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501 GEN!3RALPROCEDURE

The solution given in Chapter 2 is onhy valid for an exact point source

explosion, for constant 3 , for oon$tant tmdiaturbed density of the medium

and for vety hi~h shock pressures* It is very desirable to find a method

which pm-mite.the treatment of somewhat more general shook wave

thereby comes closer to describing a real shock wave. The ol>~e. ....

swthod is found in the very peculimr nature of the point source
,/

Taylor and von l’?elmsnn.It is oharaeteristic for that 8olution

problems and

to such a

solution of

that the den-

sity is extremly low in the inner regions and is high Onljr in the immediate

neighborhood of the shock front, Similarly, the pressure is almost exactly

constant inside a radi~s of about ●9 of the redius of the shook weve,

It is particularly the first of’these facts that is relevant for construct-

aJng a more general wt!-md, The physic~l situation is that the material behind

the shock moves outward with a high velocity. Therefore the swterinl strenms

#

.

away from the center of the shock wave and oreates a high vacuwn nenr the

centere The ab~enoe of any appreoimble amount of mterifil, together with the

moderate size of the nccelorationa~ immediately leads to the concllzsionthat

the press’uremust be very nearly constant in tha of low density. It

is interestingto note that the pressure in that region is by no means zero,
0

but is ~lmost 1/2 of the pressure at the shock front+
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‘!q&+&**?evaountion of the refiionna~rg pronounced for values of

the specifio heat ratio ~ close to 1. It is w1l known thnt thu density at

the shock inoreaaea by a factor

(1)

This ~ecomea inf’inite as ~ approaches unityo Therefore~ for ~ near 1 the
4

assumption that all aaterial is oo~entrated near tlw shook front becomes
“*.

more and more valid● Tti density near the be shown to behave as

+3/(2’-1)*

The idea of the method proposed horo, is to W&S repeated use of the

f aot that ths material is oonoentratod near the shook front. AS a oonsequenoe

of this fuet. the velooity,of nearly ,allthe

the veloeity of the =terial direatly behind
.

material will be the snnw as

the front* Moreover, if Y is

near 1, the material mlocity behind the front is very nearly equal to the
!

shock veloeity itself; the two quantities differ only by a faotor 2/(~+1~ ●

The acceleration of almost all the meteriaL is then equal to the acceleration

the shook waveJ knowing the aoceleration one oan caloulate the pressure

distribution in terms Of the material coordinate, iDc~, the amount of air

inside a given radius● This calculation again is facilitated by the feet

that nearly all the material is at th shook front and therefore has the same

position in space (Eulerinn ooordinato~c

+ The,procedure followed is then simply this- W start from the assumption

that alljmaterial is oo”~ntrated ●t tb shock f’ronte We obtain the pressure

distribution~ From tb relation bet-en prewire and density along an adi-

abatio8 IWOoan obtain ths density of each material element if we know its

pressure at the present the aa well as when it was first hit by the shock~

By intw~ration of the density W= ~~~ ~*yore aoourate value for the“*W.*** ● *”
● .’. .* *1
*9●:* ***... -****

~j j:”j“=j“”+; *;8
.●*4 4’.’“’.

~...—. .... .—.———. .-..__,-,.-._-....—-— ....,-.,—.-— ..,-,. ,.----
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it would then lend to a power series in powers of ~ -1.

The method lesds directly to a relstion between the shook acceleration,

the ehook pressure and the internal pressure the shook

wave● In o~der to obtsin a differential eountion for the position of the

shock as a function of timeS we have to use two ad~itional facts. One is

the Hugoniot relntion between shook pressure end shock velocity. The ot~r

is energy eoneermtion in some form: applicfitionasuch as thnt to

the point eource solution itself,we may use the conservation of the total

energy which requires that the shook pressure decreases inwersely as the cube

of the shock radiue (similarity law)● On the other hand, if there is a cen-
4

tral isothermal sphere as described in the lnst chapter, no similarity law

holds, but we ‘mayconsider the adiabatiu expansion of the isothermal sphere

and thus determine the decrease of the central pressure as a function of the

mdius of the isothermal spheree If we wish to ~pply the

of v~riabla ] without isothermal sphere,we may again uso

of tohnl energy but in this case the pressure will not be

method to the ease

the conservation

simply proportional

to l/YK

.
not prevent the applimticn of our method is long as ‘he density increase

4
● , ● 9- ● ** ● ●

*.$, ●*U... .**
,“”,,0 *-,~--

-* ...*
.- a”--

.. . .

c. -----
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~ GENERAL EWATI CMi

We shall denote the initial position of an arbitrary

and the position at time. t by 1?. The Do$ition of

wi11 be denoted by Y. The density at time t $S denoted

mass element by

the shock wave

byfl , the init-

ial density by PO. The pressure is p (r ,t) and the pressure behind the

shock iS pS(Y ).

The cont:lnuityeo~tion takes the simple fom

From this we have

‘IM equation of motion becomes simpljj

dt~

The pressure for any

sity by the adiabatic law
.

(2)

.

(3)

“G

(4)

given material elemefitis connected with its den-

(conservationof energy), The particular adiabat

to be taken is determined by the condftf.onof the material element after it

has been hit by the shock. If we assume-constant z the adiabatic reldtion ‘

gives

x
‘k(r, t) =~~(r) PJ$-)(r i)

@
(5)

We shall use this relation’mostly to determine the density from the given

.#-
presw IT dist:rih~~tion, Using ~tion (1) for the density behind the shockDO*0 ●*. ●** ●*

P3 , and the continuity ~ua~?~m ~(2\,wj &~ ?** ●-0 ●**e“=***.*
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The three conservation laws, (2), (4) and (~)$ must ~
,

(6)

supplemented by

the.Hugoqiot equations at th8 shock fwit which am kn~ to Mq$hm-lvw

ccmsequenaem of the gqme conservation MO’ These 2wAkt4cn6 glb for the

density at the shock frdnt the result ahwwiy quoted inl!$qua~im (1), for

the

and

the

for the relation between the material velocity behind the shock, ~, and

shock velocity, ~ s
-4%: .qdv : L’”>j ,‘ (“$J

/ ,~~

:~:= ‘2 ;/(%+1) (8)

The prc}blemwill now be to solve these eight equations for particular

cases with the assumption that ~ is close to 1, T&m #quatiOn (4) reduces

to

Ck!the”right hand side of thfs equation we have used the fact diacusaed in

the Last section that practically all the ~terial is very near the shock

frcnt. Therefore the position R can be Mantified with the position of

the shock Y’, and the accelerate~ “~ with the shock acceleration ~.

S@m the right hand side of Iiquatim (9) is WMqpmdant of r. it tntagrates ‘

immediately to give
$ \ #

(lo)

If we use the Hugoniot relation (7) and put ~ = 1 in that relation we find

further k

*CI ● ** e.- ● ●
n ,, .= m..,. **9

4,, +-+ -!. .,
!m.*.

... *F.
,, **-
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V-6

(11)

This equation gives the pressure distribution at any time in terms of the pos-

ition, velocity and acceleration of the ehocka

Of particular interest is the relation between the shock pressure aridthe

pressure at the center of the shock wave.

ting’ r,.,= O in Bquation (10)0 Then we

This rehtl.on is obtained by put-

get

“(M) .,.
.

The press~re near the center is in gene7al smaller than the pressure at the

shock because ‘; is in genexnl negative.

It can be seen that the derivation given here is even more general than

.,* was stated. In cartic~~lar,it applies also to a medium which has i’nitialSy

\
< rs by tha ma’ssen.non-uniform density. It is only necessary to replace,,

closed in tha sphere r (except for the factor 4~/3).

From thelpressure distribution (11) we can obtain the density or the
~

position R using llquation(6)0 Thy r%maining%problem is now to calculate

this densiti~distribution explicitly, and to determine the of the

shock wave in particular cases.

The simplest application of the general theory developed in the last,+ ,

sect.icnia to a point source explosion, In this case, the the~ry of

von Neumann a,ndG, 1. Taylor is available for comparison.
,. 4

Equation (12) gives a relation between various quantities referring
,“..,,,..

to the shock and the pressure at the center of the shock wave. To make any

further pro~xwss we have to use the conservation of total energy in the

—— ---- .——.—-— .. .... . ,.,-— .——. -.. — .—.,.,,. ...——-..——...——.——— —..——....----——
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With t~ relation of internal and shock pressure known, w can now eal-

culat$ the-t@tal petential energy content. We knuw that the potential energy

@or unit v~lun@ is P/(x -l)● We further knew from ncpntfen (11) that the

pressure is constant and ●qual to P(O) ovur the entire region which ia near-

ly free of Moreowwr,wa know that a11 the matter is conoentratec! in

a very thin abll near the shock front* Therefore,with the exception of a

very amall~fractiun of the volum occupied by the shock waves the pressure

ia enual t: t?w intorlcw pressure. The totel energy is then

#J
s

-$-n_

a

.
(17)

( of* Eq*ticn (13) )

In the Instlix of Table ~*3Jabove, We gin the exact nuumric~l factor

in hat expre8aicm in (17), according to calculations of Hirschfeldor~ It

ia seen that this facitoris very O1OU* to 2R/3, for all values of 8 up to

104s This itidue to n compensation of varicma errors. The Internal pressure

is ●c%ually lb~s than l/2 of the shook pressure, but this is compensated by

the fact th@ttb pressure near the shook front is higlwr than the internal

pressure. Ir@@ed. the ratio of the volume average of the pressure to the
@

shook pressure b mush oloser to 1/2 than the corresponding

internal pressure (cf*Eqwt%On# 31a, 31b~? A further error

~ade in ~’uation (17~ is thnt the factor 2/( M +1) hes been

ratic for the

wh:ch hme been

neglected in

..
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V-7

shook mm c Since there is no characteristic length, time, or pressure in-,-..

volved in the problems the blast wave from e point souroe .explosion must

obey a similarity law as has been POinted oat by Taylor and von Neumann.

In other words~ the pressure distribfiion will always haw the snme form~

only tlw peak pressure and the scale of the spatial distribution will change

*s the shook wave moves out. Now the energy 18 mainly potentirnlenergy (1)

71)
This assumption fe not neoes8nry for the velidIty of the folkwing
equaticm89 t

.\ .~.. /,1

if )( is”’ 010s0 to 1;.the potential unit volunm is Y( % -1).... ...

. and therefore

Tharefore p~

to Y% Th!is

the totel potantial energy will be proportional to ps @’/( $ -1).

●2and Y (of. I$q.uaticm(7~~ will be inversely proportional

givee imsedlately ,theequation ,.”..

~~ = Af3 .% ‘“’” (13)... .,,......_.m

when A h ●,oonetaritralated to tb total energy. Integration gives

and differentiation gives

Inserting this in Equation (12) we find immediately

(14)

(15)

(16)

Therefore in the limit of % olose to 1, the internal pressure ia jud l/2

of the shock pressure= This can be compared with %k numerical result of
,“.#...

von ?:eumam’s theory whfck gives the follcwing values for the ratio of
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Eqmation (7)s On the other

This kinetic energy i# very

v -0

hand, the kinetie energy hen been negleoted.

neerly equgl to

2mj3
‘kin=~o

(18)

seen

‘, bya

with

that this kinotio energy ia small compared with the potential ener~

factor ~ -Ij this justifies our negleot df the kinetic energy almg

a large number of other quantitiee of the relatiwe,cmler ~-1* It i6,,,

of ccmrm, cnly

thesa negleoted

* oan naw

an eocident thet there is ahsoet 4xact eonpensation of all

terms up to volt.aesef y ms high as 6/3c

uae o~m result to obtain t~ don@$ty dietribut\~ of tho

matter behind the shook frant~ We ded only apply ~~atta~ ,@’ am..{11)

x=

. . ..
Setti~g also

Y= l!3/Y3 ,

to integr~te this eqyuti”cn,it 16 oomeniemt to distinguish two oacw~:

(I)zf. x Is not too mall, more precisely for

- ..\
,, . .

- 1/(y -1)
x>)e

(19a)

(2d

J.

(200)
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Y
R3

‘F=
l-(x-l) log * *“ l-(ti -1) log q- (21)

2r

x

- w pgleot x

of relative order

dy = (x

<< 1 (2&J

8 -1, wa get

Y*
J?f”lvf

.

whda A la a ounstonto The

werlap very eonalderably*

that

A=O

J
neglecting ● ●all

make (22) sensible

(19b), we get

(22)

+“A

-
regions defined by (20a) and (21a)

Comparing (21) and (22) we f’ind
:,&:

● (22a)

term of order X-IS This value of A will ‘

or

From the POUition of any point w can d;duo~
%

the w 100ity by a aimple

differeratletionwith respe6t to time. In thie prooess, the material coordinate
.. ?,-.
r should be k&pt constant. Equation (23) gives for the dlkterls1 velooity

@

+;.
..1~
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.+..

.,

.,,

,--,,
r

(24)

.
Over host of’ the volum tk material velooity is nearly l’inesrin R whioh

6

is borne out by the numerioal integration of the exaet solution

2). Over mcmt of the x88 the material velooity is ne8rly equal

(8ee Cater

to t)n velQc-

ity of.the #hook wave~

~ 4 C@?PARISCN?OF THE POIWT SO~JRCEQESI&TSWITH THE EXACT SOLUTION.
1

The results obtained in the last seotion ean be oompared with the exact

solution described in Cbpter 2. The resultg of that ohapter oan WI-y easily

be .appl$edto the @peoial oace when ~ is very nearly 1.

In going to this limit one should keep tks exponent of’@ comeot because

this quen~it,ygoes from O to 1, and if it is aleae to () a f~ator @ y “1

will mtterO In all Oth@r factors the base of the power becomes (e + 1)/2

In the lis@t ~ =1, whioh goes over the range from l/2 to 1 md therefore

never beo&s very small. Consequently ~ -1 may be neglected.in the exponent

of t~@me other faotors exoept if higher a@suraoy ia desired.

Z and @ being the notations IMed in Chnpter 2. k. 444

(25)

This result for tlii!Eulerlan poeltlon is’~tiioel with that obtained from

. 9“ >
.
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..7

(28)

ealouhdx the potwtikl (hindenargy:

‘#

(29)

\
8

,/--

..—”.. . . . - . . .——.--. —---- .-— --------------- .- .- ..
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using (2$J and (2EllJ, w have , .
,’

“-

d,(F3) Z d (t [!&) :[),.
(2*)

It is ~~iti6ible to set the factor 9U which should “appar in t~
.1 aeoond term in th@ quare bracket, equal to ma; the error in (29) in!.‘!, . #only of’o~r, ofJ ●

.

(28) into (29)J we get ‘

.

d

This integrel oen be evelusted very easily. We note that 0 g ohange6 from

‘0 to 1 at veyy small valuefiof 9 so that in first approximation for this

part of the integral,the inte~rand should be taken at @ - 0. (Thi6

corresponds to the physiual fact that most Of the mmterlal is near the shook

frent, $. @& becomes ,closeto 1 already for relatively saaallralueq

‘3). Evelu@tiOnof e ,orof tlw materiel ooordinete Z - e

(mm)

or

.,,-,,,
Tkiiaraul~,, cxo8pt

.

fox the la8t i’aictor,is identioal with

(id

the result”

- - —— . ... —.—— .... ...._ ,_____ _______ —., ”.- . . . ..Q.._ ,...
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v. 14

* of our approximate theory, zquation (17). TIw laat fmator is seen to dM’f’er.-. .

only vary slightly from 1, the f%cdmr of $ being only ‘O*2C R is of

Qor!dingto (31)$ ..

.

The’average preemme iat of 00UIF180S higher than the cmtrel pressureJ it dif-

fers from It onl:~in the to b. expeoted~ and it is mmh closer

to &e-half the shouk pressure than the aentral pressure is.
>

,Now let us lBalCUhB% the kiwtio energy. Aoaording to (2*45), the ratio

of kinotio to ~tentlal energy in any mass element is @ , therefore

(32)
.

,.
..=..

*
i.os~neglaot of the last square braoket

,

~d#@, are possible beoauso of the

Tha result (32) lmgreeswith that of tho approximate theory, (18).
/,+

Add ing (31) and (32), wu fhad for tho total energy
,,>:%
J“~?~

4-

(33)

●
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V-16

This gives t% shook pressure as ‘afwdion of tlw radius Molwiing terms.—.
....,,

of relative order ~ -1 whiah will Oe u6eful for the ealeulatlon of the wasto

energy* We may also replww ~~ byt~ shdcwelooity ~ aoaordhgto (7)s

(33J

lkme again tti eorreotionfaotor in the sqi%arsbracket d~ff’eraomly slightly

from 1, in egreeswnt with the numerioal results reported in ‘fgtbl~ 50SC

A further quantity of interest ia ~R/hr w dF/dx far whio?iBquation

(24+7) gives the result

(34)

F+om this expression or direotly froxaDquation (2*39) m arm,find the density

whioh turw out to be

(36) “

..4 “Heoan alao express thin density in,terms ofth Euler$an position in whioh

wage we get from (26)

3/(v-l)
t,, .

P : gtl

~ %=~ ()+’
;( 1+23) (35J

.,

This equation shows that the density keomes extre-ly lCYWfor all point.

way from tlw shook front ●ven if they are only moderately OIMJO to the

oenter of the explosion. This is in azreement with our bnaio a~sumption

that most of the material is

Finally oombin’ng (2.38)

oonoentrated near the shook front.

and (2040~ * find in the limit ~= 1

(36)

.

.— —.—., — —.. — ----—.. ——-------- ------—.——--- -- “,- - .--.=. .. ----— ,.-—
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.,
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,,,

(36J

ThiIsresult is again idmtieal-withtb result of our approximate theory

limit 0S tha exaat solution of the point source few 1(. xifterlas oftha

,
relative order I ●*1 are oonaistently megle@6d~

,

5Q5 THE CASE OF THE ISOTHERMAL SPHERE

W shall now c:onahier tti scnmmhat more eomp2#oated problem of the pro-

initially heslti~to a high uni-

itu aurrmndi~s~ ‘NM relevancw,

bean d$aowaed I* Chptere” 1 and

Tbe problom now no hmger permits tha “application of similarity mrgumentmc

For this reason we aan no Iomger we the wwermtion of total mergy to ad-

vantage* In8tes4 of this m ean nou 8SSUmI @iabatio ●qmwicm of th@ iso-

thermal sphere* This is oompletoly equlvahxt to’an applioation of the energy

conservation law boaauao the adiabatia lap itself is b~ued on *M a6WB@~OY#

that thez-ats no energy tranepfmt out of the isothermal sphere.

Let w MJSW that the material oooainate d the aur%a~e of the tuo-

thermal sphere is rob The initial POSitim of this mrfa+w ie them @qual

to ,roO At a later tim tin the isutherkal sphara has expatie$ to R@ its

average dena%ty hat~d~em~~ed by a $seter (r~xo~ 3 e If we aaswm that the

t
~.

/W&...-.-—,... “.,....... . ...”.,.,..--.——.” ,,.- ,,“,..(
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density and preaimx’e h tha isothermal OH’ em unifcmm thu pramure will

b. equal to

Wher, P is

to th total

the initial piwsuro in

energy by tho oquatioa

(37)

bha isothermal sphsra which ia related

(37J

&

of Y/r. ●

(1) (hwm I t Y/re Moderate

*

.

. .. . .. ., .. . . .

s -3
T‘ %&
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iMi#glFs&8d witamt

: a“”; pm “

Than

‘,.,

This oan be iut~grated axxlgives .

P
y@:: 2Ay3+B

WWZW B is a

NOW tha

mm aemat8nt* -

inithl condition ie, for Y = r. *

,.- ..

., %-$=+2’-*,,
or, with (39) and (3$s):

(J)(r,,)ro3 ● A

*

.

m

(3$) ‘ ,
..

- (3*)

(3*)

(’d

(41)

-

(42) ‘

, $@

(42b)

.: v
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Equation (43;)show that for large values of Y/ro, tha shook pressure

approaches tha vs lua given in Bquation (17), iOa* the ValUO oorrespending

the point souroo solution. This result appears rather important booaum
,

shows%(l) tlwt t~ point souroe solntion is utable and is appr”oeehedemn

oond~t ~oms which initi~lly deviate strongly from those aasumed in tha

point source solution, and (2) tkt th simple ●nd wwl l-known point 6ouroo

solution ean be umod at late thee for our problorninoluding the isotherm 1

,,

proaohea tba point swroa solvtion ●a oOwI aa Y/r.>) 1*

Bquation (23) far thanposition R. & *P W!4%OC of We

and obtain, nagl.otisg tmrma of *60nd or-r in y -1c

()
3

FPo : 8
‘%-.

our solution ape

w owl tmn MO

8pl@w,

(44)

,.

This ia +#w sa~ azpreauion whioh wu used in Case I and which we than justi-,

fied eimply by mq~looting ~ in tha exponent Of (26) ● Therefore tha furthsr

&elopment is idotiical with that leading to 8quution (43).
.F

We hnve thus ehcwn that Bquatiou (43) is valid both for small and for

l@rge expansima of tb Isothermal spherec It is possible to derive the da;-

sity distribution,,the positlon and the w 100itys as we dtd in the preTiouu

auction for a point aouroe ease. Howaver, the annlytioal expressions are

fairly involved and thare does not seem to be any partieular mppliumtion for

them* Tha ratio of the shook proasure to the e8dxal pressure in the iso-
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It oh~ages from 1 in the very stages to; 2’ in the lat. Stagas..-

At,anyreaeomably late stage the energy in the blnst ia related to the veloo-

ity ’of the, ahock :Mmt in the mm way as’for the point souraa solutiom

!

SOS VARIABLE G.AMMA

T* theory dovelopad here cmn be used to solve the problem of a shook

wave in a medium with variable ~ ● The assumption is, df oourse, tkt ~ -1

still remains smill throughout. ~ also assure that the shook

high enough so thlatthe RUgoniot relations hold in their limiting form-

W ahsll wkB the further simplifying assumption that ~ is a function

of the entropy only, so that it remains constant for any given mass,element

r as soon as that element has been traversed by the shock. This assumption

is faiPly well fulfilled by air, with the value of’ Y decreasing from 104

to about 1.2 with lnoreasing,,entropy, and later on inoreaaing again to 1*67.

The more general problem in which x hJ a function both of the entropy and

t?w dens.~tyem also be sol-d by the sam method, but the algebra beconws
,,,

so involved that it moms hardly worth-while to uue the preaeut msthod im-

e%ead of dheat numorioal integrntion.
.,

I%. prernsuredistributionI#quation(11)will @till bo valid. However,

the relation between Y, f, and “~ vrlllno longer be given by IDqumtion

(15). ‘We introduoo the pressure at the frent and the pressure nt the center

of the shock wave sepwate ly by writing

*$ .-~fi P
8 : +* +4

.

(45)
&

where * and “(3

0? constant )’

,.
‘1:

a:reslowly varinble with the shock radius Yo In tha ease

w have (of* 17)
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1* iu our alm to aaleulate 4 and ~ for a giwn variation of ~ with

material coordinate ro

Using Bquation (11~,we have -

(47)

where
?

is an abbreviation for ~20 Inserting the exprosaion (45) and re-

~;bering (7) wu get the following relsticmbertween +andp.

(48)

It will be shown in the following that % a@ages very slowly with log YJ

in fact dN/d log Y is oi’ the.order ~ -1 relative to q itself. Therefon.,
t

in our theory in which % -1 ia eonsidered as 6nnll,we haw

,., .

~Thmefore, even with variable ~ the ratio of tba shook pressure to the in-

In order to find % for a given functim x (r) wu use the fact that
1

‘ both the gemetrieal and tlm material eoordimate must be equal to Y at the

shook front. We shall aalculmto the geomstrloal coordinate R aisa funation
,,

“ of r with the help of the density distribution. The required condition

is then
Y

C/

~
R3(r - Y) : d(rs) — :9

P (50)

As in ?Pquation (6), the densi@ Of th mterial element r at the timeI

when the shock wave 16 at Y, is given by

-...—,—— ... .-..—... .. . .. . .—.-—. —-...—— .— ...”. .——
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..-

,.%?

.

(51)

In this equation we haVU made use of the preaaure distribution (11) and also

Of (45) and (49),, Furthermore,W have put % in the exponent 9qual to 1

in all those terms where this makea error of tl’worder ~ -1. Inserting

(61) we find R as a function of r es followe

,

No appreciable e~rroris made by neglecting thm last faotor in th+a expression

beoause it is

In fact, only

ccn8tfintY,

different from 1 on~ over a
‘%

by neglecting this lati f’actor

owing to other negleoted‘terms

l~st factor is no different for oon~tant end

not be relevent for the theory of variable ~ s
.,..

With this s:lmplif’icationw. obtain

region in R 0S the order ~ -1.

do w get tk correot result for

in our theory. In any oaae$this

variable #’ ond ean}therefore,

R’ 0

.

and in p?~tioular for r * Y wo ‘f’im%,after dividing by Y’ -

This is the desired ●quation determinir$ # (Y}*

integral e~uationo
*

(d

It is seen to be a linear

*._....—_.. ... .. .. .. . . . . . . . .. . . .. . .
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Let us first oonelder the case of aozwtant y . In this ca~e,l!quation

(d reduces to
Y

,[

3(X-1) \

*(Y) z O( (r) d~~~
(55)

‘Y> rl the irite~,:m1

- (Y) :

Y

+ f 3

‘1 %&-)

Bquation (54) reduces to

&

In order to solve this equation’wa prooeed in two &p80 air,ilar to the cal-

culsticm8 in Sect:ion5-5. In the first step we shall eoneider Y/rl as

modernte so tlmt the ~ -1 pmer of the quantity can be considered equal to

19 In thi8 ce~ we 8hall be eble to obtain a gener~l and rn$her simple dM-

ferenti~l eounticm for 0( which eQribe solved by a~~dratures. AS a second

step wa 8kmll then admit large value% of Y/rJ; in thie cnee we shell obtain

e solution only in the

(1) Cn,se x:

In thi8

speaiel case of hnvhg a step-wise veriatien of’ ~ 9

Y/rl h?odornte

cetaewe may replaee the exponent 3/~ in Bauat$oxi

(56) by 3* A180 we sha~~ expand the firct term on the right hand o~de of

that eauntion in m !faylorseries, Then Bquation (66) reduces to

A

-—, —.-.
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\

To salve this integral eq~tion we ~ed only differentiate with rarnpeotto ‘.-.
*

Y or hetker with respect to

1
.

x : 3 log (Y/rl)

Then we obtmfn

.Cqy’l-l)+d(x)(lf(x)-l)
%-=

(69)

(60)

The resljlt(GO) os well as the differential ~uation (69) ahowtht~

does not have s discontinuity nt a point at which ~ has one, but only

dti/dX hfiea discontinuity. Thi6 may be set in evidence by

solving (59) for smell values of X; Ioes for points $uat beyomd the place

that. ~ hns the mlue $2 for all volues

c~n he solved explicitly with the result

d’ r > rl. inthi8 case (59)

(62)

to
9

+. ..1

(63)

Another result which follows from %quation (59) i8 that d@/dX ia’of **

,
●

,
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..-. order M ( Y -1). This result ha8 been used above in obtaining the relation
,,

/9 .=’(.

(2) Case)II~ Y/rl Lmge

We shall consider thig problem only in the pmticularly simple

cese when ~ has the constant V*IW ~~ for all veluem of r > rl. In ‘*

this cnse EQusticn {561 reduces to
3(i1-1)

c% (Y) * ~1 (rlly)

,..
,.,

.

(64

Similarly,ns in CntleI,we solve this equation by differentistiag with respect
--

to

The integral in this eqw%icn aanbe expressed by~ans of $!@ation (64).

~eglectirigterms of higher order in Y -1 we get then
3(K1-1)

~1(~2-JJ (q
%-= (64

This eql~ntionis a~otwllyeven simpler than the differential ~uation (59)

which we obtained jn the approximate theory of Case I* Using the boundary

condition+- %1-I for Y = rl l$quaticm(66) ititegratesImmediately

to

For amnll v~lues of’ X this reduces”’to

,,:,
*

(68)
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,.
.-. . whioh is identical with the result (63).

..

Equ~tiom (67) shorn that the valum of ~ goes gradually from the orig-

innl value &-1 to the value ti2-1 which corre8pmd8 to the new vf41uaof

z . It’is seen that this asymptotic value is reached only fcr extremly

lnrge values of ‘~/rl● As long as Y/rl is moderate, tk shock pre~sure

is still influoncod largely by the prevleus value of ~ in~tead of’by the

present one. For air in particular we may take xl . 1*2 and~~ * 1.4. Tho

shock pressure in a substame with ~ uonstant = 1*4 6hou~d bO tiice ae

greet as that for ~ Oonst.nt qnd equal to 1.2, for the Sam ~diua Y of

the shook wvo snt!the same energy E. Actually, when the 6hock pressure

fslls low enou~h 00 that ~ increases to 1*4 the ooeffioientM does not

immediately inoreflseby a feotor 2, but inoreases vary e~mly. phys~cJally

the reason for th!L8is that the interior part of the shook volume still hao

the low value of ~ and therefore has a high internal energy for a given

pre66ure. Only when the hot gmses which possess the low ~ fill a small

part of t}m volum included in the shock wnve will the )’ in the outer re-

gicne of the shook determine the

507 THE WASTEENERGY

G* I* Taylor ka8 introduced

shock prW(9811rWo

,..

the COnCt%p12of the waste energy, i.e. the

energy whioh remains in the hot gases traversed by the shook wavu after an

adiakmtic expaxisionto a pres8ure of 1 atmosphere. The knowladge of this

waste ener~v is uE)efulbooause it permits one to csIculete the energy which

romnins evailnble to the shook wave at ma 11 overpressures.

The waste energy can be calculated very simply for the point eource

sol ution O Id us con8ider e materiil element which is traVOr80d by the
. .!.,, ,,

.6 hock at a shook pre88ure ~8* When this element has been expended adia-

bftticallyto atmoglphericpressure ~o, $ta densit:;will be
.

/

.,
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.

Its temper~ture will be @o/#Rend itB content per unit mass:

In calculating the energy aontents m ha- used the speoific hopt at constent
\
prds’surej the reason for thi8 is that our f Mnl 8tde is obtsined from normal
——.-. --”

air, by heating It at uonatant prossure @o to the temperature *O/~ ● Striotly

spaking, in rwler to get the waste ener~, we 8hould u{ubtraotfrom (70) tlw

,*Y v expression ti~a<~o (~ -1)D but we shall oonfhe our discussion to the case

,, T? tot~l energy W8Sk0d in the shock wmve i8 then

(71)

We can now use the relation between shook pressure and radius, (33). “W ~re

using this f’airlyex80t reletion bOO@USe it will turn out th~t we have to know

the waste energy

,,!.,: YJ iriserting the

holuding terms

Nsult and (70)

of relative order ~ -10 We solve (33) far
.

into (71) we obtain

N=C

a with .

