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SUMMARY 

This thesis describes an analytical and experimental study of the 

relationship between cylinder wall vibration and the resultant acoustic 

energy generated inside an enclosed stiffened cylinder representative 

of an aircraft fuselage. 

The work included measuring vibration and noise transmission 

properties of models simulating a fuselage. The results from these 

tests were used in the analytical predictions. 

Experimen‘:al facilities were developed for this work to measure 

parameters such as space average vibration and sound pressure levels, 

structural damping, transmission loss together with other relative 

parameters. 

Three cylindrical shell configurations were tested. Extensive 

experimental measurements were carried out to study various effects 

which are reported on noise and vibration characteristics. An 

emphirical approach was taken, to account for the internal loss factor. 

With this approach, a significant improvement was obtained in the 

comparison between analysis and experiment. 

A relationship between the cylinder wall vibration and noise 

transmission characteristics were measured for both acoustical and 

mechanical forms of excitation. Below the ring frequency there was 

no direct comparison between the two measurements. 

Computer programs were. developed for the theoretical study of 

natural frequencies of cylinders and plates, and results are presented 

in the form of graphs and tables.



Statistical energy analysis was used for the theoretical study of 

energy and noise transmission. A comparison of analytical and 

experimental results, whilst showing a good agreement between 2.5 kHz 

to 10 kHz did not give such a result in the vicinity of 600 Hz to 

2.5 KHZ.
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CHAPTER ONE 

INTRODUCTION 

To understand either the effect of sound on a structure or the 

transmission of sound through a structure it is necessary first to 

understand the vibration characteristics of the structure. Whatever 

the nature of 'sound' whether random, 'white' noise, pure tone, or 

excitation which is not acoustic; the response of structures to such 

an excitation and the subsequent vibration and either radiation, 

transmission or both of these parameters are central to the field of 

acoustics. The applications of structural response studies are very 

broad. They include the response of missiles to environmental sound, 

building vibrations resulting from shock and sonic boom(26), 

transmission of noise through walls, and many others. The missile 

and aircraft problems are primarily problems associated with the 

structural response, the main problem areas being concerned with the 

fatigue of structures and environmental loads on equipment mounted 

within the structures. There is also the problem of acoustic noise 

transmission to the interior of aircraft cabinsthat are used for 

passenger and personal accommodation. The structure may vibrate 

resonantly or may be forced into non-resonant vibration where stiff- 

ness reactions predominate; they may be formed of flat plate, curved 

plates or both, and various forms of stiffening (stringers or rings) 

configurations will also influence the form of vibrational modes 

involved(10).



Clasically, vibration engineers have focussed their attention 

on low-frequency oscillation, since the lowest few vibration modes 

are generally the ones which are associated with the greatest 

deflections. However, the analytical techniques which have been 

developed for dealing with low-frequency vibration problems contain 

none which can deal simply and effectively with most high-frequency 

problems, such as those of importance in relation to sonically 

induced fatigue, instrumentation performance, or sound transmission. 

S 

Although the classical methods are valid in principle at all 

frequencies, their use is in fact very often impractical for high 

frequencies, particularly for randomly excited complex structures. 

The classical approach consists of determining the natural modes, of 

calculating the responses of these modes to a specified excitation 

of interest, and of superposing these responses to determine the 

total structural response. Continuous structures have an infinite 

number of modes, but generally only the lowest few of these are of 

importance in low frequency vibrations, so that in these cases one 

needs to consider only those few modes. At high frequencies, however, 

a frequency band of interest usually encompasses the resonances of 

a large number of modes, and one must consider the responses of all 

of these modes in calculating the structural vibration in that band 

and hence sound transmission. 

In order to understand and estimate the significant properties 

of multimodal vibrations of complex systems, the Statistical Energy 

Analysis approach, pioneered by Lyon, Smith,Jr., and Dyer (2 to 9,14)



was developed. In this analysis, the structure and its environments 

are described in terms of such parameters as modal density, damping,and 

radiation properties; whereas the dynamical quantities of interest 

are energy, mean square acceleration and mean square pressure. 

This approach was spawned by the realization that averaging initially 

and then carrying out calculations in terms of average quantities, 

should lead to results much more readily than the classical approach, 

which involves much initial detailed calculation and subsequent 

averaging. 

A Re and uniformly stiffened cylindrical shell structure on 

Page (11),- approximating to an aircraft fuselage was chosen to be 

a suitable model for theoretical and experimental study. The 

structure consisted of a combination of panels, stringers and rings. 

It can be considered representative of a fair proportion of the 

practical structures involved in vibration and noise transmission 

problems, having sufficient complications, and yet still being 

amenable to theoretical analysis. If such a structure is immersed 

in a reverberant sound field and the sound field is maintained within 

the space then the amount of energy that flows into the structure will 

depend on the degree of coupling between the structure and the sound 

field. The amount of energy which the structure will accept in any 

frequency band depends on how many modes will resonate in that 

frequency band and accept energy. Therefore, an average modal density 

for the structure (average number of resonance frequencies per unit 

bandwidth) must be ascertained (Chapter 4).



Once the energy has been accepted by the structure, it will 

either be dissipated internally and converted to heat or re-radiated 

back into the space in the form of sound. This loss of energy is 

expressed through a total damping which has contributions from 

radiation and from internal dissipation. There is no theoretical 

method for the prediction of internal dissipation factor(internal 

loss factor), therefore this value is determined from total and 

radiation loss factor (Chapter 5). The internal dissipation usually 

occurs at welds and other forms of joints, although it may be due to 

metal friction or hysteresis damping(11) in some instances. 

In recent years new techniques have been developed for predicting 

the acoustic response and radiation properties of complicated structures 

(1 and 3). These techniques based on “Statistical Energy Method" have 

been primarily applied to predicting the noise and vibration levels in 

aircraft and space craft structures. The classical sound transmission 

problem was approached by Crocker and Price(5) using statistical energy 

methods. This approach included panel stiffness anc damping and the 

effects of finite panel size and they successfully predicted the panel 

“vibration amplitude and the dip in the transmission loss curve at the 

coincidence frequency. Theory developed by Lyon (4, 6 ) and Ungar (8 -) 

was used by them to predict the partition transmission loss and 

vibration amplitude. The theory was extended by Crocker and Price 

to determine the partition radiation resistance and its coupling 

with the transmission rooms.



Using the statistical energy analysis, it is now possible to 

calculate the average response of a structure, assuming the exciting 

source to be random and diffuse. The vibrational energy can then be 

related to transmission loss as shown by Crocker and Price(5) and 

Lyon and Scharton(4). However, there are still some limitations to 

this type of analysis in that a good estimate of the acoustically 

induced vibrations is possible if one averages over a large number 

of modes and positions of observations. ‘fhe accuracy of the 

estimated average will decrease if one is dealing with a few modes 

and positions of observations. In practice, quite often it is not 

possible to achieve this. A second limitation of the Statistical 

Energy Analysis is that the exciting source (either acoustical or 

mechanical) causing the structural vibrat‘ons is assumed to be 

random and diffused. An aircraft fuselage, for instance,is not limited 

to this kind of excitation only,in practice. This is also true for 

many other structures. It would seem that the most reasonable way 

of estimating the structural response and hence sound transmission is 

by a model test and then relating the results to a real structure. 

Any corrections necessary could then be estimated from this and 

applied in determining the final data. 

There is no easy method available for estimating the natural 

frequencies of cylindrical shells of the type being considered in 

this thesis. An experimental estimate of the natural frequencies of 

shells and plates was possible in the lower frequencies only(11). 

Therefore, the natural frequencies for a plain cylinder were



calculated using the expressions developed by Arnold and 

Warburton(12). The expressions developed by Arnold and Warburton 

were based on earlier work by Lord Rayleigh(15), Love(16) and Flugge(19). 

Although the vibration of uniform cylindrical shells have been 

fairly extensively investigated by Arnold and Warburton(12), there 

was not much literature available on stiffened cylinders. In 

references (20 - 24) the effects of eccentricities on the buckling 

of stiffened cylinders have been treated analytically. An externally 

stiffened cylinder under axial compression has been shown experimentally 

to carry over twice the load sustained by its internally stiffened 

counterpart(25). In the paper by McElman and Mikulas(10), the 

differential equations of dynamic equilibrium are derived from energy 

considerations for the free vibrations of ring- and stringer-stiffened 

cylinders. The derivation is accomplishedby utilizing Donell-type 

strain-displacement relations for the cylinder and team-type strain- 

displacement relations for the stiffeners[Appendix c]. The differential 

equations are solved to obtain a closed-form frequency expression 

for ring- and stringer-stiffened cylinders for the case of simple 

Support boundary conditions. Results from these expressions and that 

obtained from Arnold and Warburton's expressions are presented in the 

form of graphs and tables of natural frequencies. These results were 

also used in calculating transmission loss for the cylindrical shell. 

The objective of this program, which was a sub-contract from the 

Ministry of Defence, Procurement Executive, was to study the vibration



and sound transmission characteristics of cylindrical shell structures. 

This was to be achieved by deriving a relationship between the total 

vibrational energy in the cylinder wall and as a result, the total 

transmitted energy (sound energy) contained in the space enclosed by 

the cylinder. This was required as a function of frequency in the 

range 200 Hz to 10,000 Hz. Further, to investigate the effects of 

longitudinal and radial stiffeners, the effects of different forms 

of excitation, determination of the least area and an optimum number 

of transducers to be used, the best measurement and analysis techniques 

and various other effects on the parameters related to vibration and | 

sound transmission characteristics. Finally, to predict sound energy 

inside the cylinder (simulating a fuselace) for a given vibrational 

energy. This was to be presented in the form of transmission loss 

To meet the objectives, both theoretical and experimental 

investigations were carried out. The theoretical concept based on 

the statistical energy analysis of the form used by Crocker and 

Price(5) is outlined in Chapter(2). This was used for the theoretical 

calculations of vibration and sound transmission characteristics with 

some data obtained from the experiments. 

The development of experimental techniques in the measurement 

and analysis of data, and their application is described in Chapter(3). 

An extensive experimental investigation which was carried out to meet 

the objectives and the results obtained from it are also given in 

this chapter.



A comparison between the measured results obtained by two forms 

of excitation (acoustical and mechanical) show that below the ring 

frequency (2.1 kHz) the mechanically excited response remains almost 

unchanged while the response obtained by acoustical excitation in- 

creases with frequency (figure 3.29). 

The development of computer programs for calculating the 

natural frequencies of cylinder and plates are discussed in Chapter(4). 

A single program for the solution of each parameter was developed 

initially and then combined in one large program. Using this program 

it is possible to study various vibration characteristics of cylinders 

and plates. 

Chapter(5) is devoted to the analysis of results for estimating 

vibration and sound transmission characteristics. Theoretical results 

on the transmission loss calculated using statistical energy 

concepts is presented in this chapter. A comparison between the 

experimental and analytical results are presented. A good agreement 

between the theory and experiment is shown in one case while this 

was not so, when the energy ratio was calculated using the measured 

loss factor data. 

The main text concludes with discussion, conclusions and 

recommendations for further work.



 



CHAPTER TWO 

SOUND TRANSMISSION THROUGH CYLINDRICAL SHELL WALL 
  

2.1 Theoretical Analysis using Statistical Energy Concept 
  

The statistical energy method of analysis has been developed (1-4) 

and applied to many problems in order to estimate the response of a 

complicated structure where many modes of vibration are present. This 

analysis has recently been applied to the problem of estimating the 

response and transmission loss of a single finite panel(5), Fncludine- 

the effect of the panel stiffness and damping. This is now extended 

to the problem of a cylindrical shell structure constructed of panel 

or panels. 

2.2 A “hree Coupled Oscillator System 
  

The single wall cylindrical shell sound transmission problem 

can be considered as a three coupled-oscillator system, arranged as 

room - cylindrical shell wall - space enclosed by the shell wall and 

is studied in this manner. If a set of oscillators is linearly 

coupled, then the power flow Py from one system to another is 

directly proportional to the difference of the modal energies of the 

system (4), that is 

Bay = 55 is E. = < E>) tert) 

The proportionality constant oi, is called the coupling factor 

and can be determined if the coupling element is defined.



> 

Consider a reverberant room in which a cylindrical shell is 

suspended as shown on page (11). = ‘The ends of the vessel are 

enclosed with sound absorbing material. The analytical model of 

this may be considered to consist of three coupled systems as shown in 

figure (2.1). below. The power flow balance for the three systems may 

be written as: 

Pisce Ollsgic+ Pia. 4 Pie (2.2) 

pe Tse, (2.3) 

Peer. 5 Pee (2.4) 

Using equation (2.1) and following Lyon and Scharton(4) yields 

the following equations: 

      

    

              

      

  

Cane wniE, + woieni(Ei/m - E2/Nn2) + wisn (Ei/n, - E3/ns)3 (2.5) 

Ping? wn2E2 ~ wnaama(Er/mi - E2/nz2) + wnzan2(E2/n2 - Es/ma); (2.6) 

Bye = wn3E3 - wnisni(E1/m - E3/n3) - wn23n2(E2/n2 - E3/n3). (2.7) 

Ping Pine Ping 

{ t 

Pie Po3 
(1) es (2 ease (3) 

4 Pis 
b ~ > 

diss, + + 

Pdisse P dissg 

Fig. 2.1.Block Diagram Representing Energy Flow Between Coupled Systems.
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The Pi3 term represents power flow from system (1) to system (3) 

when there are no modes excited in system (2) in the frequency band 

under consideration. Thus the power flow P;3 must be due to modes 

which are resonant outside of the frequency band under consideration. 

In this situation system (2) is non-resonant and acts only as a 

coupling element between system (1) and (3). Provided the coupling 

factor is defined (i.e. a limp mass giving "mass law", power flow) 

this non-resonant power flow can be calculated. Since, "mass law", 

transmission is derived assuming zero stiffness and damping in the 

partition end off resonance, these parameters are important to the 

response; then Pis can be derived from "mass law" transmission (6.7). 

2.3 Shell radiation resistance and coupling with the room and 

enclosed space 

  

2.3.1 Radiation resistance of cylinder wall between room 

and enclosed space 

  

If the cylindrical shell structure (System 2) is excited 

by a vibrator, power flow is given by equations (2.2) to (2.7) with 

: = 0 and Osis = 0. Thus, with the substitution, equation (2.2) ina 

and (2.4) become equations (2.8) and (2.9) respectively: 

(a ay + Pio + Pi3 (2.8) diss, 

= Pdisss ms Pi3 ee Po3 (2.9) 

Combining equations (2.8) and (2.9) and noting that power flow must 

be directional, P21 = -Piz2, gives equation (2.10):



+ P = Par + Pas (2.10) Pdiss, disso 

In this instance equation (2.3) is written as 

ep Paige sedis, 1 fa. + Fes etl 

which becomes, on substituting equation (2.10), 

=P 
Ping diss, * ‘ (2.12) 

; + P,. 
diss, diss 

Thus equation (2.12) is written 

(S,,/0)Raror = (Sq,/?)Res 4 + (ViS,81)/(0,C3) + (VsS,.83)/o,C3 (2.13) 

Equation (2.13) could also be obtained by considering the system 

as a whole. The power supplied to the whole system must be equal to 

the sum of the dissipated powers on each element of the system. The 

power supplied to the vibrator is 

Pin, = Bake = (Sy,Re, )/u*, | (2.14a) 

diss, tS, Rint, Mos for i = 2 (2.14b) 

and 

Pdiss, = B; [V5Sp /(o_Ca) for J.-J]: and3 (2.14c) 

Hence, equation (2.13) | 

For the rooms, 8; =13.8/T; and n, = fi for i = 1 and 3 (2.15)



Ta. = 

Since Rotor = Rovrag + R aang the equation (2.13) is written: 

2 

2rad 2 iS, Bi + V3S_ Bs] (2.16) Sa, (Pala) Pa Ps 

But n; = (w*V;)(2m7Ca) where i = 1 and 3 

thus equation (2.16) may be written as 

fs 2m?Ca z Rorad = Sip, (ENS, ,81 + nsS, Bal (2.17) 
a2 a 

The radiation resistance of a simply supported plate has been 

derived by Maidanik(3) and the equations are given in Appendix [A]. * 

2.3.2 Coupling Factor for cylinder wall in a 

reverberant room 

If the cylindrical shell vessel is excited on either side 

by noise field, then the power flow is given by equations (2.2) to 

(2.7) with Cane 0. Thus equation (2.3) becomes 

0.-=-P - Pi2 - P3e (2.18) disse 

N2E2 = niami(Ei/ni - E2/n2) + na2ns(Es/n3 - E2/nz) (2.19) 

It has been shown by Lyon and Scharton(4) and Ungar and 

Scharton(&) that under most conditions in practice, 

Ni2m= n2ine (2.20)



e 15 ~ 

But nai "Nagrand ne * Nint thus equation (2.19) is written: 

y= Nad! int + 2Nnad) = (E2/n2)/[E1/m. + Es/ns]; (2.225) 

: oy 
ue [S,,/(S,,+ Spd To (2.22) 

where [ = 2n? [n2 (w)/M2 ](C.0,) (2.23) 

2.4 Sound Transmission and Cylinder wall response 
  

For a cylindrical shell vessel suspended in the reverberant 

room and reverberant sound is produced in the room (System 1) by 

loudspeakers; the sound energy reduction, E:/E3, and consequently — 

the sound energy transmission loss produced by the structure and 

also the structural vibration amplitude may be determined from 

equations (2.2) to (2.7) with Pia = 0 and Pane 0, 

2.4.1 Cylinder wall transmission loss 
  

Using ni2mi = neaine and substituting Pins in equation (2.4) 

the next equation is obtained: 

(E2/n2) = [(Ei/mi)nai - (E3/ns)n2a]/(n2 + nai + nes) (2.24) 

But noi = N23 = Tied and, except at low frequency where the present 

theory does not apply, Ei/nm: >> E3/n3, thus equation (2.24) becomes 

“rad ] 
(E2./n2) = (E,/n1) [ 

Nint +2 aq 
(2.25)



Putting Pin. = 0 in equation (7) yields: 

Es = (Ei/nis + Eona3)/ns + si + Naz (2.26) 

The term Eyni3 represents the mass law or non-resonant transmission 

since it occurs without the modes resonant in the frequency band under 

consideration being excited. The term E2n23 represents the resonant 

transmission. 

