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A methodof findingthe effectof atmosphericliquidwateron the
E

shockwave fmn an air-burstatomicbomb is presented.The importance

of the drop sizedistributionis emphasized.Usingan approachwhich

underestimatesthe effect,the resultsshowthat the effectshouldnot

be neglected. Recommendationsfor futurework aremade.
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(Someothe;;”;re ~;f{%~-i.nthe text)

initialradiusof drop beforepassing-throughthe shockwave.

finalradiusof drop,afterbeingsubjectedtO both fra~t~e ~d

evaporation

radiusof largestdropafterfracture,at Rc (thisdrop is then

alsothe largestwh~ch couldbe evaporatedat that point)

radiusof drop,afterbeing subjectedto fractureby the shock

wind,and beforebeingevaporated

radiusof largestdropwhich can be evaporatedby a Eiven shock

wave

radiusof the largest

It will be calledthe

drop just stablein a givenair stream.

“criticalsize”

surfacetensionof water

constant

totalenergyextractedfromthe shockwave

energyextractedfromthe
/

energyextractedfrom the

differential.frequencyof

shockwave insideRc

shockwave outsideRc

initi,al.drop radii (Refl)(aufmK~Pe)

latentheat of vaporization

shockoverpressure

liquidwater contentof the air in g/m+3

radiusof completeevaporationi.e.,radiusinsidewhich all

waterdropsare evaporated,It is determinedby the pointof

intersectionof the curvefor the sizeto which all dropsare

reducedby fracturean~,.ticecm~?o,o$,theradiusof the largest
●=* ● - ? : ‘ e.-

dropwhichcan be &po!?at@d Fy ?’he:s\ockwave.. ...
●m ●9*●9S9-9’..s● 9
...w..
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98 ● e. bew ..* .mm ● *

R = radiusfromt“~ &’i&An &f ‘~e~s}ock

Re ““-“:”= ““=1 Reynoldsnumber=
Pa

t = time of durationof tho positivephaseof the shockwave

P - totaltimeor upperlimitof t

T~ = shockover-temperatureor (T-TO)whereT is temperatureafter

the shockfrontin the positivephaseand To is previousambient

temperature

w = yieldof bomb in kilotonsequivalent

u = shockwindvelocity

v“ averag~proportionof evaporationfrom x = Otoxl (ore)

&12~
we=————

b

Pa = ambientdensityof the air

Pa - air viscosity

9w. . 8.9 ● ** ● 89=*
9 ::: : ::

● ..0 ● *..

. . : . .
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This paperis a statusreporton work which

August1, 1951,and has been writtenso that that

to otherresearch

of an

water

clear

The problem

atomicbomb

in the form

workers,

had beendone ae of

work wouldbe available

consideredis the loss of energy(andoverpressure]

when explodedin an atmospherewhichcontainsliquid

of rain,fogj or cloud.

Althoughthis shouldbe consideredapreliminaryrepoti,”itis

frwm the remiltsthat atmosphericliquidwaterwill be of tiporta.nce

in plsnningatomic

content,a 100 kt.

10 psi level.

missions. Underan extremeconditionof Iiquidwater

yieldweaponcouldhave a loss of area of 40% at th4

The methodsusedwill be discussedin detailand severalremmmen-

dationswill.be nade as to necessaryfuturework,

The main recommendationis that if liquidwater in any form (rain,

cloud,or fog) has a good chanceof occurringat the striketime,the

$@~ed heightof burst shouldbe loweredby severalhundredfeet,fOr

an airburstbomb set to maximize6 - 12 psi.

2, Histoq

W, G. Penneyin LA-723furnishedthe firstdiscussionof this prob-

6
la in a prelmnq fashion~ subsequently>he made a more c~Pl@te

study. This studyincludedmcperimentslas well as theoreticalevidence.

However,his studycannotbe used for a practicalanswerto the prob-

lem of airburstbombs,becauseit appliesto a surfaceburstonly,

* The methodhas been preti(tisfi;~sc{~s~{~~fiepresentau~hgy’.s?e

RichardL. Moore,Phys.Rtw~~:h’% ~f”(f%:):

:&ti’ U’##l!b

~j’)!-,7.11:f)

...- /
%0-. ““
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sizedistribution.

3* Developmentof E#Ec——..,—

The procedureused

radius(Rc)insidewhich

to attackthis problemconsistsof findinga

all liquidwateris evaporatedand computingthe

energylost (Xc)insidethis radius. Throughan equationwhichrelates

the energy(Eo)lost outsidethis radiusto Ec, the total energylost

E&, may be obtained. In this processa numberof physicalasswnptions

must be made. The philosophywas adoptedthatwherean arbitrarychoice

of a Particularassumptionmust be made, it wotidbe made so thatthe

finalresultswouldbe as mnservativeas possible. In otherwords,the

effectof arbitrarinesswould alwaysbe in the directionof minimizing

the energyloss,and thus the finalresultwill be in the natureof a

lowerlimit.

The

1.

2.

3.

physicalnatureof this problemmay be summarized

Thereis a fog or rain presentwhichhaa dropsof

radii (~). For fog (or clouds)thesedropshave

as follows:

various

a frequency

distributionf(ai)suchthat f(~)d~ is the proportionof

dropswhoseradiilie betweenai and ~ + d%. The frequency

distributionof raindropsizeswill not be needed.

The shockwind (of the shockwave)breaksup thosedropsof

waterwhichare biggerthanthe criticalsize~ to sizeat.-

The dropswhichare too smallto breakup, and the brokendrops

are evaporatedunderthe positivephaseof the shockwave be-

causeof the Increasein temperature.Some are evaporatedcom-
●=9 ● 90● 9

pletely,othersow!y ~a”r{ialky.:TUelrfinalradiiare denoted

by’”- as?.._ .............. . ... . . .. .

.. ●:.::.,.*::>$*””+

r!’’:iA$$[~~E~-’
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4. The heatn~c~ss~a~~--to~eifec~~his evaporationis lost to the
. . ---- S*P***.*

positiveph&e”;hus drainingenergyout of it and reducingthe
,

overprfmure.

5* Condensationoccws in the ne~ativephase,but due to the nature

of the shock,the feedbackof energyis tskento be ne@j.Cible

6per the argumentsof Penney.

Fourmain topicsmust thereforebe developedto

a. The

b. The

air

c. The

d. The

frequencydistributionof drop sizes.

~lradiusof the largestdrop ctablein a

stream”.

equationof waporationof the dropsin

solvethis problem:

suddenlyapplied

the positivephase.

variationof the shockpropertieswith time and distance.,,

a. The frequenoydistributionof the sizeof the water dropsin

rain,fog,or cloud,is importantdue to the fact,whichwill be demon.

stratedjthat dropsof differentsizewill be affecteddifferentlyby the

shack@S&!J&e Therefore,one cannotuse an averajpdrop sizeto obtain

correctresults. The totaleffectmust be obtainingby averagingthe

effectoverall drop-sizesw3_ththe properrelativeweightgivento the

dropsof largermass.

The symbolf(ai)denotesthe

Its diiiensionIs (micron5)-1where

distributionfunctionof the drop sizes.

the radiusof the dropsis givenin

micron~,i,a,,f(ai)d ai givesthe fractionalnumberof the dropswhich

hav~radi$ betweenai and ~ + Q ~. Furthermore,it is implicitthat

f“’f(a.)da, = 1.
<“”

mmy

data

‘l!hewater--dropfrequencydistributionfor cloudshas been givenby

9 However,we have used theauthorsto a greateror lesserprecision.

of auf Kamp# for our stu&iq~..He.gi~@s;fi~equencydistributioncurves
● ...=S ‘=

..>.... .:-&&--*-’..

h

.*.s,---------..0● m -–- [;;g~~Q@@
. . .w.— vwd@&#&Q~IFIEB9 . . . . ..-: : . . . === =

4J : - : : : _-
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of drop

A

5/10 ml

● ☛ 9.3* ● mm . . . . . . . .

diameters for s&-fn@.$zype~~t c~.&iB.*
. . . . . . .=-99 : .*.*DW.9

largebody of literatureshowsthatrain-dropradiiare about

or greater. It will be shownthat all dropswill be brokento

a much #maUer sizeby

the originalfrequency

the shockwind (seeSec.b below). T~erefore$

distributiondoes not matterand will not be needed

for rain.

b.

streamis

methodof

The radiusof thelargest * Stablein a suddenly@ ied

3 He giVM! a .givenby I@. (1.2)whichwas derivedby Hinze.

determining~which is the best availablein currentliterature,

althoughthe constantWe is not yet preciselydeteminedt

Penney6developedthe basis

largestdr~p @tablein a suddenly

/

for an estimateof

appliedair stresm

\

the radiusof the

(shockwind)as

His derivationwaa similarto that of Hinze. He statedin a longhand

note that experimentalverificationhad been obtained. Furtherdetails

are not availableto the presentwriter.

FollowingHinzetsapproach,we note thatthe liquiddrop is subject

to two importantpressures: The dynamicairvel.ocitypressure~au2

and the eurfacetensionpressure.bja. By combinf~ theseopposingfo~es

in ~ dimensionlessratio,one obtainsWeber?snumberWe = ~au2~/bo

* Thesecurveshavenormalizedto unityand unlikeRef. 9, the radius

used insteadof the diemet-m..-:-~, ●:”~“*!“=
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Splittingof the dropocckrsZflW ~~ “~rest-arthan a critical.Val.ue$which. :0:$’::.:*
●**:09● 9

must be determinedexperi;en;&&. Xn the remainderof this paperwe shall

use We as the symbolfor this criticalvalueof Weber’a number~ ‘rh@radius

of the drops, which are $@ stablein a suddenlyappliedair strewnof a ;

specifieddensityand velocity,will be givenby “4. (1.2),and the synbol

for this radiuswill be ~.

~. (1,.2)whichwas derivedtheoretically,has been verifiedby ex.

perimentin whichlfeber~snmber was observedto be a constant, It should

●

be notedthat the only aswmptionmade in the derivation,whichdoes not

strictlyhold in our application is that the Reynolds’ n~ber (Be) iS

~arge,say equal.to 1000. Our valuesof Re are ordinarilysmaller,at

leastin the neighborhoodof Rc the r~i~s of complete~a~rationo At

this importantPoint,jadropwith a radiusof Z% has a Re of 100. By

neglectingthe effectof the Reynolds’number,we mw have obtainedan

incorrectvsluefor ~ at this pointO Also the experimentaldstawhich

Hinseused to obtainthe valueof 6 fir we was not sufficientlyprecise

to fix the valueof We to betterthan 25%. For thesetwo reasons,the

valueof ~ might vary as much as 50%.

The ourve of the variationof ~ as a function

on Fig, 6*1. Threedifferentcurvesare displayed:

1, ~, whichwas computedusingHinzersvalue

of Ps has been plotted

forwe of 6.0. “

2. LL ~ which is A@% greaterth~ ~ to illustratethe ~ffect

of increasingwe by that amout.

