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ABSTRACT 

vAt the request of the Height of Burst panel, Project 9.13 ni organised to make measure 
ments on King Shot, Operation Ivy, that would establish the peak ahoeh overpressure In the 
blast vave aa a function of distance from the burst la the free-air region. This Information 
was required la particular to determine whether scaling laws could be used with Misting data 
obtained on Operation Tumbler to predict free-air pressures from much larger weapons. Sec 
ondary objectives »ere to record and determine the Magnitude of a precursor wave or other 
visibly obsertbU thermal effects that might occur and to collect any additional Information 
that might explain the departure of the free-air blast measurements obtained on Operation 
Greenhouse from the Operation Tumbler composite free-air pressure results. (The four free 
air pressure -distance curve» obtained on Operation Tumbler scaled very well over the entire 
pressure range measured. The composite result Is considered to be highly reliable.), 

1 Data wert collected using the photo-optical technique more frequently referred 
"rocket smoke-trail photography." This technique has been built around the shock-y 
method of^psakibUst-prosauro determination, -s 

- The results obtained caYbe summarised as follows: 
for the fireball region the equation which was fitted to the radius-time data la 

It (ft) • SSOS-St'-*** (sec)      R s »00 ft 

The shock overpressure la this region is related to distance by 

P (pet) « K+M (ft)      R a 000 ft 

for the free-air region the equition thai was fitted to the arrival-time data by the method 
of least squares is 

td 

for values of the radial distance R betw 
V in feet per second is 

k velocity 

U « W.I 11 * ßSyjjn      »00 ft * R * »SO ft 

The radlochemlcal kllotonaage equivalent, base* oa a comparison of the King Shot results with 
the Operation Tumbler composite remits, is Ml « 50 kt The TNT efficiency of Xl.tg She* «as 
found to be III • 10 per cet». within the pressure range of 100 to 10 pet 



vTha pracuraor »era datactad our tat iand art» by prtaaurt-timt pupa of Prejact 6.1 
(WT-eoi) vaa not obaarvad la th« motion-piciura fUrat eipottd particularly (or Prctte! 6.SI. 
Palm trtaa on aa Island In UM foraf round obacvrad UM Island aaaraat Uta burtt, vhara UM pra- 
curaor vaw waa drtactad. Mo precursor vaa oboamd otar tea vettr atthtr by gaugta or 
photographically. No peolUft arldaaca vaa found to txnlata tha dapartura of Operation Oraan- 
nouaa fraa-alr naaauramanta from tha Tamblar eompootta fraa-alr prtnturt rasulta.- - 
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CHAPTTR1 

INTRODUCTION 

1.1    OBJECTIVES 

Upon UM recommendation of UM Htltfht of Burst Panel, UM U >. Naval Orc.»rfc Labora- 
tory !KOL) IU repeated by the Armed foreae Special Weapons Project (AJT.VP) to pirtiel- 
ptt« la King Shot, Operation Ivy, In particular, UM NOL IU uted to conduct th< necaeaary 
•spertmanu required to obtain UM following information: 

1. Ptak shock overpressure as s function of disianc« la th« free-air teflon. This Infor- 
matlOB «as required la particular to determine whether scallnf lavs eouid b« ueed with exiet- 
laf data obtalntd oo Operation Tumbler to prsdlct fr««-alr pressures from much larger 
weapons. 

8. Information relative to UM formation tad ma$nUude of any precursor wave or otter 
Tlslbiy observable thermal «fleet. 

I. Additional information Uiat mifht ejplala Ut« departure of UM fr*a-alr meeeurementa 
obtaiatd on Operation Qrevnhouse from Ut* Operation Tumblar composite free-a'.r prceeure 
rasuus. (Th* four free-air praaaure-dletaace curves obtained on Operation Tumbler actieo 
vary «all over Ui« aatlra praaaurt range msasurad. Th« composite result is considered lo ba 
nighty raUabis.) 

1.1    HISTORY 

to order to rbuin ti>« daalrad informatloa required by objective I, UM photo-optlce) leek- 
tuque, which la now taowa as UM "rocket emor.e-trail pootofra^hy method," seemed to be ade- 
e>aie witk only a slight modification. This technique waa developed at th« NOL tor use la 
Operatic* Oreennouse where It proved to ba {.;:* e««*«sa*ul.' Highly eattsfact'vry reeulta 
war« also obCaia«d Uur oa Operation* Jangle* and ambler ' 

Oa UM fourth shot of UM Tumblar car ma of ttet». a ?r '>r*or wive a- -«ared la ih« rocket 
e«oae-tr*<l films and was aaalyeed quantitatively (or th» flrat lime   (Back »•»*• aUa a» 
peered la cartaia films of Operation Buster, la which '.Re NOL did not »art;. ipate, but «ere »et 
analysed at the time.) Thus It »ii believed the', 1« the cam* »14.1 nastm sea p.»J »rtacujeii/ 
to accomplish otjKttve t, th« tnforneatto* sougM  a cf.idiT» 1 vovid be aUat»«^ 

With regard to the last ot.'»-u»e t>.« rock«', in i« trail method -»ed la the (our ah «a •* 
Operatiue Tvasbter yielded auch conaie'erl meaaareMvhis alter the appUraUiM ..<; twi.i^j ie«e 
that a hi|twr r*:.»-.< preeevre-disUMe curve waa e\ade ata.table   Compact»«« vl T\moie» 
and Orts v ..»» free-air data* ahoved lhat the yrtaauraa c<b»«rv»d oa QrejnhauM »er« m 
trt*t:\i j k 4v«r then ihaee ottalaed em TumSler aa (he aqvival»«! r*dv»d «I»UJW» Irnra tke 
bomb '»fftn-J    n  ,.»»i#4 chert  ^ of all Ifc« data M. atad it» possibility of in-i I* the 
Greeahtwee ctiraletioae, and It «a» ahowa (..».„m-if thai the arrival natee oawerved .« 

II 



Operation Cr««nhou«e ltd to higher shock ▼•locltlaa. tnd h«nc* hlgh«r pressures, »I equivalent 
»ciltd distances 

On Operation Ivy it was hoped that tomt Information might t» gained to aol»t this problem 
Teats on Oper,   jn Tumbler «ere conducted at th* AEC Nevada Proving Grounds (NPG) at an 
altitude of approximately 4000 ft ebc-e tea level, where»» Operation Oreenhovee took place at 
Eniwetok Atoll In the Marshal! Islands, virtually at a«« level. The atmoephere at the NPG *aa 
dry, «hereaa the Island site was comparatively moist and humid. It «as thought that poastbly 
the cause of the disagreement might stem from these atmospheric differences or from the fact 
that the Greenhouse tests «ere tot er shots whereas those of Tua^Ser «ere airdrops. 

During the planning phase it was announced thst King Shot, Operation Ivy, was to be an 
slrdrop similar to those on Tumbler but at the Island sttt. This presented ka excellent oppor- 
tunity to reao've the difficulty st lesst partially, If Indeed such environmental conditions were 
the csuse of the disagreement. 

IS   OPERATIONS 

Project 6:3 was organised In two groups, one rhlch went Into the field and one which 
sided tn the pretest preparations and posttest snalysts st the NOL. Administrative details 
within the project were carried out Jointly by J. F Moulton, Jr., and P. Hanlon. E. F  Cox and 
F. B. Porael were the directors of Program 6 and provided over-sU supervision and technical 
guidance. 

Project 8.13 personnel included I. T. Moulton, Jr., Project Officer, Analysis; the field 
part« composed nf P. Hanlon, Field Project Officer, Analysis; 3 M. Lorlng, Supply and Anal- 
ysis; and C. L. Kamel, Instrumentation and Analysis; and J. R. Mitchell, Supply Officer. In 
the field, Karmel, as th* ssslstaii* to the Field Project Officer, waa largely responsible for 
instrumentation, boring served as 8*4>ply Otfleer in th« field sad ssaisted In the Installation 
of equipment. Labor was provided by Holmes ft Narver through Task Group (TO; 132.1. 

