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ABSTRACT

Previous theory predicted that the radius of the fireball should

vary as the 0.4 power of the time from detonation. In the present work,

the growth of the fireball is derived principally from the theory of

strong ehocke, but the equations of motion include two factors which

have been previously neglected: first, an eerly pha8e of the explosion,

where strong shock theory is not applicable, during which transport of

energy by radiation is used as a model, and second, the variation in y,

the ratio of specific heats. The equation of motion is integrated; the

result is a “predicted*’radius vs time curve with a variable power of

time whose average value is approximately 0.3’77over the range of

measurement. This is in excellent agreement with the observed results

from Sandstone, 0.374 ~0.005.

.

APPROVED FOR PULBIC RELEASE

APPROVED FOR PUBLIC RELEASE



.9
. .

●e*. *m**
● ● m.*

● m. ● .*
‘*:: ●:9 UNCU$$lflEO. ● ..*

●

RATE OF GROWTH OF M!OMIC FIREBALL9—— .—

1. PURPOSE

It was a well-known result from simple theory of strong shocks

that the radius of the fireball should vary as the 2/’jpower of the

time from detonation, I.e.,

0.4
R = constant x t .

Repeated measurements of fireball growth at Sand6tone have not verified

this exponent as 0.4, but rather as 0.374 ~0.005. The purpose of this

paper is to examine the fireball grovth more closely, this in order to

(1) determine whether significant departures from the 004 law are

reasonable; (2) predict, if possible, an expected radius vs time curve;

and (3) suggest, on this basis,

different yields.

2. DERIVATION OF A RADIUS VS—- —

appropriate methods of scaling bombs of

TIME CURVE——

2.1 Deficiencies in the ~——

The considerations that

shock theory which showed that
,+?

u - y, p’

where

Law

u. shock velocity

P . pressure

-4-

lead to the 0t4 law vere from strong
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and from similarity condition,

P & l/R3,

where

R = radius of shock front.

Therefore,

It is this derivation which will be critically examined.

The radius of the shock front is more precisely given by

the definition

‘J:m=fud’f
o 0

or conversely,

R R

‘=s+=s%O
o 0

●☛
☞ ●P *
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At the outset, it should be noted that one cannot accurately know

R . F(t) unless U(R) or U(t) ie known over the entire range of

integration from zero time. Two weaknesses in the assumptions on which

the 0.4 law is derived are apparent. Firwt, strong shock theory is

seriously perturbed, if not inapplicable, during the first few metere

of growth, because of radiative effects and

iteelf. Second, unlees U 16 of the form

where n is constant, then the integration

the finite mass

U . constant

leads to a more

of the bomb

x P,

complex

reeult, depending, of course, on the form of U . F(P). The 0.4 law

is euspect here because of variation in y, the ratio of 8pecific heats.

A complete derivation should recognize three phasee of fire-

ball growth:

1

t.

Oc

ge of bomb
3

!&l?

We will neglect the

its effect, if any,

refer to the second

case Beginning of true chock
P Pt

+ J
Edge

first of

could be

integral

integral ae the netrong

these in reveree order,

+ I &.R .

d
of caee Beginning of true

shock

these integrals ae too small, and because

consolidated with the second

as the “radiative” phase and

chock” phase. It will be simpler

strong shock before radiation,

integral. We

to the third

to discuss
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2.2 Stronq Shock Theory with Variable Gamma

Solelyby conservation of mass and momentum, the Rankine-

Hugoniot equations give the shock velocity as

+.
(P - Po)

(V. ’02 ‘- v)

where

P,PO = pressure behind and ahead of the shock

V,vo = specific volumes.

In the air ahead of the shock, specify the sound velocity as Co and

the ratio of specific heats as Yo; the relation

co . -dy.P.

holds, independently of any

We define

3“ P/p.)

with the result that

PO ‘

consideration of variable Y.

