement of them is given in the British Standard Specification 

for General Requirements for Equipment in Aircraft, BS. ::G .1 00 

(Reference 7.1.4). 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. 

1.4 Accessorv Environ:nent - Vibration 

Additional to the various constraints outlined previously the 

vibration environment in which the accessory 1ri.ll have to 

function is of great interest. As ;rell as vibration resultir.g 

from normal engine operation mounting loads resulting from 

various lan1ing and flight manoeuvres have to be specified in 

the design requirements. 

Haunting loads are quoted as velocity or accelera±ion levels 

seen at the accessory mounts due to eirc~aft manoeuvres such 

as climb and descent, pitch or ya<r, as well as those associated 

with taxiing, take-off and landing. These manoeuvres a=e assumed 

to be resulting in zero frequency loadings and her~e it is only 

the basic rigid body modes of vibration 1·rhich concern the 

designer. 

Durir.g normal engine operation the rotor dynamic e:cci tations 

generated by the engine are of prime concern as ~~ese encompass 
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frequencies from 10 to 10,000 Hz. Ho1·rever the effects of 

the very high frequencies which are generated by rotor blade 

passing orders (no of blades/stage multiplied by rotational 

speed) or gear meshing orders (no of gear teetl1 multiplied 

~J gear rotational speed) are difficult to quantify and hard 

to measure ex~erimentally. The effects are likely to be 

seen as frettage, wear or localised uall resonances of the 

accessory. 

Design Specifications have the~efore never exceeded 3000 Hz 

in this coun~; or 2000Hz in the USA. These frequency limits 

being considered reasonable to bound both basic accessory 

resonances and test constraints imposed by excitation and 

measurement 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 Appendi:: D. 

1.5 Accessory Vibration Testing 

Having de:!Tnea the accessory's fur.ctional objective a11d 

the environmental conditions in "hich it '-rill have to operate 

it is necessary to sho;r that it 1;ill meet these requirements. 

To 1mit until the finished article is available and then test 

it on the engine ia likely to result in failure to meet the 

design requirements. This ~rould necessarily result in delay 

and expense to bot..'l engine and accessory programmes. Depending 

on the particular accessory it is necessary to validate the 

operation of the Yarious sub-systems as 1·rell as the complete 

accessory. Hence modifications can be incorporated as required 

before co~~tting the design to full production. 

This testing is performed on various rigs 1·rhich are set up 

:to try and simulate predicted engine operation, assuming a 

co~pletely ne~·t accessory e..nd engine design. Eo1-reyer ::nost 

accessory and engine designs are based to some extent on 

ey.isting syctcrr..s and hence sane testing na~Tbe curtailed or 

Ot!!I:li tted, an engineering judgB:lent being made by the respons

i~ole designer on '<that is necessary in ag:-eement ;·Ti th his 

customer. 
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A typical accessory '·:ill haYe to pass through seyeral 3tages 

of test before ec~eptance for airline se~rice. Fi~st, a 

mini= sta::1dard of testir-_g is perforl!led for early engine 

accessories to allo~1 initial bench (or ground) running of 

the engine. Secondly a full type apprOYal ~est is required 

to sh01·r full conformance 1'1i th the design specification. 

Finally·production conformance and acceptance tests are 

carried out to :>ho\r that the initial Production standard 

accessories can be made and perform to the desired standard. 

Subsequently Quality assurance testing is performed on 

selected accessory units froo Production batches to e:1sure 

that standards are maintained. 

All accessories haye to deoonstrate confor=nce 1·rith the 

aboYe tests. !!o;re'ler each test is further di'lided depending 
·' 

on wi:tat aspects of its function or en7ironoent are being 

in7estiga ted. ':/hen inYestiga ting an accessory 1 s response 

to its Yibration enYironoent it has to show that it •N.Lll 

"withstand the dynamic 'librational stresses ui thout structural 

failure" and that it 1·rill "perform satisfactorily throughout 

its declared life <rhen subjected to a 'librational environment 

equi7alent to the maximum anticipated "in ser'lice" levels". 

(::tef 7. 1 .6). 

This conformance 1'1i th Yibra tion requirements is performed by 

two basically distinct ~J?es of rig test. These are the 

Resonance Search and the Endurance Test. In the former test 

the accessory sub-system or unit is subjected to an excitation 

and its responae measured. This has consisted of slowly 

S1·reeping a sinusoid through th8 desired frequency rang3 at 

amplitudes up to the specification limit. 

i·Iore recently use is being made of band li!rlited rt=.r..dom noise 

~·Thich applies a randon signal over the frequency r£->~l"...,:;e of 

interest. \'ThicheYer test ::!ethod is used th3 objective is to 

detertUne the test system nntural frequencies a~d obtain 

estimates of their dam!)ing usually expresse:1 in terns of the 

Quality or~. Factor. 
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Confor=nce :1ith the test ob.jectives is then deoonstr9.ted 

b:r carrying out 

frequencies for 

3ndurance Testing at selected natural 
6 7 

10 or 10 cycles. Successful completion 

of the Endurance Testing has been deemed to sho;r confor!!'.

ar..ce ~·Ti th the 3pecificn. tion. • Successful' here i!:::p lies that 

on completion of the test the accessory :;as still per::'orming 

t-Ti thin its fu.'lctional lioi ts t-Ti thout obvious signs of distress. 

Ho-,rever, the final arbiter of acce]Jtabili t-J is hot·T the accessory 

~erforms on the engine in the aircraft. Prior to this, 

develo]Jl!!ent engine testing t-rill have served to give some 

indication of ho:;- correct the design specification estiootes 

uere and ho;r accurately they :·rere sir:ula ted on the rig by 

the 11ay in t·rhich the accessory behaves during the Development 

Programme. 

1.6 Aims of Thesis 

Having detailed the types of aero-engine accessory an(l out

lined the invironment that they are designed to neet it t-rill 

be shOtm that they do not in fact abrays giYe 11dequate service 

in S]Jite of successful co!:lpletion of their development 

programme. 

It is the aim of this thesis to: 

a) Shmr ;rhy existing rig and engine test technique have not 

all-rays revealed potential vibration ]Jrobl3I!'S subsequentl;· 

discovered in ser"rice, .3-nd 

b) Ar~~e for aprropriate changes to t~eea t$chr~qu~s to 

ensure t~at vibration associated ;roblems are desiened 

out or discovered as soon :;.s possible. 
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2.0 VIIRATION EXPERIEllCE IN SERVICE 

The RB 211-22B entered service in the Lock.~eed 11011 Tristar on 

6 April 1972 after a development programme containing more than 

its fair share of financial and technical traumas. Just over 

five years later the uprated -524 version of the RB 211 entered 

service on 28 J.!ay 1977. Between these two milestones was approx

imately 4 million hours of engine service experience. One of the 

customer irritants that became a1Jparent in this period ;ras the lack 

of reliability of certain accessories. For example, the gearbox 

mounted fuel flow regulator (FFR) was causing an in-flight shut

down rate of 0.005 in 1974 increasing to 0.009 in 1977. This 

compares with' an engine .shut-do•~ 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 

statistics (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 also gearbox mounted· It is not driven by the gear

box but is part of the linkage between the Cockpit Throttle Lever 

and the engi~e FFR. This accessory resulted in an in-flight shut

down rate of 0.004 in 1974 increasing to o.ooa 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 1Q% of all in-flight shut-downs. 

These statistics ignore accessory removals from the engine as a 

result of reported flight problems, ~ence 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 outlined in the introductory chapter. 
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2.1 Lower Teleflex Control Box Testing 

The engine end of the throttle linkage is shown in figure 2.1 

and comprises an upper control box manufactured 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 lo~;er control box •.;hich 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 to schedule his fuel flow requirement to meet any 

particular flight regimes. 

The control boxes successfully passed both their specified 

rig and bench development engir-e tests but in service failures 

began to occur particularly on the lower control box as 

summarized 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 1iear of the 

rack and quadrant teeth. This ~rear 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 11orst 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 measurements on Service engines that 
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ex.'libited the problem in order to determine ~that differences 

there 1-rere and obtain some indication of the possible cause. 

This testing shoued that high le•rels of 1st HP order and 

external gearbox drive shaft orders ( 1.46 and 2.56 HP) l·Tere 

present. These ezcit.::..tion sources are s1~o-:·m relati~re to the 

l01·1er Teleflex Box in figu:::-e 2.3. 

On one of the test er:gines it 1·ras found th"t looking at the 

levels associated 1-ri th these orders ip. the freq_uency doroain 

strain gauge measurements on the throttle conduit sho•<~ed 

stress levels of 11,000 psi pk- pk :(756 l·TI'a) at 160Hz 

(.1st p_p) and at 400Hz (2.56 HP) in an engine azial direction. 

Radial to the en.:;ine these levels 1·1ere 1500 psi ( 10 l·TI'a) and 

4000 psi (27.6 HPa) respectiYely. This is sh01m in figure 2.4. 
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In themselves these vibratorJ component stre~s levels could 

not account for the failures seen. F!o1-rever on looking at 

the time of occurrance of the spectr9.l peal:: tr.o locun :?lots 

of figure 2.5 1iere obtainc.>d '·rhich indicated that the gauge 

~ositions r:..:lY not be e!~o;-:ing t~e maY..ir:un r'9Z1.:'..ltant lBvel, i.e. 

they <·rero not in the optimum positions, and that the conduit 

';ras not vibrating in a sim?le mode. In fact it ,,ras realised 

that the various frequency components in occurring simul.; 

taneously in all three planes '.iere giving a complex excitation 

not previously simulated in rig endurance testing. It 1·ras 

also fcund that these simultaneous exci tat ions 1rere occurring 

in the climb/cruise region, a region in uhich the ser,rice 

engine spends a considerable portion of its operating time 

unlike the development engine <·rhich is u~ually run at 

maximum ratings. Other conclusions ·,{ere reached and tests 

performed <·rhich are detailed in 7.2.3, 7.2.4 but in the 

context of this 1iOrk the above are the significant results. 

