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.AESTRAJT 

DC!.mpi ng characteristics of honeycomb s~nd'rrich cons truction Pre 

studied experi:nenta.lly. Tests a.re ffi.."1.de on a series of consta!'l.t sect ion 

cantilever bear.1s v:ith P..luminurn alloy fe.cings and cores. The beams hC1.Ve 

equal dep ths, but have rt range of core he ights varying from 0 (solid 

beam) to 0 .8 of the beam depth. The reso11c-.mt amplification factor in 

forced vibration ~.nd the logarithnic decreme!'l.t i n free vibration are 

found for the fundamental mode. 

A theoretical a.Jmlysis is performed, based on the h;rpothesis that 

the specific e!lergy dis sipation vr>ries as some pov:er (the da.myling 

exponent) of t he ~rJ-.. d:num cycl ic stres s . ~perimental results nho\~· 

qual itative agr eement Hith pr edi~ted effects of core height variation. 

Amplitude dependence of observed dam~ing i ndicat e s that the damping 

exponent is bet'o!ecn t\10 and three. 1-feasu:!.'eC::. na.tur::1.l frequencies a.gree 

well with calculated va l ues . 
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1. Introduction 

Honeycomb sandwich construction, as originally conceived, \oTas 

intended to increase the strength-to-weight ratio of structures. The 

theory of the individual components may best be described by making an 

analogy to an 1-beam. The high density facings (see Figs. 1-3 for 

nomenclature) of a sandwich beam correspond to the flanges of an !-beam; 

the object being to place a high density, high strength rnateria.l as far 

from the neutral axis as possible, thus increasing the section modulus. 

The honeycomb core is comparable to the \':eb of an !-beam \..rhich supports 

the flanges and acts to carry shear stresses. The honeycomb core 

r:1aintains continuous support of the facings and may be bonded to the 

fac ings by cementing or bra~ing. 

The results of uncontrolled resouP~t vibrations are well kno~~. 

Design approaches that may be used to avoid detrimental resonance 

1 
conditions i!lclude [1]: 

1. Rigidization of structural members. 
2. Decoupling of resor~ting systems. 
3. Detuning of coupled resonators. 
4. Using high fatigue-strength structural l!l::tteri.als. 
5 •. Reducing the vibration excitation of the structure. 
6. Incorporating high-energy dissipating mechanisr:1s into the 

structural fabrication. 

All except the last approach have disadvantages for reasons which 

usually fall into h1o main categories: the e.ddition of too much weight 

and ineffective damping over a large frequency spectrum. In contrast, 

incorporating an energy dissipating mechanism into the structural 

fabrication will improve structural damping over a broad band of 

1 
Numbers in brackets refer to entries in the bibliography v1 hich 
appeAr on pa.ge 19. 
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f r equencies [2]. Honeycomb sandvr ich construct ion provi des such an 

energy dissipating mecha..l"lism. I n additi on t o its main advantage of a 

high strength-to-v:e ight ratio , the honeyco.tt.b core serves as an energy 

dissipating mechanism Hhich is an integral part of the structure. 

There are vari ous methods of specifying damping . The resonant 

amplification factor Ar is the primary method selected in this study 

to specify the amount of damping that exists in the honeycomb sandv!ich 

material. The resonant a..~lification may be expressed as [3]: 

where 

271Uo ( l) 

Do 

U = total elast ic strain energy at ma-""<imwa stress (in.-lb) 
0 

D
0 

=damping energy per cycle (in.-lb/cycle) 

The damping energy is defined as [3]: 

(2) 

\'lhere 

~ 
D =specific damping energy (in.-lb/in.~ cycle) 

V =volume (in.
3

) 

The specific damping energy P in a mater ial undergoing cyclic 

stress is assumed t o be expressible as [3] : 

D = .Jcrn_ (3) 

\vhere 

J =materia l damping constant 

n =mat erial damping exponent 

<r = max imum cycli c stress 

The da mping exponent n and darr~ i ng constant J are cons idered 

constants, but they vary vii th temper a ture, s tress hist o:.·y a.:ad s t r es s 
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level. Study of the ef f ects of te~per~ture Rnd stress history Rre 

beyond the scope of this paper; hm:ever, at room temperatures and for 

a moderRte stress history no effect is antici}1Htcd. Stress level affects 

this study directly. For r.Ja.ny conventional materials n ~ 3 for lo"' to 

intermediate stress levels. For high stress levels (apuroaching the 

yield strength) the value of n has been noted as high as 8 [1] [3]. 

Very lo\tT stress levels are used in this study; therefore, the ampli-

fication factor is analyzed in Appendix I for dampine exponents of two 

and three. At these lo\·; stl'os z !.evels the damping consta.nt J is assur:ted 

cons tant. 

The logarithmic decrement & snecifies the damping in a structural 

member that is undergoing free vibrations. It is defined in ter~s of 

the decay rate of the vibrations by [4] ~ 

(4) 

vthere X represents the general vi brat ion amplitude and n the nuraber of 

cycl es of free vibration for '·rhich the aw.plitude decreases fror.~ X0 to 

Xn. The logarithmic decrement is thus defined by the relative decrease 

of the vibration motion over a given number of cycles of vibration. 

The logarithmic decrement may be related to the selected method 

of specifying damping in this study, the resonant Rmplification factor 

~' by the approximation [5): 

(5) 

The error in this eqWt.ti on is les s th?.n one per cent if the logarithmic 

decrement is less than 0.12. 

This study is intended to compare theory \'.'i th ex!>eriment, for a 
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cantilever beam configuration, in order to judge the dampir.g capacity 

of the honeycomb sand\dch material and its variation with core thickness 

and stress levelo Fr om the variation of de.rrrping, as specified by the 

res ?na~t anplif i cation factor with stress level, the material damping 

exponent n is evaluated to judge t he validity of assumed values of two 

and t hree for ar~lytical purposeso In addition, the observed natural 

frequency is compared with the theoretical predictiono 

4 
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2. Experimental l·iethods 

There are various r.lethods of specify ing the amount of damping tr...at 

exists in an engineering material, t\'.'O of \·lhich are outlir..ed in the 

introduction: the resoM.nt amplification factor and the logarithmic 

decrement. These two methods are related to two experimental methods 

of obse:r7:l.nr, th.t: daiT'pint ·rJE:hBvior: the steB_dy state forced vibration 

method and the transient, or free vibration decay, method. Both 

experimental methods are used in this project. 

The steady state forced vibration test net::r.cc1 be.sically consists 

of establishing the resonance vibration curve, Le., the amplification 

factor over a rRnge of frequencies including the resommt frequency. 

The F...mplification factor of a cantilever beam may be expressed as the 

ratio of the amplitude y 0 at the tip of the beam to the amplitude a
0 

at the root of the beam when the root has a forced harmonic motion. 

