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F O R E W O R D 

S . U U I M Laborator ies J imi l ( jpru£TJni laboratory o f the hneryy Research J«*L4 Develop
ment • \ i l n i t n i ^ rd i i » i \ I t R D A * , 1*. UKMICVI in A l h i ^ u c r q u e . New M < \ w o . and L u e t m o r e -
( ' . d i f o m u . w i i l i J remote kMine: f j e i l i t y at Tunopa l i , Nevada. In t i i l l j l l i u ^ i ls fcspui is ih i l t i ic* 
t o l *RDA in the fields Dl" nai ional secur i ty , energy, and o i l ie r programs. Sandia has acquired 
e VICTIMS e ca n ih i l i t ies in reieafeh. deve lopmen t testing, and L ia lua t i on . an J \U- n u d e I IUHILT-
o i h t iMHnhi iuo i i " . in scienti f ic and engineering f ields, Hicse technical * - jp jh i l i l i es are integrated 
i n management lor I he d c h m t i o n and so lu t i on o l M.ie. ritilie and engineering ['r*>i>lcm^. 

A M T I ^ u f reports has been wr i t ten dcscnning these capabil i t ies and -Ji* i^ nit? typ ica l j p -
p l iMhons . l he reader w i l l f ind I 'JC cjp*fc>ili l: summarized in a separate paper, or may eliei».e 
a i u o l the I 7 separate -epor ls. or . tf lie wishes J cumpcnd iu i r . can I uul j l ! [l ie repur ls and ihe 
>;unuiary on t f piled in a single puhheahon. Ident i f y ing numhers for I he e i iu ie scries are guen 
I v l o w , 

('. Donald Lt indcrgai i . k v l n n c a l 1 d i lu r 
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ENGINEERING ANALYSIS' 

l l l J s [UJKIIDII is c o n c e r n e d Wi l l i C a L l l l j l U ^ ! I Ik" res .pui l%es o l d e s i g n s ID UlClT Cil\ JTMlllllCIlt^ 
Structural mechanics is used tii J I J tn dclcninfinij; a design configuration j u d choosing materials 
suii.iHe tor the loads lo he eiivoinUcreu ir practice, particularly iit se\ere dynamic cuviroumeMls 
Suess-n j\«/ analy-as centers on llio propagation ol sires** waves arising from impact, explosion*. 
transient radjuMon. and other evifeme em ironments. Chemical analysis is uveu to determine Hie 
mill tiKin and detonation characteristics of j\plosives,)L*uJia^ lo useful applications of the sudden 
release i)l '"iicr^y. Heat-transfer sin jitrs a m linn the performance of hcai-cxchangc systems, 
tiiennal protect ion materials, and rotating machinery hased on \ J H U I ^ thermal eyelet and phase 
diariiies. Acrodyiianuc calculations predict I he helia\ior ol 'vehicles in tree and propelled llijrhl. 
I ii^imiiiuoiiLal a i u l w s i> used l<" define the conditions a product might encounier during il^ 
hU-nttw l he analysis ot vOiUrol sv Pettis amies uilo play when cm ironmeul-sensiii£ de*i\es. 
viiritml mechanisms, and decision-nuking and guidance tuncluuK jre i_'iinhiued. I lie desi/n ot 
cLcHimii. paekaues relics on circuit analysis. Nuclear engineering aiiaKsis activities are ifitc*. ted 
inward pulse reactor development, design, and operation. Kejcior safeiv, analysis relates lo Hie 
o-_eurrcuce of hypothetical disruptions of nuclear r ead or operations. As a neecssarv adjum I t<i 
MKCCSSUU engineering c o m p u l s i o n s . With mechanical and thermal malcTial properties are 
determined. 

[lie major facilities used m engineering analysis are the large digit J computers . I he -4atk 
test lah. wind tunnel facdilics. wl 'u f iou testing facilities, and analog computers . Numerous pre\es 
• 'I equipment are used for material pruperiv tesimg 
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E N G I N E E R I N G A N A L Y S I S 

STRUCTURAL MECHANICS 

S t r u c t u r a l NKvl iai in-s is use J t o p red ic t llu? i nec l i an i c j l p c r l ' o r m j i K e o f J wu le \ j n e i v 
o f pa r ts and assemblies. I n c l u d e d are t h e l oad -c : i r r y i n t m e m b e r s m an a^emfo l y as v. e l l J N 
s u h a s s e m b l i e ^ i w h ** e l ec t ron i c c o m p o n e n t * in w h i c h >lrevM.'wre m d a c c d by e x t r e m e 
e n v i r o n m e n t s OJ Hy f i tb r iea l iDn . Su le t y s tudies in c o n j u n c t i o n w i t h les i rny are nstrd t o pre
d i c t unt l con 11 m i the o u t c o m e o f acc iden t sei;ucnces in systems W I U I e n ^ n e e r c i l saleguamiv 
j t i s t ruc tu ra l m e c h a n i c u range o f s ta t ic j i i d d y n a m i c J i u l y s i s i cchn i i | ues is u ter i classical 
p r o c c d i n c s in elastic sol ids and shel ls ; s tat ics, t rans ient d y n a m i c * , v i b ra t i ons , and n^ id -body 
mechanics . Because o f t ne severe loads t h a i are cus tomar i l y cons ide red , e lasU ipbs l i e . YINCO-

elast tc, c o m p o s i t e , c u m u l a t i v e damage, c reep , duc t i t e urid b r i t t l e f rac ture* and en isuabk ' - l o i i i i i 
cons t i t u t i ve m o d e l i n g o f the m a t e r i a l * i * f r equen t l y U M H I . Load ings cons idered inc lude pressure 
tempera tu re changes, cons tan t acce le ra t ion , blast, impu lse , and impac t . One o f the ma jo r 
re so nves u n d e r l y i n g the w o r k i n s t r u c t u r a l mechanics is an ev tens ive l i b r a r y o f f i u i l e -e lemcn l 
J I U I f i n i t e -d i f f e r ' , i t cc c o m p u t e r p rograms. C o m p u t a t i o n a l p rocedures fu r stat ic am i d y n a m i c 
p rob k i n s , a n d c o n s t i t u t i v e f o r m u l a t i o n s fo r cyc l i c p las t i c i t y and c o m b i n e d h i ^ l i - t empera lu re 
creep and p las t i c i t y are also deve loped . S t ruc tu ra l analysis is ca r r ied o u t m c o n j u n c t i o n w i t h 
extensive tesliug o f i nd i v i dua l par ts am i en t i re assemblies. 

Static Stress Analy i i j Transient Dynamic Response 

This l o rmo t analysis covers problems produced bv 
external forces, temperatures, and constant accelerations. 
Work encompa^es high-temperature tre-jp. plastic collapse, 
ductile and britt le fracture, and thermov i ne las t i c i t y as 
well as linear elastic solutions. Frequently, interlaces 
which close o ; open under load are treated The majority 
of prob'ems are solver! using finite-element techniques 
both in two- and three-dimensional analysis are employed. 
f ractun* mechanics can be addressee wi th the calcul&tion 
of stress-intensity factors for planar and axisyrr.metric 
cracks. Detailed analyses of residual stresses in compos ;te 
materials resulting f rom fabrication are made using equi
valent anisotropic plastic modeling. (Item 1 -&) 

Current Activities 

Thermal stress analysis 
High-temperature creep 
Plastic collapse 
T her movi scoel autarky 
Campo^tes 
Pressure-Vessel analysis 

"See Highlights below. 

The most common dynamic analyses introlvt' impact, 
blasi, and nnjjuk« A v-anvrv of coJi&mutive ruutivls 
lelastoplastic, viscoulaiiic, cfuihoble «ncJ t'lastic iojrn) .s 
used in ihe anriv*K- Numerous iK isymn^tne shells and 
solids loaded symmetrically are analyzed, in addit ion, 
many problems are characterized as cornparanvcly weak 
structures surrounded by protective materials all of which 
ere subjected to severe impact or blast. Calculations are 
made that involve large deformations and f ini te strains. 
(Item 6) 

O/r/e/it Activities 

Membrane inflation 
Buoy dynamics 
Dynamic* of members in 

tension only 
Earth penetrator structural response 

Shock and Vibrat ion Analysis 

The responses of systems and electromechanical 
components to severe shock and vibration environments 
are analyzed. A siruciural dynamic model is used to 
predict possible failures and to provide excitation levels 
for subsystem designers. Extensive ansiysis, testing, and 
subsequent data interpretation are used to define the 
model. 'Items 7,8) 
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ENGfNEERfrJG ANALYSIS 

Owen* Activities 

Mode shape and frequency determination 
Shock spectra 
Lumped-parameter models 
Nonparametric models 

Seismic Studies 

The aim of these studies is to determine the response 
of structures 10 loading produced by earthquakes. Seismic 
inputs are characterized as low-acceleration amplitude, 
long-duration ground motions that excite the fundamental 
modes in structures- Starling wi th bedrock excitations, the 
soil/structure interaction is broken into Three pans. Near-
Meld transmission calculations take the seismic inputs from 
oettrock to trie immediate vicinity of the structure. Media-
structure interactions describe foundation interactions and 
resultant response to seismic input. From the foundation 
response, the response of the primary structure is generated, 
(hems 9,101 

Current Activities 

Near-field transmission 
Media-Structure interaction 
Pr'.Tiary structure response 

Acoustic Analysis 

Generation, propagation, dispersion, and reflection 
of acoustic waves, and their interaction wi th structures, are 
studied both analytically and experimentally for a variety 
of applications. (Items 11 f 12) 

Current Activities 

Acoustic waves in nonhomogeneous media 
Underwater acoustics 
Fluid/structure interaction 
Wave transmission and reflection 

Response of Structure* A t and Beyond Failure 

Weafe-iink/strong-linfc concepts {where one part 
remains functional after another part is guaranteed to have 

STRUCTURAL. MECHANICS 

failed, thus assuring predictable behavior) in j e d d r r u jnoly-
ses require extensive calculations to establish the reiuiive 
performance ot the weak and strong links. (Item 13) 

Current Ac tatties 

Britt le fracture 
Ductile fracture 
Crush 

Technique Dsvalopmeni 

Techniques used in analysis are advanced by the 
improvement o l established procedures and the district* 
ment of new ones. The study of temporal i n t e n t i o n 
schemes quantifies their frequency shift, damping, j n d 
stability. The development of elastoplastic constitutive 
theories focuses on the accurate description o* reverse and 
cyclic loadings. Models of ftigrvtemperai jre creep wmch 
approach el autoplastic behavior at hlg^ s^Liin rates gie 
under development. Cumulative damage models n ^ e been 
developed ta provide a continuous description 01 iii*>;er-a! 
failure Algorithms for nonlinear static solutions u^.nrj en 
approximate tangent stif In-eis are under active drtrvlopmeni, 
(Items 14-171 

Current Actn-ities 

Time integration procedures 
Stability 
Fret^iency shifts 
Damping 

Constitutive modeling 
Finite strain plasticity 
Cyclic plasticity 
Combined creep and plasticity 
Cumulative damage 

Nonlinear static deflection algorithm 
Tangent modulus 
Initial modulus 
Approximate tangent modulus 

Mesh generation 
3-D interactive graphics 
?"D self-organizing 

Finite strain transient response 

4 



STRUCTURAL MECHANICS 

ENGINfERING ANALYSIS 

HKtllUUHTS 

Item 1. 'ftiermal Stress Analysis Item 2 , Two'Dimc/isiorial Static Sin' r Analysis 

Ait analytical capability has been developed to 
cumhinc acrudynamic healing, thermal, ablation, and 
stiess analysis techniques. The analysis is applicable in 
j ^uyn imc tnc (ur two-dimensional) sltuciures subjected 
lit aaisynrntfine loading: axisymmeiii i; suuclutcs w i ih 
.i&}tiuitc' r]c leading can also be analyzed when the 
ziymmctnes arc tcpreseniMe by citcumfertnthl tow-
inutiics. Complicated material behavior (temperaiufe-
deponden;. or lhotropic, nonlinear) can be included. As 
an example o f Uu* capability. Figure I shovo a fini ie-
clcmeni zdi-alitj i ion of a '" typical" lecntry veliicle tiosctip. 
f igure 2 4 m u temperature distribution al a particular 
point m imic. J » J Figmc 3 ihuwsihe t t i - imalMitvses 
developed ai t l u i point by the temperature field. 

Fi^vjre 1 A finiTe-elemeni me*h idealization of a 
graph lie reentry-vehicle nose l ip . 

Figure 2. Thermal contours at 3 point tn reentry-

f\Qnie 3- Thermal stresses thai retuU trcm the 
Tempura lures OT Figure 2. 

Analytical capabililies have been developed to 
pcrfutm two-dimensional (plane stress, plane strain, and 
axisymnietnc) static s t i cu analyses of both shell and svlid 
MruciuTcs subjected to mechanical or thermal loadings 01 
iheir com'^nauun. Infinitesimal or finite-strain assuTiipi:on\ 
are incurpuraied together with a wide vanety of maieiui-
brhanoj M^mpUuny 11»r mosi iumro'jnl> useJ inj i iv jaf 
behavior is the tem peiature-indepen den 1, timr-indc pen den 1 
isotropic, linear elastic mo£el: huwever, if is often nccc^-if) 
to incfude increasing complexify in material behaviui such 
a* plasticity and creep* As an example of this capabil i ty 
Figure 4 is a Tlruic-clcmtM idealisation of a ceramic-io-meidl 
seal \>* * ceramic \ j cuun i m h t . Figute 5 ±hoA» UIT CJUU L 

h ied residual maximum principal siiess coniouis developed 
111 ihe lube b> the brazing operation in fabrication. 

R-Ams 

0,2 

I. 

I I 

* + * t 

111 . im 
* * * * * * * * 

^_|(_|^_J * L t B3I 
0.03 

Figjre 4. A finite-efement mesh idealuatio** ot a 
ee/3/77'cTo/rwijJ JffJ* m j ££rCT)Jc vocuym 
lube. 
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R - A M U 

Ce ram ic 

21583 PS" 

Mpr^i 

• * - Z A * i S 

Figure 5 Max imum principal Stress contours in the 
ceramic arising f rom the U r g i n g operat ion 
jset l to seal l h - ceramic I D the ceniral metal 
lube. 

Figure G, A three-dimensional f inite-clement mesh 
id«ali/MiGH o i an encapsulated electrical 
component . 

Fiquie 7. De fo rced Shape ot ihe mesh o n a plane 
through the structure. 

I tem 3, rhriC-Dhm'iisiiwiil Sfufit Strvss Analyst* 

AruSj ' t ic j l c jp i tb i l i i y has been developed t t i per form 
thicc'itinKviM»»rmi i iu t ic stress analyses o f shell and Milid 
M n i f t u i o Mihj iv ted to mechanical and thermal load ing 
I he u i i J U M ^ (reals the ay,urnphons o f inf ini tesimal strain 
J U J linear L*h<ric maicria] behavior. A lun i l cd capabil i ty 
i ? \hK L> r v r i o r m elasiL'-phstic MiTev-diniensionjI ca lcu l i ' 
[ii>n>. hnplK-J in this capability is u^e o f inpu l and ou ipu i 
data pn»cc^ i r s , which u'C essential in il iree'dirrrensinnal 
a i v t K w , T i i i \ type v*f analysis f i nd * appluMi iun UP struc
tura l , e l c t i r i c j l . ai.d electromechanical components. As 
an c\i inirrie o f i lns technology. Figure 6 shows the three-
dirncntfuitiiE f inite-elemcni idealization o f an encapsulaied 
ofci.-irih.jl *.oiiipi>ncni. When subjected in a combina imn 
nt median IOS loads, tlu* *up surface de fo rm* as shown m 
\ i-rure 7 , ("alculateU stress contour* on j particular plane 
. . in dsu JIL' pi-sited as shown in F I ^ U T I ; H, 

c<gure 8, MaKrniLrm principal stress conlours on 4 
oTa'ir thro-jgh the structure. 

6 

http://ofci.-irih.jl


STRUCTURAL MECHANICS 

Item 4. Mi.\Ini*iii> o} Anisof'tpit Alufrntiis 

ENGINEERING ANALYSIS 

I lasiostaiic Ji3d ihcimocljsik- analytical ti*i>]$ have 
h*.vii developed fur the s;udy o f anisoirupic and compnbi:e 
i iud-ruls subjected In llK-inuL Jiid mechanical loads. The 
redmohitfy U ;ippltc^blc lo I lie jnalysis of inajoj j n d ininoi 
LiiinpuiK'ins ul I\K i t r u c i u r j , c]«i'liical* :uid e lectro 
if:c.vhjMicj] lype (Jul j re u ib j iv led lo residual sifcwes by 
Uhr ic j iu i i t . Av an example *rt t t impunct i l ftibncattun u icw 
jru[y»ib k Figure *J shows ihc circuinleiefittol component of 
stjess j * J function o f the udia l cuurdinate in a capacitor 
immediately after i i h wuu*id. Tlte (wu curves illu*lratc 1J10 
importance o f including anisotropic material charaeieri/ j ' 
HiKi when i l is present. The ctitve labeled "isotropic*' show* 
the tesuJi of ignoring anisotropic effects. 

Item 5. Tuxi-Ditm'wuiil Load-Limit Ami\ \t\ 

Lojd-hmit analysts is uwti to find the maximum load 
j siruciure wi l l cjrr> without ci'ti.tpsing. As an e\ juiple of 
nib v jp jh r i i i y , Fjeurc 10 shows J '"ijiJU'-tlemeni JJCJ) I /U:NI I I 
i.r J si iul l axi&ynu;icirrv pressure vessel. Fi^'ire 1 I show* 
lite fuute-elttueiU idcaluai iou o f the ar.ca of m i c r o ! in the 

500-

400-

3 30C- .. 
^ 

s 
^ 

0* ^nat"***: 

lOOr , s
 y \ jotr np*c AllF* Winding 

r 

0 1675 

r 

0 1675 0 6T8 

Figure 9. 

R (in r 

Circumferential strefws in ttnJ dielecinc 
material o l a wound capaciiof wi th and 
wiihour or tho top ic effect*, as J funciion 
of capacitor radiu*. 

