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Charles L. Mader and William J. Carter

)WWIMCT

The experimentallyobserved behavior of systems of high ex-

plosives, low density (0.5- and 0.3-g/cc) polyurethane foam,

and metals can be numericallyreproduced if the foam is a8-

sumed to decompose and the decompositionproducts are de-

scribed by a BKW equation of state.

INTRODUCTION

The objective of the study described here was to re-

produce numericallythe experimentallyobserved be-

havior of systems containinglow density polyure-

thane foams shocked by high explosive to approxi-

mately 100 kbar. When the usual high explosive

system (such as Composition B) is detonated in con-

tact with 0.5-g/cc polyurethane foam, a shock of

approximately110 kbar Is formed In the foam. A

linear relationshipbetween shock and particle ve-

locity to describe the experimentalHugoniot data

and a constant Griineisenequation of state to de-

scribe state points off the Hugoniot Is an edequate

equation of state for numericallyreproducingthe

behavior of the first shock through the polyure-

thane; however, the experimentallyobserved veloc-

ities of the interactionof the shock in the foam

with high density materials cannot be obtained with

such an equation of state.

We investigatedother equations of state for foam

which have been suggested in the literature. We

could not reproduce the experimentaldata for

multiple- and single-shockedfoam wl.thoutforcing

the equation-of-stateparameters to have an unreal.-

istlc behaviar.

Since the foam reaches very high temperatureson

the first shock, it seems likely that it becomes

a mixture of gaseous and solid decompositionproducts.

The Becker-Kistiakowsky-Wilson(BKW) equation of

state, calibrated for carbon-hydrogen-nitrogen-oxy-

gen explosives in the pressure range of interest,

was used to calculate the equation of state of poly-

urethane decompositionproducts. The BKW Hugoniots

for 0.5- and 0.32-g/cc urethane are in reasonable

agreement with the experimentaldata for foams above

about 50 kbar. The BKW Hugoniot for bulk-density

urethane (1.265-g/cc)does not reproduce the experi-

mental.Hugoniot data. This is probably because the

high density polyurethane does not reach decomposition

temperatureuntil it attains a much higher pressure

than that necessary for the low density foam. The

urethane BKW isentrope through the single-shock

Hugoniot point of interest can be used as an equa-

tion of state in numerical hydrodynamiccalculations

for reproducingthe experimentallyobserved behavior

of shocked foam interactingwith high density materi-

als.

NOMENCLATURE

I energy in mbar - cc/g

P pressure in mbar

u
P

particle velocity in cm/psec

us shock velocity in cm/psec

v volume in cc/g

V. initial specific volume

Y Gruneisen gamma= (l/V)(aP/aI)v
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NOMENCLATURE (continued)

P. initial density in g/cc

Subscript

H Hugoniot

Superscript

f foam

THE ZXPERIMENTALDATA

Polyurethane foam is not so uniform as nonfoamed

substances,and, therefore,lineexperimentalequa-

tion-of-statedata obtained for foam have consider-

ably greeter error than is usually present in such

studies.

Tr!eequation of state of singly shocked 0.5-g/cc

polyurethanecan be approximatedup to 100 kbar by

us = 0.015 + 1.5 up;
1
tnat of 0.32-g/cc polyure-

thane cnn be approximatedup to 400 kbar by Us =

0.01 + 1.32u .1’2 The spread of the experi.mentd
P

data is sucn that the constnnts in the equations

are not known to within ~ 0.05, and the linear re-

lationshipbetween shock veloclty and particle ve-

locity 1s only one of msny possible relationships

tr.atcould be used to fit the data. For 1.265-g/cc

bulk-densitypolyurethane,the equation of state

of tl:esingle-shockHugoniot is described by Us =

0.275 + 1.57 UP.l

Carter> hns measured the pressure of the reflected

stlockin 1.27 cm of 0.5-g/cc polyurethane initially

sciockedto about 115 kbar in contact with 0.482 cm

of =ti aluminum, 0.655 cm of PZ51B magnesium, or

o.444 cm of copper. The foam was initially shocked

to 115 kbar by a P-&1 plane-wave lens end 20.32 cm

of composition B-5 eXPlosive. The shock velocities

in the metals were measured to wl.thin1%. The re-

sults are snown below.

