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Preface

This report contains the results of my efforts to
develop a computer code capable of describing the time
dependent blast overpressure and temperature profile result-
ing from the detonation of a nuclear weapon in the lower
atmosphere. The code is not fully working at this time,
due in par£ to the lack of valid opacity data at the temper-
atures of interest. The code is highly modular, and can serve
as a starting point should this work be continued in the future.

I would like to thank my advisor, Captain David Hardin,
for his guidance and his patient, frequently repeated, explain-
ations throughout the research period. Most of all, 1 would
like to thank my wife, Carol, for her patience, love and

understanding throughout the period of this work.

Douglas P. Wade
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Abstract

RADHOT is a one-dimensional Lagrangian radiation-
hydrodynamics computer code developed from a scheme described
by John Zinn of LASL. The transport scheme described by
John Zinn and incorporated into RADHOT requires just two
passes thru the mesh to determine fluxes and energy deposition
rates. The scheme assumes local thermodynamic equilibrium
for each cell, and also assumes that the thermal radiation
flux contribution in a given direction at any point has one
of two values depending upon whether a ray in that direction
intersects the source region.

The RALCHOT code is believed to be "debugged," but suffers
from a lack of valid opacity and equation of state information.
Because of this, no comparisons can be made. Also, the code
as currently writteii is extremely slow and expensive to run.

A users guide and a listing of the code are provided as a

starting point for future work.
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RADHOT: A RADIATION
HYDRODYNAMICS CODE FOR

WEAPON EFFECTS CALCULATION

I 1Introduction

Nuclear explosives are characterized by the very rapid
release of large quantities of energy into a small volume.
Initially, the released energy is primarily in the form
of thermal radiation. As the thermal radiation streams away
from the source, it is continously absorbed and re-emitted
by the surrounding atmosphere. With each absorption/re-
emission, a fraction of the thermal energy will be trans-
formed into materiai energy. The increase in material
energy is manifested as a pressure gradient between the
"absorption" region and the surrounding, undisturbed region.
This pressure differential results in a shock wave being
initiated (Ref 1). Large overpressures associated with the
shock wave, together with thermal radiation fluxes are major
damage mechanisms of a nuclear explosion. An understanding of
the physics involved is essential to producing a model to
predict weapon effects.

The difference equations of "shock" hydrodynamics are de-
veloped by Richtmeyer (Ref 2) and are well understood. However,

at early times after detonation when radiation energy is significant,




and certainly prior to «10-4 sec. (radiative expansion
phase), the hydrodynamic equations must be modified to
include radiation transport (Ref 3).

The primary purpose of this thesis was to develop a
computer code capable of predicting the weapon effects (over-
pressures, temperatures and radiation fluxes) resulting from
a 1KT - 1MT nuclear explosion. The computer code was to
account for radiation transport at early times, between
‘,10_7 sec. to 10 sec. after detonation.

An existing hydrodynamics code, HUFF, was used as a start-
ing point for this thesis, and RADHOT incorporates some of HUFF's
subroutines (Ref 4). HUFF utilized a 1-D Lagrangian mesh to
solve shock hydrodynamic problems in the absence of radiation
heating. At times later than 10—2 sec. after detonation, HUFF
is accurate to within -5%. At earlier times, HUFF's accuracy
decreases, and because HUFF lacks any provisions for radiation
transport, it is incapable of making any predictions prior to

~10-4 sec. RADHOT incorporates the I/0 routines and the Lagrangian

hydro scheme from HUFF, as well as a fit to the Nickel-Doan
Equation of State (E0S) for Air (Ref 5).

The radiation transport scheme in RADHOT was developed
by John Zinn of LASL (Ref 6). 1In Zinn's scheme radiation
fluxes at the cell boundaries are determined at each time
step by making two passes through the mesh. The radiation
fluxes are then used to determine source terms which are input

into the hydro scheme.




Detailed development of Zinn's transport scheme together
with the assumptions and approximations behind it are presented
in chapter II as is the associated hydro scheme.

This development comprises a major portion of this thesis.
Chapter III discusses the timestep contraints in RADFLO
together with the equation of state and opacity approximations.
The organization of RADFLO is discussed in chapter IV, and
chapter V discusses the results obtained and reasons for the
lack of correlation to data. Finally, chapter VI contains

the conclusions and recommendations of this study.




II Radiation Hydrodynamic Finite Difference Scheme

Theory

"Thermal radiation" is electromagnetic radiation emitted
by matter in a state of thermal excitation. The energy den-

sity of such radiation is defined by the Planck formula:

hv

ekT _ 1)-1 (1)

2hv?

B(v,T) = (

CZ

where v is frequency, T is temperature, B is the Planck function
(ergs/cmz), c is the speed of light and h and k are the Planck
and Boltzmann constants respectively. The importance of thermal
radiation increases as the temperature is raised. At moderate
temperatures, its role is primarily one of transmitting energy,
whereas at high temperatures the energy density of the radiation
field itself becomes important as well. If thermal radiation
must be considered explicitly in a problem, the radiative
properties of matter must be known. A determination of the
radiative properties usually requires an assumption that
"local thermodynamic equilibrium" (LTE) exists. Whenever ther-
mal radiation is considered, the medium that contains it in-
evitably has pressure and density gradients and the treatment
requires the use of hydrodynamics. Hydrodvnamics with explicit
consideration of thermal radiation is called "radiation hy-
drodynamics," (Ref 7).

John Zinn of LASL has developed a computatioral method

for the time-dependent radiation hydrodynamic envircnmant
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encountered after the detonation of a nuclear weapon in ¢!
lower atmosphere. The growth of a nuclear fireball can be
computed within certain limitations using the finite differc.
scheme that he describes. Zinn's scheme is restricted to
problems with spherical symmetry. The scheme requires just t.
passes through the mesh to determine incoming and out-going
fluxes, and therefore, the scheme should be relatively fast
on a computer.

