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Combustion of Ammonium Dinitramide,
Part 2: Combustion Mechanism

Valery P. Sinditskii,∗ Viacheslav Y. Egorshev,† Anton I. Levshenkov,† and Valery V. Serushkin†

Mendeleev University of Chemical Technology, 125047, Moscow, Russia

Temperature profiles in the ammonium dinitramide (ADN) combustion wave were measured in the 0.04–10 MPa
pressure interval using thin tungsten-rhenium thermocouples. The data obtained suggest that the ADN decompo-
sition reaction in the condensed zone plays a dominant role in burning at low pressures. The heat feedback from
the gas to the surface appeared to be negligibly small. It has been concluded that the reaction of AN dissociation to
form NH3 and HNO3 controls the ADN burning surface temperature. The three-zone flame structure of the ADN
combustion wave has been found, and the main chemical reactions occurring in the zones have been proposed. At
low pressures (below 1 MPa), the burning of ADN can be satisfactorily described by a condensed-phase combus-
tion model with the rate-controlling reaction being the ADN decomposition in the melt. A gas-phase model with
the rate-controlling reaction being HNO3 decomposition in the first flame can be used at high pressures (above
10 MPa). In the middle pressure interval, ADN shows combustion instability caused by deficiency of heat produced
in the condensed material. In this area the fast but energy-limited heat-release process in the condensed phase has
to adapt itself to the slow but energy-rich heat-release process in the gas phase.

Nomenclature
A = preexponential factor of the leading reaction
a = formal order of the leading reaction
cp = average specific heat of the condensed phase
E = activation energy of the leading reaction
k = rate constant
Ldis = heat of dissociation
Lm = heat of melting
Lv = heat of evaporation
m = mass burning rate/mass evaporation rate
n = pressure exponent
p = pressure
rb = burning rate
Ta = temperature of the aerosol flow above the surface
T f = flame temperature
Ts = surface temperature
T0 = initial temperature
T1 = first flame temperature
T2 = second flame temperature
α = extent of the decomposition reaction proceeds in the

condensed phase
�H 0

diss = enthalpy of dissociation
�H 0

f = enthalpy of formation
η = mole fraction of nitric acid in the gas
λ = average thermal conductivity
μ = molecule weight of a salt
σp = burning-rate temperature sensitivity
χ = thermal diffusivity
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I. Introduction

AMMONIUM dinitramide (ADN) is being investigated inten-
sively because it is considered an oxidizing agent potentially

superior to conventional ammonium perchlorate (AP). Unquestion-
able advantages of ADN over AP manifest themselves in the pos-
sibility to produce more energetic propellant compositions with no
HCl in the combustion products, which is very important from an
ecological standpoint. A comprehensive understanding of chemi-
cal processes during combustion is essential for modeling combus-
tion behavior of energetic materials, which can be used to predict
the performance of the materials in the practical application. In-
vestigations in this field indicate that the combustion behavior of
ADN differs essentially from that of AP.1,2 The main line of the
inquiries is elucidation of mechanisms of ADN thermal decom-
position and combustion. For these purposes, several investigative
techniques have been used: combined spectroscopic and thermal dif-
ferential scanning calorimetry (DSC) and thermal gravimetric anal-
ysis (TGA) analyses,3 T-jump/FTIR spectroscopy with high-rate
heating,4 isothermal decomposition manometric technique,5 DSC
and thermogravimetry coupled with mass spectrometry,6 thin-film
laser pyrolysis,7 and photolysis of ADN solutions.8 Thermal de-
composition of ADN and its 15N and 2H isotopes have been studied
in Ref. 9. The decomposition of different forms of dinitramide,
kinetics of dinitramide interaction with decomposition products,
and kinetics of heat release in thermolysis of molten ADN have
been studied in Refs. 10–12 by means of dynamic microcalorime-
ter. Several studies have been performed on ADN basic combustion
characteristics13−19 and on the interaction of ADN with fuel and
potential binder materials.15,16,20−24 Quantitative gaseous species
measurements have been obtained by pyrolysis/mass spectrometry
under low-pressure conditions,25 by microprobe sampling and mass
spectrometer analysis in both self-sustained combustion,26,27 and
CO2 laser-induced deflagration.13,19

Measurements of thermal structure of the combustion wave pro-
vide critical data for understanding combustion mechanism. A series
of recent works13−16,18,19,22,26 deal with temperature measurements
in the ADN combustion wave, often accompanied by quite different
interpretations of experimental results. This work presents a detailed
analysis of experimental temperature profiles in the ADN combus-
tion waves resulting in a relative mechanism of ADN combustion.

