
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



9-

(HIS I - CR- 1169 5,34) STUDY OF THE DANEING	 6183-15043

CHARACTERISTICS OF GENERAL AVIATICN AIRCRAFT
PANELS AND DEVELOPMENT OF CCHPUTES ERCGBAMS
TO CALCULATE THE EffICTIVENESS CF INTEEIOR	 Unclas
NOISE (Kansas Univ. Center for Research,	 63/711 0z-229

•i

0 

8,2

14S4 elt'eb	 "NA
4^C

IIE L,NiVERSiTyof KANSAS CENTER fORRESEARCh, INC.

9'. Irving Hill Drive-Campus West 	 Lawrence, Kansas 66045



Progress Report for

A Research Program to Reduce Interior Noise
in General Aviation Airplanes

NASA Contract NCCI-6

STUDY OF THE DAMPING CHARACTERISTICS
OF GENERAL AVIATION AIRCRAFT PANEL:
AND DEVELOPMENT OF COMPUTER PROGRAMS
TO CALCULATE THE EFFECTIVENESS OF
INTERIOR NOISE CONTROL TREATMENT

PART I
KU-FRL-417-19

Prepared by: R. Navaneethan

Jim Hunt

Brian Quayle

Approved by: Jan Roskam,
Principal Investigato(

4,,

 vsr

Flight Research Laboratory
University of Kansas Center for Research, Inc.

Lawrence, Kansas 66045

December 1982

I f.

I	 It



SUMMARY

In this report, the work carried out at the University of Kansas

Flight Research Laboratory (KU-FRL) to determine the damping charac-

teristics of square, general aviation panels is presented. In addition,

the progress on the work to date on the development of a simple interior

noise level control program is also reported.

Structural damping plays an important role in the determination

of noise reduction characteristics of panels. Since the damping varies

considerably with different installations, it is not readily predicted.

For this reason the investigation of the damping ;haracteristics of

panels installed in the KU-FRL test facility was undertaken. The tests

were carried out on 20 x 20 inch panels at different test conditions.

Tests were conducted on free-free panels, clamped panels, and panels as

installed in the KU-FRL acoustic test facility. Tests with free-free

panels verified the basic equipment set-up and test procedure. They

also provided a basis for comparison.

The results indicate that the effect of installed panels is to

increase the damping ratio at the same frequency. However, s direct

comparison is not possible, as the fundamental frequency of a free-free

panel differs from the resonance frequency of the panel when installed.

The damping values of panels installed in the test facility are closer

to the damping values obtained with fixed-fixed panels. Effects of

damping tape, stiffeners, and bonded and riveted edge conditions were

also investigated.

The noise reduction characteristics of a large number of general

aviation aircraft panels have been investigated at this facility. An
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attempt is now being made to calculate these characteristics analytically.

For this purpose a well-known model to predict the transmission loss

of the multilayered panels has been chosen. This model is being modi-

fied to include the effects of the experimental results obtained at the

KU-FRL test facility. Skin, air gap, porous insulation blanket, septum,

and trim panels are typical of the layers that are being considered.

The agreement between the experimental results and the theoretical re-

sults obtained without any modifications to the program is generally

poor. Several modifications and refinements are being made to the

program to agree with the test results. The progress to date is also

presented.

ii



;f
TABLE OF CONTENTS

Page

LIST OF FIGURES .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 v

LIST OF TABLES	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 vii

LIST OF SYMBOLS .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 viii

LIST OF ABBREVIATIONS .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 xi

CHAPTER 1.	 INTRODUCTION .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 1

CHAPTER 2.	 DEVELOPMENT OF COMPUTER PROGk_LM FOR THE
DETERMINATION OF INTERIOR NOISE LEVEL. . . . . .	 .	 .	 3

2.1	 INTRODUCTION .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 3

2.2	 SURVEY OF METHODS FOR INTERIOR NOISE
PREDICTION .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .

_	 3

. 	 . 	 . 	 4

2.3	 METHOD SELECTED 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 6

2.4	 COMPARISON WITH TEST RESULTS. 	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 8

2.4.1	 Unstiffened Aluminum Panel . .	 . .	 . .	 .	 .	 8

2.4.2	 Stiffened Panel .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 11

2.4.3	 Trim Panels .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 14

2.5	 SENSITIVITY ANALYSIS .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 17

2.6	 MODIFICATIONS FOR TRIM PANEL.	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 17

.	 2.7	 CONCLUSIONS	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 23

CHAPTER 3.	 DETERMINATION OF LOSS FACTORS. 	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 27

3.1	 INTRODUCTION .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 27

3.2	 DEFINITION OF TERMS .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 28

3.3	 TECHNIQUES FOR DAMPING EVALUATICN . . . . . .	 .	 .	 29

3.4	 EQUIPMENT	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 30

3.5	 TEST METHOD	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 32

iii



TABLE OF CONTENTS (continued)

Page

3.5.1 Panel Installed in Beranek Tube. . . . . . 33

3.5.2 Free Panel Tests . . . . . . . . . . . . . 35

3.5.3 Special Considerations . . . . . . . . . . 38

3.6 DATe ANALYSIS . . . . . . . . . . . . . . . . . . 39

3.6.1 Mechanical Curve Fit . . . . . . . . . . . 40

3.6.2 Linear Regression Curve Fit. . . . . . . . 41

3.6.3 Comparison . . . . . . . . . . . . . . . . 41

3 .7	 RESULTS . . . . . . . . . . . . . . . . . . . . . 41

3.7.1 Free Panel . . . . . . . . . . . . . . . . 42

3.7.2 Installed Panel.	 •	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 44

3.7.3 Variation with Stress.	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 49

3.7.4 Variation with Frequency .	 .	 .	 .	 . .	 .	 .	 .	 51

3.7.5 Effect of Stiffeners	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 54

3.7.6 Effect of Damping Material .	 .	 .	 . .	 .	 .	 .	 57

3.7.7 Composite Panels	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 60

3.7.8 Bonding and Riveting .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 63

3.8	 CONCLUSIONS AND RECOMMENDATIONS . 	 .	 .	 .	 . .	 .	 .	 .	 66

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

APPENDIX A: EQUATIONS USED IN INTERIOR NOISE CONTROL
PROGRAM . . . . . . . . . . . . . . . . . . . . . . 74

APPENDIX B: DETAILS OF INTERIOR NOISE CONTROL PROGRAM . . . . . 82

APPENDIX C: ACCELEROMETER MOUNTING . . . . . . . . . . . . . . . 88

iv



LIST OF FIGURES

Number Title Page

2.1 Comparison of Experimental and Theoretical Noise
Reduction Characteristics of 0.032 Inch Thick
Aluminum Panel	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 9

2.2 Details of tb p Stiffened Flat Aluminum Panel
Tested at the KU-FRL Acoustic Test Facility. .	 .	 . .	 .	 12

2.3 Comparison of Experimental and Theoretical Noise
Reduction Characteristics of a Stiffened
Aluminum Panel	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 13

2.4 Experimental Noise Reduction Characteristics of
Trim Panel #318 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 15

2.5 Experimental Nois: Reduction Characteristics of
Trim Panel 4325 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 16

2.6 Sample Output:	 Effect of Varying Air Gap
Thickness .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 18

2.7 Sample Output:	 Effect of Varying Fiberglass
Blanket Thickness . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 19

2.8 Sample Output:	 Effect of Varying Trim Panel
Surface Density . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 20

2.9 Comparison of Measured Noise Reduction of
Various Trim Panels at 3000 Hz with the
Calculated Values Using Mass Law	

.	 '
.	 22

2.10 Noise Reduction Characteristics of Trim Panel
#318, Calculated from Modified Computer Program. 25

2.11 Noise Reduction Characteristics of Trim Panel
4325, Calculated from Modified Computer Program.	 . .	 .	 26

3.1 Equipment Set-up for Noise Generation an?
Damping Measurements	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 ,	 .	 .	 .	 . .	 .	 31

3.2 Panel Installation in the KU-FRL Acoustic Test
Facility	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 34

3.3 Hanging Panel Installation for the Free-free
Modes	 (Side View) . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 36

3.4 Front View of Hanging Panel Installation .	 . .	 .	 . .	 .	 37

v



LIST OF FIGURES (continued)

Number	 Title	 Page

3.5	 Effects of Boundary Conditions for a 0.032 Inch
Aluminum Panel . . . . . . . . . . . . . . . . . . . . 45

3.6	 Effect of Clamping Bolt Torque on the Loss Factor
for the Fundamental Mode of a 0.020 Inch
Aluminum Panel . . . . . . . . . . . . . . . . . . . . 47

3.7	 Comparison of Loss Factors for Successive
Installations of a 0.032 Inch Aluminum Panel . . . . . 48

3.8	 Effect of Acceleration (Displacement) on
Damping for a 0.320 Inch Aluminum Panel for
Free Boundaries . . . . . . . . . . . . . . . . . . . . 50