(72)

c: 2 (x-l) [ 1- (Y-1) ( : -A 2)] X/( X’+1)In (72a)

- (#-l) [ 1-
1

terms ef rehtive crder (% -1)2. Equetion (?2) givee th energy

wnsted up to the the when the shook pre$s~re h~s fallen to the wlue EpoQ,--,,.

Equ~tion (7’2~ can be integrated immediately and gives

.$+W:m

c ‘(*F (73)

0

-[ 11+{~-1)~2 E K “~’

( Ii* -1)
—.—-—.... --..-..”,-. .-.----. ...—,----“,..,,-. —..———-,,*-.....*— ....-
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!ihabtraothgthis expres810n from the total energy E we obtnin the energy

which ia still arailables

It is aktar that for aeoll values of )(-1

is proportional ‘to~ -1* T!-lashows the

E
[

: E 1 .(x,/2)-~ (74)
efi’. ,

end moderate E, this expression

neeessity <ofknowing the relnt ion

between pg and 1? up to term of tho order ~ -1; i*e* of using (33) rather

than (17)●

It !S 8om=hat “problematicwhat to use for K. Clearly the reletion (33)
.,,

will break down {Et too low valuee of p’s hamaly$when the limiting form of the

oeases to be valid~ Thla require8

‘. > +s ,- (75)

~tting

K: 2 n/(%’-l ) ( 7fj)

then n>> 1

ad uaing ths faot that. ‘)(‘3 18 smalls Equation (74) ~du0e6 to “

E: E (y-l)
el’f.

(77)

Of 00UJWO the avmilnblo ●nergy will be further reduoed M the shock pressure

i6 reduced C1OSOr to atmoapherio In fact, Penney hms 6h~ thst

the dissipation lDfenergy continues indefinitelyas the shook wavv expands

(see Chapter 6, T&ion $.%)s It ii therefore not powsible to give any accurate

.—-— .... . . . .—.—— ——- --- —-- ——.—. ... . .. .— —-—..—
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definition of the percentage of energy wasted but it would be nece8s~ry to
*,

specif$ lb shook pressure for whit$h this atatenmnt is made. In o’rderto

obtain the pmuehtage wasted for shook p-ssures of the order of one atmos-

pherec it would be necessary to follow the shook wave through the region

intermad iate pressure8 which oan adequately be done only by numerical nmthods

(sea Chapter ?)●

However, it is clenr from our l$q~tion (77) that the energy available

for the shook wave is smaller the smaller ~ -10 The faot that the air has

a smell v~lue of &

- enargy at the shook

dietenoea* This ia

ie le88 s%rong at a

same total energyo

nt high tetripernture8leads to increaBed diasipntion fif
●

and,thoref’ore,to a relatively ma Iler blast wave at lsrge
,.

tb mqin renson why the blaat wave from *xp108ion

giwn diatanoe from TNT explosion liberating the

In the lattur ease the temperatures renohed are only mod-

erate8 and the energy Wastid is?t~refore~ les8 thniafor th nuclear explosion.
.

The greater wa8tage of ~nergy for smaller X is,%qleorelated to the re-
..

suit omainod in S8cti~ Se@; nmwly$ that the shook a sudden

cha;ge of ~ does not oorreepcmd to the rww value @f ~ but is rather olose

to the value for the original valuo of ~ ● This slow varktion of the shock
~a

pressure i8 in turn bportant% If one -rits to oaleulate th9 wa’steenergy for

a gas with variablo ~ ● In,faot, if it were not for thie gradua 1 changes

gases might oucur In whioh tti wa8te energy would be greeter than the total

ener~.yavailable whioh would be obv~oum nonsense. The ~h?%e @ @ derived
,,~,~.,”

in Section 5.6 i6 just 8~f i@@tly ~~aduel to keep the wa~te exxmgy always

below tha total available anergya
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EFFECT 03’VARIA13LEDENSITY ON THE PROPAGATION OF THE BLAST WAVE

RD Fuchs

We bve seen in preceding ohaptera that there is a ooriaidernblerar~e

in which fairly rel:Lablepredictions about the propagation of the ●blast wave

may be mnde~ The rmnge extends from somewhat below one million degree 8h00k

kemper~turo to about 6,000 degrees, }.hove1,000,000 degrees the isothermal

sphere extends up to the shook front.

k, front at the time when tb” isothermal

the shock pre8aure aitm given rsdiua

tion 5.43),*

If r. is the radiua of the shock

sphere separates from the shook, thsn

Y> r. ts proportional to (800 3@~* .

and therefore ths effect of the isothermal sphere is negligible even.few

..

moderate tilues of Y/ro*
$

k.

Below 5,000 degrees the formation of an opmque layer at a slight die”

tance behind tlw shook front may lead to absorption of radiation which mi@t
.

.
otherwi$e escape, and therefore radiaticm transport of energy has a ccn8i@r-

t able effect on the FlrOpagatiQn of the shooks Furthermore,below 5,000 degrees
.

the luminosity comes from some dietance behind the ehook front and this ~kes

photogrfiphicobservation of the shack front difficult..

Bet-n about 200,Ck?0 degrees and 20,000 de~rees shook tmiper~ture t~

,,\.
,.,.. icnlsation of the L-lectrons proceeds and within this ran@ the vartati.on

.4,/’ of ~ 1s not very pronounced. This,therefore,appears to”be the moat useful
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rimge i- ‘

The wrresponding shook

T 1,000,000° 200,000° 2c),oco0 5,000°

.. .
h

Pa 360,000 60,000 1#6(?0 200 ntmoapheres

‘observing that the @hook radius i6 roughly proportional to the fnver~e oube
-,

. .

.reot of tb shook pressureg this gives a fairly comfort~ble range of useful

observation

Hmm’er,thero are t%omefactors which limit the rar~eo cne factor fs

the height at whiah the explosion tekes plawc When the shock reaches the

ground a reflected shook goe8 back and only tho~e p8rtc cf the shook sphere
L

which have not been renohed by tb reflected shock, can be compared directly

with tlw theory* Thi8 was particularly serious at Trinity, but would also

‘present 8oma ~imitaticn in future t08t6, sinCe it is impracticableto raii30
?

the gadget to a great height without interferingwith other experiments.

At trinity the gadget was set off at a height of 30’materso

The other l~mitetion arisao from the fact that initially tb propa~z-

tion of’the shook.is affected by tlm material of which the gadget is composeds

Although the dimen8i@ns of the gadget are rather small, the effect persiut8

over s considerable dlstanoe~ sinoe it is tti mass in the gadget 6ompared to

the -8s of air engulfed by th shook which matters*

In partiouh,r,with a viOW tOW8rd an OV@lUati@n Of thO ener~y r010880

in thm Trinity tout, w shall attempt in this Chapter to &et over the seoond

limitation* ~ clonsidera blast wwve originated by a point so{irne,travel-
*.

l$ng through nmterial of ~rfable densitye We shall make eonm simplifying

●ssumptions:

(1) The density is supposed to depend on the radius only, and the

variation of density is assumed to be continuous* We disregard,
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therefore,any

and the exaot

VI-3

acymmtry the con8tructicn of the gadget

details of the transmission of the shock from

the gadget into air are neglected. I?eitherof’these two

factors csn have appreciable effeot at a sufficiently large
,
‘ distance.

(2) We assure that )J- 1 is smell compared to 1 and use the

. . essential ~dees onwhioh the approximation of small y -1,

discussed in Chapter 5, is based. Insofar as this approxi-

mation can be compared with exact calculations ef a point

scurce it WRS found to be very good, even if ~ ia 5/3*

Hcwever, it does not necessarily follow from this fact that

th[eapproximation is equally good in more general cases. At

present we have no means of estimating the error.

(3) We aasume that X is constant. Thlu is not a bad assumptim,

sinoe we are mainly interested in the region from about

2C10,C@0degrees to 20,0h0 degrees, does not vary

too muaho

6.2 MFWHOD OF ESTI~TING E?!!?RGYRE1,EASEBY (?BLY3RVATICNOF THE

SF!tWHR.ADPJS
. .

Be%ore proceeding to tha annlyeis of the problem with variable density,

let us consider the application of the mathcd of estimating the energy re-

lease in the simplest case when the similarity bolution for const~nt density

holds. The derivation gimn below is due to Bethe.

If ~-l is smell, tlw kinetio energy may be negleoted and the total

energy i6 gimm ty

(2)
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s pointed out in Chapter 5S the pressure is con6tant and eauel to 1/2 the

Bhoek pressure P8 over the greater part of the vclume. Hence (l) can be
.

replaoed by

(3)

where Y is the shook radius* Using the Hugoniot conditicn for strong

shocks
*

Ps “m ~ Yo ~2
— -....,...

IWO U is the shook velooity and &o the normal density of nir.

Since E is eonstent, we integrate (6) and find

4’”’?

(4)

(6)

(6)

b{!, l.,

If the finite value of’ 8 -3 is taken~into account, the fector *13

should be replaced by m oonstant B (~) whioh differs but Iittlc tram

2u/3● B(~ ) is th quantity tabulated the last 1ine of Table S03,

Chapter 5*

/’52
xf, therefore, we plot the observed vnlues of Y ~ against the time

.‘,
t, they should lie on a streight line and from the slope of the llne we can

hmed iately derive the total energy*

f

6.3 INTEGRATICM OF THE EQl!ATIG?iSOF ?NTTION.

% ‘$
●

We shall now turn to tb case of variable densitys If # ‘1 is small
.....

“the kinetic energy is small cor~paredto the internal energy- The internal

energy per unit volume is
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Now p ia praoticlallyoonatsnt over the larger part of the volume of the

shocked 8phere; it varies appreciably enly in the region of the

mass is accumulatads iea. near the shook frontt If wo integrate (’7) over

the volume, we oan di8recard the anmll 8h031 of variable pressure near the

s~ock front and idlent~fy p

the sphere. Then the total

E

.?
with the plW8SUN p(o,t) at the oentor of

energy E is given by

4$ ‘$%
(8)

Using E@er variables R, and Lagrange variables r, the equation “ofmotion

in
...

whom > is tha cmiginaldensity of the mass elammnt whioh waa at the rndius
.

r, befere the shock’ rmchod it. Integr~ticn of (9) yields

Y ,,

p(rjlt~= P. +
J()

& #(r~r2 dr (10)

r<

whero ●~R2 18 tc~ be considered a8 funotion of r for fixed time t. Pa

near the shock frcmto

Thi6 will no ~ngar be

bution to the~ntogral

p(r.t)

.-,.

H6ncMs “~R2 ia practically identical with ?/Yz. ,

true if’ r beoonwa very small, but then the contri-

(li) Will,’besmall. Hence we may write approximately

r

In particular ●t the oentre

(12)
.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



VI-6

whore
.-

Y

is the total mass per UKit #olid angle within the shock rodiuss

Tho 6hook prwswe it given by tlw Hugonict condition

*, md U iu the shook v~looity

u.;

Sinca we aasumed ?( near 1, we may omit the

Considering U *8 funation of Y, we have

(13) ‘

(15)

factor 2/(Y +1) in (14).

(16)

Combining this equmtion with (8J, w find
&

and therefore
Y

(19)

4.
● The lower limit in the integral is deri-d as follows:

If Y is small, # may be considered acwtant a~ equal to its valw at

the centere Then (19) reduoe~ to

.

(20)

,

—.——. ..————.— .——— -,..-,-— ---—.... ..- . ..—.”----- —.. -..-. -—-. - -,.. -.-... . . . . . .
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*

!,

.,’

,<.-.-.,

whioh is the F.quation(5) derived f%r a point soureo and oonstant denuity,

aa it should beo If a oonat~nt of integrationwere added to the integra-

tion in (19) we wo~ildnot obtain tti @orr*at behavior for small shook rodiie

In eddition,the kinetic energy = MU2 would-beoome infinite for Y+ O

ecmtrary ti the assumptions made,

6*4 “EFFMCT OF V.4RIABLEDENSITY ??RARTHE CENTER.01?THE AIR SHOCK

●

We assunm next th~t’ttm density has an arbitrary,distribution #(YJ

up ta a oertain radius Y’ and constant density #o b~ondc We wish to

know the propagation of the shook, efter it has reaohed the region of con-

stant denaitye

M

where Y. Is

oenter, if it

1

:

Sinilsrly
“v

the mdiup of a sphere oeeupied by the oxaess material at the

y;

Y03 = 1{#(Y) ‘}-.fo Y2 (iY

o

(22)

Pnrtial integrntionyietds

where y is tlw logarithmic awrage radius of the exeess material

Substitution of (21) and (24) into (19) yields

,.
.——. .—..—.. .. . . . -—-— — ------------ --—-.— .,-!... !,.., =-.”-—..,,, ---- — ---- ~——-
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If f = 1, the formula

(26)

(2?)

(26) reduces to the equ~tlon (5) for const~nt

density, f, ther!kfcre,isthe correcticrlfactcw by which the shock velocity

ia changedb

It is of int(~rustthat,the factor f depends strorigly on the radius

Yo” The”latter depends only on the total mass of excess material at the

cenker, but rioton its distributicnc This is rsther fortunate, because the

distrib’rtionof gad~et is charged during the implo8ion and

it wculd not be s:impleto talc’~letethe correct distrjbutiono The radius

~ on the other F.mnddepends distribution of Mtters However, sj”noe

it is only a logarithmic averageB it is net very sencitive to smsll errors

:n t!-.eassunwd di~stributionof matter*

Fcr the ?’rinitytest the gadget Was loaated cm a tower ard we am most

interested in the expansion of the s~ock before it hit the ground. The ef-

feet of the tower on the a-rage shock r~di’m may be bracketed betwecrntwo

limits. On the one hand we may neglect it* On the other hand,= may as-

sume tbnt the matker :,nthe tower is sprendwith around

‘.,

,.

.+

‘*
,.

~’
‘,

, , ,/:

.+’.”

‘,
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..

fz=

If Y ie auffiaien~! hrge compared to Yo, the exce8e mass nenr the

oen~qr baoomes nejgligibh compared to the total mass within the shock rM3i~8

and the solution must approach asymptoticallythe similarity solution. This

is indeed the caso since f tends to 1 for large Y,

It seems rea6?nnble to fix TJpthe fornlJlfi

gives the correut asy-i:toti.cbe’wt~iorj i.e~ we

.

wit;? the quantiky given !n

(26! in%~oh a way thct it

p’~t .

*2 (31)

In particular,if’“theformula is ‘usedin the region where f approaches 1,

. the ei’f’eatof a finite (~’-l~ on f will ha a small order effect and then
u

% it.is perfeatly justified to iaolude the ~intts (~ -1) in the main term bllt

“.,.. , to neglect it in ).

.
* .

—— _ ......_.. -.....——— ———..----———=-.———.—————— —- .=..—,—.-— .——.-. ..------—
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.. (j.5 A.?PLIC.!T10?/TO THE TRINITY TEST——.

The aorreotinn factors f have been evalmted for the omditions in

the Trinity test, I’o~urfunctions f ha- been oalovlmted as follows;

cl~ded. FrIrthe setcond ‘htwv% the X- unit was included. ‘I’his unft does

not have sphrieal However,the difference between the two

Yext,the platform on whioh the gadget was locnted

and finally the tower~ Again these two curves dig not

from each other.
,6

&

I@WSVer there WR8 qtil.te an npprecifib~edifference

ms taken into account,

differ appreoiably

between the curvee

Which-did or did not include the platform. Since the platfomn has no spher-

icnl symmetry, the difference between the two ourvus represents an unavoid-

able experim03ntalelrrer. Clemrly for future tests it wol~ldbe desirmble to

elhain~te this soux*ce

of the shock velooity ~rbitrnry soale oalculnteil with the

h~lp cf these four correctim factors are shown in Figure 1. For comparison

a curve w?.ich neglel:%sthe dens;.tyis also shownt The numerical.

Gadget, X-unit and platform: Y. E 11*9 m, ~ = 1.0 m

‘l?ower: Yt .2m, ‘1 “
5.3 m.

It will be not:cad that the correction factor f is below 1 for small

.“ I

.

——.. . —. ——””-----
. . . ..— .— . . . ..——
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Figure 1

Shcmk Velocity M fitlct’ion of Radius

/
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\

,,,.“.. be speeded up and this requires tkt thm pressure gradient behind the shock
4

be reversed. Thulsthe average pre88ure, inste~d of being one half the shock
●

pressure, (see eq~~atio~5-16~, will now be higher than tho shock .pressure~

Eventunlly,a8 the air shook slows down,the gadget material must again be

deaelernted. Since there is now more mgtorial~ the pressure gradient re-

qtiired to CIO 80 mluatbe larf,er and the ~=m.e Pressure drops below am half

the 8hook pre$sum. the equation (8J nwy be written in the fern

where f < 1 at small distance end f

of (14~, it is found inwnediatleythat

7 1 at lArge di8tance* ??itihthe help

f as defined here is identionlwith

the correction factor f.

in the enrly otage8 the heavy material at the center has,therefordjthe

tandency of holding the shock bnok, until it la accelerated 8ui’fi~ientUYto *

follow the shock- Inthi8 st@ t~ a~sumptionri on which t~ the~ry IS ba8ed

u~e not very well 8ntf8fi0de Combining (31) and (27) one finds for Y<< Y.
.

(33)

‘%.
and “the shook wlncity varie8 little with the shook radius, However, the

essential reason for the accumulation of matter near the shock front lies

in the rnpid decrease of shock velocity With radii.ls,which is accompanied

by n corresponding decrease in entropy~ !ience~thereis normally a region

of high entropy and low density in the inside of the sphere- This is I’10 ‘

longer oorrect if the shook velooity,remains conatnnt over an appreciahla

distance= For thi8 reason tbatheory ia not reliable until the second phase

is reached, rnndthe shook slows duwn agains In this phase the henvy mnterial

,,,..
oontinues to press and,therefore,rnisesthe shock velooity above the

value expeeted from the similarity theorye The mngnitude ~~fthis effect

..—...——.. —.--. .. —-— —.. —.- ----- -. –-—-..--—-..——— —-- ——.--—.— —--— ..—.—..... . . ....——...__.._.__—. .
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-% aan be fudged from Figure 1 by the fact that the shoe’kwlooity ourve at

one point touohes the similarity curve for 2.8 times increased energy

release. It is,therefore,ea8ily possible th~t tlm energy release be over-

estimated by a fsctor of this crrder?if the effect of’the gadget on the

propagation of tb shock is neglected.

From the shock velocity we obtain the shook radius as function of time

*y menns of one integration. Usi~, the factor (27) we find*

(35)

If z is hrge cclmpar~dto 1, we obtain asymptotically the formula for

The function F has been e~.slu~tedby numerical integration for two

-mhes of Zo, obtmined if either the effect of the gadget only is included

or if the plntform is also taken into account- Thmy are shown M Figure 2

@
where is plotted against t far an energy release of 21,0[;0tons

* of T’n.’ 1/( ~-1~ was assumed to be 493* The vnlue of 21,070 tons was

cho5en in order that the experimental points for shock radii between 20

sad 30 rentersshould lie between the two theoretical curves. In this re-
*

~ion the experi,mentqlpoints lie on the dotted strnight line shown

Figure 20

The experimerltnldsta were obt~ined by Mnck’s group froa photogr~pha

., of the bell of fire by menns of F%stax aarseras (see Chmpter 18~c
.

Tha shock pretssureis obtqined from (14) na soon aa the shook velooity
..

●

�✎�� � �✍✍ ✎✎�✎ �✎✎✎ ��� ✎✎✎�✎�� ✍ ✎✎ ✎✎✎�✎✎� ✌�✎�✍✎�✎�
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.-. is known. It varies between 1S,000 - 25,0M atmospheres at Y . 20 qeters

to 4,000- 5s000 atmospheres at 30 meters and is,therefore,,wellwithin the

r~nge postulated in the Introduction.

. .,,

,,,..

, Ill~l! —.——.—- - --——...—— ——.—. ———. . ..—.——.
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Cl#PT?m ,7

~
TH$ ZBM W)umqil (F THE MABT NAV# PROBMM

/’.— it.Fuchs
1

7,1 INTRCJWOTION
.

The diaoussion in the preceding’ oMpters showsthat the problem of

the propagation of the blast wave - s nucl~r exploeion Is quite complicated.

Even if we disregad any txvmsport of radiation, appreciable capli oations arise in

view of the large variations in temperature and entropy. We mav roughly divide

the rangeof shocktemperaturesintotwo regions. Firstly~the

onemillion degrees to about threethoueatidegreesabsolutea Here diWOCh*
of mobcules am$ ionization of the atoms takes place. Cons~uentl.y J - I is

fairly small but varies with temperature. %1OW 3000° i is hss variable ad
* v

approaches eventually the value 1.4 in normal conditions.

The temperature varies of course also along an adiabatic.

total var@tfon between”%he shock preeeure and m? atmosphez% is

abovta f?wtor 2 at shook tempexaturs of 3000° and sllghtly more

However, the

not ~sive

than a factor

*

.

10 for a &ock temperatm% oi’1.OOO,OOOO.The effect of decreaeing temperature

along the adiabatic on the degree “oficmizaticn or dissociation is partly

balanced by tk decre~. M density. For this mason the variatim of % along

an adiabatic is not as

temperat~. For this

the shock frmt hold to

the shock.

pr~.ouncedaS OIII!ImighteX’p8Ct from th8 Ckng8 in

mason qualitative statements made about the conditions at

a large degree also for the subsequent expansion behind

A temperature of 3,000° K is ~qhed In the shook when the shock pressure

is about80 atmos@erea. (Foran energyreleaseof 10,000tcms of TNT the
.

.7.i-- shockadius is then80 meters). Xe are however mom interested In the pressure

%.....=‘ region from aboutons atmosmere down (corresporxiingto shook radii of 500

meterdand more). It was felt that the *xW energy distribution at this early
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prec:eiihqfchapters. The apprmimt@ns *de inchxie~

Secttion2)

An approximatetreatmentof the isothermal@@ere. In

)r,,~l

VXI-2

,@Md not havean appm!icfableeffecton the wesmre ditiributi~ In

as the energydistribute.cm%8 at Isastroughlycmreot.

,,+.$hb MMsOn it was decidedto startan IBM calculation&t this poimtarxiW

itionsfor this instantby means of theappmmba.tiona

~,.@@@ fwt the isothermalsphere“attihjslate stagehas no significantinfluence

tion OF the shock. However,in the firstinstancewe wera
.“

the is~hermd sphereas suchsin the &R$cmdinstancethe ,,

Z spheregreatlyfacilitatesnumericalcomputations,sinceit realms

rangeof temperaturesand entrL@es whichexistat any givenm6&&t,

tes the $inguhri*y <t the c eritm.

,,.

(2)”Y waa asmqmd to be cmstant U@ 4Uavama@J@valw of 1.25was r

is pm~bly the leastsatisfactoryQf th@ assumptionsmade~ but ‘.

‘Mj?the fact that we did not rsquire # ~ tiictm?!!k~’ hthati of the ixtitial ‘

,,

Ca2culatlonwt%hizwiabl+e% $s !wd$y f%asibleti.thout
..-..’

t anmnt of cc=puta~$-~,~hiam#uwW~~ w~ j~tifi~~

b“
(3) ?’-! was assumedsmall. *S wsuqti~ is not esamtial, but ,.

~‘,
I *;*ar tit ~r ucad therebyis smalland it baa the &anWga ‘thatthe
;1:“ ,:.,,,,.
~~ ,’

/ “ M*~’Z spherecanbe includedas an integralpart Qf the calculation.
i i“; “

i ii 1 ;’ :;;;‘
?& the lll!dr-m’ft is of greatadvantag4 if’ tha var,lation of the pxwsure

,,,
““;1,~ :;#@ w ~dtititl~

,
is a slmpk ftmotionof the duaoWY. $@m@, the variationfrom

~ ;: I :’::l;‘
1., ,* MMMMtic to anotherWY be gikenin rnaner$ed.foruL The mason is t~t in

.,,, ‘
I!’l,’ I *; om##the adiabaticof eachmass pointis givenby one or two constantaaI@

(, ,:’
/’, ,(

~~ ~w q$quim on~ya table,of thoseconstantsas functionsof onevariable.
] [’::’;“.

‘@@Amm3 inwhich theequationof state is givencompletelyin numericalformlP:,
i ‘:- ,,. :. I : jH ndt yat been triedon the 18Mmachines)c

,,,’,.?,,
,.
!,l

‘.
,).,.
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VII-s

It wouldbe [i:ifficultto finda sisgi%qpresentationof the equaticm
-.,- 1

.,. of state“coveringtlw wholeregionof adiabatiesbetween the shockpressure

curveand normalpreosure. FWever, with the limitationto’ahodCpress- .
.

below 30 atmospheresthe demandof a s$nplerepresentationbemmea feWib~-

In particularthis ia true for the adiabatk whichstart at shookpmmsura~

below 80 ataxephe~s,,sincethen no ionisationor dissoeiat%cmoccurs, Se

requireof coursealso the adiabatics of the innermass points,which-re

shoekodby stringer shocks. Howeverw. requireonly the tuilend of these

adiabatic, Furthermore,the highestentropiesare eliminatedby the equalisaticm
.

of entropyinsidetho isothermalspheret me equationof statewhich has been
.

used is disoumed in Chapter3@

The requirennnt of a simpleequationof statais the prirx@al rpascn

for startingthe IBM run at sucha ccmparative3ylatestige.

Althoughmdhtion transporthas been takenintoaccounti~~ as

it is responsiblefor thefornvationof the isotMnq@ sphere,no aH.owunce has been

.~de for W radiaticmtransportfromthe ieothexmmlsphereinto the regtonin which.

N% ia formed. As explalnedin Chapter4, $seticn4, this transportof energy

becomesimportantwh?tnthe shackradiushas reachedabout 100 xetersand it
,

shouldaffeet’ the prctpgation of the shockshort~ thereafter. %e opacitydata

requiredfor the purposeof calculatingthistnansportare not sufficientlywell

known. h neglecting;the radiaticmtransportaltogetherm are pessimi.sti.e,gince

it is of

preSSIMW

pressure

shock SO

*. ....

advant&e tc~have the enargycloseto tb shockfrontoThen the shoe
1!

W

decreaseslessrapidlythan it would otherwise,%e increasedshock

wouldnaturallyleadto a great~rdegreeof dissipationof energyby the

that at largerdistancesthffshock pressuremightdropagainmore rapidly

ami at sufficient Iy largedistanceathe effactof the radtation transporton the
..

shock,qmwnmewouldbe reve=ed. At presantwe are:nqt in a p@ itionto makemy

definitestatementaboutthis pcmsibllity.
I
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%ing to scm tinfoz%’unatecircumstancesrelatedin Section,,.,-..

oan be at.trib~~tedto the run throughoutitswhole history,

distancesthe energy~houldbe,assumcito be 13s000tons.

of coumelbe obtainedby.tne wual s cd,inglaws.

~ THE -L C@fDITIONS(F EiE X6MRUN

%e initial. conditionsof the IBM runw we prqmred

3,”no definitemergy

At sufficientlylarge
,.

Othfir“energiw oan>

t

by H$rsohfelderand

Magee. The principaldataare wmnarkd belowwithoutgoing ~to,the dehils
,’

Of the calcu~ti~n.
.

All data are for an energyreleaseof 10,000tons of’TMTe.
.,

7,2-1 The Isothemal S~w~---—1

‘he kgrange radiusr. of t,heisothermalsphereis givenin terms
,,\ .

shockradiusY by Equation4 of Chapter4, &mtion 3, It can be written

f Orm

[ 31.e85 Y17326-601.511/3
r=o 100 on

Here botn r. and Y are givenincentimeters. Itwas

simplevalueof Y,koand

pressurevery near to E?O

ro z 19’97ems

(1)

convenientto,cho@se

the value4 was chosen,whioh ccmwspopa to

. .
atmcepheres.Then . ,,

y 8 7987om, Y/r. : 4
.(2)

in tlw) “

a

a shook

,
The actualradiusR. of the isothermalsphereis obtainedfr~ $- “e~e~ti~

of mass. Sincewe)assumeconetant density> and oonstantprei&we in the

isothermalsphereone has/
.

J% ’03 SJR03

r. as functionof X is shown in

(3)

variesVEryslowlyaftertheshock

effectof the isothermalsphereon

thereafterc BeWnd a shock~dius

radiushas &ached about 10 metersand tb

the shockis negligiblea shortwhile

of 80 Iwterer. varies very slowlyindeed.

0
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-----.

Accord@ to Figure2 of Chapter4, It inoreasesfrom20 metersto 27 metersas

the pressurein the mpheredecreasesto 1 atmosphere( the analysisis no longer

valid forsuch smallpressuresj but it indioatesthe orderof magnitude).

For this reaeonit is a goodassumptionto assurethatr. is conetantc

The ~~al radiusR. thenvariesin accardanoewith @ation 3 onlybecausethe

air in the isothexvd sphere-...

Figure 1 Chapter4].

The i.nittiloondiM-

quant.itiesi

Temper&re

PrQSsurlU

*!

Density

EntropyAS/k

Ihternile~ergy
.

eaqxinds.%e initialvalue of R. is 60 meteza(see

of the is~~ermal sphereis given~ the f@lowiag ..
.-.,.
\,‘

= 49*ooo°K
r ~.iJ -= 3?, o A&Ooptierelll

JE0.0392x nom@ density

,“’j.,
=8S

and en&alpy E@ =1,487 x l&s H@ = 1.782x lN
.

R. .= L60t2s’meterss r.=” 19.97 meters.

%ese datawere,6btx!insdZraaa oalcul.ationindioatedbelow.
. .

It lasbeen shownin Chapter5● Section5 thatthe isothersmlsphereem be

t~ated on the assumptionof small ~-~. The small~- I &ppro@matim has Mm -

oheokd far a W%nt

foutisatlsfactWy,

whiuhwe requlrais

the neighborhoodof

is !nMiU.

lb shallnot

in any case ve$yW2ae to the pointsourcesolutions

sOldtIon

e%eaptin

the isothermalspbra, the errorof the sll<~~approxfmatian

involved,but the lines

*-
Section5 of Chapter5.

for two valuesof % in

go into thedetai~ M the tabulation. The analysisis rather
.

alongwhich it prooeedsare suffIeiently itiieatedin

The(resultingequationshad pretiouelybeen evaluated

order $0 see how nensitivethey were to a ohangeIn ~ ●

.

The vaiueschosen were~ = 1.2 and V = 1.”$. ,F

I
I
t
I

..-
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The valuesfor ~ = 1s2S were then obtainedby interpolation.In thisway

.- we fi.ndthe initia1 presswe and densitydistributionas we11 as the velocities

and the WLer coordinatesof all mass points-

some ad,justss!mtahad to be made on the initialccmditionsc

adjustment aroee frcmthe factthat the small ~ - I tzwatmentof
●

spheredoes not agreeexactlgwith the treatmentgivenin Chapter

.

