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SUMIARY 

Investigabions are discussed which were aimed at est- 

ablishing the characteristics of rear axle gear noise which was 

considered to be a typical example of a power transmission 

noise. 

A series of preliminary investigations gave quantit- 

ative information on which the ensuing research could be based, 

It was hypothesised from this information that the amplification 

of the vibrations by the resonant response of the propeller 

shaft was the cause of the audible noise. 

Investigation of the influence of the propeller 

shaft showed that its resonant behaviour could not be the 

gause of the audible noise and that it was sufficiently well 

isolated to be disregarded in this respect. Further appraisal 

of the results indicated the possibility of transmission of 

low level vibrations to the vehicle body. 

A study of the rear suspension system showed that 

rear axle vibrations were transmitted to the body. It wag 

concluded that the vibrations became audible noise due to the 

coupling of the acoustics of the passenger compartment with 

the vibrations of the enclosing panels, Redesign of the 

rear suspension system with particular regard to the dynamic 

properties of the rubber bushes is recommended as a course 

of action likely to lead to a reduction in the noise, 

Theoretical studies into the prediction of the 

 



  

natural frequencies and mode shapes of the power transmission 

system by numerical methods were pursued, The transfer matrix 

method of evaluation was found to be an excellent technique 

for this work and if larger computor facilities had been 

available extension of the analysis could have yielded useful 

results. 

It is shown that random process techniques must be 

used to obtain reliable results from road test data, and 

information about the analog data analysis systems developed 

for the analysis is presented, 
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1. 
CHAPTER J. __ TNRODUCTION 

1-1) Objects of the research 

The primary object of the research discussed in this 

thesis was the investigation of rear axle gear noise which 

was audible in the passenger compartments of some medium sized 

automobiles. It was intended that the investigations should 

establish the characteristies of the audible noise and also 

establish the mode of transmission between the rear axle cears 

and the passenger compartment, Resultin;; from these investiza- 

tions it was envigaced that modifications could be made to the 

vehicles which would either eliminate the audible noise or at 

least reduce it to a more tolerable level. 

This noise problem was situated in the midaudio 

frequency range of the noise spectrum (250-3000 Hz) a section 

of the spectrum which had received very 1itsle attention from 

previous researchers, Consequently due to a lack of suitable 

equipment and experimental procedures a secondary object of the 

research was the development of new, and the assessment of 

existing, data acquisition equipment and procedures for auto~ 

mobile testing, 

1-2) Characteristics of the problem 

At the commencement of the research the only informa. 

tion available about the audible rear axle gear noise in the 

model of vehicle chosen for the investigations was customer ries



  

Re 

complaint statistics and the subjective assessments of the 

noise by the engineers concerned with the vroblem, These two 

sources provided the followine informations~- 

i) The noise was assessed to be periodic at a frecuency of 

500 Hz, 

ii) The noise was normally audible in a narrow sneed range in 

the rerion of 50 mile/hr, 

iii) The intensity of the noise was such as to become annoying 

after only a short period of time. 

iv) Approximately 10% of the total vroduction of the model 

suffered with Budibls Secr axle noise, 

v) & good proportion of this 10% could be cured by changing 

the rear axle pear set, 

vi) There was no simnificantly measurable difference between 

a noisy gear set and a quiet rear set, 

vii) All noise complaiixts and assessment were associated with 

steady cruising in top gear, 

As can be seen the prior Imowledve wag rather limited, 

It was all based on subjective assessment which, thourch the 

ultimate test of any cure of this tyne of problem, is a 

notoriously bad method of measuring trends in noise levels. 

The initial assumptions were made based on the above 

datas- 

i) It was assumed that, since the inéidence of occurrence 

of the audible noise was low (10%) and apoarently nepligible



  
  

changes could cure the problem, the noise was only slichtly 

above the threshold of verception in the eeneral noise environ 

ment of the passenger compartment. 

ii) It was assumed that 7 Since the noise was only audible in a 

consistently reproducible small speed range, the noise or 

source vibration was amplified by a resonant commonent in the 

vehicle system, 

1-3) Review of wublished work 

a) Published worl relating to rear axle noise, 

Prior to this worl: three papers with some direct 

reference to rear axle noise had been published, 

Farnham in his paper Control of Moise and Vibration 

in the Unibody (1)soutlines how the chanve to unit construction 

had removed the inherent damnins which existed in the chassis to 

body connections of earlier cars, He then exnlains that the 

major problem encountered by Chrysler when they changed to uit 

construction in 1960 was one of rear axle noise which in this 

case was amplified by the torsional resonance of the vroveller 

shaft. The rest of the paper was a fairly reneral but extensive 

discussion of the research technicues and curative measures 

uged in overcoming the noise and vibration generated by the 

road and enevine, 

The most significant fact mentioned in this paper was 

that the conventional methods of specifying rubber proverties 

for mowzts was inadequate in respect to hich frequency isolation. 

Stafeld in his vaper Computor Analysis of Automotive
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Drivelines (2) briefly discusses the use of a dirital computor 

to evaluate the natural frequencies and modal shaves of 

vibration of conventional transmission systems. He emphasises 

that the whole system should be considered and not just the 

proveller shaft. The method employed was a transfer matrix 

method which was reasonably adantable to design modifications 

and could include measured data. 

A second paper by Farnham, Power Train Tuning for 

Quiet Cars (3) was a reneab of those sections of ref (1) which 

dealt with the problem of rear axle noise and no new informa- 

tion was presented. 

The tonic of rear axle whine is mentioned in the 

Handbook of Moise Control (4) but only to the extent of saying 

that it exists in most automobiles and oceures in a sveed 

rane of 40 to 60 mile/hr. and at a frequency of approximately 

500 Hz. 

b) Other published work relatine to noise and vibration in 

automobiles, 

Gladwell (5) reviewed the majority of published work 

in this field and it waselearfrom this review that the maj or 

effort in automobile noise and vibration research had been con 

centrated on the low frequency engine and road generated 

phenomena and had little bearing on the work which was to be 

the subject of this thesis. The general conclusion of this 

review was that the American automobile manufacturers were 

more aware of the parxt played by research in the development 

 



be 

of automobiles. 

Only a few other naners had been vnublished after 

Gladwell'ts review and they were concerned with the low 

frequency ride and road noise problems, 

1) Deserintion of the test vehicle 

The vehicle chosen for the tests was a typical 

example of a current production vehicle which suffered with 

audible rear axle noise. Incedence of customer complaints of 

rear axle noise for this particular model was revorted by the 

namufacturer to be 10% and the test vehicle was described as 

typical of this 10%, 

The vehicle was a medium sized saloon car with the 

following general specification: 

  
Body Unit Construction 

Wheelbase 99 In 

Track front 48.5 in 

Track rear 50 in 

Weight 2470 bt 

Enrrine: 

Type Water~cooled in line o.hev. 

petrol engine 

Number of 

cylinders 4 

Displacement 1622 om? 

Gear box: 

Type manual 

Ratios Ist 3.63621, 2nd 2.21431, 

3rd 1.37421, 4th 1.00021



Je 
Rear axle gearratio 4.3:1 

_ (10 pinnion and +3 crownwheel teeth) 
1-4-1) Power Transmission System 

For this thesis the term power transmission system will 

be restricted to refer to the propeller shaft and rear axle assemblies. 

The propeller shaft was a hollow steel tube of 2.5 in Os, 

fitted with Hardy-Spicer universal joints to give angular freedom 

and a splined drive from the gear box to give longitucinal freedom, 

Length of the shaft was 42.75 in centre to centre of the univorsal 

joints. 

The final drive gears were a hypoid pimzion and crowwheel 

pair which drove the half-shafts through a standard set of differe:m 

tial gears, The main casing of the rear axle consisted of two steel 

pressings which formed the upper and lower halves of the axle and 

were welded together along two horizontal seams, An aluminiun 

casting; was used for the gear carrier which held the final drive gears 

and attachment to the main casing was by means of studs and nuts. 

1/2) Rear Suspension System. 

Rear suspension system was of the conventional semi-- 

elliptic leaf spring form and was designed for a working load of 

625 lbf per spring. Viscous damping was provided by double acting 

le_ver type shock absorbers (one per spring) and some degree of 

roll stiffening provided by an anti-roll bar fitted between the 

shock absorber le_vers, All the mounting and pivot points other 

than the mounting of the shock absorbers to the body contained 

some degree of rubber bushing. Mo information could be obtained 

for the dynanic characteristics of the rubber bushes.    



  

m5) Quiline of worl 

First stage of tho research was a preliminary invest- 

‘ 
igation of a suverficial nature in order to obtain a feel for the 

problems likely to be encountered in the main investigation, 

and to obtain some quantitative facts to form a base for the 

future work. 

These preliminary investigations, which are discussed 

in full in chapter 2, included a resnonge test on a laboratory 

ris of the transmission system and a road test of a production 

vehicle, Four experimental problems were found to exists~ 

i) reliable measuremeirt of tho input force to the laboratory 

rhe, 

ii) lack of repeatable phase resvonse of the laboratory rig, 

iii) Lack of suitable analog data recording equipment for the 

road test and 

, iv) Lack of suitable data analysis systems for the road test 

recordings. 

the first problem was overcome by constructing our own load 

cell and the second was found to be due to the inherent nom 

linearities of the transmission system, The latter two proliéms 

were not overcome at this stare in the work but the difficultics 

were noted and provided useful. guide lines for the snecification 

of future equipment, 

Implications of the results of these initial invest~ 

igations were that the audible rear axle gear noise was due to 

the resonant response of the propeller shaft in its second 

bending mode of vibration.



  
  

Chanter 3 descrites and discusses the experiments 

performed to substantiate the conclusions drawn from the pre~ 

lininary investigations. Response tests and road tests wero 

again the main tool but they were used to a much greater degree, 

In this ease the vibration response tests of the 

transmission system were performed on the system mounted in 

a vehicle and for some of the tests an automatic resnonse test 

instrume;tation system was employed which though it placed some 

restriction on the foreing levols did enable results to be 

obtained very quickly. Wo major oroblems were encountercd in 

these resgnonse tests since the instrumentation and procedures 

were similar to those developed for the preliminary test. 

Serious difficulties did arise in the road tests 

1 performed at this stage in the research, These were 

associated with the data recording, reproduction and analysis 5 

equinnent. The problem with the recording and reproduction 

equipment was the lack of a high quality instrumentation 

magnetic tape recorder suitable for portable usc. Most of the 

problems with the data analysis ecuipment were connected with 

the construction of the awvomatic system required to handle 

the large amowrts of data collected in the road tests. These 

problems were overcome with reasonable ease but one feature of the 

equipment used became the major limitation of tho system. This 

limitation was the relatively poor frequency resolution of the 

constant percentage bandwidth analyser used ag the central unit 

of the system, Due to the prime role of the data analysis syston 

in this investigation, the discussion of the theory and practice
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of wave analysis and of the construction of the system used at 

this stage of the rosearch has been separated into chapter 4. 

Resvonse tests confirmed that the most intense 

resonant responses of the transmissions system were those 

of the propeller shaft. However, tho hypothesis that thego 

oropeller shaft responses were instrumental in creating the 

audible rear axle noise was not confirmed since the resonant 

frequencies were sipnificontly differcnt from the expected rear 

axle noise frequency, 

Generally the confidence placed in the interpretation 

of the wave analysis results of the road test data was low duc 

to the limitations of the equipment used and also due to a basic 

error in assuming the data to be complex periodic in character, 

Sufficient confidenee could be placed in the results however, 

to show that the resonant resvonse of the propeller shaft was 

definitely not the cause of the audible rear axle gear noise. 

The only promising information to emerge from these 

tests was ovidence from the road tests of a mechanical vibration 

at a frequency of 44OHz, at the rear spring rear axle inter~ 

faces which appeared to roach a maximm at a speed of 48 mile/ 

hr. It was also quite clear that a revision of the assumptions 

about the character of the road test data was required with 

consequeit changes to the analysis procedures and equipment, 

In parallel with the physical investigations of the 

influence of the propeller shaft some theoretical investiga- 

tions as discussed in chapter 5 were carried out. The object 

was to study the feasibility of predicting natural frequencies
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and the associated modal shape of- Vivr-“cion of automobile trans= 

mission systems by the use of numerical methods and a digital 

computor 

Three numerical methods for evaluating natural fre- 

quencies and modal shapes were considered from which the 

Transfer Matrix method was selected as the most suitable, 

Within the capacity of the computor available at the University 

it was found that answers could be obtained wizich had a reason- 

able accuracy and with a faster computor they would be obtained 

in a reasonable time. 

Since it had been found that the road test data was 

predominantly random in character and not complex periodic as 

originally assumed, it was necessary to change from wave 

analysis techniques of analysis to the statistical deg~ 

cribing function analysis used for random process analysis. 

The theory of the functions used in these researches and the 

practical methods of measuring them are presented in 

chapter 6, 

At this stage of the work it had become obvious that 

the most likely cause of the audible rear axle noise was the 

mechanical transmission of a relatively low level vibration of 

the rear axle to the body of the vehicle via the rear suspension 

system, In order to investigate this hypothesis, further tests 

were performed which were divided into two sections, first an 

investigation of the part played by the suspension system in the 

transmission of the vibration and, second an investigation of ? o>    
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the likely influence of the acoustic response of the passenger 

compartment » 

The investigation of the mechanical transmission of 

the vibration by the rear suspension system (chapter 7) was 

approached with a different measurement philosophy both for 

the response tests and the road tests, For the response tests 

a total system response measurement concept was applied by 

measuring the acoustic response in the passenger compartment 

due to vibration applied to various points of the rear suspension 

system, In the case of the road tests, the major change of 

approach was the adoptior of random process analysis 

techniques. 

As was expected, the acoustic response of the 

passenger compartment to mechanical excitation of the rear 

suspension system was extremely complex containing numerous 

peaks even in the narrow band adopted for these tests. 

However, it was quite clear that the rear suspension system did 

play a major role in determining the levels of the measured 

response. In particular, a major response level was noted at 

440Hz which was apparently due to transmission of vibration via 

the rear attachment of the rear springs. 

Results of the analysis of the data obtained from 

further road tests showed a similar influence of the rear 

suspension system to that noted in the laboratory tests. Use 

of random process analysis techniques enabled the rear axle 

gear meshing frequency components of the noise and vibration to
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be extracted more positively than previously. These components 

showed conclusively that the audible rear axle gear noise was 

due to mechanical transmission of the vibration to the vehicle 

body from the rear axle by the rear susnension system, 

Statistical modal density theory of sound transmission 

in large enclosures is presented in chapter 8 together with 

computed modal densities which show thot this gencral theory is 

insufficient for smali enclosures particularly if there is any 

likelihood of narrow band excitation. 

Practical measurements of the acoustic response of 

the passenger compartment showed some evidence of a resonant 

response ab the rear axle gear noise frequency, but of insuffi- 

cient magnitude to justify a positive conclusion being draw 

about its role in the amplification of the noise. 
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CHAPTER 2. PRELIMINARY INVESTIGATIONS 

2-1) Summary 

The results obtained from frequency response tests of 

a laboratory rig of the vehicle transmission system, which are 

presented in this chapter showed that the most likely cause of 

the amplification of the rear axle distrubance to a high level 

was the vibration of the propeller shaft in its second mode of 

bending, The road test results also presented in this chapter 

supported this conclusion and also gave indications of the 

problems likely to be encowrtered in the later analysis of mJlti 

channel road test data, 

2-2) Qbiects of ‘the investigations 

There were three main objects of these preliminary 

inve stigations:-- 

i) to attempt to obtain some quantitative figures for frequency 

and intensity of the offending noise. 

ii) to discover if any component of the transmission system had 

a lightly damped resonant response in the region of 500 Hz 

(noise frequency from subjective assessment). 

iii) to assess the difficulties likely to be encountered in the 

data analysis of analog tape recordings of the noise and 

vibration measured during road tests.



  
  

2-3) Description of the Laboratory rig 

A rig was used for reg. se tests in preference to 

the full vehicle since the components of interest were more 

accessible and also at the time these tests were performed no 

facilities were available for the laboratory testing of complete 

vehicles. It was expected that the response results obtained 

from the rig in the frequency range 100 to 2500 Hz would be a 

good representation of the response of a transmission system in 

its normal environment, This assumption was based on the 

coupling of the components of the rig to the vehicle being by 

low frequency systems, which it was considered, would act as 

isolators in the freouency range of interest, 

The rig was constructed from the following major 

components3- engine and gear box assembly, propeller shaft, 

rear axle assembly, rear wheels and rear suspension springs and 

shock: absorbers. A frame was built to support the engine by its 

normal. rubber mounts in the normal configuration relative to the 

floor. The propeller shaft and rear axle wore added to the 

engine and arranged with the rear wheels standing on the floor, 

so that the normal alignment of the components was maintained, 

The rear leaf springs were fitted to the axle and a loading frame 

was in turn attached to the springs using the normal mounting 
+ 2 > > 

brackets. This loading frame also carried nounting points for 

the hydraulic shock absorbers. 

The loading frame on the rear springs was loaded with 

steel blocks until the deflexion of the springs was the sane 

as the deflection of the rear springs in an unladen vehicle.
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In this loaded state it was found to be necessary %o 

stabilize the loading frame with vertical stays at each corner 

fixed to the floor with anti~vibration mounts. The whole rig 

is shown in fig 2-1 

2-4) Instrmentatilon of the laboratory rig 

A block diagram of the instrumentation usod to 

measure the response characteristics of the laboratory rig is 

shown in fig, 22. 

Operation of the system was as follows, A sine wave 

of Imown frequency was obtained from a decade oscillator » and 

after amplification by a 1 kilowatt power amplifier used to 

drive an clectro-dynamic oxciter, The resulta: forcing 

applied to the system was measured by a force transducer 

mounted in the coupling between the exciter and the ecomwsre of 

the rear axle. The response of the system to this forcing was 

measured with pezo-clectric accelerometers mounted in the 

positions shown in fig. 263, ‘Tho outputs of these aecelero- 

meters were fed via a selector switch to a valve volimoter for 

amplitude measurement and together with the ousput of the 

foree transducer to a phase meter for the measurement of the 

phase relative to the forcing, 

A common calibration was achieved for the accelero= 

meters by the adjustment of the gain of the cathode f ollowers. 

This calibration was standardised prior to measurement by a 

preamplifier which gave an output of 1 volt rems./ peak g. 

The only difficulty encowrtered in this instrumentation 

system was in obtaining a suitable load cell, Load cells
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commercially available at the time of the tests were neither 

small cnough, nor of sufficiently low mass for use without 

modification of the system dynamics being incurred, To over 

come this problom a load cell was designed and built in the 

laboratory, 
| 

The first cell built consisted of a steel cylinder with 

a pizo-resi.stive strain gauge, having a gauge factor of 120, 

bonded to the outside, This design was unsatisfactory due to 

the low signal to noise ratio and the high variation of 

sonsitivity with temperature encountered, The second of these 

limitations was a particular embarrassment, since it wag 

impossible to isolate the coll thermally from tho exciter whoge 

temperature varied over a wide range with variabion in load, 

A second design of load cell employed an inductive 

proximity probe, This type of proximity probe used a variable 

inductance to produce a frequency modulated signal in which the 

modulation was proportional to the change of gap between the 

inductance and a metal surface. The modulated frequency could 

then be demodulated to give a voltage proportional to the ZaADe 

Fig. 2-4 shows the final design of the load cell which Coie 

sisted basically of a thin walled cylinder (A), and two solid 

cylinders (B&C). The load was transmitted axially by the tube 
and the resultant axtal defloxion was measured by the inductive 

probe mounted in the end of cylinder (B), 

To ensure that the linearity of the coll would not be 

affected by temperature all the parts were made from tho same
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naterial, A further precaution taken during assenbly, was to 

smear the threads of cylindors (B&C) with ‘Araldite! to ensure 

that they would remain tight after assembly. 

The cell had the following limitations » relatively 

delicate construction, low stiffnoss and lack of protection 

ageinst bending. Both the first and second limitations were 

due to the thin walls required to give a reasonable defloxion 

for measurement by tho proximity probe, The third limitation 

could have resulted in the cell being fractured, but did not 

effect the measurements since the sensing clement was on + 

axis of symmetry where the mean gap remained sensibly constant, 

The low stiffness of the ccll was the mein limitation since in 

combination with tho moving parts of the exeiter » it formed a 

dynamic absorber at high frequencies. In use it was found that 

the coll gave a good elean signal, and that the usoful free 

quency range was Q0=-2500 Hz 

2-5) Response test techniques 
Throughout the preliminary tests the exciting force 

was applied to the rear axle oil drain plug which was situated 

a& the central point of the underside of the rear axle, Forcing 

level was maintained at 4.5 lbf VeMeSe, Gund both amplitude and 

I. phase responses were measured » for each of the neasuring 

~”a tations, over the frequency range 70 to 2500Hz, 

The following procedure was adopted to ensure that the 

forcing conditions remained ag constant as possible while each 

set of measurements was being made 
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a) the desired frequency was selected on the decade oscillator 

and checked with a digital counter, 

b) The phase meter was switched to the reference channel 

iec. force signal, and the filter tuned to give a 

maximun reading on the meter 

c) Tho force level was set using the phase meter reference 

level as a reference, 

d) the amplitude and phase responses were measured at each 

between cach pair of measurements. 

