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Abstraa%

In this reports a method to determine the formation and rise

~of the smoke oloud produood by an explosion in the earth~s atmosphere,.

[ as

the

for

been developed Using this method, oaloulations wore made to f’orecast

development of the oleud under l~croaeroads$tatmospheric conditions

a nuolear explosion releasing the energy oquivnlent of 20.000 tons of
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~For~tion and Rise of Smoke Clouds from Explosions

The methods we have used in consider~ag the formation and Ya%e

of rise of smoke columns are based on a treatment by G~ I~ Taylor

(IA 236 and IA 270)~ In report LA 270, Hirsohfelder predicted that the

oloud from the Trinity shot would rise 15,000feet. The ac%xal rim was

about 60PO00 feet, and observational agreement on this height was found

at Ragasaki- The disagreement was a result of two faotors: (1) The

Tiaisturecontent of the air was neglected, so thak the smoke puff lost

heat more rapidly than actually happened. (2) A reworking of Taylor’s

equations in IA 236 showed that he assumed that oonsarvation of vohnns

implied conse~gvationof miss (section I, M 236)0 Sinoe density ohanges

in the puff ~oco~ny volum o~nges, this ~S not true althou~h the effeot

is not excessively la!rgOm i’i%cmthis is realized, we see that a proportion-

.

w
.

.

.

.

ality oonstant between mass and velocity is needed, whioh turns out to be

half Taylor’s constant between volume and velooity.

Xith the indicated corrections, the ualoulated height of tine

Trinity oloud is >50,000 feet, in agreement with *ho observations. This

oorrected theory should then apply to the air-burst shot at Crossroads.

The theory has developed in the following round-about fishiono

The pattern of turbulent convection above a steady line souroe of heat (su~h

e.sa long hot wire) has been determined by Schmid%- The derivation, howeverO ‘

is too complicated to apply to other examples such as the turbulence above a

steady point source of heat, For this reason, G. S. Taylor (IA 2S6) deve-

~~pedan app-oxi~tg ~~hod ~ich agrees ~~ith Schmidt’s results in the ease

of a steady line souroe of heat and which may be applied to muoh more

@~

\$\l\~~

comnlioated problems- Taylor maims the followhg assumptions:
●. ●00**=
●$; :.1. The turbv~~”l!..OOneO,.aflo~.~.~O‘~.~$i~~w~iS s“mrply defined. Within

● ● : ●.8 ●0s nob●** ●** ●*
●

;;}ii~column the air riseoac::j.+c$O~Ov910ci.tir.u, which is a funotioa of altitude
● ● ●-. ‘*9 ● *● . . ●
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but not a function of hoz%%~~”~ ~t?.tie;.:

2. The rate of taking’air into the turbulent column is propor-

tionalto the velocity
. .

in question. That is,

element of height3 fsh~

area of the column and

of rise of the air withinthe colmn at the height

the volume of air taken into the smoke column in an

in unit time is QUA ~ where A 5s the cross-sectiond-

a is a constanti M Go2dstein~s “Modern Developments

of FluidDynamics’$, tievmrk of To12mien (Ziet.f.angew.Math.u.Msch. 468 (1%6) )

is citedwhich showsthata = ●172for *

edly,G. I. Taylorhad otherevidencewhen

the neighborhood of W 2. As we have said,

of volume implies conservation of mass~ so

turbulent spreading of jets. Undoubt-

he assertedthat

we do not xuxnme

we Wkea=

a i8 usually in

-t conservation

0.1. ThiS brings

our calculationsinto agreementwith the observedrate of rise of the cloud

in the earlystagesafterthe Trinitvshot,and with the observedheight

of rise.

3. The problems are further

equations of conservationof energyand

of motionis just the Law of Archimedes

,

specifiedby including the usual

the equationof motion. The equation

for the static lift of a gas @2200ne

The liftingforceis @at equalto the differencein ~ wei~htof theair

withinthe columnand the ou”tiideair whichit disphaces.

Our problemdiffersfrom the steadystateproblemswhichhave

been studied

mathematical

necessaryb

puff;

experimentally.However,for lack of better information or

ski22 we applyessential~ the sameprocedures. It is

make one additional assumption with regardsto our smoke

f

4. Insteadof the smokerisingin a column;we idealiaethe

situationby assumingthat theheatedair is originallyin the shapeof a

—
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andtheupwardvelocityis constantthroughout the sphere.

