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PHYSICS AND CHEMISTRY OF LATE TIME FIREBALL SIMULATIONS
WITHOUT THE GEOMAGNETIC FIELD

by

Eugene M. D. Symbalisty, Dale S. Sappenfield, C. Dexter Sutherland,
and Bryan A. Kashiwa

ABSTRACT

This report describes the FADCAT computer code which is a version
of the CAVEAT code adapted to simulate intermediate altitude fireballs.
FADCAT now runs in two dimensions with all the features described
herein. The three-dimensional version currently runs without the marker
particles and without the Dukowicz rezone ability. We also highlight the
results of two hypothetical, but realistic, burst scenarios. These are one
megaton detonations: a single burst at 80 km altitude, and a double
simultaneous burst at 60 and 80 km altitude.

I. INTRODUCTION

This paper describes the physics and chemistry involved in simulating the evolution of an intermediate
altitudefireballthat wouldarisefrom a nuclearexplosion. We do not model the device in detail,and we do not
start the evolution at detonationtime. We assumewe are given the necessaryinitial conditions at some time
after detonation, typically one second, from an early time fireballsimulatorsuch as RADFLO or MODEL3.
The link time is chosensuch that it isjustifiableto ignoreradiationtransportand energy loss altogetheror to
model it very simply. We also do not includethe effectsof the geomagneticfield. The fireballevolutionis still a
complicatedphenomenonbecauseof its multidimensionalityand becauseof air chemistry.The hydrodynamic
and chemicalreaction time scalesare such that, above some altitude, local thermodynamicequilibrium(LTE)
cannotbe assumed. Becausechemicalenergyreleasedon timescalesof interestcannot be ignored,a smallset of
chemicalrate equationsmust be integratedsimultaneouslywith the hydro equations. The solution is therefore
numerical. We have adapted a hydro code entitled CAVEAT developed by the theoretical hydrodynamics
group at Los Alamcs NationalLaboratory. The fireball ADapted C i called F

The code CAVEAT usesa second-order,explicit, Godunov, conservative,finite-volumeschemeon an arbi-
trary Lagrangian-Eulerian(ALE) mesh.1 These featuresprovide maximumaccuracy in problemsof the blast
wavetype because an artificialviscosity is not utilized in the numericalscheme, and the mesh can follow the
fluid motion over a large part of the problem simulation.Additionally,the CAVEAT code is designedto make
optimum use of the vector processingfeatureof modernsupercomputers.This meansthat very fast, accurate
solutionsto the multidimensionalEulerequationsare relativelyeasy to obtain.



II. INITIAL CONDITIONS AND THE AMBIENT ATMOSPHERE

The procedure for starting a problem evolution is to (1) establisha computational grid, (2) establishan
ambient atmosphereon the grid, (3) stabilize the atmosphere,and (4) replace the ambient valueswith the
early time interfacevalueswithin the region that the early time interfacevalues are defined. When we are
simulatingan historic event, we set up an ambientatmosphereas close to what is knownfor that event. This
may include as informationthe CIRA atmospherefor that date and time, and/or rocket sounding data. For
example, for the Fishbowlseriesof atmospherictests we have defineda Fishbowlatmosphere. When we are
simulatinga hypotheticalburst, then we use what we have definedas a mean atmosphere.

The mean atmosphereis based on the U.S. StandardAtmosphere,19622and the CIRA 19653atmosphere.
Above 120 km the CIRA Model 5 (mean solar activity) hour 8 (averageover the 24-hour variation) is used.
Figurea 1.1 and 1.2 display the altitude variationsin density, local scale height, pressure, and temperature
for the mean atmosphere. The Fishbowlatmospherecomes from the same sources. Above 120 km the CIRA
Model 2 (low solar activity, believedto be appropriatein 1962)hour O(near shot times) is used.

The ambientatmospheremust then be stabilizedon the grid so that if there wereno explosionthere would
be no motion. The accelerationdue to gravity is definedat cell centers. In hydrostaticequilibrium,we have

V P (1.1)

where the gradient is derived between cell faces, so that it is a cell centered quantity as well. FADCAT
obtains cell face pressures,necessaryfor the gradient, from the Riemann solver. The internalenergy (and
hence temperatureand pressure)is adjustedso that Equation1.1 is satisfiedwith the calculatedface centered
Riemannpressures.Sincethe gradientoperator is definedover multiplecells, the adjustmentis made from the
top of the grid to the bottom via a Newton-Raphsoniteration. If the cell sizesare much less than a local scale
height, then the adjustmentiavery small, typically lessthan one percent. If the cell sizesare comparableto a
scale height, then the energy adjustmentsmay be as largeas ten percent. We have chosento adjust e instead
of p becausewe feel it iamore importantto preservethe massdistributionsurroundingthe burst point instead
of the temperaturedistribution.
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The replacementof the ambientvalueswith the early time initialconditions from RADFL020 or MODEL3
is straightforward. Because MODEL3 carries many more ionized species than FADCAT it is necessaryto
recombine multiply-chargedatomic ions into singly-chargedions, and to representthe sum of molecular ion
densitiesas a singlemolecularion density.Replacementof ambientquantitieswith quantitiesfrom a RADFLO
calculationis more involvedbecause RADFLO, being an equilibriumcode, does not carry individualchemical
species. The chemicalspeciesneededby FADCAT can be determinedfrom temperature,total density,and the
equilibriumtablesof Gilmore.6 However,care mustbe takennot to changethe total internalenergy,and some
adjustmentof the interpolatedchemicalspeciesdensitiesis usuallynecessary.

