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INTRODUCTION

Over the las: several vears, Sandia Natonal Laboratones has had an
nterest n developing capambtes to predict the flow fields arounsd vehicles
entenng of exating the water & a wade range of speeds. Such prediction wchemes
have numerous engineening apphications i the design of weapon systems. For
cumple. such a scheme could be used o predict the forces and momends
cipenenced By an  arr-launched anu-submarne weapon o waler-enty
Futhermore, a water-eit predicion capshility could be used w model the
comphicated surfacr closure jet resuiing from 2 mussike hemg shot out of the
water

The CCICE' * 1Celi-Centered Imphcit Conunuows-flusd Eulertan) code
developed & Los Alamos National Laboratory (LANL) was choien o pmvide
the fluud dynamucs solver for high speed waterenty and water-exnt problems
This imphail ume -marching, two-drmensional, comservanve, finite-volume code
solves the mulu-matenal. compressitle. invisid fluid dynamics equations. The
incompressible venion of te CCICE cnde. COMAC"® (Celi-Centered Marker
and Celh, was chosen tor low speed water-entry and water-exit problems m order
to veduce the computational expense

These cides were chosen 10 take advantage of ceram advances 10
numencal methods for computational flurd dynatncs (CFDY that have wken
place at LANL Notahle among these ajvances 1 te abtlity o perform implhat
multi-matenal, compressible Aow umulati ns, with a fully celi-centered data
structure Thy means that a vingle set of control virlumes are used, on which A
divrete form cf the conservation laws 1s sausfied This 18 1n contrast to the more
clasaical staggered mesh methods, 1n which separate controt volumes are defined
for mass and mamentum,

This new class of (omputatinal whemes has enabled Los Alamos o
develop a ineany of bvidrocenves, each of which uses the wame celi-centered data
structure The ltisrary of vixdes s referted o as CFRLIBY and now contans a full
set of hvdmwodes tog high speed, all speed. and incompressinhie flow Addional
volumen exist for muluphase flow in cach of the low speed regimes

Tae LANL hydrodynamics cindes were designed ongmally ) be appled
10 high explosive problems with very violent ph, stoy and extremely short tme
saales The current seruon of these codes have never heen henchmarked
eviensively for the low regimes encountercd 1n the water-entry and v ater-exit
problems of interest Therefore. thin report presents the results of & set of
numencal capenments perfomaed o henchmark CCICE and COMAC, amd w
determune they himitatons s low wilvern Aiw watte-entry  knd  water €
smulations

HYDRODYNAMICS CODES

The LANL hydrodynamics codes currently used hy a Sandwu are CCICE,
and CCMAC These codes are all related by a common set of featres Some of
the features shared by these codes include: finite - volume computational schemies
with cell-centered suate vanables. multu-blxk data stucture tow ethaent
processing on modem supercomputers, and an ALFE (Artuary-Lagrangian-
Eulerian) .omputational cycle. The ALE techmique 15 one of the most imporuant
features of these codes hecause it prevents mesh angling by sphtung the
bydrodynamic ume-siep o & Lagranguan phase and a resone-reman phase
Details »n this approach are described by Addessio ¢t al ' Another importint
festure common W these codes 1y the use of crll-centered state vanables In
particular. he use of celi-centered veiociues provides an efficient descnption of
the mierface hetween celly and a consistent methnd o mantan the consers o
»f mass and energy throughout the computiahon of 4 multi-Matenal probiem

The computatsmal domam for CCICE snd COMAC assumer 4 et of
muiuple. interacung cells, each of which contams a ungle mawenal with a1 vingie
veknity vector The monon of an inviwcd fluid m these celly 1v governed by the
squation . desnbmy conservauon of mass and momentum
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where, p 13 the denuty, p 14 the pressure, & 1s the flusd <elomaty, &, 18 the control
volume velncity, and £ 15 the Mxdy force Vi) and S () mpresent the contre
voligme and its swisce wea respectively For the compresuble probiems the
ahove equations are augmented wirh the energy equation and equatioms of ve
Further dewtls atnut the equainms uswed W mudel the g mechannsy ar
described by Addessio ¢t al ' and Thompaon'