1.4    BACKGROUND: DETERMINATION OF PEAK SHOT OVERPRESSURE BY THE 
VELOCITY METHOD 

The photo-optics! technique used on King Shot, Operation Ivy, to obtain arrival-time data 
for the determination of peak shock overpressures Is explained in detail in reports on Opera- 
tions Greenhouse1 and Jti-gle.' Briefly the technique consisted in establishing a rocket smoke- 
trail grid behind the burst and recording 'he shock-wavt growth as s function of time with 
high-speed motion-picture cameras. The position of the shock front Is determined by record- 
ing photofrsphicaliy the light rays reflected from the grid; those rsys which pass tangenttslly 
to the shock front are rsfracted, causing bre.'.xa to appear in the otherwise contlnuoua grid 
lines   With the erplosloe cecter as aero, fraae-by-frame measurements of the distance sre 
msde on 20« magnified images tn a direct-prcjectlon Rcs;ri.->   Time per frame is alao noted. 

From these arrival-time data th« instantaneous shock velocity st known dnir.cu csn b« 
determined. This Is best dor« by fitting th« data with a smooth curv« which can be expressed 
In closed mathematical form. Different!M'oa of th« equation yields an expression for the ve- 
locity as a function of radial distance from the burst. 

tn th« «arty stag««, I.e., the fireball r«g1on, aa exponential function if used 

R-D* (1.1) 

whe .    H * distance from weapon aero 
t • time 

K • constant 
s • las slop« of Lh« log-log plot of R and t 

17 



re> 

l>lftertntiaii»n til !Ms M)uttu>n gives 

U - RW" ' (1 »' 

where I I« ihe ihelanlaneoue shock velocity 
Or prior testa th« free-air arrival-time data wert fliltd by ■ cubic polynomial by the 

method of least squsres   On this tt       new fitting function It introduced. Th« new equatiu« it 

dR»C (IS) 

where i, b, and C art conatanta. At first glance this equation appears clumsy, but It Is rctdlly 
fitted by tht ffltthod of lssst squirts to tht srrlvsl-tlmt data on IBM equipment. Tht advan- 
tagee of tht ust of tht new equation srt twofold: (1) A more rtsllstlc approach to tht solution 
of tht problem Is made In vitw of tht physical nature of tht phtnomtnon, and (2) conaidarablt 
Mist Is saved In tht analyals of this typt of data. Upon dlffartnUatloe, t comparatively simple 
function rtsults: 

"■■hsn (i4) 

Fitting tht King Shot data by both tht new form and tht polynomial used previously ltd to 
tdtntlcal prtasurt result«. (A comparison of the Instantaneous shock velocities, which is an 
extremely critical comparison, Indicated that agreement bttwttn tht two nets of results was 
mithin *0 34 per cent over tht tnttrt rangt.) Some of tht Tuuibltr data havt been fltttd using 
tht ntw form, tnd s comparison showed tht prtssurt results of both mtthods to be Identical. 
A full explanation of the derivation of tht equation and tht method of fitting data by the new 
function are given in the Appendix. 

Tht peak prtasurt in tht shock wavt is a known function of the vtloclty and can be cal- 
culated using the Ranklna-Hugonlot rtlatlon:* 

rw- 
whert P, • peak »hook overpreeaure (pal) 

P, * ambient pressure ahead of the shock (pst) 
y » the ratio of specific heats for sir, 1.40 

C| " speed o.' sound ahead of shock (ft/atc) 
U * •netants.neoue ahock veiocit» (ft/sec) 

P, and T, are measured directly, and 

*In regions of very high pressure tht RenJdne-Hugonlot relation, aa written, la In error 
because the equation of tut* on which I! la baeed no longer applies    Furthermore, the ratio of 
specific heat* (or air (>) becomea meaningless   To overcome the dlfflcultlee Introduced by 
theae variation*, corrections are made by uae of the Hlr acMelder-Curtisf tiblee4 which give 
P, In terma of I', th« changea Ir > and the equation of atale belr.g taken Into account (are also 
Sec   3 S) 

13 
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CHAPTER 2 

INSTRUMENTATION 

A plan view of the Project 6 13 Instrumentation layout la shown In Fig 3.1. 

3.1    ROCKIT SMOKE-TRAIL DETECTION GRID 

3.1.1    Smoke Rockets 

To establish the shock-wave detection grid, Vi «moke-producing rorkets were fired 7 sec 
prior to burst time from Station 6140.  Each round was a modified 5*0 Rocket Head Mark 10 
with a 5*0 Spin Stabilized Motor Mark 3.  Ten pounds of F3 chemical smoke mix waa re- 
leased from each head during Its upward trajectory. The smoke rocket, ss used on this and 
previous operations, waa developed for this purpose at th* NOL1 In 1650. 

3.1.3   Rocket Launchers 

On previous operations the smoke trails were established In the form of a vertical line 
grid. This form wss not feasible In the Ivy test because of limited dry land areaa on which to 
locate rocket launchers, in Us place a 'en-type grid «as üssd, as «as first suggested by C. t 
Aronson of the NOL (see Fig. 2.3).  Th» rocks', launchers,1 In two identical battcrua facing in 
opposite directions, were aligned so that the direction of fire waa perpendicular to the line of 
sight of the cameras (Figs. 3.1 and 3.3). Each battery conalsted of nine launchers with elevation 
angles of 10. 20, 30, 40, SO, 80, 70, 80, and 83*. At one end of the launching plot, a single 
launcher, at 80° elevation, was arranged to fire parallel to the line of sigh! (Figs  2 < and 2 5) 

2.1.3    Power and Timing 

Considerable aavlng In conatructlon and labrr costa wac effected through the uae of a 
novel power-and-tlralng atatlon   Timing relaya, time-delay devices, and power take-off 
switches were n.Ainted inside s wsterprooied wooden box the site of a standard foot locker. 
Before evacuation the necessary switches were dosed In the ready position, and the box waa 
sealed and burled beneath sandbags   The station proved to be Juil aa aatlafactory aa the re- 
tnforced-concrete blaat shelters costing several thousands erf dollars that were used in pre- 
vious operations 

The circuitry and all other details concerning the estahltenmenl of the rocket smoke-trail 
grid ere given in reference 2. 

2 2    PHOTOGPAPHIC INSTRUMENTATION 

The photographic records (or Project 8 13 were obtained by the jtaff of Edgertor,, Ger- 
meahausen (  Grier, Inc   SEGtG)   Three high aprrd Mitchell camerae were Install«! in 

IS 
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Station SO« for th* specific us« of thl« pro.'tct, b'it on« of them fail«d to unction. Comp'ete 
photog.aphlc detail« »re given In Tahle 2.1 

The use cf fiducial marker« wn unnecessary on this teat. The bac« line of the plane of 
meaauremen* was readily established by utUUtng th« horlion. On Operation Tumbler' it «a* 
determines that all that t« required for dl«Urc« calibration 1« an accurat« calibration "rcae" 
placed on tht film before processing, th« accurately measured focal length of the lens used, 
and the range to the desired objective plan«. Vertical and horliontal scale« can be established 
with an accuracy of better than 0.01 per ceni In this fashion. 

Timing mark« were placed on th« film during the recording period at the rite of 1.38 cps. 
This very low rat« la discussed further In Sees. 3.1 and 3.7.2. 

Tabl« 2.1 —PHOTOGRAPHIC DETAILS 

Film No. 16293 16201 
Station 306 306 
Camera MMH-1 MMH-7 
Effective aperture f/li-15* i/n-ir 
Effective focal 99.92 35.28 

length, mm 
Nominal fram« rate, 81 80 

frtm««/»«c 
Timing mar«, cpa 1 98 1.96 
V«rtlcal aiming «'08' 4*08' 
Horliontal slmlng 02* oz» 

•Ground t«ro. 
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CHAPTiR 3 

RESULTS 

3 1    INSTRUMENTATION AND RECORDS 

The rocket smoke-trail fan grid was established Just prior to rero time and was satis- 
factory in most respects.  As can be seen In FIR   2 2, the grid appeared to be somewhat lacking 
In contrast In the upper right-hand portion of the object plane, but this did not Interfere seri- 
ously with measurements made on the film originals   U the smoke trails had been approxi- 
mately 1000 ft closer to the burst, the/ would have appeared In greater contrast but possibly 
would have been In the region where trail evaporation occurs   The grid was placed at the dis- 
tance chosen so that, if the atmosphere were clear (greater tha.i 98 per cent transmission), 
good contrast could be expected. 

