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ABSTRACT

Stress~wave theori = .n the literature are reviewed to determine
which equacions shou®ld be used to design the XM587E2 Point-Detonating
(PD) switch vo prec' .de premature closure when an artillery projectile
is fired into a t ,ical rainstorm. But, because of wide variations in
calculated imp. . p2ressures, the equations are not used. Experimentul
jata are used instead to show “hat the projectile impact with a rain-
érop is almost a perfectly plastic momentum trainsfer; hence, a PD
switch design based upon perfectly elastic impact theory contains an
inlerent factor of safety.

Preceding page hlank

e o s By 34

:

Dok d € ‘.-wn.\-«\“ijy.m..-

Ry o b g A P

it 47541




Bl PR G A T SR Y S e ) Tt S L P Y T Y THEe R _EESSSARNEL 0 F Do - - SRIE

§

& CONTENTS

% ABS T RAC T . st ccvovoscsccensaccsocnsostiasecsneoscssssnsssossssssosnsssnss 3

% 1. INTRODUCTION....ccaocscecsosaccooscscssnsosnccscnsssoscoanncnnacs 1 3

§ 2. THEORETICAL CONCEPT .vvecevoscccnccsoscccscsnosvoscocsscsancscsnsscsee B g

; 3. CALCULRTIONS..vsctecccoceccsoccccsosossonsnseasasacssssanasasscsssld %

3 3

£ 4. RECOMMENDATIONS. .eccuveceocaccrosocceososoassscosssssassscansnasl :
: é S. LITERATURE CITED.ecccecacecccssccsscscssacsesncosssassscssssssscell %
ﬁ % GLOSSARY OF TERMS. ..ccvececescsssccsoassnescacsssascssansoscaassascsasasl8 %
FIGURES ;
3 ; 1. ©¥Primary PD design for the XM587E2 fuze as patterned after the

XM577 PD SYSteMecceecoeeasesocscccacsnsccncssscnsnccsosscasnass B
= : 2. Events duriny an impact with a raindrop at high velocity...... 8

3. Droplet density data@...cueeeeeceecceecaceroncacssesssssccnanseall
4. Spread in values for 14 of the samples used to construct

FigUre 3..c.cneieeccoecencnncecscccasocnssoncccsanncsssasensasld

A e b i

E : 5. Strain rate sensitivity of one type of aluminum honeycomb that g
E . was considered for the XMS577 PD SYyStel.ceecccecsesconsnssaaasld E
4 6. Comparison of the energies calculated from crushed XM577 3
1 honeycombs to the ranges in theoretically available energies..l5 %
z - TABLES 3
4 : I. Survey of rain impact eguations in the literature compared %
3 ’ with those of a contractor derived for the XM577 PD systems... 9 3
3 3 IX. Comparison of calculated effects of aluminum impacting a 3
3 . 5-mm water drop at 3000 ft/SeC..icicstetececancecnannseaseannceall g
3 III. Energy calculations for the XM577 PD moving through the heavy :

E . HAFB rainfield...ccceeeiiiiniiiinniacainoencancaennannccnanansaasald 3

E - IV. Crush measurements made on the XM577 PD elements after re- g

3 - peated rocket sled passes through a 2000-ft rainfieid.........14 3

: 3

E : %
- A k]
E: 3 3
. - =

£ : 2

2 1 E
= = EY
b - 3

f § 5 g
£ : e

E : 3

:




Al ,.,Em._,-..ag.gr_y_aﬁsaﬁ.aiy?..;_.ﬂ,_.-_-.q_.a»ﬁdaﬁ?;_éﬁzaﬁaéﬂwﬁﬁi_d9 DO SRR AR VA M AL R TRy iy €8l gt o e Aty ML A I O T A DR A L | R e I L AR R AU YA VT LA R R R R E A G A ST A B M T T S et A M AL i R A m

