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PREFACE AHD ACKN01,{LE~) GEHF.:NT3 

Many analyses of t he e la s tic s t ab ility of 

thi n - \val l ed cyl ind ers sub j ected to load s of 

co mpre ss i on , t en s ion, and t or s i on hAv e been mad e . 

I n r e c ent year s due to the wider u se of thi n - walled 

c yl inders in a i r cra f t s t r u c tu r e s , t he s t ab i li t y of 

t h i n-Hall ed cyl ind ers i n t ors i on has been more 

completel y inves t i ~ated . 

Althou gh cons id e r ab le work has been d one 

both analytic ally a nd experimen tal l y on t h in-Halled 

cyl ind e r s sub j e c ted to t or sional load s , it has b e en 

limi t ed t o full r ou nd , seaml es s c yl i nd er s sub j e c t ed 

t o a s t a tic tor s i on . I t i s the pur pos e of t h is thesi s 

to pre s ent the prob lem of pr ed i c tinp t he dynamic t or u e 

c apab iliti es and t h e charac teri st i c deforma t i o n of t h i n

Hal l ed tub e s -,[h ich a re f ull r ound a nd weld ed . Th is 

Has done b y means o f s t ress a na lys is and concurred by 

l abor a tory exp eri ment. 

The a ut hor Hi shes to t h anl{ Dr . Thoma s '-Ta n o s fo r 

h i s helpf ul advi c e , Charles DeLa nd f or h i s a ss istanc e 

a s my t hesi s lab partner , and t he ma chine s hop empl oye e s 

f or their h e lp in pr epar i ng the appa r atus . 
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SUHMARY 

The fol lowing investigation showed tha t when 

thin-wal led tubes f a.il in e las tic ins t ab ility from 

a d yna mic torsion; there will b e a characteri s tic 

deformation in t h i s fa.ilur e. The characteristic 

deformation is circumfe r ential buckling waves along 

the length of the tube. . 

The important result found is that the d istance 

from the point of torsional impact to the location 

of t h e buckling is dependent onl y on the speed at 

which the tors i on is applied and not o n the l oad 

applied. As the speeG of t o rsi on increases, t h e 

distance f ro m the point of torsional i mpe.ct to the 

location o f t h e buckl ing decreases • 

• 
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CHAPTER I 

I NT W:UUCT I ON 

When c ons id e ring t he des i gn of tOday ' s li ghtwei~ht 

st r u ctures a nd t h eir use und e r impa ct loads , the 

investi ga tion of t he dynami c tor sional characteristics 

relat ed to the stability of thin- wa lled tub es beco me s 

i mportant. In aircra ft stru ctures where weight and 

strength are of equa l i mportance , it is nec essary to 

be ab le to a ccura t ely predic t the capab ilities o f every 

s tru ctur a l memb er so tha t t he y may be saf e ly loaded 

to t h e ir full c a pa c i ty . When a dyn 11 mic tor ue re sulting 

fro m a s udd en accelera tion or dec l e r a ti on c a used by 
, 

s u c h t h ing s as the t ake - off , l e nding , a ir ock t s , a nd 

chan g i ng wind v e lo c ity i s a pplied t o the t h in-wall ed 

struct ures, the members a r e s ubject to a loading 

c ondition which aff e c ts the stability of t h e member s 

a t various l ocati ons de t ermined by the speed a t which 

the lo ad is a pli ed . 

This ph e n omenon c a n be bette r r eali z ed b y t he 

o serva tion of a dama~ed vehicl e a f ter colli si o • 

An i ns ecti n f a dernRged fend e r will r eveal lilany 

ri les located close to the place of im a ct o I t ha s 

been observed t hat if the same f e nder was cru s hed b y a 

1 
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Sl Ov-fly applied equ i va l ent l oad the ri ppl es w u d rob ably 

b e just a s signific a nt , bu t t hey would be .l o c a t e 0 t he 

fende r f urth er a way f ro m t e l a ce o f i mpac t . 

It h as been fo u nd th At there h as been li ttl e if an 

research cond u c t ed on dynami c to r si ona l el a stic stabil i ty 

char acteri stics . This field is ext ensive a nd r elativ~l 

uni nvestiE2.t ed; h owe ver t is thesis will b e limi ted to 

t h e anal ysis o f the ch ara ct e ristic loc a tions o f de f o r m

ation c aused by the buckl i nE o f thin-wall ed t ub e s 

sub j ected to d yna.mi c torque . 

The me t h od of s o lving t l is prob l em will b e to 

correlate t!e t orsi on a l t heor o f thin-wal l ed tub e s 

with that o f the b u ckling char a cteri sti c s o f l a t e s . 

Th e refore , t e t h eory of t o rsion a nd el a st i c s tab li t 

will b e d eve l oped . The s oluti on will a l i nc ud e 

various t h eori es o n t h e b eha vi o r of meta ls une e r i - I s ve 

loa e s . 

Previous invest i a t ions s h ow th~ t s tru cture s s ch 

a s thin- walled t ub es f a i l in m~s t case s o t e t o 

high s tre sses surpass ing the streng t h of the mate r ial, 

but due to insu ffici a nt elast i c stabil i t y of the sl ende~ 

structu res . The f a ilur , of the thin-wall ed t ub es used 

in this inve stiEation due to elastic i nstab ili t y wes 

ass red by the ir de si gn d i mensi ons d espi t e t h e i ncre ase 

in the yield strength of the metal . 

2 
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The anal y sis of the failure characteris t i c s o f 

tubing u nd er a dynamic t orque is no t B.nalyzed b y the 

stand ard torsiona l streng th equat i ons , but ins te8d b y 

resolving the problem into one o f local buckling of a 

curved plate sub jected to a compression l oad. 

analysis that would allow the exact relationship of 

critical torque a nd buckling characteristics to time 

r a te of torque applic a ti on is beyond the scope of this 

thesis. H01tleve r , an attempt will be made to predict 

this only in so far as setting up a solution . 

The a ssumptions a nd basis o f t his p r e liminary 

sol u tion a re. concurr ed by laboratory tes ting of thin 
• 

walled tubes. The labora tory re sults very clearly 

display the existanc e of t he phenomenon vlhich ex c ited 

this investi gati on •. 

3 
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CHAFTEr II 

THEORY OF TORS I ON 

An u nderst 8nd inE of t he n a ture of torque and t h e 

d i str i bution o f t h e f o rce s in a thi n - walled t ube as a 

re s ul t o f the appl i e d torque i s i m ort e nt in t he stress 

a nal ys is of t h is i nvest i gation . 

