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Measurements have been made to determine the principal
parameters describing the blast waves generated by the Blue Jay and
Red bean continuous-rod warheads. These are compared with similar
measurements using unconfined explosive cherges of the same geometric
configuration and weight as those used in the warheads. From this
data 'equivalent bare charge' weights are computed for the warheads
and graphs presented showing the peak overpressure, positive impulse
and positive duration, as functions of distarce, that are to be
expected for blast waves produced by these warheads.
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s 1+ INTRODUCTION

1.1 A series of trials were carried out during 1958 to test the lethality
of 'second generation warheads' against loaded aircraft structures. During
these trials Red Dean and Blue Jay continous-rod warheads were detonated at
various stand-offs from an inverted B-29 wing which was loaded with weights

to simulate flight stressess The continuous-rod warhead which is designed,
primarily, to be efficient in projecting the continuous-rod, produces a
considerable blast effect and this must be considered when calculating the
lethality envelope for a particular target. The parameters (peak pressure

and positive impulse) describing the air blast potentialities of these
warheads are thus of interest to the warhead designer and in damage assessment
studies.

At the request of the Royal Aircraft Establishment a team from A.R.D.E.
Xe1 Branch participated in the firing trials of the C.R. warheads and made
measurements of the blast produced by the warheads. It was requested that the
resultant data should be presented in the form of an ‘'equivalent bare charge'
weight for each warhead i.es that weight of unconfined explosive which, over a
range of distances, will give the same values of peak pressure and positive
impulse to those observed from the warhead. This assumed that a unique value
could be assigned to this parameter. This assumption is not strictly accurate
but, as will be shown, the variations are sufficiently small that this
approximation can be made for all practical purposese. Due to the peculiar
geometry of the HesE. charge it was considered advisable to conduct certain
supporting experimentse. These entailed firing unconfined explosive charges of
the same shape and weight as the H4E« charge of the warheads and measuring the
blast produced by these charges,

From the results obtained 'equivalent bare charge' weights have been
calculated. It is shown that no unique value can be ascribed to this parameter
for the warheads considered. Theequivalent bare charge weight varies with the
distance from the warhead and on the criterion used which may be based on peak
pressure or positive impulse levels. However, for the particular warheads under
consideration here, it is found that the value varies slowly with distance and
values based on either a criterion of peak pressure or positive impulsé agree
within experimental error. Hence, over the range of distances considered, an
average ‘'equivalent bare charge' weight can be assigned to each warhead.

Along with these values graphs of peak pressure vs distance, positive impulse
vs distance and positive duration vs distance are presented for both warheads.

2. EXPERIMENTAL METHOD

241 Warhead Firinges

The Red Dean and Blue Jay C,R. warheads have a total weight of
120 1bs. and 48 1bs. respectively and He.E. filling weights of 25.75 lbss~
and 8.81 1bs. of RDX/INT 60/40. They were initiated during the triels by
a C.E. exploder pellet positioned at the charge centre and a No.33 electric
detonator. Figure 1 shows the essential details of these warheads.

To determine the blast potential of a munition it has been the
custom to fire the charge on the ground and record the peak pressure and
positive impulse values over a fairly wide range of distances in the
equatorial plane of the charge i.e. perpendicular to the charge axis. These
conditions were appropriate to the operational use of the munitions in
question i.e. H.E. bombs, against ground structures, the bomb usually being
in a nearly vertical position when detonated. The C.R. warhead has been
designed for the attack of airborne targets. The warhead is detonated under

1
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free air corditions i.e. in the absence of any major blast reflectinz surface.
Also it may be orientated in any position relative to the target, although
certain positions are favoured due to missile guidance. One such preferred
orientation is that in which the warhead axis forms an angle of 4L5° with the
horizontal and vertical planes of the target aircraft. This was the position
adopted during the trials.