> Afterthe explosion,shock

patingenergyas theyprogress..The

havepassedM leftheated The air

waves paea out throughthe air dissi-
.

air through which these shock waves

in the center is at first much hotter

thanthe air further

is soon equaliiodby

bomb is burstin air

out (seeLAEX380) but this difference in temperature

turbulentconvectionand radiatiom If an atomic

and releasesthe energyequivzilentof 20,000tins

.

of TNT, 7$%of the energyof the explosionis leftby the shockwaves

ti%thinthe first 400 yards. &’afiof this ?S% is radiated away so that

we may conservativelyestimate that ~~ of the explosion energy remains

;ctthina radius of MO yarck Originally afterthe shockwave has passed

by, th3 temperatureat 400 yardsis only 350QKbut the averagetemperature

ior the materialwithin400 yardsis 770°K. Thus in spiteof the b~l of

dire in the corewhich remainsat temperaturesof the ordsrof 20,00(Y3K,

MM largest percentage of the bomb energy is dissipated in very low grade

heating of fzwm one hundred to one thowand degrees.

I. INITIAL CO!~ITI(XJS.

First of all$ we are given completi meteorologicalinformation

as b the atmospheric pressure, temperature, and mixing ratio (ratio of

the mass of watervaporto the mass of dry air) as a ftictionof altitude.

3xpez5mental.lywe kno}7 thatthe wind velocityas a functionoi’altttudeis

importantbut we do

The moisturein the

releasesits energy

it otherwisewould.

“!xcauseits density

not knowhow to use such informatioriin our calculations.

smokepuff condenseswhen the temperaturedropsand

of condensationwhichhelpsthe cloudrise higherthan

The watervaporalsohelpsto make the cloudrise
●O ●m..ee

L8 10+ MJs!~~Y.W~~$.~”p$~~,Jir ~).nderthe same con~tio~

—
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. of temperatureand pressure.

Secondly,we are given&he energyof the explosion,the height

of burstandwhetherthe explosiontookplaceover landor water. Vie

shallassurcethat~~ of the energyof the explcsiongoes into the

fori~tionof the initialsmokmpuff. The initialcompositionof the snoke

puff dependson the conditionsof firing. For example,in the first

Cross-Roadswhere the explosiontakesplace600 feet abovethe water,a

lot of spraywill he throvmfrom the surfaceof thewaterand carriedby

strongwindsinto the smokopuff. Roughlywe oan estimatethatl@O

tonsof waterwill go inti the startingsmokepuff and approximately~%

of the energyof the explosionwill so intovaporizing and heatingit.

Sincewo assumethat the temperature of the puff is uniform,

we have considerable latitude in choosing our initial temperature. If

we take the initial temperature too low, the inittal radius will be too

large and the smoke puff will not rise quite as M* as it sI1ouM. In

LA1’JS-3&3we havo seen that mm t of the heatin~ has talcenplace by the

time the average temperature is down to 770°K, (if we take the ener~

d required to vaporize and heat the spray into consideration this tempera-

ture is reducad to around 60CPK). Although these temperatures are
b

czrdat ar~lzraz~“tky art3sufficientlyaccuratefor our purposes

The initialpressureof the puff is atmosphericsincethe shock

wave has passedlongbeforethe smokepuff has formed.

With thispreamble,it is clearthatwe can determinethe initial

densi~ and radiw of the puff. Let: UNCLASSIFIED&o=Energy which goes ~s:&”?$$XUq: Mp ;~?ke puff~ i.e. SO% of the energy
of the explosion.: : “: ~ ●: : ●O

‘t.= Initial.temperatu~•~i@”~&%jX\.L.:pC~X”:we assumethatTo = 600W.
●

● ● .*.● e.e
● ● .*.‘e* ●*●a. .

●

... : : : :::
:0.● *e ●=*.
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PC)=

#fj=

Initialpressurein the smokepuff. If the explosionoccur6
sea level,p. = 1 atm = 1.03bars
Ratioof mass of water vaporto mass of dry air initiallyin
Srmke puff.

Tm = Temperatureof atmosphereat heightof explod.on

cp,a-- specificheat of dry.air at constantpressure=

Cp:wv= specificheatwatervaporat constantpressure

& = gas constantof dry air = 2.871tL& e~s/gr@Oc

P. = Initial densityof air in puff
~ = Initialradiusof smokepuff

Thenthe initialdensityof the air in the snokepuff is

(1)

And the initialradiusis givenW the equation~

The initial mass of the smokepuff is then

E@ng3& (3)
.