Zinn makes a number of simplifying assumptions in the
scheme, the first of which is the standard one requiring th:z:
LTE exists in each mesh cell so that local absorbtion coeffici
ents can be expressed as functions of local temperature and
density. Zinn disregquards radiation energy density and radic
pressure terms in the equation of state, accepting errors
at times less than \10—7 sec. because of the omission. 2Zinn
ignores photon time-of-flight effects, justifying the omissicr
because the transit time of photons across a cell is small ccr
pared to the e-folding time for the exchange of energy betwec:.
the matter and radiation field. Finally, Zinn starts his
scheme by placing all of the energy of the weapon in the first
cell at t = 10“‘7 sec. after detonation and restricting the
thermal radiation from crossing the cell boundary until after
that time. This prevents any preheating of the next cell.
Again, the principal effect of this is to introduce a timing
error into the system.

Zinn's radiation transport scheme assumes that the angu!

distribution of the monochromatic radiation intensities (and

5
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ti+r2fore the fluxes) are eithzr 1) approximately isotropic,
such as in an "optically thick" region or in an "optically
thin" region bounded by two "optically thick" regions, or
2) can be approximated by a function that has one of two values,
such as encountered in the cool transparent region outside of
an "optically thick" source. The transport scheme determines
the inward-going and outward~-going fluxes at each cell boundary
for a large number of frequency groups. By using a large num-
ber of frequency groups, a more accurate determination of the
radiative absorption coefficient p” can be made. An accurate
determination of p” is essential to defining "optically thick,"
and therefore to defining the source region. An accurate
determination of the source region is important to the over-
all accurancy of the scheme.

The equation »f radiative transfer, also called the
transport equation, is a mathematical statement of conserva-

tion. The equation of radiative transfer says

change in transfer of attenuation of
intensity = material - radiation energy
per unit energy to (conversion to
distance radiant material enerqgy). (2)
energy

with the restrictions already noted, the equation of radiative

transfer can be stated

= cosf —"- == —— =y (Bv_I ) (3)




where

I = radiation intensity at frequency v

8 = angle between the radius vector and
the direction of the ray contributing
to the intensity
ds = differential distance along the ray
in the direction of travel

r = distance from center of symmetry

u” = absorbtion coefficient corrected
for stimulated emmission

Bv = Planck function

See Fig 1.

Now, Pomraning (Ref 8:27) shows that the differential
equation of radiative transfer (equation 3) can be replaced
by an equivalent integral equation. The integral equation
or radiative transfer is,

-[52 worae
I,(Py) =1I,(Py) e

P2 - e el
P (%2 wr e
+f. u'(a)B\)(«z)ef‘S a (4)

where df and df” are elements of distance along the ray con-

necting P1 and P2. See Fig 2. 1In words, equation (4) says

that at any point P the intensity contribution at that

2'

point from any other point P. is egual to the initial inten-

1
sity at P1 in the direction of P2, less any attenuation of
the initial intensity between P1 and P2, plus any .~se-cemmission
7




Fig 1.
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v calculated here
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Equation of Radiative Transfer, Geometry




Fig 2. 1Integral Equation of Radiative Tran:fer, Geometry




of radiation in the direction of P._ along the path from

2
P1 to PZ’ less any attenuation of the re-emitted radiation.
The rate at which the material energy of the system is

increased by the absorption and re-emission of radiation is,

%)rad =f:° w ( fw I,du-41 B_)dv (5)
where
u- ~£ Idw represents radiation energy lost to material
" energy
and
4wu‘Bv represents material energy being given up to

the radiation field.

For the transport scheme being developed, the flux, Fv' is
calculated instead of the intensity L Since the transport
scheme is restricted toc problems with spherical symmetry,

the two guantities are related by,

JENOE
F =2 oIv(e)snlo cost dse (6)

For problems with spherical symmetry, equation (5) c¢an be

expressed more simply, since
10




ds = 27 sin6 4de. (7)
Let
cosfb = w, therefore,
F = f wl dw (8)
v v
(il
Now,
weVI - u'I + u'B, =0 (9)

where w-VIv is the net leakage out of a volume, -u”I repre-
sents the loss of radiation due to absorption, and u’Bv is
a source term. Then,
X
v
—w‘VIv = U (B\)—I\)) = -as—. (1C)

Integrating equation (10) with respect to solid angle yields

_v-_[“ wI dw = u‘[Bv .[n do - j;ﬂ Ivdq (11)

or,

I, dw]. (12)

11




Therefore, equation (5) can be written as

JE 00
m - _ .'*
3T >rad == [vF a (13)

With the inclusion of equation (13), the equations of

radiation hydrodynamics are, the conservation of mass equation,
30 _ —V-(p3)- (14)
It '

the conservation of momentum equation,

a—a({—"-’- = ~V. (pVV) - VP; (15)

and the coaservation of energy equation,

3E o
m - -— [ _) - .+ - .—*
g2 = -Ve(E V) - PV-V fo VeF, dv. (16)

These equations, coupled with the transport equation, equation
{(4) are the set for which a finite difference schene will
be developed to sulve.
Equations 13-16 are a closed set, upon specification
of the equation of state relations:

P

pressure = P(p,Em), (17)

T

temperature = T(p,Em), (18)
12




the radiative absorption coefficients

o= u‘(o,Em,v) (19)

and the definition of the flux and Planck functions (equations

6 and 1).

13
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Radiation Transport Finite Differcnce Formulation

The finite difference mesh for the category of problems
addressed in this thesis consists of a series of 100 concentric
shells. 1Initially the thickness of each shell is constant,
though because a Lagrangian hydro scheme is being implemented,
cell boundaries will be continually readjusted during the
course of the problem to conserve mass. Initially, all except
the first cell will contain air at ambient temperature and
pressure. The first cell initially contains the mass of the
weapon (1000 kg) at a temperature and pressure consistent
with the weapon yield. See Fig 3 for the mesh labeling
scheme. Beginning at 10_7 sec. after detonation, radiation
energy is allowed to propagate through the mesh. The equations
governing the radiation transport will be developed belcw.

At a specific instant in time, the contributicn to the
intensity Iv at a point P

2

ment from any other arbitrary point Pl on the same surface

on the surface of a volume ele-~
|

in a given direction is:

- ~u"As _.~u'As
IV(P2) = Iv(Pl)e + Bv(l e ) (20)

as illustrated in Fig 4.

