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We report the measured failure diameter and a detonation speed for the liquid explosive mixture 90.5/9.5 wt
% H,0,/H,O confined in thick seamless 304 stainless steel tubing and fired at ¢&C.3Dhe detonation

speed datum and knowledge of the diameter effect curves of other liquid explosives are used to estimate the
infinite-medium (i.e., planewave) detonation speed of this material. Ambient condition sound speed
measurements and the universal liquid Hugoniot form are used to obtain the unreacted Hugoniot of the 90.5/
9.5 wt % HO,/H,O mixture. This Hugoniot and the Rayleigh line obtained from the estimated infinite-
medium detonation wave speed are used to predict the von Neumann spike pressure of the material. Estimates
of the fully reacted (i.e., products) Hugoniot, the Chapmaouguet (CJ) detonation pressure, and CJ detonation
speed for other bD,/H,O mixtures are obtained using the CHEETAH equilibrium thermochemical code.
Predictions of the infinite-medium detonation speed and the von Neumann spike and CJ pressures of 85.0/
15.0, 90.0/10.0, 92.5/7.5, 95.0/5.0, 97.5/2.5, and 100.0/0.0 wt;@%/H,O mixtures are also obtained. A
general analytical expression is given for the primary shock Hugoniot of a@y/H,O mixture at 22.6°C.

I. Introduction therein. In contrast to this, very little quantitative published work

Liquid Hs0./H.O mi . . h losi on the detonation properties of liquid-phasghiH,O mixtures
Iquid H20,/H-0 mixtures are interesting research explosives o iqi< | the next paragraphs, we give a synopsis of such work
because of their chemical simplicity.e., they are composed known to us

of only hydrogen and oxygen atoms, while most explosives of In ref 5, evidence is presented that liquid 86/14 wt YObi

practical interest contain at least three types of atoms from the H,O mixture is detonable. A rough detonation speed of ca. 6000
set of carbon, hydrogen, nitrogen, and oxygen atoms. Recently,mls (measured using a streak camera) is inferred from the data

?ore_ Interest hashdevelopr_ed_c_o_n(_:ernlng (tjhe det_alled czemmg or this mixture. The initial shot temperature and the tube
Inetic processes that occur in initiating and detonating condensed-yia yeter are unspecified, but the confining tube material is
phase energetic materials; these processes are the energy sourc;

ible for drivina the hiah hanical th tgﬁecified as steel. Much of the information in this reference
responsibe for driving the hign-pressure mechanical waves tha pertains to HO,/H,O/alcohol mixtures so it is not relevant to
are the primary reason for interest in such materials. Since, in

. . . this paper.
c_ondensed explosives, the physical states reached during detona- ref 6, results on the critical diameters of liquid 86.0/14.0
tion are extreme (e.g., pressures of 1000@09 000 atm and and 90.7/9.3 wt (?) % bD,/H,O mixtures confined in 61STS
Iemperatures of ca. IZOQCB.OOO Kg such Sg”d.'es are '””afte'ﬁ’ Al tubes with i.d’s of 26.7, 31.8, and 40.9 mm and at initial
ffficult. Consequently, it is prudent to begin studies of the temperatures between 25 and°@and are given. The authors
chemistry occurring in such processes with materials that are conclude that, for the 86% material, the critical diameter is ca.
as chemically simple as possible;®$/H,O mixtures fall into 40.6 mm at 5'0"C and 35.6 mm at ’70C and. for the 90.7%
this category. Because there is virtually a total absence of material, the critical diameter decreased fr(;m 40.6 mm at 25

m?ﬁsuregl_aﬂddplr_ttedicied d;er:or;altlion_propertieshof SbUCh mix_ajres,c to 20.3 mm at 70C. Rough detonation speed measurements
in the published literature, the following paper has been written (oo sheeds in the range 5568000 ms.