A st ruc ture with a tw i st ing c ou p le on e a ch o f its 

ends ac ti ng in opposi te d i recti o ns i s s ubjected to a 

torqu e a nd its magnitud e i s ex r essed in terms of a 

force and d istance. Thi s t ','l ist ine c ause s a tende cJ 

f one cross section t o rota te ab out a long itud ina l 

a.x i s ',>l i th res ect t o a n a d jacent cro ss section, a n 

a t e nd ency f or any dif f erential area in one c r oss 

se ction t o s lide a lon€, the c orre spond i ng d ifferential 

area i n t he at1 jacent cross s ec t ion, thus devel o i ng 

sheari n g stress o n a ll c r oss sections o f tle member 

be t we en the cou l e s . These s tresses are called 

to r s ional s he a rinp s t resses . Pi ~ure 1 p icture s 

t h i s stress d i strib ution in t e ' l ane o f t he c ro s s- sec t ion 

and al s o the co p l ement a r y s hearin~ 8 t res ~ e n i n a n 

axial p l one . 

4 
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In the derivat i on of the basic torsi on a l stress, 

the f ollowing assumpti ons mus t be made . 

1. That the member is sub jec ted to the acti o n o f 

pure t o rqu e . This me a ns there i s no bending , tension 

or c o mp r ess ion t o exist in the member . 

2 . The s h e ari n g s t ress on 8 r i E,h t crogs section 

i s direc t l y proportion al t o the di stance t o t h e center 

of t h e me mber . Th i s impli es that the member b e ci r cular 

and p e rf ec t ly i sotropic •. 

3 . The b a r has no r e sidua l or built - in stres se s . 

4 . The s ec ti on s u nder con sidera t i on S.re re ote 

fro m a ch a ne:e i n diame t er and f rom the point o f a p lication 

of load . 

T.he l a st thre e a p, sum tion s can only be ap rox i ma.ted 

i n actual prac t ice . 

Th e produc t o f t h e torsiona l shear stress , the area 

u p on "lhieh it a ct s , a nd the distence t o the neu tral a xis 

of t he memb er produ c e s a n i nterna l res i s t ing tor que o r 

s t a t ed ma t h e ma ticall , S . T i mo s henk o and D . ' . Young : 

eL. 

Th e to t a l res i s ting to r que T about the axis o f the 

shaf t i s the s u mma ti on , taken over t e e nti r e CL'08S -

secti ona l a rea , o f t hes e mornents o f the indi v idual 

el e ments; that i s ~ r( y d. A .'1"" . 

D. 
S . Timo shenko a nd D . H . Young ~ S tren~ th of ~aterials , 

Van Nos t r and Co ., Pri nceton , few J e r sey , 1 902 . P . 72 

5 
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But by analytical stl'eS3 r o or ion 

~here t he maximum st r e ss occur s i n tle outer 8ur~5ce 

of the member, wher e l' ~ r . 

In inteEral form 

or T :. "C",,,,,,, r ~ d. A 
r 

.f> 
r f d. A 

where J = J i&. d.. A is defin ed as the polar u:Jment of 

ine rtia of the circul e cro ss s ection . 

There f ore, 

Since s tress i s proporti onal to st~ai a !~ordinf 

to hool~ e ' s Law and s t reiI c n be lTIeasured d :trec tlj, 

stress can be i r~ i rectly mFe sured . r e angular rot a tion 

d ue t o t orsio a.l shearing st ress 's ca 1 d .hear n~ 
• 

strain . dhea rin F st r Ain i s lef i e~ by tle equation 

y c:L <t> h i 1 f t i it' t' 0:: r were s the Qnl3'. e 0 ~ at per un ..... e:lf" h 
d...x c.L-x. 

of t e member and 'tl ill be ce lled e. erefor> the t ot? l 

anFle f t ill s t lfTo,. i s t h e rod uc t of Q and tr.e t o t8.1 

length of t he memb er . )( "0" :::. e J... 

B subst ituting t he s e v81ues of she9rinp s tress 

and strain into t he basic defl ect on equ'3.t l on 6:. FJ. 
AE 

then t h e Feneral torsion81 shea inE strain en etion 

i s derived , that is 9:. ,1.. GJ. 

. The re ati onshi between u e torsiona Slea r 

and tension and cOlTlpression must be und ersto od i n nIer 

to analyze the causes of bucklinF in a hin-wel led 

tube . If a ahearinE stres 3 cc rs on a l ene at a gl ve~ 

6 
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po i nt in a s t ressed b ody , t here mu s t ex i st a shearin€." 

s t ress of e qual ma gnitud e at t h at o lint on the s cond 

pl ane B.t ri ~ht angl es t o t .e first pl ane as shown i n 

Fi gure 2. If onl y shear i ng s tre ss occur s on t,~o such 

planes , t he sta te of the s tr e ss a t t . e point i s sai 

t o be " pure s hear. " '1' h is state of st r e s s i s s 10v{D 

in Fi Eure 2 . 

~ro ln e emen~ary stre gth of ma t e~ials it i s know' 

tha t t here a r e pri . c i p8l s t re sses a C C OID anyi ng u r e 

shea r . If at a. oi n t i n a body t he s tate o f pure sheer 

eXists , t here also e x is t s tensi e and compress ive 
o 

for c e s wli ch reach t heir max mum va u e on t h e 45 plane 

as shown in .igu r e 2b 

----)-. 

~!----

a 

and 2c . 

----

b 

F iE . 2 

----

c 

'1' h s wlen a b rittle materi a l su e as c s t i ron , 

wh ich is rela t ively weak in te si on , is s 

pu e s hear, t he emb er f a i l s on th e pl ane of rr.ax L . m 

ten s ile s t ress . hese t nsil e and corn r e s i v e st-'e ss s 

are e qual in ma p-ni tud e to t l e sllea ring stress as shown 

by a MOhr ' s i re e d 18fra rn of ure t o s1 0 • 

7 
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T rsional ~ tr ss 

~:. Com . e s '3'o 3 t tJs s 
Co 

Fi • ") 
• 

It i s t h es e stres s e s t h a t cau s e h e c r i t c s 

bu c kling s tre ss of a t h in-wall e t ub e , that i s the 

compres sive f orc e s set by pur e shea r ~ 1 11 b u c . e 

the t ube by si mple comp r e s sio • Th i s e ana t a t tlli n -

walled memb ers sub j e cted t t ors ion c an f a i l b y 

loc ali zed com r e s s ion o r b ckling as."re 1 as b tor3:l. o.lc l 

she a r . The s e i nd Llc ed com res s i ve 0 'ce s wi ll t end t 

ca se uc 'l i ng , 80l t lis tend enc' 10 i creE 3 d b 

f e c t t h8 t t he s tr p 1 s i l t i a ..... bow ed ' u t 

cu va t ur e o f t he tub e \'1'9.1 1 0 h i s t · n e n cy f r b ..18k1 1uE: 

is dependent u on t e r 1 t 1 ve thi c krles s , 

iame ter of the cro s s s ect ion 8nd t' e ,0 u us of e~ a s t 

of the mat e r i al . 