\esvef Figure JJ! shows the de fom i r j v'upc icxagger J U ' J I 

und M^uic l.i the >Lic*4 contour* resnliinc from internal 
pcewifc 

Und of a rmed M i s h 

- 0 0 1 

- 0 . 0 0 

0 00 
Z-Aur t [JT>J 

Figure 10. A finite-element mesh idealisation Q\ an axisymmetnt, pressure vessel 
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Undff lofmrd W W 

0 0 1 

oooa 

OJOC i 

< 

0.QO4 a 

0 0 0 2 

A m i of 
Symmetry Q ^ j 

0.Q4 0.02 Gtf 
Z-An-slm' 

Fiqur*; 11 . Finite-element mesh idealisation o? the area 
of interest in th*. prtssute vessel o ' Figure 1, 

Deformed VTWri 

0 0 1 0 

occa 

0006 -

c 
0 

-12,5 MP J 0.1TO4 

0,0O2 

Axivot 
Symmetry 

0.004 0.002 0.0 

Z-AJUS (m) 

0.0 

Figure 12. The deformed shape (exaggerated) of the area 
of in ieresi CO used by internal pressure. 

0010 

-UQ03 

COCo 

4 
£ 

OUOJ 

-O0U7 

CG04 

Zonr r : 
- D O 

oco? o o 
Z - A K I * Imp 

Figure 13. Stress contours deyclopvi l in the tfrea of 
interest by internal presiufc? 

Item 6. / uti'Cti.yk Svtcn-lmpj- 2 V 

A i ruvV-Hompoi icu shipping V J > ^ li»f *pcn l rc,*£i4if 
fuc] WJS i n v o l u t e d using stalK and J> UJ I IHL M r u r t u u l 
anulyys m f i h i t dv ii> dctc i rmnc whc lhc i an a t i i dc r i l 
involv ing i i and j m l j u i d I fain wou ld result in ihc II'ICJSC 

ofxpcni rejeux fuel (Figure 14K U was assttmei) ih^t the 
i rain was traveling 80 miles an hnur j i the [mtc *) i ,npj i : ied 
the trailer carrying the fuel cask, The computer i n v c s i i ^ -
l i on used bo th a l a r ^ d e f l e e l i o n . nonlinear [mile-element 
code to ptcd ic l cask responsr, and J lumped-mass m o d d 
o f the focomtff ' frc. Non /me j f cocpJrrr^ between mask's 
were used lo simulate ihc crushing and large-scale deforma
t ion of the locomotive wipei structure and fai lure o f welded 
and bo l ted connex ions . The analysis showed thai the cask 
wou ld be accelerated by ihc i m p e l wi ' * i the superslruciuie 
to a ve fod ty o f 63 mph before i t was s t u c k by the loct + 
nurture's alternator (Figure 15). The impact was judged 
insuff ic ient ly severe l o cause leakage o f spo i l r cauur fuel. 
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Item 1, Lumped-Parameter Mndc/s 

A lumped-parametcr structural dynamic model is 
topically math* before a prototype of I he system crisis. 
Once the system prototype is tested, the lest data become 
in important source of information for improving ihe 
model. A technique Ens been developed to obtain a pliysi-
eal iiiodel ditccily from test dala. The process involve? 
rhrec distinct steps. First, transfer functions frou (lie input 
In rhe response points arc obtained from dala gathered 
during a random vihra!ton qualification test. These func
tions are then used to obtain modal parameters of Hie 
model. Finally, the modal parameters are u.:d lu obtain 
physically meaningful lumped parameters associated with 
die model. 

(CM dj i j . lhe*r frequency mpuitvr iun v Uu\ii JIC then 
u%ed. with *fl in place ol the traditional itruiiural irudel 
hi predict fe^p"ii*e lo ihock jnd kibration t _<tj t jum 

Item 9- \\jf'!-Wht l'ra*t\mi\ittir 

A oNtipaU-r in-e*tiiLilion nt the etictit *>l h< j 
geologic irrCfcTulanues on the iramrntvuuti <i seium^ * J » O 
u j ) nude Die ttnile-elctiLeiii method ^.JS U K J ti> rruidcf 
j ^euIOfUvjlU dneise regiuruKio (irjnJi: ^jMo jt \Jhu 
Ljue^UL' hi: tuo dimensions (H^ute 1*«> K-iponv^ *t ' ' ; 
bOinpjred Viiih Jhoie i*J liun/uiiljlls urut-irfu IIKJIICN h-f 
j vjrier\ ul uipiits |[ ftj^ temoii>iijied dul die Jni*ifti^r* 
\'\ *h»*rf-»i*rrii*J h»«J\ u j^et * J S liifhl> intlueiued 1'* ' ••• JI 
vv.il.ij^. irre^uUiilies. wherejs surl-Ke v. j \o^ jnd i"J ^ 
petiiKi t̂ *>ds Sijv<\ uere reblheH ur^bjn^rJ I.JI^C JFL-JJ 
ol bW^k Uultuic iKpicjt nl rill s j lk \ vi ^^1*" shuvw io 
lu^e J pjijnupuni influence on VCI&ITIK u^ruh 
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Figuri; 16. C^n l r j l meif l area. 

I tem 10. Prtmun Sinn tun' H\\fj*,it\f 

The Candu annular core pulse rejh-ii>r beam tube 
and expenment chamber were anal>/ed to deteniune then 
response to a seiwnic input. The shock spectrum or JU 
earthquake ihji WJI more severe than .im e\penen;^d in 
ihe .\lbuijuerque area was computed jnd used lo predici 
maximiim dc(1e<-|.on ir. 2 critical p^n of ihe hcam iu: i 
Hie analysis sluiced that during an earthquake of suc'i 
w verity. Ihe experiment chamber v-ould rioi con lac: the 
reactor core. 

Hem 8. Ntmparaiwtric \tndchn$ 

The developmeni of the fast FourieMrantfnrm has 
made practical some well-known linear system analysis 
techniques. Frequency response fuiiciions tt ansfer func
tions) are obtained from analytical models u< from actual 

Item 11 . Underwater Strut-turut Stnttid Source 

A low-frequency structuial underwater sound source 
was developed and tested. The associated fluid stiiKiure 
interaction problem was analyzed. Theoretical and 
experimental correlation was achieved j * illusiraied in 
Ficure I 7. 

9 

file:///lbuijuerque


ENGINEERING ANALYSIS 

STRUCTURAL MECHANICS 

Ov>(h - 1C4F(. 

t 2 

4 

1 
a: 

JO CD 90 

Fr i i ;mrncy \\i/\ 

I DO 

F I I J J I , 17. R . x l u l i ' J | iovvi*i v r r v u * f r t ' t j i J i i i c v ' l >- J M I U I U I 

3 i e m 1 2 , l l ' * / i v / > < / < v . v ' f ' j w ' " " uiui Krfjtt ii"/t 

f l i i : c ; i ] u W l i t > n l ' i i i L M M H i i i i : i u - ' l i d i i l o o n t r i - w l u o K * 
i i i " \o l l |> u v o s s i i i t i u s m ^ u l l r j s u i k t *4io.n-wj%c l i a i i M i n ^ i o n 
, i : id i c l l t c l i o t i lu*» I v o n i l o v t ' I i i p t ' J J I I<1 flight l o s i o i j . S u i i o 
. i n I I L i U ' ( i ( t v . ' [ i | i - t c ^ o ^ i n t i p iL ' t lu ii i»i»^ .irv i l i M ^ i i i i . i r . ^ J M i n * 
m o m * . , u c i i o - i l c i l i n , i > \ i ' \ ^ i hc . r ^ . I ' I I I I H I K t p n o I S * . I lu* 

| 0M|M\ i»l .Llll»tlk'l H W l l I I O S I \\l\ Ul' i l p H U l JjIHVJIK'li: 
1 L ' lMtV i i Uu 1 0 . > ? i : i ch *• j l i i i * n l \1: i i ! i i , : i i i t . i i<t i i* i r i i l o c v ^ m . i 
J o t t ' i r n i ' i o i l UiMM Mio n v n W i o * ! i k s v h p J I I * ! l l i o O . ^ S - I I K ' I I 

v. i luo I U I * J M I I O I I in t l i d i ; j f l o r LT'k>io;i h.u) \ l o n p o . L 

Item 13. I* i J J I J " I'•'«//1 *M 

I lit* . j j . M ^ l l ' U o V lM* I n | V I ' i '111 1 , L l i j l \ NC'* J I ' I K " \ i t ; n 1 
t i l -== »£••*- i i i 1111 i** i< .. I i ' i i . l k . i n . ! x <M:lf 1 i i iK 1 i:<N I NO k \ N M * i | -

- i l l - i I t ' l l : i A J I i l J l i i ^ M h * - ' ^ • ' i V v l o l t *• -<."i It i i 'Mf 

• • - • > vs'i^ n-! :,i :\w V. , . / J.uk ttiMK-hi' k . I ' I I ^ T ' **f 
. ^ ' : : 1 i v j i ^ h \t\ '•' i * I ; V I . » »,1, J o u i l p ' i n ' i 1 ' *,"iiiil,iitiN 

i -i -• *.i ; i C I " \ ; - ' H ' J . ' V ' M . I . : ^ \ L i ; n - -I *.: : , , : i i ; i l i '> .uu l 

•i —„il i \ | > i , i i , \ -s | | ,• » ; i , . ' i , \ir*, \\.\-. J I I ir.\ i ["!*:< I k n l i l i ' 

••.-•.I-- r i o \ 4 i ^ > HI ( K ' •: i i i ^ J i<\v»J ' J i l u i O k i o l " I N i l ' tt''jk 

! i * • '* 1 ! v \ j i i» : t j h: :k ;< ' ' - t ' ompo- IKd l l U l k f i i ' i i u n t i l 
•!., ' 'A, ' , ik l i n k ! , i iU , ,i( w , , p iMi i l ! : J T JssOMC'h w i n Hi*-

: i . v i ' ' M 4 W I , o m h h i ; i . ' ( i \ ' : : S l i ' i o r n e * . M i h i o c ' o i l M 

t 0 
PfL i l i c l iun l A S H t M A cuor ) 

08 

O 

I 

o 

4 

DO 

-ort 
7b JO 

F i :n j r i " 18 , U ! l M * u m i \ i ! l v «UMi-.J»ttl J H « J P H » J I L ' I - I 1 

| A S T H M A cm** 1 ) i t j f i r u i ' . m i * ;>a«nt i iV i 'SS ion 

ins tn t iL 's* 

I ! . ^ ' I I I M I L ' l i v i i x t i i i n rn l s UJSK* I P J I ' I I . i n . i l i / u - t ' j-. u ^ H J S s l i u i 
l i i r^- \ SUI IJL ' I ; l t * t i ti» i i u v t u i l l t i i l " V I I I - J I " t*r»i H i ' i i i i K ' l i l v As JM 
L-vj i i ipK* i l l l l m [ i " v l i n i i l o ^ > . J : i | * inc I 1 ' M I U U U I I U I L M I I / I ' J 

L i n u | m i i c i i t c u i t r n i n i u I K M I I U ' I I ^ r m i i ! . m i l w i u k l i n k s . W h i ' i i 
^ i i i | V ^ i L " i i I i " J \ D . I L I I I I ' V U I * I I . I ho I O * * 5 1 I * I I > O M ' I i l k ' u v a k J i n f 
> i ikMi^ l i n k s L ; H I ho J o t o n n i r i o i l O i ^ i i r o 20) 

'• - l y iS l t l 'H IS 111 V,lf Ml l l^ (tXS^i ' i . 

10 

file:///lonpo.L
file:////./-


STRUCTURAL MECHANICS 

ENGINEERING ANALYSIS 

F n - u ' v 20 T"ht* resu l t o i j p p l y i r v i J t i y ^ J ^ ' C c u u h < - In,*-1 
N o i r (l it* Qit'dLur c r u s h o f "ho vviMk / i n k m 
r r l j f i o n [ i . Hit* s n o i u i l i n k . 

? 0 r 1 C M - C D . A i 
Z D M - CD. AT 
3 C M - HJ. A l 
4 DM - NJ, i l 

1 * . 

a 

> • 

Z 

O.&r 

i/L 
a 

o 9 A , C C M , 

3 C - * ' * 0 M ' 

/ • 

tfuiji* M u m l w •, 

Jtem 14 . \;mnritiit Htiw litti'tiruhm 
m Strut tuntl dhh's 

\www\wA tifiiL'-iiiiL'pKiiinii niL illtoils 1:1 SUULI I I I : . ! 

Jnipfjf [tile ilmoriiorir. ,iro intioilLk-vd !•) j | | i f iwuTo ft-fii|tiijdl 
i u fLn : r . i l i i i n I I K * I I H > J > . Hi t - o t co i> o.iu lw i - i i ' i i t i i f / L ' J hs i l i ^ o y 
h i . : i h . t t U ' h / J ! Ii>ii H U ' I I U H K i n l i n i ; ' J i h J sp j i ; i " fthidi i n i r v J - i L e 

^o i i i -w^ i i i n i - uisiort ioi iv f'uiiiti* 11 SJUHV^ :1IL" tW-|*ii:ii*\ 
i l l s ! i 1 ! i i '»i i J « ' n i j t r J W i l l i l o u r c o i l l t i i n j l r o n s •*•! i l w K W J -
I I U I I I \w ^t 'I i-1 v- i *•*•."•-. . i te J I f i ; i | i i . i l i t • i r k * u i \ ^ > . IJu" 
• l . i v i . \ ! h . i n . \ u h i J - is l o r ( ! i c * v i i ! : . i l J i l T i r i - M u - L I I I J M M L ' I I ' 

r-'-.i-iN * - - • i r l v i u i i i ' i i . i% ! u i l J l . ; : i p " v J h \ b o l l i .i L u u - i J I M S L ' J I 

l i i ' i i * ' • l . 'p -t •--' i M .^ i i lM^ ' 'MJ I I I I . ISN H U I M V I U I K ' I I N t \ v * " i l . i : - ' * 
r l - - .•• u l h - ' i -•'. .i »-*f 11 J i j f t i M K CtUiaLioi i '* ,i( \\wh U i i t i ' 

s lop t * M ' u l ( l iTt i - i i l>. V t \ i l U l l M i k K ' l . i . I I • i l h n l l . J in I 
^ i k o n 1 .n fun <IH.MIL! I*. u c l l .1*. I I I I U L I I i*i"i I ' l n i v ^ i l i o n n n l 
i n i o t t u n o t i i i r a^\\ in i . n u n i ^ M u i h ( i i r . i l . o i l r v 

F i i i u i i l ? 1 _ T h i M j t i c of c u r r t p u t w l f u ' t i u o n i , t u t**i i i ; t 

fr t-qiM^ncv versus o o t i d i m i - i K i o t u I rnoitt> M I J I I I L H 1 ' 

tor t v n t u l i | i t l t»f L'HCti f C D I j n i J N i ' U D i j r k r . 
( IV.n, ,* 1 ' 4 , l inn? Ji lU'<l i<i t ioi i* i - i i i n l i i i n - i l vv i rl * 
i i n i > i v l * l " t m, is f ( C M ) <l " i i i l u< i i i i i . i f m j i s ( O M l 

l i O i l 41S-1 • "i i J CUllcC cfi^fl ldCL'irirmi H »S" ' " r ( <f<on\ 

HU 

/ 

i 

4U 

JU 

I t em 15. / i n Sititth i }'ht\t/i rfi f hi r*t\ 

\ \>\ î i u i ' \ l ln 'on I L K ivon J/\L'lop»J !>' JL'^^MIH 1 

1 In- H h " K ' , i i i i n - 10.1,1m,! o l F I IC I . I IS 1 iis | | u ' " i \ ' ^ i ' < \\\.< 

! , !>( . ' l l ' J I I X , ' \ *t\ i^i'l 1,1 t • >l It* Nf f C ^ *>p,Kv" U f l . t ' l I?I-IM .1 ->|l".")t' 
L \ I J I P - t •• r u r I . i i h M I I I . U »' i n o i * ' , I T - J / J I I . I ' - *'-- m.\ | v - i J 
<->ll|\ l]: - ' I ' l L i ^ or : ! L v W t - ' i ^ i ' ; r , i o n •»! Uu 
. i . ! . . ' * - ' • » " '>• , ' / • • " ' K " t i u ' s t - J I • • . i i ^ I i ! i . r • . n i l -.:.t. i-

I i i ! u \ .il *•• ••• - I > J I I I , h | - \ i " ' I i..:*i rh is l l : i . » : \ i / J M ' . k 

i \ * ! i / * i i i 1 ^ i i ' i r i '» l i * if . in M"ii " i > i Oil i i ' ! . i \ "k h i J ' I . I - ^ K ^ 'o l i . r -h ' i 
,,v ^ l l l l u l in I i n n ; " M H ' I I I C I L M E v o i k i n i r . i i i k 'M i -J i 
,Mi.r.\ *-*• '^ - »*"•.*!.!U"iI v. \\h ( . ^ - v i i r - k ' T L i l ' o ^ n i l * ' o in?p iov i " 
t i s l i - . i . . . ; " , : , % in j 'K ' i r ! c : iM i * h u M . i 1 K b n, i%io i .•! t lu* : ! ) n l d 

u: ] 

' * 

i 0 ? i).A 0.6 0.H 

i 

10 

iVOf 

100-

I 0 

11 

file:///www/wA
http://ih.mil
http://iir.il


ENGINEERING ANALYSIS 

Item 16. C\wunited Creep and Plastkity 

A mathematical theory of rime-uVpcndeni pLmkity 
JLJS been developed to describe the inultiaxiaJ bchavio: of 
metals at high temperature and slow lading rates. Damage 
generation and Jam age healing mtchiinisir-: are modeled in 
this theory rather than eieep strains and plasiL' sttams. 
This physical identification allows the theory to li^scribi: 
primary creep, iJausehinger effect tor creep, anil creep 
recovery, h approaches a convemiunal plasticity iheuty 
jii ihe limit, as seen in Figure 23, without the uw of 
tuadm^-urd^ading criteria and inequalities. Second ity 
creep is characterized as a state wnere damage gener-iimn 
and Itoahng processes arc in dynamic equilibrium. Incorptt-
rjiion of th * theory into structural codes and experimental-
theoretical correlation work are parts of this continuing 
effort. 