A minor

the isothernd

4 Sectj.on3,

The errcir,whichmay be dw to either=thod, may be seen fromthe ~lues of

* Rofi~ Wie small ;~. I treatmentgivesR@ = O*8S0 comparedto O*?61 by means of the

other .~thai, The lattervaluewas assumedto be more reliable=

12Mhermore!, at the startof the IBM calculationthe val& of z at the
h“,?

shookfrontis largerthan 1,25~ insteadof a compressionratioin the shock

~ /jg = 9,aswouldbe expectedfor ~ = 1.25.the value obtainedfrom the correct

Hugoniotcurvefor a pres,sureof 77.25atmospheresis ~/X = 7@24. The

densitycontourwas,therefore,adjustedto give the correctcompressionratioat tlw

shook,and the cormectradiusof the isotpxmal sphexw. This requiredalsoan

adjustmmt in the EulercooniinatesR, sinceit is essentia1 thatthe Initial

conditionssatis~ theeq.uationof continuity~ .

~ . ~2 .$!___-.
P 7

wheti ‘r Is the Lagrangecooxdhat,eo

(4)
,

l%e initti1 velocitieswere thencalculateddirectlyfromthe equation

,4+

i whfah followsfrom the snm11 X – 1 approxbatlm. Here the correctshock
●

mlocity Y for the given shockpressurewas used.

(5)
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7&J’HB TOlkL-Y

The methodsused to establishsuitableinitialconditionsare In parts
----

somewhatarbltra~,, For this reasonit is not surprisingthatthe totalenergy

correspondingto these conditionst~ed out to devwte appreciablyfrom the

assuuedvalueof 10,000tons of TNT.Unfortunatelythe energywas reoalcuktedfram

the irkittilco@itiona onlyafterthe IBM-runhad been c~pleted. It was th~ found

that the totalenergywas 13,500%ona TNT,
1’

Since the initialshockpressureof ?7.25 atmospheresat the init$alshock

radiusof 79,9

remedyfor the

distancecurve

tons for large

values,

liwtc!rs correspondsto an energyrebase of 10,000tons,we have no

diac>repancyeAll that canbe said. is that the shookpressureve~us

correspondsto 10.000*/oneup to 80 metersshockradiusand to lSt5”W-..

radii,.Por intmnediateradiiit shouldsbwly changebetweenthese

Actuallytho d~screpancyis Blightlyless. A checkof the totO energy

ah a shockradiusof 2000metersgave onlylSDIW.tams. The ‘loss*of $QO tons b’

entirely due to errorsof the IBM-runand is of the otierof magnitudsto be

expected‘fromthis source,.

For most purposesthe totalenergyIn the IBk!!mn~houldbe assumedto be

about 13,000 tons, exaeptat smallshockradiit where 109000tons is mom appropriate.

P
s“
b-

%,.

W hydrcdywunicalequations9re

, 1.s

(-jli---)
,*. g p +

?
.4

L ‘~
o

.

(8)
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\

whi?me g and h are numerically known functionsof the entropy.
.

centerahd thatat tho shock$$diuethe hgoniot conditionsare satisfied. The

!@, ‘>,
latterdeterminealso the entropyof any

front. The entropyis assumedto remain

$iyp .

givenfunctionsof the Iagmnge variable

. .
mass pointas it passesthrough

constant,so t?nt essentiallyg
.

the shock.

and h are

The nmthcdsw@oyed in solvingthe systemof partialdifferen4@l squattcms

bjjmeans of the IBM machinesare expld,nedin Volume 2 of thisseries. The ,,

methoduspdfirstwas suitableas longaa theshock pressured$,f%~d sppreciabl.y .

from oneatmosphere,but it becanMerraticas the overpresaurebemamesmll. Ths

methodwas thereforechanged.so as to calculatechangesin densityand pressure
.
ratherthan thef.ra’bsolutevalues. ‘%isuhangeof procedure@ickIy suppressed

the erraticbehaviorof the pressure.

The run was continueduntilthe shookradiushad reacheda W3$a$ of 6$270

meters. At that instantthe over’pressurein the shockwaa 000251stmoapheres. %e

positivepulsewas 290 metersl~ng and the nega$ivepulse760 meters. Since the “

furtherpropagationof the shockis influencedat theseI.cwoverptissuresonly

by the Poeitiw pube, the approximat~ CInS on

next ahaptera~,,based,am? well satisfied.
%

small.comparedso 1 atmos~”~re$ and (2)that

whichthe !send-acOustic theory of the

Theyare (1) thatthe overpreewmebe

the lengthof.thepms8mre pulsebe
9

smallcompmed to the shock xadius. Wen the applicationof t~ semi-acoustic

theoryto the negativephase

the semi-acoustict-heorywas

,.

The shockpressureas

Is not bad. Henc%,the IE1l-runwas discontinuedand

used for the purposeof continua$im. ~‘

x.

.
.

a functionof the distanceof the iuhockfrontfrom the

~enter of the explcsion is shuwnin Figure1.

k th% graphall data havebeen coll~ct.edfrOMthe WariOuschapters. Frca “

a akockradiusof 1,0to 80 meters the similaritysolutionhas been usod4 The
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,,
“.

Vzx “-M

dottedlinesshowuppersnd lowerlimitsforthe effectof the gadgetmaterialon

)

..,. the propagationof the shock,as calculated-fcr the ~rinitygadget(sealeddown !i

to 10,000 tons of, ‘m’?), In this regionthe curvecorrespondsto an energyrelea~

of 10, COO tcris,

‘ For shock radii from80 to 6300meters,

the IBM run. Here the total ene~y is between..\

the shockprwssuresare

10COOOand 1S,000tons,

obtainedfrom

the up~r

va~b beingcorr6ctiit sufficientlylargedistances. The time of arivalof the

shockis indicatedat various points. t = O is t!w startof the 15M run whichwas

0.032$ecmd after tiheexplosion,
,,....,,

1
,, {

Beyonda radiusof 6&XJ metersup to 67,000meters.the semi-acoustic
,
i

theoryof the next chapter has been uhd, ,,

A numberof curvesshcmd.rig the pressureat a f= distanceas functionof
-.. .

t~ me shownin Figures2 to 9* Graphsof the premm Wrsua distanceat a 1. \
fixedtimeare shown in Figwes 10 to Igo ,

I

The duI%&iGnof the posfti.vephaseof the pulseas functionof the shock
.

pressureis givenin Figure 190

For comparisonwith measurementsat Mnit y we havealeo made a gra~ of
.

the arrivaltime of the shockat varicusdistances. It is most convenientto plot ‘

the shockradiusd~vhiedby the arrivaltime as f.xactionof the shockpressure

dividedby the no-l pressure,si.ncosucha graphis independent,of the energy

release. T%is graphis iueludedin Chap* 1% Zt depeda ,of’c~~ $
.

on the normalvelccityof soundin the given circumstances+COW For the IBM-run

co = 347 oentheterwper second.

?inally$the~~are shownIn Figure~ the positiveimpulse1+ and

fractionof the totalenergywhich is left in the blastas functionsof

the .’

the shock

pressuredividedby the normalprew.we~ The latteris Independentof thh .

energyrelease, ‘&M positive impulsehas beepsealedtc an energy rehwe of
.

40,000tons in fr~eair (or 20,0Q0tonsOn the ground)for the purpOSOQ*

cCinpul’i,SOri with dmervatims at ~ri~:.try.

—.—-——-...—.--—------.—..—-. .--—.-. “.... —----~-. -,....,.,,--..— .——..—-----.....ti,,-——..— .,”,,,s, -—”,. —.._-,,_ .-, , . .
-.—,— -... . ,...—. .
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k.

tiswre ver~s Wne for Radius332 &tera

%i.
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v
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Figure5

Premnire versusTimo for Radius@*5 mt.re
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Figure 7

PreosureversusTime fer Ra&us ~.mutars
e
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,- Figure8

Pressure versus Time for Radium2031meters
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Figuro 19

Deviationof the positivephaseof a pulsoat A

fixeddistance

.
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Figure 20

The positive hplse and the energyinth. b3J@.

(IBM) run ecaled to 40,000 tcn.c ~
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7.6 C~fPAMSON WITH TNT EXPLQ510N0BFFICIEN6YOF NU(XRARBQ4B

One purpose of the IN&run was to find’the eff~ciencyof a nuclearbomb

1- comparedto an explosicnfroman~uivalent chargeof TNT. In the nuclearexpksion

a greateramounto.f

of the explosionto

for the propagation

energyis used for the purposecf h-t i~ the air neart.% center

high temperatures● A largefractionof thisenergyia useless

of the shock.

Sinceno cora~rablsIBM-runexistsfor a TNT explosion,we comparedthe
,.

resultsfor the nuc;learexplosionwith experimentaldata. For this purpcme,the

experimentalcurvepreparedby Hlrschfelder, Littler and Sheardwas used. It is

,, based on experimentaldata for chargesf= on the ground,and for shockpressures

in the &angefrom 15 to 2 poundsper squareinch. The chargesvari~ from 67

to 55Q pounds, The curvei~ givenby the expression

38●6 + 85
Ap=- #Y--. + +??%.

~. x (91

Here Y is the shockradius in feetj w,theweightof the chargein pounds,ad

For lowerRR:* mma Hirschfslder,Sheardand Littl.er used the asymptotic

formula
3S:C

The constantswere obtainedby fittingto the low pressureend of the curve (9).

The a~lytical f&m of the equationfollowsfran
b

in th~ nextchpter, providedthe pressure pulse

shape.

From theseformulaewe calculated

give the same shock pressure at the same

the semi-acoustictheorypresented

has reached itsmymptddl!! M.near

the wei.ghtof the TNT charge required to

distanceas the nuclearexplosion.

Divic!ingthis chargeby t’heweightof 13,C00 tonsassumedfor the IBM-run,and

. .. .. .. ..... . ... ,—,= —. _ . . ..—_..._.__ ..-_ ..-.-. —-. .. .. .-x,,,. —---
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~ult ip~yi~ by & factor~v t,otake care of the fact t?aatth TNT data apply to an

explosionon the grcwd so that practically all energyis in a half sp!!ere,we obtain

the efficiencyof the nu:bar bomb compared to an equivaknt chargeof TNT.

The efficiencydefinedin this way dependson the shockpressurechosenfor

ccmnariscn.,and it is not surprising that it should vaqy with the shock pressure;

i~oweverjit is surprisingthatthe efficiencyshouldincreasewith decreasi~ shock

pressure as shown in, Figure 21 over Lhe range in which experimental data for TNT

E?xisL* However,the individualexperimentalpointsscatterappreciably,especially

for hi~hshockyes sums and~therefore2thisvariationof efficiencywith shock

p?~syam is not necessarilycorrect. Themostreljabledata are thoseat the lower

end of theexperimentalrange,whichwould in~icate an efficiency cf aboutiQ 6*

We curvehas been extendedon eitherside to higherand lowershockpresmres.

The extensionto higher shock -x%ssurea by means of formula (9) is quite arbitrary

and has been performedonly sinceexperixxmtaldata for,the Trinftytest have

usually been compared with this fonmb. The extensionto lower pressures depends
●

on the assumption‘;hab the asymptoticformulais validin this ranges which is not,

necessarilycorrect. Again,t!mmain reason for performi~~the extensionis

the fact that experhentai data have been analyzed Sy means of this curve.

A similarcomparisonhas beenmade by usingtheexperimentalcurveof

A@!!,Taub,(l)for half-pound TNT chargesin freeair. These differquite

—-Tr————
ReportNDR,C-A-4076

,.

appreciablyfrom the curveof Hirschfelder,
.4P

Littlerand Sheard, as maybe seen from

‘* @aph Z1. lhis discrepancy shows the difficulty of assigningany definitewlue

to

it

.

tlq efficiencyof’the

desirs~leto have) a

nuclearbomb for the purposeof producingblastand makes
.

comparableIBM-runfor T.NT.
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● ✟

Figure21

Efficiencypf nuclearbombau compmxi to an equivalent

chargeof T,N.T.
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It %,@ald be neted thattwo f’actors,whichmightbe importit, have been

tisregerdedin MM IBM-calcu3.ations.One of theseia tha radlauon tiranaport

u@ energyfrwuth. ball of tire intothe NC& layer,dj.mmmd in Chapter4.

‘hishas the effectof,equalizingthe temperaturesin the interiorof the shock

sphereand it w$llmake the nuclcsrexplosionmore similarto a TNT ~plmion.

Consequently,theefficiencyof the nuclearbomb is Improved. %’M othereffect

is the radiationwhichescapesto @rge distancei. lheargumentapresentedin

f Chapter4 show tAatthis radiationoccursat a timeand placewham it cannet

affectthe shockpreamre in the region of practicalMt@r8at, i.e~down *O

J aboutone psi. Howeverj it couldreducethe efficiencyat very 10V?shockPeqmres.

7.7 ScXLm u~~
.

%The IBM-runnaa mde assuminga nor-l’densityof air o

normalpressureP. = 1 bar (106dyn/cm2), * mum! tilocity

then‘c.= 347 centimetersper second. The totalenergywas Q

For the change to a differentenergy releasewe have axactsealinglawa,

we keepall pressuresand velocitiesfixed,but change8’11radiiand timesin

the ratio of

For the

lawsexist.

the cube rootof thp energyrelmso.

changeto differentnormaldensitiesor pressuresne exactscaling

However; withinthe accuracyof the primarydata whichenter the

IBM-run,we can use the folhw:ng **ling laws,whichrel@tathe dmdmd quantities

forarbitrary nmaal conditionsto the DAL quantitiess

..
$ “

t

3Q? . & Q

.,.
(3.2)

,.,.:.

e,. ..———”
.. —...— —...-— —.—.”..—

.— ——.——.

.. —,,,.. . . . . . “----
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i.e. we scale

normalvalues.

all pressures,velocitiesand densities~n the ratioof their

The lineardimensionsare sraledby an arbitraryfactor A , the

timesby t& samefactor~ and the inverseratioof the noxmalsoundvelocities,
3

and,fimally,theenergyreleaseis scaledby ~ and t!leratioof the normal

pressures.The scalinglawsfor pressure,veloqityand densityare,of course,not

{0 0/4 +pj60’\independentof each ether,sjnc # 4C’2

Thesescalinglawsare based on the as sumpt.icmthatthe equationof state

of air can be writLen in the form

+
= fwmtiml of’

o (j )..d(~+)
o 0

which is true for a F-Lx?, but onlyapproximatelycorrectfor the true

equationof stateof air .(E is the Intervalenergy

For the Trinitytestthe scalingchangesare
“

low valueof the normalpressure (SeeChapter19).

t
.,!,

per unit mass).

appreciable,beoauseof the
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Ammmc THEORYFOR SMAtiBIASTFIWSSURE

/’.-_.-..

If. A. Bethe K. Fuchs

g.1 IN’IRODUCTION

It is verydesirable

for smallover-pre9sure.

naturaltransitionto tihe

to have a theoryof shockwaves whichis valid

One purposeof sucha theoryis to providea

well-knownacoustictheory,and to set in evidence

the limitationsof the latter. Anotherpurposeis to give practicalresults

for the pressureup to arbitrarilylargedistancesand to make it possible

to stopthenumericalcalculationwith IBMmachines(seeChapter7) at some

finitelow pressure. ‘Ms numericalcalculationwould becomeinm’easingly

inaccurateani cumbersome with increasing radiusof the shockwave; the use

of asymptoticformulaethereforeimprovesboth the accumcy and the ease of

the calcula~hn.

‘I’hatheorypresentedin this chapterrepresentsthe first termsof an

expansionin ,powersof the ratipl/T where Y is the radiusof the shockwave.

and L its lengti,i.e. the $istinc~-frcmthe firstshockto a poirltat which

the pressurehas decreasedto a smallfractionof the peak pressure. We sha].

in generalretainthe f~st and secondpaer of L/Yand neglectthe th~rd.

One strongH=son for stoppingat just tiisyoint i8 that the entropyin the

shock is ~Q~~~rtJ~~l_t~&, wherep is the over-pressureat the shockfront

which in turn is proportionalto l/Y. Therefore,ifwe neglecttermsof order

(L/Y)3we can considerthe entireprocessas adiabaticwhick.involvesa great

Simplification.At one pointirlourdevelopment,

P calculatet~eactualenergytransformedintoheat

,.,,
-u..’

?M$-1

hcwever,(Section7) we shall

at the shockfrontand at

.. . ...— .. .... .. ———.—---— —. .-.,-..-.-”,-- -.—---,-—- --
.—_.. _” ---- “,.---c.-.-———— — ---- - ------ ,----— ,-----
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.

thispoint wo shall, of, coursq carrytermsof order (UY)3.

Ordinary acoustic theory does not representthe ffist termin an expansion

of the typeconsideredhere, We shallfind thak the lengthof a spherical

shockwave increasesgraduallyas the shockwave movesaway from its center,

whereasan acoustic wavo retainsits wave-lengthall the time. Similarly, the

decayof the ~essure at the shockfrontis somewhatfasterthan thatof the

~esmre in an acousticwave.

provide some guidingideasfor

recapitulaticmof the acoustic

Hcmever,acoustictheoryis very usefulto

our theory,ati we shallthereforestartby a

theory of an outgoings@erical wave.

~. ACOUSTIC ‘IMMRY

In the cmdinaryhydrodynamicquations (seebelow,I@uation(U?))all terms

shouldbe neglectedwhichare of secondor higherorderin pressurep or

materialvelocityu. ‘lhenthe hydrcxlymniceq~tions beccums

.:-c (* +*)

(1)

where ~ is Rienman~squanti~, (ef.muation (lO))whichfor smallpressures

is given@y

Combiningttw two equationa(1),W* get thewave equation

(2)

which h4s the solution
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‘A%Cmsi.der C@y Cm’igttkg Sphexhxd waves; for Qoiag W3W3S* & would
be a fl,me-t%on $@ t +’ rj~e.

———— .

propQx’tQmal to

For this reason the second term Equation (6) is known as &he aft,er-fh.w t-dam.
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At any ~’iven tiw$ u is inversely proportional to X-2,mxwi,ng that the flcm

through any sph.n-ical mr&wx2 is the same ~ as would be expected in Mccmpremibl.e

theory *

For finite Sfwrd ‘w?locity the. second term ill EQuat$ion (6) my or i-my noi

be important, H the scud signal b of finite duration ‘Z s .L/c, tJ_i12rabiod

the SfX.X9nd

distance r

mnparhcm

to the first term in (6) 5s of the order I./r. With increasing

mom accurate theory of prsssure waves can be ccm-

to the acc)ustic theory here Ouui.ned.

8.3 GENERAL TT-HKW—..

me equations of K@bn in Ed.sriari Cmmdinat?es Eme

,.

.,

‘I”b3 first of thse is the equation of mobiori$ the Se’ccmd is the COntja!..liky

replaced in our apprtxdiriawm
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h? which c is the soundvelocltywhich ft.selfdependson the density,

,,.-? In (l@~we Imve ljsedthe definition

.

...

, .,

..-

“ ,!,

b ,?
,.

Irwertir.g(,10)into (9)we obtain

(11)

(12)

In the Rcoustic l!mit the terms coritaini.n~ u ns factor can be neglected

as l/’rat large distrincesq We tbsrefore introduce the abbreviations

Lh X’u

?

.(13)

(14)

Ke ‘knrwfurther from occl:skict~,eorythnt u becomes asymptotioollyequnl

to c“ !’e:lsrgedist~r.ces, “Fetherefore further uet

(15)

. ..— .———..- .—-— —. —
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.

and we expect tnat P v&U bomme -11 cmpared with z for Lwge r.
. .

EM$$QM (U) now become

* ““+ (()”4 ‘Q) * + c(s+3 -$ ‘ “

d

%-i3D‘ .-(a. u)y+c+d!. + so ~ (16)

h the first approxhationwe w neglect the lA@ three t ems in the

first equation (16), We shouldexpeot?hat d/dr of x~ -tit? ia of the
J

Order of that quant$ty divided by L. $krefbre the term U/r$ which is

approximtd.y aq~l to Z/r, iii sma13 coqwrd & /~, the ratio of the

?mo tema’ bMng &f the mder L/r. I@ term D/ r is unall bwuw~~ D

la qkcted to. be smll **red to z as wi3.1k provwd **l*q %U last

term is in turn smallODmparedto the ascendlast.term~
,..

M the firstappro~tion, thermfore,the first~%bn (16]r*oeu to

*b +(c+tl} a.g=oi, ,[(’.

9 (17)$

%!4& eqwt i& moms that x propagates w$t~kt he velgcity G z;- TM* 18.,
the ana~oguti of acoustic theory @ whic~ z propag~tea with wwlocity co.

The replaceamnt of the ardima~ mud v&ci%y co by the effective sound ,------. . ..___
4

V’43cityc -“u is phyBic~ OW$QWBend:: is anal~e tq tti wall.kn~. ~

M4mmm aathoclfor treating@ane pro~leaus.” .
.

The OcllutAb@‘@f[17) $s

(1(3)

.w$th ..
>

J’
,

~xsg. AL
a+u (19)

,,
.,,

r
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The intecr~t;on in the expression(1S)is to be extondecle’,wrs p~th

almg wki~’h x is constant. The integralthereforedependscm L enc?

the equ.tiortdoes not givean explicitsolutionof the Equati~)n(17). T~

lowur lim~t ~n %MJ integral may be e function of E. If we chonse the

anme lower limit r. for all Z, then ~ ic the time when the value of ‘

L to which it belongspassesthe po~nt ro. For the presentwe shall

not apecf,fythe Iowsr lirnlt. The futictienZ (“&) must be determined

from the shape of the shock wave at acme in~tial time. This will be dla-

cussed in Section 8.IC!.

8Q~ SECONDAPi%OXIMATION

MA shallnow try to determine the function D from the seormd Bqua-
‘f

tion (16)and alsoto get a betterapproximationfor 2.

In the seaondEquattcm(16)we can certainly neglect tho last term.

The firsttwo termscan be transformedby introducinginsteadof t’ the

variable % defined

(-H-J=

in (19). ?/0havethan

and the seacmdEquation(16)becomes

2e ~D 2.

a+u O
%T r= ..r.~ +.(:- +(::&)+ .(+ - *-)

(20)

(21J“

*

Neglecting all terms of smnller orderof &agnttude$t& right hand side re-
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....

,,,””!

ducee to 2 c L/r end the factor on the left to 2. Then,(21~cfinbe imte-

(22)

This resultshowsthnt E is aotuallyof the order~ ~r, ~nd 1s there-

fore snmllconq.~redto z accordingto our aasumptione.This justifiesthe

first appro:ximnticngiven in the lest aection~ as well as the treetmnnt given

in this sect:cn. It is, howe.fer,of inxerestto writedown the righthand

side of Equaticm(21)to tha next approx~metlonmFor this purposewe nclte

th~t accorc!infto (22]

(u)
.- ~

~r~- r

Therefore(21)becomes

(g)r=~”+”)+ .“,.

(23)

i,inwhich only term of order uI)/r are negleoted, but terms of order cI)/r

The form of Eq~tion (22)shows,thnt D has the ohmracter of an after-

flew term and thereforecorresponds in all re~~mcts to the sfter-flew term

in Section 2.

The integral in (Z?) must he extended from the shock front to the point

at wl.ich D is tc be calculated. TO prow this, ft must be s!,ownthot D

behindthe shock front is of smaller order than (22). This can ensily be

done by usingthe Hugoniotrelationsand the defir.itionof & . We have

behind the shook front

u’ m (P-PO)(VO *V) (25)

*
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where the 6ubsori& o’ refersto the undisturbedmnterisl,and V Is the

(26)

The VOIUO of I! behindthe shook.front is by definition

D- r( u-m) (27)

. .,,.. . ~:
.. .

,J

‘, .
,*

To evnlunte (25)and (26)it ia oonvenlentto introducethe quantity

(28)

and to expresstt.epressurein termsof this quantityc “
2

p#lpo. Y<)$$x+%ji- d2u X2-V$ d3P x~+ ...,
d ~2 ~ d~3

(29)

Using the definition of the sound velooity we have

(30)

(31)

●

wFJem d and P are diinansicnlesscoefficients. If the adiahaticilaw is

-r (32)
P= Po(v/~o),.-

the valuesef * and ~ are
,.

----
.

-—. .————. .————--.-——.—.——.—.—...——-—-..—.— .>
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“.

(33)

With thse abbreviations Equntion (29)beoonms

o~
F- P~ : +( x+d Xz+p *:+...)

c’ (34)

Inserting (34) end (28) intothu Hugoniotrelation(25)we obtain

(36)

or for the 6oundve100ity

*+,.,

Insertjng[36)into the express ion (26)we find

0-: @ox
[ 11+ (@)X+ (p/2 -42(6 )X2+”””

(38)

and subtractingwe get

u- (39)
.-..,, ~ :00 *2 X3/24”

i
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*

This relation holds genermlly behind the shook front. It ia intereeting

that it dependson the quantity0( , i.e.on d2p/’dV2which is also the

qunntity determining the entropy change at the 6hockfront (seebelow,

Section8.5). For our present purpose the important point is that u-~

is proportional to x3 and therefore to ~3, and therefare falls off a-s

~1/Y3where y is the shockradius. The quantity D just behind the
*

shock frontwill therefqrefall of as l/Y2 which makes it of smaller

orderof magnitude than the expression(22~0

Y@ note in passingtkt, aooordingto (35)end (37), the welocity

of waw propagationis in firstapproximntim

C*U= CO JI+ CO}
(40)

‘iVeshall now insertour expressionfor D baok into the firstRqua-

tirm (16~Q We have to calculatethe quantity

?Js~ng(2o), (23) and (24) and the definitionof~ , this becomes

- :2 .Z. U-,—. -
r r F

(41)

(42)

As was explnin?dabove~only quantitbt! Of the order(u/e~(D/r)are negkcted

in this exprmsionb

Msert:lng(42) Intothe firstEqUat$~n(16)we see thatthe termsU/r

cancelc Thsweforethe firstEquation(16)beuoms, mgleoting the very

,..,,,

Neglecting u in c + u, this caxlM integratedto give

.+

‘WI”

-J-- +’J-i’zo Ch

(43)

(44)
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,,

*
*

.-

In otharwamds~alonga lineof aonst8nt% s not X itselfis a oon6tant

but the uomwhat mom compliostedquantity

thereforeinoreaseaas the wavw propagatesoutwardes

8.S THE M)TION OF THE SHOCXF!ROX’T

~t Us a8SUSM

Y + (W* The ehoek

midway betwwn the

(44J

thattho shookfrontmoms from a radius Y to ● radius

velooityoan easily be shown to bo in firstapproximation

effeotiva80UndVelocitiesaheadand behindthe shocks

The fO-~ B OUXld TO ~OOityiS Co, the latter o ● u so that the shookvelcc-

ity ill
●

Y j (Co+ ’c+u)=—
.-

(45)
k “-Y.

arxlthe tima needed for the Blmolsto trnvaltlw distanoe dY is

(46)

The shookvelooityis smallerthan the velocityof soundwavesbehind

the shook, o + u~ T~refor@ thesesoundwaveBwill oatchup with the shook

wave, ad ii’tho shookis followedby a rarefaotionas it is in the ease of

a bla6twave,then the rarefaotionwill graduallyout downthe,atmJngthof

tb #hocks In our notation,tti value of ‘t at the shookwill gradually

ohange~if it has the value %

value T + c1~ wkn tb a-k

In otierto Oaloulatitho

wham the shook is at Y it will havathe

has movedte Y + dY.

variationof ‘t alongths Shockfront,‘we

have to completethe definitionof’‘t whichwas loft80-what arbitrary.

It i8 acmrveniont*O definethe arbitraryconst~.ntof integrationin (19)
.
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where Y i[gthe shockradiuset the time

co

when the signal L retichesthe

shookfront~ Y ,therefore, is a function of z and this is permiasihle

einaethe constent of integrationwas snowed to depundori i. if we ‘use

the definit:i.onabovethenZ+Y/c@ iatti time When the signal L re~ehe~

the ahook~or t is the difference in tha actual time and the time which

wouldb. tiquirodfor a signaltrtiveling fromthe originwith norml aounc!

Velooity C(,*

The the differenced+ betweenthe arrivalof the signals MC

T+d% at the shook front is therefore

Comparison with (46] yields

(4?)

(413)

This equ~tiondescribesthe catohingup of the rarefactionwavewith the

shockfront,b

From (40)and (38)followe

where we havealso used the definition of z u rYo
,,>.-

.

.—————..—..
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Up till nowwe have not rrmdeany upeclalassumptionsnbowtthe $unotlon

2(7) , i.e.aboutthe sham of the shookwavec We oan get furtherresults

if we assumethet initially(at Smnlldist~noesfromthe oz=igin~the shock

wave was of’shortduration, and t hm t rnost-af..~duti%a@, r~,d,jm~s

Ve1Oci%J?_&,. This assumption18 quite well Justified for blaat waves at...--———-.
.
suffioientl;ylargedistanca. If to is the ti~ at whioha gi~n vnluo
.

of Z existsat a givwn&mallradius r. thenwe ~ve

of this ValUO Of z at tb distance r (of.(40jjt!!3

for the arrival time

If’W@ neClectsmalldifferencein the valuesof to and r. for d3.f-

ferentvaluesof Z it follcmsthat for fixed r, Z is a l~neerfunction

of t and thereforealso the pressurena6u*9 n linamrshape.

We apply the equation(61) in part!oularat the shookfront ray,

qunnti:iea,wu findtherefore

In the approxiwt$on

clofini%lonthe di.f’ferenw

-,,

—. ., .-—-.. . -..“-------..-”-—...—

in

in

—----

whioh r. and to

the arrlmslt@e of

..——— .. . ,-.—-— ..—

(62)

are neglected~%SI ia by

the shockawl of the signal
.

...-.-. —..—..-. .-
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\
.. identicalwith the durationdf the positivepresalurepulsu. This is easily

verifiedfromthe Equation (61). I

8h, In ordgr to obtain%~ as function of Z* ,only, we have to OXpreLYS

t?w shook radius Y in termsof ~8,w For this purpose wa substitute(52)

, .,:

iiY
●

which cnn hnediatelybe integrci%udto giva

(63)

(54)

where A it}a oonstamto In otherwords,the valueof X at the shoakfront

This cbsureaseie very616wJit goes only as ths in-f$e squareroot of the
..

lognrithmof the shoakr~d$usc J

The derimtion giwm abovemy give rise to %he impressionthat r. My
9

be uhosenarbitrarily*S ldngau it i& smalloomparodto all vnlues Y for

w!iichthe formula”(54)is applied~ This is not sos In f’sot,it ia easily

showntkt we mm ladto %ntrad?ictionsif we allow re to vary overany

We sha$l~ee laterthat a detniledanalysiswill allowus t~ det~rmine

the Gorrwat value 9f r. whiah shouldbe insertedin tha Squation (54~.

