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In this report, a method to determine the formation and rise
,of the smoke cloud produced by an explosion in the earth's atmosphere
%1&8 beon developed, Using this me":thod. caloulations wore mede to forecast
the developement of the cloud under "Crossroads' atmospheric conditiouns

for & nuclear explosion releasing the energy equivalent of 20,000 tons of
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Formtion and Bise of Bmoke Clouds from Bxplosions _

The mothods we have used in considering the formation and rate

of rigse of smoke columns are based on a treatment by G, I, Taylor
(1A 236 and 1A 270), In report IA 270, Hirschfelder predicted that the
cloud from the Trinity shot would rise 15,000 feet. The actual rise was
about 60,000 feet, and observational agreement on this height was found
at Napgasaki. The disagr;ement was a result of two factors: (1) The
woisture content of the air was neglected, so that the smoke puff lost
heat more ravidly than actually happensd. (2) A reworking of Taylor's
oquations in IA 236 showed that he asgsumed that conservation of volume
implied conservation of mass (section I, 1A 236), Since density changes
in the puff accompany volume changss, this is not true although the effect
is not excessively large. WWhon this is realized, we see that & proportion-
ality constant between mass and velocity is needed, which turns out to be
half Taylor's constant betwsen volume and veloeity.

Jith the indicated corrections, the caleulated height of the
Trinity cloud is >50,000 feet, in agreecment with the observations. This
correctad theory should then apply to tho air<burst shot at Crossroads.

The theory has developed in the following round-about fashion.
The pattern of turbulent convection above a steady line source of heal (such
os a long hot wire) has been determined by Schmidt. The derivation, howsver,
is %oo complicated to apply to other examples such as the turbulenco above a
steady point source of heat. For this reason, G. I. Taylor (IA 238) deve-
loped en approximte method which agrees with Schmidt's results in the case
oT & steady line source of heat and which may be applied to much more \- SS\‘ \‘,“

comnlicated problems. Taylor mkes the following assumptions: ““(c

oo 4o
[y s % o ses

l. The turbuf»é, :_..?as-f.:an.:ti: 3t 18 sharply defined. Within
LL AN T .:. ..: ..: .

L]
wnis colum the air risep with .g.veloci.t,\:: u, which is a funotioa of altitude
® eoe o %y %02 oo
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but not a function of horrzcrssl disdt-hnot.s

2. The rate of taking air into the turbulent colu.mn is propor=-
tional to the velocity of rise of the air within the column at the height
in ques'tion. That is, the volume of air taken into the smoke column in an
element of height, &h, in unit time is cuA , where A is the crosg-sectional
arvea of the colunn and @ is a constant. In Goldstein's "Modern Developments
of Fluid Dynamics", the work of Tollmien (Ziet.f.angew.Hath,u.Mech. 468 (1926) )
is cited which shows that o = .172 for the turbulent spreading of jets. Undoubt-
edly, G. I. Taylor had other evidence when he asserted that a is usually in
the neighborhood of D.2. As we have said, we do not assume that conservation
of volume implies conservation of mass, so we take o = 0,1, This brings
our calculations into agreement with the observed rate of rise of the cloud
in the early stages after the Trinity shot, and with the observed height
of rise. '

3 The problems are further specified by i:,ncluding the usual
equations of conservation of energy and the equation qf motion. The equation
of motion is just the Law of Archimedes for the atatici 1if% of a gas palloon.
The lifting force is Just equal to the difference in the weight of the air
within the column and the outside air which it disptaces.

Our problem differs from the steady state problems which have
been studied experimentally. However, for lack of better information or
mathematical skill we apply essentially the sams procedures. It is
necessary to make one additional assumption with regards to our smoke
puffs !