(1)
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In the usual

Rankine-Hugoniot ener~

treatment, Y is assumed constant. From the

relations,

v (y-l) P+(y+l)Po
—

V. ‘(7+ 1) P+(7-l) PO”

For P>> Po,

v 7 -1

<’ y+l’

v 1
for Y = 1.4.

< ‘;

From these considerations, and from the assumptim that (Y - 1) is

small, Fuchs gave ths result that for

$ = C02
3

For very strong shocks, however, (7 -

conotmt.

author in

such that

The variability of 7 has
.

an unpublished paper. For

strong shocks,

1) Is neither negligible nor a

been previously considered by the

present purposes, define a 7

Internal Energy .
‘i =

●

‘:=:8*

Pv—,
7 -1

(2)

WIASWIEQ
● .●9.
●.:*
● . :*:0.:.0:* ● *

●Q.:..:.*.:●o
●
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The advantage in this ie to substitute a elowly-varyingfunction, Y,

for a rapidly varying function like E ; YO is, of course, 1.4. The

RankineJiugoniot energy relationship becomes

E .Eo = +(P+PO)070 -V) . = .
7-1

transformation, this becomesAfter algebraic

v Y -1
— u—

To 70 - 1

(70 - l) P+(YO+l)PO

(Y+l)P+(Y. l)PO
L

Replacing P/P. by ~ , and setting 70 = 1.4,

—=

‘o (4)+{-1 “

For ~ j> 6, this reduces to an expression similar to

constant y,

v 7 -1— =

except that

function of

P. V.

7.-1 “

.

(3)

that for

V. 7+1’

here V/Vo does not approach a constant limit, but is a

the shock strength ~ .
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instead,

leads to

● 9

●

We do not require the

the weaker condition

1 .Qr * -2._ ●

o 7+1

In this approximation, Eq. 1 becomes

etrong condition that ?!$>> 6;

70 2 /

2’ C02 ~ = ,
270

This is a more accurate form than I?

for the variation in 7.

1)

S>> 1*

= CO* Ej , in that it allows

(4)

The

this equation.

shape of a radius vs time tune depends basically on

The problem is to integrate the equation of motion,

W&iWIER
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The dependence of Y 011 ~ vae found using the definition

in Eq. 2 and the resulting Rankine-Hugonlot relations set forth in

Eq. 3.1 The results are given in

mum value of Y at approximately

2.3

upon these

phase.

Evaluation of the Time.— —

Fig. 1; note in particular the mini-

700 atmospheres.

Integrand During Stro~ Shock Phase.—

We evaluate the time integral during the shock phase, and

result= will base the accuracy requl.redfor the radiative

Given

dR co
— ~ ( g .1)1’2 (7+1)1’2=

dt
v

270

we can integrate provided we know
3

= ~(R), because wenov know

~)Y=y(. It is preferable to integrate as

1
The actual computations were done by C, H. Maker while he was a
member of the J-7 Blast Measurements Sub-Group. Three sources of
data were used to furnieh the necessary equations of state and
values of V/V. . F( ~ ):

(a) C. I’.Curtiss and J. O. Hirschfelder, “Thermo@.mnic Properties
of Air”, NOrd 9938, Task Wis-1-A, 1 June 1948.

(b)S. R. Brinkley. J. G. Kirkwood, J. M. Richardson, “Properties of
Air Along a Hugoniot Curve”, OSRD 3550, 27 April 19U.

(c) K. fichs, R. E. Peierlsj “The Equation of State of Air”, LA-102O,
Chap. 3, 6 April 1948.
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because ~ 1s more easily expressed aa ~ (R) than ~ (t), and

The

considerations

usual form for ~ (R) i. obtained from dimensional

and for strong shocks is

where

P

w

A

Now

A WA

overpreesure behind the shock

energy of blast

constant.

g-+1
‘o

or

($ -1).2 ●

We do not choose to question the inverse cube law at present, nor can

we epecify A exactly. The integral becomes

““:-“p :-. ●*.
● m ● :%

;*

:0
:

:**:
.* : ● O

9* :, ●
● * ●

.:: ● .:.*.
.0 :.: :-: ..-99 . -0
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(5)

The coefficient A may be roughly determined from Sandstone fireball

data and from extrapolation of peak-pressure measurements. Such a

calculation and a comparison of results are given in Appendix A.

