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INTRODUCTION AND SUMMARY

In 1965, NWC began using the impedance mirror technique to investigate
detonation reaction zone effects. This experimental procedure is not yet in use by
other laboratories. Data not available using standard procedures can be obtained using
this technique, e.g., detonation reaction time across the wave front.1

The propellant development portion of the liquid propellant gun program
consisted of two primary efforts: (1) the bipropellant work at NWC, China Lake, and
(2) the monopropellant work at the Naval Ordnance Station (NOS), Indian Head. Most
of the monopropellant tests were conducted by NOS; however, the impedance mirror
tests could only be conducted at NWC. In accordance with instructions from the Naval
Air Systems Command, several non-standard test sequences were devised to determine
the suitability of the NOS-365 monopropellant for air applications.

Although all standard tests had indicated that NOS-365 was nondetonable,
inilial impedance mirror ,tests showed that the liquid did detonate under strong booster
shock. These tests were, therefore, continued and other experimental procedures were
devkied based on information generated.

NOS-365 has proven to be a propellant which in our experience is somewhat
unique. Its reaction time while undergoing detonation is in excess of 10 microseconds,
as compared to an earlier monopropellant, nitromethare, whose reaction time is 22
nanoseconds. Although total experience is still quite limited, nanosecond reaction time
appears to be typical of explosive compounds such as TNT and Composition B. The
10 microse-ond reaction time of NOS-365 suggested that, even though detonable, the
monopropellant could have a critical run-up distance requirement which would allow
positive control of the burning phase. Briefly, a critical run-up requirement would
mean that a gun chamber shorter than the run-up distance would always prevent
detonation without regard to any accidental condition of ignition leading to strong
irdiation. -R.in-up test results will be detailed later in this report.

IMPEDANCE MIRROR TESTS

The impedance mirror is ordinarily a 6- by 6- by I-inch Plexiglas block,
aluminized on one side to produce an optically good mirror. The propellant to be
tested is placed in contact with the aluminized side. The camera (streak or framing)
observes the Plexiglas which serves as a second surface mirror. An explosive argon flash
bomb, placed to give specular reflection from the mirror to the camera, provides the
required high intensity illumination. A schematic diagram of the system is shown in
Figure, 1.

1 H. Dean Mallory. "Detonation Reaction Time in Diluted Nitxon.ethane," . Applied Physics, Vol. 47, No. 1,
(January 1976).
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Operation of the mirror technique depends on several factors: (1) Plexiglas is
compressible under strong shock pressure, (2) aluminized layer adheres to the plastic
without rupture while the plastic surface is distorted by the impacting wave, and (3)
detonation reaction zone is turbulent. Reaction zone turbulence implies that point-to-
point pressure differences exist in the wave. These pressure differences produce unequal
distortion at different points on the impact surface of the mirrors. in fact, they
produce a pattern on the mirror which, for explosives, is as distinctly different as
fingerprints are for people. This pattern in the reflective surface is a series of ridges
and valleys which serve to reduce the total specular reflection from the light bomb to
the camera. The reaction zone, on the photographic record, is delineated by a more or
less narrow band of reduced reflectivity. After passage of the zone through the mirror,
the reflectivity returns to a higher level.

Impedance mirror streak camera records show detonation reaction zone
differences which depend on propellant energy. (Normal camera writing rate is 10
mm/microsecond.) The Figure 2 records show obvious differences in that the higher
energy material has a shorter reaction time and a finer scale of turbulence. This effect
was predicted by the Russian worker Schelkin several years beforo, these photographs
were made. 2 Even those records, such as in Figure 2a, having large reaction cells can
be read with some precision and the reaction time determined. This entails using a
microcomparator fitted with a photomultiplier to observe the re ord through a long,
narrow slit. The comparator slit integrates light transmitted through the record along
the distance dimension. When this transmitted light intensity is plotted against the time
axis of the record, the reaction time can be read. Such a derived record is shown in
Figure 3.

The above records are typical of what is expected of an explosive or detonable
propellant. As has been mentioned, NOS-365 is somewhat unique; it appears to have a
very long reaction time. This very uniqueness has, however, prevented complete
measurements. Definitive measurements would require a small research effort to change
the measuring technique; this was beyond the scope of our investigation. We have,
therefore, extrapolated available information and arrived at our present position by a
series of best estimates.