TOI' io 81 Chara cterist ic s of "1Al l . 'In -
e quati on "C= Tr apl-' es to clrcJ a tUCf"-S ..,r h:>-t:,~ ,:::,1" tt.e 

J 
wal:s are t .. i or thi ch . .;. . ter su'- S ti tuti.: · t L v ~ l u -

of t .u.e l a mornelt of inertiR into this 81 

C i .L 
~ V 

i :o li f i E b tha t t:18 S as .' CVW .J.. " ... 
..... 'C; J .,t-' --

in h~ t i n w5 I is c~n3tA lt, t oe 
'1. 

21Tr-r 
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The der iva tion fo th~' reI t onshl bet ,i e n ' e 

tor<lue a nd the str ess in a thin- wal led tor s i or .. embE r 

W S ob t a. i ned b Gl enn even t~ u [h teo tllne 

o f t he member is no t c i r cu l a a nd tl e w It ick ess 

varies . He u s es t e t erm I I 1ea1" f l \ II 'oN ch s definecl 

as the r oduct o f t h e ave1"~- e shea.rin~ stres on E 

t ransv e se sec ti on at a o i nt end t e t llic kn es of 

t e wall a t t h a t p int . e stat e s that tl1e shear l1E 

stre ss a t any point i n t he cro s s section i s 

STRE.SS -- 2Al 

"4\" is t he a r ea b he c ent erl i e f the , 

wall o f t e tube . "ttl i s t ' le t h ic.{nes s of t .e wal l 

at the point c onsidered •. 

'llenn I-u "'phy, M.e chcni i c9 o f lv!aterials , I r 'N L1-Farnh am 
Publishing Company , Chic ago , I l l~nois. 1?48 . P . 97 

Tlh e torsiona l s t r a i n o f thin- wal l ed tub inlJ should , . 

B 8 0 b e no ted . T.hi s equation also i s onl a l c oble 

if t he t h ickne s s of the t ube is sma L d to the 

diamet e r . It is '''I he re <I> s expl'e33d in 

r ad ians o 
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CHAl-? '.... III 

EL srr • ;;) L 

An exam le wi 1 best illu 3tr&t e .8 t' B:>r of 

, l e. stic stabil ity . This is the e a.m tJ e of el'·dltic 

b ck ling of com ression em "'s vl he "e 

muc greater than i ts r adius of ~ j'r e tion \-l ith re p ec 

to the centro i d a l axis 8CO'Jt '''hich it t en s to b' c k e . 

Th i s i s know as column buckl ing . 

The COlD res si on memb er is a long 91 nder colu,n 

of l ene:th "L" h l ch' s b ui lt -in a t ts l owe e n cmd 

s ub jected t o a centrally a ' ied compress i ve load a.t 

i t s u pper end e . Th is column a ass t e p r ectl 
' . 

s tra i ght e nd of unifo r m c ros s- sec tioll . Also the mete ia~ 

i s ass umed t o be homo gen eous and be .ave elE' tl c8 ly . 

As t h e l oad is i nc r eEi sed f "'0 . Z "'0, t e c01u n 

s ho rtens in acco r da n ce ,.vi t 1 Hooke ' en ~ in ..... 

i n eaui l i bri u m. Ex e r ience sholis t lle t when the v ti~5l 

load "p',' , 11 ' .L S s ma ,sucn a comp e ased col u n 

s t ab le . Tha t is , i f the u per e nd s ushe, s L htl , 

t one side b y a le t e a l f a ce , the col mn ,I i l l r tu n 

to its 
~p 

a 

s tra i ~h t form , -

L 

b 

a s soon a 

Pc.~ 

10 

thi s late'a l force i 

removed • E O~i' vel' , as " "~ I 

1 s g r aduall increas J , i t 

is observed th B t 8 

oe tain va ue o f t hi s 1 0bd r 

the strai g~t orm of 
~ 



eflu illbrium b e c ome s ul.st ob e end tY... colu mn, if 
, 

to one s i de, s t eys t llere eve n a fte ~ t e l &t r8 ~ f e r e e 

1 s re oved. T,h i s i ns t ab i li t y pheno eno 18 cal: eQ 

a ter e. l buc lz1in g and the v e l ue o f t he 1 8 u. 

occurs 1s ca l led the c rit ic al o ad , d e n o ted by 

To f i nd t a e 10 5d P er ~Ihich will caUR 

Timosheny o c ns i de1'ec1 t h e c .)lumn in the slicl-lt l. \ b ent 

conf i gura ti o n shown i n Fig . 4b and ealc J l a t ed the 

ma gni tud e o f t he vertic a l 1 , ad necessary t o 110 d i t, 

t h ere . , This l oad '. a s cal eu e ted to b e : 

p 
c 

IT z. E "I. 

4 L ~ 
were E is ~odu l u 3 f' -
ela. t i ci ty , I 5. s le& s t 

illome n t f i EO- t i a, L i l i;:;n"t f t hE:- co ullin . 

