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Dynamic Properties of Materials

MATERIAL CAMPING AS A MEANS OF
GUANTIFYING FATIGUE DAMAGE IN COMPOSITES

Patar J. Torvik and Cynthis 3ourno.
Departmant of Aeronautics and Astronautics
Alr Forcs Instituts of Tachnology
Wright-Psttarson Alr Forca Bass, Ohlo

The possibility of using damping msasurements as & nondestructiva meens
of quantifying damags accumulation during the fatigus. life of compositas
o wvas considered. Damping messurements wers meda during ths courss of

fatigus studias on a graphi.s apoxy composita using both the logarithmic

Lt decrament and the bandwidth tachniquas. Msasurable increeses in dawping
¥ wvare obsarved during the service lifa, but no drametic chenge was encoune
Q.'% terad immediatsly prior to failura. Sincs the changes vers modersts, and
,d gradual, thase saperiments suggest that damping cun ba used as an index

of cumulative machanical damage in compositas, but that the resules
should be usad with caution and ragarded as more qualitetive tham quen=

titaciva.

2
)
ks
O INTRODUCTION It {s cenjectured that the intarnal damping
| of fiber-rainforcsd composites is mors ssnsitive
"}.?‘ Composita meterials ara idaal for struce than stiffness to the fallure mechanisms pre.: .
‘\‘% tural spplications wvhare high strangth-to- ously mentioned. Accordingly, damping measur-~
N veight ratios ars required. Alrcraft and ments mey be useful 13 the eerly datection of
&.‘,‘ spacacraft ars typical weight-sensitivs struc- structurel demage. A number of invastigators
.l"' tyres in wvhich composits matarials ars cost- have considerad the demping of compositss, using
. affactive. Advancad fiber-reinforced composite various techniques. Much of this experiments!
(AN materials using the nev ultrshigh strangth and work on the demping snd stiffnese propartias of
.) sciffness fibars such as boron and graph.ts in composite metariels bas been concarned with
~. a matrin of apoxy or metal have two major ad- measuring tha dependance on frequency, and tem—
v‘:» vantages: improved strength and sciffnass. pesratu.e [2] and tha affect of changing humid-~
LA Such compusitss ~an bs tailored co efficiently ity [)]. Nowever, some investigators hava
(::U" m:et dasign requ:vements of strength, stlffness, sxplored the reletionship between damage and
'\" and other parameters and should laad to new and damping. Schulcs and Taat [4] used logarithaic
.-::-.‘ more afficiant aizcraft and spacecraft designs. decrement and bandwidth techniques tc tast alu-
..“0. The strangth of compositas is govarned by thair sinum and gless fider-reinforced plastics in
- flaw-initisted chursctaristics. Thus, ths me- flexurel vibratien. Thay foumd that the ameunt
R chanics of fracturs including crack propsgstion, of fatigue cracking correleted rassonably well
o.,\ axtension, and delamination ars of sxtreme im- with the smeunt of increeee in dasping. Others
:,l:' portancs in ths design analysis of compocite {3] have studied the change tn the damping of
' ¥ structuras. Salkind {1] has proposed that come free “ibracions snd found crack damage present
Ly posites may fail by metrix cracking, fiber as changes in demping occurrad.
fatlurs, ind dalamination, atthsar saparataly
.‘!.g‘° or in combination. He also suggests cthat & For the commscrciel utilizacion of compos~
facigua fatlura critarion could ba the number {tes, (¢t is necassery to snsure metsrisl intag-
o of cycles to a given changas in stiffnass rathar rity cthrough reliable methods. Saveral non-
KNS than the numbar of cycles to fracture since the destructive techniquas for quentifying damage
MO loss of sciffness can rasult in structural (NDT) ara currently being investigated. Of
& failure long before complace fracture occurs. these, holography and ultrasonics show tha most
S0 However, smal. changas in stiffnass are not promisa. Because damping can be sapectad to de
8 readily obsarvad. Thus vciffness changes are sansitive to microstructural damage, damping
-c'. difficule to use as a mans of quaatifying messurements meds at low levels of vibratory
' damage. stress mey provide another method for nonde-
——— —————— structive svaluacion of damege, buth during
v‘-;o Lt, USAF, Prasertly Aerospace Enginaer, Air the metarials menufacturing process, and in
‘}\' Force Flight Test Center, Edwards AF3 CA sstvice.
','."
el
. .l'
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Thy Lessibility of using tha chenge in
material dswping to quantify structursl dsmage
in tha course of s destructive bending fatigus
test on composite baams was considersd {n this
work. Observad changas in demping were con-
parad with }DT results in order to provide »
comparison bastwessrn thass two means of evalu-
ating damags.

Ths experimants conducted sers daveloped
to detsrmine the nature of tha damping changas
vhich occur during the servics lifs of s com=
posits member. Three quastions sre of pertice
ular tnterast. First, what is the magnitude
of the change in demping, f.s., (s demping a
ussful tndex of demage, or srs tha chenges too
small to bs rsadily obssrvsble in ths prasancs
of ochar loss mechanisms. Second, at what
point in the life history of tha structurs do
tha damping changes occur, i.s., srea thare sud-
den incresses in demping which serve as affec-
tivs warnlngs of incipient fetlurs, or sre ell
changes gradual. Finally, va may esk if changes
in dsmping sppasr to corrslats with sny othar
measures of damage.

EXPERIMENTAL PROCEDURES

Twvalve spacimans with ths gsomatry shoun
in Filg. | wars supplied by tha Atr Forcs Flight
Dynamics Leboratory. They ware machined frow
s single 16-ply, Thornel 300/3208, graphite-
spoxy panel fabricetad by Monsento Ressarch
Corporstion. The multiple layesrs sres erranged
symmetrically sbout ths middls surfecs at ori-
entations of Q, 43, -43, 90, 90, -43, 43, end
O dagrass to the longitudinal axis, starting
with the outsr ply sand progressing to the
middle surfeca. This layup can be sxprassed
a8 ((0/243/90)4)3. Rectenguler fibargless and
doublers, 0.118 tnch chick, with ons adge bev-
elad et )O degrees vere sdhasivaly bonded to
ths spacimens. A circuler hole wss arilled (n
tnhs canter of sach specimen. Nominelly, the
specimens vers ons inch wide, 0.083 inch thick,
sight inches long, vith a center Ydola diemeter
of 0.20 inch. A spacimen design with circuler
hols wes chasen, racognising thet msest f{atigue
fatluras in sircraft struccures {nitiste at
festenars. This s perticulerly criticel {n
the case of compoeitee, beceuse of the intsr-
cruption of f{iber continuity end ths intar-
leminar sheer stTassas ot edgss. Aa eluminua
bsan of the seme planform and sciffness es ths
spacimens end one defective spacimen were usasd
to develop the testing procedures. Ths effec-
tive length of sech specimen was considersd to
bs from the end of tha cepered doublar to tho
sccelarometar scttachment position st ths cancer
of tha *“free* end doublar, or 5.12 tnches.

Spacimens were mountad es centilavar beams
with tip mass and tasted at rasonsnce by dr.ve
ing the bass 30 as to maintain constent Ctip
asplitude. An M-8 slectrodynamic vibration
sxcitsr, modsl CIOE, was used for ell tests.

As shown (n Fig. 2, (c was eriven by an M-B
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Fig. ' - Specimen Gaowetry

sutomatic vibration axcitsr cnntrol, modal
N6953/676, via an MePB pover emplifiasr. The

=o' ing vlement of the sxciter was fittad with
an sluminua fixturs that sarvad as ths mount
for sech spacimen and ss s counter balencs to
speciuen and accelerometasr tnercis. Figure )
tllustratss this arrangsment. An Cndsvco
plazoclactric accalarometer, modsl 2233C, was
gluad onro the spacimen frae and end provided
feedback to ths control unit through two Endevco
pressplifiavs, models 2614B and 2621. The cone
trol unit {ncegratad ths accaleration twics and
drove the si.eker with the sinusoidal signal ra-
quired to maintein ths spscimens st constant
resonant tip amplitude. The driving (bass)
smplitude was monitorad st the control unit,
and small sdjustments made to ths driving fre-
quancy to maintain resonance (minieum {nput).
The output of the tip accalerometer end pra-
amplifiers ware also monitored with an oscillo-
sccpe. A sacond sccalerometer of ths sems typs
was mounted on ths sluminua block et the clasped
and of the specimens, Its output was fed into
an M-8 vibration meter, modsl N324, from which
base displecement ..« monitored.

— PRE- —
= aruniers ~
VIORATICA
i [ }
AUTOMANC
VIBRATION
EXQITER |
CONTROL e .
ACCELERONETER ACC%E*
- POTER ~ SHARER
NPLFIER TARLE

Fig. 2 - Schematic of Vibretion Test System
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Fig. )} = Beam Mounted on Vibration
Exciter Head

A TMC universa. counter-timer, rndel 726C,
was used to monitor driving freqienc continu=
ousiv. The ireguency and the elapscd time were
used 20 determine the number of cycies applied
to each spelimen. Eight sipecimens were cycled
to tai.ure, snd three more were terminetad
uvefore faiiure bdecause of test difficulties.
Faiiure for this exreriment was Jefined as ex-
tensive visual titer delaminetion accompanied
bv a significant change in rescnant frequency.
3¢ress .eve.s were chosen 3o thet feilure would
occur between (0 and 10* cycles. No discern-
idle twisting of the specimens was encountered.

Measvrements of Damping

Two methods were used o meesure the Jemp-
ing during the course of the fetigue tests. As
it was necessary t> monitor both bese end tip
«aplitude i1n order to maintein resonance, it
was convenient to determine the bendwideh of
the resonent response periodically. Amplitude
retios were determined et severel frequencies
neer to resonen-e, end the hall-power frequen=
cies determined.

The system loss fector is defined by the
retio of the energy dissipated, per redian, to
the peeh strein energy. This way be shown to
be equiveient to

(g
<

Q%]

>

-
[
|

where v 18 the bendwidth et hail-power and v
ts the rvsonant [requency and essociated with
a str.ss emplitude corresponding to R/72. TYhe
res.nent response curve was obtiines by os il
loscope meesurerents of iip ecceleration under
constent input. Bandwidth dempiny, wmeesure-
ments were only made after i0® cvcles s2 that
the edditional cycles required for the damping

neesurements would not contribute significantly
to failure,

tach fatigue test was also interrupted
several times 30 that damping meesurements
could be made by the vibretion decey technique.
The shaker core inertie was found to be ede-
quate to fix the specimen base. The output of
the tip accelerometers and preampiiliers was
fed to a Honeywell Model 1508 visicorder, using
galvanometer M«60-350A, und logarithaic decre-
ments determined by meesuring the emplitude of
two maxime seperated by n cycles. A system
ioss factor was computed {rcm

1 x

o ;
norLS e () (83
n

The oamping measurements usiag this method were
all tawen st e Tort stress leve! of % " 16450
psie
ANALYSLIS OF BEAM STRESS AND DISPLACEMENT

The composite specimens were modeled es
beans and, as such, ¢ few simplifying essump=
tions heve been made:

1) Beam deformations ere described by
the elementery theory of flesure, so that piane
sections normal to beem exis remain plene end

normal to the deformed aszis.

) Eech ply fe essumed to setisfy the
lineer, elestic comstitutive reletionship.

J) Plies ere essumed to heve uniform
thickness.

&) End doublers end accelerometer may be
tonsidered es ¢ point maes.

The well-known differentiel equation of
the deflection curve of ¢ beum whese vi“retioms
oceur in its plene of symmetry is

El 3%y/32° » sA 2'y/3¢* 2 0 (¢))
in which
yle) o deflection of the meutral esis,
El = seiffmess,

sA - beem maes per unit iength.

Seam st esses et the outer fiber may then be
obteined fram

e = MC/1 (&)

vhere
N oo =21 'y/22® ()

K 13 the bending sement et eny section end C i3



the beem half-~thickness. The beam deflection,
in any pure mode of frequency p is given by

Cy(x) = X(x) cos pt . (6)
where .
a'x .
ot kX (7
k* = p/e? g 8
I '
a=iey (9)

the eigenvalues, ki, must setisfy e trenscen-
dentel equation

cos kt cosh kt + 1 m
sin k¢ cosh kt - cos kt sinh kt kL (oAL) (10)

which results {rom requiring setisfection of the
end conditions of ¢ cantilever beem with tip
mass m.

When a tip mass is edded to the "free" end
of the cantilever beam, the end conditions are:

(X)x=0 =0 (1D
dX
=) =0 (12)
dx x=0
(%1¥) =0 m
x xsl
a'x .3 s
(;;‘),.l = gy x(L)(-p*) (14)

The rotetory inertie of the tip mass hes been
neglected. For aech kt, e neturel frequency
is then obteined from tquetions 8 end 9.

An epproximate solution, obteined through
the use of Reyleigh's quotient wes found useful
for the originel design of the experiment, end
for obteining epproximete frequencies which cen
cthen be improved by iteretion uising Equetion 10.
This approximaste frequency (first mode only) is
given by

. 210 E1

P2 TE SoAL” < 10 mt as

The necessery materiel comstsnts for the mate-
riel usad in this investigetion were determined
and ere listed in Teble 1. Equetion 10 wes
solved for kt by en iteretive process. The
fundamental frequency was detarmined to be

p = 174.96 rad/ssc or Ve 27.85 cps. The ep-
proximate reletionship gave vp " 28.39 cps.

Since the sxpsrimentel prucedurs employed
in this investigetion used the meesursment of
tip displecement es ¢ meens of controlling beem
stress, it wes necessery to develop e reletion-

ship between tip displacements end stresses et
the root end et the hole. Since the retio of
root to tip displecement is determined solely
by the mode shepe, it is convenient to express
the root stress in terms of tip ecceleretion es

(<t !:LQl) e (16)

%RTBT XD

Substitution of the mode shepe yields

cE

- 1
% = ;7 k. L2
N sin kt + sinh kit an
_ sin kt)(cosh kt) = (cos ke)(sinh kt)

For the beems used in this investigetion,
e velue of ket = ,84142 wes found for the first
mode. The reletionship between root stress end
tip displecement (GT) ves found to be

op ™ 55,713 GT psi/inch (18)

The nominel stress et e distence b from the
re . of e beam of width D end helf thickness C
i

9, = “pel (19)
where

M(b) = bending moment et b
Inclusion of ¢ hole of redius r et thet point

leeds to e stress et the hole edge which is
greeter, in the rstio

o
me X

f
e “T=2t/d (20
“ .

The fector f is [7]:

fal|1.79. =22, ‘B; - ’2‘2’
1« 7; 1« (75)‘ (1« (7§)')

[

i ‘-1 - Los & . 122 (2—0')"] (21

The overell effect of the hole (reduced section
plus stress concentretion) wes to increese the
stress ebove the nominel stress et thet stetion
by e fector of 2.07.

Using the mode shepe to evaluets the moment
et b lad to ¢ reletionship between stress et the
edge of the hole end tip displecement of

° " 52,184 L) psi/in

This velue is seen to be slightly less then the
stress ot the root of the bedm; however, feil-
ure may be expected to initiate st the hole
edge beceuse of interlaminer edge stresses end



TABLE 1.

Specimen Meteriel Constents

Young's Modulus, E'

Aree Moment of Inertie, I
Stiffness, EI

Beem thickness, 2C

Beem width, D

Effective beem length from root to
tip mass, 2

. Besm Mess, pAL
Tip Mess, » includes eccelerometer,

fiberglass doublers, beem tip
beyond center of dccelerometer

g : Mess Retio,

1.138 x 107 psi

5.1177 x 107% in®

5.8233 x 10? 1b-in

0.085 in
1.00 in

5;12 in

7.736 x 10°° slugs

4,446 x 1o'f slugs

: Py 5.749
N
-..l\ * \ -
ﬁ.‘ Young's Modulus wes computed by the method given in Ref. (6).
.:ﬁ
¥ TABLE Il
-~
-
‘o Fetigue Test Results
o
‘
B =" Meximum Stress et Root Stress, Cycles to
:)' Specimen WB8C0 Gy B8 Oge» P8l Fsilure
AR T4 41850 30700 1.07 x 10%"
1:': AB 77 51530 54600 6.83 x 10*
o,
:ﬂ AB 81 63500 67610 9.63 x 10°
AB 82 70120 14680 3.96 x 10°
. ¢ AB 90 76110 18360 3.01 x 10°
|
Ly AB 93 66430 68530 2.39 x 10*
4
wh AB 9% 58150 61840 6.93 x 10°
AB 95 75960 80780 1.42 x 10°
‘= "
i AB 96 33430 36830
I o, -
? AB 98 $3960 57380
»
"‘:. AB 99 51860 55160 2,80 x 10°
;;;‘. 'Fauure not observed; test terminsted.
o “Tu: termineted due to mechanicsl feilure.
A;. 1:
: s
Ik
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imperfections generated by the process of cre-
ating the hole.

RESULTS AND DISCUSSION

Bending Fatigue

Results of the bending fatigue tasts are
presented in Table I1. The stress, og,,, is
tha stress computed to exist at the adge of
the hole. The fatigua data in terms of maximum
root stress have baen plotted in the form of an
S=N curve in Figure 4. The line drawn through
the exparimental points raprasants the best fit
by visual means. Tests on specimans AB 96 and
AB 98 ware terminated due to mechanical failure
of test equipment. .

“
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LOG BASE ¥ OF CYCLES TO FAILURE

Fig. 4 - Number of Cycles to Failure of
Various Levels of Constant
Root Stress

Single, continuous longitudinal cracks
were observad to Initlate at the hole and pro-
gress to the root of each specimen. The width
of the damage zona was equal to the dliameter
of the hole. Figuras 5 and 6 {llustrata damage
in three of the baams which was typical of tha
damaga in each of the spacimens. Although not
presented hera, x-rays taken at +15 degrees
from the perpendicular showad that tha damage
was not limited to the outer layer.