II. Experimental
Sample preparation: ADN was used for burning-rate experi-

ments as obtained by a technique given in Ref. 28 followed by
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recrystallization from 95% water ethanol. The only stated impurity
was about 0.4% by weight of ammonium nitrate.

To obtain ADN containing 0.2% of paraffin, thoroughly grinded
ADN (particle size less than 60 μm) was treated with a solution of
the required amount of paraffin in pentane or chloroform and dried
in air with stirring followed by storage under vacuum.

Burning-rate measurements: Burning-rate measurements were
carried out in a constant-pressure window bomb of 1.5-liter volume.
The pressure range studied was 0.1–36 MPa. Measurements in the
subatmospheric region were conducted in a vacuum chamber of
40-liter volume. A slit camera was used to determine the character
of the combustion process as well as the burning-rate values.

Temperature measurements: Temperature profiles in the
combustion wave of ADN were measured using �- and 	-shaped
thermocouples. The thermocouples were welded from 25- or
50-μm-diam tungsten—5% rhenium and tungsten—20% rhenium
wires and rolled in bands to obtain 7- or 20-μm bead size. The
thermocouples were embedded in ADN pressed into quartz tubes
with internal diameter of 8.5 mm. The mean density of the samples
was 1.54 g/cm3, and 20-μm-thick thermocouples were used only in
measuring the maximum flame temperature.

	-Shaped 7-μm-thick thermocouples fixed vertically in the cen-
ters of the quartz tubes with the help of thin quartz binary capillaries
were employed to measure temperature profiles of liquefied ADN.
First the tube was filled with crystalline ADN and then slowly heated
up to approximately 100◦C so that all of the crystals were melted.
As soon as that occurred, the test was run.

Temperature measurements were conducted at 0.5, 1.1, 2.1, 4.1,
and 10 MPa for crystalline ADN, at 0.04, 0.06, 0.1, and 0.5 MPa for
ADN with 0.2% of paraffin, and at 0.1 MPa for molten ADN. In all
cases the burning rate was measured simultaneously with recording
temperature profiles.

III. Results and Discussion
A. Temperature Measurements in the ADN Combustion Wave

Pure crystalline ADN is known to be incapable of sustained burn-
ing at room temperature and atmospheric pressure. ADN can burn
at atmospheric pressure only upon being liquefied and heated to
about 100◦C. The burning rate was measured to be 8.4–9.1 mm/s. It
is also known that even minor amounts of organic admixtures have
a strong effect on ADN burning behavior, extending considerably
the low-pressure limit of deflagration to the vacuum area.14,22 For
example, an addition of as small an amount of paraffin as 0.2% to
crystalline ADN appeared to extend the low-pressure limit of ADN
sustained combustion from 0.2 to 0.02 MPa. Therefore, it can be
deduced that those studies which describe combustion of ADN at
atmospheric and subatmospheric pressures deal with impure ADN.

At atmospheric and subatmospheric pressures paraffin-doped
ADN burns without any luminous emission, forming copious white
vapors, which condense as a fine white powder inside the tube and
at cold surfaces of the bomb.

In the subatmospheric pressure region (at 0.04 and 0.06 MPa), the
temperature profiles for paraffin-doped ADN are typical of flameless
combustion: a sharp temperature increase in the condensed zone is
followed by the gas zone of practically constant temperature, that
is, with practically zero temperature gradient above the burning
surface. This temperature remains almost constant over all of the

Fig. 1 Temperature profiles for paraffin-doped ADN at pressure of
0.04, 0.06, and 0.1 MPa.

Fig. 2 Comparison of temperature profiles for molten (2) and paraffin-
doped (1) ADN at atmospheric pressure.

Fig. 3 Temperature profiles of ADN at 0.5 MPa. Ts is surface temper-
ature, and Ta is temperature of the aerosol flow above the surface. T1
and T2 are the first and the second flame temperatures, respectively.

length studied (∼6 mm) and is equal to 553–563 K and 583–603 K,
at 0.04 and 0.06 MPa, respectively (Fig. 1).