Thus [3]: 

(6) 

From an engineering viewpoint, the maximum value of the amplification 

factor and the frequency at which this occurs are of major interest. 

The resonant ar~plifica tion fact or can be d.eternined exnerirnentally as 

the maximun value of the amplification factor or peak of the resonance 

curve of a steady state forced vibrati~g cantilever beam [3]: 

(7) 

The steady state forced vibration test method has the capability 

of obtaining dampins inforil"JRtion over a s'?ectrum of fr e11uencies in 

addition to affording sirnplici ty in COJ-:Jputing dam,ing effectiveness. 

In this study only the fundainental frequency is examined. The basic 

7 



~quipmcnt r equ irements nre: 

a. Vib:r·ation eenerator cP..pable of producing vibratioi.S over 

a useful frequency range; 

b. Accurate rne~ns of :neasurin.g frequency of vi bre.t ions; 

c. Equi[J1:":8"l'lt for measuring vibration amplitudes. 

An electro~~gnetic shaker is employed as a vibration exciter. The shaker 

is po\·.'ered by a low distortion pm'i'er runplifier with a variable freouency 

sine wave generator a.s a signal source. 

In determining the rcsona.nce curve, the tip ;=trrrpli tude and root 

amplitude of the beam, plus the vibration frequency, must be mea.sured. 

An al celerometer in conjunction with a cathode follower and vacu11m 

tube voltmeter (VT~!t) is used to mensUl·e the amplitude at the root of 

the berun. A microscope is used to measure the tip amplitudes. The 

frequency of vibration is measured by an electronic counter. 

The specimen beams are mounted on a s11indle \vhich is an extension 

of the vioration ger4erator. This is accomplished by an a.luminum disc 

,Ti th a threaded central hole uhich is bonded to the lo,rer surface of 

the specimen benm at mid-length nnd scret.,red onto the spindle. 

Prior to testing, all electronic instruments nre turned on and 

warmed up i:1 a.ccordance t-rith man"J.factu.rers 1 inst:!·uctions and the 

ambient level on the VTVI-1 recorded. The microscope is calibrated and 

focused on e. scribe line on the end of the beam. The thicl..:ness of the 

scribe line is recorded to deduc t from a r:rplitude n:easurements \\'hen the 

beam is vibrating. Forced vibrationl:! E~r e initiated And the sine wave 

is checked over the range of frequencies intended. for testing to insure 

no distortion. The resonant fr equency is then f ound and the forced 
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vibration set. such thnt the j.•eak: t o peak end amplitude is approxim~.tely 

five divisions on the microscope scale. Obser·:atione are then made over 

a hm cycle band \ddth, centered at the resonant frequency, at intervals 

of approxir..ately 0.1 cps. After returning to the resonant frequency, the 

ampl itude of the forced vibrations is Yaried over a suitable ra.nge, up 

to the limits of ".:1e vibration generator, to observe the variation of 

damping with amplitude of vibration. 

The free vibration dec?y test nethod basically consists of 

initiating free vibrations in the cantilever bean and ~easuring the 

frequency and rate of decay of the free vibrations, or the logarithmic 

decrement as expressed in equation (4). 

The method of mountins the specinen beams in this test r:~ethoC. is 

the same as in the stendy state forced vibration test method except 

that the mounting spindle is a.tta.ched to a rigid foundation. The rueans 

used t o initiate free vitratio;;,s is a five pound Height suspended fror.~ 

the ends of the center-mou."1ted beam by 0.001 11 dia.meter iron \'Tire. A 

spreader is used to keep the deflecting force on the bean vertical. 

Strain energy is stored in the beam and free vibrations begin v•hen the 

t..rire is mdlted, suddenly releasing the veie;ht. The vibration a nplitude 

decays until the strain energy is dissipated. Four foil resistance t ype 

str.q,in gages, a.rran~ed in a four gage bridge, are used on each beam to 

sense t h6 vib:ra.tion through cyclic varia.tion of st::-nins in the r.Jr"l.terial. 

The strain gage signal is a::1plified, then recorded by an oscillograph 

Hith flui d type galvanorneters and a COJi:panion timing unit. 

Prior to testL'1g, the galvar .. of'leter heating circuit is turned on 

Pnd the fluid type galvanometers i'larmed upg The a~lifier is \<!armed 
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up in acc ordance ldth rnanuf ncturer 8 s inst r ucti ons . The br i dge is 

balanced \vi th no load on t he b eam , ~lfter which the beam is loaded and 

the gain selected for ii1.9ximum initin.l amplitude of vibration. The load 

is then removed from the beam and the trace calibrated. The beam is 

loaded by looping mild steel wire through t\'ro eye-bolts in P" block, 

whi ch supports the five pound weight. The ends of the wire are looped 

around the t\.:o ends of t he beam and a spreader used to keep the \·!ire 

rwming vertically dm"n from the ends of t he beam. A plunb bob is used 

to position the five pound weight under the center of the beam. After 

starting the oscillograph at the desired speed (25 in. /sec) the \'Ieight 

is released by neltint; t he .,.lire be tl-reen t he t\<;o eye-bolts v1ith a propane 

torch. 

There are six specimen beams tested by both the steady str-tte forced 

vibration method nnd free vibration decay method . 1ive of the beams are 

of 2. length to thic!cness ratio of 20 Rnd core thickness to total thick­

ness ratios of apnroxin:=ttely 0, 0.26, 0 .40 , 0.52 pnd f').80. The sixth 

beam has Ft lene;th to thickness ratio of 27.5 end a core thickness to 

total t h i ckness re.tio of ap~ro~ i~nt ely 0.26. The purpose of the solid 

beam is to determine experi:nentR.l l y a value of the damping constant J 

which is employed in equa.tions (2 6) P..nd (28) of Ap:_oend ix I to predict 

the resonc'lnt amplificati on f~. ct or Ar for the honeycomb SC1:ld\dch beams. 

10 



3. Experimental Results 

Experimental results are sumr.arized on peges 14 to 17. The 

experimenta.l results of the steady sta.te forced vibration test method 

a re presented on graphs, Figs. 4 and 5. Results are also listed in 

Tables I and I II for co;nparison \-.ri th predicted values. The experi­

mental results of the free vibration decay test method are listed in 

Tables II and III. 

The results of the steady state forced vibration tests in Fig. 4 

sho\'J the variation of the resonant amplification factor versus tip 

amplitude of the beam. The i~itial portion of several of the curves 

is dashed because the a:nbient voltage on the vol tr:1eter, used in 

determining the root ar.nlitude, is apnroximately ten per cent of the 

recorded ~11plitudes. This lends some uncertainty to the reliability 

of the resonant amplification factor in this portion of the curve. 