Of the three cameras assigned specifically to Project 8.13, only two functioned properly 
The camera havng a 50mm focal-length lens failed to operate. Records were obtained by the 
cameras having lenses of 100- and 35-mm focal length, however, only the record from the 
camera 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 usable field of 
view, proved to be of little additional quantitative value because of the poor atmospheric con- 
ditions that existed. The high humidity led to such low contrast that the rocket smoke trails 
were not visible much farther away from the center of burst on the 35-mm film with a wtd< r 
field of view than on the longer-focal-leng»h record. This condition, coupled with poorer spaje 
resolution, made the short-focal-length record of qualitative value only 

3 2    TIME AND DISTANCE SCALES 

»he arrival-time data for King Shot were measured from film 16293 The vertical plane 
of measurement is shown in Fig. 2.1 The ttmmg marks placed on the film at the rate of 1 93 
cps were not sufficient by themselves to ascertain whether the film speed was cons.ant during 
the period of Interest However, from additional information available It wan «leterained that 
In all probability the film speed was constant The time per frame was found to be 0 0117%4 t 
0 000150 sec (the last two decimal places were held for computational reasons' Timing accu- 
racy Is discussed in detail in Sec   3 7 2 

The d.stance scale for both horizontal and vertical measurements *as found to be 10 886 
ft mm on the eilar,   d Image   Thus measurements made to 0 1 mm with relative ease »ere 
far better than the maxi~num static resolution uncertainty of t6 ft    Accuracy considerations 
are developed furthtr in Sec   3 13 

3 3     ARRIVAI   TIME DATA 

Arrival time data were obtained over the ranges 600 to 3i50 ft in distance and 0 0 tu 0 7 
sec In lime    These data are given in Table 3 1 and are plotted In Fig   3 1 tov -thfr »ith the 
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curve fttitd lo Ih« dm by th# method of i*ut squares. A» can t>i »tan, tht eeatter In the data 
is email 

Tablt 3.1 -ABHtVAL-TIME DATA«t 

Distant» Dtatanc« Dteunc» 
(rose wrapor Arrival from weapon Arrival frcm «tapon Arrival 

atro, ft time, ate atro, ft timt, ate atro, ft Umt, ate 

580.933 0.011330 3033 463 
3046.672 

0.244400 2693616 0 481480 
761 311 0.033074 0.258164 2732980 0483234 
697.800 0.034m 2089.685 0.269608 2749.379 0.504886 

1000.067 0.046583 2137.941 0.281661 2791.122 0 31*742 
1004.793 0066336 2183.061 0.263416 2804 514 0.528486 

1175 60? 0.070090 2203.964 0.305170 2843 958 0540250 
1381.078 0.081844 3244.639 0.316924 2866850 0.552004 
1330.136 0.093368 3267.949 0.328678 2900.026 0563738 

• ■ . .  .  . 3316.205 0.340432 2921 398 0.5755-2 
1469.713 0.117106 2145.636 0.352183 3942334 0.387286 

1838.054 0.136860 2385.539 0.363640 2^74.866 0 588020 
1678.678 0.M0614 2418.928 0.373664 3003 588 0.610"74 
1633.078 0.152368 2443.006 0.387448 3037 651 0.622528 
1680.665 0.164133 3485.919 0.366202 3058 324 0 634282 
1744.083 0.175876 2523.489 0.410636 3092.487 0646036 

1799.049 0.187630 2349.605 0.422710 3113.091 0 *57780 
1643.363 0.199384 3:580.663 0.434464 3143 186 0668544 
1874.989 0.311738 3611.152 0.446218 3163084 0 631388 
1919.J71 0332892 2643.379 0.45787» 
1959.378 0.334646 3682.018 0.4687*4 3312 146 

3240298 
0.70460« 
0716560 

■All decimal placaa In dlatancei ar.d tht last two decimal places In tlmta art held for com- 
putational reasons only 

tThe atro tinea on tht rocket trail films «art tatabllahed by preliminary fweball data 
measured at the Teat Site. Later and more complete meaaurementa have resulted in radius - 
Umt curve changes which give an error of 0 25 msec in the absolute time of the radiua-üme 
curves Shown bare.  because of tht scaling mathoda, this absolute error does not affect the 
validity of the prassws-disunc« curvt or tht scaled yield. 

3.3.1    Fireball He (ion 

la the early atagea of ahock growth, Is, tht fireball rtflon, the radtua Increased expo- 
nentially with time, and the data form a atratght line when [lotted on a log-log graph «a in 
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Fig. 3 2   Th« curvt flttrd to th««« data la 

R-1103 1t"M       600 ft s R s »00 ft (3 1) 

«hart R la th« dlatinca from weapon aero In fa«t and t la th* lima In eeconds. Th« fireball 
rseaaurementa mada on th« rocket -amok« -trail photograph« «re In excellent agreement with 
thoae made by EG40 on the high «pe«d-camera recorda of conalderably better time renolu- 
tlon   Aa dlacuaaed In S«c 17 1, thla (act «aa ueed tn the timing-accuracy determination 

1 11    free-air Rjglon 

Over the letter portion of th« arrtvel-tlme curve, th« data wer« fitted by 

8 -» mMrA - j^ üsT^lF1«i - o.«2ie (3.2) 

where R la the radial dlatance from weapon aero over the range 900 ft s R s 1250 ft. 
Measurement» of the flrat few frame« of the film record ahowed that the fireball growth 

waa aymmetrlcal about the burat point. Shortly after ahock breakaway, a few framea Indicated 
that th« ahock wave out to about 1100 ft waa alao aymmetrlcal about the center of the burat, 
but, in the latter three-fourtha of the record, only th« «aat«rn aid« of th« fan grid waa viaibl«. 
Aa a reeuU It cannot b« aald v.th certainty that ih« ahock wav« waa aymmetrlcal over thla 
region 

14   METEOROLOGICAL DATA 

TtM atmoap'     Ic preasure P, and temp«ratur« T( w«r« measured prior to the ahot   The 
dale from both au. .ace and upper-air observation« war« uaed. Th« velocity of «ound C, at the 
varioua l«v«ia waa computed ualng Eq. 1.0. 

Both P, and C„ for lack of mor« complet« data, war« aaaum«d to vary linearly with alti- 
tude   Thcae data are given in Tabl« 3.2 and plotted In Fig. 1.1. 

Tabl« 1.2 —METEOROLOGICAL DATA 

Velocity 
Altitude, Prcaaura, Temperature, of aou.td, 

ft pal ■c ft.'a«c 

0 14.640 ISO 114J 0 
110 14.504 11.8 1143 5 

H40* 11M» 254« llll.l» 
2100 11 512 21 1 1113 0 

'Interpolated from Radiosonde data. 

