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. ABSTRACT

A\

“At the requast of the Height of Burst Panel, Project §.13 was organized to make metsure-
ments on King 8hot, Operation Ivy, that would sstablish the peak shoch overpressure in the
blast wave as a function of distancs from the burst in the free-air region. This information
was required in particular to determins whether scaiing laws could be used with gxisting data
obtainad on Operation Tumbler to predict {ree-air predsures from much largsc weapons. Sec-
ondary objectives were to record and determine ths retgnitude of a precursor wave or other
visibly observtbis thermal effects that might cocur and to colisct any additional informat!
that might explaln the departurs of the free-air blast measurements obtained on Operation
Greenhouse {rom the Operation Tumblsr composite {ree-air pressure results. (Ths four free-
air pressure-distance curves odtained oa Operation Tumbler scaled very well over ths entire
pressure range measyred. The composite result is considered to be highly rsliabls.)’

* Data were eolfected using the photo-ptical techniqus more frequently referred
"rocket smoke-trail photograply.’’ Thia technique has been built around the shock-y@dgity
method of pesk-blast-prassure determination.

_* 'The reeults obuained can be summarized a3 follows:
For the firsball region the equation which was fitted to the radius-time data is

R(It) =3302.81%" (9ec) Rs900N
The shock overpressure in this region is related to distancs by
Phe) RSP (1) R=900M

For the frea-air region the equation that was fitted 10 the arrival -tims data by the mathod
of least squares is

' sose.n

t (nec) 0.00NI(R = L, 103861V oA dl)- 0.0238

‘ e
for values of the radial disiance R betw i : k velocity
U in feet per second 18 ;

506.8

U'?W.l[l*( R

)"'] 9001t s R 333804

s
/

The radiochemical kilotonnage equivalent, based oa & comparison of the King Shot results with
the Operation Tumbler composite reauite, 18 841 ¢ 30 &t The TNT efficlency of King 8ho. was
found to b 38.8 ¢ 3.0 per cent withia the pressure range of 300 to §0 pe




“The precursor wave detectod over the iand area by pressure-time gauges of Preject 6.1
(WT-803) was nct observed tn the motion-picture films exposed particularly for Project €.13.
Palm trees on an island in the foreground obecured the island aearest the burst, where the pre-
cursor wave was detected. NO precursor was obesrved over the water either by gauges or

phctographically. No positive evidence was found to explain the departure of Operation Green-
houss [ree-uir measurements from the Tumbler composite {ree-air pressure nnlu.-‘.-
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CHAPTIR 1

INTRODUCTION

1.1 OBJECTIVES

Upon the recommendation of the Reiyght of Buret Panel, the U. 8. Naval Ordnance Labere-
tory (NOL) was requested by the Armed Forcee Zpects]l Vespors Project (AFEWP) to partict-
pite in King 8hct, Operation Ivy. In particular, the NOL was asked to conduct the necessary
experiments required tc obtetn the following informaticn:

1. Peak shock overpressure ae ¢ function of disiance in the free-sir tegion. Thie infor-
metion wes required in perticuler to determine whether aceling lawe couid be used with exist-
ing date obteined oa Operstion Tumbler to predict free-air preesures from much larger
weapons.

8. Informetica relative to the formation and magniiude of any precursor wave or other
vietbly cbservedle thermel ~ffect. :

3. Additions} informstion thet might explain the deperture of the fres-air meesurementse
obtained on Operetion Orevnhouse from the Operetica Tumbler composite free-alr prossure
resvits. (Thy four free-alr presaure-distance curvee otnainoed om Cperation Tumbier scalea
vary well over the entire pressure range measured. The composite ressll ie considered 1o de
Righly relisbise.)

1.3 HISTORY

In order to c™ain the desired informatioca required by odjective 1, tha phato-apiics! tech-
Riqes, Yhich 18 now tnowa &8 the ‘'rocket smoke-trall photography method,’’ seemed to De ade-
@sbls with only & elight modification. This techalgue wae develcped ot the NOLU for use Ia
Operstion Oreenhouse whara it proved 1o be quits tuezasstul.' Highly wstialactsey rasults
were 4lso oiiaiaed later os Operations Jangle' and Tumbler!

On be fourth ahot of the Tumbler ceriae of tests, a Hr.<»r30r wWAve appeared ia M rocket
smoke-trail {ilres snd vas analyeed queatilatively for the first (ims. (Such waves sled ap
poared la cortats filma of Operstion Buster, ia which the NOL ¢i€ pot parti=ipats, butl wvere ot
Saaiysed ol e timss.) Thus it wis Dalleved 2o/, ia the came angcciment deoignod priacipsily
1o accomplish ctiective |, the information soug™ A objective § wonid be adeinow

Wih regard to the {ast olirctive the rocke’ imoks-treil method _aed in the four s\ ¢s of
Operation Tumbdier yisided such consis’erl meauremaents sfisr the application ol wraiing lawe
that 8 Mghiy reltable pressurs-dictance curvs vas made sve:lable Comparison of Tumaler
and Groendouse [rae-str dats’ showed LASL the prossures (derrved on Gresnhouse were ia
croastiagly Righer (han thoes obleinsd ca TNmSier o8 1he squivalont reducod disiance f7am Ihe
bomb Increesad P resied choch:ng of all the dats ne. sted the poenidilily of errae in the
Grasahouse coicuistions, and It was ShOowa conclusivniy INSE 1he srrivel timee obeerved mn
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Operetion Greenhouee led to higher shock velocitise, and hence higher pressures, ot equiveient
eceled distences.

On Operetion lvy it wee haped that eome informetion might be gained to eolve this problem.
Taete on Opera:ion Tumbler were conducted et thy AEC Nevada Proving Grounde (NPG) at en
eftitude of approximetely 4000 ft abc-e e2e level, whereee Oporetion Greenhouse tock plece el
Eniwetok Atoll in the Marehell Islends, virtuelly et uee level. The etmosphere ot the NPG wee
dry, wherese the lelend elte wee comperetively molet and humid. It wee thought thet poeeibly
the caues of the disagreement might etem from theee atmospheric diffarences or from the fect
thet the Grecnhouee teete were tov-er ehote wherees those of Tumler were eirdrope.

During the planning phese it wee ennounced that King Shot, Operetion Ivy, wee to be 2an
eirdrop eimiler to those on Tumbler but et the 1eland eite. Thie presented sa excellent oppor-
tunity to resolve the difficulty at leeet partlally, {f indeed such envircnmente! condiiione were
the ceuee of the dieagreement.

1.3 OPERATIONS

Project 8..3 wes organized in two groups, one vhich went Into the fleld and one which
aided in the preteet preperatione and postteet cnelysie et the NOL. Administrative detells
within the projest were cerried out jointly by J. F. Moulton, Jr., snd P. Hanlon. E. F. Cox and
F. B. Pores! were the directore of Progrem 8 and provided over-ell eupervieion and teciinicel
gutdance.

Project 8.13 personnel Included J. F. Moulton, Jr., Project Officer, Aneiysie; the fleld
perty commposed nf P. Hanlon, Fleld Project Officer, Anelyeie; B. M. Loring, 8upply and Anet-
jeie; end C, L, Karmel, Instrementation and Analyeie; end J. R. Mitchell, Supply Otfftcer. In
the field, Karmel, s the eeaistar’ to the Fleid Project Officer, was lirgely responeidle for
lnstrumentetion. Loring eerved e3 Spply Otficer in 1he fleld and esaieted in the inatellation
of equipment. Labor wee provided by Holmee & Nerver through Tesk Group (TG) 132.1.

1.4 BACKGROUND: DETEIRMINATION OF PIAK 8HOT OVERPRESSURE BY THE
VELOCITY METHOD

The phuto-opticel technique used on King Zhot, Operetion Ivy, to obtsin srrivel-time date
for the determination of pesk shock overpreseuree e explained in datell in reports on Opere-
tione Greenhouse' and Juigle.! Briefly the techaique coneleted In seteblishing e rocket emoke-
tretl grid behind the buret and recording *he shock-weve growth ee ¢ funciion of time with
high-speed motion-picture cameras. The position of the ehnck {ront le determined by record-
ing photogrephicelly the light reye refiacted from the grid; thcse reya which pess tengentiaily
to the ehock {roat are refrected, caueing bresks tc appear 1n the wtherwise continuous grid
linee. With the expiosion cerzter as sero, frerse-by-freme meneuremente «f the distance ere
made on 20> magnified imagee In ¢ direct-projection Recsrdzx. Time per freme le eleo noted.