The measurements were made at 5Hz intervals in the 

frequency range 70 to 2500 Hz, 

2=6) Road tests 

position, the frequency and forcing level being checked 

These tests were performed with tho vehicle described 

in the introduction. This vehicle was reported to have an 

audible rear axle gear whine in the speed range 50 to 60 

mile/hr, 

Instrumentation for this test series consisted of an 

accolerometer mowrted on the rear axle drain plug, and a 

microphone mowited on a short tube which fitted iirto the oi] 

filler hole in the rear axle back plate. The signals from 

these transducers were recorded on two chamiel magnetic tape. 

Recordings were made at constant speed at 5 milc/hr 

intervals in the speed range 25 to 60 mile/hr inclusive. 

oO Analysis of the recorded Signals was verformed g
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cutting the original tape and forming continuous loops » one for 

each speed, for replay into a wave analyser, The analyser was 

equipped with an automatic frequency sweep and an analog output 

of the meter reading, enabling a pen recorder to be used to 

obtain amplitude v frequency curves, Tho analyser was not pro- 

vided with any method of producing a frequency scale on the pen 

recording, and consequently the presence of an operator was re= 

quired to mark the scale on tho records. 

al) Roaylis 
a). Rogonanes Tost Rogul.ts 

The amplitude response curves were fairly well defined 

even though the frequency increments botweon neasurements were 

rather large. This was not the case for the phase response 

curves Since the system was lightly damped, and consequently 

the phase changes wore extremely rapid with respect to fre= 

quency, Two other factors accowrted for the poor phase 

licasurencnts, the phase meter uscd would not measure the 

phase of low level signals resulting in gaps occuring in the 

curves, and small movements of the components of the rig caused 

quite large changes in the phaso response, This latter con- 

dition was duc to the nonlinearities in the couplings ete, 

The peaks in tho respoase curves vere nob exhaustively 

identified in terns of resonating components, but those labled 

A, B &C in figs. 29 to 12 were identified as resulting from 

the resonance of the propeller ghaft in the first, second and POF 3 

third bending modes of vibrations respectively. If the pro 

peller shaft was considered to be a pinned=pinnied beam then
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the natural frequencies of transverse vibration would havo been 

given byte 

fo = 29 n@ eh: 

78 
Which gave f= 164 Hz, fi, = 656 Hz, and f,, = 1467 Hz compared 

with f= 160 Hz, f, = 550 Hz and f, = 1250 Hz measured from tho 
rige Tho discrepancies in the frequencies for the higher modeg 

were most likely due to the influence of the flexibilitics of the 

ond fixings of the propollor shaft which were not pin joints to 

earth as assumcd in the theory, This conclusion was supported 

by the occurance of peaks ab tho frequeneics quoted above in 

the response curves for the two neasuring positions immediately 

adjacent to the ends of tho propeller shaft, ise. on the gear 

box extention, and on the rear axle gear carrier, figs, 28 

and 2612, 

In order to establish if there Was @ resonant response 

of 2 component or group of components which might have been 

instrumental in ercating the audible noise, the responses in 

the frequency range 400 - 600 Hz wore serutinized, This fro~ 

quency range was equal to the first order rear axle gear 

ucshing frequoney range corrosponding to a road speed range of 

approximately 42 to 64 mile/hr, In this range the only major 
resonant response was the second bending mode of the propeller 

shaft at 550 Hz, A road speed of 57 mile/hr would have been 
required for the first order roar axle gear meshing frequency
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to be equal to this froquency, This specd did not compare well 

with the reported speed of 50 mile/hr, for the maxima noise , 

but it was considered that the differences botwoen static and 

dynamic conditions and rig and actual environment, could 

possibley account for the diserepancy. 

If this resonance was the causo of tho amplification 

of the rear axle gear moshing forcing it appeared unlikely that 

the transmission of the disturbance to the passenger compartment 

was by mechanical means since the amplitudes of the re sponses 

at the rear springerear axle interfaces were very small at this 

froquency, figs, 2=5 and 6, It was indicated therefore » that 

the most likely mode of transmission was by airborn radiation 

from the propeller shaft, 

>) Read Cost Results 
Figs. 2-13 and 2814, show reduced copics of the wave 

analysis traces obtained from the magnotic tape recordings made 

during the road tests, Duc to the lincar forn of recording used 

in tho pen recorder, it was necessary to adjust tho gain of tho 

wave analyser at som stages in tho analysis to obtain the rem 

quired dynamic range , and this gave a discontinuous record, 

All the analyses obtained from tho microphone record 

ings fig. 2-13, showed a large amount of noise below 300 Hz, 

which was duc to road noise and oil slop noises. Thore was also 

a considerable amount of noise above 3000 Hz generated by the 

ball and rollor bearings, Neither of these regions of noise 

was considered to be of importance in respect to the rear axle ip p
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geax noiso problom due to thoir fairly cven spectra, and lack of 

ay marked changes with change of speed. 

In the frequency range 400 to 600 Hz there was a peak 

in the noise analysis which reached a maximm at 55 nmile/hr. 

and at a frequency of 525 Hz which coincided with gear meshing 

frequency at that speed, At tho same speed peaks occurred in 

the noisc analysis at frequoncics of 1150 aid 1575 Hz, and wore 

most likely duc to harmonics of the basic frequency. 

From the wave analysis of the acecleronctor signals 

fig. 2-14, it was found that thore was a large proportion of 

low frequency components duc to engine and road generated 

vibrations, Unlike the noise inside the rear axle the vibration 

at the accelerometer position did not show tho dominant high 

frequency conponents due to the bearing noiso,. Components of 

tho vibrations at first ordor rear axle gear neshing frequency were 

much more predominant than was the case for tho noise but again 

showing a maximum amplitude at a frequency of 525 Hz (road specd 

55 milc/hr.) Tho harmnics of the gear meshing frequeney were 

not present in the vibration these apparently being a purcoly 

acoustic phenomina, 

Lack of similarity between the noise and vibrations 

analyses showed that the microphone was reasonably insonsitive 

to vibration and was consequontly giving reliable results. 

Comparison of the road and laboratory test results 

showed that the high level of noise and vibration detectod in | 

the region of 525 Hz correlates well with tho resonanco of the
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propeller shaft in its second bending modo of vibration, Other 

than this thore was little agreement between the two sets of 

results. 

a8) Gonclusions and decision on further worl: 
i It was concluded that tho most likely cause of tho 

audible rear axle noise was the resonant response of tho 

propeller shaft, in its second bending mode of vibration, to 

the first order rear axle gear meshing disturbances, Further, 

it was considercd that if tho above conclusions were true, then 

tho most probable form of transmission of the disturbance to 

the passenger compartment was by diroct airborn transitission 

from the propellor shaft to tho floor of the vehicle and hence 

to the passenger compartmont. 

Based on the above hypothyses, the following guide 

Lincs were set out for furthor works- 

i) Furthor rospoaso tests showld be performed on tho 

laboratory rig, or preforably on a transmission system 

in its normal environment in a vehicle, 

He
 

& More road tests should bo earricd out omploying more 

comprehensive instrumentation, and miltischannel 

magnetic tapo recording equipment, 

iii) dn investigation of mothods of computing the natural. 

frequeneios and associated modes of vibration should be 

commenecd, 

iv) AL tho abovo studies should inelude some variation of a 

major paramoter of tho propeller shaft in order to fully
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assess the influence of the propellor shaft. 

From the expericnee gained in analysing the data 

collected in the road tests, it was considered that the 

following points should form the basis of a specification for 

an analysis systems- 

i) Original recordings should not need to be cus to form 

loops for analysis but should be copied onto secondary 

Loops. 

ii) Output of the system should be fully calibrated graphic 

forme 

iii) If possible, provisions should be made for tho analysis 

of miltiechannel data cither in parallel or sequontially. 

iv) The systom should reguire the absolute minim of operator 

atvention while ruming, 
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3-1) Sumaxy 

Tests are deseribed which woro designed to tost the 

hypothesis, based on the preliminary investigations of 

Chapter 2, thats— the resonant response of the propeller shaft 

in its second bonding mode of vibration was a prime cause of the 

audible rear axle noise in the passenger compartment, Both 

static resonance tests and road tests woro performed,using five 

propeller shafts having different dianeters, 

It is show that the results of the tosts disproved tho 

hypothesis, but they did indicate that an investigation of the 

possible mechanical transmission of a disturbance via the rear 

suspension system would be likely to yield more positive results, 

It is also show that tho assumptions made about the character 

of the road test data were incorréct, and that tho analysis 

‘techniques employed wore sonscquently not ontircly satisfactory, 

3n2) Details of experiments 

i) Response teste of “transmission systoms. 

All the response tests discussed in this chapter wore 

performed on transmission systoms fitted to a standard vehicle, 

The only paramcter varied was the diameter of the propeller 

shaft which was chosen duc to the relative ease with which it 

could be varied, 

Initial response tests were on the transmission systen 

fitted with a standard 2,5 in, diamctor propeller shaft. Theo 
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procedure employed for these response tests was basically the 

samo as that used for tho preliminary rig tests, detailed in 

Chapter 2 section 5, Modifications to the procedure were the 

omission of the phase measurement due to the difficulty of ob 

taining a consistent measurcnent, and the inerease in the number 

of measurements taken, 1 Hz intorvals from 70 to 2500 Hz. 

Instrumentation was the same as that used for tho prelininary 

tests, Chapter 2 soction 4, except that a greater nuwaber of 

measurement points were employed, as shown in fig. 3—1, and the 

change of the oxciting point to the externally accessible end 

of the pinion shaft, This lattor change was to obtain a morc 

accurate representation of the oxeitation due to the me shing 

of the rear axle goars, 

At this stage in the work an automatic response test 

instrumentation system was purcnascd, and this system, wiiich 

is shown in block diagram form in fig. 362, was employed in the 

further tests of the transmission system with tho nonstandard 

propeller shafts fitted, This sytem consisted of a beat from 

quency oscillator supplying an clectro=dynamic exciter via a 

1 kilowatt power amplifior. The force output of the exciter 

was maintained constant by a feedback’ signal from the load cell 

to the oscillator ouput compressor circuit, A lovel recorder 

was used to record the outputs of the accclerometers, and was 

syneronized to the oscillator by virtue of the fact that the 

oscillator frequency sucep drive was provided by a mechanical 

coupling from the level recorder. Since only one channel was
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available on the lovel recorder, the owbsputs of the aceeloro= 

meters were recorded in turn on successive frequency sweeps. 

The main disadvantage of this automatic system was 

the lack of any means of filtering the accelorometer signals 

to ensure that only the fundamental response was being recorded, 

To overcome this, it was necessary to perform the tests at a 

low excitation level in order to reduco the harmonic excitation 

to a mininun, 

For the tests of the transizission systom with non 

standard propeller shafts fitted, measuremonts were rogtricted 

to a reduced numbor of positions in order to reduce the timo 

required for tho tests. The positions at which ncasurenents 

were taken wore 1, 3, 9, 10, 12 and from an accelorometer 

mounted in the exciter coupling see fig 3-1, 

Response tests were performed with this systom on the 

transmission system fitted with propollcor shafts having 

diameters of 25 26255 265, 2675 and 3 in, 

An attempt was made to measure the acoustic re sponge 

in the passenger compartment during theso tests, but was 

unsuccessful duc to the high background noisc and lack of 

suitable filtering cquipment,. 

ii) Read Tests 

The road tests deseribed in this section woro 

carricd out on the high speed circuit of the Motor Indusiry 

Research Association's proving ground. Tho vehicle used for 

these tests being tho samo vehicle used in the resonance tests
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deseribed in the previous section. 

Mcasuremenmts were taken during the tests with the 

transducers listed beclows= 

i) Microphone in passenger compartment, suspended at car 

level midway between and slightly behind the driver's 

and front passonger's heads, 

ii) Microphone insorted through the propollor shaft tunnel at 

a point length of propellor shaft from the rear hooks 

joint. 

iii) Microphone by rear axle gear carrior. 

iv) Accclerometers at positions 1, 3, 9, 10 and 12 (sco 

fig. 31) 

fhe microphone in the passenger compartment was 

positioned as stated above, sincc this seomed to be a 

representative position at which to moasure the noise audible 

to the occupants. 

The microphone insorted through the propeller shaft 

tumel was intended to measure the noise above the propoller 

shaft in order to test tho hypothysis that if the propellcor 

shaft was responsible for tho amplification of the disturbance 

the noisc would be transmitted to the passenger compartment by 

direct airborn noise, The positioning of this microphone 

was such that it was above an anti-node of the second mode of 

transverse vibration of tho propeller shaft which was the modo 

of most interost in this part of the investigation, 

fhe third microphone by the rear axlo gear carricr 

was to dotect if there was any direct airborn transmission
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from the gears, 

Accelerometer positions 1 and 3 were chosen to give 

information about the behaviour of the propeller shaft, by 

inferance, since it was impossible to measufc directly due to 

the rotation, Theo further positions 9, 10 and 12 were choson 

to give information about tho behaviour of the rear axle and 

to correspond to the positions used in the latter response 

tests. 

Microphones wore B and K condenser microphones, and 

were powered by battery packs, Acccleromoters were Langham 

Thompson type XA2 pizo-erystal with battery cathode followors 

of our own design and construction. 

signals from the cight transducers wero ro« £ g & ci
 

corded on cight channol magnetic tape by a battery powered tape 

recorder which omployed a F, M, (frequency modulated) recording 

system, The F, M, recording system was choson duc to the 

inhorent stability of the recorded signals. D.C. capability 

of the F.M, system was sacrificed in favour of an A.C. systom 

with a bandwidth of 50 to 2500 Hz and an incroased sensitivity 

suitable for the direct recording of the transducor signals. 

A furthor advantage of the high lower Limiting frequency of 

the recording system was the filtoring owt of the low 

frequency, large amplitude components of tho signals with a 

consequent gain in the sensitivity to the signals of interest. 

A serics of tests were porformed with oach of the 

five different propeller shafts fitted to the transmission
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system, Each series of tests consisted of constamt specd runs 

at 5 milo/hr, intervals in tho speed range 25 to 85 wilc/hr, 

inclusive. 

Wave analysis of the recordings was performed by 

copying the recordings onto multi-channel magnetic tape loops 

for replay into the automatic wave analysis equipment which is 

deseribed in Chaptor 4, 

3—3) Discussion of romults. 

i) Response tests of transmission systom with standard propeller 

shaft. 

Response curves for all the measuring positions other 

than position 8 are shown in figs. 363 to 15. (No results wore 

obtained for position 8 due to a circuit failure at an carly 

stage in the tests). 

The propeller shaft was confirmed to be tho most 

active component by the much groater magnitude of the vibrations 

measured at positions 13 and 14 (figs. 314 and 15), compared. 

to those measured at other positions, 

The following natural froquencies were identificd 

from the curves for tho response of the propeller shaft in tho 

vertical planc. (figs, 3=14 and 15). 

lst flexural mode of propeller shaft 150Hz 

ond n " n t " 575Hz 

3rd tt it it tt tt 1100Hz 

Ath " tt n ti 1 1800Hz 

These frequeneics agreed well with the valuos obbainod from 

the preliminary response tests performed on the laboratory rir ! L $  
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which gave 160, 550 and 1250 for the first throo frequencics, 

The small differences which did occur wore duo to the change 

of environment of the transmission system and the fact that 

the components fitted to the vehicle wore not the same as those 

used in the rig, 

If the rosonance of the propeller shaft in its second 

flexural mode was responsible for tho audible rear axle gear 

moshing noise, then these rosults showod that tho noise would 

be a maximum at a road speed of approximately 58 mile/hr, This 

did not agree with the subj ectively assessed maximum noise 

which occurred ot a speed of aporoximatoly 50 mile/hr. It was 

unlikely that the change in ond conditions of tho propeller 

shaft betwoon tho gtasic and dynamic conditions would be of a 

sufficient magnitude to produce tho required change in frequency 

of the second bending modo of vibration of tho propoller ists onlp 

it resonate at 50 milc/hr, » Whon forced by the rear axle goar 

meshing, 

Response curves for the measuring positions on tho 

rear axle showed a very complex response picture, and no 

particular resonances could be identified. Thoro was a marked 

lack of symotry in tho ro sponse about the axis of the propeller 

shaft as is show by fig. 3-16, which is a comparison of tho 

vertical responsc at the two onds of the rear axle. There were 

two reasons for this lack of symmetry ‘= the complex input owtput 

mechanisms of the internal components of the rear axlo 3 and the 

fact that the mass of the axle was not evenly distributed about  
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the, axis of the propeller shaft. The first of these factors would 

almost cortainly be the major factor in producing the asymmetric 

response, since the mass was not excessively asymmetric, and 

would have its major effect in tho lowor frequency ranges. A 

further factor which might have influcneed the symiotry of the 

response was the leaf springs which may have had slightly 

difforent frequency responses and damping characteristics, 

t. ii) Response tests with non standard propeller shafts fitted 

to the transmission system, 

The response curves obtained from these tests are 

show in figs, 3-17 to 22, Amplitudes are plotted on a Db 

seale relative to 0 Db = 0,01 ¢ neak and the curves arc dis 

placed upwards by 15 Db for cach inercase in propeller shaft 

diameter, 

Influcnee of the propeller shafts on those responses 

was idemtified by the peaks labled A, B and C which wero due to 

the resonant response of the propeller shafts in their first 

three bending modes, These frequencies together with the 

frequencies of the other major peaks in the response curves, 

are plotted against propeller shaft dianoter in figs. 323 to 

28. 

It can be shown that if tho vropoller shaft is 

treated as a simple pinned~pinned beam, then the natural 

frequencies will be proportional to the change in diameter for 

small changes of diamoter, This simple theory was not supported 

by the result obtained from the response tests. Tho main  



  

  

reason for the deviation from the simple thoory was the influcnec 

m the propeller shaft of the flexabilitics of the rear axle and 

gear box, These deviations would be varticularly marked where 

natural froqucneics of modes of the rear axlc or gear box 

existed close to the propeller shaft froequoncics. 

The propeller shaft also influenced tho response of 

the rear axlo at froequencics other than the natural frequencies 

of the propeller shafts as can be seen by tho cffeets on tho 

two peaks in the response curves in tho region of 125 Hz, 

fhe interaction of the various modes of tho propeller shaft and 

the rear axle will be discussed further in chapter 5, which 

deals with the theoretical investigations of the transmission 

systom.e 

4 considerable shift in the sccond natural frequency 

of the propellor shaft was achieved by the variation of diamoter, 

Total range of the frequency shift was 520 to 700 Hz and this 

was considered to be more than sufficiont to bo detectable in 

the noise in the passenger compartment during the road tosts. 

In the frequency range containing the second natural 

frequency of the propeller shafts tho rosponse at tho spring 

axle intorfacc was in all cases very small, fig, 318, This 

strengthered tho hypothgsis draw from tho proliminary survey 

that if tho audible rear axle gear meshing noise was a function 

of the resonance of the propeller shaft in its scocond bending 

mode, then the transmission of the disturbance to the passongor 

compartment would be by direct airborn radiation from the  



  

  

Bhe 

propeller shaft. It was noted that in all the response curves 

for the spring axle interface, there was a small peak in tho 

response at a frequency slightly bolow 5U0 Hz which was a from 

quency more consistant with the reported speed at which tho 

maximum audible rear axle gear moshing noise was heard, It 

therefore scomed possible, that thore was a mechanical trans 

mission of the goar moshing frequency disturbance at 50 milc/hr, 

which was indepondent of the behaviour of the propeller shaft, 

It was hoped that the road tost results would clarify which of 

these two possible transmission paths was the dominant onc, 

iii) Road tcst results. 

Magnetic tape recordings obtained from the road tests 

wore first analysed on the assumption that the data would be 

complex periodic with a small random content. A wave analysis 

systom which is discussed fully in Chapter 4 was uscd to obtain 

the wave analyses of tho recordings with the followine scttings 
> oo 

on the B and K level recorder, 

Dynamic range 50 Db 

Lower limiting frequency 2C Hz 

Rango 50 Db 

Writing speed 16 m/s 

Paper spood 0.3 m/s 

From Ref, 10 these settings were found to give an averaging 

time for tho output of 1.6 s, Two typical output traces aro 

shown in figs. 3=29 ond 30, 

The traces from this first analysis wore found to be  
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spikoy and consequently difficult to interpret, Two factors 

contributed to these poor results, the low averaging timo, and 

the long data sample. This combination would have been satise 

factory if the data had been stationary periodic as assumed, 

In an attempt to improve the confideneo in tho results 

the samc magnetic tape recordings wore rekanalysod using tho 

following settings of the levol recordors 

Dynamic range 50 Db 

Lower limiting frequency 20 iig 

Range LO Ha 

Writing speed 2 m/s 

Paper Specd 0.3 mys 

These gave an offective averaging time of 2.5 s and tho data 

sample was also reduced to 2.5 s to be compatable with this 

averaging time, The traces obtaincd from this sccond analysis 

were much smoother as is shown in figs. 3=29 and 30, This 

improvement in the wave analysis traces showed that tho initial 

assumption of stationary complex periodic signals was incorrect, 

4.8 ae and that the signals wore in fact nomstationary, but could be 

treated as stationary over short time samples. 

