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COMBUSTION OF NITRIC AND NITROUS
ACID ESTERS

B. &I. fordrikov and T. T. Sidcrova

FO3COW

Tne xombustion of nitric acld esters is of particular technical
interest and, moreover, is a scurce of information about the
sperational mechanlsm in mixtures, containing nitrogen peroxide as
an «xidizing agent. Useful information can also be obtained during
the comoustion of nitrous acid esters, for which, in view of the

v

relative inertness of NO, the pattern 1s often simpler.

Tne esters were obtalined by thé methods described in literature
[1, 2], and were usually vacuum distilled, by removing the middle
fraction (approximately half of the tofal amount). The nitrites
vere stored in the condenser and were used for carrying out experi-
ments, as a rule, within a period of 2-3 days after they were
vroduced. Tne experiments were carried out in a nitrogen atmosphere
in a constant-pressure bomb having up to 400 at. The ligquid
explosives were poured into small juartz glass beakers 8-10 mm in
diamever and U0-50 mm in height with glass walls 1-2 mm thick and
were: ignited with a wire heated by an electric current. The solid
substances were pressed to a pnigh dentlty in small plexiglas tubes
"or 7 mm In dlameter. The combustion rate was determined employing
a photcgraphic recordsr.
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1. The results of the experiments on the combustion of nitrites
were recently published [3]. They show, thét combustion takes place
in twc main stages, in the first of which the nitrite is decomposed,
in the second - the decomposition products react with the liberation
of neat. This conclusion 1s confirmed by the following data. The
decomposition products of a mixture of E¢DNl and 2,3-BGDN and pure
,2-PGDN are identical (Table 1). The combustion rates of EGDN and
,2-TGDN differ considerably, and 2,3-BGDN in its pure form generally
dces not burn. At the same time the combustion rates of a mixture
of EGDN with 2,3-BGDN and pure 1,2=-PGDN in the entire 1investigated
pressure range (50-300 at) are completely identical. There are also
data in literature. It was demonstrated in work [4], that the
combustdion of methyl nitrite near ths mouth of a burner yields only
d9, CHZO, and CH3OH - the usual products of thermal decomposition
{5]. 1In the subsequent stages they disappear, converting into the

final comdbustion products (H2, H20, €0, N,, and others).

-
L
1

2

The most probable decomposition products of the investigated
nitrites in accordance with kinetic works [2, 4-61 are cited /m
Table 1. It is possible to note, that formaldehyde occupies a
special position among the decomposition products. Actually, among
the investigated nitrites, only those in the decomposition products
of which CHQO is present are capable of combustién. The 1,3- and
2,3-butylene glycol dinitrites, which upon decomposition do not
yield formaldenyde, but acetaldehyde, -are not capable of independent
combustion, whereas 1,4-BGDN, the probable decomposition products
of which by analogy with 1,4-BGDNa are formaldehyde and ethylene [7],
burns stably. Ethyl nitrite, which with respect to the oxygen

balance is close to 1,3- and 2,3-BGDN, 1s also capable of combustion,

prbitrary designations: EGDN - ethylene glycol dinitrite,
1,2- and 1,3-PGDN - 1,2- and 1,3-propylene glycol dinitrites, BGDN -
butylene glycol dinitrite; GDN - glycol dinitrate, NGC - nitro-
glycerin; 3CDN - glycerin dinitrate, DEGDN - dlethylene glycol
dinitrate, 1,2- and 1,3-PGDNa = 1,2- and 1,3-propylene glycol
dinitrates, BGDNa - nutylene glycol dinitrate; ETN -~ erythritol
tet,ranitrate, MHN - manitol nexanltrate, GAN - glycolic acid nitrate.

TID-HP-23-624-T4 2
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tut in contrast to them is capable of decomposition with the
formation of formaldehyde. A mixture of EGDN with 10% hexané, in
whose decomposition products there is more formaldehyde, burns :more
rapidly than 1,3- and even more so than 2,3-PGDN.
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Table 1
(#531 purud ] v ("‘:rg an. | (3 ),2::3: 'ﬁ, ?.'l"é’f :
s i
 +1— 057 a5 CH,OH, H:, CH;0 .
15)3araH 066 18 | cHoO
‘5YITAH+10% rexcana 045 ‘ 043 2CH0+1/6 CHy,
(7) 1L3-NTAH 044 033 CH:0+CatL+NO;
(8) Immanurpur ’ 031 0.35 CH,0+CHS
(9)12.NrH 044 030 CH,;CHO+CH,0 ‘ i
(10} 23-BraAH+3rAH 044 030 CH,CHO+-CH:0 :
(11) 1,46raH 033 025 2CH:0+CiH*
(12) 3TIH +19% -rexcana 033 0,19 2CH;0+41/3CH,q
(15} 1,3-6rH 033  He ropur CH;CHO+C;H+NO» o
(14)23.5rAH 033 1 He ropur CH,CHO ]