D. 
S . l n~03henl 0 e d .u . ... .'o ur.g, J t e Jt~ .;1 

an t~ 08t and Co . t } 'nee on , ~ew JEr' 8 ~ ~, 
S . :2iruosL 11' , 1' 11eo o f El sti e 3 t &Li 
Boo}- Co . I N e \AI Yo r k ! 1 9 3 . p P • 2 nd 

Gf 

He sed t le di f fe r ential e '.tet' o o f ~J e fl_c t l.1D 

u r ve in t e ~o lu ti on . E x Jer IT _ t 81 -
W t- . ~ t 1'1 '- e r t 1'-: u .l. e:; .A. ~ _ _ 

Bcti o n o f a l oad t lEn tlle c r i ti c a l v c: l , s t h in 

member \ ill B.l we y s buck E: sidewa ' s . 

i o l" th~ t t h e e l em E:- c t a r ' C2 ~€ o f -' c. ~ i ... :'L! Jte.bil.jt ,{ 

h& be e C iSC U3 cd , t he b Uvhl i n~ f t h in p12t l: o ~. ~ll [.e 

i n v est i ~ t ed f o r i tis t h ." 3 C B 8 e t D '" inc 1 U c1 (: 3 t o:.' G :i. un s ::.. 

b u c kli ng . In ord e r t o calcul a te t he cri t ic a l v a l u e s 

o f forcAs a pl i ed ax i a lly in the middle lane o f s. 'la t e 

at Which t he f l a t fo m o f equ i l i b ri um beco me s nstab le , 

11 
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and the plat e beg ins t o buckle , the same method as 

us ed in c olumn buc kling was used by S . Ti moshenk o . 

Pro f essor Ti moshenko uses equations o f e quilibriulD 

f or a f lat p l a te in d eri v i nE anal y t ically the critical 

lo ad s. These equati o ns are e:reatly simpl if ied by 

L. H. Donn ell a nd r eferred t o in t his paper . 
. -

L . H . Donnell, S t abil i t y o f Thi n - \v'alled Tubes und er 
Torsion, Nat i onal Ad visory Commit tee fo r Aeronautics, 
Report No . ~79 , 19 3~ , p. 105 . 

The deri vati on s a re complex a nd lengthy , and they wil l 

later b e di scussed only as f a r as the scope o f this 

thesis permit s . To investiga te t he p rob lem of el a stic 

stebi1i t y o f t h in-wal led t ub es und e r dynamic t orsion 

by the exact solut ions would b e more in line wi th a 

g r aduat e . thesis • 

12 
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CHAPTER IV 

BEHAVIOR OF' NETALS UlIDER IMPULSIVE LOADS 

TIle prop erty of cohesi on due t o met a llic bond s 

is the main reason of resis t ance to distortion in 

metals. Th e metallic bond 'tJhich is influentia.l in 

holding atoms to ge ther may b e consid ered to be an 

attraction between the posi ti ve " cores " and t h e negative 

u nattached electrons of the a t oms . The atoms in a 

me tal a re p ictured as being h eld i n a fixed posit i on 

by forces, some being attrac tive end t h e othe rs being 

repulsi ve o If t here are on l y a few v a lence( ou t er- sllel l ) 

electrons within an atom, the y ma y b e removed relative l y 
• 

easy, while the balance of the electrons a re h e l d 

firmly to the nucleus •. Thi s in effect, forms a struc t ure 

of positive ions a nd "free lt electrons . The ion Itc o r e s" 

consist of the nucleus and the non-va l ent el e ctrons. 

Because the va l ence el ectrons are fr ee to move about 

within the metal structure, they form what i s d escrib ed 

as a n electron "cloud " or " g as ". The posi ti ve ions a nd 

t h e neeative el ectron "c loud" p rovide attractive forc e s . 

These forces bond the metal atoms tog e ther by an attra ct ion 

between the nuclei of t wo adjacent atoms ; this attra ction 

is similar t o ~ravity. 

In the ma jority of engineerin6 mat erial s the atoms 

or groups of a toms are a rranged in some regular, repititi ous 
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pat tern which 1 s c a l l ed a c rysta l . The strenFth o f 

a crysta lline structure de end s u pon t he cohe sian 

betwe en a.toms i n the s pa ce lat tice st ructure with 

ind i vidual cry stall i n e g r ains, an u p on adhesion 

between crystallin e g rains at t he ~rain bound aries . 

A g r a in is a singl e cry sta l whic h usually does 

not have a re gular, external c r y s talline shape . The 

shape of a g r a i n i n a solid is u sually controll ed by 

t h e presenc e of surround ing g rain s . , Ho we ver, a t t he 
. 

gra in b ound ary betwe en t wo a d ja c ent ETcins t h el' e i s 8. 

t ransit i on zone which is no t d irectly ali gned with 

either grain . Gra i n b oundarie s af f ect t he roecha ni c al 

prope r t i es of me t als . Sli p is in terrupted by a ~ rain 

boundary bec pus€ t he p l ene o n which the d i s l ocat i on 

mov e s is termi nated . Ma t e rials containing many g rain 

bound a rl es er e stroneer t he n i dentical materials wi th 

few b ounda ries . 

If a ma t er i a l i s vi e ':y eO. under e mi crosc ope 8ft er 

it h as been lO Aded above it s elas ti c l imit, fin e lines 

known a s sli p bands CBn be s e en a cro s s t h e f e CES of a 

numb e r of crya t a llin8 ~rains o f t he ov erstressed met a l -

as s h own in Pigure 5 . The se b e nds mark the places 

wh e re sl i d ing ha s o c c urred between t h i n pl 9. t es of met al 

wi t h i n a crys t a l l ine g r a i n . This sl i d i ng takes place 
.~~~--~~~~~~------~"~--~---------------.--M". McMall0n, F. P . Hi ller , J . We nzler ; Eff e cts o f 

Varyi n g Strai n Rates on the Dynamic Yi eld P oint; M. E . 
La9 . Uni v. o f lJe troit, De t roit , IUchigan , 1263 

• 
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Fi • 5 

alonE certa in d ef i n it e l enes i n t he spa ce l a t i ce 

f o rm ed b y t h e reEu1ar ~eometric al arra ~ em nts of 

a t om s in a cry sta l line Er8 in ~ Fine r a i n d me ta ls 

a r e u suall y st r on er t llan coar se ~ra i ned s i nce t e 

s li l an e s a re shor t r betwe en i n t €rr ~ ti ons . 

As sli p takes p 2 C _ t n e ~rain size C: ir c tl y c ontro l s 

t e e x t t o f t h1s 81i int rf r enc . T E r js t .lline 

~ r 8 ins of m t p. a fr into thi 1 D P S a n~ . ' 

he surface o f t "esp l :-. t e s d i r i nto es c l o tL ·r, 

c u s i n r 1 nc r e sed r '3 i s t a cas 11 ' ro C E ed s in 

ael j a C n t 1 B n e s • 

I n e rtial Charac t eris t cs of e t er i a ls -
w t on I SS C 0 nd 1 a w '3 t P. t est h t a n un b a an c (..:>(1 f o r c e 

c~ u ses a pr oport onal r t e of chr n~ f mOl ent m Uat 

t k s l a ce i t e d i r ecti on i n whi ch t h e fo ce i s 

i mpressed • p 
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The inert ia theory is developed directly from 

Newton ' s second law and best illustrated by d ' Alembert . 