This is an approximation to the more exact equation (4)

P>

s

developed in the last section. Specifically, j. u’(£)das
P,

14
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+
Fa
X(I) X(I+1)
VEL(I) VEL (I+1)
P(I) P(I+1)
(1) T(I+1)
p (1) p{(I+1)
Bv(I) Bv(I+l)
R’ (1) U (I+1)
Em(I) Em(I+l)

Fig 3. Finite Difference Labeling Scheme
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Finite Difference Equation of Radiative Transfer,
Geometry
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P

2 [F2u-yarn”
is approximated by u’ls and [ B .7 ()e” az -
7o .
1
is approximated by B\)(l—eu As). The dependence of p~
and Bv on the differential element of length ¢ disappears
because of the assumption of local thermodynamic equilibrium.

8. and 6., are shown in Fig 5, where a ray is depicted

1 2
crossing the cell. 81 and 62 are related via
R1 51n81 = R2 51n62 (21)

Letting Il(el) and 12(82) be the intensities of a given ray

at locations R, and R, and As(ez) be the distance between Rl

1 2
and R2 along the ray, then an angle em can be defined for
b, such that
o = sin™! (r,/R,) (22)
m 172

which is the maximum value of 62 for rays that still inter-
0
surface 1is grazed and 01=90 ).

sect R, (i.e. the R

1 1
The above equations can now be used to define the out-
ward flux at R2.

The out-going and in-going fluxes at each shell sur-

face (cell boundary) are:

+ /s
F, = 27 j I (8) sind cos® d¢ (23)
i
m
FT o= —2n[ I (0) sind cos® d8 (24)
v a). Y

17




Angular Relationships
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3
Using equations (18), (21), (22), the outward flux at R is:
_ -n"4s _.—u’As
Iv(Pz) = I2(P1)e + Bv(l e ) (20)
w/
+ 2 .
Fi = 2n_[0 I (0) sing cos® do (23)
Therefore,
+ m -u"As(67)
Fz,v = 27 f; Il(el)e 51n62 c0582 dez
m -
_."H AS(ez) .
+ 27 j; Bv(l e 51n62 00582 d62
TT/z -
_ -u"As(62) .
+ 2n_[e 1, (1-8,)e sin8, cosf, de,
m
f
TT/Z -
_a"H As(82) .
+ 27 /g B, (1-e ) sin8, cosf, do, (25) !
o
Reducing,
3]
+ m -u"As(8,) . - an
Fz,v = 27 j: Iltel)e s;nez cosc2 a3,
5]

. 2 /’m -u‘As(6,) _. 0 o
Bv[n51n em 27 . e 51n82 cos)2 d\2

19




+ 20 1 (U—--‘ ))—L:"‘.s(n]) . B a-
‘./e 5 T,)e sinv, cos', )
m
'Tf/z -
+ B |c0520 - 27 oM 8s(82) sin6, cos0., d¢
\Y m 6 2 2

For the inward-going flux at R
incident éngles less than Bm will make a contribution.

Starting with

U
F, = -2n_[ﬂ/2 Il(el) cose1 51n01 d@l,

and from equation 21,

sin6 R2/R1 sin®

1(9 As _."~u As)

il
—
—_
O
[
[
1]
!
=

= g
cos6, d8 R2/R1 cost, d62

. _ 2 C
51n01 cose1 dOl = (R2/R1) c0562 51n02 d82

and from equation 22,

2 )
(R2/R1) = 1/sin o

therefore,
20

2

(26)

1’ only those rays with

(24)

(27)

(28)

(29)

(30)

(31)




. . . 2
ol Al = 3} It ;}
51nc1 cosO1 d 1 51n02 cosV2/51n ' d 2 (32)

changing the limits of integration,

if 6, = w, then 6, =1 (33)
if % = 7n/2, then 9, = -9 (34)

combining (24) with (28), and remembering that the only rays

that make a contribution to the flux at R1 are those whose

incident angles are less than or equal to Bm, then,

0

F1 = =27 /; Iz(n—azle
m

—u7AS(8,) . . 2
51n82 cosez/s1n em d82

0
- 21 B j. {1-e7 ¥ Aswz)}sin@
n

. 2 -
2 cosez/SLn Om d62 (35)
or,
9
- . 2 f‘“ —u’AS(8,) _.
F1 = 2/sin em 0 Iz(n—ez)e 51n62 cose2 dO2
em
_ . 2 j' ~u'As(6,) .
+ mB{l1-2/sin em e 51n02 cose2 d62 (36)

0

Now, it is necessary to determine As (8 For angles such

2).
that Oi62<0m as shown in Fig 6a.
21




Fig 6a. Distance Across Cell,02<6m

Fig 6b. Distance Across Ce11,92>8m
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0y = m=(n-8,) - 9, = 3 - 0, (37)
By the law of cosines, |
As(8.)2% = RZ + RZ - 2R.R. cos (6.-6.) (38)
2 1 VR 182 1792)

and using the following identity (Ref 9)

cos (61-82) = cose1 cosf, + sin6, sinf.. (39)

2 1 2

Then

As (6 )2 = R2 + R2 - 2R,R, cos® coge +sin6., sinéd (40)

2 1 2 172 1 2 1 27

. .2 2

and since sin“8 + cos™6 =1,
., 2

cosG1 = (1 - sin 81)% (41)
From equation (21),

sine1 = RZ/Rl 51n92, (42)
therefore,

_ _ 2 .. 2 5
cose1 = (1 (Rz/Rl) sin 92) , (43)

23




o,

2 2 . 2
cosel = l/Rl(R1 - R2 sin 02)%. (44)

now, As(62)2 is,

2 _ 2 2 _ 2_.2 _. 2 %
As(ez) = R1 + R2 2R1R2{1/R1 (R1 R2 sin 62) cose2
+ R,/R sin28 } (45)
2°71 2
Combining,
. . . 2 2
again, since sin 6 + cos“6 = 1,
2 _ 2 . 2 2 -
R2 = R2 (sin 82 + cos 82) (47)
2 _ 2 2 .2 2 2
As(ez) = R1 + R2 sin 62 + R2 cos 82
2 2 .2 A _ 2 . 2
- 2R2(R1 R2 sin 82) cose2 2R2 sin 62 (48)
2 _ 2 2 .. 2 2 2
As(ez) = R1 R2 sin 62 + R2 cos 62
2 2 ., 2 L
2R2 cose(R1 - R2 sin 92) (49)

24
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2 >

~

As(ez)2 = R2 cos29 - 2R, cos? (R% - R2 sin“:.)

