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INITIATION AND DETONATION MEASUREMENTS ON LIQUID NITRIC OXIDE

Garry L. Schott, William C. Davis, and William C. Chiles
Los Alamos National Laboratory
Los Alamos, NM 87545

an end window asynchronous:y

Measurements are reported on detonations of homogeneous liquid nitric oxide
initially at T = 119 K, p, = 1.28 g/cm®. Plane-shock initistion in mirror-covered
wedges demonstrated detoration in preshocked material (superdetonation) that
overtook the smootl input shock. Its transverse irregulanties continued in the un-
supported detonation. The input shock ran ca. 3 mm at U; = 3.8 £ 0.2 km/s. Be
hind it the fluid had u, = 0.89+0.02 km/s, p = 4.3+0.3 GPa, p = 1.67+0.03 g/cm?,
and ihe superdetonatica had Dl'a % 6.9 km/s. In 356-mm long graphite tubes with
25.4-mm inner diameter. measurea detonation velocity is D = 3552 + 3 m/s. Fail-
ure diameter in graphite is below § mm. Free-surface velocities of 1- and 2-mm alu-
minum plates terminaiing the detonation axis were near 1.5 km/s, approxiunately as

redicted for CJ flow at D, = 5564 /s, u, = 1.34 km/s inpinging on alummun

lectronic streak photography at d = 20.6 mm in brass H'%lﬁlf’l‘(’(l a smoothiy convex
detonation front with apparent brightness temperature of

735 + 40 K as 1t reached

INTRODUCTION

Liquid mitne oxide was studied as a prototype
condensed-phase explosive in a multidisciplinary research
program pursued during the 19808 at Los Alamos Na-
tional Laboratory. Theoretical atamic/molecular treat.
«nents of this energetic, two-element substance and the
products of its decomposition at condensed-phase den-
sity are mmpler and correspoandingly more mature than
if carbon and/or bydrogen were inclided. Experiments
with nitnic oxide were favored by umiormly pure NO gas
fumished as needed from the Laboratory’s distillation {a
cility operated for eurichment! of the stable wotopen of
both () and N

The present report asaembles the dynamic measure
mentn we completed on eryogemcally liquefied vitric ox
e functioning as a detonating, homogeneoua high ex
plomve Precisely delayed imtiation of detonation by a
sutably weak input shock v demonstrated by a comtn
nation of orthodox wedge, tmpedanes mirtor, and gns
gun techimquen The mnn rerules frem jong evlin:'n
cal chiargen are detonation velocity at selected dinme

ters and on-axis acceleration of thin aluminum plates at
the charge end. Finally, a single mneasurement by image-
intensifiedl, direct photography through a full-diameter
window on a short cylinder ia presented. This quantita-
tively demonstrates the convex shape and optical bright-
ness of a detonation front in liquid nitnc oxide. These
measurements extend or supersede those we have pub-
linhed earlier.’*'* The broad scope of the Laboratory’s
prograni included this work £ad related studies of ni-

tric oxide, its conatitueni elements, and other axidation
states of nitrogen under static and tranment conditions of
high pressurc and/or energy. Repreaentative accounts are
given in References 5 10

The customary chemical formala of nitne oxide, NO,
tepresenta the dintomic molecular forn of its gas phase
under ambient conditions. Cryogenie condenaation to
sobid or ligquid is accompanied by reversible dimerization
to molrcular N3Oy The substance melts at 1005 K and
boila at 121 4 K In all of ita staten of aggregation, its
energy of formation significantly exceeds that of the cou
atituent elsments, O, ad Ny oand of any of the other
nitrogen oxides We apply the name Lhquid witric oxde
to the homogeneons, nent expiomve confined at temper



Schott, Paper Number 42 2

atures near 113 K, and use one of the above chemical
formulas when the molecular form ar the gaseous state is
pertinent.