Damping

Matz:rial damping data were taken at se-
lected cycla incremants and calculated from
logarithmic decramant and bandwidth. As the
number of cyclas on each beam increasad, the
damping increased as expected dua to the

Fige 5 - X-rays of Typical Failure

permanent microstructural damage occurring in
the specimens. Tha damping results show the
same general pattern of Increase for each spac-
imen regardless of root strass leval end total
number of cycles applied. Figure 7 typically
{llustrates how the damping, as determined from
the vibretion decay experimant, changed as the
number of cycles increased. Each damping value
plotted was measured at the same level of root
stress, op = 16450 psi. Loss factors obtained
by vibration decay and bandwidth measurements
for all beams are tabulated in Table I11. The
values in parentheses next to bandwidth in these
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changa in damping for aach spacimen ovar its
lifa is prasentad. It should ba notad that
comparisons batwaan individual membars of this
family of curvas should not be mada from this
plot, as each sat of data rasults from diffar-
ant lavals of appliad strass, but tha incraass
3 in damping is claarly saan. No sharp incraase
iomediataly prior was obsarvad.
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Fig, 6 - Ultrasonic C-scans of Typical Failura NUMBER OF CYCLES

tablas are tha root stressas at which the band-

Fige 8 - Changa in Damping During Fatigua,
" All Strass Lavals

width maasuramants wars mada (R/v2).

Tha incraase in damping during thc fatigua
life can ba raadily saen in tha tabulated data
and in ths summary plor, Figure 8, whara tha

012

05-L0SS FACTOR

010

An axparimant was parformed in ordar to
estimata tha amount of air damping prasant,
An aluminua paddla was attachad to tha fraa

1 ] A

1o}

108 §
LOG BASE 10 OF CYCLES i

Fig. 7 = Systam Damping at % ° 16,450 psi During Fatigua
Tast at Constant Amplituda, % 61,710 pst




TABLE 111

Damping Measurements During Fatigue Test
Graphite - Epoxy Composites

ldentification Measured System Loss Factor, %
Number By Log Decrement By Bandwidth at
of Cycles at 17 ksi . Indicated Stress
Specimen AB 74 0 .0070
o, = 50,700 psi o 10* .0109 @ 32 kst
Rel Hum = 55%, T = 74°F 10* .0099 L0199 @ 32 kst
Specimen AB 17 0 ' «0085
o, = 54,600 pst 10* .00y9
ReHe = 52%, T = 74°F 3 x 10° .0099
10! L0113 .01354 @ 42 kst
3 x 10° .0120 .016) @ 42 kst
6.8) x 10°* L0119 L0121 @ 42 kst
8.73 x 10* .0125
Specimen AB 8l ‘0 0084
g = 67,410 psi to* .0085
RH. = 523, T = 74°F 3 x 10° .0113
9.6) x 10° .0108 L0132 € 47 ksi
Specimen AB 82 0 +0054
ap = 14,660 pst 10* L0112
ReHe = 54%, T = 67°F 3.96 x 10° L0121 .0094 @ 53 ksi
Specimen AB 90 [+] 0076
oy = 78,560 pst 10* .0108
RiH, = 50%, T = 63°F 3 x 10° L0111
2.52 x 10° 0147
3.01 x 10° L0142 .0164 @ 5) ksi
Specimen AB 9% 0 .0070
oy = 68,530 pst 10* .0102
R.H. = 45%, T = 82°F 3 x l0* 0103
‘ot 10° .0102
5 "‘.,3 2.93 x 10° .0120 L0113 @ 47 kst
N5
)\
Lo Specimen AB 96 o -0086
. oy * 61,860 pst 10* .0105
ReM. = 47%, T 70°F 3 x 10* 0114
10* .0ll4
s 3 x 10* L0116 .0106 @ 41 ksi
A 5.01 x 10* 0124 0146 @ 41 kst
N 6.93 x 10° 0119 .0169 @ 41 ksi
b ?‘ Specimen AB 95 0 .0089
. o, = 80,780 pst l0* .0130
ReHe & 3%, T= 76 F 3 s 10 0138
nd 1.42 x 10* 01462 L0136 @ 55 kst
T
'-‘h Specimen AB 96 0 .0088
5 gy = 56,80 pst 10* L0118
L ReHe = 46%, T = I5°F 3s l0° .0117
U
e ’1
o Specimen AB 98 0 0089
b V8 o, = 57,380 pst 10* .0103
N H. - e1n, T . 2% 3 x 10° .0105
. 10° .0105
U




Torvik end Bourne

© Specimen AB 99 0
o, = 51,860 psi to*
RiH. = 40%, T = 81°F

3 x 10*
2.8 x 10*

end of one of the specimens, centered on the
beam and flush with the tip so as to increese
the total surface area by a factor of two.

Free vibration meesurements were taken of the
beam by itself and then of the beam with the
paddle. The results indicated thet eir damping
was present but was only on the order of five
percent of the total demping. Therefore, the
damping results obteined were essumed to be
primarily materiel demping.

In generel, the bandwidth end logarithmic
decrement demping values were considered to be
in feir agreement. Bendwidth meesurements
generelly led to higher damping, but bandwidth
meesurements were teken et higher stress levels
then those et which logerithmic decrements were
computed.

Demping, as derermined by the vibretion
decey method, was fo.ind to increese es stress
level of the fetigue test wes increesed. Fig-
ure 9 exhibits typicel results of the demping
increese with increese in root stress. Similar
results occurred for eech cycle increment et
which demping was meesured.

Frequency

For eech specimen, the resonent frequency
dropped to a significantly lower resonent fre-
quency within 3 x 10’ cycles, end then de~
creesed siowly throughout the remainder of the
fetigue life. Typically, the finel re.onent
frequency wes no more then three cps less then
the initial velue es shown in Figure 10 end
Teble IV, This decreese is due, as is the
demping increase, the the permenent demage
experienced by the specimens. Since frequency
is e measure of stiffness, this reduction in=
dicetes ¢ permanent chenge in the stiffness of
the material.

CONCLUS10NS

The results of this preliminary study show
thet meesureble chenges in damping occur during
the fetigue life of composite specimens. Since
lerge amounts of demage were evident in the
ultresonic end x-ray studies of the specimens,
it is concluded that this increase in demping
wes due to cumuletive demage occurring during
the fetigue life. While the demping changes
observed in grephite-epoxy specimens were
observeble, they were not lerge. In this
study, the major demage wes confined to ebout

094

0102

0112

0118 20123 @ 35 ksi
Oll6 «0138 @ 35 ksi
0119 01064 @ 35 ksi
Oll6 0106 @ 35 ksi
0116 0106 @ 35 kai

10% of the specimen volume. Consequently, ob~
serveble chenges in demping should not be ex-
pected if en even smaller portion of the spec-
imen suffers fatigue damage.

Demping changes were found to teke plece
throughout the life of the specimen, rether
then es e sudden increese which would signel
en imminent fatlure. On the othev hend, the

" stiffness chenges which were a!.o observed

were found to teke place eariy in the specimen
life.

Some increese in damping wi~h the level of
repeated loeding wes observed, suggcsting thet
e larger specimen volume undergoes demage et
higher stress, as is to be expected. This is
taken to be further evidence that the derping
changes seen were due to cumuletive mechenical
demage.
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TABLE 1V

Stiffness Change of Graphite Epoxy Co-poli.u
During Fatigue Test, as Measured by Changs in
Natural Frsquency

Natural Frequency, CPS

Specimen 0 Cycles 10" Cycles 10* Cycles 10* Cycles At Failure
AB 74 26,1 25.6 25.6 w!
AB 77 27.5 26.8 26.6 25.9
AB 81 28.2 N 26.6
AB 81 27.9 26.7 25.6
AB 90 26.6 25.9 25.6 24,9
AB 93 27.0 26.2 25.8 247
AB 94 28.6 21.7 C21.6 2646
AB @5 27.8 26.8 25.6 25.0
AB 96 28.3 27.4 hd
AB 938 26.9 26.1 26.0 bad
AB 99 28.5 2.9 2.2 26.8 26.8

*
Test terminatsd; no failure observad.

£ 4]
Tsst tsrminatsd due to mechanical failurs.

DISCUSSION

v val &
Dgvelopment Center): Did you run tasts without
e stress concantration and did you obearve a
similer chenge in demage?

Migy Boyrng: No.

Mr, Selive: Did you detect propagetion limited
strictly to fibers that had been cut in tha
hola drilling operetion?

8o ; The rasults indicated that they
stsrted at tha hole end than progreased to the
vo0t. The fibers at tha hole were tha oaly onas
thet were damagad. We also hed e probles in
mounting tha sccelerometers beceuse we couldn't
mount them on blocks or drill holas in the test
specimen, Wa finally decided to glua the sccal-
arometars on end it worked well,

Mr, J Aty Force Matarigls laboretory):
What did vou meen by sir damping of five percent?
Is it five percent of tha nowminal figures you
msesurad or ia it five percent damping?

Miss Bourng: No, it iz five percent of tha
f{gures we mentioned hera.

1
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SONIC FATIGUE TESTING OF
THE NASA L-1011 COMPOSITE AILERON®

1. Soovere
Lockheed<California Company
Burbank, California

The sonic fatigue test program to verify the design oi the composite inboard aileron
for the L-1011 airplane jet noise environment is described. The composite aileron is fabri-
cated from com posite minisandwich covers which are attached to graphite/epoxy {ront
spar and nbs, and to an aluminum rear spar with fasteners. Coupon testing, with large
ekctromagnetic shakers, is used to develop random $/N (stress vs. number of cycles) data
for specific components in the design. Coupon failure modes are presented and discussed.
The center section of the composite dileron is mounted by its hinge fittings to a test frame
and sonic fatigue tested in an acoustic progressive wave tunnel. The testing involves modal
studies to establish made shapes, modal frequencies and damping, and a panel response
nonlinearity test culminating in the accelerated sonic fatigue proof test.

INTRODUCTION

The need lor more weight- and cost-efficient airplane
structures has sumulated the development and use of
advanced composite materials. Before these matenals can be
applied to commercizl transport airplanes, the potential
weight and cost-saving must first be demons:rated thrcugh
the design, fabrication and testing of actual flight hardware.
The inboard aileron for the Lockheed L-1011 transport air-
plane has been selected as the candidate advanced composite
secondary airplane structure for such a program {1].

The composite aileron, due to its close proximity to the
large fan jet engine exhaust (Fig. 1), will be subjected to a
highdevel jet noise environment. High-cycle. random fatigue
failures commonly referred to as sonic fatigue can occur in
secondary airplane structures when subjected to high-evel jet
noise (2] Consequently, the large-fan, jet-iioise environment
represents one of the design conditions for the compasite
aleron. This puper descnbes the on-going sonic fatigue test
program for the NASA L-101 | composite aileron. The pur-
pose of this program s to verify that the sonic fatigue cape-
bility of the composite aileron is consistent with the design
hfe requirements for the L-101 1 airplane.

DESIGN REQUIREMENTS

The L-1011 aileron is required to be free from sonic
fatigue falure for a design life of 50.000 flight hours repre-
senting 36,000 takeo!fs and landings. The highest noise levels
are encountered on the lower surface of the inboard aleron

Fig. | - L-101 1 transport sirplane showing inboard
aileron location relative to the wing engine

during takeoff which, therefore, represent the design noise
environment for the aileron. The aderon design noise spec-
trum given in Fig. 2. is derived from the coinputer analysis of
scale model jet noise test data supplemented by limited full-
scale engine noise data.

The takeof( noise level is maximum at maximum engine
takeoff power when the airplane is stationary, but falls of f
rapidly with speed as the sirplane accelerates to takeoff. For
design purposes, the takeoff time is compressed to an equiva-
lent damage tine {3] at the maximum takeoff noise level.
The required design life for the inboard aileron is equivalent

*This work was performed by the Lockheed<California Company as part of a joint program with the AVCO Aerostructures
Divison supported by NASA, Langley Researcli Center under Contract NAS1-15069.
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Fig. 2 - inboard aileron design noise spectrum
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to 360 hours at the maximum takeoff noise level which rep-
resents approximately 108 average stress reversals or cycles
for the aileron structure.

COMPOSITE AILERON STRUCTURE

The production of cost-efficient composite structures
requires that the components which are expensive to manu-
facture and assemble, such as the composite ribs, be kept to s
minimum. requiring the use of iarge rib spacing in conjunction
with very stff covers. The required stiffness is obtained by
the use of a minisandwich construction for the covers, consist-
ing of two 3-ply 0.0546 cm (0.0215 in.) thick T300/5208
graphite/epoxy tape face sheets, separated by 2 0.0953 cm
(0.0275 in.) thick ADX 819 syntactic (syn) epoxy core con-
taining glass micro-balioons. The fuli depth ribs ar fabricated
from the T300/5208 graphite/epoxy fabric. while the front
spar is fabricated from T300/5208 graphite/epoxv tape. Both
covers have doublers at the rib and spar io-ations and are
attuched to the ribs and spars with removable fasteners. The
composite ailern is shown in Fig. 3 with the lower cover
removed. The original aluminum hinge fittings. fairings and
fairing support structures ahead of the front spar. the alumi-
num rear spar and the full depth honeycomb/ginss fiber trail
ing edge wedge are all retained. The tiber orientation, the
thickness ol the covers, ribs and soars and the rib snacing
were designed by losding conditions other than sonic tatigue.

COUPON TESTING

Limited coupon testing has been 1nitiated to develop
sonic fatigue aliowables, in the form of random S/N data, for
the covers and the ribs, and to identify the fasiure modes.

Coupon Configurations

The aliowabies for the covers were obtained with the
single-cantilever SC series coupons and the doublecantilever

Fig. 3 - NASA L-1011 compusite inboard aileron
with lower covers removed

SR and SS series coupoiis and for the ribs with the single-
cantilever RR series coupons as summarized in Tabie i. The
double-cantilever SR series coupons (Fig. 4) and the similar
SS series coupons represent the rib/cover and the spar/cover
junctions, respectively. The single-cantilever rectanguiar SC
series coupons, representisg the covers at the panel centers,
were mounted between twa steei blocks (4], each with a root
radius to minimize stress concentration effects. The single-
cantilever RR series coupons (Fig. $) were used to develop
allowables for the graphite/epoxy fabric ribs at the bend
radius/fastener locations. All the coupons carried tip weights
which incressed the :oupon root strain and provided a means
of reducing coupon size while maintaining the required inertia
load per fastener. The tip weights were also used to activate
the inductive tip transducers (Figs. 4 and $) which moni*ored
the coupon response after strain gage failure.

Tip Trssaducer Calidbestion

Thw: initiad calidration of the tip transducer was con-
ducted with the Srat SC series coupon using a specially
mounted lightwisht tin sucelerometer which eliminated
accelr rometer cable failures and permitted calibration on the
basis of tip displacement in addition to coupon root strain.
Linea: calibration was obtained between the tip transducer
root 1%¢an sjuare (rms) output, the rms root strain and the
rms b 3 accelerstion (Fig. 6). with correlation coefficients
shove 1).99 predicted by the regress.on analyss of the data.
Ban4d inited (SO Hz.) constant spectrum base acueleration,
center d at the coup t freq y. was used to
excite he coupon 2t vanious rms acceleration levels. The tip E
tranad\ cer, strain gage. and accelerometer outputs were
meawt )d by & true rms meter with 2 J0-second averaging
time.




TABLE 1
Sumn:ary of Coupon Configurations
r'ﬂ 4 Coupon Coupon Structure Fiber
2 Series Type Simulated Orientation
AT
y sc Single Covers st Panel {459, 0°, 135°, Syn),*
“R¥ Cantilever Center Graphite/Epoxy Tape
W SR Double Covers at Rib/ (46°, 09, 135°, Syn),*
A 2; Cantilever Cover Junction Graphits/Epoxy Tape
. -‘\f
Y
4R ss Double Covers at Spar/ (480, 90°, 138°, Syn),*
: Cantilever Cover Junction Graphite/Epoxy Tape
By
W{y RR Single Ribs at Rib/ (452, 0°, 135°, 09, 459)
3.;-. Cantilever Cover Junction Graphrts/Epoxy Cloth
..
.
>
! N *Symmetricaily Laminated
A WY
@ | 0101
o) STRAIM GAGE
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:.:}: o.oel | & in/in| ema )
W
N
. o.08}
= e
-'.‘4 TRANSDUCER
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A-“,:n‘ TIP ACCELEROMETER OUTPUT ~ VOLTS RMS
: . Fig. 6 - Tip transducer calibration curves for coupon SC!
= A Fig. 4 - SR series coupons mounted on a large
':l: ’ electromagneiic shaker _ ure
»

The general test procedure involved initial low-level sine
sweeps *0 locate the resonant (requencies followed by tip
transducer calibration tests, as previously described, up to the
required rms strain level or until strain gage failure, whichever
came first. In the case of premature strain gage (ailure, the
required test strain level was established with the tip trans-

Ny ducer using the extrapolated calibration curve. Thereafter,
the base rms acceleration was noted and used to set the test
n'.. level for the subsequent fatigue runs. The base acceleration
".5{ and strain relationship is nonlinear and cannot be used as the
_.:. basis for accurate projection of test strain level in the event of
S‘: premature strain gage (ailure. Lowdeve] sine sweeps were
4 penodically conducted duning both the cahibration and the
o ; subsequent fatigue tests to detect any shift in the coupon
-,—;; resonant (requency. Failureis defined wu a $-percent drop in
: "‘ Fig. § - RR senes coupon mountod on a large the resonant (requency. To mimimize the posibility of sud-
$' ) electromagneiic shaker den coupon faillure, continvous monitonng of the coupon
e
_,."..‘ 13
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response was maintained throughout the test with a real ime -
spectrum analyzer.

Coupon Response

A strain survey was conducted dunng the calibration
tests with the tirst coupon in vach series, except coupon SCI.
1o establish the strain distnbution at the cntical lovation on
the coupons tFig. 7). and provide the basis tor selecting strain
gage locations tor the subsequent coupons. The strain disti-
bution in coupon SS1i is typical for a fastener-attached skin/
stiftener joint. with the peak strain occurmnng ir. the skin just
beyond the tastener center lin2 on the rib bend radius side (5]
The peak strain 1n the nb coupon RR1 occurred in the muddle
of the inner bend radius. in the subsequent coupon tests.
only two strain gages per coupon were used. together with the
tip tiansducers 1o measure the coupon response.