For the presentI@t It suffioato Pointout that a prosaure’pulseof the

constnntsin th@ asymptote I&w and“thusboth the oonatmt A ad the eom-

~.k
utant 80 are determined?@ tb propertiesof the pulse-
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Goingbauk to Equation(51),w fi@dthen thattb durationof tha

preauure pulse will ineroatte as th. squuroroot of log Ye The produot

of peaik prettatu’o p~ aod duration$ , ort~ so-eklhi impUISiB Of the

wsvawill therofora behava exactlyae ~y’ ~Mly. - -

?
(Ed “

‘W havathus mm that in eur approximationa shm?kwava will spread

out graduallyOin oontrastto th@ noou6tiatWmy 1= whioh the wava retains

its mhapafor all titmh * e~ading Of ● ohadcwqva in3 dixmnsion~iS

wry slows It WOUM be eondldarthly faster in two and stiIlfuatmrin ma

dbmalp on the otherhand,for a epme of

this effoet will rmt ocwttm

Conneot@d wi%hth@qmaaUlng Of thewa=

mar. thanthreedimmulons

frontprm$urs Whish 18 $@er than l/Y* Againki%’thraodhanakns this

affmt is IJIM1lJin onedSnmwion,eleamktary●amsth thaotywould givo

oomatantfrontpreaaurewlWNMM th ●OtUalMUVior is as l/~* Tha

oaea of two di~ns ionsis ag~inintermdinte0 ati for more$han thrae

dimensions,maoustiotheorybeoomestha oorreot aeymptatiolimits

Anotherinterwstiagphmomanattwhioh is oonnmtad with the variation

of tha

in the

ham a

normal

80UlU1Valooity a 4 u is tha faot that a seaond shoQk mustbe fornwd

*@ivo pk~q Of @ @hack wavas The regionsof mgat iva prassure

particularlys-11 PrQpagatiomVOIOOity,e + u,whichis smallerthan

soundvelocity ea. Tlwefons the veryend of tti shoakmm tends
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pointia just the nOX’IMlSOU* wlocity O.. Actually,homv$r, ~ is

-. . somwhat graaterthancr by the amount D/r- The~~ore the point X = O

propagateswith ● veloe$tyalight ly gramter than normalsoutiw loeityo

Sincethe vary tail of the sboek wave movurnwith velooityOo, the end of

the po8it i- phase X s () moves with a velocityslightlygreaterthan the

aid of the Ingahivephasm* Consequentlythe positi~ phasewill tend to ?

bocoamso-what shorterand the negati- phasusosmwhat Ion&orthan the

*le&ntary theoryindiaateu~ This oorrosj)ondato obso-tiona.
.“

A very importantremarkabbutthe shapeof shookwaveshaa baen made

by M-. It is most easily deduoedfrom the facttbt the total mass of

ba -l to the origlmal mas8 %@air wtthin the

f

,

0
T

Tlye are two regikm~

tW norms 1 dsnsityf!@

(5/3)

havebeen l&t at’high temperatureby the shook md thar$forehave low den-

sitys If tl~ shock-W is far outsttis~regionsha- returnedto atmoa-

pheriepre8@Iureand tlnreforeho a definite density* If X denotesa

radluarenal1,aomparedto Y , but .larpcomparedto the regionof t~ hot

gases, w &hallha-

,

where M ia a constantMlepomdontof X a- of the time* Subkraoting

The shockraglm itselfw M ass~d to b. smallin extensienoompared
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to Y* Thereforewe aan replsoe,in this region$r by Y* pu~ha~re $h=

.-
deviationof the densityfromnormal, P - He . i8 proportiounl to W ●

Theroforam obtainfrom (68) :

.

(69)

From Wile i’ollowsthat .,

(60)

Howewr, wa know that the value of X at the front is neRrlyOonetanto

Themafore the integra 1 in (60) mu8t consist of tum Contributbne fit~h nearly
,,

.
mnoel eaah other4 The shook wave must Gonsiat of a phaseof positiw m

.
(over-pressurd and a phaseof negative~ (under-prwsaure)auahtlmtthe

inpalaoaof the * phasesoanoeleach otherin firstapproximation.This

argumentis alz!oa prOOf of the Oxiatence of’ the negative#ha6e;it waa first

given by wnnoy usingthe energy

In particular, in the limit

the time , tb SkapO Of the shook

ratherthsn the amountof material. I

in whichthe pressuredependslinear~yon,

wavabecomesuymmetrioal~with equal shoeku

at thebeginningand at the end as illustratedin ~igure 1.

8. ‘7 THE 3TFXGY

The energy flux

(1) the work dons by

through● givwnsurfaoesonsistsof two parts,na~ly

the ~terial on one side,~~ the materialon the other

sid6 arid(2)the ●ergy transpo+d with the materialitselfs Sino9um

have provedat the end of the last sectionthat the pressurepulse M a

6hockwave has d negativephasebalnr?ci&the positivephasesthe final

diaplaoemautof any point is sero In first approximation
.,

.
J

&~* .o(yy) (61)

.’

— . .....-.-.”. — ..-—.”.. —, . . . . . . ----- .“. -- .-.. -.— -.——-
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,,
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.

.:

Symm8trioal,Equal,Shoa&%ve8
.,..

. .

●

.

.
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. This maria *X* t~ net trmapofi of e=rgy with tho material is zero of

.,.. htgher order. than the work term mentioned M (l) above~

T~r@~om’ the energyflux in the shockwave througha sphereof radius
$’
Y ia in uuffloientapproximation:

(62)

Ifweaet u.~

that the pressure

beoamet3

.

ad p wJCP andv= ~fi ‘,and if we furtherasswm

diatributionis as Mdioated in Figure 1, the energy flux

where ~ ‘is,$lw durationof the positivephasewhieh$aocordingto Equation

Using the rel&tion(54) for ~ -this beoomes

(6S)

(66)
.

Equation(66)showsthat the totalenergy in the shookwave decreases.-

abwly as the shookW-W propagate. This factwas firatpointedout by

Ponnay and memns th~t it is impossibleto definein any generalway the#
,,”.

ener$y mated in the shock wmve, but thst this

distnnoeto which the shockwave h~s gone. It.

waste will depend

is interesting to

on the

determine
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the deamyof the energyin the @hookwave also in a di?!%rentway.

This my is basedon the fad that energyis irrewraIblyoenverted

into heat rntthe shockfrontat all times. To datermhe thh wastedenergy

or inorea8ein entropy,we uea the I?wgoniot●quation fiw th energy

(67) ‘

wlwre tho quantitieswithoutsubsar$ptare behizxl,thosewith subscripto

in frontof’the shookwavei The mergy oan be expandedin a Taylorseries

in tho changeof Volunmand of entro”py,au f’ollows

If we rememberthat

()J))ml $=”

“,

*

.

.,

: T*

x%.

?.

(68)

‘+.%,,

(70)

... !
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Further,we”have

13p ~ #’p
P=po-@’.~+~ @/*’x’ .

IB60rtiw (?O~ and (71) into (67), we f’ind

(71)

(72)

This is the ona~gywastedper gramof materiala-@ overby the shock.

If ma now use (31)and (38)we obtnin

z- 21J At Q-aya

37$” (?3)

-.. (\\J

. In our shoukwawe at very largedistnneoa,thereare two ahctcksof ‘“~.2
...., ‘k

equaltirengthand the~fore the energyloss (73)ocmurstxrioe.Therefore !s
8

* find for the doeream of’30nergyin the shookwave itself

+&w,7-. +TrJ& ‘.S. tLY ‘—3 coy (74)

Compmring this with tlxlexpression f’orthe energy itself, (66), we find

.
which integrates immediatelyto

(75)

This res’~ltia●xaatlythe SNM@as deduoed above by explieitevalwtim of

“,.. lf, ~qunt iOIl (66) ● Wetherefore.hnve found the deeay of the energyby two

entirely independentnmthoda● Both methoctsare onlyapplicableif the sly-
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of the pressure pulse remfaiias umhangy3d4
h,

8. S THE PROPAGATION OF’THE SHOCK AT INTEI??&X)IATEDISTANCES.—

.
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(80)

(d

Sinoe Zlc,> rauatbe a~ll comparedto y the two eqwt$ons d~ffer only by

terms of the order (2/y C6 )2.

>.
We introduoo the abb~v$ation

g(z)= c$. =vy-k 4’
(82)

which is a oonsta@ For conveniencewe defim k in suoha way tbt

<g(oho
h. &l14

(82a)

TMn quation (80) takestM form

(83)

Dlfferentietionyields

.

( 86)

The shock velocityis also eounlto the awr~,e valueof c + u in front
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.

Harew havemade use of the Equation (49)D Comparing the two ●q~tiona

for ciR/dt rindobserving that 2/@ is a small quantity, one finds

z,
..... ~ $:$ [&#A]=o+ ‘: (87)
2R

or

(88)

This is an inhomogeneouallnearequationin
+

R and onn therefoxw be solved

H*!w ~o is the value of ~s at tima % = to , when R w Ro.

Partinlintegrationyields

This form

Of L in

of tho @quetiWl

nwmrioml forab

(90)

is mm omvmient if g is given m fmction

aimm it nvoida numerical dtfferen%iatiom

Eithar of tha two euuationa gives tha shock radius R a~ funotion

and, 8ince

c~=Y*
,“ e

...

(91)

(92)

**j

“1
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.“-.

.

The we obtaintho 8hoo~pressure A~~ as fuxwtion of the shook rad$uac

Then ths lasttermtondato O if 2, teds to serod w9 haveasymp-

(94)

This is eaaentially the aqwntion de@md prev$~ualy for wry largediutanoeso

F
.,

However, wmhaveobtainedtiro ths o!ut~nt A in tirtuaof *ha initial con-

ditionsS* furth@rmorO ue have now a dafiniteradiue

the radius R shouldba nmasured. The oontradictie!u

are thereforeavoided-

It will be obsened thatth# aaymptotiolaw (94)i6

X is sufficiently8Mllj if U@”p3Qt Z againat Y ~ it

of the form shown in Figura 2 S aoproxhnat ing rm.ghly tho

R* in terms of which

which arom previously

obtained’only if

will ham oomw shape

iaitial pressure

. . .... -,. ,.,.—.,—---- - .,.. . .,. ....
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pulse. As time goes on various Z valuea eat~h up with the shock front

.
..-.

ad tb range of valu@6 which init&allyatiendedto Z. contractsand ex-

tendsonly to Zal● The aeymptotiebw holds only if Za has beeo~ small

,&.

.!.

oompared to 20 or more precisely if X6

sidered a linenr funotion of y betmon

smaller Z the l,ongerit takmafor thi8 L to

frent, and therefore it may take an apprec iab lo

law is e8tablishad, unle66 the Initial pulse 16

funct’ion~

The pre8suradistribution behind the shook

obt~imd from tha Equation (81J

:atCthUp with the 8hook

tiIWdbeforetho a8~ymptot ic

already close to a linear

in 8pace i8 most emsily

(96)

A8ymptOtiOally x, tend8 to seroc (“i~eham pro-d this only for the POS itive

phase,but previousconsiderationshaveshownthatasymptoticallythe pos-

itiveand negativwphasebecomasymmetric.We shalloonsiderth8 negative

pha8eJinsome detailbelow). At the snnmtx Y tendsto a fixedvalue

Yo s Mince 2

The lengthof the

for L . 0 from

and, therefore, also the pressure, beoonms linear in r.

positive phase is obtained from (96)by subtracting ‘r

R for L * Ls ; 1...

(97)

Aaymptotically we have Y6 j Yo fi~

Insertingthi8expre88ioninto*M &Z of’(97}and u8ing(%) one finds

(99)
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If w wish to oktalntlw pre8sure8s functionof tirm at a fixedpoint,it

,,---. is more convenientto use the Equation (80~ indead of (81~

~~Followingths camearg~nts

ioallylinear~ The duration

. 4= h r/y
00 (80)

au Shove’ one finds that tlw pulse 1s aeymptot-

of the pouitivepulse if givenby

L L+
= 6*

(101)

as it should be. AlternatiV4Jly

length of tha pu1s0; with (82a~

.

we may use Equntion(83)to determinethe

we find

,,.f and for the duration

(99a)

(1OOJ

intervnl between the arrival of the shook ad the arrival of the signal

(102)

6.9 TEE NEGATIVEPHAS% MWELOFYENT OF T:3EBACK SHCCK.

We asmm thnt the initialGonditionaare as indicated in Figure2$

so thnt the negat.Ive phauegr~dunllyreturnsto normalpressure. Tb VnlUdl

t
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Z . 0 travels with normnlsoundvelocity,whereasall other Z values in

.-,- ,,:’: the negativephasetravelmore slowly* In faot,throughoutthe whole ngion

in which ~~/ciYl is negative,the

&up witheach ot rO At aonw stage

anotherand then a shooksterts.

As long98 r inoreaseswith

L- valueshave a tedenoy of catahing

a 2- value in this regionwill ove*Rke

increasingY the Z -valuesare in the

correot initial order. If r ●s funotionof Y has an extremm, soum z-

vmlueE havealread.yowrtaken others- A shookstartsat the boundarybetween

: the two Oases$ when r aa funationof ~ &s ● pointwhereboth the firet

and secondderivativevsnish*

From (83)followsfor fixed t

The condition that dr~dy c O g,ivea

Now from (82)

-?
d

[1
~o 1

0(2
‘= Ay.—-—

~y=— ooY-4
dy

(103)

( 104)

(105)

find(sinoe~z/oo$ is small),dg/dy and d z /dy cannotvanishsimultaw

Oously* I@noethy mustboth be finitein (104~andwe may write
*

..
.

H’ we differentiate (103}onoomore and put dr/dy “: a2r/%? s O
P

(106)

* we find

(107)

———..-..—- .- ,..,...” ##-,,, -” ,.. . ,.....,=.,—..—— . .. .. ,...,...—...—

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



VIII - 31

If we neglect smll termsof the orderZ/Coy and L/y , this con-

..- dition cnn easily be reduoed to

,,-.

da2 d ‘.O/y 1>,t,.

●nd siqilarly(106)yieldswith (10S)

(lo7a)

Tha Eauation (107)determinesthe vnlue X . Xl ,,at which the bae!c@hook

13tNtcl* Subatitu%ioninto (108)givesthe radius r . rl trend fimlly (8@

givesthe tima t . *X .

TiKJback

time at least

fmm normn1.

for the shock

shoc!lcstarta somawhme inside the negative ph#16@ md for ‘some

tb pressurein tha rearad in frontof the beok shookdiffers

-
are the corresponding 2 Valueskwe have

velc~oityin analogyto (86)

(108)

%“

where Y is the positionof the back shock. I@ add’itionw have twoequa-

tions6imilarto (84)
%

*

Followingthe prooedure used for the fhut @hooks we find ,quationssimilar

to (88)

(110) -

/
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.- -,.

.

CombininRthe two onuationaw find

(AZA h’Y+ci~/dzf ~0.
----- + _- .... . ,.., . .. ,

dxf J.#++pi EN

Elimimt ing Y by means of (109) one finds

(111)

(112)

This equationrequ~resin gmerwl nuawriaalintegration+

Sinceboth Lr and ~f are negativetho shooktrava1s with a veloc-

itybelowthe veloCity Of sound* ~noa the =alua L s O will QVQntUally

onteh up with the baok shoek~ and then the baok shockleavestlm uwterial

behindat norrnlpressures Then tho equations for the pro~mgation of the

back shooktake n f’ormsimilarto those for the first shook

with the solution

H9re 32,

large Y

(113)

(11*)
I

as for tl~ firstchockit foil- that Jf approacbs zero for

and me 1?ss nsymptotioally

b==–
*4 J2b’/T I

o

(lM)

(116)

—-.—.—-——.——,-,.. . . ....... .- ....—- ——..---. —- - .--— —
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We hew seen prev~ouuly that asymptoticallythe strengthof the baok shook

must be the snme ns that of the first shook, Hence A ~hould be equal to

.J (1181

Using +A@ express~on (W) for g we find by -ma of partial jntegrattm

Here ~2 is the w lue of y oorrespmdbzg to 22 and we have made MO of

ths fact that y ●I RO for L m 2.. If m ohooae our initi~l conditions

at the tinMwhen L just vanishesbehindtb back ~hock~*MY Ya _ y2

and the integralc,f L takmnoverthe wholepulsevnnishes. The 6ame is

true ifwe ahoosethe initial oonditiona ●t sny latertime.

For laterapplioatim we *hallfinally write down the equations whioh

re#ult if’ the initialpulsehns linearshape- I*e.,we assuum

(321)

... where R. iu the shook radiusand Lo thO lengthOf th POIJitiVO @@O

.—-——. -.—-——-—-. —.. ,,,.-... ———... -,. --. .-..—.,.
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-,

bo the t!hookpresmme by tb Flquation (93)

2* z ‘&c*- A?
o

Di~f’erentietingthe fumtion g(z) definedby (82)me f$nda

of (121)

~ Fegleoting the moond tern in thm brnoket, which $s uqell’ and

(122)

with the help

(123)

obuerwhg tht

im C)o?lntllnt

-

I@rewe have usedthe definition(95)for 1?*O

.,

(124)

(125)

The pulsela charac%erisedby the twb eonstentu R* and A2 j k.2is esegntinlly

the prodmt of

by the radiua

....

(12%)

( 124a)
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..,

Herethe aubsaripts o havebeen droppedsuinoethese qwmtitiks are eon*

8Q1O TWC’1’RRSSUREPULSESCATCHINGu? WITH EAC~ OTRER

If the cxplas~on of the gadget tabs place at some aon$$dorableheight

and the presaum pulseis measured by airborne instruments S the problem a-

risea whether the refleoted ghoak from the,growd ontoheaup with the fi?6t

shook,andwhnt hapwn8 if’it doesc

W. assume for simplicitythqtboth pressurewime have raachedthe

asymptoticform 4,sIengee the frentof the ceoondPU184hae not resehed

the recr of the firstpul~ethe two pulsesbehaveindependentlyand the cal-

@ulatiwi8of the preeedingaect~ona applym The mid-pointot eitherpulse
(’

trmWi6 v$ithaoutivelooitY a. and they keep~therefore**t s oonsta~
..

* “~,,,
diatsnt(apartfmp geometrical factor~ arisi% fr~n *M f*et t~~t t~ ~-

f luotd #kook lw h oenfwr dIfferent from that of the first shook~. these

are negleoted in the followinguoneider~ticmo~. Fmwr~ Me Mm&h Of each

pulse i.porense~indefinitelyand thereforethe refleoted@hookwill some

time oe.tehup with the re~r of the !’irstpulse. We then havethree Aooks

as shownin Figure3.
.
The eevationfor the first shook, & course, re!miml ~nalteredsi●e*

~,= 2.10J=*

(1261

wheretl+ 8uffix 1 refersto *M fir8tahook$and tha eufflx o to 80M

“the firstpulseo R* is given by (124). Observing that the lengthof the

?

(127)

-—.. ...—-----— .—..—--- . -“—--”-—--——— —- ——--
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Similarlywe havofor tho baak shook@f t,lmseeandpulse

>-+ z _’2a %7’
J *

(128)

(129)

For the cantral

when boththe mir in

shook we have to u@e the equaticns devisad for tha Qase

front and in remr of the shocilc deviate from normal.

Theseoccurredpretwiously in the treat~nt of the bsalcshookand are given

by (110)

in the first

of the first

Simi18rly,in

These equations mny be combined to giw

.

(133)

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



..,.

1

... .,.

If wa substitute th%a doqvw~sion into OM

t

intogr~te, we obtffin X2 sti 23 ~eparatoly.

~~--..’’).fj(’fig?] “’

z
--.--.-.------—.—.-.....-..’.-.--.-..”-.-..........+

/4 ..-.-...—..,-- -~ ..- Jr- Y“/P*)

!’

of t)w Equetions (13) .snd

T?Q result is

(134)

The chock strength of the cetntrelshook is related to i~ : ‘z” Accord ing
.

to (133) it drops muoh faster thn either the rear shock or the front shook.

How@verS the pressure level at whioh this shock occurs tends,according to
,.

(US6),to a finite Z valw. This impliesthat the oentralehookmu~t @it~r
.,

oatch~he firsts’htmk(if’B> f))or tb rear rnhoakmust crotchthe ce.ntra~

/ ,
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Neglecting the

Mentica 1 wtth

,,
SM 11 difference between Y. and Roj thOSO qwnt itieaare

the qusntity A defined by (’12S~,which ~n turn is related

to the ‘timpulse”of the pulse 9 A P$ multiplied with th ShOCk radiuu (w)

Equsticn (12SaJJ}* We conclude thdt B s 0, if the impulse of the two pulses
,

1s the sme at the seine radius- It will be noticedthat Rx and Z* may

neverthelessdiffer. Thus,one’puleemmy hawu longdurationand low shook ,

pressure; the ether short durstion and &omperekively large shock pressure.

Z, or L4. Thus the positim phase of the semnd pQl13eand the negative phaae

of the first pulse are eventu~lly elimi~ted nnd there remi,ns the pooitive

phse of the first pulse, which omibine$ with the negative

s*cond pulses All.&is, of oourse,takea sometime,until

~ (&/R ~; If R* nnd Z* ‘“differ f roni eaeh other ths

ienta in the positive and negative phaue will also differ,

#s?v(Y/R* J >?

pres$ure grnd-

only the *oduct

of shook pressure and duration will be tlw swaeo ~ the two pUhM36 wre

completely identical,,the rucminlng pulse wo~d be indiatinguiahablefrom

eitherg so thattb reflectedshook hassimplyd~aap~ared.
● B

If B is pm itiva,we requirethat the impulsein the secondpulse
.
la greater than the impulsein the firstand in thi$ casetha centralahoe~

oatche~up with the firstshock* EventuaIly the f’irut pulse has diaappoared

and only the second pulse remains● Similerly, if B is negative, the #90”
.,

md pulse will elrentuallydisappemr and only %he first pulse remain ●

A@ympkotioaXlythe energy in the blast uaw ia therefore not equalto <,.

the aum of the energyin the two pulsesbut equalto the energyin either
.

f
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the first or the seoond pulse, whichever is tb ~renter.

.
the energy has been di~sipated at the oontral shocks This

dissipation is dw to the fact that the ukek front of the

The rem hder of ,

inoreased energy

8eamd pulse

must go throughthe negatiwephaseof the firstpulse- E.g~ tlieenergydis-

ai~tion justbefaretho seoondpulsec*tohe8up with ths firstis propor-

tional to 4(&ps~3, assuming for simplicity equal shook strengths’ an both

puleess The feotor 4 arieea from the 4 shocks. Just after Me &ecmd
>4

#
pulse cmght up with the first, there ere two shocks of utrength Ap$ &nd ‘

.:ne of atrangth 24p~ end the energy dissipation ie proportional %

and haa ,therefor&, inerea~ed by a factor 2G5* .,A.-

.Cnle finds as

now L3 heie
●

‘pulse. .klso

oonseouem.m that

the sma Talue it

one findsfor the

would hew had if there had

radius R the condition

,, .........
shook, which 1# ;

besn no f%rst

8s11 TH3 CONTINUATION OF TEE IBM-RUN

The swthodu developed in the preceding sections have bem$,used to oon-

tinuethe IBM resultsof Chapter7. The ~M machineegiVOUS tti prO~SU~

dp ea fuaotica of’the radiuE et a fixed time. From these data m at~in

.
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shock radius is 314.7 (we use here th “f3M-unitl’for the rndius whioh is

19D97 meters). The crooses refer to an enrly oycle, when the shock rmdius

is only 20002.

J

.,m

... 1

For the nuwvrioalevtilwationitwes ocnvenientto introduoe,inatead0!’

~ the quantity,

$=p.=~Ak
o P*

and instead of g

(140)

then the positive phaue 6Pn be represented in the form

where + is the value of S at the shock front. Here we have used the

AE S= becomes ma 11, we have

(144)

(R in meter)
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The dnte from the earlier oycle nre better represented by the formule
r

.-.

which leads to

.’

P.nd aeyuptotioallys

P..

which diff%rs. by nbout 6 par oent from tho

error to be expected, ainoe nt the smaller

per cent. The da% from the larger radius

been

.

used for uI1 oulculations.

For the ne~al!tve phase, we get a good

-.

(142a}

(R in awter)

(14%.)

provimw formula. This is th

radiue the over- pre~sure is 4.4

should be more reliable nnd have

approxi~tion by tlw formula

The eonatentf; in this re~resent~tlon have been ahoaen in s’ach a way

we ~et not only a good repreaer?htion of the numer~osl d~t~, but tbt

the slope of the function g is ccmt!nuoug at r . 0 nnd t}-,mttheR180

Integrel of the pressure taken over the pulse vtinishe~. In actunl fmct,

the dots from the hst lBM-cyole Pre amewh~t errat~c in the neighborhood

of s E 00 This must be dlle to an error in the IW-run, isinoe the dptm

from the earlier c:yele Rre quite sn@uth* For this renson no attention

.. has been paid to this erratic hhevtor nnd the condition thet d~/&5

be aont%nuoue m% s . 0 has been used instead, in order to get a reasonable
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function g,.

,. ‘ITO~~e’ seen “before (see Equsticn (107~) tkt the back shock will start

et s velue ‘of 6 for wkioh

. (146)

If we use tlm ~resentntfo~ (146J we find that this condition oannot, be sptis-

.fied for nny ne~ntive so Hcnwmer, tkLi~ iS due to th~ snalytic representation;

if we go bsok to the nwneriosl data, we find thst *’M curvnt.ira ohen~es sign.

The exact mlue of s where the o!~sngeof sign owws i8 not easily deter-

mined,} howwer the minimum slope can be determined f~irly ~cclmntely ~nd

is 8.2* The slope determines the radius nt which the back shock stnrts

?/e shall not be interested in suah Iargo dist~nces.

,{!

.4

,-i# ,,

*
+&&h (142} ..nd (141)

(148a)

The shape ,,ofthe pulse at a fixed distnnoe ns fl~nction of time is sinil.Grly

‘t’ ~ ..s.“’;.~
..—.—---,.,--,-,.._, —. ...... ,.- .--,”.. +-,. _—, -

.—. —... -—-—. —. -,,...’- .-. ..—... .. —.—--..-. -”.... —.
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-.

,.
should use for co the “E3M-v~luen co ● 17.380

The peak pressure versus shock radi-~s owvo is shovm in Figure 5, ~lsing

“~~-uni*s”. For Comparison some points obtained, if we stop tl]e 1~}~-run

at nn enrlimr instent, are 91s0 s!-mwn.

Thedurnticm versus peak pressure is shown in Fi~ure 19 of flhapter 7.

The eau.ations for the shaApe

oh~,pter, to obtoin’datu for

of the pressure ~Ju13e sre usd in tl-a next

thu two combat bombs*

I

,

,.
.,-

.,

{

—.- ..... . .. . .... . ..-—-- . .. ... ..,-.—.. -. —.....-——. ———. —- ——. —.... ——,,..—.—.—.,..-.——.—...—...-.—-
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,,
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,,

,,

P@c Pressure versus $hqok Mdiua
. .

StWQi*AOeOUatiC theory plotted at R 200.2

*.v-*-

,’
●

‘ .

,,

..,.

.
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.

CHAP’TER9

T~ EFFECT OF AIIXTUDE

k Fuoha

901 IhVROIXJCTION

. ..

I

I

“—.- ,

(he of the eaaiest measure~ztts of the ●ff’.otof a nuolear btxab in qOSP

bnt conditions is ● measureamnt of the presmirs pulse by mane of airborne

gaugea. The Instrunwnts ueod for this purpose arc desoribed in Chapter M,

Safety oona Iderationo for the planes from whi,ah these.gauges are relaaaed

Mka it impossibleto get C1OSO to the bomb, Furthermore# uinoe the$o gaugea

are released at grea+ height ●t ●bout the same. t im ,thobomb is released,

but are attached to parachutes, they will Still be at a considerable kight

when the blast reaches tlwm.
,’ :,

?’he inf ormation rdbe ived from the sW}$I,W gauges w8s in fact the only “
~, 4...f,z‘<‘. .’,-,..

qu~nt itat ive infor~tikn on the bombs dro~~~ over Hlroshi~ nti Wagaaaki,
$.,,,:,,,. ?&,. ,~:,v<?.: .until scientific teqti oould ●nter theso+~d~s” ●fter Ww oessattm of .hoq* ,,

,., ,

t

,.,
tiliti08. The instrurrmnte recorded at d‘Might of about 30,000 feet, whe~,

n,:,/./ !“ , till
the wtmoupheric pm’~.ure is eonsiderably ~eduoede They were at a dI$tauee

i, ;f ‘i..

of ;36,000 to 40,000 .j~eet from t~ bomb.
.’

Such large d ikanqes oan be oovered by the ~ao ~ dmvwl~,,,, .,
o~d in ....

~.haptero llowewr~‘X haVO to estimate also”tha affae*
,’ $’”! -.

.
------

. . .:.,,
,of the e!lange of pre.ssure‘“&d temperntur~ with alti~ude in order to i~ex “

‘,.

pret the records. ..”,
.,,

‘.,
all directions, This assumption appearq ●m$ne~ly reaqonabler uin& t~ .,:

‘,.

-, z i.
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into a press m-o pulse of len@h s~ll oompared to the diatanee from tti bomb
,,

If in addition we asaurm the aeoustia treatment, we obtain the Rayleigh

correction fector for t~ ovw+asswna

(1)

w~Jw<G,d)P ars density. aaund ~loeity and over-preasuro at a &iven height,

immediately from

tho

the

tw

swse quantities for n unfforznstrno,spherecThe duration

energy in the pulse are unohnngede The latter follows

frno% that in the aoouatio theory the ener’& in the pulse

Chaptir S that tha energy-dissipation in the pressure

ClearlyD ~[..~.~Q..~We,ieLS,$X&$~E..~E..,,$Bkn,$Bkn into accou*to..-..!,,......--,,.,w,-z”#_,w,%

pul$? we hhall find that the aorreation factor is G0mp088d of two factors,

The first is I.dentioal Wi.$k (~~ ● The seuond factor represents n change in

the i%rm of the energy dissipation term, which in a uniform atmosphere is

“ 1/2
(log (I/ro)) . The lag h replmwd by the integral dR/R, weighted with

.
a function whioh diepends on tb vari@%ion d’ the atmospheric Conditions*

o

Clenrly

)
34

<

\

/‘L
dR

R
(21

(3) .