The realisation that it uas not necessarily correct to treat 

each resonant condition separately ~ras a revolutionary if not 

a novel discovery. Pre,rious vibration experience had been 

largely built up on blade vibrations 1rhere discrete modes are 

excited at various engir..e conditions and s·i=ultaneous excitation 

from sever!l.l sources 1ras not kno~m to give rise to particular 

problems. Further consideration sho1·1ed that on accessories 

high levels of forcing could occur from several sources even 

at non-resonant conditions especially in the critical cruise 

speed ranges. T:us in turn lead to the realisation ~~at a 

high vibration level at take-off speeds might be tolerable for 

tte relatively short time this oc=red 1ihile louer levels at 

cruise oc=ring over several hours per flight could '·rell lead 

to the types of problems experienced with the Teleflex Box. 





- 28-

2.2 Lower Teleflex Control Tiox Testin~ - Problem Solutions 

As a result of the lessons learnt in the above investigation 

the testing to obtain a solution concentrated on the follo,.fing 

areas: 

a) forcing function transmission path analysis, 

b) investigation of c';.irline proposed solutions, 

c) improvement to the vibration environment, and 

d) investigation of an alternative control box construction. 

Details of the testing involved in th9 above aprroaches are 

given in Appendix A and references ~2.5 - 24, a su~J only 

beill€: given here. It mls found that the transrr.ission path 

analysis was problematical and did not produce conclusive 

results due to limitations in the technique used. This arose 

because there ,,,as no clear single input and response on l<hich 

to perform Coherence analysis and resolution problems using 

correlation techniques proved difficult. 

Of the various Airline proposals one 1·ras found to be helpful 

namely that of incorporating a shortened rack 1·rhich increased 

its first cantilever frequency at cruise above the HP shaft 

order excitation frequency, 

In conjunction 1.fith this modification improved standards of 

balance in the gearbox drive system reduced the input forcing. 

This resulted in such a change to the vibration inputs that 

the alternative control box was not required • 

The introduction of these modifications into Service is such 

that the in-flight shut do;m rate has reduced from 0,008 in 

1977 .to a current rate of less than 0.001. 
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Testing the lo>rer Teleflex Control Box on Service engines 

which have exhibited severe 'l'rear to rack and quadrant teeth 

have sho~m differences to 'captive' Development engines. 

This testing has revealed that problems appear to be associated 

ui th the presence of several excitation sources •·rhich occur 

simultaneously at a critical operating speed, These excitations 

rsults in a three-dimensional response of the accessory a~~ it 

is apparent this can result in a resultant response 'rhioh is 

the vector addition of the measurement directions. This could 

result in vibration amplitudes considerably greater than those 

measured in the three chosen planes. 

As a result of this testing modifications to the Control Box 

have been introduced t;hioh have increased their life from t.'le 

point 1-1here they had to be inspected every 350 hours to an 

average life in excess of 3000 hours. The :·JO:i'st Service engine 

resulting in rejections after 84 hours, has recently achieved 

3381 hours satisfactoroJ run~~ng and is still in Service use. 

References 7 .2.25 - 27 sho;r that engines ·.<hich initially 

incorporated the balanced drive shafts have achieved Bo:x: lives 

of over 5000 hours and those 'I'Ji t.'-1 the I:lodified rack over 3000 

hours. 

As a result of the Service experience outlined in 2.0 and the 

results of 2.1 a detailed revie~; of accessory vibration test

ing procedures has been undertaken. The results of this review 

are the subject of subsequent chapters. 
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3.0 ;,cCESSC·?.Y TZST RlWISI011S 

In the !Jrevious cha:9ter it ;ras sho;m that accessory reliability 

on in-service RB 211 en,s'ir.es uas uorse than that predicted fron 

the development test pro~a=e. On the basis of lessons: learnt 

from the case history of the lo~-:er Teleflex control bo:r., the 

arguments for a proposed revision to the test procedure ,.,ill be 

set out which better simulates the particular vibration environ

ment generated by the aero gas turbine enL'ine. 

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

used in vibration testing were outlined. These o>rocedur!"s 11ere 

based on such standards as BS 3G 100 (part 2, section 3~ sub

section 3 - Vibration) which in t!Us instance refers to aircraft 

rather than engine mounted equipment. Other standards 1·1!Uch have 

been followed are embodied in such docul:!ents as reference 7 .1. 5. 

3.1 The Snake ~ia<n-'l.!:! 

A study of engine test results from vibration testing on 

accessories has sho1m that the ty:pical accessory is subject 

to various forcing functions associated 1d th shaft out of 

bal~~ce, blade passing orders, pum:p :9ulsing or ri:9ple rates 

and gear meshing. All these excitations occur at integer or 

non-integer harmonics of the a!Jpropriate drive shaft funda

mental frequency and hence vary 1d th shaft speed at a known 

rate. These harmonics are co~only referred to as engine 

orders relative to the appropriate engine shaft. 

It has also been noted that several of the above excitations 

can occur simultaneously and usually result in a large 

response, i.e. resonance if coincident 1;ith a natural mode 

of the accessorJ. It is also the case that some of these 

'orders' merely result in increasir.g respo~e as engine speed 

increases, for example, an out of balance shaft order vrith 

no coincident fundamental modes 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 sit,nificant e.cceo:sory 

response i~ tnree dimensions at differing regions of 

engine operation. 

'Ji th a kno~;ledge of the accessory location and the surrounC.

ing structures, it is possible to predict '.ihich et1c,'"ine 

orders are lilcely to be seen by the particular accessory 

ar.d with experience, their probable magnitude can be 

esti!:lated in broad terms. 

Hence it is possible at the design stage to develop a 

frequency v. speed diacram >rith the ap·:ropriate engine 

orders shown on it, i.e. a Campbell or Spoke Diagram. 

It is then a short step to e;cperimentally generate this 

Spoke Diagral!l ~;hen it coc:.es to rig testing the appropriate 

accessory. 

1'/hile it .is feasible to sueep each order i~ the correct 

ratios, the control problems are difficult and hence it is 

proposed that this techrique of simulating the accessory 

environment only be used for endurance testing. In fact it 

is not necessary for resonance sear~~es since it is the 

existence rather than the respor~e of a resonance which is 

of initial interest. 

It is therefore proposed that on accessory rig testing a 

resonance search be performed using a suitable techniaue 

from those described previously in section 1.5 or detailed 

in references 7.1.4 to 7.1.6. 

This is to be follo>·red by Endurance testing using a com:;>le;: 

broad band signal generated in a similar fashion to that 

seen on the engine by using multiple sine ~mves set at 

frequencies and amplitudes in accordance wi~~ the.procedures 

to be set out in section 3.2, based on a Spoke Diagram. It 

should be noted that this testir~ is still performed in a 

single plane at a time on the rig due to the complication and 

expense that multidirectional excitation 1-rould inyolye. It 

·,rill subsequently be sh01m the.t this need not be too scYere 

a limitation. 
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3.2 Deriyation of Snake Dia=an 

A typical flight operating regine is sho"cn in Fig 3.1.A 

~There for particular speed bands three IJajor re/l"il:les 

ezist; r.a.r:1ely "idle", ".cruise" and ''take-off". The 

frequency Yariation of-three engine· speed related 

excitation or forcing functions A, 3 and C are super

imposed sho:;ing linear yariation 1·1i th speed, These could 

typically 'oe a pul:lp ripple rate and drive shaft fundamental 

excitation. 

This plot constitutes the Spoke Diagrao. 

For typical mid-regime speed points the response spectra 

sho~m in Fig 3.1.B might be obtained. These spectra levels 

should be expressed in terms of root mean square yeloci~J 

(Yrms) for reasons which are detailed in Appendix F. 

From these response levels and based on experience, it is 

possible to weight these forcing functions to give an accesso~; 

designer an indication of whether a system natural frequency 

can be tolerated at a point coincident 1·1i th one of the forcing 

inputs and/or one of the flight regioes. The proposed weighting 

scale is as fo llo1;s:-

,c,.a..,t.,e..,e:.,o:.:rv..,__,_ .. f..=o:.:r..=c.,i,.n.,...<; - Capable of causing short or long term 

failure if coincident 1·1ith accecsory 

natural frequencies in aey region of 

the Spoke Diagram. 

Cateuory 2 forcing - Long term service problems probable if 

coincident ui th accessor; natural 

frequencies in critical ranges of engine 

shaft speeds, i.e. flight regimes. 

Category 3 forcing - Lou input level ~1hich •rill only be 

significant if:-

(a) Coincident 1ri th accessory high 

magnification natural frequency 

in critical rar~es of engine 

shaft speeds. 
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(b) Increased by kno1m engine 

service problems. 

vli th reference to fig 3.1, input A t·rould be regarded as 

category 1 due to the general high response lev•;, 1 over a 

~ride speed ranae, B as category 3 due to its low a:::plltude 

over a 1·Tide speed range, and C as category 2 due to its high 

response in a limited speed range. 

The above infornation contained in fig 3.1.A should be 

available early, in the design programme and hence can be 

made available as a guide to t~e accessory designer. This 

should enable unacceptabh resonant conditions to be avoided 

and designed out rat~er than developed out at a later stage 

of the progra=me. 

From the above design cor~iderations, probably backed by 

initial rig testing, the designer can enter t~e resonant 

frequencies found onto the Spoke Diagram as sho•,m in fig 3.2 • .1. 

The component natural frequencies are represented by the 

constant frequency lines r.umbers 1 to 5, t;i th number 4 being 

a high magnification mode. Typical points of coincidence 

bet,-,.reen ttese natural frequencies and verious engine order 

excitations are sho~m at points A throug~ J. 