3.9	 Effect of Displacement on Damping for the
Fundamental Mode of a 0.020 Inch Aluminum Panel,
Installed . . . . . . . . . . . . . . . . . . . . . . . 52

3.10 Attempt to Correlate Damping Data for Aluminum
Panels According to Equation (3.12).	 .	 .	 .	 .	 .	 .	 .	 . .	 53

3.11 Effect of Stiffeners on Damping of a 0.025 Inch
Aluminum Panel with Free Boundaries.	 .	 .	 .	 .	 .	 .	 .	 . .	 55

3.12 Effect of Stiffeners on Damping of a 0.025 Inch
Aluminum Panel,	 Installed .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 56

3.13 Effect of 100% Y-370 Damping Material on Damping
of a 0.032 Inch Aluminum Panel with Free
Boundaries	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 58

3.14 Effect of 100% Y-370 and Panels Bonded with IC-998
Adhesive on Damping of a 0.032 Inch Aluminum Panel,
Installed .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 59

3.15 Damping in Graphite/Epoxy Panels of Various Ply
Orientations,	 Installed .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 61

3.16 Damping in Kevlar/Epoxy Panels if Various Ply
Orientations,	 Installed .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 62

3.17 Effect of Bonded and Clamped Edge Conditions
on Damping of 0.016 Inch Aluminum Panels Mounted
in the Special Test Device	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 64

3.18 Effect of Bonded and Riveted Edge Conditions on
Damping of 0.020 Inch Aluminum Panels Mounted in
the	 Special Test Device .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 65

vi

,M

i
i

L



LIST OF TABLES

Number	 Title	 Page

2.1	 Details of the Trim Panels Tested at the KU-FRL
Acoustic Test Facility . . . . . . . . . . . . . . . • 24

3.1	 Damping Test Log . . . . . . . . . . . . .	 . . . . 43

3.2	 Percentage Standard Deviation for Tests #23
and #24 . . . . . . . . . . . . . . . . . . . . . . . . 46

vii



LIST OF SYMBOLS

Symbol Definition

a Acceleration

a Panel length

b Panel width

b Propagation constant

c Damping coefficient

c Speed of sound

C Speed of sound

d Thickness of air gap or insulation

d Distance

D Flexural rigidity

D Damping energy

E Young's modulus

f Frequency

h Skin thickness

j

k Slope factor (Equation 2.7)

M Mass per unit area

M Masr- per uni : area

n Constant

n Number of cycles

N Number of layers

p Pressure

P Loads due to pressurization

Q Quality factor (Equation 3.2)

viii

Dimension

(gl

fml

[m]

[nepers]

[Newton-sec /ia]

[m/sec]

[m/sec]

[m]

[m]

[Nm]

[Nm]

[N/m21

[RZl

[m]

f-1

[kg/m2]

[kg/m21

[-1

[-J

[-1

(Pal

[N]

[-1



LIST OF SYMBOLS (continued)

Symbol	 Definition	 Dimension

t	 Time	 [sec]

U	 Elastic energy	 [N, m]

x	 Amplitude cif oscillation	 (m]

z	 Impedance	 (Rayls]

'L	 Characteristics impedance	 [Raylal

Greek
Symbol

a Absorption coefficient [-]

d Logarithmic decrement [-]

e Angle of incidence [deg]

Damping ratio (-]

v Poisson's ratio [-]

n Loss factor [-]

P Density of air [kg/m3]

w Angular frequency (rad/sec]

T Transmission loss coefficient [-]

Specific damping capacity (Equation 3.3) [-)

Subscript

ax Axial

B Air gap or insulation

C Critical

cir Circumferential

4 y

ix



t,

LIST OF SMOLS (continsed)

Subscript Definition

e Base of natural logarithm 	 2.171328)

i Integer

i Incident

I Incident

k Integer

n Fradamenta.l resonance

p Panel

r Receiver

r Reflected

t Transmitted

x



LIST OF ABBREVIATIONS

Abbreviation
	

Definition

dB

Hz

KU-FR,L

NR

RNG

SEA

SLM

SO

TL

Decibel

Hertz

University of Kansas Flight Research Laboratory

`poise reduction

Random noise generator

Statistical energy analysis

Sound level meter

Sweep oscillator

Transmission loss

53

xi



CHAPTER 1

This report is a continuation of the documentation of the research

accomplished under continuing NASA Cooperative Agreement NCCI-6. The

progress of the research accomplished during the period October 1, 1981,

through March 31, 1982, was included in the previous report, KU-FRL-

417-18 (Reference 1).

The present report covers the period from April 1, 1982, through

October 31, 1982, of the current project year (May 1, 1982, through

April 30, 1983). During this period, the Apple computer which was used

in the data acquisition was stolen. Replacement of this computer by a

cheaper H8 computer was time consuming and retarded the progress of the

research in this report period. The H8 computer has now been integrated 	 r

into the data analysis system. Also during this period, extensive cali-

bration of the data acquisition system was carried out. One of the 1/4

inch microphones was found to make intermittent contact and was replaced

by a 1/2 inch microphone. With this change, the results of the present

tests became consistent with previous tests (see Reference 1 for problems

on repeatability of tests at the KU-FRL test facility). The repeatabil-

ity of the tests is good.

New concerts in noise attenuation, like panel treatments, depres-

surization, dual pane windows, and optimized milltilayered structures,

have been experimetally studies at various stages of this progr4m.

An attempt is being made to develop a simplified theory which will cal-

culate the benefits in noise reduction that can be achieved with these

t

1



i .l

conceets. Chapter 2 discussed the computer programs so far developed

to calculate the interior noise levels.

Panel damping is an important factor in the determination of

noise reduction of panels. The boundary conditions of the panels also

tend to play a significance role in the damping of the installed panel.

For this reason damping of the panels, whose noise reduction character-

is: i.cs have already been determined, was undertaken. The technique and

the resalts are discussed in Chapter 3.

2

ii



CHAPTER 2

DEVELOPMENT OF COMPUTER PROGRAM FOR THE DETERMINATION
OF INTERIOR NOISE LEVEL
	 1 w

2.1 INTRODUCTION

The noise reduction characteristics of many general aviation panels

have been experimentally investigated at the University of Kansas Flight

Research Laboratory (KU-FRL) acoustic research facility (References 1-6).

These include the bare and stiffened panel, dual pane windows, trim

panels, damping material, and composite panels. The aim of the present

study is to predict analytically the effect of these concepts on the

interior noise level of general aviation aircraft. This is being done

in two parts:

a. Development of a simple analytical model, which will

"reasonably" predict the interior noise level inside the

aircraft.

b. Modification of the analytical model to include the experi-

mental results obtained at the KU-FRL acoustic research

facility and the calculation of the interior noise level.

This report details the first part. The second part is still

being done and will be the subject of a future report. The next sec-

tion describes various interior noise control prediction methods.

The method chosen is described in Section 2.3. The experimental noise

reduction characteristics of three different panels nre compared with

the calculated values in Section 2.4. The discrepancies between the

measured and the calculated results are due to various simplifications

3
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and assumptions in the program and the characteristics of the KU -FRL

acoustic test facility. No changes have been made in the program to

account for these discrepancies. Section 2.5 describes the modifica-

tions done in the program to perform the sensitivity analysis of the

important parameters of the noise control treatment design. Modifi-

cation of the model to include the experimental results of the trim

panels that are currently being used in the general aviation field is

described in Section 2.6. Section 2.7 contains conclusions and the

proposed changes in the program.

2.2 SURVEY OF METHODS FOR INTERIOR NOISE PREDICTION

The prediction of interior noise levels has attracted considerable

attention during recent years. An excellent survey paper on the sub-

ject is Reference 7. A study of the current literature suggests that

essentially four methods exist for analysis of sound transmission

through a stiffened cylindrical shell, and only two of them include

sound insulation and trim panel and other noise control treatments.

a. Classical Transmission Loss Approach: The extension of

classical sound transmission theory to stiffened shells

is presented in a series of papers by Professor Koval

(References 8-12). Thu g method relies heavily on the con-

cepts of a locally reacting structural wall of infinite

extent and its high frequency limit (Reference 7). The

implementation for a typical aircraft noise control treat-

ment is achieved through an extensive experimental study



of the insulation materials and empirical relations.

Reference 13 initially derived the equations for the

sound transmission through multilayered panels. Refer-

ence 14 extended the study to an actual aircraft structure.

This method is also used in the two recent interior noise

prediction models for the calculation of the effect of

insulation and trim panels (References 15 and 16). As

stated earlier, this method is valid in the "high" fre-

quency limit and will not be accurate in the low frequency

region.

b. Modal Methods: Since both the acoustic and structural

models of the physical system can be represented in terms

of mass, stiffness, and damping, the sound transmission

through structures can be described in terms of structural

and acoustic modes (References 16-20). The summation of

individual modes is used to obtain the internal acoustic

field resulting from structural motion (Reference 7). At

high frequencies, summation is required over a large number

of acoustic and structural modes, resulting in excessive

computer time. However, at low frequency, when modal density

is not excessive, this method is very attractive.