INITIATION OF DETONATION BY SHOCK
BACKGROUND

Earlier investigations?!!:!? of occurrence of detona-
tion in dense nitric oxide demonstrated its initiation in
liquid or mixed phases by shocks from donor explosives
or an equivalent projectile. The reaults were convine-
tug that. in its susceptibility to detonation by accidental
shock. condensed nitric oxide under technologically tymi-
cal conditions more closely resembles nitroglvcerine than
it does the less sensitive liquid high explosives. However,
the previously applied methods did not examine the de-
tailed shock processes leading to detonation or subject
the explosive only to plane or divergent flows. Also, each
investigation was done with nitric oxide thnt contained
different, small percentages of NO,. N;O, and N; accu-

mulated from gradual, spontaneous decomposition of NO
kept as a compressed gas

In order to gain more precise information ou i
tintion of detonation in liquid nitne oxide. we have
mmed to control the shock geometry an ' the NO purnity,
Our prelimunary experiments used plane-wave explo-
sive systems as donors with uniform metal intermediate
members to tranam't and attenuate shocks at selectad
strength. Measurements included transit times through
disk-shaped samples at a succession of depths and elec
trooptically intensified end-on streak photography neross
a diarneter of a window-covered disk. An unsuccessful at
tempt was made to perform laser- Doppler velocimetry at
the impact surface, viewing through the hignid aud win
dow above it. The investigation was culminated by two
gas gun shota that yielded clear streak-camera records
of delayed detonation overtaking the steady input shock
in wedges of homogeneoun liquid explosive. The forego
ing, developments were reported in detail,* with emphasis
on their qualitative featuren. Here we extend the eas
ier account of the wedge experiments by quantitative
treatinent of the wave velocities and the shocked atate
produced prior to the detonation

WAVE SEQUENCE

Figure 1 dirplavi a record of uutistion of detonation
i a wedge of igusd mtrie oxade A very suml iecosd
fromi a second aieh shot and a sehemntice dingram of e
e target are avnloble elsewhiete ¢ The shot contfign
ravions had n conventionn! wedge shaped volunie of ox

plomve hounded downstrenm 'y a murror coated PAMA

window surface inclined to the wave front. This interface
was illuminated by an explosively shocked xenon lamp
and photographed through the streak-camera alit. The
initiating shock was introduced at the base plane of the
liquid wedge by transmission from a amooth copper plate
whose oppasite face was struck by a matchiag copper im-
pactor delivered fram the gun muzzle.

Dynamic events at the mirrored interface alter its
reflection at each pasition viewed by the alit, beginuing
when the first disturbance arrives. Advancing waves in
the flow are recorded as continuous tracks with positive
slope. Early in the record of Fig. 1, where the explosive
is thinnest. the input shock makes a smooth, straight
track as it reaches the inclined mirror. Farther along.
detonation makes a second track. The input-shock track
terminates at a depth of § mm, and thereafter the sin-
gle track is formed by detonation proceeding in original
exploaive. Before this transition point the detonation
track appears in the sector to the left and identifies the
beginning of detonation as a separate, {ast wave in the
compressed, moving material behind the input shock.

In this domain the PMMA substrate of the mirror like-
vase 18 shocked. and the reflecting surface is reoriented
to a decreased wedge angle. The separation between the
waves and between then resulting traci.s each diminishes
linearly to zero when the input shock is overtaken su-

personically from the rear. This cvent is pointed out in
Fig. 1.

The sequence of waves found here duplicates, at
lenst qualitatively. the initiation mecharmusm witnessed re
peatedly i liquid nitromethane and recogruzed in other
homogeneous explosive media, including single crystals
and doubly-shocked gases. The PMMA subatrave sup
porting the mirrored wedge boundary has enabled our
technique to record the three principal wave fronts and

the transverse structure begun in the earliest detonation
maotion.

