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ABSTRACT

Under certain atmospherio conditions a cloud of water droplets will
form when an atomic bomb or & large amount {3 1000 tons) of TNT is detonated.

These conditions are discussed on a semiempirical basis and two experimental
verifications of the theory are given:

lo The explosion of ~» 3000 tons TNT over water,

2. The July 16 nucilear test at Trinity.
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CLOUD-CHAMBER EFFECT IN LARGE EXPLOSIONS

Under certain atmospheric conditions a cloud of water droplets will °
form in the region having < 15 psi overpressure when an atomie bomb or a large
amount of high explosive (‘3 1000 tone) is detomated, Assuming an empirical
formula for the time varlation of pressure exerted by the explosion, it can
be predicted that water vapor will condense in the suotion phase and a fog will
form, providing the relative humidity is greater than 85 percent and there are
available sufficient nuclei on which condensatiozi can occure The lifetime of
the cloud increases with the relative humidity of the preshocked air and the
enorgy of the explosive; as the blast tomnage increases, the duration of the
pressure pulse and suotion phase iroreases, maintaining for a longer period the
eonditions which are favorable to condensation. This dependence of the cloud life
time on the blast tonnage prebadbly accounts for the lack of information on the
gondensation effect because the enormous number of charges that have been set
off in explosives experiments were bmp.ll (< 10 tons TNT).

Because of the cloud-chamber effect it is possible, providing the

very speoial conditions mentioned above are met, that by observing the region in

the vicinity of the bomb immediately after it has exploded we can get a rough
measure of blast performance. Since tho condensation phenomenon is expected to
oceur ln the region of 5§ to 10 psi overpressure, it may offer some measure of
blast pressures which are in the range of military importance, Although the
formation of a cloud in itself has a limited.military application in the pro-
duction of a carrier of radiocactivity, it must be considered quite seriously in
planning tests of atomle bombso A feg ﬁlanket would, for example, iake
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it impossible to meke a continuwous observation on the performance of a ship in a

el

blasto .
The first part of this report deals with the theory of the cloud-
chamber effecto The second section is a discussion of the experimental evidence

for the effect,

I, THECRETICAL DISCUSSION

Before describing the effooct in detail, it is pointed out that its
Jnterpretation depends on the following three factors:
(1) the pressure-~vs-time and pressure-vs-distance relationships for
explosive,
(2) the relative humidity and air temperature pricr te detonation, and
(3) the degree of supersaturation required to cause condensation of
dust and other nucleio
Information of the type 1isted in (1) 1s not awvailable in the
presence of the groundo The reflection phenomena which occur because of the
ground force & semi»ompifico.l approach to this problem. More experiments are
probably desirable in this comnneotion. The relative humidity and air tempera-
ture can be obtained, even in military target areas, to within about 1 percent
and & few degrees respectively. Item (3) can be settled by an appeal to
experiment.
In order to see how the 'oloudachambqr effsct operates, let us cone
sider an expanding blast waveo The blast wave proceeds from the region of its ,
origin heating the air irreversibly as it expands. The greater the peak pressure

reached in the blast wave, the greater the irreversible heating to be expected.

Indeed, if tho shook hae sufficient etrigth the irreversible heating which

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

T UNCLASSIFIED
i

results is great onough to overssmpensate the temperature drop in the sustion
phase, thus preventing the air from ever dropping below its unshocked temperature.
At some lower value of the shook pressure, the drop in temperature due te the
subsequent adiabatic expansion becomes greater than the temperature ingrease due
to irreversible heating, causing the air te drop below its unshocked temperature
for soms period of time in the suction phase. AS the peak overpressure becomes
pragressively less in the expanding wave, the irreversible temperature insreases
diminish, end in the 1limit of small changes in pressure the situation becomes
reversible: the temperature returns te its. preshock value after the pulse has
passedo

Now consider the case in which the unshocked air is campletely saturated.
In view of the above we oan expsct condensation te occur first at that value of
peak overpressure which is followed in the suction phase by & drop in temperature
sufficiently far below that of the unshooked alr te cause the degree of super-
saturation required for condensation to ocours We should therefore expect that
an observer at some distance from the event should see no condensation out to a
:given radiuvs. From this oritical radius (oorresponding te a calculable value of
the peak pressure) and outwards te a distance which 18 again determined by the
degree of supersaturation necessary to cause condensatlion, a cloud is expested
to formo

If the air is initially slightly less than the saturated, the poink
at which tho cloud starts forming will be somewhat more distant from the point
of detonation, the oritical redius occurring whero the minimum temperature in
the blast vave is somowhat below the unshocked temperature. The radius at which

the oloud forms is thus scen ts be related to the shook pressure and the relative
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humidity in the region of interest.