Measured
Shock Particle
Velocity Pressure Velocity

Metn 1 QdwSQ-@k!?Q

Cu (0.=8.$728) 0.532 0.442 0.093

Al (0.=2.777) 0.747 0.331 0.160

Mg (0.=1.77) 0.710 0.261 0.208

The measured shock velocity through 0.762 cm of

additional foam In contact with the 1.27 cm of foam

was ubout 0.57 CRI/W3eC.

the pressures and velocities in the metals are within

a few percent of what one would obtain if the Compo-

sition B explosive were in direct cor.tactwith the

metals. That is to say that the 0.5-g/cc foam ap-

pears to behave about ttlesame as 1.715-g/cc high

explosive in this experimentalgeometry. The results

are also surprising in that the pressures and veloci-

ties in the metals using 0.5-g/cc foam are within

about lc$ of whut one expects to obteln by reple.cing

the foam with 1.265-g/ccpolyurethane. The results

of such experimentsperformed for 1.17-g/cc Poly-

urethane are shown below.

Measured
Shock Particle
Velocity Pressure Velocity

_@!.&%lMetal W ~

Cu 0.546 0.500 0.1026

Al 0.754 0.350 0.167

Mg 0.726 0.285 0.2218

Experimentswere also performed for O.$-g/cc poly-

urethane, and the measured shock velocity in the

copper wea 0.548 and that in the magnesiun $faa 3.725.

For ().62-g/ccpolyurethane,the measured shock ve-

locity in the copper waa 0.538 and that in the ~g-

nesium was 0.711.

SOLID EQUATIONS OF STATE

We attempted to use some cf the proposed equations

of state for foam to fit the single- and double-shock

experimentaldata described in the preceding aectlon.

P successfulmethod for solids and liquids has been

to describe the single-shockHugoniot with an experi-

mentally calibrated linem rel~tionshipbetween shock

and particle velocity. State points off the single-

shock Hugoniot were determinedusing tne (h’iineisen

equation of state,

P- PH= (y/V)(I - IH),

where y is calibrated for the range of state points

of interest?’s UsLng the copper double-shockdata,

one can calculate the specific volume of tt~efoam

as follows. If the 0.5-g/cc foam Hugoniot 1s de-

scribed by Us = 0.015 + 1.5 Up, Composition B explo-

sive interactswith the foam giving P shock of 0.117

mbar, a shock velocity of 0.60 cm/@cc, a psrticle

velocity of 0.5$0 cm/psec, a specific volume of ~.70

cc/g, snd an energy of 0.07605 mbar-cc/g.

,

I

The results are surprisingwhen one renlizes that
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Using the equations

~ .u; =mP’)(v’ -v)u

and

I - I’ = 0.5(P+ P’)(V’ - V),

where the prime-state values are single-shockvalues

end the nonprime values are double-shockedstate

values, one calculatesthat the specific volume of

the copper doubly shocked polyurethane foam is 0.433

cc/g and the energy is 0.1512 mbar-cc/g.

The single-shockHugoniot pressure of a substance

with a linear relationshipbetween shock and parti-

cle veloctty, Us = C + S Um, can be calculated from
.

PH= C2(V0 - v)/[vo - S(vo - V)12.

PH goes to infinity when [V. - S(VO - V)] goes to zero

or when V = VO(S - 1)/S. The Hugoniot pressure for

the foam using this equation goes to infinitywhen

the volume of the foam decreases to 0.666 cc/g.

Since the doubly shocked polyurethanefoam volume is

less than the infinitepressure volume with this

solid equation of state, the assumed form of the sol-

id equation of state is inadequateto describe the

polyurethanefoam under double-shockconditions.

McQueen and Mersh5 have shown that the experimentally

measured Hugoniots of foamed metals can be approxi-

mated using the Hugoniot equation of state of the

metal at crystal density and the Gruneisen equation

of state to correct for the higher energy of the

foamed metal at the same shocked volume. Substi-

tuting into the Griineisenequation of state the

Hugoniot energy of the metal, 0.5 PH(VO - V), and of

the foam, 0.5 P~(V~- V), one obtains

f (v: - VO)PH

‘H
-PH.

(2v/y-v:+v)’

from which one can calculate a y of 0.9+4 for poly-

urethane foam shocked to 0.117 mbar.