4, Instead of the smoke rising in a coluwfx;i we idealise the
cituation by assuming that the heated air is originally in the shape of a

sphere and that it remains spherical as it rises and expands. A further
loealization consists ix»f ;g'.:esfw,i'-.:x: i;;'.i.:{::'.iﬁzrf- enperature of the air
*® s0e aq, s ¢ %
e o

, aEm—
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and the upward velocity is constant throughout the sphere,

After the explosion, shock waves pass out through the air dissi-
pating energy as they progress. - The air through which these shock waves
bave passed is left heated, The air in the center is at first much hotter
tvhan the air further out (ses LAlNS-380) but this difference in temperature
is soon equalié.ed by turbulent convection and radiation. If an atomic
bomb ie burst in air and releases the energy equivalent of 20,000 tons
of TNT, 75% of the energy of the explosion is left by the shock waves
within the first 400 yards. #Rart of this 75% is radiated away so that
we may conservatively estimate that 50% of the explosion energy remains
within a radius of 400 yards. Originally after the shock wave has passed
by, tha temperature at 400 yards is only 3500K but the average temperature
for the material within 400 yards is 770°K. Thus in spite of the ball of
fire in the core which remains at temperatures of the ordsr of 20,0000K,
vhe largest percentage of the bomb energy is dissipated in very low grade

heating of from one hundred to one thousand degrees.

I. INITIAL CONDITIONS.

First of all, we are given complete meteorological information
as to the atmospheric pressure, temperature, and mixing ratio (ratio of
the mass of water vapor to the mass of dry air) as a function of altitude.
Sxperimentally we know that the wind velocity as a func‘qion of altitude is
important but we do not know how to use such informatiorn in our calculations.
The moisture in the smoke puff condenses vhen the tempefatura drops and
releases 1its energy of cohdensation which helps the cloud rise higher than
it otherwise would, The water vapor also helps to maké the cloud rise

pecause 1lis density is lowi' »,hm. L hm' ug (. *¢ »ir under the same conditions

LASSIEIED
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of temperature and pressure.

Secondly, we are given the energy of the explosion, the height
of burst and whether the explosion took place over land or water. Ve
shall assume that 507 of the energy of the explcsion goes into the
formation of the initial smoke puff., The initizl composition of the smoke
puff depsnds on the conditions of firing. For example, in the first
Cross=Roads where the explosion takes place 600 feet above the water, a
lot of spray will be thrown from the surface of the water and carried by
strong winds into the smoke puff. Roughly we can estimate that 1500
tons of water will go into the starting smoke puff and approximately 5%
of the energy of the explosion will go into vaporizing and heating it.

Since we assume that the tamperature of the puff is uniform,
we have considerable latitude in choosing our initial temperature. If
ve take the initial temperature too low, the initial radius will be too
large and the smoke puff will not rise quite as high as it should. In
LAMS-380 we have seen that most of the heating has taken place by the
time the average temperature is down to 770°K, (if we take the energy
required to vaporize and heat the spray into consideration this tempera-
ture‘ is reduced to around 6009K). Although thess temperatures are
comewhat aroltrary ’thoy are sufficiently accurate for our purposes

The initial pressure of the puff is ahnoséheric since the shock
wave has passed long before thec smoke puff has formed.

With this preamble, it is clear that we can determine the initial

density and radius of the puff. Lets UNCLASS“:'ED

¥y = Energy which goes “-p *isRe 1119,:.99’ .,aoke puff, i.e. 50% of the energy
of the explosion, s . & 3 o

.
o = Initial temperature ‘of "&1‘: Tiastedeuas’, we assume that Tp = 600°K.
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Po = Initial pressura in the smoke puff. If the explosion occurs at
sea level, po = 1 atm = 1,03 bars :

Wy = Ratio of mass of water vapor to mess of dry air initially in the
smoke puff.