C.	 Statistical Energy Approach: The statistical energy analysis

(SEA) bypasses the difficulties associated with detailed

structural and acoustical models by using the average of

large numbers of acoustic and/or structural modes (Reference

7). In this method the net inflowing acoustic power is cal-

5



culated and equated to net energy dissipation to obtain the

interior levels (Reference 21). A study of the literature

indicated that only the fuselage shell has been modelled by

this method, and the other elements of a sound treatment

scheme such as insulation and trim panel have not yet been

included in the analysis. This method also has the severe

handicap that it is applicable only in the frequency region

where modal density is high. In this (i.e., high) frequency

region, the effects of other elements of sound treatment can-

not be neglected.

d. Band Limited Power Flow Approach: This method developed at

the BBN (References 22-25) enables the use of power flow

concepts at both low and high frequency regions. Beginning

with modal analysis, a system of power flow and dissipation

equations is written, encompassing the normal mode approach

at low frequencies and statistical energy analysis at high

frequencies (see Reference 25). This method has now been

developed to incl"de trim panel and sound insulation.

2.3 METHOD SELECTED

In choosing the method to be implemented at the KU-FRL, the

following criteria were used.

a. The model should be simple and should incorporate various

simplifications and assumptions to provide a reasonable

engineering prediction tool.

.f
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b.	 Since the primary objective of this study is to compare

the experimental results obtained on 18 x 18 inch panels

with sound treatment, the method should have to account

for the sound insulation, trim panels, etc.

C. The method should not require excessive computer time and

memory and should be developed on the DIGITAL IV'INC-11

mini computer available at the Flight Research Lab.

The shove criteria severely limited the choice of the analytical

model. In the two recent interior noise prediction reports (Refer-

ences 15 and 16) for the high-speed propeller-driven aircraft, clas-

sical transmission loss equations initially developed by Cockburn and

Jolly (Reference 14) were used to model add-on sound insulation. It

was decided to use the same method at the KU-FRL. The model uses

classical transmission loss theory. The entire noise control treatment

is assumed to include skin (or the sb%11), air gaps, porous insulation

matarial, septum, and trim panels. The noise reduction across the

panel is assumed to be made up of transmission loss across this multi-

layered panel and the absorption inside the cavity. At present it is

being assumed that the cavity of the test facility is fully absorbent.,

The transmission loss of this panel is expressed in terms of the pres-

sure ratio across each layer as

TL - 10 Log I Pl 'P2 "'	 p i	 ...	pN 12	 (2.1)
P2 p3	 pi + 1	 pN + 1

where	 TL - Transmission Loss across the panel

P i/p i + 1 ' p
ressure ratio across layer i

N - Number of layers.

7



The pressure ratio across each layer is calculated from the impedance

of the layer and its terminating impedance. The model that is used

for the shell (skin) is that of Koval (Reference 16). Mikulas' equation

(Reference 15) can also be selected to calculate skin impedance. The

equations developed in References 15 and 16 are used for the air gap

and the porous materials. The septum is modelled as a limp panel.

The trim panel can be modelled either as a limp panel (in case its

mechanical properties such as Young's modulus, Poission's ratio, etc.,

are not known) or as a panel with single mode. In Appendix A, the

relevant equations used in the computer program are summarized.

2.4 COMPARISON WITH TEST RESULTS

The computer model was checked using sample inputs given in

Reference 16. In this section the results from the model are compared

with some of the test results obtained at the KU-FRL facility. No

attempt has been made to modify the model. That will be done in the

next phase.

2.4.1 Unstiffened Aluminum Panel

AL the KU-FRL test facility an 18 x 18 x 0.32 inch panel is used

as the standard panel; the results of other panels are normally com-

pared with this panel. The noise reduction characteristics of this

panel are shown in Figure 2.1. Also plotted are the results from the

model. The discrepancy between the predicted and the measured values

is due to the following:

8
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a. Because of the single mode assumption of the computer model,

the resonance peaks and dips in the high frequency region

are not predicted.

b. The computer model calculates the transmission loss defined

by the relation:

TL - 10 Log I(P i/P t )I 2 	(2.2)

where	 pi = Incident pressure

pt = Transmitted pressure.

In the KU-FRL test facility it is not possible to measure

incident pressure alone. The microphone measures the inci-

dent as well as the reflected pressures. The results from

the KU-FRL give the noise reduction which is defined as

NR - 10 Log I(p i + Pr)/p t 1 2 	(2.3)

where	 pi = Incident pressure

Pr
 = Reflected pressure

p t = Transmitted pressure.

For a simple mass law these two are related by (Reference 4)

TL - 20 Log (1 + jwm/2pc)

NR - 20 Log (1 + jwm/pc)

where	 j -

w - Circular frequency (radians/sec)

m - Mass per unit area

pc - Impedance of air

p - Density of air

c - Speed of sound in air.

4 
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This gives, in the high frequency region, a difference of

6 dB. This line is also plotted on the same figure. The

measured values are still higher by 4 dB. This is due to

the characteristics of the test facility. However, the

slope of the lease square line is very close to theoretical

6 dB/octave.

C. The computer model does not take into account the stiffening

effect introduced by the receiver cavity. Hence the calcu-

lated fundamental resonance frequency is lower than the

measured value. However, this stiffening effect is not

predominant if the panel is inherently stiff. That is the

case in most aircraft panels.

2.4.2 Stiffened Panel

The measured noise reduction characteristics of a stiffened flat

aluminum panel (see Figure 2.2 for details of the panel) are shown in

Figure 2.3. This figure is taken from Reference 3. The measured funda-

mental resonance frequency is 200 hz. At stiffness values corresponding

to this resonance frequency the effects of the receiver cavity are

negligible. The smeared stiffness model proposed in Reference S shows

good agreement. The calculated values from the present computer pro-

gram are shown in the same figure. This program predicts higher reso-

nance frequency (220 hz) than measured value (200 hz). Once again Lhe

high frequency results agree with the least square values.

11
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Figure 2.2: Details of the Stiffened Flat Aluminum Panel Tested at
the KU-FRL Acoustic Test Facility
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2.4.3 Trim Panels

Normally the trim panels are made of some base material (Klegecell 	 ,

or Rohacell), and over that material some more trim material such as

simulated leather, carpet, etc., is added. Normally these panels are

modelled as limp panels, since the mechanical properties of these

materials are not known. The computer program at KU can accept both

limp panel impedance and the single-degree-ol-freedom model impedance.

To check the validity of the computer program, two panels available

at the KU-FRL acoustic facility were select ed; and noise reduction

tests were carried out. Initially limp panel approximation -as used.

The predicted and measured values are compi.red in Figures 2.4 and 2 :.

The panels tested were as follows:

a. 0.125 inch thick Klegecell type 75 with a layer of type .?

fiberglass on each side, plus D-. additional layer of .02

inch thick Royalite on one side;

b. 0.25 inch thick Rohacell with a -ayer of 120 phenolic pre-

prep skin on each aide, plus an additional layer of .125

inch thick neoprene and woolen cc-e ying on one side.

In the limp panel model the st'ffness effects of tiie Klegecell and the

Rohacell materials are neglected. This piles lower noise reduction in

the low frequency region. The effect of many layers in the trim panel

is to increase the severity of the resonance ?eaks and dips. This

lowers the least square average values of the high frequency noise

reduction to well below the mass law values. The computer program

does not model this effect.

14
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2.5 SENSITIVITY ANALYSIS

In general aviation aircraft design practice, interior noise

control is seldom given any attention at the design stage. Noise

control is designed after the fact. In such situations, knowledge

of the sensitivity of the important noise control treatment parameters

on the final noise reduction values is very helpful. This is especial-

ly true if the double wall resonance frequencies are close to the blade

passage harmonics.

The computer model developed at the KU-FRL was modified to include

this option. Air gap thickness, porous material thickness, septum sur-

face densities, and the trim panel densities are considered the most

important parameters in the noise control treatment. The program cal-

culates the noise reduction values at 5 selected frequencies. The

parameters are varied from half to twice the nominal values, and the

trends are plotted for each of the five frequencies. Figures 2.6

trough 2.8 show the sample output when using this option.

2.6 MODIFICATIONS FOR TRIM PANEL

The comparison of test results with the limp panel impedance

approximation revealed the following two deficiencies in the model:

a.	 The limp panel approximation is seriously violated in the

low frequency region due to stiffness effect of the trim

panel base material. A completely theoretical single mode

approximation requies the knowledge of the mechanical

properties of these panels. These values are not normally

known.