The daratian of the Wlsa$ which in the acoustic theo~ is “Qnotmnged,

also undergoe8 a change, if’ dtssipotion of energy is taken into aaoounto

.

.-..,..___ ,....—.- .------- -—.,, ...e”A.-* * ..— -—----- —...”--”””l..-———.— . . .. . . . .. !.-—— “m-,-. -- --- - ---- . . . . . . . . . .,.”-,. -. ..”, x.- “.,,* .”...,
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Ix- 3

t

(4)
.,

The duration of t’hePUIM tlwrefore inoreases with altitude>

In Sedkm !?c4 these for~lae are generalized for ● n arbitrnry shape of

the pul$e.

Compared to ‘the acoustic thmry the pulse ia therafore less strong.. but

longers In prino 1P1O it is therefore ●asy to oheck the theory by considering

the d i8tortion of the pulse shapes which is approximately independent of the

ener~ relessee “,

Hcmever, if we try to do SO* we

uation that the Hiroshima record and

are confronted with the embnrrassing stt-

Msgmaki record oontrad lot aaah othsrc

Thi~ is the more mysterious 6 ino$ they were taken at exactly tha same alti:

tude and app:oxim~tely the same distance from the explosion+ Mance # w@ should

Xn actual fact the Nag&saki record gave a, higher r~ak pressure b:Jt exactly

the ssme dursfic.n as the Hiro6hima recordo

* If thiE resu?t is reals jt Cf?nnot be exp~a ined as an RltiklJd8 O?feCts

unless t].e

pletelj” irl

acy effect

If we

5 times ES

fnctor 4 deduaed by Penney from the hlaat dwnageo If the durati~~n of the

--— .“-, ,. .._ ..— — . -----
—--. -.— ,.- ----

—. —.” —...— . .. —-—.-.-.. -“....-.—- ..--..” . .- -
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,,

.

.,

IX-4

,,

“pulee is used, the two bombs wre equally pmrful.

The v81ues of the nuc leer erier~ release derived from e ith.er theory,

w irg th peak pressure or the duration of the pulse as criterion are given

~n the following table:

.,

., Table 9.1 ,,

Eneryjyre lense cf combat bombs in tons of TNT~ .— --..—-—

obtained from \
peak prOSSUl% ; d urat icm

..—. — —— . —-. -— . . ..

I i’?afylseki f!,/-”
~Ad’oustiC thmry 35, MXI

I
20,000 ;

Thecry with. energy dissipation 51,W’JG ““11,700‘. .

.~ — “-——.

. .

(1) The pulse is weak; mre preci~ely A ~ << pCA “

(2) The length of the pu18e is small compnred to the radius to
,-

whic, h it has per~etrated.

(3) The langth of the pulse is smal~ compared to R dist~rme over

which tha ntmo6phere changas ap:~rec iubly.

(4) The energy is emitted uniformly In all directions,

An irnporta,rit conaequenco of the a~siini~t~mn (3J is thnt the dfstorticm of

the pulse is confined to a ohnnge of stole only. In. particular tke ratio

.
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J.
,,...

‘ ,.,)

‘UC-5

of the mean aqua!reof the pulse to tha square of tb shock pressure is un-

$ -’””” changedc This IIS not true if energy disalpstien is talw$n i~to amount. un-

less the pulse !ws the asymptotic linenr form.
.,.

(6)

Here the SUIV’!X o refers to the aasw qunntitiea in a uniform etno8phere*

In the acolmtic theory all Signal$ travel with the velocity of’801W.d#
,...

,, ... Ifattirn. t 9 0, the end d’ tihapositive phcisewas at r = ro, then

at time t it will have reached the radius r, where\’

f

L d:
,4““ <~”.,

.

Similarly for tho head of tb pulse

,. who Te Lo, L is the Mngth of tk pube at time t - 0, and at the t.

These integrals, howe-~:er, are identical with the dlzratlcn of the pulse-

Hence we find thnt the duration of the pulse is constnrito

‘I?-ie energy per !mit solid ari~leSn the pulse is giwn by

w -R=j% p. d.t
..

(6)

(9)

‘i
to be integrated over the path of a vc)luraelement. For a waak pulse, ww

( 10)

...—. —.._ . ... . .. ,.. ..,.,.. —~~....,——-.-.--. .———. —-----—-------- ,---- .--.-.-”, ,-”
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IX-6

. The fsctor 2 arises from the negative phases

.,--- ‘Since in the aco:~stictheory the energy wr unit solid angle is constantg

This %8.the Rayloigh eorraction for

(11)

the pq)81nare*

,,

In order tcl include the

one-additional as8umptioM to

, (5) The pulse has

effect of energy dissipations wa 8ha11 make

those meationed in Section 2D That ia

. .

1hear shnpes

Thi8 assumption is at least approximately true for the positiw phase ~n

the region in which wa are interested- Sint% the positive and mgative

phaa do not ir~terfere with eaoh oth$r, the as snmpthn IS therefore spprox-

imie ly’ corretlt4v ,

.

h view bf assumption (3), w cm treat tb history of any given volume

elauumt!on the lmsia of a tkory in a uniform etznoapheme Then the equation

(12) is satisfied througk~outthe pulse
.

(13)

The ●nergy per unit solid angle 5.8 agsin given by (9) ; for a linear Fulse
. .
.. w find

4,

....

,,

(14)

.—— —. ,...—.. ...-—.... —. .—.. ———...—— ...—--- —-,...---
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IX-7
.-.

,“ ,

The enwgy di8sipaticn in the uhaokad baok #h@k oan be expressed in tha

!-” ‘foru (eompareXquation (?4)~hapter 8)

,

Combining tb two equat$u~s we find

.$%.

[
2dR f12(A#0A /]

+CARW’%JVA4= o

(15}

variation of atfMW?bI’~~ cofift~~ns arwar-

For tM6 pur’puso W. observe’ that & ew8rwg@ vel.oolty of the pulseia

frctntshock is above aoy$adv810aityD and thet tb pulse $8 sysw@ric* ?hu

latter’wsisshown in Chapter 8 by

total displacement of any VOIWM

asymptotically

-ans of tlw gemral *rgwment that tti

ele=nt decreases as l/l@ and thsrefom

‘*
Thus the midpoint of the pulses whioh is &160 the end of “the positive phase,

\
trYRVOlffWith 60WB’JdVO~OCity* If o is the duration of the pulse at radius

R, m have tkerefore

...

where t is tb %im when tho 8hook front.reaches the radium R.

‘ (%8)

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



IX-8
f.

*
We mm ham all moussary equationa and prcwoad to solve *hmR. I)if-

ferentiaitionof (Idyteld8

d+ .L. 4M?
-zRZ’T c “

(19)

0b8erving that ths .moond tmn i8 @maII, w find

, dR “C+c’s!.$?- ... ... ...
dk CLR (20)

Comparison with (17) yiuM8

(21)..

(22)

Int6gration of this equation gives

~2y=JF@a(*j2-’= eend +!? ,.,

(d

(24)

(25)

In a uniform dnwphore of!density ~, and sow! velacity So, wo find tha

[

%4’
(26) %

.

thus r. should be identified w’lththe mdiwi R* in tha a6yn@otic law

$(W)

●

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



>

f

“-,

i

.

xx-g

(27)

where $/90 is the altitude aorreotion fhotor for the duration, whioh is

904 ALTERNATIVEDERIVJWNK

We shall nw give an alternative

(28)

This derivation follow~ O1OSO1Y that given

pheroo

In this deri’nktionw u6e.the omwapt

Clerivm%ionof the forsmla.eglvan ~bovv.

in Chapter 8 for a uniform atsm-

ofz - s$gntl18* In * uniform

atmosphere A remains aonstant along a cha~otamis*ic~ If atmospheric con-
.

rw lmq#r tr~ms We shall make the asmsption that

with the distanoe from the a~ntep of the explosion,

the sasn ‘forall ~ ● This WWM seem t,obe a reasm-

as the length“ofthe pulse is wnall cwmpared to the

atmosphere o&gga6 apprea iablyq,

●qvivcilunoe of the assumption about

tha approximation of a small pulse,

shall obtain tlm same reqults as in

tha b ehav$mli or tho

i8 only,dmwlatrated

$MtAcm 9*3* For this

FkaweWBr,the a~ldie

=- tela with ,

by tb tacit.that m ‘%

reason ww preferred

tlw prev~oua derivation, quitb apart from it$“’simplicity~ ..

The derivation ~ioh wo rnhall giv@ below has on the other hand the ad-

vantage that it appliae to an arbitrary ahapa of

mak@ a pgedio%ion about the 6hape of the puhe,
..

the chango in the Z - valves by lM faetic)r~ c

thd pulse and allows us to

The pulse is d~$torted by

The shook prsssu~, however,
m

,“

,,..
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--~ ,,

..

is changed in additicn by another faotor, expressing the fact that the emr~y

diss~pation hae ehqqed and, therefore, the ~- vala at the shock frent is

no lcinger the sanw as before. This second faator be no influenoe on the
,.,.,
sliapeof the pulse, except iIlsofar as it outs off the pulse at m diffawent

~. Value” The derivation of Section 9s3 gaw us only tlw produat of ttheae

two factors, NUW we shall obtein eaah factor sepa~tely.

Furthermore, in the derivation of Section 9*3, ~ had an arbitrary con-

stant of integrntien ro, which represented the radiu~ at which tlw a~6#-

pheric conditions could still be considered uniform. We

thnt Ww 8hOU1d take r. s 00 However, in order to get.

we’ found that r.
i

should ~ identifiedwith the radius

. .

should hRw expected

COrNCt W8Ulk6

I?* in the asymptotic

Our aeuumption oan be stated in the form

Z’z”k
(29)

where Z 0 is the ~lue of ~ at the radiue r ● r. and k iB ● funotion

of the r~dius. ‘ Enuation (29) holds almg the path of’e oharmteristio,

whioh ~oe8 with velooity c + u. The excess valooity of the characteristic

above the 100S1 8ound velooity IU given by C( ~/R. If at tinm t = to,

the eharacteriutio is at r = ro, the eqlmtion of’the characteristic $6

(30)

(31)

.
,

b
,
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IX - il

. Jfere r ia assumed a fixed radius end to is then evidently m functiono

‘of z ‘* K apwars only in a small term snd instead of j.ntegrRt. in.g over the

path of n characteristic, wu can

.

Then tM integral Is independent

At the fshoc,kfront we have

R
t..to=J’ d.tt

-z-
&

Differentiation yields

integrate over the path of the shook front.

The shock velocity is giverl by

LK
dl?

(32)

Compnriaon yields

dK ... ..
di? (35)

Let us introduce in8tead of R the variable Z defined by

dz . 0 dk.—.- .. Zc ~ ho
z C.A P.

t hem

,.

,,--- In this form, the variation of tfi.eatmosphere has been eliminated.

2; is the sarm function of ~~ as ~ for n uniform atmosphere

(36)

‘(371

(38)

Wiice

is of RS

“, . ., . . . . . . .— - ... ”.- . . . . . . . 7- . . . . . .
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.

*

k muse again tbenergy diasicatlon. Theworkd.ne.

solid angle is

I?enee’ Z*

(4(3)

(42)

We assunw tk,at the back shock has net yet stnrted; then the integral

extsncisto the minimumvalue of ~“ in the negntive phase and tiheri beck

to’~”= o ● Differentiation of (42J yields

(44)
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n-u

~ it iu fOl#ld tbt this is identical withUsing tb definition (31) Gf

in (45)VFinfOh~8.This requiresthe last term in (44)0 Hence the first term

and

da
& (47)

The shock pressure is given by

(48) ‘ ,

With (40), (47) and (39),wa fixxi

-
(49)

and the altitude corrootlon faotor is

The QqtIatiOn (49) can CIOarly a16f3b8 wr~ttunin the form

(4*)

who m Ap~o (R),ia th shock p~ssure in a uniform atmosphere.
.

From (30) follcm that tha arrival%f the sig~l go at the r~dius
.

r is delnyed with respect t~ the shook by the tiresinterval

(51)

--

,.,
,.

,,~,,
,,
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XX-14

For a uniform atmosphere, we can replace ~“ by~ &@zby R.

&

Comparison

(53)

(54)

whare At. is the corresponding funotion for a uniform atmspheret The

dureti?n @ is obtai~d by putting ~“ = O. Then

(55) ‘

The e?u8%ions we have derimd no longer contain the radius r. except ~n

z“ It is olenr that the equational should be independent of r. provided

w c~n find R value of sufficiently large tbt the wmi-acaustic theory‘o

spnlies Rnd fit the sanm the Sufficiently smell, so that up to tha radius

r. the atmosphere can be considered uniform. With that assumption we pro- ~

mied to get rid c,f r. in the expression for Z* We writu (43) in the form

..- Since the atmmphere is as”sumd uniform for r<ro, the i.ntegrand vanishes
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in

,.,

It

this region and we can anctend the inte&ral to IZ = o

&z~R+j’{$ /“-;] -’+: (57)
. c>

reuains to show that our equations coincide with tho8e derim!d in Seoticm

963 for n Iinesir pulse- For this 0SS8 (see Chapter R, Equfition(94)) ,,

It should be noted th~t the R* here has nothing to do with the r. which

w had beforez but is determined by the properties of.the pulse ns shown

From (5’7)follows

be written in tlw form

(60)

Substitlhing (58) and {60~ into (50), we obtain thm $%rmula (Z7~. (28), with,,

the correat rwlius ii* ● It is now oleer that the neoessity which arom

previous ly of identifying r. with R* was artificial, introduced by the
.

limitations of a theory whioh ass’m.esthe pulse to be linenr throughout,

The results which we have obtaind uan be expressed in term of simple scale
“*
&
k

&inoe R in pro port Ional to the altitude & , it a~n also be writtin as

L

A=”wj{g~-+j$f! (62)

o L

.——... ——— —...=.”.. —.- —.—,—. ..——,, ..--... ---~u..-. . . . - .“. .,-. . . ., . .,
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IX-16

,“

mnd depends olearly onlyon the altitudes but not on the propertiesof’the

pulse~ Then the altitude correction ia takxm care of by changing the radius

unohaIiged*me factor A appears in the pre88ure scale beu~use~cz sRAp
... .... .. ,.,,-

and the X-scale is ahanged by the faator k =Y&Ce/&O Hence the sosle
-

fmotorfor Z&p is the aooustic correction f’actordpc~.ce , but the aonle

factor for Ap itself’ ooatnins the length soale factor ~ (see also Equation . ...

*
9.5 IY:ALuATIf)NOF ALTITUDECORRECTION FACTORS

The ternpergtureT is a lineer function of the altitude up to about
9 ,-

10,000- 12,000 meters. It is given by

.

+
=1-ah

fig 2.26 x 10-5/ nmters

(63)

$.

,.

,

k: 2.128
,.

(65)

(66)

The‘sound velooity is proportional to the square root of tlw temper~tura

a (67)
s (1. a h )lP

‘o

,-
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.
usually ah will.be sufficiently

onn be used

(68)

●

,

small so that an expanaion of the Intsgral

Also

9.5 APPLICATION TO fiIROSHIMAANDHAGASAKI.——*

Tho ex~ricen”tal data for Hi&shima and Nn&mki nre given h Chapter 18.

Using the semi-acoustic continuation of the IB14-runand the formulae for the
.

altltude effectn m c~n determine the nualeer energy releaee required to give

the observed peak pressure or the observed duration of the pulse. The energies

obtfi Ined in this wiiy ‘have been recorded and di6cussed in the introductinn~

tho lengt?i is 2.527 nnd that for the pressures is 1-442; i.a-, theJ pulse

at that altitwie was the sam as t%at expeoted in a uniform atmosphere at

2.52? times the d istanoe, except that the pressures have to be ,increased

by the fsctor 1.442.

Me predicted pulse $ttapeis shown in Chapter 19, Figures 5 at-xi6,

Rtis’wn:tlg 11,000 tons energy release for HiroshimaF@ 30,00(3 tons for
.

llngssaki~ The Hiroshi.mereconi &grees quite well with the theory. The

experimental Nagaanki record, on the other hand, looks qu$tedifferent from

the expected curve- This, of course, is not surpriser..,in view of the

,...q

%’
large discrepnricy in the ener~ release.. ‘,,,,:;

.
~, ,,’1

,,

estirmted either from the peak prussure
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or from the durettfono

A strnnge f’eatureof the Ilagasakirecord is the faot tht the shape of

the negetlve phese agyeee very well with the pred@ticn, es is nhown by the

dotted CIJVJIIBwFIioh ie identicml with the prediatedour= exceptthat tt iv

di8vlncedtJy 0.4 seconds.

At present we have no explanation for the shape of’the ~agasaki puloe.

. ,.

>.

...
●

.,.

.“.
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13w MA(X4EFFECTANDm HMGHTOF ERRST

J. won Ne@m and i?. Rf3h?s

.24).1 ;GEWRALCXXWIDERATItXiSON THEEKM.?C’EIQNOF.BI.JST DAMAGE

damage tosbmctiu.res islargely cawed by reflection cm the structures

ofthe shock wwe gywwated by the bcmb$ and inthe case of long blasts such as

mimi%i~ the incendiary affe’et ofthe atordo bomb istreated elsewhere M .+

tatsvolume. .

Rw2’f’!irdi cwclwicm owe reaches instAd@.ng the

i.sthat the problem isextremely cwmplazand mm only

odd skqxip

This m=ns

..

1,
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energyfrom It, blattakea tariffon the blastat each reflection.#.”..

In additionto beingweakenedby destroyingstructures,the blastmay,

. of course,also ba weakenedby impartingkineticenergyto the debris. lhe

removalof energyfrom the blastas It does its job decreasesthe blastpressure

at any givendistancefrom the pointof detonation to a value somewhat below

that whichit wouLd WV? in the absenceof@isaipative

The presence of such dissipation nah$s it necessa~ to

values of the pressure than w&ld be required if there

set by itself on {3rigid planes The idsalwould be to

objectssuchas buildings.

consider somewhat higher

were only one structure

determime for a given

explosion and given target configuration the required pressures by treating J

thesediffractionaland otherlossestheoretically and from first prtieiples.

!lsrenthis, howeverjwould probably be toodifficalt in any well defined but

realisticspecialcase,and, furthermore,the”necesea~statisticaltheoryto

derive valid ~eriageresults’fcrthe actual irregularand varfable~get wn-

figurationis not known. The nextbest procedurewouldbe to derivefrom theory

4’
or from experiment the lethal pressures for a given isolated structure, to

average this properly over various actual structures, and then to compare this

with the average

been empirically

thenexpressthe

,pressurelevelat whichths damageunder considerationhas

foundto occur. The raiioof thesetwo pressurelevelswould

lossesin question. Ibisprocedureis not practicaleither,

mainly becausethe firstmtwationedpressure criterion is not sufficiently well

knownor sufficientlyreprcd&ibl.ydefi@d. ‘Iheseinfluencesmust therefore
.%’

* be accountedfor in quali-tive ways,not on an absolutebasis,but ratherin

;%,: the senseof comparing them in two situations - one, the situation of actual

interest, and the otherone,a standardwherethe pressurelevelccmesponding

to the observeddamageradiusis empiricallyknown.
.,.

,-”’b-.. l’hepressureswhichare actuallyinfMeted up a givsn structurewill .

have beenamplifiedby reflections from its own or nearby surfaces and decreased

-- —.———. —. —..—.. .“..—-—--- -...——.—...—..— -------- .—. --——-—..,.. ———.. . . . . . . — . . . .
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by diffractionsaroundopenings and corners. ‘The latter form part of the
,,-.

lossesreferredto above. The former may cause 100al increa$ea in pressure

which will, under suitableccuditiona,be quiteccmsiderable.For over-

presauresof leasthan,say, 111poundsper

appliesin thema.insatisfactorily,except

Accordingto it any reflecthn, head-on-or

squareinch,theacoustictheory

for mther glancingreflections.

oblique,doublesthe overpressure

at the surface. (Concerningthe I.id.tatbna of thisaabertion- cf. Section10.3.)

It is not cliffictiltto find geometrical arrangementswhereas =W aa three

suchreflectionssuperposetheira~lificati~s withoutany los8esD*g. the

phenomenonof a shockrunningintoa”900 corner.+,”(IV@U’esMl, lb, M lC.)

Itus,in sucha c~lsethereis a localincreaaein pressureof four timesthe

‘% initialoverpreasureIn tti shock,even in acoustictheory. (The exact shock
“

theorygivesevenhigherincreases,cf. below.) me -s* citedis a special

exampleof the moregeneralproblbmof the pressureincrease whichmay be..

obtainedwhenan acousticshockruns Intoa cornerhavingan angularop4Mng Q
+,,-

at ~ angleof incidenceM. In thisgeneralcaseit can be shownthatthe

pressureincrease to be expectedis np where p is the overpressure in the shock

wave,n is thenwtierof shocksthathave traversedthe region;n is deternimd

by the angle of tlhewedgeQ and the angle of incidenceOL . Reasoning from

the fact that infinite premuys are expected in a convergent cylindrical shock

as:

‘lheactml pressureaWlificatiOM that can ke attainedare lin&ed by the

rarefacti.onwave fromthe edgesof the neces&ily finitewedge.

‘1”hese”localincreasesare realand well-known:indeedthe blastis noto-

riouslyerratic$and frequentlyaffect8soaeparts
,,0-.,

thanothercloselyadjacentones’.In spiteof it?

,

of a strutturemuch more

reality,it is clearly

—. . ...”—.— ——.—. .“. ..-. -——.— ..—.-——— ———— ------ ---- .,-,, --— . . . ..——— —.—
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.

hopeless to attemptto follow this effectintoall its ramifications.On the
#..

otherhand thisio not absolutely necessary, since what is really neededjis an

average statisticaltheory. Now theselocalreflectionamplificati~s and the

oppsite diffractionshieldingeffectswhichnecessarilyaccompa~ them in

neighboring areas~ are clearly all perturbations of the main biast phenomenon,

causedby the irregularitiesrepresentedby the targeband otherstructures.

Consequentlywhatmust be estimatedis this: Whichformationscan be dis-

regarded as local irregularities not materially affecting the main, average

evolution of the Mast wave?

We do not pooaeaaan exacttheoryof

goodguidinganalogieswith acousticsand

thisphenomena. Thereexist, huwever,

optics - that is, with linear wave

theory. It is well-known(cf.,e.g. Wood,PhysicalOptics)that irregularitbs

with dimensions of less than 1/16of a =%e lengthleavereflection‘tperfectw

from the “optical’’’point of view. Probably a good deal less than this,as

I
much as l/L+wavelmgtha will not affectaverageintensitiessignificantly~i.e~1

theyare negligiblein the senseoutlinedabove. lhe lineardimensionsof

typicalhouses’are of the orderof 30 feet to 50 feet,theymay conceivablygo

up to the orderof 100 feet, Hencethey are negligiblefor wave lengthsof ““

120 feet to 200 f~letor ovrr,and even ti extremeuses forwave lengthsof

420 feet gr over. In the case of a blastwave,a certaindifficultyie caused

by the absence of a well-defined wavb length in combination with departures from

linearity for higher shockstrengths. It is clear,however,that Fourier

, analysis, aa well as any other possiblypreferabledecompositionprocedure,will

have to assign to the length of the main blast the essentialroleof a wave

length. ‘Me main part of the blastwave is the so-calledpositivephaseof

the blast. Hence,it is felt tobe justified in treat$ng houses as statisti-

cally irrelevant perturbations, if the
,-.

pc&tive pha&hasa spatialtensionof

at leait120 feet to 200 feet,or perhapsat least J@ fwt. It is char that

.——.—-,—-,-——.- —-------- . -------”—---- —.— — _ ._,___—..- -—.. .. ,..—-~—— —-... ... . .. -
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thesearguments are loose and rather qualitative, but they probably do justice.-.

to the main features of the eituaticm.

The length of the positive phase of the blastdue to an explosicmcaused

by W tons of ‘121T- or any otherexplosiveof equivalentblastenergy- varies

% slowly with the shock pressurelevelat whichit is taken,and is proportional

to W~3. In the significantregion,whichwU turnout to be at 5 to 10,

poundsper squareinch,the durationof the positivephaseis about0.025 seconds

forwsl ton.

The shockvelocityin this range averages about 20 per centhigherthan‘ii,~y’+:~~

soundvelocity,i.e.it is about1.2 x 1100feet per seconds 1320feet per

@ second. Hencethe lengthof the positivephaseis 0.025x 1.320feet= 33 feet.

For a nuclearexplosion,say 20 x 1~ tons INTblast equivalentthisbecomes

(20x 1#)1/3 x33 feet =WO feet.

To SW Up: For the nucle=’explosionsunderconsideral!ion(andactual~

even for much smaller explosions) housesand other obstructionsof comparable

dimensicms may be treated as small perturbations which do not appreciably

affectthemain evolutionof the b~6t. For a laterapplicationit is useful

to point out,thathouses,qtiteapartfrom theirsstabllshed‘samllmsi%e,are

also a feebleoveralltifluencebecausethey rover only a smallpart of the
{
ground. Even in “built-in areasMtheyhardlyever covermore than25 per cent

of theground, and thereforejtheprogress of a blastwave along the ground

takesplacein the main overa smoothsurface. *’

‘hisbeingunderstood,the one

thesecountswillnow be considered

describedas infinite. Thisis the

~. ‘.

obstructionwhich cannot be disregard~d on

since its dimensions are more properly

ground itself. In other words: M follow-

ing themain evolutionof the blast,the reflections and diffraction of a blast

--.., fromeverythingelsebut thegroundcan be neglected,but its reflectionfrom

the groundmwt be takenIntoaccount. Accordingto theseprinciples,

.
. ,,

.—.—...,.~. .-,_. —-., .—. ----.-. .-. .,.,___ .-. ..——.—— .,” . . . . . . ---- --- ——-,...,m—.,m -—. ———... — . .. .—.”. —-.-— . . .
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thegroundcan be treatedas a planeref~ectingsurfaceas longas its formtion
-...

is planefmm an iiverage topogra~i-1 pointof view. (Focussing,shielding ~
b

and othergrosseffectsof hills,valleys,etc.are well-known,but We do not

proposeto considam theti here.) Also, sinceits densityis 1,~ ti-s that

of the air, the transferof energythroughtheair into the groundis negligible

and it may thereforebe treatedas a rigidreflector.

‘lhereis a greatdeal of directexperimental‘evidenceconfirmingtheke

views (cf.,e.g.data obtainedat WoodsHole

‘1’huswe havereauheda standpointwhere

the ground, idealisedas a rigid,reflecting

and all targetstructuresare thenviewedas

fieldthusproduced. Two Sitmtions (in two

differentpositions) for two targetswill,be

surrounding ~esawe fields obtained in this

and Princetonon high burst).

the reflectionof the blastfrb

plane,is takenfullyipto account,

immersed into th’eaveragepressure

clifferentexploeione,at two

viewedas equivalent,if the

mannerappearto MA equivalent. .

‘Ikefar nothinghas been said about the characteristicso~ a pressure
.

fieldwhichdeterminedamage. A static~essure, i.e. one whichlastsforeverj

will damagea givenstrueturnsin a givenway, if it exceedsa certatiminimm

value~, which is easily de%erm$tiedexperimmtally. A pressurewhich laeta

onlya ekter ~ say t~ will clearlyhave to exceeda highermink valb

pt5in ~er to I=@ -Wrable ~ffect~+ CMarly pt willnot differsigni-

ficantlyfromp ~, if t exceedssome time T characteristicof the structure

in question,beingessentiallythe @lastichalf periodof an elasticstructure, “ ~

or the timein whichirreversiblebasicdeformation occurs in the case of an

inelasticstructure. For ordjnaryhouses,etc. thisY is of the orderof

* For the 9CWfoot long nuclearexplosionblast (cf. above),15 milliseconds.

whichthereforelastsabout3/1+ second, this

, ..-. In actualblastsp varieswith time:-p

experienceshowsthat the significantdamage

.
#

limit is clearlyfar exceeded.,....
s p(t). When the duration~~,

criterionis the impulse J pdt.
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Foi a durationwhich is> z , the beginningof the peak pressurecurveup to.‘
..... ) *W”

% is in the main p(o),and it is known thatthe significantquantityfrom

the pointof viewof damageis the peak pressure. Thusfor nuc~earexploaicns

(cf.abeve),the damage criterionis the pak pressureviewedstaticallyand
*

the situationboilsdown to somethingfairlysimple: reflectionfrom the ground

and then only the peakpressureto consider.

10.2 l’HEHUGHTOF DE’I’WATIONANDA QUALITATIVEDISCUSSION

OF THE MACH EFFECT

A bombdetonatedon the

air burst. For an air burst

ground is

bomb,the

on the blastreceivedat a pointwhi”ch

from the bomb. At distanceswhichare

certainlycloserto the targetthanan

heightof bursthas no profoundeffect

ia several times the heightof burst

smallor of the same orderas the height

of burst,the factthat the boitb”’isair-bursthas a

characteristic.In the immediateneighborhoodof a

extremely high pressures whichit couldnot receive

profoundeffecton the blast
.

groundbursta targetsuffers

if the bombwere air burst.

For big chargesthisis, however,not an advantagebecauseit means that the

immediate neighborhoodwouldbe destroyedmore radicallythanis necessary,and

the energy so wastedwouldnot be awilable elsewhere, In otherwordsjthe

imediate neighbcmhoodmuld be overpulverized.
,

,Itis act~lly practicewhen ushg smallerbombs-totry to make a fullhit

and detmate it emactlyon the target. When usinglargerbombs,however, one

do& not try to make a fullhit,but raher to wreckan entirearea. In this

case thereis some pointin tryingnot to detonateit on the ground, but at a

certain altitude,, Xn this way the areanearestthe bomb is not overdestroyed,

.. more energyis not used on it thanis required,and the air burstdoes not

,,-. permit nearbystructuresto shieldthosewhichare remote.

For nuclearbombsthereis a furtherreasonfordetonationat an altitude.

---.-. .-. h.. -”-.. —--------- . ..-” .—. ———---- . . . . . . .— ——-.,—- . —“.,.——_
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It is not desirableto let the enormoustemperatures(about105 to 106 degrees)

immediatelyaroundthe explosionget in contactwithmatterin bulk, in

particularwith the ground. Such contict~o~d allow the wastageof much

energyin evaporatingthe earth.

An exampleclfthe loss of energyfrom the explosionby evaporationof

matterin bulk can be found in the disappearanceof the towerwhich carriedthe

atomicbombat ‘lMnity. Figure2 indicatesthe asymetric shock-ball,as

actuallyshownintseveralFas@X photographsof the explosion. It showsthat

the

the

the

the

progressof the shockwave has beenvisiblyretardedwhereit intersects

tower,presumablybecauseof the lossof energyincurredin evaporating

steelwork.

lhere is a further advantage in air burst, a discussion of which constitutes ,

bulk of this report. An alr burst is accompaniedby certainformsof blast

reflectionwhichwould not occur in the case of a surfaceburst.

