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Eltctrlc Contact Arcing 

f tat/in;/ o^ifjrii ruy t*r JjmufrJ hrjrcir^ ftotprttcJa 
Jnttffjt ttttijxftftfhiitmmirJyutcJtnftrmpiUlinitfU 
tvjtujjhtn. 

Introduction 

Hecttk-al i^fliHii nrjU function popaly h nuny I>T*« "I 
aimfunenii usej In ntic^ar weapon tjilrmi, Deifcn, appli­
cation, and ic^f r^onheiecorvvnemt^ulJ t idmiW 
knowledge of chemical and phytic 1 phenomena anottitzd 
with siockptle slot jfc. stockpile icsltnj, a r*J opeiaiion. In 
ihepjii.oui Inreitiptsoncf (hew phinorcena hatted to 
t^nifwarrt divcoveiM on iht effects of surface vortfarri-
nam*, friction and wear.and the mechankt ofckmiie^n 
Lt̂ UiTi performance. lnihHarli;lcwewi]1t*eirffetlit-
,-ent investigation of contact arcing phenomena which re­
vealed that, preceding contact clatuic, arcs may octui 4i 
votujes Eawet ihsn had been previously known. 

This diicover y- ii jmpct tinl. sine* at ctnf may danuge con­
tacts, and icpctjih* testing of contacts pciforrned^s put 
ufaqj2l;iyauuijnccpfo|ramffii|hl produce ojrnuhlive 
dama£? thai wuu'J yield misleading lifrtril d m sod could 
preieni proper opcratkinof the contacts at icmcitmtb 
ihe future. Ihisdairufe a n be avoided by determining the 
oondtiuTni undft which irdnf occur*, and entwine that 
these condiiiunsare avoided Incuntaci testing 

Mcllfr? jr.J boil;ng ofaMttKl nuiniaJi fcjse been obicncJ 
bycun} inTfUijjloti ai ttsllagfimiK>»t<iwc» ibiath* 
commurdy accepted "minimum arcing ivliagn** Ue.. l o « i 
than II to IS tut!*). Mrilfrg arid ^dir~g tillages of con­
tact nutnli!* have been found to be we S-definrJ Chirac-
teriUk^of (herrjietb1,dueloafebtkinih:?beiween 
village drop tn a curcer4 pith ccmiiilcttan. ir.i imp*t*< 
lure increaieouted by frmk healIrj Fot rnoiJ contact 
nultiulp, mettir.g and boftng vo l t e s are less thin una 
Villi. 

Knee fm clutteg cuniacLs it U possible (ot ttwUii nuicial 
rnehlngarJb^&ngtoOircui at low rutrjfe Eevr!i. and ^ t 
Ih* metallic vspirr is a prerequisite for time it pes uf astir^. 
it appeaa puiublr lhi! cor.lacl afctftg may be Liimicd ji 
Eiiu *.iltag*i l*u if:m¥ i cjuimw; drcilrd to condim ex­
periments wilti OJir„Twn contact rnaierbli to determine 
wh?tT;er arcing dirrtocvufal applied k-uttatr* luwei Hun 
iheofi-<iieJ**fr-lr^TUjn3ictn|TOlla;ci>'" 

E\pnim*rU* 

Conlacl Ardnf 

Ii n well known thai openta;of o>ntacit tn >n electrical 
mcuii tiuy rciuli 1̂  an ate between the cuniacifc Ufcewbc, 
if 3 comsci bounces after initial ciouirc, an ar*; may form* 
In both cam cutient (lowing between Ihe closed contacts 
rciulrs in joule heatinf of the bit a m m contact, which 
dummrl i l r^arJ vapoci/allon of a metallic biU|e and 
fonnsiton <if an arc ai the eoniactt separate. On Ihe other 
lumi. when contacts approach each oihn, arcing <* CCftCT* 
ally not expcvTcd pik» to clotuie unleu the potenlb) dif 
fcrcncc n quiic high 

Hfciikal ar/J optlrat ncaLurrmenu wtTe nudr at circuital 
conladi vere s!i>wly closed with the apparatus &hown in 
Fl£. I. TlieHtiuie was made vefyti|id and mounted on 
ubiatEun iioIatcTrt to prevent any unconiruHed rebthre 
motion between Ihe contact!. The very tcntilire pie/o-
eleciric Tiiaon—icr provided slaw.accuratr contact dis­
placement *̂y bending the eaniScver aim at about 50 JHTI/L 
Typical contKl closure rates between 0.05 and 0 3 m/s 
were also Inreiti^ted- Displacement w^i propofiiurul to 
thr volume applied to the piezoelectric elcrntti. Volume 
acrou the cuntacM and current during closuie were mont-
lored wiih the ciicui\ sJiown in Rf. 2-
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C*nfrimr 
Aim 

ffudi 

pfD-.n'ttl by j pie f n t\ ecu ttmta cm tit*. 

thowi an uw:Uov~apr tract %tikh w-imijfnrd tn a m!i-
af? t*?niarni ifcai uonnred 29 rm tei'uj* fun clivjrr 
Ifcew lunucr.u « a c too Cm fu be it cuidtd at the u « p 
*pctd u*r J fc; Fi/. J*, J&d «tf ihuwn at hjjhn va ccp 
ipefdttnfjp. Jba.^d .fc. Thete/lfKcikhtfted* fail durp 
Li putcnluL thr>!4 J o * riftr. foUuwcd by a ia?:J. ir.da*-
timely (rftfuttj curtate to cirale iheaian^ * o I u ^ Strait 
ihtte »cie i » ind^-aJwntcf firm cunlatt tin thii then tunc 
wat*. 11 appeared thai ihebehatiui CMIJ ben be t*plat£?d 
in mr» ' JJ arMipctiiy maUnj initial ccntaif. railing. 3rd 
* Jtrju/inf to faun a momenta! v arc prwi n> firm tf trait. 

ftdWOfiiftm 

Fig. 2 Potermal aacitccniiciiaftdcvrrnt cere 
itcorctaJ ivilh oicillptcoPe camwa? *i contact 1 
we;e clojrtl. 

<\mi3L't mak'ruUiludicd Included tfoppei, Junpicn. vlvei, 
aluminum, inm, mnlvMerumi, nfcktl, phiinum. and po!J. 
Iiairenh?y mioulh puIJ cunlam were prcpaicd h) quench­
ing from the melt. Some "f lliete « t i t tcpniihtly aitcd to 
produce conliuKcd ratface nwpjineu. Except U*t p>!J and 
planum. Hi? metals tuhli/c rapUly in an (irKreaitn£ vult-
a$c standoff); ihnefote fresh lui lacmmc picpaird juit 
piiiH ID testing by rtillinj; ofl" the enjj of rods. 

Rmiltt 

W)*en iDnglicnrd gold toniacu with a potential difWet 
ofoYulisu'CTCcluttd.i! was found thalframkni voli; 
ardcuircnl pulso often preceded firm closure. Fifuroa 

o 

> 
•A 

MOfWO^tort 

Fig. 3 OietUoicope (facet of the polemjjl across doting 
ooldecmjecsai 6 V open-circuit potential. The 
upper trace, which was triggered by evenH tuchai 
thoie shown in the lower two photO£>apr>i. shows 
thepoteniiaJd/opet the firm cloture of the solid 
contacts with no indications o* contact bounce. 
The two lower trices show the drop in potential 
afoetated with asperity contacting: t^e tfoiv rite 
<n potential is jouie heating occur t, jnd the rapid 
inoesst to the arcing voltage which nuy occur 

ivtien the Jtpcritv xnuc t it pinched off by mag 
net^clorcn. Note thai the poitarcconiiViort may 
be * cam tent opert-circuti or cfosed-a'rcuit condi­
tion. 
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rc i lMi 'wj IcJ irut iranticnit indicative (ifarcir^ prioa to 
L liWuic irouii he obtained wiih all ivpcsof conUvimate-
i u l i J I .'(vn circuit voltage level* er.Sy slr/htly afcme the 
incliih i . i l i j f f . Miciok^ptc observation 4-onfiimcJ thai 

arcing did OJ cur, F i^ ieJ ihcwip ta tog iaph iu fz rcsub-
tainrd at Uuv whales with copper and p>U votiUcM, Hn* 
.iminalion of contacts after leulrtj: zJfcJsJtowedsuiftce 
J i m j ; c » h L h i » rfiaraclriEUicufjr.ir; (Fif. 5). TaMel 
tutntzmuci the re*ulu o f ih i i «u.J>, showing the mini* 
muni arc iniibitun voltaic that ua* determined foreai l i 
t o i ; i ; j t maleml.asueU ai tkr mfI l i r? and boiltnjt volume* 
determined by other rmct l rp tun. 

F*^4 Luminous ares occurred at 0.45 V between sold 
electrodes and at 0.46 V between Copper elec­
trodes prior to firm contact cloture. 

Asperity Dynamics 

The events thai occur between first uperily contact and arc 
formation were not all immediately obvious. The initial 
drop in potential after initial contact can be interpreted as 
comae! and cell ing of the asperity. The slow rise is prob­
ably caused by necking down o f the mrl icn asperity by 
electromagnetic forces, and ihe arcing could be caused by 
ail inductively generated voltage on pinch-off o f the molten 
asperity. 

6 

F*g, 5 Gald vpLincn <j oofd anode *ind p m on jgol ' f 
cathode proOucciJ by multiple dici initiattil at 
£**ten circuit potentials of 0.45 V. Thecltim^e 
is essentially equivalent for opening ,nd chtsiruj 
contact* without bounce* 

TABLE I 

Melting, Bailing, oral Minimum Arc Initiation 
Voltages for Electrical Contact Materials IV) 

Minimum 

Melting Boiling Initiation 
Material Voltage Voltage Voltage* 

A9 0.37 0.76 0.40 
AI 0 3 0.40 
Au 043 0.9 0.45 
Cu 0.43 0,8 0.46 
F* Ofi 0.65 
Mo 0.75 1,1 0.7G 
Ni 0.65 0.68 
Pt 0.71 1,3 0.75 
W 1.1 2,1 1.1 

Thiiuudy. 



In lite expciimeni*, ihe size u f ihe asperities involved m 
jrcing nngrd from 0.15 to 1,5 fjm. based upon microscopic 
measurement a* well as upon ll ic range in limes between 
initial z ^ 1 firm cuniact closure and the cloture rate o f 50 
^m/v Aipcri ty uzr and current were used 1u calculate mag­
netic pinch forces. Companion o f the pinch forcewjth 
surface tension forces which oppose pinch-oft* indicated 
t lu i pinch-off is pouibfe for asperily diameter* ->f about 1 
um or less in gold 

The belief thai arcing before firm contact ck Hire was 
initialed by con I ̂  1 and vapotiValion o f aipenlies was alv> 
substantiated by experiments with the cxtrem'lv smooth 
gold con t a en . in which no arcing prior to cloture was ct> 
served. 

Conclusions 

Low voltage, h i fh an ien t , sui l i ined, luminous ires weie 
found (o precede firm comat f ingof electrical contacts itiat 
dosed without bounce. Simult ineousoKil loKope traces 
of the potential and the cu j i rn i during these clotures »ere 
interpreted in terms o f coniaciuif o f aipcrities followed by 
melting, magnetic pinch-off o f ihe molten meral bridge, and 
ihe inducing generation o f the arcing votlage. The melting 
voltages o f ihe contact r r . ruH were found to be the lower 
limits f o r ihe initiation o f thb process. Arcs were noi ob­
served on i * closure o f exceptionally smooth $vt& con­
tacts. Arc damage io closing contact surfaces is similar to 
that observed on opening contacts, and could present a 
scriouscompllcalion in component letting. 