The rod is projected in the plane normal to the charge axis and a
knowledge of the blast parameters in this plane was required. As it was not
practicable to measure in this plane since the blast gauges would be destroyed
by the expanding rods, the gauges were positioned at stations in a plane at an
angle of 45° to the axis of the charge. This was a fragment-free zone and the
pressure gauge signals were fairly free from spurious signals associated with
the shock waves geherated by fragments. In the Blue Jay firing the gauges were
mounted in pairs equidistantly at ten feet from the charge centre. For the
Red Dean firings, however, the gauges were mounted in pairs, but at four
different distances in a plane at an angle of 45° to the axis of the charge.
All the gauges used measured the hydrostatic or 'side-on' value of peak
pressure and positive impulse and, in view of the small number of observations
which could be made, were mounted in pairs to insure against a possible gauge
or amplifier failuree. Figures 3 -6 give general views and details of the field
lay-outs used during the trials,.

2.2 Bare charge experiments

It is well known that, although at large distances peak pressures and
impulses from non-spherical charges do not differ greatly with different
directions from the charge, this is not true close to the charge and
considerable dependence on direction is expected. It was necessary therefore
to carry out additional experiments using bare cylindrical charges, thus
allowing the blast parameters in the equatorial plane to be compared with those
in the 45° plane. Assuming a similar relationship held for the C,Re. warhead,
values for the equatorial plane of the C.R. warhead could then be computed
from the warhead trials.

The bare charges, hereafter referred to as Red Dean bare charges,
were provided by X.2 Branch A.R.D.E. and made by casting RDX/TNT 60/40 directly
into a split perspex liner of the type used in the Red Dean warhead. After
cooling the liner was removed., A brass tube was cast into the charge, along
the axis, and the charge initiated by a C.E. pellet positioned in this tube
at the charge centre and a No.8 Briska electric detonator. These charges
were thus identical in every respect to the H.E. fillings of the Red Dean
warhead. Since the H.E. fillings of the Blue Jay and Red Dean warheads have
the same geometry it was sufficient to perform the experiments using the
Red Dean bare charges only as the results of these could be scaled to a
Blue Jay bare charge by using the normal bare charge scaling laws,

The Red Dean bare charges were supported on wooden posts 23' above
ground level and four pairs of gauges mounted at the same height and at the
same distances used during the warhead trialse. Three rounds were fired with the
charge axis perpendicular to the gauge line and three rounds with the charge
axis at 45° to this. Details of the field layout are given in Figure 2.

23 Instrumentation

Type H.31 piezo~electric blast gauges (See Figure 7) were used
throughout. These gauges employ X~cut quartz crystals as the pressure sensing
element and have a sensitivity of approximately 100 uu coulombs per peseie. The
calibration consistency of these gauges is 106

2
CONFIDENTTAL DISCREET



CONFIDENTIAL DISCREET

The blast gauges were connected by co-axial cables to multi-channel
cathode~-ray-oscillographic equipment where the gauge signal was amplified
and displayed on a Ce.R.Te Drum cameras were used to record the displacement
of the C.R.T. beams as functions of time. An electrical sequence timer
synchronized the firing of the charge with the recording equipment. This
unit switched the C.L.T. beams on for the duration of one drum revolution
and applied calibration signals a few milliseconds before the charge was
detonateds In addition an ionization probe fitted to the charge was used to
trigger a thyratron valve which provided a pulse to the amplifiers to indicate
the instant of detonation. A photograph of typical recording equipment can
be seen in Figure 8.

Measurements of wind speed and direction, barometric pressure and
air temperature were recorded at the site for the day of each firing.

3« RESULTS AND DERIVED DATA

Each pressure-time curve was analysed and the values of peak
pressure (ps), positive impulse (I), positive duration (7) and shock transit
time (t) calculated. The mean value of each of these parameters andthe
standard deviation of this mean was determined for each of the charge-gauge
distances usede Tabulated figures for these data are given in the Appendix
to this memorandum. These tables show also the scaled values obtained by,
dividing all times and distances by the cube root of the charge weight (W3).

The recorded pressure-time curves were generally of good quality
although it was observed that some of those recorded at the first two gauge
positions for bare charges fired normal to the gauge line exhibited erratic
oscillations during the initial decay. In view of the small number of rounds
available all records have been used in the assessment.