3 5    PCAK-SHOCK-OVESPRESSf«E-DISTANCE DATA 

Equation« 3 1 ant4 3 2 were differentiated to obtain expreeelor.a !o. the inatantaneoua thork 
velocltlea, U. at deaired diatintea   For the fireball region 

0» 1J01.if* •"        600 ft 4 R s 000 ft (3 3) 
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I» obtained   This result leads ti the relation 

p a R-» " 

which is in effective agreement with theory,» For the frte-air region 

U.m^[i♦(52gLi),•,' 900 ft s R a 3250 ft 

iS.i) 

(3.8) 

These values, together with the corresponding meteorological dtts from Fig. 3.3, were used to 
enter the Hlrschfelder-CurtlM tables1 from which the peak shock overpressure» were obtained 
for the corresponding distances. The values are given In Table 3.3 and plotted in Fig. 3.4. For 
pressures below approximately 100 psi the vsluea from the Hlfichfelde'-Curtlss tsbles agree 
exactly with those that would be obtained using the Ranklne-'Hugonlot pressure-velocity rela- 
tion, £q. 15. Above the 100-psl level, variations In y and the equation of state, on wi.tch the 
Rankine-Hugonlot reUtlon depends, begin to take tlgnlflcaiit effect. These variations sre ac- 
counted for in the HlrschJelder-Curtlss tables. For these reason« values from these tables 
have been used throughout the calculation!. 

Table 3.3— PEAK-OVERPRES3UHE-DISTANCE DATA 
...... .... ., 

Distance Peak over- Distance Peak over- Distance Peak over- 
from weapon pressure, from weapon pressure. from weapon pressure, 

aero, ft psi tero, ft psi icro, 't psi 

600 4830 1500 341 2400 93.0 
700 an ISOC • *e 2500 |1 8 

800 1933 noo 338 2600 74 8 
»00 1381 1600 303 1700 87.3 

1000 1018 1900 173 1800 
2900 

60.0 
1100 183 3000 161 64.8 
1200 613 2100 132 3000 49.7 
1300 496 2200 116 3100 463 
1400 406 2300 102 3200 41.0 

A word about the use of the meteorological data in carrying out the pressure calculations is 
tn order.  For the sake of uniformity with other air bias' data1 publ'.shed previously, the values 
of P, and C, were taki-n along a vertical line from weapon aero to ground i«ro (GZ) at dis- 
tances corresponding to those selected for substitution In the shock-velocity equations. Tor all 
distances grester then the burst height (1480 ft), the values observed at an altitude of 100 ft 
w: 3 used. 

3.6    PRECURSOR WAVE AND THERMAL EFFECTS 

The excellrnt preeeure-time records obtained by Project 6 1 Use WT-802) indicated con- 
clusively the existence .. • precursor wave over the ' \nd area, whereas (tuges placed over 
the water detected a etandard picture-book-type shock wave   Palm treea on an island in (he 
foreground of the aw  «e-trail photographs completely obacured C2 and th* Island where the 
precursor was detected   No precursor was observed over the water surface, which was clearly 

•Theories posed by G   I   Taylor, J. G   Klrkwood «nd 3   R   Brlnkley. F   B   Porael, and 
others are In essential agreemen' with regard to the value of the »xponent in thia relation 
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CONFIDEMTiAr 

visible In the films. This serves to confirm the gauge results over water. No thermal effects 
of any Und were observed In these photographs. 

3.7    ACCURACY OF RESULTS 

3.7.1 Sources of Error 

The possible sources of error and the procedures for calculating their magnitudes are 
discussed In detail In reference 3. Each of the seven major sources of error listed below were 
given due consideration: 

1. Timing calibration. 
2   Static- and dynamic-resolution uncertainties associated with (Urn measurements under 

Ideal conditions. 
9. Scaling distance on film. 
4. Foreshortening of the Image In the plane of measurement. 
8. .Meteorological data. 
0. Curve fitting. 
7. The variation of y. 

3.7.2 Timing Accuracy 

Th* small number of timing marks which were placed on the film at a rate of 1.90 >*us 
msde it difficult tj establish quantitatively the uncertainty in th» time resolution. It was im- 
possible to determine directly whether the film speed was constant over the entire region of 
Interest. The average film speed waa measured wherevtr possible. In the region of Interest 
and the regions immediately beyond, u.- film speed was found to be the same. The first six 
frames of the record {film 15253) included the fireball and early transition region«, In which 
exceptionally accurate radial distances could be measured   ?*h«a the«: rers comrared with 
the fireball growth measurements of EG&G, for which timing was highly accurate, It was found 
that the agreement was excellent. This Is shown in Fig. 3 2. As a resuu the time per frame 
»as established accurately over this region to within ±0.0001 SO sec per frame. It »as assumed 
that the film rate was constant and that the time per frame used In the fireball region was 
valid throughout the entire period of interest. In the subsequent enalyels the resulting data 
Indicated that the film speed was constant by the more or less random distribution about the 
fitted arrival-time curve of Fig. 3.1. In addition, If the momentum of ?*• film and the film 
drive is considered, it seems unlikely that there would be a significant var.atlon In speed with- 
in 0.7 sec. The sssumptlon of constant frame rate is thus considered reasonable. 

3.7.3 Distance Accuracy 

The accuracy in scaling distance Is dependent on the measurements of the focal length 
ci the lens and the distance from the camera to the object plane. The uncertainty in these 
nr*asurem« ts Is known to be less than 0.1 per cent.  After the center of burst la located on the 
film in any given early frame, ita position Is determined In the later frame* by fixing its posi- 
tion with respect to the film sprocket holes. Assuming th« camera to be operating normal'y, 
the variation at the position of the sprocket holes with respect to s given frame has been 
measured to be less than 1 per cent.  For the film uset. to obtain the data, thla amcinta to an 
uncertainty of «0 ! ft in the object plane   The mtjCrou... spatial static-resolution uncertainty 
was found to be ±0 ft   The maximum dynamic-resolution uncertainty falls within thla limit 
The foreahortening effect becomes Increaelngly Important with increase in the shorx-wsve 
growth   It varlea In a fixed manner over the range conaldered from 0 1 to 1 S per cent of the 
radial dtatrnce measured   Corrections were calculated and applied for each diatance 

Aa a result of these coneideratlone an average figure at arcjracy of »2 5 ft ta aee'gr-.ed to 
diatance measurements in the free-air region 
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3.7 4    Accuracy of Pressure-Distance Results 

The frrort In Individual time ind distinct mmuremer.U sre not carrttd over directly 
Into the pressure calculations   These errors are substantially reduced by fitting the data with 
a curve by the method of least squares.' On the other hand, errors In P,C, are carried over 
directly Into pressure calculations   It It estimated that the error In these data is of the order 
ctf 1 per cent. 

The error In the calculated pressures based on the derivatives of the fitted arrival-time 
curves snd the stmosphertc measurements mentioned above sre considered to be sccuratc to 
3.5 per cent at the 90-psl pressure level and Increasingly more accurate at the higher levels. 
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CHAPTER 4 

ANALYSIS AND DISCUSSION OF RESULTS 

In order to compare the rerjlts obtained on King Shot with thoss obtained on previous ten/., 
It If necessary to reduce the cuts In some consistent manner euch that one variable te common 
to both «eta of data. On Operation Tun- jler1 the Sachs method'"1 was used to reduce the data to 
standard tea-level atmospherl* condition», namely, 14.7 pel pressure and 293"X (iO'C) tempera- 
ture, la addition, the data «ere induced further by applying the Cube law for the charge weight. 
King Shot data have been treated similarly. Whtn the data are reduced to the equivalent of 1 
kt(RC) (radlocheaslc"! kilotonnag«) at sea-level conditions, they »re termed "A-scaled." This 
term will be used frequently In the following discussion. 

4.1    SCALING FACTORS AND DATA REDUCTION 

The scaling factors used to r*duce 'he original result« contained in Chap. 3 are given in 
Table 4.1. Ths arrival-tiat daU uid pressure-distance results have been A-scaled. Also, the 
preesv's-uistar.ct results have been reduced to sea level. The reduced results have been com- 
pered with these of previous tt (s (1) to determine similarity of results, which is actually a 
test of the scaling laws, (3) to determine the yield in terms of radlochemlcal kllotonnage, and 
(3) to determine the TNT blast efficiency. 