We now caloulate the'conditions under which the cloud forms , 88suming
for simplicity that the degree of supersaturation required to cause condensation
is negligibly small.

For purposes of this report, we assume the empirical relationship

between overpressure and time for ordinary high explosives,

p(6,0) = p () (1 - /T o )

where t = time in milliseqoonds measured from the time of arrival of the shoak
fronto
p{t,r) = overpressure, psi (excess over atmospheric pressure) at

time % and at distanse » from the explosion.

p,(r) = initial overpressure, psi
To(r) = duration of the positive pressure pulse in millisescondso
afr) = millissconda']' a constant fixed by the observed positive im.

pulse I where
To
I=1\, p(t)dt

For air the ratio of spesifio volumes 71,/1'0 in a shask of strength

pl/po (absolute pressures) is given by

v
2 %i%y
v, +
whero y = pl/'p° and v, the ratio of specifio hoats, equals lcljo Since air in

the region of interest ( € 10 psi gauge) may be treated as an ideal gas the

ratlo of temperatures in the shooked and unshocked regione is given by
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where 'J.‘1 = gbsolute temperature immediately behind the shoock fron$
T, = absolute temperature in the unshocked regiono
The expansion after the shock is essentially adiabatic and therefore the time

variation of air temperature during this phase is given by
we) _fe)) V7
= (5 (w
1 1

where p(t) may be obtained from the empirical relationship (1)-

We can now make use of the temperature time relationship obteined
by eombining (1) and (L) to determine tho peek overepressure at which to expect
condensation in moist alro. Until oondensation occurs, the water vapor content

of the air represents a thermodynamically unimportant element of the system,

oo, 1 meter3 of air at 17°O contains only 140339 gms of water at 100 percent

saturationo Under these extreme coaditions,

mass of water per mei'.e:x"3 x specifie heat of water _ 140339 x 1 _ oly
mASS Of 8ir per meter’ x epeeilic heat of alir TYIZ0 x o 7

Thoerefore, we can consider the situation prier te condensation as dealing

with dry air which has the simple equation of state

PY = I‘RT . (5)

where p = absolute pressure in psi
v = volume pesr Ry moles
T-273 = temperature in °¢

R = gas constant in mixed units

o e o PR, UNCLASSIIED
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Tt is clear that the liberation of energy dus to condensation will tend to.
doorease the amplitude of the suction phaseo This diminution of the suction phase
does not affect the point a® which condensation starts, but it may decrease the
1ifetime o the density of the cloud ox both and hence make cbservation of the
phonomenon more difficult

" In order to get some idea of the magnitude of the various factors
which enter the problem, data from two~ton and fograton blockbusters (nominal}
weight) were used to determine the various constants in eguation (1) for the
10, 6, and i psi prossure levels. The values of these constants scaled to 1

pound of INT are summarized in Table Io

TABLE I

Initial Peak Overpressure, Positive Impulse and Duration of the Positiwve
Phase at Selscted Distances from a One-Pound Charge of TNT

P, R I, T, Va
psi  fhe pei milles milliseos ni118se0n
10 97 17 207 135

6 12,3 601 340 2033

L 16.0 LeS 3,1 209L

Figo 1 shows the excess pressure vs, time and the temperature
v8o, time for the hnpéi pressure level assuming an unshocked temperature of 290°A
and an unshocked pressure of 12,8 psi (epproximate Trinity conditions)o The
ourves are insensitive e changes in the vnshocked temperature and pressures

