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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 initiation 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; = 38 £ 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 2> 6.9 km/s. In 356-mm long graphite tubes with
25.4-mm inner diameter. measurea detonation velocity is D = 5552 + 3 m/s. Fal-
ure diameter in graphite is below § mm. Free-surface velocities of 1- and 2-mm alu-
minum plates terminating the detonation axis were near 1.5 kin/s, approxnnately as

redicted for CJ flow at D, = 5564 /s, u, = 1.34 km/s impmging on alummun
lectronic streak photography at d = 20.6 mm m brass regstered o smoothiy convex
detonnation front with ajparent brightness temperature of 1739 + 40 K as it reached

INTRODUCTION

Liquid mitne oxide was studied as a prototype
condenned-phase explosive in a multidiaciplinary research
program pursued during the 19808 at Los Alamos Na-
tional Laboratory. Theoretical atamic/molecular treat.
arents of this energetic, two-element substance and the
products of its decomposition at conde;ised-phase den-
mity are mmpler and correspondingly more mature than
if carbem and/or hydrogen were incl'ided. Experiments
with nitric oxide were favored by uniformly pure NO gas
fumished as needed from the Laboratory's distillation fa
cility operated for enricliment! of the atable wotopes of
both O and N

The prenent report asseiublen the dynamic measire
nments we completed on ervogemcally liquefied ovitric ox
e Innctioning, as a detonating, homogeneova Ingh ex
plomve  1vecisely delayed nmtiation of detonatione by a
sttably weak mpnt shiock v demonstrated by a comln
naton of orthodox wedge, immpedanee minor, and gnx
gun teclhmquen The man resulta frem jong eyhn-'n
cal chiargen are detonation velooity at selecied dinme

ters and on-axis acceleration of thin aluminum plates at
the chearge end. Finally, a single ineasurement by image-
intensified, direct photography through a full-diameter
window on a short eylinder ia presented. This quantita-
tively demonstratea 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.”3'* The broad scope of the Laboratory's
progran included this work cad related studies of ni-

tric oxide, its constitient elements, and other axidation
states of nitrogen under static and tranment conditions of
high pressurc and/or cnergy. Representative accounts are
given in Referenees 5 10

The enatomary chemical formala of mtne oxide, NO,
represents the dintomic molecular forin of (ts gas phase
under ambient conditions. Cryogeme condensation te
aolid or lignid 1 accompanied by revermble dimerization
to moleenlar N3Oy The substance melta at 109.5 K and
boils at 121 4 K In all of 1ts staten of aggregation, its
energy of formation mgniicantly exceeds that of the con
stitinent el=ments, O, mnd Nyoand of any of the othe
mirogen cxides We apply the name Lquid nitric oxide
to the homogeneas, neat expomve contined at tempe
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atures near 113 K, and use one of the above chemical
formulas when the molecular form or 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 convinc-
iug that. in its susceptibilitv to detonation by accidental
shock. condensed nitric oxide under technologically tym-
cal conditions more closely resembles nitroglyvcerine 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,0O. and N; a-cu-

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

In order to gain more precise mformation on nn
uation of detonation in hgnid nmitne oxide. we have
mmed to control the shock geometry an * the NOQ ponty,
Our prelinunary experiments used plane-wave explo-
sive systems as donors with umform metal mtermediace
members to transm't and attenuate shocks at selecisd
strength. Measuretnents mcluded transit tumes through
disk-shaped samples at a succession of depths and elee
trooptically intensified end-on streak photography neross
a diarneter of a window-covered disk. An unsuccessful nt
tempt was made to perform laser- Doppler velocimetry ut
the impact surface, viewing through the hgmd nod win
dow above tt. The investigation was culminatcd by two
gas-gun shotn that yielded clear streak-camera records
of delayed detonation overtaking the steady input shock
i wedges of homogeneoun liquid explosive. The forego
ing, developmentns were reported in detail,* with emphasis
on their qualitative featnren. Here we extend the ear
her account of the wedge experiments by quantitative
treatinent of the wave velocities and the shocked atate
produced prior to the detamation

WAVE SEQUENCE

Fignre 1 displava a record of nmtmtion of detonatn
m A wedge of hquid mtne oxade A very smmla fecodd
fron a second muel shaa and o seliemntie dingrum of e
gan target are avigloble elsewliere 4 The shot contign
ranions iad nconventioml wedge slaped vidimne of oy

plomve homuded dewustienns by a o conted FAMA

window surface inclined to the wave front. This interface
was iluminated by an explosively shocked xenon lamp
and photographed through the streak-camera alit. The
initiating shock was introduced at the base plane of the
liquud wedge by transmiasion 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
15 thinnest. the input shock makes a smooth, straight
track as it reaches the inclined mirror. Farther along.
detonation makes n 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
explogive. Before this transition point the detonation
track appears in the sector to the left and identifies the
beginning of detonation as a separate, fast wave in the
compressed, moving material bebind the input shock.