Development of Mattriala 
for Hydrogan Storage and Transport 

tJtrmfrjfamjpusJl&nainimpnitr thtability uftitrli to 
restit fjtture in hydrv&n mrjtmmtntt. 

J. X, Biooks, A. S West 

Introduction 

Csuntophu hUuiet resulting (mm hydrogen tmbiintt-
ment of ergiiimirignumUIirmeocamcd m tysicini 
rangmg from ptpclinesand machinery »o spacecraft fuel 
links. In ECRcral, these failures hive been the result of 
inadequate design or improper maicm) selection fin ihe 
hydrogen *mi;c environment 

The use of hydrogen as a fuiure energy wuice for vehicles 
and reti rfentiaf antf ifidtff trial applications will require mate­
rial* thai are relatively insensitive to Out clement. Fur 
both personnel safely and economical system performance. 
a designer of hydrogen storagc tanks (pressure vessels) and 
hydrogen tranipori systems (pipeline*) needs to undet-
rtand ibeItojH of specific malcibhfa? these lords of 
hydrogen service. From the financial viewromu a success­
ful "hydrogen economy - will depend on the use of existing 
natural ga* pipelines as well a* inexpensive alloys for Hie 
construction of new storage lanki and pipelines ft om the 
technical viewpoint, the understanding of embrittling mech­
anisms in hydrogen will facilitate ihe development of those 
inexpensive alloyi. 

Hydrogen Embriltlcment 

When materials are subjected to toads in the presence or 
hydrogen, performance can range from catastrophic failure 
to no degradation, (he degree of embrilllemeni usually in­
creasing with pressure, lime of hydrogen exposure, and ihe 
stress ID which ihe components arc subjected. 

The behavior of alloys exposed to hydrogen can lake four 
forms: 

J- No degradation-no effect on mechanical properties 
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2. Du&ijb:> frihji-nittj ilishi Jovenn inula thu^riiiun 
and fuciureductthiy 

.* LatlLc JcfjjJalun tifjii/ird h> 4 laiJ-jir rtunl- *.tuttft 
li> Jfjvj;ooi imagianulu (wctuit 

•I- Hydride furmaium drpadaUirn of prtipeiur> * juvd 
by Ihf formation of a but tic trcotiij p lu^ 

Although ibmiitum altuytappear to He die unit jH*->i 
which cshibn tut <lc £udatu>n in gairmit h>-dro^n. i«<hei 
prublemt uich as ttret* ^orfouon and limiicJ nujffmru ji 
high itrenpih tenth usually prevent then me Siruc ihrw 
alio) iand alluyi in category 4 iwtmc hydrsdr fmnuitifn 
occuri) arc uiucccplaMe for hydrogen iiuupr jysiemt. we 
wdf emphasise heie ihe afMyi which c\hihir rfucnfiiy it 
dULiiuni in hydrogen (cate^ry 2j and diwuu only htitfh 
steels thai etfuhit lattice degradation (category JI 

AuUcnitic si^inTeu sleeh (caleguiy 2*aie ihe iut*ieci of 
moal of OUT wealth ami df vflopttfnt cffoily IOTJIW *>t 
iheir desirable nwinnrcal '̂ nd cor* ^iim propeiitev jnd 
their mild scntiL.o to jtydrogen environments. Our ap­
proach has been loraJeniiiy nttiftiab within this category 
which have as little ductility loss in hydrogen as pouible. 
However* ihe techniques u«d and the knowledge gamed 
from these studies are currently being applied on alloys 
originally of the third vategury in >u attempt to develop 
these fowcr-cosr aUoys for o v m hy<ffugnr ty«<rrnt 

White a thorough understanding of hydrogen cmbjinlemcnt 
is nut available, research has provided some knowledge of 
how chnnisiry. metallurgical structure, and ihermo-
mtchanical processing can alfect hydrogen compatibdny. 



F:rciui% Atfming Ductility in Hydrogm 

We believe tlut hm in duclrJiiy of auticnitic itjinlns steel 
j[|n>?s ii i juwd by interaction of hy-*rog*n with dhluca-
iiL'iiiduiingdffiTrnv<fun. Aihydr</5£™*tarrYingd;dtfca' 
Hum encounter *r,ull panicles or -Acluvatnt. uichawre 
unrmally present in ^unmrrcu) maicrulk I hey may tangle 
or pile up 3g4lm! iltc pjriulei or inclushinv When (hit 
happens 3 high local hydrogen content, well in eiceuuf 
Hi? equilibfinin conlent, is developed, I h r r is evidence 
ihai this local hydrogen, trapped al ihc inclusions, cô -iEd 
reduce the inknface strength, form mull tort* at particles, 
jwd aid suid growth by iniejnjl pressure. AH ihrsr effect* 
aid oi accelerate the piac^u of failure, li i% ol paiitcub; 
li^nillcancellui clianges in void size (hit have been mea­
sured in samples tested in hydrogen can he rcbted to 
OlKllIlly foue*. 

The defnrmatinn mude of a particular alloy o n also affeci 
u-uiitr.il> Mti)droc.en- In alloys where dislocations are 
Mc to move amund particles by a cnii^lhp mechanism, 
ifttr dislocations distribute (he (iydti*gert either aeriformV) 
[ftfiiuiJimii Elirbuice. On the other lund. dislocations 
which ZTC limbic in cross-slip easily, lend to pde up agauist 
ihc panicles in boundaries and deposit hydrogen at thai 
local site. This dislocation mulicn urder i'res* can often 
be related to sucking fiuh energy (SFK)- A general iremj 
inward incrcaied seniiirvUy 10 hydrogen will) lower 5Ft 
lui been ntacned in many alloy rysienu. Alloy* thai 
cro*vshp easily have a high SFK while >hose exhibiting 
planar slip usually have a low SFfc, 

The microstruciureofanallny has also been found to be a 
sensitive variable in hydrogen cninriufcmenL A fine grain 
»r/o improve* strength jnd ruvgJineis as well JS re-srjtence (o 
hydiogcn embnnlcmenL Grain oiirritation in ihc micro 
structure also influences hydrogen resistance, wiih random 
orientation usually improving resistance. Tlic presence of 
briiMe second pluses such a* martensite and delta femic 
can cause increased sensitivity 1o hydrogen. Microstruc-
luml cliattgcs can result directly from forming or t/ttrmo-
mcclunkal processing. For example, the effect of 
liigli'Oneigy-rjie-forgtng (ItEttF), which provides a \iish 
disfocatron-density, fine-grained microstrucrure. sfgnifi-
ccnily improves liie pioperiics of several austeni'k siain-
Ic&s sreels. 

Slight chemistry vafbttonsc-in have a significant elTcct UJI 
hydrogen jxvfoiipjnce. Not only can these vjibtiuru 
alTci the t'oriraiion of second phases such as martenstlt 

md delta fciriie. bi t ihcy ^aa *\ui afltvi the d^u:^iatk^i 
cluMLtnisSrtv For txjiapiclhe ICf*wItdjcri!ii> Imvn 
a'e much greain Li 36ML than 309 |f>0^\^ iO 'n t awjcd 
reduction in aiea(RA)| *htnlht*e alloys are lesieJ in 
Jii&h-picuurc hydrogen- We feci that thehi£f:er ukktl 
concentration in SOf utxeitt the slacking hull energy, 
promotes aou-shp. at id thu'*dfcrciK* SLeh loralzzed con­
centrations of hyd/oger at dislocation pilr-ops as dbcuued 
above. SiiaihiIykchto!r.runi£najnccnlfatiumupU> i*T< 
lus been obsnitd to enprore h)-djogm raiitanjc- Murp-
ncie ID concer.traliompeater Ihjn 3^has befn found to 
be ddeierious in auiieniticitaitleutteeHuicd to conum 
gastau hydrogen, *hn£2ss3ictm ippatt lo inipiavc /e-
lidanceiu hydrogen t.ucSdng. Thus change* in alloy 
chemistry car lave btge effecli ov hydjogen tutcepu^tbty. 
and ihould be con^dered when idditi^ti are planned lo 
improve the It^ejineu or ler.ii!r characterislin of a fjren 
slloy. 

Acceferared Testing for Hydrogen EmbritilrFinu 

At room lemperatuie ill* ^ccumulailon of hydrogen in ihr 
lattice « n be slo*. However, hfgh hydtogen concenlraitoni 
resulting from !on;-icrm exposuie can be crnted more 
quicldy by itsinp a thermal-charging techniouf: exposure M 
hr^h-pfeuurch>drogenai elet^Ted temperature. This tech­
nique produces the hydrogen cuncentfation profile* that 
could be expected in a hydmgen storage vessel or pipeline 
after ye^n of service, and allows us to study in a timely 
manner the effect of internal <inter4aLlice) hydrogen on 
mechanical properties- Thermally charged and uncharged 
specimens arc tensile tested in hfgh-pfeoure hyd, ĝen to 
evaluate the effect of both "internal" and "ermrortmentai" 
IryJrogen. A sensitive indiam of ductility loiscs in hydro­
gen is the reduction in aiea (RA) at the point of fracluie. 
More severely embrittled alloys exhibit changes in fracture 
mode as well as Urge RA losses when tested in hydrogen-

Austaiittc Statntns Sttrh - Austenltic stainless steel alloyi 
usually exhibit only minor degradation in ductility when 
subjected to hydrogen. However, because t/f their high 
cost, these alloys are usually used only for very severe en­
vironmental conditions, such as highly stressed parts ex­
posed to high-pie&sure hydrogen, or where a failure cannot 
be tolerated. The most familbr material of this kind is 
304L, Results of experiments to determine effects of in­
ternal and environmental hydrogen ati the ie/isllc ducliliiy 
oi 30-H are shown in Fig. I. The RA of annealed 304L 
was lowered almost b0% by both external hydrogen (at W 
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!MF!i p ic ture ! J P J ir.reitul ( )&uxen Uhugt J Xv t inwli te 
a idw^fuhL* «tftit? coni:i^>n n: fc>d:*v*rt i i uu ;e J I cvJ 
V P i l c i lOyc iu f . irjjie^in 4o> u te Anrc:rf d f t t r j i c i l t f r r 
t ra i£ni ty uf .WLtohydfo j* :? Noi^r. l ) * IJ iVsr Ill-.KI= 
f/*>fctfi*J^*ffJ>^;*i*rj*!/fr^ih A i r rs^07 fu4 l>Mp4, bui 
diU'liht) hnie* inh/JtO£en *crc IC-JJ^CJ fr t^ntiU' ' ii>tm1y 
13.:. 

3CUL A"f t :o 7) £1^ 

1207 MP* '41&VPJ I415MPJ IGKI1!P* 

F<0. 1 Ouci i l . lv of 3 W L J r t d 2 l - f r 9 t t t i n ! « * » C f c l i p « i ' 
m e n ; " « i e d lit air, in G9 MPa hydrogen, or «lter 
hydr overcharging, depend! upon ihrrrno-
mrchantcj ] rm lo ry . tor example, hi£h-entigy rale-
faiging. 
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(lLuntity u ! f a m e i h i ' j M he l imned i Z w *• \cl 1 !* • 

p r r ten ! nerd t-ruluft?* * h £ * ni i tur:w^*.; : i K i i f ; ; i i ( n 
b n i l l r m e n i in U J I W - ' I J L . 

