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Composite honeycomb sandwich structures have been favoured in the aircraft industry
for many years due to their low-weight, high stiffness, and improved fatigue resistance.
The response of doubly curved, composite honeycomb sandwich panels to high inten-
sity, random pressure loads has received little attention, and there is a need to update
current design guides to include this type of structure.

A set of four doubly curved honeycomb sandwich panels were manufactured at
the University of Southampton. The panels were tested to determine some of the
resonance frequencies of vibration, and the results were used to validate the Finite
Element models of the four panels. These FE models were used to study the effects
of various design parameters on the free vibration response, and the work resulted in
various sensitivity parameters which could potentially be used as a guide for designers.

The major part of the work involved testing the panels in a Progressive Wave Tube
(PWT) facility with random acoustic excitation at grazing incidence to the concave
panel surface. The measured strain response of the panels was predominately in the
fundamental bending mode, with face plate strain levels which differed between the
inner and outer face plates, highlighting the significant effect that double curvature
can have on the relative strain levels in the face plates.

A new method was developed for estimating the shear strain in the core of the
sandwich panels using a finite difference approximation. The technique was validated
using a cantilevered sandwich beam, giving excellent agreement between experiment
and theory for both static and dynamic response. The work resulted in a new viable
technique which has potential for use in generating S/N data for the core during
random fatigue testing of sandwich coupon structures.

Three methods were used to predict the response of the panels to random acous-
tic excitation. A combination of the single-degree-of-freedom approach and the FE
method with an estimate of the joint acceptance gave excellent agreement with the
measured RMS strains. Blevin’s method resulted in an overestimate, and the classical
Mile’s approach resulted in a gross under-estimation. Finally, a novel travelling wave
approach was used in the FE analysis, giving good agreement with the measured RMS
strains and power spectral density, particularly for the fundamental mode.



Acknowledgements

There are many people, without whose advice, support, encouragement, and patience,
I would have never seen this work through to completion. I would like to take this
time to gratefully acknowledge these few and offer my sincere thanks:

To Professor Bob White, who gave me the opportunity to carry out this work, and
for whose support, encouragement and advice I am extremely grateful.

To my good friends Professor Robin Langley, Dr Guglielmo Aglietti and Mr David
Millar; for many years of encouragement and advice, and for countless hours of amus-

ing banter. You helped keep me sane...almost!

I am indebted to Hamble Group (Aerostructures) Ltd., and in particular Robin
Phillips and Jacky Ridewood, who very kindly provided me with an abundance of
advice, help and materials used to manufacture the test panels. I would also like to
thank Ying Xiao for kindly allowing me to use the Progressive Wave Tube spatial

data that she acquired.

To my Mum and Dad; your patience and support have been legendary over the years.

Thank-you for bearing my ups and downs, and never losing confidence in me.

To my fiancée Tara, who stood by me during the final stages of the work, and kept
pushing me back towards the computer. Thank-you for everything.

Finally, to all my family, friends, and collegues. Thank-you for your encouragement.

ii



This work is dedicated to the memory

of my grandfathers,

Maurice James Perkins
and

Wilfred George Cunningham.

il



Contents

Nomenclature 1
1 Introduction 4
1.1 Thegeneral problem . . . ... .. .. ... .. .. ... ... ... 4
1.2 Historical review of acoustic fatigue . . . . . . . .. .. ... ... .. 5
1.2.1 Early investigations . . . . . . . . .. . .. L oo 5

1.2.2 Developments with respect to composite structures . . . . . .. 7

1.3 Dynamic response prediction for sandwich
structures subject to random acoustic

excitation . . . .. . L L L e e e 9
1.3.1 Current design techniques for sandwich structures . . . . . . .. 11
1.4 Principal failure mechanisms in sandwich

structures . . . . . . . L L e e 13
1.4.1 Early failures in aircraft engine nacelles . . . . . . ... ... .. 13

1.4.2 Recent testing of carbon fibre composite sandwich
structures . . . . .. .. Lo e e 16
1.6 Theaimsofthework . . . . .. .. ... .. .. .. ... ..., 17
2 The design and fabrication of the experimental test panels 19
2.1 Imtroduction . . . . . . . . . .. .. 19
2.2 Paneldesign . . .. . . . .. .. 20
2.2.1 Bevelled edge details . . . . .. ... . ... 20
2.2.2 Material specifications . . . . .. .. ..o oo 24
2.3 Mould tool design and manufacture . . . . . . . ... 26
2.4 Panel fabrication procedure . . . . . .. .. . ... oo 26
2.41 Curecycle . . . . . . e 28
2.4.2 Lay-upprocedure . . . . . . . . . . . . i 29
2.4.3 Non-Destructive Testing of panels . . . . .. ... ... ... .. 30
2.5 Concluding summary . . . . . . . . ... 32

3 Development of a method for estimating the core shear strain in

closed sandwich structures 33
3.1 Imtroduction . . . . . . . . . .. .. 33
3.2 Estimation procedure . . . . . . . . ... L. 34
3.2.1 Supporting calculations on simple beam structures . . . .. .. 40

v



3.3 Static three point bending experiment on a

simple honeycomb beam . . . . .. ... ... .. 47
3.4 Dynamic experiment on a cantilevered beam . . . ... ... .. .. .. 55
3.4.1 Test set up and procedure . . . . .. . . ... ... 55
3.4.2 Experimentalresults . ... ... .. ... ... ......... 59
3.4.3 Finite Element model of the dynamic test . .. .. ... .. .. 65
3.5 Development of the technique for sandwich
panels using a semi-empirical method . . . . . . ... .o 70
3.6 Concluding summary . . . . . . .. ... . 73
Vibration testing of the experimental test panels 76
41 Imtroduction . . . . . . . . . .. .. ... e, T6
4.2 Experimental procedure . . . . .. ... ... o 76
4.2.1 Calibration of the vibration test equipment . . . . . . .. .. .. 76
4.2.2 Vibration testing . . . . . ... ... L oo 77
4.2.3 Experimental results . . ... .. ... . ... ... ... 78
4.3 Concluding summary . . . . . . . . oo b e e e e e e 79
High intensity acoustic testing of the experimental test panels using
a progressive wave tube 84
5.1 Introduction . . . . . . . . . . .. 84
5.2 The progressive wave tube facility . . . . .. . . .. ... ... 0. 85
5.2.1 Spatial variation of sound pressure level in the PWT
facility . . . . . . e e e 85
5.3 Experimental set-up . . .. .. .. ... .. e 100
5.3.1 Panel attachment in the PWT aperture . . . . . ... ... ... 101
5.3.2 Strain gauge locations . . . . . ... . ..o oo 102
5.3.3 Calibration procedure . . . . .. .. . . ... ... 102
5.4 Testing procedure . . . . . . . . .. ..o 105
5.5 Experimental results . . .. .. ... .. ... 0o 105
5.5.1 Statistics of theresponse . . . . . . . . . . ... ... .. 105
5.5.2 Pressure spectrum levels and strain power spectral
density . . . . .. . e 120
5.5.3 Modal damping measurements . . . . . . . ... ... 138
5.5.4 Estimation of the dynamic core shear strain . . . . . .. .. .. 138
5.6 Concluding summary . . . . . . . . . . e e e 146
Development of the theoretical model using the finite element
method 149
6.1 Imtroduction . . . . . . . . . .. e 149
6.2 Development of themodel . . . . . . .. ... . . ... ... .. 149
6.3 Finiteelementresults . . . . . . . .. .. ... oo oo 151
6.4 Parameter studies using the finite element
model . ... e 154



6.4.1 The effect of the radii of curvature on the first four natural

frequencies of vibration . . . . . . .. ... . Lo 154

6.4.2 The effect of the orthotropy of the core on the first four natural
frequencies of vibration . . . . . . .. .. ... ... 157

6.4.3 The effect of ply orientation on the first four natural frequencies
of vibration . . . . . . . ... 159
6.4.4 A summary of the major sensitivities . . . . .. ... ... ... 161
6.5 Concluding summary . . . . . . . . . ... 163

7 Dynamic response prediction of the acoustically excited, doubly

curved sandwich panels 165
7.1 Introduction . . . . . . . . . .. e . . 165
7.2 The single-degree-of-freedom approximation . . . ... ... .... .. 166
721 CaselL,p(x)=1 . . . .. .. 169
722 Case2,Y(xX) =Pu(X) . . o o oo 170
723 Case3, Y(x)F dn(x) . . . . . ..o 172

7.2.4 Estimation of the RMS strain response using the single-degree-
of-freedom approximation . ... .. .. .. ... .. ... ... 173
7.3 Application of Blevins’ Normal Mode Method . . . .. ... ... ... 189
7.3.1 Approximation procedure . . .. .. .. ... .. ... .. 191
7.3.2 Estimation of the RMS strain response using Blevins’ method . 191
7.4 Dynamic response prediction using the Finite Element Method . . . . . 197
7.5 Comparison of predicted and estimated core shear strain . . . ... .. 222
7.6 Concluding summary . . . . . . . . . ... e e e 226
8 Conclusions 228
8.1 Background to current work . . . . ... .. L oL 228