In this domain the PMMA substrate of the mirror like-
vase 1x shocked. and the reflecting surface is reoriented
10 u decreased wedge angle. The separation between the
waves and hetween theis resulting trach.s each diminishes
Imearly to zero when the mput shock is overtaken su-

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

The sequence of waves found here duplicates, at
lenst qualitatively. the imtiation mechanisin witnessed re
peatedly m hquid nitromethane and recognized in othr
homogeneons explosive media, including single crystals
mned doubly-shocked gases. The PMMA subatrace sup
prating the mirrored wedge houndary has enabled onr
techimgne to record the three principal wave fronts and

the tranaverse structure begun in the carliest detonation
motion.

CONTROL OF CONDITJONS

The straight tracks of the frontimost waves recorded
m Fig. | determine & precise depth of avertake by their
mtersection and indicate seumbly constant velocitien of
the anpnt shock fiont and Inter of the detonation propa
gatimg throngl orignal explosive lignid. For this depth
and these 1 elocitien to e iterpreted, the strength and
onentation of the mpnt shock mnst be adegnately nm
form over the wedge sectivar whose ternmmation on the
shant face v photographed  Ou the dieation fiom Fig |
that these cutenin are et we jacceed ta addie o the
1elevant watenal conditicn
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The density of the initial nitric axide liqud is gov-
enied by its tempersture. 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 a blind well next to the
explomive-filled space atably registered 120.0 + 0.3 K over
times exceeding 10’ s before finng each shot. The condi-
aon n the mitric axde hquid was also measuw =d by the
vapor pressure recorded dunng filling of the visible wedge
vohwne. This indicated a somewhat lower temperature,
117.6 K. The average of these temperatures, (188 K, is
tak+u to determice p = 1,28 £ 0.005 g/an®. Gravitational
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stratification s relied upoa to keep noouniformity within
the borizontal wedge section less than the absolute un-
certaiaty of the bquid denmty.

A test of our contral of conditions that might influ-
ence the initiation of detonation was made by a 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
0 6 x 107° mm unoothness. The impact velocty from
the gun was repeated to within 0.2%. The two shots
used deliberately different batches of nitrc ande. Fig:
ure 1 1s 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-
tertnined the sum of riass fractions of N;O and NO; to
be below 107*. However, the liquefied state appeared
bluish and not as colorless as if the nitric oxade were

FIGURE I ANNOTATED STREAR PHOTOCRAIN OF DELAYED INTTIATION OF DETONATION IN WIDGE OF
LIQUID NITRIC OXIDE TIME AXIS ORIGIN IS ARBITRARY, SLIT AXIS F'ROJECTIONS AS SHOWN
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ulirapure '®

Because it was impractical to eliminate the
triatomic constituents, we tested their possible influence
upon initiation of detonation by incr:asing their concen-
trations to a total mass fraction near 1 x 10~?, measiired
by infrared analysis. This alteration of composition was
not erough to perceptibly influence the density, deto-
nation velocity, or nutial-shock Hugoniot of the liquid
explosive. The increase in run to detonation that it pro-
duced, from 3.0 mm to 3 4 mm, 1s small encugh that the
apparent densitization s of uncertain signiiicance. The
important indication 13 that impurities the. accumulate
in NO by its slow, spontaneous disproportionation do not
profoundly alter the mitiztion of detonation of its heqmd

furm.

PRIMARY WAVE VELOCITIES

In Fig. 1 the armval tracks for the mput shock and
the final detonation have positive slopes: thea angu-
lar departures from tie horizontal are respectively de-
noted ¢; and ¢ p. The corresporditig apparent velocities
at winch the respective waves in the wedge progressed
along the photogeaphed hand o1 the unrrored face are
Seo= (Weotep /AL and S = W oenton /M, where
"V s the wnting rate of che comera and M 1y the ap
parent maguficntion at wineh distances nlong the sloped
ulgect are projected through the camera sht nd onto
the il These and « ‘her raw results of our two wedge
expetiments are nssembied m Talde

[o evalnate the veleartien of these wiaves walun
lllf W('!lzf 11{ f‘.‘(l)l(h)‘/(‘\ W 1")“.‘\“l('r ']“'lr l‘l"l\l ;\”‘l I('hl
aventations. Coordmates are acdopted winlthe roy
plaie i the impact face of the wedge nd the poas
tve 2 s diected weamally o the rxplosove The

wns of the photagraplne objeet iand «n the slam face

TABLE 1 LIGVID NITRIC OXINDE WEDGE
PARAMETER"

