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A MODELOF BURNINGAND DETONATION
IN ROCKETMOTORS

.

by

CharlesA. Forest

ABSTRACT

‘Rocketmotordome failuremay producea damaged
porousbed of propellantadjacentto themotorcase.
Thisporousbed of propellantmay burn and ultimately
causedetonationof themotor. A numericalmodel is
presentedwhich examinesdetonationof the solidpropel-
lantgrainfromshocksinducedby the burningporous
bed. Calculationsaremade in one-and two-dimensional
cylindricalgeometryand employthe ForestFiremodel
of shock-induceddecomposition.

I. INTRODUCTION

Motordetonationshave occurredin somefull-scaleexperimentalrocket
motors. In particular,second-stagetestmotorshave detonatedfollowingmotor
domerupture. Variousscenarioshave been proposedto explainthiscatastrophic
event. One suchscenariois the “shear”scenarioin which,followingdome fail-
ure, themotor casemoveswith respectto themotorgrain,creatinga porous
bed of shear-damagedpropellantnext to the case. The damagedpropellantbed
is confinedby themotor caseand remainingsolidpropellant.With sufficient
burningsurface,the damagedporousbed becomesa regionin whichdeflagration-
to-detonationtransition(DDT)may occur. Detonationmay occurin the damaged
propellantor in the solidpropellantinteriorto the damagedpropellant.

The calculationspresentedhere examinethe scenarioin which theburning
damagedbed doesnot undergodetonation,but rathersendspressurewaves into
the solidwhichultimatelybuild to shocksand causeinitiationof detonationin
the solidpropellant.Numericalmodelingis madewith the full-scalemotor di-
mensionsin one-dimensionalcylindrical(R)and two-dimensionalcylindrical
(R,Z)geometries,whereR = radialpositionand Z = axialposition.

II. ONE-DIMENSIONALCALCULATIONS

A. TheModel
The one-dimensiona;cylindricalgeometrycalculationsweremade with the

SIN hydrodynamicscode. Y The problemgeometriesare listedin TableI, with



TABLEI

ONE-DIMENSIONALCYLINDRICALPROBLDlGEOMETRY

Density TotalThickness
Region Material (g/cm3) (cm)

Motorbore VOP 7 products 0.028 37.59

Propellantgraina VOP 7 solid,normal 1.91 54.25 52.75 50.25
denaity

Porouspropellantbeda VOP 7 solid,0.9 x 1.719 1.0 2.6 5.0
normaldensity

Motorcase Kevlar 1.412 1.4

Exteriortomotor Air 0.00107 4.0

Cells
Number/Length

(cm)

60/0.6265

217/0.25 2W0.25 20U0.25

5/0.20 13/0.20 25/0.20

1410.1o

10/0.40

aThreethicknessesare given for the porousbed regionwith correspondingsolidgrain thicknesses.

the innermostmaterialregionslistedfirstand thenproceedingdown the list to
the outerregions.

Aboutthe cylindricalaxis is themotorborewhich is filledwith VOP7*de-
compositionproductsat an initialpressureof 0.0001Mbar. Surroundingthebore
is the solidpropellantgrain,alsoat O.0001-Mbarinitialpressure,with shock-
induceddecompositionallowedby the ForestFire3$4model. Next is thedamaged
VOP 7 propellantporousbed. The porousbed is takento be composedof uniformly
shapedparticleswith a specifiedinitialsurface-to-volumeratio. The initial
pressureis 0.0005Mbar,obtainedby settingthemass fractionof propellant
burnedto 0.002. Burningof the particlesis modeledby the “porousbed burn”
model,whichassumeslaminarburningon the surfacesof the particles. (See
“BulkBurn” in Ref. 4 The surface-to-volumeratioand thicknessof the porous
bed regionis variedto examinethe sensitivityof the computedoutcome(for
instance,partialdecompositionor detonationin the solidpropellantgrain)
to thesevariables. Confiningthe porousbed from the outsideis themotor case
which is made of Kevlar. Kevlarhas materialstrengthwith shearmodulusp =
0.172and yieldstrengthYo = 0.01(134mar. Air surroundsthemotorcase.

The HOMl equationof stateis used throughout.HOM representssolidmate-
rialsby a Grtineisenexpansionoff the firstshockHugoniot,gasesby a Beta-law
expansionoff a BKW-computed5isentrope,and mixturesof solidand gasesby as-
sumingpressureand temperatureequilibrium.HOM constantsfor eachmaterial
are givenin TableII.

The ForestFire shock-inducedexplosivedecompositionmodel is the decompo-
sitionratenecessaryto accelerate a shock Wave alongthe “Pop-Plot”curve.
(ThePop-Plotis the graphof distanceto detonationas a functionof initial
shockpressureand is namedfor AlphonsePopolato,its originator).8Included
in the ForestFireanalysis a methodof estimatingthe Pop-Plotshiftsand
correspondingreactionrate changesdue to a changein the initialexplosive
density. ‘Figure1 showsthe experimentalPop-PlotforVOP 77 at densityPO =
1.91 (g/cms)and the computedPop-Plotat densityp. = 1.719 (g/cm3). Figure2

.