Using the bulk-densityHugoniot and the Gfineisen

equation of state requires a y of 0.65 to reproduce

the observed copper tiubly shocked polyurethane

point, a Y of 0.56 to reproduce the aluminum doubly

shocked polyurethanepoint, and a y of 0.46 to re-

produce the magnesium doubly shocked point. The

gamma decreaseswith increasingvolume for the doubly

shocked points and then increases for the singly

shocked point. While this curious behavior of gflmma

could be reproduced by various complicatedrelation-

ships between game and volume, It does not suggest

any unique relationship. The other difficulty with

the McQueen and Marsh foam model is that one does

not know how to describe the expansion of the foam

that has been shocked to high pressures and decom-

posed by the resulting high temperatures.”

Herrmann6 has consideredthe problem of how to de-

scribe the low pressure end of the foam Hugoniot.

Such a treatment should probably be included in any

general equation of state of foam. He does not con-

sider the case of foams shocked to high enough pres-

sures and temperaturesto decompose them. Thouvenln’s7

treatment of foams does not reproduce the observed

single-shock?iugoniotdata for 0.5 gfcc polyurethane.

M(W GAS EQUATION OF STATE

Since the 0.5-g/cc polyurethanefoam shocked to 100

kbar is very hot (approximately3000° K estimated

using the Walsh and Christian technique for calcu-

lating temperatures4),it is reasonable to assume

that the polyurethanedecomposed to its equilibrium

decompositionproducts.

The BKW equation of state
8-I.1

has been calibrated

for carbon-hydrogen-nitrogen-oxygenexplosives in

the pressure and temperaturerange of interest.

Calculationsmade using it reproduce the experi-

mentally observed shock Hugoniots of water, carbon

dioxide, and nitrogen above 50 kbar.
10

It seems to

be a reasonable equation of state for describing the

equilibriumdecompositionproducts of polyurethane.

We have used the BKW equation to describe the equa-

tion of state of 0.5- and 0.3-g/cc foam above 50 kbar.

The results are not very sensitive to the exact chemi-

cal, or even elemental, composition,which is fortu-

nate since the compositionof foams vsrles consider-

ably from batch to batch.

As shown in Figs. 1 and 2, the calculated single-shock

Hugonlots agree with the experiu.entaldata within

the experimentalerror of the data. The results of

the calculationsare given in Appendixes P and B for

a pure urethane foam and In Appendixes C nnd D for

polymerized mixtures of polyurethane and adiplc acid

with an empir%cal formula of (C
12.5H17.8F104.9j8)x

obtained by chemicsl analysis. Figure 3 shows the

isentropethrough a Hugoniot point near the sl.ngle-

5
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shock Hugoniot value for the foam being shocked by

Composition B for 0.j2- and 0.5-g/cc polyurethane

foam.

Using the HOM equation of state and the SIN one-di-
4

mensional hydrodynamiccode with the BKW descrip-

tion of the isentropeof the decompositionproducts

and “burning”the foam by either a sharp shock burn

or a “C-J volume burn’!technique gives us the

followingresults for the reflected shock experi-

ments.

Calc. Exper.
Calc. Exper. Particle Particle

M= Pressure Pressure Velocity Velocity

Cu 0.425 0.442 O.o$xl 0.093

Al 0.330 0.331 0.158 0.163

Mg 0.266 0.261 0.211 o.2i18

The bulk-densitypolyurethaneshocked to 100 kbar

does not get very hot (8C0°K estimatedusing Walsh

and Christian technique for calculatingtemperatures)

and it probably does not decompose to equilibrium

decompositionproducts until it reaches much higher

pressures and temperatures. The BKW equation-of-

state Hugoniot for bulk-densitypolyurethanedoes

not approach the experimentalHugonlot data until

high prassures as is shown In Fig. 4. lJsingthe

solid HOM equation of state and a gamma of 1.0, we

calculate the followingresults for the reflected

shock experiment.

Calculated Experimental
Metal Pressure Pressure

Cu o.4$x5 0.500

Al 0.364 0.350

Mg 0.281 0.285

CONCLUSIONS

The experimentallyobserved behavior of high ex-

plosive-foam-metalsystems can be reproduced if the

low density (0.5- and 0.3-g/cc) polyurethane foams

era described by the BKW equation of state and if

the initial shock pressures are greater than 50

kbar.