Fige 2 is a plot of the maximum drop of temperaturs in the suotion phase as a

funotion of initial peak overpressure. It shows that et about 10 §81 tigb
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irreversible heating is sufficient to prevont aooling below the unshocked tem.
porature in the suotion phaso and that the maximum cocoling ~ 3° oscurs around
Lpei peak overopressure. Both curves are for dry alr and in view of the abeve
simple calculation which shows that the effect of uncondensed water is neglipgible,
these curves are valid for humid air down the point at which condensation occurs.

i{eforring to tables (HANDBOOK OF CHEMISTRY AND PHYSICS) of the
saturated water vapor content of air at 290° and 287°, wo f£ind that an initial
relative humidity of 83 .(at 290%°2)is a lower 1imit on the value at whish we can
oxpecst ocondonsationo

For saturated air, Figo 2 tells us that oondeonsation will star$ where
tho initial peak overpressure is slightly loss than 10 psi. In the case of
initially saturated air Figo 1 4s altered in the region between the pointe
marked 1 and 20 Feor air which is initially less than saturated the curves are
altersd in some narrewer reglon, say from 1? te 2%

Assuming no condensation, tho time during which the tomperature is
bolow atmosphorio at the Lopsi level from 1 pound of TNT i8 ~u 10 milliscconds.
Scaling up te & 5000-ton explosion this time becomes ~ 2 seconds. In view of
this great duration the correctness of the adiabatic assumption (4) may seem
questionable, However, tho extent of the blast wavo in space is also' soaled up
by the same factor and it is considered reasonable that the temperature gradients
are sufflciently reduced so that heat transfor is small and the condition is essenti.
ally adiabatics

As vas indisated previously, the hoat liberated by the condensing water
will tend to diminish the density of the cloud and its duration. Out to theo

radius at whioh condensation first ooours, the pressure-time curve is unchanged

. T
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from the dry-air pressure.time curveo. It is reasomable to assume that in the
region of the critical radius, the amount of condensation can be obtained in a
rough way by considering the dry air pressure, time ocurve to be correcto

Even if the condensation in the oritical region proves to be sufficient
to make a visiblo cloud, observation of this cloud is limited by the faot that it 1
not possible to see the inner hole aftor the cloud has formedo However, we
only need %o lnow the position at which condensation started and if 1% is
visible it oan be observed quitse acourately vd:th e fast motlon-plocture camers.c
Incidentally, it is not expected that the ball of fire which wes cbserved to
heve a diameter of A, 100 meters in free air over Japan would interfere elthew
with the occurrence or observation of tho fog since its expeoted radius is
~ 600 moters and greatero

We will now caloulate the expectod density of fog in the oritical
region for a system which is initially saturatedo (The modification to b.o made

fer other than 100 percent relative humidity is clear.) From the first law of

thermodynamiocs,
ar . p + L(dn,/ov)g
(6)
dv n,C, + Libnv/ bTYv
where tho equation of stato of air saturated with water vapor is
ngRT
P = ===+ p(I) . n

and T = absolute tomperature °K
L. = heat of vaporization of water

5

v = volume in metera” of systom having ar initial volume of

URJCLASS!HED
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n, = moles of air in metor5 at ;atmosPhorio pressure prior to the
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arrival of the shook wave.
n, = moles of water in metex}o
Ca = specific heat per mele of air, cal/moloc
C, = specific heat per mole of water, cal/moleo
and use has been made of the faot thal nwcw<< neCao. For the small changes in

the suotion phase

ar/av ¥ a7/av _ 18

&v is obtained by assuming the adiabatic law for dry air,

p¥' = constans (9

By using () through (9) the ochange in temperature is caloulateds
The weight of water condensed per xmste:r3 is then ebtained as the differcnce
between the gm/metf.ar3 of water in saturated air at the two temperatures. The
results are summarized belewo
Conditions s
T = 290°%, initial peak overpressure = L psi
v=1 motor3,, Av = 0,026 moters’
140339 gm/me‘bor3 = yater vapor content at saturation
AT > 09°%C, AT (for dry air) = <3°C
Resul®: ~ 1 g;m/metoz»5 soudenses outs
We.are now in a position te discuss whether the condensed vapor should
bo visible as & cloud. Acocording to NapieruSho.wf a cloud of feg which lowers
visibility "co 120 £t can accompany the condensation of 0.87 grama/meterk Since

on ostimsted maximum of ., 1 gram/metox'a ocan form inte droplets for an atmosphers

