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Influsnce of Density and Inert Additives on the
Wave Shape of "Ideal" Explosives

AbstEact

Wave shape-density measurements for “ideal" (D = D#) TNT, pentolite,
and verioue TNT-salt and pentolite-salt mixtures are reported. The
radius of curvature/dismeter (R/d) ratios at a charge length of six dia-
meters vere found to vary almost linearly with denaity. In TNT, however,

a sharp diseontinuity in the density-R/d curve occurred at a density of
1,35, This discontimity was attrituted to particle break~down during
pressing at high densities.

Two additional sevies of R/d vs. charge length L measurements are
reported, one for pure RDX and the other for 4,0-60 RDX-salt. In both
{nstances R/L remained unity up to an L/d of 2.6. Between 2,6 and ‘4. é,

R loveled off in both cases and reached the constant (steady state) value,
romsining constant for higher values of B/d. Thia rosult is in agree-

" yert With previcus cbservations that a steady state condition maintains
for 1/4 values greater than sbout thred. :

R/d measurements were made for various TNT-salt, TNT-glass beads,
RDX~s2lt, RDX~glass beads, snd 50/50 pentolite-salt mixtures. R/d was

" found to decrease linearly with per cent inert for loose-packed TNT in
. 10 om. diameter charges from about 2.1 with gero per cent salt to 1.3
" with 60 per cent salt. In all cther cases no definite trend in the R/d-
" per gent inert surves could be established,. although if correstions for
density were applied, R/d would be found to decrease with inert content
in the cast TNT-salt, TNT-glass baada, and RDX-salt mixturu. In the
pentolite-salt and RDX-glaes bead series, R/d appeared to go through a
. paximum and then dmc*emo with incresasing inert contert. However, er-
ratic resulta, attributed to ‘the combined effects of se¢gregation; slowing
down of the reaction rate, and attenuation of the wave toward the charge
axls due to increased vapori zation of the inert toward the central axis,
nade quantitative evaluations very difficult. The trends which were
jndicated in these latter cases are therefore open to doubt,
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Introdugtion

Technical Report No. Ix(l) under this project described some wave
wave 'éhapo measursnents in five sxplosives all with ideal or hydrodynamic
velocities and in aylindrical charges. From that study it was concluded
that the wave front was remarkably spherical in shape cver alinost the
entire wave front oxcept perhaps at the extreme edge despite the inter-

| esting fact that the radius of curvature at large length/diameter (L/d)
ratios was much smaller than one would obtain for a spherically expanding
wave front., PFuirthermore it was found that R increased only over the first
few charge diameters after which it remained constant. Also the ratio

R/d at L/d ® 3-4 was relatively independent of charge diameter although
there was a =mall increase in R/d in TNT and tetryl between 2.5 and 7.5

cm, diameters, The important observation was made, moreover, that the
wave shape attained the same (steady state) value of R/d irrespective of
the wave shape of the booster. This was clearly demonstrated by the fact
that an initially re-entrant wave inverted completely to tho steady state

N . wWave shape over & charge length of less than six diameters. It was also
noted in initial studies that the wave shape depended critically on charge
density. -

More recent studies of wave shape in non-ideal explosives (T. R. XIV
and IV)(Z_’3 ) showed that even in the non-ideal ex:lusives coarse TNT and
mt._dl, the shape of the wave front remained spherical over practically
the entire wave front, but the R/d ratio for L/d & 6.0 increased with
diameter from about 0.5 at the critical diameter dc to an asymptétic
value about 1,9 for the coarse TNT and about 2.2 for cast 50-50 amatol
above the minimum diameter %* for attainment of the hydrodynamiec velo-
oity D¥, At diameters above d ¥ the R/d ratio apparently still depends
to some extend on the denaity and chemical nature of the explosive since
the R/d - d curve leveled off at s larger diameter than was the case
with the D - d curves. Expe,riméntal measurements of the effeots of doh- |
sity and chemical composition of R/d are therefore definitely needed in
the development of an understanding of the principles determining wave shape.
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The influence of densitiy on the wave shape of some idesl explosives
have now been studied quantitatively. In addition, an the assumption
that a study of the influence of inert additives womld aid in an inter-
pretation of wave shape in non-ideal explosives, several series of com-
positions with varying percentages of inert additives (salt and glass
beads) were studied. Finally two more series of R vs. L measurements
wers made, one with pure gramlar RDX and the other with the gramular

~ 40 per cent RDX-60 per cent salt mixture. The results of these studies
are presented in this report.

Material and Experimental Methods

The explosives used in thie investigation were TNT, RDX, and 50-,50
pentolite. The inert additives were NaCl (20-28 mesh) and glass beads
(20-30 mesh). The most extensively studied explosive was pure TNT, In
the first series, pure TNT was studied at various densities in 5.17 em.
dismeter charges all of L/d approximately six., The lowest density charges
in this series (densities .88 to .98) were vibrator-packed in manila
paper tubes of about 1 mm wall thickness. To insure flat uniform ends
\ for measurement of wave shape, thin glass plates were placed on the ends

of the charges. The higher density charges (densities 1.08 to 1,53)
were pressed in 5.17 om. diameter and 2.6 cm. long wafers. Twelve such
wafers were placed end to end and wrapped in paper with the bare end
f exposed for wave shape measuremerts, Similar pressed pellet oharges
‘were made with 70-30 TNT-salt, 40-60 TNT-salt, pure 50-50 pentolite,
70-30 pentolite (50-50)-salt and 40-60 pentolite (50-50)-salt compowi-
tions, pressing the charges in each case at low, intermediate, and high
densities.

Vibrator-packed charges of 9,9, cm. diamster were made with pure
RDX; 70-30 and 40-60 RDX-glass bead; pure TNT; 85-15, 70-30, 55-45, and
4L0-60 TNT=3alt mixtures; and £80-20, 60~40 TNT-glass bead mixtures. In
all of these charges, thin glass plates were placed on the end of the
charge to provide s smooth, well-defined surface for photographing the
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emerging wave fronts. Finally cast charges of 90-10, 80-20, 70-30,
60-40, and 50-50 TNT-salt in 9.9, om. diameter were made using smooth
: pPlastic on the end of the charge to form a smooth cast surface. These
. plastic plates were removed before firing, thus exposing the bare cast
surface for wave shape meagurements. In all cases, tube ends were cut
on a lathe to insure that the end was exactly perpendicular to the charge
axis. . '
The 5.17 cm. pressed charges were shot with pressed 5.17 em. (d)
x 2,6 em. (L) tetryl boosters having a 1.9 cm. deep axially centered
cap well. The loose-packed charges were point initiated with No., 8 EB
caps axially centered by means of wooden forms. The cast charges were
fired with a.:d.ally centered 2" 2% cast pentolite boosters in which
were formed 1 " deep cap wolll.
The No. & EB caps were fired by means of the discharge (through a
coaxial line) from & one 1f condenser charged to 3500-5000 volts. While