He suggests t hat a ficti tious force"F" b e assumed to be 

ad d ed to the applied forces, a forc e e~ual i n magnitude 

to t hat required f or the a cceleration ( i . e. , \ilg x a) 

but opposite in d ire ction . This is the n a " reversed 

effecti ve fo rce, II Rnd wi t h in it t h e b od y ap ears to be 

in equilibrium . 

p 

p - \- I x a : 0 

--

""a 
5 

--G 

Actually Ne ton' 8 I f" ,'" s t Rtes t hat fo r Rn y n umbe r 

of real forces act i ng on a body , t Ie sum o f their 

component s "F" i n any chos en d irect i on II x" ',vill produce 
x 

an aceel era t ion" a~ in t hat cl i rec tion . "F" = fig x"a" x 

Therefore ",hen each small p rticle o f rnassin 

t e t h in wall of t he tube i s d eformed in a certain 

direction due t o the initial l oad fore an acc e leratl n , 

of t h e t ube mass in t he same directi on wil l exist . 

This will ind uce t he inert ia f orce or resis t ance to 

a ccelerati on o f the maRS whi ch will a ct opposite to 

16 
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the acc l e r a ti on d i r c t ion . 

The accelera t ion of ac mal l nrticl e of mass 

i s 8 f n c ti o n of t he vel o city a t h ic l t n i t i a l 

load 1s a p l i ed . Conse '1uentl y the ine rt ia. f o ce o f 

m. \1/ 
-v 

/1 \. 

-~ 

V=V:.V , L 

ig . 

each ma s s partic l e wi ll b e a funct i o n of t e i n iti a l 

l oad v eloci ty . 

The inc reas e i n accel e r a ti on of t h e tub e mass a s 

t e i nitial load v eloc i t y increas e s c a n b s h own by 

imp ulse and momentum equat ions ~ 

"",'lL, :; fFcL1: + 'm.Y, 

fFcl-l: = m.U, -l'n. Y, 

V. -::: Vt. 

m,'A,-m,Y :. m'l-V 

m.1.l. ': '0\, V -+ "'1.. Y 

m, 1..l, -= " ( )1'\, -+ Yn1.) 

• 

I t c e n be seen f rom the abov e e ati o n t ha t as 

t he ini ti a l load ve locity " u l " i ncreases, t he tube 

ma s s ve l o city II " "'i i ll i nc rease . hus as d v creases , 

the acceleration a nd i nertial force 'tlill i n ras e . 

7 
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CH U'TER V 

ST~ESS AHAL ~(3 I3 

The e~uations o f enuil b i r ium o f elements o f t he 

cylindric a l wall of t h e tub e have been obtained in a 

n ew and simplified form; conse'wentl y it will b e 

necessary to ~ ive a d eriva tion. Fi ~u re 9 shows t h e 

coordinates e nd the co~ponent s of d i splacement o f t he 

mi d d le surface o f t h e wal l d u rinE buckling . A 

circumf e r ent ial coo r d ina te II 3'1 is used in p r e fer ence 

to a n an~ular one, bec e u se it re s ul ts in simpler 

ex pr ess i ons a nd make s the c o n n ection b etween a. curved 

p l a te and t h e limitinE c a se of a flat pla te more 

read ily s e en . To the orde r of approxima ti o n needed, 

it mad e n o d iff e r ence to L . H . Donnell whether t e 

c orcponen t o f d i s p l a cem e n t II v" is c o n eid ered to b e 

measured c ircumferent i al l y or t angen ti al l y . 

----~~----~------------------------------------------------loc o cit. 
------~~~~~~-----------------------------------------------

The e nuat i o ns o f e~ u il ibrium fo r a fl e t plate a re 

well .nown , but t e correspond i ne: " e q u a ti on f or t n e 

case of a curved pl a te are by no meens so c learl y 

estab li shed . I n t he case o f a cu r ved p I te, exten s i ~n 

and flexure are, in g eneral , i n t e r c onnec ted even ,,,hen 

t he lateral d eflecti o n s 8 e of i nfinite si ma l order. 

If no s implif icat i ons were mad e the cond iti o n s o f 

equ ilibrium wou l d be too c om lex t o b e o f mue p r a cti cal 

18 
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use. In the following discussion, an attempt wa s made 

by Mr. Donnell to obtain the greatest simplificat i on 

poss ible under the conditi ons of the problem . 

The usual assumpti ons a re made, that the material 

is perfectly elastic, that t h e tube is eXactly cylindrical, 

that the wall thickness is small compared to the radius, 

and that the deflections are small compared to the 

thickness. T'he usual assumption is also made that stra i ght 

lines in the cylind er wall, perpindicular to the midd Ie 

surface, remain straight and perpindicular to the middl e 

surface; tha t is, the distor t ion due to transverse she ar 

is neglected. • 
• 

If lines perpindicular to the middle surfa ce remain 

so during distortion then the displa.cement of all poin t s 

in the cylinder wall can be found from the displacements 

of the mid d le surfa ce u , v, and w. Th e e quations of 

equilibrium can then be derived in terms of u, v, and w 

by consid ering : first, the purely geometrical relationship 

between t hese displacements and the strains in all parts 

of the wall ; next, the r e lationship between all the 

strains and the stresses, g iven by Hooke's and P oisson 's 

relations; and l as t, the relationship between a ll the 

stresses on an element of the wa.ll, given by t he l a.w s 

of equil i brium . 

20 
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The extensional and flexural streins in the middle 

surface are 
€ : <:tv + 'W 

S C)s r aX 

These expressions are the seme as the expressions of the 
• 

case of a flat plate, with the addition of w/r to the 

ex ression for £~ . This term is due to the change in 

circumferential dimensions with change in the radius, 

Which produces the strain: 

r 
I : w 

r 

The resultant forces and moments per unit length 
• 

of wall section, obtained by summing up t e stresses 
• 

over the thickness, are taken as shown in Figure 10 

The relation between these and the strains of the 

middle surfa ce will be ta ken tIle same as in the case 

of a flat plate : 

( 1) 

1')( :. 1-..«. ( e. JC + ..(£ £.s) ~~ 'I. (Es + J.LE.. K } 
1-..4.l 

'r. - or - EX: £ 
JC$- x-:,'-2,(\;-"",-) %S 

3 

_ E:t3 

12.(1-..u. 
~ 

- ,- EI K 

In setting up t he concll tions for e ui1ibriUl of 

an element such as in Figure 10 , u, v, end w ar the 

displacements occuring d ring b uckling . Hence the above 

21 
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, 

quantities T
x

' Gx ' etc . , r e present onl y t he changes 

in the internal forces d uring buckling . The t ot a l 

internal forces at any ins t ant are the int ernal f orce s 

present before buckl i ng, plus these changes. 