Item 17. .K't'rY.Vi'. .-1 Strut tut-.ti >U . iunit s 
Computer Program Library 

To implement efficient USE of available ttructuial 
mechanics softwares central refcjence system called 
ACCtSS U Computet Code Bnlry Seaich System) has 
been developed Tlie system primarily provider quick 
identification uf avaiLhie programs furnishes all mfur-
ma;:uii needed for their use, and establishes standards 
for (he documentation and maintenance of programs, 

A ejploji of available progi ms is maintained which 
contains an index of programs by class of structure and 
by lhe phenomenology Iron led in the program. The 
catabg also contains a description of cadi code in text 
form and pen men I facts about the program- Eavli todi? 
is in a category indicating the statu* of the program: for 
example, whether it is being written, being implemented. 
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€0 Strain Rale 

Q.Olscc 

0.003 u t ] 

Fi0u*c 23- Stiess v i fsus-st fan J j t fuv o> ai v j u D m s t ' d m 
u t e t tor a i ime-dcoindent g lost in ty motJut 
wh ich jJso IHCOF|«LFJICS rcco/ur-/ <>' onnejhng. 

or 15 j production program. Pruduciiun pjogrjmt ilwt 
lure (he greatest use are placed in permanent files in lite 
computer in buili card irna^e and compiled IVm, f"t easy 
access. Fov planning purposes, an accounting sysitrm allows 
determination 01 actual use history. 

Of 15 J Niugrarnsin ACCESS, 31 are maintained nn 
ihe permanent file**. 
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STRESS-WAVE ANALYSIS 

Sires*-wave jnulyMsi*, directed lOAnrJ an under>l;tndin£ o f *tress-wave prop jganon 
in [ i ia '^r iah. Tlitr results are applied 10 the dcMgu of components and system* Hut wi l l hv 
MihjeiMal 10 impact, cxplo^ici i f . transient rudiution* and other extreme enviromnenls. 
f:inpluM^> i\ on the development o f methods lor analysing engineering designs. The neces
sary techniques result in computer co<les lor strew-wave piopagJl ion in one. twu. or three 
dimcnbiojis. requiring modeling o f the dynamic response o f i t n j c t u r d m c u b . composite*, 
polymery porous m j t c n j j s . explosives, and geologic material*. Rak-dependent elastic-
plastic* vHvoelastie. porous, and dispersion response, including bri t t le and duct i le dynamic 
failure, shock-induced chemical reactions, and phase changes, are representative areas o f 
effort, Major areas include siresvwuvc '.odes and phenomena, constitutive relations. 
physic* o f explosives, and Tieasurement techniques for material response. 

Material Constitutive Relations Current Anivtiivi 

otm theoretical <md experimental analysis etforr^ 
r.aiv JS ih*_nr goal the character izek)n of the dynamic 
response of broad classes o1 materials antj the determine 
l iut , of consti tLt ivp equations especially 1o» incorporat ion 
in to numerical computer codes. Programs ate aimed at 
chai ac tcn / ing the response of materials to severe environ-
mej i isgeneral ly involving a combinat ion of high stresses, 
hir-h strain, high heating rates, and high temperature. 
Mattel* of material response are used to correlate material 
behavior over diverse stress-leading condi t ions, ranging t ram 
Qt iJ iMt t f f c to itu> uf/per limit o f strain-re' ; associated wnh 
• ihDcki ' j jve loading. Closely associated wi» i the const i tul ive 
mode's is t 'evdopment o l ihe necessary dynamic fracture 
models. These models, together w i th specific material-
piopvrly ttete and numerical cooes, f ind use m The so lu t ion 
o( design, engineering and safeiy p rob lems (Items 1-4)* 

'3eu Highlights below. 

Const i tut ive models 
Soils/rocks 

Variably yield 
Ompos j tes 

D^persive linear and nonlinear 

Polymer* 
Nonlinear yiscoelastic 

Explosives 
Kinet ic 

Porous m t i i a 
Rate depended' pore collapse 

M i * TU res 
Mechanical k i n e u n 
Transformation kmeticv 

Verbis 
El-*t!*c/plastic 
Work hardening 
Rate-dependent 

Ceramics 
Fracture mooeU 

Fracture in i t ia t ion and g rowth 
Cum utahve damage 
Spallat ion 
Geologic material fai lure 

Test C o n d i t i o n ! 
Stresses 

0 10 500 CiPa 
Strain rates 

10 J to 10*7* 
Impact velocities 

0 01 to 10 KM/s 
Hexung rates 

0 co 1 0 " K/s 
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Computer Program Dr r f l l opmcn i 

STRESS-WAVE ANALYSIS 

Wave propagation computer programs are 
developed and applied I D yield a more d e i f i e d under
standing of stress-wave mechanics. Versatile codes are 
applied l o ootam solutions 10 problems required in th»* 
analyse and design of systems and components, and t o 
reduce the numOer of expensive expeciments and design 
l ime. M u m * 5-71 

Current . t iTrrf/Jt' i 

Specific codes 
Lagrangran one-d«mensianal 

CHART-D 
W O N D Y 
CONUHAS 
SWAP 

Lagrangian two-dimensional 
TOODY 
TOOREZ 

Eulet tan iv*odimem»onal 
csa 
DORF 

Two-dimensional generalized coordinates 
A D A M 

Three dimensional 
TAOSS 
THREEDY 
T R I O I L 

Numerical methods 
Al ternat ing d i rect ion 

Time siep spl i t t ing 
Characteristics 
Finite di l ference 

Ar t i f i c ia l viscosity 
Shock f i t t inrt 

Const i tut ive relations 
ThermodynamicaMy complete multrphase 

hyd iodynamic descript ion 

Elasttc-plastic-strain hardening 
Rate-depsr.d^nt y ie ld ing 
Cumulative damage failure c n i c u j 
Porous materials 
Composites 
High explosives 
Phase-change kinetics 
Nonlinear viscoclasiic 

Feature; 
Energy transport 

RadiaSion di f fusion 
Automat ic one-dimensional re^oning 
Two-dimensional Lagrangian ruJomno. 
Sliding interlaces 

Contact boundaries 
lnierac:iue graphics 
Plott ing packages 
Coupled wave propagation 

Structural reiponse 
In i l ia l and Boundary condit ions 

Time-dependent energy sources 
Trme-dependenl boundary condi t ions 
Appl ied boundary stresses or posi t ion 
Init ial veloci ty condi t ions 
General ini t ial zoning 

Appl icat ions 
Ballistic penetrat ion 
Ground-shock propagation 
Hyper velocity impact 
Cratermg by explosives 
Shaped charges 
High explosive conta inment 
Ram ant.' r*u%i erosion 
Laser an, electrunbeam-generated stresses 
Moral fnrmrng and cu t t ing by e^ploiives 
flock-material disintegration 
Failure thresholds for safety requirements 
Radiaiion-inriuceo impulse 

wow jours 

'tern 1. Armor-Phitc Spall Strength 

Projectile penetration characteristics of armor plate 
has been analyzed. An accomplishment of the program 
was the dose correlation of an experimental hypervclncity 
jw.ijiraiion icit v*itk numerical wave-propagahon code pre-
d:cnons. Success *if the calculations was due t o matcrial-
p i o p e m input hawd on experimental determinat ion of the 

spall strength o f armor plate ( in format ion not previously 
available). Figure 1 shows spall separation ini t iated in 
armor plate hy conventional gas-gun impact expe r imen t . 
The l l i i n plate b a f lyer p l a i t , wh ich was h ipacted at a 
velocity o f G\3J5 mm/us against l l r c l a rgc l , A spall 
strength n f 3.8 GPa was determined. 

Id 
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Figure L Spall of armor-plate steel produced in 
experiment to determine dynamic tensile 
strength. 

Item 2. Om\titutiw iu/uurift/i Nmh-litiz 
in Omiptmtvs 

Studies of wave propagation in composites has 
lesulted in several constitutive model*. Extension of a 
ngofou** maihematkal description of a linear elastic model 
Willi microslructurr li> higher orders, specilyinjz inter 
lamellar stress j ni l strain constraints, has led to a gtejier 
understanding of internal slress and strain fields. Still 
further understanding has resulted from a realistic state-
mem of external boundary conditions and a knowledge 
i»f the role of interlaminar load failure in governing w j ; e 
propagation. 

ftlule elastic theories aid in understanding wave 
propagation, a series o f "homogeneous"" material models 
have proven die most useful. These models allow nonlinear 
strcss-strjm description. One, for example, treats compos-
lies as rak'-dependeni solids o f the Maxwell type. F.xcellcn' 
jgieemeut ha* heon obtained between calculated stress-wjve 
profdes and laboratory experiments on a clolhdaminale 
.liiartz-plieriolic composite. Stresses were calculated to 
within 5 percent, as were wave speeds. Further extensions 
.if the model incorporate thermodynamics and porosity. 
In tiiis forvt. the model is useful in engineering design 
:akulai ions which replace expensive and prolonged field 
testing. 

Item 3. Stunk Initiation of Detonation 
in PBX-V404 

High-resolution measurements o f ihc structure o f 
?lane waves propagated through PBX-9404 explosive have 
yielded information about the growth rate o f weak shocks 
toward deionaiinn. Comparison ol the detailed structure 

o f ubscrYcd watefrunl* wi ld theoretical result* penum the 
determinalrun oj utes of release of chemical energy behind 
(he *irKh.k and *tudy ot ihe interplay between t in* energy 
release and UM.ut] JMIC dissipjhon of energy in controlling 
wave growth Inhumation on the piupeMie* ol e\pl*>*ites 
is used in developing oidijance and in safety j^^voner i ls ul 
potential accident situations involving exploaitct. 

Item 4. Statu inaxial Strvw Stujia 
m fjtf ShiiSv 

A computer-con trolled inaxial tesi machine is used 
to stud) (he yield and fracture behavior of anisotropic oil 
slides as a function of kerogen content under various 
loadings. A typical result (Figure 2) illustrates ihe I I K K - J W 
of volumetric sirain wi th compressive stress unique (o iwXa 
and soils tdilalancy ). This effect is dominant in gcolop*. 
i iuierials. and tuaxial studies arc providing data needed in 
eonslruct constitutive models. Such models, incorporated 
into numerical Ixodes, are used for engineering emula t ion* 
in developing earth-penetrating projectiles. c iaKt ing. rmk 
dnllmg and blasting, and oil-shale retort rubblization 

a 00-

\-\ 34. 74 3) 

(-2.19.71.4* 

15% 
JL 

35% 

A ± 

3* 

& 

2 
fa 

V7 

Ob 0.6 0 4 0 2 
Vofym* Strain I%J 

0 0 -0.2 - 0 4 

Figure 2. Axial stress volume strain behavior of oi l shale 
as a (unction o* kerogen content (volume per
cent). Failure or fracture is denoted by X *ot 
i h j 3-percent shale and by the swam and stress 
values noted for the 15 and 3& percent shales. 
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Item 5. Safety Attahsi* for Ratiiitaetive 
Material Containers 

The response during impact l u jd in^ of a heat-source 
capsule (Figure 3) for a radiouotopivally powered (Iwniio-
ohrelric generator was anj l>/ed to determine itrueturM 
iiitettriL). 1110 capsule cuiisriis of a fuel pellet nude of J 
I admacme ftolopc, ttin^unied by a h u m nt a t r i a l , wlii^'h 
i» m turn surrounded by layer* o f special alloy v 

2 !8J-:m 

Pioure 3r Wtrat SOUFGC fc» r^ ' iO^o logically Covered 
ThermoclecT'-r generator 

r*i predict whether the outer t j w ;>1 <he c j f *t»*e 
vu»'.ikl rupture under impact. CJhujj||.>m w i ' K performed 
with J tTfr»-dimflntti«i3l waMt-piopa^ium cWv {TOOUV * 
eapjMe or" providing the deformation history Cm each pan 
tn" tl;e tapsulc. In one calculation the niipj*:t surface WJS 
j [ the i j ihericj l end; in another, at an jnjde w i th the turner 
of ihe capsule's flat end. Redaction in strength o f the 
outer la>er o f material because of welding was ;nooVled-
R^sults Stowed that the outer structure of the capsule 
should remain intact, and that ll*c tnxie radioisotope 
would n^t he released. 

Item 6. t)\ namic Loads on f-UirTSi-Penctr-ninx 
Pr*m'r:i!vs 

In conjunction wi th (crradyrianiic* experiments. 
two-dimensional stress-wave propagation cudes are 
employed to predict penetration depths. deceleration 
hit iones. and dynamic loads imposed ,<n projectile* duiint: 

STRESS WAVE ANALYSIS 

if i ipjct j n d pencil J l ion. Constitutive equation* tor earth 
materials. Jeter mined by shock wave and static uiaxiaJ 
street experiment*, have been incmpo i j i cd in to the VOt>OV 
i w o j i m e m i o r u l code, Gitefi approprute ^ejmaleual 
putfi\'iLy data. ^.aUuUlictift o f piujecuk* fte;ieu j l i u t i J K 
accurate for uu^le or layered med iJ lTu^re 4} r Material 
r t ' ipoiue. including eompaction hehavi-.r j n d failure, LS 
t i h v n e d and its itff-Jiioti l o pfojettib* velocity, now con-
lifcOiution. and projectile loauS, n juc iscd IO optimize 
piojeclile J c i l ^ i i . 

Figure J . Regions ot i j i fure (B msec jftt!r impact) 
produced m J soil m i l i u m by j 0.165 m 
diameter projectile impacting j t I52m/s . 

hem 7. t:*phnlms>-k:*nl~Driven /her Plate\ 

In certain problems regarding mip-K r teeing <-l 
u tJ i f i u l ^ arid CKpJosive initiation it h nei.e**jr> to accel* 
tt'4W Nun nfares to veloeiiio? o f the order of 5 kni'Y A 
iccliimiije l u i been d^vdufwd in which the Jcceleiaiiup 
l i i t tv is pi(ivjdi.*d hy [herrnod>namic prev.uie ^enerjied 
Alien aluimnuni foi l* arc vapitri^cd by the pa^uue of bige 
e la i r rc currenls. The performance of >uth s>ileiniha% 
be^u aiuly/eiJ llr-MJ^Ji jppf icat imi o f the imc-dimf n^iona! 
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hyduidyttiarntt: ctnlv CtlARJ-O and iht fwo-dimensiunaf 
cudc iSQ. These codes conu in cquatj j m o f sisitc for 
aluminum and air that J re valid over the range of pressing 
temperature, and density encountered, Wilh these equu-
lions of * [ j i e , and simpler ones for less critical components, 
system perfiTtiumcc ha5 been analysed over a wide un^e of 
mechanical dimensions, materials (including air-filled gap*). 
2nd fni vjruAJS rimes of ene/^y deposiuun. The L'rilkaJ 

Jinfc bcto-ren the efecfne current and energy-de por t ion ui 
(he foi l is a subroutine o f the computer p fog i jm , which 
includes a tabulation of experimental dj ta on elec'ricai 
heating of me tal i . 

These cukulaUuns hiive proven accurate for the r ange 
of parameter t a . u t i o m checked, as incucaied by die cuni-
pj j ison in Table). 

TABLE I 

Companion of txpef imeniai and Compuied 
Resul t for Kxplodin^ Koil-Shois 

JWSize" 
(in.) 

Flyer Veloc i ty" 
Aitei 5 mm Displacement 

(km fact 

• — . 1 

Time of Flight 
JWSize" 

(in.) Experimental Compuied l: \peMmcntj l Computed 

0.175x0.375x0.001 6.25 6.4 5 i.O 0.75 

0.5x0.5 \0.CW 5,25 xJ5 L.l 101 

i.0x i .oxo .00 : 

1 
5,40 5.45 Llh 

•Aluminum foil. 
••Mylar dyer, thickness 0 i.Ol inch. 
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EXPLOSIVES A N A L Y S I S 

I 
ami iti 

["hi> activity is direcl?d toward ilefcclopmi: w j y - n j l pjetlicLji i j: W i l l e x p l o r e K ' I U M O I 
-..» .wedfeet of dcloi iat iun on material in C U I I I . K I w i th ihe explosive, T l u \ p icd ic t i tc 
capability U supported by theoretical and e.sperimental rcscjrch anil verif ication leMuiy, 
Applications have ranged from design ul 'cxploMon c o n t a i n s and t i lai i -r tsiMaii l structure-* 
to the design ol'expltSMvc i n i t i a t o r and a iu ly \ iM i t f i x k - W j - a i ^ problem*, Capalnl i i ict in 
^ icf i related areas as ib rn iu i j t i un and manufacture o f e \ p i o i i s e maierjiiN artit desieev 
ipiainy assurance, j n d re l i jhd i iy analvMs j re import ml J U J U I K K . 

In i t ia t ion Phenomena 

St imul i usually ini t iate detonat ion m explus.ves 
uy WilsjCtrtq a tw«) . fe<K(:w tftzt grow* to detonatta^* 
Analysis o l e*Dlosiye hehavior in tilts subdciDnatioo ' f g m e 
<5 neceswrv lor the design of sophisticated explosive t i t vice*, 
for safety assessment, and for the design of i . in iat ion w s 
terns themselves. 

To support design studies, methods have been 
developed for predict ing in i t ia t ion Q\ explosives by high-
velocity impacts, sparks, exploding wires, and contaci wi'.h 
detoru t ing explosives of other lypfcs- Safety t tudics usually 
involve in i t ia t ion by low-veloci ty impact, c rushing or 
heating. 

Analysis of explosive response to l ^w feve ' mectranrcaf 
Stimuli i l possible, but is current ly bated on rather special 
criteria derived f r o m experiment, Tnerma l ign i t i on phenom
ena can be treated analyt ical ly by solving a heat*conduction 
problem in wh ich the chemical react ion vs included as an 
energy source, {teems 1-5}' 

Current Activates 

Thermal ign i t ion 
Hear conduction and Ibefmorbemical 

instabi l i ty in reactive mater ia l ! 
Shock heating and thermal igni t ion of 

homogeneous explosives 
Wave growth and decay studies in heterogeneous 

explosives 
Acceleration waves 
Shot;* waves 

'See Highlights below. 