7 00 R R

* . there was a time’ lag of about 5 pses in these caps, it was sufficlently
, reproducible that no difficulty was encountered in synchronisation.
v This is strikingly illustrated in figure 1l which ls a smear photogra[ph‘

of & shot in which four parallel charges of 5.17 (d) x 31.2 (L) om,
pressed TNT (pl = L.45 to 1.53) were fired simultaneously with the camera
focussed on the ends of the charges away from the points of initiation,
‘ The statp.e images were obtained by first opening wide the slit and taking
a lmp photograph (with the mirror at rest). The slit was then set at
" 5 mils and an (over-~exposed) snap shot taken defining the field of view
of the camera cduring detonation. The smear photograph was taken at a
; mirror speed of 700 r.p.s. (writing speed 4470 m/sec).
Wave shapes were measured in all cases by means of the "soresmenr®
streak camera described in T. R. XII(“) , which during this investigation
was modified by installing a new synchroniser similar to that tullt for
the "orooner" but of improved design. The modifications were as follows:
Three ranges were provided for the phantastron delay circuits to give
mich greater flexibility to the instrupent. The unit now also provides

)
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& circuit to test the firing cable for unseen damage. A surplus Dallmeyer
telephoto lens f£:6.3, 36" focal length was also installed to obtain 2-1/2
times greater magnification. A reversible electrically powered drive was
constructed to foous this lens assembly. The camera shutter now has an
auxilliary switch which permits one to open the shutter without activating
the firing unit. There is now no lucite between the emlsion and rotating
mirror as in the former design. Instead the film is held .long the edges
in a close fitting track and the curvature of the filﬁ holds 1t against
the lucite back. In addition the wind from the rotating mirror helps keep
it smooth. A light-tight f1lm container was built in to permit opening
the camera, with only the part of the film used to thread the film track
being exposed. With the controls provided, it is now possible to wind the
film and ast the mirror for static imagee without opening the camera. The
oamers is synchronized at a predetermined time interval by means of the
phantastron delay section; thus location of a trace is made posaible at
any desired position along the film. Q(enerally the camera was operated
at a mirror speed of 600 r.p.s. (3.83 mm/usec before modification, 3.75
ma/pseo after modification), although in some cases speeds of 700 and 400
r.p.s. were used in an effort to obtain optimum definition depending on
the velocity of the explosive and radius of curvature of the wave. To
obtain more accurate results, especially for large R/d ratios in the highe
est velooity explosives, racently a smaller (1-1/2" x 3") mirror was in-
stalled making it possible to increase the mirror speed to about 800 r.p.s.
The camera may now be operated at a writing apeed up to 5 mm/usec in wave
~ shape measurements with explosives of high R/d ratio,

Velooities were measured by means of the "pansy" oscilloscope des-
oribed in T, R, XI 5 , using, in the case of the cast and vibrator-packed
charges, the regular pin assemblies described in T. R, XI. In the pressed
charge, "pins" consisted of ,001" brass foils placed between appropriate
pellets using only a trigger and two time intuwrval "pins",

To reduce the information on the photographs to useful form, the co~
ordinates of various points along the trace were read using a Cambridge
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Universal Measuring Machine. These measured points were then corrected
for magnification, camera writing speed and detonation velooity, and the
data across a diameter of the charge plotted. These plots show the
actual shape of the front of the detonation wave, A best fitting arc of
4 circle was then passed through the experimental points. In this work,
as well as previcus wave shape studies reported in T. R, IX, XIV, and
XV, the only cases where the wave shape data could not be fitted satis= .
faotorily with an are of a circle over all but the edge of the wave was
when the wave was obviously unsymmetrical, due most likely to some non-
uniformity in the charge. At the extreme edge of the wave front the
radius of curvature frequently was observed to fall off, especially in
bare charges.

While the R/d results reported in this study were all obtained by
the graphical method, D. W. Robinson has worked out an analytical pro-
decure for obtalning the best fit of a cirecular arc which éan be readily ad-
apted to IBY caloculations. This method, moreover, increases the acouracy
of deternination of wave shape. It is presented for its interest in
future studies in Appendix I of this report. :

Regulie
Tablea I to VIII present the complete charge, density, and wave

shape data determined in this study for the various mixtures, Velocity
data were determined from the equation

D= DJ.,O + 8 (pl - 1.0) (1)

using the conatants DJ..O and 8 shown in table IX, These data wers taken
from O8SRD 5611(6 for TNT and RDX, and from data computed by the methods
outlined in T. R. X'7) for the explosive-salt mixtures. The veloeities
of the explosive-glass bead mixtures were not computed but wera taken
from exparimental measurements. The data in table IX have all been ocare-
fully ohacked experimantally and found to be in excellent agreement with
the observed velocities, A report showing this comparison and extending
the devilopments outlined in T. R. X will be prepared in the near futurs.
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The R/d vs. density data obtained for 100-0, 70-30, and 40-80 TNT=-
salt mixtures are plotted in figure 2. The limits of error are shown
by means of the horizontal lines through the point designating the aver-
age value of R/d found from several measurements at each density. For
pure TNT the reproducibility was good at densities up to 1.35. Above
this value, however, the reproducibility was less satisfactory. " This is
associated partly with the difficulties in determining R/d accurately at
large vaiues of R, and partly to another factor perhaps associated with
the interesting auddén increase in R/d as the density was increased above
1.35. The sharp break in the R/d vs. density curve at about 1.35 in
denaity seems to be real since the limits of the experimental points do
not overlap. One will note alsoc that the value of R/d for pressed TNT
is considerably greater than that for cast TNT described in T. R. IX at
the same density. This is quite likely a particle size effect which is
not eliminated even in "ideal" explosives. It is npossible also that the
discontimuity in the R/d-density curve at 1.35 in density is a particle
size effect, One requires relatively small pressures to reach a density,
of 1,35 in pressed TNT. However, to obtain higher deneities, the pres-
sing force must be inoreased sharply. It is possible that the individual
grains commence to rupture at the pressures required to go above 1.35 in
density. The 70-30 and ao-éb TNT-aélt mixt.uru gave R/d ~ P, ocurves
approx.imata:ly parallol to the pure TNT mmro nt low density. The preu:l.ng
force roquircd to a'ctain the liighest denaiticu ahown hers were lower
than that. required to obtain a density of 1.4 with pure TNT. It may
thus be for the reason that the presui,ng mrcd way insufficlient to cause
grain bregk-down that there waa no apptrmb tandonoy for the TNT-aalt.
mixtures at the densities studied to show & r:latuu such as that oburvod
with the pure TNT chargu, alt,hcmgh tod !’ew demitioa were studied to
warrant oconclusione on thia pnint. ' ' :

Figure 3 shows a plot. of R/d vs. per cant ’I'NT for the 9.9, em, dia-
meter vibrator-packed TNT-aslt mixtures. R/d is shown to decrease ap-
proximately linearly with salt oontent. Similar measurements with cast

CONFIDENT IAL
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TNT-salt mixtures, however, gave very erratic wave shape results, The
irreproducibility in this case may be associated with segregation of salt
during cooling of the cast mixture. Segregation of the TNT-salt mixtures
would tend to slow down the wave toward the central axis relative to that
on the periphery of the charge. This effect shows up as an increased
radius of curvature along the central axis. It is believ.ud therefore
that the measured wave shapes in this case at least represent upper
limits of R/d. Assuming this to be the case, it is probable that if
segregation could be prevented, the R/d curve for ¢ast TNT-salt mixtures
would also decrease uniformly with salt content.

