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A NUMERICAL MODEL OF THE LATE (ASCENDTNG)

STAGE OF A NUCLEAR FIREBALL

r .E .  Ga lba l l y ,  P .C .  Man ins ,  L .  R ipa r i  and  R .  Ba teup

ABSTRACT

A numeri.cal model of the late ascending stage of a nuclear

f i rebat l  is  presented.  The model  is  based on f ive equat ions cover ing the

conservat ion of  mass including entra inment,  buoyancy,  radiat ive loss,  the

energy balance of  the f i rebal l  and the veloci ty  d istance re lat ionship.  The

ideat gas law is used to relate pressure, volume and temperature and

Erikssonrs (1971) f ree energy minimizat ion scheme is used to calculate the

molecular composition and enthalpy of the fireball air. The model

simulations of the time dependent behavior of selected Parameters and the

final rise heights compare favourably with available data from mid latitude

explosions.  A s impl i f icat ion of  th is mode1, sui table only for  physical

calculat ions,  is  d iscussed in an appendix.
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1 . TNTRODUCTION

Recent ly there has been renewed interest  in the study of  nuclear

explosions and their  impact  on the atmosphere (Ambio L982).  There have been

new discover ies about the ef fects of  post-  explosion f i res re leasing

pol lutants into the atmosphere,  and the more wel l  known quest ions concerning

ni t rogen oxides,  radioact iv i ty ,  e lectromagnet ic pu1se,  f lash burning and

strock wave darnage have been reexarnined (Pittock et al. 1986). However while

these processes are generated by the nuclear f i rebal l  very l i t t le  is  known,

wi th in the open l i terature,  about these f i rebal ls .

As an aid to analyses of  the environmental  impact  of  nuclear

explosions a numerical  moclel  of  the 1ate,  ascendi .ng,  stage of  a nuclear

firebatl has been developed. This model conmences after the shock wave has

separated f rom the f i rebal l  and thus cannot address quest ions concerning the

shock wave. The product ion of  n i t rogen oxides,  radiat ion f lash intensi ty,

and height  of  r ise of  the radioact ive debr is can al l  be examined wi th the

model  presented here.  Furthermore other quest ions concerning f i rebal l

composi t ion can be addressed wi th th is model .

Complex numerical  models do exist  (e.g.  erode and Bjork,  1960) and

these descr ibe nuclear explosions in great  detai l .  Howeverr  according to

Bethe .1964\ and Brode (1968),  only the ear ly and mid t jme histor ies of

fireball development - before buoyant rj se of the hot vapour begins - are

considered by these models.  The behaviour at  fate t imes has apparent ly  been

studied at  length (Glasstone and Dolan L977, Fiq.10,p158) but  no informat ion

about the models which provide the basis for  presented resul ts is

forthcoming.

As far  as we know, the only accessib le report  deal ing wi th the

r is ing f i rebal l  is  by Waltman (1975) and the model  presented is  s ingular ly

unsuccessful  in s imulat ing observed behaviour.  The dynamlc model  presented

here ( i .e. ,  the model  wi thout  the chemical  react ions and associated

thermodynamic processes) is superficially similar to that presented by

wal tman og75).  However when the two models wi th ident ical  input

parameters are compared,  widely d i f fer ing resul ts are obtained.  Af ter
-detailed 

examination we are still unabLe to understdnd the numerical

solut ions presented in Waltman (1975).

The purpose of this Report is to document the basis of the new

model  of  nuclear f i rebal l  r ise,  to provide a detai led descr ipt ion of  the

code which implements the model so that others may utilize it' to present

limited comparisons of model output with available data, and to demonstrate

the sensi t iv i ty  of  the model  to var ious assumpt ions.  I t  is  not  intended

that the Report should deal with significant ne$/ research problems: these

are the subject  of  papers to be presented elsewhere.

2. INITIAI, AND AMB]ENT CONDITTONS

A near-surface nuclear explosion represents the case where the

f i rebal l  does not  touch the earth 's surface and no surface mater ia l  is

entra ined into the f i rebal l .  This wi l l  subsequent ly be descr ibed as a c lean

f i rebal l  and the only const i tuents present wi l l  be those f rom ambient  a i r .
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Another case,  not  considered here,  i -s  that  of  a surface nuclear

explosion.  I t  may be descr ibed as a di r ty  f i tebal . I  and the composi t ion of

the fireball would include materials entrained from the surface during the

ear ly stage of  the explosion.

2.1 Ambient  atmospher ic condi t ions

The ICAO (1964) slandard atmospheric conditions used by Manins
( l ,gg5) are employed here.  The surface is  taken to be at  mean sea level  and

in mid lat i tudes ( t30o to +70o lat i tude) the t ropopause is at  an al t i tude of

11km. The ICAO standard atmosphere assumes hydrostatic conditions prevail

0 q

where p is  atmospher ic pressure,  g is  accelerat ion due to gravi ty '  0 is  the

densi ty at  leve1 z and the subscr ipt  denotes ambient  condi t ions.  The

standard vert ical  d ist r ibut ions of  tempetature,  pressure and densi ty f rom

the surface to an al t i tude of  40kn as given in ICAO (1964) are used. The

composition of the atmosphere is given in Table 1 and has been adapted from

Va11ey (1965) taking into account recent  data for  Co, and water vapour.

,  The rate of  r ise of  thermonuclear f i rebal ls  is  so large (up to 200

* s-') that the influence of anrbient winds on growth of the fireball may be

ignofed. Wj-nds will determine the subsequent spread and transport of

f i rebal l  mater ia l  at  the ul t imate height  of  r ise.

2.2 Energy part i t ioning fo l lowing a near-surface nuclear explosion

The energy part i t ioning in a nuclear explosion is  uncerta in-  The

total  energy re lease can be calculated f rom the amount of  f iss ion (and

fusion i f  appropr iate)  that  has taken place.  According to Glasstone and

Do lan  G977 )  p .7 ,  f o r  a  f i s s i on  nuc lea r  exp los i on  beJ -ow  40 ,000  f t '  t he

enerqy is  part i t ioned into thermal  radiat ion 358,  a i r  shock 50t .  in i t ia l

nuclear radlat ion 54,  and residual  nuclear radiat ion 10*.  The residual

nuclear radiation is not included when the energy ylelcl of a nuclear

explosion is  stated,  e.g. ,  in terms of  the TNT eguivalent .  Hence the y ie ld

is 9Ot of  the tota l  f iss ion en€irgy . (or  95* of  the tota l  f iss ion-fusion

energy for a thermonuclear explosion) 
-. 

Thus the energy partitioning as a

funct ion of  y ieId,  W, for  a f iss ion explosion would be thermal-  radiat ion

39t,  a i r  shock 56t ,  ancl  in i t ia l  nuclear radiat ion 5t .  l lowever two detai ls

compl icate th is p icture.  Fi rst ly  there is  another source of  energy loss '

th is is  the energy diss ipated v ia entra inrnent  and buoyant r ise of  th is

f i rebal l  and th is wi l l  be discussed later .  Furthermore accordingr to

classtone and Dolan ( \97'7)  p3L3, the thermai  part i t ion for  var ious explosive

yie lds at  sea leve1 is  0.35,  in contradict ion to the 0.39 (39E) c ler ived

above.

( 1 . |:E
dz

The  t o ta l  ene rgy ,  o r  r y i e l d ' ,  W ,

expressedo in Mt of  TNT equivalent .
4 .18  x  10 -  MJ  o f  ene rgy .

of a thermonuclear explosion is
1 Mt of TNT equivalent releases

1



Tab1e 1:  The composi t ion of  ambient  a i r

( a ) ATMOSPHERIC I4IXING RATIO FOR DRY AIR (V,/V)

spec ies

N .

o2

coz
Ar

Mixing Ratio (V,/V)

0 .  7 8 0 8 3 6

o.209487

0 .  0 0 0 3 4 0

0 .  0 0 9 3 4 3

( b ) VJATER VAPOUR MIXING RAT]O AS FUNCTTON OF HEIGHT

I le ight

(km)

Height

ltcm)

0 . 0

4 . O

8 . 0

1 t  n

1 6 .  0

2 0 . o

2 4 . O

2 8 . 0

3 1 . 0

l4ixing Ratio

(v /v)

0 .  0 L 0 1 2 9

0 . 0 0 3 0 5 5

0 . 0 0 0 4 3 4

0 .  0 0 0 0 3  7

0 .00001,4

0 .  0 0 0 0 1 0

0.00001-0

0 . 0 0 0 0 1 0

0 . 0 0 0 0 1 0

2 . O

6 . 0

1 0 .  0

1 - 4 . 0

1 8 .  0

2 2 . O

26.O

3 0 . 0

Mixing Rat io

(v/v)

0 . 0 0 6 1 1 0

0.oo7447

0 . 0 0 0 0 5 9

0.  00001-6

0.  000010

0 . 0 0 0 0 1 0

0 . 0 0 0 0 1 0

0 . 0 0 0 0 1 0

Actual mixing rat io of species (apart frorn Hro) is:

ory mixing rat io x ( l  -  Water vapour mixing rat io)
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while acknowledging that the efficiency of a blast depends
(weakly) on bomb design, Brode (1968) in a review of nuclear Ueapons effegts
gives a formula for thermal yiel i l , / total yield i= 0.4 + (0.06w' ' \ / \ t  + O.5w-'))
where W is in Mt. This indicates that the thermal partition fraction is
general ly greater than 0.4 and equals O.44 for a 1 Mt yield explosion. Some
early measurements of the thermal radiation from a nuclear detonation
(Broido et a1. 1953) indicate thermal eff iciencies in the range 0.34 to
0.45, decEl-sing with increasing yield over the range 1kt to 30 kt.

There is some uncertainty about the thermal yield, but values
around 0.40 t 0.05 are appropriate. Theoretical studLes of large explosions
(Taylor 1950a) suggest that half the energy is partitioned into the blast

wave and the other half remains behind the shock wave as wasted hot air that
in the case of nuclear explosions is the f irebal1.

This energy partitioning is essentially the time integral over the
lifetime of the explosion (^,1 min) of the energy used in a particular
process as a fraction of the total energy releaseil by the hreapon at the time
of the explosion. The sequence of events in such an explosion is described.
Init ial ly, a nuclear explosion generates a massive quanti ty of soft x-rays
which are imrnediately absorbed by the surrounding few metres of atmosphere
(Glasstone and Dolan 1977). A hot spherical isothermal bubble of
dissociated air and bomb products at very high pressure is formed. It
expands primarily by radiative transfer. A blast wave propagates outward,
shocking surrounding air to high temperature and pressure and for a short
period of time this shock wave is opaque. For definiteness, consider a 1 Mt
expJ-osion. As witnessed- from afar, the temperature of the explosion
decreases rapidly but wlthin a few tenths of a second the blast wave has
expanded so far away from the directly heated gases (the fireball) that the
air in the shock wave is no longer shocked to high enough temperature to be
opaque. The fireball is then visible through the shocked air and begins to
cool rapidly by emission of radiat ion to the far f ield (Brode 1968). The
supply of radiant energ'y can be thought of as coming from a cooling wave
propagating into the fireball, and is manifest by a slow shrinking of the
radiating surface (Bethe l-964). However, to an observer, the apparent
temperature of the fireball at first begins to rise as the much hotter
fireball becomes visible through the clearing shocked air. The shock wave
is then moving ahead of the central fireball and this stage is termed
rbreakawayr. By about 0.9s after detonation of the device the 'second

thermal maximumr is reached. The temperature of the fireball stabilizes at
a value between 6000K and 10,000K, independent of device yield, before
falling again. Bethe (1964) indicates that the second thermal maximum for a
near surface expJ.osion occurs when the fireball is at a pressure of 500 kPa.
However the shock wave expands quickly and the fireball rapidly relaxes to
arnbient pressure. Model calculations presented in Brode (1968) show that
while a fireball from a 1 Mt explosion in near surface air reaches its
second thermal maximurn at 0.9 secoRds (120*) the fireball has relaxed to
ambient pressure at some tine around 1.3 seconds. The maximum radius
observed around this time, d:r (a parameter to be used in the model
presented here) will oicur w1len the fireball has relaxed to ambient
pressure. At this stage the radLation to the far field is most intense, but
it decays rapidly to zero thereafter as the tenperature decreases to below a
few thousand K. Also at this time the fireball has temporariLy ceased to
expand and even begins to shrink. Soon after, hydrodynamic forces start to
dominate, the fireball begins to rise and grow again by entrainment of
ambient air.
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We take the time just after the second thermal maximum when the
pressure has relaxed to ambient as the initial state (tine t=0) for the
model to be presented here. The fireball is treated as a hot isothermal
spherical thermal of radius a and characteristic density P. Actually the
fireball is distorted initially by its proximity to the ground and by
reflected blast waves, and later by the development of a strong internal
circulation and stem-cLoud. Its density also varies due to radiative
effects and incomplet-e rnixing. The thermal is assumed to be at a.mbient
pressure throughout the model calculati.ons. The temperature of the initial
state, T., is set at 8000K in conformity with the data of Glasstone and
Dolan (1977). Independence of this initial temperature on device yield
implies that the volume of the fireball then is proportional only to the
y ie1d.

The init ial  excess energy of the whole f lrebal l  or thermal, E.,
(above ambient conditions) is

E, = 8x4.18x1015xw (J) ,
t

where B is the fraction of the initial explosive yieId, W, (in Mt) remaining
in the f irebal-I  at t ime t=0. I f  at t=0, 0 ls density, and V = 4/3n a.3 is
the volume of the sphere, E. is given by the enthalpy excess of the
firebal l ,  p.V{h(T. ) -h(T-) }.  {rne specif ic enthaLpy of the f irebal l  is
represented'by h(t) where T is. tenperature and the subscripts i  and 6
represent initial (fireball) and anibient conditions and a variabLe without a
subscript is that variable for the fireball. Note that initially, at least,
some of the energy is stored as chemical energy in the dissociated gases
making up the fireba1l. This is discussed further when the thermodynamic
equation for the thermal is presented. We have

^  1 5  4
^i" fr = gx|.tsxto" ]:|r.9. {n (ri) -h (r_) } . (3)

This scal ing is the same as that used by Taylor (L950a). Observational
evidence about f i rebalL characterist ics is presented in Taylor (1950b),
Glasstone (1962) ,  Brode (1968) and waltman (1975). The avai l-able data on
initial fireball radius for bombs ranging from 1kt to 1Mt are summarised in
Table 2.o Fron_rthis table a representative value of a.37'W is approximately
0.5 x 1-0" m3Mt 

t 
and by application of Eq.(3) this co-rresponds to a B of

O.44. (To calculate the enthalpy at T. = 8000K does require the full
procedure discussed in Section 3.3).

The constraint that B = 0.44 is used as the standard case in model
calculations. As tine increases most of the energry initially in the
fireball is subsequently radiated to the far field and the rest is
dissipated by mixing of ambient air into the fireball as it rises. we note
that 20* of the ther,mal radiation lost to the far field is radiated before
the secontl thermal maximum (Glasstone and Dolan 1977). As the model
presented here cornmences just after the second thermal maximum, then the
calculated total radiant loss must be increased by 25t to account for this
early radiant loss.

( 2 )
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These are :There are f ive processes which descr ibe the f i rebal- l .

conservation of mass including entrainment
conservation of rnomentum
variation of chernical composition and enthalpv

with temperature
. radiative loss
. conservation of energy

These processes are described in the fol lowing sections:

3.1 Conservation of mass and. entrainment

Followingr Baines and Hopfinger (1984), we assume that the rate of
gtowth of the thermal depends only on its gaseous mass, m, momentum (which
implicitly contains the speed and density of the thermal) and the density
of the ambient air, p_ To lowest order this qives

oo

The growth due to influx of ambient air occurs at a rate proportional to
the surface area, A, the mean speed, u, of the rising thermal, and the 2/3
power of the ratio of densities of thermal and ambient air. This latter
term accounts for the difficulty of effecting turbulent growth when the
density across the sheared interface of the very light thermal is large
(Batchelor 1954). The constant of proport ional i ty e, is an entrainment
coeff icient: i ts constancy depends on an assumption of self-similari ty of
the thermalrs structure which takes a few thermal radii of rise height to
develop. Since the density dif ference is st i l I  large during that t ine,
entrainment, from Eq. (4), is sma1l and l i t t le error can arise from the
assumption.

The initial organisation of the thermal is an important
determinant of the value of the entrainment coeff icient (Turner 1957). A
disorganized thermal with l i t t Ie ini t ial  density dif ference has an o of
O.25, while a buoyant vortex ri-ng - a very organized thermal- - has an
entrainment coeff icient which, while almost always less than 0.25, increases
with buoyancy force and decreases as the square of the irnparted circui-ation.
Escudier and Maxworthy (7973) , reviewing the situation, come to the
conclusion that d is rarely subject to precise specif icat ion, even under
laboratory condit ions. Values in the range 0.01- and 0.35 can be expected.

Mantrom and Haigh (1973) present data for a "1ow yield, J.ow
altitude event" from which a value of q, can be derived. Probably based on
these same data, Waltman (1975) quotes values of q in the range 0.13 to
O.26 from nuclear tests. The data of Mantrom and Haigh are plotted in
Fig.1 as height of the centre of the f irebalI,  z, vs. Iateral half-width of
the cloud, a, both nondimensionalized by the half-width of the fireball when
it commences buoyant r ise, a,.  By considering avai lable evidence on r ise
heights, t ime to reach alt i tr ide and init ial  f i rebal l  diameters (e.9.,

^r"r[kJ"'dm
dt

t 4 l



1 8

1 6

1 4

Weapons data
( scaled to equivalent
sphere )

a=0.05 I
,  I  a = 0 . 1 0

/ I I weaponsdata
/ V/ ./ (toroidal

u = O . 1 5
shape)

=0.20

a=O.25

Comparison of model calculations with varying entrainment

coeificients, or with weapons data from Mantrom and Haigh

( l -973).  Height  of  centre is  p lot ted against  hal f -width of

f i rebalL -  both scaled by the in i t ia l  hal f -width '

1 2

z 1 0
2ai

I

6

4

2

1 2 3 4 5 6 7
a
q i

Figrure 1:
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Glasstone and Do1an 7977), we conclude that the data presented by Mantron
and Haigh are actually for an event with yield near J. Mt. Thus in Figure 1
we compare the prototype observations rrith results from the model developed
here for several values of a for a 1 Mt explosion. Note that the range of q
quoted by Waltman (1975) is in agreement with our simulations of the Mantrom
and Haigh ( l-973) data.

However, closer study of Figure 1 shows that the fireball's
l-ateral extent at first increases more strongly than the dianeter of model
thermals, and this is due to the development of a toroidal shape, probably
with a hollow centre and certainly with a strong circulation, in the
prototype (Glasstone and Dolan 1977) and laboratory analogn:e (Mantrom and
Haigh 1973). In view of the discussion above i t  would be quite surprising
to f ind an entrainment coeff icient near 0.25 since this characterises a
disorganized thermal, and at first glance crudely fits the observations
presented in Figure 1. Recognizing that, for a sphere of equivalent
surface area to the prototype toroidal structure, the radius will be
significantly less than the l-ateral extent of the toroid, we find that the
best agreement throughout the range of heights is obtained if the observed
values of a are reduced by a factor of 7.75 to faII  along the l ine
characterised by a = 0.1 in the model. The correspondence shown in Figiure 1-
is then part icularly close. The factor of 1.75 was determined by tr ial  and
error. It incorporates a deal of information about toroid structure which
is unavailable for prototype fireballs. Its constancy implies
self-similarity in the fireball structure and this is required by the model.
We take q = 0.1 as the standard case in model calculat ions.

3.2 Conservation of momentum

Escudier and Maxworthy (1973) presented the momentum equation for
a thermal:

+  k p _ ) u V l  =  v ( p _  -  p ) g

In setting down equation (5), Escudier and Maxworthy have made the
relatively minor assumption that there is no loss of momentum from the
thermal to a wake, :1.e., that there is no drag force on the thermal. The
j-nertia of the thermal in Eq. (5) is enhanced by a factor kp_ due to
displacement of the surrounding air.  The added mass coeff icienl,  k, is
assumed to be that for a sphere in potential flow, viz I/2 (Lanb 1952). The
buoyancy of the thermal relative to its surroundings changes the momentum of
the upward-moving air.

3.3 Composit ion and enthalpy

The elemental composition of the fireball has two components.
Firstly at the moment of cornmencement of the model vre define a fireball
composit ion, which for a clean explosion consists of moist air of
composition app'ropriate at the earthrs surfacei see TabLe 1. The fireball
composition is specified according to the number of atoms (in mole amounts)
of each element per kg of fireball material. During the running of the
rnodel additional mass of ambient air is entralned into the fireball. The

(s )d  . .
i l t  

L \P



1 0

composi t ion of  th is a i r  is  def ined according to Table 1.  A mass balance is

kept for each element, so that the elemental composition of the firebal-I is

known at any time.

Accompanying this elemental composition record, there are

calculations of the tikely chemical composition of the firebirll and its

enthalpy for the appropriate range of fireball temperatures. A limited set

of  chemical  species -  Iess than 50 -  are chosen according to their

likelihood of occurring in the fireball for the range of elemental

compositions being considered. A free energy minimization scheme of

Er iksson (1971) is  used to calculate the chemical  composi t ion and enthalpy

of an equilibrium mixture having the elemental conposition of the fireball

for a given temperature and pressure. This scheme can handle solid' liquiil

and gaseous phases and charged species,  of  up to ten elements in each

calculation. Thermochemical data for the various species is drawn from a

computer-based library of information (Turnbutl and Wadsley 1984).

The ef f icacy of  th is vers ion of  Er iksson's (1 '971')  procedure' for

calculating high temperature chemical equilibria is tested in two ways. A

calculation !{as performed to duplicate that of Gilmore (1955) of the

equilibrium composition of dry air at 8OOOK. The comparison is presented in

table 3 (a)  .  The resul ts are al l  in  good agreement,  though s l ight ly

different due to changes in the accepted values of !.hermodynamic properties

of the species. The one exception to this is 0 , where the currently

accepted heat of formation (JANAF 1971) is approximately 70 kcal,/nole higher

than the value used bv Gi lmore (1955).

The second test invol-ves comparing the dissociation coefficients Z

(= moles of  a i r  in heated state/moles of  a i r  at  STP) and the speci f ic

enthalpy h(T) as calculated in the present program with those presented by

Reynolds (1965).  Again the resul ts (Table 3(b))  are c losely comparable,

with differences that might be due to changes in accepted values of thermo-

dynamic properties.

Because the enthalpy of the fireball is predicted but the

temperature is unknown at each time step in the mode1, an iterative

procedure is used to calculate temperature. In this procedure the fireball

elemental composition, pressure and an estimated temperature are used to

calcufate enthalpy. The calculated enthalpy is compared against the

fireball model enthalpy and if necessary the calculation is repeated with a

further estimate of temperature until the two enthalPies agree. A quadratic

fit of enthalpy versus temperature in the desired range is calculated and

used to faci l i tate th is process.

The volume of the firebal-l is calculated from the equation of

state for an ideal gas

( 6 )

of moles of

pV = nRoT

where R^ is the gas constant for air and n is the total number

gaseous"chemical .species in the f i rebal l .

The density of the firebal_l is calculated using this volurne but

considering al1 species - sol id, l iquid and gaseous - for the calculat ion of

mass .



rable 3 (a) :

t l

Comparison of equilibrium composition at 8000 Kelvin and
varying density (ratioed to ilensity of air at STp) for the
Eriksson procedure and the RAND calculations of Gilmore
(1955) .  Units moles/(mole air at STP) . The syrr ibol e
represents free electrons.

Species
Iog10(density rat io) 1og1-0 (density ratio)

- 2 . O

Eriksson
procedure

Eriksson
procedure

co"
NO;
o -

Cd
CO+

N ,

N-+- ' )
NO
NO+
- t

" t

c

N

N+
N++
N+++
o-
o
o+
o++
o+++
Ne
Ne+
AT
Ar+
Ar++

9.  088-10
3 . 3 9 E - 0 9

4. l_6E-05

1.  65E-01
l - "  07E-04
2.45E-O3
7.A7E-O4
1 . 0 0 E - 1 0
?  1  l E - n q

t .  I 3 r ; - u  I

3 . 2 2 E - O 3
2.728-04
I .  b5 .E; -U5

1 . 2 3 E + 0 0
z  -  z Y L - v  J

1 . 7 8 8 - 0 6
4 .  . L b E - U J .

9 . 0 4 E - 0 6

o  ? ? F - n ?

7.72E-06

!  .  5  Z ! ; -UY

+ .  o z E -  ! z

4. L0E-o5
7 . 4 6 E - O 7
1.  b5 .E i -U l

1.1-1E-04
2.37E-O3
8 . 4 0 E - 0 4

J . U5.E;-U5

J . 3 4 8 - U J

2.63E-04
1 . 4 7 E - 0 5
1 . 2 3 E + 0 0
2 . 0 3 E - 0 3

8 . 3 6 E - 4 1
1 . 9 4 E - O 6
4.  16E-01
5 . 3 8 E - 0 4
9.44E-20
L.77E-4A
3 . 9 8 E - 0 5

9 . 3 4 E - 0 3
7 . 0 5 E - 0 6
4.968-1.7

9 . 5 9 E - 1 1
?  o q F - 1 n

1-. 388-05

6.99E-O2
8 . 3 0 8 - 0 5
9 . 0 0 E - 0 4
5 . 3 1 E - O 4

9 . 9 2 8 - 0 6
4 . 5 4 E - O 7

2 . 8 5 E - 0 4
3. 1_68-05
7.42E+OO
4.  868-03

9 -728-07
4. 188-01_
1 .67E-05

l_ .40E-10
3.7 AF.-]-O
4. bb.H;-- t-J

1 . 3 7 E - 0 5
9.  05E-08
A O'7F-r))

8.64E-05
8.728-04
5 . 6 9 E - O 4
3.92E- l -L
9 . 7 2 E - 0 6
3.27I.-07
O .  U J T J - U J

2.778-O4
2 . 8 5 E - 0 5
1.42E+00
4-34E-O3

6.  138-40
1 . 0 5 E - 0 6
4 . L t } 1 - V L

9.998-04
3.27Ij-19
7.098-47
3.98E-05
L.268-7I
9 . 3 4 E - 0 3
1.  308-05
1 . 6 9 E - 1 6

o  ? ? F - n ?

1.428-05



Table 3(b): Cornparison of dissociat ion coeff icients'  z '
and specif ic enthalpy' h(T), of heated dry
air fron this study and Reynolds (1965;
Fig.B.9) at 1 atm. units of h(T) are MJ/kg.

