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a Preface

The work described in this report is pertinent to
the project designated by the Navy Department Liaison
Officer as O0OD=03. The r=sport constitutes a progress

- report under Contract OZMsr-569 with the Woods Hole

Oceanographic Institution.

The empirical analysis of shock=-wave reflection

phenomena reported here represents satisfactorily the

; nature of the blast waves from air or groundburst
charges for conditions thus far investigated experi-

mentally. A simpl=s procedure is vresented for the pre-

diction of shock configurations and of optimum heights

of burst for peak pressure and for positive impulse

under conditions for which no experimental data are

available. This work should constitutz a significant

contribution toward the efficient use of the enhanced

blast effect of air-burst bombs under appropriate cir-

cumstances.

=L

E. B. Wilson, Jr.
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f © THE EFFECT OF ATR BURST ON THE BLAST FROM BOMES AND SMALL CHARGES
II. Analysis of Exﬁéfimental Results

&

Abstract

- The experimental study of the effect of air burst carried out at
the Underwater Explosives Research laboratory has been reported in
Part I .of .the progress report of this title (OSRD=L2L6) as well as in
other papers (see.list of references at the .end of this report).

- In the present report, an empirical method of analyzing and ex-
. tending these data has been developed by expressing the data in terms
" of the angular variables of the theory of oblique, regular reflection.

~ In the first section of this report, the geometry of the Mach re-
: flection phenomenon has been studied with particular reference to the
path followed by the triple point (see Table-I). An‘empirical curve
was drawn [Fig. 8(a)] froem which it is possible.to express the height
of the triple point as a function of the horizontal distance from the
charge for any charge height and for any charge weight [Fig. 9(a)l« A
study of the time interval at many gauge positions between the inci-
dent and reflected shocks gave.the necessary information for drawing
this curve. ' Hiph=speed motion pictures of shocks from 500-1b GP
bombs in which the Mach . configuration could be seen (Fig, 11) were

also used.

.. in.the second section the pressure data are analyzed in a.simi-
lar mamner, and predictions are made as to the pressure distribution
‘with charge ‘height at gauge positions not studied experimentally.

In the third section the relation is studied between the charge
~ height to: maximize the pressure or impulse at a given gauge, and the
charge height that causes the triple point. to vass through that gauge
position. From this correlation and by use of the results of the
first section, the optimum charge height for pressure or impulse can
be predicted. ~ ‘ g =

~ I. GEOMETRY OF THE REFLECTION PHENOMENON

1. Geometry of reflection of plane, step shocks

Von Neumanné- has shown that the réflectich of.a.plane, step shock wave
from a rigid surface is "regular' for sufficiently small angles of incidence

oo, This regular reflection system c0nsists of two shocks, the incident and

= ‘ |
é/ This and all subsequent references are to the List of References
at the end of this report.
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reflected shocks (I and R, Figs 1(a)]. For an incident shock of given

strength £, there is an & ;4. Such that for o > o ORI regular

reflection phenomenon is no longer possible, and must be replaced by some

more complex systen.

A system that is hydrodymamically possible for the case o >0l 4.\ g
is the Mach shock system [Fig. 1(2)], which is nonstationary and composed
of three shocks and a density dlscontlnu:i.ty (s11p stream), __-3-/ That such
a shock system exists has been demonstrated photographlcally (see, for ex-
ample, Ref. ). Here the reflected shock lS not formed at the reflecting
surface but at the t:Lp of a high—pressure region call'ed the l&ach reglon,
the front of which is called the “stem.‘ The intersection M (tr:Lple point)
of the incident shock, reflected shock, and slip stream moves away from the
"reflectlng surfaoe follow:.ng a stralght-llne path F / as the phenomenon
grows.' In th:Ls shock system, the rei‘lected shock R is no longer straight,

“nor is 11-, a step shock as is the case 1n regular reflectlon.

2 Geometry of reflectlon of s herical decaylng sh

ocks

S That the: same types of reflect:r_on occur in the case of a decaying
spherical shock has likewise been demonstrated photographlcally (see Sec.l
of present report and .Ref: 5). In Figs 1(b'),‘the cases of regular and
Mach reflectlon for spherical :an:Ldent shocks are drawn, and the notation
to be used in this report is indicated. It should be mentioned that in
Flg. 1(b) the stem is drawn as vertlcal It was drawn 1n th:Ls mannper be-
_+ cause calculatn.ons based on- th:Ls conflguratlon are carried out in the sec-
“ond sectlon of thls report.' In actuality, the stem should. be ahead of the
spherical 1n01dent shock extended through the Mach region.. A; tabulation

of all notation used in this report is given in Table I, (For experimental

arrangement amd: data analyzed in this report, see Refs. 1 and 24)

3. Study of reflection times. for calculation of height of stem-

" Tn order %0 1nterpret the results cbtalned in the detonatlon of the
three series of ‘small bare charges (2-1b, 12-1b, and hO-lb_ TNT) and the
three bomb series (500-1b, 1000-1b, and 2000-1b GP TNT and Composition B

~ bombs) reported in Ref. 1 plus a recent series of L. 15-1b bare charges

CONFIDENTEIAL
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Table T. Summary of notation used.