Incidentally, it was determined that the 25-75 vibrator-packed TNT-
salt mixture detonated with a 2 x 2" cast pentolite booster, but failed
with a cap., The 10-90 mixture, however, would not progagate. The fact
that one obtains propagation with 75 per cent salt in TNT shows clearly
that the salt acts primarily as an inert. Otherwise, the cooling _effect
of reacting salt would quench the detonation at a much lower percert age
of salt. , ' _

With glass beads of neurly the same particle size as salt s there
. was -apparently no change of R/d with per cent inert in the TNT-glass beads
serie,a'.. However, if a correction wers made for density, the effect of

. inert would again be found to decrease the R/d ratio, Similar results

_with the RDX~salt mixtures are shown in table VII. However, with the
'vibrator-paokedvRDx-glus beads mixtures, R/d appeared to increase .
sharply with per cent inert, and was still greater in the 40-60 RDX-glass
beads mixture than in pure RDX (table VIII). It was considered that this
offect might also be due to segregation. This explanation was supported
by the fact that in pressed TNT-salt mixtures, the expected decrease in

R/d with per cent inert was cbserved and the further fact that results
with the pressed charges were fairly reproducible. Before accepting this
explanation, however, a series of pressed 50-50 pentolite-salt mixtures
were studied in which segregation was, of course, not possible. The
results are given in table VI and plotted in figure 4. The R/d-density-
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curve for pure 50-50 pentolite appears comparable to that of pure TNT at
low density except that R/d was somewhat larger at a given density. More-
over the results of two check determinations were in good agreements.
Howsver, for the pentolite-salt mixtures results wcre again poorly re-
producible and showed the same trends as with RDX-glass beads. That 1s,
the 30 per cent inert mixture had even less curvature at a given density
than for pure pentolite although the 40-50 mixture showed a lower R/d,
indicating that the R/d- per cent inert ocurve at a given density may
pass through a maximum in this case. However, this conclusion is indefi-
nite since the differences were of the same order of magnitude as the
experimental error. .

- A striking r'osult with the ‘preued pentolite-~salt mixtures was bthe
fact that despite the impossibility for segregation, the waves frequently
were found to be asymmetrical about the charge axis. 1In order that these
effects might be available for careful study, the experimental data that
wers usged to make the wave shape plots in this inveetigatidn are given
in Table Y. It seems quite possible, in view of asymmetrical conditions,
and the poor reproducibility of wave shapes obtained with the various
explosive~inert mixtures, that arratic (apparently wobbling) waves may
be a characteristic of such mixtures. This would explain also the fact
that the reproducibility of velocity determinations invariably decrqasea
with inoreasing inert content in explosives of this character.

‘As in the explosive-salt and glass beads mixtures, one experisnces
the same type difficulties of irreproducibility, wave asymetry and
flattening out of the wave toward the central axis with aluminized ex~
plosives including 20-80 tritonal and 25-75 Al-composit ion B. This
seems olearly to be a segregation effect in aluminized explosives, It
is very difficult to obtain cast charges in these explosives in which no ™
segregation of alumimm occurs,

The variation of R/d with charge length for pure granular RDX and
LO-60 RDX-#8lt mixture is shown in table VII. For pure RDX, R/L was
unity within very close limits for values of L/d up to 2.6, Por L/d
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between 3.0 and 4.5, R continued to increase, but at a rapidly decreasing
rate reaching a constant value of 3,5 d above an L/d of 4.5. In 40-60
RDX-salt mixtures, R/L again remsined at unity up to an L/d of 2.6. Again
R appeared to reach a constant value somewhere between an L/d of 2.6 re-
maining constant for values of L/d of 4.6 and greater. It is evidently
not possible within the limits of experimental error to distinguish between
the different explosives as far as the deteminatj;on of the minimm value
of L/d for attairnmant of the steady state wave cug;vature is concerned.
This is in agreement with results found in studteé of the influence of
charge length on shaped charge results. In those stu&isa optimm ahapdd
charge effect with unconfined charges was also found to be reached at an
L/d between about 2,5 and 4.5. Similar results were obtained with con-
fined charges,

Discussion of Results

Wave shape even in ideal explosives dependa' not only on the chemioal
nature of the explosive but also on its physical state. The influence of
. physical state is strikingly illustrated in a comparison of cast axd,

" preassed TNT. In cast TNT at a density of 1.59 in 7.5 om, diameter.; charges
of L/d = 6, a value of 2.4 for R/d was obtained. However, for the 5.17
om. (d) pressed charges at slightly lower density (1.53), R/d was 4.6.
One obvious difference between the cast and pressed TNT is particle size,
The cast charges of R/d = 2.4 were not "creamed! but were poured oloudy.
The effective particle size and reaction zone length a, in this material
as shown in T. R, XV is greater than in the "creamed" product. The R/d in
& presscd charge should be even less than in the "oreamed" cast charge
especially under the possibility that pressing at high densities reduces
even further the particle size, |

Effects of particle size on R/d for "ideal" explosives can be readily
interpreted on the basis of the detonation head theory. According to this
theory, D/D* should be unity for all values of reaction zone length 8, :
less then wwout d. For values of a, near d, however, only the explosive
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along the central axis of the charge reacts completely within the deto-
nation head. The wave would thus be attemuated toward the periphery cf
the cnarge which should lead to relatively large curvature or small R/d.
For amaller values of a, the periphery attenuation would be less and the
R/d correspondingly greater. A report presenting a theory of wave shape
based on detonation head concepts will be presented in the near future.

R/d appears always to increase with charge density. In pressed TNT
the R/4 vs. Py curve was almost linear, the curve bending slightly to-
ward larger R/d ratios at increased densities. This was true also for
the explosives 70-30 and 40-60 TNT-salt, and 50-50 pentolite. The 70-30
and 40-60 pentolite-salt pressed charges showed a similar trend. Moreover,
the slopes of the R/d vs. p, curves were comparable for all of these ex-
plosives. However, only in the cases of pure TNT, pure penteclite, and
the TNT-salt mixtures are these results considered entirely reliable.

Since "creamed" cast TNT should have an effective particle size only
elightly greater than that of the gramlar TNT from which it was made,
an R/d of about 3.0 is predicted for the "creamed" cast TNT, on the as-
sumption that the break in the R/d-pl curve was & particle break-down
effect. That is, if particle break-down had not occurred, R/d should
contime to increace almost linearly.