On this Spoke Diagram only tuo flight regimes, Y and Z, are 

shmm and it is only points of coincidence be·breen ec.gine 

order forcing and natural frequency Hi thin these regimes 

1·1hich are of interest or c:?.tegory 1 exci tations "i thin these 

speed bands. The former are illustrated by points B an:' D 

in range Y and A, G and C in ra1,.ge Z t·rhile the latter condition 

is shotm by E and F. 

3.3 Use of T~e Snake :JiaCTP.m in Endurar..ce Testi::1."' 

a) 3ndura!l~e Period 

The abo-.re points are verified by resonance SHeep testing 

on a rig or development er~ine depending on timescales 

and deeree of build. .\.n 9.Ccessory sub-.s.sser:bly is more 

LL~ely to have its natural frequencies in7estigntBd on 
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a rig than as part of the 1ihole assembly on the engine. 

However, the resonance search in conjunction with the 

Spoke Diagram only shm:s possible problem areas, it does 

not confirm the specification vibration test objectives 

stated in 1.5. This is atte~pted by rig endurance testing 

and hopefully verified by development engine endurance 

testing. 

Histo~ically endurance testing has been carried out at 

predetermi~ed amplitudes and frequencies based on the resonance 

search results. The anplitude chosen by Rolls-Royce to ensure 

structural reliability based on Stress Office recommendations 

is,1.9 times the basic specification level at natural frequencies 

showing the.highest response, e.g. component frequency number 

4 in fig 3.1.A. Depending on the accessory this would either 

have been continued for 106 or 107 cycles assuming no prior 

failure occurred. 

This could be very time consuning since at 

100Hz -106 cycles takes 2.77 hours or 107 cycles takes 27.7 

hours, while at 

1000Hz -106 cycles takes 0.27 hours, 107 cycles takes 2.77 

hours. 

It also assumes that accessory functional failure ~:ould 

be due to a cyclic fatigue failure ~lhich obeys the classic 

steel S-N curve which has an endurance limit. Hence if the 

test amplitude was below the endurance limit arrl it survived 

10
6 

(of 107) cycles it •,:ould continue to operate satisfactorily 

for its guaranteed life. However, service experience has 

sh~on that the assumption of an endurance limit is invalid 

and problems have been occurring at a much lower level after 
8 10 cycles say. This is illustrated by point B in fig 3.3. 

In order to improve this aspect of the eneine environmental 

simulation it is proposed that endurance testing should be 

based on the rig on a time rather than number of cycles. 
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The endurance period proposed is 100 hours in ee.c!J. of thre" 

mutually perpendicular p le.nes. J.s modification an:l t-.:rpe 

approval tests on e!'_gincs are based on 150 hours of endurance 

running, and since this testing excites all tnree ple.nes 

simultaneously a test uhich involves total testing to t1dce 

this period is arguably a rGasonable compromise for ensuring 

that the desired degree of agreement 1ri th test ob.jectives is 

achieved inter= of service reliability estimates. It is 

also reaso!'~ble in terms of cost and rig occupan~!· 

It is accepted that this time· r..ay not fully test any l01·r 

freq_uency resonances but should eive plenty of ex:;oerience 

1·ri th the higher frequenc::t spoke diagran test ccr..di tions, for 

example:-
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6 10 Hz in 100 hours gives 3.6 x 10 cycles. 

100 Hz in 100 hours gives 3.6 x 107 cycles. 
8 1000Hz in 100 hours gives 3.6 x 10 cycles. 

However at the 'very low frequency end of the enviroillUent, the 

forcing functions are small and hence response of the t~~ical 

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 

the 20-30 Hz region, and 1·rhich due to the large displacements 

associated with 1011 frequency might impact on adjacent 

fittings. 

b) !Ussion H eigh ting 

This 100 hcurs endurance ·.wuH be split according to 

the mission profile to cover excitation sources in each 

speed band cj.efined on the Spoke Diagram, e.g. 

TABLE 3.1 Example of Possible Missions 

Short-Haul His si on Lonp:-Haul Eission 

Idle = 4~'. of mission Idle 1e;; of mission Speeds Speeds = 

Cruise = 5~~ of mission Cruise 80% of mission Speeds Speeds = 

Take-off 2% of mission Take-off 2).6 of mission Speeds = = Speeds 

Hence for testing on an accessory for use on a long-haul 

engine 80 hours in each plane would be performed •,Ti th 

frequency points w·hich occur in the cruise regime. 

The exception to this uould 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 

al101·:ed on endurance testing to include this resonance 

up to say 15 hours 1dth appropriate adjustment to the 

flight regime times ~bove. 
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c) End'!J_r.~.!'lce Testin!T Levels 

Eaving discussed the time in each plane, it is necesso.rJ 

to define levels at ~·rhich to in!JUt the various forcing 

functions. ';/ith reference to fig 3.2.A it is proposed 

that categories 1 and 2 forcing functio~~ coinciden~ 

•rri th a natural frequency in a critical high speed range 

(range Z in fig 3.2.A) should be er..duranced at tHice the 

specification vibration envelope appropriate to the 

particular coincident frequency (e.g. points A and C). 

This same criterion ~;ould be applied to any e}:Ci ta tion 

due to a category 3 input 1-rhich is coincident 11i th a 

high magnitude ~~tural frequency, i.e. lightly damped 

mode, e.g. point G in the high speed range. 

For similar conditions in the lo1·r speed ra~.se it is 

proposed that 1.5 tines the appropriate envelope level be 

adopted as the basic forcing function amplitudes are 

normally lower. 

Cognisance should also be taken of any category 1 

forcing f,mctions uhich pass through a critical speed 

range but are not coincident ;ri th a natural frequency of 

the structure, since the response due to this forcing is 

still likely to be significant. In the high speed range 

a 1-reighting of 1.5 is apc;ropriate, ;rhile at the lou speed 

a factor of 1 <rould apply (e.g. points E and F respect

ively). 

Any endurance testing required at category 1 coincident 

conditions outside the critical speed bands (point H) or 

high magnification conditions (point J) should be at the 

basic vibration envelope level. 

Having chosen the appropriate levels for each speed 

range the endurance testing should be carried out by 

setting those points to give a multi-sine in~lt to the 

accessory concerned. For fig 3.2 endurance testing •,rould 

comprise the amplitude factors and times for the component 

points sho1m in table 3.2. 
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These factors have been chosen •·rith particule.r reference 

to the RB 211 family of engines and are based on 

experience 1·rhich has been confirmed by a survey of 

production engine pass-off test vibration figures uhich 

indicate that the average engine is sent out'at 5~~ of 

the pass-off test limit. Other factors could ~rell be 

appropriate for other applicatiol".S. 

Ref Component Spec Zndurance Period 
Letter Frequency Amplitude 

Humber Factor Long- Short-
Haul Haul 
Flight Flight 

F 6* 1.0 16 hrs/ 43 b.rs/ 
plane nlane 

B 2 1.5 16hrs/ 43 hrs/ 
plane olane 

D 3 1.5 16 hrs/ 16hrs/ 
plane plane 

A 1 2,0 74 hrs/ 47 hrs/ 
nb.ne pla."le 

E 7* 1.5 7 4 'r.:rs/ 47 hrs/ 
nlar..e plane 

G 4 2.0 74 hrs/ 47 hrs/ 
plar..e plane 

c 5 2.0 74hrs/ 47 h=s/ 
plane ,:>lane 

J 4 1,0 10 hrs/ 10 hrs/ 
critical nlane nlane 

H 3 1.0 1o hrs/ 1o hrs/ 
plar..e !)la.11e 

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

forcing function occurs (Fig 3.2.A). 

In practice the revision to the accessorJ specification for 

vibration (reference 7 .1.6) has lid ted th,; speed ranges to tuo, 

grouping cruise and take-off conditions togetl1er as there io 

little practical difference in frequencies. Table 3.3 ;>;ives a 

li3tir..g of aJ::plit:1de factors a;;plicable in any ir.3to.ncc for each 

speed regime. 
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The above describes the complete requirements for rig testing 

of accessories to ensure that they, 1~ill meet their design 

enYironment. Ho~rever, t.'lic does not negate the requirement 

for a check on the engine cnYironment to Hhich the accessory 

Hill be exposed. This is essential both to check the 

specification levels and inputs and also to verify the effect 

of three as op~osed to single plane excitation. 

TABLE 3.3 VIBRATTON SP:'!CIFICN:'ION .U:PLITU~!l FACTORS 

"'"'""' ,\~oibti~ l;Jith high ~li th any Uith no 
Category Coincidence magr.ification other natural 

natural natural frequency 
frequency frequency 

Category 1 2.0 1.5 1.0 
2 2,0 1.5 0 
5 1.5 1,0 0 

Category 1 2.0 2.0 1 .5 
2 2.0 2.0 1.0 
3 2.0 1.0 0 

Category 1 1.5 0 0 
critical 2 1.0 0 0 

3 0 0 0 

l!OTES. 

1. 10 1 indicates no endurance testing for this condition unless there is 

a specific reason. 

2. ':ihen choosing endurance condition~ fo::- each ss:eed :oegime uoe highest 

value factor points first. 

3.4 Use of the Snoke DiaPT2.!:1 - Fuel ~lO':·T Reg",1l.;.tor Case History 

F.aYing begu.'1· to o.::;;reci.a-te the i~plicn. tions of .: eYe!."al 

e:;:ci tation sources acting zinul taneou.sl:r the op:_Jortuni ty 

:·r:J.s taken to use this lcno1rledge and apply it to a :oroblem 

occurring on another accessory. 
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In ch~pter 2 it ~-j::;,s indicated that considerable se:--r1ice 

reliability probler::s had been experienced •·rith the Fuel :'!'lm·r 

Reculator (?FR) •:rhich neters the correct anount of fuel to the 

'· engine conbustion c~ambers for each flight condition. ,, . 
detailed description of this ty-pe of unit is gi•ren in 7.3.22 

Part of the poor reliabili t'<J '-ras attributed to vi oration. 