From these errivel-time data the instentaneoue ehock veloctly et known dietences cen be
deiermined. Thie is beet dure by fitting the deta with ¢ emooth curve which car be expressed
In ¢losed mathematicel form. Differentisiton of the equation yielde an expression for the ve-
loctty as @ function of radiel distance from the burst.

In the esrly etagee, 1.0, the {irebell region, sn exponentie] function 1e uaed

R«KQ" an

whe. R = dletance from weapon sars
t = time
K = constant
o = the elope of the log-log plot of Rand t
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Differentistion of {hia squation givee
VY M (1
where U 12 ihe \hstanianeoua ahock velocity.

Or prior testa the free-air arrival-time data were fitted by a cubic polynomial by the
method of least squarea On thia te new {itting function {a {ntroduced. The new equation 1a

R_1 (" o
t £z A STTTﬁT'IdR’C (1.3)

where ¢, b, end C ere conatanta. At firet glance thia equetion sppeera clumay, but it ia readlly
fitted by the method of leest squeree to the errivel-time date on IBM equlpment. The advan-
iagea of the uae of the new equation are twofold: (1) A more realiatic approech to the eolution
of the problem la msade In view of the physicel natuze of the phenomenon, end (3) consideradie
time l¢ Baved In the analyala of thie type of data. Upon differentlation, ¢ comparatively simple
function resulta:

u-ab*(%yJ] (1.4

Fitting the King Shot data by both the new form and the peolynomial ueed previoualy led to
1dentical presaure reaulta. (A compariaon of the Inatantaneoue ahock velocitiee, which 1a an
extremely criticel comparieon, Indicated that egreement between the two nets of resuits waa
~ithin 20 36 per cent over the entire range.) Some of the Tuindler data have been fitted ualng
the new form, and a comparlaon showed the pressure reeulte of both methode to be tdentical.
A full explanation of the derlvation of the equation and the method of fitting date by the new
function are glven In the Appendix.

The peak preaaure in the ahock wave {e a known function of the velocity and can be cal-
cuiated ueing the Ranking-Hugoniot relation:®

324 vy
sl L|{Z]) -
P. y+1 (C.) l] 18

where P, = peak ahock overpreaaure (pal)
Py = ambient preaaure ahead of the ahock (pat)
y = the ratio of specific heata for air, 1.40
Cy = speed of acund ahead of shock (ft/sec)
U = inatantsneoua ahock velocity (ft/eec)

Pyand T, are meazured direclly, and

*In regions of very high preaaure the Rankine-Hugoniot relation, aa written, ia in error
becaune the equstion of state on whici It s based no longer applies. Furthermore, the ratio o
specific Neata for alr (») becomes mesningiess To overcome the difficuities Introduced by
these variations, correctiona are made by uae of the Hirsctielder-Curtiare tublea’ which give
Py Interma of U, the changes Iny and the equation of atale being takan (nto sccount (see also
Sec 38
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CHAPTER 2

INSTRUMENTATION

A ptan view of the Project 8 13 Instrumentation fayout 18 shown In Fig. 2.1,

3.1 ROCKFT SMOKE-TRAIL DETECTION GR(D

2.1.1 Smoke Rockets

To eatablish the shock-wave detection grid, 19 amoke-producing rorksts were fired 7 aec
prior to burst time {zom Statlon 6140. Esch round waa s modified 30 Rocket Head Mark {0
with a 370 Spin Stabilized Motor Mark 3. Tsn pounds of F3 chsmical amoke mix was re-
feaaed from each hsad during ita upward trajectory. The amoks rocket, as used on thia and
previous operattona, waa developed for thia purpoas at the NOL' In 1950,

2.1.2 Rocket Lsunchers

On previous operations the amoke tralia were eatabilshed In the form of a vartizal-lins
grid. Thta form was not feasible In ths Ivy teat becauae of limited dry fand areaa on which to
locate rocket isunchnsrs. in iis piace & fen-iype grid was uasd, as was {irst suggested by C !
Aronaon of the NOL (see Fig. 2.2). The rocke’ lsunchsra,! in two idsatlcal batteries facing tn
opposite directiona, wsre aligned ao that the direction of fire wes perpendicuiar to the lins of
aight of the csmerss (Figs. 2.1 and 1.3). Each battsry conaisted of nine launchera with slevatton
anglss of 10. 20, 30, 40, 50, €0, 10, 80, and 83°, At one end of the launching plot, s aingle
launcher, st 60° elevation, was arranged to fire paraliel to the line of sight (Figs 2 4 and 2.8).

3.1.3 Power and Timing

Considerable ssving in constructlon and lsbcr costs wae ¢ffected tiirough the vae of a
novel power-and-timing atation Timing relaya, tims-delay devices, and power take-off
switchsa wars mounted inslde a waterprooted woodsn box the alze of a atandard {oo!l locker.
Befurs svacuztion the nscssssry swiichsa were cloaed in the ready position, and the box was
sealed and buried beneath sandbags The station provsd 1o be just aa aatiafactory as ths re-
inforced-concreta blaat sheltsrs coating ssveral thoussnda of do.lsrs that were uaed In pre-
vious aoperations '

The circuitry and all othsr detaila concerning ths satahliahment of the rockst amoke-trail
grid cre given in referencs 2

21 PHOTOGPRAPHIC INSTRUMENTATION

The photographic recorda for Project 8 1) were obtained by ths Jataff of Edgerton, Ger-
meshauaen § Grier, Inc (EGLG) Three high apeed Mitchel! camerass were inatalled in
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Pig. 2.1>=Test layout. Project 6.13. showing plane of measurement.
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Pig. 3.2 The smoke-rocket fan grid at 0.0228 sec.
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Sation 308 for the apecific uze of this pro‘ect, bt one of them failed to tinction. Comp'ete
photog:sphic details sre given in Table 2.1

The use of (1ducisl markers was unnecessary on this test. The bace line of the plane of
mesauremen’ was readily esisblished by utilizing the horizon. On Operstion Tumbler? 11 was
determines that all that {s required for distirce calibrstion is an sccurste cslibration “rose”
piated on the {iim before processing, the sccurstely messured {ocsi length of the lens used,
snd the range to the desired objective piane. Verticai and horizontsl scales can be eatablished
with sn sccurscy of better than 0.01 per ceni in this fashion.

Timing msarks were plsced on the {ilm during the recording pericd at the rale of 1.36 cps.
This very low rate is discussed {urther in Secs. 3.7 snd 3.7.2.

Tsble 3.1 — PHOTOGRAPHIC DETAILS

Film No. 16203 16201
Station 308 308
Camera MMH-1 MMH-7
Effective sperture t/13-18°  1/11-1%°
Effective focsl 90.92 35.20
length, mm
Nominal frame rate, 8% 80
frames/sec
Timing marxs, cps 1.6 1.06
Verticsl aiming 4° 08’ 4° 08’
Horizontal aiming G2 GZe
*Ground zero.
REFERENCES
1 F. Moulton, Jr. and B. T. 8imonds, An FS Smoke Target Rockst (37¢ Spinner Type),

-

U. £, Vava! Ordnance Laborstory Report MavOrd 1871, October 1950,

3. J. F. Moutlton, Jr., and B. T. 8imonds, Feak Pressure vs Distance in the Free-sir snd Mach
Heglons Using Smoke-rocket Photography, Greanhouse Report, Annex 1.8, Part II, Sec. 1,
WT-84.

3. C.J. Aronson, J. F. Moulton, Jr., et al., Free Alr snd Ground Leval Pressure Measure-

ments, Tumbier-Snapper Projects 1.3 »nd 1.5 Report, WT-513,
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CHAPTER )

RESULTS

3.1 INSTRUMENTATION AND RECORDS

The rocket smoke-trail fan grid was established just prior to zero time and was satis-
factory in most respects. As can be seenin Fig 2 2, the grid appeared 1o be somewhat lacking
in contrast in the upper right-hand portion of the object plane, but this did not interfere seri-
ously with measur~ments made on the fiilm originals If the smoke trails had been approxi-
mately 1000 ft closer to the burst, they would have appeared in greater conirast but possibly
would have been in the region where trail evaporation oczurs. The grid was placed at the dis-
tance chosen so that, if the atmosphere were clear (greater thaa 88 per cent transmission),
good contrast could be expected.