This study Reynolds (1965)

Temp.
N

8000
7000
6000
5000
4000
3000
2000
1000

248

z

1 . 8 8
1 .  6 0
L . 3 2
L . 2 I
1. l_5
L . 0 2
L .  0 0
L . 0 0
1 :  0 0

h ( r )

2 ?  2

z J . d

1 5 . 0
o o
' 7 4

3 . 8
2 . O
r r ' 7

0 . o

z

l _ . 9 0
1-..58
1 . 3 5
L .  Z L

7 . r 2
L .  0 6
1 .  0 3
1 .  0 0
1 .  0 0

h ( r )

3 8 . 5
26.O
15.7
1 0 .  3

1 i

4 . 3
2 . 3
1 . L
0 . 3



3.4 Radiat ive loss

Radiation from the surface
the Stefan-Boltzmann law which can be

of a thennal is expressed in terms of
writ ten as

4 4
=  e o A ( r -  -  T - )

where e is  the ef fect ive emissiv i ty ,  or  more correct ly  opaci ty,  of  the

thermal: it is a function of fireball composition _gnd _$:mp;:rature. The

Stefan-Bol tztnann constant ,  o '  has the value 5.67 x tO'w n 
-K -  

and A is  the

surface area of  the f i rebaI l .  In Eq.  (7)  the environmental  radiat ion

temperature is taken as T-r the ambient temperature at the level of the

thermal. This is an unimportant approximation to a complex situation.

There are detailed discussions of the opacity of heated air
(Meyerot t  et  aI . ,  7960, Armstrong et  a1. ,  7961, Gi fmore 1964) and radiat ion

loss f rom nuci .ear f i rebal ls  (gethe 1964, Brode 1968).  Certa in detai ls  are

well known. The air within the fireball wil] be opaque at temperatures of

6000 K and above and transparent at lower temperatures around 1000 to

2OOO K. The bomb debris within the fireball will probably be opaque at all

temperatures and thus contributes to the opacity of the fireball (Gilmore

1.964). To accommodate both these effects for a near-surface burst we use

the simple assumption that the fireball acts as a opaque sphere with an

emissivity at the outer surface calculated by the following procedure.

Gilmore (1964) provides a table of Planck mean absorption

coefficient of heated air as a function of temperature and air density. The

Planck mean absorpt ion coef f ic ient ,  P,  is  def ined by GiLnore (1964) as

P  =  i / a o e r 4  ^  ( 8 )

Thus we use Gi lmorels (1964) table of  P to der ive the ef fect ive emissiv i ty  e

in Eq.  (7)  where

- R P a

e  =  1 - e  
- - *  

.

The values of P are derived by linear interpolation of a transformed table

involving logarithmic scales of PLanck mean absorption coefficient and
density and a linear scale for temperature. The value of P is extrapolated
down to L000K using the same transformed scales as for interpolation- The

value of P is held at that for 1000K for alt lower temperatures. These data

are presented in Table 4(a).

There is a further factor which affects the loss of energy by
radiation from the fireball. The atmosphere surrounding the firebatl rnust
be sufficiently transparent so that the emitted radiation is lost from the
fireball and its imrnediate surrounds. If the radiation is absorbed in the

inunediate vicinity of the f irebal l  ( i .e.,  distances << a f irebal l  radius
from the surface) then the air which has been heated by the radiation will
rise with the fireball and be entrained into it. fn this case the radiative
energy is not lost from the fireball system and contributes to the buoyant

r ise of the f irebal l .

K ( 7 )

(e )
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Table 4(a) :  Planck mean absorpt ion coef f ic ient  for  h igh-
temperature ai r  (Gi lmore 1964) Uni ts:  cm 

- .

Temperature

(K ) 1 0

Densi ty Rat io*

1 0 -  1 0 - 1 0 -
_ A

1 0

2000

3000

4000

6000

8000

5 . 4 E - 0 5  1 " . 7 E - 0 6

1.3E-03 4 .4F ' -05

1 . 0 E - 0 2  5 . 7 8 - 0 4

1 . 8 E - 0 1  6 . 1 E - 0 3

4 . 5 E - 0 1 -  1 . 4 E - O 2

5 . 4 8 - 0 8  I . 7 E - O 9

1 . 6 E - 0 6  7 . 0 E - 0 8

2.6E-O5 7 .78-07

7 . 9 D - O 4  6 . 6 E - O 6

5 . 1 E - 0 4  l - . 9 E - 0 5

2 . 7 E - O 9  7 . 1 E - 1 1

2.  1E-08 6 .  7E- l -0

J . 5 E - U l  r . d - E i - u t

5 . 9 E - 0 7  1 . 8 E - 0 8

* :  Densi ty rat io = densi ty heated ai r /densi ty a i r  at  STP

Table 4(b) :  Fract ion,  Tr ,  of  b lack body radiat ion emit ted in
t he  0 .25  Lo  2 .5  pm w indow  (Pa l t r i dge  &  P la t t  1976 ) .

a^cltrlot4
i 2 . 5 u m
J o. zsuro

Temperature
(K)

248

1000

2000

3000

4000

5000

6000

7 0 0 0

8000

0

u .  r o l

0 . 6 3 4

o .  8 3 4

0 . 9 L 4

o . 9 4 6

0 . 9 5 4

o . 9 4 4

0 . 9 1 9
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The factor to be considered is what fraction of the radiation from
the f i rebal l  can be lost  to the far  f ie ld?.  We def ine th is factor  as T*,
the transmission of fireball radiation through air at ambient temperature in
its immediate surrounds to the far fieId.

Ul t ravio let  radiat ion is  st rongly absorbed at  short  d istances by
the Schumann-Runge bands of 0^ at all temperatures. Complete absorption
with in a d istance of  several  

-metres 
of  the thermal  is  assumed for  a l l

wavelengths t r  less than 0.25um.

At longer wavelengths there are many absorption processes but the
rnost important of these insofar as determining the transmission of radiation
to some distance from the thermal is due to water vapour and carbon dioxide
in the atmosphere. There are many absorption bands for wavelengths greater
than 2.51m (Pal t r idge and Plat t  1976).  We assume cornplete absorpt ion for

|  >  2 . 5 1 m .

'  
In the range 0.25pm < \  < 2.5pm the atmosphere surrounding the

fireball is assumed to be transparent. The transmission factor for black
body radiation from the fireball is computed as a function of temperature

using the Plank funct ion parameters tabulated in e.g. ,  Pal t r idge and Plat t
(1976, Table 2.2)  to evaluate the integral

12 .5pm 4
rr  = |  B.dt lor-

J  o .25um A
(  10)

is evident that the
of  0 .95  fo r  f i reba l l

i t  fa1ls rapidly as thE
Approximately, Tr o T-

The resuLts are presented in Table 4 (b) .  Tt
transmission is practical ly constant at a value
temperatures above 5000 K but below that temperature
peak thermal emission moves to longer wavelengths.
at the lower temperatures.

3.5 Energy balance of the thermal

A two-stage process for thermal growth and rise over a tirne
increment i l t  is considered. First ly '  the thermal entrains a mass dm of
ambient air which is at the same pressure p as the thermal at the level z.
fhe thermal then rises further, expanding against the enveloping air. The
only heat loss from the thermal, dQ' is due to radiation to the far field.

So we have

d Q  =  - R d t

and

c l H  =  d Q + v d p + d H '

Here H is the enthalpy of the thermal,
thermal due to entrainment of ambient
dHt = h_ dm and so

dHr is the change in enthalpy of the
air of specific enthalpy h_. Thus
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sl-nce

The thermodynamic
unique solut ion for  the
temperature for any given
l- ikelv chemical  srrecies are

-  R  ( 1 1 )

( 12 )

relat ions descr ibed in Sect ion 3.3 provide a
relat ionship bet-ween f i rebal l  enthalpy and

f i rebal l  e lemental  composi t ionr (provided the
known and ideal  behaviour is  assumed).

d H  =  h  d m  *  r r d P - e
dt "- dt dt

An An
- + \ / : r 1

o[  oz

alh
m -- ' d r

dz.
c1t

Theor ies of  (non-radiat ing) thermals r is ing into stably strat i f ied
atmospheres are usual ly  expressed in terms cf  the buoyancy of  the thermal ,
gv (p -  -  p ) ,  r a t he r  t han  t he  t he rma l  ene rgy  (e .9 . ,  Mo r ton  e t  a l , _  L956 ) .
Eq.  (11) can be rewr i t ten in terms of  the buoyancy ut i l iz ing the equat ion of
state,  Eq.  (6) .  I f  d issocat ion and temperature dependence of  the speci f ic
hea t ,  ( c ^  =  ( ah laT ) ^ ) ,  cou ld  be  neg lec ted ,  Eq .  ( 11 )  wou ld  r educe  t o  a
fami l iar  Torm: Y

dt

^o
lgv(P- -  P) l  -  -P-  *"  -  

f , r_
( 1 3 )

(.r4)

f  l  q l

and

The buoyancy of the thermal changes due to its motion relative to the
ambient thernal strat i f icat ion given in terms of N(z), the Brunt-Veis;f ;
frequency, and by radiat ive loss of heat to i ts surroundings.

In both the thermodynamic and buoyancy formulations of the above
equat ion i t  has been assumed that  there is  no loss of  internal  energy to a
wake .

3.6  Sunmary  o f  mode l  equat ions

?put  m*  =  ga3,  v*  =  p_a3,  g t  =  e /e_  =  m* /v* ,  M*  =  p@a-u
F* = gV*(l-pr).  Then the working equations can be writ ten as

dz
alt

d
, i f

i n - I4*/V*

[ ( P ' +  k ) M * ]  =  F *
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dm*
i +

=  3 ' l 5 l  @ ' ) 2 / 3

In (r) -tr (r_) ] l u l p ' - 1 - / 3

-  g ! / P '

(  1 6 )

(17)

? f rd h  / T \

- 3 T e o
t

{ .n4-n 4 }

ap

These four equat ions are numerical ly  integrated and a new speci f ic  enthalpy

and elemental  composi t ion are predicted for  the f i rebal l  af ter  each t ime

step.  An i terat ive procedure is  then used in the thermodynamic equi l ibr ium

module (see Sect ion 3.3) ,  to calculate the f i rebal l  temperatur :e,  chemical

composi  t ion and volume corresponding to the enthalpy and elemental

composition. This completes one tirile step and the process of numerical

integration is conrmenced again. The numerical integration is performed with

a fourth order Runge Kutta method (Margenau and Murphy 1956). The

integrat ion scheme was tested for  numerical  stabi f i ty  and i t  was found that

a factor  of  8 increase in t imesteps produced on average an increase of  4t  in

the f inal-  var iable values.  The scheme was also tested by,  on separate runs,

set t ing the constants q,  g and o to zero.  The model  behaviour was in

agreement wi th that  predicted f rom the s impl i f ied set  of  equat ions for  these

The thermal commences to rise from rest from th.e level z = 0 at

t  = 0.  The standar<l  condi t ions are an in i t ia l  temperature T.  of  8000K, and

an  i n i t i a l  r ad ius  a .  g i ven  by  Eg . (2 ) .  The  en t ra i nmen t  coe f f i c i en t  c  =  0 .1 ,

the added mass c-oef f ic ient  k = 1/2,  and the enthalpy '  opaci ty and

transmission funct ion are speci f ied by the calculat ions descr ibed in

sect ions 3.3 and 3.4.  The ambient  condi t ions are those of  the mid- lat i tude

TCAo standard atmosphere (sect ion 2.1) .

A CHARACTERISTICS OF THE FIREBAI,L MOTJEL

Most of the published information about firebal-ls comes from
rclean'  1 Mt explosions.  These data wi l l  form the standard against  which

the model  wi l l  be judged. f t  is  not  suf f ic ient  that  the model  merely

reproduce correct  r ise heights.  The energy balance of  the f i rebal l ,

particularly during the critical high-temperature period, nust be reasonably

accurate so that the ternperature history (and hence chemical composition) is

wel l  s imulated.

Figure 2 presents the simulated temporal behaviour of a 1 lvlt

explosion.  The thermal  in i t ia l ly  accelerates f rom rest  at  a rate very c lose

to 2 'g,  the theoret ical  rate for  a weight less spher ical  bubble in a dense

fluid (Mi1ne-Thonpson 1967). The thermal builds up_,, speeC until' by

approximately 19 s,  i t  is  r is ing at  a rate of  164 m s 
- .  

Thereaf ter  the

speed decreases as entrainment and acceleration of ambient air dominate.

Eventually, by about 2!O s, the thermal overshoots its neutral buoyancy rise

height  and begins to fa l1 back,  overshoot ing again.  A damped osci l la t ion in

veloci ty  and height  ensues wi th per iod of  370 s,  c lose to the buoyancy

period of the atmosphere at that altitude. We take the final rise height to

be equal to the first maximum and the vertical extent of fireball material

to span this level and the subsequent minimum.



0.6 ?
2
a,
c

o.4 8
o-
o

F
o.2

E
o
o
o- 15

o

Fs 1 0
o
o
q

: 5
G

to

F' t o
o

t

o.o

-o.2
-5

o.1 1.O 1 0  1 0 0
Time (sec) from Tmax

1 0  1 0 0
Time (sec) from Tr"t

Figmre 2(a) :  The height  of  the top of  the f i rebal l ,  h*^- ,  i ts  rate of
r ise,  u,  i ts  temperature T and i ts  d ianefdf  D(=2a),  as a
function of time for a 1 Mt - yield nodel simulation compared
with observations from classtone anal Dolan (1977\.
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Figure 2(b) :  The temperature,  radiant  loss scalecl  to radiant  loss at
t ime=O, A/R^,  integrated radiant  loss scaled to f i rebal l
energy at tYme t=0, !Rdt/H^ and the fraction of the black
body radiance lost from the 

*fireball- at each stage, ExTr, see
text .

I  Mt observat ions o hrop
(Glasstone and
D o l a n  1 9 7 7 )  
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At f i rs t  the thennal  cannot grow by entra inment because th is

requires re lat ive veloci ty  between thermal  and atmosphere.  However the

thermal  does raciate strongly,  cool inq the sphere,  which responds by

< lec reas ing  i n  d i ame te r ,  F i gu re  2 (a ) .  The  sh r i nkage  i s  sJ i gh t  bu t  i t  t akes

several  seconcls for  entra inment growth to dominate over radiat ive cool inqt

which rapid ly decreases in i rnportance as the temperature drops.  As maximum

rise hej qht is approached the thermat grows rapidly anc in practice would

spread hor izontal ly '  carr ied by the ambient  wind.

After approximately 3 s from the second thermal rnaximum the

temperature of  the thennal  has dropped to 42OO K. Ninety percent  of  the

total energy radiated from the thermal has by then been lost, and the

radiat ive f lux is  only 48 of  i ts  in i t ia l  s t rength.

Tbe predicted radiat ive decay may be compared wi th data presented

by  c l ass tone  and  Do lan  ( ! 91 ' 7 ,  Ch .7 ) .  As  shown  by  F igu re  2 (b )  t he  ag reemen t

i 's  good. In part icular  i t  may be noted that  the t imescale is  wel l  s imulated

so the temperature var iat ion must a lso be sat is factory.  The predicted r ise

as a funct ion of  t ine is  a lso in good agreement wi th observat ions report 'ed

by c lasstone and Do1an, but  the ul t imate r ise height  is  s1i9ht1y

underest imated.  The model  agrees wel l  wi th reported data on the rate of

r ise at  later  t imes,  but  perhaps overest imates the maximum veloci ty  by as

much  as  128 .

Ul t imately,  81t  of  the energy in the f i rebal l  at  t  = 0 is

predicted to be radiated to the far  f ie ld.  Since the f ract ion of  the device

yi . ta i . t i t ia l ly  in the thermal  is  predicted to be 44t  (see discussion af ter

Eq.3 above) ,  and 2Ot of  the tota l  thermal  radiat ion emit ted is  expected to

have been lost  before the model  conmences to be re levant  (Glasstone and

Dolan 1977, Ch.1),  the tota l  radiated energy in th is model  descr ipt ion is

45t  of  the device y ie ld,  w.  This is  h igher than the thermal-  part i t ion

fract ion of  f  = 35t ,  quoted by Glasstone and Dolan and is  in good agreement

wi th the f ract ion f  = 444,  quoted by Brode (1969).

About 19* of  the energy in the f i rebal f  at  t=0 is  d iss ipated in

turbulent mixing via the buoyant rise of the fireball: this corresponds with

about 8% of  the weapons y ie ld being diss ipated in th is way.  This loss of

energy is  not  d iscussed in c lassical  texts (Glasstone and Dolan 1977, Brode

1968).  Vle can only presume that  th is energy is  erroneously accounted for  in

the shock wave or in the " thermal  part i t ion".  The lat ter  is  unl ikely as i t

woul-d create a serious discrepancy between our modelling results and the

observations, whereas as far as we know the exact fraction of the energy in

the shock wave is l-ess accurately known.

I t w o u l d b e a s i m p l e m a t t e r t o f i n e - t u n e t h e r n o d e l b y v a r y i n g
parameters but  in v iew of  the lack of  publ ished detai l  of  f i rebal l

Lehaviour,  th is is  not  warranted.  Instead,  resul ts of  a sensi t iv i ty  study

are presented in Table 5.  From the Table i t  can be seen that  set t ing the

op.. i ty  of  the f i rebat l  and t ransmission of  the ai r  to a constant  value of

unity instead of allowing it to vary with temperature does not have a great

ef fect  on the major  indicators of  f i rebal l  behaviour.  The thermal  radiates

more energy to the far field and so cools a litt1e more rapidly than the

standard case.  The resul t  is  a lovrer  height  of  r ise,  by 5* '  Neglect ing
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Table 5: The sensit ivi ty of the present f i rebal l  model
to variation of parameters from the standard
c d s e .  ( T .  =  8 0 0 0 K ,  0  =  0 . 1 1  B  =  O . 4 4 ,  m o l e -
cular com$osit ion, Tr and e al l  specif ied
functions of temperature). Units are MKS.

T  @  3 . 5 s u  @ t
max top

G t D
m1n

IR avno

Standard

€  x  T r  =  1 . 0

e  x  T r  =  0 . 0

P  =  U . J J

Q  _  A  R R

T,  =  10000K
1

T.  =  6000K
l_

o  =  0 . 0 5

c l  =  0 . 1 5

Composition fixed

3 8 7 8

3872

7 451.

3767

39A2

5 6 Z O

3804

3998

3  t  t 6

J 5  / J

164 79

161  76

2 3 2  3 5

f , f ,5  !  t

1,71  19

1 5 9  7 7

- L u 5  Z Z

2 2 9  2 6

1 3 6  1 5

L  T  J  Z L

ta82'7 2LL

1,7925 2L5

30567 20r

!  I b Y )  Z !  r

198L4 20'7

18054 2L5

22379 20L

27354 189

L 6 Z  I  I  Z + J

2L380 277

5  / 5

570

796

5 Z r

o z r

J 3  I

74A

t r f , f ,

587

781

0 .  8 1

0 . 8 4

0 . 0 0

0 . 8 1

0 . 8 1

A A A

0 .  5 8

0 .  8 4

n 7 q

u .  o f
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radiat ive losses entirely (by sett ing e = 0 or T* = 0) is quite
unacceptable. The thermal does not cool correctly and th6 maxinum velocity
and r ise height are far too high. The physical ly real ist ic lower bound to
the radiative losses involves using the opacity of heated air alone (Gilmore
7964) as is done here. Tn fact the opacity may be higher at low
temperatures due to the presence of bomb debris (Gilrnore L964).

Variation of the fraction of device yield initially in the energy
of the thermal (equivalent to varying the initial radius of the thermal at
constant temperature) causes an almost directly proportional response in
ult imate r ise height. f t  also has a large effect on the fract ion of enerqy
radiate$. (Note the fractlon of the device yield radiated is equal to
1-.25 BIRdt/H^.') This comes about because the fraction of device yield in
the thermal" can be partitioned only between energy radiated and the
dissipation of kinetic energy by the rising thermal. Reducing B by 258
drops the radiated energy to only 33t of device yie1d, while increasing it
by 20t increases the radiated energy to 568 of total yielil. Both extremes
are unacceptable, so the energy part i t ioning in the init ial  f i rebal l  (and
thus its radius) is constrained to be close to that proposed here. Note
that the ratio of radius to bomb yield derived for the standard case is that
observed from nuclear explosions (Section 2.2).

The initial temperature of the thermal is not a sensitive
parameter, but a value as low as 6000 K does lead to a rj.se height which is
too large, prirnarily because not enough energy is lost by radiation (onIy
32* of device yield). The init ial  temperature used in the standard case is
that observed from nuclear explosions.

A 50* lower entrainment coefficient is much too low, with maximum
velocity and rise height too high due to the reduced retardation.
rncreasing a to 0.15 is less drastic but the enhanced mixing does lead to
a significantly lower rise height than observed. The comparison of
fireball diameter to rise height for the model, and a real event, have been
presented  in  F ig .L .

Finally, if the composition of the fireball was held at that for
ambient condit ions, i .e. N^, o^, Ar, CO^' H^o, and no dissociat ion al lowed,
then when the initial .tr.fgy 

zpartitionfng 
f.s maintained, the fireball has

guite clifferent behaviour to the standard case. The initial fireball has a
36* larger diarneter, r ises 14t higher and loses only 34t of the total
explosive energy as radiant 1oss. Init ial ly the f ixed composit ion f irebal l
falls in temperature more rapidly than the dissociated one. This arises
because the specific enthalpy at 8000K is nearly four times higher for
dissociated compared with the undissociated air, whereas by 3O0OK the
difference is only 35*.

We conclude from the sensitivity study that it is not possible to
have a great deal of variation from the proposed parameter values in the
standard model if realistic major indicators of fireball behaviour are to
be obtained. This is very satisfying since all parameters except the
entrainment coefficient were chosen independently of the necessity to
predict ultimate fireball performance.
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Figure 3(a): Fireball rise heights from the rnodel simulations and fron

various atmospheric explosions in rnid latitudes as described
in the text '  where the explosions'were near mean sea level .
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Figure 3(b): Fireball rise heights from the model simulations ancl from
atmospheric explosions in Nevada, uSA, (Glasstone 1962) h'here
the nodel calculations are referenced to, and the atmospheric
explosions took place at, approximately 2 km above nean sea
level  "
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r igures 3 (a)  and 3 (b)  show the var iat ion of  r ise height  wi th

device y ie ld for  the model .  Most  of  the atmospher ic nuclear test ing has

been conducted in equator ia l  lat i tudes (2-17'N) by the USA and in pol-ar

lat i tudes (75oN) by the USSR (Bauer 1979).  The main data f rom mid lat i tudes

comes from Chinese tests. There appears to be good agreement between this

model  and the analysis of  the Chinese tests by Telegadas (1979) and Bauer
(1979) as shown in Fig.r : re 3(a) ,  wi th over lapping ranges f rom 0.001 to 10 Mt.

c lasstone 0962) presents c loud heights f rom other mid lat i tude nuclear

tests in north-eastern Nevada. The helghts of  burst  in these tests were

approximately 300 to 400m above the local surface, which in turn is on

average slightly less than 2 km above mean sea level, leading to an

approximate height of burst of around 2 km above sea Ievel. These data are

compared in Figure 3(b) with cloud heights frorn nodel calculations where the

height of explosion is 2 km above sea level. rt appears that the

observat ions bracket  the model  calculat ions,  but  the c loud top is

underest imated in the model  for  bomb yie lds of  0.01 to 0.1 Mt whereas i t  is
ql ight ly  overest imated for  bomb yie lds of  0.001- Mt.

Overall the predictions of cloud heights from this simple model

lie within the scatter of the actual obs;:rvations for most bomb yields from

0 .001 .M t  t o  10  M t ,  a  dynam ic  r ange  o f  l - 0 - .

CONCLUSION

A model  of  the late (ascending) stage of  a nuclear f i rebal l  has

been presented and i ts  sensi t iv i ty  to var iat ions in basic parameters has

been presented. The model has been shown to be robust, permitting little

variation of parameters avtay from values established by comparison with

independent observat ions.

The model is sufficiently complex to be useful as the basis for

many extensions -  to address issues such as:

ni t r ic  oxide in ject ion into the stratosphere by f i rebal ls ,  soot

and elemental  carbon in ject ions f rom "di r ty"  explosions'  in ject ion

of radiactive isotopes into the atmosphere, radar signature of air

bu rs t s .
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A simpler model of the Late (ascending) stage of a nuclear

If the only purpose of the fireball model is to examine physical
behaviour and no detail of the chenical model is required then the
computation can be greatly simplified by using an enthalpy,/temperature
retat ionship for heated air,  such as may be obtained from Reynolds (1965t

Fig.B.9) in place of the free energy minimization scheme. This leads to a
substantial reduction in code (tu 309) and the running time is reduced by a
factor of 2 to 10 depending on the nurnber of species evaluated in the
chemical equilibria scheme.

rf the enthalpy,/temperature relationship is computed for the same
species and air of the same elemental composition in the simple and the full
model then the model predictions of other physical parameters are (by

def ini t ion) indist ingr: ishable.
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*see next  page

*rnit ial ize

rnitialize_Output

Dif ferent ia l  Equat ions

ambient enthalpy

l4ass Balance Update
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-T.

read in data

r_-
T

fn i t ia l ize

t
T

Initial ize_Output

T
Output Data

-f
Runge Kutta

_L

ri"f r
I_

T
Output Data

I
!

Read in i t ia l  condi t ions f rom "D.f i l "
and open output files

rnit ial ize al l  variables and set
up simultaneous differential esuations

Write headers to the nine output files

Write data to output files if required

Determine time step value

Calculate adjustrnents to DErs using 4th
order Runge Kutta and then solve

Find the temperature that
corresponds to the known enthalpy

Momentum stop criterion?

Time less than
stop time?

