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ABSTRALCT

This report characienizes the gngineeninn anaiysis capababt.es at Sardad Laboratornies.,
Selecter] gpphications af these capatiihines are pretecited 1o vlustsate the gxtlent to which
they San pe apphed e research and develapment progoams.
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FOREWORD

Sandi Laboratones, a multiprogram laboratory of the Energy Rescareh and Bevelop-
ment Admsiration CER DA i Tovated in Adbaguengue, New Mesce . and pvetmone.
Cabforng, with a remole testing pelity at Tonopab, NMevada. In fulfilhog 1ts resposibialities
to FRDA in the Nnelds ol anonal severnity, energy. and other programs, Sandi has geqguired
crfensise vapabilitios in fesearch, development. testimg. and cvaluation, and e tiiode sunter-
ous contnibatioss i sientific and enginecring ficlds, Fhese techincat capahalibses are mtepgratnl
by manasgement for the defuntion atd solution of saentfic and engineering proovlens.

A series ol reports tus been written desenibing these capabiliies and haw g typieal ap-
phi cations, The reader wall find 1he capebalite stmvmarezed 10 g separdte paper. oF gy cheosy
any ol the 17 separate “eports, or f he winhies a compendiir, can Tand aol! the feporisamld the
aanmary vogntaled o a single pabbrcanion. ldentebying numbrers for the vintire seivs are given

Lelow,

C. Doteald Laundergan, Teclneal ditar

P L. Muead, Publication Fabtor
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ENGINEERING ANALYSIS®

| hus tunicnon s voncerned with cateulanng the respunses of designs 1o Lhelr ensiroimmenis
structiral meclhaowes s used to and in determining a design configuratic:n and <hoosing materals
suibable tor the Foads 1o be encounderea 1 prac Uice, particularly ain severe dynamic cnvironments
Steess-woavy andlvas ceaters on the propagition of stress waves atisme fram impact, explovons,
transient radiabon, and otiter exireme ey rronments. Chemseal analyvsis s used to delernpne Lhe
ik el and detonation charovtenistios of sxplosives, Jeading 1o wselul applivahons ol the swhden
releise ol snergy. Heat-transter stedies continm e periormance of heat-exchange sysiceins,
thernad protaction muterials, and rotaome maclimery based on s arnous thermal cycles and phase
JDenzes, Acrodyeiae calcnlatiens predict the belavjor of vebicles in tree and propebed tght.
| ovronmental auwaly sis s gsacd Todetine the condiiions a product might cacounter durmgg o~
Bictuess . Bl amaly sts ol comtral syatems comes il play wlien eovcommen tsensing dovioes.
contred mechamsms, am! Jecrvonsmuakimne and godance tuncbions are coanbined. 1 he design ot
e tronge packares relies on circmUanalysis, Naclear eitineening analy ais g nivilies are diged ted
towand pulbse reactor development, desizne and vperdniion. Resactor safeny gnalysis relates o the
cecuttence of hypothiehval disruplions ol nuclvar regclor Operationy, As a nevesary adjuat ta
sticcess ) engineering conipotations, both mechanical gnd theentad materal propertics are
Joetermaged,

[ e major factlites used s engncerning oy sis are the large Jiatad compuiers the stata
te~d b wind tunnel Cactbities, sihcanon testing tacdeties, amd andog computers. Nanterous proves
ol cquipment are used Jor materal proper!y teshiny

Engineerms Analyses
Protessianal S1ail and lnvestment i aquapnent

L oS Iment
Prostesaonal in Fyupiment

Ntaff (in S 10003
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STRUCTURAL MECHANICS

ENGINEERING ANALYSIS

Structural mechanics 15 used to predict the mechamical perlurmance of g wade vanery
of purts i aysepblics. Inchuded are the load-carrying menpibers iy an assembly as well oy
subassemblics such as electronic components i whiclt stresses are nidaced by extreme
envitonments of by Tabrication. Satety stndesn 2onjuncoor witl eshmp are used 10 pre-
dict and confirm the outcome of accident sequences in systenys waith vogineered saleguards.

fre structural mechunics o ragge of stutic and dy namic analysis techimgues is used

ldssegal

proveduces i elastic solids amd shells; statics, transient dymamewes, vibraions, and nigud-lusdy
mechonics. Becouse of (e severe joads (hat are customarily considered, vlastoplasiic, visco-
clastic. composite, cumulative damape, creep, ductife and brittle fracture, and croshable-roam
constitutive modeling of the materials is frequently used. Loadings considered include pressure.
tempuerature changes. constani acceleration, blast, impulse, and unpact. One of the mujor

rese irces underdying the work in structural mechanics is an extensive hibrary of finile-clement
ad iinite-dilfersiee contputer programs, Computationa] procedures for static aml dynanug
prabilems. and caustitutive tormulations for cyelic plasticity and cominmed high-temperature
creep und plasticity are slso developed. Structural analysiy is carned Qul i canjunction with
extensive testing of individual parts and entire assemblics.

Static Stre1s Analysis

This lorm ot 4.alysis covers problems produced by
emicrnal farces, temperatlures, and constant accelerations.
Work encompas:es high-temprrature vresp, plastic cotlapse,
ductile and brittle Wracture, and thermoviscoslasticity a3
well as linear elastic solutions. Frequently, interfaces
witich clase o gpen under load ore treated. The majority
of probiems are solved using finite-element technigues
both in twe- and three-dimensional analysis are employed.
Fracturs machanics can be addresseu with the calculation
of stress-intensity factors for pfanar and axisymmetric
cracks. Petaited analyses of yesidual stresses in compos'te
materidls resulting from fabricatian are made using equi-
valent anisotropic ¢lastic modeling. {ftem 1-5)°

Current Aotiviries

Thermal stress analysis
High-temperature ¢creep
Plastic codiapse
Thermoviscoelasticity
Camposites
Pressure-vassal analysis

"See Mighiighis below.

Teransent Dynamic Aespome

The most common Wynamic analyses mnvolye impact,
Lrasy, aned anpulse A varrery of eonstilubive models
lelastoplastic, viscoelashic, crushable ored elastic foum]) 5
uted it the analysis. Numerous axisymmetnc shells and
solids loaded symmetrically are analyzed. tn sddibon,
many grobliems are characterized as comparatively wedk
structures surrounded by protective matenials ail of which
are subjected to severe impact or blast. Calculations are
made that involve large defgrmations and finite strans.
{ltem 6]

Crrrent Aetivitics

Membrane intialwn
Bugy dynamicy
Erynamics ol members in
tension only
Earth penetrator structural response

Shock and Vibratian Analyis

The respones of systems and alectromechanical
compDnents to severe shock ang vibration envirpnments
are analyzed. A struclurai dypamic model is used 10
predicl possible failures and ta provide excitation levels
far subsystem designiers. Exiensive andlysis, testing, and
subsequent data interpretation are used to define the
model. {ltems 7 8)
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Crrrer: Jdctivitios

Mode shape and frequency determination
ahock spectra

Lumped-paramater madels
Monparametric models

Saisrnic Studies

The aim of Lhese studies is to determine the response
of structurss to loading produced by earthguakes, Seismic
1npUts are charactlerized as low-occeleration amplitude,
long-duration ground mations Lthat excite the fundamental
modes in structures. Starting viith bedrock L xcitations, the
soil/structure interaction is broken into three pasts. Near-
lield transmission calcylations take the seismic inpuls from
bedrock to Lne immediate vicinity of the structure. NMedia-
stracture interactions describe foundalion interactions and
resultant response 1o spismic input. From the foundation

raspanse, the response of the primary strustuire is gencratec.

{(tems 9,10}
(ierreirt Activitivs

Near-field transmissian
Media-structure interaction
Prnary structure rosgon e

Acqustc Analysis

Generation, propagation, dispersian, and ceflegtion
of acoustic waves, and their interaction with structures, are
studied both analytically and experimentally for a variety
of applicaticns. {{tems 11,12}

Currenr Aciivities
Acgustic waves in nonhomogeneous media
Jnderwater acoustics

Fluid/structure interaction
Wave transmission and reflection

Hesponse of Structuras At and Beyond Failure

Weak-iink/strong-link concents {vwhere one part
ramains functional after anather part is quaraeiteed 1a have

STRUCTURAL MECHANICS

failed, thus assuring predictable behaviorl in accitdent gnaly-
ses require extensiv2 calculations 1o estabilish the relguve
periormance ot the weak and strong hinks. (ltem 13)

Current Achiviries

Brittle {racturp
Nuctila fracturce
Crush

Technique Devalopmanit

Techniques used in analysis are advanced by the
impravement of established procedures and the deyeiop:
ment of new ones. The sicdy of temporal integraton
whemes quantifies therr frequency shft, damping. and
stability. The developmeni of glastoplastic conshitylive
theories facuses on the accurate descnipbion o reverse and
cyclic foadings. &Models of high-temperat are creep wnich
approach elastoplastic behavios at high s.ruin rales are
under development. Cumulative damane models have been
developed to provide o continuous descHplion oY rgier.a!
failure Algorithms lor nonlineas static solutions us.ng an
appy oxim3ate tange=nt stiflness are unler active deveiopment,
(ltems 14-172]

Current Activiticos

Time integration procedures
Stability
Frequency shifts
Damping
Constitutive modrling
Finite strain plasticity
Cyclic plasticily
Comixned creep and plasticity
Cumulative damage
MNonlincar static deflectiaon algonihm
Tangant madulus
Initial modulus
Approximate tangent modulus
Mesh gcencralion
J3-D interaclive graphics
2-D self-orpanizing
Finile strain transicnt response



STRUCTURAL MECHANICS
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. e . . d . HHGHLIGITTY “ * * . * *
item 1. hermal Stress Analysis ltem 2. Two-Dimensional Static Stre : Analysis

An analytical ¢apability nas becn develuped to
combine serodynamic heating, thermal, ablation, and
stress analysis techniques. The analysis is applicable lu
axisymmetoc (or two-dimensional ) structures subjegted
o anisymare iy Joading: axisymmetnic structures with
asyme e loading can also be analyzed when the
asymawctiies are represeniable by circumferential hor-
moaks. Comniikcated material behavior (temperatute-
dependeni, orthatrepic, nealinear) can be included. As
ait example of thas capabilivy. Figure | shows a Gnite-
clement wdealicatian of a “1yprcal™ 1eentry vehicle nousetip,
Figure 2 sharas o tempetature distribution at 3 particatar
puoint sl Ise . and Figuie 3 shows the thenmol sthesses
Jdeveluped at thia peint by the tempersture field.

H-Axis
L 1.0

I" ,,r.i- -

0B
TN, |96

a
N B - i!:: ##### ﬂd
L I T B PR B r
i R . -
-k moaoa o, -4
0.2

Q.0

Figure T A finite-element mesh idealizanon of 3
graphiie reeniry-vehicle nosenp.
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Thermal strosses that result trom the
remperalures ot Figure 2.

Fiqure 3.

Analytical capabilities have been developed Lo
perform two-dimensional (pfane stress, plane stran, and
axisymmetny ) static shiess andyses of both shell and swohid
sructures subjected 1o mechantcal or thermal luadings o
their com™instion. Infinitesimal or finite-stran assumyzons
ary incoipuraled togelher with a wade vatiely of mutendl-
hehavios ssswmptions. 1he most commonly used malenul
behaviot 13 the temperaturc-independent, time-independend
isotrepic, linear elastic model: however, it 15 ulten necessary
(v include mcreasing complexity in material befiavior such
as plasticity and ¢ecep. As an example of Lthis capability,
Figute 4 is 4 finiteclemnent idealizatton of 4 ceramic-ro-metyl
sl ol 3 Cesymac sacuum whe, Figuse 5 :nows thr Caliu.
lared readual maxamuir principal siress contours Jeveloped
wr the Wbe by the brazigg operation in fabricanuon.
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Tuide.

Figure 4.
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Figure 9. Maximum principal stress centours in the
ceramic arising from the brazing operatian
st to seal the eeramu 1o the ceniral mergl
tubie.

Vtern 3. Jhree-Dimpensional Stupie Stress Anlyvviy

Anatvtical capability has been develuped to perlorm
thice-dimeastonal statwe stress anualyses of shell and solid
structures sibpected 1o meclanical and theraal loading
The anuls s treals the gsyuraptions of jpfinitesimal strain
and hinear elactic material behavior. A\ lymited capzabiliny
eniats Looperborm elasie-plastic three-dimensional caleula
tons, [mpled in Uns capability is use of input and oulpul
data prowessars, which are essential in (heee-dimansianal
atiabies, Vi tvpe ol snalysis Binds application tu strue.
tral, elecincal. it electromechanical compunents. As
an examypde of this technology. Figure 6 shows the three-
dirmensional finite-etement idealization of an encapsulared
clectrieal vompoenent. When subjected (o a combmation
ut meclhunical oads, tle vop surface defureats as shown in
Ersuee 7. Calcalated stress contours on a pacticuler plane
il b phebted gs shown in Figore 8,

STRUCTURAL MECHANICS

Figure 6. A three-dimensional finite-clement mesh
ideatization ol an encapulated electnical
componenl.

Defarmed shape of the mesh on a plane
through the structure.

Fiquie 7.