Of the three cameras assigned specifically to Project 8.13, only two functioned properly.
The camera having 2 30-mm focal-length lens failed to operate. Records were obtained by the
cameras having lenses of 100- and 335-mm focal length; however, only the record from the
camers equipped with the 100-mm focal-length lens was used for the analysis. The other rec-
ord, which should have been of greater value from the standpoint of larger usabie fleld of
view, proved to be of little additicnal quantitative vilue because of the poor atmospheric con-
ditions that exisied. The high humidity led to such low contrast that the rocket amoke trails
were not visible much farther away from the center of burst on the 35-mm (ilm with a wider
field of view than on the longer-focal-length record. This condition, coupled with poorer spa.e
resolution, made the short-focal-length record of qualitative value only

32 TIMET AND DISTANCE SCALES

Jvhe arrival-time data for King Shot were measured from film 16283. The vertical plane
of measuren:ent {s shown in Fig. 2.1. The timing marks placed on the film at the rate of 1 98
cps were not sufficient by themselves to ascertain whether the film speed was cons.anl during
the period of interest. However, from additional tnformation avatlable it was deter=.ined that
in all probability the film speed was consiant The time per frame was found to be 0 011754 ¢
0 0C0150 sec (the last two decimal places were held for computational reasons'. Timing accu-
racy is discussed in detail in Sec 3 72

The d.stance scale fcr both horizontal and vertical measurements was found to bhe 10 686
ft mm on the eslar, dimage Thus measurements made to 0.1 mm with relative ease were
far better than the maxinum static resolution uncertainty of 6 ft Accuracy considerations
are developed further tn Sec 373

33 AHRRIVAL TIME DATA

Arrival-time data were obtained aver the ranges 800 to 3230 ft 1n distance and 00t0 03
sec intime These data are given in Table 3 1 and are plotted in Fig 3 1 toy ~ther with the
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curvs fitied to the dsta by the method of leaat squares. Ae cin by sesn, ths scstier in ths date
te small

Table 3.1 — ARRIVAL-TIME DATA®t

Distance Distence Dietance

from weapon Arrivel from wespun Arrivel frum wespon Arrival
aero, it ttms, s8¢ saro, f1 time, eec asro, ft time, eec
880.9023 0.011320 3023 483 0.243400 2699 618 0 481480
78 118 0.023074 3048.872 0.2581%4 3732.080 0.493234
£97.800 0.03482¢ 2089.88% 0.289908 31749.973 0.804988
1000.087 0.046882 3137.041 0.281683 $7191.122 091,742
1094.793 0.058338 3183.001 0.293418 3804 914 0.528488
1179 &07 0.070080 3303.964 0.308170 3849.998 0.5402%0
1381.078 0.081844 3244.839 0.318324 2868 .8%0 0.952004
1320.138 0.093498 3187.049 0.328878 2900.028 0.563738
. 3316.208 0.340422 3921.398 0.57%9%'2
1¢69.732 0.117108 2949.028 0.3%2183 2942.334 0.587288
1528.0%4 9.126660 2385.939 0.363940 2774.888 0.899020
1878.978 0.140614 3418.928 0.3796804 3003.988 0.610°74
1633.078 0.152368 2443.008 0.387448 3037.681 0.622528
1880.685% 0.184122 2486.919 0.399202 3098.324 0.634202
1744.082 0.175878 3823.489 0.4100%8 3092.487 0.046038
1799.049 0.187830 3349.808 0.422710 3112.001 0 437790
1842.263 0.199384 2380.9683 0.434484 3149.18¢ 0.600%44
1874.989 0.211138 3811.192 0.448212 3183.084 0 681208

1919.071 0222892 3843.979 0.457972 A ..
1990.378 0.2340648 2683.018 0.4897:9 3212.148 0.704808
3240.298 0.718%680

*All decims!l placss In distances and the last two decimal places In times sre held ror com-
puttional rsasons only.

tThe serc Umes on the rocket trail fiims wsre setsblished by preliminary fi; eball data
measured st the Teet 8ite. Later and mors comnplete measuromeonte havs resulted in radive-
tims curvs chan=es which givs an srror of J 25 msec in ths sbeoluts tims of the radius-time
curvss ehozn hsrs. Decauss of the scsling msthods, thie absolute srror doee not alfect the
validity of ths presewre-dietancs curve or ths scsled yield.

3.3.1 Firsball Region

1n the sarly stages of shock growth, t.s., the {irebell region, the radius increneed expo-
nentially with time, and the data form s straight line whan ploited on » log-log graph se In
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Fig. 3 3. The curve fitted to theae data i3
R=3302.3t"°"  600ft sR s 9001t 3.1

where R 1a the diatance from weapon se¢o In feot and t 1a the time in aeconda. The {iradball
measurementa made on the rocket-amoke-trail pholographa are in excellant agreemont with
thoae made by EGAG on the high-speed-camera recorda of conalderably better time renolu-
tion. Aa diacuased {n 8ec 3.7.3, thia fact waa uaed in the timing-accuracy detarminatica.

332 PFree-sir Ragion
Over the igtter portion of the arrival-time curve, the data were fitted by

L}
8058.68' *
te o.oom(n -j; T AR dn)-o.em (3.9)

where R 1a the radial distance from weapon sero over the range 900 ft s R 5 32%0 ft.

Meaaurements of tha first few frames of the {iim record showed that the firaball growth
was symmetrical about the burst point. Shortly after shock breskaway, s few framea indicated
that the ahock wave out to about 1300 ft was also symmatrical sbout the center of the burat,
but, In the latler three-fourths of the record, only the eaatern side of the fan grid waa viaible.
Aa 8 result it cannot be said with certsinty thst ihe shock wsve was symmatrical over thia
regton.

34 MEITEOROLOGICAL DATA

The etmoapr “ic pressure Py and temperature T, were measured pricr to the ahot. The
dale from bolh au..ace and upper-air observations were uaed. The velocity of aound C, at the
variovs levein waa computed uaing Eq. 1.6.

Both P, and C,, for lack of more complete data, were aaaumed to vary linearly with alti-
tude Theae Gats are gtvan in Table 3.3 and plotted in Fig. 3.3,

Table 3.3 —METEOROLOGICAL DATA

Velocity
Altitude, Preaaure, Temperature, of sound,
ft psl b ft/aec
0 14.849 8.8 11439
110 14.504 108 1143.8
1440° 13.98° 315.4° 1138.1°
130 13,892 333 11359

*Interpolated from Radioaonde deta.

13 PEAK-SHOCK-OVERPRESSURE ~-DISTANCE DATA

Fquatione 3 | anc § 2 were d!fferentiated to obtaln expreeeiona [0, the Instentareous shock
velocitiea, U, at deaired distsnces. For the fireball region

U=1281 47" 800ftsRs900MN tR1
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is obtsined. This result leads to the relstion
paRrt¥ 3.4
which 18 in effective agreement with theory.® For the {ree-sir region

8056.0

u-vov.sln( >

ts
) ] 900 ft s R < 3250 ft (3.5)

These vslues, togsther with the corresponding meteorologics! dats from Fig. .3, were used to
enter the Hirschfelder-Curtirs tables' from which the peak shock overpressurer ware obtsined
for the corresponding distances. The vslues sre given in Table 3.3 and plotied in Fig. 3.4. For
pressu~es below approximstely 100 psl the vslues from the Hirichfelde=-Curtins tables sgras
exsctly with those that would be obisined using the Rsnkina-iugoniot pressure-velocity rels-
tion, Eq. 1.5. Above the 100-psi level, varisticns in y and the equstion of stete, on wuich the
Rankine-Hugoniot relation depends, begin to take signlficant effect. These vsristions sre sc-
courted for in the Hirschielder-Curtiss tsbles. For these rexsons values {rom these tables
hsve bsen used throughout the calculations.