Output data to files
for last step
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Subrout ine rn i t ia l ize

Ini t ia l ize var iables

Calculate molar  f ract ion
ambient  a i r  gases

Calculate nurnber of  moles of
element per kg f i rebal l  a i r

calculate temperature' pressure and density

of  anbient  a i r  for  in i t ia l  height

Read thermochemical data for each species

in fireball from "NEWDATA.DAT"

calculate enthalpy/kg of fireball air for

in i t ia l  temperature

Ca1cu1ate mole suns of  a l l  species in 1 kg f i rebal l  a i r

Read thermochemical data for ambient air calculations

of enthalpy from "A-t'lB.AIR"

Calculate enthalpy of  ambient  a i r  for  in i t ia l  height

Calculate mass of  f i rebal l  by d iv id ing the in i t ia l

enthalpy of fireball by the enthalpy,/kg of air at

initial temperature minus ambient enthalpy at initial

temperature and height

In i t ia l ize di f ferent ia l  equat ions var iables

Calculate total number of moles for each elemental

species in f i rebal l  a i r

Set  up di f ferent ia l  equat ions

T
CLEAN FIREBAI,L

I
I

T
GRAM ATOM

I

I
ICAO Air

I

T
read in_CHNOS

I
I

T
I
I
I
I

scramble

I
I
I
T

read_amb_air

T

ambient enthalpy
I _

T
Dif ferent ia l

t -
Equations



Subroutine CLEAN FIREBAIL (hite, vapour, MFH2O, MFN2' IvlFo2, !1FCO2, I4FAC)

- calculates the molar fractions of aribient air gases

Funct ion MF H2o(z)

: returns the molar fraction of Hro at the given height

Set molar  f ract ion of
H^O to zero

z

Water vapour included?

Calculate molar  f ract ion
of  H^o for  g iven heiqht

calculate molar fract ions
of ambient air qases

Check that  mole f ract ions of  molecules
making up ambient  a i r ,  inc luding H.o '  is

very c lose to uni ty

Set index var iable ( I )  to zero

Inc remenE.  j  ( I= I fa ,

Height  ( I )  g z < Height  ( I+1) ?

Calculate the molar fraction of Hro
at  g iven height ,  z ,  uslng l inear 

-

interpolation
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Subroutine GRAM-ATOM (tlFH2O, MFN2, MFO2, IrfCO2' I{FAr' nN' nO, nH, nC, nAr)

-  calculates the number of  noles of  each element g iven the molar

f ract ions of  the molecoles per kg of  ambient  a i r

Subrout ine ambient-enthalpy (z, tenp)

-  calculates the enthalpy of  new ambient  a i r  composi t ion

T
CLEAN FIREBALL

-L

Funct ion ENTH ( I ,T)

This function calculates the enthalpy of the ambient air species indexed by

I for the temperature T where T is up to 60O0"K.

The thermodynamic data used for this has already been read in from the

f i l e ' amb .a i r '  and  s to red  i n t o  t he  a r rays  ER(6 ) ,  wh i ch  i s  t he  hea t  o f

format ion at  298.15oK for  each of  the s ix species,  and C(6,6)  which contains

the numeric coef f ic ients,  that  descr ibe the var iat ion of  speci f ic  heat  at

constant  pressure as a funct ion of  temperature,  needed for  the calcufat ion

of  enthalpy.

T
ENTH

l_

Calculate the re lat ive molecular  weight

of  ambient  a i r

Calculate the number of  moles of  each

molecule per kg of  ambient  a i r

Calculate the number of  moles of  each

element per kg of  ambient  a i r

Calculate the enthalpy for  a l l  molecules which

rnake up ambient air at given temperature

Calculate molar  f ract ions of  ambient  a i r  gases

Calculate re lat ive molecular  weight  of  new

ambient air composition

Calculate the enthalpy of 1 kg of ambient air



33

Subrout ine fCAO-Air  (2,  temp,pressurerdensi ty)

-  calculates temperature,  pressure and densi ty of  the ambient  a i r  for
the given height  of  the f i rebal l

Set  index var iable (J)  to zero

r n c r e m e n E  J ,  ( J = J + - L ,

leve1 (J)  5 z < level  (J+1) ?

Calculate the temperature of the
f i rebal l  us ing l inear interpolat ion

l apse  (J )  =  9z

Calculate the pressure and
densi ty of  the f i rebal l  by
a given set  of  equat ions
SET B

calculate the pressure and
densi ty of  the f i rebal l  by
a given set  of  equat ions
SET A
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Subroutine scramble (temprpressure)

- uses the output of CHNOS3, stores all
species in f irebal l  in rHoldn' array
properties of the cornposition of the

f inal  molar  amounts for
and calculates various
f i rebal l

T
CHNOS3

I

Calculate the enthalpy per kg of fireball
air gtiven the pressure, temperature, and
molar arnounts of each element in the fireball

Store aII final molar amounts for each species
in f i rebal l  a i r  in the 'Holdnr array

Calculate the mole sum of  a l l  gaseous species
per kg of  f i rebal l  a i r

Calculate the mole sum of  a l l  sol id species
per kg of  f i rebal l  a i r

Calculate the mole sum of  a l l  species per kg
of  f i rebal l  a i r

Calculate the nole sum of  a l l  posi t ively chargted
species per kg of  f i rebaLl  a i r

Calculate the mole
species per kg of

sum of  a l l  negat ively charged
f i rebal l  a i r

Calculate the mole sum of  a1I  charged species
per kg of  f i rebal l  a i r
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Subroutine CITNOS3 ( temp, pressure,  aN, aO, aH, aC, aAr,  aS, aE, Enthalpy per kg)

-  caLculates the enthalpy per kg of  f i rebal l  a i r

T
I

ENTR T
I

CENTH

I

T
I

I

Set array holding molar amounts for each
element per kg of  f i rebal l  a i r

calculate Gibbs f ree energy for  each
soecies in f i rebal l  a i r

Calculate enthalpy per mole for each
species in f i rebal l  a i r

Set  in i t ia l  gn:ess of  the number of  moles
of  each species per kg of  f i rebal l  a i r

Calculate the number of  moles of  each
species per kg of  f i rebal l  a i r

Cafcufate the enthalpy per kg of
f i rebal l  a i r
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Subroutine Find-T

- finds the temperature that corresponds to a known enthalpy

T
I

matrix

I
T

scramble
I

I

counter less than 4?

Use quadratic fit to
guess temperature

corresponding to
enthalpy

Approximate guess temperature
corresponding to enthalpy

using l inear f i t  method

CaIculate enthalpy
for guess temperature

CaIculate enthalpy
for gn-ress temperature

Update temperature and
enthalpy pairs used for

quadratic fit

compare calculated enthalpy
with known enthalpy

Compare calculated enthalpy
with known enthalpy

Error  >  0 .01 t?

E r r o r  >  0 . 1 t ?

Dif ference between guess

temperature and previous

temperature used in fit
<  1 . 0 ?

Add or subtract 1.0 fron this
guess temperature so that the
pairs used for the fit are at

least 1"K apart
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Subroutine matrix

- A 2nd order Polynonial fit used by Find T to approximate guess

temperature corresponding to enthalpy

Have o2"a

" 2

-3

.F- 1

,F- 2

.F- 3

le: f, x = T need to solve for x

a

z

2
J

Function CENTH (I T)  and Funct ion ENTR (r ,T)

The functions CENTH and ENTR calculate the enthalpy and entropy respectively

and any f i rebal l  species,  T,  for  any temperature T.
The thermodynamic data required for these calculations has already been

read f rom the f i le  'newdata.dat '  and stored in the arrays HR(50),  the heat

of  format ion of  species at  298.15K, sR(50),  the enthalPy of  the species at

2 9 8 . 1 5 K ,  c l ( 5 0 , 5 )  ,  c 2 ( 5 o , 5 ) ,  c 3 ( 5 0 , 5 ) ,  c 4 ( 5 0 , 5 ) ,  T M ( 5 0 ' 5 )  a n d  H H ( 5 0 , 5 ) - w h i c h
contain the numeric coefficients that describe the variation of specific
heat  at  constant  pressure as a funct ion of  temperature.

Subroutine Runge-Kutta (Nrt)

-A 4th order Runge Kutta numerical approximation to the solution of the N

di f ferent iaL equat ions.
This subroutine increnents the time by the tinestep.

ln i t ia l ize var iables in F
matrix and in T matrix

Reduce F to an uPPer
triancrular natrix

solve for : ! ,  that is
for a, b arid c
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Subroutine Dif f erential_Equations

- recalculates differential ecruations

I T
t lr l
l4ass Balance_Update

l 1

T
ICAO Air

I

T
ambient enthalpy

T
Loss Radiant

1

Update variables based on differential
equations solved in 'Runge Kuttar

Calculate temperaturer pr€ssure and density
of the arnbient air for the new heioht

Calculate increase i.n mass of atoms in the
f i r eba1 l .

Calculate the new number of moles of each
species in f i rebal l  per kg of  f i rebal l  a i r .

Update the volume, radius, speed and
buoyancy of the f irebal l .

Calculate the enthalpy of the entrained
arnbient  a i r .

Ca1culate the energy lost  to far  f ie ld
due to radiat ion.

Recalculate d i f ferent ia l  ecruat ions.
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Subroutine Mass-Balance-Update (oLD MASS' BMass, hite)

-  calculates the increase in mass of  atoms in f i rebal l
present time

and updates for

T
CLEAN FIREBALL

I
T

GRAM ATOM

f

Subroutine Loss-Radiant (T, rad. r amb)

lost to far field due to radiation

T
I
I

PMAC
I

I

calculate the molar fractions of anbient
air gases for the given height

Calculate number of moles of each

element per kg ambient air

Calculate new total number of moles

of each element in fireball

Calculate number of moles of each
element per kg of  f i rebal l  a i r

- calculates the energy

Calculate t ransmissiv i ty  by cth ich ever

fornula is valid for current temperature

Sum of  a l l  condensed species > 3x10 
-?

Calculate opaci ty of  f i rebal l
using P1anck Mean Absorption
coeff ic ient

Set opaci ty of  f i rebal l
t o  1 . 0

Calculate product  of  opaci ty
and t ransmissiv i tv

Calculate energy lost  to far
f ie ld due to radiat ion
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Function PMAC (r fb)

- returns the Planck Mean Absorption Coefficient

Subroutine Initialize_Output

-  sets in i t ia l  in format ion in headers for  data
output files

output to screen and

First t ine?

fn i t ia l ize the table of
coefficients to the values
given by Gi lmore (1964)

Ca1culate density ratio given
by densi ty of  f i rebal l /densi ty
of ambient air

Linearly interpolate table using
logar i thmic densi ty rat io sca1e,
temperature scale and logarithmic
PMAC scale

Ini t ia l ize a1I  character  var iables

Write header information to all 9
output  f i les

wr i te column labels to each f i le
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Subroutine output-Data

- outputs data to the screen and output files.
five timesteps and for the final timestep

It is only called every

Subroutine read-amb-air

- reads and stores the thermochemical data for the ambient air gases from

the f i le  t rAMB.AIR"

Subroutine read-in-CHNOS

- reads the species in the f i rebal l  f rom "D.FIL" and al l  the thermo-

chemical data for these species from "NEWDATA.DAT". Counts the nunber

of  e lements,  gases and condensed species and sets up the atoms matr ix

for use in the Eriksson Procedure

Subroutine read-in-data

-  reads the in i t ia l  condi t ions and other input  data f rom "D.FTL" and

opens the outPut f i les

Subroutine Do-enth-halt -

-  th is is  an error  message subrout ine,  i t  is  cal led f rom the subrout ine

Dif ferent ia l  Equat ions i f  the enthalpy per kg of  f i rebal l  mass is

greater  than the in i t ia l  f i rebal l  enthalpy.  I t  pr ints an error  message

and stops execution of the Program

Subroutine Show-Status

- another error message subroutine which is called from the subroutine

Find T i f  the calculated temperature of  the f i rebal l  is  less than zero

or g ieater  than 10r000"K. I t  pr ints out  an error  message and stops

execution of the Program
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Appendix 9:  Ti rebal l  Model  Code

I,IST OF VARIABI,ES USED IN PROGRAI'I

VARIABI.E TYPE DESCRIPTION

aXX Real

Charac ter *80

ReaI

ReaI

Character*20

ReaI  Array

ReaI  Constant

Real

ReaI  Array

ReaI  Array

ReaI

Character*1

-  Uset l  in  "CHNOS3" .  Mo lar
amount value for enti ty XX
per  kg  f i reba l l .
X X  :  A r , C , E , H , N , 0 , S

-  Used in  " reac l_ in_CHNOS3" .
Reads a l ine of clata frout
" D . F I t e " .

- Calculated in "GRAM-ATOM" and
used in "Hass_BaIance-Uptlate".
Molar amount of XX per kg of
anb ien t  a i r .
X X :  A r , C , E , H , N , 0 , S

-  Used in  "Outpu t_Data" .
Program ca lcu la tec l  t ime.

- Used in "reai l_in-data" antl
" In i t ia l i ze-Output " .  TYpe o f
a tmosphere  usec l .

-  Used in  "Runge-Kut ta" .
Coef f i c ien t  a r ray  used in
Runge Kut ta  in tegra t ion
scheme.

- Read fron "D.FfIre" and usecl
i n  " I n i t i a l i s e " .  F r a c t i o n  o f
bomb y ie ld  in  f i reba l l  a t
s ta r t  t ine .  For  8000 Ke lv in
a t  s ta r t  teurp ,  be ta  has  va lue
o f  0 . 4 4 3 9 4 2 3 4 5 .

-  Dunny var iab le  (same as
M a s s ) .  u s e d  i n
"! lass_Balance_Update". Mass
o f  f i r e b a l t  a i r .  U n i t  :  k g .

-  Used in  "Runge_Kut ta" .
Coef f i c ien t  a r ray  used in
Runge Kut ta  in tegra t ion
schen6.

- Used in "read-amb-air" to
s to re  the  numer ic
coef t i c ien ts  f ron  "AMB.AIR"
a l low ing  the  ca lcu la t ion  o f
entropy ani l  enthalpy.

- Usecl in "Find T" antl
"Hat r i x " .  Coef f i c ien t  o f
en tha lpy /  tenpera ture
polynornial calculated in
"Mat r ix " ,  used in  "F ind-T"  to
es t imate  tenpera ture  g iven
entha lpy .

_ l l l r l l

- l t l t r l

- Used in "read_in-CHN0s" anal
"read_in-clata". Reads a
character  f rom "D.FILe".

anXX

atirfle

Atnos

b  ( 0 : 3 )

b e t a

Bllas s

c  ( 0 : 3  )

c  ( 5 , 5 )

c a l a

ca lb
ca lc
ch



chan z

Charged

counE

counter

cVol

D aurbient

D_grouncl

D_1og

d .  f i l e

n t

Ddash

Del ta  Enth

de l ta  nass

Rea l

Log ica l

I  n t  eger

I n t e g e r

ReaI

ReaI

ReaI

ReaI

F i le  Nane

ReaI

ReaI

ReaI

Rea l

Rea l

DL
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- Used in

"Di f  f  erent ia l  Equatons" .
Di f ference in height  between
current anil previous tine
s r e p .

-  set  in  " read in CHNOS" used
in "CHNOS3" and "0utput-Data" .

-  User l  in  Main program and
"output_Data" .  I t  counts the
number of  t ines that  the nain
progran loop is cycletl and
al lows the output  a lata to be
sent  to the output  f i le  every
f i ve  cyc les .

-  Used  i n  " I n i t i a l i se "  and
"Finc l  T" .  Holc ls  the nunber of
En thalpy/ Ternpera ture
calculat ions c lone.

-  Used in
"Di f  f  erent ia l  Equat ions" .
volune ot  the t i rebal l .
Un i t  :  cu  me t re .

- Usecl in
"D i f  f  e ren t i a l  Equa t i ons " .
Ambient  Densi ty .
Unit : kg ,l tn*r'3'

-  Used in "PMAC".  Densi tY
ambient  at  ground level .
U n i t : k g / m * * 3 .

-  Used in "Pi lAC".  Log to the
base ten of  the rat io  of
requi red densi ty  to ground
dens i t y .

-  The nane of  the f i le  which
conta ins the f i rebal l
speci f icat ions to be entered
into the "Bonbs" program and
run .

-  Usecl  in  "Loss Radiant" .
In terpolatec l  log base ten
density tor lower
tenperature.

-  Used in " l ,oss Racl iant" .
In terpolatec l  log base ten
density for upper
tenperature.

-  Used in
"Di f f erent iaI-Equations " .
Ratio of f ireball t lensitY to
D arnbient.

-  Used in "F inc l  T" .  Is  a
nessure of  the c loseness of
the enthalpy, calculated for
a g iven temperature,  to  the
required enthalpy.

-  Used in
"Hass_BaIance_Uptlate" .
Di f ference in nass between
current  and Previous t ine
s teps .
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Den

densi ty

Densi ty

d f

D},IFXX

Drat io

att

E t

E2

Elsqr
E2sqr
E3sqr
E1nu1
E2nu1
E3nuI
ENTII

enth anbient

enth_f b3er_l{ass

EnthaI

Real

ReaI

ReaI

ReaI Array

ReaI Array

ReaI

ReaI

Rea l

Rea l

Rea l

r l

r

I

t l

ReaI

Rea l

Rea l

ReaI  Ar ray

Used in "PMAC".  Rat io of
requi red densi ty  to ground
densi ty .
Dunny variable (saure as
D_aurbient) usetl in
" ICAO_Air" .  Densi ty  of
anbient  a i r .  Uni t  :  kg/n**3.
Used in
" Dif f erent i a1_Equations " .
Densi ty  of  f i rebal l .
Uni t  :  kg/6**3.
Used in
' rDi f  ferent ia l  Equat ions" .
Array of  i l i f ferent ia l
eguations qhich alescribes
f i rebal l  behaviour .
Usecl in "P!{AC". Log to the
base ten of  the densi ty  rat io
taken f rom Gi lnore.
Used in
"Di f  f  erent ia l  Equat ions" .
Increnent  in  nass of
Fi rebal l .  Uni t  :  kg.
Read f ron "D.FILe" and used
in "C1ean_Firebal1" .  Dry nole
f ract ion of  ambient  a i r  XX.
XX  :  A r ,COz ,N2 ,02
Usetl in "Pl,tAC". Ratio shich
i r i l l  a I low interpolat ion of
1og to the base ten densi ty .
Used in Main progran antl
"Runge_Kut ta" .  The t ime
increment .  Uni t  :  second
Usecl  in  "Matr ix" .  Var iables
used in natr ix  invers ion.

t l r r l

i l l l

r r  l r  l l

: : : , : :
Used in 'ENTH".  Enthalpy.
U n i t : c a l / r r o 1 e
Calculatet l  in
"ambient_enthalpy_". Enthalpy
of  anbient  a i r .
U n i t : . I o u l e / n o l e .
Useal in
"Di f  f  erent ia l  Equat ions" .
Enthalpy per  kg f i rebal l
nass .
Used in " Int ia l ize"  and
"Find_T". Enthalpy per hg of
f i r eba l l  a i r .
U n i t : i l o u l e / m o l e .
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ENTHAI.

enthalpy

Enthalpy3er_kg

entra in

ER

f new

f old

Fb

f i le  name

G

G

GilivR

HEIGHT

Holiln

ReaI Array

Real Array

ReaI

ReaI  Constan t

ReaI  Ar ray

Rea l  Ar ray

Real Array

Real Array

ReaI

Character*22 Array

ReaI Constant

Real Array

ReaI Constant

Real Array

Real Array

Read in "read-anb-air" and
used in "anbient_enthalpy".
Holds enthalpy per nole of
g iven ambient  gas.
U n i t : J o u l e / m o l e .
Used in "CHNOS3".  Array of
enthalpy per nole values for
species in  f i rebal l  a i r .
U n i t : J o u l e / m o 1 e .
Usecl  in  " In i t ia l ize ' , "CHNOS3"
and "Fincl_T". Enthalpy per kg
of  f i rebal l  a i r .
U n i t : J o u l e / k g
Read f ron ' !D.FILe" and used
in "Di f  f  erent ia l_Equat ions" .
Norrnal ly ,egual  to  1.0,  i t  is
fireball entrainnent
coef f ic ient  or  the f ract ion
of  the f i rebal l  nass
entra ined.
Read f ron "ADIB.AIR" antl holtls
heat  of  fornat ion at  298.15
KeIv in.
Used in "Runge_Kut ta" .
Equations used to clescribe
il ifferent f ireball behaviour
af ter  Runge_Kut ta processing.
Usecl  in  "Runge_Kut ta" .
Equat ions used to descr ibe
di f ferent  f i rebal l  behaviour
before Runge_Kutta
processing.
Used in
"Di ferent ia l  Equat ions" .
Equat ions used to descr ibe
i l i f ferent  f i rebal l  behaviour .
Used in
"Dif erential Equations" .
Firebal.l Buoyancy / (A / 3 x
pi ) .  Uni t  :  kg n /  s* t ,z
Read f rom "D.FILe" and hol i ls
output  f i le  nanes.
Read tron "D.FILe" and used in
"Di f  f  erent ia l  Equat ions" .
Geopotential constant equals
9 . 8 0 5 5 5  m  /  s t * 2 .
Uset l  in  "CHNOS3".  Gibbs
nininization energy of
species.
Used in "ICAO_Air".
=  0 .034164d0 .
Useil in function "MF-H2O".
Array of height in metre
above ground corresponding to
$ater vapour IIATERp. which
conta ins nole f ract ion of  H20
in anbient  a i r .
Useil in "scramble" as a
holcler for the nole nunber of
species per  kg f i rebaI l .
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IN

i n i t i a l  d t

Ini t  i  a I_fb_enthal py

In teger  Ar ray

R e a l  C o n s t a n t

Rea l

Charac ter *5

ReaI

ReaI  Ar ray

ReaI  Ar ray

ReaI  Ar ray

ReaI  Ar ray
In teger  Constan t

ReaI  Ar ray

Charac ter *80

R e a c l  f r o m  " D . f I L e " .  I N ( , 1 )
conta ins  the  pos i t lon  number
in  the  "NEI IDATA.DAT"  f i le  o f
the  thermochemica l  da ta  fo r
s p e c i e s  J .
R e a d  f r o n  " D . F I L e "  a n d  u s e d
i n  " I n i t i a l i z e " .  I n i t i a l
t i m e s t e p  U n i t  :  S e c o n d
U s e d  i n  " I n i t i a l i z e " .  E q u a l
to  44 l -  o f  energy  in  f i reba l l
a t  t  =  0  f o r  i n i t i a l  f i r e b a l l
t e m p e r a t u r e  e q u a l  t o  8 0 0 0 . 0
Ke lv in .  Rec luces  lo  224 f .o r
i n i t i a l  f i r e b a l l  t e m p e r a t u r e
e q u a l  t o  5 0 0 0  k e l v i n .
U n i t  :  J o u l e .
Reat l  f rom "D.F ILe"  and uset l
i n  " I n i t i a l i z e " .  S t a r t  t i m e
tempera ture .  Un i t  :  Ke lv in .
U s e d  i n  " I n i t i a I i z e " .  S t a r t
t ime monentun .  Un i t  :  kg  m/s .
U s e d  i n  " I n i t i a I i z e " .  S t a r t
t i n e  r a d i u s .  U n i t  :  M e t r e .
Reac l  f ron  "D,F ILe"  anc l  use t l
i n  " I n i t i a l i z e " .  S t a r t  t i r n e
h e i g h t .  U n i t  :  M e t r e .
Numer ic  o rder  representa t ion
of  ambien t  gases  as  present
i n  " A M B . A I R " .
Read f  ronr  "D.F ILe" .  ' J I  ho lds
a  va lue  wh ich  te l1s  "CHNOS3"
the  I th  o rc le r  tha t  an  en t i t y
tuas reatl  .  This al lols thd
ar ray  var iab le  "B"  in
"CHNoS3"  to  read the  cor rec t
e n t i t y  m o l e  v a l u e .  " f "  r a n g e s
f r o m  1  t o  1 0 .
Used to  read unused da ta  f rom
"AMB.AIR"  to  a l low read ing  o f
u s e f u l  d a t a  o n  s a m e  l i n e .
Read f rom "D.F ILe"  and used
in  "D i f  fe ren t ia l_Equat ions" .
Added:mass coef  f  i c ien t .
Used in  " ICAO-Ai r " .  Dens i ty
a t  g iven  leve l .  Un i t  :  kg / IT l * *3 .
Uset l  in  " ICAO_Ai r " .  Pressure
at  g iven  leve l .  Un i t  :  Pasca l .
Usecl in "ICAO_Air".
Tenpera ture  a t  g iven  1eve1.
Un i t  :  Ke lv in .
Used in  " ICA0 A i r " ,
Read t rom "D.F ILe"  and used
in Main program and
"0utput_Data" .  Maxinum nunber
o f  t i m e  s t e p s .
Uset l  in  " ICAO_Ai r " .  He igh t  a t
g i v e n  1 e v e 1 ,  U n i t  :  n e t r e .
Usetl  in "read_anb_air" to
read l ines  o f  da ta  f ron
"A l lB .AIR"  wh ich  are  no t  use i l .

in i t  ia I_ fb_ tenp

in i t ia l  mornentun

i n i t i a l  r a d i u s

i n i t i a l  z

I S N

Rea 1

Rea l

Rea l

ReaI

I n t e g e r  A r r a y

T n  I  a d a r

. lunk

1_dens i ty

l3 ress

I_tenp

Iapse
las t  count

leve l

I  ine
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M

Mdate

l{t im

Mass
MFXZ

rnonentun_stop

M <

nwa
n1

n2
n3
NEIIDATA.DAT

nxx

nxz

nfXX

NgasS

NNS

NOM

Real

Charac ter

Charac ter

ReaI
ReaI

Log ica l

In teger

t l

Inpu t  F i le

ReaI

ReaI

ReaI

In teger

In teger

Charac ter  Ar ray

ReaI
Rea l

-  Used in
"Di f  f  erent ia l  Equat ions" .
Mornentum Unit : kg rn / s.

-  Used in " In i t ia l ize_Output" .
Date progran run.

-  Usecl  in  " In i t ia l ize_Output" .
T ime progran run.

-  Mass  o f  f i r eba l l  a i r .Un i t : kg .
- Calculated in "CLEAN FIREBALL"

and useil in
"ambient-enthalpy" ancl
"GRAlt AT0M". Hole traction of
arrbient XZ.
XZ = Ar ,  H20 ,COz,N2,Oz

- Used in l lain program,
deternines whether lhere is a
time stop or a nonentunl stop
cr i ter ion on the run.

-  Read f ron "D.FILe".  MS is  the
nunber of species making up
the f i rebal l  a i r .

-  Molecular  weight  of  a i r .
-  Used in " l {at r ix ' l .  Var iables

used in natr ix  invers ion.
_ i l l l l l

_ [ i l t l

-  Usec l  in  "CHNOS3" .  Conta ins
thernocheurical clata for
spec ies  in  f i reba l1 .

