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KIVA REACTIVE HYDRODYNAMICS CODE APPLIED T
DETONATIONS IN HIGIT VACUUM

N. ROY GREINIER

Chemical and laser Sciences Division
Lox Alamaoys National Laboratory

Los Alamos, NM 87545

ABSTRACT. The KIVA reactive hvdrodynamies code has been adapted Tor iodeling
detonation hydrodynamies ina high vaciam, Adiabatic cooling rapidly Treezes detonation
reactions s aresult ol Free expansion into the vacimm, - Aler Farther expansion,
molecnkar bemn ol the produets is admited withont disturbance into a drilt mbe, where the
products are amlyzed with a mass spectrometer, This paper explaing how the model is
nsed Tor interpretation imd design ol experiments Tor detonation chemistry, Modeling of
experitenal hyvdrodyiimmic characterization by laser schhieren inmaging and model aided
nupping that will link chemical composition data o particniar volimne clements in the
explosive charge are also disenssed.

I. Intradnction

We have ised the KIVA reactive hydrodynamies code (1,2) o provide a compitational
model ol onr experiments in frozen detonation chemistry (3 5), By constraining the maodel
with the known essential Teatres ol ihe experiments, we hope o gain insighe abont the
behaviaor ol the experimental svstenn that will aid i interpretation ol experimental reanlts
and will provide a basis Tor the design ol new experiments,

Brietly., the experiments involve the detonation ol condensed explosives ima hiph vacinm
cuviromment (g D, where the produets expand reely and cool adiabatically (1o 300 K) in
a very shortume (2 ps) after the shock mmival. Additional (extensive) expansion alter the
short Ireezing step allows the mean ree path ol the prodnet molecenles o inercase into the
free molecular Mlow regime so that a moleentar beam ol the products can be adimitted
withont distmrbance w a dritt mbe throngh a I disn skininer, As the Irozen product
beam s passing reely down the drilt mbe, a portion is jomezed and its chemieal
compaosition is aalyzed with a mass spectromerer. Farther details are provided inanother
lectmre at ts conlerence (5),

A detailed pictme ol this process is desined so that the chemical infonmation in the time
resolved mass spectral data can be related o the detonaton process, The modeling has
provided . pictire it has proved aselal Tor the highly mteractive process ol imerpretinion



and design ol experitnents. FFor exanmple, Taser-schlicren movies (or sequiences ol time
delayed sniapshots) provide intornmtion-Laden images of the early expansion ol ahe
exploding charge. These images cover the tiime during the passage ol the detonation wiwve
thirongh the explosive pellet and the sibseguent early expinsion while the produets are
freezing. The modeling snggested the feasibility and nsehilness ol the experiment, and the
successtul acguisition ol good gnality schlicren images stinmlated the developimem ot
subrontine to compute expected schlicren nnages, such as explosive charactensues and
starting conditions, while the ¢ode was inder varions constraints. ‘The similarities in the
compnted and experimental images give conlidence inonr pictire ol the hydrodynamig
history, and the search Tor conrtrinints that closely reprodace experimental Feanres leads o
msights abont the process  Diserepancies between ontptt from the model and observations
Irom experiment stinmbate closer examination and relinement ol both modeling and
expeniment.

An examnple ol the gpplication of KIVA s the compnted interval ot time Tor ihe amival
the mass spectrometer ol material tront specihe Gmd identfiable) vohnme clements inhe
mexpioded charge. To the degree that material does not nix between volinme elements by
processes such as dilTasion or turbulence, the time- ol armival interval can be mapped o
specilic volnmie elements, Tor which i hydrodynmmic history is available, with the aid off
the model. 10 this enterprise is suecesshinl, we will obtiin o seqguience ol mass spectra Tor a
series of voline elements with medel-generanaed Gimd experimentally valulated)
hydradynamic histories, which inchide the detonation and gquenching processes.

2. The KIVA Code

Onr version ol the KIVA code has been deseribed ¢, and Parther developments i the
conde have been niade (60). 1tis an arbivary Lagrangion: Enlerian (ALLD Iinmte clement code
(2) Tor inadeliag chemically reactive Thinds contniming condensed droplets. Modineatons
Tor modehng Trec-expansion experiments liave been minial. The principal maodifications
are the cquations ol state ol the Mitids, the reaction models, the sehlieren snbrontine, 1
mteadnction ol reconimg and artlicial viscosity 10 simooth shocks, and the selection ol
inpnt ontput Featnres, The code provides a Tile ot images ol the expanding Thrid, mcheling
mesh conlignranions (Figs. X 10,15, and 10); velocity tiekds thigs. 39011 L and Tar
and contonrs ol values for varions Fhiid parinnetess sneh as density (Figss 3 1O), pressine,
and temperatre. Other graphics display parammeter vidaes for chosen vohinne elements as
hmctions ol umes amoag these parameters are density, pressire, temperiore, dilhision
lengths, meian Pree path, ind mcasnres ol reaction progress (Figs. 20 200 Examples e
preseted below,