The control volume velouity &, has two important hmeting valises In the
it case & = G, o equivalenty, the comtrol volume v allowed to move with
the Tuid This gives a Lagrangian descripton of the Aurd motn in the secind
case b, = 0, which s the Eulenan dJdeswnpuon of find moton The
hydrodynamics codes uie the ALE approasch whach v a combenation of the had
dynamus i 4 {agmnguan phase) and a coordinate ranstormaiion due o the mesh
moton (A remapping phase)

In the remapping phase, these codes have two discreazation opteny The
frst opuon o called the van Leer advecuon operaun. winch disreazes i



equaisons chrecdy without knowledge of the matenal interface The seonnd
opuon 15 called the mued-cell” pproach and assumes knowledge of a matenal
nerface The second opoon 18 used oniy ¥ matera! ntertaces and e Girst
opuon 15 used everywhere else

CCICE was wnuen by L ANL to mvesugate +anous numencal mednxls
that could calculate mulo-matenal dvnamics with suong distoraons and slp
hetween and within fluids 1 two and three dimensions. The [CE method was
developed by Hartow and Amsden w give a numencally stable and cthoient
means for calculatmg two-dimepsional, gansient viscous fuid flows for Mach
numbers from zero W momry The central feature of the ICT wchnigque 1 the
wisuon of an auvliany equaton fof an esumate of the nme-advanced pressure
This pressure 1s then used o wmpute the pressure force 'erm i the motientum
equations The present version f CCICE wol.es the equanons of mouun for a
two-dimensional, compressible. unsteady. invisaid, mulu-matenal fluid with an
imphait. celi-centered, ume-marching numencal technique In addiuon W the
viscosity. the bods furces. the heat-flux and the enen,y-release *rms are not
modeled in the current version of CCICE The convergence parameter used m
this method 1y fur the pressure fickd. Since the present code provides a robust
numencal methoo W solve comphcaied single-phase flows. 1t has ~buvam a grea
deal uf potenual for sunutaung accurately high speed waler-enory and water-exat
problems

For low speed water-eatny and waterexu moblems, CCMAC the
incompressibie version of CCICE 15 used The incompressible scheme employed
in CCMAC 15 the ICE inethod 1n the himst ot rero Much number By solving an
incompressibie system instead ot a compressibie sysiem. the computauenal ume
v reduced tor low speed problems. C "MAC solves the equauons for a two-
Jimensional, unsteady. 1viscid. mulu-matenial fuid dynamics with an implict
ume-marching numencal techmque The hear-flur and energy terms are agamn
not inclyded m e equations, however. CCMAC dues metude the gravioy term
The COMAC wechmque rteratvely solves tus single <vstem of invisad
equatosis It addiuon, a urface pressure integrator was added w compute the
unsteads lorces and momenw expenenced by a hody dunng water-enury or
water-exit The pressurs integrator has also heen coupled with an algonthm ©
«ompute the ngid ddy movon These new capahilives could also be applied w
CCICE  This mudihcaiion 15 poswible hecawe the hyvdrodynamics codes are
wrIen Monde' . orm. makmg speciainzed deseiopment relauvely simple

Within the CFDLIB crdes, there are several houndary condiuon options
(1 rettecuve e cvmmetry. (1 specined pressure. 1 outflow or rero gradient,
Chontosw . (5 houndary Ratween blocks, (61 cuned, ngid, tree-ship. and 0
specificd veloaity Both the reflecuve and cuned, npd. free-siip houndary
wondiions specity 4 zero normal-velocity component and a angeanal velouity
component which s the same as the tangenual-component of the adjacent cell-
centered velogaty

The hvidrodvnamics codes CCICE and COMAC were designer! as general
purpese. but have been apphied and venfied manly {or ¢xplosive problems with
sery small ume wales Fuor these tvpes of problems. the effect of graviauon
negligible and gravite was not modeled pnaf to the current INLEress 11w ater-entry
Amd water-cut problems Several numen ) expenments were performed ur test
the codes tor nemerplomive luld mechanies problems with and  without
Punyancy