Sigqure B.  Maximum principal stress conlours an 4
glane through the strutiure.
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ttem 4. Muchduics o) Anisoirapic Mulvrialy

| lustustatic and thermurelastic analy tical tuols have T STt T
been Jeveloped Tor the siudy of anisoirapic and compusize =00- e
thatereals subjected (o thermal und mechanical logds. The
techmolugy is npplicuble o 1he analysis of majer and minar
cumponents ol 1he straciural, elechical, and electio- : o P

prectianicd] type that gre subjpected to residuzl stresses by i‘-'__ T— - - e ’ E:!;Hm

tabricaticns. Ay s example of component fabncation stiess & Fu0- P

Jralyses, Frgure 2 shows he circamierentiol component of e

stress as o function of the radial coordipate i a capacitor ' OGr //,-fugtmm: Alter Wird ry
immediztely after it iy wouad. The two curves illustrate the .

impuortance of meluding anisotropic material characteriza. o - e L . .
bon when i0is present, The corve Tabeled “isulropne”™ shown 0 IB75 A tn | aerd

the eesull uf ignonng anisutrogic efiects.
Figure 8.  Cucumferential stretsas in the digiecinic
matenial 0l 2 wound capacitor voth and
Item 5. Nweo-Dimenstonal Logd-Lamit Draly o vathout orthotropic effects, as o funcnon
of capacior radius.
Load:-linit analvsis is wsed to Tind the maximum Joad
a struciure will carry withaut celipsing. As anexainple of

this vapatoliny, Fieore 10 shows o “mite-elenent idealtzaton vessel, Figare 2 shows the defurn:=J shape fovagpeerated)
b g small axisymsetrie pressore vessel, Fagare 11 shows and Figure 13 the sltess conliurs resnlnng from aternal
the tuate-clement, idealwation of e aeea of materest e LIt
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Oeformeayd Wedh

- Q.00
. .-:' :
-_.'-'.L_ Q.Cdd
e
!
4 T
" 0 006 .§
| 2
] d
gl Po125MPa gupe
I
Q.0072
t Ax1 of
"1 Symmetry 0.0

Q.4 0.002 0.0
Z-Axis {m)

Figure 12. The deformed shape {exaggerated) of the area
of interest caused by internal pressute,
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Item 6. ucl-Cusk Severc-fimpge - 0y

A ruck-transpotied dnipping ok bor spent reschor
fuel was mvesigated wsing stalre and Jy pampc shigeiural
analysis methods 1o deteomtine whether an acodent
invelving 11 and a railtvad traip wouold resuls in the elease
of spent reactor fue) {Figure 143 Mo was asamed that the
train was travehnp 20 miles an haowr ot the Gnic a Lopacied
the trailer carrying the fuel cask, The computer investiya-
tivn used hoth a farg2-deflection, nonhineas finile-eJement
code tu predicl ca<k respons®, and a lumped-mass model
of the locomative. Nualimear cocplings between masses
were used (o simulate the crushing and large-seale deforma-
tivn of the locomotive superstructure and { nfure of welded
and bolied connections, The analysis showed that the cask
wuuld be accelerated by the impact with the superstruciuse
te a vefocity of 63 mph before it was st uck by the [ouer
nwtive's alternatar (Figure 15} The impact was judped
srsuffwiently severe 1o ¢ause Jeakape of spend scavtor fucl.
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ltem 7, Lwumped-Paramieter Maodely

A lumped-parameter structural dynamic model 15
typically made befose 2 prototype of 1he sy siem exists.
Onge the svslem protutype is esled, the test Jata become
mn vnpartanl sougee uf information for improving the
model. A techaique has been develuped to obtain a phyy-
cal nrodet direetly from test data. The provess involves
three distinet steps,  First, transfer fungtions froza the input
{v the response pointz are ublained from dala gathered
during a random vibeation qualification test. These func-
hons are then used lo sbtain modal parameters ol the
muadel. Finally, the modal parameters are uw. :d 1o obeain
physically meaninglul lumped parameéters assoctated with
the model.

Item B, Nunparamvtric Maodeliny

Thic developmenl of the last Fouries-iransform has
made practical soine well-known linzar rystern analyss
technigues. Frequeney response Funciions (1 ansfes fung-
nons) are ohlained from anatyticsl models ur from aviual

ENGINCERING ANALYSIS

test date, Thewe Jrequency response tan, iuny ae then
wed, with a1 v place ol the adiizonal stractural godel
1o predsct respriwe 10 thock and vibraton o Otationns

ftem 9. Neuae-Tield brasvmrnter

A csnpater mivestigadiiun ! the etfecty of by
F"i-'“!“,’_ﬂk: i1 f':gll!dl':“t!l O L PEINSTOE S g o 8 SETSIIIL & ey
way mude  The fnile-element methind was uyed 1o modet
3 peologealls diverse regaon tRe Grande satley at Albu
Juetgue Vi two dimenstons (hgoate 1) Respanse s wers
compated with those of hogrontally uartorme models bor
g variely ut mpeers I was lemonstigted ot the Jistortion
of shorrtatreriod boady waves was luphly influenced e ol
peneae rregularinnes, wlhercas surface wanes and Loz o
peitod Body waves were relatnely unchanged  Laryee areas
1 Bk fsultime typrcal of nttsalles sp wepe showre 10
have o perameunt ntluenge on sweasm, ypnals
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Figure 16. Cenlrg) mesh area.

ftem 0. Priviary Structiire Respronn

The Zandias snaoldr core pulse reacior heam tebe
and expenment chamber were analy ced to deternune they
tesponiscs o 3 sepymic inpud. The shock specteam af an
carthgquake that was more severe than 1y expenenc=d in
the Adbucuerque ares was computed and vsed 1o predict
masimum deflecr,on io 2 critical p2rr of 1he heam (ot .
The ansbyvis shuwed thao during an earthquake of such
weenty, the expenment chamber would et comtac? the
reaclor core,

Item 11, Lderwarer Strietural Sound Scicree

A low-frequency structurzal underwater sound soarce
was developed and tested. The assowiated Nud sl ture
pileraction problem was analyvzed. Theorencal and
exnenmental corgelation was achiesed as austeated in
Froure 17,
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item 12, Wirnve Prawsinisvsnt cord Roflecrion

The capabulits of micasonomyg in-tlicht eeentry vehaely
Mo TP recessicn ussies ultegsonie dicas-wave lansnnsston
and relleenoe has been deveioped and Thght esied. Sy
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rcnnntl covinonments e boea analy 2 ed o~ well as strue-
eres sulbyectsd toomechamcal “crosf” connotapends,  As
crample ot s tevhientdogy . Frgme 19 saoses an pdealised
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Item V4. N:onernoat Finee fntevraton
He Sereec tienad Cogdes

Soaneneal -k medfeods 12 stnctond
Codde s wre Topmies of contmayr ystndy . Breagqueney sad
amphtiade doternans are nteeduced by sl discrere temapanal
ettt methods, Tlee coeors can Do ggoatiesed byl
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ttem 16, Cumtbhined Creep and Plusticity

A mathematical thevry of time-dependent plasiicity
ftas been developed 10 describe the multiaxial behaviv: of
metals at high tenmperature and stow loading rates. Damage
generation and Jamage healing mechanism: are modeled n
this thewry rather thap creep strauns and glasie stiams.
This physical identifization diows the heory te dewrib:
prnimary creep, Bauschinger effect tor creep, and creep
recovery. 11 appioaches a conveniivnal plasticity theory
m the limut. 45 seen in Figure 23, without the use of
loadmg-unloading criteriy and inegualities. Secoradwy
creep 15 charactenzed a5 a state where dmoge generation
atd Irealing proevesses ar in dyramie eguilibrium. Incurpo-
rattun ol th? theory into structucal codes and cxperimental-
theuzretwal currelation vork are parts of this contimueng

eilterr.

Item 7. 1OCESS: -l Stete forad Yol inditie
Caonmputer Prageam Librery

Toamplement efficient use pf available siruciusyl
mevhan'cs sofiware, a central retergnce system called
ACCESS {a Computes Code Entry Szacch System) bas
been yeveloped  The sysiem primarily provides quick
Weantizaton of availsble programs, fucnishes all infur-
mai:on need=d {or their vse, and establishes standards
[ur the devimentation and muintepance of proprams

A izatalog of available progr msis maimained which
cuntains an index af programs by elass of struciure and
hy 1he ghienomenology iredted in the program. The
vatalg also ventains a descriptian of each code in text
form and pertinent facts about the progeam. Euach code
is In a category indicating the status of the program: for
example, whether it is being writien, being implemented,

12
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Finuere 23, Suess-versus-sliars Dehav o 31 vJaripus steain
eates gr a bvmedegendent plastrily mode!
viboCh A0S 1CGTPLTates recuery or annealing,

ot is u productiun propram. Production progroana: bt
have the greatest use ave pluced in pernanent lites in the
cernputer in both card image and corapiled (orma, for casy
Jecess. Fos planniag purpuses, an accounting systean allo'ws
deterrmination of actual use hstory .

O1 1357 nrugrams o ACCESS, 3 are mamntyined un
the permanent files.
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EMGINEERING ANALYSIS

Stress-wave analyses 15 directed toward an understandinge of sifess-wave propagarton
in ma'erials. The results are applicd w the design of compenents and systems that will be
subjected 1o impact, explosicne, transient radistion, and other ¢xtieme environmenls.
Emphass is on the developmenti of methods for analyzing engineering designs. The neces-
~ary lechiniques resull in computer codes for streis-wwave propagation in oue. two, ofF three
Jumensions, requiring modeling ol the dynamic response of structural meials, composiies,
pelymers, porous mateials, enplosives, and geologic matenasls. Kale-dependent zlastic-
plastie, viscoclaste, porous, and dispersion response. including Ynittle and ductile dynanig
Fatlure., shock-induced chemnical reavhions, and phase chanpes, are represenlative areas of
clfort, Major arcas include siressywave codes and phenomena, constitutive refations,
physics of explosives, and measurement techmegues for motenal response.

Material Constitutive Relations

ot theoretical gl experimentzl gnalysis effores
Fav. as thar goal the characterization of the dynamic
resprnse of broad classes of materials and the determing
hass of constitutive equaticns especially tor incorporation
into numenc it computer codes. Programs ate aimed at
cha acterszing the resppnse of materials to severe environ-
me1ts gengrally involying a combination ol high ctresses,
hicgh strmn, high heating rates, and high temperatuse,
Madels of matenal respanse are used to cozrelate materigl
hehgwor over diverse stress-lcading canditions, ranging tram
audir-$tatic ta the upger limit of strainrar ; associated wilh
shpchk-wave loadirg. Closely associat=d wii 1 the constitulive
moidels 15 development of the necessary dynamic fraclure
madels. These models, together with specific material
proarety thara and nomericd) codes, find use wn the solution
al anugq. ergineering and safery problems. (Items 1-4)¢

"sev Highlights balayys.

Crirret! ACrviines

Camtitotive models
Soils/rocks
Varehic-yeld
Crmposites
Dupersive hinear and nocnhnear
Folymers
MNonlinear viscoelastic
Explasives
Kiretic
Paraus me-la
Rate-degendtent gare callapse
Mixtures
Blechan:ical kingtirs
Translormation kinetics
Merals
Elasiceplasiic
\Work-hardaming
Rate-dependent
Cerarmics
Fracture mooeils
Fracture imtigtion ard growth
Cumulstive damage
Spallation
Goeoloqic material failure
Test Candituons
Stresses
D 10 500 GPa
Strain raies
107 10 10" /s
Impact veloCities
0.071 to 10 KM/s
Heating rates
000 K/is
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Computer Program Developmensi

Wave propagatign computer prgagqrams are
Oeveloped and 23pplied w vield a more detailed under-
standing of stress-wave mechanics. Versable codes are
apphied to oiztain solutions to problems required in the
aralyss angd cesign of syitems and comporents, and to
reduce the number of expensiye expeniments and detign
tme. (ltems 5-7)

Carrund oenvihivs

Specific codes
Lagrangtan one-dimensianal
CHART-D
WONDY
LONCHAS
S\WAP
Lagrangian hwa-dimensional
TOODY
TOOREZ
Eutenan wo-dimensional
Ccsq
DORF
Twa-dimensioral geacralized coordenates
ADAM
Three-dimensional
TAQSS
THREEDY
THIOIL
Numerical methods
Alrernating direction
Time s1ep wlifting
Characterislics
Fimite dilference
Artilicial viscosity
Shock fittinn
Canstitutiyve relatjons
Thermodynamically complete multiphase
hydradynamuc descriplton

STHESS-WAVE ANALYSIS

Elastic-plastic-strasn hardening
Rale-tepzr.a-nt yielding
Cumulatve darnage failure criter)y
Parous materials
Componites
High explosives
Phasechange kinetics
Nonlinear viscovlashc
Features
Energy transport
Radiafion difiusion
Autamatic ane-dirnensional rezonming
Two-thmensianal Lagrangian re2gming
Sliding interlaces
Contact boundarees
Interac e graphics
Plotting tackages
Caupled wave orapagation
Structural response
yminal and cowndary condilions
Time-dependent eneigy SQuUrces
Time-dependenl boundary condimons
Applied boundary stresses oF posinion
lmitial velocity conditions
Genegral initial Zoming
Applications
Hallistic penetration
Grovnd-shock propagatian
Hypervelocity impact
Craterning by explosives
Shaped charges
High-explosive contdinment
Pain ant fyslt ergsion
Laser an. eleCtron-beam-generated stresses
Metal formimg and cutling by e.plotives
Rock-material disintegration
Failure thresholds for safety requirements
Radiation-induceg impulse

o . HIGHLIGHTS — * 7 . e

item 1. Armor-Plute Spaff Strength

Projectile penetration characteristics of armor plate
has been analyzed. An accamplishment of the program
was the close correlation of an experimental hypervelocity

seriefralion test 'witl: numerical wave-propagatian code pre-

dicsivns. Suceess of the caleulations was due to material-
aroperty input hased on experimental determination of the

14

spall stremgth of armor plate (information not previously
available). Figare 1 shows spall separation initiated in
armur plate hv conventional gas-gun impact experiments.
The thin plate is a flyer plale. which was impacted at a
velocity uf 0.335 mm/us against the targe). A spall
strength of 3.8 GP2 was determined.
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Figure 1,  Spall of armar-plate stee! produced n
experiment ta determine dynaini¢ lensile
strentgth,

Croontintetive Egugiion Vodeling
i Composires

ltem 2.