3. %(P) whichis the valuecomputedfrom Penney~srelition,and

whichis seento be about60% of ~.

The influenceof thesevariationsin ~ on the final.resultswill

APPROVED FOR PUBLIC RELEASE
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The questionnow ocs&r@-~HowJo~w ~% it take for the breakupto

occur7 It is well knownthatthe durationof the shockwind is of the

orderof a tenthof a secondfor atomicbombs. An estimateof the time

of br&kup is givenbyHinze as tb~ (~/u)(~~~a)1{2. Takingp~ as

1.8 psi, (certainlya conservativevalue!)and ai as 10p~ then ~a is,.

1.2 X’10-33~b iS 1$ ~ is 3 Xl& OM/SeCand tb= ~0-5 80c. If % Were

Ioofl,tbWOtidbe lC)-4see,a shorttime indeedcomparedto the duration

of the shockwind of the positivephase. Thus,the breakupbf the drips

will be completedlong beforethe shockwind has passed,or even &opped ‘“

appreciablybelowtho peakvelocity.

esionof the e~amration eqyation. The prohlm of the

radiusof a drop as a functionof time underthe influenceof evaporation

has been studiedfor the case of dropsat rdst by severalauthorp.4

The evaporationequationdiscussedby Houghton*is used here as:

-2ada = clT~dt (1.1)

The determinationof the constantin this equationtill be @ven laterin

this paper,in Sec. 6. The relationgivenhere assumesthat the drops

are at rest and thatthe &p radiiare comparableto the

of the moleculesof the enviro~entti*.

The casewherethe dropletsare not stationary,but

air of dSfferentvelocities,has been studied

it is statedthat,

“In workingout a descriptivetheoryof

byGunn ad

mean free path

exposedto meting

hKinzer where

the evaporationfrom a freely-

fallingsphericdldrop,it is necessaryto solvethe problanof the trans-

port of heat and Vaporfromthe.dropwhen it is exposedto mowingair of
.=. _ *Q. ● .*..

differentvelocites, Sinc$=fhe;d~$ai~sl’fy~r flow abouta drop are gen-
~e+ “ . .--e..● =O..9:*9-.

erallyunknown,approximati=qns..qf•M~m~an~I+uallyadoptedin the problem
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9* ● *e ~** ● ** 9** ● *

of aerodynamicare mplo~d. Eowet:er-j. ti:e-physicalbasisfor the theory
.-. . -w...s ,

.Z.9m. Z-

has been carefullyprese;”ed””~it should~e directlyapplicableto actual

raindropsfallingintoa known environment.

‘~Equili.briumevaporation-ratesare calculate~by two independent

processes.The first,basedon the factthatthe mass of waterevaporated

is proportionalto the heat transferredto the drop,dependsonlyupon
\

the laws of heat trensfer;the secondis concerneddirectlywith the trans-

fer of vaporoutwardfrom the drop underthe influenceof vapor-density

gradients.The remlting equationsmust be compatiblesincethey deal

with the sameevaporationand theymay be combinedto yieldthe psychro-

. metricequationfor a freelyfallingtip. This auxiliaryequationex-

pressesthe equilibriumtemperatureof the drop in termsof its size and

the physicalpropertiesof the environment.

llIncalculatingthe rate of transportof vaporor heatsit is noted

that the radialgradientssurroundingthe dropwhen it is at rest have

finitevaluesout to

but when the drop is

face are continually

distanceslargecomparedto the radiusof the drop;

fallingfreely,the vaporand cooledair at its sur-

replacedby environmentalair. The net effectof

~i,noreasingventilationis to shrinkthe boundaryof the environmentalair

closerand closeraroundthe drop,thus augmenti~ the surfacegradients

of vapordensityand temperatureand the ratesof transportof vaporand

heat. The movementof air nearthe

evaluatethe effectivegradientsat

thesegradientsupon the velocity.

dropmust be examinedin orderto

the surfaceand the.dependenceof

A quasi-transientstatemay now be

consideredin whichthe vaporor heat is allowedto diffuseinto succes-

sivepacketsof freshenvironmentalair as each packetcomeswithinthe

zone of duffuslon”aroundwe.d~:op.fa:.a.c~.cqlableperio~,oftime. This

::*& ““’’’’8$1F’E4. ;
e “:-“
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,

d-l packetsof airmwiw contact,the tot~ eXch~ed heat Or vaPormay

be estimatedand usedto determinethe equilibria evaporation-rateand

temperatureof the drop.”

The experimentaldata of thesemiters (seeWWS 5$ 6~ ~d 7 Of

&f. i+)COllfiZTS’fM%* (1,1) with

CITS = (2K@)(’f - T*) or Cl - (zxfi)a

where aT~ = (T - Ta)

and T~ . ~vertmperaturein the shockwave

T = actualtanperatureof the air

T& = actualtemperatureof the drop

K = coefficientof heat conductionfor sir.

Of the air> andmay be obtainedfrom psychometrictable~~ T is the

temperatureof the air in the positivephaseof the shockwave. The re-

lationbetweenT and Tamay be seenfrom Appentix~~ The w3.ueof ~ has

been studiedss a functionof variousassumptionsas to the initialsm-

bienttanperatureand relativehumidity. ‘Me conclusionis that a vslue

of 6/10for a is the most conservativechoice@

For simplicitythe discussiontothe presantpointha~ ignoredthe

increasedevaporationdue to the ratherhigh ventilationof the drop h-

posedinitiallyby the shockwind. KinzerandGunn derivedan equation

which consideredthe increasedventilationof dropsdue to relative-motion,

inducedin theircase,by gratity. ‘his equation(Eq.(29),Ref. 4) may

—
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-2ada/dt = (~-fl-~~!a”~l”~f~~f)
3. . . .

● .9
where R/ef ~ i’- ‘:” ●

.:. :.. “* I

The addedquantityFa/s~is the correctionfactorfor increased

ventilation,and in the physicals$tuationunderconsiderationa “ands!

are radiiwhichare approximatelyequal. F is a dimensionlessnumberto

be determinedexperimentallyand is therebysimilarto the Weberand

Reynoldsnumbers. Fig. 3.1 (derivedfrom Fig.

a functionof Reynolds?number.

To studythe effectthatventilationhas

7 ofRef. 4) shows F as

on evaporationslet us .

assumethat a is I@, a typicalvalue,and thatthe shockwind is 100

ft/sec. Thiswind is associatedwith a peak overpre$sureof 1.$ psi; it

Is thereforeclearthat any effectobtainedwith thislow v~ue of over-

pressurewill applya fortiorito highervaluesof overpressure.In this

discussion,the accelerationof the particlesto the velocityof the air

streamhas been neglected;justificationfor thiswill be seenpresently.

Usingthe abovevaluesfor the ventilationeffect,it is foundthat

1/2 is about6.7.Re is about45, end thusBe Fig. 3.1 showsthat F

must be about1, and that it is well abovethe hump in the curvewhich

‘ kcm,rs at aboutRe1/2= 30 If this

/j ‘!
~ &quation,the resultindicatesthat

b

:’
vaporatedis increasedby a factor

valueof F is used in the preceding

the radiusof the dropwhioh canbe

of (2)1/2- 1 or40%. This effectis

:‘ {~ some extent(notreadilycomputable)negatedby the decreasein vent-

~<<~$t~on due,tothe accelerationof the drop. The ovwpressureregion
,1

‘\..
~ ~Y this effectis most importantis fromakout3 to 10 psi free alr

.J‘/,#&pressure,and it is preciselyhere that the situationis not clear
,/7

cut. However,
,,;
/ effectwill be
1
/’

,,’

in linewith the pr~ously expressedphilosophythat the

underestimateed

APPROVED FOR PUBLIC RELEASE
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to use the nowventilatedcase.

It has been shownthat for a rathersmalldropletat a relatively

small’.,shockwind$the Reynoldstnumberis large eno~h initiallyto make

an ap~red%qbledifferencein the radiusof the drop whichcan be evapo.,..,:
,..,.:.,:

rated:becauseof the ventilationof the drop. The importanceof this point’

is se~nwhenit is consideredthat a differenceof’40% in the radiusim-

in energylosg to the+shockwave will occur.

of hi@er overpressure$and usinglargerdrop radiijthe

will be largerjand thusthe evaporationgreater,at

In any event,any evaporationof liqufdwaterdropsoh-=

pkles,that the mass evaporatedis 2.7 timestie original,and the corres-

pondingincrease

At’s point

Reynoldstnumber

leastinitially.

tainedby the use of the relationfor stationarydropswill be too small

and thuo conservativefrom our pointof view.

d. ~n of shock~rowmties. In orderto know the interaction

. of the shockwave and waterdrops,it is

of the shock.

The propertieswere obtainedfrom

necessaryto know

Ref. 7 and &f. 8

tie properties

assumingan

infinitehomogeneousatmosphere.The particularpropertiesneededhave

beeneva.lustedempiricallyin the rangeof 1 to 10 psi free air overpres-

sure.

. . Threepropertiesare needed: the impulsein ft. lb. sec.;the

velocity(shockwind)ttiesthe density;snd the

&ationof overteaqxwature(1’s)

itatementof thse propertiesend
3/,

,1 The impulsedistsncecurve

and overpzwsure (Pe). The mathematical

theirderivedvalueis shownin Fig. 3.2.
$

is given by Fig. 3.3 and was baeedon
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representedby the straightline is a good fit to the data in the region

underconsiderationwhere the valueof C2 is 8.4 x ld (!&)2/37withI is

in psi sec and R in ft.

For detmninationof ~ (4. 1.2) it is necessaryto knowthe quan-

tity u2~a as a

valuesof u2~a

assumesa 20 kto

A slopeof

functionof R. Fig. 3.4 showsslog-log plot of relative

vs. R as determinedfrom Refs.‘7and 8. This relation

yieldbomb. P~ has been plottedvs. R for reference.

.2.9 on the line for u2~ale&ds to Eq. (2.2). ‘he v~ue

of C3 will not be neededbut ~ till be computedas a functionof over-

“ pressure(Fig.6.1).

To find Eq, (2.2)Fig. 3.5 was plottedfmm data of Ref. 8. Although

the slopeof the best fittingline on log-logfiaperis 9/lo, ~. (2.3)

(Fig.3.2)tith C4 - 5°C/psi is a remo~bly good Wprofiation f’ro~ 1 tO

10 psi, and especiallyso in the regionof 0-3 psi which is of importance.

It shouldbe notedthatthe curveforT8 is used for the rangeO to 10 psi

insteadof 1 to 10 psi as are the others. The reasonfor this is that Ts

must be averagedin time over the entiredurationof the positivephase,

at a givenpoint.

b Equat,$onof EnergyLeas

The total.energyextractedfrom a sphericalshockwave bywwter

dropsb the atmospheremay be definedas E@. Ec is the energylost in-

sideRc; II.is the energy10st outsideRCS

w

Then E@ =
[

&nR2qLvdR = Ec ‘ E. (3.0

,0 . ... . .0. ● e. .0

. . ..- .-=
.-. . . .