The results outained with inert additives leave much to be desired.
"It was hoped by this study to obtain information which would aid in
interpreting wave shape dats for "non-ideal" explosive. That is, the
part of the explosive which has not reacted within the detonation head
might be considered to exert the same effect on wave shape as an inert.
There are three possible factors, however, which might compliocate this
situation and render impossible the use of inert additives for this
purpose, Firstly, segregation of the inert additive which is difficult
to avold tends to distort the wave from its true form due to attemation
of the wave in the region of high concentrations of the inert. Sscondly,
endothermic reaction of the inert if it takes place tends. to wlow dinir-the
rate of reaction of the sxplosive and thus iréréase the reaction rone length
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L and decrease R/d. While the evidence from velocity measurements
seems to show that reaction of NaCl in these explosive is relatively
small if not negligible, since explosives reactions sre surface reactionp ’
it is possible that such inert additives as selt would tend to retard
the reaction somewhat. Thirdly, even if retardation of the explosive
reaction rate by the inert were negligible, one would expect a greater
effective vaporation and resultant cooling effect along the central axis then
toward the periphery of the charge because ¢f the longer effective time
for reaction along this axis than toward the periphery of the charge.
This effect would tend to reduce wave curvature and increase R/d. Low
density TNT is a much lower temperature explosive than pentolite and RDX,
One might thus expect less vaporization of NaCl in the detonation head
for TNT than for pentolite and RDX. Hence, in loose-packed TNT one may
perhaps be ohserving the true dilution effect. The detonation tempera-
tures of cast TNT, pentolite ‘and RDX are enough higher that enough vapora-
. tion of NaCl may take place to cause the effects shown.
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TABLE I: Wave Shape vs, Density Measurements for TNT
in 5.17 em. Diameter Cylindrical Charges
Film No. L Py D R R/d R/d
Length (m/sec) (cm.) (av.)
(cm. )
631 30.0 .878 4,620 8.9 1.7 1.7
632 30.0 .894 4,670 8.7 1.7 *
615 29 .982 4,950 8.9 1.7
616 29 .982 4,950 9.3 1.8 1.9
617 27 .982 4,950 10.4 2.0 *
618 27 .982 4,950 10.1 1.9
604 3l.2 1.078 5,260 10.6 1.9 1.9
605 31.2 1.078 = 5,260 10.5 1.9 *
606 1.2 1.170 5,560 11.4 2.2
608 - 31.2 1.170 5.560 11.5 2.2
756 31.2 1.191 5,630 12.2 2.4
757 .2 1.19] 5,630 11.5 2.2
758 1.2 1.288 5,940 13.4 2.6
761 - 3l.2¢ 1.288 5,940 12.5 2.4
602 - 31.2 1.354 6,150 13.4 2.6
603 31.2 1.354 6,150 14.2 2.7
635 1.2 1.354 6,150 16.7 3.2
759 31.2 1,368 6,200 16.9 - 3.3
760 31.2 1,366 6,190 15.1 2.9
966 31.2 1.376 6,220 17.6 3.4
967 31.2 1.375 6,220 18.0 3.5
969 31.2 1.423 6,360 18,7 3.6
609 31.2 1.440 6,430 19.7 3.8
610 31.2 1.440 6,430 22.2 4.3
984 31.2 1.469 6,520 23.1 b5
985 31.2 1.471 6,530 21.3 4,1
986 31.2 1,533 6,730 2.3 Le3
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TABLE II: Wave Shape-Density Measurements for Pressed
TNT-Salt (20-28 mesh) Mixtures in 5.17 em, Diameter Cylindrical Charges

Film No. L Pl D R R/d R/d
L?ngtl)x (m/sec) (em.) (av.)
cm, _

70 per cent TNT 30 per cent salt

1105  29.2  1.20% 4,690 9.1
1110 29.2 1,207 4,690 8.3

1.8
1 1.7
1106 29.4  1.351 5,230  10.9 2.1 2.0
1107 29.4 1.351 5,230 10.0 1.9 ¢
1108 29.6 1.493 5,760 13.7 2.6
3.2

1109  29.6  1.492 5,760  16.3 2.9

4O per cent TNT 60 per cent salt

1111 29.2 1,361 3,880 4.2 0.8 0.8
1035 29.3  1.508 4,760 6.5 13 .,
111,  29.3  1.508 4,500 6.0 1.2 '
0306 29.4  1.649 5,040 93 L8 4
1122 29.5  L.642  5.110 8.7 1.7 ‘
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TABLE III: Wave Shape Measurements for Vinrztor-Facked

Cylindrical Chergos

TNT and TNT-Salt

Mixtures in 9.94 cm. Disusier

Film No. L N o R R/ */d
Length - (n/sec)  {om.) {gv.}
(em.),
' | 100 per cent INT
Eii 60.85 844 4,670 29.7 2.5
569 60.8 .858 L, 680 21.9 2.2 -
954 59.4 .859 4,560 19.1 1.9 e
353 59.8 .855 L, 540 18.6 1.5
) 85 per cent TNT 15 per cent Sali
664 60.9 .959 4,270 19.3 1.9
766 61.0 943 4,220 16.8 1.7
767 61.0 .929 4,170 17.9 }vg Fas
_ 859 59.5 <949 4,240 0.5 —ed
. 940 60 .939 4,210 20.6 5.1
70 per centj§ﬂ$”’36 per cent Salt
581 60.85 . 1.£10 3,550 18.0 1.8
582 60,9 1.006 3,930 16.8 1.7
589 60,8 .993 3,880 18.9 1.9 1.8
955 60.2 2993 3,880 17.5 1.8
96 50.5 .991 3,880 7.6 1.8
58 msr cerd TNT L5 per cent Salt
703 59,0 1,067 3,440 18.6 L7
705 59.5 +.033 3,33C 3.8 A -
b 40,9 5. 089 3,530 13.9 1.k el
o8 50,6 i.11 3,630 3.7 A

L0 per cent THT &0 per cert 8ol
&G .85 140 11,7 L
SRS - v 244 WLdoe ) o
60,85 Ledw7 Tt - 1.3
595 1154 A 1.5

Best Avail_able Copy
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TABLE IV:

ot
L]
i

Wave Shaps Measuremenis

Mixtures in 9.94 cm. Dismeter

Film Ko.

L49

408
451

4,05

403
579

e
AT 4

407
975
976

CONFIDENTIAL

L

Length

(cm.)
90 per
52.5

80 par
56

54.3

per

Py

cent THT
1,549

cent, TNT

1.668
1.673

cent TNT
10672

o
(m/aec)

10 per

6,670

2C ner

6,650
,650

30 per
6,380

40 per
6,173
6,835
6,530
6,550

50 per

5,840
6,260
6,270

g
23 R/2

{em. )

cent Selt (90-28)
253 N3

cent Salt (20-2¢;
0.2 3.0
22.6 2.3

cent Salt 20-28)
5.8 1.6

cent Salt (20-28)
21.7 2.2
19.7 .

2.0
28.5 2.9
25.3 2.6

cent Salt (20-28)
16.7 1.7
25.4 2.6
21.8 2.2

1.6

2.4
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TABLE V: Wave Shape Measurements for Vibrator-Packed
TNT-Glass Bead (20-30 mesh) Charges in 9.94 cm. Diameter Cylindrical Charges

Film No. L Py D R R/d R/d
Length (m/sec) (em.) (av.)
(em.) |
80 per cent TNT 20 per cent Glass Beads
685 59.5 1.055 4300 2.6 2.2 2.2
731 é1.8 997 4,200 21.9 2,2 ’

60 per cent TNT 4O per cent (Glass Beads

732 60.9 1161 3800 240 24,4
733 60.9 1,169 3800 21,0 2.1 .

40 per cent TNT 60 per cent Glass Beads ,
WO 6.0 L343 330 204 21 21
"

CQNFIDENTIAL
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TABLE VI: Wave Shape-Density Measurements for Pressed 50-~50 Pentolite-
Salt (20-28 mesh) Mixtures in 5.17 cm, Diameter Cylindrical Charges

R/d |

Film No. L Py D R
Length (m/sec) (em.)
(em.)
100 per cent pentolite
1019 29.5 1.195 6,080 10.4 2.0
: 1021 29,6 1.341 6,540 6.5 - 3.2
§ 1030a  29.7 1.487 6,990  17.3 3.3
1022 29,7 1.487 6,990 19.3 3.7

P 70 per cent Pentolite 30 per cent Salt (20-28)

. 1024 29.3 1351 5,600 16.3 3.2
| 1025 29,3 1,356 5,600  14.5 2.8
1026 29.4 1,501 6,180 ' 30.7 5.9
1027 29.4 1,503 6,040  21.9 4.2
1028 29.6  1.688 6,790  27.7 5.4
1112 29.6 1,681 6,750  21.8 4.2