to increase the available information. The results presented A computerized literature search was made at Los Alamos
below should be of value to researchers undertaking basic ShOCkNationaI Laboratory (LANL) covering work up to 4/1/97. No
studies of such mixtures; e.g., see the recent work of Proud hits were made when the keyword stringd4H,0 and SOUND
and Field on high-purity bD,.* Additionally, the information SPEED and HUGONIOT was searched on. Furthermore, no hits
may be of interest (in terms of safety considerations) to those were found when bD,/H,0 was paired witﬁ SOUND SPEEED

involved in the commercial use .Of large quantities of high and with HUGONIOT. The only results published after 4/1/97
concentration hydrogen peroxide; e.g., the measured failure known to us and related to the work in this paper, are those in
diameter value and the fact that such materials are detonable of 1 '

. Y
under some circumstances. This sparseness of data available in the literature motivated

publishing the results discussed below.
II. Background

Extensive compilations of physical and chemical datagi,H ~ !l- Results

are available in refs 2 and 3; none of these data concerns (A) Failure Diameter and Detonation Velocity Measure-

detonation properties. ments. The experimental study was begun by firing a large i.d.
There have been studies of the detonation @O#H,0 rate stick made from a thick seamless 304 stainless steel (SS)

mixtures in thevapor phase see, e.g., ref 4 and references tube. It is more normal to determine the failure diameter of a
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was monitored by 11 2-mil copper-wire pins connected by a
pin mixer to a set of raster oscilloscopes, as indicated in Figure
1.

The detonation speed obtained by a least-squares fit to the
space-time data from the last 8 pins is 6.1440.003 mmys;
the error bar is one standard deviation (std dev).

Next, experiments were performed to determine the failure
diameter of the material in the same type of tubing. A rack of
four 304 SS tubes was assembled. The experimental diagnostic
for propagation or failure of detonation was heavy 304-SS disks
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| A—Tormimrizn placed at the tops of the tubes. A detonation wave was not
sevva tare— >N observed to propagate in any of the tubes; the largest one having
. I an i.d. and o.d. of 31.93 and 38.10 mm, respectively. Tube

(1 TAP/SEC.) -1

; lengths were 305 mm and boosting was via SE-1 detonators, a
Lt PBX-9407 pellet, and 25.4 mm diameter by 25.4 mm high pieces
/\Tmmm of PBX-9404. A second failure diameter experiment was

A constructed with larger diameter tubes. A detonation was not

/mﬂwyﬂmﬁm propagated in any of the tubes in this second experiment. The
geometry parameters for the largest tube in this rack were i.d.

P94 41.00 mm, o.d. 48.26 mm, and length 290 mm. This shot was
fired at 30.6+ 1.0 °C. Boosting was the same as used on the

first rack.

Using the rate-stick result and the fact that the 41.00 mm
i.d. tube failed to support a detonation shows that the failure
diameter for the 90.5/9.5 wt % J@./H,O confined in 304 SS
is 43.24+ 2.2 mm at 29.8t 0.8 °C, where the error bars are
material before proceeding to rate measurements. However, inranges. Given that the thickness of the 304 SS tubes was 2.7
this case, if the rate stick failed, work on the material would mm or greater, it is likely that the confinement thickness was
have been terminated, since it would not have been feasible toeffectively infinite; i.e., increasing the tube thickness further
continue studies on a material with such a large failure diameter. would not have changed the results.

The geometry of the rate stick was as follows: i.d. 45.47  Perhaps, it is worthwhile to describe the most extensive
mm, 0.d. 50.88 mm, and length 610 mm. A schema of the rate- passivation procedure used on the 304 SS tube. The tubes were
stick assembly is shown in Figure 1. Note that all the joints in (1) submerged in trichloroethylene for 15 min at 72, (2)
this assembly (and in the failure diameter assemblies to besubmerged in 75 g/L NaOH f® h at 80°C, (3) water rinsed,
described below) were heat fits; this was done to avoid (4) submerged in 50 vol % HNgor 1 h atambient temperature,
passivation problems due to contact of thgOhlH,O mixture (5) rinsed at ambient temperature in deionized water, (6) dried
with welds. in oil free air, and (7) filled with 90.5/9.5 wt % #0,/H-0 and

The composition of the pD,/H,O mixture to be fired was  left at ambient temperature for 30 days. After this process there
determined by measuring the mass density of the material andwas still some residual chemical activity between the liquid
then using the mass density/composition tables in ref 2. The mixture and the stainless steel; this necessitated the use of the

POWER LEADS FOR TAPPER —7

PBX-9407 PELLET
SE-1 DET.