III. THE LTE EQUATIONS

Everyatmosphericfireballwill risedue to buoyancyand pressureforces. Pressurewill alsopushthe ambient
air surroundingthe detonationpoint down, but because ambientdensityand pressuredecreasewith altitude,
the upwardmotion will be enhancedand the downwardmotion damped. There exists a yield of device, for a
given altitude,below which the disturbedatmospherewill not reach an altitudewhere chemicalreactiontime
scales are slow enough to demand a non-LTE descriptionof the gss. Therefore there exists a yield-altitude
rangewhere LTE is valid. In this case the LTE equationsare the Eulerequations. We list them here:

a
7& + v ● (pu) = o

.
- + v “ ( = – v P + P

a
— + v ● ( = – v ●( + p ● U

a

(2.1)

Uoue.E——
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The symbol u is the velocity field, p ~ the pressure,g the gravitationalacceleration,p is the mass density,e
ia the specific internalenergy,and E B the specific total energy.
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F 2.1. The 7 – 1 of air vs. specificinternalenergy(e for a seriesof densityvalues,accordingto the EOS usedin LTE

$cakdatiom. The densityvaluesare 10-2, 10-3, 10-5, 10- , 10-9.

The procedure for solving Eq. (2.1) belongs to the clasaof numericalmethods called control volume tech-
niques. CAVEAT uses an ALE control volume method whereinthe problem domain is overlaid by a mesh,
dividing the domain into a successionof adjacentcontrol volumescalled cells. The integralform of Eq. (2.1

1is then appliedto each cell of the mesh, so that the physicallawsof conservationare satisfiedin each contro
volume. The corners of each cell are allowedto move according to a prescribedvelocity. This meshvelocity
can be the L avelocity, an a dvelocity based on the meah generator equations or any linear
combination thereof, including zero. In the problems describedhere a best estimateof the Lagrangianfluid
velocity at the cell vertices is used to move the mesh. When the mesh becomes excessivelydistorted, the
computation is stopped momentarilyand the meshiarezonedto a regularconfigurationusingthe conservative
rezoning scheme of Dukowicz 7. This practice minimizeserrors due to arbitrary fluid-meshrelativemotion
(called Euleriandfiusion).

We need only to specify an equation of state (EOS), P e to complete the set of equations. We use an
EOS for air basedon equationof state tablesof Hilsenrathet a14’5and Gilmore6. The rangeof validityis 1000
K to 5 x 106K, based on the tables. Extrapolationbeyond this range is straightforward.In terms of density,
the tablesare valid for 1.29x 10-9< p <1.29 x 10-2 . The net resultis that the EOS will returnan effective
7 and T whengiven p and e. The pressureis then p = ( – l)pe . Figure2.1 plots 7 – 1 as a function of e for
differentvaluesof p. Figure 2.2 plots T a a function of e for the same valuesof p
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F 2.2. The temperatureof air vs. e for thesameseriesof densitiesas in Figure2 accordingto the LTE EOS.

The control-volumenumericalschemeusedin CAVEAT is distinguishedfrom most other methodsby its use
of coincidentcontrol volumesfor massand momentum. ClassicalALE techniquesuse a staggeredconfiguration
in which the momentum control volumes are centered on the vertices of the mass control volumes. The
particularform of the discretizedintegralequationsused in CAVEAT is a second-ordervariantof Godunov’s
method. In Godunov’s method each cell is thoughtof as a slab of materialadjoiningother materialslabs with
differentinitial conditionsof pressure,density,and velocity. The cell side is then considereda contact surface
moving in space with a continuousvelocity and pressurethat can be determinedby solution of the s~called
Riemannproblem8. CAVEAT usesthe approximateRiemannsolverintroducedby Dukowicz8 t providethe
cell side pressureand the cell side normal velocity needed in the control volume integration. These cell side
quantitieseffectivelycontain the viscosityneededto providesufficiententropy increasein shock waves,but no
more than is physicallypresentas dictatedby the natureof the materialsinvolved. This minimizesthe number
of cells over which discontinuitiesin the flow are resolved.

IV. THE NON-LTE EQUATIONS

The equation of mass conservationis replacedby equationsof numberconservation,

(3.1)

whereeach specie, ni , has the same velocity field, u. Si is the changein ni due to chemical reactions. The
msss densityis now a derivedquantityand is calculatedas

(
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wheremi is the atomic mass of specie (i).
The equationof momentumconservation,with the above definitionof p is identicalto the LTE equation:

a(pu)~ + v ● (puu) = – 1 p . (

We note that chemistry is absent from the momentum equation because the reaction networkis allowedto
changeinternalenergyonly and not momenta. The pressureis calculatedas before

p = (7– l)pe (3.4)
but where

Sm+ s. + %y–l=
2 + 1 + n

and
Sm = ~ mc o

S = ~ c o

n i the electrondensitywhichis identicalto the ion density.e is limitedto energyin translationand rotation.
The factor 2.5 in front of the moleculesum is due to the fact that all the moleculesthat we evolveare diatomic.
We could alternativelyset p = (q n k because the temperature?T i necessaryfor the chemistry. We
choose to calculatea local gamma or the gas becauseit plays a role m the Riemannsolver in the hydro code.
We also note that we have neglectedviscosity.

The equation for specific total energy, E (translation,rotation, and kinetic) is the LTE equation with a
heat source, Q,

a
~ + V ● ( = – v ●(pll) + Pg ● U + ~ (

Q i theenergyrelease/absorptionrateper unit volumeandisexactly theoppositeof the changein the chemical
energy per unit volume energy.Thereforeenergyis conservedexactly.

We evolve the number densitiesN?, N, N+, OZ,O?0+, NO, NO+ and sometimes He. Heliumis included
for problems that reach very high altltude where it w the dominant ambientconstituentof the atmosphere.
Heliumonly entersthe reaction networkas a source for the three-body reactions. The chemicalenergy is the
sum of ionizational,dissociational,and vibrationalenergies.The ionizationenergy is

l(eu/cc) = 9.267[NO+] + 13.618[0+] + 14.534[N+] . (3.6)
The dissociationenergy is

D(ev/cc) = 4.880([N] + [N+]) + 2.558([0] + [0+]) + 0.931([NO] + INO+]) . (3.7)
The vibrationalenergy is calculatedfrom the temperatureas follows

0 3
V (= ~ – e 3 (

whereT is the temperaturein ev. Equation3.8 is derivedby assumingthe vibrationalenergy levelsare

E = i e i = 1,00
and the populationof each level is

N.,i = n o.
~~;~;llowing energysum iaunchanged,foreachLagrangianvolumeelementaswellasglobally,by thechemistry

p + S V + I + D = c (
andsincethe kineticand gravitationalenergiesareuntouchedby the chemistrymodel, the total energyremains
constantas well. The above equationdefinesQ, the changein materialenergy due to chemistry,ss

6 + I + D
Q= - ~t (3.10)

The symbol 6 is used here to denote the differencebetween the value at the beginning and the end of the
chemistrycalculation. The temperatureis definedimplicitly in the followingequation:

p + ( V = (1.5(S. + n.) + 2.5Sm)T + S (

which is solved for T by a Newton-Raphsoniteration. In Equation3.11 we have assumedthat NO, 02, and
N@ vibrationalenergiesare simil~ to N2 vibrationalenergy,which WaS estimatedby Equation3.8. A~SOin
equation(3.11) ( V i the vibrationalenergyenteringthe chemistrymodel.