If the shock pressures are low enough, or if the

density of the foam is high enough, or both, the

polyurethanedoes not become hot enough to decom-

pose and the appropriate form for the equation of

state is a solid rather than a gas. One can imsg-

ine experimentalsystems in which the polyurethane

would not be shocked to great enough pressures ~nd

temperaturesto decompose on the first shock, but

would be heated enough by subsequent shocks to

pertially or totally decompose. For such systems,

a mixture equation such as the HOM equation of state

is indicated.

The mst important conclusion to be drawn from this

work is that if foams are to be realisticallyde-

scribed in nuurical hydrodynamiccalculations,ex-

perimental equation-of-statedata in all the pressure

and energy regions of interest will be needed to

calibrate the foam equation of state properly. A

general foam equation of state should describe solid,

gaseous, and mixed solid and gaseous ststes with

appropriatetemperature-sensitivekinetics. Addi-

tional experimentaland theoretical studies of

foams should be rewarding.
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APPENDIX A.

THE BKW HUGONIOT JWR 0.5-g/cc POLYURETHANE FWM /WD

THE ISENTROPE THROUGH THE 125-kbar HUGONICYT.VALUE
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ALP14Ax S.0000OOOOOOOE-01 IETAs 1.60000000000E-01 TIIETAx 4. OooooooooooEtot KAPPAx 1.0$os??14434E+01

7MC CONPOII 11ON
3.0000 OOOOOOOE*OO IIOLES 07 C
~oOOOOOOOOOOOE+OO MOLES Of H
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7NE SOLIO fCOMAN) E8UATION OF STATE PARAMETER: VO, AS, 9S, C$, 0S, ES, Ai, A?, Cl, Ct, C3, ATOMIC UT
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1.4zc250C1544-011
5.05956001104-001

2.4 S6SSS11S81-001
S.117494S2SS2-001

3. SS640SS0S42-001
S. SSSO0745007-ES1

4. ZS11S695444-OBI
5.66 SC4S160$2-001

S. O4SO16S1O17-OO!
S.9SSS1S12121-001

S.?2C04604501-001
C. Z4SO12S6907-001

6.24s74179771-001
C.5071SS811CC-001

S.60C2C0591C7-001
6.737371 s6s17-00:

3.1190 $94 S586-002
s.0113Z12C624-001

2. IOS40011712-OOZ
S.11109O574SO-OO1

2.0096114 S02S-002
5.12917 SSE7t9-OEl

1.40426359120-002
s.13so12soos6-oel

$.5 S11279S46S-lt S
s.ls77940ss II-aol

6.27731136010-00S

5.1 Z2C3172552-001

3.91470 ss4s98-00s

S. O91O2922I54-O91

2.42 CS310142S-0S3
5.04013 ZSQS9?-SS1

1.40 SOO122756-113
4.94 C21SOS717-9S1

7.7312 $177727-s14
4.14 S7SS71Z31-111

S. S91740Z534S-S14
4.724 s14Q4j I$.101

1. S294117Z90B-014
4. SSS03SZ1740-061

9.174 zs975s4s-mos
4.2634445 Z774-801

S.4CS160SOSCS-005

3.1$014211911-001

.

,

.
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~PPENDIX B.

THE BXW HUGONIOT lK)RO ● 52-g/cc POLYURETHANE FOAM AND

THE ISENTROPE THROUGH TKE $10-kbarHUGONIOT VALUE

A FORTRAN IKU (AL<UI.AT1ON FOR
URETHANE FOAN

THE NUNBER OF ELENENTI IS 4

TN?. NUMIER OF GAS sPECIES IS 11

TNE NUNBF.R OF SOLIO SPECIE1 18 1

THE SKU EQUATION OF ITATE PARANETERI ARE

ALPHA= 5.0000 oooooooC-01 BETAx 1.6ooooooooooE-ol THETAx 4.0ooooooOOOOE+02 KAPPAx 1.0$097 ?04436E*01

THE COMPO$l TXON

5.0000 OOOOOOOE+OO mLEs or c
7.0000 OOOOOOOE+OO MOLES OF II

l. OooOOOOOOOOE+OO MOLES OF N
2.000 oOOOOOOOE+OO HOLES OF O

THE 0ENS:7Y 1S 3.20000000000 E-01, CRA14SfCC

THE NOLECULAR IAE1CH7 1S 1.90940000000E+01 ~AN8

THE HEAl OF FORMATION Al o OEC K IS -7. ?ooooooooooE+04 CALORIES PER FORNULA uEICHT