By substituting equation (2.25) into equation (2.26) gives: 

ES ns (ni/ns)nia + (n2/n3)nioe 

Fa nas + neag(n2/m)/ (nse +2 Nyag) ef) 

equation (2.27) gave the noise reduction for the system and this is 

related to the transmission less (TL) by 

TL = NLR. + 10 Logyg [(A.C,T3)/(24V32,,(10)] (2.28) 

where N.R.(in db) 10 Logyg [na + (ni/ns)nis + (n2/ns)nypag] 

10 logy9 [nist neag (n2/mi)/ (nape + 2npag) (2.29a) 

or N.R.(in db) u 10 log (E3/E1) - 10 Log (V3/V1) (2.29b) 

The coupling loss factor ni3(room - enclosed space) due to non- 

resonant mass-law transmission is obtained from (5); 

AC 
10 Log nis = ~The + 10 Logyg (qq)



The internal loss factor for the 3rd system was: 

rn rn 

aoe ES (2.30)   

=
 ft 

w
 

The modal densities of the reverberant room and the space enclosed 

by the cylindrical shell were taken as: 

Viw? 

n (wi = 2 ues 
er C. ; 

modes/(rad Sec ') (2.31) 
$35 V3w* : 

R tals" as 
a 

The coupling loss factor from the cylindrical shell structure 

to the adjacent space was given by: 

2a 5 Rorad! uM, (2:82) 

2.42 Response of cylindrical shell wall 
  

The structural vibration amplitude is given by equation (2.25) 

For a reverberant field the total energy in a given bandwidth is 

Ey = Sp Vi/ (0403) » and the total panel energy is Eo = ae and 

hence equation (2.33) becomes: 

M.S 2 “rad 2a. _ S Vi/p.C2m [ ———“o— ] (2.34 —sz" = aa . 
New re "ant t 2Nrad 

S 2 n ‘ 

oe eee Visa [ ee eT (2.35) 
Sp a Ps Tint *2 rad 

and



2.5 Non-resonant transmission 
  

In a given frequency band, there are two types of modes; 

resonant modes, which have their natural frequencies in the band under 

consideration and hence have a high response, and non-resonant modes, 

Which are excited such that their natural frequencies fall outside the 

band. 

It is postulated that these non-rescnant modes are responsible 

for the "mass law" transmission of sound(7,9). This would explain 

the ineffectiveness of damping at low frequencies, where the resonant 

modes are inefficient radiators, and thus the transmission must be 

mainly due to the non-resonant modes. 

Hence, for non-resonant transmission, energy is shown to flow 

in figure (2.2) schematically, directly from Resonant System 1 to 

Resonant System 3, since system 2 is not resonant. 

    
  

Vaiss ahieq~ Le eeace Sete cle a sees 
                

  

  

Fig. 2.2 Block diagram representing power flow through cylinder 

wall when the wall is non-resonant.



Considering the power flow equation for system 3, we have, from 

equation (2.4) (if the resonant transmission is neglected); 

Pas: P ing disses (39.58 Sone 

and 0 = wns3Es - wniani(E1/m - E3/ns) (2.38) 

From equation (2.38) the ratio E,/E3 ‘a Gikal nail we 

=
 

a: (2.39) 13 
Loa 7 8 

E3 homey = 

Equation (2.39) gives the noise reduction for the non-resonant 

system and is related to the transmission loss (TL) by, 

AC als 
TE oN Re 10 logy ( a ZV Ta) (2.40) 

where N.R.(in dB) = 10 T0949 [ni - ns] + 10 logi9 [ns - nisl (2.41)



 



CHAPTER THREE 

EXPERIMENTAL INVESTIGATIONS 
  

3.1 Introduction 

In order to investigate the vibration and noise transmission 

properties of cylindrical shells under conditions approximating a 

realistic aircraft structure (fuselage), a special instrument and data 

sampling facility was required. The automatic time and space averaging 

system was designed and developed specifically to meet the objectives 

of this research program. The test facility provided the capability 

to subject the test model to either mechenical or acoustical excitatior, 

in the pure tone, narrow band random or in the wide band random. 

Provisions were made to mount the transducers at various locations on 

the skin of the cylinder and inside the enclosed space so that the 

Space average response could be studied in one sweep of the frequency 

Spectrum. 

The acoustical properties of the test chamber and the enclosed 

Space could be measured for frequencies up to 20 kHz. For this 

measurement, the conventional technique was applied for frequencies 

up to 2 kHz. Above this frequency, improved techniques had to be 

developed. 

The scope of the experimental program was extended in order that 

the best measurement and analysis techniques could be developed and



applied for the verification of the more important parameters. This 

was then extended to obtain the data required for the present program 

of work and recommended, where suitable, for the measurement on a real 

structure. Therefore, an extensive investigation was carried out 

into the techniques of frequency analysis, instrumentation, room 

acoustics, effects of various structural configurations on abiakton 

and noise transmission characteristics, methods of excitation, 

the optimum number of transducers to be used and the least area of 

the structure for the measurement. The details of this work are 

described in the sections that follow. 

3.2 Use of instruments in the measurement and analysis of data 
  

A block diagram showing the genera! layout of the main instru- 

ments usec for the experimental work is given in figure (3.1). Use 

was made of the available instruments described in reference (11) by 

ensuring that the sensitivity, frequency response, signal to noise 

ratio and other characteristics were compatible with the kind of data , 

reduced. The calibrations of the instruments were first made 

individually and then the whole system calibration was sorted before 

any measurements were recorded. 

A special instrument to determine the mean square of the measured 

response at several stations of a continuous system both with respect 

to time and to the number of stations in the system was designed and 

developed for this work. Thus, if the acceleration response to 

th 
random excitation at the r~ station in the system is Ar(r = 1....n)
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at any instant, then the mean square acceleration a? is given by: 

n 2 1 

fig a, } dt or — 

- ] 
a2 — 

r=1 r n o
N
“
 

r
a
s
 

. 

CJ ate) (3.1) 
] 0 

Thermal convertors were used in this instrument to perform the 

squaring and integration with respect tc time. A total number of 

inputs to the instruments were 24 in twc groups of 12. One side of 

the instrument was used for measuring the mean square sound pressure 

levels and the other side to measure the mean square acceleration. 

The outputs were either recorded on x-y chart recorder individually 

or where necessary, the values of the to output signals were 

obtained with the aid of log converting facility of the Spectral 

Dynamic Impedance Measuring System. Thus a ratio of space average 

of a number of inputs was obtained in one frequency sweep. 

Shas! Experimental Model 

3.3.1 Test Cylindrical Shells and Stiffeners 

Three test cylinders were manufactured, all of a similar lengthand 

wall-thickness but of different diameters. All the cylinders were test- 

-ed as an unstiffened shell first and then modified to longitudinal 

and Kadia? stiffening conditions. All the three cylinders were 

fitted with identical end blanks and the same system for vibration 

and internal noise measurements was used. 

The longitudinal and radial stiffeners were both of 'Z' section



and manufactured from the same material as the cylinders. The 

details of a cylinder and the stiffeners are shown in figure [cl 

of Appendix [c]. 

(i) Unstiffened Cylindrical Shells. 

The cylinders were formed from one sheet of B.S. 2L 72 

aluminium alloy 0.00122M thick, welded together having one longi- 

tudinal seam. The two three inches thick end blanks were a tight 

fit into the shell and the material used was rocksil which provided 

a non-reverberant end condition. For some tests the end blanks were 

replaced by reverberant material for which aluminium alloy sheets | 

were used, 

(ii) Stiffened Cylindrical Shells. 

The plain cylinders were stiffened and the effects of 

stiffening examined by increasing the number of stiffeners. For the 

complete experimental studies, the stiffeners were fixed inside the 

shell by a thin layer of araldite and riveted to the skin of the 

shell to ensure a permanent and uniform fixture. The longitudinal 

and radial stiffeners were spaced in nearly equal intervals along 

the circumference and length of the shell. The radial stiffeners 

were fixed inbetween the longitudinal members as shown in the 

photograph on page (25). 

3.4 Determination of Test Chamber Characteristics 

(i) Test Facility 

The Applied Dynamics laboratory number 4 at Aston University 

has a reverberant and a semi-reverberant room. There is a separate



 



  

instrument room connecting these two chambers. The power supply to 

the exciting source and simultaneous recording of required data from 

transducers were controlled from the instrument room. The two types 

of noise generating facilities available were the Ling pneumatic 

noise generator and the Goodman loudspeakers. For the purpose of the 

present work and the frequency range of interest the Goodman loud- 

speakers were used for acoustical excitation and vibrators for 

mechanical excitation. All the experimental work was carried out in 

the reverberant room. The measurement of structural damping was made 

in the sem:-reverberant room. The cylincrical shell was hung horizont~- 

ally by cords in the middle of the room for all the tests. 

(i7) Reverberant Room 

The volume of this room was 68 nm, The walls were lined 

with hard material to provide a reasonable reflective condition. 

Six loudspeakers were placed near the walls in such positions to give 

a uniform sound intensity around the test model. Aluminium reflectors 

of different size and dimension were also hung from the ceiling at 

different heights to break any standing wave pattern. The noise 

intensity variation level around the model was measured and found to 

be around +3 dB when excited in the wide band (20 Hz 20 k Hz) random 

frequency. When excited in the other frequency band the diffusibility(11) 

was not so good. 

(iii) Semi-Reverberant Room 
  

The volume of this room was 32 n°, The walls and the 

ceiling were lined with non-reflective material.



3.4.1 Acoustical properties of the test chamber and 
  

the enclosed space 

(i) General 

In determining the acoustic qualities of an enclosure, 

one of the important factors is the measurement of enclosure 

reverberation time. The accuracy with which it can be determined 

from the decay curve is limited by random fluctuating in it. A 

method to minimize the effects of the fluctuations in decay response 

on the measured reverberation time value is to repeat the reverber- 

ation experiment many times and to averaye the data obtained from 

the individual responses. The method taxes quite a lengthy analysis 

time and often fails to reveal a true nature of the decay, especially 

when the response is subject to a multiple decay rate as shown in 

figure (3.2) which is the result from one of the actual measurements. 

The high initial decay value containing much of the valuable 

information persists only for a few decibels and if the data is not 

carefully reduced, much of the information can be lost. Decays with 

multiple slopes, point to a lack of sound diffusion in the enclosure. 

In some reverberant rooms the diffusion decreases during the decay 

and therefore it is the initial decay rate that is important for the 

determination of the statistical absorption. To extract all the 

useful information from the decay curves, many such curves obtained 

under identical physical conditions should be averaged and not just 

the decay rates or reverberation times obtained from individual 

decay curves.
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A new method for measuring reverberation time is described by 

Schroeder(17), which, in a single measurement, yields the decay curves 

that are identical to the average over infinitely many decay curves 

that would be obtained from exciting the enclosure with band pass 

filtered noise. Thus, the difficulties mentioned in the conventional 

methods of determining the reverberation time could be reduced to 

some extent. 

Rooms in which random sound fields can be established are 

important tools in applied acoustics. Two outstanding problems are 

the production of random sound fields and the determination of whether 

or not a given sound field is random. This can be determined and 

approximated from the point measurements in the room and from the 

method recommended by Cook and Associates(18) which considers a cross- 

correlation coefficient,R, the sound pressure at two different points 

in the sound field and from these the acoustic qualities of a room can 

be determined more accurately. 

(ii) Methods of Reverberation Time Evaluation 
  

(A) From the measurement of the decaying response 

The two most commonly used methods in the measurement of 

reverberation time are outlined in this section. Common to both 

methods are the use of a sound source, a microphone, an amplifier 

and a recorder capable of responding to a quickly decaying response. 

By using a Sine Random Noise Generator, random or pure tone sound 

can be produced in its enclosure. The decaying output from the



microphone may be filtered in the desired frequency band before 

recording. An example of such a measuring arrangement is shown in 

figure (3.3A) where a gun is used to produce a sound source instead 

of a noise generator. When the gun is fired, the sound level in the 

room will first rapidly increase and then decrease according to the 

reverberant properties of the room. The output from the microphone 

placed in the enclosure is filtered and recorded. The reverberation 

time is measured from the initial portion of the recorded decay curve. 

The above method was found to be convenient when only a limited.’ 

number of reverberation curves were to be measured. When a number of 

curves were to be recorded and sampled over a wide frequency range, 

the use of a gun as a sound source was unsatisfactory as it required 

one shot for every recording. It was then advantageous to employ 

the method where the sound source consisted of a noise generator and; 

one or more loudspeakers in the room, as shown in figure (3.3B). For 

this test, when a steady noise field in the room had been observed, 

the input alrce was cut off and the decaying response from a micro- 

phone was recorded as before. 

(B) From the Measurement of the Integral of the Squared Impulses 
  

of the decaying response 
  

The basis of Schroeder's(17), Integrated Impulse Method, was 

that the ensemble average of the square of the reverberation noise 

decay in an enclosure equals the time integral of the enclosure 

squared impulse response. To arrive at this result, it was considered
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that the room is excited by ‘Stationary White Noise', and then 

suddenly shut off. The analytical approach to this is given in 

Appendix [B ]. 

The practical method of obtaining the squared and integrated 

impulse response was from the tape recorder tone burst whose spectra 

covered the wide frequency bands which were radiated into the room 

from the loudspeakers. The response of the enclosure to each tone 

burst was picked up by a microphone, the response of which was 

recorded on tape. This was then played back in reverse-time 

direction, squared and integrated by means of an R.C. network shown 

in figure (3.4) and recorded once again on tape for later analysis. 

For an immediate anaiysis, the play back response signal was squared, 

integrated, frequency analysed in the required bandwidth and recorded 

all in one pass. A block diagram showing the measuring instruments 

is shown in figure (3.5). 

From the measurement taken of the reverberation time using all 

the techniques, it was cone tude that no immediate advantage is gained 

by using the, Integrated Impulse Method, as the variation in the 

determined values was so small that it could be dismissed as due to 

evaluation error. However, this technique proved to be a good 

check on the results measured by conventional method and is re- 

commended where a very close study of a decay time is required. 

In the final evaluation of the reverberation time, the wide 

band random response from a noise generator was radiated into the
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room from the loudspeaker. The noise level distribution in the 

room was detected by microphones placed at different pésitions in 

the room. When the noise level had reached a steady condition, the 

input to the loudspeakers was suddenly cut off and the decaying 

response picked up by a microphone placed in the centre of the room 

was recorded on the magnetic tape recorder. .The tape was then 

Slowed down and the response passed through a 1/3 octave filter and 

recorded on a level recorder. The time to decay over 10 dB from 

the initial position of the decaying response was measured and then 

a decay time over 60 dB was computed. 