2 2 2 2 2 "2

+ (Ri - Rg sin262) (50)

as(6,)% = |r, coss, - (R2-r2 sin®e )| (51)
Therefore

As(6,) = R, cos8, - (R> - R sin’e,) (52)

for 0<6.<86
-2 m

For the case where 6m<82in/2, i.e. a ray enters R2

at too shallow an angle to enter R, before re-emerging through

1
R2, then from Fig 6b, it can be seen that

As(ez) = 2% (53)
and
£ = R, cos8, (54)
Therefore
As(8,) = 2R, cosE, (em<825n/2) (55)
25
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Zinn assumes that for each frequency group at every point
outside the principal radiating sphere, the intensity con-
tribution for a given ray direction has one of two values.

If the ray intersects the principal radiating source then the
intensity contribution to that point is large. Otherwise the
intensity is much less. From any given point, the principal
radiating source, called the source from here on, will subtend
angle, half of which will be designated OS. Thus for points
exterior to the source, the intensity contributions at a given
point will be small for angles esieiﬂ. See Fig 7. The source
radius RS must be determined for each frequency group at each
timestep. Rs is defined as the radius at which the optical

depth is unity, or

1
and
Rs = Rn (57)

where n is the minimum number required to meet the condition
in equation (56).

Once Rs has been determined, ﬂs is then
1

9 = sin

s (RS/R.) (58)

26
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Fig 7. Monochromatic Intensity Distribution
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providing Ri>RS. If Ri<RS, i.e. at a point inside the
source, the intensity is then assumed to be isotropic and

/R

depending upon whether Gs is being determined as part of

es is set equal to either m/2 or to em = sin_l(Ri

the calculaticn of an inward-going flux.
The assumption that the intensity contribution at

each boundary has one of two values (Ia for e<es, and Iy

for e>es) permits the entire array of fluxes to be generated
by just two passes through the mesh (one inward, and one out-

going pass).

"This assumed intensity distribution is exact in two
limiting cases; 1) within an optically thick region of
uniform temperature region of uniform temperature,
where I does not depend on ¢ (and then Ia=Ib), and

2) in a vacuum outside of a uniformly emitting surfaces,"
(Ref 6).

Now define

sin (RS/Rl) for R1>Rs
els = (59)
n/2 for R;<R_
sin-1 (R_/R,) for R,>R
s' 71 1l s
925 = (60)
em for R <R,
Let FI and FI be the inward and outward fluucos at R1
and let F; and F; be the inward and outward flux=2s at R2,
(See Fig 8) where R1 and R2 are any two adjacent ce¢ll boundaries
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Fig 8. Radiative Transport Labeling Scheme
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i the entire mesh such that R2>Rl.

Now using equations (23) and (24) and remembering that

Iv is a constant with one of two values depending on 9,

+ /2
Fv = 27 Iv(6) sin® cos9 deo. (23)
V]
+
So, Fl,vls
+ elS ﬁ/z
Fl,v = 27 I1a jﬁo sinfcosfdo + 2nIlb ]é sin® cost ds,
1s

or more simply,

+ _ .2 12
Fl,v = ﬂIla51n els + ﬂIlb ({l-sin els), (62)
+ 825 ﬂ/z
and lev = 27 I2a /ﬂ sinf® cost d9 + ZHIZb.[ sinfcos6 d&,
0 62 (63)
s
again simplifying,
+ _ .2 _ .2
F2,v = nIZa sin 025 + le(l sin 625). (64)
Starting from eguation (24),
F = -2u jﬂ I (6) sin® cosH d#f (24)
v v
TT/Z
Pl,v is
30
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g uixe 8

m
- = - i i 3 5=
Fl,v 27 Ilb /;/ sini cos? 47 Ilb (
2
and
_ T
Fz,v = =27 12b j;/o sin® cos9 46 = I2b (66)
From equation (36},
3]
- . 2 j”m —u"As(6,) . s
Fl = 271/sin em Iz(n—ez)e 51n62 cos?, ds

0

0

m .
+ nB{1 - 2/sin29m jﬁ e ¥ 4s(62) singd
0

5 cose2 dez} (36)

F, =1 (67)

Equations (62), (64), (66), and (67) result from the two-

intensity assumption, and are simplificaticns of the more
exact equations (26) and (36).
The integrals in equations (26) and (36) are all of the

form

8

B )
/. sind cosh e M 851(8) 44 (68"

°a

) = R, cost

I3}
where As, (£ 2 5

. - (Ri—Rg sinzazw (53)

2
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or are of the form

%%
j. sing cosé e As(62) das (69)
8a
where
As(ez) = 2R2 cosezf (55)

Both of these integrals can be evaluated in closed

form by defining the following:

AR = R, - R (70)

T = u’AR (71)

u(s) = (T/AR)(R2 cose—(Ri - Rg sin 9)%) (72)

u, = u(eA) (73)

u, = u(eB) (74)

2)% 2,%
) 9 (75)

— 2—
) = (T/R) (RS - R

u_ = u(o - (Ri - R

S 2s

i, _ N s
u = u(8) = ((R; + Ry/(R, ~ Ry)) 1 (76)
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Glu) = e (l/u2 - 1/u) +f e Fax (77)

-1

H(u) = e (1 + u) (78)

(Equations (72) and (73) are derived in an appendix.)