THE SOLID ICOMAN) E4UATION c+ STATE PARAMETERS VO, AI, BS, (S, 0S, ES, At, Az, Cl, (2, CS, ATONIC UT

SOL C 4.44444444444E-01 S030$3S1372WE-01 ‘1.3 S3011O9219E+OO C.72SC9?1$021E-01 ‘1013 S372C2S08E-01 C.4S1SSI1200?E-03
-2.2670 SS45$41E-01 1.t!OS16S69S2SE-01 1.31600000000E-02 -1.7 SS90000000E-01 1. SS31OOOOOOOE-O1 1.201 OOOOOOOOE+O1

THE INPUT ?R@UCT ELENENTAL CONP081TION NATRIX

o 2. OE*OO O 1. OE+OO o 2. OE+OO O 0 0 0 0
1. OE+OO o 0 7.. OE*OO 1. OE+OO O 0

2. OE+OO
1. OE+OO O

0

3. OE+OO
1. OE*OO O 0 0

1.oE+oo O

0 1.oE+OO 1. OE+OO o 2. OE*OO O
0 1.oE+oo O t. OE+OO 1. OE+OO 4. OE*OO 9 0 1. OE+OO : 0 0

TI(E CUM HU40NIOT FoR
URE7NANE FOAN

PREssuRE = S. OoooOOOOOOOE-01 VOLUNE x S.160TOt46014E-01 TENPERATUIE x S.0~712t9S661E*03

sNOCR vELOCITY = 1.3 C60S703S9SE+O0 PARTICLE VELOCITT = 9.7212 $2?9223E-01 UN11S ARE NBARl:CCICNi OEc K* ANo CN/NIcRo:EcoNo

SPECIE
Hto
H2
OF.
C02
co
MN S
H
NO
HZ
ON
CH4
SOL C

NO OF HOLES
1. S34273206S3E+O0
S. S55107117S4E-O1
1. S2S7S04774ZE-04
1.73604204238E-02
4.012616020 S4E-01
2.0 SS4S3#42t6E-01
8.39264730014E-02
10 C02SS3702S1E-02
3.90212 SSS345E-01
4.94 S2t2G47C6E-03
5.30230021210E-01
2oO441O766S51E+OO

.

.
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?REISURE = 4. SOOOOOOOOOOE-01 VOLUW. = 5.409 t?t3160tE-01 TEMPERATURE = @.83tltt21S$4E+03
SHOCK VELOCITY . 1.3040 T5201C3E+O0 PAR TICLC VELOCITY = 9.1 S3Y34SC216E-01 UMIT$ ARE HOAR8, CC/611, OEC K, AND CM/14 fCR01ECOND

SPECIE
1120
Hz
OP.
cot
co
W 3
n
No
NY.
C44
CN4
SOL C

NO OF NOLES

1.4 CS75237619E*O0
1. S4CS0,$3,S3E-01
7.79; 710 Y8o4OE-O4

i.97SOS40i700E-02
4.72 S20211O7OE-O1
2.0268272 t2SyE-01
7.968828 S1S40E-02
1. S123247740W-02

3.910 S7012001E-OI
5.464742 S0233E-03
S.664S106219CE-01
1.941191166 S6E+O0

PRESSURE = 4.0000 oooooooE-01 VOLUNE = 5069$ 64945 t7?E-01 TEMPERATURE z 1.36? 3249? 53 SE+03
$NOCK VELOCITY = 1.2 S646276641E+o0 PARTICLE VELOCITY = 8063 S90692331E-01 UNITS ARE HBAR$ICC/W, OEC K, ANO CN/Nt CROIECOND

SPECIE
H20

N2
02
C02
co
NN 3
N
NO

N2
ON
CH4
SOL C

NO OF NOLE1
1.390 S31S6057E+O0
5. S966010604tE-01
6.6006 S2S6748E-04
2.20s65690717E-O’A
S.440976S273SE-01
2. O1O6S766S24E-O1
7.36947497 S45E-02
1.36762764856E-02
3.92527 S66493E-01
S.945165S9933E-03

6.03 S94631962E-01
1.6302 i3S4t23E*O0

PRESSURE = 3.50000000000E-01 VOLUNE = 6.0431433661 tE-01 YENPECATURE = 1.t54342901~OE*03
SHOCK VELOCITT = 1.1645046661 sE+o0 PARTIcLE VELOCIIY = t.04174901363E-01 UNI?S ARE NBARSt CClcNt 0E6 K, AUO CNJNICROSECOND