*VOP 7 i .a o b s oHMX-basedexperimentalpropellant.
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TABLE11

VOP-7$RHO=l.91

U S H C
+ + +0.+7844s +0.243
+1.879 -1.3573316SS80E+Ol-8.b4978401037E+Ol-l.42462911036E+O2
‘9.99233449144E+01-2.3537750533?E+U1+1.5 +0.33
+5.2:~56~21)”~424E-01+0.0131)12 +0. +0.
+300. +0. +0. +0.
+0. +0. +0.478445
D P C
- 3< 50 3838B105816E-O2
+ 3.56957579961E+uo+5.S3’24C1444420E-01+9.14476ESY52SE-CE
+8.6104s912assE-03+s.2ij:34017~818E-04+5.tl!50321i5417E+01j-4.752%6S1101E-O1
+1. 00767476473E-01+5. Z5ES6857192E-03-4.21628859215E-03+0.5
+0.1

VOP-7 RHO=l.7190= 0.90+1.91s G S G

U S C

+0.058 +4.4 +0.485693 +0.12737
+2.418 +5.35308101S54E+OI+2.804244293~5E+02+G. 10873944231E+O2
+ 51E!269894127E+02+1.5 +0.33
+5.s1733s660z7E-01+0.Q13012 +Ij. +0.
+31313. +0. +0. +0.
+0. +0. +0.485693
D F C
- 3Z12S3391%558E+UO+Z.8408S396236E-01-Z.45’308309471E-02
+1.613416E,14~lE-~3-l. 511751877215E-C11+6.‘313911R6790E-112
+5.Ij964~892~64E-Ij~+l. d147S’5025976E+Ij0-4.Z91318154047E-131
+8.86488937040E-02-l.180~610~477E-~2+6.og7~504go~8E-~4+~.5
+0.1

K

SCILID!HOM C
+0.4 +1.5
+(). +0.
+0. +0.
+o.708215298 +4.0
+300. +1.0
+1).050 +0.

+0.
+1).
+1.5

E-U5+U.
E-06+0.u06897

+1).

+0.
+0.
+0.3
+0.
+0.172

D ~Ol_IDSHOM C
+

+

+

+92’3.6531464
+313ij. +0.00001
+0.0
BKU GfiSYH CON5TRNTS

-2.3673’337ZSE.4+000-1.22355432554+000+2.15170143603--002-2.9552S5421
+1.22549782445-1104-5.5337618?904-n~l+2.44~8fi~13455-oo3-l.~~5165~~555-o(12
-1.21’36S671628-003-2.537261S.3472-00!5+9.W588851357+t100-Z.3501464314S-001
+3.3~~~7~66054-oo2-4.2115~02015~-oo~+l.~~045512702-oo4+o.5
+0.1
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Fig.1.
Distanceto detonationas a functionof
initialshockpressure. The experi-
mentallineis fromUSL GroupM-3
wedge testdata. The pQ = 1.72lineis
calculatedusingthep. = 1.91data.
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Fig. 2.
ForestFire and porousbed burn decom-
positionrates. The two curvespO =
1.91and p. = 1.72are ForestFire
ratesbasedon the Pop-Plotof Fig.1.
The porousbed burn ratesare the ini-

‘1

. I

,0

tialW = 1 rates.

showsthe ForestFiredecompositionratesfor the two densities.A listingof
the computedratesas well as the polynomialfit is givenin the appendix.

The porousbed burnmodelassumesuniformparticlesburningon theirsur-
faces. The burningsurfaceis alsoassumedto move normalto the surfaceat the
linearburningvelocity,dx/dt= kpn. In particular,it is assumedthatthe
surfacearea is constant;thatis, the propellantis shearedintosheets. The
timederivativeof mass fraction$dW/dt$(ps-z)is then

dW/dt= -(s/v)okl?n ,

with

(s/v)o= initialsurface-to-volumeratio,

k = +0.00617785,

n = +0.911,

and with P in megabars. Figure2 showsthe decompositionrateas a functionof
pressurefor (S/V)O= 75/cmand 100/cm. The entireregionis assumedto be ig-
nitedand burningat timet = O.
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B. CalculatedResults
The thicknessof thedamagedbed and the initialsurface-to-volumeratio

(S/V)Oare varied. The figurenumbers,the initialconditions, and timeto det-
onation(tdet)of thevariouscalculationsare listedin TableIII.

In eachof Figs.3a-5 is showna sequenceof frames. Each frameshowsa
plotof mass fractionof unreactedpropellantand pressureas
tancefor a giventime. Themass fractionscaleis alwaysO.
ing all unreactedpropellant.The pressurescaleis notedat
corner(forexample,50kbar)and changesto 400 kbarwhen the
exceeds50 kbar. Time indicatedis in microseconds.

a functionof dis-
to 1. with 1. be-
the lowerright
maximumpressure

Cylindricalconvergenceadds some to the pressureincreaseas the pressure
wavesmove inward. However,sincethe centerbore is a largefractionof the
outerradius,the effectof cylindricalconvergencasislimited. Principally,
the occurrenceof detonationis determinedby thebalancebetweentheburningin
the porousregion,which formspressurewaves into the solid,and the casemove-
ment,whichrelievesthe pressure. The shocksensitivityof the adjacentsolid
determinesthe responseto the imposedpressurewaves.

III. TWO-DIMENSIONALCALCULATIONS

A. The Model
The two-dimensionalcalculationswere madewith the 2DL code, which a

two-dimensional,Lagrangian,finitedifferencecomputerprogramoperablein
(x,y)slabgeometryor (R,Z)cylindricalgeometry. The calculationspresented
here are in two-dimensional(R,Z)cylindricalgeometrywhereR = radialDosition
and Z = axialposition. The
spaceis definedby regions,

proble&geometryis shofiin Fig. 6. Here Lhe (R,z)
whichare furthersubdividedintocellsas shown.