Then
eB -u“As (6
f sinb cosb e H ( )de =
eA
2 2 2
1° (R, + R) %/ (8R2) |G(uA) - G(uB)]
i 2
- Ry = R P/ (RS [y, - Huy) (79)
and

/2 -
f sin® cosfe M 852(8) 44 _
O
2 2 2
(®, - R))?/ (4r2?) [1 - H(2u ) (80)

Using the above, the equations for tre inward-going
and outward-going fluxes from a cell as defined by squations

(24) and (34) become,

+
F =

2 2 )
2 “Ila (R1 + RZ)T /(4R2) G(t) - G(us)
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- (R2

-’ %/ (2R3 ng) - H(u,) ]
+ 1y [®y + R 2%/ @R2) Gy - G up) 1]
_ [(R2 - Rl)z/(ZRgTz) (H(u_ - H(um)ﬂ

; [IZb (R, - Rl)z/(ZRgtz) {1 - H(Zum)ﬂ

+ 7B {1 - (R, + R )212/(4R§) G(t) - Glu) )

2

- |, - R1)2/(2R§Tz){1 - H(1) + H(zum)}] (81)
and,
Fl = 7B + n(I.. - B) |[(R, + R.)272/(4R%){G(1)=G(u )}
1 2b 1 2 1 m
2, 2.2
- (R2 - Rl) /(2er y{H(T) - H(um)} (82)

Next, equations (61), (62), and (63) can be solved for

intensities such that

I1b = Fl/n (83)

I2b = F2/ﬂ (84)
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_ et _ a- L2 . 2
Ila = Fl Fl(l sin els)/n51n els (85)
1. =FY - F/usin%0. - Fi/7 (86)
la 1 1 1s 1

Finally, using these equalities, intensities can be
eliminated from equation (81) and (82) giving a result using

only fluxes. Now,

%R e - ctu))

Fl = 1B + (F2 - TB) [(R1 + R

- (R,

- R2)2/(2R§T2){H(T) - H(um)}] (87)

and

FY = 7B + (R, + R

2 2

2 2 2 + - .2 .
) 1%/ (2RS) [(Fl - F])/sin®0; _{G(1)-G(uy)}
+ (F] - mB) {Gluy) - Glu )}
2,..22 -
+ (R, = R))“/2RT7) th - mB) {1 - H(2u )}

+ - A
- (F1 - Fl)/Sln Ols{H(T) - H(us)}

- (F] - "B) {H(u) - H(um)}] (88)
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Using equations (84) and (85) it is now possible to
compute the entire array of fluxes in just two passes.

The flux continutity conditions require

Fi,i¢1,v = F2,4,v (89)

and

F =F, . (90)

1,101,v

0), equation (87) can be used to compute all of the inward

Starting at the outermost cell with no inward flux (F

fluxes in terms of the previous flux.

The innermost boundary of the mesh (r=0) is a point
in spherical geometry, and flux is thru an area, at r=0
both the incoming and outgoing flux is zero. With this bound-
ary fixed, equation (85) can be used to compute all of the
outward fluxes using gquantities already computed during the
current timestep, for the particular frequency group.

Once the array of fluxes has been generated for each
frequency group, the rate of change of material energy in
a particular cell due to radiation can be determined.

Recall

aEm o N
3t Jrad = /; V-dev (14)
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9E

whe ve m is on a per unit volume basis. The volume of any

dt /Jrad

particular cell is:

2
v, = an ) rlar (91)

therefore the total rate of energy deposition in a given

cell is:
R, - R,
2
Fn) xan [T rar =) verave [ 7 anr?ar (92)
ot /Jrad R 0 v R
1 1
or
3E oo
3 23, _ m - 2, .+ _ -
4n/3 (R2 - ulr 5t Jrad = j‘ 4ﬂ{R2(F2 F2)
0

2, .+ -
- Rl(F2 - Fl)}dv (93)
aEm
Solving for 3t/ rad
14
O = —3/(R3-R3)jrcio R2(r}-F) - RZ(FY - F])av
ot Jrad 21 ] 272 "2 1'1 1

(94)

Equation (94) governs the transformation of energy into

material energy which in turn responds in a manner governed
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by the hydrodynamic equations. The hydrodynamic scheme is
discussed in the next section, which is followed by a dis-
cussion of the radiation and hydrodynamic timestep size

in chapter 3.

Hydrodynamic Difference Equations

The radiation transport method developed in the last
section is used to drive a Lagrangian hydrodynamics scheme.
The radiation transport calculations are alternated with the
hydro calculations, with one or more hydro sub-steps taken
for every radiation timestep. The criteria for determining
the sizes of both the radiation timestep and the hydrodynamic
timestep are presented in the next chapter.

Two hydro schemes were implemented in RADHOT. Originally,
the hydro scheme was the one used in the HUFF code. This
hydro scheme is a direct implementation of the equations pre-
sented by Richtmeyer and Morton (Ref 2:288-324).

In this scheme, star*ing with known pressures and constant
initial mesh size, the size of the hydrodynamic timestep
is computed. Next, the cell boundary velocities and the cell
boundary positions are computed. Then, the cell densities,
specific volumes and viscous pressure calculated for each
cell. The final step is the calculation of the internal eneragy
and pressurc of each cell. The finite difference equations
to be solved in order are; the cell boundary velocity,

n+tl _ n

n n
u; + AtH/p (Pi

Pn+
it 9

[+
!

n, ,, n 2
-1 -1~ Qi)/LR (Ri/Ro) ’ (95)

38




the position of the new cell boundary,

n+l _ _n n+1l
Ri = Ri + uy AtH (96)

the specific volume of each cell (and hence the density),

Vit = 1y [(Rri‘jiﬁ -~ @Y, 7 - (R2)3]. (97)

If the cell is not expanding then the viscous pressure is,

n+l _ 2, n+l n n+l _  n+l
2a7/Vy TV Uy Ty

i i ), ' (98)

0
!

otherwise,

n+1

Finally, in the HUFF hydrodynamic scheme, the next two

equations are solved iteratively.

ntl _ .n _ n+l n n+l ntl . .n
I, " =1 [Pi + Pi/2 + Q5 ](Vi vy (99)
n+l _ _ n+l , n+l

In the equation above, IS is the original cell density, RO

is the original mesh spacing, I is internal enercy, and
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a" is the approximate number of cellsover which the shock
discontinuity is spread.

In the process of debugging the RADHOT code, the above
hydro scheme was dropped in favor of one described by Zinn (Ref
6} in order to more clearly see the coupling between the
radiation field and the hydrodynamics it drives. The hydro
scheme that Zinn describes for use in conjunction with the
transport scheme is apparently also from Richtmeyer and
Morton (Ref 2) though it is implemented in such a manner as
to avoid the iterative procedure required by the first scheme
to determine the internal energy and pressure of each cell.
The final hydrodynamic finite difference egquations and the
sequence that they are to be solved are discussed next.

Initially, the pressures, masses, densities, internal
energy, and mesh spacing are determined for time t=10_7 sec.
after detonation. All of the energy and weapon mass is placed
in the first cell, with all other cells undisturbed from
ambient conditions. The hydrodynamic timestep is determined
from the Courant conditions, and is required to be equal
to or less the limit imposed by radiation considerations.