In this context the problem ·.-res initially obser,red as a 

reduction in starting fuel flou and hence difficulty in 

starting the engine. 

The position of the variable metering orifice s:;:>col Hhich 

schedules fuel to the burners in the combustion chamber is 

controlled o;' a set of bellm1s et the end of a piYoted stirrup 

assembly. The scheduling nroblem ,.;as .attributed. to gradual 

Hear in the pivot bearings. Since this ;rear took up to 2000 

hours to become a~parent its si~lation on the rig had proved 

elusive. As a result of measUZ'ing tb.e eP"t~ine environment 

and determining the various excitation sources it became 

:possible to simulate the service enviror~ent and achieYe 

representatives >rear 1lithin 300 hours running on the rig. 

The proposed modification UD.S them tested in a <>inilar mr,n..'1er 

and found to be satisfactory. 

Details of the above testing can be found in the references 

in 7. 3. 1 - 21 and are summarised in A:p~endix B. 

3.5 Sn!:lmary 

~his chapter has sho\·rn that using the lessons learnt from 

er~ine testing accessories haYe been used to develop an 

i~proved simulation of the aero-engine accessory vibrntioTI 

environnent. That this is an improveoent hQs been demonstrated 

by the FFR VHO Stirrup testing on l·rhich tte ser"lice :·re:3.r 

j-;ra.s simulated, Incorporation of this revised Stirru!) assembly 

is partly the reason for a red·o.ction of'· the in-flio;!1t shut 

do1m rate due to the a~. of 0.011 in 1979 to 0.007 to ;:arch 

this ~·ear. On the basis of ex~erier.ce and engine testinc- it 
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coincide~ce of nztural ~odes ~nd engi~e excitation can be 

avoided at an early sta~-=· 

Ho;·rever, ~Thil:; this reduces the probability of Servic': 

»robleli!S b:,• inproving the 6.esien inforna.tion base it does 

not cor.firn that se:::-vice perfornancfl uill be acceptable. 

I':ethod.s of irn?roving this e.s.:esso.ent by direct eP_gine 

measuretJ.ent and by rr.odal testinG ~·fill no-:-r be discussed. 
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4.0 ASSESSD!G THE VIBRATION EN'!IRONHENT 

Host assessments of component reliability are based on testing 

sufficient samples to give confidence in applying the results to 

the whole component population. This l'Tork is 1iell detailed by 

standard 1·rorks on Statistics. In an aoro-engine development 

programme the saople population is usually very small although 

it is hoped the final population 1iill not be. In practice, 

reliability estimates are based on the results of the accessory's 

performance in a lioited number of tests. 

Historically, therefore, cor£irmation 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. For accessories this form of engine test

ing together 1dth the original type of rig testing had resulted 

in service problems which were not discovered during the develo')

ment programme. 

As far as vibration was concerned, the vibration response of the 

accessory and its mounting at some representative points 1·ras 

measured and then compared 1dth the original design specification 

limits. If the accessory vibration exceeded this limit, 

appropriate action to rectify the point of exceedance 1<ould be 

undextaken, This could result in effort being expended on an 

exceedance that would not cause a Service problem as it did not 

occur in a significant part of the operating range. It could also 

be that the limit ~ras exceeded at one point in one measurement 

plane only and that the resultant of all three planes uas not 

excessive, or conversely a potential problem ~ras missed because 

the resultant of all three planes was excessive while the individual 

directions lie re 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 ~rill no~T be derived. 
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4.1 Severity Criterion 

In order to obtain an estimate of probable service life fro~ 

e~~ne 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.V and other researchers have followed his lead 

(7.4.2 to 7.4.4). In the ur~ and Europe this has resulted 

in an industry standard (7.4.5) which develops a criterion 

based on the measure~ent of root-mean-square velocity (Vrms) 

for classes of reachines ~d thin the frequency range 10 to 200 

revolutions/sec. 

A review of these criteria (7.4.6, 7.4.7) tdth partic:1lar 

reference to the accessory design specification and a survey 

of ~~e available accessory measurements Fig·4.2 has suggested 

tl:_a t an extension to 7 .4.5 is appropriate for aero-engine 

acc~ssories. 

In this new standard the value of Vrms is found for the 

frequency band of interest for each point in the encjne 

speed range. This can be done by using an R}::S voltmeter, 

S'll tably scaled, or in the case of aero-engine accessories 

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

since 

Vrr.s = ---- 4.1 

~2 
where VN is the velocity amplitude peak of the Uth speed 

point. 

T!'-..is value of Vrms is obtained for each engine related plane 

i.e. axial, radial and tangential and the nominal resultant 

found 

-------- 4.2 
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This resultant value (VRES) is then compared with the levels 

shown in table 4.1 and a classification obtained. This table 

is purely empirical and i~ 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 some 

peak vibration levels measured on various gearbox and casing 

mounted accessories. 

It is apparent that there is a large ranee of scatter in the 

results especially at the higher fre~uencies, This scatter 

is in part due to the measurement techni~ues employed but this 

is now impossible to verify 1dthout repeating all the tests to 

a common instrumentation standard and techni~ue. 

SEVERITY CLASSIFICATION FOR AF.RO-E!TGTilE ACCESSORIES 

Classification Predicted Service Life 

V RESins/sec rms 
( I:lrl/ sec) 

10 or above Extremely rough Probable imr..ediate failure 
(254) 

3--10 Very rough Short-term failure, 

( 76 - 254) 
especially if peak occurs 
in critical speed ra~~e. 

1-·-3 Rough Long term failure, 

(25 - 76) 
especially if peak occurs 
in critical speed range. 

0.3--1 Fair No service problems 

(7.6-25) 
expected ;Ti thin guaranteed 
life. 

0.1---0.3 Smooth No failures expected 
( 2.5 - 7 .6) 1d thin 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 7,4,1 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 location. 

The work in other industries is based on the measurement of 

vibration at bearings or "solid" parts of the structure and 

is more comparable >li th the standard engine vibration 

monitoring pick-up location than to me~surements 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 su;cmary of the appropriate levels from BS 4675 

is given in table 4.2 for comparative purposes, 

TABLE {.2 SE7ERITY CLASSIFICATION FOR TURBO J.L\.CI!Il!ERY ("S 4675 Pt1 :1976) 

rms -Velocity at Classification Possible Description* 

Range Limits 

ins/sec (mm/sec) 

0.71 and above D Inadmbsable 

( 18) 

0.28 - 0.71 c Improvement Desirable 

(7 - 18) 

0.11 - 0,28 B Admissable 

(2.8- 7) 

Less than 0. 11 A Good 

( 2.8) 

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

or ~uality, letters A through D. The descriptions appended 

are taken from the Gernan standard VDI 2056. The levels 

refer to single axis measurements taken at the machinery bearings. 

If it is assumed that the sru::e 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 

vibration .rhich falls wit.l:lin 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 action taken to reduce 

the response to acceptable levels. 

Experience .rould indicate that the levels originally 

proposed are reasonable and that the split behreen acceptable 

and not acceptable at 1"/sec res is correct for this large 

aero-engine over the mid frequency rar.ges, At lo1·rer 

frequencies ( < 100 nz) this level could probably be increased 

1dthout detriment to the accessory and similarly at higher 

frequencies ( ;> 2000 RZ') vibration levels above this level 

are co=only seen with no kno,,m hazard to accessory reliability. 

F!o~re?'T<or, the objective oust obviously be to ezpo:::e :my 

ac~essory to the lm;est practical •ribration environnent 

and :C.ence the le•rel chosen appears to be an acceptable 

coul)rocise. 

4.2 l!ission ,;Jei{"'htin«"S ' 

HaYir.g obtained severity classification for yariou<J parts of 

the operating range as indicated in the previous section, it 

may in ::;ome instances not be clear ;;hich of seyeral problem 

areas is tl1e greatest potential reliability hazard, An 

esticate of this can be obtained by consideration of the 

mission (or flight) profile, This profile gives the ~JPical 

flight times spent at various engine speeds and hence a 

factor expressed as a percentage of the total time can be 

obtained for each operating condition or speed band, A 

typical mission profile is sho>m in Fig 4.3.A. The percentage 

of t'!:e oyerall flight time at each condition is then shown 

in Fig 4.3.B. 

Simple ~~ltiplication of the various VRES peak yalues can 

then be made and the necessary comparisons made. It is quite 

clear from the factors of Fig 4.3.B that a relatively lo1; 
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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. 

!t is not necessary to apply tr.is final ueighting in every 

instance as it usually is q_ui te clear ~;hat i3 causing a 

particular problem. Eowever, ';here this is not so, application 

of this l·Teigh tir..g can prove useful. 

4.3 ~asting tr.e Severity Criterion 

:'!aving developed a Severity Criterion to zive an assessment 

of potential er~ine service life it was necessary to apply 

it to a new engine. The only sui table vehicle for this ;ras 

a new derivative RB 211 engine type the 535C, ,;hich Kas 

shortly to co:creence development testing. 

Unfortunately the accessories had been designed to the pre

SpokeDiagram specifications but the on:ortunity lv3.S taken 

:rior to engine testing to draw Spoke Diaerams for the r:ajor 

accessory locations (7.4.8). 

\/hen engine testing had occurred sol!le minor revisions to the 

Diae:rams 1·1ere found necessary. 

The peak vibration levels seen on these tests 1vere used to 

oanually es tim te the Rre Velocity leve 1 for each axis in 

accordance ;rith equation 4.1. These values ~vere then applied 

to equation 4.2 to derive VRES• The appropriate Severity 

Classification from Table 4.1 uas obtained for !'articular 

speeds and the 1·:orst classifications highlil')1.ted. Subseq_uently 

the mini-com!Juter described in Appendix D ;ms modified to 

perform the Vr~s calculation (7.4.28). 

