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SMOOTH PARTICLE HYDRODYNAMICS - THE SPHINX AND SPHC

CODES

C. A. WINGATE and R. F. STELLINGWERF

Los Alarms National bbatory, MS F645, Los Alamos, NM 87545

ABSTRACT

Smooth Pattick Hydrrxiynamics (SPH) is a new computational technique well suited to computation of

hypemelocity impact phenomena. This paper reviews the chartwteristics, philosophy, and a bit of the der-

ivation of the method. As illustmtions of’ the tezhniq~, several tt’st case computations and several appli-

cation computations are shown.

PHILOSOPHY OF :PH

SPH is a gridlcss Lagrartgian hydrodynamic computational technique. Wilh some care, it can be written in

a fully conscrvittivc form. The form of the SPli equations is extremely simple, even in 3 dimensions.
These Chwdctcristics, together with the physical “feeling” for the problcm that is cmhodicd in a fully

Lagrangian code makes SPH an aurwlivc approach for problems with complicated geomrxry, Iargc void

areas, fracture, or chuotic flow ticlds,

SW{ was firsi dcrivrd by Lucy ( 197”1)as i+Monte -Car10 approach to solving tic hydrodynamic time CVO-

Iution quutitms. Suhscqucntly, Montightm and co-workers (Monaghan 1982, 1985, 1988, Gingold and

Morugtmn 1977, 1982) rcformulutcd the derivation in tcrrns of an intcrpoiution theory, which wus shown

to Mter cslimatc the error scaling of the technique, According to the interpolation derivtition, rxh SPti

“pwlic Ic” rcprcscnls a mathcmtit ical interpolation point nt which t.hc fluid prupcrtics IUC known. The corn -

plctc solution is obtained at idl points in space hy application [}f an intcrpolti[ion function, This function is

rc.quircd U) bc continuous and diffcrcnlitiidc. (hdicnts thtit nppcar in the (tow cquntions am obtuincd vin
anal ytlc dil’forcnt iathm of the smootJr, intrr-phtcd functions. Monughan showed thnt other WCII known

Ec-hni(iucs, such as i>i(’, finite cicmcrrl, nmi finite vrjiumc mclh(xis COUi(i ai.q) ~ (icrivc(j in Lhis wuy

through niqmprinlc choice of intqoiation ttxhni{iuc, SP}{ is (iistin~uisi)cti by tk ~implicity ()[ iL$ JIi).

pr(mch: intcrpuiuli(m is d(mc !?y summin~ (wcr “kcrncis” associtiuxi with aciI pnrtic’lc. F,nch kernel is u
si)hcri{’idly synmclric fmcli(m cmlcmi M the pnrticic i[~[i{m nmi gcrnmiiy rwcmiding n (;aussiun in

d~iil~, ‘Ihc ~M~icrof uccurncy of the intcrpdation (mi thus of the diiIcmwr ~u}~ti(ms) is tictcrrn irml i~y

the sm{)r)thncss of Ihc kernel, “ilw kernel is rcquirc(i 10 ai)pdl II (lclta furwti{m in [hc iimit t)f small rx.

Icnl, “i’hc Inlcrirr)intion is ucc{rrni)ilshc4i hy summing c~il cqutition or vnriui)ic nl IIny it)cnlhm t)vcr rlc41rily

km)wn vniucs nt i)mliclc i(n.iltkms, each wcigillc(i hy its own kctncl wcighling funcli~nl, I;.iMh kcllwl 11111(

li(nt is rctiuhcd 1[) mtc~rntr lwcr nll SI)iN’C 1[) Cx}ltliy unity, thus n(mn:liilin~ [hc intcriM)l;lli(m !illtll\, ily

llpll!(~)l lillCly nl[)riilytng (I1Ctl{~rrI)tllt/Alli{)ll ((mtiilitm, Ihc Mntc (’{~h l’i)ll cilsily swil~’h Iwlw{.cll I I ), Ji ).

li ), sldwriunl {Jrcylin(ir ltnl gc[rmclric (:(tllli~llr;iti{)ll~, ‘i’hls Ikiilurr n!k)ws c(uic (lcvcloiIIIKnl in i i ) (}I JI ),
with conlidcm’c hnt IiIr SNIIK-c(nl Ing wili wtwk tor nii CII,SCSif inli)lmwntc(f umciIIlly. An CX(CIICIII IC

view t)i S1’iitnn h I(NIINI In lICIIZ ( lQW)



There are two SPH codes currently under development at 1AM Afamos National Laboratory (LANL). me
first is SPHC, which was originally written by Stellingwerf (Stcllingwerf 198%, 1989b, 1990a, 1990b,

1992 and Stellingwerf and Pcterkin 1990). SPHC is a research tool written in C that runs (m a variety of

platforms. ‘I%e second code is SPHINX, which is a fully vectorized CRAY version with a more conve-

nient user interface and an integrated X-Whdows graphic runtimc disp!ay. SPHINX will be the produc-

tion code used for high resolution 2D and 3D modeling and is currentfy being developed by Whgate at

LANL.