CONTROL OF CONDITIONS

The straight tracks of the frontinost waves recorded
in Fig. 1 determine a precise depth of overtake by their
intersection and indicate senaibly conatant velocitien of
the input shoek front and Inter of the detonation propa
gating through origmal explosive liquid. For thia depth
mid these velocitien to be interpreted, the strength and
anentation of the mput shock must be adequately win
form over the wedge section whose ternunation on the
slant fnee e plhiotographied  On the indieation from Fig 1
that these cntenin are met, we proceed to addre s the

relevant mintennl condition
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The density of the initial nitric axdde liqud is gov-
eniied by its tempernsture. Data from References 13-13
are represented between T = 110 and 130 K by

Pliq(8/cm’) = 1.274 + 0046%(1200-T) . (1)

Under radiative heat load from gun components in both
axial directions, the copper structure of the gas gun tar-
get attained an apprommately uniform temperature after
cooldown. A thermocouple in » blind well next to the
explomve-fllled space stably registered 120.0 + 0.3 K over
times exceeding 107 s before finng each shot. The cond:i-
uon in the mitric axide Liquid was also measus~d by the
vapor pressure recorded dunng flling of the visible wedge
volwne. This indicated a somewhat lower temperature,
117.6 K. The average of these temperatures, 118.8 K, 1s
tak+u to determice p = 1.28 £ 0.005 g/an’. Gravitational

Number 42

stratification 1s relied upoa to keep nonuniformity within
the borizontal wedge section less than the abeolute un-
certaiaty of the bquid denmty.

A test of our control of conditions that might influ-
ence the initiation of detonation was made by » duplicate
expeniment. The same target and impactor materials
were used, and each face of the pure cupper elements
in the shock-forming path was diamond-tool machined
10 6 x 10® mm umoothness. The impact velocty from
the gun was repeated to within 0.2%. The two shots
used deliberately different batches of nitric ande. Fig-
ure 1 is from the shot with the purest liquefied NO gas
we could manage; absence of detectable infrared absorp-
tion through 100-mm path at 85-kPa gas pressure de-
termined the sum of raass fractions of N;O and NO; to
be below 107*. However, the liquefied state appeared
bluish and not as colorless as if the nitric oxide were

FIGURE 1 ANNOTATED STREAK PHOTOGRAPH OF DELAYED INITIATION OF DETONATION IN WEDGE OF
LIQUID NITRIC OXIDE TIME AXIS ORIGIN IS ARBITIRARY SLIT AXNIS PROJECTTONS AS SHOWN
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ultrapure !

® Because it was impractical to eliminate the
tnatomuc constituents, we tested their poasible influence
upon 1nutiation of detonation by increasing their concen-
trations to a total mass fraction near 1 » 1073, measured
by infrared analysis. This alteration of composition was
not er.ough to perceptibly influence the density, deto-
pation velocity, or utial-shoct Hugoniot of the Liqud
explosive. The increase in run to detonation that it pro-
Auced, from 3.0 mm to 3.4 mm, 13 small encugh that the
apparent densitization s of uncertain signiiicance. The
important indication is that impurities the. accumulate
in NO by its slow, spontaneous disproportionation do not
profoundly alter the initiation of detonation of 1ty liquid

form.

PRIMARY WAVE VELOGITIES

In Fig. 1 the armval tracks for the mput shock and
the final detonation have positive slopes: their angu-
lar departures from t'ie honzontal are respectively de-
noted o7 and ¢p. The corresponding apparent velocities
at which the respective waves in the wedge progressed
along the photographed band or: the murrored face are
Seo= (Weoter) /A, and S = W eotoni /M, where
"Vs the wniting rate of the camera and A, 1 the ap
parent magufication at which distances along the sloped
object are projected through the camera shit and onto
the Al These and « *her raw resulte of our two wedge
expertments are nssemnbied i Table 1

To evaluate the veloeitien of these waves withun
the wedge of explosive, we consider therr adenl and real
onentations. Coordinates are aclopted wath the oy
plaie 1 the unpact fuce of the wedge and the post
tive 7z axain directed nomally into the explosive The

ar of the photographic objeet band on the slant face

TABLE 1 LIGUID NITRIC OXINDE WEDGE
PARAMETERS

Gas gan Shot No 6H60) 66 1
Phiotograph Mg ! el
Frojectle Speed (ki PN PN
Wedge Ang. vy 0 0
S ks K] P

VIR TR
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lies in the . z plane by definition, and has direction
cosines {cosy', 0, iz v). where u 13 the wedge angle.
Planar waves, identied by subscnipt w, are oriented

in this coordinate system by their unit normal vectors
(0w, bw, cw). Waves that are ideally paralle]l to the
wedge base have ¢y, = 1, a, = b, = 0, and their wave
speed is simply U, = S sinu. For tilted waves,