17
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b.	 In certain cases the measured values of the noise reduction

in the high frequency region is far lower than the limp

panel approximation, as can be seen from Figure 2.9. This

figure is replotted from Reference 1. Also plotted on the

same figure are the mass law values at the same frequency

(i.e., 3000 hz).

The computer program has been modified to overcome these defi-

ciencies. Reference 26 gives the single mode approximation for the

panel impedance as

W

Zp - 2wn^m + jwm[l - (-R) 2 ]	 (2.4)

where	 Z  - Panel impedance

- Damping ratio

w - Circular frequency (- 27f)

f - Frequency

m - Mass per unit area of the trim panel

W  - Circular natural frquency (- 2nf n)

fn - Natural frequency

j - V,--1 •

In the high frequency limit this becomes

Z  - jwM	 (2.5)

which is the usual mass law approximation. The measured fundamental

resonance frequency and the damping ratio are used. A correction fac-

tor, k, called slope factor, is introduced to account for the differ-

ence in the high frequency region. With this factor the equation

becomes

21
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w
Zp - 2wnCwm + jwmk[1 - (^) 2 ].	 (2.6)

The factor k is given by
	 ;=

k i measured increase in dB per octave/6 dB per octave.

For all the trim panels tested at the KU-FRL acoustic test facility,

the fundamental resonance frequency and the slope of the least square

lines were measured directly from the noise reduction results. The

damping ratio at the resonance frequency was measured using the tech-

nique described in Chapter 3. These values are tabulated in Table 2.1.

The results of the computer program for the same two panels discussed

in Section 2.4.3 are plotted in Figures 2.10 and 2.11. This has con-

siderably improved the prediction of the noise reduction characteristics

of the trim panel.

2.7 CONCLUSIONS

A series of simple computer programs have been developed within

the restrictions of the computer memory and running time. The agree-

ment with the experimental values was not good. This is because of

both the simplicity of the theoretical model and the characteristics

of the KU-FRL acoustic test facility. Further refinements to the

model are required before it can be used to explain the results ob-

tained from the KU-FRL acoustic test facility and to predict actual

aircraft interior noise reductions.
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CHAPTER 3

DETERMINATION OF LOSS FACTORS

3.1 INTRODUCTION

This test program has been conducted in the KU-FRL acoustic test

facility to determine the damping of panels mounted in the Beranek

tube. Damping is defined as energy dissipation of a structure as it

deforms and the conversion of ordered mechanical energy into thermal

energy. Unlike mass and stiffness, damping does not refer to a unique

physical phenomenon; and that is the reason damping is so much more

difficult to predict in general. Damping mechanisms include interface

friction, acoustic radiation, magnetic hysteresis, mechanical hyster-

esis (also called material damping), and any other way of converting

mechanical into thermal energy. In prac=ical cases one or two mech-

anisms generally predominate (Reference 27). For example, the material

damping in aluminum alloy structures is known to contribute only a tiny

proportion to the total damping (Reference 28). Likewise magnetic

hysteresis has a very small effect.

The panel damping is an important factor for noise reduction at

the fundamental frequency and also in the mass law region (higher

frequencies). Damping in panels is very dependent on the particular

mode; as a result, the boundary conditions of the panel play a signifi-

cant role in the damping of the installed panel (Reference 29). Since

the damping varies considerably with different installations, it is

not readily predicted. For this reason, this evaluation of a technique

for the determination of the damping in panels in this facility was

undertaken.

A
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This chapter details the equipment and the method ur:ed to obtain

the required data and the techniques for reducing the data to usable

terms. Also described are the tests used to validate the results ob-

tained for the panels installed in this facility, and the conslusions

reached as a result of these tes^s are presented. Appendix C contains

a section describing the methods used to install the accelerometer in

the panels.

3.2 DEFINITION OF TERMS

There are many units and terms used for designating damp'.ng in

materials. Of these the loss coefficient, n (or loss factor, as it is

commonly called) is often used in stntctural mechanics and will be

used in this paper. Loss coefficient is a relative energy unit defined

as the ratio of damping energy to strain energy and is applicable to

both linear and nonlinear materials.

n s	 s
D /2U	 (3.1)

where

	

	 Ds is the damping energy dissipated in the total specimen

Us 's the total elastic energy stored in the specimen.

The subscript s denotes that these values are specimen properties.

These properties are dependent on the specimen configuration as well

as the matei4.al properties. This subscript will be dropped subse-

quently with the understanding that all values for n are specimen

loss factors.

For purposes of comparison of results with those of other investi-

gators, the relations with several other common measures of damping are

given below.

28



1. Quality factor, Q: Physically this is amplification at

resonance.

Q = 2TrU/D 	1/n	 (3.2)

2. Specific damping capacity,

	

D/U = 27n	 (3.3)

3. Damping ratio,	 Fraction of critical damping.

C = C/Cc	 n/2	 (3.4)

C is the viscous damping coefficient, lbf-sec/in

Cc is the critical damping coefficient, lbf-sec/in

4. Logarithmic decrement, d

d = 1n(xo/xl ) 	 7Tn	 (3.5)

xo = the amplitude of the damped wave at point 0.

xl = the amplitude of the following wave after 1 cycle.

For further explanation of measures and nomenclature of damping, see

References 27, 30, 31, 32, and 33.

3.3 TECHNIQUES FOR DAMPING EVALUATION

Several methods have been used to determine the damping of a

specimen. Those that can be applied to a panel include bandwidth,

energy measurements, amplification factor, and decay rate.

For the bandwidth method a frequency sweep is made, and the band-

width is measured at a specified fraction of maximum amplitude. Prob-

lems arise when modes are closely spaced, as is the case with most

panels for all but the first one or two modes.

29



The energy measurement method involves directly measuring the

energy input (amplitude and phase) and the specimen output (amplitude

and phase) and using these to calculate the energy loss directly.

This requires more elaborate and expensive equipment.

Measurement of amplification factor is difficult to use for abso-

lute measurement of damping, since the reference level may be hard to

find.

Decay rate or logarithmic decrement tests are easy to do and are

widely used. Here the excitation force is turned off and the panel

is allowed to vibrate freely w..th the response, as measured by a vibra-

tion pickup, recorded. The logarithmic decrement, 6, can then be ob-

tained from this record us3rg the relation d - ln(x o /xl ). The limitation

on this method is the assumption that the decay curve is logarithmic.

Physically this means that 6 must be independent of amplitude (viscous

damping). When this assumption is violated (the curve is not logarithmic),

a logarithmic curve can be fitted to the decay curve and an equivalent

value for d can be found. Because of the simplicity and reliability of

this method, the damping values will be determined rising the decay rate

tests.

3.4 EQUIPMENT

The equipment set-up for the decay rate tests is shown in Figure

3.1. The panel displacement can be measured by several devices, in-

cluding capacitance pickups, accelerometers, or lasers. An accelerom-

eter was chosen over the capacitance pickup because of the ease of

30
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installation and operation. Since the mass of the accelerometer is

very small, the loading on the panel is insignificant, as shown in

the next section. The integrator on the sound level meter (SLM) has

a switch to select output of acceleration, velocity, or displacement.

The active filter (4b)* was used wr.en the third octave filter (4a) was

out of service. A comparison test run with each filter yielded the

same results for each. 1"`3r the +.irst tests the Techni-rite hot stylus

recorder (6b) was used with a capability of recording up to 125 Hz and

100 mm/sec. This was inadequate for the modes above the first; so the

Honeywell oscillograpl, ( ..^, with a capability of recording up to 1000

Hz and 80 inches per second, was used for all subsequent tests. The

sweep oscillator (SO; 12b) was chosen over a random noise generator

(RNG; 12a) because tests with the RNG produced nonanalyzable results.

A switch was installed in the wires between the amplifier and the

speakers, as shown in Figure 3.1. This single throw switch diverts

the current to an 8Q to prevent damage to the amplifier when the speak-

ers are shut off for the decay tests.

3.5 TEST METHOD

The most important factor to consider in damping testing is to

test the specimen in a configuration which bears a close resemblance

to the application of the results. For this reason the damping will

be evaluated with the panel in the same installation used for the noise

reduction tests.

*Figures within the parentheses denote equipment described in Figure 3.1.
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3.5.1 Panel Installed in Beranek Tube

For the decay rate tests the accelerometer was mounted on the

panel as described in Appendix C. For the first few tests the accel-

erometers were mounted with the cement, but for later tests bee's wax

was used because of the ease of installation and removal and the slight-

ly improved performance reported in Reference 34. The accelerometer

cable was routed toward the top of the panel and taped with electrical

tape at three points to minimize triboelectric noise caused by vibration

of the cable. The panel was then placed in the Beranek tube (Figure

3.2), and the 8 clamping bolts were torqued to 25 in-lb. After con-

necting the accelerometer cable to the sound level meter (SLM) and

sending the AC output to the spectrum analyzer, a frequency sweep was

run from 20 Hz to 1000 Hz to locate the resonant peaks for the panel.