TABLEIII

ONE-DIMENSIONALCYLINDRICALCALCULATIONS

Figure
Number

3a

3b

3C

4

4b

4C

5

Bed Thickness
(cm)

5.0

5.0

5.0

2.6

2.6

2.6

1.0

( s
(l/cm)

4

80

120

4

80

120

80

‘det
(ps)

171.9

29.5

21.1

no det.

75.1

25.3

no det.

aA l-mm cubehas S/V = 60/cm.
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Fig. 3a.
One-dimensional cylindrically symmetric calculation with a 5-cm-thick porous
bed and with (S/V)o = 40/cm.
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One-dimensionalcylindricallysymmetriccalculationwith a 5-cm-thickporous
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bed and with (S/V).= 80/cm.
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Fig.3C.
One-dimensionalcylindricallysymmetriccalculationwith a 5-cm-thickporous
bed and with (S/V).= 120/cm.
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Fig. 6.
Schematicof two-dimensionalcylindricalproblemgeometry(notto scale). The
numbersinteriorto the regionsindicatethe numberof celldivisionsfor that
side. The smallregionof
caseof a 204-cmsegment.
initialignitionsegment.

Sincethe leftmostregions
terest,themotorbore and

p bed is the regionof initialignitionfor the
The regionis two cellshigh for the caseof a 0.8-cm

do not enterthe calculationduringthe timeof in-
adjacentsolidpropellantgrainare “filledin”with

largeradialcells. The principalregionof interest(theouterpart of the
solidgrain,the 2.6-cm-thickporousbed, and themotor case)is partitionedin-
to much smallercells. The smallregionin theverticalcenterof the porous
bed shellis the regionassumedto be initiallyignited;that is, burningby the
porousbed burnmodel. The ignitionis spreadfrom thisinitialignitionseg-
ment of the porousbed shellintothe adjacentporousbed at a velocityof 0.1,
cm/psin bothupwardand downwarddirections.Note that,becauseof the geomet-
ric rotationalsymmetry,eachregionis a cylindricalshellsegmentand the re-
gionof initialignitionis thusa ring. The ignitionmechanismis not under
considerationhere;hovever,one possibilityfor such ignitionis flamepenetra-
tion intoa grainfracturethatradiatesfrom thebore to themotor case.

The motor casehas strengthas in the one-dimensionalsituation. The outer
surfaceof the case is definedto be a free surface(a 2DL boundaryoption);the



air thatsurroundedthe case in the one-dimensionalcalculationsis not present
in the two-dimensionalcalculation.

The HOM equationof state,the porousbed burn,and theForestFirerate
constantsare as previouslyspecifiedin the one-dtiensionalproblems.

B. CalculatedResults
The lengthof the initialignitionsegmentand the initialsurface-to-volume

ratioarevaried. Listedin TableIV, for eachcalculation,are the figurenum-
ber, the initialignitionsegmentlength,the initialsurface-to-volumeratio,
and the timeto detonationif detonationoccurredduringthe spanof the calcu-
lation. If detonationdid not occurby the end of the computerrun, timesand
associatedmaximumpressuresnear the end of the computerrun are listedto
indicatethe progressof the calculationat thosetimes.

Figures7a-8dshowpressurecontoursfor the regionnear themotorcase in
a sequenceof framesat varioustimes. The innerradiusin eachframeis 60.4
cm; the outerradiusis 100.0cm. Thevertical(axial)intervalis 0.-32.0cm,
which encompassesthe finepartitionedregionsof the calculation.The region
beyondthe outersurfaceof themotorcase,whichis definedas a free surface,
is to be consideredas a void. The timeon each frameis in microsecondsand
is the elapsedtimefrom the onsetof burningof the porousbed. PMAXrefers to
maximumpressureand is in kilobars. PINTVrefersto the contourspacingfor
pressureand is also in kilobarunits. The contourintervalspacingchangesto
limitthe numberof

Figure

7a

7b

7

8a

8b

8C

8d

contourlinesdrawn.

TABLEIV

TWO-DIMENSIONALCYLINDRICALCALCULATIONS

Conditionat
Initial
Ignition ( s /

(cm-l)

Timeto
Detonation

(us)

End of Calculation
Time Pressure

X!@- (kbar)

0.8 125 5
5

0.8 150 50.0
50.3

0.8 175 . 36.1

2.4 100 40.0
42.0

2.4 125 50.0
58.6

2.4 150 32.9

2.4 175 24.7

12.9
11.3

36.1
38.7

9.8
10.4

15.9
25.6

.

.
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Fig. 7a.
Calculated2DL pressurecontourswith two-dimensionalcylindrical(R,Z)geome-
try in the region6O.4<R<1OO and O< Z<32. The initialignitionsegment
is 0.8 cm and (S/V)O= 125/cmin the porousbed.



u D

w P

= 2 s● m

● I M6

●

m

●

● [ 1

■

I

.

.D ● Im= 2.0

● :MT’vz6.(

.

Calculated2DL pressurecontourswith two-dimensionalcylindrical(R,Z) geometry

,

in the region60.4<R<1OO and 0< z<32. The initialignitionsegmentis -
0.8 cm and (S/V)O= 150/cmin the porousbed.

16



—

—
1

I

● I 5

● I C
●

Fig. 7c.
Calculated2DL pressurecontourswith two-dimensionalcylindrical(R,Z) geome-
try in theregion60.4< R < 100 and O < Z < 32. The initialignitionsegment
is 0.8 cm and (S/V).= 175/cmin the porousbed.



m

●

■

●

●

Calculated2DL pressurecontours
try in the region60.4< R< 100
is 2.4 cm and (S/V).= 100/cmin

18

v

● INTV= 1.(

-

Fig. 8a.

.

.