As the root amplitude increases, the effect of the ambient voltage 

becomes much less and the trend of the curves becomes more evident. 

The curves in Fig. 4 indicate a decrease of the resonant 

amplification factor as the tip amplitude of the beam increases in 

all cases except for the loneer beam. The slope of the curves is an 

indication of the value of the damping exponent n. The damping 

exponent is evaluated in Appendi~ III from each of the curves in 

Fig. 4 and the results are listed in Table I. 

In Table I the resonant amplification f?ctor as fou.'1.d experinentally 

by the stefl.dy state forced vi'Jration test method is con;rared \-rith 

predicted values fo1· darr~pi:ng exponents of tuo and three. The experimental 

values are taken from Fig. 4 for a. tip ar1plitude of 0 .008 11
• The 
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predicted val ue £, \!ere computeC us i nt; the same ar:1plitude . Comparison 

of the observed res onant n;rrplification factor \·• ith that -:-J redicted 

reveals the erratic be havior of t he observEd values. This behnvior 

sugeests the influence of damping other than that of the beam itself. 

The bonding materie~.l betHeen the bottor:1 face of the beam and the 

aluminum mow1ting disc is believed to hn.ve contributed a ITk'\jor portion 

of this dan ping energy. The da::r.;ing chnracteristics of the bor..ding 

material, Eastman 910 adhesive, are beyond the scope of this project. 

HQ\·rever, an analysis is made in Appendix III to approximate the 

magnitude of the strain energy involved. The results indicate the 

strain energy in the bond rray be of the order of magnitude of 40 per 

cent of t he total strain ener&y in the beam. The curves of Fig . 5 are 

the results of an atte ]"T() t to evaluate the damping influence of the 

bonding material bet\';een the beam and the aluminum disc. The lm,rer 

curve gives the results of a test in \·:hich the so:!.id beam t-ras partially 

drilled and tapped, as ind icated in Fig. 5, as a neans of mounting the 

beam. These results are very nearly coincident vlith the results of the 

tests \'lith the bonded aluminum disc no'.lntint: system. 

The results of the resonant amplification fP..ctor as observed by 

the free vibration decay tests are listed in Table II for P.verage tip 

amplitudes. These results also sho'\'T erratiC" behavior for the various 

core thicknesses. Comparisons v1ith Fig. 4 also inrlicate resonant 

amplification factors much less than the results of the steady state 

forced vibration test method . This suggests the inf l uence of 

additional danping other than from the beam itself a nd the mounting 

system. There are scvernl places suspected where t h is energy is being 

12 



dissipated. The seements of \'lire Hhich remain at t ached t o the ends of 

the beaM after mel tint; to releelse the five pound Height are sus:;->ected 

of ccn~ributing the mnjor !10l'tion of t h is stray damping. The other 

mechanisms suspect ed of dissipating energy are the foil strain gages, 

their bonding material, and short s egments of electrical co:nnections 

from the gages to t he point where the l eDdS a.re secured to the 

mountinc spindle. 

The results of resonMt frequency measurements of both test nc thods 

are compa.red with preC:icted VA.lues in Table I I I. Th·o predicted frequencies 

are listed, the column headed by 11 '111'/ she::3.r 11 tal·::es into account the effect 

of shear in the core, Phile the column he~ded by 11 w/o shear 11 completely 

neglects the effect of shear in the core. The computations for t he th•o 

i,)reclicted frequencies are illustrated in Appendi x III. Ex::tmin~tion of 

Table III reveals close agreement bet\•leen the observed resonant fre ,ruencies 

of the test methods. Com~arison of the observed \'.'i th t he predicted 

resonant frequencies shows Rgreement within six per cent between the 

observed and the predict ed values, neglecting the effect of shear in the 

core for the six beams. 
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TABLE I 

DAl :PP TG 2ESULTS FRmi S~13ADY STAT:S FOP.~ED VIBRATI0:1 TEST 

(~, 0 = 0.008 in .. ) 
---

r = tyt 
Observed Predicted 

Ar Ar A!:' n 

n = ,.., n= 2 ( obs.) ,_J 

0 760 7ff) 760 2.28 
0.260 520 580 715 2.82 
0.399 820 605 715 2.45 
0.516 1260 660 715 2.63 
0.803 960 1250 715 2.:::1 

0.257 445 
J/t = 27.5 

1150 725 :_=!.00 

TABU: II 

DANPiliG RESUL~S FROT~r FREE VIBRATION DECAY TESTS 

Tip Logarithmic Resoncmt 

r = ~/t: 
Amplitude Decrement Ampl ification 

Yo s Factor ~ 

10-:1 in. 

0 3.82 6.5 X 10-3 
490 

6.84 ... ,-., II 450 0.';1 

0.260 4.06 7.8 II 400 
5.98 9.3 II 340 

0.39 3.82 5 .. 1 II 620 
7.72 5.4 II 590 

0.516 3.18 7.5 II 420 
7.56 8.7 II 370 

0.803 4.64 8.5 II 380 
12.6 12. II 270 

0.257 7 .. 52 18. II 300 
~/t = 27.5 

I 
19.5 19. II 280 
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TA:BL::::: III 

OOLBilr.ED RESO:HA..Vl' FREqUl!mCY RESULTS 

Observed Predicted 

Free Vibration Reson.cmce ~1/shear ~J.r /o shea.r 
tc Test Curve 

r =- It 
cps cps cps cps 

0 166o3 16f.O 163.2 163.2 

0.260 179.7 181.7 155.3 132.0 

0.399 192.0 198 o4 163 .. 8 198 o5 

0.516 194 . 3 195 .. 5 171~5 207.0 

0.803 224.2 225.3 197.0 226.0 

0 .257 96.2 95 o 9 89.6 95 .6 
~/t = 27.5 
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4. 0onclusions 

From the resalts of the study of the dRr.ip i ng chA.ra.cteristics of 

honeycomb se::ldHich ccnstruction, the following con~lusion£ can be d rat·m. 

The dampin{: CFtJlA.ci ty of the honeycoi.lb snndHich bep.Jn as s·.-:ecified. by 

the resonant a.mplificntion ff'~tor is d.e·ne r.dent o::::. the stres s l eve l for 

fo·~::.· of the five honeyc omb s:mdwi~h beams tested. Tti s i s indicated by 

the decrease i::1 the resonant P.mplification fa c tor for <m increas e in the 

tip amplitude of the bec:~.ms. The da.rrpine e::ponen t n, Hhich inc, ic::ttes the 

de,::;ree to \-ihich the dar.ipin,:: ene rc;.y is {le!'le~d.ent on the ntrens ~evel, is 

determined to be bet\·reen h .ro and three for the honc:: co7tb ~~r..dwi : h beans 

tested. ~ne evaluation of t he cRrr:; ing e::ponent n a:1c. the ol~rter cf 

-nagni tude of the rlR;nping constant J found e):peri r.;ent2lly from the solid 

bearr: r r;ree \vi th V.3.lues of these constnnts :::~or :"'los t ene:ir..eer irlg 

materials [1], [2] , [7]. 