Y. Modeling

The modeling ol detonation, which is a reactive shock regumes a number ol ticks o nake
an assembly ol Tinite clements behave aceeprably when the paramercts are evaluaed and
advamceed with hinite thime steps, The two nejor varitions involve mtineil viscosity amd
rezoning, both disenssed i the deseriptions ol KIVA (G and s predecessor AT
Numerons trials were done o arrive at a compromise between adeguate stabihy and
mimimal adverse cllects on the calenlatnon, but these details wall not be elaborated here,



To illnstrate onr eurrent capability inmadeling free-expansion experinnents with thee KIVA
code, we present i selection of resnlts Trour a single calenlation. The parimeters chosen
were for a nominal case ol a right cirenlar eylindrical pellet of RDX (or PETN,
approximately) at a loading density of 1.61 g/emY. Other details ol the calenlation are
given in Table 1.

TABLE 1. Initial canditions and the gaverning egnations

Charge Geoneny: Right cirenlar cylinder
0.3 emdiane < 0.3 ¢cm high

Initial Density: d (gemd) = 161

Pressure* of Detonation Products: P (dyne/cm?) - 2,55 « 1010 2.8
R [T

Pressnre of Unreacted Explosive: Py dyne/em?s = (7.3 < 10100 X
+0.7 100 (- Xy
<(d - 1.ol),

where X = (238 - d/0.77)0-
Pressire of Mixtre: P (dyne/om?) - W+ (1 Wi,
Temperatnre: T(K) = 2287 [(1 WO
Burn Rate; R(l/s) 25102543

O Wadlexp( SOCK/ T |
Fraction of Explosive Unreacted: W Wil [expt R« dol.

where Wald is the Tractuon noreacted Trona the
previons tme step asd deis the tine step,

10 dvne/em 100 Kbar 10 Giba,

Some ol the assnes to be addressed By the model e time of arrival mapping io lovation
in the chirge (Figs, 17 and 18), degree ol scrambling ol material by tarbnlence and
difTusion (Figs, 20 2.3, and Ireezeont or guenching as a lnetion ol location in the charpe
(Figs, 20 23, In etlect, what we seck in the model is a plansible Gand approximately
guantitative) picumne ol the hvdroadynamie history ol the detonating material as a hmetion ol
location i the charge. To vahidate the model, we compare predictions based on
hydrodynaiics with observations sneh as time vesolved sehbieren iniages Cags, TS amd
20 ind tme ol mrival proliles (Figs, 17 19), With the modeling resalts presenty i
hand, we can assign mass spectra to volime clements with compnted hyvdaodvnanne
histories.



4. Design of Experiments

We have mentioned the role ol modeling in the development and interpretation ol the
schilicren (Figs. 11-15 ind 24) and shadowgraph imaging.  LEstimates of time and space
dependence ol Miid densities (Figs, 17-19, for example) have been helpinl in designing
the new liring chamber, molecenlar beam dnft tibe, and mass spectrometer. The scaling ol
conlinement times with charge size and geometry gives estinutes ot reaction titme sciles
accessible with this wechnigne, which are nselnl in choosing experiments For particniar
eaplosives.

5. Concelusions

Modeling with KIVA is an indispensible adjimet 1o the Itee-expansion experunents.
Withont the modeling. we wonld have no grasp ot the ydrodynamic histories behind the
chemical compositions ol the Trozen reaction prodnets, The maodel also provides
guamtitative matheniatical synthesis ol the Teatres believed to be importmt in the overall
process ol detonation so that the consegnenees of that synthesis can be Toretold, examined.
and compired with observation. Discrepancies between model resnlts and experimental
obscrvitions penerite gnestions tiat stinmlate ind direct farther investigation,

6. IFnture Mans

Fnmee phims inclitde a sidy ol chemical reaction maodels that mimice both observed
hydroadynamic phenotmen imd time dependent chemmeal conmpositon, Teis also desirable
to model the Teading edge ol the expanding pradnets more realistically (compare Figs, 17
and 19). Rednction ol artiliciad munerical contimination ol the modeling resulis is o
contining coneen,

We expeet that tesnlis ront our new apparams (enreentdy nnder constrnetion) will have
considerable mlnence on e modeling. For instimee, a5 we see signilicant moleenles
with o moleenbr weight higher tian the present size it ol 60 ammn, their identities i
tme dependent gantities nmst be considered when choosing models Tor compntation,
The gready npraved mass spectral Hata acgnisition system expands the opportimities lTog
investigating the elfects of the iy extrinsic parmneters, snchas those determined by
charge microstrnctre (¢.g. ervstal strmemre, ceystal size, void size, and void
distribution). High speed schlieren and other imaging will allord extensive hydradynamic
charactetization ol cach charge and will provide coulidence 1 linking the chemistey to
hvdradynmnic Instory Tor cach shot Tieed.