This frequency response was then stored on the Spectrascope, and the

AC output of the SLM was connected to the tape recorder for signal

amplification. The amplified signal was then sent to the oscillograph.

For the actual tests the first resonant peak was located on the

scope and the frequency read. This frequency was then tuned on the

oscillator and minor adjustments made to yield the maximum acceleration

as indicated on the SLM. This peak does not necessarily correspond to

the resonant frequency of a specific mode, but for small damping it is

extremely close. Acceleration was used as output, since the displace-

ments were so small that the meter was operating at its lower limits

for even the low frequencies and was mostly noise at the higher fre-

quencies. The gain on the recorder was then adjusted to yield the

1
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,f
widest signal available on the oscillograph (approximately 3 inches,

but this varies with frequency). The paper was then switched off to

obtain a record of the signal decay. The paper speed was then adjusted

to give a decay of about 3 inches for more accurate analysis and the

test repeated until three good decays were obtained. Good is defined

here as allowing the recorder enough time to speed up before switching

the signal off and allowing the signal to decay fully before switching

the recorder off. After the 3 good decays were recorded, the next peak

(one which is not closely coupled or overshadows-d by another peak) was

located; and the preceding steps were repeated for each subsequent peak

up to 1000 Hz.

3.5.2 Free Panel Tests

Several tests were performed on panels hung by a wire in front of

the speakers, as shown in Figure 3.3, to minimize the effects of support-

related damping (see Reference 27). These tests were used to check the

validity of this decay test set-up by comparing the results for the free

panel with those obtained by other investigators and for comparison with

the panel installed in the tube to determine the support-related damping.

The test procedure remained unchanged except that the accelerometer was

mounted on a diagonal, since the middle of the panel is the intersection

of two nodal lines for the first and several other codes, as shown in

Figure 3.4. The cable from the accelerometer was routed to the nearest

nodal line and off the panel at the intersection of the nodal line with

the edge of the panel. Difficulties arose here at low frequencies be-
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'r
cause the fundamental resonance frequency for the free panels was gen-

erally <10 Hz, which is far below the frequency range of the speaker
, _M

set-up.

3.5.3 Special Considerations

a. Mass Effect of Accelerometer: The effect of the accelerom-

eter mass on the panel natural frequency was checked using

natural frequency relations for a beam with both ends sup-

ported and a central mass. These relations from Table 8-13

of Reference 9 for edge conditions between clamped and simply

supported yielded a 0.7% decrease in the natural frequency

due to the accelerometer, for an accelerometer mass of 2.7 gm

and the mass of the lightest panel at 298 gm. This is cer-

tainly a negligible change. The cable and tape will similarly

have an even small effect due to their mass and also should

not affect the stiffness much if any.

b. Effect of a Closed Cavity: By placing the panel in a closed

cavity, the effect of the pressure within the cavity could

be significant, especially in the small space between the

panel and the speakers. This effect was checked by recording

the microphone signal simultaneously with the accelerometer

signal. The results of these tests showed that for some

modes there was a significant effect. That is, for the worst

case noted the microphone signal decay rate was only 7 times

faster than the panel decay rate. For a viable damping test,
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the decay of the noise source should be an order of may ;nitude

greater than the decay of the panel. The case presented here

certainly violates this rule, but this was the worst case.

For most panels, the microphone signal decay rate was signif-

icantly greater. Another factor entering here is that of

acoustic damping of the p,,nel. The effects of this damping

were not examined here but should be in future stue ies.

3.6 DATA ANALAYSIS

To obtain the loss factor, n, from the decay curves, a workable

relation .as first obtained as follows.

6 ' 1/n ln(x0/xn)	 (3.6)

6 - the lograithmic decrement

x0 . the amplitude of the damped wave at point 0

xn = the amplitude of the damped wave after n cycles

n - the number of cycles.

For consistent results Plunkett (Reference 4) suggested counting the

number of cycles, ne , for the amplitude to decay to x0/e.

6 - 1/neln(e)

or	 6 - 1/n
e

but	 ne ' f*te

t - the frequency of vibration

to ' the time to decay to x0/e

(3.7)

(3.7a)

(3.8)
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(3.9)and	 to	 de/p.a.

de - the distance to decay to x0/e

p.s. - the recording paper speed

with the result that

6 - p.s./(f*de)

or in terms of

n a p.s./(n*f*de).

(3.10)

(3.11)

3.6.1 Mechanical Curve Fit

The following procedure was then used to measure d e from the decay

curve.

1) Using a French curve (logarithmic) fair in a curve to fit the

overall decay,

2) locate the first good peak and measure its height: This is x.

3) Divide x0 by the numerical value of e.

4) On the decaying curve find where the value of x is equal to

the result of step 3): This is point e.

5) Measure the distance between point 0 and point e: This is de.

A problem noted with the above procedure was that variation of the loss

coefficient occurred depending on what part of the curve was fitted.

This was only a problem with curves which deviated fairly significantly

from the logarithmic decay, such as when mode interaction was evident

or when Coulomb type damping was present. The variation introduced

here was minimized by fitting the overall curve rather than a minor

portion Lf it.
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3.6.2 Linear Regression Curve Fit

This method involves digitizing the peaks of the decay curve and

fitting a curve through the points. Both a linear and a logarithmic

curve were fitted using linear regression for both. The correlation

coefficient for each curve is used am a measure of the quality of the

fit to indicate whether the damping is primarily Coulomb (indicated

by a good linear fit) or viscous (indicated by a good logarithmic fit).

3.6.3 Comparison

A comparison of the two data analysis methods would be useful to

see the positive or negative aspects or inconsistencies of each method.

Three tests of s 0.032 inch thick aluminum panel were anlyzed by Loth

methods. The results for the second method (computer) are^.onsistently

higher (by 8.7%) than those from the first method, but the overall

trends for each method are nearly identical. The regression curve fit

method would be expected to be more accurate than the mechanical curve

fit. But as shown, either method will predict the overall trends of

damping with the frequency; and results from the first method can be

corrected to match those of the second method. One consideration is

that the second method takes up to twice as long to obtain the results.

3.7 RESULTS

To check the validity of this test set-up and panel installation,

several tests were run with panels of various materials and configura-

W,,
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tions. Panels mounted to vibrate in the free-free modes were used to

check the basic test set-up and for comparison with the installed

,^M
panels to see what affect this installation has on the damping of the

panels. Various clamping bolt torques were checked to approximate

simply supported and clbm ed boundaries, and a heavy steel frame was

used for a closer approximation of the clamped condition. The trends

of damping variation with stress and frequency were m-asured and com-

pared with results of other investigators. The effects of various

stiffened, riveted, and bonded panel configurations were checked for

comparison and for a closer approximation of actual aircraft boundary

conditions. Finally, the effect of damping materials and composite

material panels was measured. A list of the tests is given in Table 3.1.

3.7.1 Free Panel

The results from the free hanging panel tests on the bare aluminum

Panels of thickness 0.020 to n .032 inches show th..t the loss factor at

the lowest obtainarle frequency was 0.002 to 0.004. This compares

rather well with the loss factors frcm HeckI. (Reference 10) for a free

hanging bare panel of 0.0022. Large variations occurred for some. fre-

quencies. These were likely caused by the panel vibrating in a mode

which caused the clip to vibrate, thus dissipating more energy and re-

sulting in an increase in the measured damping.
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Table 3.1: Damping Test Log

Test # Test Description

1 0.020 Al l Free Panel

2 0.020 Al l Free, Stress effect

3 0.020 Al l Free

4 0.032 Al, Free

5 0.025 Al, Free, Active and 1/3 octave filter

6 0.032 Al, Free, 100% Y-370

7 0.025 Al l Stiffened (Channel & Z), Free

8 0.016 Al l 15"x15", Bonded

9 0.016 Al, 15"x15", Bolted edge strip

10 0.020 Al l 15"x15", Banded

11 0.020 Al, 15"x15", Riveted

12 0.020 Al, new recorder set-up

13 0.025 Al l Standard

14 0.032 Al, Standard

15 0.032 Al, Effect of foam contact

16 0.032 Al l Test w/o foam over speakers

17 0.032 Al l 2 in. wide clamping frame

18 0.025 Al l Stiffened (Channel & Z) crossed

19 0.032 Al, 100% Y-370

20 2x0.016 Al, Bonded with IC-998

21 0-0-0, Graphite/epoxy

22 45-0-45, Graphite/epoxy

23 0.032 Al l Standard

24 0.032 Al l Standard

25 0.032 Al, Standard

26 45-0u -45, Graphite/epoxy

27 0-45-0, Graphite/epoxy

28 0-0-0, Kevlar/epoxy

29 45-0-45, Kevlar/epoxy

30 0-45-0, Kevlar/epoxy
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``	 3.7.2 Installed Panel

To show the effect of the boundar y conditions in the tube on the

damping, a plot of the damping results for a 0.032 inch panel is shown

in Figure 3.5 for both types of mounting. In addition, a plot for a

0.032 inch panel with a 2 inch wide by 0.25 inch thick steel clamping

frame is shown. The figure shows that the installation has increased

the damping of the panel by more than an order of magnitude. This

same effect was also observed with the 0.020 and 0.025 inch thick

aluminum panels. Comparison of the loss factors for the installed

panel and the clamped panel shows that at the first two modes the fre-

quencies and loss factors are in fair agreement. However, above this

the installed panel damping is higher than for the clamped panel. and

the frequencies are altered. This indicates that the boundary condi-

tions for the installed panel approximate clamped for the lower modes

but not at higher frequencies. Further tests should be done to check

how well these boundaries approximate simply supported conditions. The

loss factors for the clamped panel approach those for the free panel,

as then should for the .ideal case of no dissipation at the boundaries.

a.	 Repeatabilicv of Run+: The consistenc y of the test method

and the data reduction method can he checked by calculating

the standard deviation in the results for several successive:

rums at each frequency. This was done for tests #23 and #24

with the 0.032 inch panel, with results shown in Table 3.2.