8.2 A new measurement technique for the estimation of core shear strain . 229
8.3 Experimental studies of the dynamic response of doubly curved sand-

wich panels . . . . . . . . . e 230

8.4 Response prediction of acoustically excited,
doubly curved sandwich panels . . . .. .. .. .. ... ... ..... 231
8.5 General conclusions . . . . . . . .. .. ..o e 232
8.6 Recommendations for furtherwork . .. .. .. .. .. .. ... .... 233
References 243
A Experimental measurement of the CFRP material properties 244
A.1 Tensiletest method . . . . . . . . . . . ... .. .. . ... 244
A.2 In-plane shear test method . . . . . .. ... .. .. .. ... ...... 247

vi



List of Figures

1.1
1.2
1.3
1.4

2.1
2.2
2.3
2.4
2.5

2.6
2.7
2.8

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

3.13
3.14

3.15
3.16

A nose cowl showing the intake barrel segments {12]). . . . . . . . . . . . . . ..
Example of a curved sandwich panel with detail of the bevelled edge . . . . . . .
Early intake barrel failure locations [54]. . . . . . . . . . . ... ... .. ..
Early examples of core failures in sandwich panels with aluminium alloy face plates

and a Nomex core [54]. . . . . . . . oL o e e e

Panel Idrawing. . . . . . . . . . . . o oo e e e e e e e e e
Panel 2drawing. . . . . . . . . . L .o e e e e e e e e e
Panels3 and 4 drawing. . . . . . . . . . L L. o L e e e e e
Panel lay-up and bevelled edge detail. . . . . . . . . . . . .. o000
Hexagonal and over-expanded core [57] (W=direction of expansion, L=ribbon di-

rection). . . . L . . L e e e e e e e e e e e e e e
Drawing of mould tool frames and lugs. . . . . . . . . .« . . . .. .o
Recommended and actual curecycle. . . . . . . . . . .. 0oL 0o
Doubly curved CFRP /honeycomb sandwich panel manufacturing process. . . . . .

Sandwich element deformation. . . . . . . . . . . . . ..o
Secondary (shear) partial deflection. . . . . . . . . . . ... oL
Moments and forces on the sandwich element. . . . . . . . . . . ... . .. ..
Force equilibrium of the upper face plate. . . . . . . . . . . . . . . . . ...
Cantilevered sandwich beam (theoretical case study). . . . . . . . . . . . . ..
Finite Element model of a cantilevered sandwich beam (theoretical case study). . .
Set up of the static experiment. () refers to the rosette gauges on the opposite face.
Delta rosette strain gauge configuration [62]. . . . . . . . . . . . . ... ...
Strain gauge locations on the experimental test beam. . . . . . . . . . . . . ..
Static test set-up. . . . . . . . e e e e e e e e e e e e e e e
Variation of the effective core shear modulus with width of beam. . . . . . . . . .
Measured and theoretical (FE) face plate strains for the static three point bending

EXPETIMENL. . . . . . . . o e i e e e e e e e e e e e e e e e e e e e
Measured, estimated, and theoretical (FE) core shear strains for the static three

point bending experiment. . . . . . . . . . . .. L . 0o e e e e e
The dynamic experiment on a cantilevered honeycomb sandwich beam. . . . . . .
Experimental set up of the dynamic experiment. . . . . . . . . . . . .. ...
A comparison of measured and estimated core shear strains for a cantilevered hon-

eycomb sandwich beam under broad band random point excitation at the tip. . . .

vii



3.17 Measured strain per force, phase, and coherence in the face plate (gauge 1), and
element 1 of rosette gauge 3 (gauge 3-1). . . . . . e e e e e e e e
3.18 Measured signal-to-noise ratio for the face plate strains (gauges 1 and 2) and element
lofrosette gauge 3. . . . . . . . L L Lo e e e e e e
3.19 Measured noise signal from gauge 1 (unloaded). . . . . . . .. ... ... ...
3.20 A comparison of measured and estimated core shear strains for a cantilevered hon-
eycomb sandwich beam under broad band random point excitation at the tip - noise
removed. . . . . . .. .. a e e e e e e e e e e e e e e
3.21 A comparison of measured and estimated core shear strains for a cantilevered hon-
eycomb sandwich beam under narrow band random point excitation at the tip.
3.22 Finite element model and dynamic analysis result for the first mode of vibration . .
3.23 Measured driving point displacement (- -) and FE calculated driving point displace-
ment (-) transfer functions. . . . . . . . .. ... e e e e e e e
3.24 Measured driving point accelerance (- -) and FE calculated driving point accelerance
() o e e e e e e e e e e e e e
3.25 Transfer functions of measured face plate strain for gauge 1 (- -) and FE calculated
face plate strain for gauge 1 (-). . . . . . . . .. e e e e e e e e e
3.26 Transfer functions of measured face plate strain for gauge 2 (- -) and FE calculated
face plate strain for gauge 2 (=). . . . . . . . .. L. .0
3.27 A comparison of measured core shear strain (- -), estimated core shear strain from
face plate measurements (x), calculated core shear strain using FE (-), and es-
timated core shear strain from FE calculations (o) for a cantilevered honeycomb
sandwich beam under dynamic loading at the tip. . . . . . . . . .. .. .. ..
3.28 Experimental, analytical (equations 3.42 and 3.43), and theoretical (FE) static de-
flection versus load for the cantilevered beam experiment. . . . . . . . . .. ..
3.29 The seven result locations for the flat sandwich panel used in the demonstration of
the semi-empirical method (all dimensions in metres). . . . . . . . . .. .. ..
3.30 A plot of the core shear strain response of the flat sandwich panel with a unit

pressure load applied on one face - position 1. . . . . . . . . . . ...

4.1 Overall sensitivity of the vibration test equipment. . . . . . . . . . . . . . ...
4.2 Real and imaginary parts of the accelerance for panel 1. Freely supported. (Ex-
citation point: z = 360mm, y = 48mm. Accelerometer position: z = 307Tmm,
y = 90mm). Excitation point and measurement locations given in arc lengths
(x=long side, y=short side) from the bottom left hand corner of the panel on the
inside {concave) face. . . . . . . . . .. L. Lo Lo e e e
4.3 The first three deflection shapes at resonance for panel 1 (measured). . . . . . . .
4.4 Real and imaginary parts of the accelerance for panel 2. Freely supported. (Ex-
citation point: z = 360mm, y = 48mm. Accelerometer position: z = 309mm,
y = 85mm). Excitation point and measurement locations given in arc lengths
(x=long side, y=short side) from the bottom left hand corner of the panel on the
inside (concave) face. . . . . . . . . L L L. Lo e
4.5 The first three deflection shapes at resonance for panel 2 (measured). . . . . . . .

viii



4.6

4.7
4.8

4.9
5.1
5.2
5.3
5.4
9.5
9.6
5.7
5.8
5.9
5.10
9.11

5.12
5.13

5.14

5.15

Real and imaginary parts of the accelerance for panel 3. Freely supported. (Ex-
citation point: z = 360mm, y = 48mm. Accelerometer position: £ = 202mm,

= 464mm). Excitation point and measurement locations given in arc lengths
(x=long side, y=short side) from the bottom left hand corner of the panel on the
inside (concave) face. . . . . . . L L L L L o e 82
The first three deflection shapes at resonance for panel 3 (measured). . . . . . . . 82
Real and imaginary parts of the accelerance for panel 4. Freely supported. (Ex-
citation point: z = 360mm, y = 48mm. Accelerometer position: z = 100mm,
y = 372mm). Excitation point and measurement locations given in arc lengths
(x=long side, y=short side) from the bottom left hand corner of the panel on the

inside (concave) face. . . . . . . . . . . oL e e e e e 83
The first three deflection shapes at resonance for panel 4 (measured). . . . . .. 83
The ISVR progressive wave tube facility. . . . . . . . . . .. ... 85

Microphone positions used to ascertain the spatial variation in sound pressure level. 86
Sound pressure level spectrum for each of the seven panel microphones and the
reference microphone {OASPL --- 140 dB, - - 145 dB, — 150 dB, - - 155 dB, - 160

dB). . . e e e e e e e e e e e 87
Phase relationship between each of the seven panel microphones and the reference
microphone (OASPL --- 140 dB, - - 145 dB, - 150 dB, - - 155 dB, - 160dB). . . . 90

Corrected phase relationship between each of the seven panel microphones and the
reference microphone (OASPL --- 140 dB, - - 145 dB, — 150 dB, - - 155 dB, - 160

dB). . . . e e e e e e e e 91
Phase spectra for panel microphones 5 (—) and 7 (- -) at 150 dB OASPL. . . . . . 93
Estimating the probability density function of a digitised random process. . . . . . 94
Level of coherence between each of the seven panel microphones and the reference

microphone (OASPL --- 140 dB, - - 145 dB, — 150 dB, - - 155 dB, - 160dB). . . . 95

Probability density function for each of the seven panel microphones and the refer-
ence microphone (--- Gaussian, QOASPL --- 140 dB, - - 145 dB, — 150 dB, - - 155

AB, =160 dB). « « o o e e e 99
Experimental set-up of the panels in the PWT facility. . . . . . . . . . . . . .. 100
Panel 3 secured in the PWT aperture using four circular steel springs. . . . . . . 101
Strain gauge and accelerometer locations. . . . . . . . . . .. ... 0. . 103