Table 4.3 summarises and references 7.4.9- 27 give the details 

of ':his testine. Any accessory ui th a 'rough' or 1·rorse 

classification was re tested and if the classification 1ms confirmed 

appropriate remedial action 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. Accumulating Development experience has 

not given rise to any events to cause revision to this 

extension. 

An example of typical Vrms plots for a gearbox and a fancase 

mounted accessory are shown in figures 4.4, 4.5. These aJ.so 

show an estimate for VRES for the various peaks and the 

corresponding Severity Classification. In fig 4.4 a 'rough i 

classification is only obtained in the high speed region 

while in.4.5 a '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 

was reduced to acceptable levela by attending to a balance 

problem in a shaft. 

4.4 Summarv 

In this chapter a Severity Criterion has been developed from 

existing Standards to provide an assessment of the three 

dimensional vibration environment experienced by the installed 

accessory. The levels chosen are based on surveys of past 

and present vibration levels measured on Rolls-Royce aero

engine accessories and are weighted in a similar manner to 

the existing standards. 

Where it is not clear lihich of several e:z:citations may prove 

most troublesome factoring VRES at parti-cular engine conditions 

with a mission weighting can be used to clarify the situation. 



- "<1 -,. 

Application of these procedures is stra.ie;htform1rd e.nd has 

been tested on an engine ~rhich is on the point of enterine; 

airline service. Data is no;; a•Icited to confirm the 

predictions of satisfacto7.'y service life uhic:1 are indicated 

by Development expe:dence. 



-55-

T.I.BLB 4.3 SUM!W!X Of RB 211-535Q J.CCESSQRX VIBRATION CLASSifiCATIONS ON I!!ITUL T£STING 

LllCUIOII .I.CCBSSORI SSVERITI REIW!XS 
CLI.SSiliCJ.TIOH 

B:ztenal Vood.vard. lair 'Bough' vith poor LP 
l!ich S~ecl htl l'lov ran Balan.ce 
Gearboz: COTerDOr 

I!P !'uol Pump lair 

Ll l'utl Pump Pair 

HJdraul.io Pump lair 

Starter Motor Pair •v •r'T rough • duri~~g 
start 

Oil Pump !'air 

El' tachometer Pair 

Integrated Drive 'l'dr 
Generator Simu.lator 

LP Compreaaor I!P3 HADdl.illg Blood Rough 
(or J'a.n) · Solenoid Valve 

Cuo I!P3 S.tartillg Blood lair 
Solenoid. TalTe 

Integrated Engine Rough 
Pressure Ratio 
!ramna1 tter 

Blectria Engine lair 
SuperYiaory Controller 

High Bnera Igoihr Rough 
Bo:zea 

l'uol Cooled Oil Rough 
Cooler 

Bleed ValTe Control. Smooth 
Ooit 

P1 J.lti tude Preaaure Rough 
Switch 

LP Com.preaaor DeoeleratioJl Smooth 
Catillg Dotootor OZii t 

'17 S OZIBOr lair : 

Top Temperature lair 
Lilllitar 

IP Compreaaor IP 11loed Valn Rough 
Caoillg Solenoid Valves 

! 2 soma Very Rough 
!hermocouple 

.!!!. It contirMd. 'rough • or verae oU reteat modit±cat1on to the mount1118 or unit vaa UDder
taken as appropii.ate. 



PIOiltR TITltl HPl HAHDliHO ll[[l IOltHOID UtLU[ UIIRATIOH, 
tOHFI~URAIIOHI 4 ftiH ttt[l, 
TIAHIOUt[ll IOLIHOIO RADIAL lHR[SHOLDiot.lt IPI 

111"1 

"' CINSI sl--1f--t--f--+--t--1f--t-J--1 

• " [ 

u 
•l--1---11---1~-+-1--l~l'~iHII 

J~-+--4~···~r~~~~~~~~ 
i ... rv 1 

n., : ' 
I ~-"r-C-·11*r : -/A-' ----ll-!~'llU-lllltlll. l--'--,\-1, 

1 

11 11 uT fzs 31 35 •• 45 R n 
.... IPN c B "' 

NU H01~1211 
Rl211-~l5 

[HG HOI?12 
DATEat2·7·11 
PLOT HOI I 

11 u-511 
•• 511 
AA .. zl 
tA I 
HJ 
un 

PIOIL[N TITL[I HPl HAHOLIHQ IL[[O SOLIHOID UALUI UIIIATIOH. 
tOHFIOUIATIOHI 4 ftiH AttEL, 
TRAHIOUt[tl IOLIHOID AMIAL 

11 
... -1 

'" 14 IRHSI 

• " , .L 

11 

11 

I 

• 
4 

I\ 

-THAISHOLDiot.21 IPI 

l lh ~~~~-
r !f~~ 

Ill 1\ IJ • 
Fig. 4.4 I 

I~ 11 "\..1 rJII I 
11 IS " u 31 JS 41 45 An 

1111 1, 11 C B HI 

NET HOIU211 
RI211·5JS 

[HG H01112 
DATE•I2·7·11 
PLOT HOI I 

lA 21·511 
AA Stl 
u-at 
tt I 
TT I 
TIU 

PIOIL[ft TITl[l HPJ HAHDLIHG ILI[D SOLIHOID UALU[ UIIIATIOH, 
tOHfltURATlOHI 4 "IH ACCEL. 
TRAHSOUt[RI SOlEHOID lAH, THRESHOLDSoi,U IPI 

' ..... 
IPS 1• IRNSI , 

• " , 
L 

12 

" 
I 

' 
4 

• 
I~ M• lo ./ "\ 

~ 
I" 111r 

.. 

~ 
f-

-I-

IT 

L 

t/'r 1V ! 
l 

NtT H015UU 
RUII·SJS 

EHG HOIT12 
DATE o 12·7·11 
PLOT HOI I 

lA 21-511 
AR 511 
.. -21 
CA I 
TTI 
TIU 

11 IS 2'c 25 31 lS .. 45 ll St 

.... RPM B HI 

v ... , 
l?t'DIO< • .. 

A 0-5~ o.ss 

B 0-25 o.t:. 
c 0.31 o.es 

SEVERITY 

A'l(tAL V llliS U•SSIP"IC .. TION 

1-11-5 1.7% Rouc;H 

0-4 0-76 FAtR 

0-6 0.72,_ FAIR 



PROILEA TITlEI FUEL FLOU COUERHOR UIIRATION 
COHFICURATIOHI 4 NIH ACCEL TO HAK • HI HYD LOAI 
TRAHSOUCUI FFR [HD RAI THAESHOLDSII,It IPS 

11 
Ill" I 
IPI •• 
""" . 

• I , 
L 

11 .. 
I 

• 
4 ·""-' 
• 
• 

.. ~ 

.. 

.I 

N r"1 

.. iHI I 
·~ 'I I I 

I ; 
H H H 11 H n 11 H H H IH 

"'' .~ Nl 8 A 
PlOttER TITl[l rutL FLOV COU£RHOR UIIIATIOR 
COHFICURATIOHI 4 RIM ACCEL • HI HVI LOAI 
UAHSDUCEII FFR EHI IIX THRESHOlDSII,II IPS 

11 

···-· IPI a• 
Uftll • 

11 

11 

• I I , 
L • 

4 

Fig. 4.5 I 

. 

.... - ~ ~ ".JI "\ ... 
: • '' n •• n n n n n H " an 

C. D Q 

ftET HOIIIUII 
RIIII•USC. 

(HQ H011·1 
DATEI21•4•11 
PLOT HOI I 

U II·SIU 
AI ltll 
AA ·31 
CA 4 

"' Tl 31 

AET MOISIUU 
11211•5lSC 

(HC HOI7·1 
DATEI21•4•11 
PLOT H~l 1-1 

U U·SUI 
AR SUI 
AA •JI 
CA4 
TTI 
tl 31 

PROIL[N TITLE! FUEL FLDU COU[RHOR VItiATION 
COHFICURATIOHI 4 Nlft ACC[L HI HVO LOIII 
TRAHSOUCERI FFR EHI TAN THR[SHOLDSII.II IPI 

11 
eu-1 
IPS 14 
IRft$1 

• " p 
L 

12 

" 
I 

A 
f1 

I 
~ IJ \ 

~ v' ' r""'l 
4 

e 

• stSSHIS 
c 

1111 UPII 

ReF Roll""' 

A o.q 

B 0.8 

c 0.45 

Re-r V r?n 

R 1.20 

8 r.os 
c r. 21 

Re-sPOI\JSE' AT R 

I 
I 

71 7$ .. IS .. 
HJ B A 

VRMS 
TANGL RxoAL 

0.7') 0.25' 

0.7 0.2 

1.1 0.::5 

SPEEb 

~wra :24 

7q% q 

5C! 'To 11 
PROQIIGLe' Hfi;!CR 

IS "' 
V Res. 

I.RO 

1.08 

/. :u 

ft[T HOISIUII 
UIII•Slle 

(HC ft017•1 
DATEIU-4•11 
PLOT HOI I 

u u-uu 
U Sill 
AA •Jt 
CA 4 
Tf4 
tl31 

Srvri'IITY 
Cu1sSIF"ICA1'1oN 

RouGH 

f?c\JGII 

RoUGH 

. ...-ACTOR El> 

Vnn 

2\i.~ 

q.7 
/3.3 

31:luiiCE 01' Pfl013l~S 



-58-

5.0 MODELLING TEE 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 tcl 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 dynamics 

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 and rotor dynamics can 

be neglected and these structures represented by appropriate mass 

and stiffness at the various bearing surfaces. In a similar way 

the presence of accessories can be catered for. As the frequencies 

of interest increase the effects of shaft and rotor dynamics 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 still 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 modified by 

the response of the various internal components. 