Studies of wave propagation in composites has
resulied i several constitunive njodels. Extemsion of a
neorous malhematical deseription of a linear elastic mundel
with mecrostructure 1o higher vrders, specitying inter-
iernellar stress and strain constraints, has led to a preaier
paderstanding of internal stress and strain Nlields, Still
further understanding has resulted from g realisbic state-
mend of external boundary conditions and a knowledyr
of the role of interlaminar load failure in governing wave
prapdgalio.

While elastic theeries aid in understanding wave
prapagabion, a serigs of “homuogeneous” material models
have proven the most usetol. These models allow nonlinear
stress-stemn description. One, for example, treals compaos.
1tes as rate-dependent solids of the Maxwell type. Excellent
agreement has been obtained between caloulated stress-woave
arcdiles and laboratory experiments on a cloth-laminate
Juirtz-phenolic composile. Stresses were caleulated to
within 3 percet, as were wave speeds, Further extensions
at the model incorporate thermodynanucs and porosity.

Iz this fore1, the model is useful in engineering Jdesign
sakeulations which replace expensive and prolonged leld
Leslitg.

Stk Initiation of Detonation
in PBX-9404

Item 3.

High-resolutivn measurements of the structure of
Mane waves propagated through PBX.9404 explosive have
viclded infuormation about the growth rate of weak shocks
oward detonation, Comparison ol the detailed structure

ENGINEERING ANALYSIS

al ubserved wavefrunts wilh theoretical results pesnints the
determinatmon o rates of release of chemical energy behend
the shock and study ot the interplay between this energy
elease and siscuelaste dissipalion of enecgs m cuntrollmg
wave growth  Intermanon on the properties of eaploaes
1 used 10 deseluping ordiance and in safely Jssesuanents ol
potential accdent atuations involving explostves.

Statie frigxial Stresy Stwdiues
if thE Shale

ltermn 4.

A compulet-controlled trizxial tesl machime s uwed
to study the yvield and fracture pehavior of anmissitupie ol
shales as a funchion of Kervgen cunitent under various
loadings. A tymcal resuit (Figure 2) dlustrates the increasw
of volumetric siran wilin COmpressive stress unigue o rachs
and sodls {ddatancy . This effect is dommant m geologn
matetials. and trueasl studies are providing Jata needed 1o
constiuct canstitutve models. Such models. incorporaied
mnte gumetival codes, are used for engintenag ceteulattons
in Jevelopng earth-penetrating projectles, cratenng. nnk
dolling and blasting, and eil-shale retort rubbhization

1 T I ! — 200 |
N
- 150 <= -
&
=
2
= 100 == - =
o
15%
(=134 74 1)
(-2.19, 71.4)
%
- 33 B0 -
| L —r |

0.8 0.6 0.4 Q2 g0 =02 -0A4a
Volome Strain 1%}

Figure 2.  Axial stress volume $train behavior of ol shale
as a lunction ot kerogen content {volume per-
cent]. Failure or fracture is denoted by X o0
thz 3-percent shale and by the strain and stress
values noted for the 15 and 35 percent shates.
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Sagery Aaelvsis for Radiodetive
Marerial Containers

Item 5.

The respunse dunng impact loading ot a heat-sude
capsule ¢ Figure 3} for a cadivisatupivally powered thernne
electine generator was analyzed to Jetermine structural
rtegrity . The capsule conusts of a fuel pellet made of 3
fadinac ve isotope, suirouicied by o Goam rustenial, whinh
s i turn surtounded by fayces of specidl slfuys,

—-— 2 IHA om—

Yerrigm
F o

Y anlaiu
Fgam

T antaimh
Arley
L s

78515 Lin

Tantalsm
- Rlgy

Strength

Mloemdser

Moo by -C
T

Figure 3. Heat spurce for rachoiipigoicully coered
thermoelectrr gQeneralor

To predict whether the voter case o) the caf athe
wottld rupturé under impact. cofvdlanens were perforned
with g two-dimensienal wave-propagation cude 1TOG Y
capable of providing the deformation bisture o cach pan
ol Wi capsule. In one caleulation the impact surfagy was
at the spherical end;in anouther_ut an angle with the coraer
of the capsule’s flat end. Reduchuon in strengih of the
auter laver of material because of welding was muodeled.
R=sults showed that the outer siructure of the capsule
shuald remain intact, and that 1w toxie radioisotope
would not he released,

{0y namic Loads onl Foarth-Penctriling
Projeciilos

ltem Q.

[n cunjunetion with fereadynami s experimeats,
Lwa-dimensiomal stress-wave propdgatiun cudes are
emplned ta predict peneration deptlis, deceleration
histores, did dynamic loads imposed an projectiles dunmy

16
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tpeet and penetration. Cuanstitutive equations tor earth
rredterialy, determmned by showk wave and statie inaxil)
stiews expenments. ave been meorporated o the TOLDY
twa-dithensiorul code. Given approprigte ge smaleqisl
propeity data, caleatatwens ul prapcule penetoaton sty
accurate fur ungle or fayered medva (Figvere 40 Maetepal
resplontae, tachuding compacton behaveir and Nalluse, 1s

ohwe reed and ats telatian to projectils velociy, nose con-
theue stion, and propectile luads, s aaseswsd o ophimisee
prajeclile Jedigns,

i
i |

Tt 1L RERESN 11

-

Figure 3.  Regions of falure (B msec after smpuact)
produced in a soll mediom by o 0365 m
diameter projectle impaching ot 152 m/’s,

Item 7. Fyplnding-Foif-Driveas Fhoer Plates

In vertqn problems regarding impace testing ol
mretertals and e splosive s tiatem 1t s Necessary Lo Jocel-
ecafy thin nlares to velocites of the arder of 5 ks, A
weehimgue has been developed in which the socelerang
tatee 15 arovided by thergody namie pressure penerated
whien aluminun foils are vapeorized by the passape of fargs
clectrie cucrenis. The performance of such sysiems has
heetl :]:I:Jl}‘!tl] lll"'H.Ib'Jl ;I]ipfll.‘ﬂ[ilﬂl of the ve-dispe nsiomal
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STRESSwAVE ANALYSIS
hydeedyrarnic code CHART.-D and thie twodinmensivnal link between the electric current and energy -depusibion in
cude US50). These cudes contain cquating ol state (ot the foll is a subroutine of the computet program, which
wuminum and ar that @re valid over the range of pressuie, inciu.'es a 1zbulation of experimental data on elecerical
lemiperatuee, and density encountered, With these equa- heating of metals.
livns of state, and simpler unes (or less ¢ritical components,
system perfurnunce has been andlysed over a wide tange of These culculations bave proven accurate for the range
mieshamal ditnensions, meaterials tincluding mir-filled gaps). of parameler v abions checked, as indicated by the cum-
and fug varwus times of energy depusitn. The cotival parisun in Table ].
TABLE i
Companson of Experimental and Compuied
Results (ot Explwding Foud-Shots
Flyer Veluaity®®
Alter § mm Displacement Time of Flight
i’ Size* (kitr/sec } {us}
{in.} Experimenal Cumputed Expeumental Computed

0.375 x 0.375 » Q00 6.25 6.45 1.0 0.75

Q.5 x 0.5 % 0.00} 5.25 5.35 1.3 1.01

1.0x1.0x 0002 5440 5.45 1.16

*Aluminwn fuil.
**Mylar Qlyer, thickness 0.01 inch. |
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EXPLQSIVES ANALYSIS

This avtivily as directzd byward developmg wavs 01 predicling both exploauve behasoor
and the elfect ol delonation on malenal i vontact with the explosne. This predictine
capability is supported by theoretical and expenimental research and vesification testing,
Applicatians have ranged from design of explosion contamng rs anmld blast-resistant siructures
10 the devign oF explosive issstiators and anslyus of tock-blastieg probicims. Capalsihiies i
SUGTE refa fed arvas as formodation and manubaciure OF esplosese miafeniads amd desices,
quditty assuruance, and reliabdoy analvsis are tnport it adjuncis,

iniuation Phenomena

sumul ysually imtiate Jdetonation in explos.ves
i3y ArILUCING 3 wiew 2 resci:gn that grows lo delonatran.
Analy$is of explpsive hehavior in this subdetonation reqime

s neceswary Tor the design af spphisticated explosive devices,

for safety assessment, and for the design of LuDaton Sys
rems themsetyns,

To support detign studies, methods have teen
deveioped for prediciing imtiation of explosives by hugh-
veloCity imp2cts, sparks, explodirg vares, and contacl with
detonaling explosives of other Iypes. Satety tiudies wsoaity
invalye nilialion by Jow-velocity impacl, erushing, or
hesting,

Analyss gf axplosive respanse (o Inw-tevel mectanrca
stimul 18 possible, but s currently based on tather tpetial

criteria cerwved from experiment. Tnermal-ignition phenom-

ena can e trealeg analytically bry solving a heat-conguction
problem in which the ehemical 1eacton s wcluded as an
energy source, {ftems 1-5}°

LCrrreny AcHvites

Thermal ignition
Heal conduction and 1thermochemica)
instabilily in reaclive matenals
Shock heating and ¢hermal ignition of
homogengous explosives
Wave growth and decay siudies in hetercgenepus
eExpiosives
Acceleration waves
Shonk waves

*See Fﬁghhghti helowy.
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Exploitation of expenimentally denved
it dtegn Cfititid

Pressute history crileria
Detonalor vutsi-current chiterig
Detonation Luldup tests
Detonatnlity lomis for fuel/an explasivey
Safety tesls

Imitiator esign
Electrical «Jetonators
Flyer-plate imtidiors

Relaied 1yt actwaty

Theorehical and expenimental rpsearch

Explasive Performance

Swuthies are drecied lowaed an undeestanding gl
loads impossd an nonteactive materals in contact yath
delonating explosive. Analyses range 1n d<iail and
accuraCy from the gpplicatnian gf Guraey formulee 10 use
of computer coges that solve the partal dilfervatizl
equitions representing the physical an i chemacal theonies
of detonation. These latter codes, in " hewr mosl highly
developed form, are alzo capable of determimng charge
ceiucality and splving prablems of imtiation and transler
of detonation. [l1ems 6-9)

Lurrent Aelivities

One- and twvg-dimensional Chapman- Jouged
calcuianons

WoNDY
TOOOY
CHART-D
C5Q0

Ore-dimensianal reactive calculations
WONDY

Chemical equilibrium copde calculfations
TIGER
CEC-74

Gurney theary

Hesponsz of nonreag nve matenals 1o
detonabions
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{tem 1.  Thermul Exphosion Theon

Analytical studies are used (o deline and culculate
crativel puratneters poverning the thermal igmtron of solid

explusives. With the reaction kanetics of explouves modeled

as a funcuion of temperature vnly , analysis of hoth the
steady and vansient fuens of the poverping h=at equatiun
oy shown the existence of 2 criyeal temperature that
depends on the peometry af the materiol. If the temipera-
ture 1n thie explouve cxceeds the critical value. the
(zeaperalure wmeteases rapidly and teermal gt esulis,
These vatvulotions sre in Spteement wib expemnentyl
vhvervanuny. In Table L caleulaied cntical lemperatures
ot smeatl exlinders of ten explusive materals are vompaied
with expernnentsl resolts obhtamed at the Los Alamuos
Scienufie Liaboratory. Currenl investigations aim al
further caleulations for enpnecting apphications and
determination of the influsace of reactanl consumption
an preded bohavivr,

TABLE }

Comparisun Detween Experimental
agnd Calcolsied Critical Temperalures

Fxplosive Critical Tempetature {°C)

Muterial Caleulaled Fxperimental
EIAE X 254 153- 154
LDx 21K 1521
™T 293 287. 289
PETN 197 200-201
TATH 335 J31-332
BT¥ a 248- 251
N0 206 J00- )4
PATO 190 280-282
HNS 3i8 20-121
DATH 323 320-323

ltem 2.  Eguatiom of State of Nigromethane

Tu facilitate shovk-tnitiation calculatians for
nittmnethane. an internally consistent hermodynamic
equation of state for the liquid has been determined
expermentally. Thistv-eight thermadynamic parameters
have been tabulated over a range that includes pressuses 1o
20 (:Pa, icmperatures 1o 2000 K, and compressions 1o
ane-half the normal volume. A copriputer file of these Jota
has been construcled and is availahle as 3 subroutine for
wave-propagalion codes. An example of the information

ENGINREERING ANALYSIS
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available 1y given in Figure 1, which shows the temperatures
achieved for varying degrees of shock compression of
muromtethane at theee values of intial temperature

i
[ 2
@
a L]
2 .
I .
E‘ .
[ " ~ .
- D (kbarl = B ‘
2 1 ‘ . }
0.4 D5 D6 0.7 0.8 (1) 1 0

cpecifc Volume, v [vc;rrrII gl

Figure 1. Tempecrature-specific volume states achievable
betund shock svaves of various strengths for
three values of the initial temperature.