,

with two-dimensionalcylindrical(R,Z)geome-
and O < Z < 32. The initialignitionsegment
the porousbed.



,

.6 ● l N 7

*
● I N2

*
wliE:2&o ●Iuxar7 P IMTVX

Fig. 8b

—

s.a

● INTv= Z.a

■

●

Calculated2DL pressurecontourswith two-dimensionalcylindrical(R,Z)geometry
in the region60.4< R < 100 and O < Z < 32. The initialignitionsegmentis
2.4 cm and (S/V).= 125/cmin the porousbed.
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Calculated2DLpressurecontourswith two-dimensionalcylindrical(R,Z) geometry
in the region60.4~ R < 100 and O S Z < 32. The initialignitionsegmentis
2.4 cm and (S/V).= 150/cmin the porousbed.
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I vCONCLUSIONS

In the one-dimensionalSIN calculations,Figs.3a-5,fairlymodest (40to
120/cm)initialsurface-to-volumeratios,(S/V)O, in the porousbed are suffi-
cientto produceshock-induceddetonationin the solidpropellant.The thicker
the porousbed, the smallerthe required(S/V)ofor detonation.Foraftied
porousbed thicknessthereis a lowerboundforc(S/V)Oforwhichdetonationoc-
curs. Near thislowerboundthe outcomeis very sensitiveto the initial(S/V)O.

In the two dimensional2DL calculations,Figs.7a-8d,somewhatlarger(S/V)o
values(150to 175/cm)producedetonationin the solidpropellant. (Remember
thatl-mm cubeshave a (S/V)of 60/cm,so these(S/V)ovaluesfor detonationrep-
resentcoarsematerial.) The changeof initialignitionsegmentlengthfrom0.8
to 2.4 cm makesa noticeabledifferencein the calculationand indicatesthata
segmentof 5 to 10 cm wouldbe essentiallythe one-dimensionalcase. For in-
stance,one-dimensionalcalculation4c,with a 2.6-cm-thickbed and (S/V)CI=
120/cm,inducesdetonationin 25.3us; the two-dimensionalcalculation8c,with a
2.6-cm-thickporousbed, a 2.4-cminitialignitionsegment,and (S/V).= 150/cm,
inducesdetonationin 32.9vs. However,the two-dtiensionaleffectis pro-
nouncedin calculation7a,where (S/V).= 125/cm. In thatsituationa steady
deflagrationrunsalongthe caseand doesnot inducedetonation.Rather,the
calculationshowsthata caseburstis the likelyresult.

Thesecalculationshave shownthat,withsimpleassumptionsas to theburning
of a porousbed andwith shock-induceddetonationmodeledin the solidpropellan~
themotordetonationsmay occurwithoutthe necessityof a deflagration-to-deto-
nationtransitionin the porousbed itself.
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FOREST

The ForestFire shock-induced
at densitiesPO = 1.91, 1.719, and
wedge-testdata on undamagedsolid

APPENDIX

FIRE CALCULATIONS

decompositionratesare calculatedfor VOP7
1.528g/cm . The p. = 1.91 case is basedon
propellant.The po = 1.719and p. = 1.528

g/cmScasesare extrapolatedfrom the p. = 1.91 g/cm3caseusing themethodof
Ref.4.

In eachcase thereare.threesections. The firstsectionliststhe input
data consistingof the “Pop-Plotline,”the reactionHugoniot,and theHOM equa-
tion-of-stateconstants. The secondsectionlists,for each shockpressure,the
distanceto detonation(RUN),thevariousshockstatevariables,and the decom-
positionrate (WTE)o The thirdsectionliststhe coefficientsfor the poly-
nomialfit of h (RATE)and showsthe fit agreementat thevariouspressurevalues.
Definitionsof listedvariablesare as follows:

RUN =

P=

v

UP =

us =

w=

RATE =

TEMPERATURE=

TIME=

po = 1.91g/cm3

distanceto detonation(cm)

shockpressure(Mbar)

shockspecificvolume (cm3/g)

shockparticlevelocity(cm/Us)

shockvelocity(cm/us)

mass fractionof undecomposedpropellant

-(l/W)(dW/dt)(1/P.S)

solid-productmixturetemperature(K)

time to detonation(us)

VW-7 RMO=1.91O, PCJ=O.3182, 0=0.8W27, VCJ=O.390375 5NAR79

POP PLOT, LN(R(JN) = Al + @LN(p-~), A1 = -$o~277E+@) A2 . -106132(jlE+OO

REACTION HIJGONIOT, IJS = C + S*UP, c = 2.~3(H100E-Jl S= 2.500000E+W

CJ DETONATION PRESSURE = 3.182000E-01

MOM EQUATION OF STATE CONSTANTS
VW-7 NM CONSTANTS, MARCH 1976
UNREACTEO EXPLOSIVE

2.43~-01 1.87900cmMoE+mo.
-l.3lb4@49979E+OI-8.S2OZ28W92~+Ol-Y:~I27I6924l3E+o2

%96282582663E+oI-2.3578z399322E+oI 1.5
5.23560209424E-01 1.16965~-04 O.

13mmOoE+m:.3~-ol

4.cmmOmoE+02Q. Q o:

RHO = 1.91OW

A3= o.

Lk’fONATION PRODUCTS
o. 0.

