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expression, after some algebraic manipulation, is
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Note that the above equation for @ is actually valid for r, =0,
i.e., for P on the polar axis; for in this case we find that B=0,
y=A42—-1,U=2+ 141, and so 18l ==/2.

Example

Using Fig. 1 it is quite easy to compute the geodetic altitude
of P. Letting H denote this altitude, then

H=(lz,| —b,sint)csch

Since 6 and ¢ are related by Eq. (2) this last expression can be
written in terms of 7 as :
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where e is the eccentricity of the ellipse [Eq. (1)}]. In terms of
Uin Eq. (15)
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I. Introduction

A MISSILE warhead is usually located inside the outer
skin or shroud part of a missile structure. After warhead
detonation, the warhead fragments must penetrate the shroud
to reach the target. The interaction of the fragments and
shroud may cause decreased fragment velocity and fragment
breakup. Recently a series of gas gun experiments was per-
formed to study the effect of placing a polyethylene buffer
material on the inside surface of the shroud to reduce
fragment breakup.! The polyethylene thicknesses ranged
from 1 to 9 mm. In the present investigation, 11 additional
buffer materials have been studied. Experiments were per-
formed for buffers in the 4-mm-thickness range. Composite
specimens that simulated the shroud were impacted by steel
disks. The impactor disks were soft recovered, sectioned,
polished, and examined for fracture damage.

II. Experimental Techniques

A schematic of the muzzle region of the gas gun? with a
target assembly containing a buffered composite specimen is
shown in Fig. 1. A composite specimen consists of a wire
harness layer, a 7075-T6 aluminum layer, a honeycomb layer,
and another 7075-T6 aluminum layer. The projectile velocity
is measured at impact with the three velocity pins. The steel
impactor disk is supported only near its edge so the disk back
surface is free over most of its area. The barrel is evacuated to
minimize gas cushion effects on impact.

The impactor disks were fabricated from AISI C 1026 hot-
rolled seamless tubing. The manufacturer’s mechanical prop-
erties are 300-MPa yield strength, 540-MPa ultimate tensile
strength, and 28% elongation. The measured impactor
density was 7.83 Mg/m3. The wire harness layer consisted of
a series of parallel wires sealed between two thin plastic
sheets. The honeycomb layer consisted of a plastic
honeycomb material with a 0.072-Mg/m? density. Fast-
setting epoxy was used to attach the four layers of a composite
specimen together. i

A gas gun shot was fired for each of the following buffer
materials: Min-K 2000 molded insulation, polyrubber,
polyurethane foam, silicone rubber, nylon, polyurethane,
butyl rubber, polyester, neoprene, Micarta, and Melmac. The
density of these materials ranges from 0.29 to 1.49 Mg/m?3.
The average buffer thickness is 3.90 mm. The average im-
pactor and specimen thicknesses are 9.1 and 9.4 mm,
respectively. Average thickness values for the four specimen
layers are as follows: 1.63-mm-thick wire harness layer, 1.61-
mm-thick 7075-T6 aluminum layer, 5.41-mm-thick honey-
comb layer, and 0.76-mm-thick 7075-T6 aluminum layer. The
average diameter of the impactors and composite specimens is
29 mm.

A buffered specimen was secured inside a Lucite target
holder with epoxy paste. The steel disks were soft recovered
after impact to minimize any unintentional damage. The soft
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Fig. 1 Schematic of muzzle region of gas gun showing a steel im-
pactor disk and buffered composite specimen.

recovery arrangement consisted of two bales of rags that were
placed in the recovery box at the muzzle of the gas gun.

-K 2000 buffer, 0.94 GPa

a) , 3.
impact stress.

by Shot 181, 4.33-mm-thick polyrubber buffer, 1.0 GPa
impact stress.

c) 0 ,.9- th polyurethane foam buffer,

1.1 GPaimpact stress.

d) Shot 179, 4.30-mm-thick
GPa impact stress.

icone rubber

ENGINEERING NOTES 381

III. Results and Discussion

The gas gun recovery experiments are summarized in Table
1. The average impactor velocity was 0.88 km/s. The initial
impactor stress was calculated for each shot using known
Hugoniot equations of state3 and the measured impactor
velocity. It is expected that both elastic and plastic waves were
generated in the steel impactor disks for these impact stresses.
The spall fracture that occurred in the disks was produced by
tensile stresses resulting from the interaction of rarefaction
(decompression) waves. The results for the 3.43-mm-thick
polyethylene buffer shot from Ref. 1 are included in Table 1
for comparison with the results of the present series of ex-
periments.

A qualitative description of the disk fracture damage is
given in Table 1. Photographs of the sectioned surfaces are
shown in Fig. 2. Damage was limited to the central region of a
disk due to stress relief wave effects at the disk edge. The
initial impact stresses ranged from 0.94 to 5.0 GPa. Heavy
fracture damage occurred for the 0.94-GPa Min-K 2000
buffer shot. The damage was centered about 6 mm from the
disk impact surface. Medium fracture damage occurred for

g) Shot 186, 3.51-m-lhick polyurethane buffer, 3.6 GPa
impact stress.

ot 184, 3.87-mm-thick buiyl buffer, 3.6 GPa impact

i) Shot 183, 3.83-mm-thick polyester buffer, 3.6 GFa
impact stress.