- Used in "anbient_enthalpy".
Ilole nunber of XX per kg
f i reba l l  a i r  a t  298 Ke lv in .
X X :  A r ,  C ,  H 2 0 ,  H 2 , C 5 H 5 . C 8 H 1 8 , 0 2

- Dunny variable (same as anXX)
used in "GRAM ATOl, l".  Mole
nunber of XZ per kg of
ambien t  a i r .
X Z  :  H 2 0 ,  N 2  , Q 2  , C O 2 , A r  , Q ,  N ,  C ,  H

- Used in
"l , lass_EaLance_Update". MoIe
number of XX per Kg f irebal l
a i r .  X X  :  A r , C , E , H . N , O , S

-  Reat l  f ron  "D,F ILe" .  NgasS is
the nunber of gaseous species
in  the  f i reba l I .

-  Reac l  f ron  "D.F I te" .  NNS is
the nunber of negatively
charged species in the
f i r e b a l l .

-  Read f ron  "D.F ILe" .  NOM(J)
contains the character
d isc r ip t ion  fo r  the
"Output_Data" subroutine for
spec ies  i l .

-  Read f ron  "D.F ILe" .  NPS is
the nunber of possit ively
chargetl  species in the
f i reba1 l .

NPS Tnteger
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T I D

Nsol  S

nTota lCharged

Number of des

OLD I,IASS

0p_fb

OpTr

P ambient

PMAC_IJog

PHAC_1o910

pressure

fn t  eger

In teger

Rea l

T h l 6 d a r- . . e v Y v r

Real

Rea l

ReaI

ReaI

Charac t  e r
Rea l  Constan t

Rea l

ReaI  Ar ray

Rea l

REAI

ReaI  Constan t

nea l

pgrn
pi i
PMAC

R e a d  f r o m  " D . F I L e " .  N S  i s  t h e
number  o f  gaseous uncharged
s p e c i e s  i n  t h e  f i r e b a l l  a i r .
Reac l  f rom "D.F ILe" .  t t rso lS  is
the number of condensed
s p e c i e s  i n  t h e  f i r e b a l l .
Used in  "sc ramble"  as  the  sum
of  a l l  chargec l  spec ies .
Used in l , lain program and
"Runge_Kut ta" .  Nunber  o f
S i rnu l taneous D i f  f  e ren t ia l
E q u a t i o n s .
Used in
"D i f fe ren t ia l  Equat ions"  and
"Mass_Balance_Update" .  Mass
f rom prev ious  t ime s tep .
Used in  "Loss  Rac l ian t " .
O p a c i t y  o f  F i r e b a l l .
Un i . t  :  cm** -L .
Used in  " l ,oss  Rad ian t "
0pac i ty  x  Transmiss ion
coef  f  i c ien t  .
Used in
"Di f  f  erent ia l  Equat ions"
Anbient  Pressure.
Un i t  :  Pasca I .
Uset l  in  " In i t ia l i ze_Output "
3 . 1 4 1 5 9 d 0
Use i l  in  "PMAC".  P lanck  Hean
Absor t ion  Coef f i c ien t  o f
f i reba l l  fo r  g iven
tenpera ture .  Un i t  :  c rn** -1 .
Used in  "PMAC".  Log to  the
base ten  o f  P lanck  Mean
Absor t ion  Coef f i c ien ts  a t
i l i f fe r ing  dens i t ies  and
tempera tures .
Usec l  in  "PMAC".  Log to  the
base ten  o f  P lanck  Mean
Absor t ion  Coef f i c ien ts  a t
requ i red  dens i ty  and
tenpera ture .
Dunny variable (same as
P_anbient) used in "ICAO_Air"
represent ing  ambien t  p ressure
at  g iven 1evel .
Un i t  :  Pasca l .
Used in "CHNoS3".
Uni t  :  Atnosphere.
Used in "CHNOS3".
constant .
Uni ts  :  ca l lKelv in/mole.
( = 1 . 9 8 ? 1 ? ) .
Dunny variable
radius)  used in
"Loss Radiant" .
f i rebal I .  Uni t

ReaI

Pressure

GasK

rad (sane as

Radius of
:  m e t r e .



L A

rad  loss0

Rad ian t  Loss

RadInCM

rad ius

RATIO

RltI{

Set t ing_up

srgma

Spec ies_nun

SR

S R

star t  t ine

SUMPS

SU}INS

t

T

T anbient

Real

ReaI

Rea l

ReaI

Rea l

ReaI

Log ica l

Rea l

T n l a d A r

ReaI Array

ReaI  Ar ray

ReaI  Constan t

Real

ReaI

ReaI

Rea l

Rea l

Used in  " In i t ia l i ze"  anc l
"Output_Data" .  Rad ia t ion  los t
t o  f a r  f i e l d  a t  t i m e  z e r o .
Racl iant Firebal l  f lux at t=0.
Used in  "Loss  Rad ian t "  and
"Di f fe ren t ia l  Eguat ions" .  The
energy  los t  as  rad ia t ion  to
the  f  a r  f  i .e l i l .  Un i t  :  Jou le .
Used in  ' i l oss  Rac l ian t " .
Rad ius  o f  f i reba l l .  Un i t  :  cm.
Used in
"D i f  f  e ren ta i l  Eguat ions" .
R a d i u s  o f  F i r e b a l l .
U n i t  :  m e t r e .
Used in  "MF H20" .  Use i l  to
in te rpo la te  fo r  the  rno le
f rac t ion  o f  H20 in  ambien t
a i r  g iven  the  he igh t .
Used in  "anb ien t_entha lpy"
and "GRAI'I_ATOM". Relat ive
molecular weight of arobien!
a i r .  U n i t  :  g r a m  /  m o l e .
Used in  func t ion  "PMAC".
A l lows the  func t ion  to  read
the  da ta ,  requ i re< I  fo r
ca lcu la t ion ,  on ly  the  f i rs t
t ime tha t  the  func t ion  is
en tered .
Reac l  f rom "D.F ILe"  and use i l
in  "Loss  Rad ian t " .  S te fan-
Bo l tznann contan t .
Used in  "sc ramble" .
Read f rom "D.F I I re"  as  number
o f  s p e c i e s  i n  f i r e b a 1 I .
Calculated in "read_in_CHN0s"
and used in ENTR. Enthalpy of
f i r e b a l l  s p e c i e s  a t  2 9 8 . 1 5
Ke lv in .
Used in "read_amb_air" to
read f ron  "AMB.AIR"  the
ent ropy  a t  298.15  Ke lv in .
Used in  " In i ta i l i ze"  as  t ime
tha t  p rogran s ta r ts  a t .
Un i t  :  second.
Used in  "sc ramble"  as  the  sum
of  the  poss i t i ve ly  charged
spec] .es .
Used in  "sc ramble"  as  the  surn
of the negativeLy chargecl
spec ies .
Used in "Runge_Kutta" as t ime
variable. Unit :  second.
Used in  "ENTH" ,
"Loss_Radiant " .  Teroperature.
Un i t  :  Ke lv in .
Usecl in
"D i f  fe ren t ia l  Equat ions" .
Anb ien t  Tempera ture .
U n i t :  K e l v i s .



tenper

Elme T ime
E].mes_up

n t

TI,

TMT

Tnum

TNT_equivalent

Tota lGas l lo le

Tota IHoIe

Tota ln fXX

Tot al Sol idl ' loIe

Tr

ReaI

ReaI

t l

Real

ReaI

ReaI  Ar ray

Rea l
Rea l  Constan t

Rea l

Rea l  Ar ray

Rea l

In teger

ReaI  Constan t

Rea l

R e a I

Rea l

Rea l

ReaI

Used in
"D i f  f  e ren ta i l  Equat ions" ,
"Loss_Rad ian t " .  Tempera ture
o f  F i reba l l .  Un i t  :  Ke lv in .
Used in  "Mat r ix " .  Var iab les
usec l  in  mat r ix  invers ion .

t l

Used in  "C1ean F i reba l I " .  Sun
of  d ry  rno le  f rac t ions  o f
molecu les  rnak ing  up  anb ien t
a i r .
Dumrny variable (sane as
T_ambient )  used in
" fCAO A i r "and
"arnbj.ent_enthalpy" .
Tenpera ture  a t  g iven  leve l .
Un i t  :  Ke lv in .
Uset l  in  " In t ia l i ze"  and
"F in i l_T" .  Tempera ture
cor respond ing  to  en tha lpy  per
k g  o f  f i r e b a l l .
U n i t : J o u l e / m o l e .
Cur ren t  t ine .  Un i t  :  seconc l .
Read f ron  "D.F ILe"  and used
in  Main  program to  s top  the
program when the t ine reaches
" t ines_up" .  Un i t  :  seconc l .
Used in ,  "CENTH" and
"ENTR" .  Tempera ture  lower
I i m i t .  U n i t :  K e l v i n .
Used in  "PMAC".  Ar ray  o f
tenpera tures  cor respond ing  to
PMAC va lues  g iven by  Gi lnore .
Used in  "C lean F i reba l l " .  Sum
of rnole fract ions of
molecules making up ambient
a i r  I inc lud ing  H201.
Read f rom "D.F I I re"  as  nunber
o f  gases  in  ambien t  a i r .
Usec l  in  " In i ta l i se"  as
convers ion  fac to r  fo r  energy
in  jou le  o f  g iven  s ize  bomb.
U n i t : , I o u l e / M e g a t o n
( 4 . 1 8 5 e 1 5  j o u l e  p e r  n e g a t o n ) .
Used in  "sc ramble"  as  the
mole  sum o f  a l l  gaseous
s p e c i e s  p e r  K g  f i r e b a l l .
Used in  "sc ramble"  as  the
mole  sun o f  a l l  spec ies  per
k g  f i r e b a l l .
Usecl in "Mass_Balance_Update"
as  the  to ta l  f i reba l l  mo le  o f
X X .  X X :  A r , C , E . H , N , 0 , S
Used in  "sc ranb le"  as  the
mole sun of al l  condensed
spec ies  per  kg  f i reba l I .
Used in  " l ,oss_Rac l ian t " .
Transn iss iv i ty .



Tra t i o

TU

u

V

vapour

ll

w a t e r

liATERp

water  inc lude

weigh t
Y

z f b

Zdsh

R e  a I

ReaI

R e  a I

Rea I

L o g i c a l

R e a I  C o n s t a n t

C h a r a c t e r * 3

ReaI  Ar ray

r  ^ - i  ^ ^ f
! u 9  r u 4 r

ReaI
Rea l  Ar ray

Rea l

Rea l

Rea l

) I

-  U s e d  i n  " P M A C " .  T e n p e r a t u r e
ra t io  wh ich  w i l l  a l low fo r
i n t e r p o l a t i o n  o f  I o g  t o  b a s e
ten  o f  PMAC.

-  Used in  "ENTH" . "CENTH"  and
"ENTR" .  Tempera ture  upper
l i m i t .  U n i t  :  K e l v i n .

-  Uset l  in
" D i f f  e r e n t i a l  E g u a t i o n s " .
S p e e d  o f  F i r e b a l l .
U n i t : m e t r e / s e c o n d .

-  Used in
" D i f  f  e r e n t i a l  E q u a t i o n s " .
Dirnensionless rrass of
f i r e b a l l .

-  Dummy var iab le  (same as
w a t e r  i n c l u d e )  u s e d  i n
" C I e a n  F i r e b a l l " .  D e t e r r r i n e s
whether  water  vapour  to  be
inc ludet l  in  ambien t  a i r .

-  R e a d  t r o m  " D . f I L e "  a n d  u s e d
i n  " I n i t i a l i s e " .  Y i e l d  o f
b las t  in  } lega ton .
U n i t :  M e g a t o n .

-  U s e d  i n  " I n i t i a l i s e - O u t P u t " '
A l l o w s  t h e  o u t p u t  t o  s t a t e
whether  $a ter  vapour  inc luded
in  the  sys ten .

-  Used in  "MF-H20" .  Ar raY o f
m o l e  f r a c t i o n s  o f  H 2 0  i n
arnb ien t  a i r .  Cor responds to
array variable HEIGHT i ihich
conta ins  the  he igh t  above
g r o u n d  i n  m e t r e .

-  R e a d  f r o m  " D . F I L e "  a n d
determines  whether  water
vapour  i s  to  be  inc luded in
the  ca lcu la t ions .

-  Used in  "Runge-Kut ta" .
-  Used in  "sc ramble"  as  the

number  o f  rno le  o f  the  spec ies
p e r  k g  f i r e b a l l .

-  Used in  " ICAO-Ai r " ,  "MF-H20" .
He igh t  above ground.
U n i t  :  M e t r e .

-  Used in  "sc ramble"  as  the
d i s s o c i a t i o n  c o e f  f  i c i e n t .

-  Used in  "sc ramble"  as  the
d issoc ia t ion  coef  f  i c ien t .
Forrnula : TotalGasMole * mwa
/  1 0 0 0 . 0 d 0



ccccccccccccccccccccc  D .  F tLE ccccccccccccccccccccc

N
0 . 0 0
0 . 4 4
9 . 8 0 6 6 5
0 . 1 0
0 . 0 1
8000 .0
0 .00000
N R

30000
28.9607
0.567ar-0?
N2/02/Ar /HZo/CoZ
fBouBsSl .dat
FBoilBS82 . dat
FBOUBSS3.dat
FBoMBS84.  dat
FBol.lBs85 . dat
FBOIIBSS6. dat
FBOIIBSST. dat
FBoMBs88 . dat
FBOI{BS89. dat
1 . 0 0
Y
0 . 7 8 0 8 3 5
0 . 2 0 9 4 8 1
0 .000340
0 . 0 0 9 3 4 3
49
48

: l later vapo
:  ( 0 . 7 8 0 8 4 )
:  ( 0 . 2 0 9 4 8 )
:  ( 0 . 0 0 0 3 4 )
:  ( 0 . 0 0 9 3 4 3 )

Tine stop else l, lomentun stop
t ine for  run
beta
9.80665 Gravi t .y  ;  Metre per  second squared.
en t ra in  (no rama l l y  0 .1 )
In i t ia l  increnent  in  t i rne (nornal Iy  0.02)
In i t ia l  t i rebal l  tenperature
Init ial <letonation height
k
IJast count
MoIecular l leight 0f Ambient Air
0.557i1-07 s igma :  Stefan-Bol tznann constant
Type of atmosphere usetl
f i l e  name
f i le  nane
f i le  name
f i le  name
fi le_name
fi le naure
fi le_nane
f i le  name

:  f i le  nane
:  Bomb s ize (Ht)

1 )
2 )
1',|

4 )
q l

b ,

1 l
8 )
q l

ur  inc luded in  ambien t  a i r  ca lcu la t ions  [Y /N]
DMFN2 ;  c l ry  no le  f rac t ion  o t  N2
DMf02 ;  d ry  mo le  f rac t ion  o f  02
Dl' lFCO2 ; dry mole fract ion of C02

Dl, lFAr t  dry mole fract ion of Argon
:  Tota l  number of  species.
: Total nunber of gaseous species.

3 4  1  . . . n C H . . .  3  . . n c ( c ) . .  6  . . n C H 2 . . .  1 0  . . . n C N . . .  1 2
1 4  . . . n C O . . .  1 5  . . n C O z . . .  1 9  . . . n C 2 .  . .  2 I  . . n C 2 t 1 2 . .  2 4
2 7  . . . n C 3 . . .  2 9  . . . n C 4 . . .  3 1  . . . n C 5 . . .  3 2  . . . n H . . . .  3 3
3 4  . . n H N O . . .  3 5  . n H N O 2 g . .  3 6  . n H N 0 2 g 1 .  3 8  . . . n H O . . .  3 9
4 1  . . . n H 2 . . .  4 2  . . n H 2 N . . .  4 4  . . n H 2 O . . .  4 5  . . n H 2 0 2 . .  5 0
5 1  . . . n N O . . .  5 2  . . n N O 2 . . .  5 5  . . . n N 2 . . .  5 5  . . n N 2 0 . . .  5 0
6 1  . . . n 0 .  . . .  6 4  . . . n 0 2 .  . .  5 6  . . . n o 3 .  . .  L 2 2  . . . n A r . . .
:  Tota l  number and descr ipt ion of  uncharged species.

: chargeal species incLudeil [Y/N]
1 0  8 5  .  . n N O + .  .  .  9 7  . .  . n H + .  . .  9 8  . . n A r + .  . .  9 9  . . . n C + .  . .
1 0 4  . . . n N + . . .  1 0 5  . . n N 2 + . . .  1 0 6  . . . n 0 + . . .  1 0 ?  . . n 0 2 + . . .  1 1 1
1 1 4  . . n H O + . . .
: Total number ancl description of possitively chargetl species.
4  9 3  . . . n 8 - . . .  9 5  . . . n 0 - . . .  1 0 0  . . . n N - . . .  1 0 1  . . n N 2 - . . .
:  Tota l  nunber and descr ipt ion of  negat ive ly  charged species.
1  8 9  . . n C ( s ) . .
: TotaL nunber and clescription of non gaseous species.
C= l  H=2  N=3  0=4  S=7  A r=5  E=5  :  C= l ,H=2 ,N=3 ,0=4 ,$=$ , |6=S , f ,= (+ , - )=7

:  Order  of  in t roduct ion of  the d i f ferent  ent i t ies.
5 1 2 3 4 5
0 . 0 0 0

:  From "N2.det" .  Anbient  a i r  gaseous species.
:  Fract ional  par t  of  H2 in H2O
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ccccccccccccccccccccccccc c0MM0N.PUT cccccccccccccccccccccccccc

LoGICAL Charged
LoGICAL water include, Setting-up, nonentum-stop
INTECER count , Nunber-of-des , TYPE , counter
INTEGER Species-nun,NS,NPS,NNs,NsolS,NgasS, l ' tS
CHARACTER f ite_nane*22, NOI{*9, Atnos*20
REAL*8 in i t ia l_dt ,  in i t iaL_fb_tenp,  in i t ia1_2,k
REAL*8 Init ial-tb-enthalpy, MtC
col l l {oN /OneA/ f i le-nane(9) , t ines-up,TYPE, l { tc
co l { t { oN  /One /coun t ,d f  ( 5 ) , d t ,  f  ( 5 ) , k ,  Las t - coun t ,M ,  rad - Ioss0
COUI{ON /two/chan_2, cVol, Dtlash, Density, Fb,u, G
COI{MON / three / ini t ial-t lt, init ial-f b-tenp, ini t i  al-z
COI{ l {O}f  / four , /beta,D-anbient ,entra in, In i t ia l - fb-enthalDy'9 i i , .T,nt {a
COlll{oN / f ive / en th-anb i en t, To t alMo I' e, Nunbe r-of -des
COlll loN /six/atiue, Mass, P-anbient . radius, T-anbient, T-f b, z, Z -tb
COI{MON / s even/ enth-f b3e r-l{as s, Entha lpyJter-kg
cot'tMoN /eight/Charged, Setting-up, nonentun-stop
coMMON /uno/Tota lnfN,  Tota lnf0,  TotaInfH ,  TotaInfC
ColilMON /rlue /Tot alnf Ar, Tota1nf S, Totalnf E
col tUON /quat  /n f  N,  nf  0,  nf  Ar ,  nf  C,  nf  S,  nf  H,  nf  E
COllltON lB / Op-fb,Tr, Radiant Loss, signa
COl{l{oN /h2o/ watet-include,Atrnos
col ' tMoN /  ccc /  pr(  2o) ,  PTor,  T,  Y (  50 ) ,  YO (  50 ) ,  YF (  50 ) ,  YTOT (  20 )
COI{} ION /hol /  Holdn (50) ,Tota lGasMole,Tota lSoI i i lMole '  Z<lsh
Col{ } toN /ns l  /  Species-nun,  NOt{  (  50 ) ,  Ns,  NPS, NNS, NsolS,  Ngass,  IN (  50 ) ,  MS
Col{ l , loN /out /  nN,nNO,nN2, nO,n02,nTota lCharged
col'lMON /output/opTr
col t i loN /UsE/EnthaI  (  2000),  temper (2000),  ca la,  ca1b,  ca lc ,  counter
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PROGRAM BOI'1BS

C C * * * * * * * * * * * * * * * * * * * * * * * * * * * * r t * * * * * t ( * * * * * t < * * * * * t t * * * * * * J r * * * t t r ( * * * C C

CC This program requires three input  f i les,  nanely D.FILe '  CC
CC NEIIDATA.DAT and AMB.AIR.
CC The f i le  D.F ILE conta ins  the  fo l low ing  :
CC -  whether  or  not  a s top t ine is  set  for  the run and CC
CC the  va lue  o f  the  s toP t ime.

-  en t ra ln .  the  f i reba l l  en t ra innent  coef f i c ien t  CC

rC -  the  va lues  o f  the  fo l low ing  cons tan ts  :
-  be ta ,  the  f rac t ion  o t  bomb y ie ld  in  the

f i rebat l  a t  s ta r t  t ime
- k, the at lded-rnass coetf icient

-  G,  g rav i ty
-  s igna,  S te fan-bo l tznann cons tan t

the anbient  a i r  ca lculat ions
- the type of aturosphere usecl
-  the n ine output  f i le  names

cc

-  nwa,  the  molecu la r  we igh t  o f  anb ien t  a i r
-  the  max imum nunber  o f  t ine  s teps  to  be  car r iemaximum nunber of t irne steps to be carried out CC
- whether or not water vapour is to be included in CC

-  the  bomb s ize ,  in i t ia l  de tonat ion  he igh t ,  in i t ia l  CC
f i rebal l  tenperature and in i t ia l  t ime increnent

-  the dry mole f ract ions of  ambient  a i r  gases
-  lhe  to ta l  nuuber  o f  spec ies ,  the  number 'o f  gaseous CC

and non-gaseous spec ies  CC
-  whether  o r  no t  charged spec ies  are  inc luded cc
-  the  to ta l  nunber  and descr ip t ion  o f  uncharged,  CC

poss i t i ve ly  charged and negat ive ly  charged spec ies  cc
-  the  order  o f  in t roc luc t ion  o f  the  d i f fe ren t  spec ies  cC
- the nurnber of anbient gases and their nunerical

order  as present  in  the AMB.AiR d.ata f i le .
cc
Cc The f i les  NEWDATA.DAT and AMB.AIR conta in  the  therno-
cc chenical data for al l  the species in the f irebal l  an<l the CC

(. (.

CC ambient  a i r  gases  respec t ive ly .

C C t ! * * t r * * t ( * * * * * t r * * * * * * * * * * r . r r r ! * * J , * * * * * * * * * * * J r * * * * * * * * * * * * * * * * * * * * * C C

IMPI,ICIT DOUBIJE PRECISION (A-H,M-Z)

inc lude 'conrnon.put '

Nunber_of_des = $

CaII read-in_data
CaI I  In i t ia l ize

Cal I  In i t ia l ize_Output
count = 0

20  i f  ( noa l ( coun t ,5 )  .EQ.  0  .OR.  coun t  .EQ.  l as t - coun t )  Ca11
*Output_Data

i f  ( a t i ne  . cT .  0 .299 )  d t  =  0 .025d0
i f  ( a t i n e . c T . 2 . 9 9 )  d t  =  0 . 2 5 d 0
i f  ( a t i ne  . cT .  49 .99 )  d t  =  0 .5 i10
i f  ( a t i r ne  . cT .  99 .99 )  d t  =  1 .0d0
Call Runge_Kutta (Number_of _des, atine)
CaIl Find T
c o u n t = c o u n t + 1



i f  (momentum-s toP)  then
i f  ( M  . G E .  0 )  g o  t o  2 0

e l s e
i f  (a t ime .1 ,T .  t ines-uP)  go  to  20

end i f
Ca l1  Output -Data
D o 2 5 I = 1 ' 9

"ro."  
1I+1)

25 cont inue
Stop
END

SUBROUTINE Init ialize

rMPLrCrr D0UBLE PRECrsroN (A-H'l{-z)

inclutle ' comnon . Put '

Real*8 in i t ia l -momentun,  in i t ia l - radius

counter  = Q
in i t ia l  nomentum = 0.0d0
in i t ia l  rat l ius = 0.0d0
TNT-equivalent = 4.186d15
s ta r t  t i ne  =  0 .0d0
S e t t i n g - u p  = . t r u e .
p i i  =  3 .14159d0

C Ca1I to SUBROUTINE CLEAN-FIREBAII,- This sets up the ' lata
C going in to "CHNOS3" for  a non-sur face b last  concl i t ion '
C Also set  concl i t ions for  composi t ion of  the atnosphere '
f

caI I  CLEAN_FIREBALL( in i t ia l_z,water- incIut le ,MFH20, l { fN2, t ( loz, }1FC02'
,,IIFAr )

c
C Call  to SUBRoUTINE GRAM-AToMS. This returns the nunber of

C rno te  o f  the  o f  each e lenent ,  N ,O,H,C ant l  Ar  g iven  the  mole

C f rac t ions  o f  the  no lecu les  per  k i logram o i  ambien t  a i r '

c
CALL GRAM-ATOM (HFH2O. MfN2, MfO2, I{FCO2, HFAr, nf N, nf 0, nf H' nf C' nf Ar )

c
n f S  =  0 . 0 d 0
n f E  =  0 . 0 d 0
enth-fb3er-Mass = 0-0d0
z  =  in i t ia l -z
ra t l ius  =  in i t ia l - rad ius
d t  =  in i t ia l -d t
a t ime =  s ta r t - t ime
CALL IcAo-Air ( ini  t  ial-2, T-ambient, P-ambi ent, D-anbi ent )

c I t  1s necessary to calculate the enthalpy of the species '  which

C wi l l  nake up  the  f i reba l l ,  a t  ambien t  en tha lpy .  Th is  w i l l  be

c  subt rac ted  t ron  the  en tha lpy  a t  in i t ia l  f i reba l l  tempera ture .

c l lence the Mass of the f irebal l  r i i l I  be calculated, given the

C knowledge o f  the  in i t ia l  f i reba l l  energy .
c

T-fb = init ial-fb-tenp
r i r i t e  ( 0 ,  4 )  n f N ,  n f o ,  n f  C ,  n f H ,  n f A r ,  n f  S ,  n f  E
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Call read_in_CHNOS
CaII scramble (T_f b, P_arnbient )

CaIl read_anb_air
CaI l  aubient_enthalpy ( in i t ia l_2,  T_arnbient)

wr i te  (0,  15)  enth_ambient
Init ial-fb-enthalpy = beta * l l  * TNT-equivalent
tenper (1)  = in i t ia l_fb_tenp
l{ass = Init ial_f b_enthalpy/ (Enthalpyjer_kg-enth_arnbient )
Enthal (1)  = In i t ia l - fb-enthalpy /  Mass
f  (1 )  =  i n i t i a l  z
f (2) = init ial-monenturr
f ( 3 )  = 3 . 0 d 0 * M a s s  /  4 . 0 d 0 / p i i
f ({) = Entbalpy_per_kg

C f  (5)  ts  energy

f  ( s )
wri te (0,  10)  Mass,  In i t ia l_fb_enthalpy,Enthalpy3er_kg
T o t a l n f N  = M a s s * n f N
wr i t e  (0 ,12 )  To ta ln fN
T o t a l n f O  = M a s s * n f O
pr i t e (0 ,12 )  To taLn fo
T o t a l n f C  = M a s s * n f C
wr i t e  (0 ,12 )  To ta In fC
T o t a l n f H  = M a s s * n f H
wr i t e (0 ,12 )  To ta ln fH
TotalnfAr = l,tass * nfAr
wr i t e (0 ,12 )  To ta ln fA r
T o t a l n f s  = M a s s * n f S
w r i t e ( 0 . 1 2 )  T o t a l n f s
T o t a l n f E  = l { a s s * n f E
wr i t e  (0 ,12 )  To ta ln fE

Ca11 Di f  f  erent ia l_Equat ions

rad_ IossO =  d f (5 )

C------AI,IJ THS FORMAT STATEMENTS
c

4  F o r n a t ( ' n f N  =  ' , d 1 0 . 4 , ' n f O  = ' , d 1 0 . 4 , ' n f C  = ' , d 1 0 . 4 ,
* '  n f H  = ' , d 1 0 . 4 , '  n f A r  = ' , d 1 0 . 4 , ,  n f S  = ' , d 1 0 . 4 , '  n f E  = ' , d 1 0 . 4 )

1 0  F o r n a t ( ' M a s s  = ' , d 1 2 . 6 , ' k g  f B  E N T H  = ' , D 1 2 . 6 , '  , J  e n t h / k g  =  , ,
t  d .Lz  .6  ,  '  . I / kg  '  )
F o r m a t ( '  I T  =  ' , d 2 0 . 1 4 )
Fo rna t ( '  en th_anb ien t  =  ' , 4114 .8 )
RETURN
END

radiated f ron f i rebal l .  assuned zero at  s tar t

=  0 .0d0

! z
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SUBROUTINE CI .EAN-TIREBALI , (h i tE 'VAPOUT,MFH2O.MFN2' lTOz 'MFCO2' I , IFAT)
c
c . . . . . . . C a l c u l a t e s  t h e  n o l a r  f r a c t i o n s  o f  a n b i e n t  a i r  g a s e s  f o r  a

c . . . . . . . n o n - s u r f a c e  b l a s t  c o n d i t i o n .
c . . . . . . . D I I F  i n d i c a t e s  n o l a r  f r a c t i o n  o f  s p e c i e s  i n  d r y  a i r .