Item 3.  Shack mitiation of Detonation
in Nitrcstethane

Shock wmnianion of detonadion in milromethanc, a
represenlative homogeneous explosive, has been studied
bath experimentaly and theoretically. In the experimenis,
trom-temperatuce sarnples of the mateiial were compressed
by plane shocks to pressures from 7.5 10 9.5 OGPy, Diagnos-
lic information in the form of the ignition lime intenval, 1.
and 1he particle veloaty history of the shock-cumpressed
liquid were ubtained from simultancous streak carmers and
velucity interferometer recorde These data have wen
favorably compared with predictions obiained from the
application of thermal ignilion theory using an eguation of
stale for niltume thane. along with chemical kineti : duta .m
exothermic decompuosition of the shock-eated liguid. A
lincar vanation of log 7 with the calrelaled lemperature
behind the inert shock wave i, predicted theoretically and
nhserved experimentally ior ignition times of the order of
| microsecond. These results are of specific impaornianee in
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thee behavior of mitremeihane and are of general nletest
hecaaw they vininbute to vur undorstinding of e phyocs
of inaten and detonatum of humiageneous explosines.

Ware Propagation in Heterogenvons
o epfusives

Item 4.

Anafy Geaf ynd nemerical solutians vl impagt
prableais involving explosives require a ecalistic thicory of
thvir gynamie mechaniea, vhenmal, anit chemival behavor.
To this end, experimenta and apalyticval technigues are
used to study the propagution of shick waves, accelesation
waves, and acousie waves in helerogeneous explinne
materals. The study, atmed M determining the dynamic
cesponse o such materials over a wide range ol shiesses
dnd epiperatasres will Jetermuine the thermomechantdal
and thermochemival properties necessary to predicl such
bebavior as shock initialion and transttion to delenation.
e expectmenatal information is used (o formulate models
toie e 1A Oades et garatie thie mumectca! solution of
emaneenng problems. A theoretical moedel of the behavior
b shovks of various strenglhs is compared with expen-
reentat ohservatons in Figuee 2,

Weave Propagation Calerdations
for Chemically Reaclting Media

itormn 5,

A subroutine has been developed for use with the
Finite-ditterence Lagrungian code WONDV-IV to calcuiale
ane-dymenstonal wave prapazilion in rate-dependent
malerals whose respense san be choracterized by 2 hinite
number of ictemal-state variables. This code is applied 1o
the study af chemically reaciing solids with internal-state
vanables reprecenting the axtent of the indwidual eactioms
invulved. The study is aimed at determining the influence
ol the reactions un the evolvlion of sheck-wave profiles
and at deternunjqg the role of boundary cunditions oo Lhe
shaimck imitiation and wansition-to-detonation behaviae of
explosive materials. Frem these studies, it will be possible
to refine the experimental provedures used to evaluate
dynamic material properiics,

Cirney Theory of Explosive
Performance

item &.

Gur 12y furmulae provide a way of estimating the
velocity af explusively ancelerated material to within aboul
10 percent in typical confligurations. These lormulae
iepresent global momentum and energy balances calculared
i the gssumption thal velocily distribution in delonatiom
producys s linear. For a given peomerrical confippration
the Gurney Formula ¢xpresses the velogity of driven
ralegnal ta that of the explosive. In cach case the velocity

20
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Acceleration brhund shochks of varrving strengths
that saparaies the foqion in witich the shock
grovys i strenglh from thet o ywoch 1t decoayt
Al thowen 15 The energy relegse role at the
ciHlical cordmtign comresPponding 10 3teady wave
Bl ODAGgIYION.

ts prapurivnal te the sqoate ot of 2 "Guiney ereny’
charaglenstiv of 1he particols e xphsive used am ots

density.

Hydrodynanmie yolutimis fo1 3 atria ot 1t probicme
have been chiained 1o determine the range of applicability
ol the formulae. These calyplations also lead toan
itipraved undersianding of the refatunskip between the
Gurney energy that scales the formula to experunental vb-
servalions and the thermochemical energy liberated in
calorimetric expeaments. Figuee 3 shows a comparisun of
an analyrical sotutien for the velocity of an explosively
driven plate with the selicny peedicted by the Gurney
model. Calzulations using the chemical cquilibniun cone
TIGER have been used tar Jerive correlalions hetween
Gumey encrgy and the more readily determined quantyties
of explos | J0 ity and detonation welocity.

ltem 7. Desimn of Fivor Plaie biikiator
Delonation is often ransmitied belween elements
in an explosive tain by deiving =+ solid plare or (rapments
across @ pap toympact an ~xplosive charpe. To lacilitaie
the design of these transfer devices. ah anzlyticad model
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HEAT TRANSFER

Hueat-lranster alldly soy are coieeriered witle the petazimany v o Thermal doesiaes o the
respronse of otyects 1o thermal eovironments Problemges anvobong thienual condos B ar,
Iresquently bandied by descelopmye o lumped-parameter repees ntation of Hie phs ool
prablems. |he lumped-paramicter network o Cicin solved wsing o ourmerne ! fouele dataor s e
heat-trapsfer voeampraler proerom sch as CIND Y i somie L ases analy i ad ar apyprosagnale
iraly Ircal methods, ~uch o~ the mtegral comdoacbon mcthnad, are o~sed Lo solv e Comads Taos
prablems. Problems immvodving tfland Beat-tramsier citects anch oy comvection. bodig and
mcihing are analy sed using numiencal or anals tal miethnls s h s boundarn Liver o
perturbation technmues, Small-wale Liborciory simvodel expooments are Tnapocatbs ool
to check assumiptions i the snals cal v susmenosl mndels and to genciale dae Lo conapary

with anals bcal or numcenival calvulations

Conduction Heat TransTer

Th:s work 15 concerned vwith prediching the

emperature response of various objects where the primory
mode gl neat transfer 15 tnermal conduction  Both analy -
cdl rreth ads and numerecal conduclinn coddes Afe wwed i

the analyses, {Itern 1)
Corretl Ao nivetees

Three-dumentional transient himte-diHference
condut bion calculations
Varizhle thermal properticy
Phase change
Movwing boundaries
Nanlinear baundary canditions
Internal heat generation
Fimte-element conduction calculatians
Integral ¢conduction method
Apargximale 1emperaiure profile method
Analytcal solutions
Classica! methods
Linear problems
Asymptalic expansiots and singul s
perl, - ~ahons
Monhnear problems
Elfectlive therma: properties for
compoestte solids

*Ses Highlights below.

Convecuon and Hlelung

Cartent sctivs Ty s devoled 1o uralysrs: Brulrdeins
sDyOIy My ralur gl CONVeTDON 1 Covrlies, frequently voih
the inciusicn cf phgse chonge oml muv.og Beurdatne
Numeical, anglytical, and expernmentad fwhmigues oire
Werd p wlving theis problemr;:. lfem 2

Ctarrenrd o npvitiey

Fimte diflererce convechion calculubros
Tv o dimensiond] Ip. "ny of cyluntnigal)
Tranueng
Con<iant groper Lies
Lamungr
Turtiglent {eddy model)

Internal heating

Firute-clzment convectian calculations

Two-dimenswanal {plane ar axssymrenetog
vallh Jibnte 3ry boundanies)

Steady-stale

Coanitant praper ties

Lamuniar

Internal heating

Baundary-layer olutigns
Lamenar
Turbrulent
(nternal heal generalion

Expenmenta] maodeling
Oye traccr tehniques
Laser hglgyraphic interferametry
Clasical (Mach-Zehnder) uaer{erometry
Intgernal heal generation
Elcctnicdlly heated clecirolytes
Resistance heaters
Tranunent heat-sink simulatign
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SOSC QDI ! ot EnIEDTS
Flamp {combashion 2one) radidtee graperticsy
Abigiphve
Einmnuive proper ties of gases, hiyundsy,
A wolds

Enzrge Systems

Hea.ransler anatyses are matle of devoees tuch ot
solur Lolled 375, DEal excRangery, sndg stewm generaiorn.
Stuthies ore 2w made of the thermal performance of
wuet a0 enwergy sy stems wich ay solar coflector plants, ail
shale ¢xacDON AChemes, and Magma 120 4yitems. Thesw
stuidivt tnvalve thetmodynamic analyies, @nargy batances,
gl tranuznl perfurmonce prestichons, {(Mtem J)

{ rarreot! Ae (avEiey

Trangustt Beat tromsfer anualy ey

Energy Dalance calculairons

Classtcdl theemodynamics

Analyncd banling ealculations

Erpgorimuentd] bailing studdies

Heat-puchanger design

Convective hgat pxtraction

Forced ConvecTion

Natural coragtion in enclosures

Tusine design

Baler design

Collector field ontimuzahion

Transient thermodynamic/hydrod yrtam,c
SYLIEM Grdlyses

Meat transfer in parous media vath
combustion

Licuwd and gis fluidized media

lomic tranipart in porogs media with
convectian

Fire Analyiis

Predichons are made of thermal input from hies
ranging from long.term fueled fures to briet bul high-
imtensity Lhermal inputs resulting from, firgballs caused

iy 1he exploston of gaseous or dispersed liguid-fucl clouds.

Par1 ol 1his problem deals with the design and instrumen-
rrtiorr o) Jue 1esls, gnother is concerned with prediclipg

ENGINEERING ANALYSIS

e eiponie o1 220005 DDHTLY o) Jerces o o Tie
et nment  {'temn §)

{ tarrent A fikilies

Ltomentum moceling gf exporting clouds
trom prevenzed higuids

Camtaustic.y modebng of large fuel/on clouds

Fiuebal .nstzumeniation resgs

Computer umulation of hires
Convection and radiation modeding
Interny! conduction respanse to fres

Expanmentd) fire bests

Fire retponte of boxdies by inlegral conduthion
mehod

Anglyticel modehing ol tHlame-em:snon
DrOPeT Ties

Plume 5tudies

Axdiation Heat Transley

Thet work o5 concerned vwith predicting 1he
temperature fesponss of varigus obrpecty whierd Ny primany
mode of heat transter 13 by thermal ragiation 1lem by

{herrenl o BIGEHCY

Hadiatve suriace properties
Radiative exchange between diftuse or
specular susf2ces (gray and nonpay)
Vievy-tecior calculations
Gatadl.te temperature contegl
Rzdation in absorbing
Emitting modia
Radiation interaction wilh ather
neat-tramsfer modos
Infrared delector re1ponsivity 19 varigus
ngutls
Solar radiangn spectra) and o013 modelng
Combustion-zone radiation
Colli ztion of solar radigtion 2alculanions
Plasma radiation
Continvum and ling
Radiative gas dynamics and hydrodypamics
Modeling of gas absorpiion
Emissann properties

A
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ltem 1. Cvarddine rroan

Fast promatbibe dispimay of sodisasctive wastes iy deep
srbeagionend 1wk Cavitics, i was necessimy to pedicl 1he
pesttion ot e cavity hogmdary separating the molien ik
Lronty sulnl sseraninding rock as 1 Junctivn of e, A
Bornaty Lty et subrautine was added 10 ke UINDA con-
Juvtnmy code sothat e comnhiped elects of condiection,
coavedton, meltng, and the moving bewndary of the solid/
Bagud intediaee could be freated. Figure }oshows the
predictedt posation of the welt Nont ol suceessive tinws.
ot only dues the caviey grow with time but there is a
ety for i to melt s was upward,

[ 1 1 - M
T Qo 1000 Doy s

-
£

- -
o
=
[}

n [
-1
[
o

c i
>

-4 1 1 L 1 I i 1 | 1
g &0 104

L.aerad ¢ ocation (m)

Fuaure 1. The growin of the sold/ligqued interiace s
shrowens bon thy ssimualated dispasas of cadioactwe
w0 ik cloeply Duned rock,
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Arv expermeal was i ba chech condugtizm

vileodalions Toz the deep-rock disposal ob 1 a3diic e wastes,

Ao dindowal vlectrie nestes was pleced e g Jange granpie
Bk bused o the gaoannd innase sipemp? oo snubate radine
detive beat o ok cavits . The CINDA conduciion code
was wecd e iedict iemperstutes i and oatside the reck.
Froute X shows ihe cloge agreenyent between UINDA pre.
dictions and avinal thenitwovouple measurements taken
ducp the s,

ltem 2, {owrvection and Velpng

Piwe teddingue of Bser Tidograpbae mceleonncie
s B used to detenzimne the temperatuie feld g ey
Nlled withe o M contnntng 3 pnifeosly destebuated T at
somrve. Hlear senctationy was made viatonn by pasing an
vleciry cuerent thevugh an electoly g solatomn of Nall
.00 The mredfeaence sannges showo m Figee 3 can be
used 1o plor sotlerms i the Mords The Dirge oumbwr o
Funges aear the wall indicates that the thenmal gradivin
{heat Muwop s guite [nge e,

- - - - . ¢ -— -
8 Thesmoweounhe Data
1500f CINDA Pooxctaang 113
o the Woy up the Heato
— CTINDA Progcson at
- i Bot1o:7. 0 The Heater
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Figuie 2, Predictod and measeeoed temipecatuwes, 25 days
11ter e test,
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Frgure 3. Izothermal interlerence fninge patienn produced
ary taset lographio aterferamaete y 1 g hadl-
gener atingg Hu,