Figure 1. Shot assembly schema for the®#/H.O rate stick. The
assembly was entirely heat fitted in order to avoid contact between
H>0./H,O and welds. Only one of the tapper relays is shown.

measured density was 1.390 0.002 g/cm at 24.3°C; this
corresponds to the composition 90.5/9.5 wt %OkH0.

After extensive efforts at passivating the rate-stick tube to
the presence of the J@,/H,O mixture, a small amount of

tappers. If further work is done on this material, the tubes will
be electropolished before step (7) described above.

(B) Sound Speed as a Function of Compositio.he sound
speeds in the pD,/H,O mixtures were measured using an

chemical reaction was still observed when the 90.5/9.5 wt % apparatus assembled for the specific purpose of measuring sound
H.0,/H,O mixture was present. This was made evident by the speed in liquids. It consists of an ultrasonic thickness measuring
production of gas bubbles at the fluid/metal interface. We will system (Panametrics Ultrasonic Gauge model 5228) designed
describe the passivation procedures in detail below. to measure the thickness of a material with a known sound
It was observed that light tapping on the exterior of the tube speed; the sound speed is dialed in and the thickness is
caused the bubbles to disappear. When the tube was tappedjisplayed A 6 mm diameter pitch/catch ultrasonic transducer
one could see, with appropriate lighting, the machining marks (Panasonic No. A112S) was used to produce and detect the
(i.e., a ca. #16 finish) on the bottom piece of the rate stick sound waves. The transducer was attached to an electronic height
through the 610 mm of the 40,/H,O mixture. Consequently,  gauge (Mititoyo Digimatic Indicator model ID-150E with a
as shown in Figure 1, two small electric relays (“tappers”) were resolution of 1um) so that an independent reading of the
secured on the tube’s exterior with hose clamps. They were thickness could be obtained. A container for the liquid was made
adjusted so that the tube was tapped at two points at about 1 from Teflon and Vistal (a multicrystalline high-density sapphire).
intervals during the period when the shot was being fired. Use A rectangular cavity (15 mm by 36 mm) was cut into a 12 mm
of this procedure eliminated any visible bubbles in the tube at thick Teflon piece epoxied to the Vistal disk (57 mm diameter
shot time. by 11 mm thick). The Vistal provides a large impedance
The entire rate-stick assembly was placed inside a Styrofoammismatch with the liquid so the sound waves are efficiently
box and equilibrated at 29:8 0.5°C before the shot was fired. reflected from the liquid/Vistal interface back into the transducer.
The shot was strongly boosted with an SE-1 detonator, a PBX- The cavity was filled about half full with the #D,/H,O
9407 pellet, and a piece of PBX-9404 50.80 mm diameter by mixture and the height gauge/transducer assembly was zeroed
44.45 mm high. The motion of the detonation wave up the tube by allowing the transducer to bottom out on the Vistal. A sound
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TABLE 1: Sound Speeds ¢;) and Mass Densities for ABRANRRARE RAR A RS RAARS RARRY AR RAREN RARRERARED
H>0,/H,0O Mixtures L -
1.75 1.75
set pointdc, correctedg temp fitted o density N c0=(A+DxB)(1+xB)'1 ]
wt % H,0,  (mmjus) (mmius)  (°C)° (mmijus) (g/cn?)° [
0.0 1.456-1.455 1.489 20.2 1.488 0.9971 - 170 4 1.70
10.0 1.465-1.470 1.503 22.4 1.501 1.0326 3 I
20.0 1.486-1.490 1.518 220 1525 1.0698 £
30.0 1.500-1.510 1.559 23.0 1556  1.1087 E 165 1165
40.0 1.556-1.555 1.596 240 1590  1.1495 B r b
50.0 1.5906-1.595 1.624 241 1.624 11924 g ]
60.0 1.616-1.615 1.655 23.2 1.658 1.2375 e 60 - x=[wt.% H,0,)/C 1160
70.0 1.650-1.660 1.692 216 1.691  1.2850 - ad! A=1.488 + 0.004 '
80.0'/  1.670-1.690 1.721 229 1.722  1.3350 3 e
90.0'  1.680-1.700  1.751 224 1750  1.3879 a I B=1.636 +0.183
100.0 1.775  1.4436 1.85 C=105.8 + 29.5 7158
@ Range of set point values used on the Panametrics gauge at each D=2.090 + 0.153
composition.” Temperature at which the sound speed measurement was 1.50 11450
made.¢ Reference 2 mass density data corrected to 22.6' Sound ’ o~ L