Notation Meaning

g Charge helght, reduced to baels of 1 lb INT (see Ref. 1 and
" UEC. 3) -

& Gauge height, reduced to basis of 1 lb.TNT‘

I Incident shock front.

'R Reflected shock front. .

Stem Shock front of Mach region (Ma.ch sﬁock).

S S1lip stream. |

M Iriple point, intersection of 1, R, o, and stem.

0-0 Locus of I

D Horizontal coordinate measured from charge, reduced to basis

of -1 lb-TNT;

LDO Horlzontal cnordinate of point at which M would leave ground
if Nech.reflection'began at o= u’xtrem s reduced to basis
of 1 6. LN,

N4 Vertlcal coordinate measured from ground, reduced to basis
2 e (N B 9
4

Rafleotion
time
Pp

Fy

U

Alrllne distance from the charge to any given p01nt, reduced
to ba81s of T Ib TNT,

Ratio of absnlute pressure befrare incident shock to that be-
hind.

Angle between horizontal and tangent to incident shock at
point »f reflection.

Angle between horizontal ani tangent at the greund to in-

cident shock extended through the lach region («; =« when

o < o
extreme)

Angle of incidence % at D==Dq, y=0 (function.of he only).
Angle between horizontal and chord from (D,s,0) to(D,y).

Angle between horizontal and tangent tn» {-¢ at any point on

-1 .

Time interval between arrival of incident and reflected
shnocks at the gauge, reduced to'bauis 3% 1 4B TN .

Peak pressure of incident shock for gauge outside of Mach
" region (double-peak record, Fig. 8, p. 19, Ref. 1).

inimum nressure before second peak m double-peak record,

- Peak pressure of reflzscted or second shoack on double-peak

record.

Pressure of 1n01dent shock at timz reflected shock arrives
at gauge.

C ONFIDE
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Table T. [Concluded. ]

Notation ' ' M@aning

Pr PR-PA+'Pi=?preSsure rise in second shock plﬁs pressure of

incident shoeck-.at time reflected shnock arrives at gauge.

(This corresponds t0 the pressure behind the reflected shock
~ for comparison with the theory for step shncks.’)

R ﬂj ' Dlstance*along chord of reflected shock from M to polnt on
& reflected shock Wthh hlts the gauge, reduced t» basis of
i 3B Blm,. e
PM Peak pressure of Mach shock measured by gauge within Mach re-

gion (single-peak recnrd).

PF Pressure that would have been recorded by gauge within lach
region if there had been no reflection (free-air pressure,
taken from smonthed pressure-distance curve).

T Anparent linear time-decay constant [==(Pp;-EA)/Reflec£ion
time], 2 function of both Py, and reflection time (reduced
to basis »f 1-1b TNT).

e e e s

ol p— Sl T I T— e et e e e i

in which gauges were used at very small heights abovs the ground,2/ the -
pressure~time records were studicd with a view tno obtalm_nrr information

concerning the geometryeof the Mach phenomcnon. Tnﬁl"reflectlon.tlme 't t
the tims 1nterval between arrival of the incident and.reflgcted shocks at X

the geﬂge, was measured on.the'records_obtained from the scven series ard
was scaled down tn the basis »f 1- 1lb' TNT by dividing by the cube root of
the charge weight (cf. Sec. III, Refe. 1). No account was taken of the case
offoct of the bombs (Scc. VII,‘Ref. ol All linear distances were also
scaled by the weight factor. In the'rest of this report, thorefore, all
data will feferlto a charge welight of 1 1b TNT, and t9 change to\any charge
welight T 1t is only necessary tn multiply linear distances and times by

'Wl/s, o take int> account case'effect on pressure of a bomb, an additional

factor can be epplled 00 the-‘-l/3 factor.

From:these'data, plots*were made 5f reflection time versus gauge "
height at a series »f small ranges of charge heightj.and-of refleotlon time
versus'charge height at a series:o»f small rangee of gauge height for ﬁhe
two horizontal charge~to-gauge distances, D= 10.L ft aqd D= 15,9 f£. Some

jata were also obtained far a horizontal charge—to—gauge distance D= 39.8 ft

CUNFITDENTIA L
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(Figs, 2 through-5). In Fig. |} are plotted the data from the recent series
of h 15-1b bare . charges in which the. gauges were. placed at points very near
the ground at a reduced horizontal distance of ~15,9 ft. 2/ Note that the
gauge-height scales are in inches for Figs. h(E), h(g);-and L(d). Both
types of curves were extrapolated to zero. reflection time in a manner to
glve a consistent family as well as to fit the experimental points plotted.
The curve of Fig. L(a) [data from the high, or ""monitor" gauge} was extrap-

olated in a manmner £o be consistent w1th the famlly'of curves of = B(a)

The gaage helvht correepondlng to a charge height that just produces a zero

reflection time gives the vertical coordlnata y of the triple polnt g@
for that charge height at the given value of D. Irom these data plots of -
stem height y versus charge hPlPht h at D=10.4 ft and at D==15.9 ft were

dravn [Figs. 6(&) and 6(b)].