-3.59225OO71O4E+OO-2.25139O?S8ZSE+CH) 3.07(M3271071E-01-3.38388KJso16E-@
3.2631?136386E-04-1.569s7s7w61E+ocI 5.63240444420E-CII 9.14476859528E-02
8.61048912339E-O3 3.20340178818E-04 8.05038175417E+o0-4.7sz98681101E-01
1.00767676473E-01 5.25836857192E-03-4.z16288s921sEq3 5.~-01
1.00oommm-ol

2



VOP-7 RHO= I.91O, PCJ=O.3182 D=O.80927, VCJ=O.390375 5HAR79
POP PLOT, LN(RUN) = Al + A2*LN(k), Al = ‘5.299 77E+O0 A2= -1.6132 IE+

RHO = 1.91000

REACTION HUGONIOT, US= C+ S*UP, =c 2.43&-01 S’ 2.,&+lB “ 0“

RUN

16.95696
12.05862
9.97175

+

$.;;3

1:429
.8989 $
.62716
.46735
.36445
.29383
.24 8

OF.2 00
.17578
.15276
.13426
;;m:

$%g

.07279

.(b701

B
:~b

:04993

:%%
.04129
.03894

r
: 48!

:0!!?!$
.02987

v

.49840

.49566

.49306
Mm:

.45792

.44786

.43988

.43333

.42781

.42307

.41894

.41528

88
.412 2
.4W
.40641
.40397
.40173
.3W67
.39775
.39597
.39431
.39275
yg{

.38859
;gg

.38507

.38401
::38E

.38111

.38023

.37938

.37857

UP

.01327

.01494

.01657

.01815

.03233

.04438

.05503

.CMY3

.07358

.08187

.@966

.W704

.10403

.11077

.11721

.12341

.12939

.13518

.14079

.14624

.15155

.15671
:;%;

.17148

.17619

.18(BO

.18532
m:;:

.19838

.20259

.2&$72

.21079

.21480

.21874

us

.27618

.28035
a:;

.32384

.35394

.38057

.40471

.42694

.44767

.46715

.48559

.50314

.51W2

.53602

.55152

.56648

.58W5

.59498

.6C861

.62186

.63478

.66737

.65967

.67170

.68347

.695CNI

.7M30

.71738

.72827
a::

.75980

.76W8

.77999

.78986

.99878

.99844

.W8m

.W769

.W256

.98581

.97793

.96912

.95950
:;;l:

$.9266
.91375
.90050
.88648
.87165
.95596
.83936
.82177
.80312
.78331
;;;;;;

.71571

.68993

.64222

.63226

.5W75

.56429

.52528

.482(M

.43367

.37856

.31469

.23827

.14185

RATE

4.5445E-04
6.5349E-04
9.0144E-04

:“%%33
2:5956E-02
;.999: :

3
2:0135E 1

33.2371E 1
4.9237E-01

-80
;.;:g:+ 1

:::;W::CKI

2:4832E+
3.24002+ !
4.1785E+W
5.3381E+O0
6.7676E+
8.4845E+ 88
1.07 CJ(K+01
1.3386E+OI
1.67 2E+01
2.0819E+01
2.6149E+01
3.2859E+01
4. 1522E+01
5.2817E+01
6.8479E+01
~:m2~g~1
$k1.262E+

2.6104E+ 2
4.4795E+
1.043&+ k

TERPERATI.RE

332.91169
338.15229
343.49391
348.946

74W.8341
481.38143
561.60396
648.88071
742.05W1
840.32981
943.11187

1049.98967
1160.663CP
1274.93225
;39;.:g35

1637:978 %
1765.6CK119
1896.54647
2030. 591

Y2168. 2565
2310.23771
2455.55443

$!%::!!&
2917.38565
3@31.33284
3251. 040

F3427. 9277
366.#:g

4008:8W38
4227.13523
4463.46245
4725.649W
5029.16661

VOP-7 RHO=1.91O, PCJ=O.3182, 0=0.8W27, VCJ=O.390375 5HAR79 RHO = 1.91000
LN(RATE) = C(1) + C(2)*P + . . . + C(N+l)*(**M)
C(1=1,15) = -1.1388137 7E+01 7.4244494753E+02 -3.9 OO1O43823E*O4 1.436231342 E+ U-3.5485237838E+07

? !l6.0353837 16E+CII -7.2485568288E+W 6.2592155546E+1O -3.922 349711E+11 1.7835649392E+12
-5.81950131O2E+I2 1.32664613702+13 -2.0047190526E+13 1.8032047766E+13 -7.3044357793E+12

PRESSURE RATE

4.544536E-04

$
6.5349 E-04
9.014 9E-04
1.202997E-03
8.187783E-03
2.5956~E-02
5.W0513E-02
1.160661E-01
2.013525E-01
3.237140E-01
4.923715E-01

P
7.18 3SE-01
1.01 540E+O0
1.393657E+W)
1.876387E+O0
2.483157E+W
3.23W55E+m
4.178544E+
5.338128E+ 88
6.767625E+W
8.484549E+O0
1.069975E+ 181.338585E+ 1
1.672151E+01
2.087868E+01
2.614905E+ 183.2858602+ 1
4.152215E+01
5.281749E+01
6. 47879E+01

89. IWWE+O1
1.220646E+02
1.726174E+02
2.610386E+O2
4.479529E+02
1.043568E+03

FIT

4.594973E_04
6.511656E-
8.946253E- E
1.195815E-03
lyk3&y6~

5:959579E-02
1.167772E-01
2.025153E-01
3.23Z286E41
4.896281E-01
7.157400E-01
1.015304E+iXl
1.39W65E+m
1.88221OE+CNI
2.481516E+W
3.228620E+m
4.164127E*~
5.332528E+O0
6.777353E+IXI
8.544936E+WI
1.070051E+ 181.335101E+ 1
1.666106E+O1
2.CYJ5101E+O1
2.61811OE+O1
3.295323E+01
4.158946E*01
5.284537E+01
6.815557E*01
9.003786E+01
1.225872E+02
1.730351E+02
2.596577E+02
4.491115E+02
1.043127E+03