. . . . . . . . .

..-. --=
. . . 99

0- ● 0 ‘m= ‘.9● 0”.-.3
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Let x = R/Rc$then

,{

?@e = 3 * ~

1

R

(3*3) :

The relation3.3 may be useclto obtainthe totalenergylost. To

do thiswe must obkainthe variationof v with x. Let v be a functionof

~s ~B qs~ ai is~the initial.radiusof the drops.
% ‘s ‘he r~diw

afterpassingthroughthe shockfront,and furthennore$al~ is equalto

the smallerof ~ or q. v is the proportionof the xRassof the drops

which is evaporatedat a givenvalueof’x. dv Is definedas the proportion

of themass (or volume,sincethe densityof wateris one) of the drops

of water,whichhave radii~ to ~ + d%, which i$ evaporated.

1 (ai)3f(ai) dai

o

Let

—-,
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The aboveintegralhas been separatedinto threeseparateintegrals

of valueA, B, and C respectivelyto correspondto threedistinctregions

of integration,denotedby Region1, 11, and III respectively.The reason

for the divisionintothe separateregionsis that ~s has differentmiles

of behaviordependingupon the drop size,and so does a.

The conditionwhichdefinesRegionI is that a, the drop radius
a

afterevaporation,is alwayszero,and thatthe shockwind doesnot break

up the originaldropsinto smallerdrops. In otherwords,they are all ,

lessthan the criticalsize ~. This statementimpliesthat ~~ OWLS

q.

To findthe upperlimitto this region,let us considerthe equation

of evaporation(1.1) v

-2da = c1 % ‘t

At the present,it will not be necessaryto determinethe actual

valueof c1 becauseit will be absorbedin the velueof (ac)2Rc.

Therefore: -2a da = Cl C~ pe dt.

IntegrationOf this equationand use of ~. (2.1)yields:

Since

.+

(q)2-(d2=(qs)2-(d2= Cl ( Ts dt = C1C2C&/R (A+.2)

(4.3)

.-
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or c1c2c&= (ac)2Rc.

This valueof the constants

an alternateform of (4.3)

may be substitutedin Eq. (4.3) to give

(q}z = (%,)2= (ac)zRc/R = (ac)2(x)-l

This equationdefinesthe upperlimitfor the integral

(4*3)

of F+. (4.1) over

is zero,of course.

(5.1)

RegionII startswhere RegionI leavesoff. As a consequencethe

lowerlimitis the sameas the upperlimitof RegionI. Furthermore,

~s u ~ is stilla condition. From Eq. (~.2)we now obtainthat:

(a)3=
[
(ai~)2

)
. (%)2 x-l

This relationmaybe substitutedin

upperlimitof RegionII is not yet

1.5

[ J=(~)2-(ac)2X-l 1“5 (4.4)

%. (4.1) to Elve B. However,the

detemined. Ne definethat limitas

Substitutingin 4, (2.2), we find that

% = (We)b (C3)-1R2*9

NOW by definition,at R = Rc, ~ = ac = a.j~and t!~erefore,

ac =
(We) b R=2”9/c3.

Substitutingthis equationIn ~.(1,2) and the conditionthat at
\

(4.5)

- ‘
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obtainthevslue for a (notethat at no

or

lower equalsais) to give

, .J-’(+-(xl-’oy”j
~cg ● 9

icmbimlng4s. (5.1), (5.2), ad (5.3) md

(3.3), the expressionfor Eo@c is fo
d to be:

(aJ3f(q) q

f(q

inserting

+ ) (a#
2.9

tlcx

,,

(5.3)

(4,1) into

,.,,
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assumesthat eachdrop of radius~ will be

numberof dropsof radius~$ eachof which

(4.6)to RegionIII tacitly

brokeninto exactlyan integral

will evaporateaccordingto

the givenrule. This is not exactlytrue,for therewUl nearlyalways

be a residueof dropsless than ~ in radius,and as a consequencethey

shouldbe consideredas RegionI or II drops, However,the difficultyof

expressingthismathematicallyand gettingan answerwith a mitium of

labor,leadsone to treatall the waterin the dropsin Region111 as

evaporatingunderthe ssme law as at. This is anotherassumptionwhich

tendsto underestimatethe tot&lloss of ener~J,in accordwith our basic

philosophyof underestimatingthis effect.
—, —

5. Methodsof Computation

In applicationof the

with the atmosphere,it was

a

shockpropertiesto the problemof interaction

tacitlyassumedthat they do not changeunder ,

the influenceof the evaporationof the waterdrops. This assumptionis

difficultto justify. In actuality,the presentmethoddoesnot depend

upon it. Thereare two separhtephasesof this problem. ~-e firstiS

the absolutevaluesof the shockpropertiesat Rcj the secondis their
,

rate of vabiationfnxnthereout to the limitof integration,~.

With reCardto the first,the valueof Rc can be obtainedexperi-

ment~ly. Somedata are alreadyavsSlableji.e.,penneytsstudy~d the

data in Appe@ixV frcinthe Greenhousetest,whichindicatethatthe esti-

mates of thispaperare not too lwge. The experimentalvalueof RCWI1l

conta$mthe effecton the shockwave due to the liquidwaterpresent,and

the valueof E@ will not be in as greatan erroras it otherwisemight
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In estimatingth~ ~&uI of ~~’dc‘(~> 1), the shockpropertiesare
.-= ~==:.=:=---.

assumed,for simplicityto have the ssme rate of changetheywouldhave

withoutthe presenceof the liquidwater content. Thereare two reasons

why it is feltthat this approximationdoes not introducea largeerror. ‘

First,a computationwas made underconditionswhich shouldshow

up the differencedue b the wrong rate of change. These computations

are givenin Table7.2 and 7.3. The computationusingthe methoddevel-

oped in this paperIs #4 of Table7.2. ~ is 1.59; the fractionalloss in

energyis .35. To make a propercomparison,one shouldfindthe changein

the slopeand use it to inteCrateoverthe rangeof ~ from1 to 1.59.

However,the changein slopeIs not knownto the presentwriter$so a

simplerprocedurewas devised. It consistedof applyingthe equationfor

E~Ec in five successivestepsof smallintervals. At the end of each

stepthe shockwave propertieswere foundfrom considerationof the energy

lost in that step. Thesenew propertieswere thenused to find E&/~ at

the end of the next step. See

If the originalequation

the effectof the liquidwater

Table7.3 for thesecomputations,

for ~/~ were greatlyin error because

on the rate of changeof Ps was ignored,

thisprocedureshouldlead to a significantdifferencebetweenthe two

methodsof canputation.Therewas no difference.The fractionalloss

was .35 for the firstcase and .348 for the second. Theseresultsgive

confidencein the methodfor xl~ 1.5.

The secondreasonwhy thie asswption shouldnot ~tro~ce a large.

erroris due to the natureof atmosphericcloudformations.In the most

probablecase,wherethese energylossesco~d OCCUr~Mere ~~1 be a

cloudlayerbetweenthe pointof bomb-burstand the target,and a space
+,

of nore or less clearair betweenthe bomb and the cloud,end less prob-
..9*=*:**- ● a- ● ~ .. .

ably,betweenthe cloudand th6m&x:un?.~0~ co:a~etience,the computation
.- :,*.*9--=‘*=...=+
..2!+-=

iik!iii”
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computationis firstmade

of the energy loss to the-pointwhere the cloudends,assumingthe cloud

‘extendsintothe pointof bomb burst. This computationis correctedby

subtractingthe energynot lost becauseof the clearair space. Thus,

only the actualcloudthiclmessattenuatesthe shockwave. In most prac-

ticalcasesthe ener~ losswillbe only slightlyoverestimatedbecause

of the neglectof the variationof the rate of changeof the shockprop.

ertiesin the cloud.

a. Evaluation~Int~~rals

J)%ewereThe imtefjralsfor E

of Division1613 of SandiaCorporation:
!

The proceduresusedwill be discussedby

data on the frequency

normalizedto yield:

Thesevaluesof

nunmricallyevaluatedby personnel

Mr. C. Hasseland Mrs. Sutherland.

them in a separatereport. The.

obtainedfrom aufmKampewere

f(~) were then used in ~. (6.o)to evaluateit

for four typesof clouds: stratus,stratocumulus,nimbostratusand cumulus

congestus. The valuesof ~ were 1.5$ 2.0$ and 3.0, ac was used as 8,

12, 16, and 4.* The resultsare shownin Figs. 5.1 and 5.2. Smooth

curveshave been usedto connectthe points. The upperlimit for %hc

is clearlydefinedas the ccmpleteevaporationof all liquidwater out to

~, the limitof the integration;From the geometry,it followsthat the

upperlhit for E@e is (X)3-10

b. Procedure~ Computations

‘Thecomputationof the energyloss for a particularyieldof

w Some cloudformswere not eva@@@d for={il~-i?~u~sof ac. Whenever
. .- -

Eo/Ecwas nearthe theoreticalli&t,-f&iH&
..*y-~?“’ .?“=.

~=.

. .. . .=9-.
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bomb and a specifichalght:o$&.u’~dis&l~fie&l& situationis made in
---- ●:.:**● *

severalsteps, The firststepis a basicone which can be used formore

complicatedsituationsby appropriatemodification.The purposebehind

it was to esttiwtewhat orderof magnitudethe maxbnumeffectof cloud

mightbe. If that effectwere negligiblysmall,no furthereffortwould

have to be expendedon the problem. Therefore,it was decidedto make

the followingassumptionsfor the basiccomputation.Theseassumptions

*
are in additionto the ones alreadymade for the computationof ~/Ec*

1. The yieldis 100 kt TNT equivalent.The bcanbis explodedat a

heightto mwdmize the 10 psi level. The energyloss at the 10 psi circle

was of primeinterestOand therefore$computed.

2. A largeliqul.dwater contentof q“ 1 g/m3was assumedfor con-

venience. All the liqtidwater out to the 10 psi circleon the ground

was assumedto be evaporated,in orderto get an upperlimit.

3. The cloud (fog)was consideredto extendfromthe groundto the

burstheight. This assumptionwas used onlyto simplifycanputational

procedure. Computationswill be discussedlaterwhich utilizemore prob-

able clouddistributions.

4* In this step and the remainingsteps,the energyloss at a

pointon the groundwas computedassming thatthe blastenergywhich

arrivedat that pointhad traveledalongan essentiallystraightline

w It shouldbe notedthat someassumptionshad to be made in lieu of

betterinformation.Some of theseare not

were believedto be the best at the time.

penalupm theseassumptions,the purposeof

the methodused - is f~filled~-=~‘~”~ “~.
w-- . . . .

. .? = =
9*.*-- --* ● *=

. . . . . . . .

. . . .D. .

Wm5

whollydefensible,but they

Sincethe methoddoesnot de-

this paper- to demonstrate

. . . 90

. .9
-=

----

. *.

. . . . .

. . .