The first set of wave analysis traces wore reduced to 

a usable form as follows. Four frequency ranges wore chosen, 

100 = 200, 200 ~ 400, 400 ~- 3800 and 800 = 2500 Hz, and in each 

range the mean lowor lovel (or apovecimate signal noise level) 

was noted together with the frequency and amplitude of any poaks 

in the trace,  



  

  

36, 

4 , 3 The data obtained from this first method of roduction 

was plotted against road speed as is show in the exaitples pre-e 

sented in fig. 3831 to 34. 

The most obvious characteristic of all these plots was 

f r the incroase of amplitudes with increaso in speed, This was 

expected since the power input to the vehicle in all forms was 

o incrcease with speed and it was reasonable to assume ct
 exnected 1 i O 

that the total power would be distributed in a similar mannor > 

with respect to frequency at all speeds, 

In general most of the low froquency peal:s in tho 

analyses wore identifiable in terms of harmonics of engine rotational 

frequency or resonant frequencies of compononts. Repeatability 

of both frequency and amplitude measurements were quite good in 

the two lower frequency ranges showing that the signals most 

probably were complex periodic as originally oxpected. Repeate 

ability was not so good in the higher frequeney bands duc to 

cither the poor analysis techniques, or incorrect assw iption about 

the form of the signals, or a combination of both these factors. 

he analyses of tho noise in the passonzer compartment 

did not show conclusively that rear axle gear meshing noise was 

preseivs. A peak at rear axle gear weshing frequency only 

occurring in three of the five scts wave analyses 3 and then it 

was not a very significant peak. ilo evidence of the propeller 

sheft influencing these rear axle rear meshing frequency conpon= {3c “O 

ents of the noise was found. Thoso components may be observed  
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fig. 334 whore the frequency of the rear axle gears mo shing is 

given in Hz by approximately 10 times the road speed in milc/hr, 

A major factor which accounted for the lack of 

detection of the rear axle gear meshing frequency components of 

the noisc in tho passenger compartmont, was the position of 

tho microphonc, The microphone was placed almost exactly in tho 

contre of the compartment where it would have only detected 

activity in one eighth of tho acoustic modes of the onclosurc. 

tho correct position for the microphone was in one of the 

corners of the compartment where all the modes of the 

cnelosurc havo pressure anti-nodes, 

Other factors which coxtributed to the failure to 

detect the rear axle gear moshing frequency components wore 

the largo speed increments uscd (5 milc/hr.), which could have 

resulted in a high Q resonance being straddled, and the rathor 

broad bandwidth of the analyser resulting in the signal of 

intorest being buricd in noise. 

As was stated to be the genoral case, tho lowor 

frequency peaks in tho passenger compartmont, noise analyses, 

were due to harmonics of engine spood, and wero unaffected in 

respect to frequency and amplitude by the changes of tho pro- 

peller shaft, 

The anplitucs of peaks in tho analyses of the noise 

in the passenger compartment in the upper frequency bands 

. . P 
showed variations from test to test, of as much as 10 Db, but 

: . 
not in any particular pattern which would cstablish the ine  
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fluence of the propollor shaft. Theso variations would have 

beon reasonable if the noisos wero duc to external influcnecs 

such as wind noise which would require identical test conditions 

for a reasonable repeatability. Altornatively, tho noiscs could 

have boo: duc to high Q resonances which would require tho teogt 

speeds to be oxactly equal for repeatability. 

liaise above the propellor shait was of a greator 

magnitude than the noise in the passonver comparticont » ond the 

trond of the sound pressure levol was more linear with tho 

inercase of speed. A more detailed couparison of the noisc with 

the noise in tho passenger compartment showed that the attenuation 

of the floor of the vohicle was good, and that the noise trans 

mitted through the floor formed only a sitall component of the 

total noise in the passonger compartuent,. 

There was a woll definod peak in the analyses of tho 

noise above the propeller shaft at the frequencics associated 

with the vibration of tho propellor shafts in their sccond mode 

of flexural vibration, Those peaks cxisted at all speed, and 

did not show any marked inercaso in amplitude whon tho roar 

axle gear icshing froqueney was equal to the natural frequencics. 

Tho frequencies obtained for the natural frequoneics of the 

second mode of flexural vibration of the propeller shafts ’ 

were slightly lower than those obtained from the re sponse tests 

. due to the change of end conditions ro sulting from the rotation 

of the hookes joints. 

tho only component of tho noise above tho propeller  
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% in the region of 500 Hz which showod any predominance 

was a peak in the analyses at 500 Hz at 70 milc/hr., but this 

was not related to rear axle goar moshing noise, sinco it was a
 

woll beleyw tho ex 
_ sax moshing frequency at this speed, 

Rosults obtained from tho microphone near to tho 

wear axlo gear carrier wore of a much groater level than those 

obtained fron either of the other microphones, This was duo 

to the exposed position of the ni. crophone resulting in J
H
 

ce
 

reecrding mainly wind noisc,which being random in nature , 

tended to swerp tho noises of interest and hence nulify tho 

neasurenents taken with this transducor. 

Analysis of tho accolerations measured at tho 

mamiring positions on tho rear axlo 1,0. positions ly 3 and 9, 

showed that tho discreet froquoney componeirts wore of a small 

nagaitude throughows the frequency range considerod. In 

At 
ae general the lower froqueney components wore tho largest in 

amplituds, bwt not to such a marked exteizt as in noiso anc wlyses 

In relation to tho rear axle goar no shing noise 

problom, thore was a ecuponent of the vibration at tho uo shing 

ch ronched a maximum at 45 milo/hr, approxinately. 

‘his ccuponomt was detected in tho signalr from each of tho 

4 D three positions, but was particularly marked in the vibration 

of tne rear axle rear spring interface (position 1 fig. 3~31). sae “a 

The frequoney and speed at which tho meaxiznm amplitude occurred 

wore incepencont cf tho change of propellor shaft. 

mm Comparisoas of tho amplitudes of the goar neghing  
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frequency componcivt in tho vibration of the rear axlo at 40 

and 50 milo/ hr, indicated that tho absolute maximum of thig 

componcits amplitude occurred between 45 and 50 riiLe/ hr. 

This fact, combined with the frequency of the vibration of 

40 Ha approximately agreed much moro closely with the sub- 

jective assessments of tho rear axle noisc than did tho 

natural froquencies of the second mode of flexure of tho 

propellcr shefts. These results indicate that thore was 2 

ct
 high probability that the audible noise wags duc to the 

mechanical coupling of the rear axlo to the body via tho roar 

springs, and not duc to dircet airborn transmission from the 

propeller shaft. 

None of the peaks which oceurred in all threo 

analyses of the vibrations of the rear axle showod any variae 

tion of amplitude between the measuring positions of a sufficiont 

nagnitude for identification of modal shapes. Lack of re~ 

solution of tho analyser was tho nost likely cause of this 

shortcoming of the results, although if the vibrations wore 

random in naturo, the unsuitable analysis techniques could 

have caused this. 

Since the vibration of tho propeller shaft could not 

be mcasured dircetly due to its rotation, it was necessary to 

infor its behaviour from the moasurouents at positions 11 and 

2 ’ lz. The vibration at thoso two points were of the order of 5 

tines greater in magnitude than thoso measured on the rear 

oxlo, This gave strong support to tho hypothysis that tho 

propeller shaft was the loagt damped component of tho transe    



  

No evideneo of coupling botweon the rear axlo gear 

meshing forcing and the second mode of flexural vibration of 

the propeller shaft was found in tho results obtainod fron 

position 11, This may have been duc to the neasuring position 

being closo to a nodal point of the nodo of vibration, but was 

nore likely duc to the good isolation of the propeller shaft 

fron the pinion shaft by the hookes joint. 

None of the vibration measurements showed any signs 

of local rosonanees which could have boon amplifying factor in 

the generation of the audible noise, othor than the response of 

the roar axlo at 440 Hz, 

3 fhe results obtained from this analysis and interpre-- 

1. 
tation technique, showed poor repeatability, and not much com 

fidence could bo placed in thon, It Was, therefore, decided 

to rowanalyso the original recordings with inproved analysis > 

the discussion. parancteors, This was indicatod carlicr in on
 

A> A different technique of reducing tho initial wave 

analysis tracos was omployed in order to ineroase tho confidence 

in tho results, and also to spood up tho reduction, Only the 

auplitues and frequency of peaks in the wave analysis wore 

considered in this reduction, sinec it was roaliscd at this 

stage that the base level of the tracos was stronsly influonced 

by the poor filter shapo, and was not representative of the 

truc data, Tho amplitudes and frequencies of the peaks wore 

tabulated and copicd on to puched tapo for computor processing,  
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The first stage of the processing was to correct the 

auplitucs according to the frequeney resnonso charactecristics 

of the magnotic tape equipment, and to convert to ¢ levels in 

the ease of the acecleration results. Tho sccond part of the 

processing programe was uscd to plot frequoncy v speed on a 

log-log scalc on the "on Linc" digital plotter, (An oxamplo of 

the frequency v road speed plots obtained is showm in fig, 336.) 

Fron the frequency v road speed plots it was 

possible to docide which of the peaks in tho wave analyses had 

occurred at constant froqucncies irrespective of road speed and 

which had oeeurred at multiples of ongine speed, This infor 

ation was used to coutrol a sorting programme which obtained 

from the ouput of tho first programac lists of tho amplitudes 

for the constant frequency peaks, and for tho constant miltiples 

of engine frequency peaks, A sclection of the curves plotted 

from these lists arc presented in figs, 3~37 to 44. In tho 

following discussion, the constant frequeney resultsare dealt 

with first, and thon tho miltplos of engino spcod rosults. 

Noise in the passenger compartment exhibited six 

major frequencies at which peaks occurred in tho wavo analyses 

Fy
 

or a large mumbor of conditions. These froequeneics weroi- 

79 Hz 
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501 Hz 

682 Hz 

Of the amplitude v speed curves for these froquencics only 

those for the 79 Hz frequency showed a distinct maximm which 

occurred at 40 ile/hr. approxinetcly, This frequency was the 

fundancntal acoustic resonant froquoney of tho cnelosurc and 

the naxinun response was duc to the ongino firing disturbance. 

Since the maximum audible rear axle goar moshing noise 

was roported to oceur at 50 milo/hr, it should have beon dotectod 

as a naxirmm in tho 501 Hz amplitude v speod curves, There was 

no ovidenee of such a condition cxisting in any of thoso curves, 

probably duc to tho poor positioning of the microphone as pro= 

viously mentioned, one of the othor curves showod any evidence 

of any response to rear axle goar noshing disturbance, 

The najor constant frequency components occurring in 

the analyses of the noise above the propollor shaft woro:- 

75 Ha 

217 Hz 

A91 Hz 

848 Hz 

974 He 

together with a scorics of constant froquency conpononts which 

variod with propoller shaft diamctor as follows: 

PS. Dib. Exog. 

2.00 in 500.8 Hz 

Been 1h 54926 Hz  



ES. DIA. FREQ. 

2050 in 577 e3 Hz 

26/545 642.U Hz 

3,00 in 669.3 Hz 

Those latter frequencics gavo a slightly difforent line for the 

variation of tho second flexural resonant frequency of theo 

propeller shafts to those obtained fron the response tests and 

tho first analysis of tho road tests, sce figs 3-36. 

None of the amplitude v speed curves for thoso con 

start frequency components of the noise above the propellor 

shaft showed any large increase in amplitude from thoir general 

trond as would be cxpected if a resonant condition existed, 

This lack of any resonant condition was also the case for the 

second mode of vibration of tho propellor shaft as was 

evidenced by the sound pressure lcvel at the appropriate fro~ 

queneics being nearly lincar with speed and relatively unm 

affected i the variation of propollor shaft. 

Sound pressure levels above the propeller shart 

wore considerably hicher than those in the passenger cormparte 

nen’ at equivalent frequnncies, and the major constant fro- 

queney components of the two noises wore not all the sano, 

These two results showed that the acoustic isolation of tho 

passengor conpartuent fron the bclow floor noises was good, 

po
 

It appeared fron this result that tho airborn transmission of 

tho rear axle gear noise direct from the transmission system 

was negligible, 
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As was stated in the discussion of tho first analysis, 

the neasurcnents taken with tho microphone close to the rear 

axle goar carricr wore negated by tho excossive anount of wind 

NOLO» 

Only two constant froquoney componcits worthy of note 

oceurred in the analyses of the vibrations of the rear spring 

rear axlo interface (position 1) 435 and 940 Hz. In two of tho 

five casos, the curves of amplitude v specd showed a sharp ine 

crease at 45 milo/hr.e , d.c. whon tho rear axlo goar ne shilng 

frequency was approxinatcly oqual to 435 Hz, As was stated 

oarlicr this was considered to be tho most significant component 

of tho vibration of the rear axle in relation to tho audiblo roar 

axle gear meshing noiso, 

Three major constant frequoneics wore detoetcd in tho 
they were. 

results for positions 3 and 9, 70 , 437 and 934 Ez. Tho 70 Hz 

components did not show any distinct naxina, but tho 435 and 

934 Ha components both showed maxima in the region of 45 to 50 

milc/hr., Comparison of tho levels obtained ab tho 437 and 934 

Hz frequencics with those obtained at position 1 for tho 

corresponding componcnts showod good agreomont with tho results 

x) 
of tho response tests at thesc froecuoneics, i: x 

The charactoristics of tho vibration at the nosc of 

the rear axle gear carrier in tcorms of tho constar’ frequency 

components wore quite difforont from those of tho rear axlo 

proper, 215 Hz and tho scocond flexural froquencics of tho 

propeller shaft boing the major components, The 215 Hz COMDOM
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onts wore much greater in amplitude than tho ro sponse of the 

rear axle at similar frequency (20 Db up) and thore were maxina 

in these components at approximately 60 milc/hr. 

There was somo evidence of the rear axle gear ne shing 

causing resonance of the propeller shafts in thoir sccond 

flexural modes, but in all cases these wore occurring above tho 

suspect spocd of 50 milo/hr, 

Only one najor constant froquoney component was dc= 

tected in the vibration of the ond of the gear box oxtonsion 

626 Ha, and tho amplitudes of thoso compononts did not show 

any maxima but only a steady inercase with spocd. 

Predominant constant engine order components in tho 

noise in tho passenger compartront were first and second both 

at approxinatcly 90 Db sound prossure level. Some cvidence of 

tenth engine order rear axlo rear neshing frequeney components 

was found, but no maxima wore found in the corresponding 

SeDel. V speed curvos, 

In the noise over tho propoller shaft, the major 

constant ongino order components dotcetod wore first, socond 

and fourth, Sound pressuro levol for those corponents was 

about 106 Db showing that the passonger compartinois acoustic 

treatnont was not so good at theso lowor froquoncics. Changing 

the propoller shaft did not havo any measurablo cffoet on thoge 

results, and no cvidenee was found of tho tomth engino ordor 

harmonic boing present. 

* S. ne rear axle showed sinilar constant The vibration of +
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engine order conmponcnts at all three moasuring positions. Major 

orders dotccted wore first, second and fourth with moasurablo 

components also occurring at 1.2, 1.4, 1.5, 205 ond 3 tinos 
strange 

ongine specd. These Oe order componcizts wore presumably duc 

to the rotation of the half shafts and tho difforombial goars. 

Roar axle goar noshing frequency (tenth cngino order) components 

were only detected in tho vibration at position 9 which was the 

nearest to the gears, Thore was resonant pealting in theso 

tenth order components in tho rogion of 45 to 50 nilo/ hres but 

only to the cxtent of two to three Db and independent of the 

sizo of propeller shaft fiticd., 

Constant ongine order compononts. of tho vibration of 

the nose of the rear axle gear carricr wore sinilar to tho rear 

axle vibration components but 10 to 15 Db greater in amplitude, 

There was some influence of the propeller shafts on the 

3 

plitudes of the lower orders, but not on the tenth engine 

>
&
 

order which was not a well defined component, 

As was expected, the highest vibration levels at 

constant engine order frequencies were measured at the end of 

the gear box extension, The first, second and fourth order 

components were the strongest due to the direct mechanical 

connection of this measuring point to the engine block, 

In order to establish which frequencies and constant 

engine orders were predominant but independent of the change of 

propeller shaft, a further quick analysis of the data from 

the second wave analysis was performed, For each of the trang
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ducers the frequencies which lay within 10% of each other in 

the five tests with the different propeller shafts were 

averaged to give a mean frequency independent of the propeller 

shaft for each speed, The results of this data reduction are 

shown in figs. 3-45 to 52 on which the major frequencies and 

engine orders detected are shown. 

For all the transducers the constant engine order 

components were predominating characteristics with a small 

muiber of constant frequency components. The strength of 

these constant engine order components was such as to make the 

interpretation of the constant frequency components in the 

lower frequency region almost impossible. 

Woise in the passenger compartment revealed four 

constant frequency components by this reduction, i.e. 125, 

215, 305 and 500 Hz, The 500 Hz component was only consistently 

detected at 65 mile/hr, 9 though there was evidence of it being 

associated with the llth order component at 50 mile/hr, There 

was no evidence of a rear axle gear meshing frequency component 

and only slight evidence of a 440 Hz constant frequency compon- 

ent which had been indicated to be the frequency at which the 

audible rear axle gear noise would be a maximum, 

flo constant frequency components were detected in 

the noise above the propeller shaft, or in the noise near the 

rear axle gear carrier, At neither of these positions did the 

noise have any rear axle gear mesluing frequency components 

which added further strength to the hypothysis that the audible
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noise was mechanically transmitted to the body. 

Strong evidence of the mechanical transmission of the 

rear axle gear meshing vibration to the body of the vehicle wag 

given by the fairly well defined tenth engine order component 

and the 440 Hz constant frequency component in the vibration of 

the spring axle interface, These two components coincided at 

approximately 48 mile/hr, wltich could have accounted for the 

lack of a measurable component in the passenger compartuent, 

since this speed lay between two of the test speeds, These 

results also showed some evidence of a constant frequency 

component at 950 Hz and a twentieth engine order component 

which indicated that the first harmonic of rear axle gear 

meshing frequency might also be important in the audible noise 

in the passenger compartment, 

Further support for the mechanical ‘transmission of 

the vibration was found in the well defined tenth engine order 

component of the vibrations at the other two positions on the 

rear axle. However, neither of these positions showed the 

440 liz constant frequency component in their vibrations, and 

it was considered that this component was due to the springs. 

fhe components of the vibrations at measuring positions 

ll and 12 were all low engine order components, and were une 

important in relation to the rear axle gear noise problem, g t 

3-4) Conclusions 

The tests described in this chapter showed conclusively 

that the hypothpsis that the resonant re sponse of the propeller



    

  

50, 

shaft in its second bending mode of vibration was a prime cause 

of the audible rear axle noise was incorrect. The re: sons for 

this conclusion were: 

a) The frequency at which the second mode of bending vibration 

was excited was found to be well above the rear axle gear 

meshing frequency at the suspect road speed of 50 mile/hr. 

b) The variation of propeller shaft diameter produced no 

measurable effect on the noise in tho passenger compart- 

meirb., 

c) The secondary hypothgsis that the noise would be trang 

mitted by direct airborn transmission from the propeller 

shaft was not proved, and was further more show to be 

unlikely, 

fhero was strong evidence, both from the static 

response tests and from the road tests that the audible noiso 

was in fact due to the mechanical transmission,of a disturbance 

centred at a frequency of 440 Hz, via the rear suspension 

system to the body of the vehicle, The road test results also 

showed that the maximum noise was likely to occur at a road 

speed of 48 mile/hr. , and that it was likely to be associated 

with a high Q resonance, 

The poor quality of the results obtained from tho 

road tests showed that greater attention to test technique was 

required for the actual tests. The results also showed that 

the initial assumptions about the form of the data vere WLONZ » 

and indicated that:



a) 

b) 

the data was in fact, random, and not complex periodic, 

tie wave analysis techniques employed for the data reduction 

were not the most efficient techniques for analysing this 

form of data,
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CHARTER A. THEORY AND PRACTICE OF 

WAVE AALYSIS 

Jel) Summary 

The theory of wave analysis is discussed and 

practical methods of performing analyses of electrical analog 

signals electronically are described, Equipment used for the 

wave analyses of road test results is described fully, and its 

shortcomings detailed. 

42 Types of data to which wave analysis may be applied 

In wave analysis we are considering two types of data, 

stationary periodic, and stationary complex periodic. Both of 

these types of data are determanistic, i.e. they can be doscribed 

by suitable equations in the independent variable, 

Stationary periodic data can be expressed in equation 

form by a fourier series as belows 

Y(t) = K, (sin 2ntt + 0) + Kosin (ArT £b + Q) + mn fede, 

or 
oS 

= 
Le 
not 

Y(t) = x sin (2nfnt + Q) 4eLb 

‘ a's th ‘ 
Where KO = the peak amplitude of the n°” harmonic 

£ = the fundamental frequency 

Q@ =the phase of the a 
n 

harmonic with respect to the 

fundamental. 

Stationary complex signals are a mixture of sinusiods 

which are not necessarily.related harmonically, but which have
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2 

Je 

a 
constant ampli tues. The mixtures may be products as well as sums 

of the sinusiods in any combination, This type of data is 

obviously not capable of such a neat mathematical description 18 Pp 

as the previous case. 