3
a

167,3.‘Ji~mm-thick neoprene buffer, 3.9 GP

i} Sho
impact stress.

¢) Shot 180, 377-mm-thick nylon buffer, 3.1 GPa impact
stress

f) Shot 168, 3.43-mm-thick polyethyiene buffer, 3.1 GPa
impact stress.

Fig. 2 Comparison of impactor fracture damage for the buffer

The bottom edge of each disk is the impact surface.

k) Shot 185, 3.74-mm-thick Micarta buffer, 3.9
impact stress.

1) Shot 187, 3.84-mia-thick Melmac buffer, 5.0 GPa
impact stress.

materials, The disks are shown in order of increasing impact stress.



382

J.SPACECRAFT

VOL. 19, NO. 4

Table 1 Summary of gas gun impact and soft recovery experiments
[nitial Initial Final Initial Qualitative

Impactor impactor impactor impactor buffer description of

Shot velocity,? stress,P thickness, thickness,© Buffer thickness, impactor fracture
no. km/s GPa mm mm material mm damage

178 0.890 0.94 9.11 10.05 Min-K 2000 3.93 Heavy
181 0.867 1.0 9.10 9.31 Polyrubber 4.33 Medium
182 0.878 1.1 8.86 8.80 Polyurethane foam 3.81 Medium
179 0.879 2.0 9.06 8.85 Silicone rubber 4.30 Medium to light
180 0.863 3.1 9.12 8.93 Nylon 3.77 Light
1684 0.861 3.1 9.04 8.80 Polyethylene 3.43 Light
186 0.882 3.6 9.04 8.71 Polyurethane 3.51 Medium to light
184 0.882 3.6 9.11 8.84 Butyl rubber 3.87 Medium to light
183 0.883 3.6 9.06 8.76 Polyester 3.83 Light
167 0.878 3.9 9.04 8.76 Neoprene 3.91 Medium to light
185 0.886 3.9 9.04 8.77 Micarta 3.74 Medium to light
187 0.887 5.0 9.05 8.94 Melmac 3.84 Medium

2The estimated uncertainty is 1 %.

184.

b The estimated uncertainty is 5-10%. The Hugonijot of Armco iron?# was used since the 1026 stcel Hugoniot was not available.
The buffer material Hugoniots were obtained from Refs. 3 and 5. Since the Hugoniot for butyl rubber was not available, the polyurethane Hugoniot was used for shot

“Measured in the central region of the specimens.

Obtained from Ref. 1.

the 1.0-GPa polyrubber and the 1.1-GPa polyurethane foam
buffer shots. For these shots the damage was centered about
5-6 mm from the disk impact surface. Medium-to-light or
light fracture damage occurred for the eight shots in the 2.0-
3.9-GPa stress range. (The light fracture damage occurred for
impact stresses of 3.1 and 3.6 GPa.) The fracture damage was
centered 3-5 mm from the disk impact surface for these eight
shots. Medium fracture damage occurred about 4 mm from
the disk impact surface for the 5.0-GPa Melmac buffer shot.

These results indicate that the buffer materials with shock
impedances that produced impact stresses of about 1 and $
GPa caused a larger amount of impactor fracture damage
than the buffer materials with impact stresses between 2 and 4
GPa. The lower shock impedance buffers have densities
between 0.29 and 0.91 Mg/m?; the higher shock impedance
buffer has a density of 1.49 Mg/m?. The lower shock im-
pedance materials probably provide inadequate spall protec-
tion for the impactor disk from the composite specimen.
(Complete spall separation of an impactor disk occurred after
it impacted an unbuffered composite specimen at 0.88
km/s.') The higher shock "mpedance buffer material
probably provides adequate spall protection for the impactor
disk from the composite specimen but likely causes impactor
fracture damage itself.
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Introduction

HE visible radiation from rocket plumes, observed in the

form of (relatively easily obtained) photographs, can
provide information about plume properties. This has led to
studies estimating the visible emission intensity from rocket
plumes,! considering several common radiation mecha-
nisms.?2 In the absence of afterburning, a major cause of radi-
ating plume features is reheating of the exhaust gas as it tra-
verses the normal shocks (or Mach disks) which occur in both
under- and overexpanded jets.

A widely observed example of such features are the Mach
disk heated regions, which appear as pale blue inverted cones
behind each of the three Space Shuttle main engine (SSME)
nozzles (Fig. 1). However, the SSME propellants are pure H,
and O,, and therefore none of the visible radiation mecha-
nisms described in Ref. 2 can be responsible for the observed
radiation. It is the purpose of this Note to suggest a source for
this radiation. This source is a continuum emission peaking in
the blue which has previously been observed only in
laboratory experiments with hydrogen flames, whose origin is
still not known with certainty.

Properties Behindn the Mach Disk

The plume gas properties downstream of the Mach disk are
required to predict the radiation. These properties can be
estimated using the assumption of frozen chemical com-
position from the nozzle exit until reheating by the normal
shock. This is a reasonable assumption since in this region the
characteristic flow time is short with respect to the chemical
relaxation time. With the frozen chemistry assumption, the
flow is isentropic between the nozzle exit and the upstream
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