Probability density function for inner strain gauges gi3 and gi4, and outer strain
gauges god and god, panel 1 (--- Gaussian, --- 140 dB, - - 145 dB, - 150 dB, - -
155dB, —160dB). . . . . . .. e e e e e 112
Probability density function for inner strain gauges gi3 and gi4, and outer strain
gauges god and god4, panel 2 (--- Gaussian, --- 140 dB, - - 145 dB, - 150 dB, - -
155 dB, —160dB). . . . . . .. e e e e e e 113
Probability density function for inner strain gauges gi3 and gi4, and outer strain
gauges go3 and go4, panel 3 (--- Gaussian, --- 140 dB, - - 145 dB, — 150 dB, - -
155dB, — 160 dB). . . . . . . . L e e e e e e 114
Probability density function for inner strain gauges gi3 and gi4, and outer strain
gauges go3 and go4, panel 4 (--- Gaussian, --- 140 dB, - - 145 dB, - 150 dB, - -
155dB, —160dB). . . . . . . . L e e e e e 115

X



5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34
5.35
9.36

Drift in the mean strain time history forpanel 1. . . . . . . . . .. .. .. ..
Drift in the mean strain time history forpanel 2. . . . . . . . ... . ... ..
Drift in the mean strain time history forpanel 3. . . . . . . . . . .. ... ..
Drift in the mean strain time history for panel 4. . . . . . . . . ... ... ..
Sound pressure level spectrum for each of the four test panels (OASPL runs - -- 140
dB,--145dB, - 150dB, - - 155dB,—160dB). . . . . . . .. ... .. .. ..
Power spectral density, phase (w.r.t ref. mic.), and coherence (w.r.t ref. mic.) for
inner strain gauges gi3 and gi4, panel 1 (OASPL runs --- 140 dB, - - 145 dB, — 150
dB,--155dB,-160dB). . . . . . . . L e e e e e
Power spectral density, phase (w.r.t ref. mic.), and coherence (w.r.t ref. mic.) for
outer strain gauges go3 and go4, panel 1 (OASPL runs --- 140 dB, - - 145 dB, ~
150dB,~-155dB,-160dB). . . . . . .. ... ... 000 FE
Integral across the PSD for the inner strain gauges gi3 and gi4, and outer gauges
go3 and go4,for panel 1 (OASPL runs --- 140 dB, - - 145 dB, — 150 dB, - - 155 dB,
S160AB). . . i e e e e e e e
Power spectral density, phase (w.r.t ref. mic.), and coherence (w.r.t ref. mic.) for
inner strain gauges gi3 and gi4, panel 2 (OASPL runs - -- 140 dB, - - 145 dB, - 150
dB,--155dB,-160dB). . . . . . .. ...
Power spectral density, phase (w.r.t ref. mic.), and coherence (w.r.t ref. mic.) for
outer strain gauges go3 and go4, panel 2 (OASPL runs --- 140 dB, - - 145 dB, —
150dB, - -155dB,~-160dB). . . . . . . . . .. . . .o
Integral across the PSD for the inner strain gauges gi3 and gi4, and outer gauges
go3 and god,for panel 2 (OASPL runs --- 140 dB, - - 145 dB, — 150 dB, - - 155 dB,
-160dB). . . . e e e e e e e e e e
Power spectral density, phase (w.r.t ref. mic.), and coherence (w.r.t ref. mic.) for
inner strain gauges gi3 and gi4, panel 3 (OASPL runs --- 140 dB, - - 145 dB, — 150
dB,--155dB,-160dB). . . . . . . . ..
Power spectral density, phase (w.r.t ref. mic.), and coherence (w.r.t ref. mic.) for
outer strain gauges go3 and go4, panel 3 (OASPL runs --- 140 dB, - - 145 dB, -
150 dB,--155dB,-160dB). . . . . . . . . .. . . e
Integral across the PSD for the inner strain gauges gi3 and gi4, and outer gauges
go3 and god,for panel 3 (OASPL runs --- 140 dB, - - 145 dB, — 150 dB, - - 155 dB,
S160AB). . s e e e e e e e
Power spectral density, phase/(w.r.t ref. mic.), and coherence (w.r.t ref. mic.) for
inner strain gauges gi3 and gi4, panel 4 {OASPL runs - -- 140 dB, - - 145 dB, - 150
dB,--155dB,-160dB). . . . . . . . . e e e
Power spectral density, phase (w.r.t ref. mic.), and coherence {(w.r.t ref. mic.) for
outer strain gauges go3 and go4, panel 4 (OASPL runs --- 140 dB, - - 145 dB, -
150dB, -~ - 155dB, - 160dB). . . . . . . . . .. . L e
Integral across the PSD for the inner strain gauges gi3 and gi4, and outer gauges
go3 and god,for panel 4 (OASPL runs --- 140 dB, - - 145 dB, - 150 dB, - - 155 dB,
2160 AB). . . L e e e e
Measured RMS strain versus OASPL for the ten strain gauges on all four panels.
Ratio of Outer-to-Inner (convex-to-concave) RMS strain for all four panels.

Arrangement of inner and outer strain gauges on the doubly curved test panels. . .

X



5.37 Semi-empirical values used in the estimates of core shear strain for the three doubly

5.38

5.39

5.40

6.1
6.2
6.3

6.4

6.5

6.6

6.7

6.8

6.9

7.1

7.2

7.3

curved sandwich panels, spring supported, unit pressure applied on inner face. . . . 141
Semi-empirical values used in the estimates of core shear strain for the flat sandwich
panel, fully clamped, unit pressure applied on innerface. . . . . . . . . . . . .. 142
Absolute value of strain transfer function (upper plot - direct strain position 1 (-},
direct strain position 2 (x), Az = 0.04m), and phase (lower plot - position 1 (-),
position 2 (x), difference between position 1 and 2 (- -)) for a flat sandwich panel,
fully clamped along all four edges, a=0.9m, b=0.5m, all other specifications as per
chapter 3, section 3.5. . . . . . . . .. .. e e e e e e e e 143
Semi-empirical values used in the estimates of core shear strain for each of the three
test panels, calculated over a 30 Hz bandwidth centred on the fundamental resonant

response frequency excited by the PWT. . . . .. . . . ... .. .... ... 144
Development of the Finite element model. . . . . . . . . . . . .. .. ... .. 150
The first three mode shapes (FE), panel 1. . . . . . . .. . . . . . ... ... 153

Effect of changing radius of curvature (R, - short side) on the first four natural
frequencies. Freely supported. (Key to natural frequency number: <: I, O: II, A:
L X IV). o oo e e e e e e 155
Effect of changing radius of curvature (R, - short side) on the first four natural
frequencies. “Pinned” along all four edges. (Key to natural frequency number: O:
LO:ILA:IOL x:IV). L e e e e e e e e e e e e 156
Effect of changing radius of curvature (R, - short side) on the first four natural
frequencies. Fully clamped on all four edges. (Key to natural frequency number:
O LI IL AT x: IV). o L L o o e e 157
Effect of changing orthotropy on the first four natural frequencies. Fully clamped
along all four edges. (Key to natural frequency number: High shear stiffness: <: I,
O: II, A: III, x: IV. Low shear stiffness (G;./10, Gy./10): 4: I, W: II, A: III, e:

Effect of changing orthotropy on the first four natural frequencies. “Pinned” along
all four edges. (Key to natural frequency number: High shear stiffness: <©: I, O: 1I,
A: III, x: IV. Low shear stiffness (G,,/10, G,./10): 4: I, M: II, A: III, e: IV). . . 160
Effect of changing ply angle (middle two plies in the facing and backing skins) on
the first four natural frequencies. “Pinned” along all four edges. (Key to natural
frequency number: O: I, O: IL A TIT, x: IV). . . o 0 0 L 0 v v o o o v e e s 161
Effect of changing ply angle (middle two plies in the facing and backing skins) on the
first four natural frequencies. Fully clamped along all four edges. (Key to natural
frequency number: O: I O: IL A IIL x: IV). . o o L o o 0 o 00 0 oo 0w 162

Estimation of the displacement of each element from the nodal displacements given
by the FE model for the mode of interest. . . . . . . . . . . . . . . .« . .. .. 171
Panel 1 (a) FE model, and (b) calculated mode shape associated with the fun-
damental frequency of vibration excited by the PWT (calculated as 219.02 Hz,

undeformed panel shown as dashed line). . . . . . . . .. .. ... ...... 176
Spectrum levels of acoustic pressure for panel 1 and for each OASPL. Original
spectrum (- -), smoothed spectrum (thick line) with n = 20 (see equation 7.41). . . 177

x1



7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

7.17

7.18

7.19

7.20

7.21

7.22

Estimation of the mean-square response of a single-degree-of-freedom system with
broadband random excitation. . . . . . . . . .. L L. L L. o0 0e 178
Tllustration of the uniform pressure loading {case 1 assumption) and resulting fun-
damental mode of response of the doubly curved test panels located in the PWT. . 182
Comparison of measured and predicted (case 3) RMS strain for panels 1 and 2.
Narrow-band response centred on the fundamental mode of vibration excited by
the PWT. . . . . e e e e e e e e e e e e e e e e e e 187
Comparison of measured and predicted (case 3) RMS strain for panels 3 and 4.
Narrow-band response centred on the fundamental mode of vibration excited by