43) Types of wave analysers 

The only way of performing true fourier series analysis 

of data is to process it on a digital computor, but this requires 

expensive digitizing equipment for the conversion of analog 

signals to digital samples, and there is also the problem of 

establishing the fundamental period of the signal. In order to 

overcome these problems, the most usual way of analysing 

electrical analog signals is with an electronic analog wave 

analyser, 

There are two basic types of analog wave analyser:= 

i) contiguous band analyser 

ii) swopt filter analyser 

The swept filter analyser can be further sub-divided into two 

classes, constant bandwidth, or constant percentage bandwidth. 

All the above analysers give an assessment of the amplitudes of 

the periodic components of the signal being processed, but no 

phase information, This lack of phase information is normally 

of little consequence in vibration analysis, and was no dig= 

advantage in the investigations described in this thesis, 

FS H
e
 

uu
 A block diagram of a contigous band wave analyse 

shown in fig. 4-1. An analyser of this type consists of a set 

of filters (band pass) each centred at a different frequency,
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abe 

and a set of detection and averaging circuits, one set for cach 

filter, The signal to be analysed is applied similtancously to 

the inputs of all tho filtarsj~andiafter a short time lapse the 

outputs of the detection circuits arc logged. 

Quick look analysis can be performed vory cfficiontly 

on a contigeous band analyser employing fairly wide band filters 

not necessarily all of the same bandwidth, However, for detailed 

analysis particularly of closcly spaccd components, the cost of the 

contigeous band analyser becomes prohibative. Duc to the lowor 

cost, the swept filter analyser is the most common form of 

analyser used for detailed analysis, and of the two classes of 

analyser, the constant percentage bandwidth analysers is the 

most frequently uscd, 

As the namo implics, the constant percentage band~ 

width analyser is based on a filter which has a bandwidth Dro= 

portional to the eccntre frequency to which the filter is tuncd, 

These filters consist of tuned rejection circuits used in the 

feedback of an operational amplifier as shown in the block 

diagram in fig. 4-2, 

The main disadvantage of constant porcentage bandwidth 

analysers is the poor filter frequency response function shape s 

obtained due to the requirement that the components of the ro~ 

jection circuits must be variable in order that the contre 

frequeney of the filter can be varicd. A further Limitation is 

the low ultimate rejection of the filters resulting from the 

gain obtainable from the operational amplifiers. 

 



  

ee 
5D. 

The constant bandwidth analyser is not deseribed in 

this chapter since it is discussed in detail in chapter 6, D Dp 

4m/) Syston used for tho analysis of road test mocordings 

The basic unit of tho system was a Bruel and Kjocr 

Type 2107 narrow band analyser, This instrument was a constant 

percentage bandwidth analyser operating on the principle des 

eribed above. Automatic swecp of the filter centre frequency 

was achieved by a mechanical drive from a Brucl and Kjoer Type 

2305 level recorder which also provided the detection, averaging 

and pen recording facilitics for the analysis. 

Since the analyser was found to require approximatcly 

12 min of signal to produce a complete analysis, it was necessary 

to employ a continuous loop magnetic recorder to obtain this 

longth of record by recirculation of a short segment of the 

source recording, This system gave satisfactory results, but 

required rather frequent onerator attention to change the 

rocandings. 

To overcome the problem of frequent operator inter= 

vention two features of the equipment were useds= 

i) Tho analyser drivo was arranged such that on the complotion 

of one complete frequency sweep, it automatically 

commenced a further swoep,. 

ii) The continuous loop magnetic tape recorder used for 

storing the analog signals had 16 tracks, 

These features were combined by the use of a 

uiiselector which was arranged to select the 16 channels



  

sequentially, The uniselector was triggered by the closing of 

a pair of contacts which were operated by a cam on the analyser, 

The cam on the analyser was set to close the contacts at the cond 

of a complete frequency sweep, so enabling 16 chamels of data 

to be analysed automatically. A block diagram of the complete 

system is show in fige 4-3, and a picture of the oquipmont in 

fig. 4-5. 

45) Tiwitetions and practical, dittiqulites of wave a | 

of noad 4esk recordings 

The major limiting factor in the use of the equipment 

deseribed above for the analysis of the magnetic tape recordings 

t. 
was the poor filter characteristics. As can be seen from 

Lige 4-4, the filter frequency response fimetion had relativoly 

wide skirts, and a poor ultimate rejection of only 56 Db. 

The first of these factors resulted in the rumung together 

of any closely spaced component of the signal being analysed 

with a resulting loss in resolution, The secord factor also 

resulted in a loss of resolution due to the filter passing 

fairly largo amounts of noise signal which when interrated 

over the full bandwidth of the analyser was sufficient to 

obscure the lower level components. 

: The main difficulties associated with the analysis 

of the particular signals obtained from the road tests have 

already been discussed in the previous chapter, However, one 

significant fact should be mentioned here in relation to the 

type of data being analysed. Refcrenec to figs. 3~29 and 30
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will show that the wave analyses showed an upward trend with 

frequency, particwlarly in the Lowor amplitude regions of the 

spectrum, This was duc to the inerease in bandwidth of the 

filter with contre frequency and was a strong indication that 

the data was broad band random, and not stationary complex 

periodic as originally assumed, 

A major problem encowrtered on the operational side 

of the complete system arose ag a result of +hé-ies of a Loop 

recorder, The joint in the magnotic tape used to form tho 

coirtinuous loop had the cffect of producing a Large transient 

output from the recorder which caused tho filter of the 

analyser to ring particularly at low frequencies. Increasing 

the averaging timc to equal. the loop repeatition time reduced 

the effect c? those transicnts, but did not cure the problem 

conplotely, 

The best mothod of completely removing the transiont 

output duc to tapo joints would be to romove the joint by 

employing trvely continuous loops of tape, but none of the 

magnetic tape manufacturers would produce them duc to the 

small demand for them, Since continuous loops were not avail- 

able, it was necessary to attempt to redunc tho output of the 

recorder to zoro during the passage of the joint over tho 

roplay heads. This was ackioved with somo measure of » cogs 

by the use of a photowclectric sonsing device, and a reed 

relay arranged to carth the outputs signal of tho tape recorder 

during the passage of the joint.



4-6) Conclusions rolating to wave analysis 

hough the izitial assumption that tho signals 

obtained from road tests of a vehicle would be stationary complex 

periodic was not unreasonable, the evidence of the results ob~ 

tained led to the conclusion that they wore in fact, random 

processes, This boing the caso, the typo of equipmont des- 

ee in this chapter was not really suited to their analysis ? 

and random process analysis equipment and techniques should 

have been comployed.
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CHAPTER ow HEORETICAL | CVESTIGAT IONS 

5<1) Summary 

Work described in this chapter was an investigation 

of possible numerical methods for evaluating the natural 

frequencics and modal shapes of vibration of the transmission 

system, Three methods were considered, the Eigen value method, 

Transfer matrix method, and the Branch Mode Analysis method. 

Of these three, the Transfer matrix method was selected as the 

most suitable and was developed sufficiently to prove its 

valuc. 

Results aro presented which were calculated using 

the transfer matrix method, and a simplified mathematical 

model of the transmission system used in the experimental 

car, These results are discussed in respect to the intom 

action of the components of the transmission system, and in 

relation to the problems of computing. 

5-2) Ihe Eigen value method 

This method is basically a restatement in terms of 

matrix algebra of tho classical multi-degree of freedom 

analysis. In miltiedegree of freedom analysis, the equations 

of motion are expressed as follows:



= a ee 
“T1 m : ) ato : 891% FSq0%t8yg%Xq* cbeeek 8555 

ee ms 8517) 84a%" Haas” @rcccce "ant ny pat 

) 

2 

-p & = xs - a eee : 
BA “at “2S $43°3 00504, Fae 

These n equations can be replaced by the simple matrix 

equations 

oh: 58S: cides 

Where M is a diagonal matrix of the mass terns 

S is a mm matrix of the spring terms 

and X is a colum matrix of displacomonts 

If we assume a solution of the form X =X coswt substituting 

for X we got 

Ska 43 

promiltiplying both sides by M7) wo got 

vex ee", Jnl 

or altornatively proimtiplying by i givos 

mea wx LS
) 

Equations J-4 and 4~5 are alternative forms, and cither may bo 

solved for the Eigon valucs (natural frequoneies) and the Eigen 

vectors (modal shapos)., The choi 2 of which equation to solve 

is indicated by which frequencies are required to the greatest 

accuracy, Equation Je4 will give the lowest frequencics to a 
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high degree of accuracy and equation 4-5 the highost frequencics, 

However, as in all mmorical mothods, tho accuracy can only be 

as good as the input data will pormit, 

The mothods of solving these equations is not dige 

cussed here sinec there arc standard computor programmes for 

this function, 

This mothod in its simple form set out above is ob= 

viously very good for analysing discreet systoms wore the 

springs and massos aro clearly definod, The application to a 

continuous systom such as a beam, however, is not so straight 

forward, To apply the method in such a case the continous 

system is first approximated by a lumped mass system which in 

the casc of a beam, is achicved by dividing the beam into 

convenicnt lengths and concentrating half the mass of cach 

length at cach end of the segnent, Tho rosulting model is a 

massless beam with a sorics of concentrated masses placed at 

cach of the junctions of the selected lengths, Each length of . 

massless beam is considered to rotain its original bending ro= 

sistance. 

Evaluation of the mass matrix of a lwaned mass model 

of the type described above is simple, sinco it consists of 

only the leading diagonal of the matrix, However, this is not 

the case for the stiffness matrix, since the displaconents of 

the beam in terms of the forees at the mass point, are statically 

indeterminate, To overcome this problem the beam is dividod 

into cloments, which are small cnough for their rotational



  

inertia to be neglected and use is made of an enlarged 

stiffness matrix which includes the bending momonts, It is 

shown in ref. 11 that this cnlargod stiffnoss matrix can be 

reduced as a result of the zero rotational inortias to give tho 

requircd stiffness matrix, This reduction of the enlarged 

stiffness matrix requires a coisiderablo amount of matrix 

evaluation, and also the evaluation of tho cloments of the 

enlarged matrix can bo quite tedious. 

Inflexibility of this method whon applicd to con 

tinuous systens was its groat disadvantage. This is particularly 

the case when it is desired to find tho cffoct of minor design 

changes on the natural frequencics of 2 systom, since the wholo 

of the basic stiffness matrix necds to be recalculated, 

5=3) Transken matxix methed. 

Postel and Leckic have deseribed the transfor matrix 

method in great detail in thoir book "Matrix Mothods in 

Elasto-Mechanies", ref, 6, conscquontly only the application to 

beam like systems will be discussod, 

The transfer matrix method of ovaluating natural 

froquencics and mode shapes can bo ocagily adapted to beam Lilo 
lumped parameter 

systoms since it is a process, and this is tho 

most usual form of representation of beans, 

A transfer matrix is the matrix oxpression of the 

coofficients of the equations which rolate tho paramctors 

describing the state of a system at onc point to thosc parade
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meters which deseribe its state at a second point. Considor 

an clement E. of a systen,thon if the state of the loft hand 

side of tho clement is deseribed by the sot of Imown paranetors 

9 Hyd secereces x, then the state at tho right hand side ig 

given by the cquations= 

        

* “t 

= a 
e eo p « An6 

a 
e : . 

a Fn 
R.H.S. L.H.S. 

Where the matrix . is tho transfer matrix for the clenont E 

and the terms of a. are evaluated from the physical proportics 

of the clement, 

By the careful selection of tho sign convention for 

the equations and describing paramonts y it can be arranged that 

the R,1.8. state vector of clement E. is cqual to the L.H.S. 

state vector of clement E. #1" Heneo with a slight change in 

notation we goti~ 

            

x 4] [> 

mS my 18 

= q. = Jnl 

eel mn J on . * - 7 EB RF LE n+]
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To simplify the writing the colum matrices of the stato 

parancinters arc represented by the symbol Z and fron 4-7 

wo got 

ch Te eh a = 2, eat 
ntl n° LE E 

ae © wel 

and for a total system of k clemoents wo got 

a = Tp eeeteeeeee Toto S, Ie9 

In most cases half the clements of tho two bows: 

state vectors will havo known valucs, and it is thorcforo, 

possible to evaluate the matrix chain and solve for any 

variable terms in order to satisfy the Inowm restraints. 

| This tenhnique will be explained fully in the following 

oO devdopment of the method for the solution of beam vibrations. 

Considering the transverse vibration of a bean, 

dec. vibration of the beam in a plain containing its longi- 

tudinal axis, thore arc four necossary and sufficiont paray~ 

meters in the stato vector:- 

dofloction W 

sLopo g 

bending monet M 

shear force Vv 

For reasons of symot:sy of tho transfer matricios tho para» 

ucters are usually arranged in the order given above. 

The co-ordinate system used is the right handed 

cartesian coordinate system, with the x axis coinciding with 

. the longitudinal axis of the boam, If the beam is ewt at any 
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point then two faces will be exposed, and the faco whose out- 

ward normal points in positive dircetion of the x axis is 

defined as the positive facc, Positive displacoments ave in 

the positive dircetion of their respective coordinates, and 

forees are positive if when acting on the positive (negative) 

face their veetors arc in the positive (negative) direction. 

These definitions of the sign conveitions and co-ordinates 

ensures that the right hand state vector for one clement of the 

beam will be cqual to the left hand state veetor of tho next 

element, 

To cnable the transfer natrix method to be applicd to 

‘ a a beam it is first neecssary to represent tie becii cs o Ghncoes 

mass model of the type previously deseribed (5@2)., In this 

case, the clements are considercd to be of two distinct types, 

massless beam clonemts, and point mass clemoents. Each of 

these clomonts is treated scparatcly as follows: 

i) massless beam clonent 

The forees and displacencnts for a massless bean 

cleneits aro showa in fig. 5-10, Equilibriun requires that the 

sum of tho forees be zero, and that the sum of tho moments 

about say point iml be zoro. This gives two oquilibriun 

equations 

L 2 vv, =0 510 

Ww Vil, = 0 Sell 

two furthor cquations arc obtained for the ond defloxion, and 
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slope of tho clomoit treated as a cantilever of floxural 

stiffness EI subjected to a bonding moment and a sheor forco 

at its free ond (i). Fron simple beam theory thego two 

equations arct= 

wm? vi? 
eas ss 7 oe Swe 2 

Wwoos - 2EL 31 

i 
g = EL ET 513 

Applying these equations to the clement and renembering that 

wo already have a deflexion and a slope at point ixl we gots 

3 oy das Bie cata g M  pag eEl, BEI, 

é f+ i) ari EI) , ake 

We note from cquations 9 and 10 that 

Vea e . Suee et  eae e 
im if im ie 

Honee cquations 5—14 and 15 can be rewritten such 

4 3 ‘. 7, 1 t : 1 , * n a 

that all the stato vector parancters ab point i” can be 

oe oe Pa aR 
expressed in terms of those at point (i-1) 

2 3 R t 1% : : ) NS Oe ae ee ee ORG Aine i i. im inl SHI) , ja1 tit) , in 

) { +. _R 2 
gg” se ge 4 M. ye ) 

I shes th pee deel +4 z (EI) , 2(BI),  “a+1 517 

aes, ? R ) 
eG Pe A 2 An 

yu = ye ) 4 in] )
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Choosing the first clement of the state vector to bo > 

“Wy has the advantage that all the clements of the matrix will 

be positive and tho matrix will bo cross-synnotric, 

The resulting cquation will bos~ 

= : ee ae ae ail 
ORT t 

g Oak eee 
e ET 2E1 518 

i 0.686 1 t M 

| 
iV i CG vs 0 a i Vv con't. 

or 

bag. : 

a ee — 5m 9 
one 2:8 oe ee ee 
ces eS FSS 22 owe 

ii) point mass 

For the concentrated mass at point i the transfor 

natrix can bo evalucted from the lnown fact that dofloxion, 

slope and providing the rotational inortia of tho mass is 

negligible bending moment are continuous giving 

we =w, ge at it = My 520 
a i a 

However, tho mass introduces a discontinuity in the shear forco 

due to tho inertia forece honec: 

Vy a vy ~ ny? Au, bee 

From these the following matrix rolation is obtained:
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wit an 0 0 0] =< L 

g co 4 6S Chum Ue 
= 5m 22 

M OQ G ly Q M 

| 2 
Vio. nm 0 0 eis Vt 

a, dl. 42 

or 

pried J i ‘1 P.Z. ee} 

ie Ssss4 23 

4 total system containing k mass points would thon an
 

c Oo
 

represented by the product of a chain of matrices as below: 

‘ie 7 a 

gt a PP el el eee es e220. 8.9 Po! oF Fi PLZ 5m 2h, 

Where the suffixes of the ficld (massless beam clenont s) 

matrices arc the sane as thoir right hand terminating mass 

points when tho ovaluation is from loft to right. 

If the cquation 5-24 is oxpressed as below 

= ug 
then U is tho transfor natrix for the total system, and is given 

Sy
 

a} by the product of the transfer matrices for tho clemonts taken 

in order, 

faking as an coxample a pinned-pimied boam, wo Imow 

that at both ends the displacement w and the bending momont M 

will both bo zcoro giving tho following expression 

R 
0 i ig is “974 

B Pal. ae 33 es pg : - 1 ¥ é , 5025 

U va L Ma 2 Us 3 My L, 7U 

v Vv 

a
N
 

E
E
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This gives tho f ollowing expressions which m st bo satisficd =) (=) 

if the right hand ond conditions arc to be satisficd 

vy of” + ~ 

Oo oe Vag + Ug 

0 

526 

| 

The necessary condition for thosc two cquations to be 

satisficd is that the determinant of the cocfficionts bo zoro 3 

LaQes 

the thy, 

sa re 0 527 
32 3A 

For sinple systems with only two or threo mass points 

the ond condition dotorizinant could be ovaluated analytically 

but for complox systcns this is not possible 3 duc to the high 

powers of oncga involved, The tcchniquo applicd to oxtensivo 

1, 
systems is to cvaluate tho syston matrix for a givon valuo of 

omega, and thon cvaluate tho doterminant. This is ropoated 

for smell inerononts of omega wrtil a change of sign in tho 

value of the determinant is detected, Tho natural. froquoncy 

can then be doteritincd cither by plotting tho valuc of tho 

dotorminant against omega, or by talcing an interpolation for 

the zoro valuc, 

Intermediate conditions of the forn of simple spring 

ote., can be iivtroduecd by moans of simplo point matricos, 

Where an intormediate condition is moro complex, i,¢. whon 

a subesysteu joins tho main syston, thon tho offoctivo stiff 

ness of the intormediate condition is caleulated for cach
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frequency and thon added to tho main systom as a point matrix 

as beforc,. 

This method of cvaluating natural froqucncics has tho 

great advantage of boing very flexible in re spect of changes 

in the components of the systom, sinec often only onc or two 

of tho basic transfor matrices noed to be changed, A socond 

advantage is that transfor matrices havo boon ovaluated for a 

large numbor of typical components of systems, and theso have 

becn catalogued for example soc ref. 6, Thoso two advantage s 

arc offset by tho large mumbor of caleulations involved in 

finding a natural froquency duc to the neco ssity of ovaluating 

the matrix chain for a large number of froquencics. 

5-4) Branch nedo analysis 

This method depends on dividing tho systoia to be 

analysed into a number of sub-systons or branches, and cvalua- 

ting the natural frequenecics aid nodal shapes of cach of theso 

branches, treating the other branches in cach easo rigid 

bodics., The frequeneics and modes so obtainod arc then com 
Rayleigh 

bined in a ‘Ritz analysis to give tho natural frequencics 

and modal shapes of the total syston, A full developnent of the 

method is given in ref. 7. 

This mothod has the advairtago that a change in one 

part of tho system docs not necessarily require the total 

conpubation to be repeated, Howover, iv roguires the use of an 

Eigon value mothod for tho initial ovaluation of the branch 

frequcneics and modes, and these have alrcady boon shown to be g ; 3
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rather infloxible to changes in design. 

The rcthod obviously has great advantages in the one 

off analysis of complicated systcous, but is folt by the author 

to be rather cumbersome for the tyne of system considered in 

this thesis. 

55) Mathonatical yodol of the transmission systen 

For the numerical analysis of natwral frequencics and 

mode shapes by the transfor matrix mothod, a very simple model 

was used consisting of the propeller shaft and rear axle only. 

hoe propeller shaft was considered te be pin jointed to carth 

at the forward cnd and was represented by 11 masses and 12 

massless beams. The two cnd beans were considercd to be 

rigid since they representcd the yokes of the Hookcs joints 

which were cast iron, and of much greater stiffness than the 

nain tubo of the propeller shaft. 

Reoresentation of the rear axle was not very good since 

only five masses and four massless beais wore uscd, and also | 

both the leaf springs and the tyres wore treated as simple 

springs acting at the cxtrome ends of the axle. Even with 

this limited represcontation it was still possible to form sone 

idea of tho interaction of the propollcer shaft and the rear 

axle in terms of natural frequencics and mode shapes. 