For the integration, an arbitrary tonnage was selected such

that

WA =6X106.

(From the considerations in Appendix A, the approximate

bomb is 1.5 kt.) The integrand was then tabulated as a

and the corresponding value of R determined from

1/2

()

6 X 106
= ,—, .

5

We have, then, that

(7 + 1)
1/2

tonnage of the

3
function of ,

APPROVED FOR PULBIC RELEASE
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In arbitrary time units, the function

dt ~3/2

iii” (7 + lp’

is tabulated in Table 1 and plotted in Fig. 2. Two values of dt/d.R
,

are shown, the actual value,

~3/2

(Y -4 1)
1/2 ‘

and for comparison,

~3/2
—,
1.52

The latter corresponds to dt/dR for constant Y = 1.31, which applies

to pressures of 70 atmospheres near the end of the fireball measure-

ments, and to presnures of 80,000 atmospheres somewhat below the begin-

ning of fireball measurements. This wa~ a convenient “best fit” of a

0,4 law to the predicted dt/dR curve; it furnishes a convenient base

for later integration and is in itself instructive. l’hecurves match

at both preasurss; this means that at both points, the velocity ia

matched by the

tion in 7 in

S-shaped curve

best possible fit from a single 0.4 law. But the varia-

the integrand affects the radius-time plot by making an

as indicated in Fig. 3.

● ☛
●

☞✞ ✍

●00:00 .0

+@

● *
● *:0.0

● e
●@ :e.:..

● ● ●*.
:9:* : ● :.0 ● ●

●:9.●0::: :0:●*9
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5

150,00C
100,Ooc
80,000
50,000
40,00C
20,O(IC
10,000
6,000
5,000
4,000
3,000
2,000
1,000

E
700
600
500
400
no
200
150
100

~

R

E

Y

1.372
1.325
1.30
1.277
1.255
1.241
1.250
1.249
1.245
1.240
1.232
1.221
1.220
1.190
1.183
1.179
1.179
1.184
1,191
1 ●202
1.222
1.245
1.283
1.292
1.302
1.311
1.X1
1.332
1.345

IIxi

1.54
1.525
1.316
1.508
1.500
1.497
1.>00
1.499
1.498
1.497
1.494
1.491
1.483
1.480
1.477
1.476
1.476
1.479
1.480
1.483
1.491
1.498
1.511
1.514
1.517
1.521
1.52k
1.52’7
1.531

TABLE 1

dt/dR as Function of R
- —=.. .

WA

T

:

75
120
150

E
1,000
1,200
1,500
2,000
3,000

x%
7,500
8.580
10,000
12,000
15,000
20,000
30,000
40,000
60,OQO
66,600
75.000
85,800
100,000
1.20,000
150,000

—- -

#a

6.31
7.75
8.66
lo.9’j
12.23
17.32
24.48
31.62
%.64
38.73
44.72
54,77
77.46
81,61
86.60
92.64
100.0
109,6
122.5
141.4
173.2
200.0
244.9
258.0
273.9
25?2.9
316.2
346.4
387.3

.—

Radiative Phaae

.—

#’k

vY+lp~ ‘
K-

4.10
5.08
5.71
7.26
8.27
11.60
16,32
21.09
23,12
25,87
29.93
36.73
;.:;