sp_eed measurements on this cqmposition were more difficult because o 10 2‘0 30 40 50 60 70 80 90 1'00
of increased reactivity of the mixture.

wt.%H,0,
speed set point was determined by adjusting the sound speeggyre 2. Measured sound speeds foi®¥/H,0 mixtures as a function
on the Panametrics gauge until the displayed thickness agreedf the wt % of HO,. A sigmoid-curve least-squares fit is also shown,
with the height gauge thickness reading at a height somewherealong with the fit parameters and their error bars (std devs).
between 3 and 5 mm. The transducer was then moved up and
down in the cavity at heights between 2 and 7 mm with readings po= A+ B[%] + C[%]’ 2)
of both the height gauge and Panasonic gauge taken at each
position; usually, about 10 readings at each set point. For eachwhere [%]= wt % H,O,. The resultant fitting parameters are
mixture there were usually two to four sets of readings taken at A = 0.9991+ 0.0001,B = (3.369+ 0.003)x 1073 andC =
different set points (differing by only a small amount, 001  (1.0584+ 0.003) x 107>, where the units o\, B, andC are
0.02 mm/s). Because there are systematic errors in the g/cn? and the error bars are std devs. Telata and the least-
measurement method, the height readings from both the gaugesquares fit are shown on Figure 3.
were the same in only one region of heights. These data were (D) Predicted Shock Hugoniots for HO2/H,O Mixtures.
then subjected to a data reduction method to reduce this’rror. The principal shock Hugoniot of a material is the locus of all
The Panametrics gauge set point and the corrected sound speelihal thermodynamic states reachable by a single shock from a
data are given in Table 1, along with the temperatures at which given initial state® In ref 9a, it is shown that a “universal” form

the measurements were made. for the Hugoniots of liquids is
To represent the sound speed data at any composition, the
corrected values of sound speed were least-squares fit to the Us = ¢[1.37 = 0.37 exp-2u/cy)] + 1.621,  (3)

analytic (sigmoid) form ) .
whereUs andu, are the shock and resultant particle speeds in
the fluid andcy is the ambient conditionsound speed in the
fluid. We have shown that eq 3 accurately represents the actual
o Us—up relationship found by direct measurementuyf andu,
where x = [wt % H,OJ]/C and A, B, C, and D are fitting in a variety of liquids?®

pal‘ameters The resultant parameter valueshare 1.488 + If the sound Speed values in thQCBt/H2O mixtures repre-
0.004 mmis, B = 1.636+ 0.183,C = 105.8+ 29.5, andD = sented by eq 1 are used in eq 3, one obtaingJthas, Hugoniot
2.090 £ 0.153 mmis; the error bars are std devs. The of any H,0,/H,0 composition at 22.6C.

eXpeI’Imenta| data and the fitted curve are shown in F|gure 2. The momentum conservation condition across a shock is
The mean and std dev of the temperatures at which the sound

Co = (A+ DxXB)/(1+ X (1)

speed data were taken was 22:6lL.2 °C. Therefore, we take P = poUgu, 4)

the fit shown in Figure 2 to be representative ofG4H,0

mixtures at this temperature. Therefore, use of eqs—13 in eq 4 gives the pressure on the
(C) Mass Density as a Function of Composition.To principal shock Hugoniot of bD,/H,O mixtures as a function

generate the primary shock Hugoniot (see below) for ag®.H of the particle speed produced by the shockéy H,O,/H,O