Table 4.1 —MISCELLANEOUS DATA AND SCALING FACTORS 

Assigned ground tero {AGZ) N 101,150 
X 124,ISO 

Actual ground aero (GZ) N 101,450 * 10 
X 121,6S0 t 20 

Burst height (h), ft UI0 * 30 
Temperature at burst height (T,), *C 3S.4 
Radlochemlcal yield (WHC ), kt(RC) Ml • 30 
Pressure at burst height before sVjt (P»), psl 13.96 
Factor to multiply pressures to correct to ses level (Sp • 14.7, P, | 1.053 
Factor to multiply distance to correct to see, level [84- • <P,/14.7)S] 0.8829 
Factor» to multiply dlstar.ee to reduce to 1 kttRCi at sea levei 0.1208 

(Sj-(P,/n.TWaC)Sj 
Factor* to multiply time to reduce to 1 st(RC) at e*a levei 0.1217 

IS,-(IT, * 273)  293,^ 3d} 
A-scaied burst height ihSd), ft 17S * 2.4 

*A-scaled factors 
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4.2 YIELD OF KING SHOT 

Before the results ran be   educed, a reasonably accurate value of the yield (or raJiocheml- 
cal kllotonnage equivalent1 must be determined.  A tentative value for the yield was published 
by Ogle and LofUnr1' as 550 i 50 kt. An Independent determination based on the free air pre» 
■ure-dlstanre results given In Chap. 3 was made as follows: 

'.  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 »ere located on the A-scaled pressure-di&Lvice Tumbler 
composite (Fig. 4.12 of reference 1), and the corresponding Tumbler distances were nc".««t 

3. The ratios of these distances to the unreduced distances of King Shot given in Table 3.3 
were determined and averaged over the entire free-air region. 

4. The average value obtained for the ratio of the distances was 0,1208 t 0.0023.  Equating 
this value to the A-soled factor (P, '14.7WRC/» »nd using P, = 13 98 psi, the value for WRC 

was found to be 541 t 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 art given [r Table 4.2. The free-air 
data are plotted with the A-scaled Tumbler composite arrival-time curve In Fig. 4.1. The data 
used in formulating the Tumbler composite curve and the equations representing it are stiven 
In Tables 4.5 to 4.8 and In Sec. 4 2 1 of reference 1. 

The scale of Fig. 4.1, which Includes only a small portion of the Tumbler composite curve, 
hss tar. greiUy *n!srge<j to «how the deviation of the Kl-g Shot data which fall within the lim- 
its of maximum uncertainty of the composite curve The maximum uncertainty In the A-scaled 
composite curve is primarily governed by the values esslgned to the radlochemlcal kllotorinages 
and secondarily by the compound errors In the time and space calibrations. The maximum un- 
certainty of all A-scaled Tumbler arrival-time data brought abovt by both primary and second- 
ary causes was of the order of 2 per cent. The uncertainty In the King Shot data is of the same 
order. 

Only on Tumbler "hots 3 and 4 were sufficient fireball data obtained wltn which the data of 
King Shot could be compared. This comparison is shown graphically In Fig  4 2, where good 
agreement la indrated. 

4.3.2 Peaa-overpreasure-Distance Data 

The A-scaled preiaure-dlstance results are given in Table 4.3 and are shown graphlcal'y 
In Fig. 4.3   The A-scaled Tumbler composite pressure-distance curve is Include! for com- 
parison. The data used in the formulation of the Tumbler composite curve can be ,'ound In 
Tables 4.11 to 4.14 of reference 1. 

On the average, the A-scaled King p. essure-distin • results agree with the Tumbler com- 
posite to within 2.0 per cent.  At the extremes of the pressure rang» measured, however, the 
K.ng data are low by approximately 0 per rent    Figure 4.3 represents the best possible over- 
all fit with the Tumbler omposiie and provides the basis for the yield calculation of Sec. 4.2. 

4.4 TNT BLAST EFFICIENCY 

By fitting TNT pressure  distance data to data from King Shot, a value for the TNT effi- 
ciency of t'.» nuclear weap.m can be determined.   The procedure used la a» follows 

1    The free  air pressure  distance data for tt.e nuclear explrislcn found In Table 3.3 were 
corrected to sea level   Tible 4 3   and are plotted In Fig. 4.4. 
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Table 4.2 —A-SCALED ARRIVAL-TIME DATA 

DUUnct from Arrival tlrae, Distance from Arrival time, 
«capon aero. A-scaled, weapon aero, A-acaled. 
A-scaled, ft aec A-acaled, ft aec 

70.1 0.00138 288.1 0.04429 
91.8 0.00281 291.7 0.04572 

108.3 0.00424 294.6 0.04715 
120.6 0.00567 299.8 0.04858 
132.0 0.00710 304.3 0.05001 

141.8 0.00833 307.8 0.05144 
180.9 0.00996 311.3 0.05287 
1S9.3 0.01139 314.9 0.05430 

• • * • ■ i 318.8 0.03573 
177.3 0.0142S 323.4 0.03716 

184.3 0.01568 325.5 0.05859 
190.4 0.01711 329.6 0.06002 
197.0 0.01834 331.6 0.06145 
202.7 0.01997 336.6 0.06288 
210.3 0.03140 338.3 0.06431 

217.0 0.02283 343.2 0.06574 
3712 0.02428 343.7 0.06717 
226.1 0.02870 349.7 0.06860 
231.8 0.02713 352.3 0.07003 
*«l V.« 0.02859 354.8 0.01146 

244.0 0.02999 338.6 0.07289 
246.8 0.03142 362.2 0.07433 
232.0 0.03283 366.3 0.07576 
257.8 0.03428 368.8 0.07??9 
263.3 0.03571 373.0 0.07862 

265.8 0.03714 375.3 0.08005 
370.7 0.03837 379.3 0Ü8148 
273.3 0.04000 381.3 0.08291 
279.3 0.04143 .   r.   • 

282.9 0.04286 387.4 0.08376 
390.6 0.08721 

3. The theoretical A-acaled TNT preeaura-dtstance dm preeented in Tible 4 4 end ahcwn 
In Fig. 4.8 art baaed on Information published by Klrtnrood and Brlnkiey' and Har'mann ' For 
equivalent preaaurea the corresponding distances were read from the curvee of Fig,.'. 4.4 and 
4.5. The ratio of the nuclear dleunce to the TNT dlatance for each preeeur« level la equal to 
the cube root of the TNT allotoruiage [kt(TNT)| equivalent at that preseare. 

3. The TNT efficiency for each preeaure level waa determined by cubing the dlatance ratio 
and dividing by the radiochemlcal yield of the nuclear weapon. The average efficiency wie taaen 
over a given prate re range, '.he upper 1'mlt of which St of the order of 200 pel, becauee It r 
preeeuree higher than th-S t'.e slope of the TNT preeeure-dletance curve falle off rapidly at 
compared to that for a nuc.ear exploelon (eee Fig. 4.5). 
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Table 4.3—SCALE'J PEAK-OVERPRESSURE-DISTANCE DATA 

Distance from Distance from weapon Distance from Peak overpressure, 
weapon tero, aero, reduced weapon aero, reduced to sea level, 

ft to tea level, St A-scaled, ft pal 

600 590 73 5086 
700 688 64 3116 
800 786 •6 3034 
900 883 108 1454 
lOOu 983 131 1070 

1100 1081 133 623 
1200 1179 14S 645 
1300 1378 167 633 
1400 1376 169 426 
1500 1474 ist 339 

1600 1573 193 398 
1700 1671 80S 351 
1800 1769 317 314 
«90C 1868 329 161 
3000 1966 341 159 

2100 3064 353 139 
2200 3162 365 133 
2300 3261 277 107 
2400 33S9 289 97.0 
2500 • Jet* «3l 303 87.0 

2600 3696 314 76.8 
3700 3654 336 70.9 
2800 3753 338 63.3 
2900 38S0 360 67.7 
3000 3949 363 63.3 

3100 3047 374 47.7 
3200 3145 386 43.3 

4. The average value for the TNT efficiency, whe.. mul' piled bt the radlochemlcal yield of 
the nuclear weapon, |ivei a value fcr De yieid in terms of TNT kliotonnage. Use of thle value 
In the King ecaling operation produced the results shown in Fig. 4.5 In which the fit to the TNT 
data le Illustrated. 