Tgo = Temperatura of atmosphere at heisht of explosion

Cp a = specific heat of dry. air at constant pressure = 1. 004x107ergs/ gm®C
p wy = specific heat water vapor at constant pressure = l. 911x107ergs/ gneC
kg = gas constant of dry air = 2. 87x106 args/ grCC

. ¥ = Initial densivy of air in puff
Ry = Initial radius of smoke puff

Then the initial density of the eir in the smoke puff is ga.ven by the equation:

= po [7oka@ + .6200] @
And the initial radius is given by the equation:

. -1/3
3ra Y
By = Eo]/ ['3' n£(Cp,a +wo Cpwv) (T - Too )/ (1 + "’o)] (2)
The initial mass of the smoke puff is then
Mo = § Ro” b (3)

It is somewhat difficult to obtain a reasonable value for the
initial velocity of the smoke puff. G. I. Taylor advises (see LA=236) the use
of the following trick which he has used successfully to éalculate the rate
of rise through water of the bubbles formed by underwater explosions. Con-
sider a spherical bubble of density, L, rising with a velocity, u, through
& medium of density, £,. Then agsuming that the fluid is non-viscous
we get from classical hydrodynamics (see Leigh Page, "Intrqduction to
Theoretical Physics", page 199 (Van Nostrand, 3rd printing, 1930)) the
pressure on the surface of the spherical bubble at an a.ngle ® from the
vertlcal: |

= FLul [a- 2 5i08) + Rycos8 S¥ | + 2(sg, - 2 )(, - Rcose)  (4)
Here g is the usuval gravitational constanty R, is the radius of the bubble;
and hg is the height of the center of the bubble. The bubbie soon reaches

& steady velocity so that d* 3d1z,%‘-,3:omes 13 u§ *¢;ibly small. FLrthermore,

.
00 oo. LI ..: .:. o

\!
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the mass increment always remains séns:Lbi?a'. Bt ‘madclmum height of

rise of the cloud is very sensitive to the value of alpha. The volume
of the cloud and its rate of rise as functions of time are insensitive
to the detailed mschanics of the calculations px;ovided that the energy
in the puff and its height of rise are fixed.

The change of velocity of the puff is given by the Archimedes
equation:

400 o ard (P - ) 8 (8)

The actual mechanics of getiing a pointeby-point solution to the
motion of the puff is somewhat complex. For convenience, in the subse-
quent equations we shall use the subscript h to indlcate the quantity at
the end of the interval and the subscript o to indicate the quantity at
the beginning of an interval. A bar ahbove a qugz;tit.y indicates that it is
averaged throughout the interval. The work proceeds in the following
fashion. Firat, Q. (7) can be integrated approximately over a small
height increment to give:
M, =My 4+ 4/3 n Pam [(d.h + R°)3 ~R°3] (9)
In our calculations we will use this value for M, as a first approx-
imation in order that we may find @), and R, as follows:
For the early stages of the ascent the water vepor in the puff is
in the unsaturated state, so we may use the equatidp of the dry adiabatic
for the ascent, namely, -
X Th,l =T, (2.1.1.)7‘1 s where Ss\‘\t“(]ﬂ)
_ (1 + .61wy) Kygp ““ \.

17 @+ .900) Cp,air

(11)
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the bubble changes its shape until the pressure on its surface is
indspendent of posi‘oidn._‘ Experimentally it has been found that the
bubble flattens out like the head of a mushroom but the top part may
still be regarded as e segment of & spherc. For small values of 6,
equation (4) still applies. Expanding pp in powers of © neglecting the
tern in du/dt:
Po = 320w + 8lfoo = £) (0, =B) + 6% § o ¥ + B2 (8o = AN (8)

The stability of the bubble depends on Pg being independent of 8. The
requirement in the neighborhood of 8 = 0 vhere the above equation applies,
is that the term involving 92 must vanish or |

=5 e R J;,o 6)
We take the value of u given in Eq. (6) as the starting velocity, u,.

II. Hotion of the Smoke Puff

Having these initial conditions, we proceed to find the motion of
the puff as follows. Since the temperature, water vapor content and density
structure of the atmosphere camot conveniently be represented as mathematical
functions, we follow the motion of the smoke puff over s number of small
increments of height and assume average values for tt}e atmospheric conditions
within these intervals.