“r [~ Y
§ w ¢ uveL 2
i . /\\ i =}
* LEVEL 2 &
g1’ i
20 b
% P o N « » axtmu
’ ™ ‘ 1 3
O =
T I N
STRAIN GAGE LOCATIONS * R
§oedsr
1§
{s) COUPON 331 (5 COUPON N3

Fig. 7 - Measured strain distnbutions

The basc acceleration spectrum and the corresponding
coupon frequency response spectra, as measured duning the
fatigue test by the ip probe and the strain gage at the peak
strain location, are illustrated in Fig. 8. The changes in the
coupon (req y resp curve as measured periodically
dunng the (atigue test by the low level sine sweep are illus-
trated in Fig. 9. The change i1s charactenzed b adrop in
both the resonant frequency and the frequency response
amplitude accompanred by an increase in the damping as
itlustrated nomdimenuonaity.in Fig. 10. in contrast, the ms
strain level remained relativety unciwenged. Theincrease in
Jdamping is probably due 1o tnction at the crack face. The
data in Fig. 10 indicate that & charge in the panel dampeng
may be a more sensitive barometer for detecting panei dam-
age than 3 change 1n frequency. The vanation in the coupon
resonant frequency with average number of cycles dunng the
fatigue test 13 itiustrated in Fig. 11, Some (requency shift
occurred dunng calibration pnor to reaching the test level.
Cycle counting was initiated after the imtial frequency shift.
Subsequently. a straight fine was drawn through the data to
intercept the 1mtial frequency line. to define the ‘equivalent
damage’ cycle count onpn (Fig. 1 1)

COUPON ER?

SPECTRUM LEVEL ~ d8/H:

ACCELERATION

SHIFY . e
TRANSDUCER
STRAIN
A
100 150 200 0
FREQUENCY ~ Hz

Fig. 8 - Typical superimposed base acceleration, strain,
and up transducer output spectra

APTER 2.38 X AT START OF TEST
108 cveuss .

AFTER 4.08 X
108 cycuss

RELATIVE AMPLITUDE
=
-]
]

1 L e 4
140 150 190 17 1%0 190
FREQUENCY ~ H2

Fig. 9 - Vaniation of coupon SR7 response 10 low~leve!
excitation duning fatigue test
Falure Modes
The basic failure mode observed in the SC series of cou-

pons conusted of delaminations princapally between the face
sheets and the core. at the root of the cantilever. as detected
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Fig. 11 - Change in coupon resonant frequency with
aumber of Cycles dunng latigue test

by the C-scan ultrasonic nondestructive test (Fig. 12). Some
syntactic resin cracking was also observed under the micro-
wope 1n the sume ares. Two sweparate failure phases are indi-
cated by the nature ot the trequency vanation with number
of cyelesin Ihg. 11, The hinear talure phase appears to te
nsoviated with the inwand propagztion of the delaminations/
syntactic rewn crwks along the maximum bending moment
hne. atter imtiation at thecoupon edges. This phawe 13 charaes
tenzed by the nearly hinear. singhe<degrec-ol-treedom response
to low-level harmonic exatation but with progressively lower
tespunse peehs and increasing damping tFig. 9). A nonhnear
falure phase appeans to be associated with the propagation of
the delamination; renn cracks after the edge cracks have
wuned. This phase.represented by the frequency. - mber of
Cycies curve atter the discontinuity in the slope thyg. '8

17

MOUNTING
FIXTURE

MOUNTING
F'XTURE

COUPON $C-2 COUPON SC-1
Fig. 12 - Faulure 1reas detected by C-scan

charactenzed by a pronounced softening spnng-type. single-
degree-of-frecdom response to low-level harmonic excitation
(Fig. 9.

The talure modes in the double<cantilever SS and SR
sefres coupons included interlaminar failures between the
lower face sheet and the doubler, especially on the nib bend
radius side (Fig. 13) and between the (ace sheet and the syn-
tactic core. as well a3 tramsply (Fig. 14) and in‘erply cracking
n the face sheets. The transply cracks were visible in the sur-
face of the upper face sheet. running paraliel to the surface
fibers. emanating from the countersunk fastener holes and the
immediate icimity. These coupons also exhibited the pee-
viously descnbed two falure phases in the vanation of the
natural frequency with average number of cycles (Fig. |1).

The RR senes coupons al o exlnubited similar changes in
frequency witl number of cycles (Fig. 1 1), but subsequent
1spection of the fatigue tested coupons did not reveal ary
falures in the vicimity ot the bend radius or the (asteners.

The mechanism responsible for the S-percent drop in resonant
frequency in thes coupon senes 1k currently unkaown.

Sonx Fauigue Allowables

The resslts of the coupon tests completed 1o date are
summanzed in the form of random SiN data in Fig. 15.
These data indicate that the composite mimisandwich covers
approach a constant latigue imit beyond approximately
107 cycles. simitar to the coupon test datain Ref [6]. The
data also indicates the magnitude of the elfect of the counter
sunk fastzaers on the fatigue aliowables.




Fig. 14 - Cracks in the grapiute/epoxy and the
syntactic core of coupon SR9
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Fig. 1% - Summary ot random tatigue data
for composite nleron

Dunng the voupon icsting, Jes.gn changes were imtiated
tor the doubless to ehiminate vome tabncation problems and
to provude nore duith tod the countenunk lastenens. Conses
quenthv the taating ol the remaiming SS sentes coupons. which
are most senutive 10 the doubler Jenign, was cancelled.
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Additional Coupon Testing

As the doubler deugn change may affect the fatigue char

actemstics. additional coupon fatigue testing has bevn planioe)
for this ycar involveng both SR and 88 wries of coupons with
the madilicd douer. The tests will be conducted both at
room and clevated temperatures (82°C (180°F ). Some o)
the coupons have beer: tabnicated with bultan delaminaty
type tlaws at the cotical fastener hine. Other counr . .l be
impact damaged at the tastener line with 3 steel ball onor w0
testing.

AILERON SONIC FATIGUE TEST

The purpnee of thus test 1s to demonstrate that the sonic
fatigue capabnlity of the composite ailcron 1s consstent with
the design life of the aleron. The test program involves the
following items:

® Installation of zileron assembly in the test frame
o Modal studies on the aileron assembly

o Spectrum shaping and calibration of the acoustic
progressive wave lunnel (PWT)

o Stran survey and nonhinear response tests of the
ailcron amembly in the PWT

o Accelerated 10 hour sone fatigue proof test in the
T

Asleron Amembly and Mountmg

The atlcron msembly was required to It into the 2-m
(6-11) square test aperture in the PWT. Sirce the aileron
assembly u best attached (cantilevered) to the test frame
through its hinge amd actuator fittings. amulating the mount-
ing on the arplane. only the mleron assembly between snd
including the hange Aittsng nbs (Fig. 3) could be used.
Fittings attached e the actuator lug positions were designed
10 permut aieron retabion for imspection. The remaining
ares withan the test frame was clo.. 3 out by thick plywood
tFig. 161. The plyweod and the sileron lower surface were
designed to be flush with the PWT inner wall contaiming the
2-m t6-11) square text aperture when mowicd i1n the PWT.

Modal Studies

The test irame w the moda' “tudaes was mounted hon-
rontally on too seed A-frames such that the luwer surface 0f
the aileron naembly was uppeninost and honzontal tFig. 1 7).
Excitation was applied to the ailcron surface by meam of 3
loudspeaker at normal tFig. | 7] and grazing incdences and
also. by means of 3 aylon tipped impedance head hammer
Chladni nodal petterms were generated iof 3 quick modal vis-
ualization (Figs. 16 and 1 7) with discrete ‘requency acoustic
excitation. The resomant trequencies and m-dal dampeng
were d with 3 tacting displacement probe
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Fig. 17 - Typical ¢xperimental setup for modal studies
with normal incidence acoustic excitation

(Fig. 17) Whllk“lht mode shapes were measured with g roving
ultra-hightweight accelerometer in conjunction with the dis-
plaicement prohe. The modal damping was measured from
the frequency response curves ohtained with discrete fre-
queney exeitation and hammer impact using the hall-power-
paint (3 dBY method.

The mode shapes. the resonant frequencies and the
viscous damping coettivients (8). given as a fraction ol the
cnhical damping. are summarnzed 1n Figs. 18b through 18d.
The force and panel center displacement spectra from the
hanmer nn pact are illustrated in Figs. 193 through 19¢. The
IMpPas s as applicd and the response measured at location
No 1 shown in Fig. 184, Generally, cight hammer impacts
were sutticient for averaging purposes to clininate spunous
none. Comparison of Figs, 190 and 19¢ ds  tes that smooth-
g Was Necessary 1o dentity actual modes. Unsmoothed
spectra were theredi er used to obtain the damping with the
halt-power-point inethod. 1 or this danping to be free of hias
erenr, the analyss bandwidth must not exceed a4 quarter of the
response 3 dB bandwidth tor the unsmoathed spectra {7 and

‘ .:. 1
b l’ ;,mei'trjvl./{'-"l‘lw
- L] l‘Q-l)l N(‘:: e =

{o) TYPICAL PANEL CENTEN (1) ISPLACEMENT
SPECTRUM - HANNIEE KEOOTINNN

Fig. 19 - Typical panel response to hammer im pact

The displacement spectra at location No. 1 (Fig. 18a),
resulting from the broadband random acoustic excitation at
grazing incidence, which is representative of the inservice
aileron loading, is iustrated in Fig. 20. A comparison of
Figs. 19b and 20 indicates that the impedance-head hammer
tends to excite the antisymmetric modes more than the sym-
metnic modes and consequently may not always indicate the
dominant mode of response. Thus, the use of acoustic excitas
tion in modal studies is still very useful.

Generally, the measured panel resonant frequencies
ag.eed very well with the predicted frequencies. Calculations
predicted that the dominant strain response should occur in
the first symmetnc mode at 134.6 Hz, with some vontnibu-
tions from the second symmetric mode at 152.3 Hz. The test
results (Fig. 20), however, indicate that the second symmetric
mode at 149 Hz dominates the first symmetne mode at
134.3 Hz. The theory assumed 3 nodal line exactly hallway
along the panel length whereas the measured nodal line was
displaced more towards the rear spar thereby increasing the
conpling with the excitation, The location ol the nodal line
wias sensttive to the location of the acoustic excitation due,
possibly, to the vanable stiffness charactenistics with length,
of the tapenng nhs. The general broadness ot the response
peak at 149 1z may be due to the presence of more than

i 3 4] Smoothing increases the bias error. The dhove require- one mode. The grazing incidence random notse tests also con-
": ments accourt tor the very smatl anatyws bandwidth used in finmed the results of the calculations, namely. that the anti-

» . .
e 5 the spectral anatysis of the panel responwe i this program. symnierne modes would not he strongly excited tFig. 20).
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) The measured viscous damping coetficient (5) of 0.004
in the fundamental mode is much lower than anticipated and
previously observed in stiffened composite panels [6 and 9)
and box type sirplane structures [10 and 1),

Spectrum Shaping in the PWT

The 2-m (6-1t) square test aperture in the PWT was
blocked off with a Hush-mounted concrete plug for the cali-
bration and spectrum shaping tests. Three flush-mounted
microphones covenng the area to be occupied by the com-
posite alleron were calibrated with two upstream reference
microphones. The upstream reference microphones were
expected to be least influenced by the acoustic field radiated
by the aileron panels. Power was supplied by a NORAIR
MK VIl noise generator. Spectrum shaping was accymplished
by means of @ bank of adjustable level one-third octave
filers,

The degree of spectrum shaping obtarned at the center
of the :uleron test area, as measured by a real ime one-third
octave spectrum analyzer. is illustrated in Fig. 21 lor a range
ot overall sound pressure levels (OASPL)Y. The corresponding
L-1011 siteron design noise spectrum and the accelerated test
spectrum are included for companson. The spectrum shape
was generally maintained throughout the length of the PWT.
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Iig. 21 - 1. 345 2tave band analyws ot shiaped dcoustic
PWT nose at center of aleron tes area
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Strain Survey and Nonlincarity Test

The test frame with the aileron assembly was mounted in
the 2-m (6-ft) square test aperture in the PWT (Fig. 22" in
place of the concrete plug. A non-contacting displacement
probe was positioned opposite the center of a panel in the
a‘leron upper cover, outside the PWT (Fig. 22), lor correla-
tion with strain gages in case of premature strain gage failure.
The modal studies indicated that both covers participated
nearly equally in the modal responses, and therefore, changes
to the structural response may be detected by monitoring the
response of either cover. Twenty-four strain gages were
installed on the composite wleron. Twelve strain gages were
mounted externally, 10 on the Icwer aileron cover (Fig. 16)
and 2 on the front spar. The remaining 12 strain gages were
mounted intemally with one placed on the rear spar and
11 distributed between the two ribs at and to the night of 1AS
78.087 (Fig. 3). placed primarily in the bend radius and adja-
cent to the lightening holes. The strain gages were calibrated
by the shunt resistance method. Three microphones. the
two reference microphones and the one coposite the center
of the aileron, were used to measure the noise environment in
the PWT. A lightweight accelerometer was also placed on the
displacement probe to monitor vibration levels transmitted
through the probe supports.

Fig. 22 - Aileron assembly mounted in the acoustic
progressive wave tunnel

The preliminary aileron strain survey was conducted
with the broadband air no « some 30 dB Ielow the test spec-
trum Jevel. This test venified the results obtained in the
modal studies witii the grazing :rcidence loudspeaker excita
tion with regard to the modal dampiug, frequencies and the
modes being excited. The highest strain level was recorded at
strain gage No. 5, closely foliowed by strain gage No. 4
(F1g. 16). both on IAS 78.087. The narrow-band power spec-
trum of the strain from stran gage No. S, illustiated in
Fig. 23 was obtained with the zoom ulgonthny in
dewlett-Pachand $51C Fourrer “nalyzer. Tlus analyzer also
has the modal analysis capability.

The low-level strain survey was followed by the displace-
ment probe calibration test involving incremental incregses in
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the spectrum level up to the test spectrum level. Al the test
data were recorded on | 4<hannei magnetic tape. In addition.
three strain gages, No. 5, 6 and 8 (Fig. 16), selected from the
results of the low ievel response tests. together with the refer-
ence microphones, the displacement probe and the accelerom-
eter, were monitored throughout the test by means of a scope
and a real-time. one-third octave analyzer. The rms levels
were measurced by a calibrated true ms meter with 30 sec-
onds averaging time. A linear relationship was obtained
between the ms strain from the three strain gages and the
rms tip probe output, verifying this method of monitoring the
panel response. The variations of the ms strains and the rms
displacement probe output with the noise level in the 125 Hz,
one-third octave band, are illustrated in Fig. 24. The nasrow-
band power spectrum of the strain, measured at the proof test
noise fevel with strain gage No. §., is illustrated in Fig. 25.
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Fig. 25 - Narrow-band analysis of strain gage No. § output —
during proof test

The knee in the strain and displacement probe output
curves with noise level (Fig. 24) indicates the piesence of
large-amplitude nonlinear response. The nonlinear response is
characterized by an upward shift in frequency and a broaden-
ing in the response peaws, as can be observed by comparing
the narrow-band analysis of strain response both at the proof
test noise level (Fig. 25) and at the low noise level (Fig. 23).
Calibration of the displacement probe with a small accelerom-
eter placed on the panel indicates an rms displacement of
0.122 ¢m (0.048 in.) at the test noise level, which is close to
the panel thickness of 0.21 ¢cm (0.0825 in.). The random
nature of the noise results in many peaks which ¢xceed the
rms level by factors of 2 or more. This nonlincar response
produces membrane strains which limit the vibration strain
amplitude.

Accelerated Proof Test

The spectrum level for the proof test was increased by
4.5 dB above the L-10! | design spectrum to reflect the reduc-
tion in test time from 360 hours to 10 hours and the effects
of moisture on the fatigue life.

The effect of moisture reduced most static allowables by
a factor equivalent to 2 dB. As the fatigue limit in composites
is generally a constant percentage of the ultimate strength {or
a given configuration, this 2-dB factor was also assumed for
the random fatigue allowable for the composite aileron. This
factor will be verified in future coupon testing previously
described. The remaining 2.5 dB are comprised of a |-dB fac-
tor to cover scatter in the random S/N data and a 1.5-dB fac-
tor derived from the S/N data (Fig. 15) to account for the
increment in strain between a 10 hour and a 360 hour test
time, modified by the strain relationship with noise level in
Fig. 24.

The proof testing was initiated as soon as the proof test
noise level was reached. During the proof test. the panel was
visually inspected at intervais of 1.1, 1.4, 2.5, and § hours.
The fower surface of the aileron assembly is shown in Fig. 26,
rotated out for inspection after completion of the proof test.
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Fig. 26 - The wileron assembly rotated out for inspection
after completion of prool test

During these inspection intervals the aileron was abo excited
by fow-fesel air notse and the response analy zed with the
narrow-band spectral analy zer to detect frequency shift. No
substantial frequency siuft was obtained. ’

The maximam rms strnn level of 310 w emyem (uin./in.)
was measured by strain gage No o § at the tastener line 1AS
78.087 Tlus strain level represents a margin of 7.5 4B for the
atleron destgn based on the random fatigue allowables in
Fig. 1§,

CONCLUSIONS

The composite artleron has been shown by prool testing
to have a murgin ot 7.5 dB relative 1o the random some
tatigue altowables obtained 1rom the coupon tests. Ths rela-
tively large margin. in spite ol the lower-than-cxpected dampe
ng. was largely due to the presence of large amplitude
noalinear pancl respamse. producng membrane strains which
it the panet response amphtude Weght etficient compos-
1te structures which are designed by somic tatigue require-
ments must, therelore, be designed to operste i the nonlinear
panel response region. This requirement is made posaible by
the ligher random stran tatigue stlowahles obtained with
graplite cpoxy composites in companson with aluaninum
altoy structures where nonlinedt pancl response s associated
with a short sonic tatigue hite

Graphite/¢poxy compusite control surtaces with tuil
depth ribs which are conaected to the covers with tasteners
exhibit much lower damping. with viscous damying coetfi-
cients around 0.004, than previously obscrved on similar
metal structures. The assumption of 2 single mode response
in the sonic fatigue analysis ot lirge aspect ratio composite
panels or indeed metal panels is not generally valid.  Higher
order axial modes must be included to obtain the location of
maximum s strain from acoustic excitation parallel to the
longest panel side. The energy sharing between the ribs and
both covers observed in similar metal contro! surlace strug-
tures | 12] b also observed 1n composite control surface
structures.
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DISCUSSION

Mr. Volin (Shock and Vibration Information
Center): You showad the measurement of ths
shift in dewping as a method of datecting ths
failurs. How did you measure ths damping and
did you measura the damping whila the coupon
tasts were going on?