For this kind of rapid decay measurement, it was found that 

the responses of the level recorder and other available x-y chart 

recorders were compatible only in the lower frequency range and 

above about 2 K Hz the actual response died down much faster than 

the pen response, even when subjected to’ the lowest averaging time. 

This problem was solved by either recording the response at a faster 

tape speed and then slowing down for recording or recording directly 

on the storage oscilloscope, the response time of which is in the 

order of 10°s, The former technique was used for the measurement and 

the result is given in figure (3.6). The experimental flow diagram 

is given in figure (3.7). 

The damping of the room and enclosed space was then computed 

from the reverberation time and the equation, 

10 log,5 C84 as (3.1) Té0
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The result of the above calculation is given in figures (3.8A) and 

Table (3.8B). 

The reverberation contributes to the total noise existing in a 

room over a period of time, since it produces audible prolongation 

of noise during these intervals in which no noise is actually being 

emitted by the source. The reverberation time, Teq depends on the 

volume of the room and the total room absorption as is shown by the 

equation below. 

V Tég = 0.16] z «sec (Biz) 

a° os: O716h-y (3.3) 

Té0 

where v = volume of enclosure in cubic meters 

a' = absorption in square meters (Sabin units) 

The room and enclosure absorption is shown in Table (3.9). 

It can be seen that the accuracy of this result depends on the 

accuracy of reverberation time measurement. 

3.4.2 Determination of Diffusibility of the Reverberant 

Sound Field 

(i) Basic Consideration 

Reverberant chambers used for acoustical measurements should 

have completely random sound fields. In an ordinary room a great 

deal of sound is reflected from the walls. Thus, the sound at a 

given position in the room is made up of that which travels directly
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TABLE 3.8B 

40 

  

Rev. Room Enclosed space 

  

  

  

f Energy decay Energy decay 
constant (8;) constant (83) 

100 40.58 Ohas 

125 53.07 65.7 

160 57.5 72.63 

200 76.66 92.32 

250 76.66 92:45 

315 76.66 76.6 

400 76.66 65.7 

500 92.0 92:12 

630 65.7 65.7 

800 5L5 76.6 

1000 46.3 SF50 

1250 Sis 56.8 

1600 65.7 Shet 

2000 5745 65.7 

2500 38.33 76.6 

3150 51.1 92.18 

4000 a7 x5 76.6 

5000 57 °5 106.1 

6300 S75 76.6 

8000 6557 76.6 

10000 Sta] 92.4       

Damping of room and enclosed space modes. 

 



  

  

TABLE 3.9 

f Reverberant Enclosed 
room space 

100 32.200 0.401 

125 42.107 0.567 

160 45.617 0.627 

200 60.822 0.794 

250 60.822 0.794 

400 60.822 0.662 

400 60.822 0.567 

500 72.986 0.794 

630 Sentao 0.567 

800 45.616 0.661 

1090 36.493 0.496 

1250 45.617 0.490 

1600 Gee sae 0.44] 

2000 45.617 0.567 

2500 30.411 0.661 

3150 40.548 0.794 

4000 45.616 0.662 

5000 45.616 0.916 

6300 45.616 0.662 

8000 oc.430 0.662 

10,000 40.548 0.794   
ac
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Absorption characteristics of reverberant room 

and enclosed space (a' = 0.161v/T



from the source plus the sound that comes from other directions as a 

result of reflection. Under such circumstances the Suid orecsare 

does not decrease so rapidly. Non uniformity of absorption and of 

shape of the room surfaces tend to increase the scattering of sound 

within the room when the conditions are such that the sound waves 

travel equally in all directions and the sound pressure is everywhere 

the same within the room then the sound field is perfectly diffused. 

As a consequence of reflection from the boundaries of a room the 

sound persists for some time after the source has stopped. 

Two outstanding problems in applied acoustics are the production 

of random sound fields in reverberant rooms and the determination of 

whether or not a given sound field, once established, is random. A 

completely random sound field is defined stich that at every point 

within the enclosure, plane waves near a particular frequency, having 

the same average intensity for all directions and phases, will have 

passed by after a sufficiently long time. 

(ii) Measurement of diffusibility of the reverberant room 
  

A reference microphone was placed in the centre of the room, 

Wide band random, (20 Hz - 20 kHz) noise was then radiated into 

the room from the loudspeakers placed randomly near the walls. 

Another microphone of identical sensitivity as the reference 

microphone was rotated round while point measurements were taken 

and compared with the results of reference microphone. This 

experiment was then repeated with the room being excited by band 

limited random noise.



It was found that when the enclosure was excited with the wide 

band random noise, the variation in the noise level was 1.5 dB. 

With the room excited in the narrow band, the fluctuation in the 

measured level depended very much on the frequency bandwidths and 

its centre frequency. The narrower the bandwidth of excitation, the 

greater were the fluctuations, although aluminium reflectors were 

used to reduce this to some extent. On an average, the noise level 

variation was in the order of + 4 dB. 

3.4.3 Determination of Modal Density 
  

An attempt was made to determine the modal density of the 

transmission room and the space enclosed by the cylindrical shells, 

but because of very high concentration of resonances it was almost 

impossible to count the peaks. Therefore the modal density for each 

space was calculated from the following equation 

Vu? 

T 
a 

modes / (rad sec!) 

  

Np (w) 5 

The results of the above calculation are given in’ Table (3.10). 

3.5 Selection of Analyser 
  

In figure (3.1) is shown a typical noise and vibration analysis 

and measuring arrangements. Even though all the basic "elements" 

in a measuring arrangement are equally essential, the analyser may 

be considered the "central" unit. It determined, in general what 

Signal properties are being measured and what kind of data can be



  

  

  

TABLE 3.10 

f Af NR, Np, AF Nag (F) Ne, of 

25 5.8 .0021 0/22 .000023 . 000134 
31. 13 .0033 0244 . 000036 .000268 
40 9.2 .0053 .0496 .000059 00054 
50 11.6 .0084 .0977 .000092 .00107 
63 14.5 .0133 .193 .0001 46 .0021 
80 18.3 0215 394 . 000236 .0043 
100 23 .0337 £775 .00137 .0085 
125 29 052 1.527 . 000578 .0167 
160 37 .086 3.192 .00094 £035 
200 46 . 1348 6.2008 .00148 .068 - 
250 58 .210 12.21 0023 .134 
315 73 334 24.4 .0036 .268 
400 92 539 49.6 .0059 544 
500 116 . 842 97.73 .0092 1.073 
630 145 1.33 193,94 .0146 2.129. 4 
800 183 2.156 394,69 023 fees 2 

1000 230 3,37 775.100 .037 8.51 
1250 290 5.26 1527.03 .057 16.76 
1600 370 8.62 3.92 094 35.06 
2000 460 13.48 6200.8 .148 68.08 
2500 580 21.06  12216.25 231 134.125 
3150 730 33.43  24410.34 . 367 268.008 
4000 920 53.92  49606.4 592 171.68 
5000 +1160 84.25 97730 925 1073 
6300 1450 133.7 193945 1.468 2129.36 
8000 1830 215.68 394694 2.368 4333.44 

10,000 2300 337 775100 3.7 8510 

  

    

  

Modal density of transmission room and enclosed space



obtained in the form of numbers or curves. The simplest analyser 

consists of a linear amplifier and a detection device which makes it 

possible to measure some characteristic signal values for instance 

the ek value, the RMS-value or the average absolute value of either 

the acceleration, the velocity or the displacement. In most practical 

cases it will be necessary at least to be able to determine the 

frequency composition of the signal and therefore use is made of a 

frequency analyser. There are two types of frequency analysers 

commonly available, namely the constant bandwidth type analyser and 

the constant percentage type analyser. 

Since the signal to be analysed is of a schoastic nature 

Fe dori vibration) which produces a continuous frequency spectrum, 

the preferred type of analysis will depend not only upon the 

spectrum itself but upon the ultimate use of the measured data. 

Where no detailed spectrum analysis is normally required, analysis 

in the form of 1/3 octave, or even 1/1 octave, frequency band will 

therefore suffice. On the otherhand, if the data are to be used for 

a close study of certain characteristics, an extremely detailed 

frequency analysis is required. For this, a constant bandwidth 

type of analyser may be preferred. 

In order to select a most practical type of analyser best 

suited for the type of analysis required in the present work, the 

investigations described in this section were carried out.



3.5.1 Constant Percentage Bandwidth Analyser 
  

The structure suspended in the centre of reverberant 

room side acoustically excited with wideband (20 Hz - 20 K Hz) random 

source fed from a Sine Random Noise Generator. The transducer- 

accelerator on the skin of the shell and microphones in the room 

and enclosed space - outputs were analysed using a 1/1 and 1/3 

octave analyser. Since the analyser hac only a single channel input 

facility; one transducer input at a time had to be analysed. The 

results of one of these tests are shown in figure (3.11). 

The test was then repeated when the structure was mechanically 

excited by a vibrator. The results of this test are shown in 

figure (3.12). 

The main disadvantages of this type of analysis for the 

particular application were that signals from only single transducers 

could be analysed at a time hence a great deal of time, effort and 

cost would be involved for a complete analysis of data. Secondly, 

it was observed that due to mechanical and other characteristics 

of the level recorder and the sweep generator, it was not possible 

every time to start and frequency match the signal. 

This type of analysis was useful, however, in that a broad 

Spectrum of the measured data could be obtained quite quickly. This 

will then enable one to narrow the areas that would require a 

thorough analysis.
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3.5.2 Constant Bandwidth Analysis 
  

In view of the complex nature of the cy thane shal! 

vibration and noise transmission characteristics it was desirable 

to sample and space average a number of inputs simultaneously. 

Since the Automatic Time and Space Averaging instrument did not have 

the facility to frequency analyse the data; the best technique to 

be used was to excite the system in the required frequency band 

and record the space averaged data in one sweep from a number of 

transducers randomly positioned either on the shell or in the 

enclosure. An example of one of the measurements is shown in 

figure (3.13). 

Since it was desired to draw a relationship between the space 

average sound pressure,Sp, inside the enclosed space and space 

average shell acceleration, Sa, the structure was acoustically 

excited in the frequency band of interest and the results sampled 

are shown in figure (3.14). 

In figure (3.15) is shown the variation in the measured results 

obtained at various filter band centre frequencies. These results 

show that below 700 Hz and above 3 kHz the filter effects are more 

obvious. 

According to the existing theory of hearing, the human ear 

responds to sound much in the same way as a constant percentage 

bandwidth analyser having a bandwidth of about 1/3 octave. Thus, 

in order to obtain a relationship between the space average subjective
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loudness of a measured sound inside the cylindrical vessel and the 

Space average vibration level, it would be more convenient to have 

the data in the form of 1/3 octave band sound and vibration levels. 

Therefore, more measurements were taken when the structure was excited 

in the 1/3 octave band and the results compared with those obtained 

from a wideband random excitation and analysed in the 1/3 octave 

band. 

Comparison of the results obtained by two methods of analysis 

are shown in figure (3.16) and (3.17). This shows a trend in the 

measured result and that the separation between the results obtained 

by the two inethods of analysis were small when the structure was fully 

stiffened with 6 radial and 12 longitudinal stiffeners except above 

6 K Hz. In figures (3.18) and (3.19) is shown more comparison of 

the results. This gives some confirmation in the trends of the 

measurement made under different stiffening and exciting conditions. 

Selection of an analyser, therefore, seems to depend upon the 

amount of data to be analysed and the analysis equipment available. 

Even though the constant percentage bandwidth type of analysis seems, 

from the investigation, to offer many advantages where only a trend 

in the results are required, may not be sufficient when more 

detailed information is desired. For the study of noise transmission 

characteristics, analysis in the 1/3 octave should be sufficient but 

when studying vibration characteristics, analysis in the narrow band 

is recommended.
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3.6 Transducers - Selection of an optimum number for the 
  

measurement 

3.6.1 Accelerometers 

Accelerometers were selected for vibration measurement in 

preference to velocity pick-ups because they were made smaller and 

their useful frequency range was wider. If the measured result was 

wanted in terms of velocity or displacement, rather than in terms of 

acceleration, use could have been made of electronic integrators 

at the output of acceleration. 

The requirement of mechanically sma!l vibration transducer 

originated from the fact that the transducer should load the structural 

member on which it is placed as little as possible. This requirement 

was important from the fact that any extra load might change the 

original motion of the structure and thus invalidate the measured 

result. Since measurements were made on thin shells, use was made 

of the available light weight accelerometers (D.J.Birchall). 

The accelerometers were cemented on the shell skin by a thin layer 

of wax to give the possibility of removing them when necessary. 

The accelerometer cables were firmly clamped to the shell skin in 

Order to avoid any microphonic noise. This had a disturbing effect 

at the lower frequency due to local capacity and charge changes owing 

to dynamic bending or compression and tension of the cable when not 

clamped.



3.6.2 Selection of An Optimum Number of Accelerometers 
  

(i) Narrow Band Random Excitation 
  

The structure was randomly excited and accelerometers fixed 

to the skin of the shell were removed one at a time. The space average 

output measured for different number of accelerometers are given in 

figure (3.20). This showed that between 200 Hz and 5K Hz an average 

of 5 accelerometers would be sufficient provided the exciting field 

is reasonabiy uniform. This was not so wnen the structure was mech- 

‘anically excited and an average of at least 9 accelerometers were 

required to obtain the same accuracy. Below 200 Hz the accuracy of 

the measured result depended upon the number of points averaged while 

above 5K Hz at least 12 accelerometers were required. 

(ii) Wice Band Random Excitation 

The output from the accelerometers .ware analysed in 1/1 and 1/3 

octave. The results are given in a table of figure (3.21) which 

showed that one accelerometer would be sufficient provided the 

exciting field is random and diffuse and the structure is uniformly 

stiffened. 

3.0.0 Microphones 

For the measurement of noise inside the cylinder, Bruel and 

Kjaer type condenser microphones were used. These microphones were 

attached to : central pole, one in the centre and two 0.45m away from it. 

The pole was arranged to slide through bushes in the cylinder end blanks 

and to provide traverse over one half of the cylinder length at any 

angle.
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3.6.4 Selection of an optimum number of microphones 

(i) Narrow band random excitation 

The system was randomly excited and the space average output 

from different numbers of microphones were recorded. This was repeated 

for other positions along the cylinder length and radial directions. 

Results of one of such measurements is given in figure (3,22}% 

It was found that between 70 Hz and 3K Hz, space average of only 

three microphones would be sufficient provided they are not positioned 

too close (< 0.3m) to the ends. This was because noise reflection fro 

the hard ends and noise absorption by the non-reverberant ends tended 

to upset the results. When the structure was excited in the frequency 

bandwidth narrower than 300 Hz, at least six microphones were required 

for the same accuracy. 

In the frequency below 70 Hz, it was necessary to space average 

at least 12 positions for a reasonable accuracy. In the frequency 

above 3K Hz, it was difficult to make a reasonable assessment due to 

sound absorption in the room. Similar measurements were made when 

the system was mechanically excited. It was found that the con- 

clusions drawn above did not hold because the exciting source was not 

uniform and space average of many positions in the enclosure were 

required. 

(ii) Wide band random excitation 
  

The system was excited in the wide band random and the output
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from microphones placed at different positions and radial direction 

were analysed in 1/1 and 1/3 octave. It was found that only one 

microphone positioned in the centre of the enclosure was sufficient. 

The variation in the measurements along the length and radial 

direction of the enclosure was + 0.5 dB. The system was also 

subjected to 1/1 and 1/3 octave excitation and it was found that space 

average of two microphones were sufficient. 

This was not so when the system was subjected to mechanical 

excitation. Space average of six microphone positions were required ° 

when the system was excited in the wide band random and at least 12 

positions were required to be sampled when the system was excited in 

1/1 and 1/3 octave. 

3.7 Determination of least area for the measurement 
  

It is not always possible to take measurements on a structure 

as complex as a fuselage. Therefore, measurement is taken on either 

a scaled model or a part of the real structure. In this case, a 

model described in section (3.3) was used for determining the smallest 

area that could be used for this purpose. The results obtained from 

this could then be used for the whole structure. The areas considered 

for this test subjected to a particular type of excitation are given 

On the next page.
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3.7.1 Wideband Random Excitation 
  

The output from each accelerometer was analysed in 1/3 

octave and recorded on the level recorder. An example of one such 

recording is given in figure (3.23). It was found that the acceler- 

ation level was within + 1 dB for any points sampled on the structure. 