6



A. Chemistry Model

It can easily be shown that local thermodynamicequilibriumcannot be assumedto exist with respect to
chemical species concentrationsduring the evolution of an intermediatealtitude fireball. Furthermore,the
energy that is initially tied up in the form of chemical energy cannot be assumedto be unimportant. For
example, at 1 second the energy in ionization in the Kingfishfireball is computed to be approximately25
percent of the energy in translationand rotation. The rate at which chemicalenergy is convertedto thermal
energymust be takeninto account in the calculationof fireballexpansionand rise. The compositionof the air
in the fireballmust be knownin order to compute pressure.

These considerationsdictate that some chemicalcalculation must be coupled to the hydrodynamic calcu-
lation performed by FAIICAT. It is not necessaryto do a complete chemistry calculation, as one needs to
do to predict all optical/infrared radiationfrom the fireball(assumingthat the amount of energy radiatedis
negligible). A calculation that follows the concentrationsof the major species that determinepressureand
contain most of the chemicalenergyshould be adequate. We have determinedthat the followingspeciesneed
to be includedin the in-linechemistry: N2,N(4S), N+(3P), 02, O(3P), 0+(4 S), NO, and NO+. Free-electron
density is the sum of the ion densities. Inclusionof N(2D) was considered,but for the Kingfishcalculation
N(2D) does not appearto be necessary.It may be requiredfor calculationsat loweraltitude.

Our initial approachto in-linechemistryfor FADCAT wasstraightforwardnumericalintegrationof a cou-
pled set of rate equations using the GEAR technique. Computational times were found to be prohibitive.
Alternativesthat wereconsideredincludedperformingchemicalcomputationson a subset of a FADCAT grid,
usinga fasterpredictor-correctorintegrationtechnique,and advancingthe chemicalspeciesconcentrationsby
analytic integrationof decoupledrate equations. The third alternativewas chosen because it was considered
the best compromiseamong accuracy,speed, and predictablecomputationaltime. Becausethe rate equations
are decoupled one does have to demonstratethat acceptable accuracy can be achieved. After describingthe
integrationsequencewe will compare resultsof the integrationsperformedwith the decoupledequationswith
resultsgiven by the fully coupled GEAR technique.16The chemicalreactionswi~ be presentedin groups>in
the order in which the reactions are integrated. An alternativewould be to vary the integrationorder from
time step to time step.

REACTION GROUP 1

N+ + 2 * N + e (a)

0+ + 2 * O + e (b.1)

N+ + O ~ 0+ + N (

The direction of reactions (a) and b.1) dependson whetherthe electron density is greater than or less than
an approximateequilibriumvalue. k he equilibriumvalueis computed with the equation

2

~ + – ~
= f (3.12)

in whichn i electron density(assumedequal to [N+ + [0+] ), ~[Ni] and ~[Oi] are the sums of neutraland
Isingly ionized atomic nitrogenand oxygen, respectivey, and

f = 6.02x 102*~j2exp(–E/t). (3.13)

In Equation(3.13) T is temperaturein eV and E is the density-weightedmean ionizationpotentialof nitrogen
and oxygen. Electron densityassociatedwith NO+ is ignored. If NO+ is presentin significantquantitiesit is
unlikelythat collisional-radiativerecombinationor electron-atomionizationis important.

If n is lessthan the valuecomputedwith Eq. (3.12) reactions(a) and (b) are treatedaaionizationreactions.
The rate equation is

tie= k([N] + I (3.14)

in which [N] and [0] are the timedependent nitrogen and oxygen atom densities. The rate constant, k, is
computed as

k
[N]04.72x 10-’~755ezp(-14.123/T) + [0].9.85 x 10-’~5’7ezp(-13 .518/T)

[N]. + [0]0 1 (3.15)

7



in which IN]Oand [0]0 are the nitrogen and oxygen atom densitiesat the beginning of the integrationtime
step. The ionizationrate constantsare fits to the rate constants iven by Lotz 9. The integrationcan be done

fanalytically,with k constant over the time step. Changesin [N , [N+], [0], and[O+] are proportional to the
individualrate constantsembedded in Eq. (3.15).

If n. is greater than the value given by Eq. (3.12) reactions (a) and (b.1) are treated as recombination
reactions. The rate equationis

n. = –k([N+] + 10+])ne (3.16)

1
in which [N+] and [0+ are the time-dependentnitrogenandoxygen atomic ion densities.The rate constantis
basedon detailedcalcu ationsof collisional-radiativerecombinationrate constants. Valuesof the rate constant
are given in Tables 3.1 and 3.2 1° and are plotted in Figures3.1 and 3.2. A weightedaveragerate constant,
computed in a way analogousto Eq. (3.15), is used in Eq. (3.16).
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. The nitrogen recombinationrate constant for nine valueaof electron density.
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These are n =

The integrationis done analytically. Changes in [N], [N+], [0], and [0+] are proportional to IN+]o and
[0+. .

d ectron-ion recombination can produce radiation, which in principle can be as large as the ionization
potentialplus the kinetic energyof the recombiningelectron. At intermediatealtitudesthe mean free path of
a photon that can be absorbed by the ground term of the atom is very short, so that at most only photons
generatedin transitionsto excited terms can escapefrom the disturbedvolume. Energy lost by radiationthen
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is about 25Y0of the ionizationpotential, plus the kineticener
Y

of the recombiningelectron, which is usually
small by comparison. It is possible that even leasenergy wi 1 be radiated, because of quenchingof excited
terms.