1.004d07ergs/gm%
= 1.gXbd.07ergs/gmW

givenby the equation~

+3
(2)

~~ ig so~~t &ff’~Cult~ ob~ a re~on~b~~ value for the

initial velocityof the smoke puff. G. I. Taylor advises (see IA-236) the use

of the followingtrickwhichhe has used successfullyto calculatethe rate

of rise throughwaterof the bubblesformedby underwaterexplosions.Con-

sider a sphericalbubbleof densi~, +., risingmith a velocity,u, through

~ ~di~ of bnsi~> #oo. Then assumingthat the fluidis non-viscous

we get from classicalhydrodynamics(seeLeighPage,“Introductionto.

TheoreticalPhysics’/,page 199 (VanNostrand,3rd printing;1Y30)) the

pressureon the surfaceof the sphericalbubbleat an anglej0 from the

verticalt

(4)

Here g is the usualgravitational.constant;~ is the radiusof the bubbles

and ha is the heightof the centerof the bubble. The babblesoonreaches
**●*O .*e

a steadyvelocityso that ~;~d~e&@ne~ ;~~r#@bly small. Furthemnore,
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the mass increment always remins 6&&~b~& !3&”ma?ximumheightof

riseof tho cloud is very sensitive to the value of alpha. The VOY..UUW

of the cloud and its rate of rise as functions of time are insensitive

to the detailed

in the puff and

The change

equaticm

The actual

JE3chanicsof the calculationsprovidedthat tie energy

its heightof risoare fixed.

of velocity’ofthe puff is givenby the Archimedes

po@&bypoint

(8)

solutionto the

motionof the puff is somewhatcomplex. For convenience,in the subse-

quentequationswe shalluse the subscripth to indicatethe quantityat

the end of the intervaland the subscripto to ind$catethe quantityat

the beginningof an intervaL A bar abovea qumtity indicatm thatit is

avera~edthroughoutthe interval. The work proceedsin the foXlowing

fashion. First,Z& (7)can be integratedapproximatelyover a small

heightincrementto gives

(9)

b our c&lculationawe will use thisvaluefor ~ as a firstapprox-

b%tion in order~t ~~ ~ f~ ~h ~ ~ a6 fo~ows $
.

For the earlystagesof the ascenttlm watervaporin the puff is

in the unsaturatedstate;so wc may use the equationof the dry adiabatic

for the ascent,namely,
p~ VI :

‘h$l= To(# , whore

(I + .6MI+J I&
@\@(lo)

@
(u*1 = (1 + .90cq.JCp,dr
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the bubblechangesits shapeuntil‘thepressureon its surfaceis.

independentof position. !Wgxmimmtallyi% has been foundthatthe
.

bubbleflattensout like the head of a mushroombu{ the top part w

stillbe regardedas a segmentof a sphere. For smallvaluesof 0,

equation(4]sti21applies. Expandingw in pcmrs of e neglectingthe

km ‘ind~dt *

.

.

The stabilityof thebubbleWpends on pe beiW

requirementin the neighborhoodof 0 = O where

is that the terminvolving~2 mustvtish Or

#

We take thevalue

5ndepaxientof 8. The

the aboveequationapplies,

(6)

of u givenin Eq. (6) as the starting Velocityg ~. .

II. Motionof the SmokePuff

Havingtheseinitialconditions,we proceedto find the motionof

the puff as follows. Sincethe temperature,watervapor contentand density

structureof the atmospherecannotconvenientlybe representedas mathenutical

functions,we followthe motionof the smokepuff over a numberof smdll

incrementsof heightand assumeaveragevaluesfor the atmosphericconditions

withintheseintervals.

The fundamentalassumptionwhich we make Is that the rateof change

of mass in the puffwith heightis proportionalto t$e surfaceof the puff

and the densityof the atmosphere,Thus~ -

@M= CL4nR2&ati
dh

“UNCLASSIFIED(~) .
●

✎

This equationis similar to ECI*(21), Part I, LA-2S6 but it cliffers in

treatingM ratherthan R as the depmient variabl% ~Jepreferto consider
● ●** ● ●00 ●am●*

the ch~angesin mass r@her •&~ ~.?a~~o ~ ~undanefi%albeoausethe radius
●* ●**● O*●em●eo●*

(5)

dxmgw in a pectiax’ ~f38hi~q ‘@q •}k~H@$~*Y~pOr condenses,etc.whereas
●00: ● ●** 9
● 9.* ● ● 9*
● OOO. O:
90 9*O

●“” ““” ~
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Thisprocessis used untilthe temperatureo~ the puff fallssufficiently

so thatsaturationoccursand energyof condensationwill be released.