58:63
62.75
67.75
74,10
82.77
95,34
116.2
153.5
162.1
170.4
MO.6
192.3
207.5
226,9
253.0

..—

.—-

By fitting --+
to strong shock

phase at
R s 4.21

—- -

#

1.52

4.15
5.10
5.69
‘7.21
8.o6
11.39
16.10
20.80
22.79
25.48
29.42
36.03
%.s
53.69
56.97
60.95
65.79
72,10
80.59
93.02
113.9
131.6
161.0
169.7
180.2
192.7
208.0

,.—

--
dt/dR I R

5.69
5.24
4.84
4.45
3.40
2.6

4.21
4.0
3.8
3.6
3.0
2.5

1
.—*(it

iii
R

0.21
0.22
0.29
0.33
0.39
0.51
0.70
1.63
1.45
~.67
l.m
1.%
2.00
2.18
2.32
2.3
1.9
1.1
0.7
0.4

- 0.1
- 0.5

3.4.2
3.91
4.21
4.93
5.31
6.69
8.43
10,00
10.62
11.45
12.60
14.42
18.17
18.80
19.56
20.42
21.54
22.80
24.66
27.14
31.07
34.20
39.15
40.50
42.30
44.10
46.42
49.32
53.13
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log

I n. O.4~

n ~ 0.4

log t

Integrated curve with
variable y, aemuning Y
constant and equal at
both ends

Fig. 3

Effect of the Variation in Y on the Radlus7Time Plot

The point is that the whole range of low values of 7 in thO

region of interest contribute to the displacement of the S curve. If

the pressure range considered encompassed the whole range from 107

atmospheres (7 = 1.67) down to 10 atmospheres (7 = 1.4), the distortion

would be much larger. By itself, the variation in’ 7 is not sufficient

to explain the entire deviation from the 0.4 law; over the range of

pressures considered here, it would reduce the average slope to perhaps

0.395. At small enough radii, the strong shock conditions are no longer

applicable in any case.

-.18 -
● . ●:e ●

allbj’i:”!>
:O.●0. ●m.:*9
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2. k Evaluation of the Time Inte~and During the.——

The purpose of this section ie to show by a

Radiative Phase

convenient model

that a serioue deviation from strong shock theory at very low radii will

distort the radius-time curve at much later times. The precise nature

of the dt/dR

whether or not

ported outward

The

curve in thle region is not decisive;

there ie a pried during

faster than predicted by

radiative phase has been

Magee;z their description appears to be

which energy

the 0.4 law.

deecribed by

what matters is

has been trans-

Hirschfelder and

efficient for present purposes.

When the explosion reaches the edge of the case, the temperature is so

high that radiation, rather than shock, presents the most rapid mechan-

ism of ener~ transfer. For a 10-kt bomb, they chow that a sharp tran-

sition from a “radiative front” to a shock front occurs between radii

of 5 and 10 meters, the radiation front being Initially much faster than

the shock front.

to about ~0,000°

front.

This condition continues until

K, when the shock can actually

the temperature drops

overtake the radiation

The cri.teri.onof ~,OOO”

80,000 atmospheres, and for the bomb

meters. (It is also the pressure at

K corresponds to a pressure of

we are considering, occurs at 4.2

which we had matched the strong

shock integrands.) An inspection of Fig. 2 shows that the exact form

of dt/dR below 4 meters is not very important at R = 10 meters.

2 J. Hirschfelder, J. Magee, “Radiation Phenomena in Air Blast of
Gadget”, LA-102O, Vol. 7, Chap. 4, 6 April 1948.

●:.l~.-o
•~ ●0,

‘-

boo.*9*
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Accordingly, the following dimensional analysis is probably satis.

factory.

In this region, the mean free path of radiation is

where

T = absolute temperature,

If one visualizes the mechanism of radiation transport as that of

successive capture and delayed emission of quanta, then the velocity

of radiation, V, is given by

and epherical geometry, we have3

where
x = distance travelled

n= number of collisions

3
This correction was pointed out by F. Reines and B. R. Suydam.

.-.290.-0

~

●0.
●@e●*● .