Following thle outline, the average TNT efficiency of King Shot wae found to be 38.8 * 2.0 
per cent which correiponda to a yield of 209.8 kt(TNT) over the preeaure range of 200 to SO pel. 

The percentage TNT efficiency aa obtained above la lowe.' than the Tumbler composite 
average of 42 1 per cent within the 300- to 50-pel pressure range. This la due chiefly to the fall- 
off of preeture at the lower end of the pressure range measured. It should be etressed again1•* 
that the value at TNT efficiency is very sensitive to small differences In the dleuncee at whir"- 
equlvalf pressures tre determined frcm one shot to the next. Because of the cube law tr-.t Is 
brought Into the calculations, these small differences are significantly magnified. Caution must 
be firr  .»■-: when Judging different sets of data on this basis. 
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Table 4.4 —COMPARISON OF KING SHOT DATA AND TNT DATA 

Radius for Distance from TNT TNT efficiency Distance from 
Peak over- 1 kt of TNT weapon aero, equivalent of King, % weapon lero, re- 
pressure, at sea level, reduced to sea of King, fkt(TNT) x 100] duced to 1 kt(TNT) 

pal ft level, ft kt(TNT) I       kt«KC)      J at sea level, ft' 

eoo 132 184 
700 145 194 
800 160 205 
500 179 218 
400 204 237 
300 241 264 
200 295 1815 232.8 43.0 306 
150 334 2015 219.5 40.6 339 
100 393 2340 211.1 39.0 394 
90 410 H35 209.5 38.7 410 
80 430 2540 206.0 38.1 428 
70 4,5 2670 202.0 37.3 449 
60 480 2810 200.6 37.1 473 
50 513 2995 196.7 36.4 504 

Av. 209.8 ± 10.7 38.8 * 2.0 

•Valuta scaled on the basis of 209.8 kt(TNT). 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 INSTRUMENTATION 

Tht photographic results wer« good despite th« (acts that on« camera (ailed to operate, 
that poor atmospheric condition« existed, and that timing marks were applied at a low rate. 
Timing «ignal relay« and a-c power, houaed in a new and very much cheaper ehelter, worked 
properly, and all 19 recket« fired a« planned. The fan-type grid, used became of the extreme 
■pace limitation« Imposed, proved to be very satisfactory. Compared to the vertical-line grid 
u«ed on pre' 'ous tests, three disadvantages were noted. 

1. More rockets must be fired in order to achieve equivalent space coverage. 
t. Th« rocket battery must b« reasonably compact, which make« the loading operation 

more hasardous. 
3. Th« probability of a trail coinciding with a radial line from the burst is Increased. This 

Is undesirable because the light refracted from such a trail cannot be readily detected. 
A« a result, it i« recommended that the fan grid be uaed only if nece««ary. 

8.2 DATA ANALYSIS 

The u«e of IBM equipment deceased th« time required to fit an analytical expression to 
the measured arrival-time data by SJ per cent. Identical results were obtained using both the 
new and the old methods; thus complete confidence can b« placed in all the results, old and new 
alike. The average deviation of the data points from the fitted curve was l«ss than 1 per rent 
in distance or time. 

5.3 RESULTS 

Arrival-time data were obtained throughout the first 0.7 sec, during which time the shock 
wave traveled out to approximately 3210 ft Based on these data the following results were ob- 
tained for King Shot: 

1. The yield of 541 * 30 kt(RC) determined from the comparison of King results with 
Tumbler composite, free-air pressure results Is In good agreement with the value of SSO t 50 
ktiRC) given by Ogle and L aland.1 On this basis the range over which the scaling laws for free 
air can be used is exlendi-1 to 550 kt(RC). 

1. The TNT blast efficiency of King was of the same order as thkt u the Tumbler average, 
38 S and 43 ' per cent, respectively, in the pressure range at 20Ü to 50 pel.  It is interesting to 
note that, as the kilotonnage Increases, the TNT efficiency apparently decreases slightly icee 
reference 2 for comparison). 
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S   In the fireball region 

R* 8302.3t',M       RSSOOft (5.1) 

P a H',a 

whereas In the free-air region 

t «0.00141 |R-J     ÜJM^riTÖTi tfRj-0.6236       900 ft * R * 3250 ft     (5.2) 

where R la the radial distance from weapon zero In feet, t la the time In seconds, and P la the 
peak shock overpressure In pounds per square Inch. 

5.4   THERMAL EFFECTS 

The precursor wave detected by the pressure-time gauges of Project 6.1 over the island 
of Runtt could not be observed In the Project 6.13 films because the view of the Island 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 because of Insufficient time and man 
power. In the event of a similar test In the future, every effort should be made to assure an 
unobstructed view of GZ. 

The films did not show a precursor wave over the water, although the view was unob. 
•tructed. This confirms the records produced by the gauges placed over the water by Project 
6.1. These records showed that the shock wave had a fast rise time and decayed in the manner 
ejected (aee Ivy Project 6.1 report, WT-602) 

No additional conclusive Information was obtained to explain the deviation of Greenhouse 
free-air pressure-distance results from the Tumbler composite. There is only one thought 
concerning this problem wherein the King Shot results might indicate a solution. On the br.sls 
of relative energy Incident at the ground, Greenhouse Easy was more than twice as effective as 
King; yet » precursor wave, believed to be formed as the result of the existence of a thermal 
layer,'"' was observed on King Shot, «t Is thus possible to conceive that the atmospheric heat- 
ing associated with a thermal layer on Greenhov.se was so intense that the shock wave in free 
air traveled much faster than it would In an unheated atmosphere. Since temperature meas- 
urements observed just prior to the burst on Greenhouse were used to compute 'he some ve- 
locity (which Is useo In the pressure calculations, Eq   1.5}, It is also conceivable that the 
values used were significantly low. This would explain the high pressures obtained at Green- 
house as compared with those from Tumbler, at least in part. The proximity of the ground and 
other arguments proposed in references 2 to 4 may also have contributed. 
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APPENDIX 

THE METHOD OF REDUCING THE DATA 

By T. 8. Wilton 

A.l    NATURE OF THE DATA 

Tht experimental data consist tn a large number of pairs of position and tloo« measure - 
nsnts obtained irom a high-speed motion-plcturs film of the shock wave from an »'.plosion. 
The problem Involved In reducing the data It basically that of finding a mathematical function 
which effectively correlates these observed values of position and time, so that the velocity of 
the shock front can be determined from the derivative of tho function. 

Some method of fitting the data which is based on the principle of la» it squares seeme 
appropriate because the measurement« are not exact but contain presumably random errors 
from many sources. The shock wave itself may not be propagated with perfect regularity 
because of the slight tnhomogenelty of the atmosphere, and aslds from this there are numerous 
errors introduced by the measuring equipment (for example, fluctuations in the syeed of the 
cat«ra motor and uncertainty in the location of the »hock front due to the optical resolution 
of the lens system or the grain site of the film). 

Prior to the completion of the analysis, It could not be ascertained whether the dispersion 
of the data was primarily the result of srrors In the position or the time; so attempts were 
made to fit the observations both ways. In order to keep the analysts simple and minimize the 
amount of computation, polynomials in ths time and in the distance were first tried and then 
later the ratio of two simple polynomials. However, these were generally unsatisfactory be- 
cause they would fit only llml'sd stretches of data. The Junction points between successive 
curves wers not smooth and showed very abrupt changes tn slope. 

The entire range of observations could have been approximated io any desired degree by 
introducing many more arbitrary parameters; but In such a cs*e the approximating function 
would have too much "flexibility,'' and Its derivative could oscillate wildly throughout the range 
of data points, leading to meaningless rssults. 