Xnvaijtii!*-u Sufi - f / / .u» t h e t e j u h lur l i r ^ r t - i i t c r ; i | i 
n u t r r u h h j * fxd i n the o ie *»f <;t»rt i , : ] i t ^ n n i r r r ; j h r n e J 
L'ummeikUl jlk»> »12» •«>•*' and 2»-l - l - * l j n j a p - ^ p u i u m -
rurdened J D I > » e dnc ' i rped ipc^-Hr* jIJ> I n I h u f ^eJ 
(JBK-75*. t he cunp -^n i l un*v f ii;e^e »u:^ !7 i t ITCCI 

j l h i ) i j i e \ ? - i * n in T J ^ I C I- The ii:tr*ven^iic«^^(her3fJ 
J j i r l c i v uev'l j lh>>* l u t e been ih i ' iuL^h; ) irrvcsit/iteJ-?»id 

Hugjifici) Ku uie jn l i>d i i» j ; ;ne^aunnier ; l> A* tfsuhii ui 
Ffc^ I* the t i r en^ ih i i f 2!•<*•** in 1'ie jnne j !ed mnJnu'. ' r t . 
4 I S M h . Ub*ii*- i u K e U u l o f . ^ W L M * u r u l f e f c t c d h > r^ 
U f r u l h>i5/OrCtn, Annealed 2i*t>** <*3nbit* *^t*n\ 4 ^ - l.»»t 
i n K A due t u t n t e m J hydrogen. i * h n t 4 i *:rj> ; ; « - h ^ i 
i n R J \ n u b i c n e d i ^ the I IHRFed ^onJfUufj* where 4 i i H J 
»i;e/3pih « r ^ * V M 0 M P J C J H be avhievej 22-1-^5 e t h i b j j * 
l i r i i educ l i h i y hmdue? to cilhcr i n i v i t u l o i c M c i a i l h ) J r ^ 
gen t j n J « n he HElRfed lo I 0J5 M f j >cdJ ^ttcn; iJ i . 

T A B L E I 

Typical Conpo i i I ron of Su inJns Sleet AJIoys 

(mat t%) 

Al io / Ni 

10 

Cr 

19 1-5 

Si 

0.5 

C 

002 

Ti Al Mo V B f e 

3t34L 

Ni 

10 

Cr 

19 1-5 

Si 

0.5 

C 

002 

Ti Al Mo V 

¥ 8 J I 

309 14 23 1.G 0.5 0-06 w ' • . * r * BJ I 

2i-ea 6 21 9,0 0.5 cm 0.3 w * - ^ r Bol 
22-13-5 13 22 5.0 0.5 D.04 0.3 ^ - 2.25 0.2 - Bal 
Commercial A-286 25 15 1-6 0.5 0.06 ^ 2.1 0.t5 1.25 0.25 0.005 Bal 
JBK-75" 30 15 M,rt Wn 0.03 - 2.2 0.2 1.25 026 Mm fol 

•Dcvclop-d for vetdability and hydioprn *ompaiibiiiiv, U. S. Pa:cni 3,895.939 
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Fig. 2 Microstructure adjacent to fracture turfoce in 304L with 308 filler weldi appears different in tnts uncharged in air 
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Tlic decreased <*̂  *att> totf of 21-5-9 and 22*13-5 over thai 
of 304L in hydiD£Ct an t ic Jltiibutcd to thedsfgmiatiim 
process. Thrsc two alleys lave a significantly hi&hei slitt­
ing fault 4nerpy (SFE) itun 304L. In general, the resistance 
of stain Wis i let ft to hydrogen incieares triih increasing SFE. 
This is consistent with the fact thai distoctiions in atfuys 
having Mgh SFE such as 3QP*2l&txni} 22^13-i> ate able to 
move awuniS panktcs by a crois-sJ*p i7:echanujn jnJ there­
by distribute the hydrogen more uniformly throughout the 
lattice. On the other hand, dislocations in lower SFfc 
alloys, such 41304L, aie unable to cross-slip easily, pile up 
at patlicles. and deposit the hydrogen at these local files. 
Tlih sequence results in mutt tiydrogenauistcd void 
growth and tower RA values m the low SFE aftoyi. 

In HEHF 2M3-5, welds exhibfl a yield ilrength approach-
tog that of annealed pbre {483 MPal compared with 1035 
MPa in the parent material. This strength denudation in 
the weld ofun limits ihe usefulness of the higher strength 
matrix in ai engineering design. In an atleupl to attain 
nigh strength levels In both the parent material and welds, 
ptccipiljiiun-Mrcngihtned stainlessMcel alloys were evalu­
ated. However, we found that these commercial alloys 
exhibited cither poor weldabiJHy, poor hydrogen compatJ. 
billty. <K both- Therefore, an extensive program wjs iitith* 
ated m d m )op an alloy which i*readily voidable, 
compatible with hydrogen, and exhibits strength superior 
to the nitrogen-strengthened alloys in the welded and an­
nealed iiondittofUh 

Alloys based on commercial A-286, which derives >** Kgti 
strength by precipitation of a small (=10 nm) coherent 
phase, 7'CNi^ (TiAl)), were studied. After an earlier in­
vestigation showed thai small chemisiry ir&difiaitkirii 
could significantly improve wddabiJity, wc conducted 
similar studies to improve hydrogen compatibility. When 
thermally charged with hydrogen, commercial A-286 ex­
hibits a SDCP loss in PA, and the lo*s is accompanied by a 
change in ftacture mode from ductile rupture to pjrlial 
intcrgranubr failure. This isof particular concern umcc 
fracture mode changn often indicate susceptibility to de­
layed brittle failure in service. 

Thf effect of slight alloy modifications on the strength and 
RA loss is shown in Table II. Increased Ni content and de­
creased Mn level reduced ductility losses, while increases in 
Ti, AJ, and Mo increased ductility tosses. Even though Ti 
and especially Mo are potent slrenf theners, they must he 
used in moderation to maintain hydrogen compatibility. 
The effect of alloying elements on ti\t compatibility can be 

partially explained by the minor phase% formed during the 
agm^p reel pit alio n ptoms- increases in Ti and Alicailted 
bi an excessive amount of cellular r/(o>er-aged 7 ' .NI^TI) at 
the austenite pain boundaries- Increasing the Mo !ml ic* 
suited in formation of ffcex phase, Mo^Cr* Ft . j . TTieie 
phases or interfaces appeared to j>c embrittled by h>dnv 
gc/i. resulting then in a Urge amount of grain boundary 
Mun? in hydrogen. However. Ihe fornulion of jrcnnd 
phases other titan rj cannot explain Ihe effects of elements 
such a* Mn and Ni. Uring a rationale (used upon didoes 
lion mo lion and interaction* with the 1 'precipitate, ihc 
behavior i?r Mn and Ni can be explained. In alloys contau-
frig an ordered, coherent 1 'piecipitate.tlip is initially 
planar because dislocations tend 10 eui or dieai -) 'pjiiuhs 
and fhereby enforce continued dip along (he first planes 
which are active. This appears to N* ihe esse for AOJto tnd 
tcmUs in the transport f hydrogen to the sensitive giajn 
boundary region where partial intergianutar faihite occurs. 

TABLE II 

Tcnsdo Properties - A 280 Type Allow 

y « w UrtJraiitf \ P A 
Sut r^ ih T^miiff Loa 

iQ,7**t^n) Sltftnoifi RA Frn.T. 
Oncfipikin f - tP j | (M?d) IM Chjigina 

CommwcW A-23C* 

IM 

i l w C - f t O J ) 795 non 3£ 43 
Vrry low C 779 noo ^ 1 4> 
LowC, ft Jeo t l 6 0 43 4G 

LowC,St,0 1G0 1180 44 &1 
L o v i C . M ^ ^ B 740 i t 00 60 U 

LowC,35%Ni J GO 1160 49 21 
Lc*vC ( Mn,S lB , 

a » i K i " 760 t%£ 65 r t 

bo*G,Mi\3K% 
20% Ni 706 1035 5> 27 

t<wvC,Mn,Si, B, 
)%AI G7& 1100 62 33 

LowC.Mn.SLB. 
2 . 0 t T i 730 1380 47 21 

LowC,Mn,S*-6. 
2.€>% TI, 6% Mo 105S 137S 33 78 

'Competition shown bi Table 1, 
••Shown at JBK-75 in Table I* 
NOTE: t2O0K 2 (JIHITI, »attrqurntf«\f,ajxd (6 ftinjjiWOK. 
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Conversely, it lias been shown ilui incoherent precipitates 
can act is traps for hydrogen as hydrugcn-cariying dis­
locations tangje about Ihe precipitate. For example, a fine 
Jispersiun 01".'% ThOj in St car; L-anfcr hyjiugcn com-
pat ibilicy on tlus material wliich is otherwise merely cm-
tainted by hydro&en lanvporied <o itic sensitive grain 
boundaries. 

Particles such as T ' in A-286 will become incoherent 
(a crvstallugraphic interface forms at the precipitate bound-
aiy>afier a critical amount of strainhttucemttd. If ihe 
slrjin required Co cause coherency Joss is small, Inc pjf frcfir 
interfaces can ^t as hydrogen Haps before much hydrogen 
is transported to ihe t ^ m boundaries. The larger ihe b i -
lice parameter mismatch between the malitx and Y pre­
cipitate, the /ess strain is required lo cause? coherency lost 
This ralionale is helpful ir explaining why removal of ( \ 
t"*l*. and O E t S i have e^senttiHy no effect on HA losses: 
these elements have very hllle effect on lattice patametcts. 
Conwrsely, lire rrtarfced eflevl of MR removal evidently 
arises from Mac rather large effect of Mn on lattice paraine-
Icrs; the three lowest RA 'oss alloys (Table II) have tlie 
lattice pjr jnielns they do laigely because 01" Mn rrmoval. 
Aiiiiir^rn of Ni has a weaker rftccf, bur it also reduces 
lattice parameters and thus increases the lattice mismatch. 

Therefore, good strength, voidability, and hydrogen cum* 
pjfihiliiy tcqiwc that commercial A-2tf6 be modified Uy 
lowering the Mn and increasing the Ni content, only l\?< 
toss in RA occurs die lo hydrogen charging, compared to 
a 5tf7-' loss in KA for commercial A-2BGv In addition, in 
JBK-75 fracture occurs by completely uVrite void nuclea-
lion and growth, compared lo partial inteigranular failure 
in commercial AO&ft. Tills new alloy has an annealed yield 
simifcihuf 760 MPaatulcanuellKRFed to yield strengths 
sbuvt HU5 Mftt. 

ihrvtoptth'tit of Compatible iitexpetwve Aifays As dis-
cu»cd curlier, the economic fcjsibility of using hydrogen 
as a piim.iry energy source depends strongly on the ability 
to use inexpensive materials to contain and transport 
hydrogen. Tor example, constrained by high capital coils. 
one would not u*e stainless neels (or very large storage 
vessels or new pipelines, fn addition to the large amount 
of capital tied up in the existing natural gas pip*: network, 
the nearly critical shortages of alloying elements in stain­
less steel (such as chromium) would prevent the production 
of sufficient quantities. Consequently, i( is imperative tlut 
techniques be developed for improving ihe hydrogen com-
pjlihihiy nf inexpensive alloys as well as for clearly 

defining the operating limits of exiting components (pipe-
lmei)whu.h will operate in Hydrogen. KnowWpe of ihe 
j iuteriahlimmu. hydippcnsfrviLt will iheii d*l*ne ihe 
needs for special intrtecrtvc birticis juch ai Imegs <*r coai-
mgs or other relator cements *hich will maxe he compo­
nent unable 

Our discussion rhzu fat huilwwn how*.-. *2in processing 
and chemical composition *nodi fixations can impiovc ihe 
hydrogen cinnpMibility of siainless steels. We have seen 
Hiai lite ruvuie of deformation processes diiectvy afUcis 
hydrogen semiirWfy. It wss shown thai f JE*»Fhig im­
proves compatibility by changing the dislocation micro-
structure, and thai rniciosiroctural control, such as the 
addilion of a second phase (obpersion or prectpitaUuii)* 
Influences an alloy's sensitivity lahydio&n. Finely, rf 
was ruled thai through small chembtry chiu&?t it is pov 
uble to reduce hydrogen sensitivity. Canihese principles 
be applied to some of the inexpensive alloy svnicepuMe to 
lattice degradation? Our experience fo dare ts rhat these 
principles and others can improve the useful range of low-
alloy sfiuclural sleels for hydrogen server- At wont, we 
will he able tuclcaily dellne the op^iaUonjI limits ol mch 

alfoys and use these data 10 ensure proper maintenance ami 
quality control. 