Mr, Soovera: No. Wa ussd low level sinusoidal
excitation and wa basically ussd tha 3 db point
damping method snd that provad ganarally as accu-
rsta. Tha rasson ws did that is if we are going
to tast for a shift in damping in tha field we
would probably usa a hamper type of axcitation
or a lov lavel typa of axcitation so this

system hss to work for low level excitation.
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ant test data,

This paper reports on the modeling of the impact response for the
Minicel cushioning material in the confined state. This objective was
satisfied through the development of an experimental drop test design,
conducting an extensive drop test program, and then modeling the result-
A general mathematical model for a confined cushioning
system and a general mathematical model for the exterior container which
surrounds the confined corner void configured cushions are presented.

INTRODUCTION

Extensive experimentation has deen con-
ducted by various researchers on cushioning ma-
terials in the "unconfined" state, that is, the
cushioning material is not confined by the
sides of a rigid structure. However, investi-
gating the dynamic properties of “unconfined”
cushioning materials, and applying the results
to “confined” applications, disregards the
effects of confinement upon the dynamic behav-
ior of the cushion. Confinement is defined as
a cushioning system which is located within an
external structure or container with lateral
movement possible.

It appears that Mazzei [1], Blake [2],
and Gammell and Gretz [3] were early investi-
gators into the effects of confinement upon
the dynamic properties of cushioning materials.
Mazzei's early work concentrated upon the
dynamic cushioning properties of confined rub-
berized hair. Later results indicate a cur-
sory evaluation of confined polyurethane foam.
However, Mazzei's confined cushioning material
research was conducted at a temperature of
294.4°K. Blake tested a variety of materials
contained in corrugated fiberboard boxes at
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294.4°K. Gammel! and Gretz compared the effects
of corner and edge drops to flat drops at
294.4°X. Grabowski [lg‘utﬂized polystyrene and
flat drops with minimal testing at temperature
extremes. Stern [5] has shown the effects of '
various containers on rubberized hair and poly-
urethane.

The apparent dearth of experimental re-
sults on confined cushioning materials at the
temperature extremes prompted an experimental
investigation to deterwine the effects, if any,
on cushioning material confinement. The cushion-
ing material selected was Minicel, which pos-
sessed a density of 32.04 kg/m®. A S0.8 mm
thickness of this cushioning material was con-
figured as corner void pads about a 482.6 mm
plywood cube enclosed in a standard military
cleated shipping container as shown in Fig. 1.
The four standard drop heights of 304.8, 457.2,
609.6 and 762.0 wma were performed at tempera-
tures of 219, 244, 266, 294, 316. and 344 K. A
complete description of the experimental aspects
are contained in [6]. Standard modeling pro-
cedures were utilized in obtaining a general
model which incorporates the principal para-
meters [7].



Fig. 1 - Plywood cube to be protected with
cushion attached and container -

The developed general model [8] portreving
the peak accelerations of the confined cushion-
ing system utilizing 32.04 kg/m’ Minicel me-
terial is
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Utilizing standard curve fitting procedures,
the interior box Minicel moo.1 becomes:
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The interior box general model is predicated
upon viscoelastic theory and incorporates the
effect of drop height, static stress, thick-
ness, and temperature of the cushion upon the
peak accelaration of a confined cushioning
system.
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In addition, a general m _. was developed
portraying the peak acceleration of the total
box. The total box general model prediction of
peak acceleration is a function of weight, tem-
perature, and drop height. From this total box
general model it is possible to identify the
combination of terms which best describes the
situation to be modeled. The resulting total
box model becomes:

G = - 6.35487467 + 0.00004643 82!/ %
- 0.00000001 o’/ 2.

RESEARCH FINOINGS

It is desirable to view the two general
models as an integrated pair, in which the
intericr box general model is a subset of the
total box generzl model. Then, it is possible
to isolate the shock absorption capabilities of
the cushioning material by taking the difference
between the total hox model results and the in-
terior box model results for selected values of
static stress.

Since the two models were developed with
different ‘hut related) parameters, to achieve
compatibility it is necessarv to utilize the
basic eguation:

gg = an interior box static siress value

W = weight of the total box
A = foutprint of the total box.

The footprint of the toval box is the surface
area of that portion which makes contact with
the rigid surface. Each experimental total box
pos:essed a surfarce area of 1112.90 mm’. Since
the weight range of the experimental boxes was
from 24.95 to 27.89 kg, substitution of these
values in the previous 2juation gives the range
of static stress values for comparison purposes.

Utilizing 533.4 mm drop height data as an
example (Tables 1 through 6?. it is observed
that the interior box has not reached the opti-
wum loading point at any temperature level.

The optimum point would be an inflection point
on the curve plotted from “he interior bor col-
umn. In fact, the interior box peak accelera-
tions are decreasing slightly with increases in
total box weight. Furthermore, in each cise the
cushion still possesses sufficient ability to
absordb the increase in peak acceleration which
occurs as a function of increased weignt. As
expected, the total box peak acceleraticnc con-
tinve to increase as a function of increasea
total hox weight.



TABLE 1
Integrated Confined Model Qata for
219 K and a 533.4 mm Drop Height

TABLE 4
Integrated Confined Mode) Oata for
294 K and a 533.4 mm Orop Height

Box Weight] Acceleration (G) Box Height[ Acceleration {G)

‘ (kg) [Total Box Interior Box___ Cushion (kq) otal Box Interior Box ushion
24.95 35.59 41.38 94.20 24.95  161.55 39.65 121.89
25.17  136.88 41.33 95.55 25.17  163.07 - 39.59 123.48
25.40  138.17 41.27 9.90 25.40  164.60 39.54 125.06
25.63  139.46 4.2 98.25 25.63  166.13 39.48 126.65
25.85  140.75 41.15 99.60 25.85  167.65 39.42 128.23
26.08  142.04 41.09 100.94 26.08 169.18 39.36 129.82
26.31 143.33 41.03 102.29 26.31 170.71 39.20 131.4
26.54  144.62 40.97 103.64 26.54  172.23 39.23 132.99
26.76  145.9) 40.9 175,00 26.76  173.76 39.17 134.58
26.99  147.20 40.85 100. 35 26.99  175.29 9N 136.17
27.22  148.49 40.79 107.70 27.22  176.81 39.05 137.76
27.44  149.78 40.73 109.05 27.44 178,34 38.99 139.35
27.67 151,07 40.67 110.40 27.67  179.86 38.92 140.94
27.90  182.37 40.61 1M.75 27.90  181.39 38.86 142.52

TABLE 2 TABLE S

Iﬁtegrated Confined Model Qata for
244 K and a 533.4 mm Orop Height

Integrated Confined Model Data for
316 K and a 533.4 mm Orop Height

Box Neight] Acceleration (0] | [ Box Welght Acceleration (6] ‘
(kq) Total Box nterior Box ushion ;kg; | otal Box _ Interior Box ushion |

- 24.95 143.64 42.27 107.37 4. 5 47 127.33
25.17 151.06 42.20 108.85 25.17 159.30 36.42 122.88
25.40 152.47 42.14 110.33 25.40 160.80 36.37 124.42
25.63 153.89 42.08 111.81 25.63 162.29 36.32 125.97
25.85 155. 31 42.02 113.29 25.85 163.78 36.26 127.51
26.08 156.73 41.96 14.77 26.08 165.27 36.21 129.06
26.31 158.15 41.89 116.25 26.31 166.77 36.16 130.60
26.54 159.57 41.83 172.73 25.54 168.26 36.10 132.15
26.76 160.98 41.77 119.21 26.76 169.75 .08 133.70
26.99 162.40 40.70 120.70 26.99 17.24 36.00 135.24
27.22 163.82 41.64 122.18 27.22 172.74 35.94 136.79
27.44 165.28 41.57 123.66 27.4 174.23 35.88 138.34
27.67 166. 66 41.51 125.15 27.67 175.71% 35.83 139.89
27.90 168.07 41.448 126.63 27.90 7.2 35.77 141.43

TABLE 3 TABLE 6

Integrated Confined Model 0ata for
266 K and a 533.4 mm Orop Height

25.17 159.48 41.79 117.69
25.40 160.98 41.73 119.24
25.63 162.47 41.67 120.80
25.85 163.96 41.60 122.36
26.08 165.46 4].54 123.92
26.31 166. 95 41.47 125.47
26.54 168 45 4a.4 127.03
26.76 169.94 41.35 128.59
26.99 171.44 41.28 130.15
27.22 172.93 41.21 131.71
27.44 174.42 41.15 133.27
27.61 175.92 41.08 134.83
27.90 177. 41 41.02 136.39

Box Weight Acceleration (6}
k Total Box__ Tnterior Box _ Cushion ]

Integrated Confined Mode) Data for
344 K and a 533.4 tm Orop Hef

25.17 144.8! 30.59 114.22
25.40 146.18 30.55 115.62
25.63  147.54 30.51 117.02
25.85 148.90 30.48 118.42
26.08 150.26 30.44 119.82
26.31 151.62 30.40 121.22
26.54 152.99 30.36 122.62
26.76 154,35 30.32 124.02
26.99 155. N 30.28 125.4¢
27.22 157.07 30.24 126.83
27.44 158.43 30.20 128.23
27.67 159.79 30.16 129.63
27.90 161.16 30.12 131.03
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Fig. 2 - Cushion absorption as a function of temperature
and total box weight for a 533.4 mm drop height

Perhaps the most significant finding of
this research effort is the column entitled
“Cushion" in Tables 1 through 6. Heretofore,
the actual peak acceleration absorbed by a
cushion as a function of weight and temperature
has never been calculated. Consequently, [ig. 2
i1lustrates the effect of temperature upon the
interior box cushion as a function of total box
weight. [t should be noted that the Minicel
cushion performs well at the lowest tempera-
ture, 219 K. This low temperature phenomennn
is not common to all} cushioning materials, but
indicates some unique characteristics for the

28

Minicel material. Further observation indi-
cates that the Minicel material performs better,
from a cushioning standpoint, at approximately
294 K.

This phenomenon may be due to the closed
cell construction of the foam itself. Minicel
is composed of tiny closed cells in which air
is entrapped. Compressing the closed cell is
comparable to compressing a balloon. Two
factors in the construction of the cell which
contribute to the cushioning ability of the
foam material are the entrapped air and the
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Fig. 3 - Interior box peak accelerations as a function of tesperature
and tota) box weight for a 533.4 sm drop height

wdalls of the cell, As the foam material is
cooled, the air contracts and causes the cell
to be compressed even though the cell walls are
somewhat rigid from the cold temperature. At
the higher temperatures, the walls of the cell
become softer and are able to be compressed
with less force than at lower temperatures. At
the very low temperatures the contraction of
air is a factor ind at higher temperatures the
flexibility of the cellular walls is a cushion-
ing factor [9].

Fig. 3 fllustrates the effect of tempera-
ture upon the interior box peak 3ccelerations.

b} ]

It is evident that the tota) box weight has a
wmuch smaller effect than temperature. Further-
morz. the interior box experiences the greatest
peak accelaration near 244 K, and the smallest
peak acce’:-ations at the high temperature
extreme, 344 K,

Fig. 4 depicts the total box peak accelers-
tions as a function of temperature. [n this
situation, the outside container is seen to be
affected by the different temperature levels,
which means the wooden construction serves as a
better shock absorber at the cold and hot
extremes than at ambfent temperature. The wood
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Fig. 4 - Tota) bo). peak accelerations as a function of temperature
and tota! box weight at a 533.4 nm drop height

is considered to be a closed cell composite [9].
As a closed cel) material it undergoes changes
as the temperature varies.

One additional effect of temperature is
observed when the data for a particular item
weight from Tables 1 through § {s selected. A
summary of these data is provided in Tadle ?
for a 24.95 kg i%em. The development of an
additional column in Table 7 which gives the

b1

percent to total box G'S absorbed by the cush-
fon reveals that the Minicel cushion performs
best at the highest temperature, 334 X. [t is
noted that at the low temperature, 219 K, the
cushion absords 69% of the total box G's avafl-
able incressing slowly until a level of 79% is
achieved at 344 K. Hence, the cushion absords
considerably more of the available shock at the
higher temperature than at the lower tempera-
tures. Similar results in cushion absorption
occur for varying item weights.



PEAK ACCELERATION (G's)

554

451

40-

CONFINED

UNCONFINED

IST9 2758 437 56 6835 821 9653
STATIC STRESS (Po)

Fig. § - Comparison of confined and unconfined peak accelerations
at 219 X with a 762.0 wn drop hefight

TABLE 7
Cushion Absorption Percentage as a Function
of Temperature for a Selected Item Meight

and a 533.4 sm Drop Height

Acceleration {G)
Absorbed | Percent of
Tempera- | Total |Interior by G's
ture (X) | Box Box Cushion Absorbed
F3k) L) 54 (32
b1 150 42 107 n
266 158 ¥4 Né n
294 162 40 122 75
k1 [ 158 3 121 n
k 1} 143 N 113 19
A
CONFINED VERSUS UNCONFINED COMPARISONS
It is generally accepted that designing
cushioning systems from unconfined (flat pad)
drop tests will result in conservative (too
much cushion) designs. The prodblem has been

n

that the magnitude of conservatism which was
experienced was unknown. Consequently, know-
ledgeable cushioning system designers continue
to utilize the best soyrce currently available
(f.e., unconfined data).

The results of this research permit a com-
parison between confined and unconfined test
results. McOaniel (10] developed a genera)
Minicel cushioning mode) based upon unconfined
dats. Both this research and McDaniel's
utilized Minicel cushioning material, with
eich including the 50.8 mm thickness. Since
both models have generalized the temperature
and drep height parameters, it is possible 20
compare the unconfined interior box general
mode) results with McDaniel's unconfined
general model results.

Typical results are shown in Figures 5
through 7, where it is noted that the unconfined
mode] predicts peak accelerations above the con-
fined mode] when one considers the optimum
cushioning point as the confined mode! minfmm.
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Fig. 6 - Comparison of confined and unconfined peak accelerations
3t 294 X with a 762.0 mm drop height

This confirms the original hypothesis that un-
confined drop tests result in conservative de-
signs. It is further noted in Figures 5 through
7 that the optimum cushioning point (lowest peak
acceleration) does not occur at the same static
stress level for the unconfined and confined
cases. In fact, when the optimum cushioning
point for the confined case is %0 the left of
the unconfined optimum cushioning point (Fig.5),
the two curves intersect to the right of both
optimum points. When the confined optimum
cushioning point is to the right of the uncon-
fined optimum pnint, the two curves intersect
prior to the corvined optimum point (Fig. 7).

Table 8 summarizes the optimum cushioning
point at the six standard temperatures for the
unconfined and confined cases for a 762.0 m
drop height. For five of the six temperatures,
the peak acceleration minimum for the confined
case is at a larger static stress value than
for the unconfined case. Only at 219 K is the
peak acceleration minimun at a lower static
stress value for the confined case. Further-
more, irrespective of the t mperature or static
stress value, the peak accelsration minimums
for the confined case are always lower than
those for the unconfined case. MHence, once
again the conservative nature of the unconfined
approach is identified.

n

TABLE 8
Summary of Unconfined Versus Confined Peak
Acceieration Minimums for a 762.0 mm Drop
Height

emperad Unconfined tonfined

ture (X Static StressG's Static Stress]G's
F3k) 1.238 L0} T.038 3
244 0.938 43 0.988 33
266 0.688 42 1.088 R
294 0.538 40 1.088 k|
ki 0.388 k) 1.038 3
3 0.338 4 0.938 30

One additional point concerming the con-
fined and unconfined general models warrants
mentioning. The general models available permit
the cushion designer to acquire cushion design
information at any desired intermediate drop
height value between 304.8 and 762.0 mm.

Similar selections may be exercised for the
range of temperature between 219 and 344 X,

CONCLUSIONS

The results of this research indicate that
irrespective of the temperature value between
219 and M4 K, and a static stress value between
1379 and 9653 Pa, the peak acceleration minimums




o B SLLLAL o s S Ao RN s el g

P

[ S

551

50+

40+

PEAK ACCELERATION (G's)

35- CONF INED

30

"i379  27%8

for the confined case are always lower than for

the unconfined case. The conservative nature
of the unconfined approach becomes very appar-
ent. The results presented provide a measure

of this conservatism for the Minicel material

confiqured as a corner void cushion.
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PRELIMINARY HARDNESS EVALUATION PROCEDURE FOR
IBENTIFYING SHOCK ISOLATION REQUIREMENTS
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I The Ballistic Missile Defense System SAFEGUARD experience indicates that

there is a need to develop a procedure based on past test experience that
can be used during the early design phase to identify shock isolation
requirements. The procedure would provide designers a more concrete basts
for making decistons concerning isolation requirements prior to receivino
the results of the hardness verification program. This paper presents

B

) the safe but more expansive and conservative explain the approach used to develop the pro-
B {} approach of providing more isolation than is cedure, the justification for the approach,
\{4 required. Also, due to a lack of experimental and the procedure. In addition, two examples
5}~‘ data or gquidance from past programs, planners are included to demonstrate correct usage of
"y and designers do not know how much shock test- the procedure. All the required shock spectra
hAR ing it really required nor do they have any are provided in the appendix.
—— tndication of the areas of potentia) weakness.
- Lack of this information results in designs PROCEDURE DEVELOPMENT
:"») that may magnify the problem and in testing
gﬁ; programs that are more costly than necessary, The initia) idea for the procedure was
o "R Desfan uncertainty in the minds of desianers to:
™ will also result in hicher preliminary cost
estimates, Therefore, there is a definite need a. Use the data base from the SAFE-
to develop a procedure for use cduring pre-desian GUARD program to develop fn-structure shock
e and design phases to provide quidance for iden- response spectra that generic equipment oroups
_’f‘- tifying shock isolation requirements, can survive without failure or malfunction.
N
g
o lgy
¥,
L]
- ",
e

such a procedure. It is based on the shock test results for the equipment
installed in the SAFEGUARD Ballistic Missile Defense System. These shock
tests cover over 300 commercial items of equipment found in mechanical and
electrical systems. The test data has been used to verify the hardness of
In addition, the data base may be the
largest and most extensive in existence for qo/no-go shock testino of
commercial equipment hardness to nuclear shock environments. The proce-
dure is written to and for desiagners of future land-based hardened facil-
ities (nuclear or non-nuclear) that use commercial equipment for which no

over 30,000 items of equipment.

fragility data exists,

" INTRODUCTION

During the pre-desian and design phases
of hardened land-based military facilities,
decisfons must be made as to which equipment can
be bolted to the floor (hardmounted) and which
equipment must be shock isolated. Since equip-
ment fragility to the expected shock environment
{s rarely known until after procurement and
shock testing, these decisions are very diffi-
cult to make. The result {s a tendency to take

This paper presents a procedure for
identifying shock isolation requirements
based on test data from the SAFEGUARD Ballistic
Missile Defense proaram. The procedure can also
be used to identify potential areas of weakness
and shock testing requirements. Presently, it
{s being incorporated into a chapter in
TM5-855-1, Fundamentals of Protective Desion
{Non-Nuclear). The following paragraphs




b. Compare actual or estimated in-
structure response spectra for a particular
facility to the spectra developed in Step a. to
determine if shock isolation is required. SAFE-
GUARD test data was published in 58 test reports
(References 1-58) that contained thcusands of
test shock spectra representing over 300 tested
items of equipment. Because this test data was
so extensive, it had to be condensed. Twe steps
were taken to reduce this data to a cize and
form that would pe used by desianers. First,
the tested equipment was assigned to the generic
groups below.