I I IPLICIT DOUBIJE PRECISION (A-H't ' l -Z)

Logical vapour
conmon /now/ nMrl2,D!lF02,DHFCo2'DMFAT

IF (vapour) THEN
MFH20 =  MF-H20(h i te )
ELSE
I.IFH2O = 0.000D0

ENDIF
UFN2
MFO2
urco2
l{FAr
TMF = l,lFH2o + ltFN2 + t{F02 + MfC02 + ilFAr
i f  (dabs  (1 .0d0 -  T t ' lF )  .G8. .  1 .0d-5)  then

wr i te  (0 ,4 )  TMF,MFH2O, l tFN2,MF02 ' l l fCOZ'MfAr
S t o P

end i f

C-----AI,I, THE FORMAT STATEI,IENTS

4  F o r m a t ( ' T M F  s h o u l c l  e q u a l  1 . 0 0 ,  b u t  i n s t e a c l  i t  e q u a l s ' , D 2 0 . 1 4 , ' . '
* , / , ' T h i s  p r o g r a m  i s  n o w  t e r r n i n a t e t l .  c h e c k  t h e  d a t a  f i l e  " d . f i l e " .
* , , / , ' M F I I 2 O  = ' , , d L 4 . 8 , ' l ' l F N 2  =  

" d 1 4 . 8 , J  

l ' l F O 2  =  . , a I 1 4 . 8 , / '

* '  M F C O 2  =  , . d 1 4 . 8 , '  M F A r  =  ' , d 1 4 . 8 )

RETURN
END

c
c----------
c

DOUBLE PRECISION FUNCTION I ' IF-H2O (Z)
I

c . . . . .Re tu rns  t he  vo lune t r i c  n i x i ng  ra t i o  ( v / v )  o r  r ro la r  f r ac t i on  o f
c . . . . . H 2 0  a t  a  g i v e n  h e i g h t .
a

II.{PLICIT DOUBI,E PRECISION (A-H ' I{-Z )
DIHENSIoN HEIGHT (1?) , t {ATERp (17)

INTEGER I
D A T A  H E T G H T / 0 .  O O 1 D 3 ,  2 . 0 D 3 ,  4 .  O D 3 ,  6 .  0 D 3 ,  8 .  0 D 3 ,  1 0 .  0 D 3 ,  1 2 .  0 D 3 '  1 4 .  0 D 3 '

* 1 6 .  O D 3  ,  1 8 .  O D 3  ,  2 0 .  O D 3 ,  2 2 . 0 D 3  , 2 4 . 0 D 3  , 2 5 . 0 D 3 ,  2 8 . 0 D 3 ,  3 0 . 0 D 3  ,  3  1  -  0 D 3  /
DATA l{ATERp /t}t29 .OD-6, 6110.0D-5 , 3055 - 0D-6 ,1447 '0D-5 ,434 '  0D-5 '

* 5 9 .  O D - 5 ,  3 ?  .  O D - 6 ,  1 6 .  O D - 6 ,  1 4 .  O D - 6  ,  1 0 .  O D - 6 ,  1 0 . 0 D - 6 ,  1 0 . 0 D - 6 ,  1 0 . 0 D - 6  ,
* 1 0 . o D - 6 ,  1 0 . O D - 5 ,  1 0 . 0 D - 6 ,  1 0 . 0 D - 6 /

I F  ( z  . G T .  3 1 . 0 d 3 )  T H E N
!tF-l I2O = 10.0D-6
RETURN

ENDIF
IF  (z  .LE.  HEIGHT(1) )  THEN

MF H2O = 10129.0D-5
RETURN

ENDIF
I = 0

= Dl,lFN2 't (1.0D0 - $fHzO)
= Dl{F02 *  (1.0D0 -  MrH20)
= DMFCo2 *  (1.0D0 -  [ !FH2O)
= DHFAr * (1.0D0 - l ' tFlt2O)



58

1 I = I + 1
I F  ( z  . L T .  H E I G H T ( I  +  1 ) )  T H E N

R A T I O  =  ( z  -  H E I G H T ( I ) )  /  ( H E I G H T ( I  +  1 )  -  H E I G H T ( ] ) )
I ' !F_H2O = I , IATERp( I )  +  (RATIO *  ( i lATERp( I  +  1 )  -  WATERp( I ) ) )
RETURN

ELSE
I F  ( I . I , T . 1 5 )  T H E N
GOTO 1

EIJSE
W R I T E ( 0 , 2 )

2 FORI{AT ( '  ERROR SOI1THING IIRONG IN DB FUNCTION MT H2O ')

STOP
ENDIF

ENDIF
RETURN
END

SUBRoUTINE GRAI,I_AToM ( MFH2O, MFN2, MF02, i lFCO2, MFAr, nN, n0, nH, nC, nAr )
c
C . . . . . R e t u r n s  t h e  n u n b e r  o f  n o l e s  o f  e a c h  o f  t h e  e l e n e n t s  N , O , H , C  a n d  A r
C. . . . .g iven  the  no le  f rac t ions  o f  the  molecu les  per  k i lograrn  o f  ambien t
C . . . . . a i r . I t  f i r s t  c a l c u l a t e s  t h e  r e l a t i v e  m o l e c u l a r  w e i g h t  o f  t h e
C . . . . . s y s t e m ,
c

I I , IPLICIT DOUBI,E PRECISION (A-H.M-Z)

RMt [  =  ( l , tFH2o  *  18 .015D0)  +  (MFN2  *  28 .014D0)  +  (MrO2 ' t  31 .998D0)
1 + (HFCO2 ' t  44.009D0) + (MFAi l t  39.950D0)

nH2O = MFH20 ,, 1000.0D0 / Rl' l l l
nN2 = MFN2 't 1000.0D0 / Rl,lt l
n02 = l lF02 ,, 1000.0D0 / Rt{W
nCO2 = I{FCO2 * 1000.0D0 / R]' l i I
nAr = MFAr * 1000.0D0 / RMI{
nO =  nH20  +  (2 .0d0  *  nC02)  +  (2 .0d0  *  n02 )
n N  = 2 . 0 d 0 * n N 2
nC = nC02
n H  = 2 . 0 d 0 * n H 2 0
nAr = nAr
RETURN
END



SUBRoUTINE ambient-enthalpy ( z, temp )

C . . . . , C a l c u l a t e s  r e l a t i v e  m o l e c u l a r  w e i g h t  o f  n e w  a m b i e n t  a i r
c. .  .  .  .  conposit ion and enthalpy of lkg ainbient air .
c

IMPLICIT  DOUBLE PRECISION (A-H, I { -Z)

Locr ica l  water  inc lude
integer Tnun, Number-of -cles
CHARACTER Atmos*20

COMIION / f  ive / enth-ambi en L, To t al}tole, Nurnber-of -t les
common /h2o/ water- include,Atnos
c o n m o n  / a m b /  T n u m ,  I S N ( 5 ) , E N T H A L ( 6 )

Save

D o 4 0 J = l , T n u n
D o 5 0 I = 1 , 6

i f  ( 1 s N ( J )  . E Q .  I )  t h e n
ENTHAL ( ,J )  =  ENTH ( .1 ,  lemp)  *  4 .  186D+00

end i f
50  cont inue
40 cont inue

c
Ca1 1 CLEAN-FIREBALL ( z, wat er- inc lude, t ' l f  HZO, l lFN2, HFO2, MFC02' ] ' lFAr )

c
R l { l i  =  ( M F H 2 o * 1 8 . 0 1 5 D 0 )  +  ( M f N 2 * 2 8 ' 0 1 4 D 0 )  +  ( M F 0 2 * 3 1 . 9 9 8 D 0 )

1  +  ( l ' tFco2 *  44 .  oo9D0)  +  (MFAr  *  39 .950D0)
nlt20 = I4FH2O * 1000.0D0 / RMIf
n N 2  = M F N 2  * 1 0 0 0 . 0 D 0  l R l ' I i l
n02 = MF02 * 1000.0D0 / R}l l l
nCo2 = I ' lFcO2 * 1000.0D0 / RMH
nAr = l ' lFAr * 1000.0D0 / RMW
n H 2  =  0 . 0 d 0
enth  ambien t  =  (ENTHAL(1)  *  nN2)  +  (ENTHAL(2)  *  nO2)  +

1  (ENTHAL(3)  *  NAT)  +  (ENTHAI , (4 )  *  NH2O)  +

2 (ENTHAL(S)  *  nC02)  +  (ENTHAL(5)  *  nH2)

I2O RETURN
END
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FUNCTION ENTH( I ,T)
c
C. . . . .Ca l cu1a tes  t he  en tha lpy  o f  t he  aub ien t  a i r
C . . . . . T ,  w h e r e  T  i s  u p  t o  5 0 0 0  K e l v i n .
c

IMPIJICIT DOUBI,E PRECISION (A-H,O-Z)
c

species for  tenperature

Connon /de t /  ER(6)  ,Crc ,6 )

ENTH=ER (I)
I F ( T . L T . 2 9 8 . 1 5 )  T H E N

T L  =  2 9 8 . 1 5
T U = T
E N T H = E N T H  +  ( C ( I , 1 )

I  +  C ( I , 2 ) r , T t
2  +  C ( I , 3 ) * T I J * T L
3  +  c ( r , 4 ) * ( ? L : * * ( - 2 . 0 ) ) ) * ( T u - T L )

RETURN
ENDIF
T L = 2 9 8 . 1 5
TU=T
ENTH=ENTH+C ( I ,1 )  *  (TU-TL)

1  + C ( I , 2 ) t r ( T U r . T U - T L * T I I )  / 2 .
2  + c ( I , 3 ) * ( T U * T U i i T U - T L * T L * T L ) / 3 .
3  - c ( r , 4 ) * ( 1 . / T U - l . / T L )

c
c----------
c

SUBROUTINE ICAO_Air ( z, t ernp, pressure, t lensity)
c
c.- - . .ca lcuLates the temperature,  pressure and i lensi ty  of  the ambient
C . . . . . a i r  f r o rn  t he  he igh t  o f  t he  f i r eba l l .

II{PIJIC]T DOUBI'E PRECISION (A-H,O-Z)
R e a l * 8  l e v e l  ( 5 ) , l a p s e ( 5 ) ,  I _ t e m p ( 6 ) , I j r e s s  ( G ) , 1 _ d e n s i t y ( 5 )
D a t a  l e v e l /  0 . 0 0 0 0 , 1 1 0 0 0 . 0 , 2 0 0 0 0 . 0 , 3 2 0 0 0 . 0 , 4 ? 0 0 0 . 0 , 5 1 0 0 0 . 0 /
Da ta  l apse / -0 .  0055 ,  0 .  000 ,  0 .  001 ,  0 .  0028 ,  0 .  000 ,  -0 .  0028 /
Da ta  l _ tenp  /288 . t50 ,2L6 .6 ,2L6 .6 ,228 .6 ,270 .6 ,2 ' 10 .6  /
Da ta  l j r es  s  /  L0L325 . ,  22630 .3 ,  5475 .  00 ,  867 .  921 ,  110 .  98  g ,  66 .921 .  O  /
Data l_densi ty /1.  2254+0,  3 .  d3 94d-1,  8.  803d-2,  t .  3225d,-2,  t .  AZ' t  j  d , -3,

* 8 . 5 1 5 d - 4 /

RETURN
END

GilivR
J = 0

1 0 , J = i I + 1

=  0 .034164d0

i f  (z  .cE.  leve1 ( , t+1)  )  go to 10
temp  =  I_ tenp ( . I )  +  l apse (J )  *  ( z  -  I eve l ( J ) )
i f  ( I apse ( . t )  . eq .  0 .0 )  t hen
p ressu re  =  I j r ess (J )  *  dexp ( -Gd ivR* (z - Ieve1 (J ) ) / l _ tenp ( t ) )
densi ty  = I_densi ty( , t )  *  pressure /  I1 l ress(J)

e l se
p ressu re  =  l j r ess ( . I )  *  ( ( t enp / I_ tenp (J )  ) * ' , ( -Gd i vR / l apse ( , t )  ) )
densi ty  = I_<lensi ty( , t )  *  (  ( tenp/ ]_temp(.1)  ) t  * ( - (  (GdivR/1apse(. t )  )+1

1  . 0 )  )  )
endi f
RETURN
END
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SUBROUTINE scramble  (  temp,  p ressure  )
c
C . . . . . S t o r e s  a t l  f i n a l  m o l a r  a m o u n t s  f o r  s p e c i e s  i n  f i r e b a l l  i n  H o l t l n
C . , . . . a r r a y  a n d  c a l c u l a t e s  t h e  s u r n  o f  a l l  g a s e o u s  s p e c i e s ,  a l l  s o l i d

c . . . . . s p e c i e s ,  a l l  s p e c i e s ,  a l l  n e g a t i v e l y  c h a r g e d  s p e c i e s  a n d  a l l
c . . . . . p o s i t i v e l y  c h a r g e d  s p e c i e s .
L

IMPLICIT  DOUBLE PRECISION (A-H,M-Z)

inc lude ' common.  pu t  '

c
C a I l  C H N O S 3  (  t e m p ,  p r e s s u r e ,  n f  N ,  n f  o .  n f  H ,  n f  C ,  n f  A r ,  n f  S ,  n f  E '  E n t h a l p y 3 e

i r_kg)
c

i l o  1 4  1 = l , S p e c i e s - n u m
L 4  H o l d n ( I )  =  Y ( I )

To ta lcasMole  =  0 .0d0

D o 1 6 I = l , N g a s s
15 Tota lGas l {o le  =  Tota ]GasMole  +  y ( I )

Zdsh =  Tota lGasMole  *  mwa /  1000.0d0

Tota lSo l id l ' l o le  =  0 .0d0

Do 1g I  =  l r fg6sg+ l ,spec ies_num
18 Tota lSo l idMole  =  Tota lSo l idMole  +  Y( I )

To ta luo le  =  Tota lGasuo le  +  Tota lSo l idMole
Z tb  =  Tota lGasMole  *  mi {a  /  1000.0d0

S U M P S  =  0 . 0 d 0
SUMNS = 0 .0d0

D o 2 4 I = N S + L , N S + N P S
24 SUI {PS =  SUUPS + Y( I )

Do 25  I  =  NS+NPS+I ,NS+NPS+NNS
26 SUI'INS = SUI{NS + Y(I)

nTotalCharged = SUMPS - SUI' INS

RETURN
END



SUBR0UTINE CHNOS 3 (  temp,  p ressure ,  aN,  aO,  aH,  aC,  aAr ,  aS .  aE,  Entha lpy3er
*-kg )

C , . , . . C a l c u 1 a t e s  t h e  e n t h a l p y  p e r  k g  o f  f i r e b a l l  a i r  g i v e n  t h e  p r e s s u r e ,
C . . . . . t e m p e r a t u r e  a n d  m o l a r  a m o u n t s  o f  e a c h  e l e m e n t  i n  t h e  f i r e b a l l  a i r .

a

c

c

TEST PROGRAM T'OR FREE ENERGY MINIMIZATION ROUTINE

I } IPLICIT  DOUBIJE PRECISION (A-H.O-Z)

DIMENSION enthalpy ( 50)

C o M M 0 N / A A A / A  (  5 0 ,  1 0 ) ,  A K T  ( 5 0 ) ,  A K T F  (  5 0 ) ,  B  ( 1 0 ) ,  B 0  ( 1 0 )  .  c  (  5 0 )
c o M M o N / B B B /  r V A R ,  K H  (  2 0  ) ,  L ,  L 1 ,  M ,  I , t 1 ,  t l A ,  M B ,  M p ,  M S ,  l l F  (  1  5  ) ,  M L  (  1 5  )
c o M M o N / c c c / p r  (  2 0 ) ,  p T o T ,  T ,  y  (  5 0 ) ,  y 0  (  5 0 ) ,  y r  (  5 0 ) ,  y T o T  (  2 0 )
comnon /xaa/ I ' lc,MR
C O I , I M O N / N I N E  /  J T ,  J 2 ,  J 3 ,  J 4 ,  J 5 ,  J 6 ,  J 7

ENTER GM ATOMS OF ELEMENTS

B ( J l )  =  a C
B ( J 2 )  =  a H
B ( J 3 )  =  a N
B ( J 4 )  =  a 0
B ( J 5 )  =  a s
B ( J 5 )  =  a A r
B ( , I 7 )  =  a E

ENTER TEMPERATURE, PRESSURE

T = tenp
P T O T  =  p r e s s u r e  /  1 0 1 3 2 5 . 0 d 0

CAI.CUI.ATE GIBBS ENNRGIES OF SPECIES

R = 1 . 9 8 7 1 7
D 0  7 0  I = I , M S

G  ( I )  =  ( C E N T H  ( I ,  T )  - T * E N T R  ( 1 . T )  )  / R / T

The va lue  o f  CENTH( I .T)  has  un i ts  Kca l / rno le .
I lowever  en tha lpy( I )  needs  to  have un i ts  o f  J /mote .
I t  i s  then necessary  to  mu l t ip ly  CENTH( I ,T)
by  4 .185D+00 to  conver t  ca} /mo le  to  , I / rno le .

e n t h a l p y ( I )  =  4 . 1 8 5 D + 0 0  *  6 E N T H ( I , T )
CONTINUE

ENTER INITIAIJ GUESS

YTOT(1)=HG
D 0  ? 5  I = I , M S

Y ( I ) = 1 .
CONTINUE

CALI, GAUSS

IF (U. GT . MP ) TIIEN
r{RrTE(0 ,117)  M, } , tP
s top

ENDIF

c

e
(\
c

a
c

c

70
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c
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Enthalpy3er-kg = 9.969
D 0  8 0  I = 1 , M S

Entha lpy3er -kg  =  Entha lpy je r -kg  +  (en tha lpy( I )  *  Y( I ) )
80 CONTINUE

RETURN
1 1 ?  F O R I I A T ( '  1 1  =  ' , I 3 , '  M P  =  ' , I 3 , / '  E Q U I L I B R I U M  N O T  A T T A I N E D ' )

END

c----------
c

SUBROUTINE Find-T
a
C. . . . .F inds  the  tenpera ture  tha t  cor responds to  the  en tha lpy .
c

II{PLICIT DOUBI,E PRECISION (A-II,}1-Z)

inclutle 'cornnon. put '

c o u n t e r = q q u n f s l + 1
i f  (counter  . I "T.  4)  then

Enthal (counter) = enth-fb-Per-l ' tass
20 Cal I  scranble (T- fb,P-anbient)

DeIta-Enth = (enth-fbjer-l ' lass-Enthalpyjer-kg) /
* (enth-f b3er-l ' lass)

i f  (dabs(Del ta-Enth)  .GT.  0.0001d0) then
T_ fb  =  T - fb  *  sq r t ( (De l t a -En th  +  1 .0D0) )
goto 20

e l se
temper (counter) =T-fb

endi f
e lse

40 Cal I  matr ix
T-fb = cala * (enth-fbjer-Mass 't enth-fbjer-Mass) + calb *

r.enth-fbJer-l{ass + calc
I f  (T- fb .1,T.  ooo.o i lo .  oR.  T- fb .GT.  10000.0d0) cal l  show status
CaI l  scramble (T- fb,P-ambient)
tenper (counter) =T-fb
EnthaI (counter ) =EnthaIpyJer-kg
Delta-Enth = (enth-fbjer-Mass - EnthalpyJer-kg)

* / (enth-fb3er-Mass)
i f  ( i labs(DeI ta-Enth)  .cr .  0 .001)  then
i f  ( dabs ( te r ,pe r ( coun te r ) - t emper (coun te r - l ) )  . LT .  1 ' 0 )  t hen

i f  (  ( t emper (coun te r -2 ) - t enpe r ( coun te r - l )  )  .GE .  0 .0 )  t hen
temper (coun te r )  =  t enpe r ( coun te r -1 )  -  1 .0

else
tenper(counter)  = tenper lq6unlss- l )  + 1.0

endi f
CalI scranble (tenper (counter),P-anbient)
Enthal (counter) = EnthalpyJer-kg

enil if
c o u n t e r = c o u n t e r + 1
goto 40

endif
endi f
RETURN
END



SUBROUTINE natr ix

C. . . . . 4  2nd  o rde r  po l ynon ia l  f i t
C. .  . . . tenrperature corresponi l ing
c

IMPLICIT DOUBI,E PRECISION

Integer counter

used by Find_T to approxinate guess
to  en tha lpy .

(A-H, !r-Z )

ReaL*8  T1 .  T2 ,  T3 ,  81 ,E2 ,83 ,  E1sq r ,  E2sq r ,  E3sq r ,  E1nu l ,  E2nu1 ,  E3nu I
Real*8 ca1a,  caIb,  ca lc ,  ternper,Entbal
Rea l r , 8  n l , n2 ,n3
Connon /USE/EnthaI  (2000),  temper (2000),  ca1a,calb,calc ,  counter

T 1  = t e n p e r ( c o u n t e r - 3 )
T Z  = t e n p e r ( c o u n t e r - 2 )
T 3  = t e m p e r ( c o u n t e r - 1 )
Elsqr  = Enthal (counter  -  3)  **  2.0d0
E1  =  En tha l ( coun te r  -  3 )  , , *  1 .0d0
E lnu l  =  En tha l ( coun te r  -  3 )  t *  0 .0d0
E2sqr = Enthal (counter  -  2)  **  2.0d0
E2  =  En tha l ( coun te r  -  2 )  * *  1 .0d0
E2nu l  =  En tha l ( coun te r  -  2 )  * *  0 .0d0
E3sqr = Enthal (counter  -  1)  ' t *  2 .0d0
E3  =  En tha l ( coun te r  -  1 )  * *  1 .0d0
E3nul  = Enthal (counter  -  1)  **  0.0d0
n 1  = E 2 s q r / E l s q t
n 2  = E 3 s q r / E 1 s q r
E2sq r  =  0 .0d0
E 2  = E 2 -  ( n 1 * E 1 )
E2nul  = E2nul  -  (n1 *  Elnul )
E3sqr = 0.0c10
E 3  = E 3 - ( n 2 * E l )
E3nu1 = E3nuI  -  (n2 *  ELnul)
T 2  = T 2 -  ( n 1 * T 1 )
T 3  = T 3 - ( n 2 * T 1 )
n 3  = E 3 / E 2
E 3  = E 3 - ( n 3 * 8 2 )
E3nu1 = E3nul  -  (n3 *  EZnuI)
T 3  = T 3 - ( n 3 * T 2 )
c a l c  = T 3 l E 3 n u I
calb = (T2 -  (E2nu1 *  ca lc))  /  Ez
ca1a = {T1 -  (E1 *  ca lb)  -  (Elnul  *  ca lc))  /  n lsqr
RETURN
END
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FUNCTION CENTH( I ,T)
c
C. . . . .Ca lcu la tes  the  en tha lpy  o f  any  f i reba l l  spec ies  a t  any  tenpera ture

II{PLICIT DOUBI,E PRECISION (A-H,O-Z)

cour . {oN/DAT/c1  (50 ,  5 ) ,  c2  (  50 ,  5 ) ,  c3  (50 ,  5 ) ,  C4 (50 ,  5 )
co l , rMoN/DAT/HR (  50) ,  SR (  50) ,NR (  50) ,  HH (  50 ,  5 ) ,TM (50 ,  5 )

c
cENTH=HR ( I )
N=NR (I)
I F  ( T . I , T . 2 9 8 . 1 5 )  T H E N

U - I

TL  =  298 .15
T U = T
CENTH=CENTH + (C1(I ,J)

1  +  C 2 ( r , J ) * T L
2  +  c3 ( r , , t ) *TL ' tTL
3  +  C 4 ( I , J ) * ( T L * * ( _ 2 . 0 ) ) ) * ( T U _ T I r )

CENTH=CENTH+HH(I,.t)
ELSE

D0 30 'J=1,N
TL=298 .15
IF  ( J .GT .1 )  TL=TM( I , . i - 1 )
TU=T
IF  (T .GE.T l t ( r , , I )  )  TU=TM( r , . t )
CENTH=CENTH+C1 ( I ,J)  *  (TU-TL)

1 +C2(I ' ,1)*  (TU*TU-TL*TIJ)  /2 .
2 +C3 ( I ,J)  *  (TU,,TU*TU-TL*TL*TL) /3.
3  -C4 ( r , J ) * I . /TV- r . /TL )

rF  (T .LT .T l t ( r , J )  )  GOTO 40
CENTH=CENTH+HH(I,,I)

3O CONTINUE
Itr' (T . GT. TI.1(I, N) ) THEN
T L  =  T M ( I , N )
T U = T
CENTH = CENTII + (C1 (I,N)

1  +  C2  ( r ,N )  *TL
2  +  C3  ( I ,N )  *TL*TL
3  +  C 4 ( I , N ) r ! ( T L * * ( _ 2 . 0 ) ) ) * ( T U _ T I J )

ENDIF
ENDIF

40 RETURN
END
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TUNCTION ENTR( I ,T)
c
C . . . . . C a l c u l a t e s  t h e  e n t r o p y  o f  a n y  f i r e b a l l  s p e c i e s  a t
c

I I ' IPIJICIT DOUBIE PRECISION (A-H,O-Z)
c

co l , tMoN/DAT/C1  (50 ,  5  ) ,  C2  (50 ,  5  ) ,  C3  (  50 ,  5 ) ,  c4  (50 ,  5 )
coMr ' t oN /DAT/HR (  50 ) ,  sR  (50 ) ,  NR (  5o ) ,  HH (  50 ,  5 ) ,  TM (  50 ,  5 )

ENTR=SR ( I )
N=NR ( I )
IF  (T . I ,T .298 .15 )  THEN
i I = 1
T L  =  2 9 8 . 1 5
T U = T
ENTR=ENTR + (C1(I ,J)

+  C 2 ( I , J ) * T L
+ C3 ( I , ,1)  *TL*TL
+ C4 ( I , .1)  , ,  (TIJ**  ( -2.0)  )  )  *DLOG (TUITL)

ENTR=ENTR+HH ( I, J) /Tl, l ( I.,t )
ELSE
DO 30  J=1 ,N
TL=298 .15
I f  ( , t .cT.1)  TL=TI{( I , .1-1)
TU=T
IF  (T .GE.T l1  ( I , . 1 )  )  Tu=T l I ( I , J )
ENTR=ENTR+C1 (I, J) *LOc (TU/TL)

+C2( I . . t ) * (TU-T I r )
+C3 ( I , . I )  *  (TU*TU-T6*TL,  /  2 .
-c4 ( r , . r )  *  (1.  /TU/TU-I .  / tL /  TLI  /  2 .