The mou::1ting system used in the test ~ethod s er~loyed in this 

st ,~dy contributed. considerable additionAl dRmpinp; in relation to the 

dampin;s of the beams tested. The effect of stray dar.pinf: limits the 

co::::.clusions ,,rhich ~nn be r.l.:'1de i::1 c<:mp2rine t hea::.--: ' \·'i th test results 

for t he variation of a:::plification factor fer i.ncreared core thickness. 

The initial i ntr oduction of t te core into the bepn hPs the grentest 

effect in increasing dar.rping RS ind.icn. ted by ~. decrease in t he rcGon~.nt 

amplification f~.ctor. As the rntio of core t hickness to tots.l 'l:Je[ln 

thickness is incre~.sed, although the results are erratic. i::J.~-ications 

are that t he danpins decreases. 

The fundamental freque ncy of vi brat io!l. of tte r~one:!:: )r:1b Sn...V].d\.,ich 

beams studied lTk"'~Y be predicted ''li thin six per cent, us i::J.f; the convent i onnl 

Rayle ish rroethod nnrl neglect L'l.g the effect of shear in t:~e core. 
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AJ>PZ1iDIX I 

TE:20RETI ·:AL AliA1YSI S 

The resonnnt ar::plification factcr Ar is the prif.'.ary nethod 

selected to specify the ?.T:'lount of dampinE; tlwt exists in sand\lich 

construct ion r.a terial. From equation ( 1) p[lge 2: 

Ar= 2.~U (1) 

The damping enerQ' and the strP..in eners.r in s~nrlvrich construction 

are composed of tv:o parts. Assul":"inr; rigid attachment of the core to the 

facings, these a.re the enere;y in the core and the energy in the facings. 

It is also ascn .. :;l:.::0. tha.t the strain energy due to shear in the facings 

iG negligible cor.l"Jared to the energ-; due to bending and that the energy 

due to bending in the core is negligible compared to the energy due to 

shear. The strain energy and damp ins ener~· are: 

u ub +U.s 

Do - Q,b + Dos 
where the subscript b refers to the bending enere;:y in the fc>.cings and 

s refers to the shear energy in the core. 

The definitions of these energy terms follm·r from the principles 

of bR.sic strength of Jik'lterials. The strR.in energy due to bending (in 

the facings) is: 

S
2 2. 

- _I M-x d)(. 
U - 2.. 0 E'~ Ix 

•.rhere, at any point x along the beam: 

Nx = bendin{; moment 

Ex: modulus of elasticity 

Ix : centroidal moment of inertia of section area 

,Q = length of beam 

20 
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The strain energy due to shear in the core is 
~ .!.t 

u =51,~ !i d~d~ 
2.. 

(9) 

where, at any point x along the beam: 

l: x = shear stress 

G = shear modulus 
X 

"' =- \'!idth of beam 

Two types of stress are assumed pre sent in the honeycomb constructed 

beam: Uk~iaxial stress in the facings; ~Jld pure shear in the coreo It has 

been sho"f:n by previous investiga.tion [7] that internal friction in 

engineering materials, as represented by the danping capacity, is due 

ohly to the distortion of the material. Thus for equal damping energies 

under uniaxial stress and under pm·e shea.r: 

and for equal distortion energies [8]: 

k = 

therefore 

(10) 

The damping energy due to bending in the facines is [3] 

Dob = fJDtfdxJ~ 
\·rhere the specific damping energy is 

D.b = 1 crh 

and 
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Hhere cJ is the stress at any point, OX is the fi1&ximum stress (at t~e 

outer fibers) at any posi tion x alone the 1en{;th of the beam, a.nd t/'2 

is the ma."':imum d istance from t r.e neutra.l axis to the out er fibers at 

x. 'l'heref ore: 

(11) 

'rhe darnp ine, energy due t o shear in the core is· 

Dos : J [ o_.wd~ dx 
\·!here the s pecific dar:rpinr, enel .. f,Y is 

Ds = J: t'"' 
S~bstituting equation ~10) gives 

D.s ~f. ft~ JbftfJ~ dt (12) 

2 
Substituting et1uations (8), ( 9), (11) and (12) int o equation (1), 

the resoMnt anp:r(R~~on ~~ct: 7?~ 'rx2 d~ d~ 
A : J?.'!r :t1 E, I. Jo ).t'h.. ~6 (13) 

~ :rb ?. f[L~( ~) d~] a-~ dx + {n Jjf -cK" d~d~ 
~ -; 

Equation (13) cescr i bes the damping chRracteri~tics of a honeycomb 

sandwi ch construction bea~. This analys i s is restricted to a symmetrical 

beam, i.e., the fA.cings are of equp_l thickness, and the core~ ann facings 

are of the same material. 

For pur!'loses of further anPlys is a s:,rmJr:etr i ct-1.1 cantilever beam 

with constant cross section is assumed uith core ann fpcings of 
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Hluminum alloy. '11he ~'):-e is com~osed of e hexagonal honeycor.1b pattern 

suitably bonded to the facings . The value n = 3 is t=t.ssumed for room 

temperatures, moderate cycl i c stress hist ory, and stress l evels 

considerably less than the yie ld strength. 

Incorporating thes e asswn:ptions into equat ion (13) 

(14) 

For a cantilever beam v i br a ting in its fundamental mode the extreme 

deflection is assumed to be represented by: 

(15) 

:?rom basic strengt h of materials 

" Mx = f C5-xvu w'l.~ (5) d 3 
() 

\~rhe re ~ is a dur.1my variClble, )J. is the mass per unit l ength of the 

beam, a nd W is the circular fren'J.ency . Then 
~ ' 

M~ =;/-d~; [ [{s-x){l- ~-M-l dsl~ 
Equation (8), representing the strain energy due to bending in the 

facings, becomes 

(16) 
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~i.milarly c;<iU?t ion ( 11), rej)resent i ·'1r; the damp i~c energy due to bending 

in the fc.>cine, s 1 ca..11 be evaluat ed . For 

then 

a: - ~ 7'z. 
x.- I 

Before evaluP.ting ecur>tio:ns ( 9 ) and (12) to find the strain energy 

anu ~.amping ener gy due to shear i n the core 1 the voids in the core must 

be considered . For calculating the shen.r stress 1 nn equivr,lent width 

for the core g ives the desired results. Referring to Fig. 3 

Wo. = \c w tc." 
Hhere ·~{c is the v.:eight of the core in a ler:.gth A , '"" is t he beam width, 

and ~ is t he specific \•reit:ht of t he h oneycomb coree Also: 