Note. The value with the asterisk is an extrap-
olation; the two asterisks are another type of de- :

composition: ONOCHZCHZCH2CH20NO = 0CHCH20H20H20H + |

+ NO + NO, [(2]. Upon the decomposition of all ni-
trites the formation of NO is assumed. 3

KEY: (1) Nitrites; (2) u (at 200 at), ecm/s; (3) i
Thermodecomposition products [2, 4-6]; (4) Methyl ]
nitrite; (5) EGDN; (€) EGDN + 10% hexane; (7) 1,3- J
PGDN; (8) Ethyl nitrite; (9) 1,2-PGDN; (10) 2,3-
BGDN + EGDN; (11) 1,4-BGDN; (12) EGDN + 19% hexane;
(13) 1,3-BGDN; (14) 2,3-BGDN; (15) Doés not burn.

Apparently the reactions of the atoms and the radicals play
an essential role in tfhe combustion of the decomposition products.
Ethyl nitrite, when p 1s greater than 100 at, burns only in the i
presence cf N02, or substances (1-1.5%), which yield N02 upon :
decomposition - ethyl nitrate or methyl nitrate:. In accordance with
the data of {4] in the presence of 2% NO2

of CH2O with NO becomes capable of combustion.

an equimoliecular mixture

+ alkked

FTD-HT-23-624~Th 3
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It is pcssible to assume, that the main particle responsible
for flame propagation in the combustion of organic nitrites, is
atomic hydrogen. The possible reactions with its participation
are [4, 8]:

R-+CH,0 -- Rl - CO + U
tI- +-Ci11:0 -~ 112+ CO+H"
H- -+ NO -~ HNO
HNO - NO = N2 +110;

In the first of these [ormaldehyde yields an atom of hydrogen. 1In
the second, regeneration of the latter occurs. Finally, the third
and fourth reactions lead to the reduction of NO to N2. It is easy
to see that the other decomposition products, enumerated in Table 1
(acetaldehyde, ethylene), do not yield and do not regenerate atomic
hydrogen and, acccrdingly, burn more poorly than formaldehyde.?

2. /Let us examine the combustion of nitroestérs. The dependence
of ‘the compustion rate of almost all the liquid nitrates on pressure
is cleose to directly propertional. ETN reveals an analogous
dependence. An exception is DEGDN and, at 30-80 at, ethyl nitrate,
for which the dependence of combustion rate on pressure is weaker.

The combustion rates of nitrates at 30 at are presented in
Table 2. In general, approximately the same regularities are
observed as for nitrites. An equimclecular mixture of GDN and
2,3-BGDHa, yielding upon decomposition the same products, as 1,2~
PGDNa, burns at a rate close to that for the latter. It is possible
to assume, tiat in the case of nitroesters decomposition with the

1Tn view of the high reactivity of nitrites, during their com-
bustion other reactions are also possiblé: interaction with aldehydes,
formed upon decomposition, or added to the nitrite (benzaldehyde 1is
especially effective), reactions of NO with ¢-nitroso-compounds, and

perhaps also with nitrite itself with the formation of N2 and N02.

This can also be possibly explained by the drop in combustion rate
with pressure, observed for the majority of nitrites in the 80-150
at pressure range [3].
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formation of N02 and organic products 1s the first stage of combus- i
tion. Subsequently, however, the interaction of NO2 not only with
these products 1s possible, but also with the nitrate itself [7].

Table 2

Hirpars 2 (i, | Mo o |
(4) HI 10 ay CHO
(5) JHOr-1,3 067 041 (CH.):0**+CH.0 ]
(6) 23-AHBT+HI 067 037 Ci1:.C110+4+-Cli;0 3
(7) aHOr-1,2 067 0.6 CH.CHO+CH:0 i
{8) aHrIL . 078 0.36 CI1.0fICH10**+CH.0
(9) IHBI-14 030 0.0 2C11.0+CsH,
(10) dtuannrpar 046 027 CH:0+Cllj
(11) ‘Oxcnatuannrpar 062 027 CH-0+4-CH,OH* 3
(12) AMBr-13 050 020 (CH3).0**+CH,CHO
(13) AHBI-23 050 017 CH,CHO

Note. The value with the asterisk is an
extrapolation;, the two asterisks mean not experi-
mentally confirmed. 1In all cases N02 also forms

upon decomposition.