IF (T.LT.Tl , l ( I , , t )  )  GOTO 40
ENTR=ENTR+HH ( I , . t )  /TM ( I , , t )

3O CONTINUE
I F  ( T  . G T .  T M ( I , N ) )  T H E N
T L  =  T M ( I , N )
T U = T
ENTR=ENTR + (c l ( I ,N)

+ C2 ( f  ,N) , tTI r
+ c3 ( I ,  N)  *TL,rTL
+  c4 ( I ,N )  r3  (TL* *  ( -2 .0 )  )  )  *DLOG(TU/T t )

ENDIF
ENDIF

40 RETURN
END

any temperature.

L
2
3

1
z

1
2
3
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SUBROUTINE GAUSS
c
c . . . . . c a l c u l a t e s  t h e  n u m b e r  o f  m o l e s  o f  e a c h  s p e c i e s  i n  f i r e b a l l  a i r

C . . . . . k i l o g r a m  o f  f i r e b a l l  a i . r .
c
C ERIKSSON FREE ENERGY MINIMIZATION ROUTINE

c
IMPLICIT  DOUBI ,E PRECISION (A- IT 'O-Z)

c
co l lMoN/AAA/A  (  50 ,  10 ) ,  AKT  (  50 ) ,  AKTF  (  50 ) ,  B  (10 ) ,  B0  (  10 ) '  c  (  50 )
coMMoN/BBB/rvAR ;  KH (20) ,  t .  11,  M,  M1,  MA. MB. I ' tP,  I ' lS.  MF (  l '5)  .  ML (  15 )
coMt {oN /ccc /P r  (20 ) ,  PToT ,  T ,  Y  (50 ) ,  Y0  (  50  ) '  YF  (  50 ) ,  YTo r  (20 )

c
D r u E N S r o N  F ( 5 0 ) , r F A S ( 1 0 ) , 1 S O L ( 1 0 ) , N S U M ( 2 0 0 ) ' 0 P r ( 2 0 )
D T M E N S T O N  R  ( 2 0 .  2 1 ) , Y r r o r  ( 2 0 ) ' Y x ( 5 0 )

I 5 = - I

MSUM=0
NG=0

1 ISUt'l=O
l,lSA=0
rr (us . GE . Itl ) TI{EN

D 0  2  I = M l ' H S
r r  ( Y ( r ) . N E . o . )  r H [ N

MSA=MSA+l'
ISOL (MSA)  = I

ISUM=ISUH+2**  (  I+Mp-Ml  )
ENDIF

2 CONTINUE
ENDIF

3 MPA=0
NG=NG+1
I F  ( N G . 8 Q . 5 0 1 )  N G = t
NSUII(NG) =ISUI' I

YSUM=0.
D 0  4  M = 1 , M P

I F  ( Y T O T ( H ) . N E . O . )  T H E N
llPA=MPA+1
IFAS (MPA) =M
NSUI{ (NG) =NSUM (Nc) +2** (}t-1)

YSUM=YSUM+YToT (M)

ENDIF
4 CONTINUE

IF (NSUM(NG)  .GE. IS .AND.TTPA+} ISA. I .E . t , )  GOTO 11

5  I S = I S + 2
DO 6 N= l ,MPA

M=IFAS (N)
YTOT (M)  =0 .

6 CONTINUE
ISUM=0
MPA=L
YTOT (1 ) =1 .
IF  ( I {SA.NE.O)  THEN

D O  7  N = I , M S A
I=ISOL (N)
Y ( I ) = 0 .

? CONTINUE
MSA=0

ENDlF



8
9

I F  ( I S . N E . 1 )  T H E N
IT=IS
M=0
l'l=M+1
I T  ( 2 * * M . I . E . I T )  G O T O  9
IF (M.I,E.i lP) TIIEN

MPA=MPA+1
IFAS (MPA) =lt
YToT ( t { )  =1 .
HA=MF (il)
HB=MI, (M)
D0 10 I=i lA,MB

Y ( I ) = Y s U l I
1O CONTINUE

EIJSE
I=}l+ML (MP) -ltp
I F ( I . G T . M S ) R E T U R N
HSA=MSA+1
ISOL (MSA)  = I
ISUi l= ISUM+2**  (H-1  )
Y( I )=YSUi l

ENDIF
IT=IT-2**  ( t t -1 )
r r  ( rT .EQ.1)  coTo 8
IF (}IPA+MSA.GT.L) GOTO 5

ENDIF
IFAS (1)  =1
IF  (NsUl I (NG) .GT. Is )  NG=NG+I
NSUII (NG) =IS

1 1  I F  ( N G . N E . 1 )  T H E N
D O  1 2  K = 2 , N G

rF (NSUr , t (Nc) .EQ.NSUM(K-1)  )  GOTO 5
L2 CONTINUE

IF (Nsu l ' l ( l l c - l )  .EQ.MSUM) NSUM (Nc- j . )  = -NSUM(NG-1)
rF  (Nc .  LT.  3 .  0R.NSUM (Nc-2  )  .NE.  -MSUI , I .OR.NSUM (NC)  .  EQ.MSUM) GOTO 13
NSUH (NG-2 ) =-Nsul,t  (NG-2 )

1.3
t4

1 5

ENDIF
LX=0
D 0  1 5  , I = l , L

B0 ( , t )=B ( ,J )
CONTINUE
D0 18 M=l , l IP
MA=MF (M)
!18=lIL (11)
I F  ( Y T O T ( M ) . I , 8 . 0 . )  T H E N
DO 15 I=l ' lA,MB

A K T ( I ) = 0 .
A K T F ( I ) = 1 .
Y ( I ) = 0 .
Y F ( I ) = 0 .

CONTINUE
EIISE

D0 17 I=l{A,}18
I F  ( Y ( I ) . L T . 1 . E - 8 )  y ( I ) = 1 . E - 8
A K T F ( I ) = 1 .

L1 CONTINUE
CAI,L ABER
r F  ( Y T O T ( M ) . E Q . 0 . )  G O T O  3

ENDIF
18 CONTINUE
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20

DMIN=1.  E-6
IVAR=0
IVAR.I=ML ( 1) -l{S

LS1=L+l{PA+MSA
LS=LS1-1
tr5!=l,g+2
D0 20 J=1 ,LS1

D0 20 K=\ ] ,LSZ
R ( , 1  , K ) = 0 .

CONTINUE
D0 24 N=I ,MPA

LL=L+N
M=IFAS (N)
!,tA=l{F (M)
MB=I{L (M)
D0 23 I=MA,MB

I F  ( Y ( I ) . N E . O . )  T H E N
F ( I )  =G ( I )  +Loc  (AKT ( I )  )
R  ( L l , L S 2 )  = R  ( L l , t  S 2 )  + F  ( I i  * y  ( I )
D O  2 2  J = L , L

r F  ( A ( r , . r )  . N E . 0 .  )  T H E N
A Y = A ( I , J ) * Y ( I )
R (.t  ,  L1) =R (!T , IJl  )  +Ay
R ( . t ,  LS2)  =R (J ,  LSZ)  +Ay*F ( I )
DO 21 K=.LII

R (.1 .  K) =R ( 'J, K) +AY*A ( I  ,  K)
2T CONTINUE

ENDIF
22 CONTINUE

ENDIF
23 CONTINUE

D 0  2 4  J = l , L
R  ( , t ,  L S 2 )  = R  ( . t ' L S 2 )  - R  ( , t '  L 1 )

24 CONTINUE
I F  ( M S A . N E . O . )  T H E N

D0 25 N=1 , l lSA
I= IsoL (N)
K=L+l{PA+N
R ( K , t S 2 ) = G ( I )
D O  2 5  J = 1 . L
R ( J ' K ) = A ( I ' , 1 )

25 CONTINUE
ENDIF
D0 25 . I=2 ,1 ,S1

N=J-1
D 0  2 6  K = 1 , N

s  1 g  .  K 1 = x  ( K ,  J )
26 CONT]NUE

D O  2 8  K = l , L
I T  ( K H ( K ) . N E . O )  T H E N
D0 27 . I=1  ,  LS1

R (J  ,  LS2)  =R ( , t ,  tS2  )  -P I  (K)  / ,R  ( .1  ,  K)
27 CONTINUE

ENDIF
R  ( K ,  L S 2  )  = R  ( K ,  L S 2  )  + 8 0  ( K )

28 CONTINUE
DO 32 K=1, I rS

I F  ( K H ( K ) . E Q . O )  T H E N
ELMAX=O.



7 0

D 0  2 9  J = K , L S I
I F  ( A B S ( R ( . ' , K )  ) . I J E . E L H A X . O R . K H ( J )  . N E . O )  G O T O  2 9
MROli=J
ELIIAX=ABS (R (,t ,  K) )

29 CONTINUE
IF (EI.I ' IAX.tE.O. ) THEN

r F { B 0 ( K )  ) 5 , 3 2 , 5
ENDIF
IF (}IROI{.NE.K) THEN
D 0  3 0  N = K , L S 2

RADBYT=R (l,lROI{,N)
R (MROI{ ,  N)  =R (K.  N)
R (K,  N)  =RADBYT

30 CONTINUE
ENDIT
KA=K+1
D0 31 . I=KA,LSI

RKVOT=R ( ,1  ,  r )  7p  11 ,61
DO 31 N=KA,LS2
R ( . t ,  N)  =R ( .1  ,  N)  -RKVOT*R (K,  N)

31 CONTINUE
ENDIF

32 CONTINUE
D 0  3 4  N = l , L S l

K=LS2-N
I F  ( K H ( K ) . E Q . O )  T H E N

r F  ( R ( K , K )  . E 9 . 0 .  . A N D . R ( K , r , S 2 )  . E Q . O .  )  T H E N
P r  ( K )  = 0 .
K=K-L-MPA
IF (K . I ,E .O)  GOTO 34
I= ISOL (K)
Y ( I ) = 0 .
GOTO 1

ENDIF
P I  ( K )  = R  ( K ,  L S 2  )  / R  ( K ,  K )
KA=K-1
I F  ( K A . N E . O )  T H E N
D 0  3 3  J = 1 , K 4

3 3  R ( . t , L S 2 ) = R ( , I , L S 2 ) - p I ( K ) * R ( . r , K )
ENDIF

ENDIF
34 CONTINUE

r F  ( I V A R . E Q . 0 . 0 R . M R . t . G E . 0 . O R . S t A l r . t T . o . 1 )  c o T o  4 5
D 0  3 5  J = 1 , L

I F  ( A B S  ( P I  ( J )  )  . G T .  1 . E - 8 . A N D . A B S  ( O P I  ( J )  / P I  ( J )  - 1 .  ) , G T .  D M I N )  G O T O  4 4
35 CONTINUE

NR=0
IF (NG.NE.1)  THEN
D 0  3 5  K = 2 , N G

IF (NsuM(Nc)  .EQ. -Nsu l ' t (K-1)  )  NR=NR+I
36 CONTINUE

ENDIF
D0 38 M=I ,MP

IF (YTOT (M)  . I ,E .  O.  )  THEN
HA=MF {M)
MB=ML (M)
CAIJL XEER
YFTOT (M) =0.
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40

DO 37 I=t lA,MB
YFTOT (M) =YFTOT (M) +Yr ( r )
Y x ( I ) = Y F ( I )
AKT ( I )  =0 .
Y F ( I ) = 0 .

CONTINUE
Ir (u.E9.1) YFToT (l{) =YFToT (H) /PToT

ENDIF
CONTINUE
DIFM=1.
D0 40 l{=1 ,HP

I F  ( Y T O T ( M )  . G T . O . . O R . Y F T O T ( I { )  . I . E . D I T M )
KA=M
DIFII=YFTOT (M)

CONTINUE
I F  ( D I F M . N E . 1 . . )  T H E N

IF (NR.NE.O)  THEN
NR=NR-1
YFTOT (KA) =1.
coro 39

ENDIF
MSUtI=NSUI{ (NG)
YTOT (KA) =1.
MA=Mf (KA)
MB=ML (KA)
DO 41 I=}IA.MB.Y 

( I )  =YSUM*YX ( I )  /YFTOT (KA)
4L CONTINUE

GOTO 3
ENDIF
IT  ( } IS .GE.Ml )  THEN

DIFM=0.
D0 43 I=MI ,MS

I F  ( Y ( I ) . I . 8 . 0 . )  T H E N
PIA=-G ( I  )
D0 42 i l=l , Ir

PIA=PIA+A (I,  J) , ,PI ( 'J)
42 CONTINUE

IF (P IA.GE.DIFM)  THEN
KA=I
DIFM=PIA

ENDIF
ENDIT

43 CONTINUE
IF (DIFM.NE.O. )  THEN
Y (KA) =YSUM
GOTO 1

ENDIF
ENDIF
IVAR'J=0
GoTO 46

4 4  D O  4 5  J = 1 , L
0PI  (J )=PI  ( . t )

45 CONTINUE
46 SLAM=I .

DO 48 N=I,MPA
L1=L+N

- I{=IFAS (N)
!tA=!lF (t{)
ME=ML (M)

coTo 40
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DO 48 I=MA,MB
I T  ( Y ( I )  . N E . O .  )  T H E N

P I A = F  ( I )  - p I  ( 1 1 )
D 0  4 7  J = l , L

PIA=pIA-A ( I ,  J )  *p I  ( , t )
47 CONTINUE

Y X ( I ) = P r A * Y ( r )
IF  (P IA.cT.SLAM) SLAI {=p IA

ENDIF
48 CONTINUE

IF (s tAM.cT.1 .  )  SLAM=0.9 /s tA i l
I F -  ( M S A . N E . O )  T H E N

DO 49 N= l , ! lSA
I= ISOL (N)
K=[+l,lpA+N
I F  ( P r ( f ) . L T . 0 . )  [ 1 = 0
r F  ( r v A R . E g . 0 . 0 R . p r ( K ) . c T . - y ( r )  )  G o T o  4 9
I F  ( S L A M . L T . 1 . . A N D . - P I ( K ) / Y S U M . I , T . 1 , E 8 )  G O T O  4 9
Y ( I ) = 0 .
GOTO 1

4 9  Y ( I ) = A B S ( P I ( K ) )
ENDIF
DO 50 ,I=1 ,L

B 0  ( J ) = B  ( , I )
50 CONTINUE

YSUM=O.
D0 52 N=1 , l , lpA
I. l=IfAS (N)
MA=I{F (M)
MB=IIL (M)
D0 51 I=MA,MB

I F  ( Y ( I ) . N E . O . )  T H E N
Y ( I ) = Y ( I ) - s L A M * y X ( I )
I F  ( Y ( I ) . r , T . 1 . E - 1 0 )  Y ( r ) = 9 .

ENDIF
51 CONTINUE

CALI, ABER
r r  (YToT(U) .E0.0 . )  coTo 3
YSU}I=YSUH+YTOT (t{)

52 CONTINUE
IVAR=IVAR+1
I F  ( M R . E Q . 2 5 . O R . M R . E Q . 5 0 )  D M r N = 1 0 0 . * D M r N
r F  ( M R . E 9 . ? 5 )  c o T o  5
I F  ( r v A R J . L T . 0 . O R . L l . E g . 0 . o R . S L A M . L T . 1 .  )  C O T O  1 9
IVAR,J=IVARJ+1
IF  ( IVARJ.NE.10)  THEN
DO 53 N=I ,MPA

M=IFAS (N)
MA=IIF (M)
ltB=ML (H)
DO 53 I=MA,MB

I T  ( Y ( I ) . G T . O . )  T H E N
r F  ( A B S ( y X ( r ) ) / y ( r ) . G T . 1 . E - 6 )  G O T O  1 9

ENDIF
53 CONTINUE

ENDIF
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D0 54 N=I.,MPA
l.l=IFAS (N)
MA=MF (M)
MB=ML (M)
CAIL XBER
DO 54 I=MA,$B

I F  ( Y ( I ) . t E . O . )  T H E N
Y ( I )  =YTOT (M)  *YF ( I )

r r  ( Y ( r ) . 1 T . 1 . E - 1 0 . 0 R . 1 X . E 0 . 1 )  G 0 T 0  5 4
r  v - l
!A-  I

GoTO 14
ENDIF

54 CONTINUE
IF ( IVARJ.EQ.10)  t ' t=O
RETURN
END

c----------

SUBROUTINE ABER

C CAIJCULATE ACTMTIES 0F SPECIES FROU MOLE FRACTIONS
c

IMPITICIT DOUBLE PRECISION (A-H'O-Z)
c

cou i l oN /AAA/A  (50 ,  10 ) ,  AKT  (50 ) ,  AKTr  (50 ) ,  B  (  10 ) ,  B0  (  10 ) ,  G  (50 )
col tMoN/BBB/rvAR,KI l (20) ,L,L1 ,M, l , t l  , l lA, l ' lB, l lP,Ms, t tF(15) , l ' t l (15)
co t tMoN/ccc /P r  (20 ) ,  PTo r ,  T ,  Y  (  50 ) ,  YO (  50 ) ,  Y r  (50 ) ,  YTOT (20 )

c
YTOT (M)  =0 .
D0 2 I=MA,i lB

YTOT (M) =YToT (M) +Y (I)
2 CONTINUE

I F  ( Y T O T ( H ) . I . T . 1 . 8 - 8 )  T H E N
YTOT (M)  =0 .

ELSE
4 I f  ( l , l  .eq .  1 )  YToT(1)  =  YTOT(1) /PToT

DO 5 I=MA,I{E
YF (I ) =Y ( I ) /YToT (l'l )

6 CONTINUE
DO 8 I=MA,!{B

AKT (I) =AKTF (I) *YF (I)
8 CONTINUE

ENDIF
RETURII
END

SUBROUTINE XBER
c
C CAITCUTATE MOLE FRACTIONS OF SPECIES fROll ACTMTIES
c

IMPLICIT DOUBI,E PRECISION (A-H.O-Z)

co i lMoN/AAA/A  (50 ,  10 ) ,  AKT  (50 ) ,  AKTF  (50 ) ,  B  (10 ) ,  B0  (10 ) ,  G  (50 )
- col{l{oN/BEB/ rvAR, KH ( 20), L, t1, M, }.11, l{A, l lB, UP, }lS, l{F ( 15 ), ML ( 15 )

co l tMoN/ccc lp r  (  20 ) ,  PTo r ,  T ,  Y  (  50 ) ,  YO (  50 ) ,  YF  (  50 ) ,  YToT  (  20  )
DII{ENSION OYF(50)
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PLOG=LOG (PTOT)
IF  (P I rOC.LT.10 .  )  PL0G=10.
D0 5 I=l{A, MB

I F  ( Y ( I ) . I . E . 0 . )  T H E N
PIA=-G ( I  )
D 0  2  J = L , L

I F  ( A ( I , . ' )  . N E . O .  )  T H E N
I F  ( P r ( , r ) . 8 0 . 0 . )  G 0 T 0  4
PIA=PIA+A ( I ,  J  )  *p I  (J )

ENDIT
2 CONTINUE

IF (PIA.GT.PL06) PIA=PLOG
I F  ( P I A . I , T . - 2 0 0 . )  G O T O  4
AKT ( I )  =EXP (PIA)
Y F ( I ) = A K T ( I )
GOTO 6

4  A K T  ( I )  = 0 .
Y F ( I ) = 0 .

ENDIF
6 CONTINUE

IVAR=0
8 IVAR=IVAR+I

D0 10 I=MA,MB
oYF ( I )  =YF ( I )
YF (1 )  =AKT ( I )  /ARTF ( I )

TO CONTINUE
DO 12 I=MA,MB

I T  ( Y F ( I ) . G T . O . )  T H E N
I F  ( A B s ( o Y F ( I ) / Y F ( I ) - 1 . ) . c T . 1 . E - 4 )  c o T o  8

ENDlT
12 CONTINUE

RETURN
END

v

c----------

SUBROUTINE Runge_Kutta (N, t)
c
C.. . . .4 th order  Runge-Kut ta for  so lv ing d i f ferent ia l  equat ions.
c

IIIPLICIT DOUBI.E PRECISION (A-H,O-Z)

Integer  count
Rea l *8  k ,H
Dinension f_new(10),  f_ol r l  (10)
D i n e n s i o n  c  ( 0 : 3 ) , b ( 0 : 3 )
Da ta  c /0 .0d0 ,  0 .  5d0 ,0 .  5d0 ,  1 .0d0 /
Da ta  b /1 .0 i t 0 ,  2 .  0d0 ,  2 .0410 ,  1 .0a10 /
Connon /One/count ,df  (5) ,dt ,  f  (5) ,  k ,  last_count , l ' f  , rad_loss0

Do  10  , l  =  1 ,N
f -new (.t) = f (.I)
f _o1d (J )  =  f ( J )

10 cont inue
D o 4 0 I = 0 , 3
d e l _ t = c ( I ) * d t
w e i g h t = b ( I )  * d t / 9 . 0 d 0
D o 2 0 J = 1 , N
f (.t) = f _old (rt) + del_t * df (.t)

20 cont inue
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CaI l  D i f  f  e ren t ia l -Eguat ions
Do 30 ,J  =  1 . ,N

f  _new(J)  =  f_nes( . I )  +  we igh t  *  d f  (J )

30  cont inue
40 cont inue

D o 5 0 J = l . N
f (. I)  = f  -nev (. I)

50  cont inue
1 = t + d t
RETURN
END

c
c- - - - - - - - - -
c

SUBROUTINE Dif f  erential-Equations

IMPI , ICIT  DOUBIJE PRECISION (A-H,M-Z)

inclut ie '  common . Put 
'

c h a n * z  =  f ( 1 )  -  z
z  =  t [ l
enth-fb3er-Mass = f (4)

r f  (en th- fb je r -Mass 'GT '  rn i t ia l - fb -en tha lpy)  ca l l  Do-enrh-har t
CaI1  ICAo-a i r  (z ,T-ambien t ,P-anb ien t ,D-arnb ien t )
OLD'MASS = Mass
I ' t a s s  =  f  ( 3 )  *  4 . 0 d 0  /  3 . 0 d 0  *  p i i
Cal l  Mas s -Ba1ance-Updat e (OLD-fiAS S, l ' lass, z )
c V o l  = l l a s s  *  T o t a l G a s M o l e  *  8 . 3 1 4 3  * T - f b  / P - a n b i e n t
r a d i u s  =  ( ( c V o I  *  3 . O d O  /  ( 4 . 0 d 0  ' t  p i i ) )  * *  ( 1 . 0 d 0 / 3 . 0 d 0 ) )

v  =  ( rad ius  * *  3 .0d0)  *  D anb ien t
D t l a s h  = f ( 3 1  / Y
Dens i ty  =  Dc lash  *  D-ambien t
I t l  =  t ( 2 )  /  ( D d a s h  +  k )
u  = M / V
F b  = G * V * ( 1 . 0 d 0 - D d a s h )
t l r n  =  3 . 0 d 0  *  e n t r a i n * d a b s ( M / r a d i u s ) * D d a s h * * ( 2 . 0 d 0  /  3 . 0 d 0 )
Ca1 I anrbient-enthalpy ( z ,  T-anbient )
d f ( 1 )  =  u
d f  ( 2 )  =  F b
d f  ( 3 )  =  d m
CaI l  Loss-Rad ian t  (T- fb ,  rad ius ,  T-anb ien t  )
d f  (5 )  =  Rad ian t - l ,oss
d f ( 4 )  = -  ( f ( 4 )  - e n t h - a n b i e n t )  * d n * 4 . 0 d 0  /  3 . 0 d 0 * p i i / U a s s

1  -  d f  ( 5 )  /  M a s s
2  -  ( G ' * u / D d a s h )

RETURN
END



t o

SUBROUTINE Mass_Ba1 ance_Upclat e ( OID_MAS S, BMas s, hi te )

c - . - . . c a l c u l a t e s  t h e  i n c r e a s e  i n  n a s s  o f  a t o m s  i n  f i r e b a l r  a n d  u o d a t e s
C . . . . . f o r  p r e s e n t  t i n e .