At 0.1 MPa, temperature measurements were carried out with
molten ADN and paraffin-doped ADN, both capable of sustained
burning at this pressure. Surface temperatures Ts for both materials
were determined to be within the range 593–608 K (Fig. 2). Invari-
ability of the surface temperature with changing initial temperature
is consistent with a hypothesis that the temperature at the ADN burn-
ing surface is controlled by a thermodynamic transition such as boil-
ing or dissociation. Another important feature of the ADN combus-
tion profile, which appears at 0.1 MPa, consists of the temperature
above the burning surface Ta of paraffin-doped ADN rises gradu-
ally to ∼700 K and then remains practically constant over a distance
above the surface as long as 18 mm (in the case of using 20-μm-thick
thermocouples). For combustion of liquefied ADN, temperature
above the burning surface increases very slowly starting from the
surface temperature and showing sporadic splashes to 650–700 K.

Close but slightly lower values of the surface temperature at
0.1 MPa were observed by other researchers during laser-induced re-
gression of pure ADN (570–580 K)13,19 and in sustained combustion
of impure ADN (588 K,26 560 K,16 and 533 K18). The temperature
above the burning surface was measured to be also very close to our
results (683 K,13,19 700 K,26 720 K,16 and 753 K18).

The temperature gradient above the surface and the heat feedback
from the gas to the condensed phase were calculated in Refs. 16 and
18 based on measured Ts and Ta . However, as follows from the
detailed temperature distribution at 0.1 MPa shown in Fig. 2, there
exists a clear region above the surface, between Ts and Ta , in which
the temperature gradient is virtually equal to zero. Therefore, it is
safe to assume that there is no heat feedback from the gas phase, at
least at low pressures.

The ADN surface temperature is believed to increase to 655–
675 K as the pressure is increased to 0.5 MPa (Fig. 3). Temperature
Ta reaches 805–820 K just above the surface (∼1 mm). In the case
of finishing combustion or spontaneous extinguishing, the profiles
demonstrate spikes of the temperature immediately upon ceasing
combustion. These temperature spikes were presumed to be caused
by entering a remote first flame into the tube and reaching the ther-
mocouple as soon as the gas flow from the surface stops. Indeed,
tests with long strands and 20-μm-thick thermocouples showed an
increase in temperature to 975–1075 K at a distance of 7–8 mm
followed by a sharp growth to 1325–1350 K (T1). Interestingly, in
some tests with long strands there also appeared temperature spikes
at the end of burning.



SINDITSKII ET AL. 779

Paraffin-doped ADN showed similar profiles at this pressure, ex-
cept that the intensive temperature rise in the gas phase to T1 began
with 3–4 mm above surface rather than with 8–10 mm for pure ADN.

At 1.1 MPa and higher pressures, the position of the surface tem-
perature at profiles is difficult to determine (Fig. 4). A slight break in
the profiles can be observed at 710–755 K. The temperature Ta just
above the surface (at 0.2–0.3 mm) was determined to be 825–855 K
followed by its progressive increase to 1225–1285 K (T1) at a dis-
tance of 2–4 mm. A further slight increase in the gas-phase tempera-
ture was revealed by tests with long strands, achieving 1465–1475 K
at a high of 12 mm above the surface.

Temperature measurements at 2.1 and 4.1 MPa were carried out
only with the help of 7-μm-thick thermocouples embedded in short
samples (Fig. 4). At 4.1 MPa the surface temperature was no longer
detectable even with 7-μm-thick thermocouples owing to too high
burning rate of ADN. At 2.1 MPa the temperature above the surface
Ta was determined to be 845–895 K followed by its sharp increase
to 1325–1375 K (T1) at a distance of 1–2 mm. At 4.1 MPa the
temperature rises ∼850 K above the surface to 1350–1400 K at a
distance of 0.8–1 mm and then remains practically unchanged up to
4 mm distance. In spite of narrow flame zones, there are still breaks
in the profiles at ∼850 K, which correspond to Ta .