\'There ~().Q is the specific ue ight of the hone:,'comb core alloy and 

\ ::. A· 
2 

we = equivalent width of core for shear stress cal c~lation 
( .2 "'! ti r:es the nuMber of units in benm Hi d th "') 

The equivalent wi d th ic 
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Thus, for e :: o0 J 

(18) 

The pr e s enGe of the voi ds also affects the vol une sur:::-:~tionc in 

equations ( 9) a nd (12). Since "t x does r:.ot vp.ry '.·i t h y, the voids o.r e 

accounted for by taJdng 

The shear 

materials 

1: 0\~·. letting 

t:c 

s;d~ =twtc 
str ess i :1 t he core ca n be 

L = Vs 0-c 
l We. 

the shear stress becomes 

(18a) 

found from bos ic s trengt h of 

Substituting t he shear st r ess i:1to equR.t ion ( 9), the strcdn energ;:r 

due to shear i n the coj;,·e is: 
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(19) 

and the dampine energy due to shear in the core, from equation (12) is: 

Evaluating the integrals in equations (19) and (20) gives 

f;Cdx= O.{)'l32J 

}._ 

J. A3 dx = o.o'?.. ?I J 
0 

(20) 

Substituting equations (15), (17), (19) and (20) into equation (14), 

the resonant amplification factor ~ for a symMetrical cantilever beam 

of honeycomb s~'1.dHich construction 'becomes 

(21) 

Rearranging and substituting I= w(~'3; t~) 

(22) 



t 
where r = c/t is the r~tio of core thiclmess to total thickness. 

Before derivine the resonant nnplification fC'ctor in its final 

form, the frequency must be evAluA.ted for substitution into equation (22). 

The frequency cnn be found using Rayleigh's method [9]. 

l·la.ximum Strain Energy = 1-lDximu!ll Xinet ic Energy 

or 

The parts of the strnin energy ub and Us :b..-·we been determined in 

equations (16) and (19). The ma:-::imum kinetic energy 

~ 

T~ k Cv-~Jm::. tpd(~'dx J Jo~ 

\•rhere y is given by equation (10). Thus: 

Substituting equations (16), (19) Rnd (24) into equation (23) and 

') 

so 1 v ing for W lv gives 

2 2[rr.l[ I ] 
LJ ::. (3.SZ) /! J~j 1 + ~ 

where 

(23) 

(24) 

(25) 

Notice that for zero core thicl-:!1GSS equation (25) reduces to that for 

a solid cantilever beam [ 9]o 

Substituting equation (25) into eqn~tion (22): 

A = o.LfG 2 
v- IeGE 
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Equation (26) i s based on t he assumption that the damping exponent 

n : 3 . If n = 2 instead, equati on (13) becomes 

A = ..&!£. r i"' 
..Jb 

Substituting the previously evaluated integrals and arranging in 

dimensionless form: 

A - rr 
-r- JE 

b 

(27) 

(28) 

The damping, as specified by the resonant amplification factor, 

is constant for variations in cross section for a damping exponent 

n = 2 [3]. In equation (28) the resonant amplification factor will be 

constant for variations in r if, and only if, E/G = 3. In this project 

E/G ¢ 3 a nd t he t er m i n t he bra ckets is very nearly constant for all 

values of r excep t r : 0 ~ 
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APPE1!DIX II 

EXP:ER I IG:::r'l'AI. APP ARA~US A:TD PROCEDlffiE 

Basic Apparatus 

The basic experimental apparat us consisted of five 20 11 beams and 

one 27. 5 11 beam a.s illustrated in Fig. 6. The nominal d i mensions of the 

beams \t~ere one i nch in \-:idth and one-!>.alf i:::1ch in thickness. The beam 

d i mensions are listed in Table V of Appendix IV. The honeycomb core 

material vras r..ade of 3003 aluminum base all oy ~·lith Hexcel core designation 

3/16 .0018P 3003 and the facings of the honeycomb sa.nd,..,rich beams were 

made of 6061-T6 aluminum bA.se alloy. The facing s vrere bonded to the 

core using a Shell Epon 907 adhesive bending ~~terial. The solid beam 

was made from 24S-T6 

The beams were mounted on a spindle in both t es t methods used as 

illustrat ed in Figs. 7 and 8. An aluminum disc one inch in diameter 

and apnro::imntely one-half inch thick \·:as bonded to t he center of each 

beam \•!i th :Enstman 910 adhesive. The aluminum discs Here t hreaded to 

scre\'l onto a. mounting spindle. The aluninurn disc '\'la s l ocked in place 

with a lock-nut, allO\.,r i ng no lost mot ion behveen the ber:u1 and the 

mounting spindle. In the steady state forced vibration test method, 

the sp i ndle v1as an extension of the impedance head. I n the free 

vibrati on decay test method, the spindle uas rnou:::1ted on a rigid support. 

Instrument ation 

In t he steady state forced vibration test method, the equipment 

is illustrated in Fig. 7 and the schematic diagram belmv include s : 
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Vibration G~nerator 

Ampl if ie r 

Signal Generator 

Accelerometer 

Cathode Follower 

Voltmeter 

Electronic Count er 

Oscilloscope 

l1icroscope 

.&-~~~scope 

St GNa.l AmtJf· f--- -
Gc-tJ. 

Elechonic. 

Cour. t e'<' 

Goo(~m._'1.n h.d. L~D. 

VibrPtion Generptor 
t·1oc.e l 39A 
Ser i al iTo. 4:17 

K~ohn-Hite Inst. Co. 
Ultra-low Distortion Power 
Amplifier Model U]1-101 
Serial Ho. 135 

Donner Sc ient i fic Co. 
Sine Hav e Generator 
Donner I'~o del 120a 
Serial l!o. 224 

::Sndevco Corp . 
Hodel 2110 I r.1peda.nce Head 
Serial Ho. DA22 

:Sndevco Corp. 
Cat hode Follo,•rer 
Drawing Uo. XC1066 

Ee,.1lett Packard l·1odel 400D 
V~.cuum Tube Voltmeter 
Serir1l No. 22773 

Eput !'ieter i•:odel !;54 S 
::Slectr or.i= ·Jou.."1.ter 
:Zlectro-Ene ineer i.ng Horks 
Serial ![o. E 697 9 

Hewlett PPckar d ~odel 130A 
CRt hode RRy Os ~ illo s c opc 

Ser i a l l:a. 2417 

Gaertner Reading racroscope 

g_ Impeda. l'\ce He.o.d 

n 
Sha.ke.v- CtAthode VTVM r- -Followe."Y' 

I 

C.RO 

5~f3!:.AT I G DIAGR_A.: C? FO.P.·~E VI 3P.ATIOIJ T:!:ST .:: ).JIPl.-:·.::rr 
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The follm·· in:~ equipnent \ia.s u:.ec i n the free vibrntio~• .1.een.~y 

test method as illustrRted in Fig. 8 nnd in the schematic die.grnr:~ belov.r. 