REL. ERROR

-.011W8

%$;;:
.W5970

-.014455
.0W526
.(X33164

-.W6127
-.003775

:Kl;;g

.00327?
::mll;;:

-:m&y

.C03498
yuo:

::g;:;;

-.000071
. W2603
.CQ3615
.W1325

-.m1226
-.002880
-.001621
-.000528

;Ixlb;;:

-.004281
-.(E32420

.005290
-. W2586

.000422

TIME

$yg;

%9
26:1 59

7.36 5
3.43612

;:3%:
.90525
A@;:

.40U17

.33129

.27414

8
.2051
.1 646

f
.1699
.147 1
.12958
.11471
.102

Y.W16

:~q~

:Il%fi
.

@

“$;

: 4$5

L

. 178

. -’90

: 33%
.

L
1*

.

.

.
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= 1.719 dcmg

VW-7 RW=l.719, PCJ=O.2547, 0=0.74842, VCJ=O.427874 28SEP79 RHO= 1.71900

POP PLOT, LN(RW) = Al + A& LN(P-A3),

REACTION IUJGONIOT, US= C+ S*UP,

CJ DETONATION PRESSURE= 2.547 UE_Ol

Al = -5.299277E+W AZ= -1.613201E+W A3= O.

c = 2.43--01 S= 1.9-+W

NON EQUATION OF STATE CONST#NTS
VW-7 RHOZ1.7190 =0.9@ l.91, SOLID IS1.91, GAS ISBW FOR 1.7190

UMEACTED EXPLOSIVE
2.4~-01 1.87900WOOWE+O0 O.

-1.3144C84W79E+01 -6.5202280492CE+01 -?:41271692413E+ 02
$96282582663E+~ -2.35782395022E+01 1.5

5.235602W424E41 1.16965
@mmcmlE+m &31momwmE-ol

ooOOOoE-04 g.
3.~+02 g. o.

o:
D&ONATION PRODUCTS “
-3.48829964362E+ *2. 21293918558 E+CN) 2.84C$8396236E+21 -3.459 ~3w471E-

1.61341661461 E-03-1 .52769658343E+O0 5.11751877215E41 6.91391026790E_02
5. W642892264Ei)3 1.4K1211~127E-04 8.14735025976E+ OO_4.290181540$7 E~l

~:K-~-’”18m1@477E* 6.(B785CA9038E+ 50~-CII

VOP-7 RHO=l.719, PCJ=O.2547 0=0.74842, VCJ=O.427874 = 1.719(3I
POP PLOT, LN(RW) = Al + A& LN(F-A3), Al = -5. 299277 E+CUI A2 = -l?!! !!]!E+OO ‘“~ = O.
REACTION HUGONIOT, US = C + S*UP, c = 2.430000E-01 s = 1.9ooCax+w

RW

7.78617
6.15185
5.05765
;.:;:;:

3:21562
2.84521
;.:;;;:

:67376
.45646
.33438
.25796
.2W47
.16987
.14280
.12211
.10590
.W293

:ll!%
.(M627
.06006

:%::2
.04614
.04263

:%%!
.03433
.03213
.03015
.02837

v

.51189

.5m43

.50514

.502

.4W M

.49620

.49348

. 49(B7

.46962

.45411

.44204

.43224

.4241M

.417W

.41099

.40564

.4clll17

.39659

.39270

.38916

.38591

.38291

.38013

.37754

.37513

.37287

.37074

.36874

.36684

.36505

.36335

.36174

.36020

w

.01447
::;;;;

.02187

.024C6

.02616

.02818
al;:

.06188

.07475

.08646

.W727

.10736

.11687

.12589

.13448

.14271

.15061

.15822

.16558

.17270

.17960

.18631

.19284

.1W21

.20542

.21149

.21743

.22324

.22893

.23452

.2moo

us

.12057

.13589

.14864
; :::::

.17791

.18577

.19299

.24570

.28204

.31129

.33644

.35885

.37929

.39820

.41588

.432%

.44840

.46350

.47797

.49187

.50528

.51824

%
.53 0
.54
.55484
.56638
Sg::

.5W35

.6W85

3!
.6214
.6 22

M

l.m
I.m
l.ocuxm
!“m
l:OOooo
I.m
l.OtNX10
1.00CCQ
I.m
;:%8%
l.owoo
l:wq

.W739

.W692

.W643

.W591

.W535

.W477

.W415

.W349

.W28
7.W20

.W129

.W047
,.98961
.98868
.98770
.98666
.98555
.98437

RATE

6.7323E-04
1.(b73E-03
1.5366E-03
2.1184E-03
2.8111E-03
3.6228E-03
4.5619E-03
5.6351E-03
2.5564E132
6.7948E-02
1.4126E-01
2.5445E-01
4. 16WE-01
6.391 OE-O1
9.3920S-01
1.3188E+W
1.7868E+@l
2.3724E+(KI
:.gc%:oo

4:9592E+ #
6. 1617E+CN3
7.5691E+W
9. 2076E+

r1. 1105E+ 1
1.32892+01
1.580&+Ol
l.8677E+ 1

82.1954S+ 1
2.5684E+01
2. W22E+01
3.4729E+01
4.0175E+Ol

TEWERATIRE

316.61485
322.35454
327.891YX
333.25728
338.48638
343.60241
348.62633
353.57575
401.33815
449.42619
4W.474W
551.71344
606. CK662
662.30753
733.56673
795.63285
859.30205
924.43891
WCL96804

1058.80775
1127.88777
1198. 1“414
1269.5i 574
1341.98 i73
1415.68034
1489.97812
1565.45404
1641.88012
1719.23522
1797.53841
1876.70559
1956.76174
2037.70130

TIME

45.79475
32.W259
25.28078
20.16817
16.55762
13.89029
11.85180
1($:;;;;

1:90828
1.17227

.79419

.57390

.43417

.33W3

.27334

.22455

.18772

.15925

.13677

.11872

.1o401

.W186

:8;;{
.06586
.05960
.05419
.04947
.04534
.04171
.03849
.03563

.