Preliminary testing of a 1018 mild steel in the cold worked 
and HHRFei) <nndUixms has revealed uimc imcrcoring facts. 
As shown In Table III, cold worked JOTK steel (o = S l 'J 
MPa) showed a RA denease from 4 7 ^ to N*> when tested 
in hlghpressuie hydrogen. Note also that the uniform 
tlvn£3thn is quite law {—2%}even in air. llfc'KF samples, 
on the other hand, exhibited sliglnly lowei yield strength 

TABLC-II 

Tensile Proprrties " 1018 Steel 

Uniform 

Yi f ld Uttimjie Elonf l* 

Sirun^tti Strvngin RA <ion 

C o l d A ' I C*3 622 *7 1 2.3S 

Air 5S1 612 « . G 7 4 
HEflF 

0,0 MPa H--HP 500 687 34 1 6.4 
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(551 MRi vi 593MPa)withagrtuet than threefold im-
p/ovement in unifoim elongation MERF samples ti.ji 
were chai^d with II , and tev.a. 50/5QYO!TC H2/He 
jps mixture showed <mly j 13% decrew In unifoim elonga­
tion as compared to ihe air samples, Th? data, although 
sketchy, suggest thai beneficial eftrcls in 1018 steel can be 
derived from ihermai-m-ehanlcal processing- We are nuk­
ing del ailed studies of these effects. 

Conclusioni 

The compatibility of materials in high-piessme hydrogen 
has been obsened lo be dependent on deformation char­
acteristics, ihermo-mcchanical processing, miciosttuciute, 

chemical composition, arid the p r i n c e of w^ldv Vun£ 
rhese concepts* we developed a new htsh-ititnglh ausicit-
ilicMJbilew steel iiltoy for use in hydrogen, A detailed 
un&sntaniling of perforrmnce in hydrogen it not yet 
available 10 facilitate the design ^f irexpeniive structural 
nu'eriah for large scale hydrogen storage and riinuniuion 
systems However, numerous specific observations regard­
ing the influence of the above variable • n hydiogen crack­
ing resistance should permit the oestgn of low^urt alloys 
having minimum sensitivity to hydrogen envuonntents. 
Thus, improvement* of tow alloy aieeli for hyOiu^rn tci-
vice are possible, and the limiis of these steels LJTI be d?-
fined to permir safe use of these marerufs foi hydrogen 
irampc nation an£ storage. 
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Measurement of Thermal Transients 

Irif/i ilierrtuit stis**? mpunie rrtfdeU »*v can improve the 
HL-curucy ttf meamfemettix from transient thermal experi-
merits, 

N. R, Keliner 

Intruduciicn 

Analysis of transient thermal experiments requires accurate 
knowledge of the temperature and/or heal flux hhtotlcsai 
Ihe surfaces, of a test item. When experiments involve rapid 
changes in temperature or hem flux, typical *enm£ may 
not indicate ihe true history, and e&iimates of measurement 
errors become important for data analysis. For the data 
analysis, exponential approximations have generally teen 
used to characteri/r the transient responses of Hie sensors. 

Such approximations can lead to serious enots because the 
transient response isusuafiy not exponential:accujr tran­
sient response is not indicated by seruor calibration because 
ca l ib ra tes are at steady-stale or u/jasi-stcady-state condi­
tions. 

To make an accurate interpretation of data from transient 
thermal experiments, one must understand thoroughly the 
transient response characteristics of the sensor installation, 
tn many oases, the response characteristics depend not only 
upon the sensor iisdf but also upon the specific substrate 
material and the manner of mounting. The development 
of thermal sensor response models has allowed us to deter­
mine data corrections accurately, and thus to determine 
accurate thermal histories in high-lieat-flux test environ-
men Is. 

Response Model* 

We have studied thermal sensor response In conjunction 
wilh several experimental programs at our radiant heat 
facility and have used experimental,analytical, and nu­
merical techniques *o develop response models Tor the 
following: 

• Foil thermocouples (attached to the surface by 
tlame-sprayed aluminum oxide). 

• Intrinsic thermocouples (Ihe Ehetmoelcclnc circuit 
includes the .naifrb) on which the measurement is 
made). 

• Circubr-fod heat flux gages (a radial temperature 
gradient, which is proportional to flux, is mea-
sjred by a differential Ihermocouple between the 
foil center and a circumferential heat sink). 

m Strain gJge* and phtinum ftilsiance thctmome-
ters (attached by flame-spray process). 

By experiment we have established response models for ill 
of these sensors, measuring response to known step or ramp 
inputs. By using measured responses and mathematical theo­
ry (e.g., Duhamel's convolution theorem for linear systems), 
wi! could estimate response for an arbitrary in;wt. For some 
of the sensors it was afso possibfe to construct analytical of 
numerical models for the response to either step or ramp in­
puts. Close agreements between the predictions of the ana­
lytical, numerical, and e-ipirkal models support their vJidity-

For both foil and intrinsic thermocouples, we u,ed this -x-
perimental procedure for determining (he step response 
model: 

• The thermocouple was attached to the 
material sample. (For the intrinsic thermo­
couple, wires were individually attached to 
the sample,) 

• A capacitor bank was discharged lhiuu£)t 
the samp'e to produce a rapid (less than 
50 /is) increase in temperature, and the out­
put of the thermocouple was monitored 
on oscilloscopes. 
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• A leait-squares a njlysn oi'data provided an 
estimate of the transient te -punst tharactt r-
KlJCS, 

Figure 1 ihows remits for six tod thtTmocoupies- The 
spread in the data is caused by slight diffei trices in nomi< 
nally identical installations. For itifs SIM^O* installation, wc 
obtained a best estimate of Ih* response and bounds an (he 
fastest and slowest response. When thoo responsesare 
compared with an exponential curve, we see that the as­
sumption of exponential response would give inaccurate 
results if used lu analyze transient daia. 

i 

5 
Z 

T im* U) 

FiR 1 Companion of an exponential curve with trsnsteni 
response* of toil UiermoCQuglc installations on a 
c a r b c composite materia) shorn ihat the re­
sponses connot be accurately approximated by a 
simple BxponentiiiL 

For the intrinsic thermocouple, we obtained an analytical 
step iespc •& model with a technique called quasi-coupling. 
This technique was developed to solve transient problems 
with an interface between two geometrically distinct re­
gions, each of which can b analyzed separately by using 
appropriate coordinate systems- We developed expressions 
f ' ^ h e response of each wire (modeled in Cwtttian coordi­
nates) and the substrate (modeled in oblate spheroidal co­
ordinates) to a step change in temperature at the interface. 
With these exuressions we obtained an explicit expression 
for the interface temperature in tfrrms of a set of eight 
equations. These equations are used lo determine step re­
sponse in a successive matching procedure ror temperature 
and total integrated heat flow across the interface region. 

We found good agreement bc<»nm the analytic J rftfVftwr 
model and a finite diffcfcoiH numerical model for ihf in-
rr'itsic thcnnocvuplr lit f>& 2 puthciiom of Dip analyti­
cal model arc cumpuJcd with the experimental JaU uvd 
for the empiric*} model fui one- iniiaJlaiio/i. When ** 
examined the response of various intrinsic thermuciniplc 
tnstjliaUont »*• noted that the substrate &czt\y jf farted 
response. I For one type o* thermocouple WIK, the time 
to *>5^ response to a sfep f^mpe/atuie I'hafljre varied b> a 
factor of J JO. depending upon the type of substrate mate­
rial.) 

10 
3 

a a 8 

a 

1! 

06 

0.4 

*f' 
^^A-i-r-.-T 

^ 

Wife Ch> orntf U AI u Thil 
SUantn iS icwf 

\ 
ooL 

f Eipvn mental AIU #p* 
J *ibtiuieetrtTp«t»Tu.r 

Chflnflwrtf ;mg l fDi» 
fi6 K lo 276 K 

* — i — J — i 

6 12 18 74 3D 

IV/MCRWIBIII 

Fig. 2 A companion o' the output ol *n intnhiic thermo 
couple predicted by an analytical remonv? model 
with experimental data shows good agrcrmtni 

The qu 2ii ecu pled solution technique was also used to •'*• 
velop an analytical response model for Ihe cijoitor-foil 
- 7ai-flux pge. Figure 3 comparei predictions from rim 
analytical model wilt* experimental data obtained ny ex­
posing several gages to a step change in incident radiant 
heat flux. 

We have not vol been able to obtain clot? agrcemen' «*e-
tween empirical and theoretical models for strain p^cs and 
resistance thermometers- We have used empirical models 
successfully and are trying to Improve theoretical modeling. 

Applications is T^nna l Expert men is 

In a recent series ofexpettmenu wc subjected cylindrical 
and conical catbon/carben material (sometime* usei a* re­
entry vehicle heaishields) samples to thermal diock. The 
samples were rapidly inserted into a cylindrical neatcf a m y 
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upcrating al temperatures is high as 3000 K- We n^rdsd 
JCOJ: J(C values nf the abtarb'-d heat Hun at ihe cuic i sur­
face lot Ihcrnul stress c i k u h t i u m . 

i o r 

3 

a 
*-• 

o 

T3 

F i t 3 Circular-toil heat-fiux g*gi output* predicted fcy 
v> j n i l y u c j l model agree well wi th experimental 
data. 

t 

In one method for determiningsurface flax, wc used sur­
face properties, geometrical factors, 2nd data from cfnutar-
foil hcal-ftux p f e s to calculate absorbed Ileal flux. In My 
second mcihod. wc used foil thermocouples to measure the 
Inittr-surfzcc lempcralurc hi i tory. M ien the absorbed heat 
flu* was calculated from this measurement by assuming 
that the thermocouples responded exponentially, lite heat 
flux levels were itJT- to •*()£ below the value* oblaincd 
from the firit method. Wc r o o k e d \\xc discrepancy by u * 
I n ; the best csiirtJte o f £*te flu\ history ( f ' »m beat flux 
gage mcaiurcmcnts) i t 1 calculate the inner surface temper* 
am re I m i w y and then numerically cumuiIuLcd that history 
widi (be empiricaUy devehtpctf thermocouple tcsponsc 
model to predict the thermocouple output (Ftp, 4X 
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Fjf> 4 In • cylifidrtcjJ radiant heating eipcrtmeni, rear-
luHacfl fOjI-tnermocGuptet indicated temperatures 
were t own th*n computed irorn h ta t - l l u i mea-
sutementL Use c f Irw trnpfi icj) response model 
snown &s average lespontf in Fifl. 1 fine J cor­
rected thefrrrocouplt response Out totted wi th 
me ihermoccvple d j U . 