The SPH codes havs km tested successfully on the blast wave pmblern, the strong shock tube, the Noh

pddem and the Thylor cylinder te~t. Applications for these codes include laser-plasma interaction, Ray-
kigh-nylor instability and hypervelocity impact. in the folIowing sections we briefly discuss the physics

solved in SPH, and show several hypcrvelocity test cases.

PHYSICS AND MATERIAL PROPERTIES

Installation and testing of material property routines and data bases is currently one of the primary areas

of code development I’br the SPH codes. Currm models U.SCa Grueneissen quation of state with a CUS.

tom tcrnperatu:eJenergy relation incorporating solid/liquid/vapor/ion phases. In tddii,ion, the codes can

MXXM the LANL SESAME material property Iibrwy for all available materials. Additional equation of

state options arc pfanned.

StrcrrI .h models currently implemented are: efastic-pcrfwt.iy pla..tic, Johnson-Cook, and Stcinbcrg-

(.iuinan. Each model WW,SSCSits own data btwc of material ppmies, Implementation de!ails of these
models can be found in Libersk y and PcLWhek (1990) and Wingatc and Fisher ( 1992).

other physics insudlcd in the codes include thermal difT~Jsionand artificial viscous diffwsion. [n addition

SPHC has radiation diffusion, her deposition, her ablation, ideal magnctohydrodynamics, and ncutmn

production. The.sc ~~pabi Iitics arc not used in the impact tests discussed below.

Numerical techniques include variable smoothing Icngth and particle division to model low density rc-

giorrs, arbitrary dimcnsimality and geometry, ghost particle bmmdary conditions, and interactive run-

timc graphics (Stcliingwcrf, 1990b).

In SPtl there is no nerd to artificially in.scrt void regions, wm c the physical prnccss of stretching a solid

object will nalurally produce cracks, spun, and other void regions in the course of the comput.nuon. MuIc -
r.d pr-opcrtics [hut affect this process arc I ) the yield condition fw plas[ic flow, 2) a sprcificd “’spnll

sm.mgth” for rmch mtitcria] that arts LS a limit 10 the tensile stress thtu H material can support, and ‘1) u

spwificd maximum “void frac[ion” that the rnu[crial can support prior to failure, The cxac[ functi{mul
form O( cauh of thrsr critcriu dcpcmls on Ihc strength model and dw implcmrntati(rn of ihc frac(urc n)(xl-
cI. The simi)tcsi and In(fit pr{mlising opprwwh in SPH is simply to ,set the yield strc’ss and the sp~!l

strength crllcria nw(mling to an nppropri:l[c model ft)r the mntcrinl and UIIOW the {)l~jcct 10 rcsprmtl IUIIII

mlly 10 Ihc hrrntystrcmrs UI rmh INMIII. The dcgrrr of tmittlcncss or ductility of the mntcrini (IU1 hr varic{l
vin lhc rccipr for Ihc v}lrititdr smoolhing Icngth (Icss rdlowcd vuriali(m irnplics more hrittlc malcrial), or

hy drxvcnsing thr Irnsilc f{)r( cs at s4mw Icvcl of void frnc(iim, ns rncmurcd hy thr hwal dcnsily (smnllcr

alh)wrd void iructi(m mli>lws rmtrc hriutc mntrrial), Ilc lwclcrrm! model is likely to fw diflcrrnt for dif -

fcrcnl nmtrrials. Trsls (d Ihc.sr Idrut arc t:urrcIItly in prvgrcss and will he pm,scntrd in fulurc puldIcnlI(ms,



THIN BUMPER WIELD COLLISION AT 6.75 Khl/S

lhis wzt.icm desa’ilxs a simulation ofa spherical aluminum projcztik witi radius 0.475 cm colliding with

a thin alummurn * with lhkkness 0.0381 cm at a velocity of 6.75 km/s. This calculation simulmc.s one
mpuimem out O( a very well clocurncntd tics of cxpairrmus done rcccntiy by Pkkutowski (1992ab)

a University of Daymn Rc.mrck Institute.