I}TPLICIT DOUBIJE PRECISION (A.H,I, I-Z)

i n c l u d e ' c o n $ o n . p u t '

The "an" stands for the arnount per ki lograrn of ambient air.
Thus  "anN"  means the  amount  o f  a tomic  n i t rogen,  in  mo le ,
per  k i logran  o f  anb ien t  a i r .
These values are returnetl  frorn the GRAM ATOM SUBROUTINE.

Ca l1  CI ,EAN_FIREBALI , (h i te ,water_ inc Iude, l lFH20,MFN2,MFO2.MFCO2,MfAr )

CALI GRAM_ATOI'I (l{FH20, MFN2 , MFO2 , MFCO2 , }lFAr , anN, anO, anH , anC , anAr )

delta nass = BMass - OLD_MASS

a

a

n f S
nfE
anS
anE

=  0 . 0 d 0
= 0.0c10
= 0.0ct0
=  0 . 0 d 0

TotaLnfN =  Tota ln fN
Tota ln fo  =  Tota ln f0
Tota ln f l l  =  To ta1nfH
Tota ln fC =  Tota ln fC
Tota1nfAr  =  Tota ln fAr
Tota ln fS  =  Tota ln fs
Tota ln fE  =  Tota ln fE
n f N  = T o t a 1 n f N / B H a s s
nfo = TotalnfO ,/  Bl{ass
n f H  = T o t a l n f H / B M a s s
n f A r = T o t a l n f A r / B M a s s
n f C  = T o t a l n f C / B l , l a s s
n f S  = T o t a l n f S / B M a s s
n f E  = T o t a l n f E / 8 M a s s
RETURN
END

+ (tlelta_nass * anN)
+ (delta_nass * ano)
+ (delta_urass * anH)
+ (del ta_mass *  anC)
+ (tlelta_nrass * anAr)
+ (del ta_nass *  anS)
+ (del ta_nass *  anE)
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SUBROUTINE Loss_Radiant (T, rad, T_anb)

c
C . . . . . C a l c u 1 a t e s  t h e  e n e r g y  l o s t  t o  f a r  f i e l d  c l u e  t o  r a d i a t i o n .
L

IHPLICIT DOUBI.E PRECISION (A-H,O_Z)

Real*8 In i t ia l_f  b_enthalpy,  mwa
Connon loutputlopTr
Connon /f our /beta, D_arrbient, ent rain. f ni t ial_f b_enthalpy, pi i, t l , mwa
Cornnon /hol /  Holdn (50) ,Tota lGasMole,TotaISol idMoIe,  Zd.sh
Comnon /B/Op_fb,Tr ,Radiant  Loss,s igna

i f ( T  . c T .  3 0 3 5 . 0 d 0 )  t h e n
Tr  =  0 .954d0  -  1 .0d -8  *  ( (T  -  6000 .0d0 )  * *  2 .0d0 )

eLse
i f (T  . cT .  ?04 .0d0 )  t hen
Tr  =  0 .535d0  *  d log (T )  -3 .5077d0

e l se
T r  =  0 .0d0

endi f
endif

I f  (Tota lSoI id l to le .cT.  3.0d-05)  then
op_fb = 1.0d0

else
R a d I n C M = 1 0 0 . 0 d 0 * r a d
op-fb = 1.0d0 -  Dexp(-4.0d0' t2.0dO*RadInCl l *PMAC(T) )

endi f
0pTr
Radiant  Loss

RETURN
END

a

c
Funct ion PMAC(T fb)

C. . . . .Returns the Planck l lean Absorpt ion Coef f ic ient  (PI{AC)
I

IUPIJICIT DOUBIJE PRECISION (A-H, M-Z)

Logical  Charged,Set t ing_up,motnentum stop
Connon / tvo/  chan_2,  cVol .Ddash,  Densi ty ,Fb,u,  G
Comnon / eidtrt /ctrirged, S e t t i ng-up, mornen tun-s top
Common  /D in /  DL (4 ) ,TL (7 ) ,PMAC_Log(8 ,4 )

I f  (Set t ing_up) then
Set t ing-up = . fa lse.
D_grounal = 1.225D+00
TL (  1)  = 0.  0 i l0
TIr (2)  = 1000.0d0
TL(3 )  =  2000 .0d0
TL(4 )  =  3000 .0d0
TL(5 )  =  4000 .0d0
TL(6 )  =  6000 .0d0
TL(7 )  =  8000 .0d0
D L ( 1 )  =  0 . 0 d 0
DL (2)  =-1.0a10

1

2

= op-fb * Tr
= 4.0d0 r t  p i i  r ,  ( rad *  rad)
* OpTr * sigma * ( (T ,, T) + (T_anb * T_amb) )
,, (T t T_amb) * (T - T_anb)



D L ( 3 )  = - 2 . 0 d 0
D L ( 4 )  = - 3 . 0 d 0
P M A c _ L o g  ( 1 , 1 )  =
PI IAC Los  (2 ,L )  =
P M A C _ l r o g ( 3 , 1 )  =
PI . IAC_Log(4 ,1)  =
P M A C _ l , o g ( 5 , 1 )  =
P M A C  L o g ( 6 , 1 )  =
P M A C  I J o g ( 7 ' 1 )  =
P M A C  L o g  ( 8 , 1 )  =
P l , l A C  L o g ( 1 , 2 \  =
P M A C  L o g ( 2 , 2 1  =
P M A C  L o s ( 3 , 2 )  =
P M A C _ L o g  ( 4 , 2 \  =
P l ' lAC_Log (5 ,21  =
PI lAC_Log (6 ,21  =
PMAC_Log (1  ,2 )  =
P l ' lAC IJog$,2)  =
P M A C _ l r o g ( 1 , 3 )  =
P M A C  I r o g ( 2 , 3 )  =
P M A C _ L o s ( 3 , 3 )  =
P M A C  L o g ( 4 ' 3 )  =
P M A c _ L o g ( 5 , 3 )  =
P l , l A C  L o g ( 6 , 3 )  =
P I I A C  L o g ( 7 , 3 )  =
P l ' lAC_I rog(8 ,3)  =
PHAC-Log (1 '4 )  =
P M A C  L o g ( 2 , 4 )  =
P H A C  L o g ( 3 , 4 )  =
P M A C  L o g [ , a )  =
PMAC_l ,og(5 ,4)  =
P M A C  L o g ( 5 , 4 )  =
PMAC_Log (1  ,a \  =
P u A c - L o s ( 8 ' A )  =

end i f

D 1 o s 1 0 ( 5 . 4 d - 0 8 )
D t o s L 0 ( 5 . 4 d - 0 8 )
D l o g 1 0  ( 1 . 7 d - 0 6 )
D log10  (  4 .  4d -05  )
D l o s L 0  ( 5 . 7 d - 0 4 )
D 1 o s 1 0  (  6 . 1 d - 0 3  )
D los l0  (  1  . 4d -02 )
D1osL0  (  1 .4d -02  )
D I o g 1 0  (  1 .  1 d - 0 9
D l o g 1 0  (  1 . 7 d - 0 9
D 1 o s 1 0  (  5  . 4 d - 0 8
D l o g 1 0  ( 1 . 6 c 1 - 0 6
D l o g l 0  (  2 .  6 d - 0 5
D I o g 1 0  ( 1 . 9 d - 0 4
D I o g 1 0 ( 5 . 1 d - 0 4
D 1 o g 1 0 ( 5 . 1 d - 0 4
D 1 o s 1 0  ( 5 . 3 d - 1 1 )
D I o s l O ( 5 . 3 d - 1 1 )
D Iog lO  (  1 .  ?d -09  )
D 1 o g 1 0 ( 7 . 0 d - 0 8 )
D 1 o g 1 0 ( 7 . 7 d - 0 7 )
D 1 o s 1 0 ( 6 . 6 d - 0 5 )
D l o s 1 0 ( 1 . 9 d - 0 5 )
D l o g l O ( 1 . 9 d - 0 5 )
D I o g 1 0 ( 1 . 7 d - 1 2 )
D1os10  (  1 .7d -12  )
D 1 o g 1 0  ( 5 . 3 d - 1 1 )
D 1 o s 1 0 ( 2 . 7 d - 0 9 )
D los10  (  2 .  1d -08  )
D l o s 1 0 ( 3 . 3 d - 0 7 )
D Ios lO  (  5 .  9d -07  )
D 1 o s 1 0 ( 5 . 9 d - 0 7 )

D e n = D e n s i t y / D _ g r o u n d
D- Iog  =  DIog10 (Den)

D o  1  I  =  1 , 3
I f ( D _ 1 o g . L E .  D L ( I )

Cont inue
D o Z I = L , 7
r f ( T  f b  . G E .  T t ( r ) )

Cont lnue
Drat io  =  (D- log  -  D t (K)  |  /  (D I ' (K+1)  -  DL(K) )
D l .  =  PMAC-Log( . I ,K)  +  (Dra t io  

"  
(P t {AC-Log(J ,K+ l )  -  PMAC Log( , t 'K )  ) )

D2 =  PHAC_Log(J+1 ,K)  +  (Dra t io  *  (P I ' lAC_Log(J+1,K+ l )  -

I  PMAC_Log (.t+1 , K) ) )
T ra t io  =  (T- f  b  -  TL  ( ,1 )  )  /  (T l "  ( , t+1)  -  TL  (J )  )
PMAC_1o910 =  D1 +  (Tra t io  *  (D2 -  D1)  )
P}IAC = 10.0d0 ** PMAC_Iog10
RETURN
END

. a n d .  D _ l o g  . G E .  D L ( I + 1 ) )  K  =  I

' J = I
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SUBROUTINE f nit ial ize-OutPut
c
c . . - . . se ts  in i t ia l  in fo rna t ion  in  headers  fo r  c la ta  ou tpu t  to  sc reen
C . . . . . a n d  o u t p u t  f i l e s .
c

I}4PL1CIT DOUBI,E PRECISION (A-H.M-Z)

inc luc le  ' conmon.put '

Charac ter  water *3 ,  pgrn*25
Charac ter *8  Mt im,  l lda te
C h a r a c t e r * 1 3  s u b , s u b 2
Charac ter *50  Forn ,  Forml

p g r m  = ' F B 1 0 . F 0 R  L ' I / L 1 / L 9 8 6 '
i f ( w a t e r  i n c l u d e )  t h e n

w a t e r  =  ' Y e s '

e l s e
water  =  'No '

end i f

Ca l I  Date  (Mdate)
Ca l I  T ine  (Mt in )

D o 1 0  I = 2 , I 0
wr i te  ( I ,  2  )  l { ,  t td  a te ,  f  i l e -name ( I -1  ) ,  Mt  iu t ,  pgrn ,  Spec ies-nun,  A tnos ,

*  be ta ,  Z_ f  b ,  T_ f  b ,  en t ra in ,  t  i rnes_up,  G,  s igma,  i {aLer
10 continue

w r i t e ( 3 , 4 )
w r i t e  ( 4 , 6 )
Form = '  Tirne T-fb TGasMole Tsol l ' lole TotalMol ?'-fb '

F o r n l = '  s  K  n r o l e / k g  r n o l e / k g  r n o l e / k g  I

I f  (Charged)  then
If (Species-nurn .I ,E. 6) then

w r i t e ( 5 , * )  F o r n ,  ( N O l 4 ( I ) , , , , I = T , S p e c i e s _ N u m ) , '  n T o t C h a r g e t l '
w t i te  (5 ,  * )  For r r l ,  (  '  roo le /kg  '  ,  I=1 ,  Spec ies-num)  ,  '  n ro le /kg '

e l s e
w r i t e ( 5 , * )  F o r n ,  ( N o M ( I ) ,  I ' , f = 1 , ? )

w r i t e ( 5 , * )  F o r m l ,  ( '  m o l e / k g  
" r = 1 , 7 )end i f

end i f
I f (  .no t .  Charged)  then

i f  (Spec ies-nurn  .LE.  ? )  then
w r i t e ( 5 , * )  F o r m ,  ( N o l { ( I ) ,  " , f = l , S p e c i e s - n u n )
w r i t e ( 5 , * )  F o r m l ,  ( '  m o l e , / k g ' , I = l , S p e c i e s - n u n )

e lse
w r i t e ( 5 , i )  F o r n ,  ( N o t ' l ( I )  , '  ' , f = 1 , ? )

w r i t e  ( 5 ,  * )  F o r m 1 ,  (  '  m o l e / k g  '  , I = 1 , 7 )
end i f

eni l i f
w r i t e ( 6 , 7 )
s u b  = r  T i m e  T f b '
s u b 2 = '  s  K  '

D o  2 0  . I K  =  1 ' 3
J = 8 *  ( ( . I K - 1 )  * 1 1 )  - 1

I f (Spec ies-num .GT.  ' J -1  .and.  Charged)  then
i f (Spec ies-num .LE.  , t+10)  then
w r i t e  ( J K + 5 ,  * )  s u b ,  (  " , N O M  ( I ) ,  I = r J + l ,  S p e c i e s - n u r n ) , '  n T o t C h a r g e c l '
w r i t e ( J K + 5 , * )  s u b 2 ,  ( '  n o l e / k E ' , t = i l { l , S p e c i e s - n u r r + l )

e l s e
w r i t e ( J K + 5 , i  )  s u b ,  ( , ' , N 0 1 { ( I ) , I = J + l , i 1 + 1 1 )



w r i t e ( , l K + 6 , * )
end i f

end i f
i f  (  Spec ies_num

i f  (Spec ies_num
w r i t e  ( J K + 5 ,  

" )
w r i t e  ( J K + 5 ,  * )

e 1  s e
w r i t e  ( , l K + 5 ,  * )
w r i t e ( J K + 6 , * )

end i f
end i f

20  Cont inue
I f  (Spec ies_nurn  .GT.

i f  (Spec ies_num .LE.
w r i t e ( 1 0 , * )  s u b .  ( '

s u b 2 ,  ( '  n o l e / k g ' . I = , 1 + 1 , J + l 1 )

.  GT.  , l  .  an( l  .  .  no t  .  Charged)  then
. l r E .  J + 1 1 )  t h e n
s u b ,  (  " , N O M  ( I ) ,  I = J + l .  S p e c i e s _ n u m )
s u b 2 ,  ( '  r n o l e / k g  '  ,  I = r l + L .  S p e c i e s _ n u m )

s u b ,  ( '  

" N o M ( I )  
, 1 = J + 1 , , 1 + 1 . L )

s u b 2 ,  ( '  n o l e / k g  ' , I = J + 1 , . 1 + 1 1 )

3 9  . a n d .  C h a r g e d )  t h e n
5 0 )  t h e n

w r i t e ( 1 0 , * )  s u b 2 ,  ( '
e l s e

w r i t e  ( 0 , 1 )
Stop

end i f
end i f

' , N O l l ( I ) , I = 4 L , S p e c i e s _ n u m ) , '  n T o t C h a r g e d '
no le /kg  r ,  I=41, ,  Spec ies_nuur+1, )

i f  (Spec ies_num .GT.
i f  ( S p e c i e s _ n u m  . L E .

w r i t e ( 1 0 , * )  s u b ,  ( '

4 0  . a n d .  . n o t .  C h a r g e d )  t h e n

w r i t e ( 1 0 , * )  s u b 2 ,  ( '
e l se
w r i t e  ( 0 , 1 )
S t o p

end i f
end i f
w r i t e  ( 0 ,  8  )  i l ,  M d a t e ,  M t i m ,  p g r n ,  b e t a ,  Z _ f  b ,  T _ f  b ,  e n t r a i n
RETURN

C--------AI,IJ THE FORMAT STATEMENTS
c

1  F o r r r a t ( ' T h e r e  a r e  t o o  m a n y  s p e c i e s  i n  t h e  s y s t e m  l m o r e  t h a n  5 1 ]
*  ' , / ,  '  See In i t ia l i ze_Output  SUBROUTINE.  Program now Terminatec l .  '
' ! )

2  F o r n a t  ( t 7 . 4 , '  M e g a t o n  B o n r b  Y i e t d .  D a t e  d a t a  t a k e n  o n  ' , A 8 , / , '  T h
* i s  c l a t a  w a s  s t o r e c l  i n  f i l e  :  ' , A L 2 , '  a t  t i m e  ' , A 8 , / , '  D a t a  g e n e r a t
*ed  f rom program :  ' ,A25, / . '  Inpu t  da ta  read by  program f ro rn  f i le  :
*  D . f i l e  I n c l u t l e s  ' , f 2 , '  S p e c i e s .  T y p e  o f  a t m o s p h e r e  ,  ,  , A 2 0 , / ,
* '  B e t a  =  ' , f 5 , 3 , '  I n i t  Z  =  ' , f . 6 . 4 , '  I n i t  T f  =  ' , f 6 . 1 . '  E n t r a i n  =  '
t , f 4 . 2 , / , '  T i n r e  f o r  r u n  :  ' , f 5 . L ,  '
* G r a v i t y  :  ' , t 7 . 5 , '  S i g n a  :  ' , d 9 . 3 , '  l f a t e r  v a p o u r  i n c l u r l e c l  :  ' , A 3 )

4  F o r r r a t ( 4 7 x , ' f ( 1 )  a l f ( 1 ) , u ' , / , '  T i m e  T _ f b  H _ t o p  H _ b o t  r a a l
* cVol z speed ch_z OpTr R TotR/i i  R/Ro Zdsh
* ' , / , '  s  K  m  I T r  m  n * * 3  m  n / s
*  m  J / s ' )

6  F o r n a t ( 1 5 x , ' i l f  ( 1 ) , u ' , 3 3 X , ' d f  ( 2 ) , f b  '  , /  , '  T i r n e  T _ f b  s p e e c l
*cVo1 l lass Den Ddsh Buoyancy P_amb T_amb fb_N fb_O
*  fb_H fb_Ar  fb_C Tota lHo le '  ,  / ,

51)  t hen
' ,  N O M  ( I ) , I = 4 7 , S P e c i e s - n u m )

m o l e / k g ' , 1 = 4 L , S p e c i e s _ n u m )

K m/s n**3 kg kS/m3 kg.rn/s2
K rnol /kg noI /kg nol /kg nol /kg mol /kg nole/kg ' )

* r  s
* P a
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7  F o r m a t ( 1 5 x , ' f  l ) ' , L z X , ' t Q )  f  ( 3 ) ' , 7 X , ' t ( 4 )  d f  ( 1 )  d f  ( 2 ) , f b
*  t l f  (3 \ '  ,  /  , '  T in re  T_tb  z  T_amb M (Dd+k)  V .Ddash e
*n th_ fb  u  Bouyancy  dm d f  (4 )  d t  en th-amb Ent
* h p e r k g ' , / , '  s  K  n  K  k g . m / s  k g  J o u
* I e  m / s  k g . n / s 2  k s /  s  J / s  s  J o u l e / k g  J o u l e /
* k g '  )

8  F o r n a t l K , f ? . 4 ,  '  M e g a t o n  B o m b  Y i e l c i .  D a t e  t l a t a  t a k e n  o n  ' , A 8 , / , '  T
* h i s  d a t a  u a s  s t o r e d  i n  f i l e s  :  d ? . d a t  a t  t i r n e  ' , A 8 , / , '  D a t a  g e n e r
* a t e d  f r o m  p r o g r a m  :  ' , 4 2 5 , / , '  B e t a  =  ' , f 5 . 3 , '  I n i t  Z  =  '  , f 5 . 4 , '  I n
* i t  T f  -  '  , f 6 . 1 , / , '  e n t r a i n  =  ' , f 4 . 2 , / , 4 6 x , ' f  ( L l  d f  ( 1 )  . u '
*  ,  /  , '  T ime T_fb  H_top  H bo t  rad  cVoI  z  speed c
* h _ z  o p T r  R o  ,  , /  , ,  s  K .  m  n  n  n * * 3
*  l o  m / s  m  - -  J l s  ' )

END

; - ---------
a

SUBRoUTINE 0utput_Data

C . . . , . O u t p u t s  d a t a  t o  s c r e e n  a n d  o u t p u t  f i l e s .
c

IMPIJICIT DOUBI'E PRECISION (A-H.I{-Z)

i n c l u d e  ' c o n n o n . p u t '

Charac ter  For ru2*47,  Form3 *41 ,  Form4*45,  Form5 *39

w r i t e  ( 0 .  1 )  n T o t a l C h a r g e d ,  c o u n !
r r r i t e  ( 3 ,  4 )  a t i m e ,  T _ f  b .  z i r a d i u s ,  z - r a d i u s ,  r a d i u s ,  c V o 1 ,  z .  u ,  c h a n _ Z ,

*OpTr ,  Rad i  an t  IJoss ,  f  (  5  )  /  In i  t  ia l_ f  b_entha lpy ,  d f  (  5  )  / rad_ loss0,  Zdsh

i { r i te  (  4 ,  5  )  a t i rne ,  T_ f  b ,  u ,  cVo l ,  l , lass ,  Dens i ty ,  Ddasb,  Fb ,  P_anb ienc ,
*T_ambient  ,  n tN,  n fO i  n f l { ,  n fAr  ,  n fC,  To ta lMo le

F o r m 2  = '  ( F 6 . 2 , F 7 . 1 , 3 D 1 0 . 3 , X , F 5 . 3 , '  /  / c h a x ( S p e c i e s _ n u m  + 4 8 )  /
* / ' D 1 0 . 3 , d 1 0 . 3 ) '

F o r m 3  = '  ( F 6 . 2 , F 7 . 1 , 3 D 1 0 . 3 , X , F 5 . 3 , 7 D 1 0 . 3 ) '

I f  (Charged)  then '

I f (Spec ies_nurn  .LE.  5 )  then
w r i t e  ( 5 , F o r m 2 )  a t i m e , T _ f b ,  T o t a l G a s M o l e , T o t a l S o I i d M o l e , T o t a l M o l e

*  ,Z_ fb  ,  (  Ho ldn  (  I  )  ,  I=1  ,  Spec  ies_num)  ,  nTota lCharged
e 1  s e
wr i te  (5 ,  Form3)  a t ine ,  T_ fb ,  To ta lGasf io le ,  To ta lSo l idMole ,  To ta IMole

* , 2 - f b ,  ( H o l d n  ( I ) ,  I = 1 ,  7 )
end i f

end i f

I f  ( . n o t .  C h a r g e d )  t h e n
i f (Spec ies_nun .1 ,8 .  ? )  then
w r i t e  ( 5 ,  6 )  a t i n e , T _ f b , T o t a l G a s M o I e , T o t a I S o l i d M o l e , T o t a l M o l e ,

*Z_fb  ,  (  Ho ldn  (  I  )  ,  I=1  ,  Spec ies_nun)
e I  s e
wr i te  (  5 ,  Form3 )  a t ime,  T_ f  b ,  To ta lGasMole ,  To ta ISoI id l4o1e,  To t  a lMo le

* , 2 _ f b ,  ( l t o l d n  ( I ) ,  I = 1 ,  7 )
end i f

endif
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w r i t e  ( 6 ,  7  )  a t i r n e ,  T _ f  b ,  z ,  T _ a n r b i e n t ,  f  ( 2  ) ,  f  (  3  ) ,  f  ( 4 )  * M a s s ,  u ,  F b ,
* d f  ( 3 )  ,  d f  ( 4 )  ,  d t ,  e n t h _ a m b i e n t ,  f  ( 4 )

Do 10  i lK  =  1 ,4
J = 8 + ( ( , t K - 1 )  ' ,  1 1 )
I f (Spec ies_nuur  .GT.  J -2  .ana l .  Chargec l  .and.  Spec ies_num .LE.  J+9

*  )  t h e n
L  = S p e c i e s _ n u m - , J + 2
L L = I r - 9
w r i t e ( 0 , 2 )  L , L L , J , . t K
i f  ( u . . G E . 1 )  t h e n

F o r m 4  =  ' ( X , F 5 . 2 , F 6 . 0 , 9 d 1 0 . 3 , ' , / / c h a r  ( t L  +  4 8 )  / / ' , d L 9 . 3 , D 1 0 . 3 ) '
e l s e

F o r r n 4  =  ' $ , f 6 . 2 , F 6 . 0 , ' / / c h a r  ( t  +  4 8 )  / / ' d L } . 3 , D 1 0 . 3 ) '
end i f
wr i te  ( . IK+6,  Form4)  a t ine ,  T_ f  b ,  (Ho ldn  (  I  ) ,  I=J ,  Spec ies_nun) ,  nTota IC

*hargetl

eni l i f

IF (Spec ies_num .GT.  J -1  .anc l .  .no t .  Charged .and.  Spec ies_nun .
' t  LE.  J+10)  then

L  = S p e C i e s _ n u n - . t + 1
L . L = . L - v

i f  ( t L . G E . 1 )  t h e n
F o r m 5  =  ' ( X , 1 6 . 2 , F 5 . 0 , 9 d 1 0 . 3 , ' / / c h a r  ( L t  +  4 8 )  / / ' d l l . 3 ) '

e l s e
F o r m 5  =  ' ( X , F 6 . 2 , F 5 . 0 , ' / / c h a r  ( L  +  4 8 )  / / ' d 7 0 . 3 \ '

end i f
w r i t e ( J K + 5 , F o r m 5 )  a t i m e , T _ f b ,  ( H o 1 d n ( I ) , I = J , S p e c i e s _ n u r n )

end i  f
I f (Spec ies_nun .GT.  ,J+9 .and.  Charged)

*  then
w r i t e ( J K + 5 , 3 )  a t i r n e , T _ f b ,  ( H o I d n ( I ) , I = J , J + 1 0 )

end i f
IF (Spec ies_nun .cT .  J+10 .and.  .no t .  Charged )  then
$ r i t e  ( J K + 5 ,  3 )  a t i m e , T _ f b ,  ( H o l < I n ( l ) ,  I = J , J + 1 0 )

end i f
10  Cont inue

w r i t e  ( 0 ,  8 )  a t i m e ,  T _ f  b ,  z + r a d i u s ,  z - r a d i u s ,  r a a l i u s ,  c V o l ,  z ,  u ,  c h a n _ 2 ,
*OpTr ,Rad ian t  Loss

RETURN
c
C=--------ALL THE FORMAT STATEI1ENTS

1
2
3
4

5
5

8

F o r n a t ( '  O  n T o t a l C h a r g e d  =  ' , D 1 0 . 4 , '  c o u n t  =  ' , 1 3 )

F o r m a t ( '  L  =  ' , 1 3 , '  L L  =  ' , 1 3 , '  , J  =  ' , 1 3 ,  '  J K  =
F o r m a t  ( X .  f 5  .  2 , F 6  . 0  , 1 1 d 1 0 . 3  )

