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DETONATION FAILURE DIAMETERS AND DETONATION VELOCITIES OF 

NITRIC ACID, ACETIC ACID AND WATER MIXTURES 

0 P. Vidal and H.N. Presles , J.L. Gustin and J. Calzia' 

0 Laboramire dEnexg6tique et de D&onique, URA 193 CNRS, ENSMA, 86034 Poilicrs, France. 

9 L%partemeni SBcurid et Environnement, RHONE-POULENC, 69151 Decines, France. 

Detonation failure experiments and detonation velocity measurements were carried out 

with homogeneous liquid compositions of nitric acid , acaic acid and water contained in sleel 

tubes with different diameters. The criterion for failure or propagation or detonation was based 

upon the type of damage exhibited by the tubes after the experiments. Mixtures with the same 

&tical dmmeter were determined by varying h e  composition in experiments perfonned in a set of 

tubes with the same diameter. These results were used to mnsuuct iso-critical diameter curves in 

the ternary diagram of the system of mixtures. The critical diameters WCTC found to be strongly 

dependent on the mass fraction of water and the equivalence ratio. The detonation velocity 

measurements were performed on some oxygen - balanced mixiures conrained in tubcs with 

different diameters. The Detonation Velocities versus the Inverse of Tube Diameter curves were 

found to be linear, their slopes increasing wi\h thc mass fraction ol  water. The detonaiion 

velocities were found to be in the range 6OOO-6400 m/s. 
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Sensitivity tests are performed to establish sensitivity scales for explosives in order to 

assess their behaviour in hazardous situations lhat may occur in practice. Each type of test defines 

a panicular sensitivity scale for a particular type of excitation. This approch however docs not in 

general give a unique sensitivity scale because explosives can respond differently to diCferent types 

of exciration. 

Accordingly. the assessment of an explosive's potential hazard is a difficult lask that 

requires either the performance of a large number of tests or the knowledge of the most probable 

hanudous environment. The detonation risk, for example, is often determined by means of shock 

wave sensitivity tests. (Card-Gap Test, ...). 

Price") however suggested that a complete assessment of the shock sensitivity of an 

explosive substance should be based not only on the thresholds for shock initiation of detonation 

under transient conditions but also on the threshold for propagation of self-sustaining high- 

velocity detonation (H.V.D.). The latter threshold is the H.V.D. critical diameter and is defined as 

the value of the diameter of an explosive charge below which no self-sustaining H.V.D. 

detonation can propagate. Campbell el al.'?) and K~rbangalina'~) also report that this critical 

diameter may, to a certain cxlent, bc associalcd with the scnsilivity of an explosive substance. 

As a mauer of fact. a number of liquid explosives arc known to undergo a high- vclocity 

detonation regime and a low-velocity detonation (L.V.D.) regime. In laboratory experiments, 

H.V.D. are commonly generated by using a strong-shock initiation device. L.V.D. are more 

difficult to obtain. It is usually admitted that the latter regime may be observed if the initiation 

device generates a mild-to-low-strength ex~itation(~'~), if the confinement of the explosive is 
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(5 ) suffiiiently thick 

(6) in its initial (unshocked) state . 
and if the sound speed in this confinement is greater than that o l  the explosive 

At least for homogeneous liquid explosivcs, the validity ol the shock scnsitiviiy-H.V.D. 

critical diameter association is strenghtened by the works of Walker(’) and Engelke . These 

works deal with chemical sensitization of liquid nitromethane by the addition of the liquid organic 

base di-ethylene vi-amine (DETA). Walker studied the shock initiation of the% mixtures and 

Engelke studied their self-sustaining detonation propcrtics. Comparison ol thcir rcsults shows a 

parallel decrease ol chemical reaction induction dclays and of H.V.D. critical diamctcrs with the 

increase of DETA concentration in nitromcthaiic, that is with the increasc of thc shock-scnsitivity 

of the mixtures. 

(8) 

Consequently, the approach in the prescnt work was to basc a scalc for asscssing 

potential hazards of mixtures of nitric acid, acetic acid and watcr ( Tablc 1) on expcriincntally 

determined values of their H.V.D. critical diamckrs. This approach, which strictly speaking is 

more a detonability test than a sensitivity tcst, is thcreforc lantamouni to assuming hat ,  under thc 

Same smng-shock initiation conditions, an cxplosive mixture with a givcn critical diameter is 

more sensitive than an explosive mixture wilh a bigger critical diametcr. Conlnry to usual 

sensitivity tests. this approach is also directly applicablc 10 safcty in chcmical industrial processes 

because a fortuitously initiated H.V.D. cannot propagate in a pipe whose diameter is  lowcr than 

the associated critical diameter of the mixturc encloscd in it. Howevcr, in an industrial 

environment, low-velocity detonations we  niore likcly to occur than high-vclocily dcmations. In 

(his paper, Ihe method uscd LO dctcrminc H.V.D. critical diamctcrs and the rcsulls obiaincd with it 

afCpreSenwl. 