the plunger completes on

SUPPORT
PoST

I\ U
EH—TSsE

&
£
I
&
5
O
;
s
az
NRRRRRXRA 7
W.. 2%
X | gw ~2
= W
-—3> 35
Sy %%
od b= v ¥
£ 0
DAL .m.m
A%%Zﬂ%%%%ﬂ wm
o / em
27
g4 LKA obw T3
2F . 23% I3l
J ~ 14 - -
o & =ge &8
282 3
Fga B4 ¢
6o idw®
o

o 2
uw S
] S
5 &
o =

e

e

g A A i i




B e S s e g et

R R Lt

o

R T o e R e - T B i R T e W ST o m

1. INTRCLUCTION

As pre~ently designed, the Point-Detonating (PD) element proposed

or the XM387%2 fuze (fig.l) is expected to meet most, but not all, of
<he design reqguirements. These include superquick function on water
=t 400 ft/sec, although, based on XM577 data, 500 ft/sec is expected.
Also, the PD element should be able to pass through 10,000 ft of a
7-in./hr rainfiel+ at 3000 ft/sec without premature closure. But, ex-
trapolated X4577 data indicate safe flight may ke limited to 7,000 ft.
Some changes in the design parameters are necessary, and an analysis
of the mechanics of operation can guide these changes. The design is
patterned after that used in the XM577 fuze, and a review of the anal-
ysig performed by the XM577 contractor showed: (1) a drag theory was
used to calculated the force c¢.curring during impact with a raindrop,
while the conventional apprcach in the literature is to use stress-
wave theory; (2) the area over which the water pressure acts was arbi-
trarily assumed to be the crose-sectional area of the droplet. Stress
waves reflecting from the sides of the drop that diminish both the area
and duration of contact were not considered (fig. 2).! As a result,
this analysis was not used in the XM587E2 PD design. The literature
was consulted to determine which equations could be used for an impulse
analysis, and the results are summarized in table I. Calculations
using these eguaticns are shown in table II to have wide variations,
so the impulse approach was abandoned in favor of a momentum analysis.
The difference between the two appraoches is thLat the variables on the
right side of Newton's law are treated rather than thosc on the left

side.

IMFULSE = MOMENTUM

Jrae = J'Mdv
where F = force of raindrop impact
t = time
M = mass of the PD plunger
V = projectile velocity

‘Morris, J., Jr., “Supersonic Rain and Sond Eros:on Reseorch, Port 11," AFML-TR-69-287, Sepiember 1969, p. 45.
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PoprTT—

’ DROPLET
[t ]

RIGID MASS
{a) AS A RIGID MASS IMPACTS A STATIONARY DROP, A COMPRESS'VE WAVE 1§ () THE SHOCK MOVES UPWARD AT THE SHOCK SPEED, Cs  REFLECTED
GENERATED, AND WATER SEHIND THE WAVE MOVES AT THE MASS VELOCITY, V. WAVES MOVE INWARD 10 REDUCE THE AREA OF PRESSURE ACTING ON
THE MASS. MIGH VELOCITY WATER JETS RADIALLY.

T\ ¥,

1V
{b) THE WATER IN COMPRESSION 1S SHADED. A STABLE SHOCK ATTACHES TO THE (d) THE SHOCK REFLECTS AND WATER JUMPS AWAY UKE A BALL FROM
TERMINUS OF THE DROP AND MASS A BAT,

Figure 2. Events during an impact with a raindrop ot high velocity.

2. TEEORETICAL CONCEPT

Table II shows that the duration of contact of a drop on the PD
element is very short; hence, there is little motion of the plunger
in this time span. The impact simply imparts an initial velocity to
the plunger reiative to the projectile. The.system under analysis,
then, is the moving plunger with the force generated by the stagnated
windstream acting on the front and the forces due to the crush element
and internal nressure of the fuze acting on the back. The stagnation
pressure of the windstream may be found from standard flow tables, sc
the only unknown in the system is the initial velocity of the plunger.

If the impact were perfectly elastic, the plunger velocity (rela-
tive to the projectile) would be a maximum, and this is given by

’) \d
VE = 2v )
1 +M/m

where Vg = plunger velocity; perfectly elastic impact
m = mass of a raindrop

If the impact were perfectly plastic, the velocity would be a minimum.