Table 3.3 —PEAK-OVERPRESSURE ~DISTAHNCE DATA

Distance Peak over- Distance Peak over- Distaice Peak over-
from weapon  pressure, from weapon  pressure, from weapon  pressurs,

tero, {t psi gero, {t psl gero, 1t ps!
800 4830 1500 341 40 $3.0
700 v 1500 HA 2800 12e
800 1932 1700 238 2600 746
900 1381 1800 203 $700 7.3
1000 1010 1600 172 2800 80.0
1100 782 2000 181 2500 64.8
1200 613 1100 132 3000 40.7
1300 458 2200 116 3100 46.3
1400 408 2300 102 3200 41.0

A word sbout the use of the meteorologics! dets in cerrying out the pressurs cslculstions ts
in ordsr. For ths sake of uniformity with other air blas’ dsts? published praviously, the veluss
of P, 874 C, were takun slong & verticsl line {rom wespon sero to groun? Lero (GZ) st dis-
tances corrssponding to those selscted for substitution in the shock-vslocity equstions. For all
distances graster then the burst haight (1480 {t), the values obaerved st an sltituds of 100 ft
w2 3used.

3.8 PRECURSOR WAVE AND THERMAL EFFECTS

The sxcsllent pressure-tims records obtsined by Project 6 1 {oee WT-602) indicsted con-
clusively the existencs .. « precursor wave over the 'and sres, whersss gauges placed over
the watsr delecied s standard picture-book-type shock wsvs Palm trees on an island in the
foreground of ths sm «s-trsll photogrephs complstely obscursd GZ snd the 18land where the
precursor was detected No precursor was observed over ths waler surfacs, which was cleariy

T e Theorim posed by G 1 Taylor, J. G Kirkwood :nd 8 R Brinkley, ¥ B Portel, and
others sre in sssentis]l sgreemen’ with regerd to ths velue of the exponent (n this relstion
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visibls in the {ilms. This serves to confirm ths gauge results over wster. No thermal effects
of any kind ware observad in these photographs.

3.7 ACCURACY OF RESULTS

3.7.1 Sources of Error

The possible sources of srror and the procedurss for calculsting thelr magniiudes are
discussed {n dets!i in reference 3. Each of the s¢ven major sources of error listed below were
given due considerstion:

1. Timing cslibrstion.

3 Siauc- snd dynamic-resolution uncertainties associsted with {{im messurements under
ideal conditions.

. Sceling distance on fllm.

. Forsshortsning of the image In the plane of meseurement,
. .Metsorologicsl data.

. Curvs {itting.

. The varistion of y.

-3 G O & Lo

3.7.2 Timing Accurscy

The small number of timing marks which wars plsced on the film at s rate of 1.96 :ps
masds it difficult to sstsblish quantitetively ths uncertsinty in *he time resolution. It wes im-
possible to determins dirsctly whether ths {ilm speed was constant over the entire region of
intarsst. The sverage {ilm speed wa3s mesaured whersver possible. In ths region of interest
and the regions imm«c Jistely beyond, w.> {ilm speed was found to bs the ssme. The first six
frames of the record (film 16293} inciuded the firebsll and early trensition regions, in which
exceptionslly sccurate radis! distances cculd be msesured. Vhen thess 2575 Compared with
ths {irebail growth messurements of EGLG, for which timing was highly sccurete, it was fcund
that ths agreemeant was excellent. This is akown In Fig. 3.2. As s resui the time per {rame
was astsbliehed sccurstaly over this region to within £0.0C01530 sec per frame. It weas essumed
thst ths {ilm rete was constant snd that the time par frams used in the {ireball region was
velid throughout ths sntirs period of interest. In the subsequent cnslysis the reeulting data
indiceted that the {ilm speed wsa constant by the more or less rsndom distribution about the
fitted arrivsl-time curve of Fig. 3.1. In addition, if the momentum of the {ilm end the {ilm
drivs is coneidered, it seeme unlikely that there would be s significant ver.ation in epeed with-
tn 0.7 sec. The sssumption of constant frarme rats 18 thus coneidered reseonedble.

3.7.3 Distancs Accurscy

The sccurscy in ecsling distance is dependent on the meesurements of the focsl lenath
cf the lens and the distance from the csmers to the object plane. The uncerteinty in thege
m~asureme ts te known to be lesa than 0.1 per cent. After the center of burst is loceted on the
fiim In any given ¢srly frame, its pceition is detesmined in the later {remes by {ixing ite poel-
tion with respa:! to the film sprocket holes. Assuming th~ cemars to be opereting normal'y,
the vartation of the pcsition of the sprocket holes with reepect to e given freme has bean
messured to be lsss than 1 per cent. For the {llm ueew to otteln the dats, thie amounte to en
uncertsinty of «0.8 ft in the object plane The mexdmu.: spetisl staiic-reeolution uncerteinty
wag found to by 28 ft. The maximum dynemic-resolution uncartain'y feils within thie limu
The loreshortening e!fect bacomee increeeingly importent with increzse in the ehock-wave
growth 1t veries in 8 {ixed manner ovar the range cone'dered {rnm 0 1 to ! 3 per cert of the
radlel dletrnce mageured Lorrections ware calculatad end applied for each dietance

Ae g resull of thase coneidaretione an average {igure of acciracy of +3 31t 10 eesigred to
diatance massuremente in the free-sir reginn
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3.74 Accuracy of Pressure-Dietance Results

The errore in individue!l time end dietence messuremcente ere not cerried over directly
into the preesure celculations. These errore ere eubstantielly reduced by {itting the dsta with
8 curve by the method of lesst squeree.! On the other hend, errore in PoCy are carried over
directly into pressure cslculetions. It is estimeted that the error in these dste ie of the order
of 1 per cent.

The error in the celculated preesures based on the derivstives of the {itted arrival-time
curvee end the stmospheric meeeurements mentioned sbove sre coneidered to be eccurate to
3.3 per cent st the 50-pel pressure leve! and Incressingly more eccurste et the higher leveis.

REFERENCES

1. J. O. Hirschielder end C. F. Curtiss, Thermodynemic Propserties of Alr, Vol. 1, Univereity
of Wisconein (NRL), Dec. 31, 1048.

3. C.J. Aronson, J. F. Moulton, Jr., et al., Free Alr ani Ground Level Preesure Meesure-
ments, Tumbl~r-Snapper Prcjects 1.3 and 1.8 Report, WT-313.

3. J. F. Moulton, Jr., and B. T. Simaonds, Peak Pre rure ve Dietance in the Free-eir end Mach
Regions Ueing 8moke-rocket Photography, Greenlouee Report, Annex 1.6, | ert II, Sec. 1,
WT-84.
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CHAPTER ¢

ANALYSIS AND DISCUSSION OF RESULTS

In order to compare tha rasilts obtainad on King Shot with thoee obtalned on previoue tests,
it le neceeeary to reduce the dsta in eome coneletent manner euch that one variable e common
to both sete of data. On Opersticn Tur sler! the Bache method® ! wae used to reduce the data to
standard eea-level atmospheri: conditione, namely, 14.7 pe! preseure &nd 20¥°X {20°C) tempera-
ture. In addition, the duta were 1 educed further by applying the cute law for the charge weight,
King S8hot data have been traated eimilarly, When the data are recduced to the equivalent of 1
Kt(RC) (radlochem!cal kijotonnags) at soa-level conditions, they are termed “A-ecaled.” This
term will be used fraquently in the following diecuesion,

4.1 BCALING FACTORS AND DATA REDUCTION

The scaling factore used o reduce the origlaal results contalned n Chep, S are given In
Tabls 4.1, The arrival-tms dala and preesure-dietance resulte have been A-ecaled. Aleo, the
preesurs-dietanc s results have been reduced to sea level, The raduced resuite have baen com-
pered with thcee of previcue te-ts (1) to determine similarity of reeuite, which le actually a
teet of the ecaling lawe, (2) to determine the yield in terme of radiochemical kilotonnage, and
(3) to determine the TNT biast sfficiency.