31 Determination of 'equivalent bare charge! weight

A1]1 weapons possess some form of casing. This may be thin in the
case of bombs designed primarily for blast effects or thicker for munitions
designed to produce optimum fragmentation or other characteristics. The
presence of the case means that less of the total energy in the explosive charge
is available to produce blast and this loss is characterised by a reduction in
the level of positive impulse intensity and peak pressures at a given distance:
from the weapon.

T R R by experiments using bare and cased
charges of similar shape and weight of explosive that a value of bare
explosive We can be determined which over a range of distances will give
approximately the same values of impulse to that observed from a cased charge
of actual explosive weight V. This figure We is defined as the Impulse
'equivalent bare charge' weight. A pressure ‘'equivalent bare charge' weight
nay be similarly defined.

The mean scaled values of positive impulse and peak pressure
measured at 45° to the axis of the Red Dean warheads and Red Dean bare charges
have been plotted in Figures 9 and 10. Curves of best fit have been drawn by
eye through the mean values. The height of the vertical line through each
mean represents twice the standard deviation of the mean at that point.
The effect of the case is immediately apparent from an inspection of the curvese.
It is further observed that over most of the range the curves are very nearly
parallel.

3
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The pressure 'equivalent bare charge' weight may be calculated
directly from Figure 9. Applying the normal scaling laws the ratio of the value
We to the actual explosive weight W is the cube of the ratio of the distances
at which the pressure is identical on the two curves.

:
Thus: We = RAS )
W §411 Ligve’ 8 for equal pressure
AL Curve Al

Using large scale log-log paper, to permit better accuracy, the ratio of the

distances for equal pressures was measured at five points and an average value

of the ratio ﬂs determined. The figures obtained are given in Table 1 belowe.
W

TABLE 1
Pressure R % R/T% We j
Level /> Curve B 1> Curve A T
20 5¢25 72 «386
16 549 8.1 <381
12 ] 6.8 9.5 «375
9 8.2 11.1 02
6 10.5 13.8 i1 2
i Mean value <lii0

Hence, the 'equivalent bare charge' weight of the Red Dean warhead applying
a criterion of peak pressure, is 10.3 1bs. of RDX/TNT 60/L,0 over the scaled
distance range of five-fourteen feet from the charge centre.

A similar method was employed to calculate the 'impulse equivalent
bare charge' weight. In this case as the impulse values are scaled by the
factor W3 the distance ratios are measured at the intersection of a line
drawn at 45° to the ordinate scale.

Thus Ve =| RS 3 3
— _Zﬂz Curve B for equal L/43
- RATS Curve A

The values obtained by this method are given in Table 2,

TABLE 2

[ Impul R R .
P /4% Curve B /W5 Gurve A W_%
10.3 535 Te45 «365
| 8.95 6ol 849 .370
e 8¢3 Tell: <391
G 10.25 1549 L,02
Mean value 38

L
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The 'equivalent bare charge' weight of the Red Dean warhead using a criterion
of positive impulse is 9.8 1lbs. RDX/TNT 60/40 over the scaled distance range
of five-fourteen feet.

It is considered that the difference between the values of W,

W
calculated above according to the definitions peak pressure and positive
impulse is within experimental error and therefore a mean value of 0.39,
which gives an 'equivalent bare charge' weight of 10 1bs. RDX/TNT 60/0
probably represents the best estimate of the fraction of the explosive weight
which is available to produce blaste.

In an earlier paragraph it was stated that as the Red Dean and
Blue Jay warheads possessed the same geometry it would be possible, using
the normal scaling laws, to apply the results from the former to the latter.
This statement may now be tested. The H.E. filling weight of the Blue Jay
warhead is 8.8] 1bs. RDX/TNT 60/40 hence the 'equivalent bare charge'! weight
is 8.8l x 0439 = 3.4 1lbs. Scaling the data for the Red Dean bare charges at
45° to the axis (curves A in Figures 9-10) by the cube root of this weight
the curves shown in Figures 11-12 have been obtained. The mean experimental
values of peak pressure and positive impulse recorded at a distance of ten
feet during the actual Blue Jay firing are also plotted in Figures 11-12.
It will be seen that the experimental values are in good agreement with the
curves predicted by the Red Dean bare charge results,

342 Comparison of experimental values of equivalent bare charge
weight with empirical formulae

By comparing the blast from bombs and munitions of various charge to
total weight ratios several empirical formulae have been suggested for
calculating an approximate 'equivalent bare charge' weight value,

Fanoh, using lata based on a study by Gurney5 of the
partition of energy of a detonating charge between blast and fragments,
deduced the following formulae relating the equivalent bare charge weight Vig
to the actual charge weight W,

er = {0.2 + 0.8 } W .oooooo(l)
l+2M
C
where M is the ratio of weight of metal to the weight of explosive in the

cylindgical section of the bomb, i.e. neglecting the weight of the casing
at the ends.