When saturationdoesoccur,we must use the equationfor the 8atu.ration

adiibaixlcproccxmo The convenientform for thismay be Writtenas a

differentialequation

whereL is W@ latentheat of condensation= 2.sOx1010ergs/gin.(For

referoncesee DynamicMeteorology-Holmbof3,Sect.3*34). An expressionfor

d% can al.sobe obtainedand can be mitten as

and thus m have~

(23)

(14)

= [1 ‘+lo$xqs +

ezimll ri8e,where

are also smallwe

the fhwges in pressure,temperatureand mixing

can write f’fm the change in temperatureof the

fiT= N * .
.&.. ..7=z--a- —.—-.

A62w/#.?(l+ L61LqJ ‘
+ rl + la.90k&+ 4d.7(U “us)] cp,~

Since the

devise a methodfor

“iiheinterval. This

puff takesin atmosphericair as it

obtainingthe new propertiesof the

is doneas follm t

Firstwe raisethe puff havingthe properties

‘~h”(alonga dry or a saturationadiatitic,as the cam

rises,we must

puff at Me end of

Po$~o*% a distance

may be), thus giving

us a new set of properties(p~J!l.~)~ We Men raisesn amountof ataaospheric
●

- ~M kting the initial.properties(PoSTo~~)ati. a distance‘1/2~to the.
> ●00 ●**:0

samslevelas the raisedpti~.~:@& ~i$-&~~~the = properties(Pz,T2~@2)h*
●000:0:000:0 :00 so

(M)
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. W thenmix the two massesof air”~ dukt &&bo, ~, and obtain

.
the new propertiesof the puffph, ~, (’h,Rh at the end of the interv~

.

of rise,“h”. Sticeo~
.

approxhmtewe will have

non-saturatedconctltion~

equationfor the saturationadiabaticis

the puff arriveat the ond of the intm’valin a

and also sincethe atmosphericair thatwe mix

it with is far belowsaturation(atthwe levelsj and till thuseven

lowerthe mixingratioof the puff stillfurthor~w can safdy assume

(md tlti t- out b be the case)thatno furthercondensation~ occur

when we m+x the two raisedparcelsof W.

For mixingti the early (no condensation)stagessthe resulting

temperatureof thG puff,~, is

{16)

(17)

‘

.

.

*.

For mixingin the later stages of the ascent’wherewatervapor

ha3 already condensedout and is in eitherthe form of water (T}O°C) or

(19)

(Flythe symbo16Mn thisequationand also in the saturationadiabaticequa-

tion,we mean the totalamount

expressedin gramsper Cramof

where
A = 4.17,T70°C

A = 200s2,T<O°C

of water in any form,vaporsliquid,ice$

dry air)

~fi@Slt\tB(,o,..
(21)

9**● .9* ●99 ●m
●** ● ● ● 0

● * : :0
● C:oe: ●

● ●

‘i ~
●, ●:0 ●@* ●e* ● *C ●9

● ☛ ● oo ● ● ** ● ●
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For raisd.ngthR parcelof @nosphere, SM, we use the ~ adiabatic

equation,namely~

Y
%,z = To,ataX&WV) 2 (22)

f. .0 + “%=@JJJ@r_ [23)
‘= (1 +

.,
99Qq.@J Cp,dx

the density, ph, and the radius, %9 IV means of the

oh. ~ (24)
Km (1 + .63.qJ Th

Usingthe afore-dmcribadprocess,we can now lift the puff another

distance “h”,and obtainits new properties.To find out if the puff is

saturated,

we can use

so that w) WKn know

the formula
.622 es ~

u=
s,h

pressure,and can

Ph - ‘s,h

~en lm use the

, wherees is

saturationadiabatic

.

the saturationvapor

be computedfrom the empiricalformulae

=8m40n ~ ~ , ‘J!XPc

266’7
= 9.555s- ~ , T>O%I

equation,

(26)

(27)

(28)