Y @)

Ve = E

N

where Vp = plunger velocity; perfectly plastic impact

Figure 2 shows that water either flows with the plunger or radially
away from the normal impact; hence, up to this instaqt (fig. 2c¢) the
impact is primarily perfectly plastic. This assumption was used by
Kosdnocky? in his XMS557 PD analysis, but no firm basis for the assump-
tion has been established. The reason for concern is that figure 24

2Kosd:'md:y, S., “Design and Evaluction of o Rain insensitive Modification to the M557E1 Point Detonoting Fuze,*
TR-3894, Ficotinny Arsenal, New Jersey, April 1969, p. 100.
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g: Table I. Survey of rain impact equations in the literature compared with those 3
F of a contractor derived for the XM577 PD systems -
£ C = speed of sound in water; Cp = drag coefficient; Ct = speed of %
£ sound in the target; 2'/Z = accustic impedance; P = hydraulic z
H pressure; L = length of track PD traversed into the rainfield; z
;{ p = density of water without a subscript, and density of the
3 H target with a subscript t, d = diameter of a raindrop E
E : Impact Duration Area of Constants
E : Pressure of Contact Contact :
E : XM577 1 o, 3
: % = d d 3
3 ¢ Contractor | 2 CorV Al 4 :
Bowden® | oCV
i d v2\v? nd? v\ E
: 4 i L - —— —_—f— C, =C+2Vv §
: Bowden ZV[I ( CL’) )
¥ 3
; de Haller’ | _AYC
3 14 £E
E % prc-r
: apVC 0.41
x -_— Q = r————————
Engel®”® |1, 2 1.0.59 (LS.
£t ? pTCT pT T
13
7 \/ VATAA z_AC
: z 3 \ Sihaof=) = == d
Hoyman ”V‘(v)[‘ ’(c)(v)] 27 ™
{ Ys [(1sz z) 2
k- A 4v/C
3 : . 1.2
“q 5 2V/C
: | az7Z
. 4v-C

_ 3 38°wden, F. P. ond Brunton, J. H., "The Deformation of Solids by Liquid Impact at Supersonic Speeds,” Royal
‘Society {Lendon), Proceedings, Series A, 263, (Ncrober 10, 1961).
“Bowden, F. P. and Field, J. E., “The Brittle Frocture of Solids by Liquid Impoct, by Solid Imgact, ond by Shock,”

B Royal Society {London), Proceedings, Series A, 282, 331-52 (November 24, 1554).

= hiruvengadon, A., “The Concept of Erosion Strength,® Erosion by Cavitation or Impingement, ASTM-STP-408

ke American Society of Testing Materials, 1957, R22.

6Engel, 0. G., *Waterdeop Collisions with Solid Surfoces, * Journa!l of Research of the Notional Bureou of Standerds,
: 54, 281-98 (May 1955).
7Engel, 0. G., "Rasistonce of White Sopphire ond Hot-Pressed Alumino to Collision with Liquid Drops,” Joumal of
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“Heyman, F. J., “Eire Ubersicht Von Schusseln Zv den Verhaltnissen Zwischen de: Erosion Geschwindigkeit ond
A: f3chlogs—~Poromateun,” Forschungs Konferenz Regenerosion, 16, 98-157 (August 1967).
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Table O. Comparison of calculated effects of aluminum impacting
a 5-mm water drop at 3000 ft/sec.

P T A
(1b/in.?) (usec) (inl?)
XM577
Contractor 121,000 5.4 0.03
Bowden® 202,000
Bowden * 0.4 0.002
deHailer® 182,000
Engel®”*® 75,600
Heyman® 322,000
Constants:

V = 3000 ft/sec = 36,000 in./sec
C = 5000 ft/sec = 60,000 in./sec
P =935 x10"° Ib-gec?/in.*
Cy = 16,708 ft/sec = 200,500 in./sec
Py =25.8 x 10-5 lb-sec ¥/in.!
d=5 mm = 0.196 in.
Cp = 2 for a flat plate
2'/Z = 9.23; V, /V = 0.81
a=0,385

3Bowden, F P. ond Brunton, J. H., “The Deformation of Solids by Liquid Impact ot Supersonic Speeds,” Royal
Society (Lendon), Proceedings, Series £, 263, (October 10, 1961).