At all of these pressures, the maximum measured temperatures of
ADN combustion did not correspond to the calculated adiabatic one
(about 2050 K). The high-temperature second flame T2 appeared at
10 MPa at a distance as small as 0.2 mm off the surface. However,
at high pressures and temperatures the tungsten thermocouples tend
to vigorous oxidation in the oxidizing surroundings, resulting in
burn out and showing too high temperature. The profiles at 10 MPa
reveal also characteristic brakes at 1375–1575 K, corresponding to
T1. Because of high burning rates exceeding the admissible level
for the thermocouples used, the real temperature gradient above the
surface could not be derived from the profiles at high pressures.

For combustion of impure ADN, the high-temperature flame T2

appears at a closer distance to the surface. It was observed at ∼1 mm
standoff distance at pressure of 2 MPa (Ref. 16).

All of the data from the temperature measurements are collected
in Fig. 5. The dashed line is the pressure dependence of the dis-
sociation temperature of ammonium nitrate (AN),29 which proves

Fig. 4 Temperature profiles for pure ADN at pressures of 1.1, 2.1, and
4.1 MPa.

Fig. 5 Effect of pressure on the ADN surface and flame temperature:
surface temperature (�), temperature of the aerosol zone (◦), temper-
ature of first flame (�), and data of Fetherolf and Litzinger (××).13 The
- - - - is the dissociation temperature of ammonium nitrate.29

to be in a good agreement with the surface temperatures. Also pre-
sented here are data of Fetherolf and Litzinger13,19 on temperature
measurements in laser-induced combustion of ADN at 1, 3, and 5
atm. As seen in Fig. 5, the results of our work and those obtained
in Refs. 13 and 19 are in a good agreement. Somewhat understated
temperatures of the second zone measured at 2.1 and 4.1 MPa can
result from the fact that we used short strands within which the ther-
mocouple was only able to measure the temperature of the beginning
of the zone, rather than its maximum steady temperature.

The surface temperatures measured in Ref. 16 at 0.066, 0.1, 2,
and 6 MPa are somewhat less, and those in Ref. 18 at 0.1, 0.7, 2, 4,
and 6 MPa are considerably less than our data. ADN has extended
flame zones that facilitate finding of characteristic temperatures. In
this connection the difference between our data and data of Refs. 16
and 18 is thought to be caused by different approaches to identify
the surface temperature on the profiles rather than measurement
errors. The reliability of surface temperatures found in Ref. 16 on
profiles at pressures above 2 MPa is questionable because of too
high burning rates and, as a consequence, very narrow combustion
zones comparable with thermocouple thickness.

A characteristic of the combustion behavior of ADN is not only
unusually extended flame zones—that has been also observed for
combustion of ADN/binder sandwiches20—but multistep heat re-
lease during the process as well. The extension of the ADN flame
zones depends on pressure (Table 1).

Analysis of ADN temperature profiles at different pressures al-
lows three distinctive zones to be distinguished in the ADN flame
(Fig. 6). Just above the surface, the temperature is constant at a value
equal to the surface temperature for some time and then increases
moderately in a stepwise manner. This flame zone is easily ob-
served for the combustion of ADN + 0.2% paraffin at atmospheric
pressures (Fig. 1).

The magnitude of the temperature step between Ts and Ta is about
120–145 K. As the pressure increases, the zone tends to contract
rapidly. The temperature of ADN surface is clearly discernible in
profiles at low pressures, but it is no longer detectable above 2 MPa.
At 0.5 MPa, there appears the first flame, in which the temperature
rises to 1325–1475 K (at 0.5–4 MPa). In any event, the maximum

Table 1 Surface temperature Ts, aerosol zone temperature Ta, and
standoff distances of ADN flame zones

Standoff distances, mm

Pressure, MPa Ts , K Ta , K First flame Second flame

0.04 558 ± 7 ——a —— ——
0.06 593 ± 14 ——a —— ——
0.1 602 ± 6 706 ± 15 —— ——
0.5 663 ± 10 810 ± 8 7–8 >25
1.1 736 ± 25 842 ± 13 1–2 >16
2.1 748 ± 25 866 ± 25 0.5–1 12
4.1 —— 871 ± 20 0.5–1 >4
10.0 —— —— —— <0.2

aIs not observed over a distance ∼6 mm above the surface.