Ue = Salagcosy + cusiny) . (

(3%

Waves crossing z = 1, planes with a small delay gradi-
ent along the r~ azd/or y—directions possess small tilt
components, a,, and ar b, that are proportiona. to U,
itself. For detonatim following a slower input shock by a
atform time, this Zetermines

sy =apnlp/Up) (31

The analogous acceptor/donor relation between by and
5 15 presumed, but 3 imconsequentiai.

Table 2 traces the apphication of these wave on
entaton relationshoos to the speeds of Table 1. The
detonation speeds. D, in the “vdeal” columns for the
two shots differ froem ench other, and both are larger
than the velooity nem 500 ki/9 expected [or unsup-
ported deronation The input shock speeds assuming

ideal onentation w= bk e unequal, whereas the gun

TABLE 2 WiVE VELOCITIES IN LIQUID
VTRIC OXIDE®

Shot 660 Shiot 661
[deal Ilted [denl [lted

Detonntion

cn 1.0) 95980 (1o 99996
ay) 10.0) ul7n) (0.0) - 0084
Y (k) 610 (H.0h) n.82 (H.00)

Input Shork

dpoagy 00 0170 (0.0 N0R%4
f ki o 370 302 3
agpoaplt I Ol DO
T S T TTEN o 3 =0

A e e parent e avinhol detimed oo
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projectile speed was duplicated. However in each shot we
tnd i Uy/D)Y =067 £ .01

Ir the columns headed “tilted,” we reconcile these
results by considering first the tilt compaoent ap needed
to adjust each detonaticn wave speed to an assumed
value of 5.55 km/s. The effect upon cp = /1 - o}, — 53,
of an unknown y-component, bp, is ignored. Extending
the adjustment to the input shock is less definite, and
two naive estimates for a; are evaluated. Taking a; = ay,
gives values of U; near 3.7 km/s from both shots. Con-
sidering the detonation as acceptor and input shock as
donor according to Eq. 3 diminishes the adjustment of
each [y from its “ideal”™ value. and the resuiting values
are both near 3.8 km/s.

HUGONIQT STATE AND SUPERDETONATION

Uy = 3.8+ 0.2 km/s is adopted to deteninine the
shocked state of nitric oxide fluid in which the superdet-
onations occurred. With the symmetric approximation
for the shock and release of pressure and particle veloc-
1ty in copper. the following properties are found from the
conservation equations for the matching shock in the ex
plosive: pressure p; = 4.3 % 0.3 GPa: particle velocity,
wyp = 0.89+ 0.02 kmy/s; density, py = 1.67 = 0.03 g/em’ =
1.305 p,: specific internal energy, £, = E, + 0.40 1
0.02kJ/g. E, for the origial liquefied nitric oxide Las
the valur +2.65 £ 0.01 kJ/g. relative to the elements O,
and .V, as ideal gases at zero N'®. From the averages of
the corresponding angles of the tracks registered by the
superdetonations in Fig. 1 and Reference 4 before they
overtook the mput shocks, we find §* = 45.5 kin/s and
D} oy = 6.0 km/s. This superdetonation velocity is in
the frame of the comnpressed. moving matenal. Inan Eu
lenan frame D}, has the value 6.0 + 0.9 = 6.9 km/s.
These values * are subject to large uncertainity from
tilt, and are presented primarnly to illustrate the relation
ships applicable in the compressed wedge confined by a
window with matching shock impedance.

DETONATION PRESSURE AND VELOCITY
MEASUREMENTS

The experimental arrangements have been desersbed
previously ? The tubes confining, the explosive were made
of graphite. They were cooled with higud mtrogen in a
bath with isopentane as the heat transfer Auid. With
VIROTOUN stirning,, the tetperature was mantartied unl
forin along the length of the tube. Table 3 gives n hist of
temperntures Except for the heat leak from the booster
expiosive wartnug the first thermocoupie station, the
temperature control 1s very good

TABLE 3. TEMPERATURE UNIFORMITY ALONG
GRAPHITE-WALLED CHARGES OF LIQUID
NITRIC OXIDE.