Exp lo i ta t ion o l expel imenial ly dein"*' l 
Iw'iJttG" Cflt&IJ 

Prenur i ; h i i ' o r y c r i l u r u 
De ton j l o i oursi-current c r i t ^ r u 
Detonat ion bu i ldup tests 
Detonabihty l imi ts for fue l / jn exu 'umKt 
S^i i- iy tests 

Ini t iator design 
Electr-iCdl 'JctoiutoTs 
Flyer plate i n i t u to rs 

Related teM activity 
Tb to fe i i ca l j n d tf*perjmpnto1 res^jrch 

Explosive Performance 

Studies dtr defected l o v o r d a*\ unde*standing a l 
loads imposed on nonreactive materials in contoc i w i t h 
detonating explosive. Analyses range in d - | j i l j n d 
accuracy f rom the appl icat ion of Gurney formulae 10 use 
of compute ! c o d « Vtat sc i re the part-dJ dJ fe i em id l 
equations representing the physical an i chemical (heoites 
of detonat ion. These latter codes, in heir mosi nighty 
developed fo rm, are also capable of determining charge 
c n i i c a h w and solving prob lem* 01 in i t ia t ion and i rani lcr 
of deTo.-xaTiDn, iJTems6-9) 

Cumvtf Actmtiei 

One- and two-dimensional Chopman jouge l 
calculat ions 

W O N D Y 
TOOOY 
C H A R T O 
CSQ 

One-dimensional reactive calculations 
W O N D Y 

Chemical equi l ib r ium Code calculat ion* 
TIGER 
CEC-74 

Gurney theory 
Respond of nonreaciwe materials \o 

dfrtonotions 
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EXPLOSIVES ANALYSIS 

MtiflUUiriS 

Item 1- Hwrmui Hxplusum lltvun 

Analytical studies are used lodelh ie and ealcubte 
critic J parameters governing the thermal igjiitron <»f julhl 
explosives. With tilt 1 reaction kinetics of explosives modeled 
as a lunL i ionuf temperature only, analysis of both the 
steady and U jnsieut forms of ihe governing h-at equation 
lias shown Die existence of 'J critical temperature that 
depend) on I he geometry of llie materia!. I f the tempera-
lure in [lie e^ploutc exceeds the a l l i e d value, the 
i-ji ' iperjlure increase! rapidly and thermal lyrutro esuhs. 
These ^ j k u b t i w i s -we tn ujueeniistvi i*mft expemucnul 
ohvcrvjii irti). In Table I. calculated c r i t i c temperatures 
of Miutl cylinder* ol len exph»sive materials are comp j i t d 
Willi experimental results obtained j t the L m Abmos 
Scientific Laboratory. ( u i ieni investigations aim J I 
further calculations for engineering applications and 
dc 1 ̂ rimndtiEin of the influence urreact j r i l consumptjtii] 
on pred'C-ed bthavtor. 

TABLE 1 

t 'ompjnsun Uelwcen Hxperimcnial 
air J Calculated Critical Temperatures 

available is given in Figure I . which shows the tcnipciatures 
achieved for t r y i n g degrees of shock compression ot 
nirronteihant at three values of innial temperature 

Critical Temperature <"Q _ 
Calculated Fxpciimenlal 

254 253-25« 
2IH 215-217 
i<n 287-2*W 
197 200-20.1 
J35 331-332 
276 248-251 
206 20G-2O4 
2«*0 280-282 
318 320-J21 
324 320-32.' 

I- xploiive 
Material^ 

MMX 
KDX 
TNT 
Pl-TN 
TATB 
BTF 
SO 
PATO 
MNS 
DATB 

I tem 2. Equation a/Sidtt> oj Xitmme thane 

To facihtarc shock-initiation calculations fo i 
miinmcthane, an imcrnany consistent thermodynamic 
equation o f stale for ihe liquid hat been determined 
experimentally. Tl i i i iy - t \$M thsimwiyivamic parameter 
have been tabulated over a range that includes pressures lo 
20 f JPa, temperatures to 2000 K, and compressions to 
one-half the normal volume, A computet file o f these data 
has been constructed and is avaibhle as a subroutine for 
wave-propagation codes. An example o f the information 

Ob 0.6 0.7 0.9 
Specific Volume, v km !Q) 

P9 l 0 

Figure 1. Temperature-specific volume siatei achievable 
behind shock waves of various strength* for 
thiee values o l the initial temperature. 

Item 3 . .Stunk Initiation of Detonation 
in Xitroniethane 

Shuck Lniiioiion o f detonation in niiromcthane. J 
representative homogeneous explosive, has been studied 
both experiment ally j n d theoretically. In the experiments, 
room-temperature samples o f the material were compressed 
by plane shocks ro pressures from 7.5 to 9.5 G P J . Diagnos-
lic information in the form o f ihe ignition lime interval, r, 
and ihe particle velocity history of the shock-iumnressed 
l iquid were obtained from simultaneous streak camera and 
velocity interferometer records. These data have ^een 
favorably compared with predictions obtained from ilic 
application i>f therms! ignition theory usine an rqu j i i on -if 
Mate fot nUiumothane* along w i th chemical kinetf: data .n\ 
exothermic decomposition o f the shock-heated l iquid. A 
linear variation o f l o g T w i th Ihecalrubied temperature 
behind the inert smicfc wave i* predicted theoretically and 
observed experimental^' ior ignition limes of the order of 
I microsecond. These results are of specific impoitatK'e i " 
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the belut ior ot mtromethanc and j i e of general inieftst 
hcci asv ihe> c i t t inbu lc to our undci standing of the phyuc* 
i l l "muf j i ion and detonation o f homogeneous exp lo res . 

Item 4. Wave Propagation in ffeterogeiteoit* 
EKplosives 

problems involving ex pi olives require J realistic theory ol ' 
\\wii dynamic mechanical, the i i i t f i . and chemical behavioi. 
To this ^nd. experiment! and analytical techniques are 
used to study ihe propagation of shock wanes, acceleration 
waves, and acoustic waves in heterogeneous e x p l o r e 
nu tenuis- The study, aimed at determining the d>njmiv 
iv»pi>n>e of*uch mJiciiaJs over J wtdc ram;c ol'shesies 
and temperatures, wi l l determine the thermomechant^ri 
and thi.»rnn>ehemical properties necessary to predict *u:h 
behavior J* shuck initiation and transition to detonation. 
Hie experimental information is used to formulate models 
tor uv: in code* that permit the numeric i f solution of 
onpnftfnng problems- A theoretical mL>deJ of the behavior 
or" shocks i>f various strengths is compared wi th experi
mental ohseTYatiuns in Figure 2. 

Item &. hVm* Propagation Calvttfatitms 
tor Owmivatty Reacting Media 

A suhroutine has been developed for use with Hie 
fim ̂ d i f ference Lagrungian code WOS'DV-IV to cakuJjIo 
oiK'-dirtwnitoixd wave propagation in tale-depemjenl 
materials whose respond can be characterized by a f ini te 
number of internal-state variables. This code is applied lo 
the study o f chemically reading solidt with intern aJ-state 
v i iub lc^ f^ptestnunft the extern v f ttw individual reactions 
involved. The study is aimed a! determining the influence 
of the reactions on the evolution o f shock-wave profiles 
and j i i fc termmhg the rolt of boundary conditions on the 
shock init iation and transitions tvdetvjnalhm tahavuic of 
explosive materials, Frcm these studies, it wi l l be possible 
t<» refine the experimental procedures used to evaluate 
dynamic materia! properties. 

Item 6- (*tirney Tiieory of Explosive 
Performance 

Gui icy formulae provide a way of estimating the 
velocity of explosively accelerated material to wi th in aboul 
1 0 percent in typical configurations. These formulae 
represent global momentum and energy balances calculated 
>"-. rhc assumption that velocity distribution in dcionaiuni 
products it linear. For a given geometrical configuration 
the Gurney formula expresses the velocity o f driven 
r ^ i ena l to that of the explosive. In each case the velocity 

0- -
d i v i i p j l i u n j 1 

- D ± 

t i 

' - j 
H' 

- -17 

-4,-

I 

1 

— 

0 5 0 0.75 V0O \?b 
P&itth Vetoed* Ampiiiude v" tmm/i»iJ 

f igure 2. Acceleration behind shocks of ^J'Vinq *tfenf)ths 
that separates the teqiott H I which the shock 
giQtvs in strcngin from Ihoi ir which it decays 
A l io shown ŝ the eneigv 'elejse rate j i thi-
Ciitical condit ion coiretponding to itvddy wJvt 
propagation. 

rs proportional to lite equate unit o f a "(Juniev enei^-v" 
characicrislic i>l ihe particubr expkisiv'T uved and its 
density. 

Hydr^dynamic ^vriuitim* lot a n i 3 i i i \ ot »esi piobJcmi 
have been obtained to detenmne the range of apphcabjliiy 
of (he formulae. These calculations also kad '<» an 
improved understanding <>f the relaiioiiship between ihe 
Gutney energy that scales the formula toctpenmenraf 4 ih-
serv^iions and the thcrmo^hemical energy liberated in 
calorimetric CPtpenment>. E:i^ure 3 shows a comparison of 
an analytical solution for the velocity of an evpli>sive!y 
diiven plate wi th the velocity predicttrd by the Gurncy 
model. Cal^ulsiiuns using the chemical cquil ihnuni co«]e 
TIGbR have been used to derive correlations between 
Gurney energy and the more readily determined quantities 
i>f i:\pUw* . J . \%\\y anu 'Ictotxauun velocity. 

Item 7. Design t*f Flyer Plate Initiators 

Detonation is ' j ften l/ansmitted belween elenienis 
in an explosive irain by d ^ i n g ^ wilid plale or fragments 
across a gap to impact an explosive chjrizc- To faciliraie 
the design of these transfer devices, an analytical model 
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h.i* '>LV;I tJo^L klii|vd l l u i M#nibrnsi I hi* ( jurnc> N'PIJJUIJ r*« 
rlv^i i'tjic jiLi'kuinjJi wiiti ilic prc*Mur£'>uii"i> immrjoii 
v r i l i - r i i -n^ P*"r U' ik ' iu i lc* JuK.~k p i l u l e jpphv'J l»> ll ic 
t-\fHi>sjvc Jl l i l 7 lilt- d i i u l i u f l of 11) j p p f t i j l l o r i l iSJJi^' tJut 
:*u*k- l . i l UJV lie en |Hi\MhL» Ui t-ifilitiH/i* i l io ^. tml i^uciUi ' i 1 

.-I 11 J11 sri r tk-iKt's v.IIInn %jil i>m KTIV ul v t r m l u i n l i - l u i 
cs j i upk ' (inc o jn i i u M i i n / c tin* m i i i j i i Lm P H J J L K I 'ur J 

J o i. L- «-r t i w d k-n^rh. or itru* t j n min imi so i l ic h-imili «>r 

1 \ *'•• 3 G is itj'i.ii'i.i ,m<f Gui 'i**y i i r i - d i r i i pm of til*-
.i-Un il v *»f .'Kiilosivi'ly *inv>'n jjiLitt's f*>r v-M <om 
i,*1ir^ r»f j)l,j>1i» m h i i ' . p M, Ut chjrrj i* T*n- i ' i j « , C, 
nt ron j ipmi l io r i B t*Kpl*j*iYr 

h e m S. f V ' A ' W u i i r itiU.mtnii'ij: 

\ . . U K - H w PH.IK t i ^d j r u l " t i M ^ i u j I > t u J: =. ^ l u ^ 
"'•-* '" . "H i j i i t f t ' i l h» I j t iJ i l jJk ' f lu ' d t ^ l p i '"1 *'\j'lN'sU«H' 

-" :ii.'ht wvscK l'i lilt'**" *cv»oK VitiL'iH I ' I K - I ^ 

H J » I H I " \\\i\k «.»tllipjt tl«>M i»I I I K ' I J I l i ' J l l ls . J l lJ HU'IhHI 
. :p. : i »LJ r-> Mtc imu'f p j i O n ! I he ^ ' « c l is J I U ^ I V J I n j 

,l-.u Ii.'i vii-i^ t ine l i r iw i l IJI m l n l is |HJS! IL rJMjV • '! 
J . i . ' nn . i i i o i i Ihovo s> stems l u w I H V I I J i u h / i ' d m dei.nl 
uo i i ^ i } K ' u j u - . . H U ' s i ' n \ R V - D . \ V P \ l A . j n J U H ) m 
[ I le^'e I). f l u " I J M I I I J ^ nuTc iu ls j f o U* | I ICM: I IU ' I ' . 
r, -]^r*. i i t i -K . h\ ih i ' JWI i- i | iMii^k ••! *l*ilc lur J ^ ' ^ i u i i . - i i 
i'< ^ITII.1 v iK- J'-*i uindci i>r l o i i n i f cmip jc i i i ^ i . an J i W 
:h *i»\ i»l ehisik -pLi*Ht - l luw \ u l l i \ 1 : J I I * « i j i i t f i im i ! S I K \ I J I 
•T I , t<i:i- T;<i-ik'!s -Hi" JViJ In j ^ ' i ^ l l ti'J ! l Ja i lV l l l J l l t ' l *•! 
. i r . v I ^ . ' J I I . PI •% -<' i l l i " \ i , \ \ i , | 

Item 9. ( >>ntj".thr Simid.i-i^r, <*i J U 
thf-Sli.ift- I f i i i->ifi ' 'HiHPi»ti / r s f 

I i»hipi]Ji»r siinii| ri(hir» • >1 t-vcnK i m c h i i i i : l^i" 
.Ui.it(jiu»ii i*t o\pli^i\ i 's permits rtitliMtiiiTi *>l llic scnsimi' 
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F njijre 4. Ttie posit ion o l Ihe ^-snoui L*J'X^ o l J 

v ^ n J i u u j ^ j [ | i (hi.- j i d it] rhc l O O U ^ S I K ' ^ W J U - p -n j i j 
i:aii**(i p i«^ [ jn i> . «IMJ WL'U' UH-J !*• L* \ j iu j ic inc t r J p i H n u -
Nun ^f <i|| sfi.ik- h\ iJiMiij i j Ihiri i«t J li.j.JiJ i' spiVsfw 
c ru j i l j ^ - t l h\ \\<, J u ' i l u I r jk lu iLt i^ K^ f inum, -• Tn M^-^ 
f^<> Jiriu'iisiMN.if MiiiLi!j[ri^js. J l l n r 1^ (i^-'^i I J M J ^ r t 
c^">U«nc *rt*is >aiuh\Ki icJ t ic lvtci :^ i v i ^ ^ im^ l i ^U iA* ' 
sJli'tTls i.\ . r 11 iiJuk* DiTHtflJlUTW i»' llK" i ^ p h ^ ^ k ' "*' -*fU"J 
i r J u ^ I. j u J i i -J i - j^-u JVC ir i lL'r j. ln'N> ncjr ' h - ' (ippt-f .ir'it 
U'Ui'f ?n\- ^uii.'i-cs iit i h i ' >hjk IJ>%: ' i , ^ j i r . , fon*il i 
> I U ' « H ^ i l u i vxvt-ciJvJ llts" ^ 11Vri|i 11k «•! th i i u l i * Jti*l 
fr j ^ i i i v n t j d i ' i i - - v^unv j <l i^utc ^» M » p i m ^ i p j i pJ 'Jni 
I 'U' I sd iJ icJ K. IS IJK' Jcpcv o l fu^MK- . iJ l J * 4 tnn^ 11--cr 

• *1 l iu 1 n l . ' : i i i ' '.In*, ikia'SM;* i'l TIU' L'spl ^ i * c j i»J fl>»' ' ' i l^ l>"•• ' 
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HcjMr. i i i*»kT J I U I > M ; I arc ^.oiKcfi 'L'J \ t i i l i ihc jK - f l o r i i u i u <• .11 i h o n i u l J O U O M T ' Ik-
i » p i n i t c i l l i )b j i ,v l* In t l i v n i i j l ciuiroi imt-'Mt* I 'ml ik- i t i t i m o h inv* i i V r u i j l ^ I H U I I K ii«n; IT, 

l r^ ' | i ic i i t l> I M I T U V J h> (k ' t i - lofunt! J l i i in |K\ l - [» , i f jnK'kr t v p f v ^ i K i t i o u o i i l ic pliv o, ,1 
p r^h lc i i i v I l ie l u m p a i l u r J i i K k f i k h v o r k i-. C K I I M I I I C * ! U M I I . J mi men ta l l i m i c J i i M . - z u / 
hc j I - I r j i iMc r * i i m p u k v r p n i ^ u i i i M K I I AS t I M ) \ . l it sunk' V 4 H ^ JIU.1% i k al H I jppr i<v; jn i k 
. n u l l I IL 'J I m c l l i o i l i . Mii.ll j > l lu" inU'tir,il *.I>MIEIK turn n u - l l i i * i . jr*- i w ^ i In <mlw ^onJ tu ti>>;; 
pr t iH i rn iv I*rtiMt"fii% l u t n l im* * t lu i i l tK\ii-u,iJt->kT i i K \ h * tu l i J% L i i f i u M i m t . lv»JnL-r- ,uul 
n u i t l l l i ! Jk" j i u l v / v d UMMJ! m i l t k ' t k j l or J I U I > u^ .il nu - i l i i nk M : J I ..* koui iJ. i t> L n v i i»; 
p c r l u r l u l u m t c v t m u | i i o . Snul l -wjk.* !.tl>ur,tiur« - n u u k l a i v n t i u n h .ire I r o i t K i l k - ^ \ i 
Ui .IlL'Ck J>MIJl1ptK1Il\ 111 UK' JTUl>lKaI OJ l i i l l l k ' T^ j l Ul iuk'U J l k i Tit ^CJlCUk if J i [n , .H.lp.il.-
w i t h J I U K Ik" J I or iH i l i kTkJ l C J L U I J I I L H W 

Conduction Heat Tnn t f i r Convecuon and tttlung 

Tn:s work is concerned w i th predict ing f h t 
Vmper j l u re response of various ObjrCTi where the pr i r rury 
•^odt 1 c l ne j t transfer is tnermal conduct ion Both j na l yn -
CJI r^eth jds and numerical conduct ion codes are u t f d in 
th? analysis. lUem 1] * 

Curre.Ti jcturniy i* dcvolcd lt> j i \ » l y / i ' » ; pru l r te im 
iiivuiynHJ i *d lu ' j i concret ion in CJ*P I IC^ t r r " lu i ' in ly v*-ilfi 
The inclusion gf phase Change Jiul moK-mp |n^ur^)Jr^^•v 
NumniCJ! , j u j l y t t c j l . j n d e*pci imenTj l iW i rm ju ' - t JI*-
uvtd in loJvincj thew p rob lem; j i t em ?> 

Three dimennonaJ transient f im ie-d i l te tenct 
Conduction calculations 

Variable thermal properties 
Phase change 
Mo"tng boundaries 
Nonlinear boundary condi t ions 
Internal heat generation 

Finite-element conduct ion ca lcu la t ion! 
Integral conduct ion method 
Approximate Temperature prof i le method 
Analyt ical solutions 

Classical methods 

Linear problems 
Asymptot ic expans ion and singular 

pe rk «nations 
Nonlinear problems 

El leci ive thermal properties for 
composite solids 

"See Highlights below. 