Fig. 6 ADN multistep conversion in the combustion wave. Ts is surface
temperature, Ta is temperature of the aerosol flow above the surface. T1
and T2 are the first and the second flame temperatures, respectively.
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combustion temperature representing full heat release is not still
attained at moderate pressures. Temperature spikes observed at
times at the end of combustion do suggest the presence of one more
high-temperature zone, which stands far off the surface.

Temperatures Ta and T1 in Ref. 18 are considered as belonging to
one flame, in which the temperature grows from 725 K at 0.1 MPa to
1475 K at 4 MPa. The results of our work show that the temperature
zone Ta exists concurrently with the zone T1 at pressures up to
4 MPa.

By applying one-dimensional conductive heat-transfer analysis,
the thermal diffusivity χ of condensed ADN can be evaluated from
the temperature profiles. For the nonreactive region, a plot of ln(T –
T0) vs distance yields a straight line with a slope of rb/χ . At temper-
atures below 350 K, the slope of the line yields a thermal diffusivity
(1.78 ± 0.3) · 10−7 m2 · s−1, which is in good agreement with data of
D. Hansen-Parr (1.87 · 10−7 m2 · s−1) obtained by another technique
(data cited in Ref. 7). At temperatures above 350 K for pressures
0.04 and 0.06 MPa, and above 400 K for pressure 0.1 MPa, there is
observed an increase in the slope associated with the existence of
exothermic reactions in the melt.

B. Possible Combustion Mechanism of ADN
The decomposition of ionic salts, such as AN and AP, is initiated

by proton transfer and then is determined by decomposition of the
formed acid and following reactions with NH3.30 This mechanism
is stipulated by a big difference in the decomposition rates between
the anion and acid, with a high decomposition rate being provided
by even a very low equilibrium concentration of acid. However, in
the case of dinitramide there is a small difference in the reaction
rates of the anion and acid, resulting in the fact that the both species
are of significant importance in ADN thermal decomposition.10−12

Flameless burning at low pressures and the lack of heat feed-
back from the gas phase observed in temperature profiles all are
indicative of domination of the condensed phase in ADN combus-
tion. The good agreement between measured surface temperatures
and ammonium-nitrate dissociation temperatures gives grounds to
consider that the unique decomposition reaction of ADN to form
condensed AN and gaseous N2O occurs at the surface:

NH4N(NO2)2(l) → NH4NO3(l) + N2O + 33 kcal/mole (1)

The ionic mechanism involving formation of ammonium nitrate
has been put forward as one of ADN decomposition pathways in
Ref. 6, based on the absence of NH3 at early stages of the thermol-
ysis. Monomolecular rearrangement of ADN and other dinitramide
salts with strong bases is presented in Refs. 31 and 32. The ionic
mechanism has been also considered in Ref. 9 as a dominant de-
composition mode below 160◦C.

During combustion of many onium salts, the surface temperature
is governed by the dissociation reaction of a salt, that is, by splitting
the donor-acceptor bonds between base and acid followed by their
volatilization into the gas phase. The dissociation process is similar
to boiling of molecular substances such as water, that is, the phase-
change process of the first kind. The dissociation is characterized by
the enthalpy of dissociation, which in a sense is equal to enthalpy of
evaporation for molecular substances. The dissociation temperature
(temperature at which the vapor pressure above a salt is equal to
ambient pressure) of ADN is bound to be higher than that of AN
as dinitramidic acid is stronger (pKa −5.62 (Ref. 33) or −4.85
(Ref. 10)) than nitric acid (pKa −1.64). It is proposed, therefore,
in Ref. 14 that it is ammonium nitrate formed by the reaction (1),
which dissociates from the ADN burning surface, thus controlling
the surface temperature:

NH4NO3(l) → HNO3(g) + NH3(g) (2)

The supporting evidence was obtained from thermocouple-aided
measurements in the combustion wave and analysis of the condensed
combustion products.

Coincident with dissociation, the carryover of small droplets of
molten substance to the gas phase takes place, which has been
observed in many studies, but usually prescribed to AN only. In
Refs. 14 and 16, it has been found that condensed residue after

ADN combustion at low pressures consists of an AN and ADN mix-
ture, with the ADN content increased as the pressure decreases. At
atmospheric pressure, the ADN content of the residue after combus-
tion of ADN +0.2% paraffin has been determined to be around 6%
(Ref. 14). Dispersion of the molten surface layer is typical of mate-
rials that burn at the expense of condensed-phase reactions.34,35 This
is caused by breaking the molten surface layer by blowing off gases,
on the one hand, and physical impossibility of full evaporation at
the expense of the condensed-phase heat release, on the other hand.
In the absence of heat feedback from the gas, there is no opportu-
nity for the substance to be evaporated except for the surface-layer
physical and thermal inhomogeneity: foaming, local overheating,
and mixing the melt by gaseous decomposition products.