Table 4.1 — MISCELLANEOUS DATA AND 8CALING FACTORS

Ansigned ground 1ero (AGZ) N 108,130
£124,130
Actua] ground zero (GZ) N 108,450 ¢+ YO
X 133,650 « 20
Burst height (W), ft 1480 ¢+ 20
Tempersture at buret height (T,), °C 5.4
Radiochemical yteld (Wgqc ), kt{RC) g41 ¢ 30
Preseure at buret height vefore ehot (Py), pel 13.96
Factor to multiply preseures to correct to esa level (3, » 14.7,P,) 1.083
Factor to multiply dietance to correct to eea level (84  (P,/14.1)%) 0.9829
Factor® to multiply distance to reduce to 1 Kt{RC) at esa level 0.1208
{84 = (P /15, TWRCY]
Factor® to multiply time to reduce to 1 kt(RC) at esa level 0.1217
(8¢ = [(Ty +273) 293 8}
A-ecaind buret height (h34), ft 178 » 3.4

2A-scaled factore
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4.2 YIELD OF KING SHOT

Before the results can be ‘educed, a reasonably accurate value of the yield (or radiochemi-
cal kilotonnage equivalent! must be determined. A tentative value for the yield was piblished
by Ogle and Loflanc® as 550 « 50 kt. An independent determtnation hased on the free air ores
sure-distance results given in Chap. 3 was made as follows:

V. Values of peak shock overpressure were taken from Table 3.3 and reduced to sea level
by using the appropriate scaling factor.

2. These reduced pressures were located on the A-scaled pressure-cisiance Tumbler
composite (Fig. 4.12 of reference 1), and the corresponding Tumbler distances were noi~d,

3, The ratics of these distances to the unreduced distances of King Shot gtven tn Table 3.3
were determined and averaged over the entire free-air region,

4. The average value obtained for the ratio of the distarces was 0.1206 » 0.0023. Equating
this value to the A-scaled factor (P, 14 TWgr)™ and using P, = 13 98 pat, the value for Wge
was found to be 541 + 30 kt(RC). This value (541 kt) has been used throughout the following
scaling procedures

4.3 COMPARISON OF KING SHOT DATA WITH TUMBLE« COMPOSITES

4.3.1 Arrival-time Data

The fireball and free-air A-scaled arrival-time data are given ir Table 4.2. The {ree-air
data are plotted with the A-scaled Tumbler composite arrival-time curve in Fig. 4.1. The data
used in formulating the Tumbler compnsite curve and the equations representing it are given
in Tables 4.5 to 4.8 and in Sec. 4 2 1 of reference }.

The scale of Fig. 4.1, which inclides only a small portion of the Tumbler composite curve,
its of maximum uncertainty of the compoaits curvs. The maximum uncertainty in the A-scaled
composite curve is primartly governed by the vaiues essigned to the radiochemical kilotonnages
and secondarily by the compound errors in the time and spacs calibrations. The maximum un-
certainty of a!l A-scaled Tumbler srrival-time data brought about by both primary and second-
ary causes was of the order of 2 per cent. The uncertsinty in the King Shot data is of the same
order.

Only on Tumbler “hots 3 end 4 were suffictent fireball data otavined witn which the data of
King Shot could be compared. This compariaon is shown graphically in Fig. 4 2, where good
agreement is indt-ated.

4.3.2 Peac-overpressure - Distance Data

The A-scaled pressure-distance results are gtven in Table 4.3 end are shown grephical'y
in Ftg. 4.3. Tlie A.-acaled Tumbler compcsite pressurs-distance curve is tncludet for com-
perison. The data used in the formulstion of the Tumbler composits curve can be ‘ound in
Tadbles 4.11 1o 4.14 of referencs |.

On the sversge, the A-sceled Kirg p.essure-distzn-e results agree with the Tumbler com-
posite 15 within 2.0 per cent, At the extremes of the pressure rengs measured, however, the
K.ng dete are low by spproximaetely 8 per cent. Figure 4.3 represents the best posaible over-
sli {1t with the Tumbler compcsite snd provides the basis for the yteld calculation of Sec. 4.2.

44 TNT BLAST EFFICIENCY

By fitting TNT pressure-distance data to data from Xing Shot, 8 value for the TNT eff1-
ciency of t'.e nuclear weapua can be determined The procecure usad 18 88 {ollows

' The {ree-sir preasure -distance data for the nuclear explosicn found in Table 3 3 were
corructed to sea [evel Teble 4 ) and sre plotted tn Fig 4.4,
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Table 4.2 —A-SCALED ARRIVAL-TIME DATA

Distance from Arrival tirae, Distance from Arrival time,
weapon zero, A-scaled, weapon rero, A-scoeled,
A-scaled, ft sec A-scaled, ft sec
70.1 0.00138 288.1 0.04429
01.8 0.00281 291.7 0.04572
108.3 0.0042¢ 204.6 0.04715
120.6 0.00567 200.8 0.04858
132.0 0.00710 304.3 0.05001
141.8 0.00853 307.8 0.05144
180.9 0.00900 311.3 0.05287
180.2 0.01139 314.9 0.05430
318.8 0.05573
171.3 0.01425 323.4 0.05716
184.3 0.015¢8 325.8 0.0585%9
190.4 0.01711 320.6 0.06002
197.0 0.01854 331.6 0.0614%
202.7 0.01997 336.6 0.06288
210.9 0.02140 358.2 0.06431
217.0 0.02283 343.2 0.06574
ana 0.02428 345.7 0.06717
220.1 0.04570 349.7 0.068680
231.8 0.02713 352.3 9.07003
838.3 0.02848 354.8 0.07146
244.0 0.02999 3%8.8 0.07289
24C.8 0.03142 362.2 0.07433
252.0 0.03285% 366.3 0.07576
257.8 0.03428 368.8 0.0779
263.3 0.03571 373.0 0.07882
205.8 n.03714 375.3 0.08005
370.7 0.03857 370.3 008148
273.% 0.04000 381.9 0.08291

179.3 0.04143
2029 0.04286 387.4 0.08378
390.8 0.08721

4. The theoretical A-scaled TNT pressurs-distance deta presented in Table 4 4 end ehown
in Fig. 4.5 are based vn information published by Kirkwood and Brinkley' and Her'mann.! For
equivalent pressures the corresponding distances wers read fron ths curves of Figs. 4.4 end
4.5. The ratio of ths nuclear distancs to the TNT distancs for sach preseurs level is equal to
ths cube root of ths TNT kilotonnage [kt{TNT}| equivalent st that preesars.

Y. Ths TNT effictency for sach pressurs level was determined by cubing the dietance ratio
and dividing by the rediochemicsl yleld of ths nuclear weapon., The average efficiency was taken
over 8 given preeere renge, the upper I°'mit of which is of the order of 200 pei, becauee ! . r
pressures higher than thus t*.e slope of the TNT preseure-distance curve falie off rapidly es
compared to that for & nuc.ear explceton (swe Fig. 4.3)
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Table 4,3 —SCALE") PEAK-OVERPRESSURE ~-DISTANCE DATA

Dtstance from Dietance from weapon Distance from Pesk overprescure,
weapon gero, gero, reduced weapon sero, reduced to 801 level,
it to sea level, ft A-scaled, ft pst
800 890 72 5086
700 488 [ 7} 18
800 788 1] 3024
900 883 108 1454
100y 983 131 1070
1100 1081 133 (A
1200 1179 148 645
1300 1278 107 822
1400 1376 169 428
1800 1474 151 359
1800 1873 193 398
1700 1671 208 351
1800 1769 17 14
‘90C 1888 120 181
3000 1986 41 159
3100 3084 283 139
300 3162 b 1) 122
3300 218! M 107
3400 3% 189 917.0
4500 a7 302 87.0
2600 2558 314 78.8
2700 3654 328 70.9
2500 2752 33 63.2
2900 T 38%0 250 81.7
3000 049 382 83.3
3100 3047 4 41.7
3200 3145 388 43.2

4. The average value for the TNT efficiency, whe.. mul' plied by the radiochemical yleld of
the nuclear weapon, gives a value for the yieid in terms of TNT kilctonnzge. Use of this value
in the King scaling operation produ:ed the results shown in Fig. 4.5 In which the {it to the TNT
data 1s Ulusirated.