Temperature (*C)
Station Distance from

Number Booster {mm) Shot F-5730 Shot 8-184
1 254 - 153.89 - 153.75
2 76.2 - 154.11 - 154.05
3 127.0 — 154.25 -~ 154.10
4 177.5 — 154.24 - 154.14
E) 2286 - 104.16 - 154.05
6 279.4 — 154.07 - 154.06
7 330.2 — 153.98 - 154.01

Graphite was chosen as the confining material be-
cause it is available commercially in the form of tubes. it
has a relatively low shock impedance and offers minimal
confinement, and it was thought that there would be no
region of subsonic flow in the graphite that might cause
a perturbation where the wave in the explosive intersects
the tube wall. Later calculations have shown that the
uncertmnties in the equations of state are large cnough
that there could be a small subsonic region.

The detonation pressure is inferred from the mea-
sured free-surface velocity of a 6061 dural plate driven by
the explosive at the end of its run through 355.6 mm of
mtric oxide in the 25 4 mm diameter tube. The velocity
was measured using the method described by Davis and
Craig.'” It has been shown by Davis and Venable!® that
the measured free-surface velocity is a linear function of
(r/d)'/*, where r is the thickness of the plate, and d is
the diameter of the detonation tube. The data are plot-
ted in Fig. 2. The intercept with the axis gives the de-
sired value of the free-surface velocity, which is then used
to find the particle velocity in the dural at the instant it
is contacted by the detonation wave.

Figure 3 is a plot in the pressure - particle ve.oc-
ity plane of the Hugoniot curve {or dural and the re.
Hected shock Hugoniot curve for the explosive, Their
mtersection should be at the point measured in the free
surface veloeity expenments if the reflected shock Huygo
mot curve is the correct one. Within the accuracy of the
experimental result, the curve is satisfactory.

Ao mnportant reason for performag these measure
ments was to try to answer questions rassed by specu
latiom that real detonations are weak detonntions, not
Chapmian Jonguet detonations. Nitrie oxide is the ouly
condensed phnse matenal for which it has been possi
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FIGURE 2. PLOT OF FREE-SURFACE VELOCITY
\'S PLATE THICKNESS FOR NITROMETHANE
FROM REFERENCE 18 AND FOR THE MEA-
SUREMENTS FROM SHOTS F-5730 AND 8-184 DE-
SCRIBED HERE. THE EXTRAPOLATION TO ZERO
PLATE THICKNESS IS MADE USING THE SAME
FRACTIONAL DECREMENT FOR EACH.

ble to measure the equation of state of the detonation
products in separate experitents that are not detonation
experiments.® In Fig. 3 the Chapman-Jouguet state and
its reflected-shock Hugoniot are the ones caleulated from
a semiempirical equation of state of equilibrium prod
ucts from liquid nitric oxide.® '™ This is based on the
wieasured shock Hugoniots of oxygen and nitrogen ndi
vidually and of nitric oxide products in overdriven det
onation states. Henee it 1s independent of assumptions
about the nature of the unsupported detonation of nitrie
oxide, The measured point plotted in Fig. 318 not i dis
apreement with the assumption that the real detonation
is & Chapman Jouguet detonation. The data are not ad
equate to put any severe limit on the range of weak (o
strong) detonntions that might also be inngreement with
the data

Detountion veloeity measurements were pinde ey
dental to the pressure measurements A plot of detona
tion velocity va charge dinmeter is shownan Figo 40 The
tinte mednun detonntion veloeity s estimnted to he
K064 /s at a temperature of 119 I corvespondimg, to a
density of 1280 p,_/"lll‘

6
20
<) —
& 4
)0 -
Q 4
5 -
1
Measured ]
i Porficle Velocty
o PR SO S | AU U U L G W G S
0.0 05 20

10 15
U (mm)
FIGURE 3. MATCHING OF NITRIC OXIDE DET-
ONATION PRODUCTS INTQ THE DURAL PLATE,
PLOTTED IN THE PRESSURE VS PARTICLE VE.
LOCITY PLANE. THE VALUE OF PARTICLE VE-
LOCITY INFERRED FROM THE FREE-SURFACE
VELOCITY MEASUREMENTS IS PLOTTED ON
THE PsRTICLE VELOCITY AXIS, WITH ESTI-
MATED ERROR SPAN. THERE IS NO DISAGREE.
MENT WITH THE ASSUMPTION THAT THE DETO-
NATION IS A CJ DETONATION.