4Bow<'en, F. P. ond Field, J. E., "The Brittle Fracture of Sotids by Liquid Impact, by Solid Impact, ond by Shock,”
Royal Saciety [ondon), Proceedings, Series A, 282, 331-52 (November 24, i964).

SThiruvengadcn, A., "The Concept of Erosion Strength,” Eiosion by Cavitation or Impingement, ASTM-STP-403
Americon Society of Testing Materials, 1957, R22.

6Engel, 0. G., *Woterdrop Collisions with Solid Surfoces,” Journal of Reseorch of the Nationol Bureou of Stonderds,
54, 281-98 (May 1955).

7Engel, 0. G., "Resistonce of White Sopphire ond Hot-Pressed Alumino to Collision with Liquid Drops,” Joumal of
Reseorch of the National Bureou of Stondords, 64A, 499-512 (Novembesr-December 1960).

SEngel, 0. G., *Note on Porticle Velocity in Collisions Between Liquid Drops and Solids,” Journa} of Reseorch of
the National Bureou of Stondords, 64A, 497-98 (November-December 1960).

7Heyman, F. J., “Eine Ubersicht Von Schusseln Zu den Verhaltnissen Zwischen der Erosion Geschwindigkeit and
Aufschlogs—Porometeun,” Forschungs Konferenz Regenerasion, 16, 98-157 (August 1967).
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shows that a stress wave transverses up the drop in the normal direc-

tion, so water can be expected to jump away from the plunger when the

wave reflects from the free surface. Therefore, the overall momentum

- exchange must be somewhat between perfectly elastic and perfectly

- plastic, and a coefficient of restitution (r) may be required for a

: plausible momentum analysis. In this case, the plunger velocity rela-
tive to the projectile is

W e

Il b g m..-uu\”h:\.- |

o

, _ (1 +n)V 3\
Ve = 1 :+M/m ¢

B R St

where Vp = plunger velocity; partially plastic-partially elastic impact

Ao iiiiouta

t
e

- The value of r is unknown. ‘the need for defining a coefficient, how-
: ever, is determined by comparing the theoretical range of energy chat
E can be transmitted to an XM577 PD passing through a rainstorm to

= energies absorbed in rocket sled tests.

3 ) If N drops of a single diameter are impacted on the XMS577 PD on
3 the rocket sled, the total energy that is delivered to the crush

3 element by the impact force and by the air pressure differentiation
on the plunger is

it E = N(K.E.) + (P, + Pj)AS (4)
X where E = energy

2 N = number of drops impacting A

- K.E. = kinetic energy

E P, = stagnation pressure of the windstream

Z P; = atmospheric pressure at the rocket sled launch site

S = total deflection of the plunger

= A = frontal arca of the PD

k. The value of N for a trajectory through a rainfield of uniform drop

3 size is?

3 N = BAL (5)
b where B = density of droplets in the rainfield

s
A D A A ot LN A O DA 0 o M AR S O VP L

L = length of track PD traversed into the rainfield

4 However, an actual rainfield is composed of a spectrum of drop sizes,
Z and 1 value of N can be defined for each. The total eneray that
f . would be absorbzd 2y & crush element behind the plunger is actually

i o ol

B , E = (NiKE; + N2KE2 + N3KE3 + ....) + (P, + P;)AS (6)

1 ) The various values of N are calculated using eq (5) and the values

7] of B shown in figure 3. This droplet density spectrum represents

3 . the output of the nozzles at Holloman Air Force Base (HAFB) used in
: the XM577 PD rocket-sled tests. (The nozzles used were the VERJET

3 H 1/2 U-80-200 series operated at 6 1lb/in.? manifold pressure.)

2Kosdnocky, S., “Desigr :ind Evoluation of a Rain Insensitive Modification tc the M557E1 Point Detonating Fuze,”
TR-3894, Picotinny Arsencl, New Jersey, Apri! 1969, p. 100. "
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Figure 3. Droplet density data. (These doto were provided by HAFB.)