; LO per cent Pentolite 60 per cent Salt (20-28)
? o 1168 29,2 1,361 4,380 8.4 1.6
: 1169 29.1 1.3l 4,380 1,1 21
1113 29.2 1,517 4,850  20.3 3.9
‘ 1167 29.2 1,518  4,9%0  13.2 2.6
? 1123 29.4 1703 5,800 153 3.0

‘ CONFIDENTIAL
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TABLE VII: Wave Shape Measurements for Granular (Vibrator-Packed)

and RDX~Salt (20-28 Mesh) Mixtures in 9.94 cm. Diameter Cylindrical Charges
at Various L/d Ratios

Film No, L oy D B /4 R/A R/
Length (m/sec) (cm.) (ave.)
(emi)
455 5.1 1,129 6,540 6.3 51 0.6 6
456 5.0 1,206 4,820 5.7 5 0.6
458 7.7  1.203 6,810 8.5 7 0.9 9
457 10.1 . 1177 6,720 9.3 1.0 09 .
459 10.1  1.253 6,990 9.7 1.0 1.0 .
461 152 1.2 6,910 17.0 1.5 1.7 L
462 15.2  1.230 6,910 16.2 1.5 1.6 .
463 20,3 1.195 6,780 20.2 20 20 5,
464 21.4 1.127 6,540 26.9 21 27 =
465 26 1.175 6,710 26,7 2.6 2.7
W6 255  1.203 6,810 2.7 2.6 25 <6
576 30.4  1.215 6,670  25.6 3.0 2.6
619 30.2 1,169 6,500 24,5 3.0 2.5 o
620 30.4 1.8, 6,560  27.9 3.0 2.8 27
678 30.5 1,203 6,620 26, 3.1 2.7
679 30.4 1,180 6,540 26.5 ‘3.0 2.7
675 42,3 1,264 6,840  29.8 4.2 3.6 3.0
a7 45,6 123, 6,40 3.5 46 3.2
674 45.2 1.220 6,690 38.3 4.5 3.9
475 s8.2  1.168. 6,680  3%. 5.8 3.4
478 5.0 1.2l 6,850  36.7 5.6 3.7 3.5
479 55.L  1.266 7,030  33.5 5.5 3.4 y
592 60.6 1,230 6,720 3.5 6.1 3.5
4O per cent RDX 60 per cent Salt (20-28)

484 2,6 L4 - 4,700 2.4 .26 .2 2

CONFIDENTIAL
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Film No.

L85
486

487

488
489

g0

491

492
493
682

L9k
572

499
621
681

579
580

476
590
593
594
h86
687

473
480
481
626
627
628
688
689

L

Length
(om.)

5.10
5.10

10,2

15.3

B8y

e . - -

- - * - -

Gy INO~ONON 2
2333 &E& 888 B

60,8

58.0
60.2
59.9
60.5
60,2
60.6
60,7

CONFIDENTIAL

1.432 4,700 5.9
1.432 4,700 6.2
1.423 4,600 9.4
1,432 4,700 12.0
1.432 4,700 12.2
1.562 5,280 20.1
1.562 5,280 20.3
1.566 5,300 18.0
1.566 5,300 25.4
1.489 4,990 16.9
1.548 5,220 20,7
1.5 5,120 20.5
1.516 5,070 33.6
1.525 5,110 15.8
1.532 5,140 20,8
1.500 5,000 33.8
1.520 5,090 29.7
1.539 5,180 2.5
1,502 5,010 38,1
1.532 5,040 3.6
1.502 5,010 41.8
1.520 5,090 27.3
1.513° 5,010 27.6

-20-
TABLE VII (eont'd)

D R
f1 (m/sec) (em.)

70 per sent RDX 30 pzr cent Salt

1.33% 5,70  39.7
1.320 5,410  25.4
1.365 5,910  35.8
1.342 5,800  28.4
1.357 5,850  39.2
1,372 5,950 35.9
1.355 5,830  37.1
1.359 5,850  33.3

- -

HERERMHMEMOL OO0 MO OO OO0 wniun OO0

PN PH R
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PORCONCsw PP W\ NN

*

R/d

o OO
* » *

BUNDIBI OF KHOPF P+ 20m OO0 BN © oo

-

WWWL DWW
WIONO0OWwW OO O

R/d

(ave.)

94

1.2

2.0
2.0

2.1

2.4

3.2

3.3

3.3
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TABLE VIII: Wave Shape Measurements for
Granular (Vibrator-Packed) RDX-Glass Bead Mixtures in 9.9 cm.
Diameter Cylindrical Charges

Film No. L Py D R R/d R/d
L?nsﬂ)i (m/sec) (om.) (av.)
cm.

80 per cent RDX 20 per cent Glass (20-30)

739 60.8  1.340 6,150 bha LS 4.7
Thl 60.9 1.334 6,150 49.0 4.9 ’

4O per cent RDX 60 per cent Glass (20-30)

917 61.0 1.522 5,100  33.3 3.3 3.9
918 61.0 1.506 5,100 43.7 Lok :

. TABLE IX: Detonation Velocity-Density for Explosive-Salt Mixtures
| D=D o+8 (4 -1.0)

\ Explosive . N " Dl.O 8
™r 1.00 5010 3225
0.90 4710 3265
i 0.80 44,05 3330
0.70 4050 3435
] 0.60 3610 3610
& 0.50 3070 3840
50-50 Pentolite 1,00 5480 3100
0.80 4940 3120
0.70 4,600 3190
0.54 3885 3420

0.40 3070 3735
RDX 1,00 5900 3570

0.70 4935 3095
0.40 3300 3535
0.20 1730 4180

. CONFIDENTIAL
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Table X3

Yiw

CONFIDANTIAL

631

mxm
0.00

.27 3.58
2,11 7.16
2,75 10475
3.2, 14.33
3.58 17,91
3,80 21,19
3.81 25,07
3.67 28,66
351 32.2h
3,23 35,82
2,80 39.40
2,15 2,98
1,27 46.57
0.02 49.90

2,18 7,12

2,85 10,68
3.38 14.24
3.71 17.81
3.86 21.37
3.86 24,93

. 3.78 28.49

3.56 32,05
3.18 35.61
2,69 . 39,17
2,00 42,73

1.15 L46.29 -

0.00 149085
61

*x(mm)
1,36 0.00
249 297
3.10 5,15
Le21 10,30
L85 15.44
4,96 20,59
5,01 25,7,

CONFIDENTIAL

-2

y =distance along time axis)

L.81

L,29 36,04
342 118
2.36 46,33
1.58 4891
0.45 51.48
0.00 52,18

616
0.00 - 0.00
.20 2.57
1.96 5.18

3.14 10,30

3.73 15.4k
17 20,59
35 25,74
37 30.89
99 36,04
45
51
90

11,18
- 46,33

1,50
211
3.1
3457
3.98
40?7
3.99
3.70
3.15
1.91
1,19
0.00

615 cont 618 cont
L.81 0.8 .56 0.00

2,60

5420
10.40
15459
20.79
25499
31.19
36.39
41,58
46,78
49.38

51,80

CaR ]

0.21
1.32
2,11
2.62
3.27

60? cont ,

2, 48.40
0.58 51,86
0.00 52,13

.:". [ ] *
BZREBSIE

=

©

L ]

0

0

90HPNNUU

3.01 34.23
2,83 37.65
1.98 4he50

1,28 47.92
0,09 51.35

Sty

000  0.00
0.96 3,00
1,53 6,00
2.44 12,00
298 18.00

Detailed Wave Shape Data (x =distance across diameter,

z% cont.