F o r m a t  ( X , t 6 . 2 , f 6 . 0 , t 7  . 0 , f 7  . 0 ,  f 7 . 1 . D 1 1  . 4 , f 8 . L , f 7  . 2 , f 5 . 1 ,
* f 6 .  3 , D 1 0 . 3 , X . F 5 . 4 , X , 1 6 .  4 , 1 5 .  3 )

F o r m a t  ( F 7  .  2 , f ' 1 .  1 ,  F ? .  2 ,  2 D I 0 .  3 ,  2 F 6 .  3 ,  D 1 0 .  3 ,  F 9 .  1 ,  f 5 .  1 ,  5 F 7 .  3 ,  D 1 0 .  3  )
F o r m a t  ( F 6 . 2 , F 7  . L , 3 D 1 0 .  3 , X , F 5 .  3 ,  ? D l 0 .  3 )

f o r m a t  ( X , F 6 .  2 ,  F 6 .  0 ,  F 8 .  1 , F 5 .  1 ,  " ,  D 1 0 .  3 ,  D 1 0 .  3 ,  " ,  D 1 0 .  3 ,  "
* r 5 . 1 , '  ' , 2 D 1 0 . 3 . '  

" D L 0 . 3 , '  

' ,  , F 4 . 2 , '  
" D 1 0 . 3 , '  

'  , D L o . 3 )
r o r n a t  ( x ,  F 5  . 2  ,  F ?  .  1 ,  F ?  . 0 ,  F 7  . 0 .  F 5 . 0  ,  "  , D 9 .  3  ,  F 8 .  L , F ' I  . 2  , 8 6  . 1 ,

1 F 6 . 2 , ' " 0 9 . 3 )
END
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SUBRoUTINE read amb air
c
C . . . . . R e a d s  a n d  s t o r e s  t h e  t h e r m o c h e r n i c a l  d a t  f o r  t h e  a m b i e n t  a i r
C . . . . . c a l c u l a t i o n s  o f  e n t h a l p y  f  r o r n  t h e  f  i I e  A l ' l B . A I R -
c

T] ' IPL ICIT  DOUBLE PRECISION (A-H,M-2 ,

Log ica l  water - inc luc le
in teger  Tnum,Nunber -o f  -des
C H A R A C T E R  J u n k * 5 ,  l i n e * B 0 , A t m o s * 2 0

c o m m o n  / d e t /  E R ( 6 ) . c ( 5 , 6 )
COM)'ION / f  i  ve / en th-ambi en t,  TotalMo I e, Numbe r -o f  -des
common /h2o/  water - inc lude,Atnos
common /amb/  Tnum,  ISN (5)  ,  ENTHAL (6)

DIMENSION SR(6)

w r i t e ( 0 , 1 0 1 )
r e a d  ( 1 2 ,  * )  T n u n .  ( I s N  ( I )  ,  I = 1 .  T n u m )
w r i t e  ( 0 ,  * )  T n u m ,  ( r s N  ( r ) , 1 = l , T n u m )
w r i t e  ( 2 ,  * )  T n u n ,  ( 1 S N  ( I )  ,  I = l , T n u m )
D o 1 0 I = l , T n u m

O p e n ( u n i t  =  L l , f i l e  =  ' a m b . a i r ' , s t a t u s  = ' o l d ' )

D o  2 0  J  =  1 , 5
i f  ( I s N ( I )  . E Q .  J )  t h e n
r e a d ( 1 1 , 1 0 2 )  J u n k . E R ( I ) , S R ( I )
w r i t e  ( 0 ,  1 0 3 )  . I u n k , E R ( I )  .  S R ( I )
r e a c l ( 1 1 , 1 0 4 )  l i n e
w r i t e  ( 0 , 1 0 5 )  l i n e
r e a d  ( 1 1 . 1 0 4 )  l i n e
' * r r i t e  ( 0 . 1 0 5 )  l i n e
r e a d ( 1 1 , 1 0 6 )  ( c ( I , K ) , R  =  L , 6 )
w r i t e ( 0 , 1 0 7 )  ( c ( I , K ) , R  =  l , 6 l
r e a d  ( 1 1 , 1 0 4 )  l i n e
w r i t e  ( 0 , 1 0 5 )  l i n e
E N T H A L ( I )  =  E N T H ( I , I C M P )  *  4 . 1 8 6 D + O O
w r i t e  ( 0 ,  1 0 8 )  T , E N T H A L ( r )

e l s e
d o 3 0 K = 1 , 5

r e a d ( 1 1 , 1 0 4 )  l i n e
30 cont inue

e n d i f
20  cont inue

c l o s e  ( u n i t = L 1 )
10 cont i .nue

RETURN

C-------ALI. THE FOR}TAT STATE}IENTS
c

101 Format ( '  Enter  the number of  gaseous molecules to be entra ined '  ,  /
*  , '  fo l lowet l  by the nolecule nunber lseparated by spaces]  . .  -  ' )

102  Fo r rna t  (A5  ,  r 11  . 2 ,  F8  .  3  )
L 0 3  F o r m a t  ( X , 4 5 , F 1 1 .  2 , F 8 .  3 )
104 Format ( l )
105 Forrnat  (X,  A)
105  Fo rna t  (4D12 .6 ,  2F10 .  2 )
1 0 ?  F o r m a t  ( X , 4 D 1 2 . 5 ,  2 F f 0 . 2 )
1 0 8  F o r m a t ( '  E N T H A L ( ' , f l , ' )  = ' , d 2 0 . 1 4 )

END
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SUBROUTINE reaal_in_CHNOS
l.

C . . . . . R e a d s  a n c l  s t o r e s  a l l  t h e  t h e r n o c h e r n i c a l  d a t a  f o r  t h e  s p e c i e s
C . . . . . i n  t h e  f i r e b a l l  f r o m  t h e  f i l e  N E I I D A T A . D A T .
c

IMPIJICIT DOUBI,E PRECISION (A-H,O-Z)

Logical Chargecl, Sett ing_up, momen!um_stop
CHARACTER ELA*2,EIJF*2 ,ELN*2,ANF*80,NOU*9,ch
Tnteger  Spec ies_num

c
D I H E N S I O N  E L A  ( 5 0 ,  6 ) ,  A T A  (  5 0 ,  6  ) ,  N E A  (  5 0 ) ,  E L N  ( 5 0 )
D I M E N S I O N  D A  ( 5 ,  6 ) , E I . F  ( 5 0 ) , A T F  ( 5 0 )
DIMENSION IN(50)

c
c 0 H r , r 0 N / A A A / A  (  5 0 ,  1 0 ) ,  A K T  ( 5 0 ) ,  A K T F  (  s 0 ) ,  B  ( 1 0 ) ,  B 0  (  1 0 )  .  C  (  5 0 )
COMI . ION/BBB/  IVAR,  KH (  2O ) ,  t ,  11 ,  I ' I ,  } I1 ,  MA,  MB,  MP,  MS,  MF (  15  ) ,  I , IL  (  15  )
C o D 1 M O N / C C C l p r  (  2 0 ) ,  p T o T ,  T ,  y  ( 5 0 ) ,  y o  (  5 0 ) ,  y r  ( 5 0 ) ,  y r o r  ( 2 0 )
C o H H o N / D A T / C 1  ( 5 0 ,  5 ) ,  C 2  ( 5 0 ,  5 ) ,  c 3  ( 5 0 ,  5 ) ,  c 4  ( 5 0 ,  5 )
C 0 I { M o N / D A T / H R  ( 5 0 ) ,  S R  ( 5 0 ) ,  N R  (  5 0 ) ,  H H  ( 5 0 ,  5 ) ,  T M  ( 5 0 ,  5 )
C o m n o n  / m s l /  S p e c i e s _ n u m , N O l , l ( 5 0 ) , N S , N P S , N N S , N s o I S , N g a s s
connon /xaa/ MC,t lR
connon /e igh t /Charged,  Set t ing_up,nonentum s top
CoMI{oN/NINE /  JL ,  J2 ,  J3 ,  J4 , ,J5 ,  J6 ,  J7

OPEN (UNIT=13.  F ]LE= 'NEI . IDATA.  DAT 

"  

STATUS='OLD'  )
a
C ENTER THE SPECIES TO BE USED
I

wr i t e  (0 ,  101  )
c
C The input  da ta  i s  read on  a l l  spec ies .  MS j ,s  the  to ta l  number  o f
C spec ies  to  be  reaa l .  NS is  the  number  o f  non charged spec ies .  NpS
C is  the  number  o f  poss i t i ve ly  charged spec ies .  NNS is  the  nunber
C  o f  n e g a t i v e l y  c h a r g e d  s p e c i e s .

R E A D ( 1 2 , * ) M S
R E A D  ( 1 2 ,  * )  N g a s S
R E A D  ( L 2 , ' t )  N S ,  ( I N  ( , I ) , N o M  ( J ) ,  J = l , N S )
R e a d  ( 1 2 , 1 0 2 )  A N F
R e a d ( 1 2 , * ) c h
T { R I T E ( 2 , 1 0 3 ) M S
I I R I T E ( 2 , 1 0 4 ) N g a s S
w R r ? E ( ? ,  * ) N S ,  ( r N ( . t )  , N o M ( , r ) , J = 1  , N S )
n r l t e  ( 2 , 1 0 2 )  A N F
w r i t e  ( 2 , 1 0 5 )  c h
C h a r g e d  =  . f a 1 s e .
i f  ( c h  . e q .  ' y '  . o r .  c h  . e q .  ' y ' )  t h e n

Charged =  . t rue .
R e a d  ( 1 2 ,  * )  N P S ,  ( I N  ( J ) ,  N O M  ( , t ) ,  J = N S + L ,  N S + N p S )
I { R I T E  ( 2 ,  * )  N P S ,  ( I N  ( J ) , N 0 1 { ( . I ) , J = N S + 1 , N S + N P S )
Read (  12 ,  102 )  ANF
w r i t e  ( 2 , 1 0 2 ) A N F
Read (  12 , ' t  )  NNS,  (  IN  ( , t ) ,  NOM ( .1 ) ,  i t=NS+NpS+1,  NS+NpS+NNS )
I IR ITE (  2 ,  * )  NNS,  (  IN  ( ,1 ) ,  NOM (  J ) , , I=NS+NPS+1,  NS+NPS+NNS )
R e a d ( 1 2 , 1 0 2 ) A N F
wr i te  (2 ,  102 )  ANF

end i f
i f ( c h  . e q .  ' n '  . o r .  c h  . e q .  ' N ' )  t h e n
R e a d ( 1 2 , 1 0 5 )  N P S , N N S
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I I R I T E ( 2 , 1 0 5 )  N P S , N N S
w r i t e ( 0 , 1 0 ? )  N P S , N N S

end i f

Read (  12 ,  *  )  NsoIS,  ( IN  ( , t ) ,  NOM ( , I ) ,  J=NS+NPS+NNS+I ,  NS+NPS+NNS+NsoIS)
I {RITE (  2 ,  *  )  NsoIS,  (  IN  ( . t ) ,  NoM (  J ) ,  r I=NSfNPS+NNS+1,  NS+NPS+NNS+NSoIS )
R e a d ( 1 2 , 1 0 2 ) A N F
I {RITE (2 ,102)  ANF

IF(NS+NPS+NNS+NSoIS .NE.  MS)  then
w r i t e  ( 0 ,  1 0 8  )
s top

endif

R E A D ( 1 2 ,  1 0 9 ) , J 1 , , t 2 ,  J 3 ,  J 4 , J 5 , J 6 , J 7
l { R r T E ( 2 ,  L L 0 )  J L , J 2 , J 3 , J 4 , J 5 , J 6 , J 7
R E A D ( 1 2 , 1 0 2 ) A N F
I{RITE (2, 102) ANF
w r i t e ( 0 , * )  l { s ,  ( I N ( , t ) , N 0 l . 1  ( . 1 ) , J = 1  , } I s )
Species_nun = MS

REI{IND 13
NREC=0

1 0  R E I D ( 1 3 ,  1 1 1 . E N D = 3 5 ) N E , N N , N D , D H , D S
NREC=NREC+1.
R E A D ( 1 3 ' 1 1 2 )  ( E I , F ( . 1 )  ' A T F ( J )  ' , 1 = 1  ' N E )
R E A D  ( 1 3 ,  1 1 3 )  A N F  ( 1  : N N )
D0 15 .I=1 ,ND

1 5  R E A D ( 1 3 , 1 1 4 )  ( D A ( , t , K )  , K = 1 , 6 )

C STORE SPECIES DATA IN }IE$ORY
c

D0 30 I=1 . I {S
I F  ( N R E C . E Q . I N ( I ) )  T H E N

D 0  2 0  J = 1 , N E
E L A ( I , J ) = E L F ( J )
A T A ( I , . I ) = A T F ( J )

20 CONTINUE
NEA (I) =NE
H R ( I ) = D H
sR ( I )  =Ds
NR ( I )  =ND
DO 25 .I=1 ,ND

C l  (  I ,  J )  = D A  ( J , 1  )
C 2 ( I , , J ) = D A ( , I , 2 )
C 3  ( I , . I ) = D A ( J , 3 )
C 4  (  I ,  J )  = D A  ( J , 4 )
T M ( I , J ) = D A ( J . 5 )
1 1 s  1 1 ,  g )  = p A  ( J , 6  )

25 CONTINUE
coTo 10

ENDIF
3O CONTINUE

GoTO 10
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e

COUNT ELEMENTS, GASES AND CONDENSED SPECIES

3 5  L = 0
l,lG=0
MR=0
D 0  5 0  I = 1 , M S

I F  ( E I , A ( I , N E A ( I ) )  . 8 9 . '  G ' )  T H E N
MG=MG+1

EI,SE
MR=MR+1

ENDIT
N = N E A ( I ) - 1
D 0  4 5  J = l , N

I F  ( L . E q . O )  T H E N
t=L+1
ELN (L)  =ELA (  I ,  J )
c0T0 45

EIJSE
DO 40 K=1,  L

r F  ( E r . A ( r , J ) . E Q . E r N ( K ) )  c o T o  4 5
40 CONTINUE

L=L+1
E t N ( t  ) = E L A ( I , . I )

END]F
45 CONTINUE
5O CONTINUE

LL=L+1
H1=MG+L
MP=1
M F ( 1 . ) = 1
M t ( 1 ) = M c
I { R I T E  ( 0 , 1 1 5 ) t , M G , M R

C SET UP ATOM MATRIX
c

D 0  5 5  I = 1 , M S
D O  5 5  K = I , L

5 5  A  ( I ,  r )  = 9 .
D 0  5 5  I = I , M S

N = N E A ( I ) - 1
D0 50 , I= l ,N

D O  6 0  K = 1 , L

5 0

5 5

I F  ( E L A ( I , . t ) . E g . E t N ( K )  )  A ( r , K ) = A T A ( r , J )
CONTINUE
I { R I T E ( 0 , 1 1 6 )  I ,  ( A ( I , K )  , K = l , L )

CONTINUE
c l o s e ( 1 3 )
RETURN

C--------AIIJ THE FOR},IAT STATEffENTS

101 Fornat  ( '  Enter  the number
* , '  by  t he  spec ies  number
*  '  a l l  nunbers in  in teqer
* l  r \

102 Fornat  (x ,A)
1 . 0 3  F o r n a t ( '  M S  =  ' , 1 2 , '
1 0 4  F o r m a t ( '  N g a s S  =  ' , T . 2 , '
105  Fo rma t  ( x ,A1 ,  '

o f  spec ies  t o  be  p rocessed ,  f o l l owed ' , /
accor t l ing to the NEITDATA.DAT table,  , , / ,
f o rm  and  sepa ra ted  by  a  space .  ' , / ,

:  Tota l  species nunber.  ' )
:  Tota l  gaseous species nunber.  ' )
:  Charged species inc luded [y /N]  .  '1
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1 0 5  F o r m a t  ( I 3 ,  /  /  , ! 3 ,  / )
1 0 ?  F o r m a t ( '  N P S  =  ' , 1 3 , ' N N S  =  ' , 1 3 )

108 Forrnat( 'The charged and non-charged species ' lo  not  sum to "MS" '
* ' 1 , / , ' 1  t he  number  o f  t o ta l  spec ies .  Check  D . f i l e ,  t h i s  p rog ram ' , / '

* '  i s  now  te rm ina ted .  ' )

109  Fo rna t  (?  (4x ,  I 1 )  )
1 . 1 0  F o r m a t ( '  C = ' , 1 1 , '  l l = ' , 1 1 , '  N = ' , 1 1 , '  0 = ' , 1 1 , '  S = ' , 1 1 , '  A r = " 1 1 "  E

* = , , 1 1 )
111 -  rOR l tAT  (3 r2 ,  F11 .  2 ,F8 .  3 )
11  2  FORMAT (  10  (A2 ,  F5 .3  )  )
113 FORUAT(A)
114  FORUAT (4F12 .0 ,  2F10 .0 )
115  FOR] ' IAT ( / '  ELE I ' IENTS ' , 12 , '  GASES ' , 12 , '  CONDENSED 

"12 )115  FORMAT ( IX , I2 ,10  (2X ,  F5 .  3 )  )
END

c--- - - - - - - -

SUBRoUTINE read-in-data

C . . . . .Reads  a l t  t he  i n i t i a l  cond i t i ons  f r on  the  i npu t  f i l e  D 'F IL '
t.

IMPLICIT  DOUBI ,E PRECISION (A-H 'M-Z)

inclucle '  comnon . Put 
'

Charac ter *g  Mt im, l {da te ,  ch i  l

Comrnon /now/ DMFI'I2, DMF02, DMFCo2, DMFAr

o p e n ( 1 2 , f i 1 e  =  ' d . f i l e ' , S t a t u s  =  ' o l d ' )

Reuind 12

Read (  12 ,  1  )  ch ,  t imes-up,  be ta ,  G,  en t ra in ,  in i t ia l -a l t '  i n i  t ia l - f  b - tenp

wr i te  (0 ,  2  )  ch ,  t imes-up,  be ta ,  G,  en t ra in .  in i t ia l -d t '  in i t iaL- f  b - temp

nolf ientun-stop = .true.
i f  ( c h . E 9 . ' Y ' . o R . c h . E Q . ' y ' )  t h e n

monentun-s top  =  . fa lse .
e l s e

i f  ( c h . N E . ' N ' . A N D . c h . N E . ' n '  )  t h e n
w r i t e  ( 0 . 3 )
s top

end i f
end i f

R e a d ( 1 2 , 3 )  i n i t i a l  z , k , l a s t - c o u n t , m w a , s i g n a ' A t n o s
w r i t e ( 0 , 4 )  i n i t i a l - z , k , 1 a s t - c o u n t , n w a , s i g n a , A t n o s

write (0, 5) Number-of-cles

D o 1 0 0 1 = L , 9
R e a d ( 1 2 ,  6 )  f  i I e - n a m e  ( 1 )

w r i t e  ( 0 , 7 )  I , f i 1 e - n a m e  ( I )

o p e n ( I + 1 , f i l e  =  f i l e - n a m e ( I ) , S t a t u s  =  ' n e w ' , R E C L  =  1 3 0 )

100 cont inue



Cal I  Date ( l ldate)
CaI l  T ime (Mt im)
w r i t e ( 2 , 8 )  M t i m , M d a t e
wr i te (  2,  2)  ch,  t i rnes_up,  beta,  c ,  entra in,  in i  t ia l_dt ,  in i t ia l_f  b_tenp
wr i t e  (2 ,4 )  i n i t i a l _z , k , I as t_coun t , rnwa ,s igma ,A tmos
wr i t e (2 ,5 )  Nunbe r  o f  c tes

d o  1 1 0  i = 1 , 9
w r i t e ( 2 , 7 )  I , f i I e  n a r r e ( I )

110 cont inue
r e a d ( 1 2 , 9 )  l i
w r i t e  (0 ,10 )  i {
w r i t e  ( 2 , 1 0 )  l i

v r i te  (0,  11)  in i t ia l_f  b_ternp

R e a d ( 1 2 , 6 )  c h
w r i t e ( 2 , 1 2 )  c h
w r i t e ( 0 , 1 2 )  c h
water_ inc lude = . t rue.
i f  ( c h  . e q .  ' N '  . o r .  c h
wa te r_ inc lude  =  . f a13e .

e l se
i f  ( c h  . n e .
w r i t e  ( 0 ,  1 3  )

. a n d .  c h . n e .  ' Y ' )  t h e n

stop
endi f

enil if
w r i t e (0 ,15 )  i n i t i a l  z
Read ( 12, 19 ) Dl,lFN2 , DMF02, DMFCo2, DMFAr
wr i te (0,  20)  DMFN2,DMFO2,Dl tFCo2,DMfAr
wr i te  (2,  20)  DMFN2, DMFo2,  DMFco2,DMFAr
TDHF = Dl'lFN2 + DMF02 + DMFCO2 + Dl,lFAr
i f  (TDMF .NE .  1 .0d0 )  t hen

wr i t e (0 ,21 )  TD I4F
Stop

endi f
RETURN
F o r n a t  ( / x , A l  ,  / x , f 5 . L ,  / x , f  4 . 2 ,  / x , f j  . 5  ,  / x , t 4 . 2 ,  / x , f  4 . 2 ,  / x , f  6 . I )
Fo rna t ( '  T ime  s top  e l se  nonen tu rn  s top  [ y /N ]  :  , ,AL , / ,

1 '  C o m p u t e r  s t o p  t i n e  :  ' , f 5 . 1 , / x ,  ' b e t a ' , 1 G x , , : ,  ,  , f 4 . 2 ,
2 / x , ' G t a v l t y ' , 1 3 x , '  : ' , f 7 . 5 , / x , ' E n t r a i n  c o e f f i c i e n t  : , , t 4 . 2 , / x ,
3 '  I n i t a i l _ i l t ' ,  1 0 x , '  z ' , t 4 . 2 , / x , '  I n i t i a l _ f b _ t e m p ' ,  5 x , '  : ' ,  f  6 .  1 )
F o r m a t  ( x ,  f  7 .  L ,  /  x ,  f . 3 . 1 ,  / x , I 5 ,  / x ,  F 8 .  5 ,  / x ,  d 9 .  3 ,  / x , A 2 0 )
F o r n a t ( '  I n i t i a l _ z ' , L L x , ' : ' , f 7 . L , / x , , k , , 1 9 x , '  : ' , f 3 . 1 ,

I / x , ' I a s t _ c o u n t ' , 1 . 0 x , ' :  '  , I 5 , / x ,  ' M l r  w e i g h t  a i r , , G x , ' :  , , F 9 . 5 ,
2 / x , ' s i g n a ' , 1 5 x , '  : ' , d 9 . 3 , / x ' A t n o s p h e r e  t y p e ' , 5 x , '  : ' A 2 0 )
F o r n a t ( '  N u n b e r _ o 1 _ 6 s 5  = ' , 1 1 )
Fornat  (x ,A)
F o r m a t ( x ' 0 u t p u t  F i l e  N a r n e  * ' , 1 1 , '  :  ' , A 1 2 )
Fo r rna t (20X , 'Fbombs81 .da t  :  Copy  o f  i npu t  f i l e  ' ,D . f i I " .  p roduced  a t

1  ' r A 8 , '  o n  ' r A 8 )
9  F o r n a t ( x , f 6 . 3 )

1 0  F o r n a t ( x , ' B o n b  s i z e  ,  ' , t 6 . 3 , '  M t .  ' )
11  Fo rna t  ( '  i n i t i a l _ fb_ temp  =  ' , d14 . ' 8 )
12 Fornat(X.41.15x, ' :  l la ter  vapour inc luc led in  anbient  a i r  ca lculat io

*ns  [Y /N ]  ' )
13  Fo rma t ( 'Check  "d . f i l e "  as  a  " y "  o r  "N "  does  no t appear correct ly* , )
15  Fornat  ( '

' n '  )  t h e n

1

3
4

5
b

I

I

B o r n b  d e t o n a t i o n  h e i g h t  i s ' , d 1 0 . 4 , ' m e t r e .  ' )



8 9

1 9  F o r m a t ( x , f 8 . 6 ,  / x , f . 8 . 6 ,  / x , f 8 . 5 ,  / x , f 8 . 6 )
20 Forroat ( '  the nole fract ions of the CI,EAN-FIREBALL set of dry air

*  a t e : . ' , f ,
*  ' D M F N 2  , D 1 6 . 1 0  , / ,
*  ' D M F 0 2  , D 1 5 . 1 0  , / ,
*  '  D M F C o 2  . . . .  

" D 1 5 . 1 0  
, / ,

i  '  D M F A r  . . . .  ' , D 1 6 . 1 0  )
2 L  F o r n a t ( ' T D M F  s h o u l d  e q u a l  1 . 0 0 ,  b u t  i n s t e a d  i t  e q u a l s ' , D 1 5 . 1 0 , ' .

*  T h i s  p r o g r a m  i s  n o w  t e r m i n a t e d .  C h e c k  t h e  d a t a  f i I e  " d . f i I e " .  ' )

END

c----------
c

SUBROUTINE DO_enth_halt

w r i t e  ( 0 ,  1 0 )
10  Fornat  (  '  En tha lpy  Er ror  ' )

S t o P
RETURN
END

c----------
c

SUBROUTINE Show Status

IMPIJICIT DOUBIJE PRECISION (A-H,}'I-Z)

Integer counter
connon /s ix /at ime,  l lass,  P_ambient ,  radius,  T_ambient ,  T_f  b,  z ,  Z_tb
common /seven/enth_f  b3er_Mass,  EnthalpyJer_kg
conmon  /USE/En tha l  ( 2000 ) , t enpe r  (2000 ) , ca la , ca lb , ca l c , coun te r

wr i te  (0,  10)  T_f  b,  enth_f  b3er_Mass/Mass
Do  30  I  =  ( coun te r  -  10 ) ,eoun te r
w r i t e ( 0 , 2 0 )  I , E n t h a l  ( I ) , I , t e m p e r  ( I )

30 cont inue
wr i te (0,  40)  Enthalpy jer-kg
S top
RETURN

1 0  F o r m a t ( '  T _ f b  =  ' , D 1 0 . 3 , '  e n t h  =  ' , D 1 0 . 3 )

2 0  F o r m a t ( '  E n t h a l ( ' , 1 3 , ' )  =  ' , D 1 0 . 3 , '  T e n p e r ( ' , 1 3 , ' )  =  ' , D 1 0 . 3 )
40  Fo rna t ( '  En tha lpy3e r - kg  =  ' ,D10 .3 )

END