This was perhaps because it was a uniformly stiffened model which 

was excited with diffused noise field. The test was then repeated 

for mechanical excitation when it was found that vibration level was 

different at every point tested on the skin of the cylinder. 

It is clear, therefore, that only a point measurement would be 

sufficient provided the structure is uniformly stiffened and excited — 

with a diffused source. An average of more than One point measure- 

ment on a larger area would be required where a structure is unevenly 

stiffened and exciting source is not diffused. This was not true 

when the structure was mechanically excited. 

3.7.2 1/3 Octave excitation 
  

The space average sound pressure level (Sp) of 3 micro- 

phones placed inside the cylindrical shell was measured first. 

Measurement of space average (Sa) of 12 accelerometers placed in 

areas shown in section (3.6) was then taken. In order to compare 

the results, and to show a relationship between the space average 

sound pressure level inside the cylindrical enclosure and shell 

skin space average acceleration level at different parts of the
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model, the 5% ratio was taken. An example of one such measurement 

is given in figure (3.24). 

Between 350 Hz and 2.5K Hz there was a difference of only 

1.5 dB between the measured results. This means that an area as small 

as 0.15m x 0.15m (6" x 6") would be sufficient. Above 2.5K Hz 

and below 350 Hz, an area not smaller than 0.3m x 0.3m -(12" x12") 

should give results closer to that measured on a large area. Again 

this was found not true for mechanical excitation. 

3.7.3 Narrow band random excitation 

Th2 above experiment was repeated when the structure was 

acoustically excited in the narrow band. Measurements were once again 

taken in the areas shown in section (3.6). The result in figure (3.25) 

shows that there is a difference of approximately + 3.5 dB between the 

measured results. This difference was even wider when the structure 

was excited in the frequency band narrower than 300 Hz. This variation 

in the results was consistent for other measurements not shown here. 

The result shown in figure (3.26) clearly shows that a poor 

agreement exists between the overall measurement and the measurement 

taken between the stiffeners. Further result is shown in figure (3.27) 

from which it is concluded that between 350 Hz and the ring frequency, 

(It is the frequency at which the longitudinal wavelength in the 

cylinder material is equal to the circumference) of 2.1 K Hz, measure- 

ment could be taken either between the stiffeners or on an area 

including them.
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3.8 Comparison of measurements obtained by acoustical and 
  

mechanical excitation of the cylindrical shell 
  

In order to investigate the vibration properties of the 

experimental model approximating realistic fuselage, a uniform 

exciting facility was necessary. To achieve this and to meet one 

of the objectives of the contract, the investigations described in 

this section were carried out. 

3.8.1 Effects of vibrators on overall cylindrical’ 

shell response 

The cylindrical shell was suspended in the centre of the 

reverberant room and the overall space average acceleration were 

measured when the cylinder was excited with a vibrator mounted in 

the middle. The effects of the vibrators were measured by increasing 

the number of vibrators. The results of this test are shown in 

figure (3.28). The variation in the measured results between one 

vibrator and four vibrators are approximately 10 dB while this 

difference is not so much between two and four vibrators. 

The cylinder was then acoustically excited and overall space 

average acceleration measured as before. A comparison of this result 

with that obtained by four vibrators is given in figure (3.29). The 

difference between the two results is quite obvious. On either side 

of the ring frequency (2.1K Hz), the cylinder does not appear to 

absorb energy due to weak coupling between the noise field and the 

cylinder skin. In the case Of mechanical excitation the question 

of coupling between the exciting source and the structure is not cri- 

tical because the structure is subjected to forced vibration. 
’
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A further test was carried out on the same system but the 

exciting source was limited to a 1/3 octave and 300 Hz band. The 

results of this measurement are shown in figure (3.30). Again the 

separation between the results measured by the two forms of excitation 

are in the same order, 

One of the results shown in figure (3.31) was measured by one 

accelerometer placed on the cylinder skin. For this, the cylinder 

was acoustically excited with wideband random source and then 

repeated for mechanical excitation with the identical input to four 

vibrators. Meesurements-were made at a number of positions on the 

cylinder skin and it was found that in every case the measured 

results were the same as in figure (3.31). The separation between 

the two results were more than in figure (3.31) when less numbers 

of vibrations were used. Although the separation between the two 

measurements are as shown, there is a close similarity between them in 

frequency spectrum. Owing to the limitations set by the size of the 

room and the loudspeaker,anoise level of approximately 110 dB could 

only be produced in the room for this measurement. If the cylinder 

could have been excited with a noise level of approximately 140 dB 

to 160 dB then it is thought a better comparison would have been 

achieved.
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3.8.2 Effect of vibrations on limited area of 

cylindrical shell response 
  

The previous experiment was repeated and the measurements 

were taken in an area 0.3 m x 0.3 m in the middle of the cylinder. 

The results are shown in figure (3.32). The measurement obtained 

when the cylinder was excited by 4 vibrators does not show a great 

deal of difference from that obtained from overall measurement. 

The result obtained when the cylinder wes excited by one vibrator, 

however, is different above the ring frequency and maintains a 

trend in response closer to that obtained for acoustical excitation. 

This similarity was also true for the meas urements taken at other 

parts of tne cylinder not shown here. 

The results shown in figure (3.33) were obtained when the 

cylinder was excited in the 1/3 octave using only one vibrator. 

Twelve accelerometers were placed in radial direction to the 

point source of excitation. The results show the trend and extent 

of the cylinder response away from the exciting source.
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3.8.3 Relationship between cylinder response and sound 

pressure contained in the enclosure due to different 

forms of excitation wees CACTLALTON 

This relationship is shown in the form of ratio between 

the space average sound pressure measured in the space enclosed by the 

cylinder and space average cylinder response. 

The overall measured result given in figure (3.34) and that 

measured from a restricted cylinder surface given in figure (3,35) 

show the trend in the measured result. Again the separation between 

the results are minimum at and either side of the ring frequency. 

More results shown in figures (3.36) and (3.37) give further confir- 

mation of the relationship. It is therefore clear that below the 

ring frequency, the cylinder response and the noise transmission due 

to this response should be treated separately depending upon the type 

of excitation - either mechanical or acoustical. 

In figure (3.38) are shown results obtained by wideband random 

excitation of both forms. The results show that there is a good 

comparison above 1350 Hz. This is because the cylinder responded more 

efficiently to a wideband random source of excitation. 

3.8.4 Measurement of resonant frequencies 

Resonant frequencies were measured on plain cylindrical shell. 

The structure was excited by sinusoidal force fed to a loudspeaker in 

the case of acoustical excitation and to a vibrator in the case of
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mechanical excitation. The cylinder response was measured by an 

accelerometer placed on the skin. The result of one such measurement is 

shown in figure (3.39). Measurements were made at other frequencies 

for similar excitation not shown here and the difference between the 

resonant frequencies counted for the two types of excitation were in 

the same order. 

3.9 stiffener Effect f 

The effect on the relationship between the noise contained in 

the cylinder enclosure and the skin response was measured by increasing 

the number of stiffeners. The results:are shown in figures (3.40) and 

(3.41). At and either side of ring (fr) and coincidence (fc) frequency, 

the effect of the stiffener is very smali. This could be because of 

efficient coupling between the structure and the noise field and 

therefore transfer of energy between System 2 to System 3 is rather 

balanced. At other frequencies the sétftener effect is very obvious 

and this may be because of poor coupling. 

3.10 Effects of end blanks 
  

The results shown in figures (3.42) and (3.43) were measured when 

aluminium plates were used as reverberant ends and 0.1m thick rocksil 

for non-reverberant ends. With the aluminium end blanks the noise 

field inside the enclosure was more uniformly distributed. This was 

not so in the lower frequencies when reflections from the ends © 

influenced the level of distribution. When non-reverberant ends were 

used, however, measurements in the middle of the enclosure were found



to be more uniform. This is because of absorption of noise fields 

at the ends. The lack of uniformity in the results shown above must 

have been influenced by this.
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CHAPTER FOUR 

CALCULATION OF NATURAL FREQUENCIES OF CYLINDRICAL 

SHELLS AND PLATES 

4.1 INTRODUCTION 

Natural frequencies ce one of the important parameters required 

for the calculation of noise transmission properties. It was not 

possible to obtain these experimentally with reasonable accuracy in 

the frequency range of interest,therefore there was no alternative 

but to resort to theoretical calculations. 

Calcutations using theoretical formulae were made on the computer. 

Using the Jarge number of calculated frequencies, graphs and tables 

were also produced on the computer. For this small computer programs 

were developed initially and then combined to form one large program. 

4.2 Formulae for Frequencies 

Formulae were taken from papers by Arnold and Warburton(12) and 

Mikulas and McElman(10), the main arguments from which are summarised 

in Appendix [C]. Arnold and Warburton's paper does not deal with 

stiffened cylinders or with plates.(Detailed analysis of Arnold and 

Warburton methods for unstiffened cylindrical shell was given in 

reference (11).



The formulae considered are summarised in the following table: 

  

  

Arnold na Mikulas & 
Warburton McE Iman. 

UNSTIFFENED CYLINDRICAL SHELL v v 

STIFFENED CYLINDRICAL SHELL v 

STIFFENED PLATES v 

UNSTIFFENED PLATES v           

It can be seen that it enabled a comparison to be made between 

Arnold and Warburton and Mikulas and McElman expressions for un- 

stiffened cylindrical shells. 

4.2.1 Unstiffened Cylindrical Shells 
  

(1) Arnold and Warburton Method 
  

The formula given by Arnold and Warburton; 

A? - kod? + kid “ke 8 0 (4.1) 

_ 1, fos 7 where f an [ eS ] (4.2) 

Od = MOR 8 = h2/12R2, ao = t/R 
a



and the values of the coefficients are, 

Ky = (1m)? (14u)at43 (Tu) 0 (A242) "=2(4-p2)atn2~8a2n*-2n844 (1p )as 

+4? n24n*] 

Ki = 3(1-y) (A2n2)243 (3-p-2u2) A243 (1-u)n24 BLA(S-12) (A242) 3 : 

+2(1-u)A"=(2-u? )APRn? -2(34u)n*42 (1-1) A24n?] (4.3) 

Kz = 1 + 3(3-y) (A? 4n?) +60 (A24n?)242(1-p)a24n? J 

Values of the frequencies can be calculated from this formula for 

different velues of mand n. This calculation is summarised in figure 

(4.1). 

(ii) Formula given by Mikulas and McElinan 

For this method the formula given by Mikulas and McElman for 

stiffened cylindrical shells was used with the stiffener parameters 

set to zero. (See Section 4.2.2.). 

4.2.2 Stiffened Cylindrical Shells 

Mikulas and McElman give the following formula for the frequency. 

(Mikulas and McElman refer to a as length of cylindrical shell and 

plate and R as the radius of the cylinder).



  

Calculate 
Alpha 

      

  y 

    
Calculate 

Lambda 

    

  y 
4     

Calculate 
tk (equation 4.3)) 

        
  

Repeat for 
different 
values of 'm'       

  

valculate Cubic 
equation for (equation (4.1)) 

          
          

A 

Repeat for 
different v 
values of 'n' 

Calculate ‘ 
h h frequency (equation (4.2)) 

              4 

Fig. (4.1)



    

  

2,2 Et GJ GJ cus maw mt (1482)24m"p 2 482 (SS 4%) 4ph SE ery 

nD Dd Dd Dg 

i A 

where e : 
2. Ze 

Ne = 14202 (8) (B?-u) 40*(CS) (148?) 

a oo 

Ay = 142n? (EE) (1-B*u) +n” (==)? (1487)? 

2 Z< ay 2.902 Z. * 
a n’o?[B*(1-u? )+2(1+u) 1 (=) +n*[1-?+28 (14u) (5°) 

zo Rte 
+ 2n?(1 re )+2n? (1-12) (5")+ 2n*( (lau), (") (GP) Hv? 

Ace (1482) 24282 (Tau) (RS) + (1-u2) [848 R+282RS (14H) 

and 

The non-dimensional parameters are defined as follows: 

  

Bo wl Se cas 
mR ° Etd 

EA 
a = mAR R = r r 

a ETS. 

As before the separate values of w = 2nf can be computed for 

different m and n values and also for different spacings of radial 

(4.4) 

(4.5a) 

(4..5b) 

(4.5c) 

(4. 5d) 

(4.5e)



= 400, = 

stiffeners and longitudinal stiffeners or both. This is summarised 

in figure (4.2). 

4.2.3 Unstiffened Plate 

Mikulus and McElman's stiffened plate formula was used to 

give some results for unstiffened plate by setting stiffener 

parameters to zero (See Section (4.2.4)). 

4.2.4 Stiffened Plates 

Mikulas and McElman give the following formula for natural 

frequencies for stiffened plate: 

  

  

  

Na tig? Ely GJ, GJ. EI, 
Pie el ee ee pd 

oe the de 
S (1487)? (=>) +R6" (148%)? (-—-)4+RSC a 

+ 12(1-u?)m* { - } (4.6) 
(1487 )?+287 (14+y) (R+S)+(1-u?) [S+8*R+282R5 (14+y) ] 

where 

Bo 2 2: ED Z6 £ 4 2 Z. os 
C = B® [B*(1-u?)+2(T4u)](-=) +28" (14)? (=) (=) 

+ BY [1-u2428?(14u)] coe eo 

and the following non-dimensional parameters are defined: 

ede a sae na < 

R ~ Etd’ Ete 
CS Ne



- AOL ee 

  

Calculate stiffener 
Parameters for 
Appropriate Stringer 
& ring stiffeners       

      

          

    

> + 

Calculate 
Alpha 

Repeat for 
different siesgkineselataccapaiAaiplonicaaoan 
values of 'm' Y 

      

Calcuiate (1+)? 

where B = ae 

      

    
Calculate 

hos Aas Ang oA (equations (4.5(a-d)))         

  

Repeat for 
different y 
values of 'n'         
  

Calculate 
frequency (equations 4.4) 

              

Fig. (4.2)



Separate values of w can be computed for different values 

of m and n and also for different spacings of stiffeners. For flat 

plates m and n are the numbers of half waves in the xand y directions, 

respectively. This is summarised in figure 4.3. 

4.3 Producing tables of frequencies 

It is clear that these computations are all very complicated, 

thus in order to perform the calculations many times with different 

parameters, it was necessary to use the computer. 

  

4.3.1 Unstiffened Cylindrical Shells 

Tables of frequencies for successive values of m and n 

where computed using (separately) the Arnold and Warburton formulae 

(See Section (4.2.1)) and the Mikulas and McElman formulae (See 

Section 4.2.2.)). The program in each case following the lines of 

the flow diagrams already given. Values of m between 1-59 were 

considered together with n values of 2-148 in each case. An example 

of output from the smaller of these values is reproduced in figure 

(4.4). 

Although these tables are useful, it is clear that much more 

information regarding modal densities can be obtained if the 

frequencies are sorted into order and the number of resonances 

defined in a given bandwidth. The computer programs were therefore 

modified to give this. An extract from the output indicates the 

results of this and is given in figures (4.5) and (4.6).



“103. 
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Fig. (4.3) 

(equation (4.7)) 

(equation (4.6))
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A comparison of them shows that the resonant frequencies are all 

somewhat about 10% higher than using the Arnold and Warburton formula. 

It was not attempted to examine these experimentally because from the 

previous work (reference 11) it was found that accurate mode counting 

in the frequency range of interest was not possible. The tables also 

show that at some frequency band the resonancés not only lay very close 

together but there are more than one at a given frequency and it : 

would be virtually impossible to separate and count them. 

In figure (4.7) is given an example 2f the output sorted in a 

given bandwidth. These results were later produced on graph. The 

results produced in this form were used in calculating noise transmiss- 

ion for a given cylinder. 