3. Lo

2.16 27.00
3.12 30,00
2.88 36,00
2028 lo2.00
1,81 45.00
1.21 48.00
0.47 $51.00
0,25 51.48

001«9 0.00
1.04 3,00
1,68 6.00
2,5 12,00
3,04, 18.00
3.19 24.00
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N
5
->
B

6 cont, 66 cont . ‘
Ez‘.‘ao‘g—“‘é'zm. . o'.iw_—?z.u

2,36 446
2.59 18.07
2,8, 21,68
2,97 25.30
3.21 28,91
3.15 32,53

3.07 36.14 .

3.02 39.75
2,91 43.37
2,38 46,98
1,63 50,60
1,16 52,01

~23=

0,96
1.25
1.4
177

- L]
O M oD D~ B\D o~
O‘OQPOO\I—'O\TS\O

OO0 PN
NP

-
BREVRBRNGE

- - L - *

el Rl Rk SESEoR ol ol o N e

k89

7434
12.24
14,68
19,58
22,02
26.92
29.36
3426
36.71
41.60
bles05
46419
48494
50.87

-3
" o~
i3]

0268 ooﬁtg

0,56 Lh201

0,27 L6.46 .
0.00 48,90’

0.00 0,00
0.35 2.45
0.68 L.89
0.90 K703h
1,36 12.23
1,60 /19,56
1.74/ 22.01

o4y

o

od o
mpx

E?E

1)*&\::&)23

- a & & & o o - -

DN OO
uHoummgmHHuH
N
W
\n
-

E?ERJP~J‘¢)()?J!J

Oobdi  L.08B

610 cont.
0,69 12.25
1.34 16.33
1056 20."1
1.56 24,49
1.49 28.57
1.41 32,66
1,33 36.74
1.01 40.82
0,81 44,90
0,32 L48.98

0.25
0.00 49.39

T )

0.00  0.00
0.38 2.66
0-68 5031
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86 cont ,
1,05 10.62
1,36 15.93
1.54 21.24
1,58 26456
1.5, 31.87
1.39 37.8
1,05 - 42.49
0.57 47.80
000 51,20

«80 0.00
16 2,66
34 5,31
1,66 10.62
1.87 15.93
1.87 21.24
1.73 26,56
1.54 31.87
1.25 37,18
0.98 L42.49
0,53 47.80

0,00 51,68

1105
y(mm) x(mm)
000 0.00
O.4ly 2,03
0.89 4.06
1.78 8.12
2.59 12,18
2.97 16.24
3.21 20,30
3.39 2,.36
3.32 28,42
3.10 32.48
2.7 36454
2424 LO.60
1.81 42.63
1‘-’45 M¢66
094 46.69
O'Bh Lno72

1110
y(mm) % {mm
0.33 0.00

CONFIDENTIAL

1110 cont
I.2E 2.02
1.76 4,03
2.89 8,06
3.60 12,09
3.88 16,12
4,10 20.15
4,23 24.18
L.06 28,21
3.79 32.24
3.25 36.27
2.66 40,30
1.76 44,33
1,18 46,35
0,56 48,36
0.00 50,38

1106
y(mm) x{mm)

.70 0.00
1,26 2,04
L.07
Ohé 8015
03 12,22
16,30
20,37
2l oLk
28,52
32.59
36,67
4O 7h
Ldy o 81
L46.85
48,89
50.56

P = |

L]

3
IO N

QORFMNMDLWWLWWLWWN
ShoknhbEn
\n
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1107 oont,
2. 07
2,28 ,40.08
1.50 L44.09
1,05 46.09

67 48.10

.00 50,10

1108
y(m) x(mm)
0.00 0.00
0.38 2,02

0,80 4.04

1,38 8.08
1.8, 12.11
2,17 16,15
.32 20,19
24423
26,27
32,30
36431
40,38

SEEEISENE

O OFFH=EMDMN

1=}

'
]
g

N OY
Se88H
N
L)

2

2,64 497
40O 9,94
5,15 14.90
5.38 17.39
5.67 19.87
81 22.36
69 24.84
68 27.32
48 29.81
97 34.78
92 39.74
b6 bheT1
o70 47,20
0.46 49.68
0.00 50.62

1 cond
1.86. .
3,38 8,10
Lol 12.15
3,16 16420
5‘70 20.25
6.08 24L.30
6,12 28.35
5.77 32.40
5.12 36445
4.37 40.50
3.2 Lhe5S
2.46 46,58
1.87 48,60
0.99 50,63
0.51 51.70

i

0.00 0.00

2621 41,06

1,71 43447
1.29 45489
0.79 48.30
0.59 49.51

O

0.00 0,00
0.47 1459
0.79 3.8
1.80 6436
2,16 9.55
2,79 12.73
3.31 15.91
3.5 19.09
3.50 22.27
3.42 25,46
3,31 28,64
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1122 cont »

1,82
35.00
38.18
41,37
h2.96
L4455
L6,
L7.73

;68

mm) X{mm
0.00
Sk 6,17
62 12,34
18,51
24,68
30,86
37.03
43.20
19,37
55,54
61071
67.88
7405
80,22
86,39
92.56
98.73

e

0.00 0.00
231 6.7
3.52 12.34
L.55 18,51
5.2L 24.68
5.85 30,86
6.28 37.03
6,49 43,20
6,57 49.37
6,57 55,54
- 6,26 61,7
5.99 67.88
5.60 74.05
5.06 80,22
Lebl, 86,39
3.40 92,56
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569 cont.
1,71 98,73

0,84 101,45

el

1,26 0.00
2,31  2.85
3.4 5,69
Lk 11.38
17.08
22,77
28,46
34,15
39.81,
L5454
51.23
56,92
62.61
68,30
74,00
79.69
85.38
91,07
93,92
96.76

k65

3 :J\QCBSB\"#PEJBD?‘CD
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SokSLSR8E

o

|

L d

N

L

WE O ONON-Q3~3
LR~ OoON 0\\»@!0\08
\>n
o
-
[ 55}
=~

N wnn

O H D P \n O ON-3 33

~25.

174 94,09

T Y

0.00 0,00
1.73  4.05
2,93 &.10
L7L 16,20
2¢77 24430
6.65 32,40
40,50
48,60
56,70
64,,80

»
‘“‘”““"C’:>“°€32333

VR 0Ww

81,00
89.10
93.16
97.21
99.88

66
yme; x{rmm)
0.00 0.00
2,13  5.59
3.73 .11.17
5.82 22,35
7.11 33,52

39.11
L4.70
50,28
55,87
61,46
72,63
83.61
89,39
94.98
98,11

45 0,00
51 5.59
04 11,17
10

72,90

767 cont,
7.67 27.94

960 qonts

1
8,32 39,11 7.00 49.46
8.34 44,70 6,96 54,96
8.27 50.28 6,87 60.46
7.97 55.87 6,56 68,70
7.06 67,0 5.97 76.94
6.40 72,63 5.28 82,44
456 83.81 4.36 87.94
3.43 89.39 3.73 .90.68
2.10 94.98 3,07 93.43
0.40 100,57 2.21 96,18
0.00 101.85 1,63 97.83
959 81
y(mm) x{mm) i(mmi x(mm)
0.65 0,00 0.00 0.00
l.84 2,8 1,87 6,43
2,75 5.77 3,81 12,86
3.88 11.54 4.95 19,30
Lo71 17,30 6,05 25,73
5.49 23,07 6,87 32.16
6.03 28,84 7.37 38,59
6,48 40,38 7.48 64.32
6,51 46,14 6,53 77.18
6451 51.91 4.52 90,05
632 57,68 2,82 9648
5491 63.45 2.05 99,50
e ‘o 8
[} e 2
3,82 80,75 y(mm§ x{mn)
3'00 86052 0039 0.00
2,11 89,40 2.07 6.29
0.39 95.17 5.66 25,16
0.00 96,33 6.45 31.45
, , 6.84 37.7
;60 7.19 50,32
yimm,) x{mm 7.19 56.61
0.00 0.00 6,81 62,90
0.99 2.75 5.22 75,48
1,70 5.50 L.22 81.77
3.19 10.99 2.97 88,06
Le25 16,49 1.17 94.35
5,01 21.98 0.00 97,50
5.89 30.23
6.54 38.47
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?55’6%5 R