A diagran of the model is showm in fig. 5=1. The 

values of the various masses and stiffnesses were ovaluated ¢ 

for the systen fitted with the five different diancter 

ests described in Chapter 3, and ¢ ce
 propellor shafts uscd in the
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arc shown in table 1. Since these calculations wore only 

intended as an appraisal of the mothod of ovaluating tho 

natural frequoneics and mode shapes, the valucs of tho 

masses end stiffnesses wore not cheeked arainst moasured 

valucs. 

5—6) Computation procedure 

The caleulations were vorforned on an Elliott 83 

digital computor, This was a small machine of mediun spocd 

which included an algol compiler in its basic software. 

Use of the Algol language in programming was an 

advantage duc to the facility to dircetly address mlti~ 

dinonsional arrays. However, the prograrmecs produced from 

this source language wore rather slow in oporation, and any 

more extensive couputations with this mothod would cither have 

to bo reprogrammed in a morc basic machine language, or proe 

forably be rum on a more poworful machinc, 

Lhe basic data input to the progrannc vas in tho 

form of paramcters of the systom, and these were reduced to a 

minimm by arranging that the programme evaluated the maxinun 

anount of data intcrnally. As is show: in the flow diagran 

fig. 582, the nain calculation was controlled by a further 

data input consisting of the frequency range of intorost, and 

sone logical control data. Tho programme could be ro=citered 

at this sccond data input as often as required allowing the 

use of coarse anda fine frequency scans on the samo basic



Calculation procedure in th ¢ rain body of the 

programme was as follows: 

i) ovaluate the total transfor matrix of the propeller 

shaft and honee the effective spring stiffness to be 

added to the centre mass point of the rear axlc, 

ii) Evaluate tho transfor uatrix for tho rear axle with the 

cffoetive stiffness of tho propollor shaft added 

iii) ovaluate the ond condition doterminant and test to | 

sco if its sign had changed comparcd to that vroviously 

computed, 

iv) ifa sign change was doteeted then a lincar intorpolation 

was porforned to obtain an approximate natural frequency, 

otherwise the frequeney was incrononted and the eomputa- 

tion rotuned to i). 

v) the node shape corre sponding to the approxinate natural 

froqueney vas ovaluated if requircd, and control ro- 

turned to tho control data input point. 

Continuous nonitoring of the programe during 

rumiing was achioved by printing out the values of froquoney 

offcetive stiffness of the propeller shaft, and the valuc of 

the end condition detorminant. Tho final output of the pro- 

gramme was tho approxinate natural freouencics followed by 

the mode shapo when ealled for, Theo node shape was in the 

form of displacononts normalised to the maximum displaconont 

in cach mode,
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bn?) Rogulbs 
Typical modeal shapes obtained for the transmission 

system with tho standard 2.5 in, dianctcr propoller shaft 

fitted arc shown in figs. 5=3 to 8 For comparison, tho 

syston fitted with cach of the five different propellor shafts 

arc presented in tables 2 to 7. 

As was oxpectod duc to the lightness of the propollor 

shafts thoy had vory little influcucc on tho rigid body nodes 

which wore dominated by the rear axle bouncing on the combined 

stiffnoss of the tyros and rear springs. The only rear axle 

node influonced by the change in the propeller shaft was tho 

first flexural mode, but this influcnee reduced as tho 

natural frequency of the propellcr shaft in its first flexural 

mode inercased, The reason for this incrcase is clearly scon 

frou tho mode shano fig. 5=5 wherc it is scon that the pro 

pelleor shaft was asswiing a considerable dynamic defloxion, 

The natural frequeneics and mode shapes of the pro- 

poller shafts wore only offected to a slight extent by tho 

+ presones of tho rear axle and then only the first flexural ’ 

: 
node was influcnecd. The only ovidenee of this intoraction un
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of the roar axlo on tho propeller shaft natural frequcncios 

was the chenging of the ratio of sccond to first mode fron 

the theorotical 4 to 3.94. Tho simplo theory montioncd in 

Chapter 3 which predicted that the propollcr ghaft natural i proy 

froequeneics would be proportional to tho dianocter was confirmed q proy



second modes. 

1 

SeO) Comparison with practical results 

Calculated and measured results for the flexural 

py 

by the valuos of frequencics obtained for both first and 

frequoneics of tho rear axle did not agreo. This was 

| 

expected duo to the following shortcomings of the reprcscntation 

of the rear axles 

i) Tho sual] numbor of masscs usod in tho modcol, This would 

be casily overconuc with a little merc preparitory work, 

ii) Tho poor positioning of the springs represcivsing the rear 

loaf springs, and the asswiption that thoy could be considered 

to be simple springs. 

iii) Tho approxinetéon to tho stiffness of the tyres which 

wore assumed to be simple springs of stiffness cqual to their 

static stiffness. 

These last two assumptions raise the problem of how 

to account for froquoncy doporient springs. In the first case, 

the leaf springs could roasonably be revrescnted as furthor 

sub-systons to the main system, and be treated in tho sano way 

as the propeller shaft, Howevor, tho case of tho tyres is not 

so simple since it is extroncly diffieult to ccrive a reasonable 

nathonatical model of a tyre. 

, 
Results for the propeller shaft natural froquoncics 

showod good agroonent with the response test results for both 

4 

tho Jirst and second modes. The agrecuent with the road test
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valucs was bottcr than with tho response test results orosunably 

duc to the rolioving of tho stiction in thc Hookcs joints, duc 

to the rotation of the propollor shaft naling thom closer to 

truco pin joints. 

Gvorall the comparison of results was sufficiontly 

4, 24 
{ good to show that ,with improvenents in the model and devolopment 

of tho programuo to include the vibrations of tho syston in tho 

horizontal planc, good predictions of tho natural frequoneics 

and nodal shapes could be obtained. Such a development row 

quired the uso of a much norco powerful computor than was 

available at tho timc this work was carricd out, and conscquently 

1 
Was not attcnpted,  
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Table 1. Parameters for Numerical Calculations. 
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CHAPTER 6 BASIC ‘THEORY AMD PRACTICE 

G1) Summary 

A random proccss is defined torothor with the basic 

describing functions uscd in tho analysis of randon processes. 

Mothods of ovaluating the doseribing functions arc discusscd 

with particular omphasis on tho analog oquipmont uscd to 

ovaluate powor spectral density functions and corrolation 

functions. 

6-2) Definition and classification of a randou process 
A random proccss in thc context of this thosis is a 

tinc variant proccess which cannot bo deseribed by a nathonatical 

function of timc, Resulting from this dofinition cach tinc 

history observation of the process will be unique, and tho 

process should bo shown as an onsomble of timc historios ag tho 

oxamplo in fig. 6-1. 

i) Mone stationary data, This is data for which tho do seribing 

functions vary with tino, 

ii) Stationary data, This is data for which tho describing 

functions do not vary with timc, 

In those discussions wo shall bo considering the 

latter of these classifications, and this class of data can be 

divided into two further sub-classcs!= 

a) nowecrgodic data, which is data for which tho describing
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functions mist be derived from averages across tho enseriblc,. 

b) Ergodic data, wivich is data for which ongonblo averages 

can be replaced by simple time averages taken along any onc of 

tho member time historics of the onsomblo, 

6-3) Justifievtion of the assuuption of randon data for 2oad 
kost mocordings 

Prior to detailing tho thcory of randon process analysis 

the roasons for the assumption of randon data being applicd to 

the road test recordings will be sct out. 

Let us consider the factors likely to influcnco tho 

rear axle gear noisc as an cxanple., The main factors affecting 

the meshing of the erown whool and pinion arcr= 

i) The none uniform rotation of tho propeller shaft duc to the 

snall variations of engine speed and the influcnee of tho 

Hookes joints. 

ii) Tho none unifora ne shing foree duc to tho variations in 

cngine output torque, and the variation of driving forco 

roquirod at the rear whocls duc to friction windage, 

gradicnts and inortia, 

The resulting gear meshing process will be a narrow 

band random procoss combred on the nominal no shing frequency of 

the gears, 

Sinilar argucnents ean be applicd to nany of the other 

noise and vibration source in an autonobilo, and as a rosult of 

the practical implications of tho central Limit theorm, the 

process resulting from the surmation of thoso processes will
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be a normally distributed randon proccss. 

Further support for thoso assumptions was obtained 

from tho analyses of the road tost recordings obtained whilo 

investigating the influcnee of the propollor shaft, Theso 

recordings showed many of tho charactoristies of randon 

processes, 

‘, O-4) Tho charactoristic doseribing functions of randon 

bracesscs 

; Sinco a random process is not capable of cxact 

nathenatical deseription it is nocessary to usc statistical 

techniques to derive doseribing functions. The do seribing 

functions which arc pertinent to the wort: digeussod in this 

thesis are dovoloped below, 

a) Moan square valucs (moan valucs and variance gs) 

fhe mean squero value gives an overall moasuro of the 

intensity of tho process. For stationary orgodic procosscs, 

which is tho classification of data; we shall bo dealing with 

in all those definitions, the noean squarc valuc is the tine 

average of the instantancous squaro of the proccss anplitude 

taken over an infinite timc. In equation fori the function is 

given byt= 

T if 

if i bis 4 (4) dtd t Gm]. 
me O f 

The morc common root moan square (remese) valuc is the positive 

square rout of this function, 

For convenionee it is ofton dosirable to think of a
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process as the summation of a time invariant component and a 

dynamic component. Tho static componcnt is givon by tho moan 

valuc or tinc average of the process, which in cquation forn 

7 

is given by 

yw a f (+) at \ } ee =flin RU) ab SS 
* 55" i : 

and tho deseribing function for the dynaztic component is tho 

verianec which is tho mean squarco valuc about the mean value 

given in cquation forn bys 

; me hi 

o, Flin j (x(%)— wat | x 63 
Me Teaco aA J 

The positivo square root of the variance is the 

standard doviation ond, in the analog analysis of clcctrical 

signals with RC coupled instrunconts, is often reforrced to as 

the root mean square valuc, 

b) Attbocorrclation fumetions 

An autocorrelation function gives infornation about 

the process in the timc domain. Tho fumetion deseribos tho 

dependenee of tho anplitude of the function ab onc tino on tho 

amplitude at anothor tine, 

\ 

Reforring to the tinc history shown in fir, G3, an 

cstinatec of the autocorrelation function is obtaincd by talking 

ge of tho product of the amplitude at tinc t and 

the anuplitude at tinc t-4 over tho sample timc ', This beeoncs
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an exact autocorrelation function as T tends to infinity or in 

equation forn 

D 
Rf). Sdn 7 x(%) x(t=4) dt Cnn d, 

Toot 70 

Tho quantity R_(4) is always a real valued even frnetion having 
“s 

a maxcdimm at 4= 0, and may be positive or nogative. 

i R_(#) R(-4) bs 

R, (0) > R) for all ¢ 

"
S
S
 a
 

Fig. G4 shows tho awttocorrclation functions corres= 

ponding to tho time historics of fie, &2, Tho autocorrolation 

function of a sinc wavo is always a cosino wavo inf > as showm 

in fig, 64a, with tho samo period in f as the original wave 

had in t. but the phase information relative to t = 0 is lost 

ic. for 

x(t) = Xsin ( w+t-6) R 4) =X coswt Gn6 

2 

This foature of the autocorrclation function of a sine wave 

supplics the main application for the use of the autocorrolation 

function in its own right. Sinco all periodic functions of 

tinc arc the sun of a sorics of sine waves then the auto» 

correlation function of any periodic wave will always be 

periodic, sinco it will also be a sum of similar sino waves in 

{ but with zoro phase in cach case. This means that the autho 

corrolation function can be used to detect the presence of 

otherwise hidden poriodic functions in random signals.



c) Powor spectral density functions 

The power spectral donsity of randon deta is, as tho 

teri: spectral implics, an intorprotation of the rolovant 

process in the froquoney doriain, It deseribes tho distribution 

of the proecss with respect to froquoncy in torns of tho 

spectral density of its moan squaro valuc, 

A nathenatical interpretation of the power spoctral 

density is obtained from the following arguement, Tho nean 

square value of a samplo procoss in the froquency rango 

{to f+5f is obtaincd by filtcoring tho process with a band 

pass filvor having sharp cutoff charactcristics, and conputing 

the average of the squared owtput from this filter, This 

average squarcd value will aporoach an cxact moan square as 

the saiplo tino approaches infinity, or 

m 

Y 2 (oo $f) aig J : x°(,£,52) at OT 
Treo 7 ¢ 

where x(t,f,$f) is that portion of x(t) in the froquoney rango 

f to f+éf, 

For snall valucs of &f the powcr spectral density is 

defined and given by 

G Af) = Lan (eats) slain Mn ( (sf, Sf) dt Ge 
afr © Siva Teco 6fT 4 OU 

the quantity G(£) is always a rcal~valucd nonmnogative 

function, 

For stationary data the powor spectral density ond 

the awbocorrclation function arc rolated by a fouricr transforn
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as followss- 
+ 02 “ + om 

G_(£) = af R_(4) oe are af R_(1) cos2aft dr &9 
-a0 O38 

‘ It is on the basis of this relationship that the 

mmcrical ovaluation of powor spoetral density is perforncd. 

Powor spectral density curves corresponding to the 

tine historics shown in fig, G2 arc shown in fig, 65, The 

nain difficulty with powcr spectral donsity functions is tho 

represoitation of a sine wave function, From tho definition 

of powcr spectral density it can be scon that the theoretical 

powor density for a sine wave is zero throughout the spectrin 

Ske oe execpt at the frequency of the wave where it is infinitc,. 

This condition can be expressed mathenatically as follows: 

van | G.(f) = d{fee )x 6-10 
x ie 

2 

where 6 is the Dirac delta function and fo is tho froquency of 

tho wave. This obviously, is not a physically roalisablo con= 

dition, and any mcasured power spectral density of a sino wave ? p I 

will oxhitit a finite bandwidth and amplitude, 

a) Gross-corrolation functions 

The timc domain dependences of one process on a sccond 

process is given by tho crossecorreletion function, This 

function is given by the following cxpressioni~ 

be
 

7 

RM) = lin J f x(t) y(t¥7) dt G-11 
0 : 

This includes the awtocorrelation function as a
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special casc whon y(t) = x(t). 

R(t ) is always a realevalucd function which may bo 2 

cither positive or negative, but unlike the autocorrelation 

function it docs not necessarily have a maximm at = 0, and 

is not an even function. 

Fig. G6 shows a tyoical cross-corrolation function 

of tivo processes witich have a strong correlation at sono tino 

delay as is show by the sharp peaks in tho function, 

There arc three major application of cross-corrclation 

functions:— 

i) The moasuronont of tinc delays. If it is required to 

establish the time taken for a proccss to pass through a lincar 

system thon the cross-correlation between tho input and the 

output processes will furnish tho information diroetly, This 

is because the crosscorrolation function will roach a maxim 

when the veluc of 4 is cqual to the delay introduccd into tho 

ouput procoss (rolative to the inpws process) duc to the 

passage of the proccss through the system, Any froquency 

scnsitivity of the dolay timc introducod by tho syston, as 

occurs in plate vibrations for instanee, will reduce tho 

ay 
cfficiency of this technique unless carcful filtoring is 

cuployed. 

ji) ‘Tho dotomuzination of trensmission paths, his application 

arises directly out of the previous application since if a dis~ 

turbance is transmitted boswoen two points in a syston by more 

than one path, then cach path will have a difforowt time dolay, 
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he resultant output process will be tho sum of a mmbor of 

components cach having a diffcrent delay and amlitudo relativo 

to the source process, Tho rolative dolays and intcnsitics 

of the componcnts of the output process can bo casured by 

cross-corrclating the two processes, when a corrolosran with 

eaks at cach of the appropriate delays will be obtainod, Bo}
 

ii) Detection of now signals in noise, This is an H
e
 

extension of the uso of the autocorrelation function for the 

detection of periodic signals in noise signals, If a signal 

is known before it is combined with a noise signal. then the 

noisey signal can be cross-correlated with the Imown signal 

to reveal the required signal, Tho use of the cross 

corrolation function for periodic signals will give highor 

signal to noise ratio in the output wave form than the 

autocorrelation function but it also has the advantage that 

it is not restricted to periodic signals. 

6-5) ERagtors offocking the poasumonont of power spectral, 

density 

The theoretical requirenents for tho analog neasuroe 

nont of power spectral density arc an infinitely long sample 

process, an infinitely narrow bandwidth filter, ond true squaro 

law detection circuit. The first of these requirements could 

be approximated by tho use of long magnetic tape recordings, 

but is unde sirable duc to tho difficulty of obtaining such a 

rocord, and the cxecssive analysis tine which would result, 

1 Physical limitations reduec the sccond requircnent to a finite
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narrow filter bandwidth and as will be shown lator, this is 

also desirable from the point of vicow of analysis tinc, Truc 

square law detectors can be produced, but are often replaced 

with averaging circuits sinco these have a greater dynerie rango 

and with corrcetly chosen filter bandwidths they will givo 

comparable accuracy, The rosult of these various limitations 

is thet certain compromises arc necessary-in order to obtain 

reasonable accuracy in the analyses, 

a) Statistical accuracy, Sinco the analysis of the procogs 

will only givo an estimate of the truc power spectral donsity, 

it is desirable to reduce the oxnceted orror in the measuroent 

to a minim, The mean squarc orror for tho measurenont of 

power spectral density can be shown to consist of two parts, 

a bias term: which can be neglected providing tho estinate is 

properly resolved, and a variance term, For an analysor with 

a filter bandwidth of B and a truc avoraging tinc of T tho 

standard deviation of the measurcnont about tho truco valuc is 

piven byy= 

~a( f) = ew. S12 
rt 

2 

Or in terms of the normalised standard error 

nas + = 2, bn} 

’ me. ‘ 1 ° A 
Where the is uscd to show the cstimated valuc,. 

Equation G21 means thot with a confidence lovol of 67% tho 

measured valuc will lic within +” of the truc valuc. The 

above two formilac only apply if@4if © is groator 

Ba tN ge ie eh eMC RU eee hak ee a Ae gs es a ea
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than this thon the actual sampling distribution mist bo uscd to 

obtain the deviation of the ogtimato,. 

Providing the output of tho analysor filtor has a 

Gaussian amplitude distribution tho: the cstinate of tho roan 

square of the filter owbput will be distributed about the truco 

mean square with a Chi-squerc distribution with n degroos of 

frocdon, In cquation form this gives: 

ioe 
The valucs of X . for various confidence linits arc 

tabulated in books of statistical tablos, 

It has boon shown (ref, 8), that tho mumbor of do grees 

of frocdon n is givon by:~ 

ih.  ReF 6m 15 

b) Filter AAD It was shown above that onc factor 

offecting tho sclection of the filter bandwidth is the dosirod 

accuracy of tho ostinate of powor snectral density. It was 

shown thet in order to inercase the accuracy of the measurcnent 

it was required to inercase cither the filter bandwidth or the 

avoraging tinc, Since tho averaging tinc is usually controlled 

by the length of sample proccss available, incroascd accuracy 

can only be achioved by inercasing the filtor bandwidth, 

However, once of the requireno:ts of the statistical accuracy 

discussions was that for the bias orror to bo neglected the 

filter output should bo properly resolvod, 

Mt uietee eM RCE rae cig gain Sen am eR AER CANON Dahan TAC OE a a RR oil UO Oe a a Se tid vei ane



The rosolwtion requircnents for power spectral 

donsity analysis arc best oxplaincd by oxamplo, Considor a 

Signal which has a truco powor spoctrm consisting of a narrow 

band of random process only 20 Hz wide, If this signal were 

analysed using a filter bandwidth of 50 Hz then the poak in 

tho measured spectrum would apncar to have a bandwidth of 

slightly greater than 50 Hz since the analyser will indicate 

the presence of the signal for all frcequencics for which theo 

filter bandwidth contains all or some of the signal. Sccondly 

the peal: would be displayed with an amplitude of 2/5 tho correct 

amplitude duc to the bandwidth division. Obviously as tho 

filter bandwidth is reduccd these crrors arc reduced, and it 

has beon found (ref, 8 ) that the errors ean be reduced to 10% 

if tho filter bandwidth is mado 1/4 of the bandwidth of tho 

narrowest peak in the spoctrua. 

This requires soc pro-imowledge of the spectrun, but 

this can often be obtained by quick look analysis, and prior 

Imowledge of the typo of systor from which the signals wore 

obtained, Resonant mechanical systcons for instance, almost 

invariably havo resonant bandwidths which are proportional to 

the frequency of cxcitation, and this has the advantage that 

the filter bandwidth can be inercascd as the analyser ccntro 

frequency is increascd. 

ce) Detection. For absoluto accuracy of detection a truco 

squarc law dovicc should be cimployod after the narrow band 

filter of an analog pover spectral density analyser.



This type of circuit is difficult and cxpensive to construct, 

particularly for the wide dynaiic rango required, 

Under certain conditions tho truco square law cirewit 

can be replaced by an absolute valuc avoraging circuit. This 

type of detection circuit is inexpensive and ocasy to produco, 

and has tho wide dynamic range required for powcr spectral 

density analysis. 