An additional point can be calculated for each of the curves of Figs.
6(a) and 6(b). That is, the values of charge height. which give values of £
and & such thet o= oy on. 2t y=0 and D=10.L £t and 15.9 ft, were cal-
culated, and indicated on the curves of Figs, 6(1) and 6(b), rGSpectlvely,

as the theoretical limits of regular reflaction.

The theoretical horizontal limit of regular reflection, Dy, Was cal-
culated for several values »f charge helight, and is plotted against charge
haight in Fig. 7. Also included on this curve at integral values of charge
height are the values Of"oxtreme as defined in Taeble I. The calculation
of D, was carried out by use of a pressure-distance law, P==3.25(15,9/r)1'5
whare E.(lb/in?) is the pecak pressurc at a distance zﬁ(ft) from a 1-1b TNT
ch&rge,g/rénd by use of the curves of Polachek and Seegaré/ which giﬁé
dﬁxtreme as a Tunction Of.i} the ratio of absolute pressurc beforc the in-

cldent shock to that bcohind. In using thesc curves, the assumption is made

that a decaying sphoricol shock being reflected from a rigid surface under-

goes transition to lach reflection under the same conditions of overpres-—

surc and angle of incidcnce as a planc step shock cncountering a "cornsr.™

It is scen from Fig, 6 that cven for charge heights somewhat less
than that corresponding to Dy ®=D for sach of the two curves, the hecight of

th: stem is zeoro. It is felt vhare 18 littla ouéstion that thess cCurves

b

s B B LRI T LD




R ——

CONFIDENTIAL 'l

are drawﬁ correctly. at the lower values »f stem height, at least forD =15.9

ft, because of the large amount nf data obtained at very low gauge helghts

for -that horizontal distance. These curves indicate that the iach phenom-

enon does not set in for a spherical shock until some pbini”beyondtmextréme.

This result is in qualitative agreemsnt with that sbtained in the Princeton
8/

shock tube.—

"By krowing Do as a function »f charge hclght (Fjg- 7) and'by'u31ng the
cuers of FPig. 6, ¢ (see list of deflnltlonsg Tablﬁ I) can be calculated for
D=10.l ft and B =15.,9 ft for various values ~f char rge helght{ The v alue_of
oo (1ist of "definitions, Table:I)”w&S‘célduiatéd f0r theéﬁ Charge-heights and.

these two valucs nf Qﬁ A tobulation was 2lso mo de Of ol for theS“,.

nxtrum;
values of charge height (Fig. 7). In-thls way & serlos of Pvrrospondlng

values of é} o, and o wns obtained. A plot ves then mede of ﬁ Versus

extrcm
S B dmama [Fig.,ﬁ(:) - It moy be noted from this plot thot there is no
significant systgmatic difference between the valuas Of”élcalﬂula cd from
values of y at D=10.4 ft and thosc realeulatad from valuds:of y it D=15,9
£, In splte of the fact thot, this is noab-eonclusive proof that the 4 ver-

SuS o - oL curve is 1nd sperdent of the velus of° D from which 1t wo.s

2xXtrame
computced, tho assumntion we.s made that this 1s true,-Qince 1t .was then pos-
sibls to compuu L’ F th locus 2f the triple.point-il, for voarlous values
nf hc.' Addltlonhl JuStlIlCLtIOH for thls assumpblon 18 prescnted in Figs.

B(E),'9( ) 9(0), 10, u;q 11, Wthh,uP“ d“scussud bel .

From Flg 8(z2), the locus of H’in.turms-of the lineor conrdinotes:y
ond D can be computed for .o serics of chorge helghts as follows. ‘A serics
of cor;equndLng valucs of % ond- o=yt ps 18 pickaed from the curve of
Fig.. B(S)QH,Thcn,_fOr o given ehorge haight, ha valueSCiZD and d;xtrﬁmb
are obtained from Fig. .7. ..With those data the countions,

tn.ﬁ.I'l CXJ = X U 9 <1)
!.lc ot
y = (D - D,) tan 7, ' (2)

1

can bz solvad for the valucs of D and y fﬁr thi° gories of pIyints. - 1his

gives the lacus of M for th\ given }“rg h:lght - The results of these. col=-

culations for scv.rol int- opal volucs of chargs hoight cre plotied in Fig.