A.J    THEORETICAL BA3U TOR THE ANALYSIS 

The limited succese achieved with arbitrary polynomials Indicated that a theoretical ban* 
for selecting an approximating function should be sought. It seemed desirable to find a form of 
functl ri which corresponds a* nearly as possible with the actual physical behavior of an ex- 
plosion and also one In which the arbitrary parameters represent degrees of freedom having 
phyelca: counterparts.  The reliability of the fit could then be checked not only by obaervlng the 
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trend of the residuals but also by comparing the a posteriori values of the gramster« with 
reasonable a priori estimates of them. 

A simplified approach to th« problem Is to treat the air surrounding the blast as a homo- 
geneous medium of Infinite extent obeying the equation of state of a perfect gas. To idealize 
the problem further, it is assumed that all th« energy Is suddenly released at a point within 
the medi-i.i (aa heat energy available for performing work on the air but none being radiated). 
Then an au.-jipt is made to deduce from the theoretical equations of gae dynamics the law 
which describes the motion of the shock wave and the manner in which It depend» on the five 
parameters Involved; namely, the original density, temperature, and specific hea* ratio of 
the air and the total energy and tim« of Inception of the blast. 

A search of the literature revealed several noteworthy articles dealing with this problem. 
The basic theory was first developed In 1941 by Taylor,1 th« end result being 

til 

t-c-(f)"   R«» (A.l) 

i-a-»(¥) »'■' 
where R ■ radivs of th« shock front 

U » velocity of the shock front 
t • time of arr' tl of th« shock at R 
c » time at which th« blast began 
C - total energy Instantaneously released 
K * a parameter depending on th« specific heat ratio 
p • original density of th« air 

The only additional assumption Implicit In Taylor's solution Is the strong shock condition, 
I.e., that the Ranklne-Rugonlot relations assume their asymptotic forms corresponding to an 
Infinite pressure ratio across th« shock front. This assumption Is correct as long as the Mach 
number of the shock Is quit« large, but It is clearly wrong In the limit as R Increases indefi- 
nitely; for according to Eq. A.1 th« velocity of the shock will ultimately drop to zero (rather 
than approach the velocity of sound, as It must). Taylor's formula Is correct for large radii 
only when the temperature of the medium into which the shock expands is at absolute zero, so 
that both the pressure and the velocity of sound can be aero outside while the density remains 
finite. 

Some progrees toward removing this shortcoming in Taylor's solution has recently be«n 
made by Newton,' who modifies tome of the flow assumptions to allow for the required be- 
havior at both large and small raoii.  Newton shows that his equations do not violate any physi- 
cal principles, but he le unable to obtain a complete solution because of the great complexity 
of the equations.   However, he do«s find limiting solutions for both small and large radii.  The 
result at R approaches tero 'greet with that given by Taylor, while for large radii he linde 
that the velocity of the shock wave exceeds that of a sound wave by an amount which (»lit off 
as 1/R11.' 

* This decay Uw for the excess velocity of sphtrlcal shock waves is somewhat at variance 
with the results of Brinkiey and Kirkwood* and Whitham.4 They obtain the formula 1   R [log 

R R,)]**, «her« ft, it some tuiuble constant.  However, in each case thur conclutiont «re 
arrived at on the assumption that at sufficiently grtat distances the shock wave becomes tub- 
ttti.aally an acoustic wave ami that the flow acrott iht thock front can then be considered 
isentropic.   By contrast, Newton utet the exact Ranktne-Hu*;onlot relations, and the change in 
er.irup). although teemin/ly negligible, may be :he crux of the matter. 
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Newton's result Immediately suggests a simple typ« of algebraic function wNch might be 
used to appro: Tiite the velocity of the shock for all radii, namely, 

ST '•'fiii i <*•»> 
where a is the velocity of an acoustic wave in the region ahead of the shock and o is a seal« 
parameter which depends on the Initial density and temperature of the air and the amount of 
energy released. If this relation la assumed to be 

b' -O.ie^, (A.*) Kpa 

then Iq. A.S can be written 

„..♦•iageiü (A.5) 

and, if a Is neglected, this reduces to Eq. A.2. Thus Taylor's forn uia for the velocity has 
merely been augmented by the amount a to account for the finite -eloclty of propagation of the 
wave as R approaches Infinity, and this Is compatible with his solution as R approaches sero 
since In that case the second term on the right side of Eq. A.5 becomes Indefinitely Urge and 
the added contribution of the first term is then insignificant. 

If reasonable agreement with a set of experimental data can be obtained by adjusting the 
parameters a and b in Eq. A.S, thla quasi •theoretical formula can be substantiated. In order 
to carry out an actual fit, it is necessary to determine the mathematical relation between time 
and distance which thle formula Implies. The time of arrival of the shock at the point R ie 

■!"*■ 

t-c*J     -dR (A.S) 

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

t - c + 

is obtained. For convenience in evaluating the integral, Eq. A.7 Is written aa follows: 

where s • (R/b)*"'. Equation A.S may be integrated to give 

R    b  f.- s/T    .        a ♦ 1 ' c ♦ —   I/J arctan : log -J—:—«-; 
i    hi S-s •' -s ♦ 1 

(A. 9) 

The sum of the first two terms on ths right side of Eq. A.9 corresponds to tht time of 
arrival of an acoustic wave at the position R, and the last '.«,■. accounts for the lead Urns of 
a sphertcel shock wave ever an acoustic wave. It la interesting to not* that the integral oc- 
curring In Eq   A 9 has »n asymptotic value of 2 4184 wh«n the upper limit of lr.ttjration 
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approachee ti.finity. This can be Interpreted by saying that a spherical »hock wave will over- 
take ar arouattc wave which previoualy emanated from the same point In »pace, provided that 
the latter did not have a head atari exceeding 2.4184 (b/1) time unltt.* 

Each of 'he parameters In Eq   A.9 ha« a phytlcai Interpretation, and this should facilitate 
the comparison of titled data obtained from different tests.  The quantity c Is simply the time 
intercept, a Is the asymptotic value of the velocity, and b Is proportional to the physical di- 
mensions of the blaat, which vary as the cube root of the energy releasM. The well-know-i 
scaling laws for explosive phenomena may be applied to Eqs. A.S and A.9.  For example, the 
Mach number of the shock OJ. a) dependa only on the nondimenslonal r tto (R,-o). and con- 
sequently the trajectory of the shock front will be similar for an exp' >slon of any sits In a 
given medium If the time and distance scalss are both multiplied by .   factor proportional to b. 

Thus It la sttn that the data may be presented in terms of any da tired units of distance 
and time.  The time valu«s may also contain an additive constant, 1 •., tero clock time need 
not correspond to the start of the blast.  However, the radial distances must be referred to 
the true center of the explosion, although they may be scaled by an arbitrary factor. 

AS    COMPUTATIONAL PROCEDURE 

In this section Is given an outline of a procedure for determining the valuta of the param- 
eters '« the approximating function by the method of least squares. Although In principle the 
process of fitting a given set of data could be carried out by manual computation, it would be 
very laborious and time consuming; so It «111 be presumed that the routines described in the 
following are to be programed for automatic digital computing machines, 

Let the symbol f ■ f[a,b,c,R] stand for the mathematical function which approximates 
the measured time t[R], the quantities in brackets Indicating the functional relations Involved. 
For convenience, Eq. A.7 Is rewritten as 

h 
f - c* (»-»)- (A.10) 

where 

This permits the calculation to be carried out In terms of nondlmenalonal qv.ai.t:i «s x and y. 
To elmpllfy the analysis, It is assumed that tr.e values of R are given exactly u.d thai all the 
values of t have been corrupted by stalls.leal errors of uniform dispersion.  T!    validity of 
this aeaumptlon can be checked by a careful Inspection of the final resulta of the computation. 
The residual error associated with the ah data point is defined as 

* By way of contrast, the decay law discussed In the preceding footnote give* a lead um» 
proportional to the factor »Tog (R. R«) which has no limit as R approaches Infinity    This In- 
flratee that a spherical shock wave (regardless of how weak) would «ventuaJly overt».»» any 
acoustic wive regardless of how much earlier It has been emitted, a result contradictory to 
(•ut:.n,„r, er..»». 
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and to make the problem definite It 1« supposed that, in accordance with the theory of proba- 
bility, the "beet" eet of values for the parameter! a, b, and c ha* b*en found when the IHR of 
squares of all the residuals is a minimum. Now the residual equation (Eq. A. 11) Is setn to in- 
volve the parameters 1 'a and c in a linear manrer, but this Is not true of b on account of the 
way In which i and y depend on b. Consequently the usual procedure for obtaining the normal 
equations for determining the best values of the parameters would lead to an Intractable sys- 
tem of nonlinear equations (with no unique solution but an Indefinite number of solutions, among 
which not more than one wou'd be subject to physical interpretation). 