Cufttttt U / f i i r rn 

Fini te d i f l r rence convect ion CJ!CUIJI*U<>* 

Tv v d imenno" j J lp» ' n i or cylinifHCdM 
Tr jnm:n f 
C c o * u n i prcueri ies 
Laminar 
Tgitivjlent (eddy model) 
I n i f r n j I heating 

Finite^kment convect ion calculations 
Two-dimensional (plane or ansymmetc ic 

w i i h arbitrary boundaries! 
Steady-stale 
Comldn t pre pel ties 
LJmiriar 
Internal heating 

Boundary l a y c lo^utrons 
L j m m j f 
Turbulenl 
Internal heal generation 

EKpenmpntal rnodelrng 
Oyc l iaccr 1e-3hnio.ues 
Laser h o l o ^ p h i c interferometry 
Classical (Mach'Zchnderp u-ierleio-nietry 
Iniernal heal generation 
Electr ical ly heated ctccirolytes 
ft**sistance heaters 
Tronnent heat-sink simulat ion 
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flame {camt>ui\ic*\ Jc / i r ) i j s J u t u e pioptif tivs 
Abioipt ive 

Emissive p r o p e r t y of q i w , luju'ds. 
and sohdt 

Energy Systtrm 

Hea.Hansler j r u l y w * are made of device, such as 
IOIJJ lOiPci ,-ws, heal exchangers, .md stejm generators 
Studies are J?*U made of the thermal performance of 
uverjl l e'wrrjv syHe*"* such as solar collect™ plants, oil 
shjle ex luc i i on schema, j n d m j i j m j u p systems. These 
vtudit'i involve iheimodynamtc analyses, energy tail-meet, 
j n j U* I "1"^MI performance predictions. Htem 3) 

(tirrttrt U (tiitni 

Tr jn iW i l heal trjnsfef analyses 
Energy balance cakulairons 
Classical thermodynamics 
Analytical bailing calculation* 
Experimental boiling itudies 
Heateiichangei dcsi^" 
Connective heat extraction 
f ortcd convection 
Natural Correction in enclosure* 
Turbine design 
Boiler design 
Collector field optimisation 
Transient thermodynamic/hydrodynamic 

Yftterc analyses 
Heat transfer in parous media wi th 

combustion 
Liquid and 93s f luidized media 
Jomc transport in porous media with 

convectron 

Fire Analysis 

Predictions are made of thermal input from lire* 
ranging from long-term fueled fires 10 brief bui higlv 
intensity thermal inputs resulting Iron", fireball* caused 
hy the explosion of gaseous or dispersed liquid-fuel clouds. 
Pan ol Ihis problem deals with the design and msirumcn-
ration o l l ire tests, another is concerned w i t h predicting 

the 't-iponie o ' various object* a«d devCei ?u a f"'e 
en*ifi nmetit Ht rm 4J 

Curttttt At titi!ir\ 

Momentum modeling o* expending cfoutfv 
from pfcsvuri/ed l iquid* 

Cor f ibuutc i modeling of large 1uei/an clouds 
Fireball .nsiiumemation Hesig". 
Compu'er Simulation of l ire* 

Convection and radiation modeling 
Internal conduction response lo hre* 

Experimental f ire tests 
Fife response of bodies by integral conduction 

metnod 
Analytical modeling o l flame-emission 

orcoe* ties 
Plume studies 

Radiation Heat TiamitT 

This work J* concerned wi th predicting the 
tempoiatuft: reiponv? of vanaui ob[eci* tvticro the pr im j i y 
mode o l h r j l t ' j ns tn is by thermal r jOu t i o " Ihem 5) 

Otrrttil \t ii\itif\ 

Radiat-ve surlace properties 
Radiative exchange between diffuse or 

specular suffices Igray and nonijray) 
View-factor calculations 
Sate* Me temperature control 
Rsdiadon in absorbing 

Emitting media 
Radiation interaction wi th Qtrier 

heat-transfer modes 
Infrared detector respofiihriiv to various 

input* 
Solar radiation spectral and total modehrig 
Combustion-zone radiation 
Colli j t i on of solar radiation calculations 
Plasma radiation 

Continuum and line 
Radiative gas dynamics find hydrodynamics 
Modeling of gas absorption 

Emission properties 
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moiuttiitis 

Hem 1. I'wtdm mm 

K M p i* \ \ ibk* tU*}HK».Li \\\ l a i l i i u t ' t i v t ' W J ^ U S \\\ i k v p 
un. l i - i^ iLHi t iJ n v k c a v i l k - i . t l M J S n c a ' ^ a i y Eo piL ' i i i^ l i l ic 
p . ^ i i u m \\\ i l i i ' i ! j v i i \ l i oa i i i l . i i y s c p j r J l i j i g f l ic I I I O I I Y U un.K 
Ir.Mll Mi l l i l MJHOLHUljj^ rOL'k JS I J l l l lL l i lW i t ! 1)I)IL\ A 
h i ' i imJ. i ry Lrvcj -viit iroutirH' wa% j iUk-d li> l K h ( I N I > A cun-
J M \ L I I I I I I o»ik* >o i l u t :1K- o i i i i fu iH' tL tfM'ivls *>) Li»ndu*:ii«»ii. 
i i i n u v d o i i . m e l t i n g , mu l LIIL- m o v i n g tm i imta r^ o f l l i c so l id / 
l i i p m l in to i lLk 'c m i l d 1>e L I L M I L M . l : i £ i iK ' I > lmws l l io 
pu-JiCiViE j ios i l io r i *U" l l i c me l t iionl Jf successive t imi 'S. 
\<»l ^ n h \\\KS I I K ' cav i l ) g row w i t h time 1 l u l l HILTO is J 
rc iuk 'ncy I'm u l o m c l t i i sw ; i > u p w a r d . 

c j k i i h l n m x I i n l l i f i l t v p - i i v k JJSJH>SJI o l j j i l i i u i ' l i v e W J ^ I C V 

A C > J I I H J M L J I VJVLI ILL i i c j k ' i W J S I ' I JCL ' I I nt J ' i i i p r p j i n i i -
bliK'K hu i i t ' l l in ihe g u m m i JH .in M u c n i p i ••> M i n u b l i ' r j i l u t -
JiTlivo l u ' j l m J n v L cav i t y . T l i o l ' t N I J A v t m i l l i i ' l i m i i W c 
WJS i f c i l »J li> p i i ' i l lCt t iHl ipc iHt l lHS 111 Jiwl OillSluV Hit* FOCL 
I ' t^uie 2 s l u m s ihc close ug i ^o i nu i r be tween 1 ' I N D A j*r** 
t l i c l i " i i t J I K ] j c i i u l t l iemiocuL ip le incjMJF^ii iOfi ls l ukc i i 
ilnniifz ilit- tesi. 

Item 2. C<i>fi-<rti<*irttitil Mvtuns 

.» . 

no - i — i 

a io IOOO OJV» 

-10 

-40 
50 

L>1 lt.tr.]! * o t j t i u n (ml 

J 
100 

FiciufL' 1, Thi* q r n w i n of the so l i d / l i qu id in ter face is 
t l t o iun f in t i n 1 smn i l o i ed d i ^ K ' ^ u o f i admj iMtv r 
WJSli! I l l t l l Tp 'Y ' " » »Rl1 HICK. 

11K' K - J I U I L I U I 1 o i I J M ' I l u i l n g r j j i l i i c u i k - i f c i i i i i K ' l i t 
i^ hemg used t o dc-k ' i : i i ine l! ic t e m p e u t L i i e I icUi in u c h i K 
III I L'J vvi i l i A l l i u I ^ t i i i u j i i u i g d u i i i I'oi Italy i I i M i i l m i e d l ie .u 
source, I k ' J I ce i : t 'M l i i i j i W J S n u d e u i u t o i i i i !•} j ' j v> i i i£ J N 
e k v u i c u i i i c n l d u o i i f h J I I c i c v l m l y i k w k i i i o i i u ! N a n LIL 
I K O . I h e u r ^ i l e i e i i c e j i i n g e \ \ h o w u in l i m i n e * C J I I he 
used l a |>li>1 i so l l i cnns m 1 biL- f l u i d . I l ie I i i ; v i m i D l v r i>1 
fnnges : i " j i t in ' ivdl ! i i u l k J l i '% l l u ( die I ' I C M I M I p u d i e u i 
U I C J I i 1 i i \ \ i^ Limit- I J I ^ L ' I I K ' U V 

I ht.-finocDui)li* O J ( J 

CINDA Prn lK f tum t ' 3 
oi i i i f \VJ>- ti(i »•*• Hcgin 

CIMOA PrvilKTKKi J ( 

i b 7.0 2.5 
R . H J U I S H U 

f i t j im* 2. Pn-i l ic:k<l .\rnl iiiiMM'M-Lt i^n^[*n I H I I L ^ , 2 5 ( tayt 
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Fiiiuri' 3. I mother in JI interior i»nca fringe f j j f l vn t proilucud 

ijL'in'iMii\{j f l u i d , 

Iht ^unhmcd elVecls of ouiiVLVlinn. IIIUMIUI 1if.it 
Eeiieulu* . .nuL mclliiLpocviir in :i muiihei of important 
nmhh'iiit MILII *IS radioactive n.̂ lL^̂ 1tspi»"i,L[ methods jiid 
in theoii.iUsi\oMv*potiwtii:uW\ut: Hiclukwu in uuchat 
re.ictoi*. Model evpeiimeiils luve been run with eloetricil 
htMti'JS. simulating radioactive heat sources, in r.indiums 
*VKII JS xc\. M\\ solv^itied^c^siH. l:i^\ito 4 shows, a ei*m-
ple\ melied ronton, produced by conveetive effects, m a 
lube i*l" ice (\\iveclion causes addiliojij] melting to be 
mute piotiouiiced in til** sideward diiL'Ciiou near Ihe lop 
ofcuuh l)t|uid coll. Himre 5 show* a melted pocket 
produced in A lube of solid glycerin. I'lpito (» shows the 
same experiment jfler llie molten region h:is miniated 
upuard tbuuiidi I he solid glycerin. 

Item 3_ l-'Hfrin1 Systems 

A \icoiluinuil eneiK)" scheme known as Marina Tap 
deals wim ibo CMI,IC1IOII ol tlii'ittViil eiKi^v vtii^tll% U\\\\\ 
deep pockets o] inolroil magma in ilk' earth. Analyses are 
being ]K*I1\-»:IV.**J foi j preliminary experiment in which 
eleeUicm wilt he generated by heal extracted from a laiey 
crucible of molten ioc !« A special boiler (Figure 7) arid 
Tiirliine l l i^me si are being dvsigned for this cxj'mmejiL 
t :i£iuc o shows the tmhine/generatot in Hie lest bed m e r e 
(lie jvrloi marice of llie huho-generator on a sleam cycle" is 
be in i: measured prior to Hie molten-rock heal extraction 
<"\r/-enninn 

Fiijuie 4. Convict ion domiMaied mcltnti) pi 
(UIJL* of ici* containing a cyluufi ICJI hoot source 

Future 5. Melted leriinn caused hy a cyhnilncal h r j i 
soiifCi* in (i tuli*' of solidified ylycenrL 

25 
: 

http://1if.it
file:////iveclion
file:///icoilui


ENGINEERING ANALYSIS 

HEAT TRANSFER 

J|̂ '"v I "ifc ĵ 

r ? L ' 

/ s 

••*.-:• ?*•• - - i, • i % ; i 

Fiqu-e i j . Mpijratinn of a molten region caused hy ccn-
veenva effects in a tube of solidified glycerin. 

Figure 8. Vane turbmo for molten lava/neat extr jct ian 
experiment. 

Figure 9. Vane turbine in steam cycle I t -t bed. 

f Tju'e 1. Single-tube boiler used in the molten 
lava/neat extraction experiment. 

Item 4, I'm' Analysis 
w 

Numci ic j l fniireHJiffc rente cudesaie u ^ d in aruly/e 
problems .nvnlvmp fires wbeic llic combined cr'lecis of 
conduction, cmivecniin. and mermaJ radiation are impor-
tunr. A [ypical problem is predicting ihc effect of a lire 
im cable nays in anuebar reactor. Figure 10 shows huw 
fcoiheims Iconstant-temperature lines) j n d streamlines 
(f luid-f low lines) develop w i lh lime fur a fire on I he Hour 
<if 3 cable-tray room, 
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T •* 30 

When Mcita of p<eiAU(i*£d liquid* such i>pmp.i»e 
are ruptured, expansion ene r^ creates J rapidlv poiurn: 
d.njd. Such eluuds may preseni a iheima] hazard il ihc 
liquids j u ' fbnunahlt It.g^ piopjnc) o.- j hejJtli hazard ir 
loxic f anunoinaf. Analytical models have been developed 
wlltCll piCdk't duu i l £tltt»lh la te Fl£U.e \\ J ioWi J 
companion i»l pieJkiUon& and experimental eiowtli rrca-
siMcniirrii\ fu/ J cloud lesulling from u sudden jeleju." t.l 
'f*0 v u iuuds *'t ptufutic mUi ait. This type "T in'oiiualuui 
j j n he u>cd in predict l In: e? lent, in both n;rie -iml ji/e. 
of ptiivihk- thermal lu/j ids. 

^ J 

F -m 

1™ 

^ -

W 

" « 
k a n 

I I I ? 

r i r- v-*~- - - : ? " 

100-

80 

- 60 

1 0 

o Experimental Oat* 
J J 

or i - \ti.6 7*** ™ 

20 
T»mo (sec} 

3 0 

30 

•jQ 

10 

4,0 

I 

Figure 1 \- Cloud giiiWlrt iai sudden release of 930 pourios 
o l piopan&. 

r<'-~ .---. 

j Ku'fterms 

7^ 7.0 

ri * —• 

T - ^0.0 

u r Sireomhritis 

Fryu-tf 10 Cowuter generated isotherm a id streamline 
profiles for a simulated cdbte-iray fire m a 
nuclear Tcacitn. 

Item 5. Radidium Ilvat Transfer 

Radiuhon J io J I transfer can be divided into iwu 
c i l ^ o i i ^ ; physical and getmtetric. The area of gtoiiu-lric 
ijiiiatuiu i> wlieie a ptwtion v»f Ktdtam euetg> jeiwhes J 
surface from an emitting source. This problem can he 
MilveJ >Mih i4>-(fJL"inf lechmques. An example is a solar 
eoHe^lor field wliere one oiMe<jlitf may shadow joothei 
by varying amounts during J day. A computer code ihai 
solves fur >uch sludowivig has been developed usinp I he 
k\liHKUicsof radiatr:-; ray [racing. Figure 12a shows the 
-Jiadr'W paiicm produced on ;i collector by adjacent 
eolkvtoi:. jrrarie>'d as shown in Figure 12b. 

A stud} considered ihe feasibility of rapidly emi'mie, 
in infrared ihJrmal-iaduiion defector from room U'riipera-
IIIC tu aKmi liquid urgon temporalu.t: {87 K t. Figure L* 

shmvi lYie cAp^uvicntjl setup us<ti tti eo^l aiid ^n*^»u^ ihe 
deicetor icmpeulme, Tlie lai.^Hive etiei. • suuice w^^ j 
hjaekhody of Ihe proper temperature Po amubte the 
desue'l mfi'jted Mctaluie, 

J 
i 
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C o l l e c t o r 

a. 

Tilled AS Toward South 
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?i r 

Figurr* |Z- R jpm couldow" [• vi of J I I i»f* j r t ' i l i hwrn j l 

u. 