Comparison of measured and predicted RMS strain for panels 1 and 2 using Blevin’s
approximation method. Narrow-band response centred on the fundamental mode
of vibration excited by the PWT. . . . . . . . . . « . v v v v it e e e 195
Comparison of measured and predicted RMS strain for panels 3 and 4 using Blevin’s
approximation method. Narrow-band response centred on the fundamental mode
of vibration excited by the PWT. . . . . . . . . . . . . . . . ..o 196
Tllustration of the simulated travelling wave loading applied to the FE model. The
phase of the individual line of nodal loads was calculated according to the nodal line
location and acoustic wavenumber (defined by the centre frequency in the solution

Flowchart illustrating the harmonic analysis solution process used in ANSYS to
simulate travelling acoustic waves at frequencies from 47 Hz to 550 Hz). . . . . . . 202
Finite Element Model of panel 1 with the real part of the nodal forces applied, (a)
in-phase, (b) 20° phase lag, (c) 40° phase lag, and (c) 80° phase lag, with respect

to the initial phase angle (centre frequency, f, =240 Hz). . . . . . . . . . . .. 203
Comparison of predicted FE (-) and measured (- -) strain PSD for inner centre
gauge gi3 (y-wise), panel 1. . . . . . . . . L ... .o e e
Comparison of predicted FE (-) and measured (- -) strain PSD for inner centre

gauge gid (x-wise}, panel 1. . . . . . . . . .. L. Lo e 205

Comparison of predicted FE (-) and measured (- -) strain PSD for outer centre
gauge go3 (y-wise), panel 1. . . . . . . . . . . .. . e e e e 206
Comparison of predicted FE (-) and measured (- -) strain PSD for outer centre
gauge god (x-wise), panel 1.. . . . . . . ... .. i e e e e 207
Comparison of predicted FE (—) and measured (- -) strain PSD for inner centre
gauge gi3 (y-wise), panel 2. . . . . . . . . . ..o e e e e e e e e 208
Comparison of predicted FE (-) and measured (- -) strain PSD for inner centre
gauge gid (x-wise), panel 2. . . . . . . . . Lo o e e e e 209
Comparison of predicted FE (~) and measured (- -) strain PSD for outer centre
gauge go3 (y-wise), panel 2. . . . . . . . . L. . e e e e 210
Comparison of predicted FE (-) and measured (- -) strain PSD for outer centre
gauge god {x-wise), panel 2.. . . . . . . L. ... . e e 211
Comparison of predicted FE (-) and measured (- -) strain PSD for inner centre
gauge gid (y-wise), panel 3. . . . . . . . L L L .. L e e 212
Comparison of predicted FE () and measured (- -) strain PSD for inner centre

213

gauge gid (x-wise), panel 3. . . . . . . . L L L .. . e e e e e e e

x11



7.23

7.24

7.25

7.26

7.27

7.28

7.29

7.30

7.31
7.32

Al
A2
A3
A4
Ab

A6

Comparison of predicted FE (-) and measured (- -) strain PSD for outer centre

gauge god (y-wise), panel 3.. . . . . . . . L L. L e 214
Comparison of predicted FE (-) and measured (- -) strain PSD for outer centre
gauge god (x-wise), panel 3.. . . . . . . Lo L Lo e 215
Comparison of predicted FE (-) and measured {- -) strain PSD for inner centre
gauge gi3 (y-wise), panel 4. . . . . . . . . L. L L 216
Comparison of predicted FE (-) and measured (- -) strain PSD for inner centre
gauge gid (x-wise), panel 4. . . . . . . . ... 217
Comparison of predicted FE (-) and measured (- -) strain PSD for outer centre
gauge go3 (y-wise), panel 4. . . . . . . . ... . oo e e 218
Comparison of predicted FE (-) and measured (- -) strain PSD for outer centre

L. 219

gauge god (x-wise), panel 4. . . . . . . . ..o oL Lo oo S
Comparison of measured and predicted RMS strain for panels 1 and 2 using the
Finite Element Method. Overall RMS value calculated between 47 Hz and 550 Hz. . 220
Comparison of measured and predicted RMS strain for panels 3 and 4 using the

Finite Element Method. Overall RMS value calculated between 47 Hz and 550 Hz. . 221

FE calculated core shear strain PSD (broad-band results). . . . . . . . . . ... 223
Monte-Carlo analysis of the core shear strain measurement technique using the FE

model for panel 1 (N=50 estimates). . . . . . . . . . . . . . . 0. 225
Tensile and in-plane shear test specimens. . . . . . . . . . . . . .. ... ... 245
Test set-up in the Zwick 1474 tensile test machine. . . . . . . . . . . . . . . .. 246
Test specimen dimensions. . . . . . . . . .t e e e e e e e e e e 246

Typical tensile test results for one of the CFRP test specimens. . . . . . . . . .. 247
Typical longitudinal stress-strain curve for one of the CFRP in-plane shear test

SPECIMENS. © & & v v v v e v e e e e e e e e e e e e e e e e e e e e
Typical shear stress-strain curve for one of the CFRP in-plane shear test specimens. 249

xiii



List of Tables

1.1

2.1

3.1

3.2
3.3
3.4

3.5

4.1

5.1
5.2

9.3
5.4
3.5
5.6
5.7
5.8
9.9

5.10

ESDU International Data Items for Acoustic Fatigue Analysis of Sandwich Structures. 12

Material specifications for the experimental test panels. T Properties obtained using
cured test specimens with [04] and [454] ply lay-up and with 60% fibre volume
fraction (see Appendix A for details of CFRP testing procedures). . . . . . . .. 25

Theoretical results for a cantilevered sandwich beam with a point load at the tip.
Geometric properties: L = 0.6m, ¢ = 0.028m, f = 0.001m, b = 0.02m. Material
properties: Ef = 71e9Pa, G, = 35e6Pa, E, = 120e6 Pa, where the suffix f refers

to the face plates and creferstothecore. . . . . . . . . . . . . .. .. ... 46
Test beam specifications (} value quoted by manufacturer [57] . . . . . . .. .. 47
Static experiment results. . . . . . . . . . o o i i e e e e e e e e e 53
Geometric and material properties for the flat sandwich panel used in the demon-
stration of the semi-empirical method. . . . . . . . . . . . ... .. .. .. 71
Semi-empirical constants for a flat sandwich panel with fully clamped boundary
conditions on all four edges. . . . . . . . . . ... . oL e e e 73
Average measured damping ratios for the first three modes of the four test panels.
Freely supported. (average of forty measurement points). . . . . . . . . . . . . . 78
Spatial variation of measured overall sound pressure level in the PWT aperture. . . 89
Statistical parameters for the seven panel microphones and reference microphone

98

used in the spatial variation tests. . . . . . . . . . . . L L. .00 e e
Comparison of measured (from the freely supported and PWT tests) and predicted
resonance/natural frequencies of the four test panels. . . . . . . . . . .. .. .. 104
Statistical properties for panei 1 subject to random acoustic excitation in the PWT. 107
Statistical properties for panel 2 subject to random acoustic excitation in the PWT. 108
Statistical properties for panel 3 subject to random acoustic excitation in the PWT. 109
Statistical properties for panel 4 subject to random acoustic excitation in the PWT. 110
Finite element estimation of the static strain produced by a mean static pressure

measured during the PWT tests. . . . . . . . ... e e e e e e 111
Comparison of measured modal damping values obtained from the PWT tests and
the vibration tests. . . . . . . . . . .. . e e e e e e e e e e 138
Estimated core shear strain in the z and y directions at each OASPL (dB re 2 x
105 Pa), and the calculated semi-empirical values for the three doubly curved,
symmetric-sandwich panels over a 30 Hz bandwidth centred on the first resonant

145

response frequency. . . . . . . . . ... ... oL e e e e e e e e e

xiv



6.1

6.2
6.3

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

Al

Material specifications for the experimental test panels. T Properties obtained using
cured test specimens with [04] and [454] ply lay-up and with 60% fibre volume fraction. 151
Ply lay-up details for the experimental test panels. . . . . . .. ... ... ... 151
Comparison of measured and predicted resonance/natural frequencies of the four

freely supported test panels. . . . . . . . .. L. . L e e e 152

Calculated (FE) modal strains for each strain gauge location and for each test panel
(the modal strains have been normalised with respect to unit generalised mass in

the FE calculations). . . . . . . v v v v v v e e e e e e e e e e e e 174
OASPL and associated single-sided broadband pressure spectrum levels for the four
panel testsin the PWT. . . . . . . . . . . . . . . . e e 175

Narrow-band scaling factors applied to the experimental RMS strain measurements. 180
Estimated RMS strain for the ten strain gauges located on the four test panels.
Single-degree-of-freedom approximation method (Case 1 - uniform pressure loading

ASSUMPEION). « = v v v e e e e e e e e e e e e e e e e e e e e e 181
Estimated RMS strain for the ten strain gauges located on the four test panels.
Single-degree-of-freedom approximation method (Case 2 - Unit joint acceptance
AsSUMPLION). .« « v v v . e e e e e e e e e e e e e e e e 183
Estimated RMS strain for the ten strain gauges located on the four test panels.
Single-degree-of-freedom approximation method {Case 3 - Estimated joint accep-
tance assUmMPion). . . . v . . . v v e e e e e e e e e e e e e e e e e e 185
Ratio of outer-to-inner RMS strain for the predicted results using the SDOF ap-
proximation method (case 3), and the measured mean ratios. . . . . . . . . . .. 186
Comparison of structural and acoustic half wavelengths for the four test panels. . . 190
Parameters for the four doubly curved sandwich panels used in Blevin’s method
(modal strains, natural frequencies and maximum modal displacement obtained
using FEmodel). . . . . . . . .. e e e e e e e e e 193
Estimated RMS strain for the ten strain gauges located on the four test panels.