——r
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i, Comparison of results with other sources »f data

i e

In order to compare the results of this calculation procedure with the
experimental date obtained at the Princeton University Station, on a study of
2-1b TNT blackS,Z/ the foregoing procedure wos carried »ut for values of
h,=2.91, L.31, 5.6, 7.56, and 9.35 ft. These results are plotted in Fig.
9(b) together with the Princeton curves for these volues of h,. The Princeton
experimental pnints 7btained by an extrapolation »f reflection time data simi-
lar to those used here are included. It mey be noted in Fig. 9(9) that the
agreement between the tw»n sets of curves is in mast cases as gond 2ver the
whole range »f D for which Princeton has experimental pnints as it is ct
D=10.4 ft and D=15.9 ft, the two values »f D for which ~xtensive data are
repdrted here. This fact is felt t» be smme Jjustification for the assumption

thot the explicit dependence »f 4 an D is very slight.

The points for the smhoth curve »f Fig, 10, height »f stem versus charge
height at D= 39.8 ft, were "btained from the fomily »f curves »f Fig.*9(§)'by
reading the »rdimtes y ot D=39.8 ft for the voeriocus values of ch:rge height.
Included in Fig. 10 are four experimental pnints dbtainedkfrﬁm extrapnlatiin
)f reflectinon time date (Fig. 5). It moy be seen thot the agreement between
these p72ints and the smo>thed curve is very gnod, thus showing that the.vél—
ucs »f y at 39.8 ft as predicted by the data 2t 10.4 ft and 15.9 ft agree very
well with those actwlly -btoined. A theoretical point from Fige 7 is als»

included on this figure,

S0om> ;dditional Jjustification for the assumptiosn that the ﬁ Vorsus

ol=— oL
cxtreme

was obtained from high-speced motion picture photographs (~ 2500 fromes/scc)

curve 1s independent of the value of D at which it was calculated

of the lMach configurationm. These photegraphs were taken by .. #. Curtis dur-
ing & recent scrics »f blast measurcments on 500-1b GP bombs detonated at o
reduced chorge height of 0.4 ft.la/ The triplce point could be obscrved for

a fow fromes at 2 roduced valuc of D of about 3.6 ft. Typical frames in which
thz triple point could be sbscrved orc reproduced in Fige 11.- In the fol-
lowing skctch is éhmm the liach configuration os it is scen in the photo-

graphs of Fig, 11,

Valuegs of a1 -
cs f E{. nd ot % xtrome

determined positions of the triplc point, and these date are plotted in

were colculatod for these photographically

{ €2
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Fig. 8(b). The smonthed curve from Fig. 8(a) is als»o included in Fig. 8(b).
1y 18 écen thatJthe;photOgraphically detcrmined, data fall: on a rcasonable
extansiqﬁ_nf the cﬁrvg detormined from reflection time data. " However, since
in th: limit h =0, D, =0, Egs.(1) and (2).deg:naratciint0 tan o= -cnt 7,
which holds for any point (D,y), thc procision of this curve (é;varsus
u?fubxtremo).fqr precdicting a triple-paoint path is not grecat for low valucs
°f h,. Becausc of this fact, the scatter of cxporimental data.in Fig. 8(b)

1s grecatly comprcsscd.

To show more clearly, however, that the photographic data dn satisfy

the empirical curve relating g and w- o £-1{ locus was calcul-

extreme? UH°
ated for a reduced charge height of 0.4 ft by use of Fig 8(b) with its ex-

tension through the‘photographic data. ‘This‘:locus is:plotted in Fig. 9(3)
together with the curves for h, =2, 3, and L ft taken from Fig. 9(a) for
comparison. Also included axe curves calculated from Figs. 8(5) and'B(E) |
ror k= 1.0 and 145 €%, " The eXperimental photographic points as measured
are also included, and the scatter »f these points from the calculated

curve 1s seen tn be small. ? | : .

-1t is felt, then, that to vithin the reliability of the exiéting data
the assumption made in draving the locus £- 2 »f the triple po2int for var- .

1ous charge heights is wlid as a vmrking approximation..
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TT. PRESSURT RESULTS IN TTRMS OF THZ GEOMRTRY
OF THZ REFLECTION PHZNOMZINON

5. Definition of variables used

The geometry of the réflection.phenqmenon.discussed in the preceding |
section is used as a basis for the study »f the pressure data 7btained in the
four bare-charge series and the three bomb series reported by'UERL.lig/r Again

the data are reduced t- the basis of 1 1b »f TilT.