: ● 9:9*9
●:. ● ● O

●O ●9* :em
● . ●m.
.0: .*

● :0.

:::-: ::
● 9 9 : ●m. ● ●*
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But

so that

t = time required

c . velocity of light.

For an isothermal sphere, we have that

Total Energy = Constant a

From this, it follows that

Volume x Temperature,

.

The radiua-time relationship for the radiation front 16 of the form

This, in itself, is eufficlent to Indicate that the dt/dR curve rises

very sharply near the critical radiue of shock catch-up.

The procedure used was to plot the function

APPROVED FOR PULBIC RELEASE
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d% 1 9KR,
G ‘?=

where K 16 chosen to make these curves match at R . 4.2.

The tabulated valuee for dt/dR during the radiative phase

are included in Table 1 and plotted in Fig. 2.

2.5

were known

Evaluation of the Time Integral: Final Results.— —

The di.fference6between the predict8d curve and a 0.4 law

to be emall,

differences as small as

integration with a high

The integral

andthe R3/2/1.52 was fitted to keep the

possible. Thi8 permits a 6pecial graphical

order of accuracy.

for the 0.4 law,

t. J
was calculated and is

difference in dt/dR

calculated (Column 8,

%lo
R

Jf C

—dR,

1.52

given in Column 4 of Table 2. From Table 1, the

between the 0.4 law and the predicted curve was

Table 1), The difference was exaggerated ten

thee and is plotted as a function of R in Fig. 4. This curve vas

then integrated vith a planimeter and the rsault is a time correction,

At, given in Fig. 5 and Column 2.

corresponding time for a 0.4 law.

is given by the equation,

Table 2, which is

Analytically, the

applied to the

procedure followed

-22-
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1~ (predicted) - ~ (0.4 law) cIR,

t = ‘0.4 lawpredicted
+ At .

The values of tpredicted
are given in Column 5 of Table 2. ~ring

the radiative phase, the difference between the two laws was large and

‘predicted
wae calculated directly from

()
10

dt n 5.69 ~
iii 4.2

t = (L#?) 4.2 (qll

This also furnished a check point for A t at R = 4.2, where dt/dR

changes sign and A t becomes progressively less negative.

A presentation of results in actual time is tabulated in

Columns 9 and 10 of Table 2. The original Integral was

n
dt

{’
J

~3/2

~ (WA)l/2 dR,
z= o (7 + 1)1’2

and until now the time

arbitrary time units.

was carried without the conetant term, i.e., in

Actual time 1s related to the arbitrary time by

-26-
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‘actual (WA)
1/2

( )‘arbitrary ●

co * 0.345 meters/msec,

Y. = 1.4,

WA =6x106.

Inserting ‘theeevalues,

t = 0,002 tactual arbitrary

The usual presentation of log

.

R Va log t is give

Fig. 6; Three lines are shown: the full line for t
predicted

dotted line for the best fit of a 0.4 law, and for comparison,

of 0.375 plotted some distance

readily apparent for the slope

Indeed an excellent fit.

below. From Fig. 6, the reason

measured on Sandstone, and 0.374

The variations in elope were investigated

by the definition that on a log-log plot, the slope,

iandi+lis

.

logRi + ~ - log Ri
n=

Q3tf+l - log tl “

From this, it follows as ueual that

in greater

n, between
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R
i+l=

‘i

The values

The values of n are

u n
‘1+1 .