I?ECIE

NP.O
N2

02
C02
co
NN S
n
NO
N2
ON
CN4
SOL C

NO OF NOLE$
1.309 S6390427E*O0
5.72662300 S64E-01
S.56566S7537SE-04

2.41025396613 E-OF.
~.224164$1322E-01
1.96367525474E-01
7.1723 S141724E-02
1.22673356660E-02
3. S467256S32SE-01
6.3300 s$46072E-03
6.405 Y2747070E-01
1.71262626194E+oo

PRESSURE = 3.0000 ooooooOE-01 VOLUNE = 6.46418994330E-01 TEMPERATURE = T.90t37646344E+03
SHOCK VCLOC I TY = t.067tST3035SE+O0 PARTICLE Vf.LOCITY = ?.403$t3st?s4E-01 UN1T9 ARE NIARSICCJ~Nf oEG k, ANo cN/NIcRO$EcoNo

9PECIE

n20
H2
02
C02
co
NH 3
H
NO
N2
ON
CH4
SOL C

NO OF
!.22S30
5.95241
4.21516
2. S6006
7.036S0
1.94194
6. 737.6s

1.02771
3.97764
6.51930
6.7S611
1.s9Pi93

OLES

29660E+O0
26623E-0~
11665F.-O4
461 S2E-02
96222E-01
!05326E-01
!39221E-02
42041E-02
10S234E-Ot
111471E-03
!02161E-01
49696E+o0
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PRESSURE x t.50000000000E-01 VOLUME x 6.11324 S46774E-01 TEMPERATURE = 7.42131724 Z01C*03
SHOCK vtLOCITy = 1.003021 W502E*O0 PARTICLE VELOCITr : S.71107623SS4E-O1 UNITS ARE 14BAR3, CC/CM, OEC K, ANO CM/MICROIECONO

SPECIE
Hzo
HF.
02
COY.
co
NH s
n
NO
N2
ON
CH4
SOL C

NO OF M
1.143547
6.30s414

2.100s90
2.637871
7. IOIY21
1.077900
6.1s4584
Y.oltsol
4.021411
6.344441

7.051310
1.47s611

ILES
,47@ IE+o0

17151E-01
23S$E-04
CIIOE-02

90S3E-01
;#419E-01
172 C1C-02

‘5110E-OS

11411E-01
14011E-03
I1041E-O1
3$251+00

PRESSURE x 2.0000 oOOOOOOE-01 VOLUME : 7. C357~4424ClE-ol TEIIPERATURE : C.1115316CS20E+03

SMOCK VELOCITY Z 9.09446 S41314E-01 PARTICLE VELOCIT7 . $.9 S20451O17OE-O1 UNIT$ ARE MIARs\CC/cHI OEc k, ANO CM~nICROItCONO

SPECIE

N20
N2
02
cot
co
NM s
N
NO
N2
ON
CH4
SOL C

NO OF MOLES

1.06044806 S09E+O0
6.tlto037$191E-01
1.4$ S4S1910CCE-04
2. C31166S0444E-02
1. SS149339785E-01
1.TIO$4331431E.01

5.2174332382 SE-02
5.24? 145452 SCE-03
4.01326 $11 S41E-01
S. S~133191403E-03
7.2117736417 $E-01
1.3$6 $5463009E*O0

PRES8URE c 1.50000000000t-01 VOLUME x 1,424 #201 S14?E-01 TEMPERATURE ~ 5. SO$4O1OO3S1E+O3
SHOCK VELOCITY x 1.ol1701tl$93t-ol PARTICLE VELOCITY : 5011 O4SO3OC21F,-O1 UNITI ARE MBAR$, CC/CM, OEC K, 4H0 CM/MI CROIECONO

8PEc IE

1420
N2
02
C02
co
NM S
N
NO
N2
ON
CN4
80L C

NO OF 510Lf

l.osl W755a
7.3S1452521
4.s4636119!
2. S526S191t
1. S1105721[
1.93061s601
3 .45605s733
2.45 S18S081
4.172414133
3.800764844
7.02749772f