The comiuped efects of cuvestan, mitemal hieat
eererd e aod incdomge eecar inoa sopprher of et t
erraoble s sl as radieactive waste-desposial methods and
m the analyas of by pothetival cote meltdows 0 gueleus
ety Vodel esperinientts Tavy Beer rian weth elecerical
Lieaters. sinuletne radwiactive lieat sotrees, in nedinms
sk 45 W amd selnlified elyeenin, Figiee 3 showe o o
plex melied region, produced by convective eflects, nra
iube ol ice  Coavection causes additaonal melting to be
ey pronoaiced in e sidewiand direction neat the wap
of cacht byguid cell Figure 3 showa o melted pocket
piodeced i g tobhe of solid glveerin, Figare o shows 1))e
s expre et afer the padten region has migrted
upwiared theonegh the solid glveenn,

ftem 3. Forerey Svstems

A ceothermal enengy scheme known as Magma Tap
deals with the exiiaction of ilieonmad enveey diiectiy fiat
deep pochets of thalten magnun in they varth. Aalyses are
Bemg pertosnedd Yoo a poeliminary expeninent in which
elegtyicity will be generated by heatextracted trom a Targe
crugible of molten rock. A special boiler (Figare 73 2od
torthine 5 pue S1are being designed for tis exprenmenl.
Figues 9 sliows the sbine/pencrator in the test hed wilere
the performuaee of e nrhbogenerator i ) sleam cyele is
Betng measueed prior to the maolten-rock heat-estisc i
CAGETHICH

Figure 4,

Figure 5,
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Convection donunadied meltowg pycduced i
fulae oF 1on contnnig 3 cylhindiical heat seurcy

1

Molted 1equon caused by a eyliniliical beal
souf e 11 g tubee of sohdhfiod glycern.,
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Figure 5. Mugratinn of a inolten region caused by con-
vechive effects in a tube of soliditied glycenia,

Figura 7.  Singie-tube bailer used «in the molten
lava. eat extrachion experimenrt.
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Figure 8. Vane turbeng for molten lavasheat extractian
experiment,

Figure 9. Vane turbiae in steam ¢ycle st bed.

btem 4. fire Analysis

Numevicad fimitedifference cudes awe used 10 analyvze
»rpbleims involving fires where the combined effecis of
voaductron, convection, and thermal radigiion ane impor-
tunt. A typical problem is predicting the effect of a fire
un ceble ays in 3 nuclear reactor, Figure 10 shows how
1sotherms (constant-temperature lines) and streambines
(fluid-flow hnes) develup with time for a fire on the Moor
uf 3 vable-tray room,
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i - ' , Wiwn (aaks of peessurized liguids such 3y propane
o - are ruplured, expansion encer@y creates a rapidiy growmny
R S oud. Such clupds may present a thermal hazard it the
SR = B hgwds are Mammable te.g., propance) ui o health bazard if
toxiwe (aminoria). Analytical models haye been deseloped
which predict doad growil iate Figuie 11 shows
comparison vf predictiuns and expertmentad growth nes-
spaenieniy foe 3 cloud resulting from a sudden releaswe o
B prounds ab prapsne wto 3it. Thes type ot intuenuateen
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e I ¥ | e can be wsed 1o predict the exwent, im both e and size,

~ of pussihle thiermal hazards,
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Radiation hieat transter can be divided into two
e — e T e o o e calegaries: physical and geometric. The area of geometny
Co, =T e RN radiation sl o portion of adiant eneeyy seaches s
o —_ ., :- .I ' -.'r-_ i A mr s am - s e --I b N 1 - 1
. LT Pl R ETE LIRS 2 surface (raen an emiting souree. This problem can by
| . Poom mE L =zi%= TP sulved with ray -tracing lechnigues. An example 1 a suilu
A - N ~ 2T S3iiT tTo o caflectar tweld where one collector may shudow anather
b DL : DI PLE T EAILL by varving arncunts during & Jay. A compuier code thal
; L ' i 3 = DD wT e 2e sulves Tur sueh shadasing has heen developed using the
S { TR LT LT techaiques of radianyvs 12y Liacing. l"igure P20 shows the
. Tk T T = R L .
1 RS} i - L T lT 2T shadow pattem produced ain g collector by adjacent
- : ' T S - . . ~
; P2 et d0] i St TR =TI wollectors grranged as shown in Figure 12b.

r-10.0 A study considered (he Teasibility of rapidly cosing

an infrared thermalpadiation detector from rowm wmpegis-

wre tu about liguid argon tempecatuce {87 K. Fipure 13

shaws The experimeniol setp nsed 1 ol and msomin the

Figure 10 Computer generaled isotherm aid streambine Jetector lemperatuie, The roeaine engr, - suuree wiss o
profiles for 3 simulated cable-tray firen a hlackbody of (he proper temperatire by simulate thye
nuciear Feacim, Josired infvated susiatuge,

J. lsunerms . Stregmhnues
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AEROSPACE ENGINEERING

ENGINEERING ANALYSIS

Actospace engmeerimng angly sos eclale 1o such arcas as thad dyvnaetics, serothermody namis.
drd e mechatttes, Speattic peoblems are tocamilated mathcomatic sty and ~obved anals e ally
o1 un approptale compulahionasl cquipment. Dipad compuies codes are deseloped tor thy
calculation of aerodynamic voefbicients. ow Teelds, heat transfer. matznad abbihion. amd sebde
motion, Analog and hybrid tanalog’ digialy computer programs are deseloped fur sehivle sha-
tality and control stadies and Dighit-test data analyses.

Flight Mechanici

The fundumentd] equations ot motign Jgre Modhied
gy HMOpriate assumptions 1o obtam analytical sciyhons
of specilic types of flight mechanics problems and to
dienbily smporlant parameters, Cases 10t ractably in
closed form are solved by compuiationidl methods. Vanidaus
6-ctegree pl-freedom digital, analog, ard hybind computer
progr.ams gre uwed (1 the study of complex phenomena.
(ltem 11°

{ rorrevet Iy freafees

Geometic angd mass asymmetnes
Unsymmetrical statnfity denivalives
MNaonhnedr aerody namics

Ungurded tight characteristics
Guidance and rantrol studics
Trajectary analyses

Acrothermodynamics

Aoy anatyve capebnbity upng computer cades has been
develapad o the design of high-performance reentry
wehiclas and rockeys. This capatnlily includes defimtion ol
the llovy-field-generated thetmal environment, and the pre
diction of heat-shield ablatspn and theemal-siress resp.onses
of the struclure to thas environmenl, (ltem 2

*Sve Highlights bielow.

Currens Ao Hiviiees

Pressure-gustnbution prediction

interaC . pn phentomena

Base 1lova and wakes

Borundary layer Trgnution

Thermal mudehing

Heat tronater and ablation

Matendl situcture, propertied, arnd peelormance

Aeradynamic Loading

Mathemancal madels ot the nanumilorm flowe held
diound stores (futing externdd chrriage on ar wircrafi are
Gied i computyet simulations Lo Salculate detoled aero
dynamic load dwstributians for use o stroctural analy ses
of store contigurations. Similarly, ramputer simulalions
al the complex Honw field around the aircrafy twelf are
ustd lo prechet the mation of stores during sepaiation
trom the aircralt. These motion studies at¢ made during
stare development ta determing effects of conligueahiong!
chang=s. Movied dlustraung the separation process are
COompyuter -qenecabind to gid (0 the gnaelys's, Thew computet-
geiwy 3T 3erody namuc dala e parhicular'y vl nocarly
developmert when the design 15 insulficiently defintd 1o
pshily costly vand tunnel and Full-scale $hghTt 1ests.

Hiems 3,41

Cusrent e Hrelis

Cevologrnment ol mathemahcal ancratt models

Exiciunian of golgulational capabiitics feom
swirsariC L supctsomic speeds

Superomc arcrall deliveries

Hocky, booited store separalions

Correlation gl predictions wilh test results

31
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- L 4

ftem 1. M Dswmrietev-lnaieed Roll

(rin angles caused by aerodynamic asymmeines,
center-al-grasity oifset, and principal-axas tilt can produce
Large rallepate ¢xcurstons in ¢onival seentry-1y pe vehaeles
Theuarenical studies resulted in analytical expressions which
separate the indivedual effects of serodynamic, moass, and
Lo=rtey asy e lries. As shown in Figure 1, roll-rate
behavior predicted by the analysis compares well with tha
Jdenved fron a b-degreesof-frieedom compuler code.

Item 2. Nencnp Ablation Prediction

Suveessiul perforimance of lugh-speed rockets and
teentey vehicles depends in part on accurate desgn and
attaly s1s of the thermal proteclion system. Analytic
technmues have been developed that use digital computet
codes o predicl the imposed thermal envitonment, vehicle
st taee energy and mass balances. the resullant transient
ablation, and temperature and thermal-siress respunses. An
example of the analysis capability is shown in Figure 2
where predicted and actual ablated cuntowrs for a recovered
lughi-speed rocket graphitic noselip are compared.,

IdDL oNe

—
ch
L

120

Roll Rate {rx1fuc)

>
=

O Analyticl Prediction
Six-DOF Caleulatron

|
&
% 10 20 20
Time [use)

Examoale of mass asymmetry effect an
reentry-vehicle rall rate.

Fiyure 1,
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Figure 2. Companison of predicted and actual nosetip
recession,
Item 3. Aircraft/Stare Sepuration Trajec rerivs

Computer simulanons of e moation uf slotes
teleasad from aircraft are made (o demonstrate safe separa
ion and to obtamn initial pitch data lor use in aispersion
calculavions, Figure 3 purtrays ihe safe separation of a
cansrd-controlled missile from an F-4 aircraft; the tragte-
tory predicied by compuoter simulation compares lavorably.

Item 4.  Acrcdvnamic Loud Distribuitionrs

D tailed aerodynamic ivad distributions on weapons
during aireraft carriage are required for structural analy sis
»f the weapsn's case, case joinis, and fins. Computer
simulation of the complex Mow field around the aircrafl is
uscd i calvulale these load distributions. Shown in
Figure 4 is the calculated aerodynamic load distribulion
tin u veriical plane) along the body of a canard-contivlled
missile during carnage on an F- ajreraft.
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ENVIRONMENTAL ANALYSIS

I he use of analvtc sl lechnigues to deseribe the pypes amd magnitudes of forees,
temperatures, aceelerabops, amid siular parameters that o prodos bimght experience during
s hifetime s refeered to as envoonmenta! anaby s Fypecied or notmal eny ironmeits. sudh
gy hatdhog, transportat.on, amd storage, are of sittlioenl general interest that they Lave been
Jdocwmented 1na Jala bank. Other environments, becanise of imnfreguenl ooduireny or
Uaguetiess, feqrire exteasive ndisidual analyss Cfor their detinivon. Examples af ohe facer
are Jesenptians ol ransportation aecidznl severities, of pressutes, accelerabions, and targes
m eun tnbes, and o) Torees resufling trom espaosurce in luzb-mlensiy radusiion Hehls

Normal Enviranments

Descriptions of normal environments, which are
documented n an ¢nyirgnmentd) data bank, have evolved
through three stages of analytical praleavor  data search,

& alyation, and catalogng. These descriptions of use,

s ofage, transpartation, and hangdlmg enviconments include
nformation on acceleration/time S1gaafufes, JCOUSHiC NgIse,
atrnophesic conlent, biotd, humidily, precipitation, pres
wite, tXhat.on, shock, lIemMpcr-'ure, trajectory, wibration,
end wind. flem 1)°

Clarrerty e IS

Shock and  wration analyss
Oigitizea accelersmeter measusremoents
Feak distnibofion pefy Nl s siersus frequency
Shock specira
Fourigr spected
Three-dimensional proBabihiste reconstruction
vV AIL, SHALL programs
Enwvirpnmental envelopes
Mean
Sugma
10 to 2000 Hz
Reentry-velucle vibration
On-poard recorders
g versus ime
Poveer speciral density versus time
Fecovered packages
Temperalure
Thermographs
Storage temperatusey
Highs, 1owes, deyviations
Fitted models

‘See Highlights below.

32

Abnormal or Unusual Environments

Capabileties gre chignted toward 1hye descniptun ot
environments for vaueh insufficient intormanion s avail
able to permut elficient product esign, Andlytical offaorts
have resulted i descnptions of such diverse sulip=cls as
sevietiliag al transpor talion seciddents, lorces actang gp
compaoncnts hired in arlillery projectiles, aiuf forces ex
perienced by structures in ntense radiation fields
{1ems 2-8)

Crorrenrt Activelivs

Transpartatiod &redent descriplion
Accitdent ratss, Iregquerncy, and velacilwes
Time-temper ature models tor hydeacarbron 1 ey

fuel distntiution
Rahanon wamsport
Emisuvilivs
Duratipns
Impact analysis
Anqulur depynelence
Hertnian theory
Pratialulistic descriphon
Mechnarical rétnonse of rams aned tracks
Spring-mass modeling
Tiedown cepatnhilies
Container behavior
Respanse of huch explosives
Detonation thresholds inimpaci
Deflagration-to-detonation transfer in frres
Contaminant sgread
Typc of HE responwe
Comaminant diffusion
Merteprological perfurbations

Interior bolhsics

Balloting forces
Transverst loading
Lagrangian formulation
3 degrees of angular freedom
Unbalanced projectiles
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ENVIBONMENTAL ANALYSIS

Ergesving and frictional forces
Bantt pressure-force model
Ouasi-statie and dy namad espefimentd

vernfication
Brevch-presyury dependence

Struciural {ogds on propcides
Straim gages tus haind pressures
Or woard scoelergmetars
Unloa:ling stresses
Al el ghion lopds

Frites e Ballist.c predict-ooai
Al layy burming
L ugs angran approximaions
Natie! Alwl equetonr of state
Hularefataon foroes

Itemn Y.  Normigd Vibration Enviranige s

Analysis of the vibraling envirments expenenced
by cargo Jduring its irapsportalion bas been of Jong-standing
interest, These environments have been eXtensively mea-
sured [or ull common shipment methods, Figure | shows
a ¢on. wnate o these measured frequency-resolved aceeler-
alrons Fuar ships, planes, trucks., trailers, 2nd teains.