Pmurtf 12. Computer generated shadow pal lets • -n a solai 
col[*:<::or produced by shadowing from adjacent 
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Acru^pucc c ik^ i iK 'cnu i : a i u l> >CN re la lc l o *.uch arci% a<* t h u d U \ T U I U U V aerol i te t i m x h n jmi i . " * 

O I * JIT a p p r o p r u l c i i i m p u i a l i o i i j ) e q u i p m e n t D ig i t a l c o m p u t e * iudc<t J I C d c t t i t u p c d to r ibv 
c j k u L i t M i j i o l a c n u l ^ n a m k L O c H i a c m - l l o w I r v k K I leal U J I I > I W . n u t - r u l a b l u t i o n , and s e h u l c 
m o t i o n . Ana log J I H I h y b r i d I ana l i>£ 'd i i ! ) la l i c o m p u t e r program*, j i e deve loped fur t e l i k l e \ I J -

h l i K J I K I c i m l r n l NtudiLN j n d I l ig l i t -U'st data d i u l y i e v 

Flight Mechanics 

The fundamental equations o l motion are modeled 
ov ajH* ropnate assumptions To obtain analytical s&uhons 
of specihc typei of fl ighl mechanics problems and to 
identify imporiant parameters, d i r t not tractable • "» 
close*; f e r n J I C solved by computational me 1 hods Various 
C L ' ^ ' U I : oMteudom digital, analog, and hybrid c w i o u u r 
program* are used in the study ol complex phenomena, 
l i tem U* 

Curn'txr ,-U ttvttw\ 

Pressure distribution prediction 
Interaction phenomena 
Ban? flows and wake* 
Boundary Uy?r transition 
Thermal mijdL'ling 
Heal tron'-t*r J n d ablation 
Material sKuCtuie, properties, and perIgrma'ice 

( ' t t r r t t t i l i ittifft's Aerodynamic Loading 

Gi'umetnc and mass asymmetries 
l/n symmetrica* stability derivatives 
Nonlinear aerodynamics 
Unguided Hight characteristics 
Guidance and rnntro l studies 
Traiectary analyses 

Ac r oth e r m od y nam! c* 

An analyse capability vising com pule r codes fias been 
developed fo< the design o i high perlormancc reentry 
vehicles and rockets. This capability includes definition ol 
the How -field-generated thermal environment, anrt the pre 
diction of heat shield ablation and thermal'stress responses 
of tlie structure to this environmeni. (hem 21 

Mathematical models of the nonumlorm flow held 
around store* during external carfugt: on JD jit craft ar<* 
used in computet simulations to calculate detailed aero 
dVMamie load distributions for use in structuial analyses 
of siore configurations. Similarly. I'omputer simulations 
o l [he cample* Koiv field around the ancrafl itself are 
used lo predict the motion of Stores during sepaiation 
from the aircraft. These motion studies are made during 
store development to determine effects ot co*digufahonal 
changes. Mo^iei illustrating the separation process are 
compuiiT generated to aid in the jn j lys i * , These computer 
gt iKiated jerodyriarmc dala are p j r i icu la i 'v utel i i l m early 
development ivheti the design is tnsulliciently defined to 
[ustify cosily wind tunnel and lull-scale f!ic^t ttsts. 
(Items 3A\ 

Ctir/t'/jJ Utiitiit\ 

'See Highlights below. 

Cevclor-ment ol mathematical a i iooM models 
E K ; I - I ^ I O " of c.'kulational capabilmei f»om 

nil/tome to supersonic speeds 
Suppisonic aircr^lt deliveries 
Rocke, i^oosied store separations 
Coiiel^t iO" ol predictions wi th test rt^uJtv 
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Hem 1. Miiv A\ymmeiry*h\um vJ Holl 

I I I J I I j r i ^ l i ^ caused by aeiodyiumic asymmetries. 
ctfi i ier-tif^raMl} offvet. and principal-axis l i l t can produci
b l e roll-raiir excursions m cornel reentry-type vehicles. 
Iheoictical studies resulted in analyueat expression* which 
*epjr j (e tIttr individual effects of aerodynamic, i i u u . and 
..--Tit J js>rr.metrics. A* shown in Figure 1. roll-rate 
M u v i o r predicted b> the analysis compares well wi th that 
derived from a b-degiee-of-freedom computer code. 

Item 2. \i>wtw Ablution Predictitm 

Successful performance of highspeed rocket* arid 
i i f tn i ry vehicle* depends in p j r t on accurate deugn and 
J I U K si* of the thermal protection system. Analytic 
techniques luvc hecn developed that use digital compute; 
VOIJL". to predict the imposed thermal environment, vehicle 
wrfaee energy and mass balances, the resultant tundent 
jb la i ion. and temperature and thermal-stress response*. An 
example o f the analysis capability is shown in Figure 2 
where predicted and actual ablated contours for a recovered 
high-speed rocket graphitic nosetip ate compared. 
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Figure 1. Example of mass asymmetry effect on 
reentry-vehicle roll rate. 

Figure 2. Comparison of predicted and actual noietip 
recession. 

Item 3. Ain raff/Store Separation Trajet tt/ru\ 

Computer simulations of the motion o f stores 
lelcased f rom aircraft are made to demonstrate safe separa
tion and to obtain initial pitch data tor use in dispersion 
calculation*. Figure 3 portrays she safe separation o f J 
canard-controlled missile f rom an F-4 aircraft; the t r ^ . v -
lory predicted by computer simulation compare* favorably 

Item 4. Aerodynamic Load Dhtrihutiam 

Detailed aerodynamic load distributions on weapons 
during aircraft carnage are required for structural analysis 
*if the weapi^ 's case, cast ja in l$ # ani l fins. Computet 
simulation o f the complex flow field around the aircraft is 
used to calculate these load distributions. Shown in 
Figure 4 is the calculated aerodynamic load distribution 
t in a vertical plane) along !he body of a cajiard-conti oiled 
missile during carriage on an F-l aircraft. 
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0 3 0 * OS 06 0 7 

Thtor*<»CJl Slo'v 

O J U Ffom MtffH T^h«n 
bvClUl* A im pit 

Figure**. 

Dntjnc* From MIUIJB fvav <*«> 

CjIcLil j leJ venic^' component QI j ^odyrA jmi t 
tt>Jti dulr ibuhtfn Along tfie body of 3 Cdrurd 
conirolled mi i t i feon an F l a>rci3ft {Macri 
ftum^fr * 0.95- 4 9 iymmeCrrc puHup J I 2100 
mrlftM j i f i t u t f t l . 

f igure 3. Cumpjn ton ot theoretical and observed 
Trjjcciorics f c J c j n j i d controlled munre 
L'ICCUTJ f rom an F 4 Jirctal l (MdCh nijmlffii 
0. 7 J I 4600 metre* olntudi*}. 
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I IIL' uu ' ol J I U I V I K J ! kvliiiiquv'% to dcscnK' ihe lypcs J I I J niJt!mlLu!c* o f force*, 
Win[HTJCures. JCCCUTJlions, J I H I Mmilur parameter*, t i u : . prtnUui mi^ l i i experience i lunnj ! 
iK l i fet ime i* referred to j * em i ioumemu! j i u l > > ^ I \ pec leu" ur n o n i u l cmiroumcuLv M K I I 
JS luihl l int! . I r j i i spo r l j i i on . Ji id * tor jye. arc of MitTicicnl geneul intercM l i u t lliev l u n - been 
documented in a duU Kink- Oi l ier environment v IVCJUNC of lufrequeni incurrence or 
uniqueness require extensive ind i tu fu j l ' J I W I V M I lor tfieir i feftuiuon. I xumpfes or (fie Lifter 
•ire Je>cnptuins o f iciNirKir lul iot i JCtr i^u l %etentiev ol" pre^Miro*- j<.cder J l ionv :nu! l<>uo 
in gun niliL'v Jinl o f force* i-'MiIlint: f rom expoMire in Iii^h-inlenMty TJI IMLIOI I fields-

Normal Environments Abnormal ot Unuiual Environment* 

Descriptions ot normal environments, which art* 
documented m j n environmental data bank, have evolved 
through thiee stages of analytical undeavor data search, 
e- j l ua t ion . and cataloging. These descriptions of use. 
s or age, t ransportat ion, and handling environments include 
in format ion on jccelerat ion/ t tme signarures, acoustic no iw , 
j tmosphenc conient . biota, humid i t y , precipi tat ion, pres 
so**, radiat ion, shock, l empcr - ' i ue , t ra jectory, tfitxation. 
t n j i v n d . (I tem 1J* 

turret: Ai itriiwt 

Shock and brat ion analysis 
D ig i iueo accelerometer measurements 

Fcak d i t t i ibu l ' ion peri . n i i l n \ i - r tus frequency 
Shock spectra 
Fourier spectra 

Throe dimensional probabil istic reconstruction 
V A I L . SHA1L program*. 

Environmental envelopes 
Mean 
Sigma 
10 to 2000 Hz 

Reentry-vehicle v ibrat ion 
On l>oa«d recorders 

g versus time 
^owcr spectral density VLTVJ* t ime 

Recovered packages 
Temper a l u f * 

T^ermoqraphs 
Storage temperature! 

Highs, lows, deviations 
F ined models 

'See H i g h l i g h t below. 

Capabilities J'c or iented toward Ihe d w c r i p t m n at 
environments for winch insuff ic ient in format ion »* avj i l 
able to permit eff icient product ' !esign. Analyt ica l efforts 
have resulted in descuptions o l such diverse iu]i|+-cis as 
Severilief a l t ransportat ion j c o d e n l i , lorces j c l i n q tjn 
component* l i red in art i l lery projecti les, js id forces ex 
penenccd by structures in intense radiat ion fields 
U lems2-d ) 

Transportat ion atr»'Jent descript ion 
Accident rales, f requency, and velocihes 
Time-Temper Jture models for hydrocarbon f .« j 

f u e l d is t r ibut ion 
Radiat ion i ranspon 
Emissivdies 
Durat ion* 

Impoci analyse 
Angular dependence 
He ru i an theory 
Probabilistic descript ion 

Mechanical reioonse ot trains n>ul irucki 
Spring .nasi model ing 
Tredovvn C^ab i l i hes 
Container behavior 

Response ot high explosives 
Detonat ion thresholds in impaci 
DefJ jgrat ion ' to-detonal ion transfer in lires 

Contaminant spread 
Type o ' HE response 
Coniamtnani d i f fusion 
MeieorolDOLCal perturbations 

Interior tialhslrcs 
Bal lot ing forces 

Transvef se loading 
Lagrangian formula t ion 
3 degrees of angular freedom 
Unbalanced projecti les 
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Ef'qrdying and fnc t io ' id l force* 
Bant* Pre lum- fo rce modi-l 
CXiJsi sialic and dynamic e * p m r n e n u ' 

veri f icat ion 
Breecrvpresvjre dependence 

Siruc!<jr«il Judds on prop/cMe* 
S I : J I N gjqps tw l>jiti) pr^sures 
Or i r furd j c c t k i v T X ' t f f i 
Unloading sln'ssirs 
At< d e t j l i a n load* 

I'lltii'icjr IMNISLC p rccJ i r to ' i i 
Alph4> lav* buri i inrj 
L j y i j n g u n appro* im.d-ons 
Nohr l A lw l e q u ^ o n o* stale 
Hul.irtlatior) foKUS 

Radiation heal ing o l structures 
Ef ;:*JY d e p o ^ t ' o n 

Gr uneiseti coeff icients 
Material reiounsu 

Impulse J *d momentum 
E x p e n - T c n ^ 

Ldicr i rnt i t t rcr fnet fV 
Impulse ga^es 
Stresse/aw*" properties 

Mechanical rv*OOnie 
Firnte-elcmeni and closed form 
NDr.uf^tloTfn loading 
T r a n e n t 

The*,, encal/experimental correlat ion 

HICHUtiitft 

Item 1. Xitntitf! YifrrutuHt t-Mvirunmvri\ 

Aru lys i * o f I he v i h u l j n ^ environment* e*pe n e t t e d 
by carp) J ii n rig i\s t ransportat ion Eia& been o f longstanding 
interest. These environments have been extensively mea
sured f i n all common shipment methods. Figure 1 shows 
J c o n . ^ i t o of thew measured tYctmency-rciolved aceelei-
j l i o n i fur ship*, ptancs. (rucks, trailers, and Irains. 

Item 2. transfurrititinn AaUivuii 

A I L J I } ^s o f transportat ion acctdenls is or iented t o 
llie gcncralum o l predictive models o f impac i , pu i i c lu ie , 
t i re, crush, and inuncraou environments. These models arc 
hybr ids. ci>n^isitnp o f a combinat ion o f statistical and 
a n j l y u c j l techniques, 

i-ijiuro * shows one sirch mode l , generated hy an 
a iuK sis i l lJ t l ook in to consideration accident statistics 
concerning aircraft impact velocity and anjde. type o f soil 
impacted, and energy transmit ted i n t o the soi l . This 
i n f o m m n m was then used l u deduce t]ie enorpy availanle 
to damage cargo in the aircraft. The parameter E j / W is 
available c i ie i© 1 normalized by container weight and is, to 
first order, r e l i a b l e t o drop height o n t o an uny ie ld ing 
tercet. 11ns model can implement a cosi-cffcchvortcss 
argumvni -•* w lec i test cri teria ft r packapng i o tie carried 
in air Iransporf. 

"RrtiBtilive. bul not n ra i ^ i f i l r 
itetdv ttota. More akin to stiock 
onvnonment than vibration in 
fuck , trailer, and tracked * rh t f l * t 

r 
C 
V 

4* 

a. 
o 

S flips: 
Plenn: 
Truck*; 

TraOft*. 

oi 

Trjckrd vehicle** 

Military and commercial 
Military and commercial 

<j^ and an road 

oTf am on rojcf 
Foreign and domntK 

n 
i i 

—j J LP 
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I 
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Esiimotftltleadv-
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Figure 1. Envelope of 90-perceni probable extreme 
v ibrat ion environment experienced bv 
car^o «n ^ 1 modes of transport. 
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f igure 2, Probability c l an aiicraft accident producing 
an impact exceeding a given drop height, 
£ t f AV, per J i rcf j f t mif*. 

ENVIRONMENTAL ANALYSIS 
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Figure 3, A i u l acceleration oi a projectile "» '56 mm 
gun tube. 

Item 3- Interna! Ballittit's 

The behavior of projectiles in gun lubes and the 
forces acting on them is important nol only for projectile 
design but also when ballistic meihods arc us*J for siniu-
be ion o f uthc: large linear or radial acceleration loading 
conditions. A joint experimental an J analytical program 
defined many forces acting on a projectile thai had nut 
been adequately described, Figure 5 shows one of i l ie 
first acceleration-time signatures ever recorded o f a shell 
during its translation down an artil lery tube. 

Item 4. Hiidtatum-Uatiu cd Snr\w\ 

Miorl-durj iu»n rnechjniCid JIJJJUIJ: I>I * m i i t u u l 
membefsisonc of w v e u l nun t fc i ta l iom uf h i jJ i - in i fuuty 
radiation pulses. Analysis o f die ability of i l ructure* to 
perform in such u d u l i o n enviiotinients require* dewrip-
turn of these loads. Techniques have been developed thai 
make i l possible u* dewiibc Hie generation of w i cw pulses 
which can result in eilhcr material or structural damage 
under J wide variety of d a t u m beam, x-ray, I jw r . and 
neutron cxposuiev 
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CONTROLS ENGINEERING 

I ins J d m i y is p r imar i l y ( .mai led t o w a r d analysi* o f ( l ie design yi id pe r fo rm J I K V 
u l r u H ^ i L i u i i . gu i d j nee . and con t ro l system % fu f flight vc l iK tev Compu te r p rogram* 
arc developed and used | o provide s imu la t ion m o d e l * of sensors l l i a l measure the system 
stale, and mveliaiustt is t l tut change, t t iu l state >n accordance Wi l l i open or closed-lor p 
co t t l r t i l strategies. 

Companeni Modeling 

Models ; * • developed tor gyroscopes, acculerorneief s, 
*nifo<i to-digital convcrtcM, liable platforms, and aero-
dynjmrc control-surface actuators. Component moduli aie 
combined to produce, for example, navigation systems. The 
combined models are subjected lo error studies based o " 
individual component accuracies t l tem I I 

( i i i 

Time-constant determination 
Frequency range determination 
Statistical accuracy parameters 
En, itjl u 

Thermal tiansicnii 
Radiation effects 
Mechanical vi bra I ion 

Stability evaluation 
System error analysis 

Propagated CDMaiiance matttx nwthodi. 

Highlights belt 

Sy tum i A n i l y i i i 

Classical frequency domain methods at well at 
modem arjurcul control mslhadi. B<E applied m 'he dcs.gr 
ol tioth analog and digital (l i^ht control autopilots lor 
maneuvering flight vehicle* and oih;r feedback loop* 
Full Cdegr*re-oi freedom flight dynamic cadet ate devel 
cPcd and used to evaluate candidate rJeir&it. A hybrid 
compute' coupled to * motion labie 11 used ta um j ia ic 
control loops. Simulation techniques aie continually 
,mpr„vcd on the bam of companion! of (Iigfil data with 
prellighi nmulations. (Iterm 2,31 

Current At mwr 1 

Frequency domain root locus 
Optima' control methods 
SiM-degicc-ol-lietdatn analysis 

Acceleration and angular rate seniors 
Aerodynamic forcing functioni 
Thruvtcr forcing function) 
Man 1 contribution 
feedback and decoupling strategies 

IIICIH.ICHTS 

Item 1. 

A platform was developed 1 " stabilize a set of optical 
instruments which are mutinied on a ship (f igure 11. The 
pbt fo tm provides the means foi pointing tltc optical in
struments while providing (hiee-asb isolation f iom angular 
ihip motion. Three low-cost, single axis, raic-tnicgraiing 
gyms and a two-ash huhhlc level provide inpt i t i t» sewn 
electronics which drive DC motor* on each gimhal to 
stahili/C the platform. 

Operational featutes o f the platform include 
continuous alignment loalevc]orifn , . .- i ]on. Thcaf in iu lh 
pointing direction relative to ship's heading 11 adjustable by 
a switch and meter at the control console. Cimbi l freedom 
is t\ 5 degrees in pilch and »oil and 1120 degrees in azimuth. 
Under dynamic shipboard conditions, alignment 10 level n 
accurate lo within 10.25 depee A/ iniuih pointing 
accu*acy is i f defaces with a * 5 liegitevlnMK dtit t tatc. 
Optical instrument field of view it 40 dcciccsm the turn-
zonfal plane and 5.5 degrees in (lie vertical 
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Alo.vcost. ligtmvcigM umcfo stabilization 
p l j t i o im develops! ic« ihiirtKUid application. 