H,O composition, we need the mass densipd) of such mixture with initial temperature 22.8C. A selection of six such

compositions. We used the mass density vs composition tablespredicted Hugoniots is shown on Figure 4. The black circles
from ref 2 for this purpose. Since the sourgpeed data vs  near the water Hugoniot on this figure are experimental data
composition correspond to 229, we wished to generate a  points for wateit® the water data give an idea of the accuracy
mass density fitting form at this same temperature. We used of the Hugoniot pressure predictions for the other compositions.
the 25°C data of ref 2 and corrected it to 2226 by a linear (E) Cheetah Calculations of the Detonation StateEsti-
density vs temperature correction (computed for each composi-mates of the detonation parameters of th®#H,0 mixtures
tion) obtained from the ref 2 density/composition tables for 0 were made using the Cheetah 2.0 code developed at Lawrence
and 25°C. Livermore National Laborator{t CHEETAH is an equilibrium

The resultant mass densities (at 22®) as a function of thermochemical code used to estimate detonation parameters
composition are given in Table 1. These densities were least-for explosives, as well as parameters for other conditions (such
squares fitted to a quadratic of the form as a constant volume explosion). It solves the thermodynamic
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Figure 3. Mass density of kO,/H,O mixtures as a function of the wt
% of H,O,. A quadratic fit of the data is also shown, along with the fit
parameters and their error bars (std devs).
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Figure 4. Predicted Hugoniots for #D,/H,O mixtures containing O,
20, 40, 60, 80, and 100 wt %8, at 22.6°C. Experimental points for
pure HO are also shown as filled circles with a line through them.
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Figure 5. The lower points are the calculated CJ detonation speeds
for H,O,/H,O mixtures at an initial temperature of 28, as obtained
with the CHEETAH code using the BKWS products library; a least-
squares line has been fit through the points. The square point is the
temperature and infinite diameter corrected experimental datum. The
dashed line through the experimental point is a translation (holding
the slope constant) of the lower line, providing an estimate of the
expected detonation speed as a function of composition.

H,0,/H,O mixtures; the CHEETAH detonation speeds are
shown in Figure 5. The measured speed adjusted to the correct
initial temperature and infinite diameter (see below) is also
shown (6.294 mma/s). The (corrected) experimental detonation
speed is 9% higher than the CHEETAH calculation of 5.75 mm/
us, a rather large difference.

To more accurately estimate the detonation speed for the other
compositions, we fit a line to the CHEETAH values and then
translated it, maintaining the same slope, so that it went through
the (corrected) experimental detonation speed of the 90.5/9.5
wt % H,O,/H>O mixture. This translated line is shown as a
dashed line in Figure 5; the linear fit parameters are also given.
On the basis of this fit 100% #D, would be expected to have
a detonation speed of nearly 6.7 num/and an 85.0/15.0 wt %
H202/H,O mixture a speed of about 6.0 mws/ This is in
reasonable agreement with the information given in ref 6.

(F) Predicted von-Neumann Spike and CJ Pressures.
Given eq 4 and an infinite-medium (i.e., planewave) detonation

equations governing product species to find the equilibrium speed for an kO,/H,O composition, one can predict the von-
chemical compostion. One inputs the chemical makeup of the Neumann spike detonation pressure for the material.

molecule or mixture of interest, along with the heat(s) of = The measured detonation speed for the 90.5/9.5 wt,@»H
formation and the various densities of the constituents. Then H,O composition discussed above is not the infinite-medium
the desired condition is selected (in our case CJ detonation)value and, also, it was obtained at 29 therefore, corrections
and the code calculates the equilibrium condition (CJ values in to it are necessary, if one is to make a prediction of the spike
our case) using a particular library of chemical data for the pressure. First, we attempt to correct for the diameter-effect
product species. Several product species libraries are availabledeficit present in the measured value; our measured speed was
(i.e., BKWC, BKWS, JCZS, etc.); these contain the thermo- obtained quite close to the failure diametel), the rate-stick
chemical data for the product species. Each library has atube i.d. being 45.5 mm and; being 43.2+ 2.2 mm.