Fotlowing this outiina, the aversge TNT efficiency of King Shot was found to be 38.8 ¢ 2.0
per cent which correspounds to a yield of 209.8 Xt(TNT) over the pressure range of 200 to 50 pst.
The percentage TNT effictancy as obtained above is lowe. than the Tumblar compoasite
average of 421 per cent within the 100- to 30-pei preasure range. This is due chiefly to the fali-
off of pressure at the towar end of ths pressure range measured. It should be etreseed agatn'?
that the value of TNT sfficiency 12 vary sen.itive to emall differences in the distancee at whirt
equivals  pressures are determined frim one shot to the next. Becauee of the cube law th.t te
brouyht into the calculations, these ema!l differences are signtficantly magntfted. Caution must

be exerciaed when Judging different sets of data on this baets.
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Table 4.4-—COMPARISON OF KING SHOT DATA AND TNT DATA

Radiue for Distance from TNT TNT efficlency Dietance from
Peak over- 1kt of TNT  weapon zero, equivalent of King, % weapon zero, re-
preseure, at aea level, reducedto sea of King, [kt(TNT) X 100] duced to 1 kt{TNT)
psit ft level, ft kt(TNT) kt{hC) at eea level, f1*
200 132 184
700 148 194
600 160 208
500 179 218
400 204 a7
300 241 264
200 F1L) 1818 332.8 43.0 308
130 334 2018 319.% 40.6 339
100 393 2340 311.1 9.0 304
90 410 2438 209.8 3.7 410
80 430 23540 208.0 8.1 428
70 4.3 3670 202.0 37.3 449
60 480 2810 300.6 37.1 473
50 518 2098 196.7 36.4 504

Av, 209.8 +10.7 8.8+ 20

*Valuss scaled on ths basis of 209.8 kt(TNT).
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CHAPTER §

CONCLUSIONS AND RECOMMENDATIONS

5.1 INSTRUMENTATION

The photographic results were good desplte the facts that one camera falled to operate,
that poor atmospherlc conditions existed, and that timing marhke weres applied at & {ow rate.
Timing signal relays and a-c power, housed in & new and very much cheaper shelter, worked
properly, and all 19 rcckets fired as planned, The fan-type grid, ueed becanse of the extreme
space limitations imposed, proved to be very satisfactory. Compared to the vertical-line grid
used on pre'ous tests, three disadvantages were noted,

1. More rockets must be fired in order to achieve equivalent space coverage.

3. The rocket battery must be ressonably ccmpact, which makes the loading operation
more hazardous,

3. The probabliity of & trail coinciding with a radial line {from the burst is increased. This
is undeeirabie because the light refracted from such a trail cannot be readiiy detected.

A3 1 result, it is recommended that the fan grid be used only if necessary.

5.2 DATA ANALYSIS

The uee of [BM equipment deceseed tha time requiraed to fit an ansiytical expression to
the measured arrival-time data by 8% per cent, ldentical resuite ware otained using both the
new and the old methode; thus complete confidence can be placed in all the resuits, old and new
alike. The average deviation of the data pointe from the fitted curve wae {2es than | per cent

in distance or time,

5.3 RESULTS

Arrival-time data were obtained throughout the first 0.7 esc, during which time the ehock
wave traveled out to approximately 3250 ft Based on these data the following resuite were ob-
tained for King Shot:

1. The yleld of 541 + 30 kt(RC) determined from the comparison of King resuits with
Tumbier composits free-air preseure reaulte fe in good sgreement with the value of 330 2 30
Kt(RC) given by Ogle and Lofland.' On thie basia the range cver which the ecaling laws for free
air can be used is extendad to 530 KX(RC),

3. The TNT blast efficiency of King wae of the same order ae that of the Tumbler average,
38 8 and 43.1 per cent, recpectively, In the pressure range of 200 to 30 psi. It 1s interesting to
nota that, as the kiiotonnage increases, the TNT efficlercy apparently decreaees slightly isee
reference 3 lor comparisonl,
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3. In the !irebali region

R =33023t"™ Rm=<ogoon (5.1

Pa R-l.”
whereas in the {ree-air region

* sose6t
t =0.00141 [R - | e TRT AR |-0.8238  900nsRsON (83

where R is the radial dietance from weapon zero in feet, t is the tims ln seconds, and P is ths
peak shock overpreseure in pounds per square inch,

5.4 THERMAL EFFECTS

The precursor wave detected by the pressure-time gauges of Project 6.1 over ths island
of Runit could not be observed in the Project 8.13 {ilms because the view of the ialand was ob-
structed by palm trees on an island in the foreground, and the camera location was poor in this
respect., This situation was not remedied before the test becauae of insufficient time and man
power, In the event of a similar tast in the {ature, every sffort should be mads to assurs an
unobstructed view of GZ.

The {ilms did not show a precursor wave ovsr ths water, although the view was unob.
structed. This confirms the records produced by the gauges placed ovsr ths water by Project
8.1, These records showed that the shock wave hid a fast rise tims and decayed in ths manner
expected (see Ivy Project 8.1 report, WT-603).

No additional conclusivs information was obtained to sxplain the dsviation of Gresnhouss
free-air pressure-distance results {rom the Tumbler composite. There is only one thought
concerning this problem wherein the King Shot results might indicate a solution. On the bzsis
of relative energy incident at the ground, Greenhouse Easy was more than twice as effectivs as
King, yet 3 precursor wave, believed to be formed as the resu't of the existence of a thermal
hyer,"‘ was observed on King Shot. it is thus possible to conceivs that ths atmouspheric heat-
ing associated with a thermal layer on Greenhouse was 80 intenss that the shock wave in {res
air traveled much {aster than it would in an unhested atmosphers. Since temperature meas-
urements observed juat prior to the burst on Greenhouss were used to compute the sonic ve-
locity (which is used in the pressure calculations, Eq. 1.5), it is also conceivable that the
values used were significantly low. This would explain ths high pressures obtained at Green-
house as compared with those from Tumbler, at least in part. The proximity of the ground and
oLher arguments proposed in references 2 (o 4 may also have contributed.
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APPINDIX

THE M”THOD OF REDUCING THE DATA

By T. 8. Walton

A.1 NATURE OF THE DATA

The experimental data consist in 8 large number of paire of position and time measure-
msnte odtatned irom a high-speed motion-picture {ilm of the shock wave {from an e.gloston.
The problem invoived in reducing the data 1e basically that of {inding a mathematical function
which effectively correlates these observed values of poeition and time, so that the velocity of
the ehock front can be determined from the derivative of tho function.

Some method of fiiting the data which 1e based on the principle of least squsrss seeme
appropriats because the measuremsnts Are not axact but contain presumably random errors
from many sourcss. The shock wave itsalf may not be propagated with perfect regularity
because of the elight Inhomogeneity of the atmosphere, and asids from this there are numerous
erroe introduced by the measuring equipment (for example, fluctuations in the eyeed of the
car:era motor and uncertainty in the location of the shock front due to the optical reeolution
of the (ens eystem or the grain size of the film).

Prior to the complstion of the analyele, it could not be ascsrtained whether the dispersion
of the data wae primarily the result of errore in the position or the time; 8o attempte were
made to {it the observstions both ways. In order to keep the snalysis simple and minimize the
amount of computation, polynomiais i1 the time and in the dletznce were {irst tried and then
later the rstis of two simpls polynom!als. However, these were gonerally unsatisfactory be-
cause they would fit only i1inited stretches of dsta. The junction points between succeseive
curves were not smooth and showed very abrupt changss in slope.

The entire range of ¢haervations couic have been approximsted (o any deeired degree by
introducing many more arbitrery parsmetere; but In such & case ths approximating function
would have too much “{lexibility,” and its der'vstive could osctliate wildly throughout the range
of data points, leading to meaningiess reeults.

A.2 THEORETICAL BAJIS FOR THE ANALYSIS

The limited euccese schieved with srbitrary polynomiale indicated that a theoretical basle
for selecting an approximating function ehould be gought, It eeemed deolradio to find a form of
funct! v which correspounde as nesrly ss poseible with the sctual physical behavier of an ex-
plosion and aleo one in which the asbitrary parameters represant degrese of freedom having
phyeica. counterparte. The reliabliity of the {it could then be checked not only by obaerving the
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trend of the reeiduals but also by comparing ths a postsrior! valuss of ths jarameters with
reasonzble a prior{ estimatss of them.