KigiKc ; S'IIIW* 4 tOkfcei-citpnr module u>ed in 
11-11011 Willi ail j!!-i luiJk- M.'ntiii^-iniJ log)-- tyvum 
tr.>) ihc n.lj f j tc .if a tltgltl IC»I v t l ik le . -lie K i t 
i iwu'J !<• umulatr a icciilo'-vcltitle lli^Jit Lt'iiditjm 

:, Wlltlttul l"Ittlti1.<.«ltC»-trf-(7jWI> •illMTI JI lJ luiJ)-
i i i ' du iny in wnulil h.nc icwj l lol in the tr l i i i ' l r I.K Lm>! 
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ELECTRICAL ENGINEERING 

\\w J H I I I>1 c W i ' l n c j ) e n ^ n e r n n ^ J I M I ) * I S t?> t u d e v e l o p , test , unu evaluate m e i h c x h i o v 

• i • .. - i . . _.» _ . . . . _ . . _ _ . „ . _ . L m p l u i t s is 

ode^ 
I ILLVMH^ 

l i -M^ i i in^ f c l u h l c c l e c l n i m i . j i r /L i i ih ab le l u v v i i t . t i j i u l vrvere env i r onmen ts , h m p l u 
I > ! JLCI I nn l ie^t l o p i n g j i taste u m l e r s t j n d j n t ! o f Ucviec J I I J c i r cu i t o p e r a t i o n . i i ie lud iH 
povsiMe I j i l u r e m u d o i n e x t r e m e env i r onmen ts . pd rUcuLrJy r a d i a t i o n . C o m p u t e r e 
are ux t i t e x i e n s i s d y 10 u p t u r n s ? e o r u p o u e m and u r c u i i design and l u m i n i m i z e en^i 
tune and u>sL 

Circuit Analysis And Modeling 

Circuit-analysis techniques are used lo predict the 
tt^tiofiritjtcp of electrical netv/oiki ranging from l imply 
•i-fcji c<<cuii configurations lo complex f\onl«*ed» CECUMS, 

Aii.ilyns includes delated comparison of theoretical and 
I ' M I W iment.il result! to obtain an understanding of circuit 
>pcidt""j characteristics and to determine technique* for 
jpTirni/ing ci icuit design. 

Oevjce model* lot use in a variety ot circuit-analysis 
computer codes an? developed for the study o l electronic 
devices a* determined by electrical behavior at their 
terminals. Models ore developed for semiconductor devices, 
ferroelectric components, exploding wires, spark gaps, coils, 
, r j n i i ' > :Mm, and capacitors. (Items 1-6) 

( twit! .-I* ttvitii-s 

Circuit operation 
Semiconductor nemories 
Integrated crcuirs 
Electrical networks 
MiCOivave circuits 
Guidance and control systems 
Compressed magnetic field generators 

D-sign analysis 
Optimization 
Sensitivity 

Mod el i TQ 
S^miccndueior d evict-* 
Linear devices 
Nonlinear components 

"See Hrghdghtsbefow. 

Nuclear Radiation E t f r t U 

The ' x p o i u i e of micro electronic materials irvJ 
components to nigt^cnergy particle or photon uchaligi i 
concjuse significant changes in material and devrce proper 
nes. Improper circuit operation and failure of el^cirrnn; 
system; cart result if these possible changes are not con 
ndcred dur»ng system design. Studies are in pragrcj ; it-
chjroc"eri/e microelecinc materials whMlh are scbjecicC !•> 
to radiation. (Hems 7-91 

i'urrvt i At ttutW; 

Fast neutron efleets 
B*t!C damage mechanisms 
Transient annealing 

Ionization effects 
Photocurrents 
Trapped charge 

Component effects 
Semiconductor devices 
Insulating materials 
Other components 

Device Analytis 

Th<i purpose Q( ih.it fa tm of analysis is to p-'jdict 
the operation of semiconductor device* as a fur r-i*ot> of 
device structure, impurity profi le, trap density, a îc! bifs 
conditions. The nonlinear hole j n d electron cor ' jnoKv 
equations and Poisson's equation have been *g(veci Tor a 
one-dimensional semiconductor device structure oy the 
use of numerical techniques. I he solutions provide *Jw 
hole, electron, and electric field distributions i Tfough^u; 
the dev ee for a specified impurity doping pr j i i 'G and 
t e r m i n i bias conditions. Device design isopt-Tiized and 
equivalent circuit models are developed for p. -ticular 
applications. (Items 10,11) 
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Current Activities 

ELECTRICAL ENGINEERING 

Physics 
Carrier trapping 

Energy level 
Capture and emission mits 
Density 

Carrier mobility 
Doping profile effects 
Radiation effects 

Design and analysis 
p-n junctions 

Diodes 
Solar cells 
Pin detectors 
MOS diodes 

Microwave devices 
Transistors 
TRAPATT diodes 
IMPATT diodes 

Transistors 
Circuit modeling 

dc characteristics 
Transient eff*xir 
FrtQuency response 

Integrated Circuit Design 

Computer programs are developed ID aid Die engineer 
in the semiautomatic design of digital large-scale integrated 
circuits. These codes are used to assist in basic logic circuit 
design, logic simulation, fault analysis, genei j t 'on and 
verification of test sequences, analysis of circuit operation. 
layout of the integrated circuit chip, and generation of the 
mask artwork. The designs are based on a stand^id-cell 
approach. The layou; codes place standard logic cells on 
the chip in an optimum configuration and route all inter
connections between the cells ana the input and output 
pact (Items 12,13) 

Current Activities 

Logic design 
Minimization 
Partitioning 
Simulation 

Analysis 
Fault analysis 
Waveform analysis 
Timing 

Layout 
Cell placemen! 
Routing 
PloUing 
Checking 

Interactive graphics 
Cell design 
Chip modification 
Pioaing 

Electromagnetic Radiation Effect* 

The purpose of this study i i to determine t*ie effects 
of radiation upon electrical circuits, with particular atten
tion given to the production of extraneous signals in 
systems that must operate cKoatmosphcrically. Incident 
photon radiation can interact with system boundaries (e.g.* 
satellite skin and waffs of component boxes! to produce 
an electron current density in the system. This current 
produces electromagnetic pulse fields that can couple 
energy into electrical circuits and other sensitive compo
nent^ causing permanent damage to components or 
electrical transients that can produce system malfunction. 
(Item 14) 

CtnreM Activities 

EMP 
Signal coupling 

I EMP 
Photon-electron transport 
Compton currents 

Effects on components 
Cables 
Semiconductors 
Explosives 

Btctiomagnatic Field Studies 

The ability to predict the prcponies of the 
electromagnetic pulse {EMP) generated by & nuclear explo
sion is a problem of continuing interest. Studies are under 
way to develop computer programs which solve Maxwell's 
equations to find the EMP for charge and current distri
butions that are produced by the explosion. Other effort 
is directed toward a quantitative undemanding of the fields 
produced inside systems (internal EMP) by penetrating 
gamma radiation. |ltcrr«s 15,16) 

Oirrctit Activities 

High-altitude EMP 
Effect on exposed missiles 
Nonlinear air conductivity effects 
Internal EMP 
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HIGHLIGHTS 

Item 1- Analyses office trical Circuits 
Gmtainmg Exploding Wires 

A c jinpulci code has been dcveluped to predict the 
behavior oi'lumped-pdraneter electrical circuits in wlrich 
(Eic resistance value of uuc or more dement* is strongly 
affected by Joule healing. The code performs a nunteriL'af 
integration of' rhe system of ordinary differential equations 
iVut de^ciibe^citcuiiMvaviut. Aicacu lime-step urtius 
integration the lestitance values uie updated using experi
mentally determined dependencies of resistivity on action 
g - /j**ll. These resistivity functions have been measured 
lor 23 metals, and are entered in the computer memory 
in tubular form. 

The code has been applied to the design of firing 
sysiejtis for exploding-hridgewire detonators, to the pre
diction of circuit overload behavior resulting from fuse 
failure, and to other situations where Joule heating is of 
importance. Both tabular and graphic outputs are provided; 
an example of the latter appears in Figorc I, for the prob
lem of discharge of a 4-uF capacitor bank charged to 250 V 
throinjJt a gold wire 0.0015 inch in diameter. 
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Figure 1* 

Tiriw(^s) 

Computer program graphical output results 
lor the analysis of a 1 pF , 1 p H , 0.1 ohm f 

1000-voll capacitor discharge system 
exploding 6 0.038 mm diameter by 1 mm 
long go'd wire. 

1.0 

Item 2. Ferroelectric Model ApplUalions 

Nonlinear, time-dependent equivalent circuit models 
of ferroelectric mrterials under normal and axial-mode 
transient stress conditions are used to predict the electm. 
current developed in time-de pendent, nonlinear electrical 
circuits by impact and by explosive-driven ferroelectric 
puwer supplies. 

Item 3 . Feedback Regulator Analysis 

A dc-lo-dc converter comprises a class of nonlinear 
feedback regulators. A generalized form of the describing 
function technique of Kochenberger, Duiilh, and others 
has been developed winch facilitates an accurate description 
of the subsystem inclosed form, allowing analysis of circuit 
behavior and prediction of the effects of parameter changes. 

Item 4 . Spark Drilling System Design 

Several engineering-analysis u.liniqucs are being used 
in the design of a pulsed power system for spark drilling in 
deep rock formations. A two-dimensional code which solves 
Laplace's equation b u:ed to predict the electric scalar 
potential and electric Held distributions within high-voltage 
regions of the spark bn and pulse generator. Circuit-analysis 
codes are used to describe I lie spark drilling system's 
lespunsc to the nontintai, tinw-dependent electrical behav-
iot of the liquid medium in which the spark bit is immersed. 

Item 5 . Modeling uf Shock-Wave 
Compressed Ferroelectric* 

Short-duration electrical pulses of a few hundred 
kilowatts can be obtained by ^hock^vavt-induced depolari
zation of ferroelectric ceramics. To incorporate these 
devices into useful circuits requires an understanding of 
depolariiaiion phenomena as well as the dielectric properties 
of shocked and unshocked ceramic matetbl. An experi
mental and theoretical progiam is under way to investigate 
these parameters. The results of a recent investigation, in 
which the ceramic was shunted by a resistive load, permitted 
an evaluation of the dielectric properties of the ceramic 
under conditions of high stress and cltcttlc field (Figure 2). 
This information allows a prediction of the response of the 
ceramic when shunted by more general reactive loads. 
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0 1 4 G 8 ID 

Figure 3. Electrical retpome of a shock-wove comprested 
letfoewcwic ceramic. 

Item 6. Analysis of Compressed 
Magnetic Field Generators 

Millions of amperes of electric current can be 
generated by explosively expanding 3 conducting armature 
against a magnetic field contained within a solenoid coil. 
This operation compresses the magnetic flux inlo a smalirr 
region and thus causes an increase in the magnetic field and 
an increase in the current flowing in the solenoid. This 
sequence <_f events results in a decrease in inductance of ihe 
solenoid as the arm^ure is expanded outward. A computer 
model of compressed magnetic Held (OfF> generators 
based upon represent! ig the cop and armature as series 
connected, one turn loops has been completed. The pro
gram solves the equivalent CMF circuit to predict the time-
dependent coil current by relating the time-dependent 
inductance and resistance of the system lo the expansion 
of the armature. 

Theoretical studies of CMF generators are complicated 
by the multidimensional nature of the generator operation, 
by nonlinear resistive diffusion and by the phuse variation 
;md compressibility of the conductors. A two-dimensional 
magneiohydrodynamfc computer program has been written 
specifically for the CMF generator application, A two-
dimensional Euierian material response code has been used 
as ihe basic structure. A Euterian computer program is most 
convenient for computing problems with self-consistent 
magnetic flux compression, and the program incorporates a 
variety of material response models incfuding elastic-plastic 
flow, mixed phase equations of stale and fracture models. 
An efficient solver of the two-dimensional magnetic diffu
sion equation has been mated to the basic Eulerian hydro-
code. The magnetic diffusion solver provides for Ihe use of 

a ternperaiute-dependent ie*isiivi:y, and computes electro
magnetic fields and current densities in the conductors as « 
function of time to determine joule healing and magneto 
forces on the conducion. Numerous tesl cases have been 
run to che:k the computet solutions with analytic results. 
Total system energy is conserved to abuui 5 percent after 
300 to 400 rime-steps, even for cases with strong resistive 
diffusion and two-dimensional armature motion. 

Item 7, Radiation t'/'/vcts on Switching Cinuiis 

Prompt-radial ion effects on medium-power switching 
circuits are simutated using the lime-domain SCEPTRE 
circuit-analysis computer program. Typical simulations 
include the effects of phoiocurrents and induced electro
magnetic pulses (f£MP) on circuits containing semiconduc
tor devices (transtsiors. diodes, and Zcner diodes), passive 
components, and vacuum switching devices Simulated 
effects on oveiafi circuit behavior correlate w îf with 
experimental data, and Ihe technique is now used to predict 
the effects of design changes. 

Item 8. The Relationship of Device Geometry 
to its Neutron Radiation Tolerance 

Calculations have been pet formed tu determine the 
relative Importance of if e vice regions iu establishing neuliua 
tolerance. For conventionally diffused profiles in bipolar 
transistors with fixed device parameters, calculations indi
cate that there may be an optimum transistor base width 
that will yield maximum neuirun hardness. The analysis 
indicates that hardness can be increased substantially by 
using j fabtication process lhal provides a device profile 
with a shallow, abrupt emitter and a narrow base region. 
Devices in which these criteria are used are extremely 
tolerant to neutron irradiation and show a current gain 
greater than 10 after a neuiron lluence of 10*ft n/cm1 

(E^IOkeV). 

Item 9- Evaluation of Resistor Response 
to Ionizing Radiation 

A theoretical examination of the effects of ionizing 
radiation on diffused resisiors was performed lo ascertain 
the feasibility of using them in hardened dicltdrically 
isolated integrated circuits. Two basic effects - conductiv
ity modulation and pholocunent generation - essentially 
determine diffused resistor hardness. Theoretical and 
experimental results indicate that moderately radiation-hard 
diffused resistors in diclectrically isolated integrated circuits 
can be achieved using the following guidelines: 

I. Use a high-conductivity buried layer. 
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2, Minimize the volume of ihe isolation 
region I meandering is not necessary)-

3, AltJioiigh noi critical, connect the high-
potential end of the resistor to the 
isolation region. 

4, LV* A± high a conductivity layer as 
piaciL'al to minimi/1! the effects of 
cuniiuciivii> modulation in the 
dillusod p layer. 

Item 10 Anah sis ofW'utrfjii-Irrudiuwd 
pn June Horn 

Numerical calculations have been used to study small 
signal-tupping effects in neutron irradiated pn junctions 
as a function of frequency. Good agreement has been 
obtained between calculations and experimental data in 
ii'type silicon using two acceptor centers to model lite 
trapping venters produced by neutron irradiation- A 
single-level donor center has been used For p-type material. 
These calculations indicate that complex changes in carrier 
ii»\ribulwttsv*i*l\tt\llrt \ ievkscw be lesptimiblc CUT a 
rather simple change in terminal capacitance and conduct
ance <Ficure 3). 

120 

10 10 icr uf \a: 

Frequency IH*) 
I F 10 

Figure 3. Calculated capacitance and conductance as a 
function of frequency * o r J 9<>1d doped diode 

-3 ft\/erobt»lNt = 9.0x 10'* cm" J ) . 

Item 11. Effects of Doping on Solar Vviis 

Numerical techniques have been used to study lite 
theoretical efficiency of solar cells having various impurity 
doping profiles and surface and bulk lifetime values. These 
studies confirm the power-conversion efficiency of 

11.8 percent lor commercial silicon solar cells. The calcu
lations indicate that efficiencies greater than 20 percent 
can be achieved by increasing the lifetime in the substrain 
and the diffusion region anU by decreasing the surface 
recombination velocity. 

Item 12, Metal Xitride Oxide Silicon 
Memories 1MXOS) 

Circuit-analysis codes are used extensively in several 
MNOS/large-sejle integration chip designs. Typically. 
portions of the chip eonsis'>ng of 100 transistors or lew, 
are simulated to determine the static . nd dynamic opera-
turn of a proposed design and layout. The simulation* are 
used to check for logic errors and to identify timing and 
noise problems. Often, a modification in the layout oj j 
redesign lo reduce power consumption is indicated. 

Item 13. U.st' of Graphics in Circuit Design 

Computer aids have been used to design several 
integrated circuits, using a bulk complementary metal oxid 
vmieuwivrciur technology. The development of in-Utiu'rf 
design capability has permitted the complete logic design. 
simulation, and preparation of the mask artwork to be 
completed fot a specified chip in 4 to 8 weeks. Summary 
statistics for fi>e i hip designs are shown in Tahlc I. A 
photograph of the timer chip is shown in Figure 4. 

e 

TABLE I 

Integrated Circuit Chip Designs 

Percent 
Chip Number of Cell*. Area Cr l lPad 

Defcripiittn PaJt und Device! t e r r r i 1« Chip A re J 

T im IT 

i 

132 
44 

III27 

OJ22 3 CI, J 

Sec] urn re r NO 
3H 

H27 + 

0.384 55.3 

["oniTid i n^L' I3H 
3H 

iflH5 

I U I 5 49 

l lni i iL'rul KM 0.2-* 1 46 
Counter 42 
ShifMU'tHi-T 746 ] 
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FigLrtf 4, Photograph of timer integf ated circuit (chip 
is 0.65 x 0.59 cm). 

Item 14. Radiation Response of Eleetrival 
Svsiems 

Analysis of the tiansieni response o l an c l e r i c a l 
system to J pulsed radiation source requires a variety u f 
engineering analytical im-(hodi. A phot on-electron trans
port analysis is used to predict electron motion or current 
density within the medium containing the electrical system. 
The cuircnt density acts as 3 source function in Maxwell's 
equations; therefore, solutions o f Maxwell's equations are 
used to predict the spatial and lime behavior of the 
elect rum ague lie fields. Coupling techniques are then used 
lo relate tlie electromagnetic field* to d e c i m a l energy 
sources within l l ic circuits. Cin'Jit-analysis codes are 
applied io determine circuit r;sponse. 

ELECTRICAL ENGINEERING 

Item 15. tU'ctroma^neiie hihe from 
Xtwtetir Exptowith 

Seiv j j l computer cod/s h i w been de>ch<f>etj io i 
modeling variuus aspect* o f tire c lear o u t f i t lie pulse 11 M l 1 ! 
produced by nuclear explosions. The SIIAKP I S J I I J I J Htcii* 
Al i i iude Kadioil-ish E'redjctijri) cude calculate* cfic first 
-0 .5 |/s o f the TMP produced b> J lii^lnultitude hunt I I I K 
signal ^predominate!* radiation fromCompion ITICLIKMK 
gyrating about I lie carih** gcomJgneuc f ield. In otdei in 
evaluate missile vulnerability l o dcctromJgnL-iic el iecK. ilu-
tilwtne field* M\d aw coudiictiALite* calculated tu SIIARI* 
h;ive been used as input to oilier codes which csliuutc the 
eleelrical cutrent induced on conducting missile sLms. 