-..s
----
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5. Two asstanptions

1951,when this studywas

determined:

● ✍✍✍✍✍ ✎✍

✎✎✍✝ *we ..9 .0

were used for the energyof the blastwave.

made,that figurehad not yet been precisely

In

a) $7$ of yieldenergy.8

b) 55% of yield energy.9

Mscussionof the resultsconsiderin~thesetwo conflictingfigures

for blastenergywill be givenforeach specificsituationconsidered.

c, BasicDatq

1. l?romLA-7~3R the heiChtwhichmaximizes10 psi for a 1 kt,

yield,is 1000 ft, and the 10 psi pointon thecroundis 1650 ft frm

groundzero. Multiplfiw by (100)1/3= 4.65 to obtsinfi~uresfor 100 kt.

yield,a heightof 4650 ft and a distanceof 7,660ft are obtained.

, 2. Energyin blastwave of 100 kt. yieldbomb is 8.75 xl@3 cal-

orios (87%of yieldener~).

?’ 3. The volume(V) of a sphereof radiusRmeters is

3V-kmR3/3m .

h. The energylost f?mm a shockwave due to eva+porat~.onof q grsms

of liq~d water per rn3,whoselatentheat of vaporizationis L cal/gis

qLV calories.

54 The distancefrom the pointof detonationto the 10 psi circle

on the groundis 8950 ft (2T30

qL(@/3)Rl~=

m), and will be denotedas Rio.

13Cal.5.12 x 10

* ThisassumptionneClectsHach reflectionand flowof

part of the shockwave to another. See Ap~entixlV for
“... ● WO ● ** ● 9

this assumption. ●m. e = - - = ●. . .. . .. :y+:...- .0.* 8.]9 ● ** ● .9 ● .9 -9

F ‘--~

● 9.
. . ●8*

7

7 -> )
111

,,1, --

energy from one

a discussionof
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F, fractionof energylc& ~~ ~,~t~~”oO~=e&@ylost to the energyin
9 ...* .9:9. . ..

the blastwave.
..... .:0:*.● O

F is 58.5% for the case where it is asenmedthat $7$ of the energy

goes into the blastwave,and 92.5~ for the casawhere 55% of the energy

goes into the blastwave,

This energyloss i~ certainlysignificant,althoughit is not pre-

sumedto be correct,becausethe waterwill not all be evaporated.The

conclusionthatthe effectcan not be ignoreda prioriis justifiedby

the resultsof this computation,and furtherrefinementmust be made to

determine

d.

the lossesto a betterapproximation.

Use of Efi/E.Curves
—.w—

For the computationof the energyloss in any specificcase,

where completeevaporationof all the liquidwaterwas not assumed,the

computationsin (c)were usedto obtainthe absoluteor relativevalue

of the energylass in the followingmanner. The energylost insideRc

was obtainedby usingthe ratiosof q/1, and.(R~R10)3 times 5g.5%. This

fi~re ~ivesthe percentenergyloss insideRc. Then Z&/Ecwas computed.

Two fi~ureswere obtainedfor this,each correspondingto the upperand

lowerlimitobtained

cent energylosswas

percentloss in Rc.

forRc (tobe discussedin Sec. 6). TMI totiiper-

obtainedby multiplying
r 1

EO(EC)-l+l t~esthe

Once the percentenergyloss at a~iven pointhad been detemined,

then

from

the overpressurewhichwouldarriveat that pointwas determined

LA-743Rby assuminfla bomb of appropriatereducedenergyat the

givenheight.

!Ilwsa58.5%

amplewouldmean a

previousex-

‘hiS bombwoul.d
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● *W . ● ** ● ** 9=

10 psi. The computationsfoll~w;
.

(41..5W = 3.45; 4650 (s.45)-1= 1350$ for reduced

766o (3.4s)-1 = 2220~ for reduceddistanceout. ~us

@eld bomb at 1350 ft heightgives 6.2 psi at 222o ft

Noteagainthat this is an upperlimitcomputationas

dxwe ●

The computationsin Table

made to showthe EMU&SUmeffect

7.1 which are plotted

burstheight

scalingto a 1 k-t.

from groundzero.

explainedin Sec. c

on FiE. 7.1 were

possibleof aq of 1 g/m3. All liquid

water fromburstpointout to the pointof ccaqmtationwas consideredto

be evaporated.Thus the maximumeffectof this amountof water is shown

in Fig. 7.1. However,the theorydevelopedin this paperhas been applied

in Table7.2,which is plottedon Fig. 7.2. This resulthas been found

assuminga Rc of 4800 ft, and a q of 1 gm/m3. Beforediscussingthe~e

results,it is necessw~ to evaluateRc and sane constantswhosevalues

have not been neededin the discussionheretofore.

6. Ih.wiluationof R.

In orderto evaluateRc, certainconstantsmust be determinedwhich

have bem unnece&ryfor the developmentof thetheoryto this point.

Table 6.1 showstheseconstants,the equationin whichthey occur,arida

referenceto the literature. ~ accordln~to Hinzets theory,is plotted

VS. Ps i.nFig. 6.1. ~ beinga functionof P~ only,it will not ch~e

for various@elds, exceptas Ps changes. as, however,is a functionof

yieldas well as PB (see~. (4.3))and has beenplottedon Fig, 6.I.

accordingto the theoryof this paper (curves labeled1a9(l!)1)Yand accord-

ing to Penneycstheories(curve~.la?xiled ~~(~))~-=The ~~~1curvesare-==. . =“,
...36..::-~~zu..... ...

r=**- .* ● ●--- ,“---- .V*

A

:—–. s----

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



.

25

m
z
o
~ 20

O**

●

,*

I **

J5

all:
●

/’
0

0

#
0

0
0

,0 — at according to Hinze
q =6J

0 ./“ pau~
4

-x
/“ -–— 1.4 at<0 “d “

— ● — at according to Penney
at =Iq

(PJ

I

20 15 10 0

041 ●

9

41 ●

Fig6.1Diagram?ordetenulrmtionofRc. PSI
Symbol~ is the rdius of the M%efi drop leftafter the passage of shockwind. 8, b.*. ra@iw of the hrgut drop
which OAIIbe evaporated the correepodlngoverpressureof a givm yieldalrburstatomteH. ~[P) ~~$e currea
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----- :
1~‘‘&r~e..but are displacedupwardeesential.lyof the sanefti~y a: th~==== =’-... w..mm

by a constsntpercenta~e.Th&e~~r~, our basicphilosophyofunderesti-

matingthe effect,requiredthatthe !Ptcurvesbe used ta detemine Rc.

These Penneydeterminedby showingthat:

wherefl~is the

determinedfrom

e

~
(T8 -T) dt = 5/M (@s)&

o

peak overtemperature,and & the duration. ~and @were

{7) m (S). It is believedthat thereis quitegood

agreementbetweenthe ~H~

of apprcudmationsmade in

essentiallythe samewhen

Therefore,the expression

curvesand the ‘Pfcurvesconsideri.n~the number

derifig them. The slopesof the curvesare

100 kt. H and P, and 20 kt. M and P are com~ed.

(4.2)shouldbe valid,no matterwhich curveis

used to evaluateac and Rc. ~ usingthe tP! curves,one underestimates

Rc, which seemsreasonablein view of the largeloss of energyfoundwith

a smallEC, and thus one underestimatesthe energyloss. As far as ~

is concerned,the We numberof 6 is probablycorrectonl.yto~ 40%.

Assumingi: to be+ 40%, Rc correspondstoll.5 psi for a100 kt. yield

(oratist=ceof 4300ft) and% correspondsto l@.

This Rc, then,ie only about~% smallerthan the smallestRc (4280)

whichwill be used. The increasein sizeof BC from15.5p,whichwas

used,to lQ in this case,wotidno doubtcompensate,as far as energy ,

loss is concerned,for the decreaseof Rc, If the M curvefor 100 R.

were used,Rc would correspondto about10.5 psi, and

imately17.5p. Rc wouldbe L280 (the snal.lestvalue)

larger,thus increasingthe effectiveloss of energy.

ac would be approx-

but ~would be

Similarreasoning

.-
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symbol

c1

C2

C3

C4

b

we

90

K

L

NUMERICALVALUESAND

K.Jk

1.1

2.1

2.2

2.3

1.2

1.2

1*2

(p7)

(P14)

~c2c4 14*2

Value

-7
1.12 x 10

Dtiensions

cm2 sec-l(OC)-1

w 2/3
$.4 x lo+l~) (psi)(secft)

Ref’erences

2

‘hisvslueis not used. at ie expressedas a
functionof overpressure.See Fig. 6.1

5.5?

1+7x

5

72

6

1.23

x 10-5

600

4$ WV3
10 (~)

‘c (psi)-1

dynesjcm

none

kg/m3

cal cm-lsec-l(OC)

Csl(gm)-1

cm2 ft

Ref.8and Fig.3.6

Handbookof
Meteorology

3

Handbookof
Meteorology

Handbookof
Meteorology

Handbookof
Phy~ics

. . .-- ~ - .- .-=-,
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Penney,
@

on page 8 stat~d-ii ~.holIog~B~p~il!note that
,= === ●***am00 %“~h’d

been experhentallyverified. If this is correct,then the Penne~curve

for ~ 5s the correctone. This is the dashedcurveon Fig. 6.1. In this

case,RC would correspondto about5300ft (7.6psi) for 100 kt.,

ad”=lL.W; for 20 kt. Rc = 2950 ft (8.6PSI) and ac = 11.~. ‘fhus,Rc
d

is only slightlylargerthan ourmxdmum valuesof 5200and 2900 for the

respectiveyields. In orderto continueto be on the conservativeside,

the valueof ~ derivedIn this paperwill be used.

Inasmuchas it will be shownthat the energyloss is not a ve~ sen-

sitivefunction*of Rc, if ac variesin the opposi$edirection,it is ob-

viws that one need not worrytoo much in this paperabouttieingdown

Rc more accuratelythan it has been for the caseof fog and clouds.

If, as in Sec. 3c, the valuesfor ~ shouldbe increasedbyup to

40% due to the ventilationfactor,then in the case of a 20 I&c held us-

ing the M curves,Rc would correspondto approximately9 psi overpressw,e

and ac

not by

equals15u. This variationwould increasethe energyloss although

4@ (probablyin the orderof 10 to 20%).

7. Hei~htof Burstvs. OverpressureCurves

This sectionappliesthe theoryto the caseof a100 kt. airburst

bomb. The originalburst-heightcurvesof LA.743R have been plottedfor

the 100 kt. yielddirectlyandwill.be comparedwith the curvesmodified

by evaporationof fog drops.

As a checkon the theory,and an indicationof the upperlimit,

Fig. 7.1 was computedwith the assunptio#hat&l the liquidwater is

evaporatedfrom the burstpointto the chosenpointon the ground. The

... Q ... ..*●=
.“. . e - - : :..e. -_:-
9

* .2*,i.?:..:.::.:.=
For fog and clouds.