As an orientation let us first consider the case of a bomb detonated on the

ground. It might.at firstbe thoughtthat becausethe shockhas a hemispherical

shapeand always

from the grcund.

rigidreflecting

touchesthegroundat rightanglestherewouldbe no reflection

Actually,this is not true. If the groundwere an absolutely

surface,then the energy normallytransmittedto the lower

hemispherewill notdi-pp=r but will be sentinto the upperhemisph-e in

coincidencewith the energynormallysent therein the absenceof the ground.

In otherwords,~~bomb detonatedon thegroundis equivalentto two bombsinsofar

as the blastin the regionabove the ground3.sconcerned.Now twicethe charge

weightmeans,if one considerspeak pressure,,thatall pressuresare the same

for the gro~d burst chargeas for the same chargeburst in freeair if all

‘1) factor 21/3 ,
t

distancesfrom tihechargesare in the ratioof the similarity

11)
The similarityfactor comes from the fundamentalhydrodymmicalequations
in whichthe distance,R, always occurs in the combination R/W1i~ with the
blast energy W; i.e. the unit of length is determined by the Mast ton~ge.
ltm time scale is similarly extended.
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Compming pressures at the samepoiat,in the

as l/R or l/R3/2(R x distan@e from &he bomb)

presence of the ground which are 21/s to 21/2

Ihe l/R law holds roughly at large distances,
. L,.

region ti which pressuredecreases

peak ~essures am obtainedin the

higherbecauseof reflection.

i.e. 10U pressures,but the variation

is llke l/#z in tb regim of interest, at 5 to 10 pounds per squme inch.

It is clew t~t one wouldnot @ the indimtid pressureincrease if there

were cratering bctcausecratering means that saae energydoes go into tha luwer

hemisphere. In otherwords: If the bomb is burston the groundthe peak

pressureis increasedto awthing fr-1.~b, (21’3)tO lJ+l~(21’2)tms its

original value providedthatno crateringoccurs,and less than thisif there

is cratering.

Let us now

comparedto the

mnaider the effectsof air burst,at distanceswhichare gre8t

heightof burst. It is commonsense to expectthat at such

dhtanoea th~sheightitself,and all phenomena caused by it, ‘oughtto have a

small influence,and as the dislxmceincreases

*
Hence one should expect, that for air burstat

Q=$-Jd
*.

pressure

priately

Now

theory.

turnout

to the heightof burst (as for ground

is amplifiedby 1.41at most if there

less if thereis.

one must observethat thispictureis

‘Ibisis of importancesincethe above

to be the correctone.

10,2-1 Acou8ti{:PictWe of Air BWst

We will now desoribe the action of an air

approximatica.

becomeentirelynegligible.

distanceswhichare very large

burstat all distances)the ,

is no craterlngand by appre

in disagreementwith the acoustic

picture is plausible and will

burstchargein theacoustic

Independently@f thisapproximation,the shockwhich emerge$ from the bomb

; burstingabove the ground,will be sphericaland reswinso until it makes ccmtact,“”....

with thegr~~d. Ind*id,up to that timeit is effectivelyin fkee space and

,,’
,,

,,,,,*.,-.,,...,.--------.-.,._--..__-,._.,. ...m,-.,..._-.—. ......-.——........_ —-..-...,.—.— -———,-__,..,._,___.._-._. _,-------
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behavesaecardingly. ,.-

Wben the shock sphere hits the ground,it producesa reflectedshock. In

the acouatic approxi~tion this reflected uhockis a partof another,whiah is

congruentto the firstone, and behavesas if it were the blastvmve caning

froaa ‘virtualbomb”,which is situatedat the imagepointof the real b-,

reflected with respect to the ground.(Fl.gure3). Men the shock first bits

the ground, it does so at normal inciden~e, and hence, by acouetic _

doubles the overpresaure,.i.e. the pressure ticreases over a~utoephera b this

region. Even later; when the shock splwre Inwrsects the ground at oblique

angles, ,~h?l@ws of acouAics alrnoaall for a doubling of overpress~,~ .
,,

wesstare inoreaseab~e atmosphere in the twice shocked region at

surface.(Figu.res 4 and 5).’ In othermerds: At all angles o(*

the reflectedoverpres&reis independentlyof ~ eqaal.to 2p (p

overpressure). For CM= %3° the incidenceis glanaingand norefloctlon in the

sense of ●aoustic#””-docur8.(~. howe-r$ the discussionof grcmndburstabove;

cf. also the non-cousticdiscuss$.onof nearlyglancingincidencein the

succeeding pages)b

Let us now try to givea complete

eventsas theblast waw ●xpands, gets

chronological account of the twquenoe of

reflected, etc. Figure 6 ShOWS thi

ap~ance, in the acoustic approximation, of

outward from the air burst bomb.

me essentialfeatures of the reflection

the blastpatternas it travels

phenomenon are:

(1) Incident and reflectedwavesmake equal angles with the ground.

(2) ‘Me gressure”inareasesin the incidentand reflectedwavesare

equal.

(3) The toWl pressureincreasesexertedby theblastat any point

on the surfaceis twioethe pressureincreaseto be expectedat

the samedistancein the absermeof the ground.
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(4) The incident and reflected waves have a conetant aepa~tion,

equal to 2h; i.e. $wicetheheightof burstat the zenith. At

an angle g frmtiezetiti ttiaopration isxUer; ftWAa

to 2h coa ~ as thewave expandsout from thebaab (realand

virtual). For ~ = 9W; i.e. on the groundj th. sqmmtion i*

of course O, since the incidemt and reflected waves am necessarily

h con~ct there. Correspondingly,the reparationtendsto O

aa
Y
= 90°;i.e.as the ground is being approached.

(5) As tie wave expands, 0, the angle of inaideme (and reflection]

starts at 0° and approaches 90° in the Msit of Urgo distances.

l?igmes 7 to 10 Mimti tb P.,$ dependence(~r~e~~~e vww t-~

.,, depedmoo) at selectedpositionsin the blastpttern: Figure7 sh-s the

singleriseto 2P everywhereon the ground;Figures* S b and CS the doubl.ri- ~

to p and to p + ,pt at a fi=d heightabove the groundfor increasingpnojecti

*distancesfrcm the bomb;Figures9a, b and C$

a fixedzenithangleand ficreasingdistances
.

doublerise anywhere at the zenith. p is the

the correspondingdoubleriseat

from the bomb;Figure10, the

freeair overpressureat the point
*

underconeideration;pt ia the additionalreflectedblastoverpressurewhichf.e

describable as originat~ from the “virtual bo@M -, since any point above the

<
ground is clo~er to the real than the ‘virtual bomb~’ p>p ~~ but this differencaa

tends to zero (even relatively to p) as the distance from the bomb increaaee.

In FigUrea*, b and c, the timefnterml A t b?tween the two shmir

(pressurerises) tmis to zero.
‘+

In Figures %$ b =d c, At ten~. ti 2 ‘-f

where c is the velocity M mand. w Fig=e 10 A t ~
?. “ .

All these skatches are qt@Wy vU.M for shcmka with overpm!our’es or “

infinite duration only (Fig- lU). Ad#Wy a decqr of ‘the mwpremar. occurs

,,,,,,-..., behlmlthe shockb@@w@ of the fhxitmdtiationof the explosion(Fli@&@1.3.b)..
.

Co%equentlyFigure 7 is c&ed in the manner tidi-ted in Fi@@e’ 12, and “.

.

‘j.
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Figuree8 to 10 am affected& shown in Figuro 13.

Ihe sl~tiom depicted in Pigure X3 is of au.fficientiaportanca,aaa

consequenceof the finitedurationof the shockovsrpresmrejto deserveone

more comment.

amplification

everywhre.

Thedrop

M,pnding on the height of burst it is quite possiMe that no

of the original (freespace)pressureby the refleetedshockoccurs
.

sham in Figure1.3betweenthe prewaurerisesp and p! may well

exceedthe secondpressurerise p~. However,at or near the reflectingsurface,

becauseof the (exactlyor approxlmstel.y)simultaneousarrivalof the two shocks

in thatregion,amplificationmat certainly occur.

1O*2-2’C&$tlc%smof AcousticP~cture- Forjmt$onof a Mach S*

Certainpartmof the above6&eou8ticdescriptionof the blastpa%ternfrun
.

a chargeburstaboveamigid gromd are Sn disagreement,fir8tof all with our

intuition.and, secondly,with the facta.

A8 to the firstpoint,we havealready$pokenof replacingthe source,

wall systemby a real and virtualsource- an explmi.vedipole. tJaIone would

expectthat fromlargedistancea, suchan explosivedipolshawingthe combined

IMS8 wouldlook l:ikea einglecharge. This conclusionis analogousto the result

in electrostatics,accordingto whichthe fieldproducedby two equalelectric

chargesof the same sign is essentiallythe fieldof the totalchargewhen the

distanceto the pointof obsarvatim is great~omparedwith the separation

betweenthe charges. C?!As to the se md point,& realityfar shocksof finite

strength,tie situationIs like the one expectedintuitivelyh the preced~

8ectiom,for the Following mason. We pemwmont separationof the original

and the reflectedehoeks‘M”~uoustictheory(cf. above)is clearly due to t~ir
.,..,,.<,,“:, ,,,:,.,, ,,,

h8v~ the same valocl~,;~.e. smmd velocity. Actuallyahcwk~#f finite,,\ >,:$,>...
dmmgth are~fmm thafi,‘:s4&d.Furthermore,thereflectedsheckis fasterthan,,...

the originalone because~~;travelsthroughair kieol##”&the former,and henoe,
,,
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hao its speedincreasedrelativeto it. In act, we know from hydrodynamics

(cf.Section10.3) thatif one shockfollowsanother,and is in the regionof

posititioverpreawresbehindthat shock,i.e.in the positivephase,then it

travelsfastertlum the firstshock. Consequently,whileacousticallythe

refleutedshockitanot able to catchup with the incidentshock.if the shock

has a finitesizeitwlll in realitycatchup in regionswhere the positive

phasesoverlap. Since the two shocksare closetogethernear thegroundand

In contactat theground,the positivephaeescertainlyoverlapin this region.

Thereflectedshockis thereforefasterthanthe directshockand sincethey

are gettingmoreand more parallelas’timegoes on$ a mergershouldsooneror “
,*

later takeplacehere.

We*knowin fact fromthe theoryof obliquereflectionand &omexperi=nt
*

thatthe above is the caseand that the overpres$nmat We fwion shak is

abouttwicethatat eitherof the two originalshocks. Ad the sphericalshock

expanda

ground●

MO* d

conditionsbe%’omesuitablefor fusionfurtherand furtherfrom the

Consequently,the fusedportiongradmlly risesand coversmore and

the shocksphereand it ia possibleto show thateventuallythemerger

is completeand the two shockswe finallyeverywherefusedand forma single
.

shockfront. In otherwords,the shockdue to the virkal bombwill have

everywhereovertakenthe shockof the truebomb; the two shockswill have

‘2)whichcorrespondsto the doublecharge. FiguresI& “mergesover the sphere

) #:
If the chargeis burstat sucha heightthatthemergeroccursat great
altktudw,say 30,000feet,be-use of the variationin densityof the
pre-shockedlatineitherthe originalnor the fusedshockedfrontwill
be apherioal. ($eeChapteron AltitudeEffect,) Sincewe are here
primarilycancernedwith the kmrgernear the groud we will not discuss
thispoint.

ad 15 skm the appearancefor a wave of finiteamplitude,of the blastpattern

as &t travelsoutward from the air burstbomb. TM essentialfeaturesof the

.
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reflectionphenomenonare:
4 . ..

(1)

(2)

(3)

.,

(4)

(5)

Incidentand reflectedwavesdo not

for all anglesof incidencegreater

intersecton the ground

thana criticalangle
9c

When inoldentand reflectedwavesintersecton the groundthey

do not make equalangleawith the ground.

lhe overprWmre in the incidentand reflectedwavesare unequal.

lhe totaloverpressure-exertedby theblastat any pointon the

8urfacevarieswith the heightof buret,the projecteddistancq

fromthe bob, anf$ the blastenergyreleasedby the bomb. It

i:!not obtainedas in the acousticapproximation,by multiplyi-

ng the *ee

of two.

The incident

which,as the

air Presdureat the pointin questionby a factor

and reflected

wavesexpand,

waves have a gep~at$on at the zenith

at first varies little from the value

2h @ thendecreasesto

an angle from the zenith

the expansionis smaller

formingtheMach stem.

zeroas the fusionprooesa~oceeds. At

the separationin the early stagesof
.

and becomeszero as the two wavesfuse,

At distanceswhichare largecomparedto the heightof burst,the

directand reflectedwaves froman air burstbomb have fusedand

propeedoutwardas a singleshock. From completefusion on,’the

shockwave appears to have acme fromdoublethe chargedetonated

on the ground.

ha thewave expamls, 0 , theangle of incidencestartsat 0°

al~dthe stem becomes~rpendicularto the groundin the limitof

largedistances.
#:

FiguresM axwl1’7indioatethe p, t, dependence(owerpressureversustime,&,’-

dependence) at selectedpositionein the blastpattern. Figure16a shinsthe
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-.
depqdanw of 0( on tits angle of tiei~oe for string and waak shooks respec-

tively. Figure@178, b, and c UME ths dotlblerise to p M the? to p 4 p! at :

a fixedMight above the groundfor lmraasing pro@cted distanoest~,$the bomb. ;;
..:.;,. L ,’

FiguralW ~ b, and c also apply to the csorrospondingdoubleriseat ~’‘$&@d

%d,th &@@and Iwcreasimg distanass frix$k,fjhebomb, AJJ thaso~tohee qre -
. ;.

validonly for shocksof infinitedur8tion. If the pressureM@ a l!ini~dura-

tim$ iPigures 16 *17 ehmxld be RIodi ~ ed in a mannurshdlar to thg modification
Y

(Fi,gtuw 11 to 13) of Figure@7 to 10.
, k,,,

M).2-3C)$MCIw Rei’lection “ Dav$atilan& a Acowtic EWh&vior

A detailed theoretical dlscussia vt the shockwave psttergproducedby the

reflectionof an expanding‘sphericalshockwave fmm a?-igidplanesurfacemust

startwith a descriptionof what happensexactlyon the groundwhere the ticidmt

and reflected shocks alwayq intersect each other, and where the reflectedshock

was originally produced. It will be racallsd that according to the a cous tic theory

a rof Mctim Blways produces the same ineraasein overpressureas the tic,identshocti.

lhisHault is independentof the angleof in’eidenceup to, but not includ-
.

., ing 90°,at which it ceas$sto b$ valid. If the shookis of finitestrength,

therewillb. deviationsfrom theaoouuticrasul.t.Sincethe awu8tic behaviom$s

earlier t~m 90° ,forthe trueshookmustexhibit camekind of contihuousbehavior

in the mi@borhood of 90°. T@re are, then~txo factorswhioh perturbthe

aoouetiebehav@r: the finitestrength& the shockand tha obliqu5.ty,especially

in the neighborhood’of 90°.

1O.2-L W@+n ihm.mien
1

Let us firstconsiderthe &u@ behaviorof a fimiteshockfor a head-an

reflection. (SeeSection10.3 for datailedcalculations.) T%eresultis usually
,.-.,,,

stateda a follows: A shock wM.eh hits on abaolutelgrigidwall will be

strengthenedmore than the acoustic theory ~edicts. The ac~atic theory

-..-.. ... .-..”. . . . . . . - “’--- .-----”. . “’ .
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predictsa doublingof overpremure at the rigidwall. Thisis an incomplete

descriptionbecausethereare two diffepntways to nwsasurethe strengthof a

shock. One measureis the absoluteoverpressurein the shock;i.e., the

differencein pressureimmediatelybeforeand immediatelybehindthe shock

ftont. lhe othermeasureof shockstrengthis givenby the rdatfve over~ssurej

i.e., the ratios of the ~essures isuaediatelybeforeand behind tie shockfront

mlnua 1. Now, in the liaitof sauslloverpressures,It doesnot~tterwb$ch
,:/,

criterionis adoptedbecauaethe reflectedshockis uQi#lin strengthto th@

ti-cidentshockif’measuredeitherby the pressuredifferenceor by

ratiotiem 1. For finiteshocks,however,the reflectedshock is

than the incidentshockif ~a$~ by the pressuredifferenceand

measuredby the juwaaureratieminus 1.

the preiuure

mtrcmger

weaker if

The clearestexampleof thisis the case of a very strongshock.

is well-known(cf.Section10.3)thatfor air the reflectedshockhas

Here it

an over-

pressureeighttjmesgreaterthanthe originalone. On a relativesale

althoughthe reflectedpressureis eight timesas greatas the incidentpr&ssw@,

the incidentpressureis very great comparsdwith the initialpressureof the

unahockedair andithesforethe a@engt& of the reflectedshockas det8r@.@i
l? . ,..,

by the secondcriterionis verymuch less than the strengthof the incid4~,:
,.,

shock. To summarize, the absoluteoverpressureis greaterand the relat$w

over~esa- ia smaller. We willmeasurethe shockstrengthby theSb@mJu@

overpressureand on thisbasis thereflectedshockis straagarthan the inuident

shock.

10.2-5 Sim~leObllqueReflection 1

In the acousticlimitthe ticidentand reflectedshocksforma stable

configurationregardlessof the angle of incidenceregardlessof the shock

strength. Sincethe two shockshave the samevelocityccapment parallelto

the groundas their pointof intersection,0, theanglesof incidenceand
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refhctim Win U80 be equal. ‘Mu 18, of courses ja8t MS applicatim of

Snellrs prhwiple in a very simple case. (Figure 18).

Ut ue a@N coua~derthe case of a fixxlte shock,wherethe reflectedand

incidentshocksmay be of uneq-1 strengthsand hencehave unequalvelocities

relativeto the air and ground. If the intersectionof Ma t!woshocksis to

hremaincm the g und thisdifferenceof velocitiesrequiresthat the refleoted

&ad inoident shocksmake uneq~l’a~les with the ground.

Aequati s @f motion (cf. wcticm 10.3) we tind that them

If we 8et up the

are as many equat$one

a8 th+ereare variablesand, in general,thereare
#

We mustqualifythis laststatement. In the

a @u$ion, thereexists,in general,anotherone

Solotima. .

firstplace,when thereextats

ae well. lhue,thereare.two

solutions;i.e., &iven an incid&t chockthe reflectedshockcanbe In two ,~,1,

positions,me lessand one more inclir&lto the surface(F@ure 19]. m~ ‘”

ref lacted shock which id steeper~ turnsout to be faster. This itJeaey to eee

bothqualitativelyand aWtha~tically. One, therefore,has to ask whichof

thesetwo shoaksexistsIn reality. It is relativelyeasy to sue thatunder

theseconditionsit is the less strongshockwhich existsbecauseif we catinue

to

we

as

decrease the strengthof ti’eincidentshockand go over to theacoua~c .eaee

find that the less steepshockgoes overasymptoticallyto the same str,ength

the ticidentshockat the sameangle,whereasthe steepershockgoes over

intoa finitenon-acousticshockand becomesvertical;i.e.,as p incident

W. Now sincethislatterdoesnot happen,atidis--+0, Q3-+Ql~Q2-+T

energeticallyimpossible without an externalsourceof energy, we assume at
~,

least in We caae of a weak shockthatit ia tie le8ttsteep,weak solution j,,..,
whichexists. One mightassumeby continuity,altho~h thisargumentis not

quite safe,thet the strongreflectedshockis forbiddenfor all incidentshock
h-w

strengths. IIN$*xpsrimentalobservationsof all who havew’orkedon thissubjeet,

in particulartho veryde~iled observationsof L. G. $hclth,support this
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cxehksion. If we cmsidet this obliqueAock theoretioaUy@&l let%* angle

,$ at whiah the incident shockstrikesth8mall increasefrom 0° towards@,

theglancingvalue,we findthatas this.happens,tM less 4ee# td’tha two
.

reflectedpossibilitiesgets steeperaqd steeper$the initiallysteepar
.

solutionbecoqesless stetp. In otherwords, the tw@ solatihnsPm the re-

flectedshockmcwe towardeachother, WJ ●rtisatiof$ed that it is the leas

eteep solutiomwhichis real. However,when the imcidentshockhas reachd a
;’

sufficientobliq~uitythe two solutiansfor the retledtedshocksmerge;i.e.,

become identical.,and beymd this thereis no solution;(3)60 thereis an

731 ;
~0~ 8hocksof

Y
reasonablestrengththisobliquityis far from $0°

(Cf , chapter 3 ~~ e.g., for a shock strqgth of about an atmospherethis
angleof incidenm is about 50° and even fm a shock strength of 0,1
atmospherethisextremeangle Is around$0°.

extremeanglebelowwhichthereexisttwo solutionsfor theroflected shock,

an angleat which thereis justone solutionand beyond which there la no

10.2-6 The CriticalAngle- I~ular ReflecU@a

Thereis then,an extremeanglebelowwhich there are two solutions.

salution.

!S’e

choosethe lowersolutionfor tolerablygood thooraticalreasonswhichw we~

well confirmedby experiment~ but beyondthis@%tr&e angle theresimply18 no

reflectionof this type. There,~st, however,be a reflection@ somekind.
,,

We callthe Aflection of the first kind, the roflmtion which really is tti

extrapolation of theacousticcase,reg~ar reflection,and all kindsof other

reflection, irregular.From the above 1 one can see that the region of regular

reflection iB limi@d to angles of incidence belowa certaincri t$cal angle.

Now the variations with shockpressure of the limitingangle for regular “

reflectionare of some interest(Figure 20). It is quite clear that as the

shockstrengthis decreased,theacousticlimitis approachedand, therefore,

the llmitinganglemust be nearerand nearerto 90°. For reaaana previmmly

*

.,
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,.. mentioned,as the

acousticbehavior

l%MMXyas well as

.. .

X-$9

,

angleof incidencebecomescloseto 90°,deviation froni

shouldbe expectedno m tter how weak the inciden~”shoqkis.

experimentshow thatsuchdeviationsdo occur. As will be
I

shownlater (cf.Section10.3)the criticalangleconvergesto 90° ~ther slowly,

88 the squareraotof a shockstrength. More interestingis the fa~t that 8S

.4 the shockstrengthincreases,the criticalangledecreasesfrom 90°~ Fer a’few

atmospheresoverprsssureit gets into theneighborhoodof 40°. For .&e &d”

cme-halfatmosplmresoverpressureit reaches&@, After this it does a peculiar

thing. It dropsa littlebShW 40° to somethinglike 39° which it reacheaat

6 atmosphere overprssaureand thenit risesagain to 40°,whichvalue it retains

f- infinitelyakrongshocks. Thismeans thatfor shocks of 1.5 a~pheres or
,.

&reater,the critical angle has alreadypracticallyreachedits limtting blue

of 40°. For halfan atmosphereotwpresaure,it la 50° or 60°. Sirmewt

blast damageby largebombsis basedon cozutrblledpressurecrlter%a.and likely
)

to occurbetween3 and 6 pounds psr squareinch overpressure,that$*, between

a quarterand one-halfatmosphere,we must expectregularreflectionto”bsecam

impossiblein theneig~orhood of 50° to 60°.

Anotherinterestingcharacteristicof regularreflectionis

of theabsoluteoverpressureon the surfaceas a functionof the

cidenceand the strengthof the incidentshock. Figure21 gives

,,

the Vamition

angle O! in-

the relative

overpressureas a function of the angle of incidence for acoustic,weakand

atrcngshocks,

l&J?-7 Mach ReflectZ~

Now we mustask what will Mppen*if we

regularreflection. Thereis a very simple
..

,, f,..

go past the extreemangleof

argument whioh uses th~ anal= of,.

this phenomenonwith the collisionof a bbst witha wedge.

lC$.2-@Cdlislan of a SUDSrsonicFIW...,, witha Wscke

A planesupersonicflowis incidenton a wedge of semi-angleQw . As the

.

. ..- .,.—-.— _ ,---- ._,_______ --- ,____,. _.__,..-,...—,.._________,-_., ,,.
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1

‘* j$$io
flow &lMdoa uitkthe wedge it is deflectedthroughan qgle

w
+Qw)by

a shod SOS becomingparallelto the planeside of the wedge. Tho conditions

are e~tant thrcmghoutthe regionsA and B whichare separalwdby the shock

diac~tiinulty90S. It is foundexperimentally,and couldbe shownby theoretical

(considerlLtionof an obliqueshock,4, thatdependingon the wedgeangle&)W

1
~yhr and ~@O~ , ‘The Mechanics of CompressibleFluidsm in W. F. Durand
“Aerodynamic‘heory@~ GuggenheimFund$1934>Vol. III ~ Section H.

thereis a CritiCalvalue of the supersonicmterial velocityforwhichno shock

existswhich is capableof deflettingthe streamso thatit becomesparaUel to

th9W*O, wall. Abovethis criticalvalueof materialvelocitythereare in

generaltwo theoreticalsolutions (4) for each wedgeangle. only the solution

with **, +pU.ler value of ~ actually occurs. At the criticalvaluetbre is

justh?’ @&&tion,and belowit there are no solutions of the typepicturedin

mguri228 Instead, experimentshowsa detachmentof the shockwave from tie

top of M wedgeSuchas picturedin Figure23. ‘ibisis the so-called“detached

headwaven.~ ‘Xhismeans that thareis no solutionof the typepicturedin Figure22,

that c~eideringa givenvalue of superscmicity,thereexistsan upperlimiton

the a@e 4 incidence(QR- Q~ ) for which the flowcan be rendered

to the”kedge faceiamadiatdybehindthe shock. Beyondthisanglea

of ~n~non is in evidence● ‘fhisis tie $ietfmbmntof the shock.

@S~iCdZJF ht+Sr6JSt becauseit means that 8ig!’@s are sent b80k frm

parallel

new type

It is of

the tip

at O $n~ the reg,ion boundedby a nm curvedshock: thereis a propagationof,..I.s.
“~

slgn@s baokagainstthe impinging8tream.

l%e,,*nneoti.onbet~eenthis phenomenonand thereflectionof a blastwave

from & plane surface can be shown in a simpleway. In Figure24$ the ticident

shockimp$ngsson thewall givingrise to a reflectedshock. If we adopt the

framed r$gerencewhichreducesthemoticmof the pointP and the two shocks

, ‘,,
●

.—. . .—, —. . —
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to rest then thea terlalwill appear$o flow throyghthe shocks from left to

rightas shown. The incidentshock awes the material orighally flowing
*

parallel to the wall.to be deflected tdward the wall in the direction of X.

The reflee~d shock renders the flow again parallelto thewall. If we identify .

the flow in the region betweenthe two shockswith tha supersonicstreamof

Figure 22, thereflected@hockwith SO and the wall to the rightof P with the

wedge wall in ttw same figure,the analogyis complete(Fi@re 22?). ‘M tm-

applicability of Figure 22 under the c@rtain conditions dlacusmd above is

reflectedin the fkllureof Fi@w 24 qndercorrespond- comditlons;i.$?, ,*

orlginatas at the wall and gradually sjreads into the m.huue of the @NB, As~

it spreads the two shocksmergeand forma singleshockfor a certainciistmw,.&

from th wall,beyondwhich theyare separate. In the easeof irregdar

reflection then tha two shoaks will no longer look

standing on the waU i (See Figures 25a and b,)
&

,, “’,’. In Mach reflectionit is as if reflecuon uere

l$kea Vbtitlikea Y

by the wall but rathar by a cushionof air reetdng@ theuall. ~“t&at this

speciesof i+regwlarreflaot$onreallyoccurs,it fa a sev~t$ yeii%l~aldaxperi-

men~l ob8erv4tlm of Ernst%ach(5), afterwhom it wa$ named. ~%‘%ae,=
.,, ..,,.,,,j, .’” .,;!,2,,$,$./‘.,,,

.:‘~i‘
Paper of E. Nach with variou# elaborators a ~ad b ~ $$w ~- .,~~~-.,,,“‘ !‘SitzungsberlchtenVol.72 to 92 (1875-1889, of. in par~$qlar :, : ,
Vol. 78 (1878)pge &KL9.

.
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p. 49

.-
J. von lmuaann, ‘ObliqueRefleetlon of Sh#ks”, Bureau of
!40. u (1943)*

H. F@achak ati R. J. Soeger, EWQrd No. 88+6, %adLya$a
ShockIntamctdonst’ProgreaaRqx$rtI?o.2a (1946)●

HaVQrd It@port I!@. 7iA6, !<*cd confereq*,* gpthal
Stipersonh Fltmn (1945)...#Mi@.dentqu. ~ :’

,’. !:
,,,,

-- E.R.R.

in .Illatalih

.,

*. . ,’L

‘fhequalitativepictureof ?&ch rWNd&n is quite simplefor ths ~m
,.&

of.a plane shock:incidcmkon a wa’1”1~~-Har&~e incident shock EW@sa c~aWt

anglo with the wa.U, llsesituationie more oanplioatedin the eas~ of b2&$t

‘#- producedby a bomb. fiiet of all, -the angle of incidence change$ as the blast

wave proceeds outward from the bomb. In additim, the sphsricity of the bmst

W&V8 makes

introduces

w) bwwwe

a quantitative differencewhereMach refleotlonoccur?,whileit “

no addktimal features in the oaa# of regularreflection. lh$e ie

regular reflection takea place entirely in” tha “neighborhood of a
,,.

singlepointof thewall wd, therefore,only local cor@itionsat thatpointi,,

enter. ‘l’hedefinablestzeY typereflecticm$on ~e otherhand,sxt@@s @ver
,<,

a finite area and grows up’@ the chock. ‘OmWore ~ the propw’tias qg ~: &~k ‘“’.
,,,.,~’&f

in the large area now beodme r*Mvant.
,,.

As i@icated earlier, thd raf~+iki
,:.

shock merges with a continaoad.y increasing fractti of the incident ‘wbpdk; 4&M ‘

eventually the iacident and reflected shockmay ew ee~nsidee@@@eteAy. IAost

___._—..—— ..— -. ——, —.,--.,,....”.... ............,.,.—.—.
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~*sQ

of the Woratioal ad fmperiswntal work on the

was done in the case which is somewhat stipler;

on a plane wall. It is found that, in general,

phenomenon,but not all of it,

i.e.,a planewave incident

the d~nsions of the Y in

this case are not conataat, but that they grow with tim. In other words, while

the regular reflacticn, which jmoduces a V, is stationary, that ia, the V nov&

changes, t4i8 new kind of refM&#n is not stationary, i.e., the Y grows as

time gees on. Of c6arseama suet@m$k Mt the Y contains a leqgth,and hence

a z$ze can be attributed to it, @ a &W&@lC@ b @t Possible for the V. ~~~,

lb. Mngth associated with the

and definable slza. Since all

ations,sha that in the plane

time, the -Mach ?ffect must ha= a &udefined beginning. ‘M length of the Y

stem at any sumnt def in4a the durationwhioh the phenocmnonmW t have had from

the t- of its inceptimn to the timo of observatim.