Compater umes loe all of the numencal cxpenments in this paper ranped
trom 1 o 0 mmutes on a CRAY YMP COMAC ointions were generally 3
times taster than the CCICE <oluions For compiet shapes or maslts-matenal
problems cahere the and Recomes distorted. compasationad nmes can increase
o0 the ofter o an dour

NUMERICAL EXPERIMENTS

This section presents the fluid mechanic: prodlems that wer run o
cemAmark CCTCE and COMAC Two ample incompresable, angle matenal,
ey problems were (hoser to ddeermine how w define the houndary
Condons Convergence cntena and stabiity arumeters in hoth codes Once the
aeady problems were compleed. two mult matenal, imateady problems were
mn e chedk the grnaty madel and the ngad dody dvnamics witver hult it
CONMAC The resulis of theae numencal expenments were (ompared. when
posathle, to the anther analvtaval. cxypenmental, or ther numencal resalts

This numencal expeniment computes the teady flow ol ur amund 4

crcular-arc oo an infinite flat piate This geomer was used U approvmnate
cwcular-ac mwrfol 1 omiform Aow at zer angle of amack This partoniar
evample was studied W understand which boundany conditons would et an
accurale soluyuon

The circular-are arfoul 1 detined as the mmage of 4 Gircle under the & ton
O 3 Ji wddW <K TANSIOMANON Th's TANSIOMALON 1y 3 CORloMa mappine f
regior s of the complex plane @i mself The Joukowskn map”  denined be
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where 1y 4 real number. ana - and 3 are comples vanables The walues tor
ang the doeman of Eguanon 3 were chosen so that the length of the wre i o1
cigh’ umes 1y height ahnve the flat plate

The mesh and the steady pressure neld surrounding the circular-are. fat
plate are shown i Fig 1 In this hgure. ihe different pressure levels are depied
by dufterent coawur shades The present results are for CCICE, sunua resulis
were obtaned usmg CCMAC. The mesh shown in Fig | 15 an algebraie gnd with
AUnNi gnd points

For tus probiem. a free-ship boundary conditon was used along the =nure
left side of the doman where the circular-arc on a fat plate o hwated On the
nght side of the domair the CCICE czlculaton used a reflecuve houndary
condiuon. whule the CCMAC calculavon used an outflow boundary conditnn
Both ondes used an inflow hounaary condiucn along the hotm side ot the
domain and an cutflow houndary condiuon along the wp of the dJoman  The
inflow houndary conditon was set <o that atr flowed wite the Jomun 4t 4
emperare of W) K, a densuy of | kg m'. and avelocity of 15 msn the =7
direcuon {n addiuon o houndary condinens, iniual conditions were speciticnd in
the domain using the same values as at the inflow houndary

In Fig |, the pressure increases as the low approaches the leading edes ot
the arc It then Cecreases alvng the arc a3 the flow accelerates w the af ~ mud-
poini. Finally, the pressure ncreases as the flow compresses towards the trauling
edge of the ar¢ This pressure distnbuton s nearty symmetncal. which indicate -
that the soluton approtimate s qualiagvely an mvisad, ireatonal welution

The results computed with CCICE and CCMAC can he compan . with the
notental flow solution far & crcular-are arfod vecauw the anavticdl solution
provides a good approtmation u the present problemn The potentut! 1ow
sofution for the flow over a ctreular-are airfonl may he Constrpcted gang
elemenary compler analvsis This colguon 18 well known and desanibed ke
Karamcheu"

Fig I \hows the companson hetween the numencal fesuits ant ihe
analvue solution 11 shoyld he noted that the numencal results fopresent the ool
ventered values, while the analviic result 1s incated on the surtk e