In another application, wc used 'he intrtmic theimocoupk 
numerical mudr l to anal) *c a p" closed pulsed teacioi ex­
periment indc i t rmme phase ^jange temperatures and 
par jmricr i o f a uranium J ! IP> \ Fof Ih i l experiment, a two-
wire int i inuc fiuiur) ihrrmucoutJe (ihe substrate Is a fit-
i l f inah lcmat f iuh was proposed. frfu« 5 reveals Ihe large 
difference between (he substrate lempa^turc j n d lire tem­
peratures ai Hi* i l inmocoopl t Aiiealla<:hinffit points. Be­
cause the (cmperaluir d i f fnrnce between (he two fcunctions 
stie^eilt that dJta reduction * i l l be d i f f i o ih (a three-
clement lliermoelecrrk circuit wi th two unknoi^Ti junction 
teinpetaiureik « * cectrmmended thai the cxpertrnent be 
rede limned. 

We have made several other applications of sensor response 
nui dels: 

• To sludy oscillatory bch ivbr in a heal flu* 
feedback control system, pror fd in- ofTset 
l i p i d * toccmpcnatc for thermal inertia and 
to nibJml/c otrfttatioo. 

• To tar^penate (at apparent thermal strain 
ip 5*faln p £ f nieasurementf «4ien surface 
icmperaiurc is itsinf 41 c p to 200 K/s. 
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Fig. S tiumericjl response model wd:. used to predict 
junction temperature* in j two-wire tnr/frrfie rher-
mocoupJ* i^jih a frjuorubJ* rrurrriaJ jubtirJte, 
proposed lor a reactor experiment. The large tem­
perature difference between the two junction* irv 
dicated that the experiment mould be rednsigned. 

7im#l7?MJ 

IB 

• To devctop 3 (tumeric** dcctmvulmum tech­
nique for cipcrimenU usine iniiimtt lhr/tra> 
couple* over tempera I ui< ranc** otfnMer.il 
hundred ktflkjfis. Step response infutmjiiuti 
and thrmuvouplc daU are used lo Lakubie 
the irue su(fitc icmpcntuie hisU*)' 

Conttmioa* 

Accurate sensor response model* can be used io improve 
the accuracy of measurements from a u a r w u thermal 
experiment. and provide accurate estimates of dynamic 
error* in lite d?K (ft many cases error correction formulas 
or procedure > wi)) ptimjl itcovcty of usablr djf a frcrn 
otherwise unusable sensor outputs. The models can also 
be used to select (he best sensor for a specific experimem 
application. 

http://otfnMer.il


Lithium Niobate Stress Tr«fttduc«rs 

Dt'termtnjium ttfpitzorkctric charavitriuici of lithium 
niofft/te has led to development of new tmmriuctn for 
ftitti KOTiig fait, hi&Mevtt stress puhes. 

R A, G r̂ ti am 

Introduction 

tn the almost une hundred years since the piezoelectric 
effect was discorded, the phenomenon !us been used in 
a number of devices for a wide range of applications. Al­
though many different crysials gencrjte piezoelectric 
charges when they are compressed, quartz has been used 
as the J :iive element in most piezoelectric applications 
since h has many excellent properties, Including repro­
ducible, Ma bit behavior. We have investigated a^--ner 
material, lithium niobate, and found that it is superior to 
quart* for many piezoelectric stress-transducer applications. 

Piezoelectric crystals have orderly three-dimensional struc­
tures, which affect the quantity of charge generated at the 
sample surface when stress is applied in specific directions. 
For a given direction of stress, Ihe charge generated per 
unit area by the internal polarization is usually directly 
pro p oi t ion at to the applied stressor strain. The c nstant 
of proportionality, called the piezoelectric constant, de­
pends upon the crystallographs direction in which stress 
is applied mid the direction in which the charge Is defected. 
For example, a piezoelectric crystal could have AS many as 
eighteen piezoelectric constants to define polarization mea­
surements in any of three directions for thm differejir 
directions of both normal Streisand shear stress. Thus the 
piezoelectric response of a transducer will depend markedly 
on the direction in which the active element is cut from the 
crystal. 

Common orientations for quartz sample "cuts" (x-cul, 
y-cut% and z-cut) with respect to Ihe crystal axes are shown 
in Fig. 1. For lithium niobate, Ihe most useful orientations 
tor stress transducers are z-tut, y-cut, and 36-dcgfec* 
rohited-y-cut (Fig. 2). 

New transducer performance characteristics are possible 
since lithium niobate has several properties that are signifi­
cantly different than those of quartz. Lithium niobate has 

vCui 

Flp. 1 The properties o1 umptf* cut riom tingle crystals 
depend markedly on ihe orientation of the sample 
with respect to the crystal axes. The orientation* 
of common sanipta cuts art indicated on this 
sketch of a rujiura! Quanz crystal. 

four piezoelectric constants whereas quartz has only two. 
In addition, lithium niobate exhibit a piezoelectric le 
sponse to uniform hydrostatic pressure* whereas quarlz 
does not- Furthermore, most piezoelectric constants of 
lithium niobace are much larger than Ifiose of quartz. 
Lithium niobate gagys have the potential for measurements 
at higher temperature than possible with qutitz gages, since 
quartz goes through a phase transition at 850 K. while 



lithium mobate remains piezoelectric up to 1500 K. Al­
though there have been problem* in the past in growing 
?ood single crystals of lithium niobaje (the fust crystal 
were grown only about fifteen years ago), it appears that 
those problems have now been solved. 

a! levels much higher than required fot more irontcnuunaJ 
piezoelectric applications. First, if ts important cu i.vfisidcf 
the special problems posed by ihe jneasurtnifnj of hJJ* 
pressure impulsive load* with piezoelectric ctystak Sudtes 
of the piezoelectric response of lithium mobile 10 impjct 
loading and lo high sialic pressure will then be described. 

,36 Peflree-
Rotated-y-Cul 

Fij. 2 SinQte crystals of lithium niobate ire grOtvn art if* 
ciitlv >n the form of boules, typically as large is 
50 mm in diameters Orientations of disks most 
u t *M for transducer apoVtcauow ar* indicated 
o.^ti/0 to the crystal axes. 

We pievio-jjy developed an x-cut quartz piezoelectric gage* 
i h j | could be used for l^nc-tesolvcd stress mratfJrcmenU to 
4.0 GPa. This 35ge has proven especially valuable for ma* 
terials studies both in Ihc laboratory and in the field. It 
now appears that with lithium niobate we can develop 
smaller giges, and also reduce problems assodaied with 
signal-fo-naise ratios at low stress* a. Furthermore, (he 
unique hydrostatic response of lilhhim luobatt provider 
a new measurement capability. 

In this article we will describe an investigation of lithium 
niobitt for measurements of unpulshe stress or pressure 

Response of Piezoelectric to Impulsive load* 

Piezoelectric gjges lo measure stress or pressure pulses jre 
used in either of two distinctly different modes, the 
"cunenMnode" or ihe "charge-mode," In both, the active 
elements are pictoeltctric disks; however, their responses 
provide qualitatively different measurement capabilities, 
and the responses must be studied by different techniques 

luc current-mode bused for measurement of the stiess-
time cttMitcr i t i ic i of ftif*risuig stress pulses As indicated 
in Rg. 3 the current-mode requires circuit wjjh shorj eta-
Meal lime constants, and gages that are :hick relative to the 

Current Mode 
G*oes 

Charge-Mode 
Gases 

R It 5 Time TypicJitly 
tew rn 

Typically 
hundreds of ns 

Putse Duration 
ot 

Recording Time 

Typically 
few ttt 

Typically 
many ms 

Configuration 

"Thfcfc'i 
j i -V* J n. 

"Thin'i -

L_i 

Circuit Time 
Constant 

Output Signal 

t HI-
C 

T 
I 

'1 i" 

BC < «rf * 
i * Stress 

H O l f f ' s 

V « Stress 

•US. MSJJI 3Jt>ttOS2 

Fi$V 3 PieJoHectrc rjagrt to rneasmt impulsive toads may 
be constructed in either Iht current mod* or the 
chjfoemode. The mode of opefjiion depends up­
on elccuical and mechanical time constant! of Ihe 
gtgea am) circuits which art H l d M relative to 
either the i isttimt or pulst dilation ol the stress 

20 



:--r • " . H I 1 - -

strew pulse. In ihis mode the measurable pulse durations 
are lew than the transit limes of stress pulses through ihc 
gages (typically a fewjis). 

On the other hand, Ihe charge-mode of operation is used 
for the measurement of the stress-time characteristics of 
stress pulses uflong Jural ion. As indicated in Fig- 3. ihe 
charge-mode requires circuits wiilt long electrical lime con-
Mams and gages thai aie thin relative tu the widths o f the 
stress pulses. In this motfr the measurable rise-times aie 
lunger than the transit limes of the stress purses through 
the gages (typically ^-I0# 1ixs), 

The differences between current-mode and charge-mode 
gages, summarized in Fi& 3, determine the methods 
selected for studying the suitability of lithium niobate for 
transducer applications. The current-mode gage is studied 
by measuring the piezoelectric response to a diiect impact, 
but the charge-mode gage is studied by measuring the piezo­
electric response to quasi-*iatlc stresses. 

Under ihe large stresses or pressures resulting from typical 
impulsive loads, contributions From nonlinear piezoelectric 
constants may be significant. Since values for nonlinear 
constants ate generally not known, the investigation of 
piezoelectric crystals for stress transducer applications is 
necessarily concerned with botli linear and nonlinear piezo­
electric constants. Furthermore* the large stresses destroy 
the gage after the desired signals have been recorded This 
"one*shot'* gage operation prevents direct calibration under 
typical conditions o f use; hence, the reproducibility o f ma­
terial constanis provides the basis for confidence In (he re-
pruducitjin'iy of the gage output signals. 

Response of Lithium NEobate I D Impact Loading 

Current-mod; piezoelectric gage systems are used to mea­
sure stress profiles produced by Impact, explosive loading 
pulsed electron-beam irradiation, Q-switchcd-laser Inadi* 
lion, or intense pulsed x-ray irradiation. These stress pulses 
may have -„ omplex shapes which change significantly in a 
few nanoseconds. Properties of lithium niobate Tor measur­
ing such stress pulses were determined by subjecting -«ks 
to carefully controlled impacts at precisely known veloci­
ties 

Figure 4 shows a piezoelectric sample mounted at the 
muzzle of a compressed gas gun. A projectile faced with an 
impacior material is accelerated to a preselected velocity, 

and impacted directly upon the sample. Immediately prior 
to impact, the velocity of the projectile is precisely mea­
sured- Upon impact, a shock-wave propagates through the 
umplc, producing a current in the external circuit. 

Gun Barrel 
64-mm Inside 
Diameter 
25 m Long 

Gas Seal 

Gas Pressure 

0,13 Pa Pressure 

Precision 
Lapped 
Surface 

Pfo jet, tile 

tmpatior 

; Velocity Pins 

Encapsulation 

Low Urn Coaxal Cable 

Piezoelectric 
Sarnp'e 

Cable Terminatio 50 MHz 
illOlCOpO 

Fig. 4 Experiments to study the piezoelectric response 
of current-mode gage materials are conducted by 
accelerating a prokctile to a preselected velocity, 
and maintaining precite alignment between the 
impoctor and the sample, Tneshocfc wave pro­
duced by the impact propagates thrvugh the sam­
ple and products a current which is recorded from 
a high speed oscilloscope. Piezoelectric character­
istics ate computed from the measured currant, 
and strain is computed from the measured impact 
velocity am) tfiectonJcaJ properties at i h * t/npacror 
and sample. 