> ..- ●*m.-● ●

---, .=... -Lb9 :
s-.
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Computation
kwnber

1

2

3

4

5
6
7
e

9
10

31

5’
b

Height(ft)

3500

5000

3000
i+ooo
5000

h650
2500
3050

55@3
5500

393
5000

@oo
5000
4650
25cm
3050
5500

5500

R

?0=..
‘%OO”:o ‘“=‘“”8740

9000

9000
6500
65OO

5000
65OO
5750
5500
7000

6500
6500
5000
6500
5750

5500
7000

n

10300
9500
7650
8210

6800
6950

6510

7800
8850

w ~ = 8950 ft

W Rc = 480(Jft

q“l

PC = 9.2

Cloudtype:Stratus
Q&w 15#

.,

m

● 57
.912
.70
.365

.447

.258

.273

.225

.385

.565

m

4800
5500

6200
6900

7650

.156

.231

.330

.459

.63

.092

●U9
.193
.269

.368

TABLE”7.1
COMPUTATIONFOi FIG. 7.1

l@o” jR.Ro)3= n

,%

1.16 1.57
1.o6 1*2
0.855 .63
0.915 .:,77

0.76 *lb45
0.78 .472
0.?28 .3$5
0.872 . .?66
0.99 ●97

TABLE7.2

CCMPUTATI@ FOR FIG. 7.2

Rhc
1.82

2.14

1.97

1.59

l.n
1.42
1.4J+
1.35
1.62

1.84

m~

1.00
1.20
1.38
1.62

1.85

&EE
4.60

8.40

6.45
2.85

3.75
no

change

discernible

2,95

4*8O

TABLE7.3
CHECKCOMPUTATION

S&

o* 1.0
.68 1.72

l.l+o 2.50
3.10 4.3
L8 6.1

Ra = free air distancefromLA-743Rfor 2~o~p@el

c
...Ec,-:cor:~{itad-~a~us of ccmpletedevaporation
. ..= :=-”. . .

.,-x ~,==.”(&)3“useIIcI from pretiouscomputation
c... .*9.... . . .D..=-= = /$1—--- == .-=

‘k ‘=’

. .,
>
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● 9s*9. mm mw

I = .585n

0057
0.912

0.70
0.365
0.447

0.258

0.273
0.225
0.385
0.565

~

5.85

10.0
8.0
4.0

4.9

no

3.5 1000
not applicable

3*1
4*O
3.72

4*2
U6
4.26
3.94
3.51

z mz

.94 .*

.93 .665

.96 .35

.97 J@

change
discernible

4.10 .965 ●373
6.1o ●95 ● 54

970
100O
1340
1100

600
715

lWO
1570

3.65
2*4J.
3.21
4.05

3.84

3.98
3.5$

=’* Fractional Effective
loss fr. O to R Yield= Y~

1.0 0.92 90.8

.978 .132 86*8

.96Q .185 81.5

.954 .256 74.4

.951 .348

2280

2900
1625

1750

1190

1560
1350
ll@O
1990

&

960

2075

935
990
1300

1380
1540

Q

9.5

9.6

9.7

9.7

6.5

3.8
10

6.8
11.0

8.9
12.0

7.2
5.0

C&

2190

3740
2800
1600

1690

1380
1960

&

14

14

u
u

8

8

6.2
12.0

U*O
13.3

9.5
13.0
9.8
8.8

g

6.9

4.0
3.t.3

10,4

7.1

7.4
5.2

R~ R~

2850 4580

2830 4470
2750 4260
2750 4130

.
. . “52: ●:” :=”:0:

-----
.-’=-9 --==

e.- ..-=

. . . . . ● .* .09 . . . W*

.0 *9* ,.. 9 ●

-.. .’ ---- .OO. -. .-=—=.
:3=’7~-~> ‘.
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0 I 2 3 4 5 6 7 8 9 10

DISTANCE FROM GROUND ZERO
Fig 7.1 Orerpreseure as a Function of (THOUSAND FEET)

Buretheight and distance from ground zaro. It is amsumd that there is 1 gm/~ of liquid water preeent, and that

it IS completely evaporated. The energy yield is assumed to be 100 kt equivalent. ~ m-s fkom M 7&X
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6

5
u

1-

2

I

6.0 \
\ \

8.0 Y** \

\

0.0
Percentof Kadmuu area if fog
Occure:
Overmsssur e Percsn k

8 46 \In

12 66
\

\
I2.0
1

/

\ I 6.5 \

J 1 :/ ~

I f ~,

8
I ; A‘

/ 3 3.8 :
/13.0 ,

,/’ /7$j <

//

— NORMAL ATMOSPHERE /1 1 ● a

- – LICNJID WATER PRESENT
,, I 1)5’ ,/ ●

●

PLOTTING MODEL +$
‘2; ’10.0/‘

r’ ‘
8.0

(1= COMPUTATION NUMBER
/

b= OVERPRESSUREWITH LIQUID WATER PRESENT
6.0—

C= OVERPRESSUREWITH NORMAL ATMOSPHERE

I I I.

B.

Dea:
)**.:

●

IO*OC

● m
●

S**:
●

● o,.

● *
●

)**.

●
I**

o 12 3 4 5 6 7 8 9 10

DISTANCE FROM GROUND ZERO
( THOUSAND FEET)

Fig 7.2 C!verpressureas a functim of burst hsipht and distaRW fl’omground zero. It is assumsdthat q - 1 i?F/m3;
Rc . )J900ft; ac - Is ~. Yield: 1~ k$. Normal curves fromLa 7&3R.
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amountof liquidwateris asz&~~ &ai~ t~ b; ~ gm/m3. ‘hiscomputation
●**9.0**

clearlydoesnot dependupon the theorypreviously

be the case in Fig. 7.2). SinceFig. 7.1 is meant

servesonly as an upperlimit,its detailsare not

not be givengreatwei~ht.

Fi&. 7.2 showsthe effectof fog (or stratus

Rc ~ 4800 ft and w = 3.5tL.‘%e fog, as before,is

developed(whichWill ‘

for cmparison and

tOO tiportantand should

cloud)with q = 1 gm/m3;

assumedto extenduni-

formlyfrom the earth~ssurfaceto the bursthei~ht,but all dropsare

not completelyevaporated.

The computationswhichare includedin Tables7.1 and 7.2 corres-

pondingto Figs.7.1 and 7.2 weremade as follows:

1.

Iic“ Z!J300

2*

3.

The energyloss outsideRc was evaluatedfromFig. 5,1,for

ft and ~ = 15P for etr)tusclouds.

The fractionof maximumenergylost (z) is fo~d by Eo/Ec+ 1 u Z.

~~50)3(O.585)and ia the fractionof energylost frcm O~.(—

to R if all liquidwaterwere evaporatedassumingthat 58.5%is the frac-’

tionalenergylost from O to 8950 ft.

4. (knz) 100 Civesthe apparentyieldof

5. From this yield,the scalinglaws,and

overpre~sureis determinedat each point.

Consideringonly 8 psi overpressureat the

the bomb,

LL743RB the expected

surfaceand above,which

is the rqgionwherethe assumptionsfit the best,Fig. 7.2 showsthat:

(1) The optimumburstheifihtfor 10 psi overpressureis reducedfrom4600

ft to approximately3600ft; (2) Greaterchangesof overpressureoccur

for hei@ts of burstabove4000 ft thm for below; (3) Me bmst height

is no longerso criticalfor the madmmn, i.e.Jthe knee is flattenedout;

(4) The insetgiveqthe pd@& >f t~e=,um area obtainedif fog occurs,
.. ”..= ..-’. ..- ---:...0... ... .*=-=

. . . . . .0.=- .4%=== ~=. ..db
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and the bursthei~htis plannl&dc~~I~”10>s~.s&U 60%. The amountis 66%

for 12 psi and k6% for 8 psi.

A comparisonof Fiss.7.1 and

charqjebut littlefrom 7.1 to 7.2.

This is bec~us~the evaporations completeout to thelo -12 psi region

in FiE. 7.1 and almoatso in Fig. 7.2.

It is clear,fromthese.figureGand from the percentof maximumarea

● ☛☛ ● ✎ ✎ :e”

7.2 showsthat the 12 and 10 psi lines

The biggerchangesoccurfartherout.

obtained,that if the bursthei@t is plannedto maximize10 psi over-

pressurein a cloudlessatmosphereand foE occurs,a largelosswill be

rwa.lized.However,if a loverburst-heiEht,i.e.,36OO ft, were utilized~

the losswouldnot be nearlyas great. ‘fhearea in this instancewould

be 7L% of the maximumoliainablein a clearatmosphere.

It may elsobe notedthat sincethe llsharpness’lof the cur’wis re-

ducedconsiderably,if fog or stratushas a f~r chanceof occ~~ng~ a

lowerbursthei~htshouldalwaysbe cho~en,for if the weatheris clear,

the lowerburstwill not lose an appreciableamountof area,but if fog

is present,the areatill be mti-fizeda

Additional.chartsof thistype shouldbe made assuminSthe various
#

typesof weathersituationsand variousliquidwatercontentas has been

done for 10 psi (only}in Sec. 9.

G. Atmospheric;JaterContent

Iu orderto determinewhat type of atmosphericmodelsto assume,

several(Refs.9 - 11) studieshave beenmade by Hq. Air WeatherService,

Andrew Air ForceBas@.

Hefo 9 ~ivesa quick summaryof someof the wor~~whichhas been

“ done on drop sizefrcq~~ency=di-~fr?.bufi:b~d.j w.~ liquidwater contentof=.. - . .
. . ●W = ●- ~ -. ..- ---e.... ... .“.*...,.. >

s+Q... ... . .00s ●_== .,.. ●*91 – - - !:-: m
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TAELE8.1

RECOMMENDEDVALUESOF METEOROILEICALFACTORSFOR CCWEIDERATION
IN THE DHI~ OF AIRCRAFTICE-PREVENTIONEQUIPMENT

Air tmp. Liquidwater Mean effective Pressure
class Item (OF) content diameter altitude*

(g/d)
Remarks

(ticmns) (ft)

I-M Inetantan- 1 32 5.0 25 M,000 to 20,000 Horizontalextent: 1/2 mile
eousMaxhlum Durationat 180 mph: 10 sec.

Characteristic:Very‘high
!(1 #) a liquidwater content , ,,●“II ●

1$ ● W*
-.. . ..- . . . . . . . . . . . . ... -“ ,---- - —....--- . . . . . . ., - .,, ,.. - ,.S,. -W,.-.= .s,

9 (,4,,

J“I II*

!11, . ,, ●

-— —— -.. -—.,—

., I

4- “

●*(IO*:

ill

● I-H Idstantan- (5 32 1.0 20
d,

10,OOOto 20,000
(lJ,.I*a(l,:,,● *”8

‘:“ 40W”lonnal ●*e,,.
e**-.—

““1

* ● .**’”*
~ --...—-”..................