10,2+? DifficuZtie$ with Irrmzital●r Reflectiem

As was shown at a certain obliquity @c, regular raf’laction ceases. All

forms of reflectionoccurring af tar this, i .a. for ~ > ~, are by deftiiticm,

Irregular. It is believed that irregular r’eflecticm at its very inception, i .s.

for the O ~~taly following ~, behmgs to the &pe describedabove as Mach

reflecttcn,althoughif one goes 5ntethe minutiae, them it an $nterval of a

fai dogreea where one JI13@ti mfmelvahky have dotkbts. flheee doubts as to the

nature of early irregular reflection me WMN4@n eqmi=ts W%. G. tMaitki(7 )
. E

(7)
~HCOh G. Smith,‘~@O@a@iC Inv’Q8ti@tion of ths Wfleetim of Plain
Shocksin Air” (1945) (Fin@ Report) CEUIDReportNo. 6271.

We would mpect that the small angle between the tra~ectoqyof the triple point

and the wall should be s8ro exactJy where regular reflection cease8. Accord-

h Smith}s experienta the triplepointis kot visiblefor about 2° after
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-r reflwuq Wu. If thea~le bWvmm thetriplepoimttra$ectxxy
u

.. “.
* the wall ia meaq in ther*giOnof 2° to 15° past’tho critlctiangleof’

,.
incidenceand thenextrapol.ataWck to zero,it bits zeroat about1° I%’- the

qxtrenmangld. .~ether this8ffe!ctis real we cannot be certainaa yet. It

,a@ybe thata higherremlution will settlethis point,

A furthermmp.lioationIS causedby the fact that thcreflectionphenomena

mat necessarilyhave8 beginningat a definitepoint,wherethe shcckfirst

mats the obllquewall, ‘Ms pointis clear3ya comer whiohcan belongto
.

any one of 8everaltypes. F’igure8$%a, b, M c are soresexamplesof such.’ .

:‘~orkwra. (Itwill ba notedtMt 26b and c rqxesent alternatives,whichare

,:’, ~d~~ent s~ce **SAW am w@U fri~iim are disregarded.) Both theoryand

.mperimmt show that this oornermust be the souroeof a disturbancebehindthe,,
,, ,,,.f: .

“z@l~@ed shock:R. &aftb~smhliera~ pha%graphs indimted that thisdisturbance
,.:‘ ;..

,,
‘.,

,, ~;’.~~,,tmwd.nating(onthe baok $~du};:$&$msogeneousregkm betweenR and the
,, ~:..,

,,, ,, till, It makeu contactwith E tit“Sand tmy8ndS it has ‘eatenintowR, and

~ ‘:’ . . $herabyrepla6edthe $maight shockR by q weaker curvedshockIW. It will be
J,!

MWI that B*’d-a not oatchup with R aiongthewall.‘Msissobe-use the
.
abbvemintiomd homogeneousflow inanediatelybehindR ia supersonic,and R~ is
~..

~ Xrefaotion,and hencepreciselysonic. ~ Figu~ 27.

,’ , As the obliquityof 1, 9 , increases,the flowbehindR becomesincreasingly

nearly sonic, and correspmx@gly RI *WS closeto R, and St closeto the waU. ,

Consequentlythe at#ight pieceR shortens. At a

beeomesexactlymnlc, S reachesthe“walland the

oumed, i.e,R* replacesR in its entirety. ltms

lies very clcweto ~ but it is definitelyless.

certainangleG& the fl~

entirereflectedshockbecomes

G& has been computed,it

(Q,- Qeu varieswith the

shock etrqm, in air it 5.snewermore thanabout .6°.) Frorathe pointof“-.

view of th% empirfcal evidenceone cannoteven be quitecertain,whetherthe
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Figure26,s,b,C

26b Obtuseangleobstacle
26c Acuteangle obetacl.e
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.

regularreflectionstillexistsbeyond4+U ~ i.e.whetherit euasesat Oc or

at Ocu ●

Xn the planecasaastudied,it was foundboth theoreticallyand experi-

mentallythatthe shockconfigurationremainssimilarto itselfin time,i,e.

it can be“deacrib?sdin termsof two variables,r~t,and Q , wherer and Q are

polarcoordi-teswith the originat the cormr, and t is the time of travelof

t&e incidentshockfromthe corner to the positiongiven by r , Q . We repeat,

the configurationremainssimilarto itsdf’ as it proceeds,the triplepoint

traveling a linearpath (Figure28).

In the regionof regti~ reflectionit $s clearthat the angleof the
‘-4 t’

triplepoint tra$sctoryis OO. We know from Smlth$a result$thatwith th onset

of irregularrefl13ction the angle~ @de by the trajecto~ with the plane

surface(Figure29) is Al but becomesgreateras the criticalangleis

exceededby largeramounts. Actually,it is very small fora considerablee

angularinterval.
,,,

For overpressuresof about

th~ most detatled observationsare available,

anglebetweenshockand wall is 56°. Evenat

triplepointt-jectory with thewall is only

IO*2-10 $* ericalMach JZffect

In the case of a sphericalwave, thereis no

additionalcomplicationsarisefrom the fact that
.

and the shockweakensas it proceedsoutwardfrom

U6 an@e of incidemceof the expendingepherical

1/.!+atmosphere,the rangein which

theMach effectbeginswhen the

66° incidencethe angleof the

1 or2°.

qu~stionof edge effectsbut

the angleof incidencechanges

the center. The increasein

shockis$ therefore,expected

@ be accompanledbyan Increaaein the:rateof rice of the“triplepoint,as

Uready indicatedin FigureU. Theri8e of the stemof the T“takeaplm?ein

a aamer for #hich thereis a goodqualitativedmmription. j?alvermnand Ihub

have made extensivestudiesof the experimen~ data‘ontk@Mach effect for

z+pbericklwaves. Despitethe lackof a satisfactorytheory,

.4

——.—....,.—...—...———.—.

theuse of available

.

““——. --M... .— -,,-,.......,”. . . ,“- _—.. . . . ---- . . .
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,,,

“

culti.osappearin tM atady @f irre&lar reflectionas the angleof incidence

&ppioat$iea 900. M the aQ@ of incidencegets closeto W theappearanc*of
!.

the’ reflectionc:hangea-oo@a$der@bly.Specifically,the contributionof the

,< awflocted shock lt4@.n8 to beooae lteaaand less,and in theneighborhoodof the
●

tr$~lepoint,the backbranchof the Y, i.8. thereflectedshock,getsweaker

and%eaker. Xm otherwords,a #ttuation developswhere it gets progressively

MOM di~loult txJKU the fo4Wrd b-richof the upperpartof the Y fromits
f

steqand to obeewe tM baukwa~ branchof’the upperpartof the Y.

If me is cwtgd~te~ #Mmmenologisal, if one talksonly about what one 1“’
,,:,

.,
~i r-,

acesand mt whatone expect# theoretically,thenone must admit thatin the,.),

Machaffect,aft,er‘We the Wok s$d@4 @ Y has not been observed. It looks

.* thoughthe 5.nA?id&taho@ &implymakes8 turnand getA deflectedaway from.,,,.
....““:+’~khewd.~ withoutthebenefit‘atthe reflectedshQck. Further,from.the triple,.

4.4
. .;‘. poimtths reflectedshockis observablebut it daeenot reach the othershooJ@x,

“,.&”

“W-.:;$60 form a Y. II’@my be 60, not beWUS it is absentin thisregion,but ~“’“’~
.~~,.:;,

●*.,. +
“MCM* 5,tgets tooW@ak to b4

li~evw, we redly do not know
:..,’.

‘.. “ -

‘“’..’ has 8- otherfm’m.

observedwith the experiamtal techniqueemployed.

whetharlatereflectionis of the Mach typeor

In any
.

-4?Qrre&pondi3
/

:charge, and

casej thislate form of irregularHflectj.onis the one which

for the sphmical wave producedby the bomb to the doublepotnt

which,in the end,yieldsa pressureinoreaseby a factorof 2~3

,.-
* Thisconcludesour qualitativedeeoripticmof thereflecticmof planeand,.,,,!

.,’
,. ephericalshookwavesfrom a rigid planesurface.

, ,.
,.
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We now proceedto a more detiileddlscwsion of the presentstatusof

the theoryof re@ar and klachreflection.We wikl refer frequentlyto

experimental result8.

,. 10.3 THE~YOF REFIECTI$!&

In thissectionwe treatin someanalyticaldetailcertainrelevanttopics

in the theoryof reflect.ien,someof whichhave beenmentionedin the general

discussionof Section10.2. We assumestep shocksin non-viscousgases

.

.$

throughout,althoughsuch stringentrestrictionsare not necessaryto all ensuing

discussion. First,we discussthe one

incidenton a wall,and the phenomenon

positivepressureregionof two shocks

relatedto the reguiarreflectionof a

dimensionalcase: a step shocknormlly

of ‘teatchuptfwhichoccurswhen the

overlap. Next,we considerquestions

planeshockauch%s the pressuremdti-

plScationas& functionof theangle of incidenceand shockstrength,and the

criticalaP@@ beyondwhicha two-shocksolutionno longerexists. Finally,

them is a diacussicmof the irregularreflectionof a planewaveand attendant

difficulties,

m will-firstconsidera singleplaneshock$startingwith the classical

Rankine-Hugoniotformulae.‘8) Considersuoha shockS (Figure30). It separates

&i.
**

l?~tiderivationof thesefoma@+ae,see Vol.XIII, Chapter3 on &hock
Wtv@s,by K. Fuaha.

two domairiaMe and M, in whioh the physicalcharacteristicsof the substance

~@~8~ ad $~d.fic Vd- ham the -h~s PO,

The corresponding soandvelocitiesare co and c,

to tie t? frameof referenceto theshockfront

flowsint~the sh~k with the shockvelocityVo,

vo~ and p} v, respectively.

respectively.It is helpful

S. Then the substanceof L!.

while the substanceM flaws
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out cd it with th&eleeity V, the shockS ~ua -uses a’decreasein ve~ocityo

, u8vfJ-v

and ita cmjawdsn mtio.is
~qyb:.!

ItM formiMe Of RmMne and Hugotiatexpre$sthe comwrvatlon of mm,

# momentamand eneqy. Ihe firstpart of thisaystaacorrelatesthe inner

propertiesof the substanceon both sidesof the ahmk, i.e. PO, V. and p, v:

E-Eo=+ (P+ P.)(**-4“, (1)

,, UMsreE is tha energy densityof the sub?xancoin the stateM, ati E. $.sthe

and hence the diffmence in

[J=VO-~ =

quatiom(1),(3)-

M.:

w8ta =pr&.smp vdtities Ve ,Vv V in
,,

(* ia the sign of + v ) (3)
.

material velocity,relatlveto the *ook frontis

(4)

$

($>l; $... ~>~ implie,a*<v. ad ●:IL)V)O ) (5)
o

In Figure25 thishplies a shook‘facing”right

‘(~()~i.e. p<~. iwlieaU>< and V<V2{0 ) (6)

In Figwe 25 this i@plieaa shock‘f8ciugHleft,,
,,,,.-.

FOP p+ PO the shockbecomesa soud wave. (1)showst~t in thislimlt

A’;

*..cl

,..

. ........- . .........,-.——.- .. _,...—..—.____.-.——.—.—..-—....--...--,.........
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p-fv ● F
21E

On the otherhand since =~V (identically)at constantentropy,,-.

an infinites~l shockleavestie entropyasymptoticallycone~nt, Now {3)

y~+~givfJsVe+- ~ , withconstantentropy,i,e.adiabaticallythe
@hockvelocitybwxmes soundvebc ity. Therefore,with rwpect to an infinit43-

simallyweak shockthe flow on both 8idesbecon@8aaymptc$tieallysonic,

For a shockofXinitestrengththe followingrule is generallyvalidi

..
(A) Iheshockveloeityie supersonicwith respectto the lowerpressureside

and subsonicwith respectto the high pressureside.
,

For (5) the!~etwo sidesar@ ~, M, respectively.For (6) theyare M, MO,

respective~.

,
5

5
●

fiiarule

also generally

,, upward.(9)

So we have: .’

,‘

~1 IIimplies v. > Ce .,“IV14C

<J impliespl* <c. , Ivol ZC

can be demonstratedquitereadilyfor an idealgas

wlid for any substancewitha p, v characteristic

(7)

($)

but it is
.

that is concave

.,
.’,” )

‘ H. A. Bethe%‘The Ttwry of shock Waves for an ArbitraryEquationof,,
9tate,M oSRDReportNo. 545●.:;,

0 Considera uhockmovingto the right. Restating(3)and (5)

%/% = +pE&’

, “. But

For

#-- internal

(a)
.,

..-- . . . ... ... .-—...—. .... . .

entropy entropy

i!an ideal.gas theadiabaticlaw and t e equationof state,and the

energydensityare respectively ,
@

1’v’= constant, (b) fW = RT , (C)E:* (9)

.. . ..-—. —,”- . .---, -.. -,— — -- -- ,--. ..--- .— - . —. —--- . . . —.—.——. . . . . . . . . . . . . . . . . .- . . . . . . . . . .. —-.
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,,....

Eli&t pe;uishto prom is that
.,

●

.C >V. >C. (lo)

(Ll)

@ additionalrelationbetween‘j~e , 3 and Y is requiredso that the

oorreetnessof thiuinequalitycan be demonst~tede substituting(9C)into (1)

we Obtain

_ ~ (ti-1)~+(ti+l)v
V* (K+~)~+ (d-t) “ ‘ (u)

,;
. ‘$embinSx?@(U) and (32)and simpli~~ngwe get in eaeh casethe same inequality,

“~
Uuaely

ma. Ccniditiony> ~ was Ureac$yreqairedby t& en&y deneitycondition(96).
“

,.$ MS prey t~ sta-nt (A) for an

Lo,3-2 ~OdS Ca)tchup

Hav4g demcmstr8ted(lo)we are

ideal gaa.

now in a poeiticuto show underwhat

conditionstwo succesaiveshockswill merge. Considertwo stepshocks(Figure31).

E& (10) shockI is supersonicwith respectte undisturbedmedium @ , and iS

subscmicwith raspectto the once-shocktim’edium(1)S i.e. C,)v.>co
!Wnilarly,8hockII is supersonicwithrespectto once-shockedmedium(1)and

submnic withrespectto twice-shockedmedium(2) i.e, CL )Ve’>Cj

,,---
Co&xiningthesetwo statements y’x, )y or V.’ >V.
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,.

and Sh- 11 will overtakeShockI. Ilaisis trueas longas }> [ and hence
-. 1

catchup!will cwtainly occurwheneverthe’pceitivephasesof two shockwaves ‘

overlap~-(Figure32).

A & detailedinr8s@ation would8hOW thatcatchup

the secondshockwere in the earlypart 4 the rarefactlon

would occureven if

regionof the first

shockI butwe will not go Into thisquestionhere.

10 ,3-3kJors@Reflectionby a RtiidlkAJJ.(Id-1 gas~

l’he Figures33 have threedomainsA, B, @ C whichare definedin terns

4 ~thenumberof ttiesthata shockhas prosedthroughthem. The pressure,

speeificvolumeand soundvelocityin theseregionsare p} Vj C; po~ Vo} co;

.,
Sincereflectioninoreasesthe overpessure

p< Po <P’

,*., ;

“

, !d ---

In the JX%sentsetupthereoccurno movementsparallelto therigidwall.

Ilemce the substanceof the domainsA and C which cannotmovenormallyb the

wall eitheris necessarilyat rest. The substanceof the domainB has therefore
.

the‘velocityU fromFigure 33a and the velocityU1 from Figure33b. The

condit$onrelatingthe strengthsof ShocksI and R is tbrefore

Now for an idealgaa character%sedby

soIv@s.for u, u~ fiOM(2) and (4)we

u.—
c.
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.-.
(15b)

Theminus signin (15b)appearsbecauseof the oppositedirectionsof travel

of the incfdenLand reflectedshocks. Equating(15a)and (15b)as required

by (if+)and solvingfor ~’ in terms of $

(16)’ “

retml~ deservea br%efckiacusaicnbecau8e

indicationsaboutthe @W_ti,c” effects

deviationswhich sh&ks;’offtiitestrength

hold.,.‘“

this

theyecmtainthe firstquamtltative

b ,shockreflection: that$s, tie
f-

-sent from ‘acoustiaalaws,which

aeymptotical~yfor ahoeksof tifinites$malstrength.

From (16)we infereasilythat

1+<1$’-I

mans (aswas statedwithout

, pa-p <p’-p*

, $/>+-1

proof in a ~evioua part of this

‘%’%.

(1?)

chapter)that

(18)

.-

>* ‘he reflectedshockis strongerthan the incidentshockif strengthis measured

by theabsolute’compression(pressuredifference),but it is u@& if the

strength is nmmmred by the relativecompression(~essure ratio),
I

In the limitof infinitesimalshocks,theacousticlimit (16) CM be

criteriagive the sameresultin the.acousticlimit.

Thusthe ~~unacolustic” theoryis so far justa plausibleextensionof the

acoustictheorywith littleindividualityof its cm. W shallsee how I@inally

,,#..- Pth1~ changeswhen obliquereflectionis considered.
..
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1(?.3-4 RegularCbJiqas Mflscti.on

We will now considerthe case of the obllquereflectionof a shockof

finitestrength(Figure34).

A singleplaneshockweve,1, ia incident

beingM. It producesa secondaryshockwaw,

includestheanglo k’ with the wall. we will

tha strengt@of I (measuredby its compression

strengthof R and the valu@of W’ .

on thewall, the includedangle ●

the reflectedwave,R, which ,,

deriverelatimshipob6tween

ratio),the valueof A , the

the

the

‘IheshockwavesI and X ,*U thewall definethreedomainsin the aub@anca:
.*.

umhocked materialah-d of I; the once tiocked mterial betweenI aridR;

twice$hocked

rampectively.

The ordinary

while the W8Ve~I

to themselves.A

naterialbehindR. Me denotethesedomainsby A, B, C,
9

frw of refermce has the unstiockedmaterialA at rest,

ad R move with shockv4yocitiesU and U! respectivelynormal ‘

more advantageousframeof raferenceis one whichis tiedto

the reflectionpoint,P, where I, R ad the wall meet. Here the substanceA

comesIn witha velocity~ , parallelto thewall,while the substance~ ,

leaveswith a velo&ity~’ , parallelto thewall..From thispointof view,the

firstshockcausesflowwhich is initiallyparallelto thewall to be deflected

tixardthe walland the secondshockrendersthisobliqueflowagainparallel.
*

In thisframeof P8ference,the shocksI and R and the reflectim pointP are

at rest.

Clearlythe pressures

timesthe regionsreceived,

~,~.,~ are’tiep~ss~s

3

in the threeregionsincreasewith thenumberof

a compressive@hock,so that~<~e<~’ where

in regims A, B, wd C respectively.Or:

<1 <~’ ‘(19)
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..
. .

“~n
‘I’@velocitycompments in A ~ C%unitaof the soundvelocityIn B,

,-.

.

(20)

In our pramnt unitsI, R modifythevelocitiesof the substancewhich

creasesthemby t$e anwnts

calculate,~ese

we obtain:

‘l$roughI:

‘lhr~h R:

‘%15!
combiningtkeae,!

I

Is

Xm

relati~s

-(d’ cuooL= LY’cm C4’

where by (15) for an idealgas

.

+= F$$+%=v‘ ““%+%’;:($-1),
and fr&D (3) M (U) for an idealgas

(21)

(22)

(23)

(24)

ccmanient tom of (21) 3.s obtainedif we @troduce a new variable&“
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where,~ 8u+’& i.e.by the definitionsand by (3) m s +7 ●

tr-(Jcmbzd . U’-w’-=d’
S&& w S&n i%’

where for an Ideal gas

Equations(21t) and (22)in cqjunctionwith (23)and

shockstrengthsf~
‘K”

to the anglesof ticidenceand

(21’)

(25)

(24)relatethe

reflection < , A t

so “thatgiven ~ , & , thequantities~ t , oL’ can be obtained.

Ellmin&ting,*1 from (211)and ~2i?~using (23)we findan expressionfor ,

the condition(22)in mm junctionwith (25)yieldsthe relationfor ~ ~ in

termeofr’jr and CL.

y~-v
*L&’=—

~c * cua?&9 (27)-&l
.

lhereare, in general,two solutionsfor ~ ‘J ~’ given ~seLt one has

greatervaluesfor
3“

-1, the otherlowervaluesfor ~’, ‘. Forea$
%

valueof the shockstrength~ ~ hmever, thereis a maximumvalueof ~ (i.e.
.

~~. ) at which thse,two solutionscoalesceand beyondwhichthereIS no two

&hock8olutionsof the typepredicated.For reasonscit~ in Seot$on10.2,
.

the les8 steepsolutionis the one consideredphysicallyadMi6Sibh.

We will now discussbrieflythe questionof the existenceof twe solutions

and thecoalescenceof

OL*X** is approached.,.,,”.”.,

thesetwo solutionsas the criticalangleof‘incidence

Rewriting(26)

x% - BX+C=O (m]

—.. .— ...—. . .. ..—..”.
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,,.

= one solutiohax$sti(correspondsto

> no real relation 6!A8ts
.

, ..3
.,:,

m
regularreflection).

criticalangle).

(m)

C and B are continuous

functioms, we need onlyshow thatthe ~ conditionsare mst at leastat two
.

polntm● r

At d =90Q, B= l,c=l, so that >
#

1 arxifor

ad the threecr$teria(30) oanb~ nmt~ s

th’e COXTS8~dtJl# ?@hfM Of d ‘ by mOan8of (3) ●

d~t. obtaiwd !hm = ih (30)is givenby the foll~i~”’equation

- [Wr’ +2]+: o.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



x-73

wherey = sin2&
ext

,,,“,,!-,

Theseequationshave been investigatedin numericaldetailby H. Polachek

‘ (lo)
and R. J. Seeger. Someof.theirresultsare embcdiedin Section10.2,

RegularReflectionof Shocksin IdealCases (U-524) Feb. 32, 194A.

Ffgures20 and 21.

It i+.,ofinterestto see how the criticalangleapproaches90° as the
,,.

shockbecomessonic.

if+!and by (25) ~X..I~ .. ————A ● Insertingin (31) and neglecting&f

termsin A=

2&
y s tifl=u:eX~,=1- ~ or

. 9ci-&.e,t,=p!_c&_’
u

The cr!ticalangleconvergesto 90° as the shockoverpressureapproaches

zero,the approachto 90° varyingas the squareroot of the shockoverpmssure.

1o.3-5 MachReflection

Let us now turn to

possible.

the casein whichregularreflectionceasesto be

When d increasesbeyond ti=t. We wish to investigatethe case in which

re~lar reflection continuesas longas it is possible,i.e.,up to d= ci+, ,

and we shalltry to determinewhat happensbeyondthispoint.

fiatregularreflectionis impossible,meansthat the obliqueflow in

regionB (Figure34) cannotbe deflectedby a standingobliqueshockR so that

it becomesgarallelto the wall.Thiscorrespontl.sto the propagationof signals

from the shockR, backagainstthe flow X intothe regionB, a factwell

substantiatedby the experimentallyobservedfusionof the incidentand reflected
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* . .

shoti”eI and R (cf.Section10,2). Anothm way of *8-M the criticalangle

‘4is to saY thatit.As tie@?oateat~le at which the cwa~ ‘&f U ? and u

, orthogonallyto the wall can be m@e eqml~ i.e. 1

CM @ (M

norml txmpcmentsof the flow

velocityis no 1-Y possibleby sucha stipla~ stationarypr~eaa. The

pheaomenomof irregularreflectionwhich is thusproduc~ willnot be stationary-

even in the frsm of referencein whichP (andX} is at re8t. l%e wave of

impactof ~ cm the wallwill propagatef~ P in all directionsand thus change

in “sizeM at all.timesand neverreacha finalequilibrium

. while the shockconfigurationshowsa continuouschangein

be perwnent (cf.the comaentsconnectedwithFigure28 in

sizeis proportic~nalto the tinw t thathas lapsedsince

t z O it b6ginsconcentratedintoa singlepoint.

state. However,

size,its shapewill

Section10.2). Its

its formation: F%@

Sincethe shocksR and M are advanginginto t?odifferentmediaA and B,
.

a discontimixaschangoof directionof tha.RUfrontmust be expectedat T,(?tgureSS).

‘ihat is, T is red& the contactpointfor threedifferentshocks- I, R, M.

The pointp. 3s the so-calledWentar .ofsi@litudeUfmm wh.icb** @wmmenm
~4.

..’ .
orl@nates (the‘corner@tn the ammo u#@m discussionIn Section10.2).

Now consider

tie flow ~ ~ of

f~lly riachthm..:,

waya evsn in *

a trti of refe&m h whichI ●nd T are at rest (Figure 36).

the substance in A crosses the shock sye%em1, R, M, to

dolminc. However,this processoperatesIn two clifferent

immsdiateneighborhoodof Ti the substmce in A above

into C throughtwo shoc$sI and R; whilethe substance

into C throughone shockMC Sincewe assw no shocks

the

inA

bey(nld

R, M (in C), both processesmust cmpreas the substance to the samepres~urs.

,,,,.- But this compressionoccursin the “upperM half in two stages(1,R) and in

the ‘lawer”half in one (M). Iheformerprooesais lessirreversiblethan the

lat$er- essentiallybecaus~it is leesabrupt. Hence thm substancewhich
.

.J/ .s”- *
“,
$,, J—. —. .———— —-..., -.—.. ~....”..--.e.”... ,“.... —-— .._._, ..— -
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. .

crossed Wxmw” T may be

cnmsod %elowW T. Thus

but the ‘Up~rW fl~ hse

lt-7~

expectedto hsve“alowerentr@y than that which

we have in C near‘Ttwo flqws: both with sameprwwwe,

lower entropy, &noe the two flowshavethe same

pressure,but the ‘uppersflowhas”the lowerentropy,thereforeit must also

have the lowertemper~ke, i.e. inmr energy, and tie h@er density. Again,

sinceit haa tic lower inner energy, it follows from Burnoullli1s principle

that it masthave (in thisframeof refemmee) higherkiaeticeqergy,i.e.

velocity. ‘IMrel%rethesetwo flowsmust M glidia.gpast each otheralonga

dividtigtie D l#8u@ from T. & II im a slipatmam,and also a discontinuity-
,.,~,

line for etitropy,tamparat- and$fq$?it~$ but not for pressure● We therefore

havea patt%m camiat~ of f%! $#mnt$muity MS X, R, M, D, all confluent

i

*:‘..’.’., ,,
in T* ‘tile*ree Ishoo@x, R, M*,“:4’tie #Mp8,trea#l11(Figure37).

●.

,{: ,,
lhat D ia a dipa%ream and TM@ a @b4k is Snditwtmi by the esiperimentally

obdorved~@ ‘~.~ :~tue~ M M D au4 W ‘~~assnt that tlw flowintoa
,<”. ,,

8hmk ba 8~so@s ~$h res~ct to the ‘Mdiamintiwh$oh tl$eshocktrav@la
..’ .. . .,,.,,.,,,’

(cf. rde 4)0 ‘M id is *ubs@d? Mind M =@ it i8’ Xnmmcetvablethat it

can becme rapidcmwgh befwe reac~ ~;’NW ita coqpment acrossD dmuld be

superaonlc.

Sinoe the exl,atanm

. .

.

of ‘** ext&i di@k, M, and .* ,$mqpdhm reflection

f&ratr@60gnlaedby !taoh,it eeemsappropriateto give

his namM to ‘thistype~flection. lPeebb thmrefareda8ignate~gular
,.

reflectionaccordingto the schemeof @’lgur43’? as MaekI reflec tlon.

On the&aaia &f tbe abcwe it would X= $ndtmt@,,

investigationof Mach rdllactionshouldbe -taken.

thata theoretical’

For regalarrefIectlon

-Figure34 provi*~ the basis fOr theor8tibaldl-aian. For l@ch reflection

F’lgura 37 my mom to provide thebasis in the #ame sense,and thereforewe
.,.,...

h@w to a- what pcwsibflitieaof a theor@zal t-tment. it offers.
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,,

by the fact thatconditionsin @a&”’o@.bi’the threedoMs~ A, B, c of

Figure34mn-e caw~nt. We ne@@ ~ @ discussthe ~uralyalgebraical
,.:,

mnrwtions betweenthem by upplyingtheMnkine-Hugoqio&omditiom to the

8traightshoclca:[sB,which separatethem. -%

In Fi.gum3’7, conditions in the dmin Cu are certai~ not conataitand

the shockR is cwtainl.y curved. .

Probablythe SWUMis true for’M*, dcusalnC~, theshockM and the slip

stream D. It-Awl

fluid dynamics,

varying?moUnte

we must resortto t@ differentialequationsof”compressible

aggravatedby the appearanceQf curvedShodks,whichintroduce

of irrevera ibili t+. .

., It would,howevm, be pointlessto at~ck these

t%alequations,withw% havingfirstascertainedWe

,1
at the Wmdariw of tbe areasin which theyapply.:.,

diffioultpartialdifferen-

nalnwdof the conditions

These areasare &u and,CJ.

Thebdundarleaare the linesR, M, D, and the pointT at which they all &et
.

ix one of partiaul.ariuterest.

TheFtankim-tbagoniot conditionstake careof the situaticnalongR and M. ~

For the alipatreamI)we mst requirethatit be a streamlinein Cu as well

in C~ and thatat each pointthe pz?essureon ita Cu stalebe the sameas on

Cl 6$de,but we aust also ~con~ile all theserequlramentsat the pointT,

where fit M, D meet. Thereforea discussionof the

necessarypreliminaryof any theoretical treatwmt

Thediscussionof ccxditionsin %hs I.mmdiate

conditionsat~ 5s a~

of Figure37.*

as

its

I

neighborhoodof T is best

done in the frameof &ferenca where T (and 1) is at rest, This is the scheme

al Figure37 exceptthatwe may replacethe lines1, R, & 0 by theirtangents

,,
‘,; ,., ..
,., ,!’

.:, ,- The follcd.qgremarksare now in orda~;,,-..

(1) lW velocAtyvectxnZ* of the inuoming@W fn A is determinml

‘ ‘” by the strengthef the iocidentsk$slcI and the @rlenbaMonaof’I and the wall.
,:,,,. .

,.

,,.;,,,
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Indeecfjthe formerdeterminesthe velocityof the flownormalto I on the A

side. We know thatZ* has the directionof ~t , and so the statementabout the

normalcomponent.amountsto IZ*Ik(A[~~~~]~~completing “thedetermination

of Z*.