Thiv higure shows that CCICE and COMAC racults agree well with the
erat sobutn The manumum ertor Beoween the numericsl e analvtic Tesnbion
on the wder ol 101 The difference hetween the two numencal results 1 parttalls
e w0 the different houndars comfitions used along the iipht <ide of the Adveman
Specifving a refective or svymmety houndans amplies 4 mirnoeed wrtwe
liwated equidhstant w the nght Theretare. the phy s al iniemretation of the thw
field s o0 fow hetween two arcs Since e flow s mampressihie, the nd will
have to speed up as it enters the re Juced (Toss section A Tower i presuee
Conversely, CCICE used an outflow hourdars conditton which dise speaines a
rero pressure grodrent but allows mase Row oyt of the doman Theestoes e
furd s notamboally accelersied in the CCICE calculation and it pressues wall
he lower than the COMAC ceault Another reason Por this ditferena e in resuita i,
that the coddes ysed different consergence methodolugies Mince the fov o
evsentially i ompresable. small Changes inihe comvergence criter log C0T0d
van have arelanvely large effe

The CCICE sohuton alwe hay numencal vsallauons near the teahir © and
trauhng edges of the arcular At In most cases, nymenaal osaliag naan e
removed by refinang the grrd Howeser the fat that moth numenaal valoul o
were performed on 1he wame grd indu tes that posably the Lifteretice o the
conserger e methodologres hetween CCTCE and COMAC may have e the
osctatemns in the COICE wlution

The nestevanple comprtes the steads Bow chan goumd v oone oL linter



hoarta:l. In this cxampie. the cone half angle 1s 14.04 degrees, mnd the boanail
angle 1s 6.0 degrees

The mesh and the steady pressure feld surrounding the cone-cylinder-
boattail are shown 1n Fig 3 The pressi e contour results 1n this figure are for
CCICE. simular results were obtaned using CCMAC  The mesh shown in Fig 3
1s an algebrasc gnd with 61¢13 1 gnd potne

For this problem. a reflecuve boundan condiyon was specified along the
2us ot symmetrs The hodv was detined using a free-ship boundany. Agan, the
boundary condiuoa selected for the nght side of the domain was hased on the
code. reflecuve 1o CCICE and outflow tor CCMAC The inflow boundary
condizon was set so that ayr fowed 10t the domain at a temperawre of 278 K. a
density of 1 kgm'. and a velociny of 50 m/s W the +Y decnon. while, an
outflow boundary way speaitied along the top of the domain The nibal
cundiuons were agasn se* equal w the values used ot the inflow boundary

The numencal solutons were compared 0 a potenual flow solugon
computed with SANDRAG” This potenual flow coge has been henchmarked
against expenmentd) data and gives very gond greement for cone-cylinder-
boattuls with slender geometnes for Mach numbeny up to (0 S 1o awr.

Fig 4 shows the numencal results of CCICE. CCMAC and SANDRAG
In this dgure. CCICE and CCMAC both give results which are in excelient
agreement with SANDRAG [t <hould be noted thiu the CCICE and CCMAC
“esulty represent cell-centered - alues. while the SANDRAG soluuon represents
the pressure on the surface of the body The nwnencal vscillatuons tn the
SANDRAG solution at the sart of the conical secuon are a result of the slender
bady assumpuion 1n the code which starts o break down for lasge cone angles
The numenical oscrllauons in the CCICE and TCMAC solutons at the start of the
¢vhindncal secuen are attnbuted W the growth ot 3 second order instatiny in the
advecuon algonthm

One wmponant point w note about the CCICE solution 1s that 1t predicts
the pressure drops un the cone-cyhinder-boattall. These dips are the -esult of
dicontinniues in the curvature of the body. Any code used W mode! cavitaung
flow must capture this bebarior accrately This suggests that CCICE could be
used t mode! the unsteady pressure field 1n a cavitaung flow fieid.

The last two probiems 10 this report test the mulu-matenal. gravity and
nad hody dvnamics predicuon capabthues of the CCMAT code The first of
these probiems 1 presented in this section and simulates tr: inual growth of a
Ravicigh - Tavlor instabilits. This rnstabhits occun when a heavy fluad s placed
over a4 hight fund and gravity causes the flurds to invert. A Ravleigh-Tavior
proflem was chosen to check the mults-matenal and gravity medels i the code

The Ravleigh Tavior problem uimulates) the expenment of Raafia!” m
which water was initially above alcobol and U inerface hetwesn the two fluids
was perturbed with g une wave of shallow amplitude The mtal condiions
speciiicd witter al A densaty of 1000 kg/m' and alcnhol ata denvaty of X20 kgm'
with zero veloaty