The calculations reported here and elsewhereare done with the assumptionthat 25% of the ionization
potentialis lost by radiationaftereachelectron-ionrecombination,andthattheremaining75 Yoof the ionization
potential is returnedas thermalenergy.

Reaction (b.2) can affect the overall deionizationrate because the oxygen ion can react with molecular
nitrogen whereasthe nitrogen ion cannot. In general?the region within which molecularoxygen is destroyed
is largerthan the region in which molecularnitrogen1sdestroyed,so that without reaction (b.2) nitrogenions
could survive in a largervolume.

O RECOMB I NAT I ON

,0-6

10-8

n

~

u
- 10-10

u
t-

2

10-12

10-14

1 , , 1 , , f

ne =

1 1 I {

102 ,03 10’$ 105

T (K)

Fig. 3.2. The oxygenrecombinationrateconstantfor the sameninevaluesof electrondensityin Figure3.1.

The rate constant for reaction (b.2) hsa been measuredat ion energieswellabove 1 eV. The only indication
of which we are awareof the rate constant at lower temperaturescomes from an inferencefrom nucleartest
data by Scheibeand Kaufman(private communication). Their inferenceof a lower limit to the rate constant
is 1.0 x 10-12 cc/s. We have used a valuetwice that, only for consistencywith other calculations.

Reaction (b.2) is computed only when recombinationis occurring.
Becausethe rate constants in Eqs. (3.14) and (3.16) are held constant over an integrationtime step, and

because reactions (a) and (b) can consume or releaselarge amountsof energy, it is sometimesnecessaryto
limit the reactiontime step to a valuethat is smallerthan the FADCAT time step. One repeats the chemical
integrationtime step until the FADCAT time step is completed. The condition on the reaction time step
is that the fractional change in internalenergy caused by the chemicalreaction be less than 0.075. For the

10



Kin fish problem Reaction Group 1 is the only reactiongroup for which it is sometimesnecessaryto take a
fsma ler reaction time step than is imposed by FADCAT. For lower altitude explosionstime steps taken for

other reactiongroups may also need to be limited.

REACTION GROUP 2

O+ + Nz ~ NO+ + N (

These two reactionsarc independentand are integratedindependently.The rate equationsare

[~+] = –k[Af+][02],k= 2.8 X lo-10cm3/S 11 (3.17)

and

[b+] = -k[O+][NZ]. (3.18)

For reaction (d the rate constant is 3 x 10-14/T for T < and 1.2 x 1 for T > The
itemperatureis irnitedto 0.02< T s 1.0 eV.

REACTION GROUP 3

0+ -1-02+ 02++ o (e)

This reactionis includedto providea fasterreactionpath for destructionof O+ thanwouldexist via reaction
(d) in cold air. In heated air (but with moleculesstill present)reaction (d) will be faster.
‘ ‘The rate equation is similarto Eq. (3.18) with k = 2.2 x iO-llcm3/s.il Because02+ is neededonly as a
product of this reaction it is not carried explicitly ss a speci~ in the chemistry ~outine. For computational
purposesthe product 1sassumedto NO+. This can be ratlonahzedekher by assummgprompt chargeexchange
between02~ and NO, or by transmutation.

REACTION GROUP 4

NO+ + e * N + O (f)
The rate equation is

[ = k l- k 2(

k = 1 x 1 T 0 6 eand k = 9.27 x 1 0 -In integratingEq. (3.19) we do
includeelectron densityattributableto N+ and O+, as well as to NO+. The integrationis still analytic.

REACTION GROUP 5

N + Oz ~ NO+ O, k = 4.4x 1 e x1 (

N + NO + N2 + O, k = 3.4 X 10-11 14 (

Reactions (g) and (h) are combined to give a quasi-steadyNO density. The main purpose of including
these reactions is to provide undersome circumstancesa faster path for N-atom recombinationthan 3-body
recombination.

The NO densityis first adjustedto its quasi-steadyvalue,definedas

[No]= : [02], (3.20)

I



IN],~O]and [02 being adjusted if [NO must be
1 c1 f i 1 11

reduced, the changesin NO] and [02 being treatedself-
cons~tently) [N , [0] and [Nz] being a justed if NO] must e deatroyed. hen, under t e assumptionthat
reaction (g) is rate-hmiting,destructionof N atoms during the integrationintervalis computed with the rate
equation

[i] = -2 k,[iq[o,] (3.21)

The changesin [N] and [02] are computed explicitly. The changein [NO] is computed with Eq. (3.20). The
changeain [Nz] and [0] are computed from conservationof nitrogenand oxygen atoms.

REACTION GROUP 6

N + O+A4 e NO+ M, k = 1.60x N-33/T* 11 (i)

This reaction is included only if the quasi-steadyNO density resultingfrom its use with reaction (h) is

%
reater than the the quasi-steadydensity given by Eq. (3.20). In most cases Eq. 3.20 gives the larger\]
ensity. Because recombinationof N atonuihas already been computed via Eq. (3.21 thw reaction is used

only to increaseNO to the larger, quasi-steadyvalue. If reaction (i) wereoften the dominantreactionfor NO
production the logic used for reaction groups 5 and 6 would have to be changed.

REACTION GROUP 7

2N + M * Nz + M,

k = 8.3 X 10-34ezp(O.0431/T), k = 1.9 x-g T ” 61

(j)

and
(2 M - + M

k = 3.4X 10-34/T, k = 8.7 x 1 T ” 51

The rate equationfor reaction (j) is

[~] = - 2+ 2

the rate equationfor reaction (k) is analogous.

(3.22)

B. Tests of the Chemistry Integration

Results given by the sequential, analytic integrationscheme have been checked against results given by
numericalintegrationof the same rate equationswith the same rate constants. The numericalintegrationof
the rate equations is done by the subroutineSDRVB3 in the Common Los Alamos MathematicalSoftware.
The subroutineis writtenby D.K. Kahanerand C. D. Sutherland,and usesthe GEAR integrationtechnique.16
In the numericalsolution all rate equationsare fully coupled.