1.420622S71

IIE+OO
15E-01

4E-05
12E-02
15E-01
IIE-01
!2E-02
17E-03
,sE-O1
14E-03
,21-01
ISC*OO

PRE88URE x 1.000 ooooooooE-ol VOLUME X $,1901 s094T03E-01 TEMPERATURE X 4.4 S449S78Q25E+03
SHOCK VELOCITY = 6.$534511 s7t3E-01 PARTICLE VELOCITY X 4.1107 s133474E-01 UNITS ARE MB4R8, CC/CM, OEC K, ANO CN/MICROSECOND

SPECIE
Nto
N2
02
C02
co
NM S
N
NO
N2
ON
cN4
SOL C

NO OF NOLEB
1.3 W247T5060E+O0
7.255924 S2042E-01
5.61 OO5O35114C-O6
2.2904881732 YE-02
S. Y45027903SSE-01
1.3044 O1OOO7SE-O1
9.06SS6433S24E-03
3070340271 S? CE-04
4.305 t6279t25C-01
$.9303516 ~2S5E-04
6.01733153743E-01

1.7007591 ?413E*O0

.

.
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TI!E COW7AN7 ADOEO 10 ENERCItS uAS 1.00000000000-001

PRESSUfl E (Mt AR$J

9.00000000000-002
6.s0000000000.002

4.41000000000-002
3.0s700000000-002
2.16090000000-002
1.51243000000-002
1.0SS14100000-002
7.41: $$700000-0Q3

$.101 s20s0000-003
1.0ss00000000-001
i.l$02soooooo-ool
!.$6s 71750000-001
1. S74105S2S00-001
1.1102214687 S-001
2.0117 S461t06-001
1. S940171S242-001
t. ?S3120S7629-001
s.1660t166273-ool
3.64100196214-001
4.1s7; $22 S646-001
4.81 S2210S491-001
5.s3750s15917-001

6. S6813516104-001
7.32ss S$4662S-ool

#.4218 S171611-001
$.6831$760411-001

VOLUllf fCC/6111
S.33666S44S61-001
1.09660226751+000
1.2#IOS814090+OO0
1.5 S$0137120S+000

1.43s6151s450+000
2.~$3tt940562*OO0
2. SWSS1US1O+OOO
3.lIszoa517#3*ooo
3. S6S4566$OS5*OO0
0.772 S04$2160-001
1.244140 S0SS1-001
7. 7S20S4SS034-001
7.2836S474194-001
6.0663 $29 S196-001

6.4713 TW1721-001
6.1 OO6O464667-OO1
S.7146S326502-001
S.43207614611-001
5.1300121269 C-001
4.64611637 S21-001
4. S?749441866-001
4.32062200776-001
4.07049016913-001
3.616041676$6-001
3.533716096 SS-001
S.306O63$1066-OO1

1EMPER4TURE (OEC K)
4.106IO435258*OO3
3.726 W703t15*OOS
3.34 S445$1369+003
3.0651417 V17WO03
2.12032140470+003
2.6076466440$*003
2.417661 t145Q+O05
2.2533 $26S811+003
2.110105220454003
4.t66607$275t+O03
4. 4266070 S$74+00S
4, S880267S40S+003
4. 14D4tt4763S+O03
4.90595256954+003
5.06455776069+003
5.2117t073401*oo$
5.35041676114+003
5.47S69637745+003
5.56927304103+003
5. 709 S6323271+003
5.$1165417 S70+003
3.90733206336+003
5.091441 t6$t9+O03
6.0936710761t+O03
6.to#07326486+O03
6. S0526435069+003

ENERC7*C (NB-CC/CNl
1.96611010021-001
1.66264105531-001
1.75tt4623704-001
1.661 tO122720-001
1.51tlIo571~8-ool
1.52? lS7t3064-001
1.471 i7tot?sl-ool
1.4t271111#41-ool
1.3603S4646S5-001
2.041 tOS67616-001
2.0s$241S7670-001
t.16139?9t666-001
2.t2600646555-001
2.29942 S#tt54-001
t.37tlo410tto-ool
2.46001900289-001
2.54652463106-O01
2.64476 S1S577-001
t.74?2c715931-ool
2.656113 S6611-001
2.$78733 Z4151-001
3.1114027$732-001