To ivoli this difficulty, the method of "differential corrections"' for iteratlvely improving 
an Initially guessed-at set of values is used. The function f defined by Eq. A. 10 can be expanded 
in a Taylor aeries about the point (a.b.c.Rj). Thus the change induced In f by small changes in 
a, b, and c may be expressed as 

Ai • f ~J Aa ♦ I -) Ab ♦ f - j Ac ♦ higher order terms (A.12) 

Provided that the Initial values are chosen sufficiently close to the desired solution, all terms 
beyond the first order may be neglected, and the residual associated with the »th point becomes 

(fj ♦ Ai,) -1, - (f, — tp ♦ A,Aa ♦ B,Ab ♦ C,Ac (A.IS) 

where A, « (»(|/»a) holdi. g b, c, and R, constant; Bt - (J^/eb) holding a, c, and R, constant; and 
C| ■ (»f,/»c) holding a, b, and a, constant, 

The problem now reduces to finding the corrections which max« the sum of squares of the 
new residuals a minimum. This leads to a system of three simultaneous linear equations In the 
unknowns Aa, Ab, and Ac, namely, 

(IAf)Aa ♦ (ZAjBjJAb ♦ (EA,C,)Ac • EA,(t,-fj) 

(EBiAj)Aa* (lB*)Ab* (EB,C,)Ac - EB,(t,-i\) (A. 14) 

tEC,A,)Aa ♦ (EC^jAb ♦ (EC(
f)AC - £0,(1,-1,) 

The solution of the system (Eq. A.14) gives the first-order corrections to be added to the initial 
values of a, b, and c. The results may be Improved by repeating the process, using the "cor- 
rected" values In place of the original choices, i'jwever, this method will not always converge 
to the desired solution if the initial guesses ar» r, ' accurate enough or If the dispersion of the 
data due to random errors is excessive. 

An appropriate Initial value for a is to use the velocity of sound corresponding to the pre- 
vailing atmoaphertc conditions at the time of the blast. The value of b might be estimated on the 
basis of the equivalent energy of the blast (if this were known) as indicated In Eq. A.«. Alterna- 
tively  the fuantlty 0.16/a'b' can be substituted for Kp/E In Taylor's solution for small R (Eq. 
A.1., Ute result being 

0 18R* (,
-

C,
'"TJT- (A.IS) 

This can also be obtained by dropping the additive constant 1 in Eq. A.3 beiore carrying out the 
Integrstton of 1  U.   For the ilh data point, Eq. A. 15 may be written 

OISR!   H 
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Equation A.IC ran b« used to estimate b provided thtt a pair ol data values R, and t( »re taken 
sufficiently near the origin of the blast that the Mach number of the shock at that point it large 
compared to unity. Obviously this procedure requires estimates of both a and c, whereat the 
procedure based on the equivalent energy of the blast does not require any knowledge of c.  How- 
ever, the origin of the time scale can usually be found from independent measurements. 

Aside from the foregoing, no preliminary value la needed In the case of c since H enters 
the definition of f (Eq. A. 10) In a completely linear manner, and It follows that the solution of 
the system of Eq. A. 14 Is Independent of c. This Is readily seen by examining the expressions 
used for calculating ths values of Aj, Bj, and Cj. Thus, carrying out the partial differentiations 
of f with respect to a, b, and c u Indicated following Eq. A. 13, 

A,--(5)(«t-y,) 

B, 

C,-l 

The required values of the definite Integral y can, of course, be obtained from tables of the 
Inverse tangent and natural logarithmic functions as Indicated In Eq. A.9. However, when the 
computations are to be carried out on an automatic digital computing machine, the entire pro- 
cedure can be greatly expedited by evaluating y from an analytic continued traction, namely, 

,mi  HlP-j IT? 
2s' 

8 + r~i5? <A-18> 
14 3«? 

114 «4? 
17 ♦ — -—- 

»0 ♦ ■ • • 

where s' « a • R 'b. This is a special case (for the 1.5-power Index) of a formula given by Wall.' 
A dosen or so terms of this continued fra:tion are sufficient to determine accurate values of the 
integral for arguments up to s « 1 (I.*., ft r radii not exceeding 4b), at which point the velocity 
o! the shock has dropped to 1.125 times a.  Although it is not ilieiy io occur In practice, a 
greater range for the upper limit could be handled by employing more terms since the continued 
fraction (Eq. A.IS) converges for all positive values of 8. 

A4    CONCLUSION 

The results obtained by fitting several sets of d*U to a formula of the type described Indi- 
cate that £q   A 9 is a f«-d approximation to the trajectory of the shock from a strung explosion. 
The residuals lor some of the most tellable data show s c\*per»'on of about 2 msec in the time 
rr.nurement* over the entire ra-ige of data.   However, they are not completely rarviom but ex- 
hibit a number of positive and negative groupings.   The p«nod of this fluctuation does not aprrar 
to change ».th increasing radius but remains practically constant, which suggests that the oscil- 
lation is not Inherent In the blast phenomenon but results Instead from a deficiency In the melh. 



od of measuring the time (for example, variation! In camera speed). There It alio tome evi- 
dence that, U this periodic oscillation could be taken out of the time dau, the remali Ing disper- 
sion could be attributed to random errors of about 2 ft In the location of the shock front deter- 
mined from each frame of film. 

From a study of the data available at this time, it seems best to ascribe the Inherent er- 
rors to the time measurements, and this leads to the simplest method of treatment. If It should 
ever prove desirable to assums that the times are given accurately arid that errors are present 
In the positions only with a uriform dispersion, It would still be possible to employ the proce- 
dure descried here. All that Is necessary is to multiply each term In the residual equation 
(Eq. A. 13) by a weighting factor proportional to the velocity, as given by Eq. A.3, so that, in 
forming the coefficients of the normal equation (Eq. A. 14), the square of this factor would enter 
each product. This should be do»« with caution, however, since it will give very large weights 
to data near the beginning of the range. It is also clear that the approximate value of b must be 
known in advance In order to determine such a weighting factor, namely, 1 ♦ (b .Hi).1 ' 

Finally, It was observed that the value obtained for a was quite sensitive to fluctuations In the 
data near the end of the record of observations. This is to be expected, of course, since s rep- 
resents the asymptote of the velocity. An unusually large deviation near the end of the record 
or a gradual change In the speed of the camera would exert an exaggerated Influent« on the 
value obtained for a. Whenever a set of data encompasses a very limited range of radii, it is 
probably better to assign the velocity of sound permanently to a and to determine only b and c 
from the data. If It should be desired, the values of any of the parameters can be fixed In ad- 
vance and only the remaining ones determined according to ths ieaat-squarss 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 

?1 

05 

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

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

FOR THE DIRECTOR: 

ii.jUL-^-j^r 
\4      , JOSEPHINE B. WOOD 

/ 
y    Chief, Technical Support 
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OPSSI

Defense Special Weapons Agency
6801 Teiegrapn Road

Alexanaria. Virginia 22310-3398

MEMORANDUM FOR DISTRIBUTION

SUBJECT: Declassification Review of Operation IVY Test
Reports

JUN I99T

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-618, WT-627 thru WT-
631, WT-633, WT-635, WT-636, WT-639, WT-641 thru WT-644, WT-646,
and WT-649.

An additional 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 (of any of the reports listed
in the first paragraph above.

:a m. metro,
:hief, Information Security