This equation was later found to predict values which were too
low and Fisher®, using additional experimental evidence suggested three
formulae. These were applicable to the three main types of weapons namely,
light cased, general purpose and semi armour piercing bombs. For the case
of low charge to total weight ratio bombs (S.A.P.) the formula which gave
the best agreement with experimental work using a positive impulse criterion
was

We = {0.2 + 0.8 } W snassee o)
1+ M
C
Fisher also found that to obtain results which correlated with peak pressures
the right hand side of equation 2 should be multiplied by the factor 1.19.
However, no account was taken of the nature of the explosive filling.

5
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An extensive survey was also made by Warren7 based on British
experimentse. His general conclusions were that for the non-aluminised
explosive RDX/TNT 60/1,0 the Gurney-Fano expression of equation 1 was adequate
to predict 'equivalent bare charge' weights using 2 criterion of positive
impulse but for peak pressure the following equation gave better resulta.

We = Ool}. + O.6 W -ooooooo(})

[ )
C

Further, for the aluminised explosive Minol 2 he suggested the folloﬁing

expression for both peak pressure and positive impulse.

.We = {0055 4 O.!t!é } W ooooooo-(h.)
Ths 2N
¢

In Table 3 below the values of 'equivalent bare charge' weights
calculated for the Red Dean warhead using the formulae above, are compared
with those deduced by direct experiment. The weight of the rod in this
warhead is 56 lbs. and the weight of the perspex liner 16.25 1lbs. and the
combined weight of these has been used for the value M in the ratio M.

C
The weight of the ends of the charge has been ignored.
TABLE 3
Present
Experi- Equation 1 Equation 2 Equation 3
ments
t Impulse 'equivalent 10 843 10.6 -
bare charge'
' : ]
Pressure e?ulvalent 10 843 ke 12.6
bare charge

It is observed that equation 2 compares best with experiment.

363 Measurements normal to axis of Red Dean bare charges

The mean scaled values of peak pressure and positive impulse measured
for this orientation are given in Table 4 in the Appendixe. These values have
been plotted in Figures 13 and 14 and curves of best fit drawn by eye through
theme A comparison of these curves with those obtained from measurements at
45° to the charge axis show that peak pressures are approximately 30% higher
at the nearer distances but correspondingly lower further out. Positive
impulses however, are lower over the whole range.

This data may now be used to predict the blast parameters in the
equatorial plane of the Red Dean and Blue Jay warheads by using the 'equivalent
bare charge' weights of these weapons established in para. 3.1 above and
applying the normal scaling laws. Thus by scaling the curves of Figures 13

6
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and 14 by the cube root of 10 and 3.4 1lbs. the curves of peak pressure and
positive impulse as functions of distance for the Red Dean and Blue Jay
warheads are obtained. These are shown in Figs. 15-16. Given also, in
Figure 17, is the curve of positive duration vs distance for both weapons.
Hence for trials in which these warheads have been used the parameters can
be picked off at the appropriate stand-off distance. Extrapolation of
these curves, if necessary, should be viewed with reserve.

3y Discussion of results

The results obtained from the Blue Jay warhead firing, given in the
Appendix, indicate a reasonable degree of symmetry in the blast wave about
the charge. There is no doubt that a high order detonation was achieved in
the three C.R. warhead trials in which blast measurements were made.