3026 OO1O273$6-OO1
3.43333617611-001
3.65614 S77126-001
3.44061332243-001

u14t4A f- OLNP/OLNW

2.t61Sl?I1716*OO0
2.19610462765+000
2.l18t47516t6*OO0
2.041 t7346060*OO0
1.$707511 st40*ooo
1.91714115615+000
1. C612356466S+OO0
1.905500$3934+000
1.67467t63S07*OO0
t.tIIIOS79693*OO0
2.30S97003637+000
t.3t13409614t*OO0
2.343630570 U*OO0
2.3555610703 t*ooo
2.36304964367+000
2.366361 t6967*OO0
2.36090007437+000
2.3652265 S174+000
t.35717542411*ooo
2.3445118 t464*OO0
2.326S$0$8092+000
2.30366021247*000
2.27375 S03965+000
t.t3430735239*ooo
2.176622$2692+000

2.l171592t7t5*ooo

7Nf 18CN7[OPE $TA7E VARIABLES AI COBPUTEO FRON lNt LEAST S6UARE fll
-—

6KU 7EIIPERAWCE FIT 1CNPERA7URE BKU ENERC7 PLU6 CONSIANIIxu Pmrssumts

S.00000000000-002
6.30000000000-002
4.4;000000000.002

S.06700000000-oo2

2.160 S0000000-002
1. S126S000000-002
1.05664100000-002
7.41166700000-003
5.166 S20$oooo-oos

1.0ss00000000-001
1.1*02 SOOOOO0-001
1.366767 S0000-001
1. S74;0362300-001

1.61022146675-001
2.0617 S466606-001
2.3$401766242-001
2.75 St2057626-001
5.16606666273-001
3.64! 001 S62!4-00!
4.1$7 :322 S646-001

4.61 S2250$493-001
6.s5rS066SSt7-001
6. S661S516604-001
7,32 S3SS4662S-OO\
6.4218 S676616-001
S.66513760411-001

Ftr Pm E66um E

6. S7S6!5t3574-002
6.243 t6763941-OOt
4.3560160 S060-002
S.0S6642616?0-002
2.15153700161-002
1.51461619042-002
1.0705276 S330-002
7.46477526075-003

5.t362S3670Sl-OOS
1.0 S443#$13S6-001
1.16 S26412S23-001
1.376361 t636t-001
1.56669 ?61502-001

l.ttt 76471750-001
2.10537021104-001
2.41t5S51616t-001
2.77? OtOS6397-001
S.1636600t26$-001

3.64423121651-001
4.1661665564 S-001
4.759 #77t5456-001
5.44086 z62146-001
6.2 S61941564$-001

7.21014420664-001
$.5472022 S414-001
$.6611$261004-001

4.10660455 t56+O03

3.7t632703915+O03
3.38544561369+003
5.045141 T7173*O03

2.6263 t140470*O03
2060764664409*003
2.4176112145$*003
t.23333t60011*O03
2.tlo!os2t043*oo3
4.tC6697927S2*O03
4.4266070 SS74+003
4. S160267S403+003
4.7404264763S*O03

4.60 SOStS60S4*O03
5.064 S377M6S*O03
5.tl17t071601+O03
S.3SOA1676814*O03
S.4766663774S+003
5.598273041 O3*OO3
5.70$ 56 S23271*OOS
S.111C5447570*O03
S. S07S320633$0003
S.69944146620+003
4. O63871O7674+OOS
6.20807326468+003
6. 30 St643306$*OOS

4.;1624671t03*O03
3.74607346701+003
3.4047o1O112$+6O3
3.06632740364+Oo3
2. ISOS27006050003
t.600t371111S*O03
2.4066 S964406+00S
t.24?OS41t367+O05
2.11?SS2662Q7*O03
4.t664t465631+O03
4.4ts60661S17*O03
4.374642106 O$*OO3
4.72 W441690S*O03
4.064579 S0$76+003
5.03 C23037S14+O03
3.18 S6653S414+003
3.330601 S7470+O03
S.4667#466S62*O03
5.60204269 Sf7*O03
S.7263#ItS706*O03
S.141s SS26t SI*O03
3,64?S60C3926+Oo3
6.043701 S163S+Oo3
6,1tt12360227+O03
6.20229 :445 Sl+O03
6.t3733606$24*O03

1.96611010021-001
1.6626410 SS36-001
1.? S6t462$704-001
1.66$20122720-001
1. S92116S7176-001
1. S27137t S064-001
1.47117601751-001

1.42t71111641-061
1.360314646 SS-001
2.0412036761$-001
2.0 S624167670-001
t.16130762966-001
2.t2t00644SSS-001
2.2 S9426666S4-001
t.3?t10410620-001
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