DETONATION FRONT PHOTOGRAPH

We had ambitiously intended to use measured wave
front shapes in long, detonating charges of several dif
ferent dinmeters to determine rates of energy release in

: 20
tll(‘ reaction I()]l“‘z

However, we completed ouly a pro
totype expernuent demonstrating wavefront curvature,
Electromeally intensified cameras of two types, single
frame and streak, were used to photograph self-light from
the transparent end of a detonating evhinder of Ny0),
capped by a Hat PMMA window. The eyvlinder interion
was 40 e long and 20 mm in dinmeter, and detonation
was initiated promptly by a flat, axially directed shock
introduced from detonating TNT through the brass end
wall opposite the window.

The strenk photogranh from this experimen s dis
plaved in Fig 5. with axes to indiente the dinmetrical slit
and andvancing, time, £ The nudpom: of the strenk record
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FIGURE 4. PLOT OF DETONATION VELOCITY
VS RECIPROCAL DIAMETER FOR NITRIC OXIDE
AT 119 K AND DENSITY 1.280 g/ecm®. THE LARGE
EE%R_EMENT IS UNUSUAL FO%K A LIQUID EXPLO-

020

coincides with the framing picture exposure discussed
below, and 1s taken as the time ongin. Somewbat later,
when the detonation reached the window, it abruptly in-
tensified the otherwise slowly varying exposure on the
film. The resulting arrival track appeared earliest at the
charge axis ({35;5 = 0.34 us) and formed a smooth, sym-
metric arc indicating that the detonation front is likewise
curved and at the walls lagged by 0.09 us, or 0.5 mm
(tywall = 0.43 pus). Transverse irregularity indicative of
proximity to the failure diameter is abeent, and any fine-
scaled manifestations of nonlaminar detonation flow are
pot resolved by our electronically intensified photogra-
phy.

The single-frame picture, exposed for 30 na, showed
the full circular ares of the approaching detonation when
its front was still about 0.4 us, or 2 mnm, from reaching
the window surface. It showed a uniformly exposed disc
whoee apparent brightness we mat-hed through the same
photographic system by an incandescent tungsten-nbbon
lamp. The equivalent black-body temperature of the

tungsten source was 1706137 K, and exposures at nearby

temperstures indicated the film coefficient. Densitometry
of the streak photograph showed that the brightness of

LABR

(mah)oo
gaagsg

FIGURE 5. ELECTRONIC STREAK PHOTOGRAPH
OF SELF-LIGHT FROM CONVEX FRONT OF LIQ-
UID NITRIC OXIDE DETONATION REACHING
FULL-DIAMETER PMMA WINDOW. BRIGHTNESS
TEMPERATURES AT ZERO RADIUS PLOTTED
ABOVE, TO SAME TIME AXIS.

the detonation increased steadily, and understandably, as
the remaining depth of undisturbed, bluish-gray N,0,
liquid dimiuished. The abrupt increase of brightness
when the PMMA window was reached was followed by

s steep, steady decrease. The apparent brightness tem-
peratures determined from the axial densitometric scan
are plotted against time at the top of Fig. 5.

All these brightness temperatures are far below the
C-J temperature of approximately 2600 K we expect'®
from the equation of state of products from detonating
N30, at liquid initial density. The simplest interpreta-
tion, sufficient but not unique, is that the reaction zone
and/or unreacted layer is significantly opajue aad be-
haves in the limit as a black body near 1735 K. The ef-
fective emissivity of the detonation product state at or
near C-J conditions remains unknown, as does the com-
plex net effect of encountering the PMMA boundary.
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