Clearly, this weelmigne may have applisation o a widening variety of systems that involve
exploding materials, snch as propellts, laser heated materials, electrically heaned
nunterials, and materials ta are simply shock heated, For example, propellant bum
chetisty might be guenched ata desived point in the burn process by Tiring the propellam
in g container sealed with o snitable buestable diaphragm properly aimed at the shiner
The weehnigue has even been sapplicd o eryopenically prepared simnples of enerpenc
nuterials (7.8).
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Figure 1 Schematic ol the Trec-expansion experiment. The skimmer is the cone with the
tp missing at the lett end ol the dritt tbe, Other Featnres are noted.

Fiwre 20 Computational mesh at 0017 ps. K indexes ihe eeils in the Z direction starting
with | at the botom of the evlinder, and 1 indexes the cells in the R direction, starting with
I next 1o the eylinder axis. Other cells referred o in the text, along with their (1K)
indices, are AL,200, B ES), CA 10y, and 21,200, The initdal dimenstons ol the
cvlinder are 7 = 3.0 omand R = 1.5 mm. This fignre can be compuared with Fig. S,
which is slso Tor 017 ps, The compressed cells indicate the position ot the detonation
wavelront.

Fignre 3. This and the Toltowing Ngnres show the progression of the detonation waye
throngh the 3-mm-diam x 3-nm-high eviindrical pellet wiih parmuaeters thatapproxinnately
simmlate RDX (or PIEEN). Initial velocity Tield and density contonrs are at 1.5 ns. Veciors
originate on eell vertices aad length is proportional 1o velocity. Maxinunn velocity in the R
direction, n, is 0.04 mm/ps aind maxinmnn velocity in the Z direction, w, is 0,05 nun/us.
Density is 101 giom? everywhere, e gradients in the initiated eylinder at the bottom are
insignilicant at this timwe,

Fignre S Time = 0,033 (s, 740 = 30000 = 106 . and w = 1.08. (llere and in the
Tolowing ligires, 7,y vmits will be in mm, velocity imits will be in nim/ps and density
mnits will be g/emd) The density contonrs are based on g logarithimic density scale.
Densitics on itermediate contonrs difter by a Tuctor (Q) = (L9066, Maximmm density
(ax) = 1830, density on the H-contonr (d D = 1768, and density on the L-contonr
(o = 1344

Figure 5. Thine = 0.085 ps, zl(m = 30000 = 1200w =1.54.Q = 0927, ;4% = 1.995.
Jd = 1837 and 1 = 1011,

Fignre 6. Time 0071 s, Zggn - 30000 < 193w = LR Q = 0935, dyy = 2,089,
A - TOS3, and dlL = 1.1 395,

Frgore 7. Time - 0300 s, Zaop * 3000 = 0.62,w = 207,Q = 0854 dyjyax = 2101,
= LS and dl < 05200 T he detonation wave has broken oni ol the bottom hall ol
the charge sarlace.,

Figire 8. Tine - 047 ps, Zggpy - AL u 2 7000w =2 5.62,Q = 0740, dyyy - 22174
A 1022 d dlL - 015060,

Fignre 90 Time - 003908, Zygop LSEn 70w - 7.45,Q = 0709, diygg - 1,208,
JdIT O O899, and dl. - 0057, At this time, the detonation wave has broken ont ol all ol
the charpe silaees,

Figine 10, Compntational meshoand density map. Tine - LOO3 s, Zgop - 7.28.Q
0075, dyggy O-2200d1E 0283, and dl. 0,012,



Fignre 11. Time = LOO3 ps, Zygp = 7.28 (same as Fig. 10), n = 703, and w = 7.71.
This begins o sequence showing cotnputed schlieren-image profiles (right) as contonrs ol
deflection ingles defined by the schlieren apertire and the Gladsione-Dale constant ol the
expanding Timd. Al schlicren contonrs overlap in this fignre.

Fignre 12, Time = 2.000 ps, Zigp = 15.00. u = 7.04, amd w = 7.74. Schlicren-image
contonrs correspond to dilTerent Gladstone-Dale constmts for a fixed apertire size. The .
contonr is thit for very complex molecnles. and the Tifth one from the top is lor pure
nmitrogen gas. The H comor is for a system with a larger aperture than the one nsed inonr
experiments. Schlieren contonrs have the same incaniny in Figs, 13-15.