Tho main condition pertaining to the use of an absolute 

averaging circuit is that the filtor output should havo a 

Gaussian distribution, Burrow (ref, 9) has show that pro 

viding the bandwidth of the filter is less than, or cqual to tho 

bandwidth of any narrow band random contomt in tho signal being 

analysed then tho above condition will be satisfied with nog- 

ligable crror. Honco providing tho resolution roquircnonts 

detailed above aro mot, then tho use of an absoluto avorago 

detection cirewit is acceptable, 

Calibration of an absolute average dotcetion cireuit 

depends on the known relation betwoon tho average valuc of a 

Gaussian distributed proecss and its remes. valuc, and the use 

of a loge convertor to give tho mean squarc valuc sinvly as 2 g q 

scale factor, Obviously in this case the averaging of the 

output must take placc prior to the log conversion since it is 

avorago mean square valuc that is required, and not the avorage 

of the log of the mean square valuc. 

d) Averaging.tinc and rwthods. Alnost invariably tho Maschim iS 

avoragin; tino that can be used is dotoriined by the available



saiiple record length. Howover, in casos ypre either very long 

records arc available or wide bandwidth filtors are being used, 

the averaging tinc will bo dotermined by the desired statistical 

accuracy according to cquation 613, or by tho dosired number 

of degrees of frecdon in the Chiesquarcd distribution of the 

estinete as givon by cquation 6-15, 

There arc two mcthods of obtaining the desired ae 

average with olectrical analog circuits truc averaging with 

an invtograting operational amplifier or tinc weighed averaging 

with passive resistor capasitor notworks. 

The truc averaging cirewits arc most cormonly used 

with analysors which operate on a stepping frequency syston, 

and require a largo anowrt of logic to control the scoquencing 

@. zoroing, rcadout, ctc. 

Tine weighed averaging is tho nost cormion method 

ciiployed to obtain a timo integral of an analog signal duc 

' 
to its simplicity os is shown in fig. 67. Those circuits arc 

often referred to as RO averarine circuits duc to their cone OGLE 

os 2 2 
struction, Tho tinc constant of this cireuit is given by tho 

product of the valucs of tho two cormononts of the notworlk, 

Lees 

Ke SRG 6-16 

Where R will also include tho output resistence of tho proceeding 

circuit. It is show by Bondat ond Porsol (ref.8 ) that tho 

offective averaging time of an RC circuit is twice its timc 

constant, ic. 
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Bondat and Picrsol also show that tho best sctting of an RC 

averaging device is with 

cs oe On 1LS 

which will givo an orror of 4% roletive to truc averaging. 

Fig. 6-13 shows tho response of an RC avoraging note 

work to stationary periodic and stationary random signals. It 

can be scen from those curves that approximately 4K seconds 

arc required for the output of the notwork to reach its full 

valuc after a change of input condition, This response 

characteristic determines the maxinuun opcrating specd of an 

analyser since with a stepping analysor, at least 4K seconds 

mist bo allowed prior to readout and with a sweep analyser, 

the swoep rato mst not oxecod B_.. which is only ¢ the rate 

achicved with truce avcoraging. a 

The advantages of RC averaging over truc averaging arc 

the great simplification of control cirewit, and the production 

en) 
of a comtinuous curve rathor than a sorics of points. 

6-6) Factors influoneing correlation ueasurononts 

The generation of correlation functions by analog 

nethods requires the delaying of onc signal rolativo to a 

sccond signal, the miltiplication of the resulting signals, 

and the timc averaging of the product. Conscqucntly tho 

factors to be considered in the moasurenents aro the statistical 

accuracy, the lag time for proper resolution, and tho avoraging 

CANC « 
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a) Statistical accuracy, In the case of cross-corrolation of 

two signals of difforemt bandwidths, it is impossiblo to 

cvaluate the error in simple nathenatical terns, since it is 

a function of the characteristics of both signals and the 

corrolation boing moasurcd, For the case of two Gaussian 

distributed signals, both having the sanc bandwidth 3B, thon 

the crror is given bys 

0 = elgg) = 1k, (OR, (0) _ rete, eh at 
RL. (1) (ok 0) =) 

This cquation includes the caso of autocorrolation as a 

special case when y(t) = x(t), 

b) Resolution. Thoro arc two casos to be considered here y 

firstly, the muber of points recuired in tho total las to 

corroctly resolve the correlogram for data with a given mescimmua 

frequeney content and secondly, the scan rate recuired for a 

continuously variable lag time correlation analyser euploying 

RC averaging. 

In the first casc the spacing of the points on the 

scalco is fairly simply established fron the goneral rulo 

thet a minimum of two points vor period arc required to 

define data at any frequency. Thus the minima resolution 

requircneirt is given byt 
oO 

1 
ete 

ef 6220 

h Hl 

In the second cage a continuous corrologran is prO~
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duced which appears to bo defined for all 4 but is in fact a 

time weighed average of the previous valves, and this tends 

to sniooth out the sharp peaks of tho corrcelograi, Consequently, 

the rosolution will be a function of tho sean rate of tho 

analyser which is diseussod lator, 

¢) Avoraging tine. In tho caso of stop by step analysis cie 

ploying truc interration the averaging tine should obviously 

be cqual to the sample tine in ordor to obtain the maximum 

statistical accuracy, The tinc constant for the caso of RC 

averaging should be selected to cqual the record longth as 

was the case for power spectral density analysis. 

d) Scan rate, For the disercet 1 value enalyser, the scan 

rate is determined by tho integration time, and tho step 

length, isc. 

Sk. =h 6n21 
i 

For the continuous sca; case tho RC tinc constant and 

the offcetive resolution required will fix tho scan rate and as 

in the case of powcr spectral density moasurcnents four tinc 

constants should be allowed betwoon the equivalent noasurciiont 

points, ic. 

8.R. = _h 6n22 

6-7) Practical nothods of analog moasuronent of pover
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power spectra derived from the vibrations of mcochanical 

systois will tond to combain narrow band peaks which will 

have bandwidths proportional to the coirtro frequency of the 

peak. Bascd on this constant percentage bandwidth filters 

would appear to bo the logical choisc for usec in power 

spectral density analysers, However, there are a number of 

limitations which meke them undesirable fron the practical 

+)
 point of view, Tho major limitation is the construction of 

filter having a suitable shapo factor~ which abcd be 4 or 

less. Evon if this problem could be overcomc, there would 

still romain the difficultics of providing a variable RC tinc 

constait, ond a variable sweep rate to make full advantago of 

the charactoristics of the filtor, 

To simplify the construction and operation of powor 

spectral donsity analysors, most cormereial analysers cmploy 

constars bandwidth filtor There arc two types of constant 

bandwidth filters both using the hetrodyniny principle of 

operation whore the signal to be analysed is hotrodyned with 

a high frequency signal in order to shirt it to a high fro~ 

queney where it is filtered by a erystal filter, ‘Tho 

difforcnee between the two is that the first hotrodynes tho 

signal with a high frequency signal derived fron a local 

variable high frequency oscillator as show in fig, 69, | 

whereas the second goncrates the hotrodyning signal from a 

L «« fhe shape factor of a filtor is defined as the ratio 
of the 60 Db bandwidth to the 3 Db bandwidth,
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fixed frequoney oscillator, and an audio frequeney tuning 

2 signal, as shown in fig, G16, 

4. The cormcrciol analyser uscd to measure tho power 

spectral density functions deseribod in tho noxt chapter used 

a filter of the second type. In the analysor the single 

filter of fig, 6-10 was replaced by a sot of five filtors 

which could be switched autonatically as tho analysis frequency 

inercased, Each filter was equipped with its om calibration, 

sweep rate and RC tinc constant controls to onsure that tho 

naxiimm utilisation was achieved, A block diagram of the 

basie system is shown in fig. G11, | 

This analyser with tho availability of autonatic 

filter changing with froequeney enabled sonc of the advantages 

of the constant percontage bandwidth analyser to be gaincd with 

less complication, The full operating parauctors for such an 

analyser arc scot owt in ref 9, and since theso aro vurely 

mechanical, they arc not repeated horo, 

fwo main problems wore encountered in tho usc of the 

equipment. Duc to the use of magnotic tapo loop recording to 

obtain records of sufficiont duration for tho analysis, trouble 

was cneowrtered from the splice in tho tapo creating transient 

inputs to the analyser, This was ovorcone by cnsuring that 

the RC tino constant was always cqual to tho Loop repetition 

tine, Use of magnotic tapo re cording supplicd the answor to 

the second problei which was the cxecssivo tine required for 

cach analysis, since if tho tape specd was ineroasod for play
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back then the timo was reduced proportionally. 

The complete equipucnt uscd for the analysis is shown 

in fig. @12, 

6-8) he practien! uothods of anoles noasuronont of 

gorrolation fungulons 

The most common form of analog correlation analyser 

is tho moving hoad uagnetic tapo or dru system, In this 

syste tine delay is achicved by recording tho two signals 

siimltancously onto two tracks of milti-chamiel magnetic ‘tape 

loop or drum, and thon rovlayi from different heads one of e 3 L 

variable delay tino between the signals, This typo of syston 

is very good for low frequency signals, but for high frequoncy 

signals tho high tape speeds and hish degroe of precision 

| | 

which can be noved roletive to the other 9 heneo ercating a 

required in the nechanical components makes thom oxcossively 

expensive. 

Ordinary dolay lincs can be used where only short 

delays arc of interest, but thoy arc not suitablo for long 

delays duc to tho possibilitics of nomlincar phage frequency 

charactcristics, Theo usc of nammotic tape tinc transforns can 

extend the use of dolay linos, providing the bandwidth of tho 

signals is not too great, 

The commercial analyser onployed for correlation 

neasurcinonts of vibration data fro road tests used a hybrod 

analog pulse system, The process cmployod was to sarpleo one



_a continuous swoop of delay tinc to be used, 

We 

signal at regular intervals and store tho sample voltages in 

a samplo hold circuit, After tho required tine delay, the 

second signal was sampled. Multiplication of tho two samples 

was perforned by using the first sample to crocte a pulse 

of constant amplitude but with a duration dotorminod by the 
? 

4 

sanplo amplitude, and then varying tho amplitude of the pulse 

by the second samplo, A width and auplitude modulated pulse 

train vas thus created, the ucan valve of which es proportional 

to the required correlation function. Tho mean ‘value was 

obtained by RC averowin: the pulse train and this cnabled 

This system had the sreat advantage of sinplicity of 

operation and also was relatively inexpensive, It had a vory 

wide bandwidth 50 to 250,U0U Hz, but the naximm timc delay 

was limited to 17 ns, 

: . ; ho total Sueleuntation sysccons for corrclation 

analysis aro: shown in block diagran for in figs. 6-13 and 14. 

Tape loop splico trangicnts again gave trouble, 

particularly in the caso if autocorrelation at sna ees 

delays, but carcful promrccording treatucnt to the Signals 

to onsuno the full utilisation of the FM deviation of the ro- 

cordor, and the use of a limiting onplifior to clip the 

%, 
transicnts on output from the recorder reduced this to a 

rininun,
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CHAPTER 7 INFLUENCE OF THE REAR 

71) Summary 

Laboratory and road tests designed to cstablish tho 

influcnes of the rear suspension in the mechanical transmission 

of the rear axle vibration are deseribed, and the results 

obtained discussed. These tests cuployed the more advanced 

analysis cquipnent required for random process analysis, and 

improvod techniques for controlling the road test conditions. 

72) Desgrintion of Lahorstory test 

The purpose of the laboratory tosts was to cstablish 

if there was a critical path for tho transiission of the roar 

axle gear eshing frequoney disturbance to the vehicle body, 

and henee to the passenger conpartnent, Sincc tho acoustic 

response in the passenger compartuent was the prine factor 

of interest, this vas tho major response function neasured, 

togethor with the acceleration response at the force input 

points. 

In order that only the influcnee of the suspension 

syston was slidioc, the rear axlo and propeller shaft wore 

renoved, and tho roar end of the vehiclo suspended by nylon 

cords which had a sufficiently low spring rate in tonsion to 

act as isolators for tho frequency range of the tests, 

The instrunentetion systom used is show in block 
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Giagran form in fig. 71, ond was very similar to the autonatic 

response test cquipneirt detailed in Chapter 3. Tho acoustic 

response was measured in all cases at tho near side rear 

passongers head position with a condenser microphone. Input 

force and inpwt polit acecloration were moasurod with an 

itypedenec head which consisted of scrics nounted load coll, 

and acecleroncter, both of which wore erystal transducers , 

operated in conjunction with chargo amplificrs, Tithor the 

input forec or the input aecoleration could bo used for tho 

level control amplifier, and tests wore carricd out under 

beth constant force input, and constant aeccloration input 

conditions, 

To discover if cither of the throc body nowrtbing 

points was more important as an input point 9 the springs and 

dampers wore renoved coupletcly, and forcing applicd to cach 

of the near side nourting points in turn, Further tests 

were performed with input via tho dampor only, spring only, 

and the damper and spring systen conplcte » 

For the tosts with tho springs, it was nocessa Py" 

to use two short piceos of round bar to replace the axle in 

order thet the U bolts and locating and nounting plates could 

be uscd to claitp the spring in tho normal mamer, Yo cytain tae 

correct loading of tho springs two rubber blocks having a 

stiffness roughly cqual to tho stiffness of a tyre wore used 

to stand the contre of cach spring on. So that the 

excitation could be applicd to tho contro of the spring the 
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rubber blocl: uscd on tho near side had a hole through the 

centre large cnough to take the impcdenee head, 

© 
i 

s0
 73) Degerintion of road - 

These road tests wore performed with two objectives 

in view. 

a) to confirm that more reliable information eowld be 

obtained by the use of random process analysis and 

b) to evaluate tho influcnec if any, of the rear suspension 

systen on the audible rear axlo noisc 

Two serics of tests were poxforneds: 

The first serics of tests cimloyod 7 transducers in 

1¢ following positions: 

1. tticrophonc in the passenger conpartmont in the near 

side top corner 

fe acccleronctc on nose of gcar box extonsion 

de acecloronctor on nose of rear axle gear carricr 

contre of tho rear axle fa}
 

a
 Ae accelerometer 

spring axlo interface ie c
r
 5. acecloronotor 

t3
 

on
 6. accoloronctor shock absorber body nounting 

7. acccleronctor at forward spring body nourting. 

All the acecleroncters wore oricntated to measure in tho 

vertical planc, 

In addition to these transducors, a ten toothed 

wheel was fitted betwoeon the pinion and propeller shafts 
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nouiting flanges, and an inductivo pickup was uscd in conjunc- 

tion with this to provide a refcronco fre quency at rear axle 

gear ucshing frequoney. This nothed of obtaining a reforonco 

frequoney was uscd to cnable crosscorrolation detection of the 

rear axlo gear neoshing froquoncy co yporents of the noise and 

vibrations to be porforned, 

harge anplificrs wore used with tho accclcronotors 

to obtain a higher goin and 2 hiehor signal to noise ratio o>) ei Ww iD 

| 
| 

than had been possible with the cathode followors used in the 

previous tests. This noccessitated a rathor largo woight of 

accumulators in the boot of tho vehicle, but it was considered 

that this would hove nogligiblo offoet at tho frequeneics of 

intercst, 

Tosts wore perforred at constant speed ot 2 milec/hr, 

intervals in the spood rango 40 to 60 milo/hr, inclusivo, | 

Recordings were taken for 30 soconds at cach test speed, 

For the sccond sorics of tosts only six transducers 

wore used as followss- 

1. ticrophone in passenger coi ipartnent in near sido rear 

top cornor, 

&e acccleronctor at contre of roar axle. 

3 accecloroncter at spring axlo intorfaco, 

4e accoloroncter at forward spring body mount. 

5» acecloroncter at shock absorber body mount. 

6 acceloronctor at rear spring body nount. 

Transducors 3-6 wore all on tho off side roar suspension syston 

ee ee a ee
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and transducers 4~6 wore on the body side of the mounts, ALL 

the accoleronctors were aligned to measure vertical acccloration, 

As in the first sorios of tests described above, a reference 

frequoney signal was obtained from the ton toothed wheel on theo 

pinion shaft. 

fo improve tho drivers control of the speod of tho 

vehicle and honee tho stationarity of tho signals, the follow- 

dng speed indication system was devised, Tho reference fro 

queney from the ton toothed wheol was applicd to a frequency 

to voltage convertor, and the resulting voltage analog of 

speed indicated on a simple voltnotor. This voltnetor was 

placed above the dash board of the vehicle in front of the 

driver, and hence only slightly below his nornel linc of 

vision, By this syston the control of specd obtained was 

greatly iiproved duc to the inercased response over the 

specdoncter, and the fact that once the desired speod had been 

reached, the driver could view tho noter by periphoral vision. 

Signal conditioning and recording were as in first 

test serics, but the tost spcods wore at given neter settings, 

and were such as to give approxinately 20 Hz imtorvals of rear 

axle gear neshing frequency in the range 300 to 600 Hz ine 

clusive. 

Tests wore porforned with standard springs and with 

springs with cnlarged rubber bushes at the forward ond. Une 

fortunatcly, no tine was availablo for these tosts to bo 

repeated with other variations of suspension bushes, 
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74) Rosults of acoustic rosnonse tosts 

he acoustic response in tho passenger conpartiont duc 

to oxcitation at the body nownting points of the roar suspension 

systcn arc shown in fig, 7-2. It can be scon that these 

responses were very complox with a considerable number of rox 

sonant peaks in the frequency range 340 to 700 Hz, This 

cormplexity resulted from the coupling of the munmerous acoustic 

nodes of the passenger compartment with tho cqually numerous 

vibratory modes of the body shell, In respect to tho possible 

transitission of rear axle goar neshing vibration at 440 Hz ; 

all the curves showod a fairly high response in this frequoney 

region, and in particular, the response duc to excitation at 

the rear spring nowrt showed a distinct resonant poak at this 

frequency. 

The cffect of placing the shock absorber in tho 

tronsitission path in tho caso of oxcitation at the shock 

absorber nount is show in fig, 73, Tho overall influcneo 

of the shock absorber was not very marked, but in the rogion 

of 440 Hz there was a marked reduction in the lovel of 

YCsponse. 

Responses with the rear springs fitted duc to 

excitation at the spring axle interface, both with and 

without the shock absorbers fitted, aro shown in fig. 75. 

The tests wore perforned with threo sots of springs, a pair 

of uscd standard springs, a pair of unused standard springs, 

ond a pair of used springs which had onlarged rubber bushes 
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at the front cnds. 

iis was the casc for the responses duc to oxcitation 

at the spring nowrbing a> point, the responses duc to excitation 

2 via the springs was complex in naturc. In tho case of tho uscd 

standard spring, which wore taken as tho standard condition, 

thore was a narked resonant condition surrounding 440 Iz, both 

* 
with ond without the shock absorber fittcd, With the unused 

standard spring fitted tho response levels wore of alnost 

identical intensity, but there was some chango in tho 

charactoristices in respect to tho resonant frequoncicos, These 

changes were only to the extent that could be accounted for in 

Fy, nanufacturing deviations, and wear of the uscd springs. Tho 

nost narked change was obtained when the springs with the 

enlarged rubber bushes wore fitted. These springs gave a 

reduction of tho order of 10 Db relative to the response with 

tho standard springs for tho condition without the shock 

absorbers, and about 5 Db with the shock absorbers, Tho 

difference between the two cases being duc to only tho 

transmission via ono of the throc nounting points being 

dircetly influenced. The resonate condition at 440 Hz was only 

influcneed to the sarie extent as the rest of the response, 

presumably duc to this resonance resulting fron transriission 

via the roar spring mount. 

The resonant condition in the region of 440 Ilz duo to 

excitation via the coupletc suspension system was not in 

+ 
lisclf of sufficicnt intensity to be the wa

 ole auplificr of 

Mee ee ee en ee
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the roar oxlo disturbance, but if coupled with a rosonant 

condition of the roar axle it would undoubtably bo significant. 

7~5) Road tost results 

i) Relation botwoen rear axlo gcar neshing frequency and road 

specd, 

Tho reforenee frequency generated by the toothed 

whecl on the ond of the pinion shaft was uscd to obtain the 

actual gear moshing frcquoney of the rear axle gears for cach 

of the test specds used in the first sorics of tests. Sinco 

the speed tended to vary slightly during cach test Tun, a 

nunber of neasurcnonts of the froquoney wore taken for cach 

recording. Moasurcnemts wore takon with a digital frequency 

neter over one second samples, and the results of those 

neasurciucnts are show in fig. 75, Tho bost straight linc 

was drawn through the point, and it was found to have tho 

following laws 

f= (5.88 +29) Hz 

where f is the rear axle gear noshing frequency 

and. - is the road speed in mile/hr, neasured by the 

specdoncter, 

The theoretical line also shown in fig, 7-5 was ovaluated 

frou the rolling radius of tho roar wheols which was 12.5 in 

giving the relationship:- 

£ 9.868 

where § is the truc road spocd in milc/hr, 

The @npirical relationship was used for all conver= 
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sions from frequency to road speed and vice versa since all 

previous analyses had been:elative to spocdonotor reading. 

ii) First sorics of road tosts, 

These tests were treated as exploratory tests since 

they wore the first tests to be analysed using random proccss 

analysis cquipnent. 