● .a
...........—----..........,.,.-.+..-_--._ .._ .—c._-..—.——. ........—..— —-..—— —=-y

:::I<qp.&te~& ~ 32
,,.i,

2.5 20 10,OOOto 15,000
“•● tentMaximum 16

Hofizonatalexbent:~ifi,&~s,,,,
,81(,* 32 1.3 30 8,000to 15,000 Durationat 180 mph:0 ~ *Jd :’e@L’

-’* n o

-J* •~111~1 a. 32 .4 50 8,0MItO 15,000 Characteristicc: Hi&h~:tiqdy. ● “a

—— d - .,. . . ....>. .,
watercontent >

......_,.”.,,,,.,._.........-,...,--,......—_._.-_--_.,_..=____

II-MIntermit- 26
tentnormal 32 .8 20 8,000 to 12,000

-. -.--—
,4

III-MCOntjJ1- 31 32 .8 15 Horizontalexbentand duration:
UousMaxbmlm 36 32 ●5 25

Q
continuous

32 ,.15 40 3,000to 20,000 Characteristic:Moderateto
—- ,,............——- — ..........-,,.>.......,.,,,.— - -.——. — ....—..-——— .-.--——.——...— low liquidwater contentfor

III-MConth- an indefiniteperiodof time

UousNcarmal 46 32 .3 15

—.—- ---- ——.— . .— —. —.- .,... -,...s
—----- ,. —-+----- -.. ..— ___ ,,. . . . ----- .-.. - .- -c.. . . . .. . . . . . . . . . . . . . --—

IV-M
FreezingRain

50 25 .15 1000

~ Altitudesaccordingto aircraftbaranetriceltimeter.

o to 5,000 Hozazaltal extent: 100 Xliles
Durationat 180 mph: 30 min.
Characteristic:Verylarge
dropsat near-freezing
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the atmosphere.*.A completedific~$sionfs ~e~ondthe scopeof this paper.
●9: ● ● W“ ●:0: W:*●89●*

However,excerptshave beenmade of pertinentdata.

Ref.12, whichis not mentionedin (9),has in its TableI liRecom-

mendedValuesof MeteorologicalFactorsfor Considerationin the Design

of AircraftIce-PreventionEquipent”.

Table8.1 presentsexcerptsfromTableI. It must be remembered

thatthesevaluesapply only at 32°F. ‘l!heoryand othermeasurementsshow,

furthcxmore,that at highertemperaturesand loweraltitudes,a higher

liquidwater contentis probable, The measurementsof Nyberg9showdata

consistentwith Ref. 12. In his data,the liquidwater ccmtentranges

with visibilityas follows:

Mean Valueof q, Visibility

o.&l g/nl 30-90meters

0.43 “ 200-300 “

0.30 “ 500 “

o.21 n 700 “

0.15 ‘f 800 1’

Sincethe otherdata of (12)gave neithertemperatureor visibility

at time of observation,it is difficultto detemninethe completesig-

nificanceof theirobservationsfor the presentproblem.

From Nybergtsdata andRef. 9, one CWI bS j~tified inas~ociating

>.

% Severalerrors~~erenotedin thispaper: (1) page4, line 21 the mean

effectivediameteris the meqn volume diameterwhere a is the dismeterof

the drops.

> m

;

(2) page 7: See correctionM

3

P

3f a~

J()fada
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FREQUEECYOF

--= 4$=0 ● 00
.-. .s Q=*8B
-- ..0 ● **8***

● ☛ ● ✎☛ ✎☛✎ ● }.99 ● .

‘, TJ.J3L.}8.2 :. : :8 m..S: OO*O . .
Low CLOUDS~h YH AT“fi;&s’tiATIvERUSSIANCITIES

WEATHERTYPi3S-t

1. Moscow

2. Kharkov

3. Stalingrad

07:00
-—

A ~

44.5$ 1?.2%,
I

53.4% 19.2%;

10.8% 22.8%

13:00

& ~

34.@ 12.1%

55.7% 11.1X

12*4% 29.8%

.

.

* Mr. C. N. Charlesof SandiaCorp.kindlypointedout an errorin this

tablein draftfonn and suppliedthe correctdata.

+$+? Time is local standard.

- Weathertypes:

A - Less than 5/8 mile visibilityand/or1000 ft ceiling(or less).

risibility@.~~&qmlOOOft to 2000 ft C~fliIl$.
... ● .9

.*. - - .-. . ●

a=-’ ‘“’
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q with visibilityaccordir&jojij tE@< an?~ifthereis a densecloud,
,m .8* wm-

3say that q is of the order;f.~)l~~~m ;D;d thus estimatethe liquid

water contentfrom visibilityand ceilingobservations.

If the frequencyof low cloudsand restrictionsto visibility(fog,

rain, etc. ) is known, onemty justifiablyinferat leasta roughidea of

the frequencyof high liquidwater content.

From&f. 10, Table&3.2has bet-mpreparedto give an ideaof the

prevalenceof conditionsat variousrepresentativelocationsin the USSR,

favorableto a high value

5/8 mile and/ora ceiling

between2/10 and 1 gm/n3.

less at the surfaceup to

of q. For conditionA, visibilitylessthan

of 1000 ft or less,it is estimatedthat q ranges

For conditionB, it will ran~earound1/10 or

36/10to 1 gin/min the cloud. A mean surface

temperatureof between20° and 300F has beenassumed.

The hish percentof observationsof conditionsA and/orB shownis

primafaciee,tidencethat therewill be a goodprobabilityof losing

energyto evaporationof fog and cloudin the winteroverthe USSR. For

example,in Moscowin Januaryat 07:00LST, a frequencyof 53.1+%of con-
,

ditionA meansthat thereis a high probabilityof loss of energyto

liquidwaterfor an atomicbomb deliveredat thistime of day - at r~dom.

It is obviousthat if a strikeshouldbe plannedfor a daywhen cloud

covergivesroa~_m.-&~=oteqtiol~*t&attackerg,thereis also the maxi-.-—

mm probabilityof 1OS$ of ener~~ fromthe shockwave,

Furtherstudiesof weatherconditionsconduciveto lar~evaluesof

q were

now be

beingconductedby Hq. AWS and a reporton thesestudiesshould

availablefor use in furtheranalysisof this probla.
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Previouscomputation~=ha~;,-fo;=;fifll~city,assumedthatthe clouds

etiendedfrom the burstheightthroughoutthe lower atmosphere.The weak-

ness of this assumptionis recognizedand severalmodelsof the liquid

water contentdistributionin the atmospherehave been adoptedas being

more realisticin that they are more frequentlyobservedthan the first ‘

assumption,but do not interposeundue

Four typesof atmosphericmodels

.

Type No. cloud~

I Fog

II stratus

1X1 Fog

Iv Fog

difficultiesof computation.

will be awmmed as shownbelow:

Base Tops

o 2500 ft

1000 2500 for 100kt yield

2000 for 20 kt yield

o 1500

o’ 500

computationsW5Jlbe made for each Of thasetYPeSof 2/10~5/10D

and 1 P of liquidwaterper m3.

In orderto investigatethe influenceof the fact thatRC is not

‘ preciselyknown,(9eeSec. 6), a furtherrefinementis addedin that for

each casethe computationswill be made for three setsof valuesof Rc

and aoj as below,for 100 kt, yield,

and for 20 kt. yield
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a) 2350 12.6#

b) 2500 12.0/4

c) 2900 il.@

‘M raaems for this choiceof valuesare discussedin SeO. 6* An

exampleof the computationfollows:

Type Weather: II

Yield: 100 kt,
0

h

Rc

a) /+280

b) 4800

C) 5200

!q

Z2

Geometry: ~.

filJI=

(g$)3“
($$)3“

OJ =

CM/Rc
aG

15.5 1.64

,15. l.k’?

1.35

I+650;OP = $950

2500;Jf3= moo

+&’%
1500jOJt = 3650 J’

(.464)3-.099 1-.,.—---........-,.,-..-——— 1
i? P

(*)3 “ (.786)3* .I+9

(.786)(8950)‘ = 70301

2.2 2.3 .9b 96 23.

1.6 1.65 .97 37.5 22

3.13 3*5 ,98 38 22

%+1
Ec (forOJ)

%3
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PERCENTLOSS OF ENERGYFOR REALISTICATMOSPHEREMODELS

..
Bomb yield 100 kt at 4650 fti 20 kt at 2700 ft
and height

Weather Liquidwater content

type gm/m3 ‘iqtid&sr content
.

2/10 5/10 1 Z/lo 5/10 1

b 9.8 24 49 10 25 51’ -

c 100 25 50 10 26 52

11 a 4*2 10.5 21 2.6 7 13

b 4,2 u 22 2.8 7 14
..

c 4.2 11 22 2.8 7 14

111 a 6.o 15 30 9.2 23 46

b 6.2 15 31 9.2 23 ‘ h6

u 6.4 16 32 9*4 23 47

IV a 1,6 4 8 4.4 11 22

b 1.8 4.5 9 4.4 ~ 22

c 2.0 5 10 ~.6 11.5 23
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Usingthe

the bomb

in Table

By

Energylost assumingcomplete

abovecomputationalprocedure,

= z~ (5$.5)

evaporation

and assumingthat 87% of

yieldfloesintoblastenergy,the percentlossof energyis given

9.1 for variousconditions.

subtractingfiguresfor type IV weatherfrom the corresponding

fiCuresfor type I or 111,one can obtain,if desired,an additionalesti-

mate of loss for the casesof:

a) Stratuscloudbase, 500 ft tops 2500

b) Stratuscloudbase, 500 ft tops 1500

To see the differencethat changingthe assumptionthat 87X of the energy

goes into

(that55%

Table$,1

them very

blasteffectsto the one,whichis probablyof greatervalidity,

of the energygoes intoblasteffects),eachof the figuresin ‘

shouldbe multipliedb:-1.57. This,of course,makes saneof

large indeedand, in fact,it is doubtfulif all otherassump-

tionshold goodin thesecases. &wever, it is clearthatt

a) varyingRc and ac in accordwith the limitspreviouslyassigned

has littleinfluenceon the loss of energyobserved(the com-

parisonof a, b, and c showsno significantdifference).

b) In many of the atmosphericcases,such as 111,Table9.1, (with

5/10gm/m3liquidwater contentwith 20 kt. yield)the percent

loss in energy(whichis 23% on one assumptionof magnitudeof

the totalblastenergyagd.36%:n:ti~qgther)is significantly
● ----.-: :0 ::---- -

large.
,*=-e- -.. ● “..*=● =*=-*“=
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c) TO minimizethe los~=OO..e~er& t:?.I}$uidwaterin the atmo8@ereJ

until furtherstudieshave beenmade,it is recommendedthat
,,

the desiredbursthei~htof a bomb of givenyieldbe reduced

by 700 to 800 ft for a 100 kt. bomb

appropriatevaluesfor otherY+ields

10. Effectof Rain

The case of rainis essentiallysimpler

&~n maxtiizing10 psi and

and desiredoverpressure.

than that of f~g or cloud,

for the sizeof the

firsttwo integrals

range. ~us since:

. .

dropsis much greater. Therefore,in Eq. (6) the

involvingai are zero,sincef(ai)is zero overtheir

r
@

[
(%)3 f(ai)d% 0 ~

(6.o)becomes

(7.0)

X=1

%
lhis may be waluated ~th X1 “ 2 ~S ~= 99’78●

.
It may easilybe shownthat“themajor contributionto this integraloccurs

with ~&l.5. Thismeansthatthe total.energwlosswillbe

q = (1 + ,978)Ec = 1.978EC. For the caseof the 10 psi circleand

Rc= 4800 for100kt. yield,the energyloss (~) will be 1.978 (4~)3Ee

where Ee is loss

Ee = 5@ for q =

Sinceq in

if all waterout to a

1 gm/m3.

a heavyrain $o.ti<-b?-.

radiusof 8950 ft is evaporated.