GENERIC GROUPS

GROUP_ND. GROUP
1 Air-Conditionina Units
2 Air-.Handling Units
3 Air-Conditioning and Chemical and
Biological Filters
4 Fans
5 Dampers, Diffusers and Extractors
6 Piping Components
7 Pumps
8 Heat Exchangers
9 Heating and Cooling Coils
10 Air Compressors, Storage Tanks,
Instrument Air Dryers
n Water Chillers
12 Water Purification Units
13 Heat Sensing Devices
14 Indicators
15 Instrument Panels
16 Control Panels
17 Monitorina and Control Devices
18 Motor Generators
19 Diesel Engine Generators
20 Gas Turbine Generators
21 Generator Accessories
22 Circuit Breakers
23 Relays
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GROUP_NO. GROUP
24 Electric Motor Control Center
25 Metal-Clad Switchgear
26 ' Dry Transformers
27 Electrical Panelboards
28 Station Battery Sets
29 Unit Substations

30 Light Fixtures
3 Computers
32 Commynications Equipment

These groupinas were the same used during the
testing program to develop test packages of
similar and related items. The next step was
to reduce the thousands of test spectra to the
undamped horizontal and vertical in-structure
shock response spectra that each group can
resist without failure or malfunction. The
approach taken to reduce the test spectra to
one horizontal and one vertical spectrusm for
each group is as follows:

(1) Identify for each tested item in
the aroup the highest herizontal and the highest
vertical test level passed without failure or
malfunction.

(2) Draw an envelope of the test
spectra that does not exceed the lowest points
as shown in Fig. 1.

(3) Overlay al) ®o~iiass envelepes -
and draw another envelope of the low side of
the overlay as shown in Fig. 2. This final enve-
lope 1s the horizontal envelope that all the
equipment in that qroup will pass without
failure or malfunction. Repeat for the vertical
spectra,

(4) Repeat Steps 1, 2, and 3 for each
generic qroup.

These steps were modified for relays,
motor control centers, and metal-clad switch-
gear since these devices are extremely sensitive
to shock. SAFEGUARD testing experience with
commercial equipment of this type shows that
they pass without failure or malfunction at very
low levels of shock. Therefore, in order to
qive designers-more flexibility when working
with these cateqories of equipment two different
levels or environments of horizontal and vertical
spectra were developed. The higher environment
represents the level of shock at which these
1tems survive without structural damage. At
this higher level the relays in these types of
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equipment alfunction by contact chattering
and drozping out requiring manual reset. The
1oer environment is developed in accordance
with Steps 1, 2, and 3 above.

These steos were further modified for

' groups having equipment with widely spaced

levels of resistance. These groups were broken
into two or more subgroups where the environ-
ments for equipment in the subgroups were
closer. For example, the group Pumps was
broken into two subjroups: a. Sump Pumps and
b. Peripheral Turbine, Centrifugal and Positive
Displacement Pumos. Zach subgroup has its own
horizontal and verticai environment that it
passes without nalfurction or failure.

Table 1 is the result of aoplying the
data condensing approach just described. In the
table each group is listed with its correspond-
ina limitations and its derived environment,
which consists of one horizontal spectrum and
one vertical spectrum. In some cases, subaraups
are listed and treated as individual units with
their own limitations and enviropments. For
each aroup or subgroup enviconment, numbers
appear in the "Horizontal Spectrum” and
"Vertical Spectrum" columns. These numbers
reference the horizontal and vertical spectra

- which are illustrated in the appendix. In the

table Group No. 24, Electric Motor Control
Center, hac two environments which are not
based upon subaroups but are defined according
to two separate types of limitations.

Equipment Shock Resistance

ENVIRONMENT
(APPENDIX)
GROUPS/SUBGROUPS LIMITATIONS
HORIZONTAL VERTICAL
SPECTRUM SPECTRUM
1. Air-Conditioning Units 1. Small 5-ton compressor and 1 1
air handling unit
2. Air-Handling Units 2. None 4 4
3. Air-Conditioning and (8 3. None 4 2
Filters
4. Fans - 4. Centrifugal and axial flow 5 2
5. Dampers, Offfusers, and S. None 6 7
Extractors
6. Piping Components ' 6. Valves (manual, cortrol, 19 3
preumatic actuated),
:~diment strainers, flex
ho:es, fluid filters,
moisture traps, expansion
joints, automatic air vents,
flow orifices, attenuators,
etc.
7. Pumps 7.
a. Sump Pumps a. None 8 10
b. Peripheral Turbine, b. None 4 9
Centri fugal and
Positive Displacement
8. Heat Exchangers 8. None 19 n
9. Heating and Cooling 9. None 12 2
Cotls




TABLE 1

Equipment Shock Resistance

(Continued)
ENVIRONMENT
(APPENDIX)
GROUPS/SUBGROUPS LIMITATIONS
HORIZONTAL VERTICAL
SPECTRUM SPECTRUM
10. Air Compressors, Storage 10. None 13 14
Tanks, Instrument Air
Dryers
11. Water Chillers 11. None 16 15
12. Water Purification Units 12. None 17 18
13. Heat Sensing Devices 13. None 19 . 20
14. Indicators 14. Pressure, flow, temperature, 4 21
' level
15. Instrument Panels 15. Noné 19 22
16. Control Panels 16.
' a. Generator Surge Pak a. None 25 23
b. A1l QOthers b. None 25 24
17. Monitoring and Control 17. Current trips, regqulator 26 27
Devices . filters, switches, probes,
transmitters, transducers,
power supplies, controllers,
thermos tats, etc.
18. Motor Generators 18. None 28 29
19. Diesel Engine Generators 19. Diesel engine generator, 30 30
pumps, governors, control
linkage, pneumatic actuators
20.I Gas Turbine Generators 20. None k] 4
21. Generator Accessories 21. Neutral resistor, neutral 32 32
breaker, static exciter
requlator
22. Circuit Breakers 22.
3. Molded Case Circuit a. None 34 k)
Breakers
b. A1l Other Types b. None 33 33
23. Relays 23.
a. Hardmounted to rigid a. None 35 38
surface
b. Cabinet Mounted b. Structural limit kY 37
¢. Cabinet Mounted c. Relay chatter limit 36 36
24, Electric Motor Control 24. a, Structural limit 39 39
Center b. Relay chatter limit 4] 40

s




TABLE 1

Equipment Shock Resistance

~ {Continued)
ENVIRONMENT
{APPENOIX)
GROUPS/SUBGROUPS LIMITATIONS
HORIZONTAL VERTICAL
SPECTRUM SPECTRUM
25. Metal Clad Switchgear 25. Environments are those the 42 42
switchgear passed struc-
turally. At these environ-
ments the switchgear
changed state and indicator
flags dropped down qiving
false information.
26. Ory Transformers 26. None a4 43
27. Electrical Panelboard 27. Circuit breakers, relays,
a. Panelboards with Air meters, RFI filters, 45 47
Circuit Breakers motor starters, air
b. Panelboards without circuit breakers 45 46
Air Circuit Breakers
28. Station Battery Sets 28.
a. Batteries a. None 48 43
b. AC Switchboard and b. None 49 49
DC Power Supply
29. Unit Substations 29. Transformers, voltage 30 37 .
regulators, circuit ’
breakers, motor controls,
motor starter
30. Light Fixtures 30.
a. OCE Type F10-8 a. None 50 51
Modified
b. OCE Type F-4 Modified b. None - 52 2
31. Computers 31. None 53 54
32. Communications Equipment 32. None 55 56
JUSTIFICATION

b
2]
A

There are four reasons why the approach
taken to develop the procedure is justified.
First, the shock tests of the 300 mechanical and
electrical items of equipment upon which the
procedure is based were used to verify the hard-
ness of over 30,000 items of equinm™nt located
in the SAFEGUARD complex. A quasi-probabilistic
comparison method {Reference 59) was used to
accomplish this verification since testing of
all 30,000 items would have been formicible.

Second, the quasi-probabilistic com-
parison method developed for the SAFEGUARO
Hardness Verification Proqram was sensitive to
actual recorded test spectrum points that fell
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below the untested equipment's actual in-
structure shock response environment. The
approach used here is to construct a2 shock
spectra that envelopes the low points cf the
test spectra, Therefore, if the comparison
method were used with in-structure shock
environments equal to or less than those in the
appendix the method would show a high prob-
ability of survival,

Third, SAFEGUARD experience shows that
equipment failures tend to repeat for a partic-
ular qeneric qroup so that test engineers were
able to predict the types of failures and mal-
functions a particular type of equipment would
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experience. While this is not a fooiproof con-
clusion, it is consistent enough to justify
using the approach presented here to qain in-
sight into shock isolation and shock testino
requirements early in the design phase.

Fourth, though equipment designs change
and individual pieces of equipment may develop
sensitivities not previously anticipated, it is
unlikely that grouped mechanical or electrical
equipment will deviate much from the results of
the SAFEGUARD test program in the future.

PROCEDURE

Step 1 - Equipment Classification.
Desianers must first classify the equipment as
follows:

a. Mission critical equipment that
must function durino and after each shock
(Criticality A).

b. Mission critical equipment that
does not have to function during each shock but
must function following each shock (Criticality
8).

c. Equipment not critical to the
mission that does not have to function durino
or following an attack (Criticality C).

Criticality A and B equipment must be
protected against shock. Items with Criticality
C will be hardmounted and securely attached to
the building structure to prevent hazards to
personnel or mission critical equipment. All
equipment controls and system monfitoring
devices, remote and local, must be either
Criticality A or B. If they are Criticality B
they must return to their original state fol-
Towing shock without requiring operators to
reset, restart or readjust. This prevents con-
fusion following each shock because of false
alarms or equipment shutdown requiring
operators to restart machinery and readjust
each system.

Step 2 - In-Structure Shock Environ-
ment. Compute and plot the horizontal and
vertical undamped in-structure shock response
spectra.

Step 3 - Equipment Selection. Locate
the item of equipment being considered from
Table 1 and find the shock environments it will
survive.

Step 4 - Shock Environment Comparison.
Compare the horizontal and vertical spectra
obtained from Step 3 with the horizontal and
vertical in-structure response spectra from
Step 2 at the location where the equipment is
installed.

Step 5 - Hardmount or Shock Isolate?
a. All equipment except relays,

electric motor control centers, and metal-clad
switchgear. If the design shock environment
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(Step 2, falls be'ow the environment in Table 1,
the equipment can b~ hardmounted. If it exceeds
the environment in Table 1 the desianer has two
options: shock isolate the equipment or shock
test and retrofit if required until it survives
the in-structure shock enviromment.

b. Relays and electric motor control
centers. More than one environment are listed
for these items in Table 1. One represents the
environment the equipment can be expected to
survive structurally. At this level there will
be considerable relay chatter that may result
in electrical malfunctions. If the hiarer level
is used the designer must design ele~*¢vical
circuitry for Criticality A equipment to prevent
the loss or disruption of critical functions
during shock motions. I[f the higher level is
used for Criticality B equipment the designor
must design electrical circuitry to prevent loss
of the critical function following shock
motions. The lower enviromment must be used if
circuitry cannot be designed to prevent dis-
ruption due to relay chatter. Once the proper
environment is selected from Table 1 proceed as
instructed in Step Sa.

c. Metal-clad switchgear. These
devices are very sensitive to any level of
shock. Envirommeats in Table 1 are levels
these devices have survived structurally. At
these levels considerable contact chatter and
change of state took place. Therefore, these
devices qust be protected by one of the
following: circuitry designed to prevent dis-
ruption of Criticality A functions and to
prevent loss of function requiring resetting or
restarting for Criticality B functions; or
shock isolate; or perform shock tests and
retrofit uatil the switchqear survives the
environment; or use another piece of already
hardened equipment that provides the same

service,

Using this procedure the designer can !
identify the amount of shock isolation and g
shock testing for a particular {n-structure . "-
shock environment. The cost tradeoffs can be ..

made between the cost of equipment protection
(shock isolation and shock testing) and the
cost of re@cinq in-structure shock.

EXAMPLES '

The following example illustrates the
use of the procedure.

Example 1:

Given: A Criticality A Chiller
mounted in a Tocation having the vertical and
horizontal shock response spectra shown in
Fig. 3.

Decide whether to isolate or hardmount
the chiller.

Step 1: Given Criticality A Chiller,
Step 2: Given in Fiq. 3.




Step 3: Water chillers should be able
to survive environments 16 and 15 as shown in
Item 11, Table 1.

Step 4: The in-structure shock
response spectra are compared tc environments
16 and 15 in Figs. 4 and 5.

Step 5: Since the in-structure shock
response spectra do not exceed the allowable
environments (15 and 16) from Table 1, the
chiller can be hardmounted.

Example 2:

Given: Same as in the precedina
example except that the in-structure vertical
and horizontal shock response spectra are given
in Fig. 6. .

Decide whether to isolate or hardmount.

Step 1: Given Criticality A Chiller.

Step 2: Given in Fig. 6.

Step 3: Same as Step 3 in above
example. g

Step 4: The in-structure shock

response spectra are compared to environments
16 and 15 in Figs. 7 and 8.

wl

Step 5: Since the vertical in-
structure shock response spectra exceed environ-
ment 15 the chiller should be isolated or shock
tested and retrofitted.

CONCLUS IDNS

In closing we draw the following con-
clusions:

a. The procedure will improve the
capability of desianers and planners to objec-
tively determine shock isolation requirements
with a higher deqree of confidence early in the
pre-design and design phases.

b. This'ihproved capability will
reduce uncertainty and therefore result in more
accurate cost estimates of large projects.

¢. Using this procedure desianers will
be able to identify potential problem areas and
correct them early in the design, thereby
saving costly retrofit actions.

d. While the procedure should result
in a high implicit probability of survival it
does not explicitly predict the probability of
survival. Therefore, it does not eliminate the
need for a hardness verification program.

e. The procecure can be used to
develop a hardness verification program since
it identifies potential weak 11 -ks and strong
points.
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DISCUSSION

'

Voice (A Mechanics and Materials Centsr):
Did your thircy-two generic items come befors
or aftsr you looked at thsir spectra?l

Mr. Brsdahaw: Before.

Voics: Is it possibls to categorize the itsm
on the basis of thsir shspe snd sizs?

Mr. Brsdshsw: Yes. I hsd the benefit cf ths
Safeguard program snd thst automaticslly cste-

gorizsd them.
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AN APPLICATION OF TUNED MASS DAMPERS TO THE SUPPRESSION OF SEVERE
VIBRATION IN THE ROOF OF AN AIRCRAFT ENGINE TEST CELL

J.L. Goldberg, N.ii. Clark and B.H. Meldrum
CSIRO Division of Applied Physics
Sydney, Austrslie 2070

' Tuned mass dampers have been applied to suppress ssvere vibretion in the
concrete roof panels of s building used for testing constant speed turbo~ |

propeller aircrsft engines.

ursd dats,

A basis for design of the dampers is described in this paper. The
size and number of absorber masses and ths characteristics of the spring
required to effectively suppress the psrticular mode of ths pansl are de~
termined from celculetions of ths modsl energy using experimentally meas-

The prozedurs is illustrated by examining the responss of the slab
situstad above ths propeller and subjected to the strongest excitatiom.

The untreeted slab, of mass estimated to be in excess of 10 tonne
between wall supports, vibrstes with a peak velocity amplitude of 24 mm/
ssc ia a (3,1) mode. When treeted with two absorbers of total mass
470 kg, ths velocity amplitude is reduced to s sefe vslue of 4 sm/sec in
the worst rsgion of the slab. The relevance of this reduction in sat-
isfying vibretion ssfety critevis is discussed.

1. INTRODUCTION

Both reinforcsd snd prestressec concrets
materials exhibit very low dampinc 1s shown,
for example, by James ¢t al. ({*, and the sxist-
ence of resonancss in concrete structures is
quits common. 7Two methods of increesing ths
structurel damping havs been used in civil
enginsering practice.

The first is an adaptstion of the sandwich
damping tschnique used in 1light metal sircraft
structures. Grootenhius (2] has spplied this
technique to concrete apparently with some suc-
cess, for example, in ths damping of the con-
crete bridge dsck of the suspended reilwey sec-
tions on the Barbican re-dsvelopmant site in
the U.X.

The use of tuned-mass dampers is an alter-
netive approach which involves the transfsr of
energy from the structure to an sdded mass with
some energy dissipation occurring in e resil-
ient element. Some epplications of this prin-
ciple have bsen described by McNamare {[3].