1.59 6.33
3.11 12,67
4,07 19,0C
L87 25.33
5.52 31.67
6.02 138,00
6425 4433
6.25 K0.66
6.2¢ 57,00
5,90 63.33
5,38 69,66
4,60 76,00
3.69 82.33
2,20 88,66

yzmmg'xgmms
0,20 * 0.00

2,68 5,68
4,10
5¢34
6.28

L]

17.05
22,73
28.&1
34409
39.77
45446

' 56,82
62,50
68,18
73,87
79.55
85,23
90,91
93.75
96,59
99.21

6
§.0¢ 0.0,
1,75 2,42
2.73  5.63

- e = ,. .0 o
IVBIZBBR

w3 -1~3-1-3-3-1-2
-
W =\

O MW
* % [
NI E B

SE

3.96 11,27
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11.36

51,14

01 22,54 9.94 52.21
6.64 28,17 9.81 56,71
7.18 33.80 Z.gg gg.gi
751 39.44 . .
7.72 45,07  6.86 79.21
7.74 50,71 5.57 83,71
7.63 56,34 4,06 88,21
7.39 61,97 2,25 92.71
6.95 67,61 0.05 97.21
g'gg 33'33 %06
Lol 84.51 y(mm) x(mm
2.95 90,14 0.00 0,00
2.02 92.9 P ¥ Y Y |
1l.15 95.1 3.69 8,97

6.16 17.94
. 0 7.62 26,91
y(mm§ x(rm) 8.64 35,88
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8.515» 6.23 0.99 40.24 2.115 24,16 3.21 L5.65 g8.93 13.73
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3.88
3.88
3445
2.75
1.48
0.64
0.00

0.00
6.M
12.88
25476
38.63
51.51
64439
77026
90.15
96459
100,06

628
y(mm) x(mm)

051
1.59
2.28
3.11
3.59
3,61
3.16
2.47
1.88
1,27
0,37
0.00

0.00

6,40
12,80
25,59
38.39
51.18
63.98
R3,17
89,57
95.97
99,04

688
y?mmi'xlmmf

0,56
1.34
1.89
2.63
3.20
3465

’3!90

1,02
394

3.78.

3.4l
2.88
2.2
1.23
0.00

0.00

3.87

774
15.47
23,21
30.95
38,69
L46.42
54416
61.90
69.63
77.37
85.11
92,84
9927

1%% cont.g
y{mmg xzmm5 1,

0.00
0.76
lod
243
3.21
3.79
4e20
Leld
4,37
k.26
3485
3439
2,81

1,92 92,84
1.21 96.71

0.00
3.87
TeTh
1547
23,21
30.95
38.69
46,42
54,16

69.63
737

0. hl 100,35

O

0,00 0,00
1,22 8,67
1.86
2,35
2,59
2.91
2.94
2,91
2.7
2.51
1.82
0.45

26,02
43.37

60,71
69.38
78,08
86.73
95440

mn) X({mm
0.39 0,00
1,06 436
173 8.72
2,36 17,44
2.75 26,15
2.99 34.87
3,08 4359
3405 52431
2.8, 61.03
2.5, 69,7k
2,15 78,46
1.59 87.18

R e

61,90

85.11

17.35 -
34.69
52,04

0.63 95.90
0,00 99.82

RO

2,90 0.00
3edh 404
4,05 8,08
L8 16,16
2le24
32.32
4O+40
48.48
56456
19 6liebl
82 72.72
02 80.80
13 88,88

96.96
9991

. y(mmjmganmnj

0.00 0,00
0.80 4.04
1.20 . 8008
1.99 16,16
253 2424
2,92 32.32
3022 l}ool&O
3eh5 LBAS
3.55 52.52
3.49 56456
340 64,64
3.22 72,72
2,92 80.80
2,40 88.88
2,01 92.92
145 96,96
0.87 99.95




by

ToTTEIRg
Ut ede) €3 8 *od Y3 L[snosurqmmig Joyg cedawyy LIl w2l X 4T Possexy amoy

T Sy

worial

r

L

4

C'\J. A



i - N
Yi\\ .
&

Fes-INL uﬁu INL S0 saAXn) A3ysus(-ednieain) Jo supsy ¢ m.nh
(wa)y

goSyey) TESTIPUITL) JejsweTd "W LI°¢ UF

03

TVLINRIINGO

H

3G %OO -LNL BOF
2‘0“!‘.—. %0L

N4

% 00!

®
1C]

¥

ALISN3A

—21
1¢s

141

VI IRACTINOD




TVIINRITINGD
.ogﬁog&gﬂ W %6°6 Ut :

z.aenm FIeS-IAL peNORI-I09RIqTA JOF nﬁa INL Wed Jod-edeyg eaeM ¢ 813
il ._. %

001 - 62 08 g2
T T N ‘ m_n

{%3) o

o= : TVLINGITANGD




g AR

81

‘W LT°¢ UT SeJuIXTH FTEE-9IF[OWSd 00 I°F Lqysueq - p/d Y B

ALISN3Q" | ‘
ol . " D 21 o't
I . LI LN ] .‘m | — r o
] | ot
17VS-3L7TCIN3d 09/0% @ -
17vS—341704N3d 0€/0L © °
| 34N0LN3d 06/0S 38nd O
-102
d
-ogc =
- -ov
—108
_ 0s

TVIINSTIINGD




CONFIDENTTAL

APPENDIX I
Best lj"it to a Circular Arc

In the following paragraphs is given a method of obtaining a best
fit to a circular arc of a set of points given in a cartesian coordinate
system. The scheme is best adapted to the use of IBM or desk calculators.
Suggestions are given to aimpliry calculations of a particular problem,
and an illustration is :l.nclnded to indicate the procedure of application.

Consider an arbitrary plane cartesian coordinate system, with n
points denoted by (xi, yi). Let

(x - h)? + (y - k) = R? .. (1)

be the equation of a circle of radius R and cemter (h, k). Consider
also - Y| |

.’vi)

[ ' X

the sum of the squared differences of the squared radius of the circle

‘and each distance squared from each point to the center of the cirolo.
That is '

bnf (g - 0% ey - 0% - ) (2)

Differences of squared distances are considered tco simplify the normal
equations obtained by minimizing expression (2).