4.3.2 Stiffened Cylindrical Shells 
  

The Mikulas and McElman formula which was used for un- 

stiffened cylinders was obtained by setting the stiffener parameters 

to zero. Thus the parameters for stiffened cylinders were already 

catered for in the computer program using Mikulas and McEIman 

formula. Many computer runs were made using various values for the 

stiffener parameters. Thus copious quantities of computer outputs 

were produced which, it is not practical to produce here. However, 

for illustration purposes, a matrix of frequencies is given below for 

Various diameter and stiffening conditions. Similar matrices can be 

produced simply by reading values from the output.
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Af n, (f) ng (f)/af ng (w) ed 

0 50 0 0,0000 0.0900 : oa Ye 
50 « 400 2 0,0400 0,0064 =: 157,08 4 

100 150 2 0.0400 0.0064 457 082-2: 
150. « 200 2 0, 0400 0.0064 22 467 (08 - 
200 = 250 5 0.1090 0.0159 wit, 62, 83-4] 
250 » 300 4 0,0800 0.0427 se ceise ee | 
300. » 350 3 0.0600 0.0095 104,72 
350 6a 600 25 5 0.1900" O16 oe ele ea gg 
400 . e- 480 sest2e2 a 0,0600 oO RUG a reese: ccereee 1 OG tr eine 

450 « 500 9 0.4860 Ope cee a 36 88 
500 = 550 b 0.0800 0,0127 enn: 78,56 

2 §§ Qo € 600 oa os 0.4200 00,0191 “2° SSE? 62,36 
600... 9. 650 hen 0,0800- 0.0927 nee 78 Y Shea 
650 «= 700 | 9 0,1890 0.0286 298 FEE 3694 
700. 4:08 750 Ps - 0,1400 00223 pers stint: 44 88 
750: 800 28 0,4000 0.0159 9 S2F Se 62,83 
800 = 850 410 0,2009 06,0548 i bere 34,82 cen 
850» 900 6 0.1200 0,0194 => wen $2 BAY 
900 « 950 7 0.4460 0.0223 eocsiseae GO. BR oo 

e390 87 Te 8 0.1600 0.0855" = TS ERES BQ OP IY 
49000 4050 40 0.2006 OOS. Sisson cine So Gia { 

1050 -* = 9109 5 0.1009 0.0189 62,83. «1 
AT00 8 1450 14 0.2200 0.0350 aac O82 56 

4150 -# 1200 40 U.2000 0.03518 fee ee 34 ges 
4200 ° 1250 7 =: 0.1400 0.0273 - 25 soos. G&, 88 

$250 ©. 8:3 1300 13 0.2609 0.0414 oa 24,17 
4300 = 1350 9. 0.4500 0.0286 tosses BAL9Y->4 
4550 = 1400 9 0.1800 0,0286 — “EEA BH 94 =] 
4400 =. 1450 8 0.1609 0.0259. 22 eS.-re BO OP ad 
4450 = 1599 14 0.2200 0.9350 Sands Ae 28,56 -4 
WOO. 6 1550): - ewok 0.2660 0.0414 memes, 24047 2-4 

4550 * 1690 9 . “0.1800 0.0286 Fees 34,94 
$600 2: A650. 9. 0.4800 0.0286 onl ets 
4650 = 17097 4 0.3400 0.0541 
4700 =* 1750 a 0.1600 0.9255 
1750 = 1800 44 0.2209 0.9350 
4800 = 1859 41 0.2200 6.9350 
4850 = 1900 17 0.3400 0.0544 
4900 =~ 1950 7: 0.2200 =-- 0.0350 
4950 = - 2000 12 0.2490 0.0382 
2000 -= 2059 8 0.1600 0.0255 
2050 = 2100 19 0.3800 0.0605 
2400. w=2° 2750 14 0.2200 0.0350 
2150 = 2200 15 0.3900 09,0477 
2200 -» 2259 12 0,240 0,0382 

2250 » 2300 12 0.2400 0.6382 
2300 = 2350 24 0.4290 0.0668 
2350 -© - 2409° -=-> 12°. == 0,24600- * 0.9382 
2400 -- 2650 16 -0,3200 - 0,0509 
2450 @- 2500 “4h 0,2806 0.9466 
2500 #-- 2550 45 0.3000 -- 0.0477 
2550 © 2600 : 18 ~ 00,3600 0.0573 

2600 » 2650 162227. 0, 3600 0.0573 
2650 © § 2700 ° 12 0,2400 0,0382 
2700 «©. 2750---: 46 ms) 043200 0,0309 
2750 «© 2800 = 22 --  -0,4400 0.0700 
2800 «=: 2850- Vane, 2800 0.0446 
2850 e:- 2900. 20--=-=---0,4000 " 0,0637° 

=. 2950 45. 0,3000 0.0477   -- EXAMPLE OF NATURAL FREQUENCIES IN A GIVEN BANDWIDTH 

ek FIG. 4.7 Ba.
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Diameter of 
Un-stiffened First 10 natural frequencies (Hz) 
Cylinder 
  

(18") 0.45m 80, 99, 135, 146, 163, 170, 208, 219, 236, 241 

(24") 0.6m — 68, 83, 86, 118, 138, 142, 158, 169, 170, 177 

(30") 0.76m .- 63, 64, 79, 97, 103,.123, 126, 133, 145, 145 

120"). 308m 30, a1, 31 Sa, 38, Shy 86,40, ae, ae 

(144") 3.66m Cb Oyo 204" Ley eg ly 5 Oey 0, Shy 580 

  

The abcve results show the effect of diameter on the calculated ° 

resonant frequencies. It is clear from this that as the diameter is 

increased the natural frequencies get closer. 

  

No.of stiffeners 10 natural frequencies (Hz) either side of ring 
frequency (2.1K Hz) 

  

12 Long. & 6 radial 1578,1701,1831,1979,2013,2152,2164,2213,2309 ,2330 

a po: 1785 ,1817,1953,2098,2099 ,2152,2161 ,2192,2263,2339 

* eo 1775,1898, 1964 ,2080 ,2083,2085 ,2743, 2335 ,2383 ,2387 

ee aaah 1999 ,2011 ,-023,2063, 2071 ,2137,2161,2233,2299 ,2299 

Un-stiffened 
Cylinder 2099 ,2101,2101,2101 ,2103,2104,2105,2105,2106,2106 

  

The effect of stiffening on calculated natural frequencies is 

shown above. The separation between the calculated natural frequencies 

becomes larger as the number of stiffeners are increased.
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4.3.3 Plates (Stiffened and Unstiffened) 
  

Tables similar to that produced for the cylinder described 

on the previous page were obtained for the plates. An extract from 

the "sorted" tables for unstiffened plate is given in figure (4.8). 

Tables similar to this were also obtained for the stiffened plate. 

The calculated lowest natural frequency of the plate, (3 Hz) 

(same in dimension to a cylinder when unfolded.) is not the same as 

that in figure (4.6) which is (80 Hz). This must be because of 

curvature e*fects. Many of the natural frequencies calculated for 

the cylinder above the ring frequency were found to be identical to 

those of the plate. This is because the cylinder behaves like a 

plate above this frequency as shown in figures (4.14) to (4.17). 

4.4 Producing graphs 

4.4.1 Unstiffened Cylinders 

The results tabulated in figure (4.4) were expressed 

graphically by producing on one graph a set of curves of frequencies 

at successive values of n for each of the values of m (i.e. one curve 

for each value of m). Graphs were also produced for successive values 

of m for each of the values of n (i.e. one curve for each value of n). 

These were produced on computer, use being made of standard software 

concerned with graph plotting. Specimen graphs of 'n' curves for a 

shell cylinder of .457 m diameter are given in figure (4.9) and 

graphs of 'm' curves of an aluminium cylinder of 0.762 m diameter
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nie to 

are given in figure (4.10). These were produced from frequency 

Output calculated using two different formulae. 

The two graphs show frequencies as a function of mode shapes. 

Natural frequencies could easily be obtained from these by counting 

the number of m and n crossings. For a closer inspection of mode 

shapes, the graph was drawn in small frequency steps so that each 

m or n curve was clearly identified. 

The tebles of counts of numbers of frequencies within specific 

bandwidth were also represented graphically again on the computer. 

These graprs indicate either number of modes per radian per second 

or a total number of modes in a given bandwidth. Specimen graphs 

are given in figure (4.11) and (4.12). 

The calculations were repeated for different bandwidth and 

different cylinder dimensions. A sample of the results are presented 

in figures (4.13) to (4.17). 

The effect of constant bandwidth filters are clearly shown in 

the graphs. A meaningful trend in the results are produced when 

sampled in filter band wider than 200 Hz. Results presented in 

frequency bands narrower than 200 Hz (figures (4.11) to (4.14); 

although appear to give more details in the frequency spectrum, will 

be difficult to interpret. Analysis in a frequency band too wide 

(i.e. 500 Hz) is seen in figure (4.17) to produce a smooth graph but
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Poten ct 

the peak at thetrihe frequency (3778 Hz) has been averaged. This 

trend was almost repeated when analysis was made in 1/1 and 1/3 octave 

band. 

Experimental results discussed in section (3.4) of the previous 

chapter confirms this. It is clear therefore that analysis ina 

particular frequency band will depend on the accuracy of data 

required, 

4.4.2 Stiffened Cylindrical Shells 
  

Similar graphs as those produced for unstiffened cylinders 

were produced for cylinders with various combinations of stiffeners. 

A setection of these graphs of mode shapes and tables of resonant 

frequencies are given in figures (4.18) to (4.21). 

4.4.3 Stiffener effects 

In figures (4.18 to (4.21), the mode shapes and tables of 

resonant frequencies as obtained from equation (4.4) are given for a 

cylinder which is stiffened with both rings and stringers. The lowest 

natural frequency for the cylinder stiffened with 12 stringers and 

6 rings occur at 405 Hz which is higher than for a cylinder stiffened 

with only 12 stringers and 3 rings which is 298 Hz. These are much 

higher than 80 Hz for a plain cylinder with the same physical proper- 

ties. This situation for a cylinder which is stiffened with both 

rings and stringers is due to the coupling term Ang in equation (4.4).
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The experimental results measured for space average accelera- 

tion given in section (3.8) of Chapter 3 show that due to lack of 

coupling between the noise field and the cylinder, it was not 

possible to freely excite it below about 400 Hz. On the other hand 

when a vibrator was used as an exciter, the response of the cylinder 

in this frequency range is quite high because it was being forced to 

vibrate. This shows that there is a general confirmation between the 

theory and experiment. 

4.4.4 Plates (Unstiffened and stiffened) 
  

The corresponding graphs were also produced and a specimen is 

given in figure (4.22). These results were not verified experimen- 

tally. 

4.5 Combining the Computations 

It can be seen that the number of possible combinations of 

formulae, cylinder/plate, stringer/no stringer, graph/no graph etc., 

is large. The number of computer programs required to cater for all 

these combinations is large. At an early stage of the work it was 

therefore decided to combine all these possible options in one 

Program. The flow diagram for this program is given in pages 133-137; 

a description of its use is outlined below: 

4.5.1 Control Cards 

The options required are indicated by control cards which 

precede the data proper. These control cards have the following



Lees 

Bt 
ST 

va 
jt 

Ot 
3 

 
 

- 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

  

AINAND SAYS (ZH)



ARNOLD 

MIKULAS 

CYLINDER 

PLATE 

GRAPH 

TABLES 

RINGS 

STRINGERS 

DENSITIES 

NATURALS 

END 

= lea) 

meanings if present. 

Use the Arnold and Warburton formulae. 

Use the Mikulas and McElman formulae. 

Data presented will be for a cylinder and the 

- formulae for a cylinder should therefore be used. 

Data presented will be for a plate and the 

formulae for a plate should therefore be used. 

Graphical output is required. 

Tables of frequencies are required to be printed 

out on the lineprinter. 

Allowance is to be made for ring stiffeners in 

accordance with the data supplied. 

Allowance is to be made for stringer stiffeners 

in accordance with the data supplied. 

Any tables output are. required to be of the form 

where the frequencies have been sorted into 

ascending order first and any graphical output 

should be of the form where modal density is 

plotted against frequency. 

Any tables output are required to be of the form 

where the frequencies are given for each value of 

m and n and sty graphical output should be of the 

form where frequency is plotted against m for each 

n (i.e. 'n' curves on the one graph). 

The control cards are terminated by the control 

card END.
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As the Arnold and Warburton formulae apply only to unstiffened 

cylinders, if ARNOLD is specified then STRINGERS, RINGS and PLATE must 

not be specified. Also, if GRAPH is specified then one of DENSITIES 

and NATURALS must be specified, but not both. ARNOLD and MIKULAS 

cannot both be specified in the same run and neither can CYLINDER 

and PLATE. 

4.5.2 Data Parameters 

Datailed data on the properties of the cylinder or plate, 

frequency bandwidth to be considered and specific requirements on 

size and annotation of any graphical output required is presented in 

the following order (in free format). 

(a) Always required 

The deasity of the cylinder or plate. 

The length of the cylinder or plate. 

The width of the plate or the radius of the cylinder. 

Poisson's Ratio. 

The acceleration due to gravity. 

Young's modulus for the material of the cylinder or plate. 

The range of harmonics: 

lower m 

higher m 

lower n 

higher n 

The highest frequency of interest.
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(b) Required if STRINGERS specified 
  

The stringer spacing. 

Young's modulus for the material of the stringers. 

Shear modulus for the material of the stringers. 

Distance from middle surface of cylinder or plate 

to centroid of stringer. 

Cross-sectional area of stringer. 

The width of the (I or Z shaped) stringer (1,) 

The depth of the stringer (14) 

The height of the stringer (1) 

The thickness of the material of the stringer (I,) 

  

(c) Required if RINGS specified 
  

Same information as for stringer (see above). 
“sr
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X and Y coordinates of the point where the axes are to intersect. 

length in inches of the "negative" and "positive" parts of the 

lengths in inches of the "negative" and "positive" parts of the 

lengths in inches of the small Ciekmarks: @p the X and the Y 

lengths in inches of the larger tickmarks on the X and the me 

X and Y coordinates of the bottorn left hand corner of the 

number of decimal places before and after the decimal point 

distance between numbers (in inches) on the X and Y axes 

X axis scale in problem units per inch. 

Y axis scale in problem units per inch. 

X and Y coordinates of the midpoint of the graph title. 

X and Y coordinates of the midpoint of the labels for the 

Required if GRAPH specified 

The 

The 

X axis. 

The 

Y axis. 

The 

axes respectively. 

The 

axes respectively. 

The 

surrounding box. 

The height and width of the box. 

The 

on the numbering of the axes. 

‘The 

respectively. 

The size (height) of the numbers. 

The 

The 

The 

The 

_ X-axis and the Y-axis respectively. 

The size (height) of the lettering of the title, X-axis label, 

and Y-axis label respectively.
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CHAPTER FIVE 

ANALYSIS OF RESULTS OF VIBRATION AND SOUND TRANSMISSION STUDY 

5.1 Introduction 

In the previous chapters an experimental and theoretical study 

of the important parameters and their effects on vibration and sound 

transmission characteristics is made. The results obtained from this. 

study is further analysed in this chapter and used in calculations. 

Statistical energy analysis described in Chapter (2) is applied 

to give thevretical predictions of radiation resistance, average 

energy ratios between the systems and sound txansinrceeen loss. Inter- 

system coupling parameters are also calculated. The internal loss 

factor (ns nt) is determined from measured total loss factor and the 

calculated coupling loss factor. 

Since the effects of stiffener and cylinder configurations have 

already been dealt with in Chapter 4, and the work covered in this 

chapter is therefore based on cylinders stiffened with 12 stringers 

and 6 rings. Where necessary a comparison with unstiffened cylinders 

is made to emphasise a valid point. 
r
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5.2 Modal density of cylinddr wall and receiving spaces 

[Transmission room and space enclosed by cylinder wall] 

5.2.1 Cylinder Wall 

For theoretical prediction of system energy and sound 

transmission properties, the modal density of the cylinder wall 

computed in Chapter (4) was used. In the frequency range below 400 Hz, 

the modal density of a plain cylinder was used when making theoretical 

calculations for the stiffened cylinders. This is because, due to 

stiffening, the first natural frequency fora freely vibrating cylinder 

was recorded above this frequency (figure (4.21)). 

5.2.2 Transmission room and space enclosed by cylinder wall 

The modal density was calculated using the equation given in 

section (3.4.3) of Chapter 3. The computed results used for the 

calculations was from figure (3.10). 

5.3 Radiation Resistance 
  

The expression for radiation resistance was obtained from 

equation (2.16) (Chapter 2). 