Vibration Source 

Strain Gages 

Amplifier 

Oscillograph 

Timing Unit 

~flick Release 5 lb wei~ht 

Sr-4 FAP-12-12 
Resistance Strain Gages 

Honeywell Carrier 
Amplifier Hodel 130-2C 
Serial No. 130-162 

Honeywell Visicorder 
l·iodel 906B \'lith Series Ml650 
Fluid Damped GalYB.nometer 
Serie.l :Jo. 9-7762 

P.oneY'.iell Timing Unit 
Serial No. 07;.]5 

The strain gRges were arranged in a four-gage bridee, two on the top 

and hro on the bottol':l of each bearJ. 

Bea.m 

Strt.11t1 G49e5 
r----''-'----. 

RIGid 

Suppoy-t 

Propo..r\e If' 
Totch lj 

Oscdlo­
Gr~ph 

Time 
Unit 

SCHENATIC DIAGRA1··! OF FREE VIB.RATimT D~CAY T:SST :S 1:~U !Pt.S17T 
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APPE1IDIX I I I 

SAMPLE CALCULAT IOlrS 

The data on dimensions of a.ll beams are listed in Table IV. These 

data were used in all c~.lcula.tions. In this Appendix, the data for the 

beam r = 0.260 is used for the sartple calculations. 

Predicted Reson~~t Amplification Factor 

The equations for the predicted resor.ant amplification factors are 

developed in Appendix I, equations (26) and (28) for a damping exponent 

of three and two respectively. The danping constant Jb enployed in 

these equations \•.ras found experimentally, using the resonant amplification 

factor for the solid beam. For the solid beam, equation (26) reduces to: 

)2 
Ar = 3. 31 J (' t 
\1~ 1 1:, ~6 

J. - (S.S/) (to~) _ 
b- (/faD) ( 10. ~ )( to')Z· ( .ooa)(a.s)-

(J q 68 -12. '-2.. 
. x 10 ~pew 

For the solid beam, equation (28) reduces to: 

Listed in Table V a.re computed values for some di:11ensionless 

ratios used in the comrmtations to follo\\r. Equation (26) is repeated 

here for convenience. 
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t 
r = c/t 

-
0 

0.260 

0.399 

0.516 

0.803 

0.257 

'f=t1t 

0.260 

T.AEL:. IV 

B :2A!·: D I l G:7S I mrs 

~ ~/t tr t t 'VI w 
c 

inches lbs -
- 0.500 0 10.00 1.000 1.0030 20.00 

0.186 0.503 0.131 10.01 1.002 0. 7630 19.90 

0.152 Oo506 0 •. 802 10.00 1.001 0.6240 19.77 

0.120 0.496 0.256 10.01 1.002 0.4322 20.18 

0.049 0.503 0.404 10.00 0.998 0.2426 19.89 

0.186 0.501 0.129 10.-76 1.002 1.0480 27.46 

Solid Beam 6 
E : 10.6 x 10 psi 

Honeycomb Sand\·:icg Beams 
E = 10.0 x 10 psi 

G = 3.87 x 106 psi 

TABLE V 

COI<RJTED VALUES FOR HO?EYCOHB BEAM 
( r ::. 0 • 2 60) 

1-Y'l. 
(I - y z.) 2. I- 'f~ 

/-Y'~ (\-Y''2-)~ 

0.932 0.885 1.130 
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1 + r2. 
t- roz... 

1.137 

~c 
lb/ft

3 

-
4.16 

4.40 

4.62 

4.48 

4.16 

~ 
<(rJ. 

0.024 



vrhere: 

The term outside the brackets becomes: 

'/ithin the brackets, the nwnerator is: 

+ o. 2GO = 0. 906 

and the denomi~ktor is: 

3 
(0.0231)(D.{)2lf3)(lO.DI) (1./37) 

(o.so3)s 
-+ (o. r;.~oo)(o,q 32) = o. 3l-f8 

therefore 

o.q~0 577 A.,. = 2.08 o.3~t8 = 
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~quation (28) is also repented: 

rr A'(' = -r. ~ 
bj:;. 

The t er :n outside the bracj<:ets is t:1.e resonant amnl ification factor for 

the solid beam. 

Within the brac~e ts t he numerator is: 

and t~e denoMinator is: 

2. 
\ + (/8.1)(0.5"03) (~.'lGO) ~(o BaS):. { ,y 32 

((),0~43)(10.01)"" I ~. 

therefore 

J, '374 
A'r::: 7~o t.J.f 32 =- 7 3D 

P~ edicted Freq~~nc ies 

',ilhe equation for the resonant frequency, as derived i:1 Apnendix I. 

is equation (25): 

:2. ( )2.~. Ell [j_l 
GJ = 3. 52 !_)A J~j l+ ~J 

(25) 
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or, in lb, in. , s ec units, the frequency f (cps) is 

I 
v~ ~z Y'2, 

t=>I.Y% ~13] ~(l-r3)] [ 1~(j] (25a) 

t-.rhere ~ \'!A.S evaluated in the previous section. 

155.3 ~ 

Notice that the f actor in equation (25) t !lA.t contA.ins \3 is due 

to the effect of shear in the core. If this term is set equal to zero 

this neglects t he effect of shear in the core. Equation (25a) then 

becomes 

and 

Static Strain 

y2. 
f= l.f.'l% !11o ?)(o.5o3) \o.qaz) l = 18 2 .o Cf"' 

L (o.1"3J(to.o,)3 'J 

F~om elementary strength of materials , the extreme f iber strain is: 

Damping Exponent_JJlL 

Equations (26) and (28) of Appendix I provide a means of 

evaluating the damping ex:oonent n. For a val'..l.e of t1-1o, t here is no 

dependence of the resonant anplificat ion factor on the tip a mpl i tude 

of vibration. An inverse proportion.:~.lity exists bet,,·,een the resonant 

amplification factor a.nd the tip amplitude of vibrP..tion for a dP..r.rping 
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exponent of three. Therefore , from equation (26) of Appendix I: 

l!,rom Fie;. 4, using the curve for r : 0.260 

~~ 0 - !.~· 7 )Y')-2. 
YI O -l ~f. 3 

n = 2. 82 

Strain Energy in Mounting Bond 

The strain energy in the bonding material between t he aluminum 

disc and the lower face of the beam is considered to be due for the 

most part to the strain in beam. The thid:ness of the bond is estim.'3.ted 

as 0.001 11 and the strain at the outer fiber of the beam is ta~en as 

60 ~in./in •• A cross-section of the bonding 

r~terial under the shero· strain is 

sho'l':n in simplified form in the 

adjacent figure. The strcdn energy 

due to shear is: 

~;:here: 

therefore 

UG\. = 
S :: A7erage displacement (15 ;.tin.) 