This paper describes ths investigetion of
sevsre vibration of the concrete roof slab of
an aircraft sngine test building and the sppli-
cation of tuned vibretion absorbers to suppress
the vibretion.
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2., DESCRIPTION OF THE TEST BUILDING

The test building was constructed in the
early 19508 for the testing of Curtis-Wright
piston engines end later Molls-Royce Dart turbo-
propellsr engines. It is shown diegramatically
in Fig. 1.

The sngine test space ie 53 m lona by 7 m
wids and 7 m high, The walls originally werc
of brick cevity construction with an 0.22 a
thick internal skin separated from an 0.11 a
thick sxternal skin by an 0.05 m cavity. Later,
in order to provide for engines with incresesed
power, such as the Allison A-14, the wells have
been stiffened by filling the cavity with grout
and connecting together the irner and outsr
wells with bolts. A very sigaificant reduction
in wall vibration wes achiewed thie way.

The roof is of reinforced concrets slab
and beam construction designed to withstand
the quasi-steedy pressure difference induced
aerodynamically by eir flow within the build-
ing.

Over the central region of the engine test
spece the bsams et 2.74 m centres reinforce the
slabs. The slabs are 0.16 m thick at the well
bounderies and increase to some 0.2) m at the
centre line of the roof. Dimensions of e slab
ars typically 2.36 m beatween the beams and 7.5m
betweaen the wall supports.
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Pig. 2 - Prequency spectrum of dynamic pressure fluctuations inside building.
3. DYNAMIC PRESSURE AND VIBRATION The frequencies in the band from 0 to 25 Hz
MEASUREMENTS sriee from turbulence and principally excite the
wglls of the structure, There is s etrong
The dynamic pressure fluctuatione ineide component at 68 Hz with smaller harmonic com=
the building which are eupsrimposed on the ponents of thie frequency which ariee from the
steady pressure have been meaesured and have the paseage of a 4-bladed propeller which rotates
epectrum shown in Pig. 2. st a conetant speed of 1020 rpm. Increaee in
thruet is obtsined by changing blsde attitude.
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The pressure fluctuations have been obrerved to
increase with thrust, up to a maximum engine
power of approximately 4500 h.p.

Measurement of the vibration at various
positions on the roof slah directly over the
propeller revealed a remerkably pure vibration
mode at almost the same /requency as that of
the propeller blade passege. The measured
shape of this mode in the long and short direc-
tions of the slab is shown in Fig. 3. At the
antinodes a very high velocity.amplitude of
24 mm/sec wes observed at 4000 h.p. Adjacent
slabs showed a similar modal behavior but the

_ velocity amplitude was not as great.

4. VIBRATION CONTROL BY VIBRATION ABSORBER

The method of treatment involves placing
damped vibretion absorbers at some of the posi-
tions of maximum kinetic energy, G), G2, G3 of
Fig. 3. The mode can then be effectively
suppressed if a significant part of the modal
energy is transferred from the roof slab to the
abgorber masses and the remainder dissipated in
the springe.

S. EFFECTIVE MASS OF THE SLAB

The estimation of the energy trensfer from
slab to abeorber requires e knowledge of the
effective mass of the slab.

In Fig. 3 which refere to slab G of Fig.l,
if 2a is the length and 2b the width of the
slab, the model velocity v at enguler frequency
w of any point (x,y) is

vix,¥.t) = vocos 3% cos Y cos wt
2 2

where v, is the maximum velocity amplitude.

The mode shape is expressed in terms of vel-
ocity since this is the epproprieta quantity
whan discussing potentiel levels for damage [6].
1f p is tha mass per unit eree, here assumed to
be constant, the totel xinetic energy E averag-
ed over one cycle of oscilletion is

]'zo vZ ax dy d(ut)

° . (1)

which shows thet in terms of everage kinetic
energy per cycle, the effective mass My of the

" slab is 1/16 that of the actuel mass M.

6. ENERGY EQUATIONS

Let it be essumed that the mass, stiffness
and damping cherecteristics of ell absorbers are
identical and that the maeses move rectilineerly.
The problem is then reduced to thet of epplying
the well~known two-degree of freedom mass-
eprinc system (Pig. 4),

1f o is the cowplex dieplecement amplitude
of the main mass Mg and 8 ie that of the absorb-
er mass Im, then et any excitetion frequency u,
the energy of . he main mass expressed os ¢ fruc~
tion R of the totel energy of the system is

Lula|%?
R = *
Lulal%? « 5 oals|%® + 20ctals-a]’?

whare the third term of the denominator ie the
energy absorbed per cycle in springs of damping
ration {. The energy lose is assumed for eim-
plicity, to ba the rieult of viscous damping.
If u = In/M,, is the mase retio then

l 2
R= |
lo]2 ¢ u [8]2 + ¢ x¢ la-eI’ |

2)

- 20

2 10 1 2
Section along N-S centreline

3 metre

e 2y e

10 1 metre
Section along E-W centreline

Fig. 3 - Moda shape of concrete roof slab showing nomencleture.
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According to Den Hartog (4] a and 8 may be
sxpreesed in ths following dimensionlsse forms:

a (12 -a2y +j2¢cg
-
9 sest [ (32 - 1) (g2 - £2) - ut2g2] +
32Cg{1-q2~-ug?2] (3)
8 2+42¢4q

% stat [ (g2 - 1) (g2 - £2) - ue2g2] +

j2cqll-q8-ug?) (4)
where f= "'l/“n

g= u/un

i= c/cc

" natural freq Yy of absorber systea

" natural frequency of slab in the mode
baing euppreseed

we sxcitstion frequency
Getst = P,/K, P, beinc ths amplitude of ths
sxciting force and K the spring cone-
tant of the slab.

Ueing Bqe. (3) and (4), By. (2) may ba
written

€2 ~ gd) « (2¢q)2

(2= g% + (a2 e et v (22g)2 - Y

P, ei“! (excitation force)

i
i

system charectsrising slab-absorber intsrsction.

Two ssts of curves dsrived from Bg. ($)
ars shown in Fig. . Each curve sst shows the
snsygy retio R ee @ function of the frequency
rstio £ for e epecified mass retio, and with
q=1.02 (epproximately constant in this sppli-
cetion). Ths three curves of sech set shov ths
effsct of vsrying the damping rstio (. Com-
parison of the curvse indicetes that if the eff~
ective mass of the slab ie ths same as ths sum
of the absorber massse, ths slab energy is more
sffectively transferred than if the absorber
sass rstio u is small. Also, for an absorber
sase ratio of unity, ths sffsct of ths tuning
frequency rstio on energy transfsr is lssa
critical for the valuss of damsping rstio {
liksly to be encountered with prscticsl elas-
tomeric matsrisle. This is important in spp~-
lications where the effects of tespereture on
tuning drift must be minimized.

7. VELDCITY OF ABSORBIR MASS

An approximats but ussful sxpreseion for
absorber velocity can be odtained from ensrgy
balance considerations when the syetem ie tuned.

It vo ie the slab welocity bafore trest-
ssnt and v, ths absorber mass velocity for s
correctly tuned absorber, then spproximatsly

£I| '2_:..;
2 e o 2" o

2 . Jwa 7:

vhsre Vv, is the reletive velocity bstween ths
absorber and slab masses.

At balance 'r = 7, and

v - v *
° ® Vs (6)
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-Fig. 5 - Energy ratio R as a function of the rstio of the natural frequencies
of absorber and slab for different mass and damping ratios.

Expression (6) can be used to check that
the velocity of the absorber mass corresponds,
at the proper tuning frequency to an acceler-
ation of less than 1 g. If the acceleration
exceeds 1 g, an absorber mass system that dep-
ends on gravity constraint can chstter on its
supports and this ia unacceptable in prsctice.

If Im = Mg and ; = 0.1, the velocity of
the absorber masses becomes

Vo = 0.66 v,-

1f vo = 24 mm/sec then Uy = 15 mm/sec for
the absorber maases; this corresponds to an
accelsretion of 0.65 g at 68 Hx, an accsptable
value.

L CHOICE OF DAMPING FACTOR

It should be noted here that some suthors,
for example, Den Hartog [ 4] and Snowden (5]
have shown that the damping factor is critically
related to tuning frequency ratio and mass ratio
for optimum perforsance. However, in the prace
tical caae considered here this critical choice
of damping factor is -ot only difficult to
arrange in a spring, but also it is not necess-
ary. The Anly criterion used here for choosing
% is that it should be large enough to permit
3n adequate energy loss without excessive mass
and to accowodate possibla thermal drift in
the tuning frequency.

It has been seen that if Im = Mg, a very
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affective energy transfer takea place with con-
venient vsluss of £, say 0.1 which can be read-
ily obtained with rubber elastomers.

The high value of absorber mass perw’ s
relatively large ares of ribbed rubber '~ be
used aa described in the next section a .
conatitutes a convenient coupling to the s.as
nass.

9. DESIGN OF THE RUMBER SPRINGS

The estimated slab wass N is 9080 kg so
that the effective masa Ny is 568 kg. Suppoae
Im is nominally 500 kq, which nakes the mass
ratio about unity. The mass ia conveniently
divided into two masses of nominal value 2350 kg
each, vhich can be positioned on two adjacent
antinodal aresaa of the slab. The final value
of mass used diffsres slightly from the nominal
value as a resulr of experimsntal tuning ad-
justments carried out on the roof while the
engine was running. The springs consist of
pads of commercially availabls ribbed neoprene
material between machined steel discs. The uae
of these pads enables the sprinc. to be design-
ed on a simple ares baais once 'ne dynamic
properties of the rubber are Ino=i.

The static losd-deflection . haracteristic
of a sseple of the materiel wes rouns hy losd-
ing it in a apring=-testing sachine and msasur-
ing the deflection with a dial indicator.
Usually the procedure then is to eetimate, from
the slope of the load deflection curve at




various load values, the effective stiffness for If the above procedure is followed for a

small load changes. However, in a case such as nmmber of amplitudes at any one loading, an int-
this where the material exhibits hysteresis, the eresting phenomenon is observed. Although the
s.ope chosen by this method 1s inappropriate for 8t. .ic characteristic shows that the spring is
small vibrations, because the spring will oscil- stiffer for larger deflections (a hardening
late aroynd its own small hysteresis loop. Prom spring), urder dynamic conditions the apparent
a diagram such as Fig. 6, one can obtain graph- st1ffness 1s less for larger displacement amp-
1zally an :indication of the dynamic behaviour by litudes. Hence we have effectively a softening
markino off the displacement amplitude about a spring, and this result arises directly from the
mearn stat:ic displacement value. The intercept hvsteresis.
2f the positive maximum “eflection is marked off
T on the "ascendinq” load-deflection curve and the We should therefore expect the frequency of
-,'P minimum is marked off on the "descending® curve. resonance to vary inversely with tne response
({'-{ The slope of the line joining these two points amplitude, 2 d this expectation was prov.n cor=
:\: w:1l aprroximate the mean slope for the dynamic rect in the following test. To obtain a bet-
‘.',’ zase for that rarticular displacement amplitude ter estimate of resonance frequency, small
o of response and at that particular loading. samples were losded with a measured wmass and

:
%%

From this slcpe *he resonance frequency can be

shaken on an electromagnetic vibration exciter.
estinated for those conditions.

22r
2:0¢
i
o 18t
x 1.6}
va E. 14r Decreasing lood
hO2N € 1 ing load
A S vap ncreasing (oo
A
k:n g 1'0 g
§ 8t
8 6F
2 S ap
) 2
RS N 1 o "
. 1000 2000 3000 4000
] -2
Areal Lcading, kg.m
Fig. 6 - Static load deflection curve of ribbed rubber pad
XXy
RECORDER
IT
TRACKING g
e FILIER N ACCELEROMETER 10
FREMI"LFERS <« MEASURE RESPONSE
TRACKING <—— LOADING MASSES
! FULTER - .
CONTROL = =—— RIBBED RUBBE
COMPRE SSOR R TER SAMPLE
POWER ELECTROCYNAMIC
AMPLIFIER SHAKER
Fi3. 7 - Tewt set-yp to determine dynamic Irogerties of ritbed rubber pad.
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With the amplitude of excitation kept constant,
the excitation frequency was swept, and the
amplitude of response at the top of the loading
mass was recorded as a function of frequency.
The test setup is shown diagramematically in
Fig. 7 and typical response curves for various
mass loadings are shown 1n Fig. 8.

From the 'Q' of the respcnse curves the lam—
plng was cstimated to be ecuivalent to approx-
imately 0.1 of critical. The actual frequency
of resonance (Fl1g. 8) is seen to decrease with
lncrease in response amplitude, as predicted.
Moreover, a settling effect was noticed; that
is, vhen the load was first applied, tne fre-
quency of resonance was lower than the final
ateady value, pruobably indicating that the eff-
ective contact area was initially less.

(1]

2

Acceleration. (§:me)
o
s

02

» 9 n 0 noe 10
Frequercy (Hert)

Fig. 8 = Typical response curves for various
mass loadings.

The resonan~e frequency required for the
dynamic absorber was 68 Hz. From the test res-
ults summariaed in Fig. 9 it was deduced that
this frequency would be obtained with an areal
ioading of about 2500 to 3000 kg.m"2,

In the final design the loading is 2700
kg.m"2, The total tmass of 235 kg is mads up of
8 concrets discs as shown in Fig. 10, and the
actual area of rubber per spring is 0.0:3m. To
ensure uniform loading, heavy machined steel
discs are cementead to the upper and lower faces
of each spring pad. The assembly is circuler
in plan view, A conical recesa in ths uppsr
stesl disc carries a stsal ball, which locates
15 & simtlar seating under the lower concrete
4iac, The detaila and dimenaions are shown in
Fi1g. 10, The lower steel disc of eacr. spring
aaaembly i1a cemented to the unper surface of
the concrete roof slab, and “he three asaemblies
are symmetrically arranged nver an antinode of
the roof moude which is to be suppressed.

X response amplitude = 0-7g,m,
sample areg 102 107m?

1000 200 000 4000
Areal Looding kg /m?

Fig. 9 - R ance freq Yy versus loading
curves for estimation of operating
zone.

! 12mm
Thwesded red

44 4 4

Pig.10 - Details of assembled absorber.
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10. TESTING AND TUNING THE ABSORBER

An assembled absorber was first tested in
the laboratory, on a very massive basement
floor. Excitation was by a reaction shaker
placed on the top of the absorber mass, with
other instrumentation similar to that shown in
Fig. 7. The absorber response, for a constant
amplitude of excitation force, shows a slight
hump at a frequency close to the vertical res-
onance frequency (Fig. 11)}). The hump was ob-
served to be due to a coupled rocking mode,
which in the final installation contributes to
the damping of the roof vibration. Rocking
occurs in practice because the vibration levels
under the three springs are unlikely to be
identical in amplitude. The absorber was tuned
1n situ on the roof by adding mass in incre-
ments of approximately 30 Xq until the velocity
amplitude of the slab was minimised.

01 - -
!
009p—— = +
- N :
Rock
o hing froquancas
Emr
]
§
§WM—
W._._
owmp —- “
o002t : t
i , ! }
R e e
T
— b e b e W W

Pig. 11 - Prequency rasponse of sssembled
absorber showing rocking frequancies
for (a) nominally central and
{b) highly eccentric excitation.

11. INSTRUMENTATION

Tha vibraticn survey of ths test cell roof
was carried out with six sccelerometers. Insids
tha cell a piezo-alectric transducer was used to
monitor pressure fluctuations. Tha instrument-
ation systsm consisted of thasa transducers to=-
qether with filter amplifiars, a high-speed
chart recordar and a wulti-channel instrument=
ation tape racordar.
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The chart record indicated instantaneous
values of acceleration and relative phase at
each measuring point enabling mode shapes to be
ideatified. Taped records were subgequently
analysed ‘or frequency and average velocity
values using a real-time analyser.

12. THE EFFECTIVENESS OF MODE SUPPRESSION
IN TERMS OF DAMAGE CRITERIA

Damage criteria are quantified in the
Draft Document DP4866 {1975) of the Inter-
national Organisation, for Standardisation (I1SO)
[6]. This document sets out certain velocity
ranges for concrete slabs which correspond to
certain risks of damage. These ranges are ill-
ustrated in Fig, 12. J
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Pig. 12 - Graphical presentation of IS0
damaga critaria.

Tha dagree of woda suppression achieved
for slab G is shown in Pig. 13. With ona sb~
sorber plsced on the antinodal position nesrast
tha north edqe, partisi suppression is obtsinad;
the central antinoda does not respond as drama-
tically as the outer ones becausa the kinetic
energy of the slab is not uniformly distributed
ovar the slab length: it will be recalled from
ssction (1) that tha slab tapers in dapth from
the centre to tha adqas in tha direction of its
longest dimension.
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Fig. 13 - Mode suppression using one and two absorbers.
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4 Wwith two absorbers in position, however, graph of Fig. 12. In terms of the ISO criterias

L there is no point on the slab which has a vel- the degree of suppression achieved is seen to

"} ocaty amplitude higher than 4 mm/sec. be adequate. Fig. 14 showe the absorbers

n mounted on the roof of the test building at

» This final value and the unsuppressed Sydney airport.

value of modal velocity are displayed on the
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Fiqg. 14 - Photograph of atsorbers mounted on roof of sngine teet building.
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COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS FOR A
SEMI-ACTIVE VIBRATION ISOLATOR |
i

E. 3. Kramicki
Lord Kinematics
Erie, Pennsylvania

A single degree of freedom system employing an active damper, used as a
semi-active vibration isolation device, has been successfully reduced to practice. A
laboratory prototype has been fabricated and tested, and the test results of the
active damper performance, subject to both sinusoidal and random vibrational input,

_will be discussed and compared to recent analytical simulations.

INTRODUCTION

The concept of semi-active vibration isvlation
using the active damper was developed by M.
Crosby of Lord Corporation and D. Karnopp of the
University of California. The concept was
patented (U.S, Patent No. 3,807,678) on April 30,
1974, with Lord Corporation being the assignee.
The technical paper, " Vibration Control Using
Semi-Active Force Generators", (ASME Paper No.
73-DET-122) June 6, 1973( 1], provides a detailed
explanation of the active damper concept, its
history, operation, and some potential hardware
configurations.