194

Blevin’s approximation method. . . . . . . . . .. . . Lo o000
Predicted RMS core shear strain for locations mid-way between gauges 2 and 3
(y-wise), and mid-way between gauges 4 and 5 (x-wise), using the SDOF method
(case 3) and the Finite Element Method (narrow-band and broad-band solution). . 222

Tensile test specimen dimensions. . . . . . . . .. . . .00

XV



Nomenclature

a a constant
length (m)
A semi-empirical constant
area (m?)
b a constant
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c core thickness (m)
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Cy viscous damping coefficient
C arbitrary constant
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dB decibels
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e exponent
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f frequency (H z)
face plate thickness (m)
F, generalised force
Gz single-sided spectral density
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H frequency response function
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Chapter 1

Introduction

1.1 The general problem

The dynamic response of aircraft structures to random pressure loading from aerody-
namic and engine acoustic sources can lead to acoustic fatigue failures [1, 2, 3, 4, 5, 6, 7|
and it is the understanding of these acoustic sources, coupled with the development
of structural response prediction models, which will enable the engineer to design
against acoustic fatigue. Since the introduction of the gas turbine engine, and its
development from the early turbojet to the modern high bypass turbofans of today,
the acoustic fatigue of aircraft structures has remained an important design issue.
Much work has been carried out over the years in an attempt to predict the stresses
that could be encountered in service due to the random acoustic loading produced
by the gas turbine engine [8, 9, 10, 11]. However, with the introduction of advanced
composite materials, a new set of issues have had to be addressed which concern the
very different fatigue characteristics of this new type of structure [4]. One particular
type of composite structure, the honeycomb sandwich panel, has a very high stiffness
to weight ratio, and has found favour in the aircraft industry over the years. Panels
employing a mixture of carbon fibre reinforced plastics and resin impregnated paper
honeycomb can be found in applications such as fairings and floor panels, ailerons,
helicopter rotor blades, and engine intake barrel panels. The latter type of structure,
shown in figure 1.1, has a complicated geometry due to the shape of the engine intake,
and as such can be considered to be doubly curved. The dynamic response of sand-
wich structures to acoustic excitation has previously been investigated [13, 14, 15, 16],
but only for flat and singly curved geometries. In addition, the engine intake barrel
panel represents a different type of problem to those previously investigated due to
the particular nature of the acoustic excitation [16]. The fan of a high bypass engine
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Figure 1.1: A nose cowl showing the intake barrel segments [12].

can produce noise levels at fan related frequencies which exceed those produced by
the eflux of the engine by as much as 30 dB/Hz [16]. In addition, the maximum noise
levels produced by the efflux occur during take-off and are also directly related to the
engine power, whereas the noise produced by the fan is a function of the fan rpm and
can be just as severe during cruise as for take-off. Therefore, fatigue of engine intake
barrels can occur both during take off and cruise. The engine intake barrel represents
one typical application of the composite sandwich structure having a doubly curved
geometry. With the increase in use of composite materials for aircraft manufacture,
it is inevitable that this type of structure will be used in a wider range of applications
due to its favourable characteristics in terms of high stiffness, low weight, low cost,
ease of manufacture, and perhaps, improved fatigue resistance [15]. However, there
has been very little work on the dynamic response of carbon fibre honeycomb panels

with double curvature to random acoustic excitation.

1.2 Historical review of acoustic fatigue

1.2.1 Early investigations

With the introduction of the gas turbine engine in the early nineteen fifties and the
resulting rapid development of more powerful engines, there followed an increase in the

P.R. Cunningham
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number of reported fatigue failures of the skin structures close to the jet exhaust [1].
This led to a range of investigations by both the UK and the USA aircraft industries
and research establishments in an attempt to both understand and alleviate this
problem. The majority of these early investigations involved experimental studies
using both simple test panels [5, 17, 18, 19] and actual aircraft structures [20, 21], and
excitation was provided by sirens, random noise generators and aircraft engines [22,
23, 6]. This early work led to the development of the first design nomographs for
acoustically excited aircraft structures [24].

A response prediction method for acoustically excited metallic structures was first
developed by Miles [25]. In that study, Miles considered an elastic structure subjected
to random loading and simplified the analysis by assuming the structure to have only
a single degree of freedom. He also used the concept of cumulative damage [26] to
analyse the fatigue behaviour of such structures. Miles derived an expression for
the equivalent root mean square stress for a single degree of freedom system under
random loading. Miner’s hypothesis of cumulative damage was then used to estimate
the fatigue life of the structure [26].

Powell [27] took this work one stage further by considering the normal mode ap-
proach. The modes of vibration of the structure were assumed to be uncoupled, hence
the response of the structure to random pressure loads could be given as a series of
N independent equations (one for each mode). Powell developed an expression for
the power spectrum of the total stress fluctuation, and in addition he introduced the
concept of “joint acceptance”, which is a measure of the effectiveness of the complex
pressure field in exciting a particular mode. The cumulative damage law was again
used in the estimation of fatigue life.

Following on from Powell’s work, Clarkson [8] simplified the theory for panel-
type structures by assuming that the major part of the response results from the
contribution of one predominant mode. He also assumed that the excitation pressures
were exactly in phase over the whole structure and derived an expression for the mean

square stress in terms of the viscous damping ratio and resonant frequency,

™

anGp(fn)gg (1'1)
¢

where oy is the static stress at the point of interest due to a uniform pressure of
unit magnitude, ¢ is the viscous damping ratio, and G,(fn) is the excitation pressure

spectral density at the resonant frequency f, [4]. This expression was first derived

by Miles [25] and is still used today as a design tool for structures subjected to

M =

)
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random pressure loading. In order to justify his approach, Clarkson [8] examined the
application of the theory to a range of structures, which included flat plates, aircraft
control surfaces, and integrally stiffened skins, and compared the results with several
experiments. Clarkson [8] concluded that considering the severe simplifications in this
theory, the agreement with experimental measurements was satisfactory, and in order
to obtain greater accuracy a multi-modal analysis of the structural response would be
necessary.

The work continued in an attempt to improve the estimation procedure with de-
velopments of Powell’s method by Bozich [28], and Barnoski and Maurer [29], and im-
provements to the design nomographs by Ballentine [13], Bayerdorfer [30], Arcas [10],
and Rudder and Plumblee [31]. With the improvements in computing power in the
late nineteen sixties, developments were also made in the use of the finite element
method to estimate the response of flat and curved skin stringer panels to random
acoustic loads [32, 33, 34, 9].

In relation to the engine nacelle structure, simplified shell theory was used by
Soovere [35] to investigate the failure of large fan engine intake ducts. Although this
early research was concerned with intake ducts constructed from stiffened aluminium
alloy panels, it still provides some insight into the possible explanations for the failures
experienced in such structures which are subject to this particular type of acoustic
loading. Soovere found that the duct shell stress spectrum exhibited a similar spectral
content to that of the fan noise. This initially led to the conclusion that the duct
shell response was forced, however, after further examination the buzz-saw! stress
components were found to be amplified over a small region of the circumferential
mode number which occurred in the vicinity of the shell resonances [35]. It was
pointed out, however, that engine hunting would considerably reduce the dwell time

on resonance [35].

1.2.2 Developments with respect to composite structures

By the mid to late nineteen seventies there were considerable advances in the de-
sign and manufacture of composite structures. Work began to ascertain the effects
that random acoustic loading would have on the fatigue life of these new materials
which included boron and glass fibres, Kevlar, and the most promising for aircraft
applications; carbon fibre reinforced plastic (CFRP). One of the earliest studies of
the response of CFRP plates to random acoustic loading was made by White [38].

10Otherwise known as multiple-pure tones or combination tones which are multiples of the basic
fan rotation frequency and are produced when the tip speed of the fan becomes supersonic [36, 37].
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In this paper, comparisons were made between CFRP and aluminium plates and the
author showed the nonlinear characteristics of the CFRP plates at high excitation
levels (above 130 dB re 2 x 107°Pa). This nonlinear behaviour was also found dur-
ing the investigations of Wolfe and Jacobson [39] for tests carried out on a series of
multi-bay boron-epoxy and graphite-epoxy panels. Although developed for metallic
structures, equation 1.1 was used by White and Mousley [40] to compare experimental
measurement of overall plate response with theoretical predictions for CFRP plates.
The single mode predictions using the ESDU data sheets [41], which are based on
equation 1.1, were found to be in very good agreement with the measured values for
excitation levels up to 145 dB. Some nonlinear effects were observed during this in-
vestigation, and the authors went on to study the combination of random acoustic
loading and in-plane compression, where the “snap through” effect was observed. The
conclusions drawn indicated that at response levels below those that produce marked
non-linearities, the single mode method can be used to estimate the RMS response of
simple composite plate structures.