Itern 2. fribportations Aoeidents

Antaly s1s of trapspurtation accidenls is onented to
(he genveanaa of predictive models of impaci, pungture,
tire, cruste. aod unipnersion envicaaments. These mondels ace
hyhrids. vensisting of a combination of statisyeal and
analyical technigques.

Fipure 2 shows one such model. generated by an
analy sis that taok inte consideration aceident statistics
canrcernune 2ircraft impact velocity and angle, type of soii
impavted, and energy transmitted into the sog). This
inforniatisn was thes used (o deduce the energy availanle
to damige cargw in the alreraft. The paramerer E AW is
available energy normalized by container weight and is. to
first urder. relalable to drop height onto an unyiclding
target. Mus model can implement a cosl-offeciveness
arpument o select test criteria s e packaging 1o be carricd
e i dranspard,

ENGINEERING ANALYSIS

Radiation heaning of siructures
Er gy depasition
Gruneisen coethcients
Ratenal resoanse
Impule 3.*d mamenium
Expernmen il
Later intetferoimelry
Impulwe gaoges
SIreLs-\vvave projertics
Frechanical retiponie
Firuteciemoent and clogsed farm
Norunstorm Inading
Transient
Thes,, encal/expernimental correlalion

G LG TN - . - * . -

*Hepetibve, bul not necasl ly
steady stote. Mare 3kin to BhoCh
armviionment than wvibdat:on in
track, trafer, and trached vehe ey

Stupy: Mrlifary and commercial
Planes: Malitary and commercigl
— Trucks: AMilitary aad commerciad,
< ary an road
Trabers. WiirTery amd commerciyl,
oft ant On roMT
Trams Forewgn ond domesin
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Figure 1. Envelope af 90-percent probable extreme

vibrahon =nvironment experenced by
cargd in 2 modes of transport.
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an 1mpact excedding 3 given drop height,
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ltem 3. {urernal Sulliviics

The behavior of projectiles in gun tubes and the
fotces acting on them is imporiant nol only fur projectile
desipn but also when ballistic methods are used for sinw-
Jativn of othes large linear or radial acceleration loading
conditions. A juint experimental and analytical pregram
defined many farnces acting on a prajectile that had nol
haen adequately described. Figure 3 shows one of the
fiest acceleration-time signatures ever recorded of a shell

during its transiation dowr: 2n artillery tube.

ENVIRONMENTAL ANALYSIS
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Figure 3.  Amal acceleration af 2 projectile iS55 nm
cun fybe,

ftem 4, Hadratton-fuedie ed Siresws

Shori-Jusanon mechaniwsd loading of st tutal
members 1s one of weveral mantfestations vl gh-micndiy
tadiation pulses. Analyus of the ability of siructures 16
peslorm in such raduton envitunnients sequires dewrip-
tivn of these loads. Techniques have been developed that
make it pogsitile to desoribe the peagratien of stoss puites
which can result n cither material of siruciural damage
urtder 3 wide vanely of electnom beam, x-ray. laser, und
neutron exposuies.
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ENGINEERING ANALYSIS

Fhus wetssaty s prigmardy astented toward analysis ol the design and petforman.e
of navygetion, puidance, and contsol systems tof flight sehacles. Computer progrums
are developed and uxed 10 provide simulation models of sensors that measure the system
State, and mechiassimy thist change that state ip avcordance with open or clowd-loc p

conlral strategics.

Companent Modeling

Madels 27« for
anstoato-dignal cunvesters, stoble platforms, and aero-
dynarthc taze sciuators. € moodets ae
combuned to produce, for example, navigation systems. The
combsnied models are subjected 10 error studies based on
el component accuragies. tem 117

Curreatt Aettvinies

Time-constant determination
Frequency range determinalion
Stauttical accuracy parameters
Environmental sensit,
Thermal transients
Radiation effects
Mechamcal vibtation
Stability evaluanion
System ercor anatlysis
Propagaied covatiante Mathx methods

See Highlights Lefow.

ftem 1.

A phatform was developed 10 stabilize 3 et of aptical
instsuments which are mounted on a thip (Figuee 1) The
phatform pravides the means for pointing the optical in-
struments while providing three-axis isolation from angular
ship motiun. Three low-cust, simgle axis. rate-integrating
gytos and 3 two-axis bubble fevel provide inprits 1o servo
clectronics which drive DC motors vn each gimhal o
stabiitize the platfarm.

Systems Analysis

Clasucal frequency domain methads s well as
madetn apumal contral mathads aee zpahied i the drsgn
of both analog and digita! flight contro! autopilots toe
mancuvertng thght vehicles and athar feedback loops
Full G-degrec-of-treedom flight dynamic codes are devel
cued and used 10 evaluate candidate desrgns. A hytrad
computer coupted 10 8 MEtion tabie 1t used 10 um late
cantral loaps. Simulation techmiques are continually
#mproved on the bosig of compansons of thgny dara vnth
prellght smulations, (tems 2,31

Currens Acriviges

Frequency domain root focus
Cptimat control methods
Sme-degree-of-fieedom analyun
Acceleration and angulir rate sensors
Aeradynsmic forcing tunctiont
Theuster farcing functiony
Mass redistribution
Fredback and decouphing virategies

HIGHLIGHTS - . - - . .

Operational featutes of the pltform include
continuous alignment to a fevel otientoison. The azmuth
pointing Jirection ielative 1o ship's heasing 1s adjustable by
a switch and metes at the control console, Gimbal freedom
is 235 degrees in pitch and sol) and £ 120 degrecs in azmuth,
Under dynamic shipboard conditions. alignment to level s
accurate 1o within 20,25 degree - Azimuth pointing
acswracy is & £ drprees with 3 25 SepeesBous drift rate.
Optical instrument field of view is 40 degrees 1n the hatt
zuntaf plane and 5.8 degrees in the vertical.
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Sgnat
Proceser

Fiqure 1. Alovecost, lightveerght camera stabidization
platform developert fo¢ shwpbdard apalication.

gure 2 xhows 3 sockelenpne module wed
action with i all-lubdic senstng and logs system
o vontral the rol} gate of a thght 1ot vehicle. hie test
was deagned 1o umulate a reentry-velicle Qight conditon

CONTROLS ENGINEERING
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Fugute2.  Rackel engime moauts.

whete, without vumiral, center-of-giasily ottset and body
trim mechamuns would hine tesulted m the vehucle fon kg
e sl sesonance
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ENGINEERING AMALYIIS

i wm o elecineal engneerng analy sis Iy o desclop. 1ot and evaluare methods 1or
desigiming sehable clecleanie ciccnts able to switostond ~evere environments. Emphasn s
plced on deseleping o sasic understanding of Jevice and carrcint operation. ancladiag
posstble Laure modes o extreme environments, parbivubacly radiaton. Computer codes
are waed exiemisely [0 oplunize component Jand circund design and [o minimie ¢ngEnwong

brrne and vl

Zurcyit Analyiis and Modeling

Cucuil-gnziysis technigues are uted 1o pred:cl the
trer lormorte of electrecd] nehvrorks 12nging from urmple
“negr Cutut eonfrqueations 1o camplen noaliregs cyouit,
Asraly sy mciudes detailed comparison of theorencal and
paperimenty) tetully to obian an understanding of circunt

perating tharactensnics and 1o determing techniques for
FPTIMhONG CHEWt (1esign.

Dev:ice models 101 vse 1n a vanely of circut-analy sis
compuler Ccodes an: developed for the study of electron:c
devices 3 determanetd by electrical behawor at thair
terrmirrals, Aladels ore develaped for semucanductor devices,
ferrpelecTng companents, exploding wires, spark 9aps, coils,
JanstarwTs, and capacitors. (Itemns I-Ell'

{ worresptd Aueincdiines

Curcut pperation
Samoomluctor Memorics
Integrated circuits
Eicetrical networks
Aicrowave Circuits
Gurdance and control systems
Compressed magnetic field qenerators
E-s1gn analyeis
Qotimization
Sunsitivity
NModeli w
Semwcnduciar devices
Linear devicos
Nonhnear componenis

*See Hiphlinhts below.

Nuclear Radwation Efecly

The 7 xpotuie of micraelectranic matcnials and
campar<nts 1o nigh-energy particle or pholon raclalna
can cowse ygruficant changas 10 maten1d anG device proper-
nes. Improper cocunt operation and failure of electreonm
system: can result of theté possible changes are npt con
siderpd durnirmgy system design, Stuglies are in pragress 10
choraterize micraelectnie materials wheth are sebjecied 12
1o radiation, {tiemy 7-9)

Crrrer 1ol tiviies

Fast neutron effects
Bas:ic damage mechanisms
Transient annealing
lomizatian effects
Phaotocurrents
Trapped charge
Componeant effects
Semicondugtor devices
Insulating materials
Oiher components

Device Analyris

The puepose of this form af analyas $ to predict
the operation of semiconcuctor deyices as a fur £u.0 of
device structure, impurity profile, trap density, aad bids
cgndiions. The nantinear hole and electron cartinuily
cquations and Possion’s equation have been sivea for 3
one-dimensiondl semicontductor device structiure by the
use ol numenca! iechniques. The soiutions proside th?
hole. electron, and gleeirie field disteibuticas 1 rtoughout
the dev.ce for a spacified impunty deping proiile 2nd
termnir ¥} bias conditicns, Device w=519n is apt: nized and
equivalent circuit models are developed for p. “ticular
applicanens. (ltems 10,11}

17r
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Currenr etivities

Physics
Carrier trapping
Encrgy leve
Capture and emissigi rales
Density
Carrier mability
Daping prolile effects
Radiation effacts
Design and analysis
PN junNctiony
Ciodes
Solar cells
Pin detectors
MOS digdes
Microwave devices
Transistors
TRAPATT diodes
IMPATT diodes
Transistors
Circuir modeling
gC characteristics
Transient effctr
Frequency rasponse

Integrated Circuit Design

Computer programs are developed 1p aid the engineer
in the semiautomatic design of digital large-scale integroted
cirguits. Thete codes are used 10 assist in basic logic circuit
design, logic simulation, fault analysis, generwtion and
verification of test sequences, analysis of circult oneration,
layout of the integrated circuit chip, and generation of Lhe
mask artwork_ The dasigns are bated on a standard-cell
appreach, The layoui codes place standard logic cells on
the chip in an optimum caonfiguration and route all inter-
connections berween the cells ano the input and oulpul
pad: {items 12,13}

furrent Aviivilies

Logic design
Minimization
Partitioning
Simulation

Analysis
Fault analysis
Waveform analysis
Timing

Layout
Fell placemant
Routing
Plotiing
Checking
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Interactive graphies
Cell design
Chip moadification
Ploiting

Elecrramagneaiic Radiation Effects

The purpase of this study iz ta determine the effects
of radiation upon elecicical circuits, with particular atten-
tian given ta the praductian of axtranegus siqnals in
systems that must Operate enaammospherically. Incident
photon radiation can intaract with system boundaries {e.g.,
satellite skin and walls of camponent hoxes) to producae
an electran current density in the system. This current
praduces electromangnetic pulse fields that can cauple
ensrgy inro efectrical cireuits and odier sensitive compo-
nents, causing permanant damage to camponents ar
electrical transients thay can produce system mallunctian.
{ltem 14)

Crerrent Activilios

EMP
Sipna! coupling
IEMP
Photon-electran iranspornt
Compion currents
Efiects on companents
Cables
Semiconductoes
Explosives

Electramagnatic Field Studiet

The ability to predict the propertizs of the
elecyromagrietic pulse (EMP) generated by & nuclear explo-
tion is a proabiem of coptinuing interest. Studies are unger
way to develop crmputer programs which solve Maxwell’s
equatioms to find the EMP for charge and eurrent distri-
tations that are produced by the explosion. Other effort
is dircrted toward 3 quantitative understanding of the fields
produced inside systems (internal ENIP) by penetrating
gamm radiation. [Items 15,16)

Curroiy Avrivirics

High-altitude EMP

Elfect an expased miissiles
Monlinear air conductivity effecty
Internal EMP
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- d - . , o HIGHLIGHTY - d d . . o
Item 1.  Analysis of Elec trical Cirenits Item 2.  ferraelectric Model Applicutions

Containing Exploding Wires

A conpulee code Lias been develuped to predict the
beluvior ot [umped-parameter efectrical ciccuits in which
the cesistance valiee of vie ar more elements is strongly
affected by Joule heating, The code performs a numenacal
integration of the system of ordinary differential equations
at describes citcuit hehaviot. Ateach lime-step of this
integration the eststunce values are updated vsing expen-
mentally deteymined dependencics of resistivily on scuon
g = fi®dl. These resstivity functions have been measured
fur 23 metals, and are entered in the computer memory
in tabular form.