This Iirst simulalicm was run using SPHC with abow 2500 panicles in 2D cylindrical rncmic.?bc E(M is

Gruerte.kwn, and lhc sucngt.h model is elas@@l@c. The span stmn~ was ~t m 6 kbar. Figure 1 shows

the initial cardi.lixts a.sweU as k matuial conftgmationat 5 and 10w. l%is ti a parLkk ploL which in-
titcs I.hclmation ofti malca-ial, with a gray demshowvaluesoftlw kcaldcnsily Wc secLhat the

pojcctik has broken into many fragments witi a cawpicucms span “tubbk” a W rear surface, and nu-

merous * along h direction of *on thal have ckvelo@ as a rcsul[ of lmcr expnsicm of the pro-
~c, ~~ofti~lks inati~ti~,tit iwhl~m~~iut~, ~~oof

bw &nsity malcrial in front of nnd to the sirks of k fi-acnm-cdprojcctik is liqui&apcw material formed

from lhc irnpactcd bumper and a thin shall d W pojcctik. AU of dwst fentmes arc ccmsi.wm with cx-
pairncnwl radiographs. alhough details, wch x M structure in dw IquiWvapor phases, du ~ mrre-

qmd e-tly. We expcc[ that dwsc details will improve WIW he planned upgrading of the cqtion of

sawc. Thfi c.alcuMion was ah &m in 3D using SPHINX witi about 87(KX) panicles. The rcsul~ show

&au agree.mcm with the &la but still have sane details thal ti’t nmch, such as the smuclure of the

huling liquicVvaWr phase. This simdfu.ion will & M as Ihc primary test of the fnwwr@_agmcntation

Khcme m k cocks ckvelop.
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SHIELD / HULL COLLISIONS AT 10 Wbl/S.

As another example of an SPH impact application, we show models of several aluminum disk impact ex-
periments carried out at Sandia by Chhabikkts, et al. (1991).

l%e first model is of the experiment designated WS - 12, or NASA-12. The initial setup fcr ~Aerun is

shown in ti@rc. 2 (left). The model was nm with 10,000 particles in 2D cylindrical geometry with SPHC.

me E(3S is Grueneissen, and the strength model is elastic/plastic. ‘Ilte span strength was set 106 kbar.

The projectile is a disk of radius 0.95 cm, thickness 0.0868 cm, and velocity 10,0 km/s. 71re shield is a

plate of thickness 0.127 cm. Both projectile and shield are made of 6061 -T6 aluminum. The “hull” or wit-

ness plate was placed 11.43 cm beyond the shield, has thickness 0.32 cm, and was madeof2219-T87 ahl-

minum. On the right of figure 2 we show the material configuration at 16ps, just as the debris raches the
hull plate. In his case the entire cloud of debris is liquid at the vaporization temperature, indicating a

mixed phase region. A dense column extends downward fiurn the shield m the hutl with nearly constant

&nsity of about 0.1 gkc and a linear velocity profile. This column is about V2 projectile material and 1,’2
shield material, as expected. ‘I%e central core is sumounded by a halo of lower density material, extending

to a shell of extruded shield at the outer edge. Ile maximum velocity of the debris is found to he nearly
equal to the impact velocity of 10.1 km/s, ‘I%is result agrees vei y well with UDR1 experiments (Schmidt,

CAal. 1992, fig. 13a). A low density shell of material traveling at 14 km/s was observed in the Sandia cx-
penment, bu: does not ai)pcar in this simulation.

Figure 3 shows a tktails of the hull at 16 and 28 ~s, At 16 w the impacting liquid material has fully va-

porb~d, a liquid Iaycr has formed at the surface of the hull material, and strong hydrodynamic instability

has devc!oped at the intcrfiice. At 28 PS the hull is fully ruptured and hot vapor has begun to flow to the

mar of the impact polnL The times of hull dcforrna[ion and rupture agree well with cxpenmcnt, and both

show a hole diameter of about 2 cm.