The results of 4.9: and 3.7" for the average percentage

standard deviation indicate that the loss factor foe a given

inst..._,ation is within 5% of that measured.
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ORIGINAL QUALITYOF
Table 3.2: Percentage Standard Deviation for Tests 4123 and 4124

Test 4123 Test 4124

f Cy	 (z) f 6/X M
116 0.1 112 4.9

178 1.4 177 3.7
289 5.8 281 6.0

502 15.1 498 5.1

572 5.8 564 1.5

689 4.6 680 2.2

792 1.6 785 1	 2.1
Average	 4.9% 3.7%

b.	 Clamping Torque: The effect of the clamping bolt torque

on the loss factor was measured for a 0.020 inch panel,

with the results shown in Figure 3.6. This simulates a

transition from simply supported at 20 in-lb to clamped at

50 in-lb and with the clamping frame. The change in loss

factor is negligible, as c should be. The only factor

affecting this is the decreased amplitude due to the in-

creased clamping on the panel causing a decrease in air

damping, but this is compensated by the increase in stiff-

ness of the "compliant" boundaries.

C. Successive Installations: Three tests were run on a stan-

dard 0.032 inch panel on different days to check the vari-

ations introduced due to the panel mounting technique.

The results are shown in Figure 3.7. For the frequencies of

100 to 500 Hz, the variations are very small; but for the

first mode and at the higher frequencies (<500 Hz), the

variations were fairly large. For the fundamental mode this
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variation can be attributed to the fact that the logarithmic

curves did not fit the decay curves very well. The linear

correlation factor was 0.99, while the logarithmic correla-

tion factor was 0.95, indicating that the damping present

was primarily Coulomb. At the higher frequencies this vari-

ation is possibly due to the alteration of the closely spaced

higher modes upon each successive installation. Test #24

represents an average of the three, so this test will be

used for comparison purposes in the following section.

3.7.3 Variation with Stress

a.	 Free: To check the effects of stress, one panel was excited

at various sound pressure levels at a single frequency. The

resulting loss factors are plotted as a function of the panel

vibration amplitude (in terms of acceleration, since a - w2x

and w is constant) in Figure 3.8. The trend is an increase

in loss factor with the increase in amplitude. These results

agree with the results of several investigators, including

References 11 and 12. In addition, Granick and SterT. (Ref- 	 ,`

erence 12) have shown that this trend is caused mainly by

the air damping effect on the specimen (when operating at

low stress levels). Crandall (Reference 13) shows the change

in loss factor due to air damping for small amplitudes in a

cantilever beam.
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b.	 Installed: Similarly, a panel was placed in the Beranek tube

and the loss factors calculates for a range of panel vibra-

tion amplitudes. The results shown in Figure 3.9 indicate

a similar trend with a smaller slope (0.206 for the free

panel, 0.129 for the installed panel). This difference could

be caused by the difference in the mode shapes between the

free and clamped panel. No references were found which in-

vestigated this effect.

3.7.4 Variation with Frequency

a.	 Free: Crandall (Reference 13) shows that aluminum is depen-

dent on stress and frequency according to the relation

nw1 = 
a (n/n + 1)	 (3.12)

where	
W  

is the frequency in rad/sec

a is the acceleration amplitude in g's

n is a material dependent constant.

The results for the aluminum panels were plotted based on

this equation in Figure 3.10. The scatter of the data is

fairly large, but the general trend is definitely present.

Thiv scatter could result from the fact that the loss factors

were evaluated for various mode shapes rather than a single

one as Crandall did. The value for n as obtained from the

slope of the line is 4.2 rad/sec-g. This result is very

high compared with Crandall's value of 0.77 and is probably

due to the mode shape effects. A better test would be to
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vary the size of the panel and thus its natural frequency

and test the panel at its fundamental mode to eliminate the

effect of the mode shapes.

b.	 Installed: Figure 3.7 shows the results for the 0.032 inch

aluminum panel installed in the tube. This is typical of all

the aluminv m panels. The scatter of the data about a line

fitted to the points may be contributed in part to the closed

cavity effect mentioned in the previous chapter. Another ef-

fect here is that of modal damping, which varies with the

frequenc;. Further study is suggested in this area to isolate

these effects.

3.7.5 Effect of Stiffeners

To test the effect of stiffeners, a 0.025 inch aluminum panel with

a channel stiffener and a 'T' stiffener crossed in the middle was tested,

both free and mounted in the tube.

a. Free: A comparison of the loss factors for a stiffened plate

with those of a bare plate as plotted in Figure 3.11 shows

that at low frequencies the s e is no effect. At higher fre-

quencies there is a noticerble increase in the damping. This

increasing loss factor contribution with frequency agrees

with the investigations by Ungar and Carbonell (Reference 14)

and by Heckl (Reference 10), rho show thsh ..i_9 effect is

caused by air pumping at the Joints.

b. Installed: For the panels mounted in the tune, the results

are shown in Figure 3.12. Here the effect of the stiffeners
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is masked by the effect of the boundary conditions. Also,

fir the installed panels, the mode shapes of the stiffened

panel were different than the bare panel due to the crossed

stiffeners. For the free panels the mode shapes of the stif-

fened panel were the same as for the free panel.

3.7.6 Effect of Damping Material

For the evaluation of the testing of damping materials, two

damned panels were tested. The first panel was a 20 x 20 x 0.032

inch aluminum panel with I-370 damping material over an 18 x 18 inch

area of the panel. The second panel consisted of a 20 x 20 x 0.016

inch aluminum panel with a 17.6 x 17.6 x 0.016 inch aluminum panel

bonded to this with IC-998 viscoelastic adhesive. The first panel

was tested fcr both free and installed mounting, while the second

was tested only for the installed condition..

a. Free: As shown in Figure 3.13, the damping material had

a definite effect on the loss factor with a An of about

0.075. This increase by more than an order of magnitude

corresponds well with the results of Crandall (Reference

32) for a free-free beam.

b. Installed: Figure 3.14 shows the results for the two

damped panels mounted in the tube, comparing them with

the results for the bare panel. The overall effect is

seen to be an increase in damping at the higher frequencies

and not much effect at the lowest frequency. The two mate-

rials seem to behave the same over the entire range. The
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An is about the same for the frequency range 500-1000 Hz

as it was for the free panels.

3.7.7 Composite Panels

Graphite/epoxy and Kevlar/epoxy panels of various ply orientations

were tested in the tube with loss factor results as shown in Figures

3.15 and 3.16. Tnere are no particular ply orientations that stand out

as having much better damping than the others for either the graphite

or the Kevlar panels. The scatter for the Kevlar is larger than for

the graphite composites, possibly due to manufacturing tolerances;

but the average damping and the decrease with frequency are very close.

These 7aneis show approximately a 30% increase in damping (An = .03)

over the Aluminum . panel of c--apar-ble thichness (0.032) at the lowest

frequency and none at the higher frequencies. Several investigators

(References 41 through 44) have shown that, for certain ply crientations,

the damping can be up to 20 times that of aluminum; but the effects

here are partially masked by the boundary losses. The scatter in the

data here is mainly due to the many factors which affect the damping

of composite panels in addition to the previously mentioned effects

of this installation on aluminum panels. One of these factors is the

fiber volume fraction of the composite (References 45 and 46) which

is unknown for these panels.
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aircraft structure, special panels were conscructea. ranels measuring

12 x 12 inches were attached to aluminum strips by bonding or riveting.

These aluminum strips were clamped to a special test device, described

in Reference 47, by a one-inch-wide steel strap and screws.