It is important to emphasize that thc H.V.D. critical diamctcr of il given hoinogencous 

liquid cxplosivc depends upon the nature and the thickness of thc confincmcnt of this 
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explosiveQ9). Under sufficiently strong conditions of confincmcnt, an cxplosivc mixture which 

is undctonable in a given cliainctcr tubc can be dctonatcd in a smallcr or stdine diamctcr onc. thc 

walls of which are thicker. Convcrsely, and undcr similar conditions of confincmcnt, an cxplosivc 

mixture which can bc dctonated in a given diamctcr tube can be undctonable in a bigger or same 

diameter one, the walls or which are thinner. 

As part of an addiuonal work(1o) aiming to charactcrizc othcr detonation propcrties of 

those mixtures, experiments were performed to measurc detonation vclocity as a function of tubc 

diameter for some oxygen-balanccd compositions. Thc results or thesc ineasurcmcnts are also 

presented. 

TABLE 1. Properties of the Components 

Specific Mass 
(2Soc, glcm3) 

1504 1043 997 

Heat of Formation -41.5 -116.4 -68 
(25Oc, kcallmole) 
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2. THE EXPI,OSIVE M I X T U R E S  

Nitric acid is uscd lor its highly cfficient oxidising action in many industrial chcmical 

proccsscs such as thc manufiicturc of textiles, lcrtilizcrs a n d  cxplosivcs. It  was illso uscd as an 

oxidising agent in rockct fuels. Nitric acid is a good solvcnt for inany organic compounds. 

Accordingly, when combined with organic fucls, it oftcri yiclds polciitially cxplosivc inixturcs 

because thc laitcr contain molecular combinations of both a fucl a n d  an oxytlizcr. Such mixtures 

were cven once considcred as intentional cxplosivcs. 

(12) 

and of nitric acid, acetic anhydride and are known to dctonatc and K~rbenga1ina'~)has 

measured detonation velocities and critical diainctcrs of mixtures of nitric acid with various fucls. 

It is thus important to assess the sensitivity of mixtures of nitric acid, acetic acid and watcr 

because these mixtures are used in b e  chemical industry. One way to prcvcnt detonation hazards 

is to dilute these mixtures with watcr, but this dilution significantly rcduccs thc cfricicncy or the 

industrial processes. Prior to any attempt to improvc this clhcicncy, by rcducing rhc dilution, a 

Mixtures of nilric acid and 2-nitropropanc("), of nitric acid, nitrohcnzcnc and wiltcr 

study to assess the potential hazards of the less diluted mixtures has to bc conductcd. For the 

reasons given in the Introduction (5 I ) ,  H.V.D. critical diameters wcre mcasurcd to asscss thc 

sensitivity of lhese mixtures. 

In prepring the explosive mixtures, thcu components were weighed out with an accuracy 

of 0.01g. The smallest mass of a component in any mixturc was always grcatcr than 5 g. In ordcr 

to avoid thermal runaways and partial decompositions or thc inixturcs, the componcnrs were 

mixed in an open vessel immersed into a 10 C fixed tcmperaturc watcr bath. A suction fan 

ensured rcmoval of nitrous vapors. The tcmpcrature of the inixturcs wlicn thc shot was lircd was 
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25 Ck 1 C. The time intcrval betwecn the end of prcparation of a mixture and the firing of the 

shot was always lower than 5 mn so as to prevent possiblc aging effects on thc rcsult of the test. 

. .  . . .  r . .  3. PROCEDURls 10 DEFINE THb D b l  m T Y  LIMI 1 5 .  

The proccdure to define thc dctonability limits consisted of sets of dctonability 

experiments perfoimed in sets of tubcs with the samc diameter. Thc criterion for failure of 

detonation was based upon the type of damage exhibited by thc recovcrcd confining tubes. Thc 

tubes werc set up vertically and partially fillcd : thc mixture lcvcl was locatcd about 1 cm below 

the top of the tube. A shock initiation dcvicc was attach& to thc bottom of thc tubc (Fig. I). 