The mean drop size shown on the abscissa represents the average diam-
E eter value for drops counted within a range cf diameters; i.e.,

Range of Drop Diameters Mean Diameter
3 (mm) {ram)

E 0.25 - 0.75 0.50

E 0.75 - 1.25 1.00
3 1.25 - 1.75 1.50

X

The density spectrum shewn in figure 3 is an average of 96 meas-
nrements made at different positions ilong the test track. Figure 4
shows that large variations occurred during some of these measurements;
therefore, some inaccuracies from eg (5) are expected.
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3 Figure 4. Spreod in volues for 14 of the samples used to construct
= : figure 3. (The dotc were provided by HAFB.)

3 : 3. CALCULATIONS

E During rain sensitivity tests on the XM577 PD, one element de-

E : pressed C.282 in. after two sled tests amounting to a total of 3440 ft.
of a 25-in./hr rainfield. The sled velocity was about 3000 fiv/sec, the
. 3 : frontal area of the plunger was 0.19€ in.? (0.5-in. diameter), and the
E : plunger weight was 2.9 g. Two repo-ts from the National Advisory Com-
E : mittee for Aercnautics show the stagnation pressure was

3 : P, = 337 psi (7)

3 ? if the standard sea level conditicns of S9°F and 14.7 psi are assumed
E: 3 for the test site. The work done by the windstream on tne “neycomb
is then

E (¢, - P;)AS = 18.2 b-in. (8)

: This calculatiorn fulfills one part of eq (6), and tabie III shows

: the ranqge of energy that could be imparted to the crush element by

- . the raindrops as calculated from 1, 2, 4, 5, and the density data in
E : figure 3. Substituting the totals from table III and the value from
: €q (8) into eq (6) chows

69 ¢ E < 222 1b-in. (9)

The two summations of ca‘culated energies in tabie I1I may be

; H compared to the energy actually absorbed by the affected honeycomb.
3 i The crush strength was a constant between 200 and 300 1b, and the

: H total crush was 0.288 in.; hence, the energy absorbed is

58 < E < 86 lo-in. (10)
13
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The strain rate sensitivity of the honeycomb shown in figure 5 is

neglected in this calculat:ion because the plunger velocity is rcla-
tively small (table III).

The calculated versus measured energy comparison is mcre effec-
tive when additional data are included.
and distance measurements made on several XM577 samples, and figure
6 shows that the theory of perfectly plastic impact best describes

the measured crush energies.

tution in eq (3) is taken to be 0.
and theory is probably caused by inaccuracies in the rain conditicns
assumed for the test,or by the assumption that the sled had no ve-

locity decay in the ra1nf1e1d

As a result,

Table IV shows deflection

the coefficient of resti-

The discrepancy between the data

Another factor may be that the accel-

eration of the sled toward the rainfield is sufficiently slow that
the pressure inside the fuze approaches *"1e windstream stagnation

pressure,

in which case eq

5

1 < E < 204

1\9) reduces to

(11)

w
'mmmmmmm.:-mmm:.mmnm.amm'- RN

Table IIl. Energy calculations for the ¥M577 PD moving through the heavy HAFB rainfield.
The sled velocity was 3000 ft/sec, the length of rainfield was 3440 ft, nd the plunger proper-
ties were M = 16,5 x 10~® Ib-sec %/in. ard A = 0.196 in.?

i e Sty el
! Plunger Crush . .
i : Enerov/hit . Energy/Run
; “:“7“8"“’;"’1 Density, .{ Mass | Velocity T_ Hl;:s g:/
» i i o

| ) ! Loy, V, | (KE) | (KED, INIK-E.). N(K.E.),
e - IR e B ST
i (mm) !(drops/m’) (lb—secz/m.)i (in./scc) | (in./sec); (lb—in.)i (ib—in.)' * Eﬂb—in.) (1b~in.)
F i- —_ = - Ae—s -
'oes I 18,700 06.0003 ! 1 0.8 o.ooooz!_n.oooooa 2376 ! 0.05 | 0.01