As the time is incremented from t to t+AtH, the pressure
Pi and the viscous pressure Qi for each cell is updated.

The pressure, P., is defined by the equation of state and is,

P, = (Yi - l)oiIi, (101)

and the viscious pressure is,
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2

2
= A A
Qi aPqui/ciLt! {Ri + Ri+1f’ (102)

1

| where AVi is the change in cell volume, ¢ is the sound speed,

and o is a constant between 0.1 and 1. (fixed at .5 in this

thesis). Equation (102) only applies to cells that are

not expanding. If a cell is expanding, Qi = 0.

[1] .
Next, the acceleration ai+1

displacement of the boundary AtH are computed. The

of each boundary and the

internal energy per unit mass for each cell, the cell

boundary location Ri+l and the cell boundary velocity,

Vi+1’ are updated. The difference equations to be
applied in sequential order, are:" (Ref 6)
- 2 _ -
a4 T 8T Ry (Py Q) - Py = Qi) my 4wy )
(103)
= 1
ARi+1 AtH(Vi+1 + ;ai+1AtH), (104)
I. = I, + 47(p.+0.) (R2AR,-R2.. R...)/m (105)
i i i i 1771 i+l i+l i
Viel T Viel T 254100 (106)
and
Riv1 = Ryy1 * 2Ry (107)

Then the final cell volumes and densities are computed:
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_ 3 .3

v = 4/31 (R}, - R)) (108)
p; = m /Y, (109)
bpy = m;/AV, (110)

Finally, the internal energies Ii are updated with AtH/At

of the radiation energy computed by equation (94) at the be-
ginning of the radiation timestep At. Then prior to the next
hydro timestep,

oE

_ m
I, =1; ¢ AtH 9t rad

/(Aoi). (111)
at the end of n hydro steps, all of the energy in the

JE
atm rad term will have been dumped into the hydro eguations

and the next radiation timestep will be taken, beginning the
cycle again.

After the above scheme was implemented, it was checked
against the HUFF implementation. The two schemes were found
to agree to within 10%. The final scheme (Zinn's version)
should run faster because it avoids the iteration required

in the HUFF scheme.
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IITI Timestep, Equation of State, and Opacity

Timestep Criteria

In the radiation-hydrodynamics scheme described in
Chapter II, there are two different timesteps in concurrent
use. The first of these is the radiation timestep, At. The
rate at which radiation energy is being lost to material energy
was defined by equation (94). The radiation timestep is chosen
such that the fractional change in material energy in any
cell in a single timestep does not exceed 10%, or,

t 0.1 min

(112)

o

) 1

Zinn notes that this criteria is only useful for problems
that are dominated by radiation that is streaming. If the
radiation transport is better characterized by the diffusion
approximations, then the timestep set by equation (112) becones
very small.

In addition to the radiation timestep, a hydrodynamic
timestep is also used. The hydrodynamic timestep, AtH,

is computed to conform to the stability criteria described

by Richtmeyer and Morton (Ref 2). Specifically,
citH
i+1 i

where cy is the local sound speed and is defined (Ref 10)

as,
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P . )

Therefore, cdmbining equations (113) and (114), and remember-
ing that the criteria defined by equation (113) must be met
by every cell in the mesh, then the hydrodynamic timestep

criteria becomes,

{115)

The hydrodynamic timestep may not exceed the radiation
timestep, although it may be much more limiting. For computational
purposes, it is convenient to require that the hydrodynamic
timestep be an integral fraction of the radiation timestep
so that a fixed amount of the radiation erergy can be intro-

duced durirg each of the hydrodynamic substeps. That is,

AtH = At/n, n=1,2,3,... (1i6)

To summarize the difference between the two timesteps,
the radiation timestep criteria is set primarily to insure
that the Planck function and opacity data are updated frequently
enough to accurately compute the radiation fluxes at each cell
boundary, and hence accurately determine the amount of material
energy being deposited by the radiation field. The hydrodynamic
timestep is constrained to ensure sufficient continuity
of the material properties of the mesh, and thereby avoiding
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local instabilities that would destroy the finite difference

scheme's convergence.

Equation of State

The equation of state for a gas is,

P=(y-1p I (117)

&
where P is pressure, p is density, and Im is internal energy.

Gamma, Yy, is a variable that ranges from 1.667 for an ideal
gas to a low of approximately 1.05 for air at elevated temper-
atures. At very high temperatures when a gas is fully ionized,
"gamma will approach the ideal limit. At lower energies, the
RADHOT code used a fit to the Nickel-Doan Equation of State
for Air (Ref 5) that was developed by Peters for the HUFF

code (Ref 4). When a significant fraction of the total energy
in a cell is in radiation energy (>1%), then gamma is assumed
to be at the ideal limit. This approach turned out to be
incorrect, as it results in a discontinu’ty between the regions
where Nickel-Doan applirs and the region where the ideal

gas approximation is valid. This discontinuity can in turn
lead to a splitting of the shock front.

Temperature

The temperature of a cell can be determined 1if the

total energy in the cell is known. Specifically,

NKT + %9 4, (118)

=
]
Nojw

tot




'Y the material energy Im is known, rather than the total

energy, then

T

ZIm/(BNk) {119)

and a time consuming iterative procedure to determine cell
temperature is avoided. In equation (119), k is the Boltzmann
constant, and N is the number of particles in the cell.