For these comparisons we have altered the treatment of Reaction Group 1 so that both ionization and
recombinationrates are integrated,without regard to the equilibriumionization. We make this modification
because it is difficultto impose the equilibriumcondition on the numericalintegrator.

We have made comparisonsfor three sets of initial speci~ densiti~, which me repraentative of weakly
diaturbed,moderatelydisturbed, and strongly disturbedconditionsat 90 km altitude. For each set of species
densitieswe use two initial temperatures,giving us a total of SiXt=t CUM.

The sequential,analytic integrationis intendedto run in-linewith a hydrodynamiccalculation. The hydro-
dynamicswillsuperimposetemperature(and alsodensity)changeson top of the temperaturechangesproduced
by changu in chemical energy. Without running a hydrodynamic calculationwe cannot incorporate hydro-
dynamicallyinduced temperatureand density changesinto our test problems. Rather, we make simplifying
assumptionswith respect to both densityandtemperature.The total massdensityis held constantin all cases.
One set of comparisonsis made with temperaturealso heldconstant. Another set of comparisonsis made with
the temperatureallowedto changein responseto changein chemicalenergy.
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TABLE 3.3. InitialSpeciesDensities”and Temperatures*

[N+]
[0,]
[0]
[0+]
[NO]
INO+]
[e-]
Temperature1
Temperature2

Case 1

4.9 x 1013
2 x 1012
1 x 1011
1.21x 1013
2 x 1012
1 x 1011
0
5 x 1011
7 x 1011
0.04.3
0.086

case 2

3.53 x 1013
2 x 1013
5 x 1012
7.43 x 1012
6 X 1012
1 x 1012
0
5 x 1012
1.1 x 1013
0.173
0.345

Case3

6.1011
5 x 1013
5 x 1013
2 x 1011
1.33x 1013
1.33 x 1013
0
0
6.33 X 1013
0.517
0.345

8cm-3
beV

These cases may bound many real cases. For example, if chemical energy is being released,temperature
will rise. However,the gas will probably respond by expanding, both reducing the net temperaturerise and
slowingthe rate of chemicalreactions.

The initialspecies densitiesand temperaturesare shownin Table 3.3.
Results of the comparisonsare shown in Tables 3.4 and 3.5. The reaultof primary interest ia chemical

energy,the changein which (lessradiationlosses,if any) is the energyaddedto or subtractedfrom the thermal
energy. We also show comparisonsof computed electron density.

To compute temperaturefrom thermalenergy,and vice v w assumethat the N2 vibrationalstatesare
populated in equilibrium,and we ignore vibrationalexcitation of 02, NO, and NO+.

The comparisonsbetweennumericaland sequential-analyticintegrationsat constant temperatureare con-
sideredsatisfactory. The differencesin temperaturein Cases2 and 3 that occur when temperatureis allowed
to vary can be traced to differencesin the ratesof recombinationof N2 via Reaction Group 5. The sequential-
analytic integrationof Reaction Group 5 will be reexamined, because this Reaction Group can be expected
to be more important at loweraltitudesthan it is at Kingfishaltitude.

V. RESULTS

In order to gain confidencein our intermediatealtitudefireballmodel (i.e. FADCAT) we must compareour
numericalsolutions to analytic and/or experimentalresults. This is an ongoing proceas. Analytic resultsdo
not exist for realisticbursts. However,since a fireball is, crudely speaking, a shock ball, then it makessense
to test CAVEAT with 1-D shock problems where analyticalresultsexist. The results of two test problems
havebeen documentedin Addessioet all and Dukowicz‘. The firstproblem is an infinitelystrong shock w
propagating into a stratifiedgamma law gas. The second problem is the sphericalNoh problem solved on a
cylindrical mesh. We do not reproduce the resultsfrom these test problemshere, but only mention that the
agreementbetweennumericaland analyticsolution is excellent.

The best test of FADCAT is comparisonwith experiment.There werefour historiceventsthat can be used
~ tat cMeslT. These include two events from the 1958 HARDTACK test series in the Pacific ocean - Teak
(at 76 km altitude) and Orange ( at 43 km altitude .

I!
The other two events are from the 1962 FISHBOWL

test series- Kingfishand Bluegill. Kingfishand Tea have been simulatedon FADCAT. The analysisof the
numericalresultsis classifiedand is to be documentedelsewhere.

We report herethe resultsof two realisti~,hypotheticalevents. The firstevent is the detonationof a 1 MT
device at 80 km altitude. The second eventE the simultaneousdetonationof two 1 MT devices,one at 80 km
altitudeand the other 20 km directly below it at 60 km altitude. In each case FADCAT startedat one second,
havinginterfacedwith an earlytime fireballsimulatorat this time. MODEL3 w t e t simulatorfor
event 1 and event 2 combined this output with the RADFLO-2D output of a 1 MT device at 60 km.

In order to give a flavor for the initial conditions we plot in Figures 4.1.a-c isothermsat one second for
1 MT at 60, event 1, and event 2. Furtheranalysisand descriptionof the initial conditions will be detailed



TABLE 3.4. Comparisonsof Numericaland SequentialAnalytic Integrationsat ConstantTemperature

ChemicalEnergy [e-]

Csae/Time Temperature num (S-A) num (S-A)
Ctse 1
0 . 0s
0.001
1.0

10.0

0.0 s
0.001
1.0

10.0

Csse 2
0.0 s
0.001
1.0

10.0
0.0
0.001
1.0

10.0

Csse 3
0.0 s
0.001
1.0

10.0

0.0
0.001
1.0

10.0

0.043 eV 2.3 x 1013eV/cm=
2.1 x 1013
1.9 x 1013
1.6 X 1013

0.086 2.3 X 1013
2.1 x 1013
1.5 x 1013
1.4 x 1013

0.173 eV 2.8 X 1014
2.2 x 1014
2.0 x 1014
2.0 x 1014

0.345 2.8 X 1014
2.2 x 1014
2.0 x 1014
2.0 x 1014

0.345 eV 1.3 x 1015
1.0 x 1015
5.7 x 1014
5.6 X 1014

0.517 1.3 x 1015
1.3 x 1015
5.8 X 1014
5.6 X 1014

2.3 X 1013
2.1 x 1013
2.0 x 1013
2.1 x 1013
2.3 X 1013
2.1 x 1013
2.1 x 1013
2.1X1013

2.8x1014
2.1X1014
1.9X1014
1.9X1014
2.8x1014
2.2X1014
2.OX1O14
2.OX1O14

1.3X1015
1.OX1O15
5.6x1014
5.6x1014
1.3X1015
1.4X1015
5.7X1014
5.6x1014

7.0 X1011 7.0 X1011
7.4x lo10 6.6x lo10
3.0X106 3.1X106
3.1X105 3.1X105
7.0 X1011 7.0 X1011
7.7x lo10 7.6x1010
4.OX1O6 4.1X106
4.0X105 4.OX1O5