The fundamen‘bal.assumption which we make 1s that the rate of change
of mase in the puff with height is proportional to the surface of the puff

" UNCLASSIFIED

This equation is similar to Eq. (21), Part I, LA-286 but it differs in

and the density of the atmospheras, Thus:

ay 2
& = o 4nR Lot (7)

treating M rather than R as ths dependent va.riable. We prefer to consider

the changes in mass rather than in-'ﬂac‘_u.g-,..g )wldamental because the radivs

as in a peculiar fashin wm .t}'coc*atcro a r condenses, etc. whereas
re PO >
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This process is ussed until the temporature of the puff falls sufficlently
so that saturation occurs and energy of condensation will be released.
When saturation does occur, we must vse the e‘quation for the saturation
'adia..bai;ic process, The convenient form for. this may be written as a
differential equation

~Tdug =[1 + 1.900; + 417w 5] Op,air % = (1 + 20606017 £ (2
where L is the latent heat of condensation = 2.50x1010 ergs/ gn. (For
referonce see Dynamic Meteorology-Holmboo, Secte 2.34). An expression for
dwg can also be obtained and can be written as

dug = wg(l + L61uy) (&@- - (13)

£
and thus we have,

al .
=Ley(1 + L.61wy) (‘%E%;J‘ © 52 %'“) (14)
=[1 + 150k + 4.17@ «45)] G 53,07 = (3 + 1o610g)K, 5, T 519

For a emall rise, where the changes in pressure, temperature and mixing
ratio are also small we can .irite for the change in temperature of the

puff; the fo]lowings
o o £ {(1 + 1.61«@9_;8 + KairT)§ 2s)

+(‘1 + Lo904s + 4417(W -45)7] Gy

Kaip T2

Since the puff takes in atmospheric air as it rises, we must
devise a method for obtaining the new properties of the puff at ‘the end of
the interval. This is done as followa:

First we raise the puff having the properties po,I, W, 2 distance
wht (along a dry or a saturation adiabatic, as the caso may be), thus giving
us a new set of properties (pf3¥4)y. Ve then raise an amount of atmospheric
air Si baving the initial properties (posTosWh)¢,. & Gistance "h/2" to the

sane level as the raised pu.fi.« rsio‘q m.-:ag,u.g ihe new properties (po T2 “’2)h

Mo J313)
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Ve then mix the two messes of air aﬁ fuu%an‘b-go:suo, Phs &nd obtain

the new properties of the puff pp, Th, Ch, Rh at the end of the interval
of rise, "h". Since our equation for the saturation adiabatic is
approximate we will have the puff arrive at the c¢nd of the interval in a
non-gaturated condition, and also since the atmospheric air that we mix

it with is far balow saturation (at thase levels) and will thus even

lower the mixing ratio of the puff still further, we can safely asswee

(and this turns out to be the case) that no further condensation will occur
when we mix the two raised parcels of air. |

For mixing in the early (no condensation) stages, the resulting
‘temperaturs of the puff, Ty, is

1, = Ho(L -+ 19064 )Ty +8M (1 + 1.9 J5) Ty , and also (16)
Yo x (1 + 1.90uWh) + SM x (1 + 1.9500;)
M 3%

o =Sl (= By + ) | 7)

For mixing in the later stages of the ascent where water vapor
has already condensed out and is in either the form of water (T »0%) or

ice (T¢0°C), we have
Mo[l + 1.90w + Alw - “1)1:' Ty + sr.g_l + 1.90u, + AW -042)2] (18)

uotl + 1.900, + AW -wl) ] + gz{l + 150w, - Aw - wz)a:l

_ Yowy + Sl '

w, = “"'"—h""“""' s (Mp = H, + §M) (19)
(Ry the symboledin this equation and also in the saturation adiabatic equa~-
tion, we mean the total amount of water in any form, vapor, liquid, ice,
expressed in grams per gram of dry air)

where

A = 4.17, T0°C | u“CLASS“"E‘ (20)

A = 2,052, T<0°C (21)
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For raising the parcel of atmosphsre, SM, we use the dry adiabatic