A panel similar to the 20 x 20 inch panels tested was tested

with the special test device for comparison with both the "realistic"

edge conditions and to check the effect of the closed cavity. Figure

3.17 shows results for the clamped panel and a bonded panel. The

clamped panel demonstrates a characteristics curve very close to

that of the 0.032 inch panel with the clamping f-ame; thus, the effect

of the closed cavity on the panel damping can be assumed to be negli-

gible for this case. The bonded panel had higher damping and very

linear characteristics. Figure 3.18 shows a comparison of the loss

factors for a bonded and a riveted panel. The value for n of 0.024

agrees with the results obtained by Ballentine (Reference 48) for

typical aircraft panels. The bonded panel has higher damping at the

frequencies up to about 700 Hz, where it intersects the line corre-

sponding to the riveted panel and the riveted panel begins to have

higher damping ttsn the bonded panel. This phenomenon is probably

due to the effectiveness of the viscoelastic damping of the bonding

material at low frequencies, while the damping of the riveted panel

caused by air pumping and slip at the joints is more effective at

higher frequencies (Reference 40). But there is an overall decrease

3.7.8 Bonding aL Riveting

To obtain edge conditic
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in damping because of the decreasing amplitude of the vibration, as

shown by Mead (Reference 28).

3.8 CONCLUSIONS AND RECOMMENDATIONS

The decay rate tests worked very simply with the existing equip-

ment and show what type of damping is present for each mode. The

testing method used here produced results vb ich were consistent within

5% for each installation, which is very good for this type of instal-

lation. Both methods of data analysis produced comparably consistent

results over a wide frequency range, with a difference of less than

10% between the two.

Tests conducted on panels suspended by a wire at the nodal point

verified the basic_ equipment set-up and test procedure and provided a

comparison with the results for the installed panels, showing the con-

tribution of the boundary conditions to the overall damping of the

panel. The torque on the clamping bolts showed no effect on the damping.

Variations in the experimental damping for successive installations

were within 10% for lower frequencies but varied considerably for the

higher frequencies. There was a 50% decrease in the effec t_ of stress

as a result of the panel installation.

The effects of the panel installation tend to mask the increased

damping due to stiffeners, damping material, and composite materials;

but their effects are still generally noticeable. The special instal-

lation used to test the panels with "realistic" edge condition: actually

resulted in two checks. The riveted and bonded panels indeed have

higher damping than the clamped panel; but relative to each other,

2
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there is no advantage of one over the other. The by-product of this

test was that the closed cavity effect on the damping prove& L, be

negligible but does cause increased scatter of the data.

As a result of this series of checks, the damping test procedure

as described here can be used to obtain loss factors accurate to

within 10% for frequencies up to about 500 Hz. For the fundamental

frequency and for higher frequencies, care must be taken when using

these results. L)r general use, there loss factors can be obtained

by averaging the results for several successive installations. When

more specific results are required, it is suggested that the decay

tests and the noise reduction tests be done successively without re-

moving the panel. If stress effects are important in a certain anal-

ysis, these can be taken into account using the results for both a

free and an installed panel. It is recommended that the effects of

acoustic radiation on the panel damping be analyzed theoretically

and/or experimentally. Also panels should be tested in a device

which approximates a simply supported boundary to check how closely

the regular panel installation approximates the simply supported

boundaries.
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APPENDIX A

EQUATIONS USED IN INTERIOR NOISE CONTROL PROGRAM

A.1 THE EQUATIONS USED IN THE MODEL

The computer program at the KU-FRL closely follows that developed

in References 15 and 16. The noise reduction across a panel is given

by

NR = 10 Log I(p s /pr )1 2 	(A.1)

where	 NR Noise reduction across a panel (dB)

's = measured sound pressure at the source side (N/M`)

P r
 Measured sound pressure at the receiver side (N/M`).

For a plane wave with partial absorption on the receiver side,

the noise reduction can be written by

NR = 10 Log (1 + T /a)	 (A.2)

where	 T = Panel transmission loss coefficient

a = Absorption coefficient of the Beranek tube.

The sound transmission loss of a multilayered panel is calculated

from the pressure losses across individual layers. A typical multi-

layered panel is shown in Figure A.l. The transmission loss of a

multilavered panel is obtained from

TL = 10 Log ( 1 /T) = 10 Log (p i /p t )!'	 (A.3)

where	 TL Transmission loss across the panel (dB)

1 = Transmission loss coefficient

P1. 
/p

t
 = Pressure ratio across the 2- 4 - c- configuration in

n layers

n = total number of lavers in the panel..
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Also the pressure ratio across the entire panel can be written in terms

of the pressure ratio across individual layers:

(P i/p t ) 2	(pi P2 ...	Pk ... Pn)2
P2 P3	 Pk + 1	 Pt

where	 Pk
= Pressure ratio across k in layers.

Pk+1

A typical sound treatment used in an aircraft is made of skin,

air gaps, sound (and temperature) insulation, septa, and trim panel.

Skin is s stiffened curved shell made from aluminum or composite

panel. The sound insulation is a fiberglass pourous material usually

enclosed in impermeable vinyl. Septa are very thin limp vinyl with

very low surface mass density. The decorative interior trim panel

varies widely from porous aluminum sheet with leather trim to Klegecell

type panels with vinyl trim. A list of the generally used trim panels

and the noise reduction characteristics of 18 x 18 inch specin_.is are

detailed in a KU-FRL report (Reference 1). In addition, leaded vinyl

sheets are also sometimes used as a lyaer to increase the sound trans-

mission loss. Whenever the frame depth is greater than the insulation

thickness, there is an air gap, which also has to be considered as

a layer. The pressure ratio across each layer is calculated from the

impedance of the layer and the impedance of the layers and the receiver

cavity downstream of the layer under cor^ideration (References 15 and

16). The test panels at the KU-FRL acoustic test facility simulate

the actual aircraft panels. These panels have stiffened aluminum skin,

air gip, fiberglass insulation, septa, and trim.
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A.1.1 Multilayer Panel Characteristics

For a skin panel subjected to an obliquely incident sound wave

with an airflow, the pressure ratio is obtained from (Reference 16)

PI 1	
z cos62 

+	

PiC1 Cosa 2

P 2
	2 [1 +	

z2 	 cos61 (1 + M sin61)z2

where	 pI = Incident pressure

P2 = Transmitted pressure

Z  - Characteristic impedance of skin panel

z2 - Terminating impedance for the skin panel

6 2 - Angle of incidence in Region 2

6 1 = Incident angle of incidence

0 1C1 = Impedance of air on the source side

M = Mach number.

Equation (A.S) can be simplified when the external flow is not

considered.

	

PI	 1	
Zpcose2	 01C1cose2

=	 [1 +

	

P2	
z2	 + z2 cose 1 j	

(A.6).

The impedance of a stiffened panel is modeled in the KU -FRL program

in three ways:
	 ,7

	a)	 The impe ante of a flat panel bounded by stiffeners and with

in-plane stresses to simulate pressurization is defined by

(Reference 16)

Z _ wnz mn + w 3 Dr,	 sin 4e	
+ [um - W

n2m - Wn 3D	 sine	
I

p	 W	 C14 (1 + M sine)"	
W	

C14 (1 + M sine)`'

(A.7)
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where	 W  = Fundamental angular resonance frequency

P	 P
TT 	 ax	 cir1/2 [( 2 + ,^) + Dn-(1 + 1 ) = ] 1 2

(m)	 a	 b`	 a=	 b`

(A.8)

n - Loss factor

D - Flexural rigidity [Eh 3 /12(1 - v`)]

C1 - Speed of sound on the source side

B - Angle of incidence

M - Mach number

cir = Axial load due to pressurization

Pax - Circumferential load due to pressurization

m - Mass per unit area

E - Young's modulus of the skin

v - Poisson's ratio

h - Skin thickness.

b) A hypothetical one-mode model (SDOF model) with the follcwing

impedance is also used based on Reference 26:

w
Zp - 2ywn + jwm[l - ( )`]	 (A.9)

where	 ; - Damping ratio

W -n Angular natursl frequency

m	 "lass per unit area

c) The third model used for skin impedance is derived from

..nple mass law and is given by

	

Zp = ,)wm	 (A.9a).

.,a

.s
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A.1.2 Septum Characteristics

When an internal layer ( leaded vinyl or vinyl) is present, the

following equation is used to determine the p ressure ratio across the

layer:

Pi/pi + 1 = z i, c°s@ i + 1 /z i + 1
	

(A.10)

where	 zi = Zp + z  + 1	 (A.11)

Zp = jwmi	(A.12)

w = 2nf

mi = mass per unit area of layer i

f = frequency

z  
+ l Terminating impedance for layer i, calculated

from impedance downstream of layer i + 1.

The input impedance z  is simply the sum of the laver impedance

and the terminating impedance.