Twn types of pressure-time records are encountered depending on the rela-
tive gauge, charge, and ground positions. If the gauge is above the triple-
point height for the given charge height, twn shocks will strike the gauge
in succession, the incident shock E;and the reflected shock R. The initial
peak pressura, minimum.pressure before second peak, and second or reflected
peak pressure are defined as PP’ Ph} and PR’ resnectively (corresponding to
P, 4, and R in Fig, 8 of Ref. 1). Since the reflected shack has traveled
farther than the incident shnck on arrival at the gauge and because of the
time decay -of the pressure behind the incident shnock at the gauge before ar-
rival of the reflccted shock, it is convenient t7 define the followlng quan-
tities for the pressures of the incident and rceflected shocks in the reflec-
tion system. Thec pressurz »f the incident shock is taken as the peak pres-
sure of the incident shock at the timec the reflcected shock arrives at the
gouge. This pressurc P; 1s obtained from PP by using rcflection time data
(Figs. 2 through 5), a volocity—pressﬁro recletinn for. shoack waves in air,z/
and a pressurc=distance exponent n=1.5 in the expression P=Ar™™, The pres-

sure of the reflected shock 1is defincd as Pr==PR-EA+ﬁ3i.

- For gouges b010W'th3'triplg point, onc shock is nbszrved on the pressure-
time records. This peak pressure is defined as PN’ corresponding to the pres-
sure of the Ilach shock »r stem. The free=air pressure that would have been
recorded at such 2 -gauge in the absence »f the ground 1s defined,&siBF. This
value was nbtained from the pressure-distance law for 1 1lb of TNT,E/

f
?==3.25(15.9/r)1", This -low holds very well over the range of pressures
studied.

The quantities necessary ¢ compute ol 25 defined in IFifg. 1(9) for rec-

ords from gauges above the triple point were "btained from Fig. 9(a) by
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drawing an arc centered at the charge (that is, centered on the axis of or- .

dimetes at height hC) with a radiustequalito the distance from charge t2

cauge plus the distance traveled by the incident shock in the reflectinon

time. The intersectinn nf this arc with the proper ecurve 2i the famiiy f &
Fig, 9(2) defines the point »f reflectinn Il of the shock system-at the
timeﬂﬁhe pressures 7 the incident and;reflécted shocks cre compared. For
'é:uges;bel@w the triple point, the simplifying assumptinon is made thot the
Nﬁch§£gﬁ.is vertical s» that o is the angle »f incidence with the horizon-
tal at o print directly above the gauge 7“n theltriple-pﬁint paths AS in

the precedin sectiﬁn}tx
P ding ) Textreme

1S defined'as_a‘functiﬂn of charge height.

. Py gauges above the triple poiint RgH}is defined &s the dlstance, at
the time »f comporison of incident and refleccted pressurc, from I t2 the
point on the reflected shock Elat‘which_thg pressure w.s measured. A cor-
responding relative variable (hg-y)/y'is defined for gouges belaw the triple
point, where y is the height »f steme This is taken as zero when hg—-y==0
even.when v i8 zer; and it is-token as =1 1if hg==O, T Dy 9 1E yﬁﬁ*hg;

The variables chiscn then 92 represcent the pressure dota are Pr/Pi,

e & for . geuges cbove the triple pai £ o
X mbxtreze’ “nd RgMﬁ“jr gouges obove the triple point, and Pﬂ/BF’

oL — oL and (hg—-y)/y fr gouges bzlow the tripl: point.

oxtreme’

6. Summary f pressure data in torms »f relotive varicbles

In Figse 12 through 26 the pressure rotios are plotted against the

appropriate distance variables [R;M-forfgauges above the triple point ard

&

.(hg-y)/y for gauges below the triple point] for 15 ranges »f uﬁ'uéxtremel

and in each range a. smooth-curve has been drawn through the points. The
appropriate value nf Pr/Pi or P”/BF for a given value »f the absclssa can
- . i:d : s
be determined for any value nf ot— o -
& e . e, 18 eXtreme
the value read from the curves in two successive: ranges.

by linear interpnlation between

Tncluded on these graphs are data from the four bare-charge series ard

three GP-bnomb series carried nut by UZRL (Refs. 1 and Zj'as yell as date ob-

] ] ] . L 7 — e "5 1 O " L 3
tained at Princeton w1th.hg==0 using -1b TNT - -Engineer ﬁlocks.me/ The value
of PF used for the Princeton data was taken from the pressure-distance curve R

T

reported in Refe 10. .No single—peak bomb records (gauges. beldw triple point)

are included in these fipgures.
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It will be noted in these figures that there is no systematic trend
with D. Although, faor con#enience, the data have not been plotted tn show
: ~ the effect »f charge weight,again no significa.nt systematic trend could be
detected, and in this method »f plotting, the effect »f bomb case'5n the
¢ pressure ratins for records from gauges above the triple point was not appar-

ent. 'Best fitting" curves, smoothed by eye, were drawn through the data.