Trie stressor strain Input to the sample can be accurately 
calculated from the measured Impact velocity and the me­
chanical properties of the sample and Impactor. Hie piezo­
electric polarization can be calculated from the measured 
current nulsc, Titus, by performing a group of experiments 
over a range o f impact velocities, the polarization can be 
determined over a range o f strains, and ihc piezoelectric 
constant* can be obtained from the data. Since a new 
crystal must be used Tor each le i ! (each experiment i% de-
slnjcitvcb the data provide direct evidence for the repro­
ducibility o f the piezoelectric response. The data may also 

21 



be used to indicate the input stresses above which the out­
put is no hn$et s ^ th le for gage application because of 
distortions caused by conductivity and mechanical yielding. 

Luhitmi mobare sjmpfcs, obtained from one supplier, were 
o n in t h w different trystallogrophic directions. The des­
ignations for the sample orientations Investigated are z-cui# 

y*cutT and 36-degree-rota led-y-cut (Fig* 2>. Each of the 
cryst allographs orientations has a different piezoelectric 
response: hence, disks cut in the different orientations may 
be potentially useful as gage elements for different dpplica* 
tiuns. 

TK' piezoelectric outputs of z-cut lithium niobate and 
Jt-cui quartz iiinplesundei impact loading are compared in 
Fig. 5. The measured piezoelectric polarization is shown 
for various applied compressive strain* for both materials. 
For small strains, the linear piezoelectric consunt was 
1.83 C/m2 for lithium njobate, compared to 0. J7 Cfm*to 
quartz. For y-cut and 3r>de£ree-ro(ated*y*cut lithium 
niobate samples, the piezoelectric outputs were eren 
greater, and the linearity of output with strew was good 
for all three mater bis. Table 1 summarizes cliaracttilsiics 
of the different lithium nfobafe gjges and compares them 
with quartz gage characteristics. 

TAflLG I 

Current-Mode Piezoelectric Gage Charocwnstm 

c 

1 

Fits to Experimental Qata 
Linear Extrapolations 
of Small-Strain Response 

Quart i. 

Mairnal 

Output 
Nontirif j i i ty 

tor Icon 1 

X'CUl qUJ'If 1,0 •4 8 1 0 4 4 0 

x-cut hi h u m 
niobJt* 4 5 *7.S 1 0 3 0 6 1 4 " 

y-cut l i lhmm 
mptofft 6.S - 1 3 I S t 1 8 

30-dcg'ee-ro-
fjird-Y-cui 
lithium 

t i 0 0 » t-1 oa 

0.02 0.03 
Strain (m/n) 

0.05 

t l ' fcn pu l» from a i t rp tr unction input. 

••Dj<i*r»nt l^nJlin&d/ec*S4r»ptjm¥Kj £jfii#™Jjf^ tjrtp*ji* ouch 
n m Th> higher l i n u u w t h j f c c t v r t a i t ol thick** &*»«* 

The sensitivity o f l U h i u m niobate ranges from J facior u l 
4.6 to 11.ft great*f t tunquai t t . The significantly Utgrr 
sensitivity permiumeasurcmenftaf much to* *uc**; i 
or much noisier environments than rxmibte with inn ru . 
Alternatively, since the output signal vanes directly u&Jri 
the aiea of the electrode, the use of lithium nuibjte nukr t 
it possible to significantly decrease the size of a current-
mode gage. 

The principal ditadvanidgeiof (tie fifh.um niubiic gagci he 
in their electric current distortion and in iliefar lower-stirs* 
operating limit*. The disJorlior:. an increase in cor/em with 
time for constant applied stress, is causal by electric al-h» 
mcchanical coupling effects. This behavior musl be cor* 
reeled for in order to accurately determine the stress 
histoiy. We have developed i data reduction icthmo/ic to 
remove the distortion, so this is an inconvenience bur not a 
significant resinciion. 

Fig. 5 The piezoelectric polarizations observed at various 
strains are shown for z-cut lithium ntabate and 
compared to previous observations on x-oit quartz. 
The dashed lines represent an extrapolation o f * he 
tinear behavior observed at small sir-fir and me 
solid lines are fits to the data. The data indicate 
rnal KUI lithium niobate has a much larger pitzo* 
eTectrtc constant than K<cuiQjuarlz. Unacceptable. 

distortion occurs at strain levels above thow for 
which data are shown. 

Hie upper limit on the operating stress o f lithium niobaie. 
wfikh isa consequence of shock-induced conductivity, 
varies from 0-6 CPa to 1.8GPa> depending upon the ample 
thickness. The limit fat q u a m i i 4 i ) G P x The lower tiinit 
for lithium ntoba'c is a considerable diszoVinlagc for wmt 
applications. However* there arc many applications Tor 
Rages in lower sircss regjnns, where latger outputs are a 
distinct advantage. Since y<ut Ihhlum niubatc hasa fairly 
high sensiltvity, and the highest upper stress operating limit. 
it may prove to be the mast useful o f the three orientations. 
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Finally, a . important iesull of i tu impact loading measuie-
merits is that the piezoelectric response of all lithium 
njobuie umples (obtained from one supplier) was found to 
be highly reproducible. The measurement error associated 
wuh ihc equipment used ;* the experiments was about 
t\.tt. The variation in piezoelectric response from 
sum pi etiv sample was found to be much imaller than the 
meaftfremfni error. 

loading, pulsed electron beam, and pulsed x-ray expert 
merits. A hydrostatic charge-mode gate was developed 
and used in the spar k-druTing program,* and uniaml 
charge mode gage* developed for sires* measurements in 
SOL) were used in underground nuclear and chemical ev 
ptaUvc tests. The bigi srnsiiivliy and tcptoduztbihly or* 
tiiruum ntobaic hare proven to be fcey factor? in obtaining 
very useful data in ihese it$*%. 

Response of Lithium Niobate to Static High Pressure 

Lilhturn niobate exhibits a distinctive response not found 
in quatti' when subjected to hydrostatic pressure, a ptexo* 
electric polarization f* produced along the z-axis. To deter* 
mine ihe lineat and nunUnear hydrostatic piezoelectric 
constants, £<ut samples were placed in a high pressure ap­
paratus* fluid surrounding the samples was pressurized to 
various levels below l l C f t , and the resulting piezoelectric 
polarizations were measured. 

The pressure-induced piezoelectric poly tat ion was deter­
mined by connecting a one-vF capacitor across the simple 
and measuring the voltage on the capacitor with a high in­
put impedance eleclromeler, Tlie voltage is a direct me* 
suie of the pEezoelectiL polarization. 

Figure 6 shows polarizatk-n daU for samples from iwo 
different crystal boulet of ftihium nlobate. The piezoelec­
tric responses of aQ simples showed excellent reproduce 
bally. The Linear hydrostatic piezoelectric constant 
dclrrmfned from the measurcmenii was6 3110.014 
pC/m* - Pa; the output nonlinearliy was - 14ft per GP.t 
Although the nonlinearity is significant, it has been well 
characteri/ed, and can be compensated for in impulsive 
pressure mcasurcmevrti-

A few lent were also conducted on samples fiom four 
other suppliers. The linear and nonlinear constants were 
in excellent agreement with those determined from samples 
of the principal supplier 

Gage Development 

Data obtained in this InvciOption were used to develop 
lithium m'ubate strea transducers for various bborafory 
programs. Lithium nfotaie disks were used to construct 
current-mode gages for measuring siren profile* in impact 
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Fig, 6 The hydrostatic piezoelectric polirizaltont ob­
served vvithroo lithium ntobates^ples at Yaiioui 
applied hyd*urlatic pressures are typical of ihe ex-
cdleni reproducibility obtained on all the urnplev 
The dashed line is an extrapolation of me linear 
behavior observed at low pressure, -md the solid 
line is* fit co thedeu. The piezo dec trie coeffi­
cient deceased with incrruing pressure. 

Conclusions 

Investigation of 'iihium nlobate to determine its piezo­
electric properties hat shown f l to be well suited for use 
in piezoelectric stress transducers* Gages were developed 
and proven to be well adapted to rneasurrmenu both in 
the laboratory and in the more adverse conditions in the 
field. From our irrresilgailon. It appears that the lithium 
niobate family of piezoelectric sires* transducer* will have 
a major impact on our capabilities to delect and analyze 
hffljt-level transient stresses. 

•Sjnto TA-hnfltorr, Sumnwt 19?J. p. JJ. 
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SAbility of Liquid Films in 
Transpiration-Cooling 

Stability vlwraciemtici o^Uguid films on lrumpiration* 
cooled hypersonic veitfclt "an be predicted by analytical 
model*. 

W. S. Sark', K. J- Touryan 

Introduction 

Tianspiiaiion cooling can be usfcd to protect a reentry 
vehicle from th-effectsof JMcrdyiiamkheattng,*- The 
technique consists of injecting a liquid coolant In the 
stagnation region and allowing the liquid tt> be wept 
back over ihebody Liquid is removed by either en* 
trainment or evaporation. To achieve maximum 
vehicle protection, ine dominant liquid las mechanism 
must be evaporation, sinceentrainment re.TtOViil pro* 
vides no cooling To estimate the amount of liquid 
entrained by the gat, we need to determine the sta­
bility characteristics of the liquid/pa interface. For 
estimating the amount of liquid removal by evapora­
tion, we need to know the roughness characteristics 
of (he interface: that is, we need to know the inter­
face wave characteristics such as the wavelength and 
amplitude. 

Eaijy subsonic experiments with a neatly incompres­
sible gas flow showed that film instabilities occurred 
and that ihe dominant liquid removal mechanism was 
the entrainrtK.it of the liquid by the gas. In evaluating 
the concept of translation cooling, eaily Investigators 
extrapolated the incompressible results to the super* 
sonic case, and concluded that film instabilities would 
limit the effectiveness of transpiration cooling. 

A systematic program was planned to develop tech­
niques for predicting film stability characteristics and 
for determirfng wavelengths and corresponding wave 
velocities and amplitudes on the surface of a liquid 
film for both subsonic and supersonic gas flow. Models 

•Now with Virginia Polytechnic Iniiituie. 
••Tcchii!cal RevrfW, Autumn 1974, p. 28. 
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aftnaeitinft Mjnh:tiicjtton were analyzed At each 
stage, ihe analytic? remits were compared wiih experi­
mental obse m l b m , t 

Linear Analysis 

The motion of the gas p-jralie' to the liquid layer produces 
two important effects on the liquid. The first iwheexi't-
lion of: shear siitfsial the liquid p> interface. tthich m 
turn establishes a velocity profile in the liquid. If?' 
second is the cxrrtion of pressure and shear siress per­
turbations en the liquid by waves on the interface. 
Whereas the former effect can be stabilising or de­
stabilizing, depending on a number of conditions the 
latter effect leads to instability mechanisms. 