A.1.3 Air Gap or Porous Material Characteristics

The pressure ratio across an airspace or a soft porous blanket

subjected to an obliquely incident ray is given b y (References 16 and

17).

-1 z i + lCO^^
cosh (bd coso + coth	 (	 ,?	 )J

z	 cos	

"B
_	 (A.13)

^^
P i + 1	

cosh[coth-1( i 
Z 

1	 )

B

1A

1?

'r
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where	 b = Complex propagation constant (calculated from

equations and data in Reference 27 for porous

blankets)

b - jwc for air gap 	 (A.14)

z  
+ 1 = Termination impedance

z  = Characteristic impedance of the layer

(calculated from Reference 33 for porous blanket)

z  = pc for air gap.

The input impedance of the blanket is given by (Reference 16):

zB	
-1 zi + lcoso

zi = cosh coth
[bd coso + coth	

Z	
)	 (A.18).

B

A.1.4 Trim Panel Characteristics

The pressure ratio across the trim panel is similar to Equation

A.9. Only the panel impedance is modified. Three impedance models

are used. These are given by either Equat {on A.7, A.9, or A.12.

A.2 CALCULATION OF AVERAGE TRANSMISSION LOSS

From the characteristic impedance of each layer, the pressure

ratio for that layer is calculated. The TL is calculated from Equation

A.4 using these pressure ratios. The effect of random incidence angla

is simulated over a range of incidence angles and averaged based on

Reference 16 as

a

T a I^ z( 1 ) sin2ede-

1	 30



The transmission loss equations for the frquency up to 5000 Hz are

calculated and stored in a data file, which then can be plotted on the

HP 7225B plotter using the plotter program written for this purpose.

,M
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APPENDIX B

DETAILS OF INTERIOR NOISE CONTROL PROGRAM

,A

The interior noise controi program developed at the KU-FI%L

acoustic research facility izi a series of programs written in Fortran

IV language on a Digital MINC-11 computer operating under an RT-11

system. This Fortran, also called PDP-11 Fortran, is an enhanced

version of ANSI-66 Fortran (Refrence 48). The ?ZINC-11 computer is

a 16 bit minicomputer with 64 K byte memory. Due to the limitation

in memory size, the main program has been divided into a series of

small programs. Details of individual programs are given in the

subsequent sections.

B.1 PROGRAM SHELM

Purpose: Calculation of sound transmission loss in a thin

cylindrical shell (monocoque structure).

Based on: Re:arences 9 and 16.

Input: Data file: PNLxxx.DAT

Output: On line printer: frequency , transmission loss, and

number of modes to converge.

On data file: frequency, transmission loss.

Notes: 1. All the outputs will be in correct format for entry

into either TLPLOT or SUMTL programs.

2. This program calculates the impedance of the shell

based on Reference 9. In addition to this model,

another subroutine is also present. This is based
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on Reference 11. In this routine the shell impedance

is based on a matrix computation.

3. The subprograms needed to link are

a. SHELM.OBJ

b. SUBAM . UBJ

c. O:BESJ.OBJ

d. O:BESY.OBJ

The executable file is called SHEIII.SAV.

For shell impedance based on Reference 11, the

subprograms needed are

a. SHELM.OBJ

b. SUBAMI.OBJ

c. O:BESJ.OBJ

d. O:BESY.OBJ

The executable file is called SHELNI.SAV.

B.2 PROGRAM SHELS

Purpose: Calculation of sound transmiss ca 1:,ss in a thin stif-

fened cylindrical shell (smeared stiffness method).

Based on: References 10 and 16.

Input: PNL=,; . DAT

Output: On line printer: frequency, transmission lo-,s, ,id

number of modes required to conver:^-.

On data file: frequency, transmission .Loss.

Notes: 1. All the outputs will be in correzt format for entry

into either PLOT or SL'MTL programs.
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2. This program calculates the impedance of the shail

based on Reference 10.

3. The aubprograms needed to link are

a. SHELS.OBJ

b. SUBA.OBJ

c, SUBB.OBJ

d. O:BESJ.OBJ

e. 0:BRSY.OBJ

The executable file is called SHELS.SAV.

B.3 PROGRAM SKINL

Purpose: Calculation of sound transmission loss of a skin panel

with and without treatment.

Based on: References 16 and 17.

Input: Data File: PNLxxx.DAT

Output: On line printer: frequency, transmission loss of panel

without any treatment, transmission

loss of panel with treatment, and

additional transmission loss due to

the treatment.

Data file: frequency, TL 1 , TL 
29 

TL 

Notes: 1. The outputs in data file will be in correct format

for TLPLOT or SM4TL programs.

2. This program has a small interactive part. This is

u. ed to vary the aoise cot.°rol treatment.
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3. The files needed to link and run are

a. SKINL.OBJ

b. SKINLB . OB.T

c. FUNC.OBJ

The executable fine is called SKINL.SAV.

4. A slightly different version which calculates

the panel impedance using Milulas' equation

(Reference 17) is called SKINLI.SAV. The

version TRIMTL.SAV has the modifications dis-

cussed in Section 2.6.

B.4 PROGRAM TLSI

Purpose: Calculation of the effect of individual noise control

elements on the overall transmission loss of treated

panels at selected frequencies.

Based on: References 16 and 17.

Input: Data file PNLxxx.DAT

Output: Data file (STL.DAT): value of the parameter that is

being varied, transmission loss

at selected frequencies.

Notes: 1. This program has no output on the line printer.

The results are plotted using Program PLTSTL.SAV.

2. The parameters that are considered controllable are

air gap, thickness, insulation thickness, septum

surface density. The effect of each of these
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parameters is studied by varying them from half to

2 times the nominal value input into the program.

3. The frequencies at which these effects are studied

are 60, 100, 200, 500, 1000. These values can be

changed.

4. The subprograms needed to compile are

TLSI.OBJ

SKINLB.OBJ

FUNC.OBJ.

5. The executable file is called TLSI.SAV.

B.5 OTHER UTILITY PROGRAMS

In addition to the above programs, several utility programs

have been written.

a. Program TLPLOT plots the results frcm SHELM, SHELS, SKINL,

SKINLI, TRIMTL, SUMTL programs on the HP7225B digital plotter.

b. Program PLTSTL plots the results from TSLI program on the

HP7225B digital plotter.

C.	 Program SUMTL calculates the transmission loss of treated

structure based on the following equations (Reference 16):

TL untreatedstructure - Minimum(TLshell' 
TL 
untreatedpanel)

TL addedtrestment w TL treatedpanel - TL untreatedpanel

TLtreated structure TL untreatedstructure + TL addedtreatment

The inputs are the output data files from SHELM (or SHELMI

or SHELS) program and SKINL (or SKINLT or TRIMTL; program.
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APPENDIX C

ACCELEROMETER MOUNTING

No references could be found concerning the process of mounting

accelerometers. The accelerometer manuals showed only the relative

merits of each type of mounting. The following methods for mounting

with cement were adopted from the methods of strain gage installation

detailed in Reference 49.

C.1 MOUNTING WITH CEMENT

C.1.1 Cleaning

a` Aluminum

1. Degrease with Chlorothene Nu.

2. Wet sand with 400 grit paper and Conditioner A.

3. Scrub with Conditioner A on cotton-tipped applicator.

4. Scrub with Neutralizer 5 on cotton-tipped applicator.

Do steps 1 through 4 on material, then on the accelerometer

mounting stud.

b)	 G:aphite and Kevlar

1. Degrease with Freon TF.

2. Dry sand with 400 grit paper to remove surface gloss.

3. Scrub clean with Freon TF on cotton-tipped applicator.

4. Scrub with Neutralizer 5 on cotton-tipped applicator.

Clean the accelerometer mounting stud as for aluminum.

j^
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C.1.2 Mounting

1. Lift brush cap out of catalyst bottle and wipe approximately

10 strokes against the lir of the bottle. Slide the brush

over the accelerometer mounting base (do not stroke). Allow

to dry at least one minute.

2. Apply less than a drop of cement (M-Bond 200) to the material

(this will depend on the accelerometer size). The instruc-

tions call for one drop per squara inch.

3. Immediately place the accelerometer in the desired position

and press down and hold for two minutes or longer.

C.2 MOUNTING WITH BEE'S WAX

1. Clean the area on the panel with acetone.

2. Apply a small amount of wax to the base of the accelerometer

(enough to cover the base).

3. Press the accelerometer onto the desired spot of the panel

until there is a fairly thin layer of wax bonding the accel-

erometer to the panel. If this layer is too thick, extra-

neous losses will result.

4. Remove excess wax squeezed out from the accelerometer.

C.3 ACCELEROMETER CABLES

Extreme care must be taken when removing and connecting the cable

to the accelerometer and to the SLM. Leaving the cable attached to
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the s^celerometer is recommended to minimize the chances of breaking

the fragile cable ends.
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