The slyuon computed with COMAC for the imua stages of the
Ravieigh- Tavior instatlsts are compared wath dhe analytcal resuits predicted
trom hineamzesd potential Row theory L ung thie theory, the intertace n herween
o Muds, perirbed with a ane wave, has the Toliowing functional torm

P

R N
LI B N l’.tl[u.tiyql at t4)

where £ s thie amphitude and A 1s the wasclength of the vine cuirve Here the
quantity. . v an cigenvalue desoniing the temporal gmwth o decay of the
meertae dutirbanee a3 funcon of the two denaties Foe tie Raviegh-Taylor
Piottem. the cigens.aue reduces to

"I N
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whete p g p o are the densites of water and alcohol respectivels Periodic
honrdiny conditions are vaumed o the theor,  Further detatls yhout these
equatons L Aas he tound in Curne'!

Figs Sa v show the companym of the intetfae predicied with COMAC o
that wiven By hnear theors: These resalts sugge st that this coade does 8 good job of

approumacng the Ravieigh-Tavior instabuity for the first 04 seconds The
figures also shows, that the numencal results are slower than the anabvulal
solugon This Jifference may he due w the use of tree-slip boundan comdiuons
1in the numenca! sumulavon

Figs. 6a-¢ show CCMAC density contours at laer ponts 1n ume [n order
o benchmark the results ot COMAC for the Ravleigh: Taytor instamiliny vubade
the range of lnear thenrny. the numencal results were compared with
expenmental resuls  This companson suggests that e aumencal resuite
correctly descnbe the quaintative featres of tns miung problem  Agaun. 'he
numencal recalts were slower than the expenmental obsenausons  This
differsnce nay be atmbuted W mudeling the expeniment with a two-dimensiongi
code. Al fund viscesity and surface tension are not modeled 1, CCMAC and
may have prevented the treakdown of the cap region shown in Fig 6c

Locompressibie Sphere Water-Entry Calculation

This secuon present. the final problem thag was analyzed tor this repont. a
smulation ol the unsteady hrw beld around an axisymmetie N2 body enenng
waler at a zero angle of artack. For uns sumulaton. a sphere ot dameter 602 m
entered the water and the resulung unpact accelerauon expenenced by the vphers
was computed. This example was run to demnnstrate that realistc fow speed
water-eny problems could e simulated with CCMAC

Fig 7 shows the gnd block stucture and buundary condiuons tor the
sphere  The compulavonal domain was divided %o tive blocks with the
dimensiors as indicatad 1n the Gigure. Here, e w et surface 1 represented M
the dotied hine cmssing hlocks | and 2. A tive block squcture was used o order
W generate a quality gnd around the sphere. Since the left side of the Jomatn i
along the axis of symmetry. a reflecuve boundarny was speciied The hondy. which
1s Aong the top of hlock 1, the left side of Mock 3. and the bottom othlock 4. was
detined using the specied velocity houndary conditor. The huttom, tp. and
nght sides of the domain were all specihed as outflovy  houndanes since this
smmulaua was performed with CCMAC The imual condiions were used o
speaifly water at a denatty of 1000 kym' and ar & a density of | kg'm’ with
rero veloutty

Two water-entry stmulavons were nan (o this exampie These umulauor.
inc'uded two ar-water nterface models. For each of these simulatons, the
mouon ol the sphere way started impuisively with a specihed veioonty trom 4
fixed heigh: ¢ 0023 m ahove the water interface In addition, whe use ot the rgnd
hody dynamics option required that the mass of the sphere, (A0S kg and o
moment of inerua. 4 [S6IES kgoem*, he specified for this problem

In akbiton w solving the fluid dvnamic equations desenbing an
compressible fuid. COMAC has been modibed to solve the twy - Jimersional
equauons of mouon for a ngid body