Figire 13, Time = 3.011 ps, 7-lup =228, u=092 and w = 7.70.

Fignre 14 Time = 4,001 ps, Zigp = 3043, n = 6.81, and w = 7.67. Comparison ol
velocity fickds up to this time show that sell=sinsilar flow is established by 4 ps.

Fiznre 15, Time = 5.035 us, Zaop = 3934 In comparison with Fig. 2, the compntational
mesh (lelo shows distortion camsed by the detonation and expansion processes.

Figine 16. Time = 1006.0 pus, Zyop = 7259 0= 579, and w = 7.14. Comparison ol
this velocity field with that in Fig. 13 shows the long-time cimmlative elTects ol mmmerical
stability Tinctions on the velocities, Comparison ol the compntational mesh here with that
in Fig. 14 shows the eflect ol the stability controls on the mesh shape,

Fignre 17, Total Mnid density vs time-of-arrival at the mass spectrometer located a7, =
1130w Trom the base ol the nnexploded charge. “The points ol the sawtooth conveniently
mark the thes when the leading edge ol a new volimie element reaches the spectronieter,
the carliest being element Ain Fig. 1 and the Taer ones being those shaded cells below A
on the evlinder axis. This plot gives infonmation on the mapping ol tne-ol-imival o
volimne clement, which allows assigmnent ol an observed chemical composition o a
particnlar volnme element in the original charge.

Fignre 18, Mopping ol experimental time-of-mmrival data Tor miass 27 (HHCN) 10 volinwe
clements i tlie charge. The experimental data (the series ol rectamgnlar bars) in arbitrary
units. the calenlated otal Mid density in g/em?3 (sawtooth carve), smd the napping ol tinie
intervals back 1o volnme clements (doited lines) are shown, This calenlation is an carher
one that started with somewhat less realistic conditions than those nsed in the most reeent
calealatons,

Fignre 19, Time ol arvival plot Tor s ol intensities oF all masses Tor RDX, This s the
experimental data o be compared with the compnted density vs time-ol-amivai in g, 17,



Figure 20. The first of a set of plots showing parameter values that desceribe the
hydrodynainic history of selected volime elements. This plot is for element A in Fig. 1.
The units in this figure and the following ones are cennmeter-gram-second onits, d =
density, P = pressure, DZ = time-integrated diffusion distance, T = temperature in K, MIFP
= mean-free-puth of a nitrogen molecule, TBIM = characteristic reacton time for
bimolecnlar reiction with arrhenius activation encergy of 10 (XX) cal/mol and arrhenins
bimolecnlar frequency factor of 1612 em3mol-s, TUNI = characteristic reaction time for a
unimoleenlar reaction having arrhenius activation energy of 40 000 cal/mol and arrhenins
frequency tactor of 1016/s. The sharp vertical group of lincs marks the arrival of the
detonation wave at the cell. Curves at earlier times are minimally meaningful and will not
be discussed here. To identify the meaningfu! part after the detonation wave, we note the
markings starting from the topmost and working down: d (solid), P (detted), DZ (dot-
dash), T (solid). MIP (solid), TBIM (dotted). TUNI (solid). The smuall line segiment
marks where the reaction-time curves cross the quench line, which is the point where
reaction time egnuals tme afier initaton. The crossing point is ronghly where the reaction
gitenches.  In this case these reactions quench about (0.4 ps after the amrival of the
detonation wave, ‘The integrated mean diffusion distance, DZ, is less than (.1 ¢m
(equivalent 10 0.2 ps difference in arrival nime) by the time tae fliid reaches the nuss
spectromieter at Z = 1130 m (at 150-270 ps). This resnlt demonstrates the very small
scrambling effect of molecnlar diffusion.

Fignre 21, llydrodynamic history for Cell B, Fig. 1. Curve identifications are the sime
as in Fig. 17. Quench comes 1.2 ps after the detonation wave, ‘This cell is expreeted 1o be
closer 1o equilibrivum than Cell A,

Fignre 22, liistory lor Cell C. Quench at 1.6 pts alter detonation. "This cell shonld be
even closer to equilibrium thin Cell B, Cedls A, B, and Care imong those sampled in the
present experimental confignration.

FFigure 23, 1istory Tor Cell D, Quench comes 0.2 ps after detonation, which is Taster thim
in Ccll A, This resnlt sngeests that the comer is o good place 10 sample Tor the most
rapidly gqnenched mierial.

Fignre 20 Coraparison of computed and experimental sequences ot time-delayed laser-
schlieren smapshots Tor detonation of RDX pellets.
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All masses RDX average for 190 avaiable data sets
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