A simnplified approach to ths problem is to treat ths air surrounding the blast as a homo-
geneous medium of infinits sxtent obeying ths aquation of stats of a perfect gas. To idenlize
the proolem further, it s 2ssumed that all the snergy is suddenly rsleased at a point within
the medi..a (as heet energy availabls for performing work on ths air but nons being radiated),
Then an atiompt is mads to deducs from ths theorstical equations of gas dyramics the law
which describes the motion of ths shock wavs and ths mannsr in which it dspendr on the five
parameters involved; namsly, ths original density, tsmperaturs, and specific Lea' ratio of
ths air and ths tota]l snergy and time of inception of the blast.

A ssarch of ths litsraturs rsvsaled ssvsral notsworthy articlss dealing with tats problsm.
The basic theory was first devsloped in 1941 by Taylor,' the end rssuit being

t-cw (5;:‘3)” R (A.1)
% . a‘% .28 ('-;f)” R (A.2)

whers R = radivs of the shock {ront
U = vsiocity of ths shock {ront
t= time of arr’ 1l of the shock at R
¢ = tims at which the dlast began
E = total snsrgy instantaneously released
K = a parametsr dspending on the specific heat ratio
p = original dsnsity of the air

The only additional assumption implicit in Taylor's sclu.lon is ths strong shock condition,
i.e., that ths Rankins-Hugoniot rslations aseums their asymptotic forms corresponding to an
infinits pressurs rstio across the shock front. This assumption is corrsct as long as ths Mach
number of ths shock is quite large, but it 1s clsarly wrong in the limit as R increases indefl-
nitely; for according to Eq. A.3 the vslocity of ths shock will uitimatsly drop to zero (rather
than approach ths velocity of sound, as it must). Taylor’s formula ia correct for large radtl
only when ths tsmperaturs of the medium into which ths shock sxpands is at absolute zero, so
that both the pressurs and ths vsiocity of sound can bs asro outsids whils ths dsnsity remains
finits.

Some¢ progress toward remcving this shortccming in Taylor's solution has recently becn
made by Nnnon,' who modifiss roms of ths flow assumptions to allow for ths resquired dbs-
havior ai both large and small raai,. Nswton ghows that his equations do not violste ary rhysi-
cal principles, but he 1s unabis to obtain a complets solution bscauss of ths great complexity
of ths equaiions, Howevar, he does {ind 1imiting solutions for both small and large radii. The
result as R approaches zsro graes with that given by Trylor, whils for largs rad!! he {inds
that the :eloclty of the shock wavs sxcseds that of & sound wavs by an amount which falls off
as 1/RiS,*

® Thie decay law lor the excess velocliy of 3pherical shock waves 18 somewhat at variance
with the reauils of Brinkley and Kirkwood® and Whittam.! Thsy obtain the formula i R Liog

(R P*)]’ ', where R, 1o sume sutlable constant. However, in each csse thair conclusions are
arrived st on the agsumption that at sufficlently great distznces the shock wave baccmes sub-
st .itally an acoustic wave and thal the flow across the shock {ront can then be consilered
isentropic. By contrast, Newton uses the sxact Rankine-Hugoniot relations, and the change tn
eiropy aithough seemingly negligible, may be he crux of the matter.
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Newton’s result immediately suggeste a simpla type of algebraic function which miglt be
used to appro: mate the velocity of the shock for all radil, namaely,

U=a [x . (%)"'] (A3)

where a is the velocity of an acoustic wave in the region ahesd of the shock and b is a ecals
paramster which depends on the initial! density and temperature of the air and the amount of
onsrgy released. I this relation is assumed to be

.-
] 0.!0‘7.1

(A.€)

then Eq. A.S can ba written

[N ]
Usas ‘1"_“:-!4#)— (A.5)

and, 1f & is neglectsd, this reduces to £q. A.2. Thus Taylor'e forn.ula for the velocity has
merely been augmented by the amount a to account for the {inite ~elocity of propagation of the
wave as R approaches infinity, and this {s compatible with his solution as R approaches zero
since In that case the second term on the right side of £q. A.5 becomes indefinitely large and
the added contribution of the {irst term is then insignificant.

If reasonable agreement with a get of sxperimentsal data can be obtained by adjusting the
parametere a and b in Eq. A.), this quasi-theoretical formula can be substentiated. In order
to carry out an actual fit, it {s necessary to determine the mathematical relation between time
and distance which this formula implies. The time of arrival of the shock &t the point R te

]
tesc+
'

1
g 9R A.0)

Substituting the expression (Eq. A.3) for U,

1 1
t-c#:j: [l-mn]dn (A.T)

is obtained. For convenisnce in evaluating the integral, £q. A.7 1s written as followe:

[]
R b []
t-co. .J: I(W)dc (A.8)
where 8 = (R,/%)%'. Equation A.8 may be Integrated to give

Ty
t-cw?--—llf! arcun—— - -}‘——“XL] (A.9)

l -8+

The suin of the {irst two termas un the right side of Xq. A.9 corresponds Lo the time of
arrival of an acoustic wave at the pooition R, and the iast term accounts for the lead time cf
a spherical ahock wave cver an acoustic wave. It {8 Interesting to note that the integral oc-
currirg in £Q A 8 has an seymptotic value of 2. 4184 when the Lpper limit of integration
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approaches tifinity. This can be interpreted by eaying that a spherical shock wavs will over-
take ar acoustic wave which previouely emanated from ths sams point in space, provided that
the latter did not have a head start exceeding 2.4184 (b/a) tims units.*®

Each of the parameters in EQ. A.9 has a phyeical intsrpretation, and this should facilitste
the comparison of {itted data obtained from different tests. The quantity c is simply the time
intercept, a is the asymptotic vaiue of the valocity, and b s proportional to ths physical dt-
mensions of the blast, which vary as the cubs root of the energy reieas~d. The weil-known
scaling laws for explosive phenomena may be appiied to Eqs. A.3 and A.9. Fur exampls, ths
Mach number of the shock (U,s) dspends only on the nondimsneionel r .tio (R,/D), and ron-
sequently ths trajectory of the shock front will be similar for an exp' :sion of any size ina
given medium if ths time and distance ecalss are both multiplied by . factor proportional tob.

Thus it is g2en that the data may be prassnted in terms of any daiired units of distsncs
and time. The time values may aleo coniain an additive constant, { e., zero clock time need
not correspond to ths start of the biast. Howevar, the radisl distancse must be referred to
the true canter of the axplosion, although they may be ecaled by an arbitrary factor.

A} COMPUTATIONAL PROCEDURE

In this section is givan an outitne of a procedure fcr determining ths valuce of ths parem-
eters ‘a the approximating function by the mathod of {east squares. Although in principle ths
procsss of {itting a given set of data could be carried out by manuai computation, it would bs
very laborious and time consuming; 80 it will be prseumed that the routinee deecribed in ths
following are to be programed for automatic digital computing machines,

Lat the eymbol ! = {{a,b,c,R] etand for the mathematical function which approximatse
the meaeured time t{R], the quantitise in brackete indicating the functional relations invoived.
For convenisnce, EQ. A.7 is rewritten ne

{mcoe (x—y):-’ (A.10)

where
[ ]
llE ys __T14!
b , 1+x"

This permits the calculation to be carried out in tarme of nondimsansions! quantic va x and y.
To simplify the analysis, it iz assumed that the vaiues of R are given axactiv ard that all the
values of t havs been cnrrupted by statis.ical srrcrs of uniform dispersion. The validity of
this assumption can be chscked by a carsful inspection of the final resuits of the computation.
The residual error associated with the {th data pcint is delined as

ogl,-lp(g—y,)?’c—t‘ (A.11)

* By way of cuntrast, the decay law discussed in the preceding footnote gives a lesd time
proporticnal to the factor vIog (R.'Ry} which has no limit an R approaches infinity Thia {1-
¢icates that a spherical alock wave (regardieas of how weak) would eventually overtake any
acoustic wave regard.ean of how much eeriier it haa been emitted, & recult contrsdictary to

Colldt.ul e .ne.
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and to make the protlem definite it le supposed that, In accordance with the thecry of probe-
bility, the "best” eet of valuee for the parameters a, b, and ¢ has been fourd when the eum of
equares of all the reeidunle is a minimum. Now the reeidual equation (Eq. A.11) {8 eexn to In-
volve the parameters 1/a and ¢ In a linear manrser, but thlis ie not true of b on account of the
wey in which X and y depend on b. Consequentiy the usual procedure for ottaining the normeal
equatione for determining the beet values of the parameters would lead to an intractable sye-
tem of nonlinear squations (with no unique solution but an indefinite number of solutions, among
which not mare than one wou'd be subject to physical interpretetion).