The code has been applied tu the design of liring
systems for exploding-hridgewire detonalors, to the pre-
dictign of circuit vverload behavior resulting from tuse
failure, and to other situations where Joule heating is of
imporlance. Both tabular and graphic outpuls are provided;
an example of the latter appears in Figure 1, lor the prub-
lem of discharge of a 4-uF capacitor bank charged to 250 V
theough 2 gold wire 0.001 3 inch in diameter.

Bridgewire Curreni vs Time

700
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0 Trme { 11} 1.0
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' ! i -;.- e - L: .t.. L
i
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————
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|

0 Time { tsl 1.0

Computer pragram graphical guiput resulis
for the analysisof a 1 uF, 1 uH, 0.1 ohm,
1000-volt capacitor dischargs system
exploding a 0,038 mm diemeter by 1 mm
long gold wire.

Figure 1.

Nonlinear, time-dzpendent equivalent circult muodels
of ferrvoeleciric melerials under nonna and axiul-mode
transient slress conditions are used to predict the electin
current Jdz2veloped in 1ime-dependent, nonlinear elecinggl
circuits by impact and by explasive-driven ferroelectn:
puawer supplies,

Item 3.  Feedback Regulaior Analysis

A de-lo-de converter comprises o class of nonlineyg
(eedback regulators. A generalized form of the describing
function technique of Kochenberger, Dutilh, and others
ltas been developed which facilitates on accurate description
of the subsystem in clused farm, allowing analysis of circwit
bahavior and prediction of the effects of parameter changes.

item 4.  Spark Drifting Svystom Design

Several engineering-analysis te.lniques are being used
in the design of 2 pulsed puwer system for spark drilling in
deep rock formaltons. A two-dimensivnal code which splves
{aplace’s equativn is wced to predict the electric sealar
potential and eleciric tield distributions within high-valtage
regions of the spark bit and pulse generator. Circuit-analysis
codes are used to describe the spark dnlling sysiem’s
respunse o the nontinear, time-dependent electnical behav.
iot of the liquid madium in which the spark bit 1s immersed.

Maodeling of Shock-Wave
Compressed Ferrnalectries

Item b,

Short-duration electrical pulses of a few hundred
kilowalls can be obtoined by shock-wave-dnduced depolan-
zation f ferroelectric ceramicy. To incorporate these
devices inta uselul circuils requires an understanding af
depaolarization phenomtena as well as the dielectric progerties
af thocked and unshocked ceramic mateial, An expere
mental and theoretical progsam is under way 10 investipate
these paramaters. The results of a recent investigation, in
which the ceramic was shunted by a resistive load, pesmiited
an evaluation of the dielectric properties of the ceramic
upder conditions of high stress and electric {ield (Figure 2),
This information allows a prediclion of the response of the
ceramic when shunted by more general reaclive loads.
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Figure 2. Electrical response aof a shock-wave comprested
fercaziectric ceramic,
Item 6, Analysis of Compressed

Magneric Field Generators

Millions of ampeces of eleciric current cin be
penerated by explosively expanding a conducting armature
agawst 2 magnetic field contained within a solénoid coil.
This operation compresses Lhe magrelic Mux inlo a smalier
region and Lhus causes an incréase in the magnetic field and
an increase in the current Mowing in the sofenoid. Thi
sequence f events tesults in 2 decrease in inductance of the
solenoid as the armature is expanded autward. A computes
mode] of compressed magnetic leld (CMF) generators
based upon representi g the coil and armature as series
connecled, one turn loops has been completed. The pro-
gram solves Lhe equivalent CMF circuit to predict the time-
dependent coil current by relaling the time-dependent
inductance and resistance af the system to the expansion
of the armatuee,

Theoretical studies of CMF generators are complicated
by the multidimensional nature ol the generator operation,
by nonlinear yesistive diffusion and by the phase variation
und campressibility of the conductors. A Iwo-dimensional
magnelohydradynaomic computer program has been written
specificallv Tor the CMF generator application, A two-
dimensional Euierian malerial résponse code has b2en used
as the pasic structure, A Eulerian computer program s most
canvenienl for computing problems with sell-consistent
magnetic flux compression, and the program incorporates a
variety of material response models including efastic-plastic
Now. mixed phase equations of state and iractute madels.
An efficient solver of the two-dimensiopal magnetic difTu-
sion cquation has been mated to the basic Evletian hydro-
code. The magnetic diffusion solver provides for the use of

ELECTRICAL ENGINEEARING

3 temperdfute-dependent resistivity, and computes elecing-
magnetw (ields and current densities in the cundustors 35 .
functiun of time to determine joale heating and maghetic
forces pn the conductors. Numerous tes) cases have been
run to check the computer spdutions with analytic resuics.
Tolal sysiem energy is conseyved 1o about 5 percenl afler
300 to 400 rime-steps, even yor cases with strong resistive
diffusiyn and two-dimensional armature motion,

Item 7. Radiation Effvcts on Switching Circuils

Prompt-radiation effects on medivm-power switching
citcuits are simufated using the time-domain SCEPTRE
cireuit-analysis computer prugram. Typical simulations
inclugds the eflects of photacurrents and induced ¢lectro-
magnetic pulscs {{EMP} on citcuits containing semicanduy-
tor devices {transistors, diodes, and Zener diodes), passive
components, and vacuum switching devices. Simulaied
effects vn uverail circoit behiavivs currelate well with
experimental data, and the technique is now used Lo predict
the effects of design changes,

Item 8. The Relutionship of Device Geomerry

ro irs Neurron Rudiarion Toferaiicy

Calculations have been getformed (o determine the
refalive imporiance of Yevice regions in esiabiishing neution
tclerance. For conventionally diffused profiles in bipotar
transistars with [ixed device paraometers, coleulations indi-
cate that there may be an uptimum transistor base width
that will yield maximum nederon hardness. The analysis
indicates that harduess can be increased subsiantially by
using a fubtication process that provides a device profile
with a shallow, abrupt emitler and 3 nasrow base repion.
Devices in which these crileria are used are exiremely
tolerant to neutron irradiativn and show a current gain
greater than 1Q after a peutron NMuence of 1Q'* nfem?

(E > 10 keV).

(tem 8. Lraluation of Resistor Response

to fonizing Radiation

A theorelical examination of ihe effecis of junizing
radiation on diffus=d resistors was parformed 1o ascertain
the feasibility of using them in hardened diclecirically
isofated integrated circuits. Two basic effects - conductiv-
ity modulation and photocurrent generation — essentiaily
determine diffused resistor hardness, Theoretical and
experimental results indicate that moderately radiation-hard
diftused rosistors in dielectrically isolaled integeated circuits
can be achieved using the following guidclines:

I. Wse a high-conductivity buried layer.
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2. Minimege the velume of Yhe solation
e (mleandering is not necessary ).

3. Although not critical, connect the high-
poteatial end of the resistor to the
solatiun region.

4. L as Diigh a conductivity layer as
prachcal to minimize the efiects of
conduzuyvily moduolation in the
Jiflused p layer,

Iterms 10 Anadysis of Newtron-frradiared
pu Junctions

Numencal cafculations have been used to siudy small
signal-trapping etfects in neutson-irradiated pn junctions
45 a function of frequency, Good agreement has been
ubtained between culeulations and experimental duata in
-ty pe silicon using (wo aceeptor centers to model the
trapping <¢nters produced by neutron irradiation. A
single-leve]l donor center has been used for p-type malerial,
These culcolations indicate (it complex changes in carrier
distributions within the device van be tespansible for 2
rathers simple ¢hange in ternunal capacilance and condael-
ance {Figure 3).
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Figurc 3. Calculated capacitance and conductance as 3
function cof frequency for a gold doped diode
at zero bias (N, = 9.0 x 10'* em™}.

Item 11. Effects of Doping on Solar Celis

Numerival techniques have been used to study the
theoretical elficiency of solar cells having various impurity
doping proliles and surface and bulk lifetiine values. These
studics confirm the power-conversion elficiency of

ENGINEERING ANALYSIS

11.8 percent lor commercial silicon solar cells. The vulew-
latiuns indicate that efficiencies greater than 20 percem
can be achieved by increasing the lifetime in the subsirane
and the diffusion region an. by decreasing the surface

recombination velocily,

Item 12. Metal Nitride Oxide Silicon
Messtories TMNOS)

Circuit-analysis codes are used extensively i severy)
MNOS/large-scale Integration chip designs. Typicaily.
portions of the chip consisting of 100Q transistors or less
are simulated to determine the static . nd dynami: opera.
tivn of a proposed desicn and layoul. The simulativns are
used to cheek for logic errors and te idenlify timing and
noise problems. Often. a modilication in the layaut vr a
redesign 1o reduce power consumplion is indicated.

Item 13, Ust' «f Graphiics b Circrdc Design

Computer 4ids have been used to design several
integrated circuits using a bulk complementary metal oxide
semiconductor technaology. The development af in-huuse
desipn capabilily has permilted I1he complete logiv desipn,
simulation. and preparation of the mask artwork 1o be
completed for 2 specified chip in 4 to 8 weeks. Summary
statistics for five chip designs are shown in Table | A
photograph of the timer chip is shown in Figure 4.

TABLE

Integraled Circuit Chip Destgns

Prroont
Chip Number of Ceils, ATea Cell-Pad
Description Pads and Devices lumzl 1 Chip Arca
Timer 132 0.322 0.3
+4
In23
—
Sequencee LD 0,384 553
3k
37+
Mooy
Lonina] 1ogie 138 LS 19
k)
I{1HS
Liniverwal fol n.xel 3
Counder 32
Khif-Regivter Tdé
| i |

q1
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FipLre 4.  Photograph of timer integrated cwcuit {chip
is .55 x 0.59 cm).

Item Y. Rudiacion Response uf Electricel
Systems

Analysis of the transiens response ol an electical
syslem to o pulsed radiation suurce requires a variely of
enaneecing andlytical methods. A pholon-clectron trans-
purt analysis is vsed to predict electron motiun of correnl

Jdensity within the medium containing the elecirical system.

The cuirent density acts as 3 source funciion in Maxwell’s
¢quatians; therefore, solutions of Maxwell’s equations are
used to predict die spatial and time behavior of the
electromagnelic fields. Coupling techniques are then used
10 relute the electromagnetic fielde to elecirical ¢nergy
sourves within 1he cirewits, Cireait-analysis codes are
applied to determine cireuit rsponse,
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Item 15. Electromapnetic Piihe from
Nuclear Exploxions

Seversl computer codes have been doveloped o
muodeling vareus aspects af the electromagnelic puise { AP}
produced by noclear explosions. The SHARP (Sanduwa High.
Altitude Radiotlash Prediction) asde calethites the tirst
~0.35 ps of the EMP produced by o lugh-altitude hurst Tl
sipnad s predemimately mdiation from Compron clecirons
perating about the carth®s geomagnetic field. o otder 1o
cvaluate missile vuliegabeicy tr electrangneiic eftedts, the
eheotric Dretds and o conducteeytes caleulated 1o SEHARP
fave been used as inpot o oller codes whitch estimate the
electrical gurrent mduced vn vunducting smisyle shins

Item 16. Suredfite Valuceainfity 1 Nucfcar
Fxplosiony

A cuppuater proz2eam has been developed which s
useful it atellite vildnecabnlity studies. For & given sétellite
orbit sad nuelear explosion position, the pragrm calculates
thye probabilities that various environnents produced by 1he
explosion will exist at the sutellite. The relation berween
the position afl the sazellite w6y aebit and the time of burst
cun be takew to be candam. Tymoal code input inclodey
sitellite-agbit parameters. burst poation and weapon param-
etess, Yuherability and Rl cotona, viwewt madels, and the
list of efMects ta be included. Possible cfects inglude those
priduged by neutrans, X-rayvs. gama rays, EMP, indeing]
EMP, delayed patnmy rays, electrons, and solar-fTare pro-
lons, The outpul indicales 1ke probability of susvival ol
system and i1s compuonents, the magaitude of varjous cfiecis
as a function ol distance, ot (he cumulative probability ot
an effcet as a funclion of the size of the effeet,
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Avhivities are directed toward davelopment. desiga. and esperiinental applicatic ns of
pulse reavtors. Analysis leehingues developed by Sundia are used for pulse reavior apphicat;ons
i addhibon 1o standard teghniguess osed Tor steady -state reactors. Analysis Tor in-pile expen-
ments s required (o predict experunent pedformance and (o properly mierpret measared data.
Fxperunents ivolve simulating neptron and gammaspadiation environments. Reactor ~afety
cxpermments wihaeh stmulete power reactor acoident condilions are alwo analy 2ed.

Pulse Reaciar Physicy

Analyncal technidues are uscd [0 dvscribe the
Dansient and stesdy 4t3te perlormance of a tedcior
Cuncsd canligurations of a raactor core o1 uf fye! elemants
g storsge contamer are analyzed, Trangent anatyi
Mcipides the couphing of varigus feedbock mezhaniims vwath
Feutron kineis 1o properly <describe 1he power ime be
havige ot g reacior. {110ms I-#J.

(forrear! -be TICH e

Meutron transpart
Dscrete grdindte melhads
Maonte Carlo technigues
Transient gndlysis
Craticahity
Reastor keat transier

Pulsa Reactor Streas Analyiis

A dynamc sheemal-stress andly sy that allowss 1or the
mass inertia ol fuel elemenis is used to calculate the be
havior of pulse reactors which produce power pualses tens
of microseconds in width, Large temperature gradients
are pgresent in fuel elemants atter 3 pulse, and lemperatured
as great as 2000°C are possible. Quasi-static thermal-stress
an3)yses coupled with Iransient heat-transier calculations
Jre necesiary, with temperature-dependent matera?