Basically, the active damper can provide
improved vibration and shock isolation, approach-
ing that of a fully active system, by controlling the
damping characteristics of a viscous damper inde-
pendent of the relative velocity across the
damper. The active damper is intended to be used
in conjunction with passive vibration and shock
isolators. In 3zneral, an active system is costly,
complex, and requires an external power source. In
contrast, the active damper requires no hydraulic
power supply, only low level electrical power is
needed for signal processing and valve actuation,
and the implementation of its hardware is signifi-
cantly simpler and less costly than a fully active
system.

An active damper prototype using hydraulic
{luid damping was assembled and tested at Lord
Corporation in 1972, The design utilized standard
industrial components in a breadboard config-
uration. This device demonstrated the feasibility
of an empirical active damper. Its overall
performance was significantly better than th
results obtainable by a conventional system : h
sufficient damping to effectively damp the
resonance. However, the experimental resul- did
illustrate & compromise in high frequency
performance due to several physical phenome
such as friction, slow response, etc.

The purpose of this paper is to demonstrate that a

_ single degree of {reedom system employing an

active damper used as a semi-active vibration
isolation device has been successfully reduced to
practice. A laboratory prototype has been fabri-
cated and tested, and the test results of the active
damper performance, subject to both sinusoidal and
random vibrational input, witl be presented and
compared to recent analytical simulations.

CONVENTIONAL AND SKYHOOK DAMPER
SYSTEMS

The conventional vibration control system
discussed here is lllustrated in Fig.. 1a. It consists
of a viscously damped, single degree of freedom
vibration system excited by an oscillating motion
of the base. The mass m simulates the mounted
body, and the isolator is represented by the
combinatlon of a spring with-constant k, and a
damper with a constant b.

_Ix Ix

MASS MASS
|
k b Fe
Xeo Xo
| BASE |
Figure |

a. Passive conventional vibration
isolation system

b. General isolatlan system, F,
may be generated by passive, active,
or semi-active means.




The differential equation of motion for the
mounted body in this conventionai, passive, linear
system is given by the foliowing expression:

mX = -b (X-X5) - k (x-x,) (1)
where compression of the damper and spring are
defined as positive forces, iliustrated in Fig. ib.
Oniy the equation parameters b and k can be varied
to optimize the performance of this conventionai
passive system. If minimization of the reiative
dispiacement between the mass and the base x-xq,
is desired, the suspension should be stiff. If mini-
mization of the absoiute dispiacement of the mass x
is desired, a very sc.t suspension should be used at
frequencies greater than v7 times the undamped
natural frequency.

The parameters b and k may be vari.C *~ obtain
an optimized system delivering the desired perform-
ance throughout the required frequency range. This
optimized passive suspension system will provide
adequate system isolation in many situations. But
many applications do exist where the desired
combination of iimited amplification at resonance
and excelient high frequency isolation cannot be met
with a passive system.

INERTIAL REFERENCE

=

1

MASS

k

e

Figure 2
The skyhook damper contiguration

The "skyhook damper” system, illustrated in Fig.
2, can be constructed with passive eiements and is
represented by the following expres-ion

mi = -k (x-xg) -bk (2)

The damper force is proportional to the absoiute
mass veiocity %, present across the damper connect-
ing the suspended mass with the inertial reference.
The implementation of this skyhook configuration is
possibie only in a limited number of applications.
Yehicle suspension systems is just one category
where it is not possible to use a skyhook damping
scheme.
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CONVEN TIONAL
SYSTEM

' o? N
0 Y 0 2
Figure 3

Comegarison of conventional and skyhook
damping systems subject to sinusoidal base
excitation, .

In both the conventional and thc skyhook
damping systems, the value of the spring constant
k determines the natural frequency oy of the
suspension, where wp, = (k/m}?, The small
relative dispiacements between the mass and base,
observed at low frequencies bejow the naturai
frequency, are determined by the spring. In the
vicinity of the natural frequency, the resonance of
the system is controlled by the damper for both
suspension systems. The major difference between
these two dynamic systams becomes evident with
changes in the damping parameter. Near the
resonant frequency, an increase in the damping
constant will decrease the mass response of both
the skyhook configuration and the conventional
system. An increase in the damping constant will
slightly decrease the system response at high
frequencles in the skyhook system, but will
increase the high frequency system response
(degrade isolation) in the conventional system,
This difference is due to the fact that only the
relative velocity between mass and base is reduced
by the forces exerted in a conventional damper
system, whereas the absoiute veiocity of the mass
is reduced by the forces developed in the skyhook
system. Therefore, an active system simulating a
skyhook damper will provide superior performance
at all frequencies, when compared with a
conventional passive damper system which tends to
stiffen the suspension at high frequencies, where a
soft suspension is desired.

The damping ratio g is defined as the ratio of the
actuai damping constant ¢ to the critical damping
constant Ce. The damping ratio may also be
described by the fo..owing expression:
b
[ ——

®7 G




Fig. 3 illustrates transmissibility plots! of both
conventional and skyhook damping systems for
various values of the damping ratio ¢ .

Fig. 1b is a more general representation of the
isolation suspension. The direction of the vectors
illustrated are defined as positive for equation
derivation purposes. The control force, F,
represents the force generated by a combination of
passive element, the actuator of an active system,
or the active damper suspension system discussed
in this paper.

The relationship between mass ar:d base
motion for the suspension systems discussed above
apply only to linear systems. It is reasonable to
assume that the comparison of non-linear passive
and active suspensions would demonstrate the same

. qualitative effects.

THE ACTIVE DAMPER

The active damper is essentially a passive
device, but capable of externally controlling the
force across the damper, independently of the
relative velocity across the damper. The varying
damper force is generated by modulating the
damping coefficient through modification of the
damping orifice. The bandwidth of the orifice
modulating device is high enough to allow drastic
adjustments of F. during a single cycle of
vibration. If this active damper is substituted into
the conventional jsolation system configuration,
the capability now exists to generate the skyhook
dar~ping force bk, according to the control law
given in Equation 2. This force can only be
generated if the sign o the relative velocity is
proper in relation to the absolute velocity, since no
external power is supplied to the system. A sche-
matic of the active damper used in a conventional
configuration, forming a semi-active isolation
system, is illustrated in Fig. 4.

The m« or difference between the active
damper and a fully active system, both utilizing
the skyhook control theory of Equation 2, can be
seen in the following description. The fully active
system can be described as one in which the

IThe term transmissibility will be used for both
linear and non-linear systems discussed here. For
the active damper system the term is meaningful,
but since its response is not linear, the normal
implications associated with the transmissibility of
a linear system do not hold for the active damper.
For instance, |x/xg |2 | &/,  [¥/%q |holds

only for linear systems subject to harmonic
excitation. Also, one cannot predict the exact
response of the active damper subject to multiple
sine wave or random inputs from the response
predicted by single sine wave input. The point at
which the device switches states changes with the
amplitude and phase variations of a random input
ﬂswo

n

X, X, X
MASS F x xe
(e COMPUTER
BASE
Figure-u

An active damper isolation system

force F. in Fig. 1b is generated by an actuator,
powered by an external power source, and mody-
lated by an adequate force-controlling device. This
controlled actuator is a servomechanism that is
capable of supplying or absorbing energy necessary to
generate the skyhock damper force F, at all

times, based on the control law given in Equation 2.

The active damper, being a passive device, is
capable of generating a force F, where the power
associated with F is always dissipated, as represented
in the following equation:

F - (%-%5) <0 0 (3

The desired value of the active damper force F Is bx,
but because no external power is supplied to the
active damper system, this force can only dissipate
power; therefore, the following relationship exists.

FzFgabi,if % (X-%5) >0 (%)

When the situation exists where % and (X-%,) are of
opposite sign, the active damper can only supply a
force opposite to the desired force Fy. In this

case, the best the active damper'can do to approx-
Imate the desired force is to produce no force at all;
therefore,

F = 0,if x (-8 <0 (3

The conditlon where the expression X (X-Xo) =
0 creates two special cases for the active damper.
The first is if % = 0 then the desired force Fy = 0.
The second case exists where (X-%,) = 0 and % £ 0.
Here the active damper responds by attempting to
generate the desired force Fq. If the quantities %
and (x-%o) change so thé criterla of equations 4 or
3 apply, normal control continues. If the desired
force bk is larger than the maximum available
damper force, the active damper will lock up the




ystem resulting in (x-xo) = 0 for a finite time.
During the lock up state the damper force is:

F = m¥g + k (x~xg) (6)

Thus, the two conditions that must exist for the
active damper to lock up are (x-xg) = 0 and the
desired force Fgq is larger in magnitude than the
force determined in Equation 6. Therefore, three
possible values of the damper force F exist: 1) the
desired force bx; 2) zero force; or 3) the lock up
force. Switching between the three possible force:
values is determined by the base input and resultant
system response. This switching of states makes the
active damper, programmed to simuiate a skyhook
damper, a non-linear ‘¢lement.

COMPARISON OF ANALYTICAL AND
EXPERIMENTAL PERFORMANCE RESULTS FOR
THE ACTIVE DAMPER

A new single degree of freedom, semi-active
isolation system utilizing an active damper was
developed and tested at Lord Corporation in 1979,
The active damper consists of a hydraulic actuator
used in conjunction with an electro-hydraulin®
servovalve modulating the controiling orifice area.
The mass-spring-active damper test system consisted
of a 213.6 kg (471 Ibs.) mass resulting in an undamped
natural frequency of 1.631 Hz measured at the point
of a -180° phase shift betweer base and mass
displacement. The sensor signal processing and
control of the electro-hydraulic servovalve were
carried out with digital computer techniques. The
performance testing of the active damper, using both
sinusoidal and random vibration input. were
conducted in 2 M.T.S. test machine. Transmissibility
and signal/waveform data for sinusoidal base input
were reduced from strip chart recordings. Random
vibrational response was analyzed using a Hewlett-
Packard 5420A digital signal analyzer.

Digital computer simulations were carried out
duplicating the sinusoidal results obtained in
reference [1]. This referred paper illustrates time
history plots of mass and base displacement, velocity,
acceleration, and damper force, as well as trans-
missibility plots comparing passive, skyhook, and
semi-active systems for various damping values.
These results were reproduced and will not be
repeated here. But it is worth noting that the output
time histcry plots generated by the nonlinear active
damper do resemble those of a linear system as
frequency increases. The computer model used in
this study was modified to account for the non-ideal
effects of Coulomb friction in the damper and the
physical limitations of a maximum orifice opening.
The following computer simulations were conducted
with only sinusoidal vibration input.

All experimental and computer simulation
transmissibility results were generated with the
sinusoidal input frequencies and single amplitude
displacements listed in Table |, for the purpose of
consistency in dealing with nonlinear systems.
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TABLE |

BASE INPUT FOR SINUSOI™ “L
PERFORMANCE TES™. -
OF THE ACTIVE DAMPF~ _¢STEM

Frequency Dis :r-.ement
Hz +maat.)
.0 - 9.58 x 103 (3.13.x 1072
1.2 9.54 x 103 (3.13.x 10~2)
1.4 2.5 x 10-3 (3.13.x 10-2)
LS 9,54 x 10-3 (3.13.x 10-2)
1631w, 9.54 x 10~3 (3.13.x 10-2)
1.3 9.54 x 10-3 (3.13.x 10~2)
2.0 9,54 x 1073 (3.13.x 16~2)
2.5 9.56 x 16-3 (3.13.x 10-2)
3.6 9.54 x 10-3 (3.13.x 10°2)
<0 9.56 x 103 (3.13.x 1072)
7.0 5.09 x 10°3 (1.67 x 10-2)
100 © 3.81x 1073 (1.25'x 10-2)
15.0 1.92 x 103 ( 63 x 10°2)

10° v/ 10’

Figure 5
Comparison of the theoretical response of a
critically damped skyhook system, a
conventional isolation system and an active
damper system.

Figure 5 compares the analytically predicted
results of a critically damped passive conventional
system, a critically damped skyhook system, and a
conventional system utilizing an active damper
simulating a critically damped skyhook system,
subject to sinusoidal base excitation. The superior
isolation performance of the active damper system is
readily apparent in both the resonant and the high
frequency regions. A comparison of the active
damper and the theoretical skyhook damper reveals
how clasely the nonlinear active damper approaches
the performance of the skyhook damper system.

ey



In order to make the analytical mode! of the
active damper more closely represent the actual
hardware system, the non-ideal effects of Coulomb
friction and a maximum orifice opening were
inzluded. Fig. 6 represents the theoretical perform-
ance of an ideal active damper, an active damper
including only Coulomb friction, and a system with
both Coulomb friction and a limited orifice.
opening. The Coulomb friction of the actual
hardware was measured and a representative figure
of 3.37N. (15 Ibs.) was used in the analysis. The
maximum orifice size used in the analysis was also

representative of the actual hardware system. The

most obvious effect of the addition of friction is
the damper break-loose condition that exists in the
vicinity of 5 Hz. This condition, discussed in
reference (2}, occurs when the resultant external
force acting on the damper equals the dry friction
force. Below this point, the displacement '
transmissibility is maintained at 1.0. In the
absence of dry friction, the active damper provides
system isolation even at extremely low input
frequencies. The addition of friction does degrade
system performance throughout the entire
frequency range tested. The physical limitation of
a maximum orifice opening has little effect at low
frequencies, but performance does degrade with
inCreasing excitation frequency. As the frequency
is increased, the modulating orifice tends to
remain at its maximum opening a greater percent-
age of the time in an attempt to generate the low
desired force bx. With increasing frequency ana
improving isolation, the reduction in the absolute
velocity of the mass x causes a further reduction in
the desired force. As the active damper attempts
to produce this force in spite of increasing relative
velocity between the ma. , and the base, a limit is
approached where the active damper orifice
remains open to its maximum at all times. At
these higher frequencics, the experimental active
damper and the analyticai model with orifice
limitations approach a passive conventional
constant orifice damper system. Fig. 6 clearly
illustrates this performance limit. The
transmissibility plot of the active damper system,
including a maximum orifice, approaches a siope of
-1, or 6 db per octave attenuation rate, as would a
passive damper system with an equivalent damping
coefficient. In contrast, the "ideal" active damper
apprnaches an attenuation rate at 12 db per octave
as would the theoretical skyhook damper.

Fig. 7 is a comparison of the performance
response of the experimenta! active damper hard-
ware and the response predicted by the analytical
model including dry friction and a limited orifice
opening, subject to sinusoidal base excitation.
Both the experimental and analytical active
damper utilize a control scheme simulating a
critically damped skyhook damper. The damper
break-loose condition and the 6 db per octave
attenuation rate are evident in the response
curves. A small discrepancy between the response
of the experimental and analytical systems can be
seen in the vicinity of tne resonant frequency. The
slightly degraded performance of the experimental
hardware may be due to increased oil compliance,
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Figure 6
Comparison of the theoretical simulation
response of an ideal active damper system,
simulating a critically damped skyhook
damper, with that of two non-ideal,
comparable active damper systems, subject to
sinusoidal base excitation.
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Figure 7

Comparison of the theoretical simulation
response and the experimental perfor mance

response of the active damper prototype
hardware,
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a non-ideal effect, possibly caused by air bubbles in
the oil.

The experimentally determined performance
response of the active damper, used in the conven-
tional test system, is compared in Fig. 8 to the
response of the test system, undamped and
damped, with a constant orifice damper.
Sinusoidal base excitation is being used with the
active damper simulating a critically damped
skyhook damper. This constant orifice damper is
actually the active damper hardware held at its
maximum orifice opening. In the region of the
resonant frequency the superior isolation
performance of the active damper is obvious. In
the high frequency region, the active damper
aquals the isolation performance of the minimum

. damping coefficient passive system, and

‘approaches the response of the undamped system.

o= OAMPER  OISCONNECTED

100% OF MAR CONTROL
VOLTASE (CONSTANY)

| (]

100 W™ 10!

Figure 8
Comparison of the experimental performance
of the active damper, a constant orifice
damper with maximum control voltage applied
to the servovalve, and the test system with
damper disconnected.

Fig. 9 compares experimentally determined
performance response curves for the active damper
system and several constant orifice damper
systems with sinusoidal baze excitation.

The sinusnidal testing of the active damper
wds very important for system developmant and
comparative performance with computer
simulations, but in real world applications the
device must respond to input vibrations of very
complex waveforms. For this reason, random
vibration input was included in the test program.
The performance response of all systems tested
were analyzed using a Hewlett-Packard 5420A
Digital Signal Analyzer. This instrument isa

.
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Figure 9

Comparison of the experimental performance
of the active damper simulating a critically
damped skyhook damper, and constant orifice
passive dampers of various damping
coefficients (partial control voltage applied to
the servovalve), subject to sinusoidal base
excitation.

dual channel, digital instrument capable of
executing a fast Fourier transform algorithm to
perform time and frequency domain analysis of
complex analog signals. The random signal
generator internal to the HP-3420A was utilized to
provide the random inpt signal applied to the
M.T.S. test apparatus. The following analysis of
the test resuits are plots, presented in the form of
a transter function | x/x, |in the frequency

domain, and plotted directly from the HP-3420A.

Figures 10-13 illustrate the performance
response of the active damper compared to four
constant orifice passive dampers, of a fixed
damping coefficient, subject to random base
excitation. Observation of these plots yields
several interesting points. First, the performance
response of the active damper, subject to random
excitation, is slightly degraded from the system
response curve made up of many single frequency,
sinusoidal input data points. Non-linear system
response, data sampling and averaging analysis
techniques, and a damper force control algorithm
that is independent of frequency, may contribute
to this degradation of performance. Secondly, for
a passive damper system with an equivalent
constant orifice opening, the magnitude of the
transmissibility at the resonant frequency is less
for a random input signal as opposed to a single
frequency sinusoida! base input. Again, non-linear
system response and analysis may contribute to
this response difference. Despite this slight
degradation in the response of the active damper
when random vibrational base excitation is applied,
the active damper performance advantages are still
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Comparison of the experimental response of the
active damper system and the conventional test
fixture with the damper disconnected (undamped).
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Figure 11
Comparison of the experimental response of the
active damper system and a constant orifice,
passive damper system, A censtant 75% of the
maximum command voltage is applied to the
servovalve,
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Figure 12
Comparison of the experimental response of the
active damper system and a constant orifice,
passive damper system. A constant 50% of the
maximum command voltage is applied to the
servovalve,
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) Figure 13
Comparison of the experimental response of the
active damper system and a constant orifice,
passive damper system. A constant 25% of the
maximum command voltage is applied to the
servovalve.
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- Figure I8
Acceleration transmissibility plots comparing the
response of the active darnper system and a
constant orifice, passive damper system. Maxi-
mum command voltage applied to servovalve = 75%.
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Figure 13
Acceleration transmissibility plots ccmparing
response of active damper system and a constant
orifice, passive damper system, Maximum control
voltage applied to servovalve = 50%.




quite obvious. As the damping ratio of the passive
damper increases in an attempt to limit the mass
motion at resonance, the performance of the
active damper surpasses that of the passive system
in all frequency regions. This overall performance
superiority becomes evident in Figures 12 and 13.