.
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RHO=l.719 PCJ=O.2547, 0=0.74842, VCJ=O.427874
L&;E) = C(1) + Cf )*P +

28sEP79 RHO = 1.71900

,(1=1,15) = 4.932&W51E~ti+6!!&!k~&;~W -4.6607471632E+04 2.371019421&+@ _8.05512105mE+07
1.8618617437E+W -3. OCU55OW958E+1O 3.4604180178E+11 -2.87 O03619E+12 1.7191694313E+13

Y-7.3575459944E+13 2.19317322@E+14 -4.3232755531E+14 5.067 W1735E+14 -2. I%745521U+14

PRESSME RATE FIT

6.86951 CE-04
1.044528E-03
1. 511214E-03
2. 096056E-03
2.805126E-03
3.642277E-03
4.611X95E-03
5.710849E+33
2. 527466E-02
6.78853&

Yl.425637E 1
2.54W79E-01
4. 139827E-01
6.397296E-01
9.420487E-01

?
1. 22246E*W
1. 87180E+W
2. 361375E+W
3. 076982E+00
3.951258 E+fl)
4.97W87E+W

!“4:%:%:88
9: 181191E+m
1. 112582E+01

;“;%;l!!:ll:
1:859469E+01
2. 195145E+01
2.581337E+01
2.97W88E+01
3.477648E+01
4. 016804E+01

REL. ERROR

- . 0

.010531

.W2131
-. C@5378
-.010566
-.013451

.011314

.COB25
-.0W221

.001373

.007207

::$jq’~:
-.002649
-:aa2g

.002416
-.(X)2723
-.004185

-:W
.002869

-.001884

-:8%:
.0W6W
.WO1O5

-:RE
-: ml;;:

o = 1.528 g/cm3

VOP-7 RHO=l.528, PCJ=O. 2025, 0=0.69214, VCJ=O.473388 28sEP79 RHO = 1.52800

POP PLOT, LN(RUN) = Al + A2*LN(P-A3), Al = -5.299277 E+IYI A2 = -1.613201E+O0 m = O.

REACTION HUOONIOT, US = C + S*UP, c= 2.4300i)&-01 S = 1.9_+m

CJ DETONATION PRESSURE = 2.02500&-01

H~f3pE;UATION OF STATE CONSTANTS
RHO=l.5280 = 0.801.91, SOLID IS 1.91, GAS IS EKM FOR 1.5280

UNRE;CTED EXPLOSIVE
2.430WIWOOW-01 1.879000UIO&+O0 O.

-1.31441334 W79E+01-8.52022804920E+ 01 -!:41271692413E+02
;:96 82582663E+01-2.35782395022E+01 1.5

i
mKBmooE+m :.300mmomE-ol

5.23 602 W424E-01 1. 169651XKK@3E-04 O.
3.~+02 ~. o:

&
D&3NATION PRODUCTS “
-3.39541732792E+ CK)-2.17855054878 E+CHI 2.62880541967 E-01 -3.03177017812E-02

1.32748074892 E-03-1 .47397848981E+O0 5.00459275865E-01 6.67841735386E-02
4.90140589271E-03 1.34141177621E-04 8.24332651897 E+ O0-4.0415464W8E_Ol
7.0343421107 E-024 .32073192325E43 3.8W70358806E-04 5.~_O1
ISlmoWm&-ol

.

.
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Rw=l.528, PCJ=O.2025 0=0.69214, VCJ=O.473388
Pg$p;tOT, LN(RUN) = Al+ A2*LN(6-A3), Al=

28sEP79 RHO = 1. 528(XI

REACTION MUGONIOT, US= C + S*W,
-5.299277E+O0 A2= -1.613201E+O0 A3= O.

c = 2.430000E-01 S = 1.9W100&+Wl

RUN

6.64787
4.36372
;.:;Yg

2:25040
1.93711
1.69733
1.50767
1.35321
l:;$g

.37500

.26301

.19754

.15532

.12621
Xlc$

.07704
y;g

.05303

.04765

:8!$;:
.03591
.03302

:%$:
.02629

P

.00ICNI

.W)200

.00300

.00400

.W1500

.Ocmo

.oo7al

.0c600

.0w@3

.Olwxl

.02000

.03000

.04000

.05000

.06@30

.07000

.08m

.Wooo

.1OOOO

.11OOO

.120W

.13m

.lmxl

.15000

.161XI0

.l?m

.180CCI

.19000

.20ml

.210(m

v

.51W0

.51644

.51317

.51OM

.50711

.50429

.50161

.4W03

.49657

.49421

.47677

.46045

.44924

.44010
m;

a:

.41c&l

.4CM56

.40288

.3W53

.39645

.39360

.39W6

.38851

.38621

.384Ckl

.38204

.38014

UP

ml

.02059

.02403

.02714

.03002

.03271

.03526

.03770

.CwX13

.05W5

.07629

. Wwo

.10353
;;;;:;