2 e W) 
Ro rad _ ence [ViS, Ba + VsS, Ba] (5.1) 

a, Para 

For the transmission room and enclosed space, B. = 13.8/7; where 

i = 1 and 3 (Equation 2.15).
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The cylinder wall was excited by 4 vibrators in 1/3 octave 

band. The space average sound pressure levels of transmission room 

and the enclosed space together with that of the cylinder wall was 

measured. The measured values of S. ,S Sand T. were used in 
Pi P35 a2 A 

equation (5.1) to calculate radiation resistance. The result of this 

calculation is given in figure (5.1) as normalised radiation resis~ 

tance. It is to be noted that R, rad is the total radiation 

resistance of the cylinder and that this includes radiation on both 

sides of the cylinder. It is also noted that radiation resistance 

above concidence frequency (9.4 kHz) is greater than one because it 

is essentielly radiation controlled. 

£.3.1 Total Resistance 

This quantity is defined by, 

S 5 
See 8 

Pa = (3) Roop = oF Read + Rint) ia) 

where Pa is the total power dissipated by the cylinder wall including 

radiation. 

The total energy stored in the system is given by, 

Sa ay 
E = Me a oe M. nae (5.3) 

where Me is the total mass of plain cylinder and mM. is the total 

mass of stiffeners.



(2H) 
Aouanbeuy 

dujzUsd 
pueg 

ade 
190 

¢/| 

 



Ro QR ie 

The rate of energy dissipation by the structure is given by, 

Pb = BES where B, 5 13.8/T, 

where ae is the energy decay time of the structure, and hence 

for the cylinder wall in consideration; 

Pi Sy 

Razor = (13:8/Ta)M2 [1 +H, (S")/ta(—)] (5.4) 

Total radiation resistance was determined from the measured 

values of cylinder wall decay time and equation (5.4). In calculating 

this, total mass of the cylinder and stiffeners were taken. Since + 

was measured on the stiffened cylinder, the terms in the brackets 

of equation (5.4) were ignored. The result of this calculation is 

given in figure (5.2). From this it is seen that a trend similar to 

that of R ana 1S obtained. The straight line drawn through the curve 

shows that damping of the cylinder above coincidence frequency 

(9.4 kHz) is radiation controlled (R» > Re vi) « 
rad int 

5.4 Cylinder wall coupling factor 
  

The formula for the coupling factor of the cylinder wall was 

obtained by combining equations (2.22) and (2.23) (Chapter 2) and is 

given below, 

-] c 

w= TS. AS) + Sy) Ln? (n2/Ma) 5 J (5.5) 
2 Py 

In calculating y, the appropriate correction for the total mass and 

modal density due to stiffeners were made,



 
 

ere (Pfyz yz LON) Olbo1 oy



+ ae. 

The transmission room and the space enclosed by the cylinder wall 

was acoustically excited in 1/3 octave band and space average sound 

pressure and acceleration levels were measured. The measured values 

of S ,S  ,S_, and the computed values of nz were used in 
Pi Dg ag 

equation (5.5) to calculate the coupling factor. The result of this 

calculation is given in figure (5.3). 

It is seen that between 700 Hz to 2.8 kHz and above &.4 kHz the 

coupling is radiation controlled Cu > 1]. This is not quite in 

agreement with the measurement of Reroy: 

The coupling factor was also calculated from equation (2.21) 

(Chapter 2), 

p= rad (5.6) 
int rad 

where a is the total radiation loss factor and that includes 

radiation on both sides of the cylinder. The result of this 

calculation is compared with that calculated from equation (5.5) 

and is shown in figure (5.4). The data for internal loss factor 

(ns) used for this calculation was extracted from the total loss 
% oe 

factor (nzo7): 

Below 3 kHz, the large difference in the results could be due 

to Ment because this was determined from the measured value of rT 

A repeat of this calculation with improved values of Nant determined 

emphirically should be attempted for a better accuracy.



 



zy 
Aouanbaus 

dujzuead 
pueg 

sAeqd9 
¢/¢ 

=
 

o
 

N
 

~
 

©
 

o
 

 
 

(m) nt BoL OL



aE 

5.5 Loss factors for Systems 1, 2 and 3 
  

5.5.1 Total loss-factor 

The total loss factor for the systems 1, 2 and 3 were 

calculated from equation (2.15) (Chapter 2) and is given by, 

Mot = 4 where i = 1, 2 and 3. 6.0 tf 
al
l 

oh
 

- The reverberation time of the systems against frequency was 

measured in 1/3 octave and used in equation (5.7) to ealenate the 

loss factors. The results of this calculation are shown in figure(5.5) 

and Table (5.6). It is interesting to note that above 1 kHz, there 

is very small difference between the total loss factors of the 

systems. 

A comparison of the total loss factor determined for un- 

stiffened and stiffened cylinders is shown in figure (5.7) and Table (5.8) 

An increase in damping below the ring frequency for stiffened cylinder 

is clearly shown. 

5.5.2 Coupling loss factor 
  

The coupling loss factor was calculated using equation (2.32) 

(Chapter 2) and is given by, 

Nad = Rerag/oMe (5.8) 
rad
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TABLE 5.6 

f ni Ne N3 

100 64.32 x 10°? 36.6 x 10-9 80.29 x 107° 
125 67.15 x 107° 17.6 x 10° 83.25 x 1073 
160 57.28 x 1079 10.57 x 10°? 70.39 x 10°9 
200 61.3. x 1079 7.85 x 10°? 73.25 x 1079 
250 49.58 x 107° 7.33 x 1079 58.45 x 107° 
315 39.12 x 10°? 8.73 x 1073 38.39 x 107° 
400 31.22 x 107° 6.5 x10 26.36 x 10°? 
500 29.46 x 10°9 5.5 x 10° 29.43 x 107°. 
630 17.23 x 1079 -£.82 x 1079 16.49 x 10°? 
800 11.35 x 10°? €.87 x 10°° 15.29 x 10°9 

1000 7.61 x 107° Pe3a-x010 > 9.16 x 1079 
1250 7.33 x 1079 5.33 x 10°? Pras (a 
1600 6.55 x 10° 4.04 x 107° 5.16 x 107° 
2000 6 x 107° 4.58 x 1072 5.2¢x We 
2500 2.44 x 10°? 3.25 x 10° 4.9 x 10°? 
3150 2.58 x 10° 2.88 x 107° 4.6 x 10° 
4000 2.29 x 107° 3.05 x 10°9 3.31.-x 10"* 
5000 1.83 x 1079 1.83 x 10°? 3.4 x 10°? 
6300 1.45 x 107° 1.83 x 10°73 2.16 x 107° 
8000 1.31 x 107° 0.88 x 10°? lek «107 

10000 0.85 x 107° 0.91 x 10°9 1.46 x 107° 

2.2 
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TABLE 5.8 

Plain Cylinder Stiffened Cylinder 
(12 stringers and 

6 rings) 

¥. Loss factor Loss factor 
(2.2/TF) (2.2/TF) 

100 7.8 x 10° 36.6 x 10°° 
125 6.28 x 10°? 17.6 10, 

160 5.58 x 10° 10.57 x 10° 

200 5.39 x 10°° 7.85 x 10°? 
250 4.19 x 107° 7.33 x 107° 

315 4.85 x 10°? 8.73 x 10° 
400 3.87 x 1072 5.5 x10? 
500 2.82 x 10°" 5.5.x 107° 

630 3,23 x 10°? 5.12 x 1079 

800 3.27 x 1079 6.87 x 10°? 

1000 3.66 x 10° 7.33 x 10°° 

1250 4.19 x 10°? 5.33 x 10°? 

1600 3.27 x 10°? 4.04 x 10°? 

2000 2.29 x 10°9 4.58 x 1079 

2500 2.93 x 10° 3.25 c 1079 

3200 1.90 x 10°? 2.86 x 10° 

4000 2. CORO 3.05 x 10° 
5000 1.83 x 10°? 1.83 x 1079 

6300 1.45 x 10°93. 1.83 x 1079 

8000 1240-7 0.88 x 10°? 
10000 Tee 0.91 x 1079   
  

Table showing loss factor calculated for plain and stiffened cylinders
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The coupling loss factor of the cylinder wall to the adjacent 

spaces was taken to be the same, hence, noi = no3 = Re nag /Me 

The result of this calculation is given in Table (5.9). 

5.5.3 Determination of internal loss factor 

The internal loss factor was determined from the total and 

radiation loss factor using the following equation: 

"ToT = "rad * int (539) 

Mint ~ "tot 7 "rad (5.1C) 

where Rae Radiation loss factor to whole space, 

Figure (5.10) gives the result obtained by application of 

equation (5.10). The accuracy of internal loss factor determined 

this way will depend upon the accuracy of energy decay time measured 

for the cylinder wall. From the result, it is seen that above 2.4 kHz 

the loss factor determined is negative. This is because the energy 

radiated into the space was higher than that dissipated by the 

cylinder wall, 

5.6 Relationship between energy ratio of Systems 1, 2 and 3 

Ol Energy equations 

The total energy contained in each system was derived from 

the response equation given in section (2.4.2) (Chapter 2). These 

are summarised as follows:
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TABLE 5.9 

f Resa Nei = N23 

150 0.129 .00913 10”. 

200 26.23 1392 10. 

300 2.19 .07749 10° 

400 $47 .08413 107° 

500 11.27 ,239278 10° 

600 12.57 222349 10°. 

700 13,76, 200675.10 

800 91.36 { 2003.16. 

1009 88.17 .93598 10". 

1500 77,26 54678 10" 

2000 564.37 2.99559 10°° 

2500 196.84 "9358. 10° 

3150 676.21 2.3928 10° 

4000 469.43 1.2458 10° 

5000 «2293.71 4.869 10° 

7000  —«-2810.52 4.262 107° 

g000 «1240.76 1.712 10°° 

9000 1781.52 2.101 10° 

10000 7449, 37 7.903 107°       

Coupling loss factor nzi = N23 = Re aq! cum
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Total energy (E2) in System 2 (cylinder wall) is given by: 

= 2 Eo = Mo Sa,/¥ 
(5.12) 

Total energy (E3;) in System 3 (space enclosed by cylinder wall) is 

given by: 

Es = Sy Va/(e,C,*) (513) 

5.6.2 Energy ratio between the “ransmission room and 

cylinder wall 

The energy ratio is obtained by application of equations 

(5.11) and (5.12), , 

By oot Pa Zoe 
Es | ls | (5.14) 

The transmission room was acoustically excited in 1/3 octave band. 

The space average sound pressure and acceleration levels were 

measured and used in equation (5.14) for calculating the energy ratio. 

The result of this calculation is given in figure (Sy) 

In figure (5.12) is shown the result when system 2 (cylinder 

wall) was mechanically excited using 4 vibrators. 

It is clearly seen from the graphs (figures (5.11) and (5.12))
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that the energy flow between the systems depends to a great extent on 

the type of excitation - either acoustical or mechanical. The energy 

Flow from System 1 to System 2, when excited acoustically, shown in 

figure (5.11) is a function of frequency. This is because of coupling 

between the exciting source and the cylinder wall. This is not so 

when the system 2 (cylinder wall) was mechanically excited as is shown 

in figure (5.12). The energy radiated into the space is quite small. 

Further, it is not so much a function of frequency. 

5.6.2 Energy ratio between Systems 3 and 2 
  

The energy ratio is derived from equations (5.13) and (5.12). 

E Mew: | = ae EE (5.15) 
a2 pc. : 

The transmission room wes exch ea as before and space average 

sound pressure and acceleration were measured and used in equation 

(5.15). The result of this calculation is given in figure (6, Tey; 

As before, the energy flow between cylinder wall and enclosed Bae 

is a function of frequency (figure (5.13)). The energy flow from 

System 2 to System 3 is very small] compared to that received by 

System 2. 

In figure (5.14) is shown the result when System 2 (cylinder 

wall) was mechanically excited by 4 vibrators. It is of interest to 

note that the trend in energy flow between Systems 2 to 3 and 2 to 1 

is very similar. The peak shown at 200 Hz in figure (5.14) could be
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due to standing waves inside the cylinder. A comparison of these 

results is shown in figure (5.15). The trend in the energy flow is 

clearly demonstrated when System 2 (cylinder wall) was excited and 

it is in the order of 6 dB/octave. 

A direct comparison is drawn between the energy ratios (F4) 

when the systems were excited by two different methods. This is 

shown in figure (5.16). At the ring frequency, the difference in 

the energy flow is only 2 dB and below and above this frequency the 

difference is large. Below 400 Hz - where the cylinder responds to 

a forced vibration - this difference is even larger. Above the ring 

frequency there is a similarity in the trend of energy flow. This 

is perhaps because the cylinder behaves like a plate and the number 

of modes excited would be almost the same. 

5.7 Response of Cylinder Wall 
  

The response equation given below is from equation (2.34) 

(Chapter 2). 

$ 2 
o = Ta [V./0,02% ul ~ (5.16) 

ee 

where yo saab SA is the coupling factor (5. $78) 

Mint Nad) 

~1 om eS, 5.) Len? (ML/Ma Cary J (5.17b)
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The calculated values of modal density (92) of the cylinder 

wall and ny of the transmission room was used. 

The results of this calculation are compared with the experimental 

measurement and are shown in figures (5.17) and (5.18). 

The calculated result using n.. Aan rad rad* Nant) for the coupling 

factor shows that below 3 kHz there is a difference of approximately 

11 dB with chat obtained experimentally. This points to inaccuracy 

in determining Mane from measured values of rot: When the coupling’ 

factor given in equation (5.17b) was used for calculating the response, 

the experimental and calculated results are in absolute agreement 

(see figure (5.18)). This confirms that internal loss factor deter- 

mined in this way could lead to an inaccurate result. 

5.8 Noise reduction and transmission loss 
  

5.8.1 Noise reduction 

For this measurement the transmission room was acoustically 

excited in 1/3 octave and space average sound pressure levels (S,,) 

in the room and (S,,) in the space enclosed by the cylinder wall 

were recorded. A plot of experimental noise reduction, 35.7 So is 

given in figure (5.19), together with the theoretical noise reduction 

calculated using equation (2.29b),(Chapter 2) . The percentage error 

calculated between the results is given in Table (5.20).
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TABLE 5.20 

  

  

  

Prediction of Noise Experimental Error in. % error 
f reduction in dB using (dB) dB using 

Equation 10 Togy g(Er ye.) prediction 
- 10 Tog1 (Vajys) ee 

200 8 8 0 0 

oto 2 2 0 0 

400 4 4 0 0 

500 8 8 0 0 

630 9.5 10 0.5 5 

800 8.5 9 0.5 5 

1000 9.5 10 0.5 5 

1250 10 12 2.0 20 

1600 10 12 2.0 20 

2000 12 1238 0.5 s 

2500 +200 13 O55 5 

3150 15 55 0 0 

4000 14 14 0 0 

5000 16.5 lt O75 5 

6300 7 7 0 0 

8000 4.5 5 0.5 5 

10000 7 7 0 0 

  

Comparison of experimental noise reduction with prediction 

% error is shown using prediction as reference. 
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There is a very good agreement between the results. This is 

because the amount of error involved was small in the measuring space 

average sound pressure levels and calculating E,/E3 = (S,Vid/(S, V3), 
: 3 

assuming pic. to be the same for the transmission room and enclosed 

space. 

5.8.2 Transmission Loss 

The transmission loss was computed from the noise reduction 

data and equation (2.28) (Chapter 2). This was related to the trans- 

mission loss by; 

Tim. NRot WQedog, ; [—ee a] (5.18) 
24V3In (10) 

The result of this calculation and that obtained experimentally 

is given in figure(5.21) &Table (5.22). Again, the agreement between 

the results is very good except in the region between 600 Hz and 

2.5 kHz. This is perhaps due to measurement error. 

A comparison of the results calculated using equations (2.27) and experi- 

mental values are given in fig.(5.23). The two results have the same 

trend in the frequency spectrum but agreement between the results is 

not all that good. This is because the error involved in extracting 

Toss: factors: [ ns; Trad? Nant from measurement.
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TABLE 5.22 

f Transmission loss (dB) Transmission loss (dB) 
Prediction Experimental 

200 15.0 15 

315 10.0 10 

400 13.0 13 

500 15.0 15 

630 18.5 19 

800 16.5 s 

1000 19.0 19 5 

1250 19.5 a1 

1600 20.0 22 

2000 21.0 21.5 

2500 205 2] 

3150 22.0 22 

4000 22.0 be 

5000 Zeb 24 

6300 15 15 

8000 £5 13 

10000 14 14 

  

Comparison of experimental transmission loss 

with prediction. 
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5.8.3 Nonresonant Transmission 

Nonresonant mass-law noise reduction was calculated from 

equation (2,80) (Chapter 2) and, hence, transmission loss after 

applying equation (2.40) was evaluated. The result of this calcu- 

lation is shown in figure (5.24). 