18 . 7,500 00029 13 6 ,0.001 i0.0003 ; 990 1.4 0.3

15 1 3200 ! eo010 43 21 1601 [0.003 22! 7 1.7

2.0 1900 ;0023 1 103 } 51 loof 0.2 250 | 16 4

25 600 ' 0.046 Com02 101 03 jo.os 1 oy 27 7

30 250 0.080 : 349 174 1 10,2 , 331 33 s

3.5 100 0.1z - 2% 2 0.6 P13 33 8
L4 50 | o0as1 ;s m s i ¢ 63T | 9

15 19, 0272 1165 582 M ;2 ¢ 3ias !og

5.0 § [ 03m 1589 704 20 : N A 3 6
AU AU S SN AR ... Lo JO

Nete  The nirvler o8 qiga-fozont f.gures on these sclumns 13 Linuted sc os noe 1o leave the impression thet the colculations ore
Lighly accurate

Table IV. Crush measurements made on the XM577 PD elements after
repeated rocket slcd passes through a 2000-ft rainfield

XM477 Sample Total rain exposure Total honeycomb crush
) () B (in.)
4 2000 3/32
4 4000 3/32
4 6000 5/32
6 2000 5/32
9 ) i 3440 9/32
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Figure 5. Strain rote sensitivity of one type of cluminum
honeycomb that wos considered for the XM577 PD system.
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4. RECOMMENDATIONS

The theory of perfectly elastic impact should be used to change
the critical parameters of the XM587E2 PD system. This will include
an inherent safety factor in the final design.

Rain tests scheduled for the XM587E2 PD system should include
HAFB droplet density measurements to assist in analysis of the re-
sults; also, a drop catcher should be mounted on the rocket sled tc
check the accuracy of the calculation of the number £ drops im-
pacted. Additional evidence about the number and size of drops hit
should be collected by providing a sampie that is marked, but not
eroded, by the raindrops, thereby allowing a visual count of the im-
pacts. A linear spring-mass system should be included to obtain ag-
ditional data about the maximum energy transferred by the rain impact.

An impulse anaiysis should be performed with each of the eguations
listed in table I to determine which eguation best agrees with the
XM577 test results. This will provide a design quide for nose-cone
erosion studies and future PD systems. It will also permit calcula-
tions to be made on the rain sensitivity of inertial impact switches
now used in artillery and rocket fuzes.
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GLOSSARY OF TERMS

A Frontal area of the PD
8 Density of droplets in the rainfield
C Speed of sound in water
Cp Drag coefficient
Cg Shock speed in water
Cr Speed of sound in the target
d Diameter of a raindrop
§ Amount of honeycomb crush

E Energy; subscripts e anc p denote calculations for totally elastic
and plastic impacts

T Mo Al DA e 1

F Force of rairdrop impact

K.E. Kinetic energy; subscripts e and p denote energy associated with
perfectly elastic and plastic collisions, respectively

L Length of track PD traversed into the rainfield
m Mass of a raindrop
M Mass of the PD plunger

N Number of drops impacting A; subscripts 1, 2, and 3 denote the 3
number associated with particular mean drop sizes

P Hydraulic pressure

N " - il
At R R e

P, Stagnation pressure of the windstream
P; Atmospheric pressure at the gun launch site
r Coefrficient of restitution

o b

i

il S, Sl A

il

p Density of water without a subscript, and density of the target
with a subscript t

T Time

il

T Duration of coniact between impacting plunger ar® drop
V Prejaciiie velocity

A0 S

Vg,Vp Plunger velocity; subscripts e and p refer to perfectly elastic
V, and plastic impacts; subscript r refers to imgact partially
plastic and partially elastic

v Radial jet velocity of an impact raindrop
2/2' Acoustic impedance
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