Cina g Shot N 160 GG
Il aograph g | Ref
Fogeoenle Speed tkanine 800X R
Werdge Anp. o oo 0 0
ootk 3 NI
Spokmeoe "l ves

lies in the r, z plane by definition, and has direction
cosines (co8y', 0. sz v ). where v 13 the wedge angle.
Planar waves, identied by subscnipt w, are onented

in this coordinate system by their unit normal vectors
(ag. by, Cuw). Waves that are ideally parallel to the
wedge base have ¢y, = 1, a, = b, = 0, and their wave
speed ia simply U\, = S, sinyr. For tilted waves,

U = Selay, COBY + Cu 8IDY) . (2)

Waves crossing z = :, planes with a small delay gradi-
ent along the - azd/or y—directions possess small tift
component, a,, and or b, that are proportiona; to U,
sell. For detonatnes fullowmg a slower input shock by a
muform time, tlis zecommnes

ap =apnlp/UD (3

The analogous acceptor/donor relation between by) and
5 1s presmned, bul s ncotsequstitiag.

Table 2 tiaces the appheation of these wave on
enzatiomn relationshos to the speeds of Table 1. The
detonntion speeds. D, in the “eal” columns for the
two shots differ fro eneli vaiet, and both are larger
than the velooty tem 500 kin/s expected for nusup-
ported detonanion, The mput shock speeds assmmng
ideal cnentanion w- bk e imequal, whereas the gun

FABLF 2 WiWE VELOCITIES IN LIQUID
WITRIC OXIDE”

Shot 660 Sl 61
ldend Ilted ldeal Iilted

Dieroantion

Cr 1.0) HORY (1.0) 09996
) 10.0) VKR (0.0) - 0084
DY (hangv) G1h (H.0N) 82 (H.50)
Lupnr Sheok
ity it 005 0170 (0.0 0084
[k 110 30 399 301
g and g Y i« 0nis,
ko N o=t

A el Vo g ent b avnleds deliped e
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projectile speed was duplicated. However in each shot we
tind (U7 /D) = 0.67 £ .01

Ir the columns headed “tilted,” we reconcile these
results by considering first the tilt componert ap needed
to adjust each detonaticn wave speed to an assumed
value of 5.55 km/s. The effect upon cp = /1 - o, — 6,
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; = ap,
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
cach U7y from its “ideal” value. and the resulting vatues
are both near 3.8 km/s.

HUGONIQT STATE AND SUPERDETONATIQN

U’y = 3.810.2km/s is adopted to deteninine the
shocked state of nitric oxide fluid in which the superdet-
onations occurtred. With the symmetric approximation
for the shock and release of pressure and particle veloc-
1ty m copper. the following properties are found from the
conservatin equations for the matching shock in the ex
vlosive: pressure p; = 4.3 £ 0.3 GPa: particle veloeity,
wy = 0.89 + 0.02 kin/s; density, p; = 167 = 0.03 g/em’ =
1.305 po: specific internal energy, E; = E, + 0.40 1
0.02klJ/g. E, for the origi-al liquefied nitric oxide lias
the valur +2.65 £ 0.01 kJ/g. relative to the elements O
and V; as ideal gases at zero K'®. 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 km/s and
D; i = 60 km/s. Tlss superdetonation velocity is in
the frame of the compressed. moving matenal. In an Eu-
lenan frame D} | has the value 6.0 + 0Y = 6.9 km/s.
These values OP‘ ® are subject to large uncertainity fromn
tilt, and are presented primarily to illustrate the relation
slnps applicable in the compressed wedge confined by a
window with matching shock invedance.

DETONATION PRESSURE AND VELOCITY
MEASUREMENTS

The expernmental arrangements lmve been desernbed
previously ? The tubes confinmg the explosive were 1nde
of grapinte. They were cooled with liqumd mtrogen i a
bath with 1sopentane us the hent transfer Amd. Wit
vigorous stirrng, the temperature wis mmmaotamed o
form along the tengtly of the tabe. Table 3 pives ahst of
teagperntures Exeept for the heat leak froan the laosta
explosive warnmag the first thermoconpic stanon, the
tempertare control s 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 25.4 - 153.89 - 153.75
2 76.2 - 154.11 — 154.05
3 1270 — 154.25 - 154.10
4 177.8 - 154.24 - 154.14
b} 2286 - 104.16 - 164.05
6 2794 — 154.07 - 154.06
n 330.2 - 153.98 - 154.01

Graphite was chosen as the confining material be-
cause it i5 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
uncertamties in the equations of state are large cnough
that there could be a small subsonic region.