As already indicated simply designing and testing an accessory 

to a simple vibration envelope 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 estimate~ Service vibration environment when 

hardwa,re 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 increased cost 

in both manpower and computing facilities which may not be readily 

available to an accessory supplier. Further, the complexity in 

shape and construction of many accessories makes finite element 

modelling of the accessory difficult. 



- 59 -

Therefore it is suggested that once the basic design has 

been finalised and some development units are available 

an experimental approach 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 

response. 

In order to investigate this approach trans~er 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 C and of the analyser in 7.5.7. 

This unit was chosen for both 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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5.1 Modal Test Results 

A fully assembled FFR mounted as shown in figure 5 .1 was 

excited by a sine wave sweeping from 10- 3000Hz. -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 Hz the Mobility plot shows a basically linear response 

with gradient of -1 to 70Hz. Since it can be shown (7.5.5) 

that Mobility, M, is given by 

IMI = -1/wm ------ 5.1 

where w is the exciting frequency and m is the dynamic 

mass 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 lbs ( 7. 5 kg) 

and 18.7 lbs (8.5 kg), compared with an actual mass of 

53.5 lbs (24.3 kg), nominal. Since for convenience the 

exciting force was 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 lbs (9.05 kg} for the dynamic mass 

as measured at the flange. For a free-free beam reference 

7.5.8 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. 
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As the mobility plot of fig 5.3 is traced above 70 Hz the 

effect of initially damping and then stiffness begin to 

predominate until the response from 115Hz to 250Hz is 

essentially entirely spring-like. 

Since it can be shown (7.5.5) that 

IMI = v/k -----5.2 

where k is the dynamio stiffness, it is found that the 

FFR has a stiffness varying between 16.9 to 13.9 x 1o' 
lbf/ins (2.9 and 2.4 x 106 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 stiffness lines is below the mobility curve. 

This is explained in 7 .5.2. This level of damping also 

explains the continual 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 due 

to a drive rod resona.nce. 

An over-damped resonance at 240 Hz 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 
0 180 , 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 resonance. 

The signal glitch in the anti-resonance signal is the result 

of the lack of servo control in the test rig. At an anti

resonance the increasing force is 'soaked 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. 
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Above 445 Hz the mobill ty 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 various 

internal and structural components was carried out and is 

summarised in Appendix C. The structures tested were the 

FFR with the fuel side internals removed and the FFR fuel 

side body on its own. The air side of the FFR shown in 

fig 5.1 was assumed to add mass and stiffness to the fuel 

structure. 
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5.2 Spring - 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 structure 

from its Mobility Plot, This technique is based on drawing 

the '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 
I I 

be termed 'real' rather than idealised springs as they 

include the effect of damping, since damping is more close·ly 

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

strate this technique. The mobility 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 again for clarity 

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 

M1, K1, and M2, K2 the complete system can be represented 

by the model shown in figure 5.5. 

At frequencies below 474Hz (= 1500/ {10) the response 
I follows a mass line M 1 which is g1 ven by 

M.~ = M1 + M2 = 7.9 lbs (3.6 kg) ·- 5,3 

At frequencies above 9961Hz(= 3150 x{10) the system 

follows a spring line K~ which is given by 

K~ = K1 + K2 = 365 x 1o3 lbf/ins (62,83 x 10
6 

N/m) - 5,4 
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The frequencies cited above are the values { 1 0 below and 

{10 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-~e response 

is small ( < 1o%). 

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 WR given by 

LL + 
(~ 

1 ) 
M2) 

Whilst at the two anti-resonances all the elements are 

active and we have the lower and upper anti-resonant 

frequencies WAL' WAU given by 

w2 + w2 = K1 + ~ 
AL AU M M 

1 2 

I I 
Hence from a knowledge of WR, WAL' WAU and M1, K1 the sub 

system mass and spring stiffness values can be determined, 

giving 

M
1 

= 6.0lbs (2.7Kg) 

M2 = 2.2 lbs (1.0 kg) 

K1 = 138 :z: 1o' lbf/ina { 2:Y.8 :z: 106 N/m) 

K
2 

= 227 :z: 1o' lbf/ina (39.1 :z: 106 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 to a four mass system. The fuel side body comprises 

fo.ur 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 fUl~ define the FFR body using 

this spring-mass subsystem representation is to obtain an 

estimate of the damping at resonance and anti-resonance. 

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 stiffness 

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-resonance. 

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 

227'3 Hz 

Q = 17 

Q = '3.5 

These values can be confirmed using the half power point 

formula for Q given in reference 7.5.5 for example. It 

should be noted however that as the damping increases, i.e. 

Q gets smaller, the errors inherent in the assumption on 

which this technique is based increase (see 7.5.2). It 

should not be applied for Q less than 3, which implies the 

damping estimate at resonance is in error in the above 

example. 

This technique can therefore be used to obtain a simple 

but accurate model of the accessory simp~ from the mobility 

plot results. 
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5.3 Modal Property Estimate using Vector Techniques 

The previous section outlined a simple graphical approach 

to the interpretation of the driving point mobilit7 plot 

of the test structure. With the availabilit7 of mini

computer based analysis equipment it is becoming easier 

to determine the modal properties of a structure based on 

the solution of eigen vectors and eigen value equations. 

The derivation of these matrix equations while being based 

on classical theory allows lllllch to the vector analysis 

techniques first reported by Xennedy and Pancu (7 .5.3) and 

their interpretation by other researchers such as the works 

cited in 7.5.4 to 7.5.9. 

Aey vibrating structure, such as an aero engine accessory,. 

can, in general, be represented as a llllllti-degree of freedom 

system having a number of modes of vibration. Each of these 

modes will have an eigen value 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 eltJ)ressed as:-
n , , 

(w)- "' 'tfrp · 'lfl,t.\ 5 7 
CX.pq - L11-(W/Wrl"+iprl ----- · 

. r=1 
where "~is the receptance (displacement/force) measured 

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

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

there exists a modal flexibili t7 coefficient "f~. The 

flexibility being given by 

['f'J r 
Mr.Wr --5.8 

where [ 'f J r is the mode shape vector. 

Equation 5.7 can be expressed in complex notation in the 

n ·e 
~ Cr.e1 r 

<X (w)= L ( 1 -(W/Wr JiO + i?r) ----5.9 
r= 1 

form 

and at frequencies close to Wr this can be written as 
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·a 
« (w)- C r e I r 0 5 10 

-(1-(W/Wrl+i?rl + r---- · 
where Dr is a complex residual representing the effective 

contribution of all 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 maxiiDUlll rate of change of frequency. A 

diameter drawn through this point of the arc can be shown 

to represent the value Cr/?.r• as indicated in figure 5.7 

With reference to this figure ~r.can be found using the 

. relationship. 

?r = (w
•a ,z.) 
2. - ~ X 

Wr 
1 

(tan BJ/2+tanBa/2l -- -5•11 

The displacement of the end of the diameter opposite Wr to 

the origin of the Nyqui.St axes gives the value of Dr and 

the angle of Dr to the imaginary axis gives Sr. 

The derivation of the above relationships is given in 

such works as 7.5.5. 

Hence by measuring the transfer function at the dri vi.ng 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 i.n 5.2 and the 

rig shown in figure 5.2 with the SD 109B Co/Qu.ad analy.ser 

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 

w~re obtained. (It should be noted that these plots are 

inertance plots, mobility circles would be rotated 90° clock-· 

w:!.se,) 



- 7'3 -

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 least-squares technique (7 .5.9) a computer programme 

was 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 zero 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 .a 
the mode shapes at the two different frequencies of 

figure 5.8 are obtaiDed. These show simple bending of 

the FFR t'u.el side body. 

Hence, although simplified it has been shown in this 

section that it is feasible to obtain the dynamic 

properties of an accessory from a measurement of its 

transfer fUnction. 
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5·4 Summary 

In this chapter it has been argued that further insight 

into accessory dynamic behaviour can be achieved by 

incorporation of the accessory response in an engine 

model. The assumption that the accessory can be 

modelled basically as an additional mass element has 

been validated although the frequency range over 

which this assumption can be made will depend on the 

accessory and its attachments to the engine. 

Further it has been demonstrated using the FFR that 

existing 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 approach with systems now being 

available which directly obtain the modal parameters 

found in section 5.3. 

This increased understanding of accessory dynamics 

can only help in the goal of achieving acceptable 

service reliability. 
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6.0 CONCLUSIONS 

Since the reliability of an aero-engine depends in part on the 

reliability of its accessories, accessory dynamic behaviour 

has become of increasing interest. Problems h1ghlighted in 

chapter 2 have shown that the initial testing described in 

chapter 1 had proved inadequate, especially in terms of vibration 

simulation. A careful study' of both rig and engine testing 

shoved where improvements in this simulation of the engine environ

ment could be achieved. 

This thesis has detailed this work and the improvements which 

have recently emerged as a revision to the basic Accessory 

Vibration Specification used at Rolls-Royce, Derby. 

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

both as a design aid for the Accessory Manufacturer 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 coatings and 

timescales. 

The use of multi-sine testing has been shown by the FFR Pivot 

Arm example to better represent the engine environment on the 

rig than previous techniques. With the increased endurance 

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 demonstrated. 

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 equipment needed to meet 

the test requirements. However these costs are minimal when 

compared to the costs incurred by poor reliability, whether this 

be judged as the costs involved in an engine repair or even loss 

of further orders. 



- 79-

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 tvo major conditions. This has meant that if 

this new vibration specification had been applied to these 

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 improved 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 obtained 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 investigations in 

order to improve the vibration environment of the accessory and 

hence its performance on the engine. 

The forgoing has shown how improved simulation of the engine 

environment can be ~chieved 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 showu 

that an adequate model of the accessory could be achieved from 

modal testing technique:s. 

This thesis has ·been based on the lessons learnt from vibration 

problems with accessories containing mechanical components 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 
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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 vibration problems that could occur on an accessory 

has been shown in this work. 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 a revised Accessory Vibration Specification, successful 

solution of vibration problems, and predictions of probable service 

experience on accessories fitted to a major new derivative engine. 