With growing pressure, flame distances decrease, and decom-
position completeness increases, resulting in the disappearance of
condensed combustion products. However, as indicated by thermo-
couple measurements, the aerosol zone containing molten AN and
ADN still exists up to pressure of 2 MPa at least. The aerosol zone
above the surface is likely to exist at higher pressures also. The
temperature Ta is recognizable at pressure of 4.1 MPa, at which
the burning rate is so high that a thermocouple will be able to
record the break on the profile if the temperature zone Ta is large
enough.

The presence of ADN droplets in the aerosol zone is evidenced
by a small temperature rise in the first flame zone. This step is easily
observed on the temperature profile at atmospheric pressure (see
Fig. 1) and sets in as soon as condensed AN dies out from the flow.
In doing so, the temperature of the aerosol flow grows up to the
dissociation temperature of ADN still remaining in the flow:

NH4N(NO2)2(l) → HN(NO2)2(g) + NH3(g) (3)

The dissociation temperature of ADN is bound to be higher than
that of AN. At atmospheric pressure, this temperature is unchanged
through the profile because ADN droplets are present all of the way
to completion of combustion. For combustion of liquefied ADN at
atmospheric pressure, the temperature above the surface remains
equal to the temperature of AN dissociation over a large distance
because of much higher velocity of the gas flow.

The variation of surface and first flame zone temperatures with
pressure is presented in Fig. 7. Also presented is the dissociation
pressure–temperature dependence for ammonium perchlorate36,37

and nitrate.29 The surface temperatures of ADN appear to be very
close to the dissociation temperature of AN. The temperatures of
the first flame zone Ta lay between the NH4NO3 and NH4ClO4

dissociation temperatures. The resulting line for the temperatures of
the first flame zone Ta can be expressed by the following equation:

ln P = −11352.9/T + 15.9

Fig. 7 Vapor pressure as a function of reciprocal temperature for am-
monium salts: 1 (�), ADN surface temperature; 2 (—), vapor pressure
of AN29; 3 (� and —), temperature of the aerosol zone Ta; 4 (�), vapor
pressure of ADN36; and 5 (—), vapor pressure of AP.37
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Because the maximum achievable temperature to which an onium
salt can be heated up is the temperature of its dissociation, the slope
of the line constructed in ln P vs reciprocal temperature coordinates
with taking into account two gaseous molecules formed at salt dis-
sociation will yield the enthalpy of the salt dissociation �H0

diss. The
experimental data for ADN plotted in the above coordinates give
�H 0

diss = 2R · 11.35 = 45.1 kcal/mole. A rough estimate of a possi-
ble error yields 2 or 3 kcal. A calculation based on the experimental
�H 0

f of ADN (−32 kcal/mole)1 and NH3 (−10.92), (see Ref. 38)

calculated �H 0
f of gaseous dinitraminic acid (24.9 kcal/mole)39 and

enthalpy of ADN melting taken as 3.4 kcal/mole, gives �H 0
diss of

ADN as 44.4 kcal/mole, which is in good agreement with our result.
Politzer et al.40 presented new calculated values of heat of formation
of HN(NO2)2 in the gas phase and heat of ADN dissociation, 19 and
44 kcal/mole, respectively. These data are also in good agreement
with ours.