*See Highlights below.

drgperlies included. Tt rgoed motion of castron meghan
s &l loads \mpartsd o the aantuel structures gl The
reaetar are anilyzed {M1om §)

Cierrent Ao Hivirse

Dynomic stress analysi

Inertia eflects

Temperature dependent properties
Quasestatic stress anaby §1s

Coupled heat transler

Temperature dependent properhics
Stress analysts af sfryctural components
Expenimental methods

Tranwiucesr megsurements

Strain ang displacement
Photoelastic techniques

Rescior Safety Studies

The use OF pulle regctors (n pOWer123C10r wafety
siudies provides expevimental data necessary for the
ar-abysis of many potential accident conditions. Expert-
ments are planned and performed to simulate the effects
of fue) maiting, fuel-Coplan! interacbions, and ppst-accdent
heating ¢conditions,

Crerrent Activitivs

Liquwd-metal fast beeeder reactar salely expersments
Post-accident heat removal
fMalten tuelclad interactions
Melten fuel-coplant interactions
Qverpower bansients
Molten fuel motion detector
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Item 1. Anndar Care Pulse Reavior (ACPR )
The ACPR., o TRIGA type pulse scactor (Figure 1)
15 used tor reacli; salety 16822007 expertments, iransient
irradiation ol eiectronic components, achivation analysis,
pulse reagtos fuel studies, neutron rdivgraphy. and
radtationseflects expetiments. The minimum pulse widlh
15 4.7 ms, corfesponding 10 3 maximum enc1gy iclcase of
100 MW.ser, Neutron (luénce levels in oxcess of
3 x 10'® nvt ate available in the dry 9-incli-diametes
| Janch-high central cavity. A design study is under way
to upprade reactor perfonnance chiaracteristics by a factor
w3,

Figure 1.  Annular core pulte reactor.

ltem 2. Sunddiv Pulse Reactor [FISPR 1)

SPR 1l 15 a fast-burst reaclor used (or radiation-effects
experiments, neulron-excited laser experiments, reactor-
safery research studies, reactor physics experiments, and
fuel-material evaluations. The reactor {(Figure 2) produces
neutron Nuences of 8§ x 10'* avi during a pulse widil: of
50 ps. The exposure volume at the center of 1he reactor is
1.5 inchies in Jiameter and 8 inches high. Consisting of six
plates of fully eariched urunium alloyed with 10 w17
molybdennm. the core has a total mass of 109 kp.

NUCLEAR ENGINEERING

THGHEIGH TS - - - » . -

Figure 2. Sandia pulsed reactor 1.

Item 3. Sundiay Pulse Reacror T ISPR 1)

SPR I (Figure 3} is the secound fast-burst reacton
designed and built by Sandia. Scheduled to begin operation
in 1975, i1 will deliver a fluence of 6 x 104 pvt with 3 pulse
width of 5D us in a centrad irmadiation yolume 7 inches in
diameter and 12 inches in Yength. SPR I is unique in thot
it uses external reflectors lor conirol and pulse initiation. A
single control system will operate both SPR 1l and SFR 11
un an interchiangeable basis.

Item 8. Reflecior Experinienis

The vse of an extemal reflector for pulse production
in a last pulse reactor was demonsirated with SPR 1. A
pneumatic device was attached to SPR Il so that an alumi-
num reflecior could be rapidly raised vertically adjacent to
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the vare. The ame pulse ¢luractesistics were vhierved
iecspec ive of whether the reactiviy addition was by 1e-
Hector ur pulse rod (Figure 4).

leem 5. Puive Regeror Cafeufution

- ]
=
A vuupled kinetic-elastivity model foe pulse jeactor =
calculations was developed fo predict performance characters E 15D |—
whivs, The apreement beoween this model and SPR I dota is «
shown in Figure 5. The model was developed wilh SPR 1 2 [
and aswed in the design of SPR {1, i ]
® Burst Bod Tnseried |
| o Rallector Inzried
- o Mormal “Free Field™ n
1Q ! 1] I i ¢ 1
0 100 200 300
Pults aT {°C)
Rellector
Figuse 4.  Results of pulsed reflector expeciment,
Ievadidtion e _ ‘
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Figure 3. Sandia pulsed reactor 11, Figure 5. Yield vs period.
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REACTOR SAFETY ANALYSIS

This activity includes two pencral catepories: analysis of the wafety of new
Laboralory experimental facilities, aml imdependent assessment ol the safely of

venmmercial nuelear power plants,

Heactor Safery Codes

Somputer codes are used (o predict the'dynamig
response of reactor systems under tevere transuent or
accident conditions. These codes solue complex coupled
prablems of neulronics; matenial and structural response;
hssion-praduct reiease, transport, and depositian, and
enyifonment effects. Fauit-tree codes ate employed in
assessment of risks anising fram reactor actidents.

Fissson-product transport
FiSSe
CLOUD
DIFOUT
Do calculation
RADS

Ligh-water reacions

Crurrentt Activifies

46

Meutronics coduas

Discrete ordinate
DTF-IV
TWOTHAN

{donte Carlo
SORS
JUGADOR
KEND 1]

Diffusion
EXTERMINATOR
AlM-6

Kinetics
FOKIEL
~OWER-Z
RAMP

Wave-propagation codes

Qne-dimensional
WONDY
CHART-D

Twao-dimensianal
TOODY
csQ

Structural respanse codes
SLADE
SLADE-D
HOMDO
UNIVALUE-I]
CHILES
TACOS
SOR
GNATS
EHELL-SHOCK

Loss-ofcoolant accident code
RELAP
WHARM
F ault-tree codes
SETS
SEP

Reactor Safery Studios

Studiet are under way 10 evaluate the safety of
commetCial nuclear porer planis. These studies combine
system-analysis capability wilth use of appliceble computer
cades, laboratory £xperiments, and system lests,

(Items 1-3}°

Current Activilies

Safety and security of nuclear power
planis against acts af sabotage
Experimental fast-reactor safety rescarch
Care meltdawn experimental review ahd
research
£ tlects of natu: Jl disasters, torrados
Gascooled reactor safety research
Fast-reactor accident modeling
Analytical suppart 10 test facilities
Fraciure control and manitoring
Post lass-nf-coolanl b, drogen gattering
Vvulnerability of nuclear fuel cycle to
canventional wartime artack

*See Highlights belows,
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Results ! the caloulgtions were made avacace fo
ase tramy tedesign at the POF or similar structuses

f,;g.ﬂ' Iater-Beae foor Core Mo tdown
Fyperimontal Review

Item 2.
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[tem 3.  Vwlncrability of Fornado-Rescant
Sruciires

Tius program s desipned 1o evaluate the vulnerahibing
af strudtures tu missifes generated by tornadues. Flanks, o
oipe. ahd 3 car at 200, 10w, and SD mph, respeviively. arc
heing tesied into reinforced voncrete walls represeniative of
nucleat produchion lacilities. Present siructural dexign
voitenia use balhstiv penetration and perforatiun eguatiuns
Jdenved for nundeformable misules,
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Program wope Cor the future vally tor piads! testing
with subtwguent (uif-wale ventication of unpace phenoimena
Yor wanens wall thacknesee s 2l misnades. Plans woll ve hawd
o Iesl résulls and on othér work o be conduaiad in hin

treld



MATERIAL PROPEATIES

ENGINEERINT ANALYSIS

Studhies are anned st undentandmy the snechanios and physcs of matenial behias ror ~o
that desriptive modeds can e deseloped for mcorporation into analysis technigques. The
studios rely on a coupling of ratenat scrence. mechasues of moterals, and analysis techetiques
10 asaare that dewriptive inodels being developed are phiysicafly ecalistic av wel) as campatible
weth the analyses. Emnpliasis is on andeslandiag mochiamanas that control mechamcal and
thermal phenumena, New methiods are being deseloped to study thiewe phienomena under the
L Efe CRVITUITINE RS avwociated with nuclear weapons, reactor wafely. and noclear-wnle
disposal, Study resulls. i the form of models or phywes! parmnelems, are thien incorpojolvd

mhr cotputer sululions o) engincening problems,

Mechanical Bahavior

Goals vl studies on mechanical behavior are the
charactenization of essennally all classes of matenals:
metal, ceramics, compi (€5, polymers, and gealog.c and

parout materials, The Nudiet provide 1pecif e mechanical-

popeily models describing defoemanon, fraciute o pihn
]
lanuse modes tor 3 vanely of environmenis. (item 1)

Ctrrent Aoiiville

Fraziure, brittia and J-integral sludiss
Uniaxead), biaxial and wemial sire:s sTates
Wirer propagation
Uniaxial ssrain
Hypervelotity tmpact crav. 04
frase transformations
Olunon controlied
Shock-indyced polymorphe
Shock-induced melling, vaporitation
Thermamechanical behavior {lemperatule
nistory eliecis)
Temperatures to 3000°C

*Ser Highlights below,

Therenal Properting

Techniques have been develaped tor obitaining data
on various thermal geopertics required for sytlem analys
and deygn. The capacity 10 make rard rederements of
ruaterials N extremely Nigh tamperatures ry Available
Siuvthes of theimal seoyu M1 Jre uicd tor weapon dengn
and for wlar energy and reactor safety studies. Materiais
indlude conventional salids &1 well as refraciory hquid
compounds. [ltems 2-3)

Current Avhivilies

Thermal conducinty
Thermal diffusivity
Povitive and Nnegative
Long and repelitive
Pulte techn:ques
Multspie-sampl e handling,
Extremely high-1emperatuzre
Relrastory liQuias
Thermal expanyion
Refraciory liquid metal density
Enthalpy and heat capacity
Electromagnetic levitation and linert]
r liquid-gas calorimetsy
Radiative and agbiorptive properiieg
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- ] ] -l ] i

ltem 1, High-Femperatiire Mechanie o Propertes
Ihe ery high-temperature mechanical prapertes ot
sraphe »aatendds are ben 2 detesmined attes shatt 1nicy
Ivorinds b 3 TeRIpar 2 Iuee anid at shrarn rabes U (v appiuy)-
matchy [0 woemd, The rechnugue imvalves self-reshianee
:u:Jllr.g: of 1enule Ul CUPI s e A PaLITIE NS h}. PAsamn 4
zh electrecal vospen e thouah the m a preprogsamesed.
tecdbar h~vontrolley heating vyole ond thien mevhunc iy
feading the spevimen monanerealfy oo Coolicany tineug
3 pizdetennmngd strews of debutnatan hastury . Load aid
straln gte momtared electronteally and opit, 2y sae theat

Somartpratine eelatiens and lupdamenif detormatien nedhan:

sagits tor arbrtrges thetinal and crechiznical histonss can be

dekermnead

Lo uhitan tempetatute antarmiy adung the speo
At thie wraphete wgeps ste beuted swepaiately by RE
cibaensg {hgeare 1r Thas e steages the tepestiuie ot thy
erod o the spevitmien and reduces therms] conductien swan
17 s oeniter

-
[
'I
|}
1

i ey e —
o R
.'. l‘. -

Vv gf inside of test chambier shavong load
emn are gagemwent gl 8F cods uied ta glitan
(emperatgre uriifarmity dlang the spromen

fage longih,

oure |
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MATERIAL PROPERTIES

£ I T BN . - v . N o

Flre sirain m detornmieed by ophically reochan s wead!
veratie conent vodules alich e idbymthaved withe 2 [
The oprecal siachots s iew Hpouph nagvons haed et e
e 1o hlov s ot spevilien meandesacnoe L he teaizugue
has peneeal apphcabiity b srodsang e 1t anoanec hanaaa)
Prelugsion of oy comiding v natenal iy red G paci nlar
thenml od o5 depnnion pivtosios wchading oy by
fagdirne. theeoiggd eatcboetirng. god voveir dipapfoie s.idiligs
Hup {empergfires Jan be feached oo Tew sec-mads o

Custrolled conditiena,

ltﬂ'm 2. fhf!’”u’ Ifl.'.:'i.l'! ;- cCHE e i

Aampie af Dged uramum o bestated et e
by b tremagne e eld berete e Jdiappned e
Hgusd-argem caloonpeic: 1at healvapua 1 eaca) sents

(Figure 7). Blectronnia awin levttatao Seatinee v g vabigie
Wl o highetempw i siore Weanurenents iy w5t Sl

Natey rea, oty sl vonmtstiess, tae o slontne ter pooanles
A Totally S b usvipenspent Lon Pieu i tragrciieuts il
theerompeds nansir, GJuedn i s Fop e i hwrai-tasnder sy e

Fiqure 2. Highv hemprrdTure proimily musaiarfmeitit,
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Item 3.  Thermual Difjusivity

Uhe apparstus used to make thermal-datfuavily
messuiernents employs o pulsed quby laser vo indue o
thermal transient in matenads. 1t arranged (o acconr
mudate up to 20 amp'ss a1 une bime and to acquire and
provess the data astomaireadly it is &« of the largesi
cupacily systems in the wurld for thermal-propeirty

measurenenls {Figuye 1)

Furnaca
L i ! o
., |
\ \Dltl‘.‘tlur
Sarnple Mulliple
Aegnitratian Samgphkey

Figure 3 Pulsed tnerma) diffusivity measurements,
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