Figures 12 through 16 cover the range for y=0, that is, regular reflec-
tion range and beginning ach reflection range. In these figures, the very
sharp rise at Rgmf=0 1s to be noted. This indicates thét the high over-
pressure due to2 oblique, regular reflection of shock waves is an extremely
local phenomenon for spherical decaying shocks. Because of this sharp rise,

! | the value Of'Pr/Pi at Rgmf=0, that is, at the triple ?Oint, 1s subject tn
considerable uncertainty. The smooathed curves, however, are felt to extrap-

nlate to the correct value at R_;,=0 to2 within about 10 percent. Ioar

gl
’”Méxtreﬁe in the range 10° to 162 (Fig. 17), the height nf stem is very
small at the values »f D studied so that the values »f (hg—-y)/y from O to
‘ -1 (that is from hg==y't0 hg==0) cover a very small range of yv(0 to << 1 ft).
It was for this reason that the smoothed curve ws drovm as shovm.
Since for very 10w'chérge heights (hc =~ 2 ft), the value of oL-

Xextreme
becomes very lorge (o>> 90°), th: data obtained for these chorge heights

are plotted in a different -fashion. For these high values OftXﬁ'G%Xtremes
(& Ll

the height »f triple point is so great that the lfoch shock has completely
swallowed up" the incidont shock even at small values of D. Thus the de-
pendence of the pressure ratio PM/BF 2)¢! hg is very smalls It was possible,
tharefore, to plot PE/PF Vorsus D from the available data for a serics nf
constant charge heights »f 0, 0.5, 1.0, 1.5, and 2.0 ft without regard to
gouge height. Thesc deta arc plotted in Fige 27. The smoothed curves trerc
dravm in & manncr to fit the data which include results from 2-1b, L-1b,

12=1b, and LO-1lb barc chorges, as well as to give 2 consistent family of
CUuI’'vCSe

: 7« Prediction of pressurc versus charge height curve

1t was feclt that the most dircetly practiccl vmy of comparing thesc

pressure data vith the theory of regular reflection, as well as with the
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results obtained bj'Smlth'Vlth the Prlnceton shock tube, s to plot by the

use of the curves of Figs. 12 through 27 the exmected pressure versus

charge height at & series of values of Q_undrhg.

Necessary for these pressure versus charge height curves are the free-
'air pressures to be expected at o given.distoance from the charge. As dis-
cussed preV1ously, the law P% 3, 25(15 9/r )1 & for 1 1b of TNT holds well
over the range from cbout 1 lb/in? to qbou_t 5 1b/in? However, it wos felt
d851ruole to attempt to predict the pressure distribution for D=7 s

hy =0, 2, and L4 ft. Fnr these curves, some further free-air pressure data
are required. 4 001nt ~t p=5.85 ft, P=21,5 lb/inJ was 2bhtoined in o re-
cent explosive complrisnon series on U1. 7-1b bare ch;rge.11/ The finnl

nressure-distonceg low used, then, is plotted on log-l0g paoar 1n.F1g. Lo

Alsn necessary for sbtoining the volue of P (second peck) for. the
larger values of hg (those thot give & dnuble-peck record I7r & given gouge
.position) ~re dota giving the reflection time os o functiosn »f gouge posi-
tion from o given charge pasition and the time-decly constant ?f a shack

ns o function of neak pressure.

Flgurb 29 is o series nf curves eiving reflection time as & function
of D-19r various volues of chorge height and gauge height. These curves
were drawvn from data at 10. i £ (Fig. 2),15.9 8% (Figs. 3 and i), and
39,8 £t (Fig. 5)« The triple=-point poths [F'igs. 9(:) and 9(3)] predicted
from. the reflection.time datc. at 10.h £+ and 15.9 £t vwigre uwsed to give
the value of D for & given charge height and gouge height ot which the re-
flection time is zern. The curves of Fig. 29 are felt O be, relicble- to
within 10 percent »r less except D’)ss:Lbly for. the lorger va lm,s of h and

h, ot:D <10 ft.

r i

The time-decay constont f +he shock for bore chirges of TNT, defined
Jinecrly in the form t”=(PP-Pﬁ)/Rcfl setion time, was computed. for most Of
tha recards studicd. Figure 30 is o fomily of stroight lines. (An 1ag-1og
papar) cach member »f which ro >lates T with the neak pressurc °f the shoclk
for o smrll ronge of volues of refloction time. The 2X¥ wrimbntil prints

ware, for convemcnee, not included in this figure. However, the average

doviction of 211 measured volucs of £ from Thosc colculated by lineor

.
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int=rpolation among the family of Fig. 30 1is approximately 17 percent. The
data from which Fig. 30 was drawn incluie pressures in the range 1 to 21

1b/in? with the ma jority of the data in the range 1 to 6 1b/in?

By use, then, of Figs. 12 through 26 and Figs. 27 through 30, 1t 18 pos=-
sible tn compute data for curves of pressure versus charge height for various
values of hy, at any valus of D from approximately 7 £t to approximately LO ft.
mxtrapolation of thes actual experimental data. is, of. course, involved in cal-
culations for D < 10 ft. ZIxtrapolation is also involved for hg < 1 T eXospi
for D=15.9 ft.g/- Figures 31 through 35, then, give thz pressure distribution
versus charge height for various valuzs nf gauge height and hnrizontal dis-
tance from charge. Included in these figures are ths incident'MacH'pressures,
Py for the lowar .valucs of hg which give single-ncak records, as well as P
-and Pp, incident and reflected peak pressures, for the highsr values of hg

which give doublz-peak: racords. ..