:ff: 5 gm/m3,one could
.“

**
.0

*“*.
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observean energyloss of 5~1:7.~) ~“&’~:~f ~s$.assumptionsmade held
9 ●**e 8-*:09*.

true. obviouslytheywouldnot. However,them figuresare givento in-

“ di~atethatthe effectwouldnot be a minor one.

Thus~everyeffortshouldbe made to avoiddroppinga bomb of large

yieldin a rain storm. As shownin Sec. 6} Rc increasesmore thanpro-

portionallytoscalinglaws for atomicexplosionsof largeryield. There-

fore,work shouldbe done to determineaccuratelyRcw underrain ~n.

ditions,so that a more accuratepredictionmay be made.

11, summaryand Reccmmmndations

Usinga methodof computationdevelopedin the text,the energy

lost by a spherical blastwave outsidethe radiusof completeevaporation

has been

type and

In

found,as a funationof radiusof completeevaporation,cloud

yieldof bomb (throughP~ and at).

nearlyeveryinstance,the assumptionswhichwere made tendedto

underestimatethe effectuponthe blastwave. However,this effectwas

foundto be considerable,dependi~, of course,upon the particularcon-

figurationof bomb and weatherconditions.

The effectin rainwas foundb be greatenoughso that avoiding

sucha situationin combatmissionsis stronglyindicated(Sec.10).

Otherrecommendations(mostof whichare in the text)are$

w Thesefiguresare computedon the basisof 87% of yieldgoinginto blast

energy. If the figureof 55% is true,thenthe percentagelosswouldbe,

respectively,27% for 1 @/m3 and an impossible138% for 5 gm/m3.

- If in the caseof 100 kt, Rc is variedfrom &280 to 5200,the energy

10s5 variesfrom .’?lto 1 to

as unity.

1.i?7;--Were”~&@?g~~osswith Rc = 4800 is taken=-- . .. . *- ? :* . ●.-=
● . ..e..@*● **● 9*=*

.. ● 9*... .$b:: ...
.e .

i@lR!HE’

,=

-.
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a) If fog or stratus”h.asla~boocfp~ob~b~lity(orderof 2,5%or more)
. . be. .:.: ~:>:.-“*

of occurringat striketime,the plannedburstheightshouldbe

loweredby an appropriateamountto avoidlargelossesin the

areaof a givenoverpressure(Sees.7 and 9).

b) Curvesof Eo/Ecshouldbe recomputedusingrecentlypublished

data on drop-sizedistribution.

C) Usingthese curvesfor ~@c (orthe one$ in the tefi)lCompu-

tationof 6, 8, 10, 12, and 14 psi overpre~sureshouldbe made

similarto those for 10 psi in Sec. 9 ~d USiW CUX’VeSof Qver-

pressurevs. burstheightfmn LA-1046.

d) Anelysisof a reporton weatherconditionsleadingto large

values of “q” made by Hq. Air WeatherSetice shod.dbe applied

to thisproblem.

e) A suitableexperimentalpro~rsmshotidbe plannedso that Rc

may be verifiedfurtherunderactualatomicbomb (not scaled)

conditions.

f) Use othermethodsto refinecomputations~such as the appli-

cationof the work of w. R. Lane) Ind.Enc. Chem.& 1312-17

(June1951),to the detonninationof We.

g) See recommendationin AppendixV.

,. .L..
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aufmXampe,J. MeteorologyL-54 (1950).

Houghtonand Radford,Papersin Physical.Oceanographyand Meteorology,

M.1.T,sndlioodsHole,Vol. 6, #3 p. 27 (1938).

Hj,.n~e,Appl.Sci.bes.,Al (#4)273-88(19L9).

Kinzer,G. D., and Gunn,Ross,J. Meteorology,Vol. $ #2, p. 71

(April1951).

Gunn and Ki.nzer,J. Meteorology,pp 243-4%(Aug.1949).

W. G. Pemney,BR MOS 1/4$ (June19Q3).

Effectsof AtomicWapons, AEC, (1950).

SsndstoneReport#20.

ffLiq~d~~atercontent~d haterDropletDistributionin CIOudE1lj~{q.
,

A\{s,(June1951).

‘lCloudsnd VisibilitySummariesfor SelectedRussianStations’i,Hq.

AW (July1951).

Bibliographyon LiquidWaterContentof

NACA TN-1655.

Houghten,Porzel,W.nes and Whitener,

AtmosphericModificationas Protective

Incendiary

utilityof

Effectsof AtomicBombs1.

SmokeScreens,22Nov.1950,

the Atmosphere,Hq. AWS.

LA-743R#

Measures

LASL (Aug.3, 1949).

A~ainstthe Prim~

GeneralDiscussion

NavalRadiological

of the

DefenseLab.
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IIH?FEFLENCESB5TJEl!NTHE PIWWHT STUDYAND THAT OF W. G. PENNEY

The fundamental.

and this reportare$

1) Recognition

differencesbetweenPenney;s study: BR/MOSl/43

of the influenceof the frequencydistributionof

drop sizeof cloudsand fog. W. G, Penneyassumedthat all

dropswere flreaterthan at. Jg5enti~Y, he obtained~ ex-

pressionsimilarto 7.0 for both rain and fog and thus under-

estimatedthe effect

termsof Eq. (6.0).

2) Use of ~. (1.2)for

considerablyby neglectof the othertwo

‘tracliusof largestdrop stablein an air-

streamlf.The paperfromwhich

ableto W(2P.He used (Ps)2at

imationto the Hinzerelation.

thiswas obtsinedwas not avail-

-1
- 10 , which is not a bad approx-

3) Use of a differentset of shockwave parameters.U. S.-dataon

atomicbomb shockwaves,presumablywas not availableto him,

both becauseof securityrestrictionsand becauseof the reports

whichhave been publishedrecently.

L) Penneyfsstudyassumeda bomb burstat the surface;this report

used air burstbombs.
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EFFECT

It is appropriateat

ON THERMALRADIATION

this timeto mentionin lightof Ref. 14 (which

emphasizesthe numberof primaryfireswhichcodd be startedby thermal

radiation)that the effectof cloudson thermalradiation(andviceversa)

is to reflectnearlyall of it back fromthe face of the cloud, This

effectis exactlythe sameas

frommany cloudsand found in

as followst

Thicknessof Clouds

Reflection

Transmission

Absorption

the solaralbedowhichhas beenmeasured

*
accordancewith theory, to be approximately

60 meters 100 meters 1000meters

65$ 72% 92$

32% 22% 2$

3$ 6$ 6$

Thesefi~uresimplythat if thebomb is abovethe cloud,no thermal

radiationwill hit

the targetwill be

face of the”cloud.

This effect,

qualitatively

when thereis

bestmightbe

that

the target,but if it is belowit, the radiationat

considerablyenhancedby reflectionfrom the lowersur-

plusthe effecton the blastwave,leadsone to sw

the worstweathersituationto use an atomicbomb is

fog from the groundextendingto about2000 ft,while the

belowa cloudwhose base is 2000 ft to 2500 ft.

*
See The Handbookof Meteoyo).ogy.... ... :..

● 9.-- ~-.. . . . -
.- i i- - -= - -

---- =--
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!!PAT}j~GTHW OF T~.1SHOCKTHROUGHLIQUIDWATER

Therearetwo naiveways in whichthe pathlengthof the shockwave

thro~h liquidwatermay be approached.The firstmethodassumesthat

the blastenergywhich arrivesat a unit area at PI originatesin the solid

angleat O whichis subtendedby the unit area. The blastenergythen

passesthrougha segmentof a spherewith a radiusof OP1. It is clear

thatthe ratioof the energylost in this segmentof the sphereto the

incidentenergyis the sameas the ratioof the energylost in a sphere

.
of radiusOP to the totalenergyof the blastwave. ‘Thismethodwould

givethe averageenergylost at pointP~, exceptfor the fact of &ch

reflection,and the

from severalpoints

energywhichis fed throughthe Mach Stanmechanism

betweeni3and P! towardP.

o

The secondmethodis to tske a coneof revolutionOP$ aboutOB and

comparethe blastenergygoingintothis conewith the energyrequiredto
.

evaporateall liquidwaterinsidethe cone.

Let OP= 8950 Zp

0!3=4650 Opt

(gy)3

TABLEIV-1 ~

o 2000 4000

4560 4960

. U+ .171.

&l.&o

.322

...:.**em..

●o*.

6000 “7000

7590 8520

.61. .$6
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Fig. IV-1 showsthe ~ewrc}n~-of~en~fg~~oss at any pointon the ground
=-... ●**:**9*

at a distancefromgroundzeroof BP!. The curveon Fig. IV-1marked

‘sphericalmodelftis the percentenergylost,assumingcompleteevaporation

with 1 gm/~3of liquidwaterpresent. The computationswere made assuming

that eachunit solidangle(Q) (tiichis the fractionalpartof the total

solidangleof
a

~‘)
has incidentenergyof ~ timestie tots3ener~

(~). F~the~ore, no energyis fed intoor out of this solidangle. The

energylost to evaporationof liquidwaterin this mlid angleis then
$

Wnes the totalenergylost (~) or the percentof energylost in this

unit solidangle1s:

+%
(loo) = 100(*)= percentenergylost

It may easilybe shownthat the conical.volumeis the fraction

% gpl 2
1/2 (~) @) of the sphericalvolumeconsideredabove. Its curve

(conicalmodel, Fig. IV-1)is obtainedby multiplyingthe abovefraction

timesthe percentenergylost for the correspondingsphericalmodel. It
.

turnsout that the conicalmodel at pointP$ givesthe sameansweras the

averageof the sphericalmodel from~ to Pt. It is clearthat if one is

interestedin the energyloss at 7600 ft frcm groundzero,usingthe mean

via the conicalmodelwill give an estimatewhichis much too low, and

therefore,the conic~ model sho~d not be used.

In order to considerthe effectof theMach Stem,considerFig. IV-2.

If thistheoryis used,then it is clearthatthe differencebetweenOQ

and OP is negligible,and thus the path lengththroughMquid water is

approdnatelythe same. .“..:=S .:.~0*~.:“.-. . ● 9 - =- - -e=- =-- ●

● * ... ● .. ●*7 -*9 ● 8

98 .9* .6;+.= . . . . .