To avoid this difficulty, the method of “differential correcticne™® for iteratively improving
an initially gueseed-at set of values is used. The function { dsfired by Eq. A.10 can be expanded
in @ Taylor series about the point (a,b,c,R{). Thus the change induced in { by small changes in
2, b, and ¢ may be expressed as

" of of
af (") aa ¢ (lb) ab + (ac) Ac + higher order terme (A.12)

Provided that the initial values are chosen sufficiently close to the desired solution, ali terms
beyond the first order may be neglected, and the reeidual associsied with the {th point becomee

(1, + &) ~t = (f, ~1,} + A &8 + B,ab + C,ac (A.19)

where Ay = (84/0a) holdt: g b, c, and R constant: B, = (31,/8d) holding a, c, and Ry constant; and
C; = (d,/0¢) holding a, b, and R, constant,

The problem now reduces to finding the corrections which maka the sum of squares of the
new reeicuals & minimum. This leads to & syste:n of three simultaneous linear equations in the
unknowns Aa, Ab, and Ac, namely,

(ZADaa + (ZAB)ab « (TAC))ac = TA(t,~1)
(ZB1A)aa + (IB])ab + (IB,C))ac = IB(t ~1) (A.14)
(IC A))a8 « (IC B )ab + (ZC))ac = IC ¢t ~1,)

The solution of the syetem (Eq. A.14) givea the firet-order correctione to be added to the initial
values of a, b, and c. The resulie may be improved by repesting the procese, ueing the ‘‘cor-
rected” valuee in place of the origiral choicee. l:owever, thie method will not alweys converge
to the deeired sciution if the initial guesess ar~ . " accurate enough or if the diepereion of the
data dus to random errors {8 exceseive.

An appropriete initlal value for a te to use the velocity of ecund correeponding to the pre
valling etmospheric conditione et the time of the biaet. The value of b might be setimated on the
basle of the equivalent energy of the blest {if thie were krown) ae indicated in Eq, A.4. Alterna-
tively (he quantity 0 18/e'd’ can be substituted for Kp/E in Teylor's eolution for emall R (Eq.
A.l,, the resuylt being

0.16R!
(t-c;'-—.rsr' (A.19)

Thie can also be obtalned by dropping the edditive constant 1 in EQ. A.3 berore cerrying out the
integration of 1 'U. For the 1th date point, Eq. A 13 may be written

L
be [3”—31,] (A 16)

et~y
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Equation A.1C can be used to estimate b provided that a pair of data values R, and !, ars taken
sufficlientiy near the origin of the blast that the Mach number of the shock at that point 1s large
compared to unity. Obviously this procedure reguires estimates of both a and ¢, whereas the
procedure based on the equivalent energy of the blast does not require any knowledge of ¢. How-
ever, the origin of the time scale can usually be found from independent measurements.

Aside from the foregoing, no preliminary value is needed in the case of ¢ since i\ enters
the definition of { (Eq. A.10) in 8 completely linear manner, and it follows that the solution of
the system of EqQ. A.14 1s independent of c. This {s readily seen by examining the expressions
used for calculating the values of A, By, and C;. Thus, carrying out the partial diffsrentiations
of { with respect to a, b, and ¢ 28 indicated following Eq. A.13,

A== (B) -
B, '(%) (1—:1,?-!:) (A.1T)
€, =1

The required values of the definite integral y can, of course, be obtained {rom tabies of the
inverss tangent and natural logarithmic functions as indicated in Eq. A.9. However, when the
compuiations are to be carried cut on an automatic digital computing machine, the entire pro-
cedure can be greatly expedited by evaluating y from an analytic continued fraction, namely,

Y M SR A X1
Y 1ex? A 1+4

8+ T {A.18)

30+...

where a' = x = R/D. This {8 & epecial case (for the 1.5-power Index) of a formula given by Wall.*

A dozen or so terms of this continued fraction ars sufficlert to determine accurste values of the
integral for arguments up to 8 = 3 {l.¢., for radil not exceeding 4b), at which point the velocity
of the shock has dropped (o 1.129 times a. Although it 18 not iikeiy to occur in practice, o
greater range for the upper {imit could be handied by employing more terms since the continued
fraction (EQ. A.18) converges {or all positive valuss of o.

A.4 CONCLUSION

The results obtained by {itting sevsral sets of data to a formula of the type descridad indi-
cete that £Eq A.9 e & goud approximation to the trajectory of the shock {rom 8 strong explosion
The residuals for some of the most rsliable data show a c.apsre'on of about 2 maec in the time
meisurements over the ¢atire range of data. However, they are not completely rardom but ex-
kibit 8 number of positive and negativs groupings. The pariod of s fluctuaiion does not agpear
to change w.th increasing radius but remains practically conatant, which suggests that the oscii-
lation 18 not tnherent in the blast phenomsnon but resuits inatead {rom & delictency in the meth
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od of measuring the time (for example, variatione in camera epeed). There ie aleo eome evi-
dence that, i thie periodic oscillation couid be taken out of the time data, the remalring disper-
ejon could be attributed to random errore of about 2 ft in the location of the ehock {ront deter-
mined {rom each {rame of {ilm. '

From a etudy of the data available at thle time, it eeeme beat to ascribe the inherent er-
rore to the time measuremente, and thie leade to the simpleet method of treatment. If it ehould
ever prove desirable to aseume that the timee are given accurately and that arrore are preeent
in the poeitions only with a uriform dieperelon, it would still be poeeible to employ the proce-
dure deecriusd here. All that is neceesary lo to multiply each term in the reeidual equation
(EqQ. A.13) by 1 weighting factor proportional to the velccity, ae given by Eq. A.S, 80 that, In
forming the coefficients of the normal equation (Eq. A.14), the equare of thie factor would enter
each product. This ehould be do e with caution, however, eince it will give very large weighte
to data near the beginning of the range. It 1e also clear that the approximate value of b muet be
known in advance in order to deterzaine euch a weighting factor, namely, 1 + (b/Ry)."*

Finally, it was obeervad that the value obtained for a wae quite eeneitive to fluctuatione in the
dats near the end of the record of obeervationa. This 1e to be expected, of couree, e!nce a rep-
resents the asymptote of the velocity. An unuesually large deviation near the end of the record
or a gradual change in the epeed of the camera would exert an exzggerated {nfluenze on the
value obtained for a. Whenever a eet of data encompaseee a very limited range of radii, i* te
probably better to aesign the velocity of sound permanently to a and to determine only b wnd ¢
from the data. If it .hould be deeired, the values of any of the parametere can be {ixed in ad-
vance and only the remalning onee determined according to tho iszet-squaree criterion.
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Defense Nuclear Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

SSTL ERRATA 19 October 1995

MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER
ATTENTION: OCD/Mr. Bill Bush

SUBJECT: Classification Review of AD-363573L

The Defense Nuclear Agency Security Office has reviewed and
declasgssified the subject report (AD-363573L, WT-613).

Distribution statement "A" (Approved for Public Release)
applies.

FOR THE DIRECTOR:
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Defense Special Weapons Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

JUN 111997

MEMORANDUM FOR DISTRIBUTION

SUBJECT: Declassification Review of Operation IVY Test
Reports

The following 31 (WT) reports concerning the atmospheric
nuclear tests conducted during Operation IVY in 1952 have been
declassified and cleared for open publication/public release:

WT-602 through WT-607, WT-609 thru WT-€18, WT-627 thru WT-
631, WT-633, WT-635, WT-636, WT-639, WT-641 thru WT-644, WT-646,
and WT-649.

An additiconal 2 WTs from IVY have been re-issued with
deletions. They are:

WT-608, WT-647.

These reissued documents are identified with an-"Ex" after

the WT number. They are unclassified and approved for open
publication.

This memorandum supersedes the Defense Nuclear Agency, ISTS
memorandum same subject dated August 17, 1995 and may be cited as

the authority to declassify copies pf any of the reports listed
in the first paragraph above.
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M. MfTi(g/
f, Inforfmation Security