different set of data that mirrors the preferences of the workers  We make a correction to this detonation speed by noting that
that use it. Because very little equation of state data are availablefor liquid nitromethane fired in brass confinement, the measured
for H,O, and the products are mostly,@® (which is quite polar detonation speed deficit between the planewave value and failure
and therefore difficult to calculate), none of the libraries provide is 1.8%! The analogous number for liquid TNT fired in Al

a good prediction of the measured detonation speed for the 90.5kconfinement is 2.3%* We, therefore, suggest that a correction
9.5 wt % HO,/H,O mixture reported above. The best estimates obtained by increasing the measured detonation speed for the
were provided by the BKWS library developed at Sandia 90.5/9.5 wt % HO,/H,0 by 2% will produce a speed close to
National Laboratory? Calculations were made for 85.0/15.0, the planewave value. The planewave speed obtained in this way
90.0/10.0, 90.5/9.5, 92.5/7.5, 95.0/5.0, 97.5/2.5, and 100 wt % is 6.267 mmys. A temperature correction of this value to 22.6
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TABLE 2: Detonation Parameters for H,O./H,O Mixtures We have used a measured detonation speed for a 90.5/9.5
calcDc; correctedDc; est spike calcPe;  corrected wt % H,0/H,0 mixture and measured sound speeds for a
wt% H,0, (mmjusf  (mmpusfP P (kbar) (kbarp Pc,(kbarf number of HO/H,O mixtures as a basis for estimating
85.0 550 6.06 190 79 95 detqr_1a'[_|on properties. U_smg the universal liquid Hugoniot and
90.0 573 6.27 210 89 106 equilibrium thermochemical results from the CHEETAH code,
90.5 5.75 6.29 212 90 107 detonation property estimates are made for 85.0/15.0 to 100.0/
925 5.83 6.37 220 94 112 0.0 wt % HO,/H,O mixtures. Neat KO, is predicted to have
g?-g g-gg g-gg 2?1421 133 Eﬁ a detonation speed of 6.68 km/s and a CJ pressure of 130 kbar.
100.0 6.12 6.68 255 109 130 The measured failure diameter of the 90.5/9.5 wt Y©OM

H>O mixture confined in thick 304SS tubes and fired at 20.8
2 Calculated using the equilibrium thermodynamic CHEETAH g goc is 43.24+ 2.2 mm. where the error bars is a range. The
code.? Corrected using the measured detonation speed as explained in_- : " ' S o e
text. ¢ Corrected using the constant gamma relationship as explainednr’neas’ure(j detonatpn speed of this mIXtL:I’e _flred in a thick-walled
in text. 304 SS 45.47 mm i.d. tube at 2300.5°C is 6.144+ 0.003

mmjus. This value corrected to infinite medium and to an initial
°C is still necessary. We made a rough temperature correctiontemperature of 22.6C is 6.294 mnys.
by using the measured liquid nitromethane vétuef 4.23
(m/s)PC. This yields a temperature correction of 27 m/s when  Acknowledgment. We thank Charles Mader of Los Alamos

the temperature is reduced from 29.0 to 22& Therefore, National Laboratory (LANL) for BKW calculations that showed
the infinite medium detonation speed of the 90.5/9.5 wt %04 stainless steel tubes could be used to confine the liquid 90.5/
H,O mixture at 22.6°C is estimated to be 6.294 may. 9.5 wt % HO,/H,O mixture for the detonation velocity and

From eq 2, the mass density of the 90.5/9.5 wt %@yH,0 critical diameter experiments. Richard Martinez of LANL is
mixture at 22.6°C is 1.391 g/crh Iteratively solving eq 3 to  thanked for drawing Figure 1. Melvin Baer and Michael Hobbs
find a value ofu, consistent with the planewave detonation speed of Sandia National Laboratories provided valuable discussions
of 6.294 mms, one finds thaty, = 2.430 mmés. The von- regarding the use of the CHEETAH code and the various
Neumann spike pressure under these conditions can now bdibraries available; they also made preliminary calculations of
found from eq 4 and i®spike = 212 kbar. the CJ state of bD,.

Since the CHEETAH calculations underestimate the detona-
tion speed by about 9%, the CJ detonation pressures are alsdReferences and Notes
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