If the external gas can be represented as Inviscid and 
subsonic, flowing parallel to the undisturbed surface 
with a uniform mean velocity, the pressure p e r t a i n 
tton U180° out of phise with the satfac« wave. In 
this case, the gat pushes down at the troughs and sucks 
at the crests of the wive, thereby feeding energy to the 
disturbance in the liquid layer. !n this model the effect 
of the axial componeni of the pressure perturbation is 
canceled. A different situation arises if the external 

flow is supersonic. In this case, Ihe axial component 
of the pressure perturbation pushes at the side of the 
wave, giving rise to maximum energy transfer from 
the p s to the liquid (supersonic wave drag). 

t Sub ionic flow experiments were mpporled in part by 
the Fluid Dynamic program or the Office of Naval 
Research, 

http://entrainrtK.it


11 

h * 

A'c jnjl>/cd iwoiMfewplhn«3f mvjdelv !"* the first 
model, the external jyi was assumed to he muwid jnd 
The uilulum WJS ubtaincd in the form of an cxpanuon 
lor intall wave numbers (irciprocal wavelengths^ In 
thi'MMKH] mipcVI. theefiectsof triegasviKosity and 
How pHillIc wer* taktrn into account. The dniuibed 
bountury »jyf( icwlung rram the waves wa% assumed 
lu hi- contained m ihr thin hmra i hyse of the £31 
rlow, Tlit solution was obtained with a combination 
of a numerical technique and the "method oi ci*sposiie 
e- IIJI. -JOTT which includes (he variable length-sea!** in 
il* problem Ihe revrhsof both modeh«iwcII at 
other linear analyses indicated that a liquid fdm adpeent 
to J supersonic stream is much more uraUbfe than a 
liquid film adjacent to a subsonic stream, J finjifigwhich 
is in qualitative disagreement with available data fiom 
experiment!. 

The model cunfiguriiior ici the experiments (Fi£ 1 r 
waw sphere/tune with a n-mm-iacTiushemisp'.crural 
rtosenp of porous si3L*ite*» steel. The liquid wai forced 
through the up by a hi£h~pieuure expuk'on syslem, 
the pressure drop acrots the tips bcinp ir^iiained be­
tween 35 and IWMPato present lunru.1 fiuctuatium 
and the spiicncal prevjre distribution from afecitng 
the flow rate* 

T K t r m x C u p l r i 

Description of Experiment* 

Four separate experimental programs were conducted 
in our Hypersonic Tunnel and in the New Vork 
University Hypersonic Tunnel. Row conditions for 
these programs arc summarized in Table J. 

Flft. 1 Instrumented model* were used in hypersonic 
tunnel experiments to investigate stability of 
liquid films on surface? oi tiarapif at* on -cooled 
vehicles. 

TABLE J 

Hypersonic Tunnel Experiment Conditions 

Test 
Series Boundary Layer Gas Flow 

The liquid flow rales were measured by recording the 
pressure drops across orifices 'hat had been calibrated 
for fluids of different viscosities. To evaluate the ga< 
flow conditions, we conducted tests on a dry mode1 

before each lest seriev The pressure and temperature 
measurements on '-he dry model permitted us to esti­
mate the properties of the mean gas boundary layer 
and provided inputs to boundary layer computer codes 
for determining th* characteristics of the mean liquid 
layer. 

I Laminar 

Uminar 

Laminar 
Turbulent 

Laminar ( 
Turbulent ( 

Mach 5 

Mach 7.3 

Mach6 
Mach 6 

Mach 0.5 to 095 
and Mach 6 

A: four locations on the model, the temperature of 
the liquid was measured directly by thermocouples 
while at two other locations, the thickness of the 
liquid layer was measured by an "end-eflccr capaci­
tance gage developed specifically for these experi­
ments. The output of the gage was reooHzd on tape, 
digitized, ?nd then analyzed to obtain the mean depth 
or the film and the amplitude and frequency charac­
teristics of the waves <Frg. 2). 
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Fi&. 2 For a i ree-stream flow of Mach & wove amplitudes 
on liquid films vary with liquid f low characteristics 
for both fjminar and turbulent air flow. The liquid 
Reynold* number is a dimensionless parameter that 
includes velocity, viscosity, and film thickness. 

Spjifc mtaophotogiaphs of llur wave patterns were 
taken al a nugnification of 100 limesaclualsize to 
examine (Ice wave profiles and t<i detect any liquid 
drops entrained in ihe gas bound j r y layer. Top and 
Mile liieji-spccd fuming cameras were used to observe 
response of the ps-l iquid interface. Wave velocities 
and wavelengths were dcicmiined from the Him 
records. 

wave amplitudes wvre between I'.l j n J 5£>ot Hie 
inejn depth. The waves wc icnu i only stah'c in the 
*upeiumic case, bul ihey *** t* n ° l L"£* enough 
(2 JJHI) to be called roughness elements. These 
experimental observation! are in disagreement w i th 
(he linear stability theories, which pud ic i instability 
m the supetwnk v j* t \ 

R^i 3 Waves on liquid films-were found ta have sicady-
stato amplitudes lor supersonic f low condit ions 

For the subsonic flow experiments, linear stability 
parameters (laminar and Lurbtifcnt boundary layers, 
mfcofaw shear, gas dyrrarrik pressure, and liquid 
Reynolds number) were (he same as in the super-
sonic How experiments, tt was observed iliat no 
l iquid remained on ll ic body in any coherent 
manner. Tlic lOO^cntrainmenl observed was 
vastly dtffcicnt fioni tint in the supemmu ilow 
experiments, where no cnl ta inmcnl. ati been o V 
served. 

Nonlinear Analyses 

In the supersonic flow experiments, waves were ob-
seivcd lo form on the surface o f a stable liquid film. 
This was true for all liquid Reynolds numbers, and 
for both faminar and turbulent boundary layers 
<Fi£. 3). No-ntrainmenl was observed and the mean 

depth measured by the capacitance gage was approxi­
mately equal to that predicted by the boundary 
layer code, assuming no cntrainment. Furthermore, 
ihe mean amplitude decreased as the gas mean shear 
stress increased. For the very high shear stresses the 

The experimental observations can be explained 
by our nonlinear analyses, wherein the motion of 
Hie pas Is coupled to the motion of ihe interface 
and the l iquid f i lm. Four models o f increasing 
sophistication were analysed: 

In the first model, the l iquid f i lm was assumed lo 
be quiescent and the gas was assumed to be :nviscid. 
o f near-zero densily, and moving wi th a uniform 
velocity parallel *o (Vic liquid film. The results o f 
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tins model sfrtiwed that for supersonic flow, unstable 
linear d1siurh3n1.es did not grow indefinitely but 
attained steady-state amplitudes, while in subsonic 
flow the unliable linear disturbances continued to 
be unstable as the amplitude Increased, Both be-
hiviors were consistent with experimental observa­
tions. 

In the second model. Hie density of the gas was 
included the results of this model showed thai 
there exists j critical gas/liquid density ratio above 
which unstable linear disturbances correspond to 
llnite-ampliiude stable waves and below which un­
stable distuibances continue to be unstable as the 
amplitude increases. Thus, if a gas flows subsonically 
parallel to a liquid surface, conditions exist for liquid 
entrainmentby the gas according Co the nonlinear 
theory, in qualitative agreement with the experiments. 

The initial quiescent liquid assumption was removed 
111 the third model by taking into nccoum the liquid 
velocity profile (ie-, the mean shear stress exerted 
by ihcga:> on the interface). However, the pressure 
and shear po tuibattons exerted by the £is on the 
liquid film (caused by the appearance of waves) were 
calculated by assuming the gas to have a uniform 
velocity parallel to the mean liquid film. Again, the 
if suits of this model showed that unstable linear 
disturbances achieve steady-slate amplitudes in the 
ttjpizisonic case, in qualitative agreement with the 
experimental observations. 

In spite of the success of Ihe third model in predicting 
the existence of the experimentally observed periodic 
waves, it c;«jld not quantitatively predict the observed 

wavelength and its corresponding amplitude Therefore, 
this model was improved by Including the effects of gas 
viscosity and mean velocity profile in calculating the pres­
sure and shear perturbations txerted by the gas on the gas/ 
liquid interface. The disturbed bound**}/ layer was as­
sumed to be contained in the mean laminar sublayer. The 
disturbance equations we« solved using a numeiitat-
perturbation technique. This new model piedn'ls the 
existence of steady -state periodic waves. The predicted 
wave numbers are found to be in good agreement with 
those observed over wedge- and cone-shaped models 
in laminar supersonic wind tunnels. Although the 
present analysis cannot predict the observed amplitudes. 
we feel that this can be done by removing the limitation 
trial the disturbed layer be contained in the mean 
laminar sublayer. 

Conclusions 

The stability of liquid films adjacent to compiessiblc 
streams has been investigated both analytically and ex­
perimentally, linear theories predict that films adjicenl 
to supersonic streams arc much mote unstable thin those 
adjacent to subsunk streams. This is in qualitative dis­
agreement with expe oriental observations. Although 
stability parameters were matched in Hie subsonic and 
supersonic experiments, it was found that Rims adjacent 
to supersonic streams are stable, while those adjacent tc 
subsonic streams are unstable, as evidenced by the entrain-
menl of the liquid by the gas. These experimental ob­
servations can be explained by our nonlinear theories 
which predict that linear linkable disturbances achieve 
steady-state amplitudes in the supersonic case and con­
tinue ro be unstable in ihe subsonic case. 
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Accident-Resistant Containers 
lor Nuclear Weapons 

To prevent detonation of high explosives in accidents dur­
ing transportation of nuclear weapons, we have developed 
a practical technology for design ofaccident+rtsistant con-
tain en. 

}L E. Berry 

Introduction 

We are developing systems for improving safety and security 
duriafc surface or air transportation of nuclear weapon*. 
For surface iransponatron these goals are being accom­
plished with SzFe-Secute trailers and raUcars, special escort 
vehicles, and a dedicated digital communications system. 

Air transportation accidents generate the severest impact 
conditions and could, potentially, result in detonation of 
high explosive (HE) and dispersal of fissile material. An 
accidcnMesisiant container (ARC) has been developed Out 
not onJy protects weapons in such accidents but can also be 
used to further improve surface transportation safety. A 
smaller helicopter accident-resistant container (HARC) has 
been developed specifically for helicopter transport of small 
tacticM weapons in forward areas. Both designs also pro­
vide substantial protection from fragments and projectiles. 

Initial design goals are summarized in Table 1. 

Accident Environments 

Statistics on the dominant environments, impact and fire, 
are shown in Figs. 1 and 2, respectively. 

An analysis of Fig. I led to the selection of an 84 m/s im­
pact normal to an unyielding surface as the design environ 
menl. This severity would be exceeded only in accidents 
such as direct flight into a mountain face. Similarly, Fig, 2 
shows that attainment of a three-hour fire capability gives 
excellent protection in fixed*wing aircraft, helicopter, and 
truck accidents and even provides good protection in long-
duration rail tr,: -port fires. 
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TABLE I 

Accident-Resistant Container Design Goals 

Minimize probability of HE detonation from 

• High-velocity impact of the ARC 
• Extended exposum to fire 
• High-wetoeity fragment/projectile impact 

on the ARC 
• Detonation of HE in adjacent ARC 

Container design should: 

• Be compatible with most stockpile weapons 
• Be compatible with current transportation 

carrier* (air - truck - rail) 
• Ensure that weapon wil l not be damage** in 

normal transportation 

Additional design considerations: 

• Special handling not required 
• Long-term use 
• Minimum maintenance and cost 

The combined probability model of severity of impact ve-
locJ:y and fire duration is shown in Fig- 3, with point UA" 
illustrating that the auainmcnt of (he above goals woutt 
provide protection in at least 93ft of fixed-wing cargo air­
craft accidents. 



90 105 120 

trflpatt Velocity I f i f t l 

Fig. 1 Seventy of impact in transportation accidents- For 
example, the impact velocity is smaller th jn 43 m/s 
in 75% of fixed-wing aircraft accidents. In 97% of 
helicopter and truck accidents* and in 100% of train 
accidents. 