It can be seen that an existing empirical formula gives a fair
approximation to the 'equivalent bare charge' weight of these C.R. warheads.
The degree of correlation is not surprising as the geometry of the C.R.
warhead approximates to the geometry of the bombs used to provide the data
on which the empirical equation is based. The results show also the dependence
of the 'equivalent bare charge' weight on distance from the charge although
where the variation is gradual, as in the present case, an average value
determined over a range of distances will not predict results seriously in
erIrore

It is also important that adequate bare charge data is available
on the variation in blast parameters with charge shape and orientation if
the predicted values of pressure and impulse using the normal scaling laws
are not to be misleading. As the results indicate, the variation between the
peak pressures measured normal and at 45° to the axis of the Red Dean bare
charge is the reverse to that observed with right circular cylindrical charges
To illustrate this point further Figures 18 and 19 have been prepared to show
the comparison of the blast from the Red Dean bare charge and for some other
charge shapes for which data exists. All the curves have been drawn for a
common weight of explosive (25.75 1bs.) and refer to measurements in the
equatorial plane of the charge.

L. CONCLUSIONS

From the results presented in this memorandum the following
conclusions have been drawme.

(a) The 'equivalent bare charge' weight of the Red Dean C.R.
warhead is 10 1bs. RDX/TNT 60/40 for both peak pressure and positive impulse.

(b) The equivalent bare charge weight of the Blue Jay C.R. warhead
is 3.4 1bs. RDX/TINT 60/4,0 for both peak pressure and positive impulse.

(c) The empirical equation which gives the best agreement with
experiment for the C,Re. warheads used in the experiments is

Ve = (0.2 + 0.8 } W
1+ M
W
where We is the 'equivalent bare charge! weight, W is the actual explosive
weight and M is the combined weight of rod and liner.

v
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TABLE I

Results of blast measurements made at 450 to the axis of a
'Blue Jay' continuous rod warhead. Explosive weight W = 8.81 1b.
RDX/TNT 60/40.

! Peak ¥ Shock
Gauge Position | Pressure Impulse I Duration 7 transit
(psi) (1bs.m.secs/sqein) (mesecs) time* T
(m.secs)
1 22,59 16.53 2.04 Pooo3.62
M1 gauges 2 | 23.9 16,21 2hlls b 3.62
10! from
charge 3 21,34 15.2,, 1.99 3.57
centre L 2l 75 17.20 2.11 3451
| 5 23429 16.16 2.17 342
6 23456 15.65 2.13 3.39
7 21.19 16.45 2.1 342
8 | 22.28 17.80 2.20 3.51
f
Mean Value \ 2086 161 2,13 3.51
Standard Dev- 1.26 0.66 .07 091
iation

“time from detonation to arrival of the shock at the gauge.

J
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TABLE II

Results of blast measurements made at 450 to the axis of 'Red Dean!

continuous rod warheads,

Peak Pressure (psi)

Explosive weight W = 25.75 1bs. RDX/INT 60/40.

Distance R

(feet) 15.5 (5425) | 2045 (6.95) | 30.5(10.33) 41 (13.89)
Round 1 2043 12.78 6.28 4.18
21..04 12.40 6.11 L4t 9
Round 2 19.33 11.54 5.95 L2,
19.30 11.33 574 463
Mean Value 20 1200 6.02 L.39
Standard Deviation: 0.85 0461 | 0.23 | 0.2
Impulse of positive phase I (1bs.me.secs/sqein)
Round 1 22.1 17465 13.1 - 10.7
21.9 17.55 12.8 I 10.4
Round 2 22.0 19.9 12,95 104
22.0 - 13.0 10.3
Mean Value 22 (7.46) 17.7(6.00) 13 (Leir) 10.5(3.55)
Standard Deviation 008 003 u18 0058 11 001.}.2 018 u060
Duration of positive phase 7 (me.secs)
Round 1 2 092 3 071 5 oL}.? A 6 05&.
2.80 3485 5430 ’ 6.39
Round 2 3.10 L2l 5.41 6452
3.10 e 506[{. 6071}.
Mean Value 2.98(1.01) 3492(1.33) 5.36(1.85) | 6.55(2.22)
Standard Deviation | .15 049 526" w087 +18 0N 7 15 J0u6
| Shock transit time - t(m.secs)
| Mean Value | 5.73 9,04 2ol

!

I
!

1643 |

N.B:
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TABLE ITIT

Results of blast measurements made at ASO to axis of Red Dean
bare char:es of 25.75 1bs. RDX/INT 60/.0.