In t his particular prob lem, the t ube i8 sub jected 

to torsion and, if the t ube is pe r f e ctly cylindrical 

and uniform, the stress distribution and the distorti on 

will be, before buckl ing b egins, t he same as 8. ssumed in 

elementary mechanics. There will be a shearing stress 

"s" on norma l and 'longitudinal sections, which c an b e 

taken as uniform throughout the enti re tube, s i nce t/r 

is small . There will be a s i mple d i stortion in the , 

circumferential di r ' ection, which leeves t he tube still 

cylindrical . To ' obtain the total int erDal forces, the 
, 

forces per unit length Sot must be add ed to those shown 

in F1 gure 10 and will be cons i der ed to be in the opposite 
, 

sense to Txs and T'xs I • 

In setting up the conditions of e quilib r ium of t h e 

element, a consideration must be mad~ of the changes in 

the angles of its faces due to distortion, as this will 

obviously affect the components of the forces in the 

different equilibrium equations . However, if the 

displacements are small this effect will b e small, and 

its effect on T~, Gx , etc." is of a sec ond or d er of 

, 
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smallness compared to other items. But its effect on at 

may be of the sam order of magnitude as these other 

items, bec8use St is an orner of magnitude larger than 

Tx ' GXJ etc.; the latter forces are proportional to the 

bucklinE di splacements and .{hen these displecements are 
-

small, Tx' Gx ' etc., must be small compared to St, which 

had a finite value when tne buckling started. 

T '<'S 

• 

cls d..x 

Fig . 10 

. , 
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The terms to be considered in t ne equations of 

equilibrium give, after simplification 

~E ::. eTs -\- '01 ... ,. 
s oS C>~ 

= 0 

T" + 2. os:t' ?> & '"' ) ~ 0 
r C!>xc>s 

~F. = aN" +c>Ns,+ 
r 2> x: C!) '5 

~M)C': oG s + $>GjX$ - "l : 0 
as 2>x ,. 

The fir st e uat i on i nclud es the inertia force which 

resists t e distortion alan t e x axis or lengtll of 

t he tube . The inertia forces 0 posing distort i on in 

the sand r directions will be ignored for reasons of 

sim lification . TIle exclusi on of t.ese forces is 

justifiable since the inertia forces are negli£ible 

com ared to tIe contin ous positive b~ckling f orces 

being ap lied in the SBme d irection over the enti~e 

sand r distances . This is a result of the way in 

"Thi ch ' the tubes are supporter at t e end s to enable 

the applic t i on of evenl y distributed torque . 

Th re is no use in writing the equation of moments 

about the radial direction, as it would merely state 

an original assumption- t hA t Txs = Txs ' . The term 

T"s/r in the thi rd eC]uation comes from the resultAnt of 

the force T dx and the similar force on the opposite s 
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face of the element, due to the angle ds/r between them; 

this is t he onl y term considered due to this a gle , tnat 

is, due to the cu rvature of the element; all the other 

terms are the same a s f or a flat plate . The term 2 St 

is the only term consid ered due to the distort i on of 

the element; this is tlle resul t ant of forc es Stdx or 

Stds on all four sides of the element, due 

of twi st be twe en 0 osi te sid es, "2> ~(., d.. '% 
C)')G a~ 

to the angle 

The rest of the terms are du e to chenge s in Tx ' Gx , etc . , 

over t he distances dx or ds, a nd to ob vi ous moment s due 

to Nx and s' t he same as f or a fl a t plate. 

The abo ve e qua t i on s c an b e s i mplifi ed and rewri tt en 
• 

to approach a solu tion . The l ast t wo equations a re 

solved simultaneously to eliminate x and Ns from the 

third, repl acing Tx ' Gx ' etc ., by their values i n 

and then £~) Kx) etc . , by their values in (1), t h ree 

e1ua tions are obta i ned invol ving : derivatives of u, v, 
-

and w wi th respect to x and s , the unknoHn S, a nd the 
• 

phys ical const ants of t e tube . 

~F =->< 

--

+ va.. 

DEN ~I'Y -- \/0 L..UIV\E. 

a. = Ae.C.EL\:::..RA\\ON 

• 

+ A'( _0 V 
as 
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The force equations above could be further simplified 

and a s lution found by eeperating the variables of 

uelocity and deformation x, integrating , and includ inE 

the physic8.1 constants. HO ',feve r , t h ls i s beyond t h e 

sco e of this thesis. 
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In order t o have a bet t 1" und e rsta ndl g o f t e 

characteri sti c d e f ormation f a thi n- \/all e t b e , t 

i s necessary to insp ect a nd anal yz e t e d ist t i on 

a ong t h e length o f a tube , dh ich ac c om a nies a t o rsi onal 

inelast ic f a ilure . 

I n t or s i o a l inelast i ci ty f a ilu re , a number of 

circumf erenti al waves II n tl wil l ap ear dO\vn t he Ie Eth 

o f the t ube. The case n =l would gi ve a d i stortion i n 
. 

wh ich cros s sections rema in c ircul ar but a re d is l a.ced, 

the displacement s pirallin g a round t h e c e n t er line, s o 

tha t the shap e of t h e tube would become s o methi F; l ike 

that o f a corkscrew • 
• 

I n this case t he e lemen tary t h e o r y o f bend ing o f 

a tub e applies. Fi gure 11 shows a tub e undergoing 

t h i s type o f d i s tort i on, und er t h e a c ti o n f a t Wisting 

moment Mt ' the c e nter line bein g bent t o a s iral 

and having the c ons tant a ngl e ~ \<\1 i th t he a xis of the 

s iral. If the co~pl e Mt a cts about t h e axi s o f t h e 

spiral, all parts of the tube I,vi ll be subj ec ted t o t h e 

bendin g moment ~1t sin ~. At t j,1e same tl e it can be 

shown tha t all p a r ts o f the tub e are b e nt to a curv a t re 

sin
2 9/H ( where R i s the rad iu s of t he s iral) . Th i s 

curv a ture is in the same plane as the bend ing mo ment 

Mt sin~. h ence all par ts of t h e tube will be i 

e qu i l i bri um if Mt s in ~ = E I sin2 ~/R. If t h e end 
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condi tions are such t hat sin ~/R c an 8 ve ')nl y one 

particular value , as in t h e case d i scu s sed i n the 

next paragraph, t hen t his formul a determines a value 

o f Mt at which t h e tube c on buckle i n t h e sha e given . 