Two of the earliest impedance mirror records made during August 1973 are

shown in Figure 4. In Figure 4a, the NOS-365 tank was 72 mm long and 127 mm in
diameter. Initiation was by a 1-inch-thick, 4-inch-diameter disk of Composition B and a
P-40 plane wave lens firing through a 1/8-inch sheet of aluminum. This is our standard
booster which produces about 18 GPa (180 kbar) in the propellant-a very strong
shock. The wave front on the right is seen to be somewhat rough, indicating the
propellant was detonating with difficulty. Mirror reflecti-ity was greatly reduced with

2 K. I. Scfo.-n. "Two Cas of Unstable Combustion," J. ExpiL Theoret. Phtys (USSR), Vol. 36
(February 1959), p. 600; Soviet Physics.JETP, Vol. 36, No. 9 (August 1959), p. 416.
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small increments reflective. These increments oscillated between reflection and
non-reflection, indicating reaction was occurring at least unti' the far surface of the
Plexiglas blew out.

The experiment in Figure 4b was boosted by point initiation of a tetryl pellet
into a 1-'by 4-inch Composition B disk without the P-40. Except at the center of the
tank, the pressure was slightly lower. Here the initial shock front is curved, as i"
should be, and the center of the mirror remains reflective until 4.5 microseconds after
blowout. The most significant observation is that reaction began at some time after
passage of the shock front and Increased with time at least until reflectivity was lost.
From records such as this, we can say that NOS-365 detonates with difficulty and the
reaction time is exceptionally long.

The next impedance mirror test series was done in March 1976. Because it was
snowing during one testing day, we can be fairly sure of the propellant's upper
temperature limit. The records obtained were all about as shown in Figure 5.

The Figure 5 experiment was set up using a 58 ram long, 105 mm ID
propellant tank boosted by a standard P-40, Composition B booster. Notice that the
wave front on the right is smoothly curved despite the tank being shorter than that of
Figure 4a. The smoothly curved front is typical of a totally unreactive shock. Despite
some reflectivity remaining, there are no mirror oscillations which are characteristic of
points of reaction in the propellant. We could only conclude that the propellant was
nondetonable. The snow during testing was a fortunate reminder that the propellant
was cold. (The August 1973 tests were conducted during hot weather; propellant
sitting in the sunshine could have reached 60*C.)

Propellant temperatures were not originally measured because we knew of no
instance where it was significant. Explosives such as Composition B will detonate at
liquid nitrogen temperature, and nitromethane was checked over the temperature range
in question with no affect on reaction time. However, in view of the nondetonability
of NOS-365 at low temperatures, further tests were made wherein the propellant tank
(on the impedance mirror) was warmed, using laboratory heating tape, to temperaturer,
of 48-63*C, All such warmed charges showed evidence of detonation. Figure 6 is a
typical streak photo. Note that the propellant charge is 305 mm long. There can be
no doubt that detonation was occurring since the booster shock would be degradedI and rounded after about 25 mm of travel through an inert liquid. In this case, the
mirror was 38 mm thick, thereby allowing a longer observation time. The oscillating
mirror elements show reaction for at least 9 microseconds.

Primary reflectivity loss has been an extremely annoying problem, but no
solution for this has been found. It is not due to mirror degradation because covering
the mirror with plastic sheeting has had no effect and this is known to prevent
degradation at pressures to 30 GPa. Our best estimate is that the wave is so rough
that mirror elements are turned to extinction. In this case, a much larger diameter
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light bomb might have helped but such changes were outside the scope of our charter.
If the mirror is indeed extremely rough, it provides further information on the
detonation properties of the monopropellant.

The impedance mirror data showed a long reaction time in the propellant.
Based on this, we have postulated that (1) NOS-365 is very insensitive, as we already
knew, and (2) it has a critical run-up distance before reaching detonation assuming
mild ignition. The impedance mirror test was originally designed to measure the
induction and reaction time in explosives for the purpose of determining their intrinsic
sensitivity. If we consider what is meant by the term sensitivity, it mainly reduces to
the two elements of magnitude and time. Given two impulses of equal duration but
different magnitude, a sensitive material will respond to the smaller magnitude impulse.
Again, given two impulses of equal magnitude but different duration, a sensitive
material will respond to the shorter duration impulse. The nature of an induction time
is such that nothing can occur until this time is exceeded; the nature of a reaction
time is such that an explosive reaction cannot build up to full power until it is
exceeded. In this way, we can say that, if initiation pressures are comparable (as they
were), NOS-365 with a 10+ microsecond reaction time is less sensitive than nitro-
methane with a 22 nanosecond reaction time. But, given a long reaction time, an
unloading wave of any origin can easily quench the reaction, and detonation tests in
thin walled tubes quickly produce unloading waves as the walls rupture. Additionally,
unloading waves occur behind the booster shock due to the finite size of the booster.
Reasoning of this sort led to the idea that massive confinement that would prevent all
unloading waves might lead to detonation from a small stimulus. Confinement of this
type is provided by a gun chamber. This, then, was the basis for conducting the tube
tests.