* Shew, Napior, Manuel of Moteorolegy, Volo IIIL, po 3WN€MSS$HEF&20 .
APPROVED FOR PME
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which 48 initially saturated with water vapor, tho prospect of obtaining &
oloud sharp enough to msasure to within 120 £t is margioal and must be checked
oxperimentally. Some experimental evidersec is alrcady available fer the
formation of a cloud when 3000 tone of TNT expleded on the surface of the ocean,

i.eo with almost saturated air initiallyo This TNT explosion will be discussed
in detail ln the next secotlono

Experimental Bvidenoe

Is Llarge TNT oxplosion at Scmo

On December 29, 194k at 2:20 PoMo, local time, the Liberty Ship,
UoSoSe John Burke, laden with 3200 4 200 tons of high explesive was blown
up by a Kamikaze pilot in the Surigaoc Straits off Pa..noe.n Island in the
Fhilipines. The incident was photegraphed in color by a medieal officer whe
also served as ship’s cameraman aboard the destreyer U.S.S. Bush. Tho recerd
is of interest to us hore becauso the formation ef a cloud and its evaporation
was aobserved, providing experimental evidemce for the clcud-chamber eoffact.

'Evalwation of Space, Time Datao

The camera used was a standard Eastmsn 16-mm Cire Kodak equipped
with a fifty-foot magazine and a standard non-telsphote lens with an fovalue
of 109o The fooal length of the lens was given by the Kedak Compony es 25 mm,
tho stsndard value fer this model camsrm, The camers specd used was sixteen
frames per second. We are rolying on the cmmeraman?s memery througheut for dotails
regarding his camera becauso all his rcoords were lest.

In addition te date on the camera, ws have estimates of the
distances involved made by the camersmsn and the Commander of the Busho The

cameraman estimates that hie distance from the Burke was 3,000 yards, the Come

) ! |
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mander estimates it te be about 3,500 yards. Since the cameraman vas net partious
larly experienced im these matters we will discount his gueas. The Commander nust
be considered as fairly reliable because such estimates are important te the
operation ef his shipo Estimates were else given for the maxinmum size eof the
condonsed oleud but those must bs considered as less rollable than the distance
estimates because the need for making such sizto estimates is wmuch less frequent.
In addition, since the sizc ard shape of the cleud was constantly ohanging the
meaning of "maximum size” is not clear. For the recerd, hewever, we note
that the camersaman sstimated the maximum dlameter of the cloud te be 700
'yarda and the Commander estimated the maximum dismeter to be somewhat less than
1,000 yurdso* l

It wae observed by the cameramsn that the cemera shook when it was
struck by the air blast. By counting frames from the instant of the explosion
te tho time when the camera was evidently jarred, as evidenced by a blurred picture,
and using a nouinal frame spcoed of'16 frames/ssc & wslue oan bo.ebtained for
the time required for the sheck wave genmerated by 3,200 toms of TNT to travel
from the Bush to the Burkec. Frame 187 after the cemera oatohés the speotuole
shows such a disturbance. It is not pessible to knew precisely at which framo
the explesion atarted be(io.uae the camoramsm ovidantly started photographing the
Burke a short time ~~ 1/5 second ( ~ 3 framoe) after the explosion ocourred.
This is net a sericus correction inm view of the relatively great length ef
time, 11 seconds, rgquired for the blast te traverse the distance from tha

Bush te the Burke, The distance as reckoned frem the time of travel ef the

¥ There is somo confuelon as to whether diameter or radiue 1s referred te by
These witnesses. Since it is mere reasomable in Judging the size of an object

to give an edgeto-odge dimension, we will assume im the face of this uncert
that the diametor was estimatedo ° ortainty
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shook wave is o Li500 yardso A lower limit om the size of the dome at frame 20
was obtaimed by assuming that the radius grew with the velocity of sourd, teken as
1100 ft/sceo .The value se obtained is a lower 1limit because a plot of the radius
‘as a function of frame number is described by an squatior of the form
r=rg + vt (800 Figo 3)o Consideration of all this data and the simple optical
rolationship .
'
L