1.1X1013 1.1X1013
1.8x1012 1.4X1012
5.0X107 4.5X107
5.0X107 4.5x 10’
1.1X1013 1.1X1013
1.8x1012 1.7X1012
3.9X109 3.7X109
3.9X109 4.OX1O9

6.3x1013 6.3x1013
3.2x1013 3.1X1013
4.4X1011 3.3X1011
7.9x lo10 7.0x lo10
6.3x1013 6.3x1013
5.4X1013 5.7X1013
1.OX1O12 8.5x1011
1.5X1011 1.6x 1011

elsewhere.Ineach ofthese figuresifthere wereno bursts the isothermswould be exactly horizontalreflecting
thearnbient temperaturevariationwith altitude. The isothermsin Figures 4.1.a and 4.1.b are not exactly
circular because the energy depmition covers an altituderange larger than an atmosphericscale height, due
to the thin air at thesealtitudes. For examplethesmallest contour plotted in Figure4.1.a(O.05 eVor580K)
extends6.8 km downward,8.1 km radially,and 10.2 km upwardfrom the burst point. Figure 4.1.b showsan
even greaterasymmetry.

Figure 4.1.c also displays why the axisymmetric2-burst problem waa separatedby 20 km. The chosen
separation is so that only the relatively lower temperatureisothermsintersect, and hence the overlapping
interactionregionis relativelysmall. Thereforewe can expect that our 2-burst initialconditions, derivedfrom
the output from 2 separatecodes on 2 separatemeshescombinedonto a third mesh, will be fairly realiatic.We
could have separatedthe bursts even further, in fact to the point wherea region of unperturbedatmosphere
existedbetweenthem. Howeverif we had done that then the two evolvingfireballswould not interactuntil a
much later time.
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TABLE 3.5. Comparisonsof Numericand SequentialAnalytic Integrationwith VariableTemperature

Temperature(eV) ChemicalEnergy(eV/cm3) [e-]

Case/Time (Nurn) (S-A) (Num) (S-A) (Num) (S-A)
c a 3 e1
0
0.001
1.0

10.0

0
0.001
1.0

10.0

c 3 3 e2
0
0.001
1.0

10.0

0
0.001
1.0

10.0

ca3e 3
0
0.001
1.0

10.0
0
0.001
1.0

10.0

0.043
0.058
0.095
0.096
0.086
0.010
0.134
0.134

0.173
0.42
0.52
0.49
0.345
0.59
0.58
0.50

0.345
0.68
1.2
1.2
0.517
0.69
1.2
1.2

0.043
0.058
0.058
0.058
0.086
0.101
0.100
0.100

0.173
0.43
0.45
0.40
0.345
0.59
0.47
0.41

0.345
0.55
1.2
1.2
0.517
0.52
1.2
1.2

2.3 X 1013 2.3 X 1013
2.1 x 1013 2.1 x 1013
1.5 x 1013 2.1 x 1013
1.4 x 1013 2.1 x 1013

2.3 X 1013 2.3 X 1013
2.1 x 1013 2.1 x 1013
1.4 x 1013 2.1 x 1013
1.4 x 1013 2.1 x 1019

2.8 X 1014 2.8 X 1014
2.2 x 1014 2.2 x 1014
2.0 x 1014 2.2 x 1014
2.1 x 1014 2.3 X 1014
2.8 X 1014 2.8 X 1014
2.2 x 1014 2.2 x 1014
2.2 x 1014 2.5 X 1014
2.4 X 1014 2.6 X 1014

1.5 x 1015 1.5 x 1015
1.3 x 1015 1.4 x 1015
1.2 x 1015 1.2X1015 .
1.2 x 1015 1.2 x 1015
1.5 x 1015 1.5 x 1015
1.4 x 1015 1.4 x 1015
1.2 x 1016 1.2 x 1015
1.2 x 1015 1.2 x 1015

7.0x 1011
7.7 x 101’J
3.9 x 106
4.2 X 105

7.0 x 1011
7.7 x 1010
4,8 X 106
4.8 X 105

1.1 x 1013
1.7 x 1012
1.8 X 1010
1.6x101°

1.1X1013
1.5X1012
3.OX1O1O
2.1 X101O

6.3x1013
5.5X1013
,4.6x1013
4.6x1013
6.3x1013
5.7X1013
4.7x 1013
4.7X1013

7.OX1O11
6.8 X101’J
4.2x105
4.2x105

7.OX1O11
7.1 X101O
5.2x106
5.2x105

1.1X1013
1.7X1012
2.5x101°
1.7 X1OIO

1.1X1013
1.5X1012
3.2x101°
2.1 X101’J

6.3x1013
5.7X1013
4.5X1013
4.5X1013
6.3x1013
6.0 x1013
4.7X1013
4.7X1013
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Fig. 4.1.a. TheairtemperaturedistributionineV, atl second,of theairsurroundingal MT burstat60 km. Theearly time
fireballsimulatorfor thiscasewasRADFLo-zD.
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Fig. 4.I.c. The air temperaturedistributionin K, at 1 second,of the air surroundingthe twosimultaneous1 MT burstsin
event2. The twodetomtionsat 60 andso km areclearlyvisible.