For the regime of temperatures encompassed by the RADHOT

code, N must be able to adjust from cells in which no ioni-
zation has occurred, to cells in which the air molecules are
fully ionized, as well as for cells with all intermediate
levels of ionization occurring. To do this a fit was suggested
by Bridgman (Ref 3) to data reported by Zel'dovich and Raizer
(Ref 11). This fit determines the average number of free
electrons per atom, as a function of temperature. See Fig

9. Also to be accounted for is the disassociation of molecular
nitrogen and oxygen (N2 and 02) into individual atoms. There
are other molecular species in the atmosphere (NO, CO, C02,
etc.) as well as argon, and while some of these species play

an important role in determining the opacity of the air, the
RADHOT code ignors these other species are in the equation

of state. The atmosphere in the RADHOT code is assumed to be
79% N, and 21% O.,. The effective atomic weight of the atmosphere,

2 2

A, is assumed to be 14.59 grams/mole. Disassociation of the
0

N2 and O2 molecules are assumed to occur at 20,000 K,
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witich 1s also the onset of where Z* (the number of free electrons
per atom) must be included. Therefore if T is less than

0
20,000 K, then,

N = (120)

%o?
A
In the RADHOT code, a variable Q is set to either 1 or 2
depending upon whether the temperature is less than or greater
0
than 20,000 K. From Fig 9, Z* was determined to fit the

following relation:

0
Z2* = 0 , T <2x 10% K (122)
. 4 6° -
72* = 4(log10T - 4.301), 2 x 10°<T<10" K (123)
60
Z2* = 7 , T > 10" K (124)
The temperature then is defined as,
= *
T zImA/[auopQ(z + 1. (125)

Since Q and 72* are functions of temperature, correct deter-
mination of each cell's temperature requires an iterative
technique. This proved to be too costly in terms of computer

time, so Z* and Q are computed from the old cell temperature
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Plot of

Fig 9.

Z* vs Temperature
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first, and then equation (127} is used tc compute the currcnt
temperature. This method has an inherent error associated

with it, but in view of the constraints the timestep criteria
places on how rapidly the energy in a cell is allowed to change,

the error is considered acceptable.

Opacity

Opacity is a measure of the distance that thermal radia-
tion will travel from its source of origin until it is absorbed.
In the lower atmosphere, opacity is a complicated function with
minor atmospheric constituents playing important roles. Very
large computer codes (DANA, DIANE, DIAPHANOUS) have been developed
for the accurate prediction of absorbtion coefficients. These
codes are maintained by LASL and the Air Force Weapons Labora-
tory (AFWL) . Opacity data and equation of state data were r.
quested, though never obtained, from AFWL.

Failing to obtain data from AFWL, a fit was made to a
graph of absorption coefficients that appeared in Zinn's
paper (Ref 6). See Fig 10. The values plotted in Fig 10
are for ambient air density only. When the air density varies
from ambient, values obtained from fits to Fig 10 are subject
to large (orders of magnitude)} errors. Figures 11 and 12
(Ref 12) illustrate this point.

Using fits to Fig 10 daté proved unsatisfactory in
RADHOT (negative fluxes occasionally resulted}, so the absorb-

tion coefficients were averaged over frequency, and a smoothly
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Fig 10. Plots of radiative
absorbticn coefficients
vs. photcon energy (Ref 6)
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varying function of temperature was obtained. Specifically

the Rosseland mean is being computed, and it is,

7Y = -/ (gg)'7 dv (126)

[7 (GR)e

where B is the Planck function (equation (1)). After
- 0
U was determined for various temperatures between 103 K
0 -
and 107 K, then u” can be determined for any temperature in

that range by the following relation:

n T - n T
wm[irm™] = w5 @ 1] TaT,
_ -1 inT - fn T,
+ Anou [( l+l) ] QnT 41 Ln Ti (127

The Rosseland-averaged absorption coefficient when used

in RADHOT no longer predicts negative fluxes, but since the

1” used in determining the averages was from Fig 10, variations
in density can still result in calculated values of u” which
may be off by orders of magnitude. This second approach results
in the absorption coeffieient being strictly a function of temp-
erature. At the high temperatures that arz encountered in the
innermost cells at the start of the problem, the absorption
coefficient forces energy transport to be of a diffusive nature

(the cells are optically "thick"). The Rosseland averaging

effectively results in the existance of a single freguency
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ar-up. With a single frequency group there is no possibility,
through absorption and re-radiation, of a portion of the energy
in the cell being re-emitted at a frequency where the cell is
not optically "thick;, and hence continuing the streaming pro-
blem. Further discussion of the impact of the lack of valid

opacity data on the RADHOT code is in chapter V.
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IV Problem Defiriticn and Solution

Program RADHOT is designed to solve one-dimensional
spherical geometry problems associated with the detonation
of a nuclear weapon in the lower atmosphere. The program
describes the deposition of thermal radiation energy from the
weapon into the surrounding air resulting in the development
and propaéation of a shock front. The program tracks the temper-
ature, pressure, density, boundary velocity, and viscosity of
each of the 100 mesh cells as a function of time, printing out
the information for times requested by the user.

Program RADHOT retains the modular programming concepts
of its predecessor, HUFF, as well as several subroutines from
the original code. The retained subroutines have, in most
instances been modified for use in RADHOT. RADHOT is written
in FORTRAN IV as implemented on the CDC CYBER series computer.

The radiation hydrodynamics problem is defined by sub-

routines BLAST and RADSET. The initial conditions are based

on the following:

1. The weapon yield is deposited in the first mesh cell,
and is divided between a thermal radiation field, and the in-
ternal energy deposited in the mass of the first cell.

2. The mass in the first cell is the mass of the weapon,
and is arbitrarily fixed at 1000 kg (lO6 grams). Thc remaia-
ing 99 cells in the mesh contain ambient air at 2 pressure
and density adjusted for altitude.

3. The first cell is isothermal.
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4. The problem begins at 10-7 seconds after detonation
(assumed to be the end of the neutronics phase).

Subroutine BLAST is responsible for reading in the weapon
yield in KT and altitude scaling factors for different height
or burst (HOB). The subroutine scales the programmed values

calculating the proper initial conditions for a variety of

problems.

are input by the user.

The altitude scaling parameters provided in Table I

The parameters are defined as

sp = I (128)
0
Po 1/3
Sp = 5 (129)
P, 1/3 T, 3
ST = -5— ;I—r-' (130)
where P, and T, are 1.013 dyne-cm2 and 300°K respectively (Ref

0

0

1:104). Subroutine BLAST creates the 100 cell mesh, defining
initial cell boundaries, densities, pressures, and cell volumes.
Subroutine RADSET is responsible for further initializ-
ing values in the mesh for the radiation transport problem.
Subroutine RADSET reads the number of frequency groups to be
used and, for every cell except the first one, RALDSET determines
the mass of air in the cell, and fixes the amount cf ambient
radiation and material energy in the cell on a per volume
basis to a level consistent with a temperature of 300°K.