Also includzd on tha curves for h_=0 in Figs. 31 through 3, ar~ data
reported by Taublg/ computed from th= %haory of rogular reflaction as well as
from the Princeton shock-tubz rasults. Theose data arz bascd on the pressurc-
distance curve plotted in Ref. 10. The Qﬁantity ijﬁlotted in these figures
is the pressurc on a single-pcak record which could mcan onc of two-things:

1. 0

Y

h =0
€ ) 4
- g ) w2

2 g

73X8.mp138 Qf th:ﬁ use ,-)f FigS- "'2 —bhrr)llgh 30 f’)l" 't,h.':) C’DDS‘bI‘L‘LCtiOl’l Of FigS-

31 through 35 arc given in tho following.

Example 1. =- As an -~xamplc of thz calculation of PR and Pp for a double-
pcak record, ths valucs hg==2.0 1, D=2l 6y elia e ® 6.0 Th il b3 taken
(P, 3ls)e From Fig. 29y tac roflcction time is found to be 0.65 mscc.

A valuc of r from charge to gauge f 20,35 £t (calculated from the as-
sum2d valucs of hg, D, and hb) 1sads by Fig. 28 to.a valuc of Pp af 2.28

1b/in? for 1 1b of TNT.

A valu: for c of 1.20 ft/ms2c was takoen as the aveorage velocity of the
incident shock.2/ In the reflsction time 0.65 mscc, thorefore, the incident
shock travclod a distance of 1 . 20%0,65=0.78 £t. Thus the radius of thec 1n-
cidont shock at the timz tho reflcected shock arrived at th: gaug: was

CONFID :NTIAL
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20.35+0,.78=21,13 £t. With thislvalﬁé fgr'the radius of the incident shock,
Fig., 28 gives a value of Pi==2,1hf1b/in§u:x~ 2 g gy B

Next, on Fig. 9(a), describe an arc of radius 21.13 £t centered at
h,=6 ft,. D=0 ft (that is, centered on the axis of ordinates at the helght

6 £t). This are intersects the - ¢ locus for a value of h,=6 ft (the

curve with the number 6 adjacent to it) at a value of y=0.95 ft, D= 20.60.
ft. The value of RgM,*the distance from this latter point to y=2 ft,

D=20 ft (the gauge position), is calculated to be 128 9. DNOwW

-

NRL T - CEe T % R 5
oL tan hc' =y tan g:b—_—m 77-)-1 .
| : i e O o R _ ' A i

Linear interpnlation between Fig. 20 (mn-uéxtreme==280ft0 34, hence
center of range 1is 317) and Fig. 21 (center »f range, 39°) at‘RgM==1.20 ft
leads to a value of P,./P;=1.66. Thaerefore

P =By *Pyw Py ™ 1.66 x P; = 1.66 X 2,1 = 3.55 1b/in®

Thus

D

S - _T:.) — : P
Tl 3.55 = P, 1.41 1b/in?

In order to 2btailn PR a value of P is -necessary. Fnr this a value of 7 of

Tl (1b/in?)/ﬁsec is obtained from Fig. 30 by use of the proper value of
the reflection time (0.65 msec) at the proper value of Pp (2.20 1b/in% ).

Since by definition
¥ = (P, = Py)/Reflection time,
1,01 = (2.2l - P, )/0.65,
P, = 1.58 1b/in?

Thus

Py 1,011 - #1.58 = 2.99 1b/in?

This Vélue nf PR and the value PP==2.2h 1b/in? are the points'pldtted 1in
Fig., 3L for hg="2.0 ft, D=20 ft, armd h, =6 ft.

Eggmple_gf —— As an example of the calculation of PM for a single-
peak record, the values-hg==0.0 fty D=20 ft, h, = 0.0 £t will be taken
(Fig. 3Lh). Here, of course, the;reflectién time‘is'Zerq.

The value of r for these assumed conditions 1s 20,85 f+t and from I'ig.

28 it is found that Pp=2.15 b /305

CONEID BENTLE&L
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On the‘assumption.that the stem is vertical, the point of reflection is
on the ¢~ { locus for h,=6.0 ft at 'a value of D=20.0 ft which by Fig. 9(a)

leads to the value y=0.85 ft.

The angle o is calculated as in Example 1, and is found to be 75.60.
Using the same value 46.2° for ®_ i ireme (the value of h, is the same) as in

=9 O
Example 1, d"c‘extreme 29.44°.

Since h,=0, (hg-y)/j3=-1and in accordance with the defimition of this
variable y O. By interpolating between Figs. 19 and 20 at (hg-y)/y==-1,
the value of P}‘,/PF is found to be 2.223 and PM= 2,22%x2,15=1.78 1b/in?