Differentiating & partially with respect to h, k, and R, respectivaly,
and simplifying the equations obtained by equating each expression to zero ’
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B ((x - )2 « (v, - K2 -k % =0
2 ((xy - w2 gy -0 -8y, =0 (3)
f((xi-h>2+(yi-k)2-az) -0

whers it is assumed that R ¥ 0, Or,

F, =8l ¢ alh+ﬁh2+a1k+alk2+agli2
Fz-a%-tagla+agh2+agk+ugk2+agnz‘ “F)
pang;'+3h+53h +agk+agk2+;gli2 . " :

where Fl’ Fz, and F3 are respectively the three expressione of (3), and

- (:% + X, 71)/’: é - fz(xl vyt yi)/gyi a’?-; -z ("1 + yi)/n

SREE EGEN SRl R noo 4 -2z
© =10 & = 1.0 ” | ag “1.0 (5)
el L ’1/f 1 - -2 71/‘ B gt-Zym
a3 = 1.0 ag-lo 8 = 1.0

o = - 10 a5 = - 1.0 10

The coefficients of each equation are divided respectively by I :i,
f Ty and n to ainpliry the solution of these eqations,

These equations of (4) are non-linear in the unknowns h, k, and R.
A method of solution by successive solution of a system of linear equa-
tions is easily given by the use of Taylor's expansion of Fl’ Fz, and
F3 around an assumed set of values for the unknowns. Let h, k, and R be
the values satisfying the equations, and °h, ok, and °R 2 set of assumed
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values, Then if
h = °h +nt k=% + X' R=%+R .
and : ¢ (6)
™ . 30 op2 _ b 5 op3 o o
Fi i+2¢.1 h Ff a1+2_51°x 1 12&1 R
.' neglecting second order terms and higher,
°F1h' °I" k' + °F5 R' = -°F
1 1l
° 0nd 0p3 I
"]z',h + Pk 4 R R - =°F, | ™
°Fynt - °F§ k' .+ °F3 R! = -°F,
Solving the aystem (7 for h!, k', and R', ‘these corrections can be appliod

to the assumed values by uae of (6) to give another set of approximations.
The scheme is repeated until a satiaractory set of parameters is obtained.
s | Simple geometric considerations give the following first appro:d.nntiona
, '~ to the desired parameters, providing that the set of points reascnably lie
. . on & oiroulu' arc, and that the coordimate system s auch that the chord
oonnacting ‘the two end po:l!ita is a.pproximately parallel to s 88y, the x-
axis. !

+ X ~2 =2
oh - Lz_ﬁ OR - L_i_L . °k - yn—on ‘“'(8.){

where yn;' is the maximum oidinato, and

- - - p L +"
hfiTﬁ . k-ym_‘—l—z—-n

The data for the following 11lustration were taken from film no. 420.
Computation was done on a desk caloulator. A value 6!. 27.182 -om, was ob-
tained as the value of the radius of curvature. A previous graphical
solution gave a value of 2,.57 cm., which indicates an error of nearly
10 per cent.
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Using the above suggestion to obtain a first appreoximstiom to the
parameters, & second guess was made after substituting these values in the |
equations. The first iteration then gave the corrsct parameter values to
four significant figures. A standard deviation computed from the value
of the radius was found to be 0.0173 om,

Illuastration No. 420

x (em,) y (om.)

0.000 0.0066

0.630 C o.2u8

1.260 . 0.3238

1.890 - 0.4229

2.520 | 0.5303.

3.150 0.5046

3,780 0.6905

410 0.7219

5,040 © 0.7517

‘ " 6.300 0.7814

- 6,930 - 0.7764

. 7.560 0.7566

8.190 0.7302

. 8.820 0.6938

. 9.450 | 0.6377

10,080 0.5369

10.710 C 0.42b

11.340 0,297

11,970 0.1635

12,600 0.0000

: ns=21 :
Zx, %1323 zf = 11,39.1 Zx) = 10,961.98
Iy, = 10.847 - 2y} = 6.9u097 7 = 471978

Ix7, = 68.2863 £y, = 0.51595 Zx,¥e = 43.7363

11005,716 ~2278,2 132,3 -136,573 132.3 =132,.3
520,685 ~136,.573 10.847  =-13.8819 10.847 =10.847
11A600h "264-6 21-0 "210691" 2100 "23.00
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83.188
48,003
54.573
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-17.219
"12 . 591
-1.2,600

6.3

6.3

~4i,619
0.009
0.000

~4.619
0.009
0,000

~0,108856

42

1.0
1.0
1.0

39.69

39.69

~48,6323
-48,8798
-48,6330

10, 528751
=48 97559

~2.592853

‘1 . 0323
-1.2798
-1.0330

-21.06

-23.8

"14»9. 2
~49.2
~49.2

1.0
1.0
1.0

443.52

2.7
2.25
l.42

566,41
-0.247
=0,109
-Oa 7A8

"'lno
-1.0
-1.0

Lh7.42

605.16

10.651656 0.053474
1.006560  0.002235
-0.247968  2,5981

2.578175

75

(21.85)

(2.6)

i
i

I

6191 38328 26,393 696.590  7.bMk  (27.178)

"‘14'0 8370

~0,2090
~0.2180

_l" . 8.370
~0,2090
~0,2180

0.000065

-53.8183  -54.3560
-54.0658 54,3560
-53.8190  =54.3560
11.126380  11.237543
=-51.740387 1.005159
-51.393449  ~0.247629
-0.002163 0.004062

=0.1047
-0,1039
=0. 1044

0.021645
0.001920
0.004062
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=43
6.191065  38.329  -26.39516 696,704  738.864  (27.18206)

"otm?v
-0.00083
-0,00078 .
{
h = 6.191 k = ~26,395 R = 27.182 i
R? - 738,864
G -0 Cm - w2 (x - ) 2 ((x, - n;2+
7 -0 (5 -0DY2 G -0 Gy -0
. ' 5
\:X“
738,513 27.176 ~0.351 -0.006
739,006 27.185 0.142 0.003
738,209 27.170 -0,655 ~0,012
, ‘ 737.698 27.161 -1,166 ~0,021
738,226 27.171 -0.638 -0.011
. 739.432 27.192 0.568 0,010
' , 738.498 27.175 - =0.366 0,007
738.828 27.181 -0,03 ' «0,001
738,831 27,182 =0.033 0,000
739,083 27,186 0.219 0,004
739.772 27.199 0,908 0,017,
740,715 27.216 1.851 0,034
741,388 27.229 be524 0.047
7%40.451 27.211 1.587 0.029
739,712 27.198 0.848 0.006"
738.996 27.185 0,132 0.003
738,750 27.180 ~0.114 -0,002
737.77L 27.162 -~1,093 0,020

. 8.4, = (z.af/zl)l/z = 0,0173
4,d. 18 the standard deviation taken from R = 27,182,
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Film No. 420, for the above illustration, shows the wave shape of
an amatol charge. This film is not included in any of the studies of the
body of this report. Even though the graphical and the analytical methods
give radii of ocurvature which differ by ten per cent, the valuable conclu-
sion can be drawn that standard deviation of only 0.0173 om, for an R =
27.182 om, indicates that an are of a circle can reasonably be used to fit
the wave shape. |

Two curves from this report were alao checked by the above method.
They were No. 984 and No. 987 found in Table I. By the graphical method,
R's of 23.1 em, and 24,8 cm, were respectively obtained. By the analytical
- method, correspording R's of 2.3 om. and 2.6 were obtained. The differ-
ence is five per cent for No. 984 and less than one pér cent for ﬁo. 987.
These results indicate that the graphioal method yleld values that are
aatiarlctozy for wave shapo.
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