Acceleration transmissibility was experiment-
ally measured with accelerometers on the base and
the mass. Figures 14 and |5 are representative
acceleration transmissibility plots for the active
damper prototype, subject to random base vibra-
tion. These figures compare the acceleration
response ol the active damper and two constant
oritice passive dampers. The passive damper
orifice settings used in these two tests are
identical to those used to obtain the results in
Figures |1 and 12. When the corresponding
displacement and acceleration transmissibility
curves are comparead, it can be seen that they
closely resemble the linear system relationship
|x/x°a&= [/} In other words, the experi-
mental results show the displacement
transmissibility performance of the active damper
is achieved without degrading the mass acceler-
ation isolation.

The presented experimental and analytical
performance of the active damper was determined
using a single degree of freedom system. Analysis
of semi-active vibration control for more complex
systems is discussed in references [1} and (3]. A
perlormance investigation of the active damper
prototype used in more complex isolation systems
is currently being pursued.

CONCLUSION

The active damper, used in a semi-active
isolation system, has been successfully fabricated
and tested with both sinusoidal and random vibra-
tional base excitation. In suspension applications
where both system isolation at the resonant
frequency and excellent high frequency isolation
are desired, the active damoer has demonstrated
its superiority over conventional passive systems,
with performance approaching that of a fully
active system. In contrast to the large cost,
complexity, and power requirements of a fully
active system, the active damper requires no
hydraulic power supply, uses only low level
electrical power for signal processing and valve
actuation, and utilizes a hardware implementation
signiticantly simpler and less costly than a fully
active system.

A computer model simulating the active
damper response to sinusoidal base excitation has
been developed. This mnodel includes several
non-ideal elfects actually encountered in system
hardware, and predicts the performance response
of the active damper device. The above-mentioned
test results verify these analytical predictions that
the operaling hardware prototype active damper
does indsed offer unique perforinance response,
superior 10 that ol a passive system in many
suspension applications.
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DISCUSSION
Mr. Hendarson (Air Force Materis!s Laboratory):

Are va going to hava mini computars on our auto-
mobiles snd computar controllad shock absorbers?

Mr. Krasnicki: It i{s s dafinite possibility
saeing that you can buy a computar for $6.00
snd avantually ve may raach tha point vhera we
could do that. But in tha meantime I see tha
spplicstion of this {n hesvy vehicla suspension
systams whara e fully sctive system, in ordar
to gat thase parametsrs, would raquira a vary
lsrge power supply in ordsr to lift s tsnk.
This systsm does not requira thst hydrsulic
power supply.
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AN EXPERIMENTAL INVESTIGATION OF NOISE ATTENUATING
TECHNIQUES FOR SPACE-SHUTTLE CANISTERS*

L. Mirandy
General Electric Company
Space Division
P.O. Box 8555
Philadelphia, Pennsylvania

g and .
/ Frank On ' P
. J. Scott
NASA Goddard Space Flight Center

Greenbelt, MD.

A model of the Space-Shuttle Thermal Canister nas been acoustically tested to
determine the amount of noise attenuation which could be derived using a sim-
ple, single-wall canister construction having rectangular shape. Acoustic testing
was performed on the basic canister and with the following noise-attenuating
design modifications: (a) an interior baffle; (b) with varying degrees of absorptive
material covering on the interior surfaces; and (c) with constrained-layer
viscoelastic damping strips bonded to the canister exterior.

The basic canister experienced noise amplifications at 56 and 80 Hz, which are
attributed to the fundamental canister acoustic mode and local panel structural
resonances, respectively. From 100 to 3000 Hz the Noise Reduction (NR) ranged
from 1 to 6 dB, followed by a 6 dB/Oct increase above 3000 Hz. The overall NR
was less than %4 dB for the test acoustic spectrum. Most of the energy in this
spectrum is below 200 Hz, and hence the ampliffcations at $6 and 80 Hz had a
particularly deleterious effect.

The standing wave response at 56 Hz was effectively suppressed by the incorpora-
tion of a cardboard baffle midway between the canister end-caps. This resulted in
an additional overall noise reduction of 4 dB. The canister was next tested with
14%, 22.5% and 31% sound ahsorptive coverages on the interior walls. The
coverage was effective between 400-3000 Hz; the maximum beaefit (9 dB) occur-
ring at 1600 Hz. Cross-plots of the data indicated that coverages beyond 1%
would produce only small increases in NR. The damped configuration provided
an additional 4 to § dB attenuation over much of the irequency range. It har an
overall reduction of about 10 dB as compared to 4.4 dB without damping. A
significant reduction of the resonant effect at 80 Hz was noted. Theoretical
predictions of the canister NR frequency characteristics compare relatively well
with the test results,

INTRODUCTION

This investigation was undertaken to explore design
modifications which could enhance the acoustic at-
tenuation characteristics of the Space Shuttle Thermal
Canisier. The orimary function of the Thermal
Canister, developed by NASA-Goddard, is to provide
an enclosure in which temperature can be accurately
regulated: thereby providing a controiled environment
for Space-Shuttle experiments. Protection from the
high level shuttle ccoustic environment represents a
desirable secondary function. An inexpensive, but

*Work done under contract NAS 5-23412, MOD. 148.

n

representative, acoustic modei of the Thermal
Canister was designed and fabricated by Genera! Elec-
tric for NASA. The design guidelines were simplicity,
a rectangular shape which is the most conducive for
thermal applications, and a ' ygle-wall construction. It
is recognized that greater attenuations are possible
using a double-wall construction, however, it was in-
tentionally avoided in this initial study because of its
additional weight and complexity, in favor of first
finding the noise reduction possible with simpler ap-
proaches. Although this study was spawned by the
Thermal Canister program, the results are equally ap-
plicable to other canister applications.
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The Thermal Camster Acou<tic Model {TCAM;
design evolved from analy’ st tudies.{!) Therein,
predictions of the noise reu sciion associated winh
various canister configurations were investigated using
finite element models and noise reduction codes. The
analvtical results indicated that significant noise
reduction could be achieved by: (3) sutfening the
canister panei structure; (b) incorporanng constrained
layer damping stnips; and. (c) partial coverage of the
interior wails with sound absorptive matenal. Accord-
ingly, stiffeners were incorporated in the basic TCAM
design, while provision was made 10 bond on con-
strauned layer damping stnips. Acoustic lesting was
performed on the undamped and damped con’igura-
tons. In addition, the imodel was configured with
varying degrees of scund absorptive covering in order
10 assess is impact.

This paper highlights results of the experimental
program. Additional details are contained in the test
report.{2)

DESCRIPTICN OF THERMAL CANISTER
ACOUSTIC MODEL

A photo of the TCAM interior is shown in Figure
1. It is a rectangular container approximately | x | x
3 meters. It is of modular consiruction consicting of a
welded aluminum angle framework with removabile
exterior panels. Each side of the TCAM has three
pancl asseinblies; two identical panels of 0.081 cm
(0.032 inch) aluminum sheet with stiffeners and 2 0.32
cm (0.125 inch) aluminum center panel. The large side
panel assembilies are stiffened by four riveted longi-
tudinal ' T** stiffeners that simulate the heat pipe in-
stallation and two exterior hat sutfeners riveted to the
panel at right angles 1o the simulated hest pipes.
Rivets connect the hat sections and T's at their inter-
sections. The panel assemblies are bolted 10 the
framework and can readily be replaced with modified
panel assemblies if desired. The end panels are of 0.32
cm (0.128 inch) aluminum sheet with imernal and ex-
ternal hat sections riveted to onc another and the
panel at right angles. A photo of the assembled
TCAM in the acoustic chamber appears in Figure 2.

Fig. | - Interior Construction of TCAM

78

Fig. 2 - TCAM ir. Acoustic Chamber

Tap-tests were conducted to determine the fun-
damental resonances of the TCAM. A roving ac-
celerometer was used to record motion near the tap
locations. Figure 3 summarizes the resonant freguen-
cies observed on the various sub-panels defined by the
intersection of hat and T members, The cen‘er-section
sub-panels appeared 10 move a; a unit at 80 Hz, while
the end-caps responded at 90 H:. The fundar.ental
mode of the gridwork of hat and T sections had a
natural frequency of 180 Hz. This number was later
supported by acceieration PSD’s recorded during the
acoustic test.
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Fig. 3 - Principle Sub-panel Resonances Determined
by Tap-Test
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In order 1o increase the damping in the TCAM ex-
terior wall panels, analytical studies were conducted to
sizc constrained layer damping strips. The General
Electric viscoelastic damping matenial SMRD was
selected for this application. SMRD has a high loss
factor (1.5 - 2.0), low density, is castable and has low
outgassing characteristics. Integrally damped designs,
incorporating SMRD, have been successfully imple-
mented in circuit boards, a spnerical gimbal, air-
Zonditioners, and a variety of other applications.
Perhaps, most germane, is the damped cylindrical
acoustic enclosure reported by Ferrente, et. al. (3),
Steel was selected as the constraining layer for the
model program for economic reasons. It is envisioned
that lighter weight graphite fibers would be used in
actual applications, resulting in approximately a 70%
weight savings.

The damping treatment was designed to provide a
Composite Loss Factor (CLF) greater than 0.20 (QQ =
$) in the fundamental mode of the large side panels
(i.e. the hat and T section gridwork at 180 Hz). A
total of 3 strips rer side panel were selected for
TCAM application. General Electric computer codes
were used to determine the CLF and natural frequen-
cy associated with the coupled damped mode. Resuits
were determined as a function of: strip width, SMRD
thickness, and constraining layer thickness. Figure 4
illustrates the variation in CLF with damping strip
width for various thickness constraining icyers and a
SMRD thickness of 1.90 cm (% inch). It is evident
thai 3 constraining layer thickness of 0.635 cm (0.25
inches) is optimum; thicker and thinner constraining
layers yield lower CLF’s. The final selection was a
strip width of 2.54 cm (17), a constraining layer
thickness of 0.635 cm (0.25 inches) and 3 SMRD
thickness of 1.90 cm (% “). The associated CLF was
0.23 with an increase in natural frequency from 180
Hz (no damping) 1o 250 Hz (damped configuration).
After the undamped configurations were acoustically
ar
)
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Fig. 4 - Damping Treatment Composite Loes Factor
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tested, the damping strips wete epoxied to the TCAM
surface as shown in Figure 5. A total of 7 rows of
damping strips (3 per large side panel and I center
panel) encircie the canister girth. This amounts to
4-5% coverage of the TCAM surface.

Fig. 5§ - TCAM Damping Treatment

Although the damping treatment was designed to
attenuate the overall panel mode of 130 Hz, it has the
residual benefit of bisecting the sub-paneis between
the hats and T°s. This raises the frequencies of the
local sub-panel resonances, and provides some damp-
ing in these modes. The tap test was repested after the
SMRD damping strips were bonded 10 the panels. The
response for all sub-panels was dead up to at least 200
Haz. If only the siffening effect of the strips is con-
sidered, the now smaller sub-panels shouid, theoret-
ically, have natural frequescies below 200 Hz.
Evidently, damping quemched this respoase.

Johns-Maaville **Microlite AA'® was used as an
acoustic absorptive cover for the imterior of the
TCAM during the acoustic tests. The blankets were
1.27 cm (A7) thick snd had 3 deaskty of 37.5
grams/cm3 (0.6 1b/1i3). Microdite is a good acoustic
absorptive maierial that is spece competible and is
currently beirg used in the GE Shuttle Waste Coatrol
System. The Microlite asbeorption coefficients, ob-
tained from Joans-Maawiie, are plotted in Figure 6.
The peak vaiue of 0.80 oocurs at 2000 Haz.

The first severai acoustic modes of the rectangular
canister have been computed. The fundamental end-
to-end standing wave is &t 36 Hz, while the first two
side-10-side modey are at 166 Hz. A carcboard baffle
was introduced during the test progeam in order to
break up the fundamental standing wave.
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Fig. 6 - Microlite Absorption Properties
TEST PROGRAM DESCRIPTION

A total of 7 configurations, described below, were
acoustically tested.

1. Bare Canister - The basic structure with no
modifications.

2. Cenier Baffle - A cardboard baffle was in-
serted midway between and parallel to the
end caps as shown in Figure 7. A circular
hole, approximately 6 inches in diameter was
cut in the center of the ba’fle in order to
locate the center microphone.

Otner internal microphones are also evi-
denced in Figure 6. The baffle was retained
in the remainder of the test confi* . ations.

3. Microlite on Ead-Caps - 1.2: cm (‘A ") thick,
Johns-Manville “Micre’ (&AA’" sound ab-
sorptive covering w’ * taped to both end-cap
interiors. The tota. (overing comprised ap-
p.oximately 1/ , of the intenor canister
area. The ~overed end-caps were retained in
the remainder of the test configurations.

4. 10% Microlite Coverage of Side Walls - Six
stnps of Microlite approximatety 38.1 x 12.7
cm (157 x 157) wers taped t0 each side-wall
between the simulated hest pipes. The srips,
which were randomly speced, are evident in
Figure 7. The total interior coverage 10 this
configuration (including end-caps) was ap-
proximately 22.5%.

5. 20% Microlite Coverage of Side Walls - Six
additional sinps of Microlite were added 10

each of the side walis bringing the total in-
terior coverage to 31%. This coverage was
retained for the remaining two configura-
tions.

6. & 7. SMRD Viscoelastic Damping Coverage -
3even 2.54 cm (1°) wide strips of the GE
viscoelastic damping material - SMRD, con-
strained by a layer of steel, were bonded to
each of the side walls. Figure S contains a
photograph of the configuration in the
acoustic chamber. Because the damping
malerial loss factor is temperature sensitive,
test runs were conducted at S0°F (Configura-
tion 6) and 68 °F (Configuration 7). The par-
ticular SMRD compound used in 1his test
(SMRD-100F90) is bev.er suited for the
higher temperature. ‘

The test program was carried out as the NASA-
Goddard Space Flight Center reverberant noise
chamber in Greenbelt, Maryland. The chamber-is an
irregular-shaped five-walled room having a volume of

oximately 68 m3 and a total surface area of 102.1

.. Approximately S0 kW of acoustic power are
available for testing. The chamber is known w0 pro-
duce a diffuse reverberent noise field at frequencies
above 160 Hz for tes. volumes less than 10% of the
chamber volume.(4) (The TCAM occupied approx-
imately 5% of the chamber.) At {requencies below
160 Hz, the chamber is still usable; however, spatial
variations in the noise field will exist. The magnitude
of these variations will increase with lower and lower
frequencies. Thus, the measured noise reduction at
low frequencies should be viewed with the knowledge
that their absolute magnitudes could change if the
TCAM were placed in a diffuse sound field. The com-
parative evaiuation of the vanous test configurations,
however, still has validity.

Fig. 7 - Balfle with 10% Side-Wall Microlite Coverage

The test instrumentation consisted of 6 external
microphones, 9 internal (to the canister) microphones
and 9 accelerometers. External microphones, which
were suspended from the chamber ceiling, are visible
in Figures 2 and 5. The sverage of § external micro-
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phones were used to shape the chamber to the test
acoustic spectrum and to define the external noise
field in subsequent noise reduction computations. In-
ternal microphones were secured to surgical tubing
which was strung between eye-bolts located inside the
canister. One microphone was located at the center of
the canister, while four each were placed in the upper
and lower halves of the canister. Internal microphones
are evident in Figure 8. All microphone measurements
were reduced to 4 octave spectra using both a ‘‘Real-
Time Analyzer'’ and an off-line digital system. Com-
parable results were obtained with cach method. Inter-
nal and external spatial averages were determined
from the digitized individual microphone readings
using the following standard formula:

n -
SPLAVE = 10 LOG (.:llo»PLvl%)
1=
where:

SPLAVE = Sound pressure level spatial average
-dB

SPL; = Sound pressure level measured by
ith microphone

n = No. of microphones

The specified test acoustic levels are listed in Table
1. This spectrum represents the Goddard estimate of
maximum f{light levels anticipated on the STS. The
test runs for each configuration were of one minute
duration.
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EXPERIMENTAL RESULTS ..

Figure 8 displays the average internal and external i
sound pressures encountered during the bare canister
run. The difference between these two curves was
used to construct the noise reduction plot shown in
Figure 9. Noise amplifications are noted at 60 and 80
Hz, followed by a noise reduction of about § dB from
100 to 500 Hz. There is a slight dip at 500 Hz after
which the noise reduction ranges from 1 to 3 dB until .
3150 Hz. Thereaftes, it increases at 6 dB per octave g
which is consistent with the theoretical mass law. The ’
amplification in the 50 Hz band is dve to the fun-
damental longitudinal stasding wave of the canister,
which was computed to be 56 Hz. This conclusion is
supported by the individual microphoae data shown
in Figure 10. Therein, the individual microphone test.
measurements have been converted to reiative RMS *
pressure and are plotted versus location along the
length of tae canister. The messurements lie very close :
to the theoretical pressuse distribution in the fun- L, ©
damental acoustic mode {!2 cosine). The plot demon-
strates that most of the energy in the 50 Hz band is
indeed due to the first acoustic resonance. The ampli-
fication at 80 Hz (Figure 9) is attributed to the many :
local panel resonances in this frequency range. Local -
panel resonances in the 80-110 Hz range exist over ap-
proximately 60% of the external panel sheet areas (see )
Figure 3). The drop in noise reduction at 500 Hz is 0
also likely due to a structural resonance. This conclu-
sion was drawn from accelerometer data which in-
dicated a structural resonance at 360 Hz.
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