‘i

are tabulated h Columns 6, 7, and 8 of Table 2.

plotted in Fig. 7. A semi-log plot is used to

obtain a properly wei~ted conception of the average elope on a log-log

plot. Figure 7 again is in excellent agreement with the observed

results from Sandstone. Over the usual range of measurement, the

average value of the predicted curve is

z * 0.377,

h comparison with the observed value of

0.374 ~ 0.005 ●

The comparison is quite

relatively large radii,

measurements restricted

observed,

3. DISC~ION

arbitrary. For fireball measurement at

elopes close to 0.4 should be observed; for

to small radii, much smaller slopes would be

3.1 Qualitative Description cdJReeults

The foregoing analysia leaves little question that the

deviation from the 0.4 law, as observed at Sandstone, is indeed a real

variation. In fact, one should recogiize

the radius-time plot, using as an example

. .
-9zye-

● *
*::&illP’●..

about four distinct zones on

1.5 kt.
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(1)

shock does not

Region of low radii, less than4.2 meters, where strong

ap@y at 811. A radiation model would predict very flat

slopes, approximately 0.1, althou@ even this may be distorted because

we have neglected the finite size of the bomb case in this region.

(2) A transition zone between radii of 4.2 and about 8

meters, where the slope changes rapidly, due to the influence of the

early phase and the Influence of varying 7.

(3) me usual range ofmeaeurement, 8to 30 meters, where

a slight curvature persists, primarily due to the Influence of a vari-

able 7,

0.4, then

theory to

In this region, an average slope of 0.375 has some meaning.

(k) Radii greater than 30 metere where the slope approaches

riseciagain as the shock becomes too weak for strong shock

apply.

For bombs of other energies, the zones shift by the appropri.

ate scaling factor.

3.2 Mthods of Scaling— —

The analysia shows that no method of scaling is really

trustworthy unless the comparison is made at equal pressure or equal

values of some other state variable.

A suitable method would be as follows: Plot the radius-time

curve as well as possible, perhaps using Fig. 7 as a guide. For several

points on the curve, determine

U=nE
t’
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because this is the functional relation between U and the locally

determined slope, n, on a log-log plot. on another sheet, plot the

values of

log : = ()log n ~qt
o

as a function of log R, this because the actual invariant for differ-

ent bombs is U/C. rather than U,

This same procedure will already be done for a bomb of known

yield, with a comparison as in Fig. 8,

#3

10,(%:) y\

log R

The horizontal displacement between the two curves

1/3 The advantagecube root of the yield ratio, W ,

1s, of course, the

Of this method is

that conetant errors in time or dietance will cancel out, as well ae

1/3common differences in elope, 80 that a constant value of W should

be obtained. If a constant value for W
1/3

is not obtained, it indl-

catee a failure of the scaling assumptions. In this type of plot, the
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average slope will

resulting from the
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actually be quite close to - 1.5, a slight curvature

influence of variable 7 on=U, but avoiding the

integrated

“free-air”

S-shaped displacement of Fig. 3.

Thiu particular method has a further advantage in that the

pressure may be readily deduced from this plot. From strong

shock theory with variable y, the pressure corresponding to

Y_=9_?l
co co t

16 readily deduced. By this simple transformation of the ordinate,

Fig. 8 becomes a familiar peak pressure vs distance curve. Tha corre-

sponding analfiic procedure is as follows.

Since

and

it follow% that the locally determined constant, K, in the log U/C.

vs log R plot io actually

II~ *1/27+1K=.————.
270

9

from which A is readily derived as
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270
A. ——_— I?

7+1

Mhen the variationrnin slope or in Co are observed to be

small, a useful procedure for drawing a radius-time curve would be to

make a tracing of the predicted curve in Fig, 7 and plot the observed

points on log-log paper of the same functional modulue. Superimpose

the two papers, drawing a 45° line on each, Next, shift the tracing

paper along the 45° Mne until a best fit is obtained for the observed

points,

give an

is moat

The analyeie in thLO paper

exact fit in all cases, but

severe and assist in a more

mental points. If an average slope

may not be sufficiently rigorous to

it would indicate where curvature

intelligent weighting of the experi.-

1s used, a procedure such as this

must be used to keep the average slope from varying with the range of

measurement. If the work is carefully done, the lateral or vertical

#3displacement is, of course, .