When the detonation propagatd, tbc part of lhc tube adjacent to the cxplosivc was 

completely destroyed and the other pan was left intact. Thc final scpantion betwecn thc two parts 

occured when the dctonation wave reached thc uppcr end of the cxplosivc column and showed a 

clean cut (Fig. 2-a). On thc other hand, when thc dctonation failcd to propagatc, a part of thc 

explosive column was lcft unreacted. The piece of tube adjaccnt to the later was rccovcrcd after the 

shot and was observed not to be as cleanly cut as when the detonation propagated : Thc separation 

exhibited shreds akin to that causcd by high static pressure damagcs (Fig. 2-b). 

In order that this procedure may bc considcrcd valid, i t  was ncccssary to cnsurc that thc 

induced shock was strong enough to induce a strong detonation rcgimc and to choosc tubes long 

enough to allow this regime to slow down w the selCsustaining H.V.D. detonation regimc. This 

was suggested after considering work by Campbcll ct al.(14), who studicd thc shock initiation of 

detonation in homogeneous liquid explosivcs, and work by Dcsbordcs ct al!'? who studicd thc 

critical diameter for strong detonation. Campbell's work shows that thc self-sustaining dctonation 

regime is reached after a strong time-decreasing detonation rcgimc running ovcr a distancc usually 
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estimated to be 3 to 5 times the tube diameter. Desbordcs's work shows that the stronger the 

detonation rcgime, the lower the critical diameicr. 

The strength of the induced shock was estimated in  a control experiment using the inert 

liquid chloroform, that has a density of the same order as the density of our mixtures : the length 

of the destroyed part of the tube was then observed to bc much shorter than thc length of the 

destroycd part of all tubcs fillcd up with explosive mixtures thai did not detonate. I t  was 

concluded from lkese obscrvations that the shock initiation device always gcnentcd shocks strong 

enough to induce a strong detonation regimc in all the tested mixtures. 

In order to minimize the number of test shols. it was decided to find compositions with 

the same critical diameter instead of finding the critical diameter of a given composition. The 

detonation test tubes had internal diamctcrs of 6 mm, 11 mrn, 21 rnm and 31 mm. Thc 31 mm 

id.  tubes were 400 mm long, and the others werc 300 mm long. Thcrcforc, all the tubes werc 

assumed to be long enough to allow the strong detonation regime to slow down to the self- 

sustaining rcgime. 

Because of the highly corrosive nature of nitric acid, slainless steel tubcs were chosen. 

The wall thickness was 2 inm for all tubes. The expcrimcnml set up (Fig. 1)  consisted of the steel 

detonation test tube and a P.V.C. tube containing the high cxplosivc donor chargc (FORMEX = 

87% pentrite, 13% binding agents). The stecl tube and P.V.C. tubc wcrc coaxial and wcrc 

separated by a 1 m m  thick plcxiglas gap. The internal diamcter of thc P.V.C. tubc was always 

chosen to be much greater than the external diameicr o l  the stccl tube to cnsurc as plane a shock- 

induced initiation as possible , 
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TS . .  4. W C I P L E  OF DbTONATION VELOCITY -REMEN 

Mean detonation velocities of somc oxygen-balanced compositions wcre obtained as a 

function of the tube diameters by measuring the time lakcn Tor thc detonation LO travcl a given 

distance along a generatrix of thc tubes. The sizcs or the tubes and the initiation ticviccs wcre the 

same as in detonability experiments. 

Short-circuit contact gauges were set up in 0.4 min depth circular groovcs that wcre 

machine-tooled on the outer surface of the 2 mm-thick-tcst-tubc walls. As the detonation wavc 

passed, each gauge gencrated a signal uscd to trigger or to slop a THOMSON TSN 630-10 

electronic chronometer (accuracy ?r 5 ns). Three gauges wcre set up on each wbc, thus defining 

two 10 cm f 0.02 mm long measurement bases. The onlcr of magnitudc of the measured time 

intervals then yields a 0.2% accuracy on thc velocities. The vclocity difrcrcnce bctwccn two 

measurement bases was always found to bc lower than the cxpcrimcntal accuriicy. 

The boundaries of the demnability domains wcrc dctermincd by varying the proportions of 

the components and by marking the closcst compositions that did or did not dctonatc in a fixed 

diameter tube. 

These results are summarized in Figure 3 as a set of iso-critical diameter CUNIX in thc 

ternary diagram of the system. Each curvc separates the diagram inm two parts. One is associated 

with detonating mixtures and lies on the concavc side of the curvc. and the other is associated with 

non-detonating mixturcs. 
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On the basis of the critical diameter, the most sensitivc mixture appcars to be the non- 

diluled oxygen-balanced mixture. Starting from thc point in the diagram rcprescnting the lattcr 

mixture. the sensitivity decreases in all directions. Similar commcnK wcrc madc by Mason et 

aI.('*) for mixtures of nirric acid, niuohcnzcnc and water, that werc lcstcd by using thc classical 

card gap test, and also by Dubar ct aI.(l3) for mixturcs of nitric acid, iicctic anhydridc and watcr. 

that werc tested by using diflcrcnt masses of a same donor cxplosivc. 