TUBE TESTS

The tube test is done in a 0.9 meter long, upright mild steel tub( having a 25
mm bore and 25 mm thick walls. The tube is plugged at the lower end by a 76 mm
long tight-fitting steel plug welded in the tube. A detonator (RP-81 expioding
bridgewire type) is lowered to the bottom of the tube and rests on the welded plug
with lead wires running the length of the tube. The tube is filled to the top with
propellant (remote operation). The detonator is confined by the steel tub, and the
weight of the propellant column. The tube is otherwise open at the top. Tested in this
way, at an ambient temperature of 15-21 0C, the steel tube is fragmented as shown in
Figures 7a and 7b.

As mentioned previously, NWC )-,d been conducting studies of bipropellants for
use in the liquid propellant gun. Spark ignition tests of these bipropellants required
that the material first be emulsified. A shaker arm having variable and controllable
frequency was therefore fitted with a sample holder, electrodes and necessary wiring.

6
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Although emulsification was not required for the NOS-365 monopropellant, this same
shaker arm apparatus was later used for spark ignition tests of the NOS-365. Fastax
camera coverage showed what appeared to be a reaction wave going through the
propellant fluid which did not break the Lexan containers. Best estimates were that it
was due to a reaction wave in the propellant's F' -,4 component. It seemed possible
that a 13-molar HAN solution would react in tne tube test, and one such test was
conducted. The explosion .was accompanied by a brown cloud of NO 2 and yielded the
fragments shown in Figure 8. Most of the broken edges were corroded, indicating that
those breaks occurred during the explosion event when the HAN reaction products
were vented across the fractures. Several breaks showed clean metal surfaces and we
postulate that these breaks occurred during impact with the surroundings.

The fragments shown are primarily the brittle fracture type indicative of a low
pressure. Additionally, these are large size fragments of the type one would expect
from a ruptured pressure vessel. On the basis of this single test, we suspect that the
HAN component of NOS-365 controls the sensitivity of the propellant although the
full power output of the propellant depends on its further reaction with other
components.

Ballistics Research Laboratory (BRL), Aberdeen, Maryland, personnel doubt that
the tube test fragments show detonation at all since the shear zones are more shallow
than they expected. We believe the depth of the shear zones indicates only that full
power output is never achieved in a mild steel tube. This effect is, again, a function of
the very long reaction time. We have performed a slight variation of the tube test
which wre believe shows this and, in addition, shows that NOS-365 does indeed have a
critical run-up distance.

INDICATION OF CRITICAL RUN-UP

In two tube tests the confinement was increased by firing in 20 mm Mann
barrels. The initiation was also strengthened by attaching a 2.5 gram tetryl pellet to
the RP-81 detonator, which itself contains 850 mg tetryl. The length of the gun tube
was 0.76 meter (30 inches) with a 25.4 mm long welded plug in the lower end (5
foot barrel cut in half). The bore was 20 mm. The dimension changes were considered
to be minor. Real changes were the increased confinement of the 4340 steel and the
more the ser z on Te remains of such a test are shown in Figure 9. In this
case, the shear zones extended nearly half-way through the 19 mm (3/4 inch) wall of
the gun tube. This figure clearly shows that, despite the hard initiation, the detonation
did not occur until the wave had propagated 0.3-0.38 meter (12-15 inches) from the
booster. When venting occurs in any slow reaction, the pressure drops and the reaction
is quenched. Despite the deep shear zones, it is questionable whether or not the
propellant reached its full power output and one could certainly argue that it had not.
The 20 mm gun tube tests clearly indicate that the mild steel test tubes fracture early
in the reaction and vent the pressure before the reaction reaches completion. In the 20
mm gun tube, no fracture occurs at the booster end even though the inner walls are

7
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blued from reaction heat. In the mild steel tube, the steel is indented -'t the end of
the plug closure and clearly shows (Fiure 7b) the result of having oeen in contact
with the exploding propellant.

It is possible that an even heavier-walled gun tube would indicate the
detonation run-up to be somewhat longer since it would hold together longer thus
displacing the bulge further from the breech end. Whether or not the propellant is
truly detonating, and whether or not the reaction has reached its full pressure
potential, is somewhat academic. These questions could, of course, be answered with
adequate instrumentation but we were only interested in a reasonable indication of
whether or not the propellant could be controlled in a fail-safe manner in a real gun.

We believe the propellant can be controlled by making the gun chamber shorter
than the critical detonation run-up distance. Although this might limit the gun caliber,
it seems reasonable to expect that the caliber can be increased by changes in the
propellant formulation. In view of the temperature effect shown in the impedance
mirror tests, we expected some differences in the tube tests but this has not yet been
documented. Several tube test variations have been proposed for future work. These
include (1) tests on carefully debubbled liquid, (2) tests wherein the liquid contains
deliberate bubbles of known size and placement, (3) critical run-up tests with a pseudo
projectile in the bore, (4) ignition with a graded series of smaller detonators,
approaching ignition with a spark, (5) tests with pyrotechnics ignition, (6) tests over a
temperature range, and (7) tests wherein the reaction velocity and pressure are
measured.