{1) p Trz
4
where p = object distance

£

focal length (25 mm)
L = eb;'jsot size
A= insze sizo (Coli + o1 mm after 20 frames)
leads us to the conclusion that the dism}co w8 )3)400 yardso. The distanco

from thae Bush te the Burke will be takom as that computed frem the sheck velecity

and time of travels
icer p = 1,500 yards
The Commander‘’s ostimate of the distance is in fair agraoemeat, 50 perceat

of the computed distamcso From Eg. (1) the maximum diameter of the hemispherical

dome was A/1100 yards.

' UNCLASSIFIED
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Framo )} « The explosion 1is almost off the
frame at the right of the pioture:
Condensation is evident and flame
is visibleo. The original coler
plocture shows the flame very

T=c2 8e8  clearly. For reference notice the

dark line in the sloud bank be«

hind the explosion.

.

Frame 2 - The entire explosiom is now visle
ble. Note the marked assymmetry.
Twe clouda of about the same
sigo can be seen, a white cloud
in the lower left and a reddish-

white cloud in the upper righto
I= 425 see

The {sg now covers the explosion
excopt for some white and blask
knobelike masses around the
hemispherical domeo

In this framo the shape of the
cloud seems te indicate the form.
ation of a oylindrical ring at
the base of the hemisphere.

Distanse from camera %o explosicas 4,500 yards

Hor:!.zon‘cal 508103 G mo. m§m
&osion of UoSoSe John Burke N
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Frame 8 Except for the straight sidos the
fog is now roughly hemispherisal.

UNCLASSIFIER

Tzoésee

_— 3 Frame 11 A% this stage the explosion is come
R - pletely obscursd by the cloud. The
— g I = o8 See boundaries of the oleud are guite
—_— — — sharp { < 30 £ft)o Wote the spray om

i:,._ the surfeco of the ocean, and the lask
- of huge surface waves.

Ty —TT v

o T Y Frame 18 The ¢loud is now losing its homiw

' spherical shape and cloan-out ecdgeso
The top of the cloud has merged with
the olouds present in the atmosphere
before the explosion.

Frame 29 . This freme shows the cloud as an
o amprphous mass the outlines of whish
r=4 T = 1.9 ges are barely distinguishableo

Horizontal scale &« > 1,000 yarde

ONCLASSIFIED

Figo h
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Wl

p—
S il Frame 53  The ocloud has now grown so that

== _. ] it oxtends outside the camera
_— ——————————1 T = 3.3 8e0 fieldo

k Frame ‘12 As the oloud evaporates from the
' surface of the ocean up, we can
T = L5 seas sce the inner holacaust and
various projectilez whioh som-
y - prised part of the cargo shooting '

inte the air. \
\
|

The cloud continues to rise dis-
closing a tremendous smoke cole
um whioch tops what appears te
be a water spout.

Frame 18l This last frame shows the cloud

essentially evaporated. A4Although
T = 11.5 ses not visible here, the originsl

plotures roveal missiles now
dropping back to the sca whieh -
wero opiginally thrown into the
alir by the explosive.

Horlzontel scale: & > 1,000 yards
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We will now compare the observed cloudechamber offect with the simple

Discussion of Results

theory of seotion I, According to the theorstical calculation, 1f condensation
coeurs when the air becomes very slightly supersaturated and if the air is
initially ssturated, & cloud should first form at 550 yards, the distance at
vhich tho overpressurs dropped to 10 psic The observations are not inconsistent
with those predictions for A, 3000 tons TNT but unfortunately they are somewhat
inocomplete besause the beginning of the exploaion was not photographed {2ce
frame 1 and compare with frame 2).