The nonresonant mass-law transmission loss is in the upper 

bounds since the resonant cylinder wall modes that result in a 

greater transmission of energy are neglected. This was not 

verified experimentally.
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CHAPTER SIX 

DISCUSSION OF RESULTS, CONCLUSIONS AND 
  

RECOMMENDATIONS FOR FURTHER WORK 
  

6.1 Discussion of Results 
  

The uniformly stiffened cylindrica’ shell model (0.762 m in 

diameter), approximating to an aircraft fuselage (3.66 m in diameter) 

was chosen to be a suitable model for experimental and theoretical 

study. Other cylinders were used for experimental investigations to 

show the effects of change in diameter and thickness. In practice, 

a real fuselage is built with various combinations of stiffeners, 

fixtures and fittings and could not be classed as a uniformly 

stiffened shell. It would be an interesting exercise, therefore, to 

test a real fuselage either on the ground or in flight. The results 

obtained from this exercise could then be compared with that of the 

model. This comparison is important in that a correction factor 

could be derived for relating the results from a model to a real 

Structure. This will also form a firm basis upon which to draw 

conclusions in the relationship between the vibration level and as 

a result noise transmission loss. 

The test chamber used for the experimental study was not an 

ideal reverberant room. The walls were lined with hard material 

and in order to break any standing wave pattern, aluminium 

reflectors were hung from the ceiling. A reasonable reverberant
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condition around the cylinder that was horizontally suspended from 

the ceiling in the middle of the room was achieved. It was observed 

that above 7 kHz, because of the limitations set by the room size, 

the noise level could not be maintained due to absorption in the room. 

Tests in a reverberant chamber of the type available at the Institute 

of Sound and Vibration Research, University of Southampton would 

have been preferable. Since a relationship between the vibrational 

energy and that contained in the space enclosed by it is shown as a 

ratio, this limitation did not matter all that much in showing a 

trend. The damping of the reverberant room and the enclosed space: 

is shown in figure (3.6). Above the ring frequency, the sound 

energy in the enclosure is seen to decay at a faster rate than the 

room. This is because of the absorption in the end blanks. 

The standard noise and vibration equipment selected for the 

experimental work were compatible to this type of measurement and 

analysis. The ‘Automatic Space and Time Averaging Systen! has a 

limitation in its dynamic range but by careful test procedure, this 

Was overcome. In selecting the best type of analyser for this kind 

of work, the experimental work described in section (3.5) was carried 

out. It was found that selection of an analysergwhether constant 

bandwidth, constant percentage bandwidth, narrow band or wideband 

depended upon the quality of data required. For the type of analysis 

discussed in this thesis where a trend in the result was more 

desirable than a closer study, analysis in the 1/3 octave was found 

to be sufficient. However, where a closer study was necessary, 

analysis in the narrow band was made.
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Selection of an optimum number of transducers for vibration 

and noise transmission study depended not only upon the type of 

excitation, whether pure tone, narrow band random or wideband random 

but on the complexity of the structure (whether uniform or not). 

The experimental investigation carried out to determine this together 

with the results are described in section (3.6). For obtaining a 

reliable estimate of any parameter it was found important to sample 

many positions spread over a large area when the structure is 

subjected to a narrow band excitation. Only a few positions need 

be sampled when the excitation is in wideband random and reasonably . 

diffused. In practice, this may not be possible and therefore an 

average result froma number of positicns sampled should give a 

reasonable indication. For the uniformly stiffened cylinder wall, 

only one position was good enough to show a trend in the result 

with good accuracy. This was limited to a wideband random 

excitation only. 

Determination of a least area for the measurement once again 

depended upon the size of structure, whether uniform or not and 

the type of excitation that it may be subjected to. Experimental 

investigation carried out to determine this is discussed in 

section (3.7). The results obtained from this test on the model 

Show that a very small area could be used for test but this may not 

be true on a real structure because of its size and complexity. 

Determination of an area for test, whether large or small will, 

therefore, depend upon the type of structure and the form of 

excitation.
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In order to study the vibration and sound transmission 

characteristics of the cylinder subjected to different forms of 

excitation, the experimental investigation described in section 

(3.8) was carried out. The effects of vibration on the cylinder 

response is shown in figure (3.28) which clearly indicates that the 

number of vibrators and its positiorsof excitation are important 

in that the response levels are different. This points to the fact 

that it is not possible to excite a structure uniformly using this 

technique unless an infinite number of vibrators are used. Further 

limitation observed when using vibrators was that due to mechanical 

and electrical characteristics, the vibration amplitude induced by 

vibrators: varied although identical electrical inputs were 

supplied to each. The required arc average acceleration levels 

obtained by mechanical and acoustical forms of excitation is shown 

in figure (3.29). The separation in the response either side of 

the ring frequency is clearly shown, Other measured results shown 

in this section show similar trends. The relationship between pa! 

Sa is shown in figure (3.34). Again the separation between the 
2 

results measured by two forms of excitation are shown. All the 

measured results point to the fact that below and above the ring 

frequency, the measured results should be considered separately. 

This is important in drawing a relationship between the vibration 

level and noise transmission as a result of this. 

. The effects of stiffeners on the overall measured ratio 

(S, /S, ), is shown in figures (3.40) and (3.41). At the ring and 
a
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coincidence frequencies this effect is a minimum due to efficient 

coupling between the noise field and the structure, hence the cylinder 

wall response and as a result sound transmission is high. The 

effect of stiffness on the calculated natural frequencies are shown 

on page (109), The effect of end blanks are shown in figures 

(3.42) and (3.43). This difference is caused by different absorption 

property cf the end blanks. 

The effect of change in cylinder diameter on the calculated 

natural frequencies are shown on page (109), Increasing the 

diameter ty 4 times has given the lowest natural frequency which is 

52% lower than the lowest natural frequency of the original cylinder. 

The ring frequency of the cylinder is also dependent upon the 

diameter. It is the frequency at which the longitudinal wavelength 

in the cylinder material is equal to the circumference and is given 

by; 

It can be seen that for a given material, it depends on the diam- 

eter.The measured ratio (5,45? ‘obtained from cylinders of 

different diameter are given in figure (6.1). It is interesting 

to note that a reduction in diameter has only lowered the total 

energy in the enclosed space but the trend in the measured results 

did not change.



 
 

0t~ 

O
t
 

o> 

ot 

- 

(23/3) Oso, of -



#180" ™ 

An attempt was made to show the effect of thickness on the 

measured results when a cylinder having the same diameter as the 

model but different in thickness (.0006 ™) was tested. The 

difference in the measured result was negligible. Theoretically, 

2 agate 
the coincidence frequency a = a [ Hed) depends on the 

material thickness, therefore, some effect on the measured result 

should have been noticed. It is the frequency where the trace 

velocity of the sound wave is equal to the bending wave velocity. 

It seems that the change in the thickness was too small to detect any 

change in the measured result. 

Natural frequencies of the cylindrical shel] model was Seeker 

the important parameters required in ca‘culating the vibration level 

and the sound transmission loss. Since it was not possible to obtain 

this experimentally in the frequency range of interest, resort had to 

be made to theoretical analysis of the form discussed in Chapter 4, 

An extended computer program was developed for this and it is now 

possible not only to obtain the natural frequencies but to study 

vibration characteristics of plain cylinders, stiffened cylinders, 

plain plates and stiffened plates using the combined program. 

The samples of the results given indicate the usefulness of this 

program. 

The radiation resistance of cylinder wall (figure 5.1) shows 

that above coincidence frequency it is greater than one because it 

is essentially radiation controlled. This is in close agreement
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with the value measured on stiffened plates by Maidanik(3). The 

total resistance (figure 5.2) is the sum of the internal besistie ss 

and the radiation resistance. At low frequency, where the radiation 

resistance is small, the resistance of the cylinder wall is mostly due 

to internal resistance. The measured values of the total resistance 

does not confirm that at the coincidence frequency it is mostly due 

to radiation resistance. This may be due to inaccuracy in the 

measurement. A straight line drawn through the graph (figure 5.2) 

shows a correction to this measurement. 

The coupling of the panel with the room and the space enclosed 

by cylindes wall is shown in figures (5.3) and (5.4). The coupling 

factor calculated using equation (5.5) shows that between 700 Hz 

to 2.8 kHz and above 5.4 kHz, the coupling is radiation controlled, 

(u > 1). The agreement between the values of » given in figure (5.4) 

calculated from equation (5.5) and that determined from experimental 

values Of Road and Rror i not satisfactory below 3 kHz. It is 

thought that this considerable disagreement is due to inaccuracy in 

determining the internal resistance. 

‘The loss factorsdetermined from the decay time measurement for 

Systems 1, 2 and 3 are shown in figures (5,5) and Table (§.6).; It is 

interesting to note that above 1 kHz, there is very small difference 

in the damping of the systems. The results shown in figure (5.7) 

and Table (5.8) give comparison of damping in stiffened and plain 

cylinders. As expected, the stiffened cylinder is heavily damped. 

The coupling loss factor of the cylinder wall to the adjacent spaces
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are given in Table (5.9). This was calculated from the radiation 

resistance values and it was assumed that radiation either side of the 

cylinder wall was the same. In figure (5.10) is shown the internal 

loss factor determined from Nant = "TOT Nad’ Above 2.4 kHz, the 

loss factor determined is negative. This points to inaccuracy in 

the measured values of total loss factor. 

The general relationship drawn between the energy contained in 

systems discussed in section (5.6) suggest that the energy transfer 

and vibration levels in fairly complex systems may be estimated 

reasonably reliably from a few experimentally and/or theoretically 

determined energy-flow coefficients, i.e. the appropriate coupling - 

and interval loss factors, space average acceleration and sound 

pressure levels. In particular, this estimation method appears to 

be applicable in the present system where energy is transmitted through 

the cylinder wall. This method could be applicable in endinesting 

situations where energy is transmitted through trusses or 

structural columns between various substructures. No applications 

of the method have been made in such practical cases during the 

course of this investigation, but such applications would seem 

appropriate. 

It is interesting to note the difference in the energy ratios 

(E,/E.) shown in figures (5.11) and (5.12) when different systems 

were excited. The energy ratios E/E, shown in figures (5.13) and 

(5.14) also point to a similarity in the energy transfer trend.
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A comparison of energy ratios (Ey /E5s and E/E) shown in figure (5.15) 

indicate that it is in the order of 6 dB/octave below 4 kHz. A 

comparison of energy flow E/E, shown in figure (5.16) confirms that 

the energy transfer depends on the type of excitation and results 

obtained from each should be treated separately. 

A comparison between the responses of cylindrical shell 

calculated and that measured are shown in figures (5.17) and (5.18). 

The calculated results using Nrad/@ rad + int) as the coupling 

factor give a difference of 11 dB with that obtained by measurements. 

This difference is only below 3 kHz (figure 5.17). A very good 

comparison between the measured cylinder response and that calculated 

was achieved (figure 5.18) when the value of pp was calculated from 

equation (5.17(b)). 

The experimental noise reduction and hence the transmission loss 

for the cylinder has produced a curve (figure 5.21) which shows a 

predominantly non-resonant mass controlled transmission over the 

frequency range considered. This is in good agreement with that 

calculated from the energy flow equations where the measured values 

of Sp and Sy were used. Noise reduction and the percentage error 
] 3 

from the measurement using this method is shown in figure (5.19) and 

Table (5.20). Sound transmission loss calculated using equations 

(2.27) where the measured values of loss factors (N3Mnad and Tint? 

were used produced a curve that is approximately 11 dB higher in 

values than the measured transmission loss (figure 5.23). It is
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felt that this difference is due to error in the determined values 

of the loss factor’ 

Since it was not possible to predict the actual resonant 

transmission, only the predictable mass-low transmission was 

considered for estimating the total transmission loss. Increase in 

transmission loss at a rate 6 dB/octave (figure 6.2), is predicted 

between 40) Hz and 5 kHz. Below 400 Hz, no reliable prediction 

seems possible. This is the region which is stiffness controlled. 

Above 5 kHz, the curve breaks away from the mass law curve at 

frequencies below Fos and then rises towards the mass law curve above 

=. because of large damping (figure 6.2). 

6.2 Conclusions 

Experimental techniques have been developed to study vibration 

and sound transmission characteristics of cylindrical shells. These 

were extended to investigate the effects of individual character- 

istics and to obtain experimental data. Using this method it was 

experimentally shown that the results obtained using different forms 

of excitation could not be compared directly. The techniques 

developed here can now be applied with confidence to study similar 

problems in a real structure. 

A theoretical analysis for calculating the natural frequencies 

of cylindrical shells and plates with and without stiffeners has been 

implemented for digital computer solutions. This program is capable



of presenting the results in either graphical form or tables. With 

the aid of this computer program, it is possible to study vibration 

characteristics of cylinders and plates. 

Statistical energy analysis of the type used for studying sound 

transmission through plates was applied in the case of the cylinder 

considered in the present investigation. The method appears to be 

equally valid in the study of sound transmission providing accurate 

data is obtained for the loss factor, 

An approximate prediction of sound transmission loss for the 

stiffened cylinder is given in figure (6.2). A more reliable 

prediction will only be possible when the results presented here 

are compared with those obtained from a real structure. 

6.3 Recommendations for further work 
  

This work could be extended to investigate the effects of 

introducing trimmings on the structureal response and sound trans- 

mission characteristics. Thus, by introducing trimmings with 

different characteristics it would be possible to select the type 

most suitable for aircraft fuselage. 

Further work is required in determining total and internal loss 

factors more accurately. Application and accuracy of statistical 

energy method depends upon the accuracy of this data. It is 

recommended that an emphirical approach is attempted in determining
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the internal loss factor values. 

The techniques developed and applied for the measurement of 

various parameters could now be tried on a real structure. The 

results could then be compared and corrections applied where 

necessary. This is essential in order that a reliable prediction 

could be made. 

The present form of investigation should be extended to 

frequencies up to 20 kHz. This would be possible using a high 

frequency sound source such as an air jet.
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APPENDIX (A_) 

RADIATION RESISTANCE OF A SIMPLY SUPPORTED PLATE 

Rrad (2 space) = Apc. 

X [(A,Ag/A)2(F/F gat (PA /A)g2I,F < £53 

x [(ti/do)? + (29/a,)2]5 f= fos 

Ur tte. (AT) 

91 = (4/n")(1-20")/a(I-0?)*, f < 3f>5 
2 

go = (2n) { (Tea?) nf (14a)/(I-a)] +20 /(1-0?)?; 

a= (f/f)? 
A = Surface Area of plate 

f = frequency 

ce = critical frequency 

21,23 = length and breadth of plate 

Ay = Acoustic wavelength 

r = Coincidence wavelength of panel
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APPENDIX [B] 

THEORY OF THE INTEGRATED IMPULSE METHOD 
  

The basis of Schroeden's(17) "Integrated Impulse Method" is that 

the ensemble average of the square of the reverberation noise decay 

in an enclosure equals the time integral of the enclosure squared 

impulse response. To arrive at this result, it is considered that 

the room is excited by "stationary white noise" which is suddenly 

shut off. If the noise is stationary and white this can be mathemati+ 

cally stated by the equation, 

< n(ti) x n(t2)>= N x 6 (ta- ta) (B.1) 

where 

ty and t2 are two arbitrary chosen instants of time, 

6(t2 -ti) is the Dirac §-function. 

<n(ti)x n(t2)> is the autocovariance function of the noise. 

N is the noise power per unit bandwidth. 

The response of any linear network to our arbitrary time function 

n(t) is considered next; 

t ea oy 
s(t}= fone) x r(t -. c)dr (B.2) 

Here r(t -t)is the impulse response of the network at the time 

t, to a unit impulse occurring at time t.
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By considering the room a linear acoustic network and squaring 

equation (B.2) the double integral is obtained and shown as follows: 

tT=t @=t 
S#(t) = f dr f° dtx n(c)x n(@))x r(t-r)x v{t-s) (B.3) 

The upper limit of integration should be taken to be 0, if this is 

chosen as the instant of time when the noise is shut off. 