We are now confrontedwith the problem of how to displayor describeor analyzean enormousamount of
numericaloutput. We will report here on what we feel are the highlights.We can alwaysgo back and extend
the analysisbecause we have saved a seriesof numericaldata dumps. Perhapsthe most obvious featureof
fireballevolution is the shock front. At early times the shock front is smearedout and becomes much sharper
ss time evolves. Figures4.2.a,b plot the position of the shock top and bottom and the maximum horizontal
radius, respectively,from 2 to 30 seconds for both of the hypotheticalevents. There are severalinteresting
features.The shock top for event 1 (the 1 MT at 80 km) and for event2 (the 1 MT at 80 and at 60 km) start
at identicalpositions. This is certainlyreasonable,since as we have seenfrom the isothermsin Figure 1, the
lowerburst does not disturb the air above the 80 km burst to any largeextent. We also see from Figure4.2a
that the shock tops of the two events track nearly the same path. The shock top positions ive roughly a

%uniformvelocity,after 10seconds,of 3.85 km/s and 3.95km/s for events1 and 2 respectively.T ese numbers,
differingby less than 3 per cent, may be equivalentto within grid resolution. Each calculation was run on
a computationalgrid of 50 horizontalby 100 vertical zones. This is relativelycrude zoning but was deemed
adequatefor these hypothetical events. The zoning was finer in event 1 because it did not requireas much
verticalspace. Event1 required1783computationalcycles to reach30 secondsfrom the 1 secondstartingtime.
This gives an averagetime step of 16.3 ma. Event 2 required1835cycles which gives an averagetime step of
15.8ms. Both eventsweresimulatedin a purely Lagrangianmode with an occasional remapto an orthogonal,
time dependent,quadrilateralgrid. Both eventswererezonedeverysecond from 2 to 15secondsand everytwo
secondsthereafterwhich gives a total of 21 rezones. Hence,on average,a rezoneoccurred every 80-90cycles.
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T (SEC)
Fig. 4.2.b. The timeevolutionof themaximumshockhorizontalradiusforevents1 (dash)and2 (solid).

The downwardpropagatingshock of event 2 starts about 20 km below the downwardpropagatingshock of
event 1 for the obvious reason that the second burst in event 2 was 20 km below the single burst of event 1.
Both bottom shocks are damped to the point of being indistinguishablefrom the ambientatmosphereby 15
seconds. The dampingis due to the shock propagatinginto a densermedium. It is still possible that a sound
wave is propagating down and in fact all the way to the ground. We do not track this possibility. In fact, a
loud boom washeard by observerson board ship duringthe Kingfishand Bluegilltests.

The maximumhorizontalradii (Figure4.2.b) start at the samepoints for the 2 eventsand againtrack very
similarpaths. The altitudeat which the maximurnradiusoccurs is time dependent. It takesabout 20 seconds
before a roughly constant maximum radius velocity is establishedto be compared to the 10 seconds for the
shock top velocity. After 20 secondsthe maximumshock radiusvelocity is 2.1 km/s for both events. The main
conclusionto be drawn from studying the shock evolution is that the lower burst in event 2 only affects the
positionof the bottom shock which diesby 15seconds.

Figures4.3.a,b also support this conclusion. Each figure displaysisothermsat 30s in the evolution. The
temperaturedistributionfor event 2 at 1 second (Figure 4.1.c) clearly delineatesthe two bursts. However,at
30 secondsthe shock envelopesas outlinedby the isothermsin Figures4.3.a (event 2) and 4.3.b (event 1) are
verysimilar. The temperaturedistributionwithinthe shock envelopesstill is different,and one can clearlysee
the remnantof the lowerburst in event 2 in Figure4.3.a.
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The electron (or ion) density distributionis an important property becauseelectrons and ions are usually
associatedwith emissionprocesses.The ambientatmospherecontainsfew or no electrons/ions at intermediate
altitude. The detonation of a nuclear device immediatelycreates a great deal of ionization. The ionized
atmospherethen relaxesback to a neutralstate becauseof variouschemicalreactions (see section 3). Figure
4.4 plots the numberof ions in the computationalgrid for events1 and 2 from 2 to 30 seconds. The two curves
are very similar in shape with event 2 starting with a greaternumberof ions. However,contours of constant

!
electron density Figures4.5.a,b) show the effect of the lower burst. Event 2 (see Figure 4.5.a) shows three
distinctregionso high electronconcentration. (We note that if one choseto plot lowercontour levelsthen the
three regionswould all be encompassedby a curve of a lowerelectron concentration). Event 1 (Figure 4.5.b)
only shows two regions of high electron concentration. The lower burst maintainsa low altitude region of
relativelyhigh electron concentrationnearthe lowerburst point of 60 km. The electron concentrationsin this
regionrangefrom one to ten millionper cc. Also the bottom of the middleregionof event2 is squashedby the
lowerburst. We also note that the electron/ion concentrationscan be very sensitiveto the chemistrymodel.
We found, while debu ging the chemistrymodel, that it is quite possible to changethe electron distribution

fsignificantlywithout c angingthe position of the shock envelope.
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Fig. 4.5.b. Contoursof constantelectrondensityforevent1. The gridscalesandthecontourlevelsareidenticalto Figure4.5.a.
We seetworegionsof highelectronconcentration.

The heave of the disturbed air is an important aspect of fireball evolution because it moves substantial
msss to higher altitudes for long periods of time. Figures4.6.a,b plot contours of constant density,at 30 s,
for events 2 and 1 respectively.The higheraltitude contour levels 1-6 are very similar in shape and location
for the two events. In fact, the 5 x 1O-llgrn/cc densitylayer is heaved45 km, at the verticalsymmetry axis,
for both events. The 1 x 10-9grn/cc density layer is heavedonly 6.5 km for event 1, but 20 km for event 2.
The lowerburst in event 2 enhancesthe heaveof the middle densitylayer contours sevenand eight, enhances
the downwardpush of the lowerlayercontours 11 to 14, and complicatesthe shapesof the contours 9 and 10.
For example, the 1 x 10-7gnz/cc layeris depressed5 km in event 1 and is depressedapproximatelytwice that
much for event 2.
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VL SUMMARY

We have described in detail the physics and chemistry modeling that is in FADCAT. The explicit, finite
difference, controlvolumehydrodynamicsisexactly that of CAVEAT whichis documentedelsewhere.We have
detailedthe numericsof the inlinechemistrymodel and haveincludedthe resultsfrom representativetest cases.
The chemistry modeling is an evolving process. This is because air chemistry is strongly altitude dependent
and computationallytime consuming. We have highlightedthe resultsof two realisticburst scenarios.