Peak Pressure (psi)

=

Distance R 15 (5.08) | 20 (6.78) 130 (10.17) 40 (13.55)
(feet) !
Round 1 36417 | 20,12 10.19 6407
Round 2 3790 20.66 10,53 6.27
3757 23.61 10.59 6.23
Round 3 38671 21,43 10,89 645
L0.96 25.80 1,17 6.48
Mean Value 38 22.71 10,65 6.26
Standard Deviation| 1.7 | 2.38 Oe3lh 0.18
Impulse of positive phase I (1bs.mesecs/sg.in)
Round 1 3845 | 31.60 23,32 7k
39.60 31469 23,2, 19.59
Round 2 L1.11 = 23477 18.10
40,59 3l ol 2l.622 17.88
L0.9L 3helk 2038 17.72
Mean Value | 40 (13.55) | 32.95(11.17) | 24..02(8.15) 18 (6.10)
Standard Deviation: 1 005 035 3] 052 052 1 072 025 0 ol+2 01L|.
Duration of positive phase 7 (mesecs)
Round 1 3612 3.72 595 7436
; 3414 L+09 1 5489 715
Round 2 | 3.3 - 6413 745
2,92 | L.20 6.16 7439
Round 3 2.86 - 6.26 705
2495 Lel 5093 6475
Mean Value 3.04(1.03) L4 +03(1.37) 6.05(2,05) Tyl
Standard Deviation 16 06 0.21 .07 0.15 .05 0.29 .l
Shock transit time (m.secs)
Mean Value Le7 ; 7.4 1[4..2 21 07
{
N.,B.: Figures in parenthesis are scaled values.
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TABLE IV

Results of blast measurements made normal to axis of Red Dean
bare charges of 25.75 1lbs. RDX/TNT 60/40.

Peak Pressure (psi)

12

CONFIDENTTAL DISCREET

Distance R ) g
& 15 (5.08) | 20 (6.78) | 30 (10.17) | 40 (13.55)
48440 | 27.85 7.15 418
Round 2 1736 | 18,37 6.22 L.28
= 25.60 6.75 l+.21
Round 3 53499 23452 645L Ll
53491 26.47 6.88 Uzl
Mean Value Blaill | 23454 6.68 1,420
Standard Deviation| 3.1 3.5 0432 0.05
Impulse of positive phase I (lbs.m.secs/sq.in)
Round 1 36463 L 22,95 16455 ' 10.58
33415 26.83 15.90 . 10437
Round 2 35493 21.75 17«10 11.75
- 23430 17.98 12,1
Round 3 3543k 25440 16.26 11.55
3450 26456 16453 11.55
Mean Value 34.7(11675) 2Le4,7(8429) | 164.72(5.67) 11432(3.84)
Standard Deviation| 1.5 53 2.1 W1 6l 25 65 21
Duration of positive phase 7 (m.secs)
Round 1 2432 i 2,71 5483 679
2:22 L 3,73 5463 6.83
Round 2 2.30 3469 6423 7.23
S 4.18 6.23 7.05
Round 3 2453 2492 615 7429
2T 3.22 6.92 D7
Mean Value 2.37(+80) 3.42(1.2) 6.22(2.1) 7.06(244)
]
Standard Deviation; 13 .05 ! 56 W19 L6 416 2 07
Shock transit time t (m.secs)
Mean Value 2.8 i 542 I 12.2 j 20.3
\ |
N.B.: PFigures in parenthesis are scaled valuese.
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CONFIDENTIAL DISCREET FIGS.5an0 6

FIG.6 GENERAL VIEW OF FIELD LAYOUT FOR ‘RED DEAN’ FIRING
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FIG.7 TYPE H3, BLAST GAUGE

FIG.8 MULTI-CHANNEL BLAST RECORDING EQUIPMENT
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PEAK PRESSURE ( p.s.i.)
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CONFIDENTIAL/DISCREET FIGI3

Peak Pressure vs. Scaled Distance.
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PEAK PRESSURE ('p.s.i.)

FIG.I8

Peak Pressure vs, Distance
: Shape Comparison
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