3.3 predictions from Theory

If very early photographs are obtained,

#/3

these ehould show radii

and considerablyhigher

very much

than even

greater than the 0.4 law would predict,

the 0.375 law. (See Fig. 9.)
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Fig. 9

Every effort should be made to correlate these points because they will

considerably clarify the details of the early”radiative phase?’and per.

hape the point at which strong shock theory becomes applicable.

If anR-t plot of”high explosive (HE) is made, one might

expect slopes very much closer to the 0.4 law, because of the absence

of a “radiative phase”, although here the relatively long duration of

energy formation in HE will have to be considered.

5.4 Elaboration of the Present.—

It Ie recognized that some

warrant more careful consideration.

3.4.1 Early Phaae

Paper

parts of the derivation may

A more careful investigation of the early phase of

fireball growth 18 warranted, correlated where possible by euch
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measurements at low radii as can be obtained. Even without the model of

a “radiative phase”, strong shock theory ie questionable because of the

finite mass of the bomb in comparison with that of air already enveloped.

For a 50-kt bomb, where the bomb parts are of the order of 5 x 106

grams, a critical radius would be that of an equivalent mass of air,

which is

()
l/~

r=
5 x 106

4
,

-fiP
3

p for air s 1.29 x 10-3 gm6/cm3 ,

()
1/3

r
5 x 106= = 10 meters.

-3* 1.3X 10

The corresponding transition range from our model is

1/3

()

50r=— X 4.2 . 13 meters.
1.5
\

This 1s a situation where the core of the shock wave is much more dense

than the outer zone, far from having the good “Taylor similarity”

required. A careful investigation of mass effects during the early

phase could lead to the same result as the “radiative phase” model in

distorting the R-t curwe at later times.
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The reeults from l?angershould considerably clarify

this point. If mass effects are important, they will show up as a

failure of scaling at small radii for bombs of low yield.

At very small radii, the equations used were of the

form

R = ctn .

TO be strictly true, R % 0,5 at t S 0, when the explosion break

through the case.

ent from 0.9, but

3.4.2

For this reason, the initial slopes would be differ

this is probably a trivial point at radii of intarea

Similarity Consideration

The assumption was made in this paper that

p-l

~“

Pr9vious work by the author on rapid integrations of wave forms has

indicated that the density distribution behind a shock front is strong

dependent on Y. The point is too lengthy to elaborate here, but it

may be sufficient to racall that for strong shocks the peak shock den-

d.ty Is given by

Ps 7+1=Po ———.—
Y .1 “

It can also be shown that when the shock front ie at R, with density

Pe, the density at r behind the shock is
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As a result,

perturbed in

(6/7-1)

Q
()

~Por
,F

the density distribution behind the shock is markedly

regions where y ie rapidly varying. Temperatures and

entropy are aimllarly affected, and there is reasonable question

whether or not similarity laws strictly apply.

The rather remarkable correlation between the pre-

dicted curve and the Sandstone results is some assurance that the

deviations caused by a failure of similarity are small.

3.4.3 Applicability of the Ibkine-l!iugoniotEquations——

The strong shock theory used here assumed that the

air immediately in front of the shock was at constant ambient condi-

tions. During the shock, some radiation ie obviously escaping from

the luminous front, because this is the process by which one observes

the fireball. The radiation leaving the fireball has a spectral

distribution, so that short wavelengths may be rapidly absorbed in

air just

et3cape.

cated in

ahead of the shock and longer wavelengths may completely

As a consequence, the preseure distribution might be as lndi-

Fig. 10.
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Pressure ,<Shock Front

L__#Preheated “tail”
——— ——— P.

Distance

Fig. 10

The point was not raised because it is believed that the Ranklne-

Hugoniot equations apply just as well across the preheated ‘tail” as

across the shock. If the tail existed, and all conditions just ahead

of the shock were precisely known, these would lead to the same result

as the assumptions made. It is possible, however, that the loss of

radiant energy at the shock front could appreciably affeat the velocity

and, hence, the R-t curve.