It was a s sumed abo v e t h a t t he c ouple Mt is appl i ed 

at t h e axis of t h e s p iral . In a r a ctical ca s e it 

would be a ppli ed at the ena. o f t h e t ube , as sho',vn in 

Figure 1 1b . As t h e coupl e has only been mov ed para l lel 

to itsel f this is s t a tically e quivalent to t e c ase 

of Figure 11a, a nd t h e ab o ve r easoning still a pplies . 

But now t he couples at t h e end s o f t h e tube are not 

about t he line j oining t he t wo e nds . In o r d er to f u lf il l 

a re quirement tha t the end cou pl e s be about this l i ne, 

the s iral form o f the tub e must consis t of a n e ven 

n umber o f full t urns . Th e c ondition for t h is is that 

sin ~/R = m 2 It'' / L whe re m i8 an integ er. The load ing 

c ond i tions corres pond to t h o se assumed b y Green i ll 

b ut t he l o a d i ng a pplied i n actua l experi ments can not 

be c all ed pure twisting mo ment, as the a ppl ied c ou l e 

is not about the axis of t h e t ub e at the end . 
, 

• 

A.G. Gr eenhill , St r enEth of Shaf~i~g ~~~_Expo sed 
b oth ,to Torsion a nd End Thrust, Proc . I nst . of Me c h . 
Eng •• Lond on, 1883 . P.'182 . " ' ' "' 

I n t h is analys is of buckli~g, lateral d efl ec tion 

merely amount s t o a change of a compone n t of t .e t wisting 

, 
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moment into b ending moment . The resulting def lections 

could never b e as great a s the bend ing d eflections 

which would oc cur if t he who le t wisting moment were 

to b e a pplied as a bending moment. In the case of a 

long piece of r ubber tubing , enormous angles o f t wist 

c a n be obtained. This defo rmation is not esp e c i ally 

apparent, as it lea ves t he tube cylindric a l as b efore; 

if, now, some of this tWisting deformation s udd enly 

goes into b end ing d eformation, the resulting def or mation 

is very s p ectacular, even if t h e angle s of bending are 

only a smell part of the previous angles of t wi s t . 

Donnell, op . c it. P. 113 
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CHAPTER VI 

TEST APPARATUS 

In order to determine a correlation betwe en the 

theoretical ana.lysi s and the experimental results, the 

next step in this investigat ion was to subject some 

tubes to dynamic torsion. This chapter desc r ibes the 

test samples and the appara tus used to torsion test 

the samples. 

1. The tube spec imens used were 2 ft. long, cold 

3 1" d rolled , welded, round steel tub es with a 2 O.D. an 

16 gage wall thickness. The tubes were t urned down 

to 0 .010" wall th1.cknes8 a long a centered length of 

12" to permit better support and l ocate the f ai lur e. 

The steel was from CI015 s tandard stock . Six tube s 

were used in t h e investig8 tion,and six more will b e 

used in subsequent tests to va rify the re sult s of this 

thesis. 

2. The adapters to apply tor~ue to t h e t ubes were 

t wo step-down round steel bars with six tapped holes 

in each O. D. as shown in t h e pho tograph . The large 

diameter was machined to t h e inside dimensions of the 

t ube, and then the adapter was pl a ced ins i d e t h e tube 

securely f as tened b y s ix screws on each end . It wa s 

thought that pre-stressing t h e holding screws gave a 
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constant f ricti on f orc e between the adapter and t e 

tube . This maintained a uniform t orque completel y around 

the tube. 

3 . The t orsion te s tin g machine used Was a l ever 

arm appara tus f ab ricated i ll t h e U. of D. ma chine shop . 

It consi sted of t h e t ub e adapters simpl y supported by 

a pillow block bearing a t on e end and a st ationar y plate 

a t the other end. The s ta t i::mary pIe te held one end of 

t h e tube fix ed wh i le the bea r ing p e rmi tt ed the other 

e nd of t he tub e t o rot a te an a t or que was transf e r r ed 

to the tube . The tGrque Was obtained by weieh t s placed 

on a 18" lever arm atta ch ed to t he ro tating tub e adap t er 

as s hown i n the p ic tures . 

4. A dyne.mic tors i on ·.~ a s ob tained by droppi ne 

• 

we i ght s down a guide line fro m the r oof of t lle Engineering 

build ing. Th i s allowed f or control of the dropping wei ghts . 

which were 10 and 15 pou nd s . 

A stres s analysi s wa s u sed in the d esi gn of t h e 

te st a pparatus in ord er to insure its satisf a ctory 

performance . 
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CHAPTER VII 

PRO CEDURE 

The procedure f or te nt ing consisted of a mean s 

that would t wist t h e t ub e s a t di ffe rent velocities 

and enerE' Y levels . To accor:Jpl i sh thi s v ari ou s '.<[ei gh t s 

were dropped from d i f f e r e n t hei gl1ts onto t h e lever arm 

apparatus mentioned in t he l a st chapte r • 
. 

Six tubes wer e te sted , a f i rst t ub e b e ing tested 

statically to determine t h e necessary t orqu e and 

chare cteristic location of d eformat ion . A s e cond tub e 

was used when hi f h speed p ic tures we r e ta k en of it as 

t he tube buckled. 

The other four tube s we r e used in the experimental 

dyna mic torsion tes t s. T b e 1 was dynamic ally torqued 

when a 10 l b . wei ght was d ro pped from 20 f ee t high onto 

t he lever arm. Tub e 2 \vas t es t ed by d r o ping a 1 0 l b . 

weight f rom a hei ght of 30 f e et . Tub e 3 Vi as t wis t ed 

dynamically when a 15 1b . weight \1aS d r opp ed from 20 

feet onto the lever arm. Tube 4 was tested b y dropping 

a 15 lb. we i ght from a 11eight of 30 f e et. 