In terms of fatigue, the methods developed for metallic structures are not strictly
applicable to composite structures. This is because the methods rely on surface
strain estimates, whereas for composite materials it is the combination of internal
stresses/strains at a critical point within the layers of the composite that will cause
fatigue damage to initiate and propagate [4]. In addition, the flexural fatigue tests
conducted on standard test coupons were found to be unreliable when trying to de-
termine the fatigue life of a specimen since the specimens were found to delaminate at
the edges [42]. To combat this problem, the half-sine clamp was developed by Drew
and White. This is basically a cantilever clamp with a half-sine wave shape along
the clamping edge which, when tested using CFRP test specimens, produced a more
representative delamination failure within the test coupon [42].

Although not specifically developed for composite structures, an approximate an-
alytical method for predicting the acoustic fatigue life of plates and shells using multi-
modal analysis was developed recently by Blevins [43]. In his paper, Blevins extended
the Miles approach to higher modes and complex shapes and developed methods
for estimating the effects of finite acoustic wavelength on their excitation. Blevins
method was a bridge between deterministic and statistical approaches and his ap-
proximations were most applicable to uniform plate and shell structures excited by
a stationary (ergodic) sound field. The natural frequencies, mode shapes, and the
relationship between modal deformation and modal stress are required as inputs in
this method. Damping and the magnitude of the applied pressures are also required
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although exact knowledge of the distribution of the applied surface pressures is not
required, instead an estimate of this distribution was used. For this reason, the con-
cept of joint acceptance was used in Blevins’ formulation. Since the evaluation of
joint acceptance requires an estimate of the surface acoustic pressure distributions,
he suggested several approximations for the shape of these distributions [43]. Blevins
used the mass-weighted structural mode shape approximation, from which the joint
acceptance was calculated to be unity. A method was then given for calculating the
acoustically induced displacements for any mode. In order to validate the method,
Blevins compared his results with those produced by the AGARD [11] method, which
is a design guide formulated primarily from the work of Miles [25] and Clarkson [8].
A flat plate and a singly curved plate loaded with broadband sound with an overall
sound pressure level of 145.7dB were considered. Results from Blevins method agreed
very closely with those from the AGARD method and he concluded that the former
could be viewed as a generalization of the Miles/Clarkson/AGARD approach. For
completeness, Blevins also compared predictions by his method with experimental
data obtained from integrally stiffened, flat rectangular titanium panels tested in a
Progressive Wave Tube (PWT). The experimental results agreed fairly well with the
theoretical results within the bounds of uncertainty.

Recent developments in acoustic fatigue research have concentrated on combined
thermal-acoustic environments, which are being driven by studies of new hypersonic
vehicle designs such as NASP [44, 45], and there is now interest in understanding how

these environments affect the non-linear response of aircraft structures [46, 47, 48].

1.3 Dynamic response prediction for sandwich
structures subject to random acoustic
excitation |

Early investigations on the acoustic fatigue of sandwich structures were reported by
Sweers [49] and Wallace [50] at one of the first conferences held on acoustic fatigue of
aircraft structures [51). Sweers [49] used simple panel theory to predict the natural
frequencies of flat aluminium honeycomb panels, and compared the results with mea-
surements obtained from shaker tests. Predictions for the lower natural frequencies
were found to be more accurate than those of the higher modes. The apparent loss in
accuracy for these higher modes was attributed to the reduction in plate stiffness due
to the shear deformation of the core. Experimental investigations also showed that

P.R. Cunningham 9
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the ratio of inner-to-outer ? stress on the surface of the face plates in the centre of the
panel was of the order of 2 to 2.5, which indicated possible fatigue failures in the inner
face sheet. Failures were indeed reported in the inner face sheet, as well as along the
bolt holes and the core-to-face sheet interface [49]. Prediction of the stress response to
acoustic excitation was limited to the fundamental mode since the response at higher
frequencies requires knowledge of the spatial correlation of the pressures. Wallace [50]
presented an analysis of acoustically excited brazed steel honeycomb panels. Both
jet noise and narrow band siren noise were considered in the analysis and stress and
fatigue life were computed for variations in basic panel parameters. Damping was
taken to be that due to radiation of acoustical energy away from the panel. Since the
bending wavelength of the panel was greater than the corresponding wavelength of
sound, the damping produced by acoustic radiation would be quite large. The fatigue
life was calculated from the maximum value of face sheet stress, which was found to
be at the centre of the panel which had simply supported boundary conditions.

Another early analytical and experimental programme was carried out by Jacob-
son and van der Heyde in order to obtain acoustic fatigue design information for
honeycomb panels with fibre-reinforced facings [52]. The study was concerned with
S-Glass fibre-reinforced, Boron fibre-reinforced, and aluminium alloy face plates, with
a hexagonal cell honeycomb core. A PWT was used to excite the panels with broad-
band random acoustic waves at a Sound Pressure Level (SPL) of around 167dB (re
2 x 1075 Pa, frequency bandwidth 1000 Hz). Fifty eight simply supported panels were
tested to failure and the effects of various ply lay-ups on the panel life and mode of
failure were reported. The authors found that facing failures at the centre of the panel
predominated, although some core failures were reported.

Finally, Soovere investigated the dynamic response of acoustically excited car-
bon fibre reinforced and Kevlar honeycomb panels [15, 53]. He extended existing
orthotropic honeycomb panel theory, through coupled normal mode analysis, in order
to predict the overall strain at both the edges and the centre of the faces of the panels.
His work was the first to investigate the effect of the bevelled edge closeout pan, an
example of which is shown in figure 1.2, which was shown to increase the effective
shear stiffness of the honeycomb core by an order of magnitude. Soovere showed both
analytically and experimentally that, with laterally rigid edge supports, the rotation
of the bevelled edge introduced a linear dynamic membrane strain into the inner face
sheet. He also found that the dominant contribution to honeycomb panel damping

%It is generally accepted that, for flat sandwich panels with bevelled edges, the inner face incorpo-
rates the pan or bevelled edge. The definition of the inner and outer face is not dependent on which
side is being driven, instead it is dependent on the geometry and configuration of the structure.
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was due to acoustic radiation, and for the carbon fibre reinforced panels, the material
damping was very low compared to the Kevlar reinforced panels. For singly curved
sandwich panels, it has been suggested that the strains at the centre of the panel are

higher on the convex face than on the concave face [15].

SEE DéTAIL OF BEVELLED EDGE

nnmnmumuu%

BACKING SKIN AND EDGE PAN PLIES (OUTER FACE)

FACING SKIN AND DOUBLER PLIES ¢(INNER FACE)

DETAIL OF BEVELLED EDGE

Figure 1.2: Example of a curved sandwich panel with detail of the bevelled edge

1.3.1 Current design techniques for sandwich structures

The Engineering Sciences Data Unit (ESDU) produce a large amount of design data
using the results published in the open literature. The data series cover various
aerospace related disciplines such as aerodynamics, fatigue, dynamics, structures,
transonic aerodynamics, performance, and vibration and acoustic fatigue. The lat-
ter sub-series includes work on the prediction of natural frequencies, damping, and
root mean square (RMS) stresses/strains in various structural elements such as flat
and singly curved isotropic and laminated plates, shells and box structures under the
action of random acoustic loading. Sandwich panels are included with both flat and
singly curved geometries being considered. The data items which are relevant to the

analysis of sandwich structures subject to random acoustic excitation are given in

Table 1.1.
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| Item | Description |
66013 | Terms used in acoustic fatigue analysis.

86025 | Practical background information relating to the
nature of the acoustic fatigue problem. Includes

a review of the acoustic and aerodynamic
excitation sources.

74033 | A method for estimating buzz-saw noise within the
inlet duct of a supersonic fan.

66018 | Relationship between Sound Pressure Level (SPL) and
RMS fluctuating pressure.

83035 | The estimation of the stiffness and apparent elastic
properties of laminated flat plates.

72016 | Natural frequencies of flat and curved sandwich
panels with isotropic face plates (clamped and
simply supported edge conditions).

85037 | Natural frequencies of flat and curved sandwich
panels with laminated face plates (All edges simply
supported).

85012 | Estimation of damping in laminated and fibre-
reinforced plates.

72017 | Response to acoustic loading of flat or shallow
curved sandwich panels having isotropic face plates
of equal thickness and honeycomb cores.

86024 | Response to acoustic loading of flat or shallow
curved sandwich panels having fibre-reinforced
laminated face plates and honeycomb cores.

Table 1.1: ESDU International Data Items for Acoustic Fatigue Analysis of Sandwich Structures.

The general procedure adopted for estimating the in-service life of composite struc-

tures subject to acoustic pressure loading is itemised below.

e Estimate the orthotropic material properties of the structure from individual

ply properties in the lay-up (Data Sheet 83035).

e Estimate the natural frequencies of the structure. This can be done using either
ESDU data sheets (85037), or the finite element method (e.g. ANSYS). It is
clear from this survey of the literature that further experimental work needs to
be done in order to validate the theory for singly and doubly curved composite

sandwich structures.

e Estimate the damping in the structure. Again, ESDU data sheets can be used
(85012), but experimental validation is needed. White suggested that a ‘bank’
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of measured data for various types of structure is required [4].

e Estimate the RMS strain from a knowledge of the fundamental natural fre-
quency, the excitation pressure spectral density at this frequency, the damping,
and the stress at the point of interest due to a uniform static load, using equa-

tion 1.1.