1Y( '( ~) ~ I 2 A :. _-\rea 8 D0 - D.z -:. 0, '3 J8 .A/ft, 

h :. 0.001 in. 

G :: Shear modulus of the bondi.nt; l'llc"l.terial -
estim~ted as lOC,OOO psi 

: o. oo '1 ..i.M.- L& 
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~ompa.ring this c;.mount of stra.in energ:;· \'li th t~e total amonr..t of stra in 

ener gy i n the beam vith the suspended five pound \•:eir.;ht prior to 

initiating vibrations in the free vibration decay tests: 

W:: + P~o -
VJ: ~ ( Z. 5) { 0, 00 8) : 0. 0 I J.-n. - L b 

The strain energy in the bondinG ma.terirtl is a:p:n~oximately 40 per cent 

of t he tota l strain energy in tha bean. 

,I ., 
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APPZ..IDIX IV 

.E'orced VibratiQ.:'I'l 11ent Lethod 

The ~easur ed dat P i n the steady state force d vibrati on t est method 

v1ere the a.l'Il:"i li tudes a.t t he tip and root of the bean and the frec:uency 

of vibration. The ar1plitude at the tip of the bean 111as measured in 

divisions of t he scale marked on the reticle of the Microscope. The 

microscope was cRlibrated with a standard c~libration disc on which 

was etched a scale o~e centimeter in length with J OO divisions. 

Therefore, cnli bratinr; the ::1icr oscope it t-m.s f ound 

2. 55 div. on r.Iic roscope = 0 . 01 em 

Since the double arnpli tud.e of the t i~'J of the beam 1.~·as recorded, the 

e mp lit ud e y 0 i s : 

divisions on microsc one x 10~2 
5.10 :X 2 .54 

Yo= dtv. 
12.95 

_? 

x 10 ""' in. 

The a mpl itude at the root of the beam Wr:tS s ensed by an accelerometer 

and d iipla.yed on t he vol tr:teter in millivolt s . The i nform.:1.t i 0~~1 taken 

fran the manufacturer• s ins truction boo'l..~ on t he En~evco 2110 I mpeda.i.ce 

Eead, gives the acceleration in terms of the voltage output as [1Qj : 

t hus 

\·rhere 

V Voltage reading in mi llivolts on VTVM 

G - Gain of the cathode follo'\:!er - -
OF 
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..,.., 
~ 

s Sensitivity of accelerometer - - - - - 51 .5 
m'r(rms l_ 

g pk 

cp Ca:paci tance of the accelero::leter - - 1676 P)~f 

Capacitance of the cathode follol·:cr 
a."ld connector (12 + 97 ) - - - - - 109 f4ff 

f Frequency of vibrationG in cps 

Therefore the amplitude a 0 of t he root of the beam is 

v . 
a.D~ o. 2.23 T2 ).In, 

The frequency of vibrC~.tion s \vas mer'.sured by an electronic count e r 

set for a ten second countint; period and disp l ayine the frequency to 

the nearest 0.1 cps . 

The resonance curves for t he six specinen bec:uns are s hm·m in 

Figs. 9 to 11. The experimental u.~.ta for the variation of the resonant 

Amplification factor Hith tip amplitude are listed in Table VI and 

plotted in Fig. 4. 

Free Vibration DecaY Test Met_}:1_od 

From the oscillograph record of free vibration de cay , the data 

were reduced in the follo~:ling manner: or. each run, a zero t i r:1e for 

amplitude measurements \·!as select ed. At this point, a short portion 

of the envelope of the vibratio!l decay curve uas determined by dra\dng 

the best straight line through t'\.·!o or three peal:s on each side of the 

zero ti~e. The measured zero amplitude X0 , 1t1as the distnnce bet•,,een 

the envelope line s on t~e zero time line. Several more amplitudes 

\>Fere meas ured in t he s am ~ ma.rmer at an elapsed 

time of n, 2n, 3n - cycles, respectively, fron zero tine ~ A plot 

of the ln X vs n is a curve , .. :·wse slope i s ec~unl to the logarithnic 
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decrement. The resultant cu1·ves sho'.-red slight curvature and thus \vere 

broken up into tuo par ts for ench run and the slope of ench part 

determined for the logarithmic decrement. The data determined in this 

nanner are listed in TD.ble VII. The average of the three runs for both 

parts of the curve of each beam tested is listed in the results. 

The frequency vms determined by counting the number of cycles on 

the oscillograph racord in a one second time period. This frequency 

for each of the three runs is listed in Table VII and the average is 

listed in the results. 

A portion of an oscillograph recm.·d of the free vibration decay 

\1as copied and is sho\·m in Fig. 12. 
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T.A:SLE VI 

STEADY STATE FOlW:SD VI:SRATTmr :SXP:SRHS~;TAL DATA 

Root Amplitude ao 

millivolts 

Solid Beam 

0.30 
0.50 
0.60 
0.70 
0.80 
o. 90 
1.00 
1.20 
1.50 

1' = 0.260 

0.60 
0.70. 
0.80 
0.90 
1.00 
1.25 
1.50 
2.00 
3.00 
3.50 

r = 0.399 

0.50 
0.60 
0.71 
0.90 
1.00 
1.25 
1.50 
2.00 
2 .. 50 

/"' -o 
10 inches 

f = 166.0 cps n 

..., Ll"' 
C,Jo ... ~ 

~.03 

4o84 
5.66 
6.45 
7.28 
8.11 
9.1)8 

12.13 

f = 181.7 cps n 

4.05 
4.72 
5.39 
6.06 
6.73 
8.43 

10.12 
10o5 
20 .. 3 
20"6 

fn = 192.4 cps 

3.05 
3.61 
4.25 
5.41 
6.o:~ 

7.52 
~.01 

12.0 
15.1 

Tip Amplitude Yo Resonant 
r'li cr os cope 

10-3 
A..rnplifica.tion 

divisions inches . Factor Ar 

V a:"'lbient = 0.045 riTV 

4.4 2.40 990 
6o0 3.63 soo 
7.0 4.40 910 
7.8 5.00 880 
8.2 5.32 820 
9.0 5.94 815 
9.8 6.57 810 

10.2 7.63 790 
12.8 8.85 ?30 

V a.nbient = 0 .045 mv 

5.0 3.32 820 
5.5 3.78 800 
6.2 4.25 

I 
790 

6.7 4.62 760 
7.2 5.00 740 
8.7 5.6:3 670 
9o2 6.57 650 

10.5 7.55 560 
12.5 9.10 450 
~,.... ,.., 
..Lt) ~,~ u 9. 7;~ 410 

V al:Jbient = 0.04 mv 

3o8 2.54 845 
tL5 3o09 855 
5o3 3.71 870 
6.6 4.70 870 
7.0 5.01 f35 
8.8 6.40 f.: 50 

10o4 7.63 845 
12~5 9.25 770 
14.4 10.70 710 
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TABLE VI (cont.) 