The des ired velocit ies were obtained b cal cu l a ting 

the hei ght needed to re ac h a fre e f a ll vel oci t y equal 

to t h e des ired veloc ity . The we i r hts were then d ropped 

from thi s hei r ht. The b u ckl ed tubes we r e t h en in3pec t ed , 
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Tube ( Static) 

Tube 1 

Tub e 2 

Tube 3 

Tube 4 

Load 

30 1 . 

10 1 . 

10 l b . 

15 l b . 

15 lb . 

VIII 

CALC T L TED LA 

Veloei t 'r .; 

o 

36 ft /se e 

44 f t /sec 

36 ft /sec 

44 ft /sec 

Chara c terist i c Def ormati n 

Av~ . dis tance from 
end l oad 'if8.S appli ed 

Av e . depth of 
rad ial distort i 0D 

Tub e ( Stati c ) 

Tube 1 

Tube 2 

Tub e 3 

Tub e 4 

20 ft. 

3 ft • 

12 nches 

1 . 5 i ches 

9 inc h e s 

1 1 inche s 

8.7 5 inches 

Sam I e Calculations 

V ::. 2gh 

41 

Velocity 

36 ft /sec 

44 f t /s e c 

- -

1 i cr. 

3/ 4 i nch 
-

1 - i nch 2 

3/4 inch 
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CHAPTER IX 

RESULTS AND 
I NTERPHETATION OF DATA 

The re sults of t h i s experi me n tal inve s tigation 

p rove tha t t he t heory on the characteristic d efo r mation 

in a tub e buckling fr om dynamic t o rsion is c rrect . 

The t Wi st ing deformation is loc a ted a t a dist a n c e 

along t h e tube furt he r from t e po int of to r s i o n al i mpac t 

as t he torsi o n v e l o city decreas e s. Th e l o c a t ion of t 1is 

d isto r t io n a long t e leng t _ during buc kling is a d irect 

depe nd ent func tion of t n e veloc i ty and ind e end en t of 

t he torsi o n el I ad a p l ied . This result i s conclud e d 

from insp ection of t he d e s tro y ed tub e s . 

The g r a h s of d i storti o n vs . load and d i s t ortion 

vs . vel oc ity i ndic a t e t .a t t e l ca t i o n o f d e f orrr a ti o n 

i s a e ) end en t functi n of t h e to r Clue D. d a de p e ndent 

functi on of t re vel cit y . Th e d isto r ti on vs . velocity 

curve i ndi c a te s t h8t 8 S 18 velocity incre ases the 

d e f ormat i o n moves o wn the lengt h of the tube . The 

deforma ti o n vs . torsi n c u rve how s t wo straight v ert icel 

~ines l nde en ent f each ot e re Th s i i c a te g the 

t he i nd e e n e ce of amount f t o rsi n t o t ' e d efo etion 

location on t h t ub e . 

Tubes 1 and 3 Ivere des t royed by d ro i g d iff re t 

we l g _ts from t he S8me hei E t. This w uld mean t a t t1e 



t ube s QurinE bu ckl i ng would absorb d ifferent amounts 

of energy,but t he lo ad s wo uld be applied at the same 

velocity. The char acterist i c d efor e ti a n of t ubes 1 

and 3 shows tha t for bot tubes t h e major ortion of 

t h e circumferenti a l '~a ve was loc a ted t he same d istance 

fro m t he end where t he load wes a pplied . This d istl'lUce 

wa s a prox i ma tel y 10 . 75 inches . Howe ver , thG r ad i al 

d e f orme tion .~as not t e same f or tub es 1 and 3 . 

Tube 3 wh i ch had a greater am unt o f enere~y to 

ab sorb due t o t e larger 108c1 ap lied to it , h', ' great e r 

redial d istort i on in t he c ircumferential 'lave . The 

t wi st in t ube 3 \.va s 1 /2 inch d eer e t han tube 1 ind i cati n g 

t hat t e extra 5 l b . load enerey Vias d is si ated in 

• rad i al dis torti on aft e r the buckling d is to tion was 

acc orn li shed . 

Torsional buckling ~r d u ced circumf e ential 

\'laves in the tubes . Tub e 1 had t wo waves i n i t , one 

on each sid e of t 1e tube . Th is showerl. t ha t a more 

uniform t or ue was a p lied to it . The o ther t u e s 

contained onl y one circumferential wave f rom e less 

uniform tor~ue a pplicB t ion . The uniformity of t he 

torqu e a plicat i on b y t he a ppa ratu s was limited s i nce 

t he lever arm tends to c a use b end in~ . --

• 



• 

It was observed t h a t the weld in t h e tube d id 

not have an appreciable effect on the buckling. The 

weld seemed to be equall y as strong as the rest of 

the tube since t wo t ube s bu ckled along the vleld and 

two tubes did not • 

• 
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CHAPTER X 

CO CL US I O -JS AID REG 'ill'ill .JI; ATIO 's 

It has been shown t h t t h e d ist ance from t h e 

paint of torsiona l i rnpp ct t o t h e l ocation of buckl ing 

i s d e p endent on the spe ed at IV'hich the t ors ion i s 

a p lied . As the t orsio n a l spe ed i s inc r e ased, the 

d istance Hill d ec r ease . Thi s phenomenon i s bes t 

explained by the i n er tia force t eory . As the v elocitj 

of im 8.ct increa ses, t h e ret8rd in~ inertia for ce 

inc re a se s and onl y p ermi t s t h e buckling f orce t 

distort t e t ub e clo se to t he point o f load i ng . 

A bett e r c orn 'riso of t e rel ati ns h i p be t ween 

impact velocity an loc a tion of d eformation coul be 

made by maintaining a constant energy load . A cons ta t 
• 

l e v e l of energy s ho ld be applied t o t he tube urin~ 

torsi onal b uckl i g . B y ro ~ erly de c rea s1 E t e amount 

of \l el ~ht d ro l ped as the height is in _r ease , a c onst ant 

bucklin~ ener y wi ll b e absor~ ed d uring tube d lst rti~' • 

a mo e uniform thic kn e s s and 0 .ogen e o us 

metal ".r i tnout e '.Ie l d ':1 0 l d be more ideal ; 01 th J u e- h 

tubes o f t h i s q ality wo l d n o t b e as real ist ic as those 

t ubes found in ~eneral '3e . I t should be recommended 
~ 

that tub es ~ith a s mal l er wall thickness s hould be 

use i t o reduce t he s ize a d i nefficiency of t e t es t 

47 
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apparatus by reducing the inertia of the rotating 

parts • 

• 
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