In the USA, the Acoustic and Vibration Associates produced the “Sonic Fatigue
Design Guide for Military Aircraft” [31]. Over 300 technical reports, papers, journal
publications, and text books were reviewed to produce the guide which is a compila-
tion, evaluation, and presentation of existing acoustic fatigue design methods, charts,
nomographs, and related computer programs. The acoustic source of primary inter-
est is the noise produced by the engine exhaust, although propeller noise, inlet duct
noise for high bypass turbofan engines, noise from ducted rotors, ground reflection
and aerodynamic noise were all considered. Many structural configurations were in-
vestigated in the study, including flat aluminium honeycomb and diffusion bonded

titanium honeycomb panels. Curvature effects were also investigated but not in any

great detail.

1.4 Principal failure mechanisms in sandwich
structures

It is important to establish the principal failure mechanisms when developing response
prediction methods for a structure subject to random acoustic excitation so that
the model can be tailored to allow design against acoustic fatigue. For the case of
sandwich structures which are subject to random acoustic excitation, the principal
failure mechanisms are face plate cracking, core cracking, and face plate disbond. In
order to establish which of these failure modes is most prevalent in doubly curved
sandwich structures such as aircraft engine intake barrels, a survey was carried out in
collaboration with the Nacelle Systems Division of Short Brothers plc [54].

1.4.1 Early failures in aircraft engine nacelles

Early intake barrels were manufactured with aluminium alloy face plates and a Nomex

honeycomb core. The inner facing skin ® was perforated in order to provide noise at-

®For intake barrel panels, and for the doubly curved sandwich panels considered in this thesis,
the inner face or facing skin will be the concave surface, and the outer face, or backing skin will be
the convex surface which incorporates the bevelled or panned down edge.
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PREVIOUS CRACKING OCCURENCE
PERFORATE SKIN

PREVIOUS
FAILURES IN
THIS PANEL

LATEST OCCURENCE CRACKING AND PIECE
SEPARATED FROM BACKING TRAY

Figure 1.3: Early intake barrel failure locations [54].

tenuation properties and the majority of the early failures were due to face plate
cracking, in particular the perforated facing skin [54]. The damage area was confined
mostly to the upper left quadrant of the intake barrel (power plant radial (ppr) 0° to
90°) and the cracks appeared to grow through the panel thickness. Figure 1.3 shows
the damage location on an intake barrel containing four segments. From subsequent
flight tests on an instrumented nose cowl, peaks of strain response were observed at
the blade passing frequency at 70-80% N1 engine speed (fan speed), which occurred
during take-off and thrust reversal on landing. This indicated that the highest strains
were associated with the fan blade passing frequency during acceleration as the tips
went supersonic. A very narrow band response was observed which was of a much
higher frequency (approximately 1200 Hz) than the fundamental frequency of the in-
take barrel [55]. This could explain why initial theoretical calculations based on the
single mode method [8] did not indicate that there could be a potential problem, since
this theory is based on the fundamental mode response to broad-band random load-
ing. In addition, a mechanical fatigue approach was initially used to predict the life
of the structure, whereas failure monitoring indicated slow growth under low stress
conditions which suggested an acoustic fatigue problem. Following the initial failures,
fleet inspections revealed that the honeycomb cores were cracking prior to the skin
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(@) (b)

(©)

Figure 1.4: Early examples of core failures in sandwich panels with aluminium alloy face plates
and a Nomex core [54].

failures, which were thought to follow as a result of the breakdown in integrity of
the structure. To overcome the problem, the core was replaced with a more robust
variety having a higher density and shear strength [55], which resulted in a modest
increase in the weight of the intake barrel segment panels. It is important to note
at this point that only after the number of fan blades had been reduced did failures
begin to occur [55]. Following the reported failures, a testing programme was carried
out by the Materials Technology Department of Short Brothers plc in order to ascer-
tain the initial failure mechanism and subsequent propagation through the structure.
Defective intake barrel segments were subjected to Non-Destructive Testing (NDT)
by Ultrasonic C-Scanning and Acoustic Flaw Detection (AFD) in order to ascertain
the extent of the core damage prior to a more detailed examination of the structure.
It was found that the Ultrasonic C-Scanning technique was able to map the extent
of the damage by highlighting damage areas. The AFD method did detect the major
damage area, but it was not possible to detect lesser damaged areas, such as small
localised areas where the honeycomb had been compromised close to one of the face-
plates. After this initial inspection, the damage areas where further inspected using
an intrascope. Significant cracking was found in a number of cells in the damage area
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highlighted by the C-Scan. Most of the cracks ran diagonally along one face of the
cell and then grew into a horizontal crack along an adjacent face. Also, a number of
faces contained cracks near, but above, the bond line with the backing skin [54]. This
can clearly be seen in figure 1.4. Two important conclusions were drawn from these
studies. First the testing indicated that the Nomex core had initially cracked with
a substantial loss of core material in the middle of the section which disintegrated
through subsequent erosion of the cell walls, and there was no evidence of disbond be-
tween the core and face plates. Secondly, examination of a portion of one of the crack
faces using an electron microscope revealed the probability that the crack initiated
close to the backing skin and propagated towards the facing skin [54].

One possible explanation for the cause of the core failures is connected with the
use of the honeycomb cells as Helmholtz resonators via the perforated liner. It has
been suggested that if the cells become distorted during the manufacture of the panels,
thus changing the volume inside the cell, then this could cause a slight variation in the
resonant frequency of that cell. During excitation at frequencies close to resonance,
neighbouring cells could vibrate out of phase, thus causing cyclic pressure loading on
adjoining cell walls and subsequent fatigue damage. This is a topic worthy of further

investigation.

1.4.2 Recent testing of carbon fibre composite sandwich

structures

More recently, carbon fibre composites have been introduced for the construction of
the facing and backing skins of the intake barrel panels. The backing skin is formed
from several plies of 8 Harness-Satin (8HS) pre-impregnated carbon fibre reinforced
plastic (CFRP) while the facing skin consists of a wire mesh bonded to an open weave
carbon fibre reinforced sheet. A special technique is employed to bond the facing skin
to the honeycomb core to ensure that the perforations in the skin remain clear in order
to provide the necessary noise attenuation properties. Since the introduction of these
new materials there have been fewer reported skin failures, however, core failures have
occurred in these new constructions [54, 55].

A recent test was carried out in the ISVR PWT facility at Southampton on a
carbon composite honeycomb sandwich panel [56]. The panel was flat with overall
dimensions of 1.42m x 0.83m and with a core thickness of 0.0254m, and was instru-
mented with 12 strain gauges and 2 accelerometers. Initial tests were carried out with

a power spectral density of the applied loading constant over the 100 Hz to 500 Hz
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range, giving an Overall Sound Pressure Level (OASPL) of 155 dB. The sound pres-
sure levels and hence the strain response levels were further increased by reducing this
bandwidth to 100 Hz. The loading was finally 1/3 octave centred on the predominant
response frequency of the panel, which was 228 Hz, and an OASPL of 160 dB was
acheived. During the tests the panel suffered major core failure which led to a break-
down of the structure, but there was no damage caused to the face plates since the
tests were halted shortly after the panel failed. Following these tests, the panel was
examined, and a large disbond was observed in the centre of the structure. However,
this disbond did not extend to the panel edge where core cracking was also observed,
and the opinion was given that the failure had not initiated in the disbond [56]. After
analysis of the panel response using Blevin’s Normal Mode method [43], Millar found
that it was possible when using very light weight honeycomb cores, to generate core
shear stresses of a similar order of magnitude to the allowable ultimate strength of

the core material [56].

1.5 The aims of the work

There is a need for more advanced response prediction models for doubly curved
composite honeycomb sandwich structures subject to random acoustic excitation. The
aims of the work were therefore to use a commercially available finite element package
to model this type of structure. A complementary experimental investigation was also
carried out to determine the strain response of a set of doubly curved test panels to
broadband random acoustic excitation using a PWT facility, and a critical appraisal
of the results was made. In addition, the survey of principal failure mechanisms has
highlighted the importance of the core in relation to the design of sandwich structures
to resist acoustic fatigue. The majority of the work carried out so far has concentrated
on measuring and estimating face plate strains in order to produce a fatigue resistant
design. However, with the increasing use of lightweight resin impregnated paper
cores, the issue of core durability and fatigue resistance should be considered in more
detail. The use of carbon fibre reinforced composites for the manufacture of the face
plates has lead to a decrease in the number of reported face plate failures. In any
case, if the integrity of the core is compromised this can lead to a breakdown in the
whole structure thus resulting in face plate cracking. It is for these reasons that the
programme of work included a consideration of the core strain response to acoustic
excitation. In addition, there is a need for a core strain measurement technique which

will allow the estimation of core strain from surface face plate measurements, since the
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direct measurement of core strain is difficult considering the the lack of accessibility
and the usual size of the cells. This technique was developed and validated using a
series of experiments, all of which are reported in a later chapter.