It was discovered in the process of abstracting the data that the
radius was a linear function of time » = T+ v, in the range in which data
was availables The reaton for ©y> O ¢an be seen in tho followlng qualitative
wayo A blast wave from an explosion travels a certein distance before developing
a suation phese. This distance is trm}ersed with a veloolty much faster than
sound, As the wave proceeds a suction phase develops, and the pressurc.time
ourve crosses the sxls and falls below its preshock valueo The point in the
blasht wave which soparates positive and negative gauge pressuree tra.veis with
the velocity of sound in the shocked and heated airo. From the distanee at which
it ocoours this "sonie point™ which indicates the onset of rgrefaction, cooling,
end oventually cloud formation, travels outward with a velocity which asymptoti-
cally approaches the veleolty of sound in wunshooked airo Fige 3 indicates that
this linit ie practically reached very carly im the expansion and hense that the
initial higher vg'looi’cy phase 18 very short compared to ths ebserved 1»1/).; 560

period ef expansion.

From its formation to its eventual evaporation, the cloud persisted
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for 11 seconds. When it started evaporating after 3 seconds, it did so from the
surface of the ocean upwardsc It soems reasomable that the evaporation should
have procecded in this direction because the rate of evaporation depends in an
imverse mannor on the iritial relative humidity of the surrounding aire The
absence of a low fog and the presecnse of clouds higher up indicates that the
humidity actually incrcésed with altitude and was somewhat less than saturated
near the surface of the watere Very little can be said about the expecoted
1ifetime of the cloud since the actual humidity was not known and the rosults
indicate that the 1ifetime is a sonsitive function of the humidity.

The shape of the cloud suggests the formetion of a Mach stem. However,
a comparison of the height of the cleudis eylindrical section with the distance
from the explesion indicates that the straight side is far toeo shoré for this
te be an exampls of the Mach pheonomenonc The ring may be a shape effect due te
the hull of the ship.

In passing, 3t might alse be mentioned that tho waves produced by this
surface explesion weroe small (£ 56‘ £%) in the vicinity of the ship {As500 yds)
i;/c::;ordanoo vi th an investigation of Fenney and Shapire.

1o Nuclear Explosion at Trinity, July 16, 195

The incidence of heavy rain in the night prior to the July 16 test
left & few sﬁat& of high relative humidity in the air sbove the bomb. Three
consecutive pioctures, Figs. 5, 6, 7, obtained by Mack's group indicate the
formation of clouds by the blast in thess regiona of high relative ht;xjx;@i?yo
Hubbard®s group found (LA=357) that there were three layers of humidi:.ty:' igreater

than 95 percent betwsen L and 7 kilometers and noted that condensation cccurred

% This is an estimate made by inspeoting the pictures in this reporta
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in these three laysrs as the shock wave passed throughe Two of these laysrs
are vigsible in Figse 6 end 7, tzken 12 and 15 seconds aft?r detonation. The
average velocity of the blast weve over thase great distances is practiocally
the velocity of sound, 1100 ﬁ:/ sec as oxpacted for weak shookse In order to
make the clouds visible :m these pictures, the photographic group found it
necessary to adjust the printing times end "Burn" ths clouds ino

The peak overpressure at ¢ killometers above the explosion was '
calculated by ths IBM to have beena 0o § psio. The meximum suction was 0-8 psi
end it gorresponded to & maxivun drop in temperature of v 3° ¢ below the pre=
shock tempsraturee A relative humidity in the neighborhood of about 90 percent
is sufficient to causs supersaturation undeyr thess conditionso T‘his agrees with
the observationse The effect of the ground on the blast weve is net expected

to alter these rough consideratiomso

Other Evidence

An examinetion of tho color £ilm taken a few seconds after the
Nagasaki drop indicates the formation of a barsly visible cloud which trevsled
m‘o’&o\\‘\
out from the explosione The humidity conditious were| such that the cloud had

an extremely short lifetime and hence existed only in the imwediabte neighbor=

hood of the suction phase of the expanding blast wavseo
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Fige 8. This color photograph was taken by Jack Aeby about 10 seconds
after detonation. Two cloud layers are visible. Color pictures
taken a fow seconds e¢arlier und later do not show such clouds,
indicating the occurrence of the cloud chamber effest. The
pleture is not retouched,
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