Item 16. St/frllitt' Vuhiertthiiitv h* YurJtw 
Kxjrtttsittn\ 

A computet program lus been developed which is 
useful in u ic l l i i e vulnerability >tudies. For a given Mtelhle 
orbit i'nd imclear explosion position, the program calculate*, 
the probabilities [Jut various environments produceJ b> ihc 
explosion wi l l exist at lite satellite. The tela I ion between 
the position "T the satellite in i d orbit and l l ic l ime o f t»urst 
can be u k c u l ohe (.HUIOHI. Typical code input inc lude 
utel l i ie-orbi l parameters, hu i i l position and weapon p-iram-
cteis.fulneiabil i ty and ki l l errtem.cwcurt modcU. and tlw 
list ofelTeets Ui be included. Possible effects include those 
produced by neutrons, x-rays, gamma rays, EMP. internal 
EMP. delayed gamma rays. electrons, and *olar-flare pro
long The output indicates lite probability o f survival <>l 
system and lis components, die magnitude o f various cfiecis 
as a function o f distance, oi ihc cumulative ptubabihlv n f 
an effect as a function o f tlie size o f the effect. 
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NUCLEAR ENGINEERING 

H V U v i t i L ' \ j f c d i rec ted l o w u r d d e v e l o p m e n t , deM^n. j n d e x p c n t n e n u l j p p l i c j l K nv o l 
puJse r iMvtors. A i u l y s i s l ecbm i j ucs deve loped by S a n d u are u*ed fo r p u k e reactor j p p h c j t t u i i t 
in a d d i t i o n t o ^ u n d u r d U e b n u j u e v used i u r \ l c i i d y - s l j l e reactors . A t u l y M i for in-p i lc exper i 
ments is r equ i r ed U> p r e d i c t expe r imen t pe r fo rmance and to p r o p e r l y i n te rp re t measured d a f j 
l - t p c n i m ' i i l s mvo l ve sm iuL tm i? n e u l n u i and i i a i m i u r a J i a t t o n e n v i r o n m e n t s . Reac to r r i f e l y 
e x p e r i m e n t w h i c h s t n i u l j t e power reac lo r acc ident c o n d i t i o n s j r e J I U J j n j ) y / e d . 

Pulse Reactor Physics 

Aru ly t i c i l techniques are u « d to describe the 
tionjit-fiE J.TJ *n»jdy sute perforrnar»co of 4 'edctor 
Cd i i cJ conlcgurotiorii of J reactor core o ' o ' fuel eleroontt 
"« d slorjpc: container J'O analy/ed, Trjurnrnr art j iytn 
includes ihe coupling of various feedback n»erh.imims wi th 
r**uuon kinetics to properly describe the power :imi- be 
h jv io ' of a ' t fddor. (Items 1-4) 

f nnt'iti 'Utmitv\ 

Neutron i r jn ipor t 
Discrete ardinate methods 
Monle Carlo techniques 

Transient jnalvs's 
CnticaJity 
Realtor h.ejt transfer 

P'Qperlies included. T i u rjp»d motion of co i l ro* m«ru i» 
<vni *;n<i load* 'mpari^J i 0 the nonfud structure* ol !*•* 
reactor are dfi-lyze*! Uu-rn 51 

Chtretil l i ttvt/H" 

Dynamic mess analysis 
Inertia eflects 
Temperature dependent properties 

Quasi-static stress analy*1* 
Coupled heot transfer 
Temperature dependent properties 

Stress analysis at structural components 
Experimental methods 

Transducer measurements 
Strain and displacement 

Photoelashc techniques 

Putee Reactor $tm* Anzlytit R+ictor Safety Studies 

A dynamic Thermal-stress analysts that al locs tor the 
mass inertia ol fuel elements is used to calculate the be
havior of pulse reactors which produce power pulses tens 
of microseconds in w id th . Large temperature gradients 
are present in fuel elements alter a putae, and temperatures 
as great as 2000*0 are possible. Quasi-static thermal-stress 
analyses coupled wi th transient heat-transfer calculations 
are necessary, w i th temperature-dependent material 

'See Highlights below. 

The use o i pulse reactors in power-reactor safety 
studies provides experimental data necessary 'or the 
analysis of many potent fa I accident conditions. E*pci« 
ments are planned and performed to simulate the effects 
o l fuel melting, fue1<coolant interactions, and post-accident 
heating conditions. 

Ot trait Aftivilics 

Liquid-metal fast breeder reactor safety experiments 
Post-accident heal removal 
Ma I ten fuel-dad interactions 
Molten fuel-coolant intetactiom 
Overpower t/ansients 
Molten fuel motion detector 
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NUCLEAR ENGINEERING 

ItiWitJtitiK 

Item 1. Annular Curt9 Piihv Realtor (ACPRt 

Tlic ACPR, a TR1GA type pulse reactor (Figure IJ 
is used for reach-; wl'ely r e s e a t experiments, transient 
irradiation of electronic component*, activation analysis, 
pulse reactor fuel studies, neutron radiography, anil 
radiation effects experiments. Die minimum pulse width 
i i 4.7 ms. cotresponding to a maximum energy release of 
IGO MW-wi:. Neutron fluence levels in excess of 
3 x 1 0 " nvt ate available in the dry 9 inc l id i jmctcr 
I J-inch-high central cavity. A design study is under way 
to upgrade reactor performance characteristics by a factor 
of 3. 

Figure 2, Sandia pulsed reactor 11. 

figure 1. Annular core pull© reactor. 

Item 2. Samlta Puhe Reactor U (SPR U) 

SPR II is a fast-burst reactor used for radiation-effects 
experiments, neutron-excited laser experiments, reactor-
safe'y research studies, reactor physics experiments, and 
fuel-material evaluations* The reactor (Figure 2) produces 
neutron fluences o f 8 x 10 1* nvt during a puis- widt l : of 
50 ps, The exposure volume at the center or I he reactor is 
L5 inches in diameter and 8 inches high- Consisting of six 
phtes of fully enriched uranium alloyed with 10 w t ^ 
molybdenum, the cure has a total mass of 104 kg. 

hem 3. Sunttia Pittw Rent For lit fSPR ltl> 

SPR 111 (Figure 3} is the second fast-bursi rcactoi 
designed and built by Sandia. Scheduled to begin operation 
in 1975. i l will deliver a fluence of 6 x I 0 H nvt with 3 pul« 
width »f SDps in a central irradiation volume 7 inches in 
diameter and 12 inches in length. SPR HI is unique in that 
it uses external re (Ice lots for control and pulse initiation. A 
single control system will operate both SPR II and SPK III 
on an interchangeable basis. 

Item 4, Reflector Experiments 

The use of an external reflector for pulse production 
in a fast pulse reactor was demonstrated with SPR I I , A 
pneumatic device was attached to SPR II so that an alumi
num reflector could he rapidly raised vertically adjacent to 
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lite cuic. The u n i f pulse CIUKJC (crime* wc;c ubsctved 
irrespective m" whether the rc ju i vuy jdd i t iun was by ie-
tfrciur ur pulse rod f Figure 4). 

Item 5. Pidsv Rvavmr Cahuiuwm 

A L'uuplcd k in t t ic -chs l iu ly mut l t i for puke reactor 
calcuhtions was developed ' o pr :dii;i performanLC thjracicr-
i u t « . The agieemciU between this model and SPR II dJia is 
shown in H^ure 5. Tlie model WJS developed Willi 5PK II 
and u w d in tlic design of SPK Ml. 

Figure 3. Sandia pulsed reactor ML 
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REACTOR SAFETY ANALYSIS 

Th is a c t i v i t y inc ludes two pciKTi i l v a i e e i o r i o : a n a l y x ^ o f the safe ly of tieiv 
l a b o r a t o r y e x p e r i m e n t a l Ibe i l i t i ev j m l i m l e p e i i d e n i assessment o f the sa fe ly of 
c o m m e r c i a l nuclear p o w e r p l a i n * . 

Reactor Safety Codes 

Computer codes are used to predict the*dynanriLC 
response ot reactor systems under severe transient or 
accident conditions. These codes soluc complex coupled 
problems of neuronics; material and structural rejponjcj 
fission-product release, transport, and deposition, and 
Kn^ronment effects. FauU'ttee codes flic employed m 
assessment ot risks arising from reaciur accidents. 

Cur rem A<rivu\tt 

Neuronics codits 
Discrete ordinate 

D T F I V 
TWOTRAN 

Monte Carlo 
SORS 
JUGAOOR 
KENOI1 

Diffusion 
EXTERMINATOR 
AIM-G 

Kinetics 
KOK1EL 
-OWER-Z 
RAMP 

Wave-propagation codes 
0 ne*dtrt*e nsion al 

WONDY 
CHART-D 

Two-dimensional 
TOODY 
CSQ 

Structural response codes 
SLADE 
SLADE-D 
HONDO 
UNIVALUE-I I 
CHILES 
TACOS 
SOR 
G.NATS 
SHELL-SHOCK 

Fission-product transport 
F1SSP 
CLOUD 
DIFOUT 

OosccalcuUttun 
RAOS 
Ligh-waicr rtMCiois 
Loss-of-coolant accident code 

RELAP 
WHAM 

Fault-tree codes 
SETS 
SEP 

Reacto' Safety Studies 

Studies are under way to evaluate the safety of 
commercial nuclear power p l jn ls . These studies combine 
system-analysis capability wi th use of applicable computer 
codes, laboratory experiments, and system lesis. 
| l t cms1*3 ) ' 

Current Avfhiiiei 

Safety and security of luclcar power 
plants against acts o l sabotage 

EK peri mental fast-reactor safely research 
Core meltdown experimental review and 

research 
Effects of natu: j l disasters, tornados 
Gas-coo ted reactor safety research 
Fast-rcacior accident modeling 
Analytical support to test facilities 
Fracture control and monitoring 
Post loss-of-cootant hydrogen gettering 
Vulnerabil i ty o l nuclear fuel cycle to 

conventional wartime attack 

"See Highlights below. 
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REACTOR SAFETY ANALYSIS 
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I tem 3 . Vulnerability <*J rt/ntinIt^RvMUunt 
Structures 

REACTOR SAFETY ANALYSIS 

Tim program u designed in evaluate the vtilTwrjhilil} 
i"t"stiin.tuic* ui miiiife* 6 * I K N I C J hy furjuifocv Want*, J 
pipe, jnJ a CJI Ji 200, I0U, and SO mph. r«pe^ lively, JIC 
S-»tfin̂  leiied into reinforced irumrrctc WJJI* rcpmcnrativt *»|" 
n Lids J i production l^ciltUcs, Pi t i t n l slructuul dev&n 
vciioiu UK Mlhljv pcneiuiiun and perfoiaiiuu cqujuuiii 
derived tor nemtefornubfe mmilei, 

i 'togum wopc tot r'u1 fuiuic iA\\ (or niiHi^l tciting 
v*uh lufitctfuenf lufl-wjff terilkjlion ufimpjif pfLfiioin?Tu 
)\>T t jnum U-J11 ihit k n c w i .ilk! niiuricv Vbm v.iU »T frjvO 
on Icil rcuiltt Jjid on ol!i*i woiL in tie tundiK k-J in hn 
field 
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MM^RtPXPROfEfYUZt 

Sludic i arc aimed j i u iu lcnta i i i imn the nu 'dun i iA J I I J ph>\K«. u f material hd ia t to i -»o 
H i j l Uewr ipmc nioJcU can l v ik-i doped Tor incorporation in to analy*i% techniques I he 
itudie% rely *m a coupling; of material v-tencc. mcchasiuA u f m u e n j K . and maly* is lechf i i f juo 
In a%\urc that descriptive imkfcK hcinj; developed are physically realistic av well as tu inpadMe 
twth the analysev £jnpha*a-» is on tuiderMandjKt: rriccJuirustnt thai control mcvhariKal and 
thermal phenomena. New nit-'lliods are Iv ing dewlupcd to study lhc*c phenuwenj under Hie 
M.'\tie cmmmmcmN j ^on ia t cd w i th nuclear weapon*, reactor safely, anil nueK'jr-ua\te 
disposal. Sitidy results, in the form of models or physical paraiueicrv arc then incorporated 
n i l ' J LO"ipu(cr solutions uJ en^tneenn^ pruhlcmv 

MethimcaJ Behavior Thermal Propcrt in 

Goals uf studies on mechanical behavior are the 
cruraetcriAHiori of esientially all claftet of material!: 
metal, ceramics, comp«" f « . polvmcf*, *nd gcolofl.c ami 
pcrout m j i c n j f t . The i ludrci provide iprc i f ic mechanical-
iwcueitv models deicfvL)vvv)ue1o<maiion. fracture c* DITMJ 
la-lute model for a variety of environments. (Item 1) 

C ttr/rrir At'tirittn 

Techniques have been developed for obtaining dJ t j 
on various thermal properties required lor i v t lem analysis 
and dcirgn. The capacity To make rapid rr.ejsurementsof 
material* >n extremely high temperature* rt available 
S t u d m ol OieimjL psoi .mLtt Are used lor weapon design 
and fof solar energy p,nd reactor safety Hudies. Mater ia l 
rncfude conventional sol ids** well a* refraciO'y l iquid 
compound*. Ntemi 2*3) 

Fracture, britt le and J-iniegral sludie* 
Uniaxial, biaxial and u iana ! s i r c i iTaft* 

Wav* propagation 
Uniaxial strain 
HyaetveloCitv impact c r jv *vj 

Pfcise transformations 
OiMusion controlled 
Shock-induced polymorphic 
Shock-induced m t i l i n g vaporization 

Thermo mechanical behavior (lempetaiuiD 
history oil ecu) 

Temperatures to 3000°C 

"See Highlights below. 

Current Ariiit/jft 

Thermal conduct w i ly 
Thermal d i f fu i iv i ty 

Poiitiwe and negative 
Long and repetitive 
Purse techniques 
Muliipie-iample handling. 
Extremely high-temperature 
Refractory l iquid* 

Thermal expansion 
Refractory l iquid metal density 

Enthalpy and heat capacity 
Electromagnetic letfUlJon and {inert! 
t liquid-gas caTotimgUy 

Radiative and absorptive prcvTrfies 

49 



ENGINEERING ANALYSIS 

MATERIAL PROPERTIES 

UMUI.MUS 

hem 1 F High*l\'mpt'rautn* Mcthanh j / Pn*pvrtw\ 

\he tix li i^Ji-lriiipfrjlun* rmvluniLji propti i i t f i ul 
»:r jp MIIK Mj ienJv ait hcin^ l i t u im in td *ilt«: ^luin unw* 
iw^fjiyl*} Jl Tcn)p-:r,»iurf j n i i i t i i u m u l c i up I D jpprut i -
riult')} 10 wvvnd. Tlic ic*hniqu£ involve t f l f - i f iMj j i iTr 
:iL'jiir,j! *n" l e n t i l i»t I'mnpif u i t t ip^vintfn* h> pjs-nn^ j 
!nJi ck\ ' t r t . j ] biiru-iM I I H I I U J I iht i i i in J prepn^rjmiJtt i l 
sVcdhiK'kv^iirtrtW licjl ing +}\lc and then mc^haiiKjlh 
I iuJin^ the i^tf-vimcn it iuniininK'i!!; ::: c>viiC4i?t i h h i i ^ i 

CCUUIK vcutfiu ui idukt ahul i JU- i lhrntiuu-J ^ i i h J |j*cr 
III? i»plUjl HJjkr f - vsVW ifllinJ^Jl il j|MnL.tij»J l!Ui'!lfii<t!Ltf 
lilu*r- i.» M i * ' * i>uT %iuvii:iL"n j j i^jri jL-Wtii t^ I hi* U^cinjm* 
l u * ^yru-'jl applk jb ih l i tin ^iiidviii^ lite I!:L nn -IIIL\ FUDKJI 
Kiu t l t ' f i»! Jii> ^tfrij:ut|]i): i t l j tViul *iili)i\ »*-J :.- pjMr*ij]jr 
l l ic iuul »»:-i - • urii*tTtuiitm m^oiu-i.uw W,m.: » u K 

Itufi K'mjVfjl^iL'i - j r i K' f f j^l icJ iti *• K'\* w,*TiJt HI , \ I 

I torn 2. I UftttJ Ui-t*tt {i*\titttt*'ii 

.-I<J'»KIJWI It-iiTtif tf I f. This in ' t t f jwi (lie icrtipefjluff <»' :!iv 
*T ,J I <ii iJw tpc^iriicn and icJiJ*:ct i'it'iiii-1 *.MfiJu*.[ii-ri JHJ> 
1: -;n i u tOiiT^i 

F "jun- i V i w o' imirie of toil ch.imlier ihawn' l load 

(empcrj^jfL* unilafmitv .»lon*3 the ip^cimen 

I U k * ^ "4'4* 1l*»|M W i l l i * I » J 1 U M H . * | V . » iU- . j l i If IT II I ' l l ' | p i -w.l, v 

i'iL-rnE"J> i j j iuu I^IM-IIIIJI ^ *i>j uur i^ !ubji^ruJ^IibT JH.,W ^d-



MATERIAL PROPERTIES 

Item 3- Thermal Diffinirity 

Uu' app j f j lUMi t td in make ihcinwl-di l fuMvily 
nif jv iHci i iemi cmpluy i j pultcd iub> I J ^ « »o induce J 
ihc inu l l unucn t in nu tenaK It is j i u n g e d Co dCirum-
I I U * ) J I C up ii> 20 wmp'.-s J I one urn? and tu j^quirc and 
pKKcvt the tLtij j t i i unu l^aJ Iy , it i**r * o f (tic h r g n l 
v4pj(-'l> systems in ihe wurld fur ihcrmal-prupci (y 

Furnjca 

L-r-ci 

rte$n(rjiian 

9. 
WulnpJo 

Figure 3 Pul&atJ t o r r m a l d i f f u i m i y rfUMiUf emer i t i . 