Two forms of analysis wore appLlicd to the recordod 

data, powcr spectral density analysis, end cross-corrclation 

analysis. Power spectral. donsity analysis was perforned with 

an analyser of the type deseribed in detail in Chaptor 6, 

Ldvaivtage was taken of the fact that the nain interest was in 

components of the data in the region of the pear neshing fre~ 

quency and this gave a frequency range of 350 to 600 Hz for tho 

range of road speeds used in these tests, Specding up of the 

data by a factor of 4 changed this bandwidth te 1,4 to 2.4 ldlg 

which was still within the 3 kilz bandwidth of the comtinuous 

Loop nagnetie tape recorder which was in use at the tinc of 

these analyses. Uso of this specding up technique cnabled 

the anelyses to be porformed in a reasonable tinc. 

The actual bandwidth analysed for all tests was 200 

to GUO Hz real time, i.c. 800 to 3200 Hz analysis tinc,. L 

47.5 Ha filter was used throughout this frequency band which 

gave a rosolirtion of 2,4% at 500 Hz (real tinc) compared to 

the 6% of tho analyser used for the previous road test 

analyses. Tho RO timc constat of the analysor was set to 

2e5 seconds giving tho resultant power spectral density 
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ostinate 475 degrees of freedom in its Chiesquarcd distribution. 

The cross-corrolation analysis was carried out with a 

tine delay corrclator of the type described in Chapter 6, 

The purpose of the analysis was to cxtract any periodic 

conponont at tho rear axle gear meshing frequency fron the 

noise and vibration data. This was achieved by crosscorrelating 

the noise and vibration signals with the reference signel. Due 

to the waveform generated by the toothed wheel and inductive 

pickup not being a pure sino wave it was necessary to pro~ 

condition it prior to its use for cross+corrclation as 

follows: the rccorded signal was first applicd to a liniting 

anplificr which produced a near squarewavo of constairt 

amplitude at the sane frequency, and this squarewave was thon 

filtered to give a good sine wave at tho roar axle gcar moshing 

frequency, It was also found desirable to precondition the 

' . 
noise and vibration signals to inercaso the gain of the 

correlation, by filtering with a bandpass filter. Both the 

reforcnee and tho transducor signals wore adjustcd to rive 

1 volt peak input to the correlator careful. nove being kept 

of the gain applicd to the transducer signal, & block diagran 

of the analysis syste: is shown in fig, 7-6, 

4n oxaiyle of a power spectral density curve is 

shown in fig. 77, This curve was obtained from tho recording 

of the noiso in the passongor compartnont at a speed of 52 

mile/hr., and has a woll dofincd peak at the rear axle gear 

moshing frequoney of 490 Hz. Frou this singlo mcasuroment there 
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was no way of deciding whcthor this peak was duc to a narrow 

band random corponent of the noise, or a periodic component 

of the noise, If the component of the noise which created 

the peak wore not present, it would be reasonable to assunc 

that the power spectral density would have followed the 

dotted line across tho base of tho poak in fig, 77, This 

line may be considered to give the inhorent noise at tho 

rear axlo gear meshing frequency, and the power of this noise 

referred to by tho subseript n, may be reuoved from the total 

power of the peak, subscript t, to givo tho power of the 

components creating the peak, subscript p, as follows: 

ne o at pl ) G., = lOLog, , (Log aa Ae. Jnl 
10 10 ) 

Sinec tho amplitudes of any periodic corponent of 

the signals at the roar axle gear neshing froqueney was 

obtained fron the dhodeacorrolatl én heasurcnonts a sinilor 

formula was used to find the narrow band randon content of the 

peak, Bofore tho power of the periodic signal component 

estinated from the cross-correlation analysis could be used 

for the correction of the powor spectral donsity cstinates, it 

was necossary to correct it for the bandwidth division, and 

the detector constant of the power spectral density analysor, 

This correction was found to bo -16,23 Db for this casc, 

Referring to tho periodic component by the subscript ¢ we 

obtain the power of tho narrow band random component subscript 

r from the following:— 
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= ; acl ia : = 1OLog, | (Log a. - Log i ) a 

10 10 ) 
\ 

’, fhe relative powers of these components of the peaks at 

the roar axle gear moshing froquoney for the noise in tho 

passonger conpartrient aro show in fig. 7~8, Tho power show 

for the periodic component is the correctod power to give a 

dircet comparison with the other curves. Tho hypobhgsis that 

tho rear axle gear noshince noise would bo basically narrow 

band randon in nature was strongly supported by these results : 

since the differonee between the peak power and the narrow 

band random power was only of tho order of 0.5 Db while the 

difforcnes boetwoen the periodic and narrow band randon 

conponent powors was ~10 Db or groater, In torns of tho 

relative noise powers in the passenger conpartuent the total 

power of the narrow band randon component would be 17 to 20 Db 

greater than the poriodic component 

Sinilar comparisons of the peaks in tho powcr spoctra 

at the rear axle gear meshing froquenecy and the orosscorrolation 

results for the vibration measurements showed that the narrow 

band rendom coutont of the peaks was even nore predominant than 

was the case for tho noise in the passenger coupartnent. This 

nay have becn duc to the refining cffoet of the hich Q resonanecs 

of the acoustic nodes of the passcager conpartnont. 

Tho springs introduced an attcnuation factor of 

approxinately Lo into the vibration charactcoristiocs at tho 

rear axle ‘goar neshing frequency as can be secon from Lig, 7-9 
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which shows the variation of total powor spectra density with 

gear moshing frequency, Fron this figure it was also scon that 

the major resonance of the rear axle was in the region of 

406 to 44D Tizy and the major transmission through the suspension 

system was also in this frequency range, Howover, tho najor 

response in the passenger compartnent occurred at a hichor 2 

frequency of 485 Hz indiceting that the mechanies of the 

overall systci beyond the suspension system may have played 

an important part in the amplification of the source disturbance 

to an audible level, 

The power spectral density charactcristies of the 

rear axle gear meshing frequency peaks with the inherent noise 

power ronoved, which nay also be taken as the narrow band 

component powor, arc shown in fig, ‘7-10, Thoso showed a 

similar pattorn to the total powor with tho 4206 to 440 Hz 

response in the vibration curves becoming cvon mere pro= 

dortinant. 

iii) Sccond sorics of road tests 

Since the first sorics of road tests wore only 

‘intended as an oxploratory sorics, thoy were closcly 

revicwed to soc if any of the test techniques could bo 

his ee
 improved to inercaso the confidence in the results of 

second sorics, Tho nost obvious arca for lack of confidence 

was in tho control of the major test paranotor the road 

speed, as was shown in seatter obtained in tho rear axle gear 
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neshing froqueney measurcuconts fig. 75. The use of the 

analog frequency meter near to the driver's linc of vision 

considerably improved his ability to comtrol the vchiclo 

speed and resulted in on inprovorient in the resolution, and 

statistical accuracy of the powor spectra obtaincd, 

fo obtain an overall picture of the powor spectral 

density in the passenger corpartnent an oblique projection 

plot of tho spectra against speod and frequency was dram ELS 

Yell, As can be seen in tho frequency band over which tho 

onalysis was performed, the gonoral characteristics of the 

noise spectra were of inercaso with specd and deereaso with 

frequency. No particularly distinct poaks occurred in tho 

spectra obtained from the lowcer speod tests, but in the 

lower frequency region an inercasing muber of sharply 

defined poaks did occur as the spocd was incroased. These 

low frequeney peaks wove duc to the harmonic oxecitation 

fron the onginc firing disturbance, and were alnost certainly 

periodic components, with random amplitude duc to the ine 

consistancics of the combustion procosseos, 

In the rogion of 400 to 500 Hz thoro vas a hunp 

in the basically falling charactcristic of tho spectra, This 

hump could bo duc to two factors, cithor a broad resonant 

condition in the acoustics of the passenger compartuent, or a 

high spectral density in ono or more of tho input disturbances 

which were croating the neasurcd snoctra. Of theso two 

factors, the latter was the nost likely since acoustic 
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resonances tond to be high @ resonances, and would consequently 

produce iumch sharpor poaks in the noiso spectra. 

The audible maximm of the rear axle gear noshing 

noise occurred at approxinetcly 47 iile/hr, specdonctor roading , 

and this gave a meshine froquency of 440 Hz. & combination of 

anplification of the narrow band random disturbaneo duc to 

the rear axle goars neshing by the broad resonant condition 

which created the hump in the noise spcetra, and thon coupling 

with a high Q acoustic or pannol resonance was the nost likely 

cause of this audible noisc. this noxinun of the noiso at 

rear axle goar meshing frequency was also ovidomt fron tho 

power spectral measuronents and is show in fig. fll. 

4 sct of exanple spoetra for tho tests speed at 

which the audible rear axle gear noshing noise was subj cetively 

assessed to be a maximum by the driver of the voliiclo, and tho 

author, are presomted in figs, 712 to 17. The vibration 

spectra did not shov tho felling characteristic of noige 

spectra but thoy did exhibit the samc broad resonait condition 

in the region of 400 to 5U0 Hz, This coifirncd that tho 

hump in the noise spectra was duc to tho characteristics of 

tho source disturbances, end not acoustic rosonanecs, and it 

would scecn in fact, that the lump was prinarily duc to the 

tronsitission of the rear axle vibration to the passongor 

conpartuont. 

Rofcronce to the response curves for tho rear axle 

presented in Chaptor 3 will show t! ~ 1at no broad Low Q resonance 

 



was detected in this frequcney region, Howover, sinco tho 

hunp in the vibration spectra occurred in tho results for all 

the tests speeds to the sax relative oxtomt, it was alnost 

cortainly duc to a resonant condition of the transmission 

systen, This lead to tho hypothgsis that the response 

characteristics of tho transtiission syston woro considerably 

altercd under dynarie conditions in respect to the static 

CASC» 

4. considerable number of factors would have influcneod 

the response charactcristics of tho transitission system uder 

dynanic conditions, The factors nost likely to have ercatod 

significant chenzes were the torque loading on tho rotating 

parts, and the change in the loading of the ball and roller 

bearings. 

‘iso shown in figs, 712 to 17 arc tho spectra obtained 

with the none standard springs fitted, i.c. the springs with 

the enlarged rubber bushes at the forward nounting points. 

The general influcnee of this nedification to the springs was 

fairly small and reasonably independent of frequency. 

fhe repeatability of tho source vibration in respect 

to the rear axle gear noise was dononstrated by the snall 

diffcrenes in the acecleration power spectra ucasured at the 

contre of the rear axlo for tho two serics of tosts, fig. 7~13. 

Tho slight lack of agrocixnt betwoon the tyo test noasuroncnts 

wore duc to the inheromt statistical crrors and the immossibilit 
+ 

of achieving oxactly corgodic test conditions for tosts perforned 

 



ll. 

with a considerable lapse of tine between thon, 4 relatively 

high degree of repeatability was also achioved for tho neasuro~ 

nents taken at tho spring axle interface, These high repoata- 

bilitics wore oxpeected sinee both these reasuring positions 

wore prior to the modification to the system in terms of the 

transitission of the disturbances, 

Unfortunately, of the six scts of acceleration 

measurenents taken at the body mounting points for thorear 

suspension, two sots wore lost duc to instrumentation faults. 

In the tests with the standard springs tho records of tho 

vibrations at the rear nowyrs were lost duc to a cable fault, 

and a similar fault resulted in tho loss of recordings of the 

vibration at the forward mount in the tests with tho none 

standard springs. The latter loss was tho nost scrious sinco 

this was the point upro the nost sienificatn changes would 

have occurred due to the nodifieation to the rubber bushes. 

It was not possible to repeat theso tests duc to 

shortage of timc at the end of the roscarch prograrmo, 

Considerable attenuation of the accelerations took 

place in the transmission through the springs as can bo scon 

by the comparison of the vibration spectra for the spring 

axle interface, 4ig. 7-14, with the spectra for tho body 

nourting points, figs. 7-15 to 17, In terns of the powor of 

t. 
o a factor of tho ordor (a

 tho signals the attenuation anowmrteod 

of 10. As far as could be cstinated fron tho aceclcoration 

power spectra measured at tho damper body nounting, the only 
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position for which spectre for the standard and non~standard 

springs, wore available, the fitting of the onlarged rubber > 

bushes did not inerease this attcnuation. 

The relative amplitudes of the narrow band randoin 

coliponents at rear axlo goar meshing frequoney in the 

accelcration spectra of the body nounting points indicated that 

the najor transmission path for this disturbence was via tho 

rear body nounts of the rear suspension system. It was 

obvious after tho serics of tests with tho nono=standard 

springs that o modification in the roar nounting bushes would 

have probably produced nore narlod changes, This courso of 

action was not followed duc to lack of tino in which to obtain 

further nodificd springs. 

Power spectral densitics of tho narrow band randon 

peaks at rear axle gear neshing froquoney wore gummeariscd to 

give tho variation with frequency figs. 7-15 to 23, 

Tal icing the vibration at the contro of the rear axle 

to be a good representation of the source disturbance fig, 7-19 

shows that the repeatability of tho reer axle scar neshir a 

disturbance was quite good for tho two sorics of tests. This 

was particularly truc at 440 Hz which was tho frequoncy at 

which the naximm audible noise was observed in the passenger 

compartnent, i further peak in theso curves at 570 Hz also 

showed a high dogree of repeatability, and was a result of the 

resonant response of the propellor shaft in its second flexural 

modc of vibration, The good rosolution of this resonant 
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response of the propelicr shaft showed the greater powcr of 

the power spectral density analysis over wave analysis for tho 

reduction of the type of data cncountered in this type of test, 

Results obtained fron the vibration of the spring axle 

lixtorfaco fig, 720 showod a much lowor dogrce of repeatability 

then tho results obtained from the ecntre of the roar axle, 

This indicated that the major peak at 440 Hz in those curves 

was most likely duc to a rcsonant componont near to the rear 

axle gears or that the tyrosroad contact generated vibration 

forncd a major part of the vibration at this mcasurenont 

position. In tho case of tho standard springs tho 440 Hz poak 

in the curve was clearly the dominant onc, and appcarod to be 

a fairly narrow band process as for as could be judged fron 

the limited number of points availablc, Changing tho 

suspension springs had a marked effect on the othor peaks 

nakking then more dominant while reducing the auplitude of the 

440 Hz poak, Whother those changes were duc to tho change of 

the rubber bushes or simply duc to the difforonees betwoon 

the two spring sots was not clear, but they wore nost likely 

duc to the latter, 

From the results obtained fron tho vibration 

measurcnicnts on the body side of the springs, it was found 

that the springs had « fairly oven attenuation factor of the 

order of 10 ovor the whole of the frequency range of the 

analyses, This resulted in the 440 Hz peal: roneining tho nost 

dominant foature of the curves figs. 721 to 23, Thoro was 3° 
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no ovidence of the resonences of the sprincs adding further to 

the amplification of the rear axle gear moshing fro quoney 

vibration above thet already obtained in tho rear axlo itsclf, 

is far as could be judged the changing of tho forward rubbor 

bushes did not have a marked offeet on the transuissibility of | 

the roar suspension system, but this could not be coneludod with 

a high degree of certainty duc to the loss of tho recordings 

for the forward spring body nowy whon tho nonestandard springs 

wore fitted, 

The power density of the peal: centred on the rear 

axle gear meshing froquoney in tho powor spoctra of the noise 

in the passongor compartnent followed a very sintlar 

characteristic to the acccleration powor spectra measured at 

the suspension body mounts. It was, therefore, confirmed 

that the rear axle gear nesling froquoney components in 

the noise in tho passenger conpartuent vere olnost solely 

duc to tho mochonical transmission of the sourco disturbance 

to the passenger compartnont, Tho slicht difforonees in tho 

shapes of the noise and vibration curves wore duc to the 

acoustic resonances, and to the complex coupling of tho 

pannel nodes of vibration with the acoustic nodes, 

The powcr of the rear axle gear moshing frequency 

component in the noise in the passenger compertnont was roduecd 

at the critical frequency of 440 Hg but it was ineroascd at 

other frequceneics, However, the considerable changes in the 

spectra resulting from the change of springs did show that a
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1 
ci, with particular omphasis or

 re=design of the suspension sys 

on the isolation of the hich frequoney vibrations would have 

achioved a considerable invrovenent in the noiso in the 

passcnger conpartnent. 

76) Conglusiong on tho influence of the roar suspension 

Syston 

That a change in the rear suspension system, cvon of 

a minor nature, resulted in a considerable change in tho 

acoustic response of the passenger corbarinent to a dise 

turbanee having its source at or near the contre of the roar 

axle has been showi by tho results presomted in this chaptor,. 

It was cloarly indicated, therefore, that a rosdosign of the 

rear susponsion system with particular regard to the trans~ 

tulssibility in the region of 306 to GUO Hz would reduco theo 

nts 
4. rear axle gear meshing noise mtisancec,. is resdcsign could 

alnost certainly be achieved without degrading tho low froquoney 

charactcristics and henee the handling to any groat oxtent, In 

fact oll that may be required is a closor control of the 

propertics of tho rubber isolating bushes,
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CHAPTER 8 ACOUSTICS UF IE PASSENGER 
AEE OE A Ee 

coranmenr 

Sel) Sure 

Tho factors influconcing tho acoustic transizission of 

noise in a closed room ere discussed, and the statistical theory 

of nodal donsity for a rectangular roo: is dononstratod, 

Conputed results for a roetangular rocn aro presented and 

comparcd to the statistical thoory to dononstrate the short 

conings of the theory in relation to narrow band noise, 

4coustic response test results are presented and diseusscd 

in relation to the deviations of tho truc nodal density of 

the passenger compartncnt of the vehicle fron tho statistical 

ostinate for a similar sized rectangilar roon. 

6-2) Ragtors affecting the intonsity of sound ine closed 
QQ 

It is wcll know that tho intensity of sound in froo 

air varics as the inverse square of the dist ance of the point 

of observation from the sourco, In a closed room tho inverse 

square Jaw doos not hold, and the condition can ariso whore 

the intonsity of tho sound at gsonc distance fron the sourco 

is groater than the intensity adjacont to tho sourco, This 

condition arisos because in a closed roon tho sourco noise 

excites one or nore of tho acoustic nodos of the cncLosure 

ond tho resultant intensity at other points in the room is tho



120, 

sum of the intensities of the modes oxciteod, 

The actual intensity of the sound at any given point 

in a closed room will deyend on a number of factors namely: 

the intensity of the source, the vosition of the source, tho 

absorbancy of the walls, and most important, the mmbor of 

modes excited by the source, The number of modes excitod by 

a given source noise will depend on tho frequency of the noise 

and the modal density of the room at that frequency, At low 

frequencies only one or two modes would be excited by a pure 

tone, but as the frequeney is increased, the number of modes 

exeited will inercase according to a square law rolationship, 

For simplicity in the development of tho statistical 

thoory of modal density, the acoustics of a rectangular room 

will be considered, Let tho three dimensions of tho room be 

- 
a+ 1, and 1, It can be shown that the natural frequeneies 

of tho room are given bys- 

a fi 2 

f= ¢.}(n ie + (ny)? + (n )? Sa 
2 i) T) \e (1) (2, 

where @ = the speed of sound. 

This expression can be considered as a vector having components 

fi» ti and f, given by ; ae De respectively, n n 
ce uk 
1. 1, 1, 

The length of the vector gives the frequency of the 

standing wave and the direction of the vector is tho same as 

the direetion of the standing wave, Heneo a normal mode of the
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enclosure can be considered as a point in frequency spaco as 

shown in fig, &1. Theso modes can be separated into three 

categorics and scovon classcs:- 

Axial waves (for which two ns aro zoro) 

x-axial waves, parallel to the x-axis, (a, =n, =0) 

yeaxial waves, parellol to the yeaxis, (n =n =0) 

Zeaxial waves, parallol to tho maxis, (n, =n, =0) 

Tongential waves (for which ono of the ns is ZOTO.) 

Y3 ztangontial, parallcl to tho y, zplane (n=0) 

X, wtangential, parallel to the x, mplano (n,=0) 

x, y-tangontial, parallel to tho x, yeplane (n_=0) 

Ublique waves (for which no n is zero), 

Those three eategories of waves are influcneed by the walls to 

different extents, depending on thoir ineodonce Oi be walls. 

Waves travelling parallel to a wall are absorbed by that wall 

to a lessor extent than waves having an oblique inecdenco on 

the wall, Henee the axial waves will be the waves with tho 

lowest damping since they are parallel to four of the six walls 

followed by the tangontial » oblique to four walls and the 

oblique waves, oblique to all the walls, 

For the prediction of tho re sponse of an enclosure it 

is desirable to cvaluate tho mumbors of cach ‘type of mode below 

any given frequency, and the following method will give approximate 

values. Consider the frequency space diagram shown in fig. Sl, 

The natural froqueneios arc given by tho interseetions of the 

X; Y, 4 lattice shown, If tho lattice points arc considered to 

 



  

122, 

occupy a volumc of dimongiions (c/21,) alee 21.) ' (c/21,) with 

the lattice point at the centre of the volumo thon tho average 

mumbor of frequencics bolow a given frequency is given by 

dividing the volume deseribed by that frequency vector by tho 

above volumco, For xxaxial waves the numbor of natural fro= 

quencies less than f is given by f divided by the frequency 

spacing in tho £,. dircetion, tar), of e), (tec, tho numbor of 

volumes in « rod of crossscction (F/a.1,) end length f , 

ond the total number of axial weves with froqueney less than 

f£ is: 

N= gh Gm 2 

where L is the sum of the lengths of the cdges of tho roon 

L = A4(1_ +1 +1 ) 
> et 

The number of yyztangontial waves with frequency 

less than f is the number of volumes in a quarter of a dise 

of thickness (o/ 21,) and of radius f loss a correction to 

allow for the axial waves which have beon counted previously, 

This correction is one half of the volumo occupied by the 

y ond 4 axial lattice point with froquency loss than f 4 150% 

(20*/ev) (1,41,) 843 

where V is the volume of air in the room EO ee 

Henee the numbor of y, wtangontial waves with 2 frecueney less 

than f is:



and the total muber of tangential waves with frequency legs 

than f is: 

HSA. E5 
2° ac 

Ge 
ra 

where A is the total wall areca 2(1 1 411 +41 1). 
eee oe 

Tho mumbor of oblique waves is given by the volume of 

one cigth of a sphero of radius f loss tho volunos already 

accounted for by the catogorios already counted divded by tho 

mode volumc, i.c, 

Dy i EN eres ee &6 
307 4c” 3c 

The total number of standing waves is given by the 

sum of cntegorics, isc. 