?...9== we

-3-=
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Anotherway of approac~~g;t~ep~oti;m:@d the most conservative
● 000: :-

way possible,is to consider‘ti;~k iv‘t&&”~stance of the limit’of regu-

lar reflection.All energythengoinginto 4 POQ will contributeto

the overpressureat P. From LA-743R,5Q= 1250 ft and P = 1650 ft for a

1 kt. yieldor % = .76. mus,
c

r .—.-——...—
~w (00)2+ (.76)2(3P)2

m 7400ft

(*) 3= (U& .
● 57

‘I’mfactor(.57)is the ratioof thevolume

radiusOQ to the volumeof the spherewith radius

cal.averageis used,the energy lost at P will be

of the spherewith

OP. If the arithmeti-

.79timesthe energy

loss computedon the basisof the sphericalmodel. Thus, .79is the lower

limitto the correctionfactordue to differentpathlengthsof the energy

throughliquidwater. Hgwever,the aboveassumptionof “average’fis

certainlynot a reasonableone end overestimatesthe effectof different

pathlengbhs. Sincethis WzLldwassumptiononlymakesa decreaseof ~%~

it is safeto assume,in view of all other

can be neglected.

uncertainties,that this effect
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Q P

Y is thetriple point.

Q is the pointon the groundfromwhichthe energyin the reflected

shockR at point~ (whichis a small distancealongR franY), comes.

a) Usingthe acousticapproximation,d RQP “d OW. (It Is conservative

to takethis approximation,as it will give a largervalueof QP than

shockwave theoryfor in shockwave theory4~QP 4 OW.)

b) For overpressureat P= 10psi froma100kt. yieldbomb at a height

of burstof 4650 ft, the Mach stemhas a heightof 37 ft (~-7k3R).

Thus,if triangleOQO is similarto triangleYQP then x is difference

in path lengththroughliquidwater.

+ #@’-x) = x- 61.ft
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In program3.33 of’the Greenhousetest,a motionpicturec~era

photographedthe reactionof an Air Force structure.This camera302 A (2)

was located*so that its fieldof view facedobliquely

Fig.V-l showsthe locationand thegeometryinvolved.

FrortIstillenlargementsof the filmtaken,it is

cloudin the upperrightcornerdisappeared(Figs.V-4

due to the actionof the positivephaseof the shock.

towardgroundzero.

clearthat a small

to 8) presumably

The anglemaybe

determinedto be hOO to the tangent. If one takesa line in that direc-

tion,the point nearestto groundzerois at a distanceof 5400ft.

Basedon

the lleffective

is obtained:

thisdistance(as a conservativecalculation)upon taking

yieldlfas 75kt.and scalingfrom (Ref.7), the following

O&erved time of

Computedttie of

Computedtime of

completeevaporation 3.9 see

arrivalof positivephase 2.5 sec

positivephase 1.0 = 3.5 sec

Thus,3.5 seewouldbe the timeof arrivalof the negativephasecompared

with observedcompleteevaporationat 3.9 sec. The agreementhere is

very good consideringthe roughapproximationsmade, for the following

errorscouldeasily have occurred:

1. The distanceof the cloudis in fact greaterthan 51@0 ft, thus

b
givinga later e of arrivalof the positivephase.

* See Draftof StructuresPhotography,Program3,E. G and G, 17 May 1951,

Pp 31, 32; C36 (1951). ● *. ● .*. ● . . ● 9

*“* ● - ● * ; :
.-. -

8- w ● = - -- ; :
●
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e.a

~? kt, thus gidng a later
.*

time of arrival.

In any event,it is interestingto comparethe Rc, obtainedfrom Compu.

tations(Sec.6),with the Rc obtainedfrcmthis experiment.

1. Rc fromthis experiment~ 5400ft (fora 75 kt. yield)

2. Rc fmm calculationfi

Thus,the computationsof

servativeindeedand they by no

evaporated.

L800 ft (fora 100 kt. yield)*

Rc for a 100 kt. yieldbombwere very con-

meansover-estimatethe smountof water

Furtherstudiesand interpretationof the enclosedpicturesshould

be made to determinemore definitelythe conditionswhichprevailedat

the the of the test.

* A 75 kt. yieldbomb on the=f.~:~coei$o~$~.~ughl.y@@v~ent to a
..-* -Q.==- 9--

100 kt. free air burstbomb. -= : :- : ~- : :.. ... ... ● *9 ● 9W.=

s. ● W9 ● O* ● 9
=== .’.. . - .*9
..-.
:-+3 #a,

;:7, : --- “

-
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V-2, 100th frame after zero
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V-31 120thframeafter zero
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V-5,135thframe after zero
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v-6, lkOth frame after zero
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V-7, 145th frame after zero
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V-8, 150th frame after zero
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The value of u, ihe relativedepressionof the wet-bulbtemper.

at~e is importantbecause.the size of dropswhichmay be evaporated

depends upon it, through ecmation (1.1) (see Sect. 3c). Penney and

the present writer have used 0.6 as a reasonableapproximationto the

valueof a. Recently,however,Hartmann*has usedthe value of 0.96.

—— —.

‘This appendix was prepared in April, 19%

+W. K, Hartmann, l~TheEffect of Rain or Fog on Air Blast,n NAVORD
-Report29bh, 1 Aug. 53.

The purpose of this appendix is to examine critically all assumptions

made in obtaining the value of a.

may

The

Hartmann, in Sect. 21, derives the followjng equation which

be used to find a = (q-@) (@j’:

of the symbolsis as follows:

saturated vapor
2?
ressure at the droplet surface at

temperature To+ , in mm Hg.
original ambient temperature.
increase of wet-bulb temperature above To.
compression ratio at a given overpressure in the shock,
vapor prl:ssurein the air before shock, in mm Hg.l
coefficient of conductivity for air.
latent heat of vaporization for water.
diffusion coefficient.
molecular weight of water, = 1?.
gas constant
constant
shock overtemperature.

A is .SL “atTo= 29?°K, as computed by Hartmann. He then assumed

that the oriflinalrelative humid= in the presence of clouds was 66%.—. .— .—

This enabled him to obtain a as a function of & , through the use’of.—
●ow ●** ●=

psychometric tables. For$~eY~e~q @ &d ~~ C, the valueobtained
..-. -.. ●*9 ●9.=.9 ●-W .=

for a was approximately .36.. ... . - . ...... .,●--- . .
<-.[,~ - =-. -. ....—..---

--------...Z
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em 9** .9* . . . . . . .

“+-He statesthat the v&e~ n~ar%m$ 0 ~a~esensitiveto the assump-
=.*S * -D=:08*9U*

tion made as to the initi~ ~ela~lvehumidity,but doesnot justifyhis

unusualchoice of 66% relativehumidity. *thermore, he does not

nmtion that the valuesof a are also sensitiveto the assumptionas

to the initial temperature.He haschosen a ratherhigh ambient

temperatureof 77°1?$ whichis oertainlynot representativeof atmspherlc

conditionsunderwhichone mightexpectthistype of weaponto be

used.
,.

We have studiedthe relationbetween~and$when morereasonable

assumptionsare madeas to the initialconditionsand findthat the

value of 006 usedby Penney&d the presentwriteris both more con- -

servativeand more nearlycorrect.

In our procedure, the equationgivenabovewas separatedinto

9fimctionsof and9 alonewith the followingresults$

The valuesof @ and 3 have beenplottedon Fig.VI-1 as a

functionof @ and ~ . To obtainthe valueof (~ . 2?-), one‘

$
chosesa valueof ~ , and findsthe correspondingvalueof ●

.

The equalvalueof @ is foundfromthe”graph,and the corresponding

valueof & is read off.

Fig VI-1 is basedon the sameassumptionswhich Hartmann ~de,

namely,an ambienttemperatureof 77°Fo The curveT , is based on

an assumedinitiai relativehumidityof 66%. The curw ~ ~fn an, ,

initialrelativehumidityof 100%o

,;

. “m. . ● *- ● O* WV
. . ...9 =-0

~=. .
. . . . . . . . ::

e-,”. ..9.
> . . ..0 --- ● . . . . . -.

\
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SO°C,correspondi~to an overpressureof aboutO to 10 psi,.This

comesaboutbecauseIn regionsof higheroverpressure,for atomicbombs$

the dropswill be completelyevaporatedno matterwhethera is 06 or 090

Furthermore,euh dropwhileevaporatinjj,eventuallygoes throughthis

regionof overpressuraand temeratme a~ the shockmovesby~
. .,.

One table on F1.g~-l shy repres@htativevalueof a obtained,.—.
in the region of 2 ~~.psi. The valuesof a agree,withinthe precision

of the presentmethod~=”withthe valuesobtainedby Hartmannfor @ less

than 10°. The valueof a for highervalu$sof U and? is of academic

interestonly,forthis problem. As we have mentioned above, what counts

is the valueof a in the regionof 0- 10 psi. Thesevaluesof a were

obtainedconsideringthat the initialrelativehumidityis 66%0 This,

accordingto our philosopjcy,is’nota conservativeassumption,Further-
,

nmre,it is not a plawible one either. Exceptin very specialoircum-

stanoes,it is well knownthatthe relativehumidityin the air in

cloudsis 100%,and somstimes~it is greater~

Therefore, the values ofa obtained from the assumption of100~

relativehumidity before shock are more conservative and more likelye

Usingthe curvelabelled“z ~$ we finda valueof apprulmtely 0.66.

Now let us see,what effecttheremay be in assuminga lo,wr,and

oonsequentlyOmore lik~ly ambient temperattieo Fig. VI-2 has been derived

on the basisof a ~C (~°F) Inlti.al temperature, and 100~ relative

humidity. As my be seen from the tableon Fig VI-2,theseassumptions. ‘-
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lead to a value of a of between .51 and .58 in the regionof O-10 psi.

What value of a should now be used? Considering the result at

ambienttemperaturesof 77° and lil°F,with the mostplausibleassumption

that the initial relative humidityis 100%,

muchbetter figure than 0086. Furthermore,

. . . . . ● OB ● 00 90

. ...9 --.
--- . . . .

. . . . . . e..

.
. . .:s1.. ●:* :-* :*.

the value of 0.6 is a

0.6 is nonetoo conservative.
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Computation from Fig VI-1:

a. ASsumingl -$

a
15

20
25
30
35
ho

- 006
+ 102

1

.5

5:;

7.1
806

b. IAssuting =

1.06
.92
.82
.83
.82
.80
.78

0

10 3.5 ,65
15 5.5 .63
20 6*8 .66
25 8.L .66
30 10.0 ,66
35 U*3 .675
1-1o 1202 ●,70

Computation fioml?ig VI-2

9 a

5 2c4 052
10 he6 ;$
20.5 10.0
3203 15 .!53
3800 17 ;~~
40 17.7
;; 19.4 *57

2’1,2 .58

Fig VI* Computation of a,
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