(2) The fourdiscontinuitylinesI, R, M, D dividethe fieldinto

four sectorsA, B, Cu, CA . A88UMingCOntfi”UityWifhilleaCh one Of th@aO
#

sections,’wenay even treatthedas domins of constantconditions,sincewe

are investigatingan imuediate(infihiteslmal)neighborhoodof T only. Thus

we have a situationin whichstra~ht shocksdellmitdomainsof constant

Crondltions● The!resultlngproblemis thereforeagainonlyone of applyingth~

Rankine-Hugoniot,conditions(andthoseof a nlipstream)jinvolvingno
.

differentialequtatims.k ‘,.

Consideringthe ihportanee of thisconolwsion,it is essentialto re-
<..

mphasifiethe

Th8 main

atwwmpt$m on

at T. Id uk

reas~n38 the

which shows the Mea 1, k$

which it i8 based} continuityIn each dection

see what tkw MS@ “of this FNmm@on is*

experimentally @sUblished as~ct of Figure j? ‘

M, f), “andno dhera. Rmce them are certainly

no linesof discontinuityacrosseithereectarA, B, ~, Ct . M.wlever, thi8 is

not the onlyposaibletype of discontinitlty.%husa rnupersonteflonarounda

cmnvexcorner‘turnsw in a manner,where the @tateat e80hpointis a function

of the directionfrom the cornerto thatpoint. In thi6way thereis a dis-

continuityat the cornsr,but nowhereelse. IbisMeyerdisconttiaity or

angulardiscontinuitywas discoveredby Prandtl(ll)and Meyer(u).

)
Phys.Zeitdr.rtft,Bdl”$,p. 23 (1907).

~12)
Forscl&gearbeltenad. dem Gebietedes Ingenieurwesens, V.D.I.Heft 62
(1%)8).

.,.,,/” .:. .
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.... .
Thereare reasonswhichmake the appearanceof an angulardiscontinuity

underthe C~dit~LOn8prevailingat T not at 811 Improbable.Withoutdiscussing

them,we pointout this: the angulardiscontinuityis unlikelyin the @ector

C4because~he flow therais in many casessubsonic(13). It is unlikelyin A,
.

Tu)
cf. discussionof Prandtl-Mym angular dimcontinulty in article by
Taylor and MacColl,previouslycited(footnote4).

becanseA is aheadof’the incidentshockX, which is the ‘signal”of the

approaching dida%a~~~ and thereforeA ought to be entirely undisturbed.
& a’

: It is unlikelyin B, be- B (*bilebehf.nd 1) is aheadof the reflected shock ‘“’
.+

R$ which is

oughtto be

continuity,

the ~tsignalwof I havingrun Intoan obstacle,and therefore B

unaffectedby any reflectionphenomena. Hencethe angulardis-

if thereis one at all, shouldbe in Cu.

We shallpointout that the assumptionof continuityat T is in -y c&ees

untenable,becauaethe conclusionconflictswith experience.We shallpoint

out furtherthatan angular rarefactionin Cu doesnot appearto be able to

reeolvethe difficulty. It amy be, that thereis one in B, i.e. thatR is not

the ‘firstsignal.mof reflecti-w. (~ soms,but not in all casesevenA and Cl

may be questionecl. ) Alternatively,existingtheorydoes

out entirelythe possibilityof point-discontinuitiesat

disccmtinuitiee.The situationis obscure. However,in

‘thesituationand its difficulties,we mwt firstfollow

continuityat T, followingthe schemepicturedin Figure

Thegeneralprocedureto be folknredwouldbe this:

of’the incidentsfhockI and the orientationsof all five

not allowus to rule

T whichare not angular

orderto understand

up theassumptionof

38.

Knowing the strength

linesI, R$ M, D and

j/~ , wecan followFigures37 and 38 and apply. the conditionsof Rankine-Hugoniot

and thoseof a slipstream. ‘Iheformerdetermineby themselvesthe situationin,7-

.... Cu and in C~ , i,,e.on both sidesof D. The slipstreamconditionthenrequires
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that the substancevelocityon!both sidesof D ~st be paralleltoJ and that

the pressuremust be the sameon both sidesOf D. lhu we obtain threeequations.

If the orimtation of1 I is unknown,we can eMndmate it, and stillhave

two equations. If the strengthcd’X is unknown(but

A - p,v, but n@ the velocityZ* - is kncmn),we can

stillhave one equation.

the ‘undisturbed“ statein

eliminateit, too,and

We call the solutionsfor the immedla te neighborhoodof T - accordhg to

Figure38, and with theassumptionof continuity- the threeshocksolutions.

} Thusmeasurements -de ona shadowphotographof the type of Figure32

providedatawh:ichcan be fittedtoa three-shocksolutiononly if theyfulfill

one equation. If the stmmgth of the incidentshockI is known,theymust even

fulfilltwo equations. Zhusa determinationof all three-shocksolutionsallows

for a directempiricalverification.

The best s,pecificinstancefor sucha determinationis thatone of air at
..: ,
moderatepressures(1 to !5atmospheres),i.e. of an idealgas.qtth { = 1.4.

Actuallythe algebraof this casei$,rathercumbersome,but a numericalapproach

is practicable.A numericalsurveyof thr8e-8hoCk solutionswas obtainedby

S, Chandrasekhar(~),K. Friedrichs(15),and H. Polacheka@l&t~. Seeder.

. . .
, S. Chandrasekhar“On the Conditionsfor the Existenceof ThreeShock

Waves”,BallisticResearchLaborato~, Aberdeen,ReportNo. 367 (1943).

~15]
K. Friedrichs,%en@rks & theMach Effect”,Div.8 and AppliedMth.
Panel,XDRC (190).

(16)
H. Polachekand R. J. Seeger: Reg. Reflect.of Shooksin IdealGases
hM-52& (194J+)●

}

Experimentsshowdissgreesusntswith three-shock solutions.

Thusa conflictbetweentheoryand experimentexistsat thepoint Twhich

seemsto justif,your droppingthe assumptionof continuity.

.
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In dropping the assumptionof contlnui~~

discontinuitiesat T. A8 pointedout an angtiar

to be the most natural selution$but preliminary

must try to introducepdnt

rarefactionin Cu would eewa

investigationsindicatethat

thisdeviceprodu!~eano solution- not even for a weak shockin an idealgas.

Thusfar we havebeen discussingan infinitesimalregionof the shock

configurationdue to the raflecticmof a planeshockfroma plane surfaceIn

the rangeof irregularreflection. Thi8was a 411scu38ion of th6!bound#ry

conditionsdesignedto indicatethedirectim the solutionof the partial
%

differentialequationof compressiblefluldflowwould take. Theessential

result is that th@ nat~ of’t@

Our real Intmeat, however,

case of an irregularlyreflected

boundaryconditionsis not yet understood.

ia not, exceptin an exploratorysenseIn the

planewave but in the irregularreflectionof

a s#mrioal wave. Ihe discussionfor a regularreflectionis equallyv~id in

both cases. The theory

understoodin thismore

in o~ presentatutsof

theMach effeetcoupled

tionson the reflmctim

in the next”section.

of the irregularreflectionphenonmon is even1088

compl.iceted spheri.aalcase. We are thereforeforoed

knowledgeto rely on certainqualitativenotionsabout

with experimentalinformtiom. The experimental otxwrva-~

of @@erical blastwavesfroma planesurfaceare &L$cuesed

lo,k ExPERIMENTALDEIETUAINATIOMOF IMEHEIGHTOF ~ RST

Thedata on which the followingdiscussionis basedwas ob@ined frcxnl19T

explosions,not nuclearexplosions. lherefore,inasruchas the free air pressure

distancecurveafte~ takingW1f3 scalingintoaccountdiffersin thesetwo
~r .

classesof explos:io~s,the resultsdiscussedbeloware not applicableto the

blast produced

interest,i.a.

W can be found

by nuclearbombs. However,it is foundthatin the rangeof

5 to 10 poundsper .eq@re inch overpreasurea sui~ble valueof

to make the ratioof the peak ovffpressureproducedin the nuclear

,.

.
*

—. —.... .-—— _._.__, _. —..,..-.—. ,. -..—..
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p = (:W*I.r forupound?lofm’f

P = ritidailom frmiexploalon f,et

Ro+ar ex@09ion8 a8 oa3m3jteU on * ,?3Mhav8a freeair pressure

8quaruinohto tithin7 per oentBy .,..

,.

th$ +WdlJ’it’ tonna& for tb preseum ‘it!@ja

?hew 1s no equivalent tmnaga In th 8 emae Wt ‘

. ;$ttiat$- are#-ter for an @@e81~ of X poundsof I!Nl@ ● fati ~ae...

planeWave@ baoatlaeof the 3b@oatChamctir 0? tlw renm$tion ptmkmcme*

.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



.,,
,.,

,’ ... x-w

,. ,

.+

“P

.*

.

P$glml $9

s.phwD3@ shouk reflectwi from rigid -U

,.

.,,,,.

.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



I\
\\ 1’

.,,
R

M (TRIPLE PT)

S (SLIPSTREAM)
, INCIDENT WAVE

----- .. . . TRIPLE PT TRAJECTORY
,KILOTONS) IN ABSENCE

.-. ——..

Y “w!!! r ‘IL

f50Mt3, W(

hc i /’

1 Iv
il’ –

(EXTREME) l) a,
.1 / +“

\\\/\ \\\\\ \”y\\ \ 1 1

REFLECTED I “gY~’’’’’’’’’’’’ l’” ‘y”
WAVE ‘

t-----

z! ,

—--—Do— -----J

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



, .. ..

. w“”““’

x-q?

Therefore,we can use regularreflectiontheory

to determinethedependenceof Do on the height

and shocktubeexperinmnts

of burst (Figurel@).

For the caseof irregularrefbction the sitwtion was studiedexperi-

mentally. In particular,the triplepointwas looatedas follows: gages

were placedat variouaheights(H + Y) and a fixedhorizontaldistance, D,

from the exploslm and the differences”in the timeof arrivalbetweenthe

direct(I)and reflected(R) shockswerenoted. An extrapolati&.of thistime

to zero gave the heightof the?triplepc&t for eachheightof bum t. By .,

repeatingthe procedurefor variousheighta %f burstand then scalingthe re-

sultsdown to 1 poundof TNT curvesof Y veraw hc for variousvaluesof D

‘ were obtained(,FigurelJ).

It is more convenientto have a plot of the heightof

functionof the horizontaldistancefraa the explosionf@E

burst ~ aa a

varioua selected

stemheightsy (Figure4.2).The stemheights-re so choeenthat theyscaled

up to 30 and 100 feet for various tonnagesof TNT.

10.4-2 OptimumHeightof Burstfor Peakpreseure

Knowingthe geometryof theMach,effect,the next problemia to connect

it with a choiceof the heightsof burstwhichmaximizethe area overwhich

J the pressureexceedsa chosenset of wlues.

Supposewe are interestedin the heightof burst,~ , which~kes the

peakoverpressure,p, on the ground,occurat tie @eateat har&ntal projected

distance,D. llheprocedurewouldbe to meaaurep (i))for each

thento plotD(hc) for selectedvaluesof p. Such experiments

’18)and the resultsO(hc)for selectedyalueaformalusingTNT

value of hc and

have been per-

of p, are

?1$]
Variousreportsof Division2 NDRC,by A. H. lhuband W. T. Read.

incorporatedin Figure42. Thathc, for whichD = D-, is then theheight

of burstwhich,yieldsthe greatestdistanceto a pointon the groundfor which
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Figure40

*TheoreticalUaita for re~r refkctim wmfu8 chargeheight

(w = 1 lb Tl?T] (afterHalverson)
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Figure41
.

9teaiheight versushoriaont&ldistancefor a givencharge height(hc)
(U = 1 lb TNT)afterHalverson
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C21 X*63 ; ~ ,~::

d= .46 ● 20
s a ●S7 j = ::.

k=

.

!,

,,

.

.-

.

-- . --”.- “-

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



2

““”-”--i..—._—-—-—
“i~ ——

I

I I 1 1 { I ,

4 6 8 [0.
12 14 16 1$ ‘ 20 22

.*
D (ft)

.——.

!5
.. ,

4’22-=JJ

6-
h

i,

JT
---k

24 26
.

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



x- 91

(19)misvaluewill, in general,bethe peak px%ssurehas a prescribedvalue.

(19)
It mightbe statedthata betterschemenow existsthan thatwhichwas. used for obtainingthe pressure(on theground)versusdistancecurves
for an elevatedpuclsarbomb. ‘Iheidea is~ deduce the reflection
coefficientsfor chsen overpreseuresand anglesof incidencefr~ the
measurmentamade on ‘lNTand thenapply theseresultsto the freeair
blastcurvefrom thenuclearbomb. Themain reasonthiswas not dme in
determiningthe heightof burst is that the IBM runswhichgive the free
air overpreeaure,diotancecurvesfor thenuclearbombwerenot @t
carriedout when the heightof burst tableawere made up.

In theregionof Mach reflection. If we choose~ instead,to determinew

heightof burstby requiringthatthe etemof theMach Y havea prescribed

height,y, at a givenpeak pressure,then for thisvalueof hc it is, in general,

true thatU < Din=. The advantagegainedby basinghc on y is thatthe pressure .

is Increased,noL onlyon the groundbut over a verticalregioncoinciding

with the Mach Y as well. In thisway, the averagepressureexertedby the blast

on a structureis increased,resultingin incraeed destructicmin regions

wherethe pressureis marginal. Ihe problemis somewhatcomplicatedby the

variationof pressurealongthe stemof the Y. A 15 to 25 per centdecrease

in pressureoccuj?sin traversingthe stem of the Y from the ground
.

point. 13ecauseof thisvariationthemean pressurealonga chosen

stripis not rigorouslymaximizedby makingthe etemof the Y Just

to the triple

vertical

tallenough

to coverit. As a workingapprcucimaticn,however,we will choosethe height

of burst so as to achievea desiredstem l$ightat a chosenpeakcwerpreaswe.

By usinga W1/3 scalefactor,ldbles10 .4-2 (~), 10*4-2(b),werepreparedfor ‘

varioustonnagesof TNT. ‘Wesetablesgive the heightsof burstnecessary

to obtainstemheightsof 30 and 100 feet at variouschosenpeak overpreesures.

Thedistancesat which thesestemhe~hts are obtainedare also listed.

,“”-’.,
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Heightof llurstandRad5.usat which ~%m of Mauh Y = 100 ft- and

0wqwe8suiw ExoeedsGimn Valuesfor VariousKilXms ofll!?l
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‘10,5 CONCLU$IC4J:‘iHEH3XGHT C@ 3UI?ST

In thisconcludingsectionwe win bring the

precedingfour sactims to bear on theIproblemof

burstwhichrestiLtsin the greatestaraa of blas~

-Wial dismmed in tha

6Wemining thkheightof

damage. lhereare twod
?

argumentswhichfavoran air burstquiteapartfrom the influenceof oblique

reflection.Fir(st,a bomb burstcloseto thegroundis accomp&ied by

crateringami meltingof thegroundarxlhencea 10SS of energyto the blast.

Second,an air burstavoidsmuch shieldingof one structureby another. An

undesirablefeatureof air burstis, of txxmse,the fact that thebomb i8

furtherremovedfrom the targetthanit would be if it were burston the

ground. A compe&atingfeatUrOis the fact thatthe high ~0$8Ure regionof

a bomb burst on or close to the groundwouldover-destroythe target in the

near vicinityof the bomb. Thislocaloverdestructicmrepresentsan unnecessary
.

expenditureof energyon nearbypartsof the targetregienwhichdecreasbsthe
...

dsatruct’ioninfl~ctedon &oreremotestructures. 3hereductfonin blast

pregsuredue to oletvatingthebomb is of aoume more ueriouafor parts of the

targetwhichw-h in

becomeremovedbyat

targetthe eff#etof

immediatec-tactwith the groundburatb@ -- they .

least the he%ght of beret. For mOre dis~nt partuof”the
,.

raisingke b~off thegroundIs leesimportant,and at

distanceswhichare two or threetimesgreaterthanthe heightof bUr8tthe

changein dis~oe from bomb to targetdue to elevat$ngthe bomb is caapletely
%’

unimportantin its effeet on’the pressureat the target.

Jud~ from the results,obta$.nedin the low b-t .@@ feet)at Trinity,

it is possibleto set reasonablelowerlimitson theheightof burst required

to minimizesomeof.the ab~e bla8~ reducing effectsdue to the proximityof

the ground.
.#”.. .,~

If it is desiredto avoidfusingearthand structuralmaterials,then

since the radiusof the ar&l overwhich the earthwaa fusedat Trinitywas
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.-. about1,000fswk,the he~ht of bursthf mh$.ehwill avoid aueh f%dng is
*

hf > 18000fae~i’” -~ (35)

Thisnumber.isfor an ener~ releasein the form of radi4mtenergyof 3 kil+

tom of W,T‘did,sinceone may use am lnwnwe @#kre ‘@w for suchradiative. .

@ffects, W, heightof burstwhichwill avoid flxs~ wKU be relatedto the

tonnagerekm)ed aa radimt en@gy Ur (kilotonsI!JJT)by the inequality

This Calculatiohhaasunws

is not possibleto state

()hg > l,CXD + ‘3
r

(36)

no atten~thn of thebw due to absorption. It

what propmtion of thenuclearenergywill be released
.

as radiantenergywithoutknowingthe designdeta$.lsof the bomb. To dateno

such maculationhas been @rried out becauseof the extreskecanplwity of

the problem. Hcnvever,the lki.nityfiguresgivea usefulIndicationof the

proportionof energythat appear8as radiation.

+

AC =*
~b

As a roughrul~ then,to avoid fusing
t

,

+

/,,.....
,---,,.”.

‘%f”:”’$””’””;‘

(4?q$““2’

(37)

-.) wherehf ~ heightof burstti feet to avoidfusings

,,
~ = blastenergy in kilotcm TIVT.

The availableevidenceon cratering frcaair burat bemba

@entary. Indeed,becauseof tb extmnely highpresstiesa@

is very frag-

greatduration

pf the’bl~stfrcma nuclearexplosionit is not possiblein our presentstate

,--., of knotile~eto interpret,in any completmway, data on crateringfrom ordinary
.,.

explosives,s0thatit will applyto nucluarexplosives. ?he onlydata on

,,
,,’.
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..+ crateringby a nuclearexplosionis thatabt8inedat Trinitywherethe bo&

was detaated at,a heightof 100 feet: A compressioncrater10 feetdeep in

the centerand 500 feetin radiuewas formedIn the closepackedeandof the
.

New Mexico desert. Using thispointand~the data in theWeaponsManual as a

guide,It a pearsaxtrmdy unlikelythatany crateringat all wouldhave
?

occurredhad ths chargebeendetonatedat a heightof 250 feet.

w)
It is not poesibleto matcheverywherethe blastfma a nuclearexplosion
by the blastf’ruaa suitablequantityof TNT. At small~staneea the
pressures clevelopedin the nuclearexploaicAgreatlyexc&d my ~eeauros
developedin a chemicalexplod.on. In addition,thenuclear+aqkmica 16

verymuch morerapidthana chemicalexplosionand doesnot featureafter-
burningof the conetltutentsso characteristicof the latter. Becauseof
this,and the finitesizeof the mass of TNTas opposedto thatof the
nuclearexplosive,the shapeof theblastwave anp henceits decayas it
travelsoutwardis also diffwent in the two cases. Deapitm this,it is
possibleto find (cf.Section10.4)a quantityof TNTwhich is equivalent
“tothe nuclearexplosim in the sensethatthe peak overpremmre,distance
characteristic is nearlythe same overa emallrangeof overpressure,s~
frmn 5 to LO poundsper Squareinch. The TrinityvalueWb ~ 10 kilotcms
INT equivalent is fordistanceswhere the overpressure is in the range
5 to 20 poundsper squareinch. Sincethe ground was close, the energy
effectiveh producinga craterwas greaterthan10 kilotcmsand hekce
the assumptionof 10 kilotonsamountsto sayingthat the groundis easier
to crater. lhe valuefor hn●C. is thereforeprobablytoo high.

scalingfor an axploeicmof blasttonnageWb (kilotonsTNT)

hnot.> 120Wbl/3

,

(39)

From

reduction

wherehn,c. = heightof burst@ feettO avoidcraterlng.

theaboveccmsiderst~ons”’‘theheightof bursth~n to minimizethe

in blaatdue to the pratity of the ground~ be estfmatedaa

,.,
.

., ,.

‘kin> ‘n.co or hf, whtcheveris greater. (40)

Thequesticmof the valueof h requiredto mfnimizeoverdestructionof the

.... .
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targetis sensitivelydepend~~ & ~he ~e@il~ $f the target. Giventhe
● ●.*● ●**9**●*

pressurewhichis consideredas the Mmit beyondwhichoverdesbructimsets

in, a reasonablevalueof the minimumheightof burstcan be obtainedfrom the

pe~8’Wd ‘&s@nce curve in free. air (cf. Chapter? of Ma WO~ J and the

mult~plicationof pressureon reflecticnfrom theground,consideringthe blast

wave to be normallyincident

NOWAlot us consider the
#

blast~~froma bombbursthigh
,.,.

a ref?le~tionfrom the ground

on a r~id ground.

effectof reflectionon the pressurein the

(h > hc) in theair. Directlyunderthe bc@

partlycompensates for the 10s8 in over~essure

due to the incrf?asein distancefrom the boqb to the targetareawhichac-

companies air burst. me gati in overpressureoccasionedby the reflection

of a normallyincidentshockis a factorwhichwouldbe 2 M the shockwere

weak~and between2 and 8 if the shockis of finitestrength(cf.Figure21,

Section10.2). For shockstrengthin the interestingregion,5 to 10 pounds

per squareirich~,this factoris only a l~ttIeabove2. ~is, then,is the

efgec$of head-onreflection.A8 one departsfrom the pointimmediatelyunder

thebomb, the incrmse in the 6verpt@Wwareg@asevenmore favorablebecause
-.

of the propertiesof obliquereflectionmentioned~eviously. Thehighest

amplificationocmrs”’soonafterMach reflecti~ sets In. Afterthis it drops

againas incidencabecomesmoreand more.glancing. Since t&eblastdecays

with d~st&nceand the freeair peak overpressuredr0p8$it is olearlymost
,,~

dvmta&@ew to get the greatestboostingfactor,wherethe blastPressureis

juet&j@al fc~rthe desiredtypeof damage. One should,therefore,choose
*

thQhei&t of burstso that the maximumamplificationoccursat thatpoint.
*

,S$n* the opm amplif’icatlonoccursfor earl.g** reflecticmthe. ..

heightof burstis to be deterdmed by the #requirementthatMac% reflection

~21~ At &is pointthe amplificationsets in at aboat the limitof B damage.
● am ● *IR* Sma **

aeanm~”<~ ‘:
we.-’”

Dl]
m . *-

“ ‘. - ,, “

~ If ,$tis desired to mximke A*?&&&’;”*t&”fi&jitof burstshouldbe
modifiedSC1thatMachreflectim. $X$nt%8&%;p&dingly earlier.

—..
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factorfor ovsrpressurecan belas;~* & j’(& secti~ 10.3), bUt it 9e9Ms-------. ●***em*.

saferto countan a somewhat#@.ker valueand considerhighervaluesof peak
..—#’” *;.“:

overpressure,b00aU8eof vari~ @aa$jative mechanism (of..Section10.1).

The methodby which the c@+ #+!@i#Xt$on G properlypositioned~quiras

some furtherdiscussion.ACWAD$$

a house,is struck,it reoeiws two

thegroundin its vicimity: one by

wave. If thesetwo

theyare far apart,

two shockwave8hit

betweentheirti~s

two shockswould

all pointq above

distanceoff the

waves are ,close

i.e. , the angle

the l&er part

when the target,for axamplethe wall of

blow if them fJY‘+lm
the directand on@ by the

toge’them.theyboth act‘as

W reflectionis far from

mfloction by

&eflectedblast

ane blast. If

900, thenthese

of thewall with a cams idmable lag

of arrival. (ACIlong as the reflectionia regularthe

arrivesimul~~usly at the groundbut wouldbe separateat
,

the ground. ~Ihe separatioribetweenshocksincreaseswith
,

ground.) .,Ihthiscasedissipativeand otherunfavorable

effectsmay act betweenthe ~ shocks, Clear@$ thebest situationfrom this
,,

pointof view is one in wh$bti~o iwo ihdckaare ~rg.d together,which hap~8 ,,

in the stem of the Y. Hence thehouse$houldbe hit by this stem. As was

pofitedout, it is deatiableto have the Mach@ffectin its earlystagesjust

a8 the &stance at which the iypeof damageunderconsi$arakionceases. IUow “

if one wishesto destroya wall,then the stem of the Y shouldcoverLhe entire

wall. Con~’@ntly the heightof burst shouldbe so chosen thatthe sten 18 ‘“
# & ,

aboutas high~ or higherthanthe target~ a-t at the distinceB damageceases.. .

In view of theseconalde~tionsand the validityof the peak preesure

criterion(cf.Section10.1)we determinethe properheightof bursta8

n
. .

-4’’”

follows:

(1) Ihe peakpressurerequiredto inflicta given

B damage,for example,is known: from3 to 9

inch.

type of damage,

pounds per iquare
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h#i@t.

By 1, 2 the B* must be bmat at a diatanc~wherethe peak prassureis

somethingless thanhalf of the peak presstarerequired aacordl.ngto theabove.

*

The heightof burstis determinedby 1, 2 in conjunction with

accordingto the proceduredescribedin Section,10.4.

We can nm proceed,to a statementof the hei@% of burst

requirement3

and the dadage

radiusin a few selectedcases. On thebasisof the Trinityteatand the

combatdropat Nagasakiwe may assw%ean eqdyalent blast tonna~ of 10 and‘,,

20 k5.lotons.‘lhelpwik pressuresrequiredf~ B ~ge nvayvaryaco6rdingto

the atruotureaimvd%ved,and even for .@pi.ml‘Ye@~ntial propertyfpam comtzy

to country. In ~~n 3 poundsper squareindh-y be oritiokl;in ths U;Sd.,

England,and Oer@ny, 6 to 9 poundsper::#$uaMfichmightbe r@quirod. If om,

(23]ia conservatlm’cme ~ use a highervalue.

“~ -.

what “we tonnageof the blastwouldbe.- ~a- uncertainty&n tanage was
due to the #probabilityof predetonationand general Uncerta.intiasnetes-
twmily atfecttngthe first trials.

lhe follawingtablegives theheightsof burstconsistentwith the preaeare

levelsof 20

The tableis
f-,

‘..-.-.-”)

and 6 poundsper square inchand stemheightsof 30 and 100 feet.

obtainedfromexperimentsas discuesedin dection10.4.
●*a ● ..0●.*90

●****.: ::**=*
● *-**,* ● ::

● . . .
●* 9:0O***.4S.**V*

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



.,

8* ● ☛☛ ● ☛☛ ● ☛☛ ● ☛☛ ✎☛

gives the heightsof burstf~tlOo~n~ 20~##@~, TNTwhich shouldbe used if
;s-%

twe heights(30and 100 feet)are to be @ttatiedby the stem of the Mach Y at,’
J’

the positions,R, wherethe peak overpressuresare 20 ad 6 poundsper square

inch. A mcwe completetableaan be found in S@ption10.4.
b

lhble M.5
#

u * 10 J($= .

Overpreesure Distance Heightof burst
PI’ (psi) R (ft) H (ft)

Y930ft* Y-loort, YlB30 ft. Y s 100 ft.
b

10 3600 3300 2000 1400

6 Sm
,

5000 2000

On the baaia c# SUCk .coneideratiqnaIt ww ibund tWt a’ nuclear W iq +

maximize blastdamage. Such heightsof ‘--–-’‘-–34 ‘- -“J’”’- ---aA L-AL
DU3-FJG Wowu, an Uwaauux, *VOAU Dowel

fusingand crateriag the earth.

10.5-1 AW~a~ @f

It i$:appropriati-here to inserta

whichit is desirableto fix the height

immediatelyreflectad in the complexity

accuracyof f 50 feet,for‘example,dictatesa radaractivatedfusewhereas;-

an accuracyof ~ 2!50feetmightbe attainedby a relativelysimpleclock

few remarksabout the accuracyto

of burstsincethisrequirementis

of the fusingapparatusrequired.

9

An

1 ..<

1’ f-’ .,” ..* ● 9* . .

,; mecheniem which couldbe pre-setin the”$~~”p~aneJ a~~~~ that’the bomb is
./’ ****: . .

—., ● .
●. .:**W**.*:00W*

● ☛ ● ☛☛
● ✎☛ ● 9 ●*D

.*9 .*. ..-m
e * ● ‘$ ‘~ “’””’

–—.—–—-— —.——. ...—.- ..— -.
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carried by airplane.

Thereare several

should be fused. ‘Ihey

(1)

(2)

j

(3) ,:
&“

,:.,

(4) ;

,!
,>
4

\
., ... ,.,. . . ,.

. . .

~.*l@j

factors which limit the. accuracy to which the bomb 1#

are; 3
a .$

Experimental errcrs in measuring triple point. trajectories ~ ~

and pressures in the blast configuration. “Su’

Lack of criteria as tc the precise height the stem of the ~

Hach Y shouldattain at the limiting pressure which it is
8

i!!

desiredto enhanceby ~rregularreflection.

~r~ect knowledge Of the target configuration and hence of

the ~essure which is required to produce marginal destruction.

‘Yhe variablenuclear and hence blast performance of the bomb.

It can be stitedwith reasonablecertainty,say witha prob-

abilityof 0.95,thatthe nuclearefficiencywillke.:greater
J,

than 1/2 theratedefficiency.(24) [: :.+
. -,

\---f
lhiswas’cah’u~t~ by R. F. Christyfora Christytypegadget,but is
not senai#AveQdependenton the specificimplosiondesign.

One f~turo which-kes the choiceof the h8ight8 of burst less seriously
.,,

dependent on,the above facts is the relative insensitivity of the value of.

the area over tiich thepressureexceedsa certain prescribed value to the

height at w~ich the bod is burst. A variati~ in height of burst of k L50
,,

feet, for-pie, producesno more thana 233per cent variatjon in the area

defined abm’k the gressure region 5 to’”0 pound~per sqwre inch for blast

tonnages al 10 K 20 kilotons. In view of thisfact,and thosecitedabove,a
,,

very coci@aFratirelimiton?the accuracyto which Lhe.bombshouldbe burstwhen.:

used in ●re ●ttack is ~ 2S0 feet.
,

,,,,

@k5S\l\\D
,.

,/

IX) NOT CIRCUMTE
I?etentim COpY
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