The detonation pressure is inferred from the mca-
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, wlich is then used
to find the particle velocity in the dural at the instant it
18 contacted by the detonation wave.

Figure 3 is a plot in the pressure - particle ve.uc
ity plane of the Hugomiot curve for dural and the re-
Heeted shock Hugoniot curve for the explosive. Their
mtersection should be a: the point ineasured in the free
surface velocity expermuents if the reflected shock Huyxo
mot curve s the correet one. Within the accuracy of the
expernmental tesult, the curve is satisfactory.

Aanportsmt reason for performaag these measire
nents was 1o try to answer questions raised by specu
Lotz that real detonations are weak detonntions, not
Chapman Jonguet detonations. Nitrie oxide is the only

vondensed phase matenial for which it has been possi
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FICGCURE 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 experiments that are not detonatiom
expernaents.® In Fig. 3 the Chapman-Jouguet state and
its reflected-shock Hugoniot are the ones calevlated from
a sermempineal equation of state of equilibrivin prod
ucts from liquid nitric oxide. ® ' This is based on the
measnred shock Hugonots of oxygen and nitrogen mdi
viduully and of mtrie oxide produets in overdriven det
onation states. Henee it s independent of assumptions
nbout the nature of the unsupported detonation of mtrie
oxide, ‘The measured point plotted m Fig. 3 1 not i dhs
ngreenment with the assumption that the renl detonation
1n it Chapman Jongnet detonation. The data are not nd
cquite to put aay severe limit on the range of wenk (o
stroag) detonntiens that might nlso be o agreement with
the danty

Detonntion velaeity mensnrements were rinde e
dental tecthe pressure measnrements - A plot of detona
ton veloeity va chavge dinmeter is sleewn m Tig 40 The
minnte medim detonntiom \'('lm'll_\' s estinted tahe
Sotel n /s o n tempernture of 19 10 coarespondimg tocn
deveaty f 1280 g/em!

6
20 YT T T T T T T T T
* Hugionot Curve |
| for 6061 Durd |
6.— —
’ R«hd1:Shm* -
@? NO Products
A F -
D p
[ 98 a 4
5 e
ﬁ
Parficle Velodty |
O AAAAIAAAJ;.
00 05 20

10 15
U (mm)
FIGURE 3. MATCHING OF NITRIC OXIDE DET-
ONATION PRODUCTS INTO THE DURAL PLATE,
PLOTTED IN THE PRESSURE VS PARTICLE VE-
LOCITY PLANE. THE VALUE OF PARTICLE VE-
LOCITY INFERRED FROM THE FREE-SURFACE
VELOUCITY MEASUREMENTS IS PLOTTED ON
THE PARTICLE 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 m long, detonating charges of several f
ferent dinmeters to deternnne rates of energy release in
the renction zone * However, we completed only npro
totype expermuent detmonstrating wavefront curvature,
Electromenlly mtensified enmeras of two types, single
frane and stieok, were used to photograph self light from
the transpnrent end of o detonating evlinder of Ny (),
cajped by o nt PMMA window. The eylinder iterio
was 40 na long mad 20 nnn i dinmeter, and detoimtion
was mitinted promptly by o flut, axiadly directed shock
itrodneed from detonnting TN throngh the brass end
wall opposite the window.

The strenk photogranli from thns experimen s dhs

plaved in Figs 5o with axes toomdieate the dimmetrieal slat

and ndvaneng time, £ The nadpoms of the «renk record



Schotr, Paper Number 42

S600 T T T

00 - -

5400 + -

m L -
o

S200 = 4

sm 1 1 - |

0.00 0.05 0.0 0B
Reciprocd Diameter  (mm™)

FIGURE 4. PLOT OF DETONATION VELOCITY
VS RECIPROCAL DIAMETER FOR NITRIC OXIDE
AT 119 K AND DENSITY 1.280 g/cm®. THE LARGE
ES%R_EMENT IS UNUSUAL FOR A LIQUID EXPLO-

020

coincides with the framing picture exposure discussed
below, and is taken as the time ongin. Somewbat Iater.
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 ({44, = 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 us). 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 :nm, from reaching
the window surface. It showed a uniformly exposed disc
whose apparent brightness we mat-hed through the same
photographic system by an incandescent tungsten-ribbon
lamp. The equivalent black-body temperature of the
tungsten source was 1706137 K, and exposures at nearby
temperatures 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 DI-TONATION 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 brightnes
when the PMMA window was reached wus followed by

a 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, st 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-
piex net effect of encountering the PMMA boundnary.
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