Averaging the above expression over the ensemble of noise signals 

and utilizing equation (B.1) 

<n(t) x n(®@) > =N x 6(@-t) 

the equation below is obtained: 

feLh) >= f Nx 6(@- t) x r(t - t)x r(t -0)dast (B.4) 

As 6(@ -t) is zero except when © = and as the integral over 

the delta function equals unity, equation (B.4) finally becomes 

oS7ft)" > = NX i re"(t =r). dr (B.5) 
OO 

From t = 0, the function <S?(t)> represents the ensemble 

average of the squared reverberation process. To obtain the function 

an "infinite" number of measurements would be necessary and the 

reverberation time determined according to normal procedures would be 

half the actual reverberation time due to the squaring.
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0 
On the other hand, the time integral f r?(t-1)é6t represents, 

basically, a single measurement of the squared impulse response of the 

linear network integrated over an infinite time. 

By definition r(t-t) is the unit impulse response of the system 

under consideration. If such an impulse occurred at t = -~ then the 

above integration merely states that the squared response has to be 

theoretically considered and integrated over an infinite period of 

time. In practice, the response to unit ‘mpulse is only measurable 

over a certain, very finite, period of time. The meaning of the 

integral is thus to consider the integration as long as the response 

of the system to a unit impulse can be determined in practice, and the 

limits of integration are chosen accordingly. 

The “unit impulse" is in practice often obtained by means of a 

pistol shot, a tone burst or other short: lasting sound phenomena. 

Normally band-limited noise is used, to be able to determine the 

reverberation as a function of frequency. As soon as the noise is 

band-limited, equation (B.1) does not hold in a strict mathematical 

sense, because a certain time correlation is imposed upon the noise. 

If the effective correlation interval is small compared with any part 

of interest in the reverberation decay process, equation (B.1) is still 

valid in a practical sense. 

To obtain the true impulse response, the length of the impulse 

used to determine the response of the filter room should be short 

compared to the period of the filter centre frequency.
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APPENDIX [C] 

FREE VIBRATION OF ECCENTRICALLY STIFFENED CYLINDRICAL SHELLS 

Derivation of Basic Equations 
  

The free vibration of a thin-walled circular cylindrical shell 

which is stiffened by evenly spaced uniform rings and/or stringers as 

shown in figure (C1) is considered in reference (10). In plane 

inertias ar2 neglected, and it is assumec that the stiffener spacing 

is small compared with the vibration wave length so that its effect on 

the behaviour of the cylinder may be averaged (smeared out). The 

strain energies of the cylinder and stiffeners are presented and the 

displacement of the stiffeners and the cylinder are required to be 

compatible. After formulating the potential energy of inertial 

loading, the equations of dynamic equilibrium and consistent boundary 

conditions are obtained by applying the method of minimum potential 

energy to the total energy of the system. 

Strain Energy of Isotropic Cylinder 
  

The strain energy of the unstiffened thin-walled isotropic 

cylinder is: 

t/0- 2a: es 

se / ray 2 2 Liv ee 
IT. = 2(1=2) -t/2 0 0 (ex7 ot evT F 2ue re yy + seh Y xy) dxdydz (C1)



eel: 

The linear Donnell-type strain-displacement relations are 

pi ee ae ee (C2) 

ora is aH ach (C3) 

ul axe ay Or 

X x 

3 WwW 
ry SEN. 50 R 

Yyy = Usy aus Vay 

Substitution of equations (2), (3) and (4) into equation (1) and 

integration with respect to z yields the following expression for 

cylinder strain energy: 

27mR a 
Et 2 Wy? W I] J, 4, tute Wy tp) Camy(vy +R) + © Bris 

2mR a 2 
a D 2 2 

3 u (Usy + vax) Idx dy + a, r ie EWE ay FW ayy + UW Wayy o 

2(I-u)w?, yJdx. dy | (C5) 
3 

In this equation, D = Senay is the flexural stiffness of the 
“yu 

cylinder.
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Strain Energy of Stiffeners 
  

The strain energy of the stiffeners is derived on the basis 

that the displacements in the cylinder and stiffeners are equal at 

the point of attachment and stiffener twisting is accounted for in 

an approximate manner. In cases where both rings and stringers are 

attached to the same surface of the shell, the effect of joints in 

the stiffener framework is ignored. 

Stringer Energy 

The total strain energy of N stringers en the cylinder is 

written as 

a & G_d a 
S 2 S355 2 : tf. ae Br Sep SAUX > f Wayy dx)j one (66) 

n
o
d
Z
 

Il, = 
j=l 

where the first term inside the parentheses of equation (6) is the 

strain energy of bending and extension in the stringer, and the 

second term is the strain energy involved in twisting of the stringer. 

The quantity dA. is an element of the cross-sectional area of the 

stringer and GoJ is the twisting stiffness of the stringer section. 

After substitution from equation (2), the first term inside the 

parentheses of equation (6) can be written as follows: 

@ ES 2 E 2 2 Lae + Jn. GA 2uy we Jn. 20h We Jn. Z?dA.) dx 

The first integral inside the parentheses is the srea of the 

stringer cross scetion As the second integral is the first moment 

of the area (Z,A,) where Z is the distance from the middle surface
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of the isotropic:shell (Z = 0) to the centroid of the stringer 

cross section, and the third integral is the moment of inertia of 

the stringer (I about Z = 0. os) 

NOTE that the centroidal distance 4 is positive for stringers 

on the outer surface of the cylinder and negative for internal 

stringer. If the stringer spacing d is sufficiently small, the effect 

of the stringer can be averaged or smeared out, and an integral may 

be written instead of the finite sum. Equation (6), the total strain 

energy of the stringer, is now written as 

2nR a «oC : GJ 
on s oe ! 2 NSMS. 2 . ae i in [ a (Aue - 22. Auw + IooW + W xy 1dxdy (C7) SHS Ox XX OS xx) 2 

Ring Energy 

as 

By utilizing an approach similar to that used for stringer, the 

total strain energy of the rings is found as 

1 27R a E. Ww 2 W 2 

Mitr ee [A.(vy +R) AZAR (vy + Ry + TQyW ie 

Gd : 
+ W? yy 3 dxdy (C8) 

where 2 is the ring spacing, A. is the area of the ring cross section, 

z. is the distance from the middle surface of the isotropic shell 

(Z = 0) to. the centroid of the ring, Fins is the moment of inertia of 

the ring cross section about Z = 0, and GJ, is the twisting stiffness 

of the ring.
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POTENTIAL ENERGY OF INERTIAL LOADING 

If the stiffened cylinder is undergoing simple harmonic 

motion of circular frequency w (inplane inertias neglected), and 

w(x,y) is the deflection shape at the time of maximum deflection, 

the potential energy due to inertia load is written as in 

reference (10) as 

Me 5 { j Mu? w2 dx dy (9) 

A A 
tn S ne 

whEreen Pot Poe" Prot isthe averaged smeared-out mass 

per unit area of the stiffened cylinder. The quantities Res Be and 

P, are the mass densities of the cylinder, stringers and rings, 

respectively. 
ws 

EQUILIBRIUM EQUATION AND BOUNDARY CONDITIONS FOR STIFFENED 

CYLINDERS 

The total potential energy II of the system is the sum of the 

energies given by equations (5), (7), (8) and (9). 

II = IT. + II, + te + IT 

The method of minimum potential energy (SII=0) may now be applied to
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equation (10). By allowing the variation of three displacements 

Su, Sv and dw to be arbitrary and by utilizing the fundamental lemma 

of the calculus of variations, the three differential equations of 

dynamic equilibrium for the stiffened cylinder are found to be 

    

  

  

  

EA. (1-2 ZEA. (1-2 
pee ee goth Cts cet We - 0 (@1t) 

Etd XX ee coe RR Etd XX 

EA (1-u?) ‘ ER techs er wl 
[1+ rs |v ; eS ee ge pecs oo 

Ets, ¥ Be KK “Aa. 3 Etx 

ZEA (1-2) 
rrr eo (C12) 

Eth YY 

ZEA (1,+Z2A.) Et W oe se S85 
ee R(1-u*) (Vy on Fr gsi Pg d  xxxx 

2 : 5 : EA, a (1,+22A,.) ; EA, “t ZEA 

ge r & YYYY Rey £ WI 

POL EPA hee : Gn oe es 
RQ vy d Q XXYY 

Note that in equation (13), the moment of inertia of the stiffeners has 

been transferred by the following relations: 

Pen 2 ve = cs + Le Ay 

ca ee re a = i + Ly A. 

where I. and I. are the moments of inertia of the stringers and rings, 

respectively, about their centroidal axes.
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In addition to the equilibrium equations, the method of minimum 

potential energy yields the appropriate boundary conditions. The 

homogeneous boundary conditions to be prescribed at each end of the 

cylinder are obtained from the energy variation (SII = 0) as follows: 

(Te 422A A.) Z. EA, 

DW xx + Myx) . ES - Woyyy 7 <i Ue yy 

GJ GJ 
    

- ss rr : 
: Cas ecb iy. © 8 (C14a) 

Ore we 8 (C 1b) 

(1.+Z2A_) Les 
$°S"'s ; 

DiWayy + Wayy) sf ee ae et (C15a) 

Gta wae 8 (C1Eb) 

  

x 

E_A ze E ne 

a Cu, tu(Vayt ql + =e Usy pe roe (C 16a) 

or US (C16b) 

GUws, + Nie aie (C17a) 

Se Ere ae (C17b) 

The natural boundary conditions are given by equations (14a), 

(15a), (16a) and (17a) and the geometric boundary conditions are given 

in equations (14b), (15b), (16b) and (17b). The conditions in
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equation (14a) requires that a quantity comparable to the Kirchoff 

shear is prescribed and hence is a free-edge boundary condteron The 

three natural boundary conditions in equations (15a), (16a) and (17a) 

correspond to conditions in which the edge moment resultant, the 

normal stress resultant and the shearing stress resultant, 

respectively, are prescribed. 

As a matter of interest the equilibrium equations (eqs.(11) to(13) 

and the boundary conditions (esq.(14) to (17) may also be written in 

terms of stress and moment resultants. In this form the equilibrium. 

equations become 

Keegy ~ (C18) 

N - 19 Mv ke (C19) 
ioe 

Mx yay * yxsxy 7 “yyy + Rr Mu’w = 0 (ce) 

and the boundary conditions which must be prescribed at each end of 

the cylinder become: 

ae is = 2 
Meas nt ee nee) 

or w = 0 (C 21b) 

ce (C 22a) 

oF way 0 (C 22b) 

Noe. 20 (C 23a)
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or u = 0 (C 23b) 

Ny = 0 (C 24a) 

or v= 0 (C 24b) 

where 

(I.+Z.7A_) ZEA ee ‘ SSS SOR BS 
My [D(ws ts UW ay) + ers a Wei. ea x ] 

{T'-42. th) ZEA gee ror eee Ww Ff [D(Wayy + Ws) + Ey 7 Wavy (Vay to) ] 

G_J : pe gee ie 
Mey = rk Toy (C25) 

e Gt GJ, 

ye REPORTS Moy 

Et W ECA. Zoe A. 
NY = T-u2 [us + H(Vay + QD J+ PFE Usy pian wea Woy 
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Equilibrium Equations and Boundary Conditions for Stiffened Flat Plates 
  

Dynamic equilibrium equations and appropriate boundary conditions 

were derived by following the procedure already outlined for stiffened 

cylinders. For an isotropic plate, the middle-surface strain- 

displacement relations employed for the cylinder are replaced by



ae. = 

Xx x 

= Ce ey Vay (C27) 

Yyy es Usy + Voy 

If the same procedure is followed, equilibrium equations 

identical to equations (11), (12) and (13) with R taken to be 

infinitely large are obtained as follows: 

( s aise et E ah 1-7) iu er : _ du : ; ZEA u*) ; 

ri cd ee a VY. ae Ry Etd *HXX 

= 0 (C28) 

5 io 
1 : AAC u) ‘ Pees “ y th ZEA, ( uw) ‘s 

Exe ey 2 ee ie xy Et? yyy 

= 0 (C29) 

+ ee, 2 Wee ZEA. ze : E (1, +2¢A ) e : E (haan) - 

d XXX XXX & PNY oes 

G ee Gi, Z re ae : 
+ (35 + a ay at iy Mee (C30) 

A, A, 
where M = (pt Pie 0, r): The subscript S refers to the 

stiffeners in the x-direction and the subscript r refers to the cross 

stiffeners in the y-direction. 

The appropriate homogensous boundary conditions obtained from the 

variational procedure are as follows:
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For edges parallel to the y-axis, 

ei m 
E.(1 +Z¢A.) ZEA, 

S 
D(Ws vy + UW wy) $e ae 

  

3 euGid GJ 
+ ea SS ‘ = 

3 d 2 xyy 

ORS Wie 

52 E.(1,+Z¢Ag) ZEA, 

  

  

Toy? Uo Hoy) £ a Usy oe ee ao oe 

oru =0 

Gt(u.,, + Niy) = 0 

orve= 0 

and for edges parallel to the x-axis 

E (1, +z2A.) z EA 
D(w, + UW, eee Ws a ee 

YYY XXY & wYY £ 

G_J GJ Gt? S'S ry + (—— + ——— + ——) wy, = dee ye 

or w = 

E (1,.+27A_) z EA 
ry rere a DW ay tUWs yy) + 7 Woyy - t Voy = 

or Ws 

  

XX 

(C31a) 

(c31b) 

(C32a) 

(C32b) 

(€33a) 

(C33!) 

(C343) 

(C34b) 

(C35a) 

(C35p) 

(C36a) 

(C36b)



woe, oS 

  

EA zE A 
Teer (Voy thls) + Voy . r Wavy = 0 (C 37a) 

or vi s.0 (C37b) 

Gt(u, + Vey) = 0 (C38a) 

Or US uw (C38b) 

In addition to these boundary conditions, the following 

relationships were to be satisfied at free corners 

Ws = 0 (€39) 
xy 

Solution for Simply Supported Stiffened Cylindrical Shells 
  

The co-ordinate system chosen has its origin located at one end 

of the cylinder shown in Appendix [Cc]. ‘The simple-support boundary 

condition to be satisfied at each end x = 0,a are 

Ws Mxe= vy = Nx = 0 (C40) 

The expressions for the displacements u, v and w which satisfy 

these boundary conditions, are given as: 

u = ucos oe cos a 

ee KS om 
Mee NSU See GaN y (C41) 

Wi RW Od ee COS *f
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where m is the number of axial half waves and n is the number of 

circumferential full waves. After substitution of equations (41) 

into the equilibrium equations (11), (12) and (13), the following 

expression is obtained after some manipulation: 

            
  

Pee ie 144 oon : eis “Lisi iast wes: . - 058) [ut8 (Re) (1-u? Jo? J u| {0 

wy opnaerentye 2 cement y+ Etyncr-vt yee {fa fo 
2 267 R 

2s 1-2 )o? [14R(1-y2)+ *r R (1-u?)n?J B we [0 [u45 (<5) (1-1 Ja #R(1-u?) +R (1-1?) 33 ea 

(C42) 

where 

2R2 (11,2 E.a*(1-u?)(1.+z2A_) 
Bag = -Da®(1-u2) (1482) -1-R(1-12)+ Baie ns ee 

#773 2 3% ; : En (1-u )(1.4Z,A,.) ; of? (55 (1-u2) 

R72Et R 

  

Casey fone) 
d Q EtR? 

and the following nondimensional parameters are defined: 

  

  

B = na S = Eshs 

mR ° Etd 

EA gq = mak Sie een 

a Etr
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To obtain a nontrivial solution, the determinant of the co- 

efficients of u, v and w is set equal to zero. After more 

manipulation, the frequency equation (4-4) was obtained and is given 

in Chapter (4). 

Solution for simply supported stiffened flat plate 
  

A coordinate system is chosen having the origin at one corner of 

a plate of length 'a' and width 'b'. The simple-support boundary 

conditions which must be satisfied are 

w(0,y)= w(a,y)= w(x,0) = w(x,b) iy 

M(O,y) = M, (asy) = My (x20) =M (x,b) = 0 
¥ 

N(Osy) = N(asy) = Ny (x30) = Ny(xsb) = 0 

v(O,y) =v(a,y) = u(x,0) = u(x,b) = 0 

Expressions for the displacements u, v and w which satisfy that 

boundary conditions are: 

Ws cos eee Sine 
a 

> TT. 
¥., ow Sin ees tos, DL (C43) 

a b 

Woe Ww sin ok Sih ee 
a b ak, 

where for flat plate m and n are the number of half waves in the x 

and y-directions, respectively. 

Following a procedure similar to that used in the previous section, 

the frequency equation (4.6)was obtained and is given in Chapter (4).
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Geometry of stiffened cylinder 
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