Wee ee 6 Be ig ner, 7 o 5 

4c” 2c~ Se 

Differentiating these formilas gives tho number of 

waves having frequenecics in tho band dfs~ 

i (L/2c) at 

te C( £a/e%) (1/20) ae 

go = (4 £°0/07) = ( 28/70) +(1/e0) ae 
((4 £°V/o%) + ( £A/20°) =/L/8e)) a 

Fi 

Sa 

ia
 

i 

e
e
e
 

Se
 

vs
t 
t
a
e
 

e Ht 

In ozdor to got somo indication of the order of 

modal densities to be ecnsidered for the passenger compartment , 

of the test vehicle, it was treated as a rectangular room of 

dimensions 1= 6.5 Lie, 1 = 4625 £5. ond 1, =4.5 ft. Those 

dincnsions gave a fundamental. frequency of 85 Hz, and the 
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bandwidth was chosen to be one tenth of the fundamontal frequency , 

i.c. 8&5 Hz. The modal density curves obtained are showm in 

fig. &2 from which it can be secon that tho obligue modes arc the 

most numerous as was oxpected, A square law charactoristic pres 

dominates in the total modes curve giving a rapid inercase in 

modal density with increasing frequency. Henee with wide band 

white noise an inercasing power density spectrum would bo 

xpected, 

&3) Limitations of the statistical -thoory 

Modal densitics givon by the cquations &8 aro 

smoothcd cstimates, ond would give reasonablo results in tho 

study of broad band excitction or high frequency oxcitation 

of the enclosure, However, in tho ease of roar axlo gear 

meshing noise wo are considering a narrow band vhonomina ot a 

frequoney only approximately five times tho fundamontal 

frequency. 

Comparisons of the statistical curves and the true 

modal density plots obtained from a computor evaluation using 

the same room dimensions arc shown in figs. &3 to 5, Tho 

cstimates for tangeirtial and obliquo waves wore high end Low 

respectively, but the cstimate for tho totel modos was a good 

AVOLALIC 

Considering tho total modes curves fig. &5, sincc 

this was the most important, it was obvious that though tho 

estimate was a good average, tho doviations from i% were quite 

a ee ee eee a ee Se ee BO es
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largo, At tho high frequency end whore tho bandwidth of tho 

exciting processes tends to inercasc, a widor bandwidth could 

have been used in evaluating the modal donsitics which would 

have given a much better corrolation of the curves, At the low 

frequency end of tho curves no such improvement can be achioved ; 

and it was obvious that the truc modal density curve should be 

used in predictions of the response of the enclosure, 

Reference to fig, &6 which shows tho low frequency 

end of tho modal density curve for the total modes to a mich 

larger scale will show that in the region of roar axle gear 

mcshing frequency at 47 milc/hr. thore was a local inerease in 

the modal density which could have becn one of tho contributing 

causes of the amplification of the goar moshing disturbance to 

an audible level, It must bo remembered that the above 

stetements relate to an idcaliscd room, and not to the actual 

passenger compartment of the vehicle which would heve been 

very difficult to analyse duc to its commlox shapo, 

The major limitation of the statistical thoory of 

acoustic modal donsity arc its poor estimation of tho low 

frequcney densitios, and tho evaluation of densitics for 

complex shaped cnclosures, 

&4) Actual, response mnoasurcnents of the acoustics ees eS ee le 

‘bho passenger conparkmoit. 

Since it was possible that the acoustics of tho 

passenger compartment might be important in tho amplification
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of the rear axle gear noise, an attempt to measure the froquency 

response was made, Random oxcitation was used rather than 

periodic duc to tho difficulties of controlling thc lovol of 

excitation from a loud speaker when periodic waves arc used, 

Tho procedure adopted was as followss= A small loud 

speaiccr was placed in the passenger compartment of the test 

vehicle in the near side fromt lower corner, and the resultant 

noise measured with a condenser microphono, The speaker was 

with a wide band random signal, and the resulting microphone 

signals wore recorded on magnetic tape for later powcr 

spectral density analysis, Tho moasuromonts wore taken at a 

random selection of points in the compartment to obtain an 

overall picture of the response of the compartmont, 

The microphone signal recordings wore subjected to 

power spectral donsity analysis over the frequency rango 400 

to 600 Hz, and some typical spectra aro show in fig. &7, 

The response of the compartment varicd considerably 

with position duc to the small number of modes active in this 

frequency range, As shown in fig. &7, thore was only slight 

evidenee of a peak in the response at 440 Hz, i.c. the frequency 

at which the major gear meshing noise was found to cxist. This 

did not rule out the acousties of the passenger compartment as 

a prime amplifier of the rear axle goar noisc, sinco strong 

coupling of one or more of the modes of vibration of the 

onelosing pannels with acoustic modes could have inereased the 

influcnce of those acoustic modes in the overall rosponse,



  
"FREQUENCY SPACE LATTICE FOR THE NATURAL 
FREQUENCIES OF A RECTANGULAR ENCLOSURE 

FIG 8-1  
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GHAPTER 9 CONCLUSIONS. 

9-1) Zho Gonoral Choractoristics of Noise and Vibration 

Associated with the Powor Trongmission Systoms of 

Fassongor Autongbilos. 

Moise and vibration probloms, croatcd by the internal 

or external mechanical cxeitation of tho powor transmission 

system, wore found to be whole vchiclo probloms, Tho rcagon 

for this was that the rubbor bushes by which tho transmission 

syston was ultimately attached to tho vehicle body did not 

act as isolators duo to the low mechanical impodonee of the 

unit construction body shell, Typical of tho crroncous 

information which can be obtained by trosting tho transmission 

syston in isolation was the incorroct hypothgsis dram fron 

the preliminary investigations discussed in Chapter 2, 

A sccond major cheractoristic discovered was that 

the live noises and vibrations, gonoratcd by the power trans 

mission system while the vehicle was in motion, wore random 

processes, Even disturbances associated with sources, such 

as rear axle goar meshing, which wore intuitively assumed to 

be periodic wore found to conform to this charactoristic, The 

root cause of this charactoristic is tho random cnvironment in 

which the vchicle must operate. 

Qm2) Roar saglo poor meshing noise. 

Both the major charactcristics discussed in the 

ES
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previous section applicd to the rear axlo goar noise problem, 
cr
 ogethor with the particular characteristics for the vehicle 

tested as follows3~ 

4) Tho audible noiso in the passenger compartment was found 

to be most intense at 47 milo/ hr. specdonetor radiag 

(45 milc/hr. actual speed), 

ii) At this spocd of 47 milc/hr, the noise was found to be a 

narrow band random process centred at 44u Ha, 

These vharactcristics wore concluded from the results, 

both subjective and objective, of the final scot of road tcsts 

discussed in Chapter 7, Though the subjective assessments wore 

essoitial in cstablishing tho speed at which the whine was most 

audible, they wore of no valuo in establishing the other 

characteristics of the noisc, Ubjoetive analysis, using 

analog random process cnalysis techniques, enabled an identi~ 

fication to be made of the component of tho general noise 

spectrum which was responsible for the audible noisc, Onco 

this component had boon identified in objective analyses, it 

was possible to confirm that it did result from the vibrations 

gonorated by tho meshing of the rear axle goars, and it was 

also possiblc to cstablish the other charactcristics detailed 

above e 

First stage amplification of tho disturbance was 

considercd to be duc to a mechanical resonait condition ond 

to be duc to one or more of tho internal componcnis. This was 

inferred from the result of the various stebtic response tosts
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which showed the response at the rear spring roar-axlo intorface 

to be relatively low, but in theso tosts the main vibration was 

of the outor casing of tho axle, Proof of such a resonant 

ouplification of tho iitcrnal components of the rear axlo was 

not aticmpted duc to the difficultics of similating tho loading 

of the components if thoy were removed from tho axle, and tho 

difficultics of access to the components in their normal 

onvironnent, 

lo evidence of mechanical amplification of the vibrations 

in the region of 440 Hz during transmission through the rear 

susponsion system was found, It was clear therefore, that any 

further amplification of the vibrations took place within the 

vehicle body or the passenger conpartnont. | 

3) Tzonsmissiqn of Dransmission Syston noise and vibration 

49 the velighe ody and the pagsengor goupartuont. 

Two modes of transmission of power transmission syston 

disturbances wore initially assumed to bo possible, i) dircct 

radiation of acoustic onergy from tho outer surfaces of the 

transmission systom or ii) mechanical transmission of the onergy 

via the various suspension and mounting clencnts,. 

Though the first method of transmission applicd to 

the low frcquency disturbances such as cngino noisc, this was 

not found to be the case at higher frequcucics, This conclusion 

was drawm from the lack: of corrclation betwoon the noise spectra 

in the passenger compartment, and tho noiso spectra close to
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the tronsmission systom, Tho reason for this result was 

assumed to be the cfficieney of the damping matcrials applicd 

to the floor pannels of the body, 

Letor investigations showod that for the rear axle 

gear noise the major mode of transmission of the disturbenceo 

was mechanical via the rear suspension systems. I%t would scon 

reasonable to assume that this was tho gonoral ease for all 

the higher frcqueney vibrations of tho roar axlo, Aftor 

transmission to the body of tho vehiclo, the vibrations oxecito 

the body pamncls into vibration, and tho pannols in turn 

excite the acoustic response of tho passonger compartment y 

henee giving riso to the audible noise, 

The obvious method of reducing the mechanteal 

transmission of vibrations via tho rear suspension systcom is to 

introduce some clement into tho suspension systor which has a 

low transmissibility, but if this course of action is taken, 

care mst be exercised to ensure that the ride and handling 

of the vehicle are not compromised, 

94) Influcneo of the passongor compartnont acoustics. 

In any noise problem within a passongor vehiclo, tho 

acoustics of the passenger compartment will play « mejor rolo, 

This situation is ercated by a number of factors of which 

the following are the major:- i) Acoustic resonances arc 

nearly always high Q resonances giving high amplifications. 

ii) Tho modes aro closely spaccd in the frequency domaing honco
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increasing the probability of a particular vibration oxciting 

an acoustic modo, iii) Thoro is a high probability of strong 

coupling between acoustic modo and the mochanierl modes of 

vibration of tho enclosing pannels which will increase tho 

effect of Low level oxcitation from the pamols, 

For large cnelosures it is possible to predict the 

acoustic responso with a reasonable degree of confidence by tho 

application of a statistical technique of modal density analysis. 

This mothod of prediction was found to be inadequate for small 

enelosures, and particularly for cnclosures such as a passenger 

compartment of a motor vehicle, duc to its irregular shapo, It 

was found that for a rectangular cnelosuxo of approximately the 

sane sizo as a passonger compartment, quite high modal donsitics 

wore obtained in the mid audio frequency range which was tho 

‘type of condition which ould result in high audibility of 

particular frequency disturbancos, 

Some attompts wore made at exnerimontal measurcmont 

of the acoustic resvonse of the passenzor compartment of the 

tost vehicle, but they wore inconclusive, duc to tho 

difficultios of obtaining a suitable sound source, 

%5) Rossible cures for rear axle goar noise 

From the above discussion it is cloar that thore 

are a nuuber of scetions of the total vchicle system to which 

attcntion could bo directed in attonpting to reduce the audible 

rear axle gear noise to a more aecoptable level,
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a) Source of disturbance, This was confirmed to bo theo 

vibration caused by the meshing of the crowmhocl and pinion 

gear teoth, It is doubtful if mich reduction could bo achicved 

in this sourco disturbaneo sinec tho machining of the hypoid 

tecth used for this gear pair, has boon doveloped to a high 

degree of sophistication, 

b) The imternal rogonant components of the rear axle, If such 

components do cxist as hypothgsised, thon some degroe of cure 

could be achioved hore by either increasing the damping or 

tuning tho conpononts, This courso of action would be a Long 

tern solution duc to the cxocrimental work required to identify 

the components. 

ce) Isolation of the rear axle from tho body, Dofinitely the 

nost promising courso of action sinee it may bo possible by 

suitable redesizn of tho rubber bushos in tho rear suspension 

systen, 

d) Mcchanicol vibration of tho body pannols, If tho resonant 

response of the body pamels was confirmed to be a major factor 

in the amplification of the vibrations, then two possible cures 

aro available, 1) tuning the pannols by the addition of suitable 

stiffening ribs or, ii) damping the pannels by ‘tho application 

of a viscous surface troatuont, 

c) Acoustics of tho passenger compartnont, ‘he responso of tho 

acoustics of the passonger compartment would be very difficult 

to control, other than by the usc of oxpensive sound Rbacetane 

natorial, 

er ae oe ae
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In cstablishing a positive recomicndation from the 

ahove, the following factors wore considercd:= 

i) Costs This is a throofold factor covering project cost to 

establish the required design changos, production costs for 

tooling ctc., and material costs. 

4i) Timo, This covors the length of timc required to achtiovo 

the changes. 

iii) Feasibility, This mainly covers technical feasibility, 

but also includes customer accoptance of the resulting changes, 

Item a) was ruled out on all throo counts » ond would almost 

certainly be the least productive coursc of action, 

Item c) would not load to any large rdduction in tho noise 

intensity, and can be ruled owt duc to high material 

cost and possible customer rejeetion, 

Item b) would be feasible, but it would bo likoly to ineurr 

high project costs, and the time to achiovo the 

desired results could be oxtensivo, 

Item ad) would achieve results in a very short tinc, but at 

the cxponse of hich production and material costs, 

Item ¢) could produce good rosults » and would have a reasonable 

chance of mecting the criteria scot out above, 

Tho above considerations lead to tho rocommondation 

that the best course of action would be a study of the rear 

suspension systom with particular rogard to tho redesign of 

tho rubber nounting bushes, A furthor long torn study of tho 
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dyneiies of the internal compononts of the rear axlo would also 

be likely to lead to positive reductions in the audiblo noiso, 

9~6) Influcnes of the propeller shaft on tho dyasies of the 

imonsuigsion syston. 

From the static response tosts it was confirned that 

the propeller shaft was the least damned and consoquontly, 

dynamically the most active part of the power transmission 

system, Other than in tho vicinity of tho frequoney of tho 

first bonding node of vibration of tho propoller shaft, it was 

found that tho propeller sheft had cnly a mininal influence on | 

the responsc of othor parts of tho powor trangrission syston, 

Conversely, the response of tho propeller shaft was found to be 

strongly influcnced by tho prosence of tho othor components as 

was shown by tho significant shifts of the froquoneics at which 

the bending nodes of vibration occurred compared to the 

theoretical frequencics for a pin ended beam of tho samo 

dincnsions. 

Neasurcncints taken during tho road tosts showed that 

the frequoneics at which tho bending modes of tho propeller 

shaft woro occurring wore nore in agreonent with tho pin 

ended bean froquoncics than was tho ease for the static tosts. 

It was concluded fron this that under dynanic conditions tho 

universal joints wore acting in o mamnor nore akin to a pin 

joint, probably duc to the rolicf of friction, Also, it was 

obvious thet if this wore tho ease the vibration of the 

ee i ae Sta
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propeller shaft would be well isolated from the other parts of 

the power transmission syston. 

9-6) Couarison ef Static rosponse nogsurononts and read 

host monsunomoente. | 

These comparisons wore restricted to the rosonant 

frequencies sinee no information was available for the actual 

forcing functions for the road tests, 

It was quite clcoar even from this restricted 

comparison that considorable changes took place betwoon the 

static and dynamic conditions, Those changes were duc to the 

difference in loading on the bearings, ond gears rosulting in 

difforont ond conditions and chenges in daisping in the resonant 

mode gs 

Mony of the charactcristies deduced from tho static 

response tests wore found to be useful in interpreting tho 

froqueney domain analyses of the road test measurements in 

rotrospect, However, use of the rosults of static response 

test rosults to predict the dynamic behaviour of the power 

transmission system during nornal operation is considered to 

be rathor hazardous proccdure, 

Static response tests do still have a use in investi~ 

gating the absolute source of amplifing conponcnts onee positive 

identification of the resonamt response has boon made, 

7) Snalyrtical calculations 

The nathenatical investigations included in this QO
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roscarch programmo showod that it was possible to mako uscful 

predictions of tho natural frequconcics and tho associated modal 

shapes of systems like the powcr transmission system of an 

autonobilo. This was fod to bo the caso oven when tho 

assumptions nado in forming tho mathomatical modal wore quite 

fhe transfer matrix method of cvaluation of tho 

natural froqueneics and modal shapes was found to be well 

suited to this typo of system, This technique was found to be 

vory flexible in respoet of cxtonsions to the systom being 

analysed, and required vory little change of data for para~ 

neter changes of the components of the system, Theo main 

disadvantage of tho mothod was its long conputing tino, 

but this could be improved by taling larger scetions of tho 

systons in forming the lumped perancter model and using sonce 

what more claborate transfer matrices, 

Onc of the main assots of the computed prodictions 

was found to be the insight gaincd into the interaction of 

the various components of the powor transiission system. This 

infornation augnonted the infornation obtained from the 

experincntal measurements which was rathor impreciso duc to 

the influcnce of the nomlincaritics in tho actual syston, 

9-9) Exporinontal, toghniques 

9-91) Static Rosponse Tosts 

Static response tests of an automobile powor trans. 

mission systcm should if possible, be porformed with tho syston 

Pe i ee ee se ee gel ea ae ae



  

137. 

nounted in its normal environment. This is necessary duc to 

the low mechanical impedonce of the modern unit construction 

automobile body, 

Very little can be done to improve tho actual oxperi+ 

noital measuronents other than those changes brought about by 

the introduction of now testing equipment, One particular 

advance in the field of rosponse testing equipment which will 

bo of groat valuc in tests of this typo of system, wore back 

lash type nomlincaritios cxist, is tho dovolopment of frequency 

tracking filters, This typo of filter makos it possiblo to 

perform artomtice sweep tests at high forcing lovols sinco tho 

inercaso in harmonic distortion is no longer an embarassment. 

QnIn2) Road Tests. 

The major problom to be overcone in road testing 

is the obtaining of a test run having stationary conditions 

for a sufficicnt duration to onablo a reasonable statistical 

accuracy to be achioved in the data analysis. Some improve- 

nomt of stationarity of the road test data was achtoved by the 

usc of a nore sensitive spceod indicator ;than tho normal spood+ 

ouctcr, placed so that it was within tho drivors normal ficld of 

view, It may be possible to improve still further on 

stationarity by the use of a servo control of thc vchiclo 

spood, 

Trucly crgodic conditions between tests cannot bo 

achicved duo to uncontrollable factors such as windage. Theso 

factors can be minimised by tho careful scloction of tho test
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road, It is recomonded that the tost road should be reasonably 

sholtered, and not a scetion of the public highway, in ordor to 

ronove the noises from passing vehicles. 

The major difficulty in instrumenting a vehicle for 

road test is obtaining portable battery powered oquipment which 

is compact cnough and light cnough to be carricd in the vehicle 

under test. The most urgent arca for inprovenont in this 

respect is the development of portable magnetic tape recording 

equipment having a performance more compatible with laboratory 

nagnetie tape cquipnent. 

9-10) Road tost data anglysis toclmiaes. 

Wavo analysis tochniques ouploying constant porcoittage 

bandwidth filters wore found to be quite unsuited to the 

analysis of powor transmission systci noiscy end vibration data 

obtained from road tosta There were two reasons for this 

a) the data was mado up of a considerable muber of narrow 

band components plus a broad band component which tendod to 

swamp the ouput fron tho filtor and, b) tho data was basically 

a random process due to the random nature of nost of the func 

tions which controlled the level of the forces which goncrated 

the vibrations, 

Of the various tochniques available for the analysis 

of random processes, the powcr spoctral density analysis is 

tho most informative for this type of problem, Analog cvaluation 

of this function is considered to bo the best fomof proccssing 

i ‘



  

139. 

from tho point of view of capital cost of oquipment, Filtoring 

oquipnont used in such an analysis system should have a good 

absolute rejoction, since it was found that tho data has a high 

background noise lovol, - 

Use of cross+corrolation techniques for tracing the 

transmission paths for noiso and vibration was not investigated, 

duc to lack of timc, but this tochniquo might woll be uscful 

for the invostigation of parallol transnission paths such as 

oxist in tho rear suspension syston,
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