KEY: (1) Nitrates; (2) um(at 30 at), g/0m2°s; (3)

Thermodecomposition products [T, 14]; (4) GDN; (5)
1,3-PGDNa; (6) 2,3-BGDNa + GDN; (7) 1,2-PGDNa; (8)
GCDN; (9) 1,4-BGDNa; (10) Ethyl nitrate; (11)

Oxyethyl nitrate; (12) 1,3-BGDNa; (13) 2,3-BGDNa. -

"

The role of formaldehyde is also .great. The combustion rate
of 1,4L-BGDN is one and a half times higher than 1,3-BGDNa and
2,3-BGDNa. In the combustion products of the fOrmer‘[7] there 1is
much CH20, in thé decomposition products of the latter there 1is none, “
The combustion rate of ethyl nitrate, which also ylelds formaldehyde, §
is ohe and a half times higher than 1,3-BGDNa and 2,3-BGDNa, although
it is also somewhat less than 1,4-BGDNa. Oxyethyl nitrate burns é
at the same rate as ethyl nltrate. The decomposition products of
these substances contain one and the same quantity of CH2O and NOQ,
only instead of methyl upon the decomposition of oxyethyl nitrate,
probably, the radical CH20H is formed (at 100 at, carboxymethyl
nitrate is also close tc them). GCDN burns at the same rate as
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1,2-PGDNa. Their decomposition products contain the same quantity f
of CH20 and NOZ’ the difference consists only in the fact, that
1,2-PGDNa yields acetaldehyde, and GCDN, apparently, - glycol
aldehyde.

It is interesting to compare the combustion rates of nitrates
of the nitroglycerin series with each other. At moderate (up to
100-150 at) pressure, NGC has the highest combustion rate, then
iollcw methyl nitrate, MHN, ETN, and GDN. For the extreme members
of the series the rates differ by 3-4 times. MHN is close to NGC,
and ETN - to GDN.

PRy u..s“m' rilabe e £330l
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MHN and ETN revealed a characteristic, not observed earlier 3
for explosive substances. At 150-200 at, a sharp increase in the
dependence of their combustion rate on pressure occurred. The 3
exponent v in the formula u = Bp“ increased from 1.0 up to 1.5-1.7. 1

] The rapid increase in rate continued over a range of ~50 at, after i

which v again decreased. The combustion rates of both nitrates ]
4 after this became almost 1identical and exceeded the combustion rate ;
1 of NGC. ]
E The solid nitrates - ETN, MHN, and GAN - revealed another ]

curious characteristic: 1in spite of the high heat of explosion they
did not burn at atmospheric and at moderately increased pressure.
Stable combustion began for ETN at 120, and for MHN and GAN - at

70 at. Glow pulsation was observed at the stability boundary during
combustion. Combustion was obtained in a vacuum for MHN: at a
residual pressure of 140-170 mm Hg in three experiments out of four %
a cclumn of MHN 5-7 mm in helght burnt at a rate of 0.1 g/cm2~s.
Avove and below this narrow pressure range combustion died out.
Analogous behavior was detected earller for two other nitroesters -
NuC and ETJ - by K. K. Andreyev [9]. It was also obtained 1n the
case of aromatic nitro-compounds - styphnic acid and trinitrophloro-
glacinol [10].!}

l7ones of lnstability and damping of combustion, sometimes of %
considerable extent, were also observed for ammonium perchlorate and 3
a number of organic perchlorates [11].
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Combustion damping at elevated pressure is common in many of
the enumerated cases. This phenomenon was theoretically predicted
by Ya. B. Zel'dovich within the framework of the theory of thermal
instability of combustion [12], in accordance with which the com-
bustion of substances with a driving reaction in the gas phase 1is
damped, if the dimensionless number Z = B(TH - To) becomes greater
than unity. Here B 1s the temperature coefficient of combustion
rate, TK - the bolling point of the explosive substances; TO - the
initial temperature. The existing tentative data confirm this point
of view. Thus, for all the nitroesters investigated in this regard
at atmospheric pressure g = (‘5-8)-10"3 deg’1 {13]. The boiling
point of the solid nitrates in question, probably, is higher than
that of NGC (250°). For ETH it 1is 270°. It is easy to see, that
in this case Z > 1. Deviations from the theory, observed for a
number of nitroesters, and especially for powders, can be explained,
if we consider the additional sources and sinks of heat (radiation,
exothermic reaction in the k-phase, heat exchange with the surrounding
medium, heat of fusion, and others), affecting the thermal talance
of tne k-phase, and the temperature gradient near the surface. In §
the first approximation these thermal effects can be taken into
acccunt, having recorded the initial temperature in the form T6 =
= To + Z(Qi/cK) where c, - the specific heat of the k-phase, and
Qi - the thermal effect taken with the appropriate sign. 1In this
way it is possible to explain the appearance of stable combustion
with increased pressure in the case of those exploslive substances,

for which at atmospheric or moderately elevated pressure damping is
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