V&n the taqymature of the puff fallsto O°C,we have the so-called

‘hail stagei’ , where the temperatureof the puff remainsconstantuntilall

of the existingliquidwater@ frozenout. The equntbn for thieprocess

ia

(Actuallythisis a very smalleffect~O~~os~turatlonwill firstoccur
●9* ●

quitenear to 0%, so that~I@ ~-vG~v.~z~~&tle liquidwateravailable
●* ●*O● e*●**●00● m

for the process.)
i

● 0 ● *9 ● **O.*

● *O :00 c ● 000

● ** ● ● *O ●

● ***8- ● O*

.90000 ●.0 ●

● 0 ● 9* ● ● ● 0 p ~~~~,~.sw
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%,1 = (34}

\ %,1 -
/

hl

th,l =

1

g

%
+ to

Predictionof CloudFormationin Cross-RoadsAir Burst

(35)

Xn the firstCross-Roads explosion, we expect that the bomb will burst

height of 600 feet ab6ve the surfaoe of the watgr and release an amount

of energy equivalentto 20,000 tons of TNT (the nominal

of TNT is taken to be 4.185fio16 ergs). We assume that

till bs entrapped in the smoke puff before it starts to

starting assumptions ares

~ = energy coing into the smoke

To = initial

Po = initial

tJo= initial
in puff

temperatureof puff

pressurein puff,1

mass of watervapor
= .030

F’romthe aboveinfozmationjit followwthat

?o = initialdensity of the puff

energy of one ton

1500tonsof sprsy

rise. Thus our

puff = 4.~020 ergs

= 600°K

atm = 1.0sIx%X’s

divided by IMSS of dry air

= .00s80gmicnl~

R. = initia3 radius of puff = 417 yards

+---

l% = initialmass in puff = 1036$MCW gins
%

%= 1s1,0!)0shorttons
G\
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Structureof Atmosphere, Kwajaloin,June3* 194S

W. water vapor
gin.dry air

heiqhfi pressure mixing ratio densi
= 10008 (millibars) p~” ?!

potential
(gm/om ) temperature—.

o 1030 303 0020 1.14X30-’3 300

~ 987 299 .017 1*13 301

3 920 294 .CYls 1009 302

5 850 292 .012 1*O2 305

‘/ ?95 290 .009 .948 310

9 745 28? .005 .897 312

11 680 288 .007 ..843 315

13 279 0006 .793 317

25 595 276 0003 .750 321

17 556 273 mo3 .712 324

~9 516 271 IJI02 .664 328

21 460 267 .002 .625 WJ

23 %5 263 .001 .585 334

25 410 260 .001 .552 336

27 392 256 .001 .520 3S8

29 350 251 qool .486 339

51 320 246 .001 .453 341
>

32! 294 &41 o *425 343

35 273 233 0 .408..343

Z7-4.I., 249 230 0 ●S77 343
.
a
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The atmosphericconditionswere takento be thoseof Kwajeleinon.

< a typical summerday (June3$ 1945) and the pertinentdata is given

in Table 1. The results of the calculationsare shownin Table11.

The cloudrisesabove~0,000feet in 20 minutesand at that time it

occupiesIs cubicmiles. The watervaporin the cloudturnsto ice

abom 20,,000fe.oto - ““

t

;,:.v&h G —g.= -.-” ---. ---- ..-_ ., .-.
-—.

.—. --.~- -!--L ----u...:- “’ ... .

I
—

‘Wlcukted
Wan HetRht of Cloud Trinity 4= .1

● 2 -.,
1~ ft— Time ~ see 55 sec 6~’=sec

Radius 380 m 4;0 m /&@&~
-— —. —-— .

2000ft “Time 13.$Scc 13.169C 1S.2 sec
Radius 400m 470 m SOO m

.—...—-.—. -—— . .........-...’1--------

WOO ft Time 19.0 sec 19.1 tiec 2S02 sec
Radius 450 m 490 m 560 m

FinalHeightof Cloud

about60$OOU !Yi,ooot 22,0001
——. ——. -.

From TableII it is obviousthat the value of a = 0.1 Cives results

betterin agreementwith observationthanTaylor!scitedvalue (LA 236)of

c1= 002. Vie have indicatedthe reasonfor the discrepancy:Our equation(7)

wul.dagreewith Taylor~sEq (21)if a = d %xR3)3 i.e.,if CoMWVatiOn
W& A

of mass and volumewere equivalent.Actually,thisequalitycannotexist

because R changes not only on account of the increase of mass, but aleo because

4

of the changeof densityof the puffwith height. Thf3appropriatevalue of u

depnds on its definition,and our calculationusinga = 0.1 inEq (7) of this

reportroug~y correspondsto a calculationusinga = 0.2in TaylorssEq 21 of
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