In addition the development of a route towards better prediction 

of vibration behaviour has been outlined and should be the subject 

of further research. 



Vl!llUTIOM SEVEltiTY CRITERION tOR ACCESSORIES 

1.0 Transducer aignala ot time (or speed) var,ying waveforms from 3 perpendicular directions may be broken into 
instantaneous amplitude co~ponents at a frequency. 

2.0 To decide whether any vibration is likely to cause a problem currentRolls-Royce assessment methods abstract 
individual spectral peaks for each direction in turn and apply a simple severity envelope. 

3.0 
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This nesleots the fact that the damage caused by real lite motion la the result or all simultaneous spectral 
peak,s in 3 directi~ns. 
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4.0 To improve .the ·current severity assessment the followin' two steps are taken:-

4..1 Incorporate &.11 ~pectral peAks ror a speed and direction (B.S. 4675 retara). The vibration amplitude. or 
the pea.k:. should be expressed .in velocity r.m.s. as this has the advantae;e overo displacement or aooeleratio: 
that upto 1000 H& a1=11ar amplitudes can be considered a:. equally severe. 
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At a speed, we have V(~) rma s i (V1 + V2 + ••• + Vn) Where Vn ;:r~~:ui:r&kd~~!!i~:: of nth peak in the 

4..2 Obtain the Resultant Amplitude. Whenever possible resolve rma velocity values obtained fro~ the 3 direotio 
above as follows:-

I~ onl7 2 directions are measured assume third is equal to the resultant ot the other two. 

It only 1 direction is measured aaaume the remaininc two are equal to the measured one:
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5.0 The value ao obtained ia then compared 
to tbe empirical table opposite to 
obtain· a severity clasaifioationfor 
the unit in that environment. The 
erreot or vibration defined by the 
severity classification must be assessed 
bearin~ in ~ind the structural rroperties 
an~ runatianal complexity or the 
accessory, &nd weighted for the •worst 
ene;ine• cal!le. 
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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 lessons 

learnt from testing engines installed in the aircraft the following 

investigative programme was undertaken:-

a) Investigation of possible forcing function transmission paths 

With the Teleflex control box mounted on the end of the gearbox 

input drive towe~ there were three possible transmission paths 

into the control box rack and quadrant. 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. In 

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 

~ 2AB it is expressed mathematically as: 

where HAA' HBB represent the auto-spectra of A and B and HAB the 

cross-spectrum between them. 

Where A is an input and B is an output to a linear system the 

coherence value 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 

ty.pe of problem indicated by figure A 1 and described in greater 

detail in 7.1.1, 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 

travelliDg between transducer locations travelled at the .speed of 

sound in the structure required a resolution in the order of nano 

seconds as summarised in figure A1. Again resolution problems 

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 eventually abandoned being superseded by the results of 

other actions. 

b) · Investigate the various 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 characteristics by 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. ·rn practice this 

was not found to be the case but the.claimed improvements.could not 

be verified because rig simUlation of the engine environment was 

poor (7.2.7). 

Testing the shortened rack was shown to reduce the vibration problems 

in that the rack natural frequency for-correctly adjusted tensioning 

rollers was further increased above the operating range of 1st BP · 

shaft order excitation i.e. from around 170 Bz to 185 Bz (fig A2). 

Further •tuning' could be achieved by varying the load applied v.ia 

the tensioning rollers which hold the rack against the quadrant (7.2.8). 

This modification has subsequently been incorporated into the Se=vice 

fleet. 
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. The Signal at B has o co-ntent from A· direct 

dnd via C. 

B =IHAa+HAc·Hcal.A + Hca·C 

Ei g 2.7b 

The Si gnat at B has a content from A via 

.C when Xk-1 although -no link exists from A to B 

B = HAc·Hca·A + Hc8 .C 
FIGURE A.1A 

CORRELOGRAM OF ACCELEROMETER 

OUTPUTS AT POSITIONS A & ·s: 

A(tl leads B!tl 

SAMPLE CALCULATION OF PATH DELAY 

Veloc;ity of Sound in Metal= 6 km/s 

Path distances between A & B=0-5,0-6m 

Time taken for wave to travel from A-B 

0-Sm path= 83-3ps 

0-6m path=100-0ps 

In order to resolve between peaks 

dnalyser resolution has to be better 

·than 16-7ps. Typical analysis range wo~ld 

be dt least 50.000 Hz. 
.Ei.gu re Aj B · 
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c) Investigate possible improvements to the vibration environment 

From the testing detailed above it was apparent that the Teleflex 

control box was being excited by the HP 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 various 

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 unacceptable 

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 balancing throughout the system further improved the 

vibration environment, figure A3 (7.2.9- 7.2.10). 

Improved balance shafts and gears have been introduced into Service 

engines. 

d) 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 A4). 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 

successful. 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 

references 7.2.13- 24. 
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APPENDIX B - Fuel Flow Regulator - Testing the new technique 

A reduction in starting fuel flow and hence difficulty in starting the 

engine had been attributed to vibration induced problems m. th the luel 

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 fixed 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 bellow system (Fig B.1). At the pivot point there are 

some small ball bearings. As these balls were not rotating it was found 

that in service they were wearing resulting in increased end-float of 

the Vl10 spool which was experienced as low fuel flow. Due to the lever 

arm effect 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 manufactures, Lucas Aerospace Ltd, put forward and tested various 

proposals, 7.3.1 to 7.3.9, but were in difficulty in reproducing the 

Service wear problem·on their test rigs. Analysis of engine and rig 

work showed several resonant conditions of the pivot assembly (Fig B.2). 

Some of these reeonances 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 gear 

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 

proposed modification by endurance testing using engine excitation 

levels and frequencies. It was realised thet as existing standards of 

uni ta were achieving lives of 2000 hours on the engine considerable rig 

teat 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 (J.O"/sec) 
X = Test Engine Vibration Level . 

This gave a factor value for frequencies up to 200 Hz approximately, 

covering the basic 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 pivot arm is 

shown in fig B. 3. Some testing was also performed at the Y + 45° 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 radial direction of the installed unit. 

As rig testing to existing techniques had failed to produce the wear 

problem outlined above initial simulation of the engine vibration using 

four sine wave inputs to a 3kw shaker was attempted and shown to be 

feasible (7.3.8) although no service type wear had been found after 

extending the test to 323 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 10-3 m(s). With some change to 

the test conditions this was continued for a further 214 hours with no 

apparent change to calibration settings or wear in the pivot system. 

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 (7.3.17- 19) indicated 

that the vibration levels could be increased further and that the effects 

of HP Fuel pump ripple rate at 800 - 1200 Hz approximately (fig B • 2) were 

not being simulated correctly due to too long a length of connecting 

pipework on the rig (over 40 feet from pump to FFR instead of the 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 10-3 m/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 to approximately the 

same input levels, the Vrms level having reduced to 2.3"/sec (58.4 x 

10-3 m/ s) due to small changes in the test frequencies. The frequencies 

were changed to tune in resonances of various 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 excitations 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 simulated the engine 

environment with sufficient accuracy to indicate that it would be 

satisfactory in Service. Statistics from Service operation unfortunately 

do not confirm 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 

C 1 Modal Test Method 

A complete FFR was suspended from a bar by" means of elastic 

bands to simulate 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 service 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 various 

shafts inside the unit. A throttle control rod and 

various fuel and air pipes provide the only other unit 

attachments. In order to 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 forcing 

function. It was connected to the unit via a thin steel 

rod which ensured that the input force was basically uni

directional with no lateral or torsional component. A 

Bruel and Kjaer (B and K) type 8200 piezo-electric force 

transducer 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 

adjacent to the forcing position using aB and K Type 

~44 miniature piezo-electric accelerometer of sensitivity 

0.3"37 p C/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 figure C. 1. 
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The conditioned force and accele~ometer signals are fed 

into the input channels of an SD 112-1-H Rms Voltmeter/ 

Frequena,y Log Converter which gives a D C voltage output 

proportional to the logarithm of the force and acceleration 

signals. These signals however are first enhanced by 

passing them through the narrow band tracking filters of 

an SD 122 filter to eliminate all spurious data except 

for the signal fundamental. This filtered DC vol'!;age 

is then processed by the SD 127 MZ/TFA Transfer Function 

Analyser controller to give the desired input/output 

ratio. in this ins.tance 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 signal levels were 

maintained for the Analyser by manually altering the 

charge amplifier level settings. This worked well apart 

from occasional glitches in the Mobility plots. although 

particular care had to be taken at anti-resonances when 

the response signal reduced to very low levels. 

C 2 Pgtially Assembled FFR (Air Side and Fuel Side less its 

internal shafts etc) 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 lbs (6.3 kg) at 20Hz to 16 lbs (7.25 

kg) at 110 Hz compared with an actual mass cf 44 lbs (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 

- 350Hz 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 between 

anti-resonance and resonance corresponds to 2.15 x 103 

lbf/ins (3.76 x 108 N/m) and the_subsequent mass line 

8.8 lbs (4 kg}. 

After this point the Mobility plot shows several modes 

but since these are not accompanied by distinct 180° phase 

changes they are presumably natural frequencies of various 

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 

natural frequencies the test was repeated with the fuel 

side body alone. 

C 3 FFR Fuel Side Body Results 

The results of this.test are shown in the driving point 

mobility plot of figure C.3. The initial mass line is 

now present to above 600Hz varying from 7.5 lbs (3.4 kg) 

at 20Hz to 8.8 lbs (4 kg) at 600Hz. Tnis compared with 

an actual mass of 19.3 lbs (8.75 kg), again the differences 

being explained by rotation about the centroid. 