Root Amplitude Tip Am:p1i tude Reson::mt 

-6 nicroscope 
10-3 Ar~rpl ification 

millivolts 10 inches div'.sions inches Factor ~ 

r = 0.516 fn = 195.6 cps V ambient = 0.045 rlV 

0.60 3o50 7.5 5.23 1500 . 
0.70 4.07 8.0 5.62 1380 
0.80 4.66 9.0 6.40 1~)75 

0.91 5.30 9.7 6.94 1310 
1.00 5.82 10.3 7.40 1270 
1.25 7.28 11.8 8.56 1175 
1.50 8.74 13.6 9.95 1140 
2.00 11.7 15.8 1L6 1000 
2.52 14.7 17.8 13.2 900 
3.00 17.5 19.3 14.7 8.1Y _o 

V ambient = 0.045 mv 

0.50 2.20 3.2 2.24 985 
0.75 3.27 4.4 3.18 965 
1.00 4.53 5 .. 9 4.33 995 
1.20 5.23 6.9 5 . 10 975 
1.40 6.13 8.2 6.10 I 995 
1.60 7.00 9.2 6.87 980 
1.80 7.91 10.0 '"lo48 945 
2.00 8.78 11 .. 0 8.26 940 
2.50 11.0 1 .... •") 9.95 910 vov I 
3.00 13.2 15.0 11.6 

I 
880 

4.00 17 0 6 20.0 15.1 865 

Jjt = 27.5 fn = 95.9 cps V ambient = 0.045 mv 

0.37 8.92 6.1 3Q94 440 
0.50 12.1 7.9 5.33 440 
0.78 18.9 11.4 8.02 425 
0.98 23.7 14.8 10.6 450 
1.28 31.0 19.0 13.9 450 
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T.ABLr~ VII 

FR~:S VIEHATIO:~ DECAY ZXPZRH3N?AL DATA 

Run f xo I Xn I X2n I X 3n I X~n n Yo 8 
cps Inches cycles average 

Solid Beam 

, 166.4 3.99 3.48 3.046 2.63 - 40 o. 0067 0.0069 .I. 

2 166.3 4.04 3.54 3.12 2.77 2.40 40 0.0069 o. 006!5 
:3 166.2 4.14 3.52 2.96 2.48 2o30 40 0.0069 0.0075 

1 2.63 2.35 2.07 1.82 - 40 0.0046 0.0062 
2 2.11 1.86 1.66 1.44 1.26 40 0.0037 0.0063 
3 1.76 1.56 1.~4 1.15 1.01 40 0.0(32 0.0069 

1 180.3 2.48 2.00 1.72 l o 4~3 - 40 0.0045 0.0092 
2 179. 4 2o40 1. 97 1. 66 1.41 - 40 0.0060 0.0089 
3 17'::1.3 2.72 2.29 1.85 1.51 - 4:0 0.0047 0.0098 

l 1.16 1.00 0.85 0.70 - 40 0.0041 0.0082 
2 1.20 1.01 0.86 0.75 - 40 0.0041 0.0080 
3 1.51 L24 1.04 - ·- 40 0.0039 0.0072 

r = 0.39~ 
1 192.1 3.80 3.42 3.08 2.76 2.48 20 0.0079 0.0053 
2 192.1 3 .30 2 .78 2 0 ·1;3 2.06 1.72 30 0.0065 0.0054 
3 191.8 3.70 3.15 :~. 68 - - 30 0 . 0080 0.0054 

1 2 . 48 2.24 2.02 1.81 - 20 0~0054 0.0052 
2 1. 72 1.50 1.28 1.10 - 30 0.0035 O.Or:f12 
3 1. 96 1.69 1.42 1.22 - ~0 0.0040 O.OC53 

1 194.3 2 .83 ~o2Q 1.64 1.25 - 30 0.0080 0.0091 
2 1~.2 ') '<:"' 

£.., ~ '-·'...J 1.85 1.33 1.04 ~ ::)0 0 . 0066 0.0089 
3 l OL .1 

....... 0 ~ 2c.52 1. 95 l.56 ~ - :;;o 0.0080 0.0080 

1 1.25 0. ::s 0.78 0.62 0.49 30 0.')034 0,"~)79 

2 o. 76 r 1 • 62 0 . 48 - - ... ,.., 0.0029 0.0082 •. ·1~) 

3 1.56 1.27 1.00 - - 30 0.0050 ·).0074 

50 



TABL~ VII (cont.) 

Rtm f xo I Xn 1 x2n I x31'~ r x4:!'1 n ~~ 

"o 5 
cps Inches pycles ,,,. a.veraee 

~ ,. 

1 224o3 2.8? .; • .-;,5 L64 1.53 1.28 20 0.0125 0.0104 . .., 224.2 2.95 2.09 L39 - - 20 0 . 0127 Oo0154 I:J 

3 324o2 ') ~~ 
IJol·D 1.96 1.59 - - 20 0.0115 0~0098 

1 1 . 00 0. 90 0.73 0.47 0.35 20 0.0048 0.0104 
2 . ~9 0.76 0 .. 57 0.?2 - 20 0.0041 0.0127 
3 1.38 1.24 1.12 - - 20 OoC073 0.0052 

r = 0.257 9/t = ?.7.5 

1 96.1 2.62 2.08 1.77 1.45 1.13 10 0 .0202 0.0210 
2 96.8 2.55 2 . 34 1.66 L32 - 10 0.0202 Oo0219 
3 96 .3 3.54 3.04 3.53 2.24 1.93 10 0.0219 0.0151 
4 96.2 2.90 2o48 2 o06 - - 10 0.0211 0.0170 

1 1.13 o. 93 0.76 0.62 - 10 0 .0072 0.0200 
2 1.06 0.84 0.72 0.58 0.47 10 0.0075 o" o;Jo3 
3 1.65 1.45 1.25 1.06 0.94 10 0.0098 0.014:1 
4 2 . 06 1.76 1 . 54 L26 1.08 10 0 . 0091 0.0161 
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