3.4.4 Correction o~ Obeerved Results

It had been suggested that the deviation from the 0.4

law was accounted for by halation of the photographic film during the

initial periods of intense brightness, with subsequently less halation

as the fireball grew. The findings in the present paper by no mane

preclude the necessity for applying ouch corrections and, in fact, may

make these small corrections more meaningful.
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k. CONCLUSIONS

The folloving conclueione appear Justified.

(a) The log R - log t plot describing the growth of a fireball

from an atomic bomb should have a variable slope, between 0.1 and 0.4,

depending on the actual range of measurement.

(b) The obeerved slope of 0.374 ~0.005 at Sandstone is con-

si~tent with the theory over the range of measurements made,

(C) Any rigorous method of scaling must demand that comparisons

be made only at points where hydrodynamic variables are equal.

(d) More careful investigation of the very early phases of

growth is warranted to improve the present predicted curve and to

determine more precisely vhere and to what degree scaling canbe

expected to fail.

:*. .0. -

●
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APPENDIX A

COMPARISON ~ FIREBALL GROWI’H~ PEAK-PRESSURE MMSUREMENTS

The value of A in

was roughly determined from Sandstone fireball data which gave

0.374
R= ct.

1/2 R l/2Yo”
A =~ -

R3/2

co t (7 + 1)11*

~2
A=—

R5 270 n2 270

a
—= — C5 —.

CO* y+l ~2 7+1
o

APPROVED FOR PULBIC RELEASE

APPROVED FOR PUBLIC RELEASE



The average value of sound velocity from X-Ray, Yoke and Zebra,

scaled to 50 kt, ie C = 0.374
41.9 meters/see . Ambient sound velocity

iS taken as Co = 1140 ft/sec = 0.545 meters/msec. From ~ estl.

mate of the peak pressures in the %ndstone fireballs, a representative

value for Y Is 1.2.

A. fL.22f ()(41.9)5 ~
(0.345)2 .

= 1.94 x 108 for 50 kt

= 3.9X106 for 1 kt.

This value constitutes a rough prediction for the expected results of

a measurement of free.air pressure from an atomic bomb.

The methods used In this paper are also applicable to correlating

fireball measurements with measured reflected pressures to obtain

reflection factors, or similarly, with extrapolation of free-air pres-

sure measurement at a lower pressure. A calculation from C. W. Lampson$s

fit of the Bikini-Able peak-pressure data gives, for 1 kt,

A = 3.7X106 .

This is in fair agreement with the value of A . 3.9 x 106 from

fireball data, but is not to be taken literally because of other factors

which have not been considered: reflection factors in the region of
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Mach reflection, surface ener~ losses,

and not appearing as blast, end because

of radial distances. Most of these can

energy retained In the fireball

Lampson used horizontal instead

be resolved: from the work of

LA-743R, Bikini-Able data were fitted to TNT results after reflection

factors were applied. A reflection factor of 1.5 was assumed to be

applicable at great distancee, and to fit the curve another correction

factor of 3/4 was found necessary. This meane that to fit a free-air

TNT curve (as Lampson did) to an atomic bomb requires a combined factor

of

K= 2=2=2
4 2 8’

that is, the “An in the reflected pressure region

“A” from fireball measurements. The actual ratio

should be 9/8 of the

here is more like

8/9.

The work of LA-743R

horizontal distance was a

Pressure

also showed that the

curve of the form

reflected pressure vs

Horizontal Distance

Fig. A 1

Reflected Pressure vs Horizontal Distance
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The attempt to fit data of this form, even in the region beyond Mach

reflection, with an equation like

as in

as we

Lamp60nqs fit. would lead to low results for the coefficient A,

have already found.

#@lw&m3
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