Overall, the approach taken in this thesis was one of carrying out complementary
theoretical and experimental work to validate the former so that it may be used by
designers. The work begins with details of the design and manufacture of a set of
doubly curved test panels in chapter 2, after which a new experimental technique
for estimating the core shear strain in closed sandwich structures is developed and
validated in chapter 3. Details of the vibration testing of the set of doubly curved
test panels is presented in chapter 4, and the results from these tests were used to
validate the finite element models developed in chapter 6. The latter work was taken
one stage further with the investigation of the effects of various design parameters
on the vibration response of doubly curved sandwich panels. The dynamic response
of the test panels to random acoustic excitation is investigated in chapter 5 using a
Progressive Wave Tube facility. Overall RMS strains were recorded from the inner
(facing) and outer (backing) skins in order to make comparisons with the theoretical
prediction of the response, which is covered in chapter 7. Finally, in chapter 8, con-

clusions are drawn from the studies carried out and recommendations are made for

further work.
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Chapter 2

The design and fabrication of the

experimental test panels

2.1 Introduction

The major part of this work involved the experimental investigation of the response
of acoustically-excited composite honeycomb sandwich panels with double curvature.
To this end, a range of experimental test panels with different radii of curvature were
designed and manufactured at the University of Southampton. Three panels were
designed with various radii of curvature and with identical ply orientation, thickness,
plan area, and bevelled edge design. The sandwich lay-up in each case was symmetric
with four carbon fibre reinforced plastic layers on either side of the core. A fourth
panel was designed with an asymmetric lay-up having two layers in one face plate and
six in the other. The radii of curvature of this panel were identical to that of one of
the symmetric panels.

The face plates were made using an epoxy resin pre-impregnated (pre-preg) plain
weave carbon fibre cloth. A lightweight, resin impregnated paper honeycomb was
used for the core. Each panel was manufactured using an aluminium alloy mould tool
with a convex mould surface to the specified radii of curvature. The panels were cured
in a conventional temperature controlled oven which meant that a low temperature
curing pre-preg was required.

The design and manufacture of the test panels is presented in this chapter. Details
are given of material specifications, the design of the panels with particular attention
to the bevelled edge, the design and manufacture of the mould tools and the panel

fabrication procedure.
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2.2 Panel design

The panels were designed with a constant plan area of 0.912 m x 0.525 m to fit the
test aperture of the PWT facility. Three radii of curvature designs were employed;
R, =3.5mx R, =1.0m, R, = 1.2mx R, = 1.0m, and R, = 3.5mx Ry = 0.5m, with z
being the long side dimension and y being the short side dimension. Three “symmetric
sandwich” panels and one “asymmetric sandwich” panel (with R, = 3.5m x R, =
0.5m) were manufactured giving a total of four test panels.

The panel design can be broken into four main sections; the facing skin which
forms the inner face of the panel, the core, the edge pan plies which enclose the
edge of the core and form the attachment flange and bevelled edge, and the backing
skin which forms the outer face of the panel. This design is typical of that used in
the construction of aircraft type panels such as intake barrel panels and flap fairing
panels, and a similar design was used by Soovere [15] during his investigation of flat
honeycomb sandwich panels. The sandwich panel drawings, giving the geometry and

lay-up details, are shown in figures 2.1, 2.2, and 2.3.

2.2.1 Bevelled edge details

Figure 2.4 shows the arrangement of the panned down edge, or bevelled edge, which is
typical of in-service aircraft honeycomb sandwich panels. The honeycomb is chamfered
to an angle of 25° relative to the bottom face on one side along all four edges to form
the pan, and edge pan plies are layed up over the honeycomb to totally enclose the
core. The use of separate edge pan plies to enclose the core avoids excessive wastage
of material when forming the backing skin. Doubler plies are incorporated in the
lay-up in order to provide better load transfer in the bevelled edge region, and spacer
plies are included in the edge pan to stiffen the attachment flange. In order to provide
maximum lap shear and bearing strength, in addition to high panel edge and closeout
pan stiffness, 0° and +30° fibre orientations (normal to the panel edge) are used for
the doublers [15]. The backing skin and facing skin plies have fibre orientations of
+45° and 0/90°.
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Figure 2.3: Panels 3 and 4 drawing.
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Figure 2.4: Panel lay-up and bevelled edge detail.

2.2.2 Material specifications

Each panel was manufactured using SP Systems SE84/RC200P pre-impregnated plain
weave carbon fabric which is a low temperature cure epoxy pre-preg system process-
able with vacuum-only consolidation. The pre-preg has a fibre/volume fraction of
42% + 3% and comes in sheets of thickness 0.25mm. It can be cured at tempera-
tures as low as 80°C, or for fast moulding of components at a temperature of 120°C.
A minimum vacuum pressure of 85% (650mm Hg) is recommended during the cure
cycle. Full details of the cure procedure are given in section 2.4. Although SE84 is
self-adhesive to Nomex honeycomb, an epoxy adhesive film was used to bond the face
plates to the core. SP Systems SA80 was used for this purpose, being a toughened
low energy cure epoxy adhesive film with a glass carrier and fully compatible with
SE84 pre-pregs. The adhesive film is available in two area densities (250gm~2 and
400gm—2), and in both cases the glass carrier area density is 20gm~2. Both types of
adhesive film were used in the construction of the panels, which is discussed in section
2.4.

Hexcel composites Aeroweb@® A1-48-5 OX honeycomb was used for the core, as
shown in figure 2.5. The core is made from aramid paper which is coated in phenolic
resin to give strength, toughness and chemical resistance. An over-expanded core was
used for the doubly curved panels since the ordinary hexagonal core did not conform
to the curvature. The over-expanded core, which is usually used for singly curved
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geometries, was found to conform to the three doubly curved geometries with the
minimum of cell distortion. Ideally, a special type of core called FlexCore®would
have been preferred for this application since it conforms to doubly curved geometries
without any cell distortion. However this type of core is extremely expensive. The
over-expanded core had a thickness of 19mm and a cell size of 5mm, the latter of
which was measured across the flats of the hexagonal cell prior to being expanding to
a rectangular shape, as shown in figure 2.5. Since the over-expanded core can easily
conform to a tight curvature in one direction better than the other, the orientation of
the core was changed for the panel with radii of curvature of R, = 1.2m x R, = 1.0m.
For this panel, the ribbon or ‘L’ direction was parallel to the short side, or y direction,
whereas for the other three panels the ribbon direction was parallel to the long side,
or z direction. A full set of material specifications for both the carbon fibre reinforced

plastic and the Nomex core are given in table 6.1.

Layer Thickness | FElastic Modulus [Pa) Shear Modulus [Pa] Dengsity | Poisson’s
(m) Ey FEso FE33 Gia Gzz Gyz [kg/ms] Ratio
CFRPT 0.25e-3 57.93e9 57.93e9 - 3.7e9 - - 1518.0 0.04
Honeycomb 19.0e-3 0 0 120e6 0 35e6 | 20e6 48.0 -

Table 2.1: Material specifications for the experimental test panels. ' Properties obtained using
cured test specimens with [04] and [454] ply lay-up and with 60% fibre volume fraction (see Appendix
A for details of CFRP testing procedures).

Ribbon or 'L* dimension )

Dimension

node bonds cell size

‘hexagonal cell size
= measured across flats

OX cell size

= nominal hexagonal cell
size before expansion to
rectangular shape

Figure 2.5: Hexagonal and over-expanded core [57] (W=direction of expansion, L=ribbon direc-
tion).
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2.3 Mould tool design and manufacture

The tooling used to manufacture the panels was comprised of a doubly curved alu-
minium alloy skin which was stiffened using four aluminium alloy sheet frames riveted
to an aluminium alloy base sheet. The convex surface of the aluminium alloy skin
formed the mould face.

Each mould surface was rolled and wheeled to the specified radii of curvature
using 1.6mm (16SWG) aluminium alloy sheet. The unsupported mould skin was then
stiffened using four aluminium alloy sheet frames of 1.67mm thickness. The skin was
attached to the frames and adjusted to the correct radii of curvature using ‘L’ brackets
which were fastened using conventional aluminium pop rivets. The whole assembly
was attached to an aluminium alloy base sheet, again using aluminium pop rivets.
It is important to note that this method of fabricating the mould tools, although
simple and inexpensive, cannot offer the best performance in terms of accuracy in
geometry (radii of curvature) and compatibility of thermal expansion rates of the tool
and part during cure. However, since the radii of curvature of the panels could be
easily measured after fabrication, this was not considered a problem and was seen as
the easiest solution to a rather complicated tooling requirement.

A complete set of drawings for the mould tool is shown in figure 2.6.

2.4 Panel fabrication procedure

There are two choices regarding the manufacture of honeycomb sandwich panels; co-
cure or pre-cure. The co-cure process is much more simple and less time consuming
than the pre-cure process. The facing skin, honeycomb core, and backing skin are
consecutively consolidated under vacuum and the complete assembly is then cured in
one stage, again under vacuum. The main drawback with this procedure is that the
bond quality of the core to the skins, and the consolidation of the facing skin will not
be as good as that which would be achieved using the pre-cure process. Pre-curing
is the more involved of the two manufacturing procedures since each stage, facing
skin, core, and backing skin manufacture, is carried out as an individual cure cycle.
However, it has been shown to produce better results in terms of panel strength and
bond quality [52]. It was for this reason that the pre-cure process was chosen as the

manufacturing procedure for the doubly curved sandwich panels.
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