Another cxperirncm, designated WS- 11, or NASA-II, was also modeled. This experiment was similar K>

WS- 12 cxccpt that the projectile radius WM 0,60 cm, thickness 0,0953, and velocity 10.5 km/s. Illis in]-
plics about half the maw of WS - 12. Sho[ WS-11 did not pcnctrntc the hull, although somt?hull damtigc
was observed, A model similar 10 the ubovc WS - 12 simulation wws run with WS - I I p~c[crs, and prij-

duccd a ruptured hull similar to Urtrtobscrwxl in figure 3. Chhubikkw, c1 al. comment that the projectile
may hirvc been dlstortrd in some or all of the cxpcrimtmtal shots, and this may have IXXM the cwx f(w shot

WS- 11. TIIG rmxkl Wiis (hcrcfnrr m-run with a slightly “cuppcL!” projectile, ~hicvcd by rcphwing the

disk with n shtillow cone with sh)pc ().25, Figure 4 shows the configuration for this simulation, agttin at 16
~Q, In this CIISCtbc hull hus rw[ nq)[[lrc(l, since the debris is considcmbly dispcrti at it.$ IMding edge, I%c

cxacl symmetry of the sirnuliltion, hnwcvcr, ks formed virtually all of [hc prnjcctilc mutcriitl into an ar-
rvw of dcnsr rnatcriul ttriII is armycd ill[)ng [hc t]xis of IJWsimulation, at)d &WS produce a VIWll hole in the

hull it[ hm’r tirnc. Asyntnwtrics present in the cxpcrirncnt protutbiy break up this “arrow”, resulting ill dlc

.scvcml scutlcrrd dilmii~~d regions wtunlly ob,scrvcd, A 3-dimcnsiorutl simuln[ion of this cmc. is planned
[O !CS!lhI\ hyp}lh!’sis, “1’hcS}’!! rc:;ul[s slmwn here arc in general aWccmcn[ with the CTH CO& reSIIIIS

410WII in ( ‘hhilhil[his ~1 1~1,( IW 1),
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Fig, 2. Lcft:initial configuration forthesimuiation of WS-12. Right cordigu-

ration at xmndary impxt at 16 vs.

OBLIQUE IMPACK)

‘I%e calculations of a spbcrc obliquely impwting a bumps modeled a NASA impact cxpcrimcm similar

to EH IC (Schonbcrg, c1 al. 1988),The sphere was made of 1lCKl Aluminum with a radius of 0,476 cm, a

vclcaty of 7,0 km/s and a 60 degmc angle from the normal. ?%c bumper wa$ 6061 -’M Aluminum with a

thicknc.ss of 0,16 cm. W calculation was done in 3 dimcmsions using SPHINX with 60,000 particles.

TIM cqua~ion of state used was Grucnciw+cn. The strength mcdcl was elastic pcrfcdy plastic wi~ n shear

modulus of 265 kbar and a yichl strength of 0,345 kbar for the ; 100 Al and 2.75 kbar for the M161 -T6 Al.

“flIc configuration afwr 20 micrmcconds is shown irI Figure S, side projection. Some pmjcctilc material

scrqwd from the top of the projatilc upon impixt has slid along the plate and continued 10 the Icft, fol-

bwcd by cjcctcd targc[ material above the plane of imPIKL The long feature so frxrncd is travclling ba.llis-
ticd]y to tic icit - there M no boundary beyond tfMt shown in the figure. Bctow the plane, Ihc projcctiic

maleria! is Iocatcd at the It!f[ edge of Ilk debris cloud. while tmgct rnatcrial forms the bulk of tbc icst of

tic cloud. This configuration is matched almost timidly in unpublished cxpmimcntal rcsulIs obtained

by Pickumwski al UDR1 (cxptximent 4- 1439).
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Fig. 3. Detail of the hull showing development of the hole and surke insta-

bilities. Left at 16p, right at 28 V. Note change of scale.
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Fig. 5. oblique impact model, projectile is a sphere c.ntcring at an angle of 60

dcgrccs from the normal moving from top ng$t 10 bottom lcfc. Scc tc.xt
for details,

SUMMARY.

l%c tezhnique of Smooth Partick Hydr,tiynarnics shows considcrtdic promise for simulations of’ hypcr-

vclocity impacLs. Of special intrmsl i.. its ahlity to product and track debris fragments, aflowing conlpu-

tation of secondary inlpacL$ over unlimitd dkmcc.%

The SPH codes at 1..4NL art currently undergoing lests on a variety of applkati(ms, and an> in the devel-

opmental smgc of code and rnawial propmics upgrades. llw rcsuhs so far a mcoumging, and furthrr

improvements should produce a useful and unquc tool

A(’KNOWl..KIl(; MF;N’rS.

‘Itiis rcscmrh is s~quwtrd m pan by the Dcparlrncnt of ilnc~y nnd the Dcfcrrsc Nuck.w Agency
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