Train (tstlnurtdl 

| ~ ARC 
| Capability 

1 X 
80 120 160 200 240 260 320 

Fi/B Duration (minuicj) 

F i * 2 Severity of fire exposure in transportation accidents. 

A similar analysis for helicopter accidents produced design 
goals of 43-m/s-Impact and 90-:*(inute-fire-dunitiort. A 
graph S*mihr to Fig. 3, but constructed for helicopter ac­
cident environments, shows that these goals, if attained, 
would provide protection in more than 98% of helicopter 
accidents. Such a container would still provide protection 
in 80% of the fixed-wing accidents, as shown by point " IP 
in Fig. 3. 

Technology Programs 

The phnaiy objectives in ARC and HARC activities were to 
successfully bring together the expertise and technology to 

analyze p*obat!e transportation accident environments. to 
determine the protection necessary to prevent HE dcicru* 
lion in weapons, to select promising materials and config­
urations for providing the required protection ai the lowest 
long-term *:£«, and to demonstrate that the design soali 
could bt etttttivtly znA economically achieved-

These objectives have been successfully attained- Prototype 
hardware of possible ARC and HARC designs has been con­
structed, tested, and evaluated. 

QSl *f*0M 2J£ 

% x ° SO 120 160 | 2 0 0 240 

IBO 
Fir* Du"tIon (mlrmtn) 

Fig. 3 Some design features of rforident-reiiitam con­
tainers involve tradeoff) between impact resistance 
and lira resistance. A fire and impact accident 
model, represented by the curved surface, was de­
veloped from analysis of fixed-wing cargo aircraft 
actidenU to aid <n design optimization. As an ex­
ample to eld interprrnaiipn^oterfai for 84 m/s im­
pact survival and 180-minuto tiro survival can ba 
represented by point " A " on the surface. That 
point falls at a revel of 0.9% which indicates that 
93% of accident situations will involve severities no 
no greater than 64 m/s and 180 minutes for impact 
and fire, respectively. Pdln# " H " indicates that the 
small HARC designed for lesvseven* helicopter ac-
cider.** provides substantial protection even in 
fixed-wing aircraft accidents. 

ARC Design 

Protection of a nuclear weapon from crushing requires a 
rigid inner container that maintains its shape under all 
accident conditions This rigid inner container Is surrounded 
by an cnergy*absorbing structure, and enclosed in a tough 

29 



Meet outer shelL In the prototype design (Fig. 4) redwood 
is used for energy absorption, became redwood has nut only 
excellent eneigy-absurpiion char^icrhiics during cru&h. 
bu' also has low thermal conductivity and good charring 
characteristics when *xposed to fife. When crushed in a 
direclion parallel to the grain its strength b 37 MPa: per­
pendicular to the grain, its strength is 7 MPa. Grain ortntar 
tion in the prototype is selected to give proper abwrp^fl 
for aH impact oritrtiatkmL Two aluminum ooJlan a/e 
placed m the itdwood structure to help rest ram motion 
of the inner conlainer when impact is nut directly parallel 
or perpendicular (o the axiL 

TWofffiRtafi 

Fig, 4 An accident-resistant container (ARC) for t riu> 
ctear weapon has ftructwaf features to absorb 
energy and protect th» weapon In t^sre trans­
portation accidents. 

The inner container, of 7075-T73 aluminum, has an inside 
diameter of 0-52 m, an inside length of 1.54 rn, and a wall 
thickness of 77.5 nun. Each weapon payload to be placed 
in the container would have adaptive hardware that includes 
additional shock-mitigating materia). 

Die outer container is HY-80 alloy steel which has a yield 
strength of 550 MPa, elongation of 22%, ana very high 
ftacture toughness. With Ihe addition of a bolster, ticdown 
fittings, and shear attachment pads, the mass of the com* 
plete ARC is about 3400 leg. The overall structure provides 
some additional transportation security because the size 
and mass of ll-e configuration make difficult the quick re­
moval of the u capon without pmoer equipment. 

The 1IARC deupied fua hcrjLopirr iraniptm is uf W^IIIJI 
'tcugn.aiihownin Fsj 5.bul uses606l-T<>5S I .li-jstttfium 
for ihe inner contain?!, ;md 304stainfeusteel for the outer 
container Themmof ihellARC.withbolurr, is 570 kg. 
Since the design thickness of ihe inner conumer that *. n 
adequate for fluidity was bwffkient to prcscnl penetration 
by 7.62-min(caliber JC irnwi-pie-'ctnjt<AP| pi u;ttii!». 
lhMt4ckaessuftsinae^^to35mnL Toaccumcanlite 
pj^i^ds, iht mi;n cu^uinct has an imiiedUrncio of 
0.406 m and an iniide tengih of 1113 m 

Fig. 6 An aceident-r esiitant container (HARC) for small 
tactical weapons cut be transported bv helicr ptrrt 
in forward areas. 

ARC Testing 

ARC evaluation tests have included hlfi*ve!ocity impacts 
at various impact angles, fuel-fire exposure* radiant-heal 
exposure, and some projectile-impact and explosive-
deilruct experiments Most of these tests were with 
quarter-scale model hardware. Impact evaluation of 
eight foil-size prototype ARC* has shown thai the de­
sign will survive the high-velocity impact environment. 
Models In lire tests indicate that Ihe ARC will also survive 
the design fire environment. Full-scale tests with 7.62 mm 
and 12-7 mm (caliber .50) AP projectiles Impacting flat 
pan*U indicate that utilhei will penetrate the ARC. 

A full-scale test for sympathetic detonation between ARC's 
was conducted with actual weapons (less iiGile material). 
Intentional detonation of the HE in one ARC resulted in 
Utile damage to the weapon In the adjacent ARC. 
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One wttkzjJ dcupi wtth ti^jJjfrJHI; vjsciabjfrJt,-? 
lue CU!NWJ^ rr"'*»l>?< -r\Kt* *rr̂ ->t:1 icni4t Jiffjrtr.s 
iMijutr u\tfx%. Ip fyjr <if ihcfnclttfi . r t r j ' m r j u ^ t r j 
ihn In? lit. «ut/d uti t lmg&tunitrJ , Ofcrof 1h*t£ 
IIK*CV.?I tu t j icprjt of an « l l t a ten ihjl haJ m;!i»4tf J 

Jff*^3?fJ tuiL— ̂ 3»-f if'jv:Iin*jl J J r i ) 4 . - J fa* J - / J -

irnrnjft^miti^nirf 7.6* nun A? prujrriita, Anr*;e 

%i>mptclcd. 

Ilic pitfciltd unmtjttun fin ARC ihip^tmi it »;ib the 
iti/^ttuJuuJ 4xn pjiii!?! In tht 3'jaih tonfi i^tnJ a\iL 
Iftii ifitcritjtttm tiuuU rttul! in rnJt'tf trxptct m ntnt 
jtvidtn<». NIK Ira ttcjptmi. in prr-ajl. are nwie iciiv 
uni i-i impjvi jfufi$ ificir JurijiiuJiftjl n t i Hun along 
Hicif Ijicrjl a« i . lite I'iifurjf J en J uf ih* ru.HfJi aejpun 
ivjrfrrjj ii nmnji;y n n « rcmUni l»* ir^pitt thin the 
j!( f£iil JHJ ihcicfufc, an \KC u i i h i fufwjrJ-tiiifnlcJ 
ut'jpm; nftcr* 1l <r fii^tcil pfu}uh;!ily t;f wjjh£4.J lib 
survival m an juaai l j a i J tnL 

I In* IIAIU" fut^Iui hem ctilualcJ tvifliiraiilelliaiita-rt. 
faipjvt JKJ titc tettt mdtfM fjul JIfi mr--!J n*A be 

CoftrfuUotn 

ufl p romt , t n W l o f rit(4**ring caff i* met if i arttJrr.iv 
L'cltJfulUmaf nv*!rjf ^fjponhlfhf^pJ^hfi. Ai:nu!jr 
c**ii*irar ^ r i ! p HIAKCj can pto1c*f ucipuri m ***»~ of 
hrlicopifr avtJtnti- Ikt *itvp\ init-vid air wlfu:cn:J> 
ur.lmiixtj ttvpCTrui iji!t#"**jof thedtirjn to proirJt 
;ny appropjljfr lociuf pfo(«iwn- Ihf anw tfvhnu!vj) 
t* *tu» affiliable to ruirvttjptm wnutntr i for tpeml 
r.uJtti nuitfiulv. ThinrJini4ujyHr.owtfrH!ie-*helf 
and available id e,t?aiEy improve ufcly in both jtr ar:J 
tut fast Ira/up/*'alJun. 
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METRICATION 

TMgy«fc»to**««fc^rt^(g)fa«»o*ra*»d 
rorcxpM*vidM;UfcMll«d«krifcta. llh»«*«ml»yiWtBlWl»m«wnb-euril»: a i m (ai)fot 
k«ftk. U lo fw (kf) roc m , vcond (i) foe tine, Wtta (K) foe cteraKiJyasatc icapmturt, uajxre (A) 
for rifctxic c u m l , - « * 0—1) fot tmmmt of wb«-irr, ««d ctadati (od) for hau—m bfrfry. Two 

vkt.iit4ifcrt{n****M*dutl\tminmywiit. Thawhd»*f—to«(fen*).jou>>(wrp.wotk). 
P«cM<pi«».iin»%*m(fr«qp»«eyXw«t(p^ Below 
are coimniM Actoa for qiUBlkiH ofipKW MMML 

LENGTH 

MASS 

FORCE 

ENERGY 

PRESSURE 
and 

STRESS 

POWER 

VOLUUE 

DENSITY 

IMPULSE 

TEMPERATURE 

Ik*. 
Ifl 
l A 

lfcm 

lfcf 

leu 
IkeV 
IBtu 

- 25.4—n(n»*-.im) - 00254a 
- 03041 to (wtm) - 3044 mm 
- aivnOwomtrr)" 1x10"" in 

- 0.454kiddJopixm)' - 454( 

- 44aN(ntwtau)' 

- 4.JMJ(Jwk») 
- 0.160O (fanlojouki)* »0 .160x lO-"J 
- 1054350 J (joules)" a I.054U 

I [Mi - 6.895 kPt(kflop«c«lf)* - 6895 Pa 
llon(nmM|} - ai33kP»tkflopasea!s)* * 133P* 
Ibar - a i MPi (incppucals) - 1 x 10* Fi 

Ihp 

lyd> 
l p l 

l l /cm 1 

Jftra/ft* 

- 746 W (warn) 

- 0.765 m» (cubic metres)* 
- 3.7S5 £ (tltrn)* - 0.003765 m J 

• 1 Mffm3 (tntppsm per cubic metre)" 1x10* kgfm' 
- l&OlBkiM' (kflofnmpei cubic metre)* 

1 ktap (1000 dyn-tec/cm') 
- 0.1 kPa • s (kUopMcal • seconds) - JDOPi-s 

- K-273.15 

"Rounded to three decimal place*. 

SI include a set of pre fixes that can be combined with the names of the units to Indicate multiple* and 
submultlples. 

E(«a) - 1 0 " H(meEi) -10* n(nano) -10"» 
Pfpeia) - 1 0 " k(Viio) -10* «KP»«>) -10"" 
T(lera) - 1 0 " m(r.-;]!0 = 10"' fl(femio) - io-' s 

Cfetp) -10» p(mfcro) -io-« •(alio) - I 0 " 1 6 

TteuK of c(centi)for 1 0 ^ w i ^ 