Variations of critical diamcter with water conccntrdtion in oxygcn-balanccd mixtures and 

with equivalence ratio in non diluted mixtures wcrc thcn infcrrcd from thc diagram and arc 

presented in Figurc4 and Figure 5. 

Figure 4 shows a marked increase of critical diaincter with watcr conccntration. Thcse 

results cannot be extrapolated to find the dilution of mixturcs that would havc critical diameters of 

the same order as the diameters of the industrial process rcactors (1 mctcr). Thcy tend to show 

however, that high watcr concentrations are not neccssary to obtain largc values of critical 

diameter. Additional shots aiming to dctcrmine mixture dilutions for critical diarncters ranging 

from 50 to 100 mm should confirm this hypothesis. 

The curve in Figurc 5 is similar to flammability limit curvcs for hydrtxcarbon gascous 

mixtures and has a minimum located at theoxygcn-balanccd mixturc point (quivalcncc ratio = 1). 

At this point, the extrapolated value of the critical diamctcr is very small (I  mm). This result 

Seems to indicate that the non-diluted oxygen-balanced mixture composition is quite unstablc. 
J 

Detonation velocities of some oxygen-balanced mixturcs arc plotted as a function of the 

inverse of the charge diameter in Figurc 6. 

These ptots show a linear dccreasc OF the vclocity with an increasc of thc invcrsc 

diameter. This bchavior is characteristic of liquid homogcncous cxplosivcs(16) and thcrcforc 
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suggests that homogcneous bulk kinetics can be used to model the chemical dccomposition 

process in the reaction zone. 

Also, the absolutc value of the slope of thcse plots increases with watcr eonccntration. 

This result tends to support the idea that the critical diainetcr may be a good criterion for 

assessing the shock sensitivity of homogcneous liquid explosives. Indccd, thc most scnsilivc 

liquid explosive mixturcs are thought to havc the sinallcst dctonation vclocity variations. 

The grooves that were machine-tooled on the outcr s u r t a x  of the detonation ~cst-tube 

crcate local variations in the thickness of thc confincmcnt. In this work, thc dctonation vclocity 

measurements were assumed not to be influenccd by the lattcr variations bccausc thc approximate 

time takcn for an acoustic pcrturbation to travcl from the inner surhcc of the tuhc to thc bottom 

of the groove was estimatcd to be much greater than total rcaction timcs of typical homogcncous 

liquid explosives. 

6. CONCLIJSIO NS 

The experimental results prcscntcd in this paper dcinonstratc that homogcncous liquid 

mixtures of nitric acid, acctic acid and water can suppon sclf-sustaining H.V.D. dctonations. Thcsc 

mixtures belong LO the wide class or niuic solutions uscd in many importan1 industrial niuation 

processes. 

H.V.D. critical diamctcrs wcrc dekrinincd, to tlcrinc thc dctonability liinits of thcse 

mixtures, and they were found to be very dcpcndcnt on watc,r dilution and cquivalcncc ratio. Thc 

results prcsented herc emphasizc that the possiblc cxplosivc hazards of thesc mixturcs should 

always be bornc in mind and also that H.V.D. dctonation propagation risks i n  thcsc mcdia may bc 
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avoided by choosing pipes or reactors with diamctcrs lowcr than the H.V.D. critical diamctcrs of 

thc mixtures. 

Finally, it is important to stress again that thc H.V.D. critical diamclcr of a given 

homogeneous liquid explosive depends upon ihc natun and thc thickncss of thc conl in~mcnl (~ '~)  

and also upon the initial tcmpcraturc of this cxplosive(2). Hcrc, thcsc parainctcrs wcrc kcpt the 

sames (see 5 3, Procedure) and thc rcsults or thc dctonability cxpcrimcnts prcscntcd.in 5 5, 

Rcsulu, cannot be used for evaluating the H.V.D. critical diamctcrs of the mixturcs under different 

conditions of confinement or initial temperature. Thc inilucnce of hex pariimclcrs on this critical 

diameter can, a1 be present time, be delcrmined only by dctonability cxpcrimcnls similar to thc 

ones used in the work presented in this pepcr. 
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-a- -b- 

FIGURE 2. The Detonation Test-Tube After The Shot. 
-a- Propagation of Detonation 
-b- Failure of Detonation 
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FIGURE 3. Iso-Critical Diameter Curves at 25"c 
In Steel Tubes With a 2 inm Wall Thickness. 
Coordinates are Mass Fractions. 
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