In cases of single-peak records for which.dm-aéxtreme 1s greater than
about 75° (the limit of Fig. 26), use is made of Fig 27 wherein PM/BF is
plotted against D for values of charge height less than 2 ft. The curves of
Figs. 12 through 26 plus the curves of Fig, 27 (in combination with other

curves of this report) give the data required for calculating peak pressures

for most configurations of hg,, hg, and D.

It must be kept iﬁ.mind that the pressure-distance curve of Fig. 283,
the time-decay constant curves of Fig.t 30, and thus the pressure versus
charge height curves bf Figs., 31 through 35 are valid only for bare charges.
However, an approximate percentage correction for the effect on pressure of

the case of a given bomb could be applied to the scaling factor’W1/3 used in

converting to the net charge weight W.

The curves of Figs. 32, 33, and 35 for hg > 0 are in essential agree-
ment with corresponding curves reported in Refs. 1 and 2. This, of course,
only shows that this method of representing the data has not altered the
origimal data on which it is based. The agreement with the data reported in
Ref. 10 for hg==0 is seen to be satisfactory. Probably the poorest agree-
ment between the predicted pressure versus charge height curves and the data
reported in Ref. 10 calculated from regular reflection theory and the
Princeton shock-tube results based on the free-air pressure-distance curve
reported in hef, 10 is in Fig. 33 for hg==O, D=15 ft. This refzrs to both
the pressure level, when account is taken of the diffcerence between the
free-air pressure-distance curve reported in Ref. 10 and that given in Fig.

28, and to the position of the maximum pressurc. The UERL data are most

e O NELDE-RNT T & L
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parison with independent data is possible for some of the curves calculated
It is felt that until further experimental data are avallable this method ’

of predlctlng pressure distrlbutions is useful

complete at appronmetely this value of D for low gauge heights.— No com-

"It mlght be mentloned that satlsi‘actory comparlsons of some of the data 3

reported here have been made mth recent Brltlsh Work.13 /
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ITI. OPTIMUM CHARGE HEIGHT FOR PEAK PRESSURE AND IMPULSE

A comparison has been made.of the charge height which maximiZes the
pressure Or impulse at a given;gauge height and distancel(a given hg and D)
with that which gives a height of stem equal to hg for the given value -of D.
By use of these comparisons and the curves of Fig. 9(a), a prediction can be
made of the height of charge required to maximize the pressure or. impulse at
a given point 1n.5pace Tt is felt that extrapolatlon of these data to

points 1n.5pace not studled experlmentally can be carried out, at least for

the pressure maxlmum,

8. Optimum charge height for pressure

In Fig. 36(@), the ratio_of the'cherge height to produce a pressure max-
imum.(hc;opt) to that which produces a tripleﬁpoint (hc,y) at the gauge has
been plotted against gauge height. These data are averaged over D. Included
are optimum charge heights taken from the experimental pressure versus charge
height curves published in Refs. 1 and 2, as well as optimum charge heights
taken from the predicted pressure versus charge height curves (Figs. 31
through 35). It will be noted that within the measurement scatter, this

ratlio h ,Opt/h = 0.9 is independent of gauge height.

In Fig. 36(9), the same ratio 1s plotted against D averaged over hg.
The same data are included. No dependence on D can be noted. Thus, 1n order
to find the charge height required to maximize the pressure at a given polnt
in space it is only necessary to find [by interpolation in Fig. 9(3)1 the

charge height which produces a height of stem equal to hg at the given value
of D and multiply this value by O.3.

9. Optimum charge height for impulse

in Fig, 37(3), the ratio of the charge height to produce an impulse
maximum.(hc’opt) to that which produces a triple point (hc,y) at the gauge
has been plotted agalinst L. Here the data have been averaged over’thhg>{L80)
since no trend was detected with gauge height in this range of gauge heights.
However, the scatter is considerably greater than in the case of the pressure

maximum because the T s h,~curves are much flatter than the P,h -curves. The
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optimum charge heights for impulse were taken from the experimental impulse

versus charge height curves published in Ref. 1.

“In Fig. 37(b), the same ratio for impulse for low gauge heights has
:beén plotted.against hg at D"‘”15 9 ft, the onlyvalue of D for which data
were available in this range of gauge helghts.g- In this range, a consid-

efableTﬁrend"with.gauge4heidht can be noted.

It is felt that Fig. 37(a) used in conjunction.wluh.Fig. 9(a) may be
‘:used to predlct Optlmun.charge heights for impulse to within the precision
of the location of the maximum of the impulse versus charge height curves
of Ref. 1, as long as the point at which the impulse 1s to be maximized
; | o has a reduced height from the oround - of . greater. than O. 8 ft - For lower
- .gauge helghts than this, the data of Fig.- 37(b) at D-—15 7 ft eould glve

' an.lndlcatlon of the correction to be-applled to. Flg. 37(a) for qome other

| value of 3.
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