FRAGMENTATION FROM KNOWN DETONATIONS

Based on considerations of chemical composition alone, NOS-365 should be
capable of developing a reasonably high detoA Ltion pressure. As has been mentioned,
the long reaction time means that ultimate presure is almost entirely dependent on
confinement. As a comparison, two 20 mm Mmn 4'-arrel sections were tested with
known detonating materials both of which have uano'cond reaction times. These
materials were Composition C4 with a detonation pressu,e of about 24 GPa (3.5
million psi) and nitromethane with a detonation pressure of about 13 GPa (1.9
million psi). Fragmentation with these materials was considerably 1Yfferent than with
NOS-365. Fragments from the high order detonations are shown in Figures II and 12.

In both known high order detonation cases, the rifling of the 20 mm barrel
exerted an important degree of control in fragment formation. However, the depth of
shear is not greatly different than that from NOS-365 (Figure 10), In both high order
cases the barrel was shattered into smaller and more numerous fragments, but this is
believed to be entirely due to reaction time differences. Pressure buildup is 1-2 orders
of magnitude slower in NOS-365 than in Composition C-4.

8
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All the above described tests were tests of function. Tests were also performed
to learn how NOS-365 can be safely handled.

SPILL TESTS

BRL, Aberdeen, tests showed that transition metal oxides catalyze the
decomposition of NOS-365. The desert soil of the southwestern U.S. is rich in a
magnetic iron oxide and, in addition, soil temperature under the summer sun is known
to range as high as 77 0 C. Soil condition in other parts of the world where military
action might occur could be at least as unfavorable. For this reason, under controlled
conditions, a series of two types of spill tests were performed: (1) spills onto soil
containing the naturally occurring magnetic iron oxide, and (2) spills onto rusty iron.
For spills onto soil, the critical temperature above which reaction occurs rapidly is
60*C. For spills onto rusty iron, the critical temperature appears to be lower, about
50°C, although the fume-off reaction on one occasion occurred at 45°C after a 30
minute delay.

A test assembly with fume-off on soil is shown in Figure 13. In this case, local
soil containing magnetic iron oxide was contained in an aluminum pan heated from
the bottom by laboratory heating tape. The NOS-365, in a beaker above the soil pan,
was also heated and the poured onto the soil (remote procedure). The pan and beaker
heaters were turned off before the test to allow the temperature of both test
components to equilibrate. The reaction shown in Figure 13 occurred after about 5
seconds of contact.

The above mentioned spill test on rusty iron at 45*C was performed under
springtime conditions (air temperature 24.5*C and in full sunshine). The rusty iron
under these conditions was at 450C and might have gone higher with longer exposure
to the sun.

9
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6

Legend:
1. Plane wove lens
2. Composition 8 disc
3. Aluminum separator plate
4. Explosive tank
5. Saran covered reflective layer
6. Plexiglas mirror substrate
7. Argon.xplosive flash
8. Turning mirror
9. To camera

FIGURE 1. Ilmpedance Mirror Setup Schematic.

I
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FIGURE 2a. Overdriveni Wave in Diluted Nitroinethane 60/NM, 40/Acetone.
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FIGURE 2b. Steady-State Wave in Diluted Nitromethane 90/NM, 10/Acetone Showing a Short
Reaction Zone.
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FIGURE 3. Photomultiplier Output Plotted Versus Time for a Record Such as
Shown in Figure 2a.
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Figure 4a. Impedance Mirror Test ACS-222 (15 August 1976).
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FIGURE 4b. Impedance Mirror Test ACS-218 (15 August 1976).
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FIGURE 5. Impedance Mirror Streak Record NOS-36S at About 00C.
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FIGURE 6. Impedance Mirror Strealk Photo of' Detonation in NOS-365 at 540C. Charge 305 nm
long 95 mim 1I). Standard P40, Composition B booster.
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FIGURE 8. Tube Test Fragments from Detonating 13 Molar HAN Solution (RP-81 Initiation
Test and Temperature About 150C).

FIGURE 9. Section of 20 mm Mann Barrel Used in NOS-365 Tube Test. (Initiation by RP.81
plus 2.5-gram tetryl pellet. Detonation occurred 12-15 inches above point of initiation.
Temperature about 21 0C. Scale in cm.)
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Sect~ oI 20mm A~ Barrel Show, Ill 1 u 9.
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FIGURE 11. 20 mun Mann BDrrel Tube Test Fragments from Nitromethane (Scale in cm).
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a FIGURE 12. 20 mm Mann Barrel Fragments from Composition C>4 (Scale in cm).
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