RADSET also fixes the start time of the problem to 10‘7

sec. For the first mesh cell, RADSET in turn calls another
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Table I

Average Atmospheric Paramters

(Ref 1:104)

Altitude Scaling Factors Altitude Scaling Factors
(feet) sp sD sT (fect) sp SD sT
00 1.00 1,00 1l.00 . 15,000 0,56 1.21 1,28
1,000 0.9C 1l.01 1.02 20,000 0.46 1.30 1.39
2,000 0.93 1.03 1,03 25,0C° 0.37 1.39 1.53
3,000 0.0 11.04 1.05 30,000 0.30 1.50 1.68
4,000 0.86 1,05 1.07 35,000 0.24 1.62 1.86
5,000 c.83 1,06 l.08 40,000 0.19 1.75 2,02
10,000 0.69 1,13 1.17
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. routine, subroutine TEMPO, to determince the temperature and
the amount of radiation and material energy in the first cell.
Currently, RADFLO's initializing subroutines are fixed to
provide information for a one megaton (1MT) weapon, with a
weapon mass fixed at 1000 kg. A 1IMT weapon results in an
initial mesh spacing of 89 cm. Modification to the initial-
ing subroutines (BLAST and RADSET) would be required for pro-
blems with different yields and weapon masses.

The RADHOT program is depicted in Fig 13. The program
begins by calling subroutines FLAGS. Subroutine FLAGS deter-
mines at what times output is requested. RADHOT then trans-
fers control to subroutine CONTRCL.

Subroutine CONTROL is responsible for initializing the
program, directing the flow of the program and printing
the results. Subrontine CONTROL first sets the initial con-
ditions by calling BLAST and RADSET and sets up a loop in which
the radiation hydrodynamic calculations are accomplished.

First, subroutine CONTROL calls subroutine Planck which
evaluates the Planck function for each cell at each frequency.
Then, using opacity data generated by function AMU, the size
of the principal radiating source at each frequency is
determined. These last two steps generate input that will
be required for the radiation transport calculaticons. Next,
the radiation and hydrodynamic timesteps are determined,
using criteria presented in chapter III.

Then, subroutine RADFLO is called. Subroutine RADFLO
is direct implementation of the radiation transport equations
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Fig 13. Program RADHOT Flow Diagram
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developed in chapter II. Subroutine RADFLO determines the
net amount of radiation energy being dumped into material
energy in each cell during the current radiation timestep.
After RADFLO is executed, subroutine HYDRO is executed one or
more times. Subroutine HYDRO implements the second hydro
scheme described in chapter II. At the end of each hydro-
dynamic substep, the internal energy in each cell is updated
with the appropriate fraction of the radiation energy being
deposited, and the pressure and temperature of each cell

is recomputed. Cell temperature is computecd in a separate
subroutine named TEMPER. Subroutine TEMPER incorporates the
Z2* approximation described in chapter III via function
ZSTAR.

At the end of each radiation timestep, the elapsed
time is updated, and the location of the shock front is
identified. If the shock front has reached the 94th cell,
then subroutine REZONE is executed and the cell boundaries
are relocated in such a manner as to conserve energy.

The cell boundaries are moved such that the shock front
after re-location is in cell 49.

Finally, prior to continuing on to the next radiation
step, a check is made to d=termine if it is time for printing
results. If it is, then subroutine WRITER prints cell para-
meters {(boundaries, pressures, temperatures, densities, radia-
tion and internal energy in the cell, and in-going¢ and out-
going fluxes at the cell boundaries. Line princer rlots
of cell parameters vs position is accomplished kv @:broutines

COPY and PLOTSM.
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The program continues cycling until either the time limit

or the cycle limit specified by the user (in subroutine FLAGS)

is reached.
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V. Results «nd bDiscussion

Program RADHOT is believed to be "debugged” but is
producing reasonable results due to a lack of good, frecu
dependent, opacity data, and due to an incomplete equatic:
state. The eguation of state and opacity data currently
in the code shows a shock front developing and propagating
orders of ﬁagnitude slower than expected. The subroutine
calculates the absorption coefficient is predicting valucs
in the vicinity of the innermost cells that are far toco s
The result is the RADHOT code, which is optimized to hanc.
streaming, is calculating fluxes in a diffusive region.

RADHOT has provisions for treating optically thick
cells with diffusion theory, but the code expects that m:
of the energy transfer thru a cell will be occuring at
frequencies where the cell is not optically thick. Unfor:-
unately, the averaging of the absorption coefficients deo-
cribed in chapter III removed the frequency dependence anc
made the absorption coefficient strictly a function of ten-
perature. The result is that once an optically thick cell
is reached, there is no way through absorbtion and re-emis.
at a different frequency to stream through that cell. The
energy transfer occurring is by diffusion. Zinn, in 3 cou

similar to RADHOT, used 40 frcduency groups. (E:Z &Y. RF

has provisions in it for up to eight frequency grr vz, Lu.
to the current state of the opacity subroutine, therc is
advantage to running more than one group.

Another problem that arises when the code is in a di-
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regime is that the radiation timestep criteria, ecqguation
(112) , computes timesteps that are inconviently small. -
During the development of the program, the timestep was noted
to grow increasingly smaller as the program progressed.

If allowed to run long enough, timesteps of 10-20 sec. were
eventually generated.

In order to verify that the transport scheme developed
in chapter II was working, the portion of the code responsible
for diffusion theory calculations was "switched off," and
the timestep size was fixed. Doing this shows that the trans-
port code can calculate in a diffusive regime. The shock
front slowly propagates outward, and the mesh values remains i

stable and physically "reasonable," (no negative temperatures,
energies, or fluxes and all quantities move in the expected
directions as time progresses). Ficure 14 is the printout

of computed parameters of the first 20 cells for the first two

cycles. By the second cycle the second mesh cell is beginning
to show the increase in material energy as manifested by a
slight increase in cell temperature and pressure. See Fig

14.

At 7.6 x 10"4 sec. after detonation (850 cycles) the rise

in temperature and pressure in the second cell aro more pro-
nounced, and the DEDT column indicates that eneray is beginning

f to be dumped into the third cell, though the effcct is not yet

oy, noticeable. See Fig 15. Also at this point in tiwue, the DEDT
‘ term shows a very small amount of energy is beiw1 Joposited
in cells 5 and 6. This pair of DEDT terms detachi: itself
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