The total computational rind time, on a CRAY XMP machine,for the two eventssimulatedaveragedout
fto be about 280 microseconds/zone/cycle which includescpu, i/o, and memory. Since thesesimulationswere

run in the Lagrangianmode, with only an occasional remap,most of the CPUtime was spent doing chemistry.

VII. APPENDIX A: ASPECTS OF THE NUMERICAL SOLUTION

In this section we describe the adaptations made to CAVEAT to create FADCAT. The key featureaof
CAVEAT that made it usefulfor adaptationis: (1) its useof a Riemannsolver and henceno need for artificial
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viscosity, (2) its separationinto a Lagrangianand rezonephaa~,(3) its second order spatial accuracy,and (4)
its arbitraryEulerian-Lagrangian(ALE) mode of operationoption. The term rezonemeansherethe advection
done every hydrodynamic cycle in a non-Lagrangiansimulation. The hydrodynamic motion of a fireball is
dominatedby its high Mach numbershock front. The Riemannsolver, coupled with the second order spatial
accuracy,providesexceptionalshock resolutionwithout the adjustableparametersthat would be necessaryin
an artificialviscosityformulation. Also, the Riemannsolvernaturallyleadsto definingall physicalvariablesat
cell centers. This is especially-usefulbecausethenonly one ~olumeelementis involvedwhencalculatingenergy
sums for an energy conservationcheck. In fact, when gravity is ignored, FADCAT conservestotal energy to
machineaccuracy.

The in-linechemistry,discussedin an earliersection, assumesthat it is operating on a Lagrangianvolume
element. In other words there is no species influx from neighboringcells. It is thereforecalled at the end of
the Lagrangianphaseof the hydrodynamics. If the particularevolutionis not run purely Lagrangian,then the
numberdensitiesand vibrationalenergy(insteadof massdensityin a purelyhydro calculation)are advectedin
the rezonephase. At the end of the rezonephasethe cell temperaturesare adjusted to satisfy Equation3.11.

FADCAT is usually run in a purely La rangianmode, with an occasional remap to an entirely new com-
%mutationalgrid. The term remap means t e mapping of the code variablesinto a new arbitrary grid. This

is only done when the current grid is inadequatedue to, for example, distortion. However, this requiresa
carefulobservanceof zonal geometriesand usuallyresultsin the smallesttimestep relativeto other possible
modes. Thereforewe sometimesrun in an almostLagrangianmode. In this mode the grid vertexvelocitiesare
a linearcombinationof the Lagrangianvertexvelocitiesand the rezonevertex velocities. Rezonevelocitiescan
be determinedby a varietyof techniques.The schemeof Brackbilland SaltzmanIs is a notable method that
is used in CAVEAT. This techniqueuseathe meshgeneratorequationsso that adaptivity in the mesh motion
can be included. Also for some problems, and for some time intervals,it is advisableto run in an Eulerian
mode. An example is the case of multipleinteractingbursts?or bursts wherevortex motion is extreme.

One of the fireballadaptationsmade to CAVEAT is the installationof a conservativeremap, mentionedin
section 2, for doing the occasional remap to an entirely new grid. We have chosen to conservetotal energy
(excludinggravitational),mass,and momenta. There is, therefore,someexchangebetweenkineticand internal
energies. Gravitationalenergy is also not conservedbecauseit dependson the mass distributionand not just
the mass.

We alsoevolve, in FADCAT, a set of massles.sLagrangianmarkers.The numberof markersand their initial
distributionx% is determinedby some problem dependentcriterion. Their evolution is then followedby

t

Xm(t) = x: +
[

Up d

d

whereUPis the velocity at the pcsition of the markerss a functionof time. Markeroutput includw the initial
number densitiesat each marker,and the density,temperature,and position of each markeras a function of
time. The markerposition is updated every computationalcycle, which means the marker must be located
to within a particular cell every cycle. This location is done by means of a a very efficientlocator routine
written by J.U. Brackbill19. Fullmarkerdata is output at a pre-determined,problem dependentset of times.
Figure A.1 displaysthe time evolutionof x~ (i.e. r and z in cylindricalgeometry), the temperature,and the
densityfor a typical run.

We have implementedthesemarkersfor chemicalpost-processing.Post-processingis necessaryfor emission
estimates of the fireball. It involves doing detailed chemistry on the marker output. Detailed chemistry
solves a networkconsistingof severalhundredreactionsand numerousspecies. The exact speciesset and the
correapondin set of reactions is problem dependent. The detailedchemistryinvolvesthe numericalsolution

iof a set of or inary differentialequationsof the form:

d b
— = P [ – L [ + [

d

The term [ni]~ describesthe changein speciesni due to volume change. The factor ~ in this term is
evaluatedat eachintervalbetweenFADCAT markeroutput times. The termsP and L a ratesof production
and loss, respectively,by chemicalkineticsfor speciesn . These termsaresumsover all the reactionsin which
speciesni ia involvedas a product or reactantspecies, respectively.The termsin each sum are the product of
the rate constant times the product of the concentrationsof all reactantsin the reaction. The rate constants
involvedare functionsof the temperature,and are evaluatedwheneverthe FADCAT temperaturevariesby a
prescribedfactor. The initialconcentrationsareset to thoseusedby FADCAT for the FADCAT speciesat the
initialmarkerlocations, and to zero for other species.
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Fig. Al. Themarkeroutputfroma typkxtlrun. lh thkcase,marker1691hadaninitialpositionof about16kminradius
(chaindash)fromthe burstpointandw= about 13 km abovetheburstpointof 80 km (chaindot). The markerw- firsthit by
the shock,emanatingfrom the tireball,at about 6 seconds.The temperature(dot) of the markerquicklyroseto about 1700 K
andcooledthereafter.The density(dash)quicklyquadrupledandthendecreasedby a factorof about16 by a timeo 3 seconds.
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