The initial drive point anti-resonance now occurs at 1500Hz 

and has an associated stiffness of 6.4 x 1a3 lbf/ins (3.0 x 
108 H/m) and a quality factor Q of 20 based on t power 

points. This value has been quoted from the increased 

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 2000Hz is an anti-resonance with a Q of 10.75 and. 

associated. mass and. stiffness of 2.6 lbs (2.7 Kg) and. 

9.2 x 1o? lbf/ins (4.l x 10
8 

N/m). There is a strong 

resonance at 2270Hz with a Q of 9 followed by a mass 

line of 2.1 lbs (2.1 kg). 

A. final anti-resonance is seen at 3000 Hz before the 

response changes to basic;'-lly spring-like above this 

frequency. 

C 4 Since d.raving dimensions are given in metres, metric 

values only are shown here for clarity. 

SCHEMATIC OF F F R -EFFECT OF EXCITATION AT MOUNTING 
FLANGE 

Feiwt 
018 

0,2375 m G 

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 

Ig = m.k 
2 

2 = 24o3 X 0,183 

Equating forces for small rotations about G we have for 

a general displacement Y* 

and 

iwt 2 * iwt') F.e = 24.3 x ( -w • Y • e 

iwt 2 -F,0.2375,e = 24o3 X 0,183 X (-w2, (Y* - Yo) iwt) 
0.2375 e 

where Yo is the displacement at the origin. 

+ = -Yo 

Hence the dynamic mass seen at the flange = 9.05 kg 

This compares with a measured level of 7.5 to 8.5 kg. 
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DECLARE EMC7SI CONTROllED ,EYC751 CONTROLLED 1 
DECL~RE ESC761 CONTROLLED ,THETAC?SI CONTROLLED 
DECLARE CIRPLO ENTRY [~TJ 
PUT LUTI "IJ 
PUT LISTI'CIRCLE FIT Of [~PERiftEHTAL DATA'IJ 
PUT LISTI'HUftiER 0' DATA POINTS • ''11 
CET LISTCHI1 
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DOI•ITOH1 . 
Z•aqr\CCXCJ)-A)11e+<V(f)•J)aaa> 1 
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Cl•SIDEcEXcl+li,A,EY(I+l ,111 
Ol•II+Cl-AIJ 
111•3UUC11 
THETACII•ACOSIRJ,Otll 
ESIII•tatCITH[TACil~ 2&11 
END 1 
DARC•I1 
K•IJ . . 
PUT LIITC'I,Dil,DS8,DI3'll 
DO 1•1 TO H-1~ 
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If DSI>DS2LP5l)DS3 THEN CO TO LD1 ELSE CO TO LA1 
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DARC•DSt 1 
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END L 
PUT ISTI'K,PARC'II 
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H£TA•fT/PHI1 
PUT LISTC'')J 
PUT LJSTC'DA~lHG • ',HETAIJ 
PUT LIST«" 'f 
/l fLEXIBILI V CALCULATION */1 
/l 
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CR•2lCJHETAL 
PUT LJSTC'F EXIIJLITV • ',CR,'•te••-6 •/H'If 
PUT LIST(" I! 
/l CALCULATION OF COHTRIIUTIOH OF OTHER "ODES t/1 
/I 
EXfl•2lA-EXF1 
EVF1•2U-EVf 1 
DR•5GaTCEXFlll2+EVflll2lt 
PUT LISTC'COHTRIIUTIOH OF OTHER "ODES•',DRlJ 
PUT LJSTC" ) J 
STORE fiLE AHEH COPY 1 
/* CO"PLETIOH Of CO"PUTATIOH l/1 
/l KS<8 PLOTTING IHSTRUCTIOHS l/J 
/t ./, 
PUT LJST('IH1Ta2J01,,CHAR t 1FREQ,,REALaDEFaPAR Y,,AEAL 21PAR X1PAR EXaPAR EV'IJ 
PUT LISTC'ADO 01 A'l! 
PUT LlSTC'DI~',H,'ARR•)J 
PUT LJSTC'ADD X +'JJ 
CALL d•to~tCX,N,AHEH)J 
PUT LISTC'ADD V +')J 
CALL da~ou~CV,H,AHEHls 
PUT LJSTC'ADD FREQ +')J 
CALL d•toulCFREO,H,AH£H)J 
PUT LIST('~ERG£')J 
PUT LISTC•ADD 01 C' J1 
PUf LlSTC'Dl"'•H,'ARR')I 
PUT LISTC'AOO EX +'11 
CALL daLouLCE~,N,AHEHJJ 
PUT LISTC'ADD EY +')J 
CALL d•lou\CEV,H,AHEH)J 
PUT LISTC'ADD FREQ +'Is 
CALL d•lou\(fREO,H,AHEH)J 
PUT LISTC'"ERGE'll 
PUT LISTC'ADD Ql B'll 
CALL CIRPLOtA.B,C,AHEHls 
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PUT LISTt'CURU£ CJ HEU1X EX 1Y EV1SY" 1HOLINE 1HOLEC!'ll 
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STORE • L 
CLOSE Fl EtAHEHl 1 
/l EHD OF PLOTTIHO ROUTIHE l/J 
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Signal Processing Techniques 

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 the 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. A 

block diagram of the system is shown in figure D2 and 

detailed description in 7.6.1. 

The RTA acts as 500 bandpass filters arra~~ed in parallel 

so that the amplitude of that portion of the incoming 

waveform which falls within a given ~requency 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 0.05 seconds for the 10 KHz signal to reach the 

correct amplitude with a resolution 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 

slid 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 compression occurring. The digital output from j:he 

memory is converted back to analogue and the recreated 
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input signal is observed but with an expanded frequency 

range (e.g 5 ~lllz for the 10KHz 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 fsec, 

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 result as 500 in parallel. 

This time compressed signal is then again digitised and 

either stored in a memory if signal averaging is being 

performed, 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 10KHz 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 to 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 manipulated within the computer 

to give the required annotated display format. 
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The Campbell Diagram displayed in figure D1 has an 'X' 

symbol plotted at every 50 rpm increments to represent 

an amplitude above a preset threshold level which.in this 

case is 0.211/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 plotted when 

an amplitude peak is reached or can be plotted if a certain 

threshold level is exceed depending on the input instructions • 

To ease identification of the spectral data presented above, 

integer engin~ shaft speed harmonics (or orders) are also 

drawn on the diagram, with the spacing and number 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 be 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 output option 

which has tracked a predetermined integer or non-integer 

engine order and displayed the amplitude variation of the 

signal as it varies with speed. Fig n.1.d represents a 

three dimensional display of the above data 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 

most testing in order to obtain a reasonable dynamic range 

in the recording, the accelerometer signal is integrated 

to give velocity 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 threshold. 
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Unfortunately, the system currently available can only 

analyse single data channels and it is not therefore possible 

to store different data tracks 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 probable that with new equipment under review it will 

be possibl~ to perform multi-channel analysis and hence 

compute VRES directly and apply the appropriate flight 

weightings. 
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APPE~IDIX E - Excitation Techniques 

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 are 

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 excitation 

condition giving good results although somewhat time 

consuming. 

2. Also investigated 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. 

Reference 7.6.19 gives a summary of the practicalities of 

using 'chirp' excitation. 
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A. A CONTINUOUS TIME-VARYING SINEWAVE IS REPRESENTED BY A SINGLE LINE OF 

AMPLITUDE Ao SAY, IN THE FREQUENCY DOMAIN. 

B. WHEN OBSERVED THROUGH A STANDARD RECTANGUlAR WINDOW IT IS STILL A 

SINGLE SPECTRAL LINE IF EXACTLY PERIODIC WITHIN THE WINDOW. 

C. IF IT IS NOT EXACTLY PERIODIC 1 LEAKAGE 1 OCCURS AND ENERGY IS SEEN IN 

ADJACENT FREQUENCY CHANNELS. 

D. MULTIPLYING THE SIGNAL BY SUCH WINDOWS AS THE HANNING RESTORES SOME OF 

THE PERIODICITY REQUIRE}~ REDUCING LEAKAGE EFFECTS. 

FIG E.2 
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PROPERTIES OF POWER SPECTRUM:-

1. MEAN VALUE OF SPECTRUM = 1f /4a 

2. THE SPECTRUM IS NOT _FLAT BUT HAS TWO 

PEAKS, 1,4 x MEAN SPECTRUM LEVEL IN HEIGHT 

(APPROX), AT F1 + 1.2/
8/trf AND F2 - 1.2J8 /2'Tf Hz. 

f 
THE AMPLITUDE RIPPLE IS PROPORTIONAL TO /JT. 

THE CUT-QFF RATE AT F, AND F ~ IS HIGH. 
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. APPENDIX F - Use of Rms Velocity 

In 3.2 it was stated that for accessories the vibration re~ponse 

spectra amplitudes should be expressed in velocity and root 

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

this are based on the following considerations:-

C 1) All practical structures contain some form of damping 

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 between sub-systems. 

It may also result from the imperfect 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= t m v2 

Hence the energy dissipation for a given structure is 

proportional to the square of t~e vibration velocity. 

The above damping sources can result in frettage or 

wear on mechanical parts, or general operational problems. 

Therefore it has been common practice to relate the 

·velocity measurement of vibration to its destructive 

ability. 

C 2) Consider a piece of equipment which when subject to a 

certain excitation shows resonances responding to 1"/s 

at 10 and 1000Hz. 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 10Hz and 0.00032" at 

1000Hz, or o.163g at 10Hz and 16 .3g at 1000Hz 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). 

C 3) In reference 7.2.5 it is stated that the general 

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 

density 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 

In Appendix A of reference 7.6.18 it is shown that this 

is a statement of the standard derivation of the time 

history x( t) about its mean. Hence measuring rms 

velocity not only gives a direct estimate of the power 

involved in a process but also gives a direct estimate 

of the process statistics. 

C 4) Recent electronic advances have meant that true rms 

measurements are now easy to make. 