ZI: = md 6
. df .
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Equauony (4 and () are expresseC 10 an inertial contdinate svstem hiaed relatne
W the water surface The ongin of this cvstem s shewnan Firg ™ Moreover he
reference point (o) fur these equanons 1y also showa, 0 this tigaie The hiney
acteleration predicted by these equatimis for the sphere is the resnlt ot the fhund
structure ineracuon A the end of each ume step i e cal ulation of the find
moton, CCMAC uses the preducted pressure field o solve the rind beals
epiions and update the posgon of the sphere  Furthermore  the ol
acceleration s used o esumate the sphere impat lomds on water entry This
aicleration 1s defined hy

3 - Nd, *d R

where the / direction is comncident with the water surface. while the ¥ hirrcuon
s perpendicuiag to the water surtae The men dunensional accleraten thown
Fig X1 e bnear acceleranon divaded by grasey, Y 8 mis

Two dininet anterface maondels were used 10 descibe the e want
anugon regron The Bt interfae model was a mass mnspoet model that
smeared out the interface over £ few crtls This miertace model did nor proatine
gond results when this transitiem rogim hasd a length wale on the otder of a fourth



of the radius of Lbe sphere. However, as the gnd was rehined. the mterface region
was physically szaller which ended © produce beaer rerults. The secomd
interfzce mokel used “he muned-celi capamhity ot the CCMAC code This model
capured mose ot the disconunuous nature of the air-water inerface and provide
more realisuc numencal results.

In order w henchmark the results, the water-enoy impact accelerauons
predicted for the sphere with CCMAC were compared aganst the theoreucal
work of Shiffinan and Spencer, and the expenumental work of Moghisi and Squre
vutined 1n Ret [2 Fig ¥ shows the predicied impact accelerauon for the two
air-water intertyce models. assumung 2 constant entry veloary of 243 nvs,
agamnst the theoreucal and the expenmentai results Both the theoreuncal and
expenmental accelerauon values were obtuned trom the quoted drag coefficient
values by scaling these values with the cross-secuonal area of the sphere. the
mass of the sphere. and the dynamuv pressure based on the density of water and
the veloczty of the sphere. This hpure shows that the sphere had a smal! amount
of deceicranon, i).01, in the air hefore it impacted the water surface In addiuon,
the soluton obtazned using the mass transpon opuon shows the sphere unpacang
the interface at a non-dimensional depth of 4).075. Since the air-water interface 1s
located at exactdy zero on the b-axis, this distance 15 an indicanon of the amount
of inerface smear provuced by this model. The soluuon obtamned using the
mixed-cell model shows the sphere impacung the interface A a non-dimensiona!
depth ot -0 0] This shight dafterence i distance fron, the real interface 1s not due
to nterface smezs but o the cell-centered structure of the code. Although the
muxed-cell model desenbhed the impact accelerauon more accuratsly, numencal
osculauons did occur 1 this welute s These oscillabons are numencal arutacts
that emerge hecause of Ux sevnnd order teamment tn the zdvecuon operator
Orverall, CCMAC predicuons generate «n accurate approumauon of the sphere s
nitial water-entry accelerauon,

CONCLUSIONS

This report has presenied the results of a set of numencal expenments
performed W henchmark the LANU hydrodynamics codes, CCiCE and CCMAC,
andg to Jetemine therr fmitations as flow <olvers tor water-enoy and water-exit
problems The sicady problems were Jdesigned to determune the boundary
condiuons, convarpence e, and sabhiity parameters tiewded lor these codes
to vield redisye solutons Once the stzady flow problems were yaderstood for
CCICE ani CCMAC. unsteady pmblems were run wsith CCMAC o0 test the
gravity, multu-matenal and ngd body dynamxs subrouunes.

The re<ults of these numeral expenments suggest that CCICE and
COMAC mas he apphied to simulate accurately a large vanety of swead: and
unsteady twe-dunenstongl flos roblems. For the sieady flow problems, b
codes privduced results which were in excelient agreement with the accepted
i solutions: Moreover, Cr the unsteady probletas. CCMAC produced
resuits which were 'n ven pes o agreement with expenmental data.
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Figure 1: A tyrica! mesh reflacted againat steady pressure contours for
the citvularare on an infinite flat plate
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Pigure 2. Surfice preasurs comparianna of the analvaie salutinn for the
arcular-are, flat plate with the numencal solutiona of
CCICE and COMAC
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