- equation, namely,

) Th,2 = To,aizn(p m)YZ (22)
5 = 4+ '61“’0,a.tm) Kair (28)

1+ ’90qc,atm) cp,air
We can now find the density, Ppns and the radius, Ry, by means of the
following formulses

= Ph 24
fn Kagr (1 +.62) Ty (2)

. Vs
By = (Q/S *fh )

Using the afore-desacribed process, we can now lift the puff another

(25)

distance "h", and obtain its new properties. To find out if the puff is
. saturated, so that ve will know vhen to use the saturation adiabatic eguation,

we can use the formula
.622 g.h
-1

ws h -8 (26)
2 Ph = ®s,h s where e, is the saturation vapor
pressure, and can be computed from the empirical formulae
2853
log g = 8.4051 =~ " s T0°C (27)
, log eg = 9.5553 = 226" , T0°C (28)
. When the temperature of the puff falls to 0°C, we have the so~called

"hail stage", where the temperature of the puff remains constant until all
of the exiasting liquid water hag frozen out. The egquation for this process

07 . d
log(py - ;) - gi—l‘;— = log(p, + eg) - g_z_;-"_g,, - LBgWw  (29)

¢ 1~ 9% o ~ g

is

(Actually this is a very small effect since saturation will first occur

quite near to 0°C, so that wg:-ivi;l fraved virs 3 fifvtle 11quid water available

m UNCLASSIFIED
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To compute the dynamics of the souid 3, o0t “sdoedlelop the following \£“
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equations § . o: : o: “o“' ¢ ('\‘“Ss
& ) = o35 B2 (pamn - o) W (30)
My, G () = 4/3 ng B My (Quen p - On) (31)
(v, = 50 (s2)
)2 2 hy
&h:h)],, (Mh:hL =£ 4/3 n gﬁgiéh (f’atm,h"(‘h)dh (532
. 1/2
2{'114/3 n g & % (Puta,h -Pnidh + (Houo)?
Uh,1 = 2 (34)
Mp,1
hy
h,1 ‘-"-_{ % + to (35)

III. Prediction of Cloud Formation in Cross~Roads Air Burst

In the first Cross-Roads explosion, we expect that the bomb will burst
at a height of 600 feet above the surface of the water and release an amount
of energy equivalent to 20,000 tons of TNT (the nominal energy of one ton <&—
of TNT is taken to be 4.185x1016 ergs). We assume that 1500 tons of spray
wlll bs entrapped in the smoke puff btefore it staris to riée. Thus our
starting assumptions are:

Ep = energy going into the smoke puff = 4, 2x1020 ergs

= 600°%K
Po = initial pressure in puff, 1 atm = 1.08 bars

To = initial temperature of puff

Wo = initial mass of water vapor divided by mass of dry air
in puff = ,030

From the above information, it follows that
Pp = initial density of the puff = .00588 gms/cm®

R, = initial radius of puff = 417 yards Q
My = initial mass in puff = 1.369x30%L gms = 151,000 short tons \\‘9
ug = initial *m.,.ez“"~ .u 3::5;"0;.;»1111' = 28,07 metsrs/sec SS\

Wﬂ I I L~ 1 [ ACT
T A\ T TUDLT O T\ L\

G

S




o

APPROVED FOR PUBLI C RELEASE

RIRER ““(’\.AS§\\' ‘-

Table 1 I -

Structure of Atmosphere, Kvajalein, June 3, 1945

miae Wator vapor

gne dry air

hoicht pressure ﬁg o mixing ratio densitg potential
= 1000° (millibars) (% (gm/omS)  temperature
0 1030 303 +020 1.14x10°3 300
1 987 299 017 1,13 301
3 920 204 2013 1,09 302
5 850 292 . o012 - 1,02 305
4 795 290 2009 <948 . 310
9 745 287 2005 2897 312
11 690 283 <007 . 0843 315
13 640 279 2008 0793 317
ib 595 276 <003 750 321
17 556 273 4003 o712 324
19 516 271 002 664 328
21 480 267 <002 525 331
23 445 263 .00 2585 334
25 | 410 260 .001 552 336
27 382 256 001 +520 338
29 350 251 4001 2486 339
31 320 246 4001 +453 341 .
33 294 241 o‘ 2425 343
35 273 233 0 _ »408 343
BT 249 230 o 377 343
59 225 245 4‘-::——— (. ,_ n28B2 343
42,6 190 Biezele See sagies 37 gy 343