.13691

.14677

.15615

.16513

.17375

.18204
::;W

.20532

.21263

.21973

.22666

.23341

.24001

us

:$Os;;

. W537

.10893

.12056

.13(B2
mc~

;::$:

.21834

.25736

.28894

.316CB

.34022

.36216

.38242

.40132
m;:

al

.482W

.49628

.50999

.52325

.53611

.54861

.56077

.57262

u

1.00000
1.00ooo

;:W
1.00ooo
l.m

!:m
l.m
I.m

::W
l.m
l.m

::m
l.m
l.m

;:W
I.caxlo
l.m
1.00ooo

km
.99477
::4994

.W3W

.W246

RATE

5.8345E-04
1.2881E-03
2.1723E-03
3.2525E-03
4.5408E-03
6.05WE-03
7.7956E43
9.7878E-03
1.2041E-02
1.4566E-02
yg~-o;

32:8321E 1
4.9395E-01
7.9047E41
1.1895E+CM3
1.7W2E+(MI
2.3688E+(Kl
3.1898E+~
4.1952E+O0
5.4103E+W
6.8625E+(KI
8.5821E+O0

::$!$%:8;
1.5888E+01
1..91 15E+01
2. 2831E+01
2.7098E+01
3. 1984E+01

TEWERAT1.RE

306.478W
315.003W
323.29906
331.40694
339.35963
347.18467
~5.;pOSl;

370:10674
377.61805
451.59258
526.33504
603.20177
682.36367
763.6W66
847.02591
932.16047
1018.9UX9
1107.22311
1196.88670
1287.82489
1379.94556
1473.16805
1567.42128
1662.64221
1785.19644
1884.33980
1984.36566
2085.261W
2186.94607

VOP-7 RHO=l.528, PCJ=O.2025, D=O.69214, VCJ=O.473388 28 SEP79 RHO = 1.528W
:f4;RfTf~)= C(1) + C(2)*P + . . . + C(M+l)*(W*tU

=, = -8.2368054 @2E*O0 9.4571613285E+02 -1.07 @3726255E+05 8. 1291429969E+W -3.8835989179E+C8
1.2184228166 E+10-2.6132894529 E+11 3.9396 W9761E+12-4.24036 C6950E+13 3.2723& 4429E+14

-1.7957736260E+15 6.8376677648E+15 -1.7165541233E+16 2.5542660234E+16 -1.705W(B589E+16

PRESSURE RATE

5.834475E-04
1. 288078E-03
2. 172341E-03
3. 252515E-03
4. 540783E-03
6. 05 C893E-03
7.795626E-03
9.787774E-03
1. 204141E-02
1. 456641E-02
5.770363E-02
1. 426539E-01
2.832071E-01
4.939484E-01
7.904688E-01
1. 189516E+~
1.7 C9153E+(13
2. 368752E+ W
3. 189795 E+131
4. 195243E+W
5. 410292E+UI
6.8625 WE+
8.5821 10E+ %
1. 060233E+01
1. 295983E+01
1. 588774E+01
1.911481E+01
2. 283069E+OI
2. 7W8CF?E+01
3. 198407E+01

FIT

6. 171467E-04
1. 213254E-03
2. @36110E-03
3. 231839E-03
4.620723E-03
6. 215166E-03
7.984952E-03
9.915635E-03
1. 201 O57E-O2
1. 428898E-02
5.603987E-02
1. 478901E-01
2.804847E-01
4.83403W-01
8. W3~6E41
1. 208818 E+(X3
1.693027E+WI
2. 333351E+m
3. 207632E+~
4. 257653E+W
5. 398721E+WJ
6.765338E+WI
8.585824E+ 00
1. 074935E+01
1. 2%456E+01
1. 562635E+01
1.945 Wa8E+01
2. 26KI19E+01
2.7154a+Ol
3. 197739E+01

2

TIME

69.77571
;;.:;;;:

16:59690
12.84435
10.34677

;Sga;

6:24308
5.44278
;.0664;

:::;;

.35254

.26950

.21282

.17236

.14246

.11973

.10204

.Ca800

.07666

:%;::
.05324
.04778
.04312
m;::

REL. ERROR

-.057759
. 058C69
.039695
. &J6357

-.017605
-.027149
-.024286
-: O&6;

.019046

.028833
-: 03#

. 02W44
-.012444
-.016227

. OW435

.014945
:: O&3$’;

.002139

.014159
:: Om;

. al 178

.016452
-.017571

.m344
-:oo2y;





●
✎

✎

Prmt.ii intlt. (htitwl SWu’’o[AmcriU. Avaibhlc from
Nitioml”rcdtnic.d Inf.mnution,%ww

IS Dcpmttucnlof Cbmmcrcr
5285 Rwl KOYJ1Road

Swi.K~ld. VA 2?161

Miaollhc S3.00

001425 4.00 ,~&]513 7,25 1s1.27S 10.7s 376400 13.00 501.s1s 1s.25
o~6450 4.50 151.175 11.oa 276.300 I!.00 4014?5 I3.2s s~&5$o Is.so
0s[475 s.~$ 176.200 9.00 201.32s 1[.7s 4.?6450 14.00 551-s7s 16.2S
076-1C47 6.00 ?01.225 9.2s 326.350 12.00 451475 14.50 S76-600 16.50
10!-1M 6.S0 ~~&~.so 9.s0 .3sI.37s IMO 476-500 Is00 601-up

NoIc: Add s2.50 Iiwtzwhwld!tkmdl !O1l-pagtin.mmcnt tmtnfIOl FIPC. UP,
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