APPROVED FOR PUBLI C RELEASE
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The atmospheric conditions were taken to be those of Ewajelein on

. a typical summer day (Juns 3, 1945) and the pertinent data is given

in Table I.

The results of the calculatlions are shown in Table IT.

The cloud rises above 50,000 feet in 20 minutes and at that time it

occupies 15 cubic miles.

above 20,000 feot.

e e wa

-

The water vapor in the cloud turns to ice

n e & B .
- - - " o124 :4-—._;'\,, ‘x_\\«_A
“Calculated
Iiean Heirht of Cloud Trinity o= 1 o=,2
000 3t Time 5 sec 5.5 sec 6.5 sec
Radius 380 m 420 m 440 m
2000 £v " Pime 13,5 sec 13.1 sec 15.2 sec
Radius 400 m 470 m 500 m
3000 £t Time 19.0 sec 19.1 sec 23.2 sec
Radius 450 m 490 @ 560 n
Final Height of Cloud
. about 60,000" 54,000! 22,000¢

o

-

From Table II it is obvious that the value of a = 0,1 gives results
better in agrecment with observation than Taylor's cited valus (LA 236) of

¢ = 0,2. Ve have indicated the reason for the discrepancy: Our eguation (7)

would agree with Taylor's Eq (21) if & .a.h. aR%); i.e@., if conservation

5%
of mass and volume were equivalent. Actually, this equality cannot exist

because R changes not only on account of the increase of mass, but also because
of the change of density of the puff with height. The appropriate value of a
depands on its definition, and our calculation using ¢ = 0.1 in Eq (7) of this

report roughly corresponds to a calculation using a = 0.2 in Taylor's Eq 21 of LA 236.

=
=
o
L
by o
| BRI
v
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Table III" ,
| (Assuming. -
”»
Yean Height ; B '
e of Cloud Time (sec)| Radius (m) | Volume (w3)! Yass (ig) | Demsity (E‘;B) Temp (%) | Velocity (,EL...
WA, in 1000 Fect . cw 300
o ) 0 3.82210% | 2,38x108 1.37x108 »681x10=3 €00 28,1 -
- 2. 4,53 .90 2.94 o755 433 Ce
o 4 24,7 4,26 6,09 5,02 825 369 63,1 -
e 6 ' b .5e99.. 9,01 7,60 .843 338
~ 8 __ 1 4.3 6,74 1.28x108 | 1.07x10% | . .853 ne_ | 3.8
> L 10 | _7.50. 1.76 1,43 o812 ' 306 _ e
= 12 : 703 .[.8.28. _§ 2,38 | 1,85 | (778, . ®0%¢ } = 428
N 14 - T 9,07 3,12 2,33 o746", 285
18 f.10%_ 9,86 | 401 | 2.87  _} __.7a5)___t 279 b _35.8
vesee o s 18 . 1,07x108 | 5,00 3,47 681 } 273 N
CRONCIE LG 20 140 115 | 6.83__ | a2 aoa1 } | zes | ariy
cocess o e 22 1.24 8,00 ] 4.84 o804 § 263 %
O 24 191 1033 9,82 5,61 0568 261 208"
oo g o6 ©o] 1042 1,15x1010 | g.44 " +536 i 256
o:oooo 4 o 28 258 . 1_052 10_47 N ___79‘35 05_09 4 ) 2_51 .;__-m.'.gz; .....
R 20 v ' 1,62 1.76 8,28 468 247 WS T i 1
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