In Ref. 39, it is suggested on the basis of calculated enthalpies
of formation of ADN and dinitramide that ADN gasification in-
cludes evaporation to produce a gaseous “molecular complex”
NH3 · HN(NO2)2 with enthalpy of formation of 3.2 kcal/mole fol-
lowed by its dissociation to form ammonia and dinitramide, with
the heat of dissociation reaction of 12–14 kcal/mole. Such a gasifi-
cation process has not ever been considered earlier, not to mention
experimental confirmations. From our point of view, the authors
of Ref. 39 used ideas appropriate for salts like LiCl, but unaccept-
able for onium salts. In the latter case, vaporous material consists
of almost wholly gaseous base and acid, with the portion of asso-
ciate being negligible.41 Our results are indicative of this also. If
ADN is assumed to evaporate to produce the molecular complex
NH3 · HN(NO2)2, as suggested in Ref. 39, the slope of the line con-
structed in ADN vapor pressure vs reciprocal temperature coordi-
nates yields the heat of vaporization of 22.5 kcal/mole, which differs
strongly from a value of 35.2 kcal/mole calculated from enthalpy of
formation the molecular complex.39

Ermolin42 carried out a numerical modeling of ADN pyrolysis
in 373 ÷ 920 K temperature interval and showed that the model
described was in a good agreement with experimental data of Ref. 38
if only the dissociative mechanism were assumed.

One more confirmation of ADN dissociation at the first flame zone
can be obtained from comparison of the aerosol flow temperature
Ta and ADN vapor pressures taken from Ref. 36. The authors of this
work follow the idea that ADN evaporates from the burning surface
as the molecular complex and gives the enthalpy of evaporation of
37.1 kcal/mole. However, the fitting line through the points of Ta in
Fig. 7 extrapolated into the low-temperature area just passes through
the data points of Ref. 42 at 80 and 115◦C. The data points at 130
and 140◦C lie above the line, which can be reasonably explained
by increasing ADN decomposition at elevated temperatures (5–8%
even with no autocatalysis taken into account).

As long as AN droplets are present in the flow, the temperature of
the flow is kept constant because of continued dissociation of AN
into NH3 and HNO3. Because the dissociation enthalpy is about 39–
40 kcal/mole,29 it is apparent that the heat evolved in the reaction (1),
33 kcal/mole, is insufficient for warming up, melting, and dissocia-
tion of the condensed substance. Therefore, some other exothermic
reactions are to be considered as proceeding simultaneously with
reaction (1). Quantitative measurements of gaseous species by mi-
croprobe sampling13 and T-jump/FTIR technique4 at atmospheric
pressure have demonstrated that the amount of water is comparable
to the amount of N2O at some distance off the ADN sample surface.
The occurrence of water at this early stage can hardly be a result of
AN thermolysis because the rate of AN decomposition is 107–108

times less than the decomposition rate of the dinitramide salt. Based
on the ADN thermolysis pathways proposed in Refs. 3–5 and 9–12,
it is possible to assume that the other ADN decomposition chan-
nel in the melt is the decomposition reaction of extremely unstable
dinitramidic acid, which is formed in both the gas and condensed
phases according to the reactions (3) and (4):

NH4N(NO2)2 (l) ⇔ HN(NO2)2(l) + NH3(l) (4)

HN(NO2)2(g/ l)→NO2 + HNNO2 → OH + N2O (5)

The following interaction between radicals formed by reaction (5)
with gaseous NH3 or NH3 dissolved in the melt produces more than
50 kcal/mole,12 as a result of formation of gaseous water, nitrogen,
nitrogen oxides, and nitric acid.

NO2/OH + NH3 → H2O, N2, NO, N2O (6)

It was suggested in Ref. 6 that the second path also follows an
ionic mechanism involving formation of intermediate ammonium
nitrite followed by its exothermic decomposition to give nitrogen
oxide and water:

NH4N(NO2)2(l)→NH4NNO2(l) + NO2→NH4NO2 (l) + 2NO →
→ 2H2O + 2NO + N2 + 41 kcal/mole (7)

The dissociation temperature of ammonium nitrite is lower than
that of the other ammonium salts, ADN and AN. If ammonium
nitrite had substantially existed at the burning surface, the surface
temperature would have been controlled by its dissociation reac-
tion; that was not the case according to the data of thermocouple
measurements.

As soon as AN droplets die out from the aerosol flow, the temper-
ature in the flow changes stepwise from the AN dissociation tem-
perature to the ADN one. Disappearance of AN from the aerosol
flow is connected with the fact that all heat released in the exother-
mic reactions (1) and (6) in the molten aerosol particles can now
be almost totally consumed to dissociate AN and ADN (reactions
2 and 3), without the need to preheat and melt the substance. As a
result, temperature of the flow increases and becomes higher than
the AN dissociation temperature, with the ADN being the only con-
densed substance left in the aerosol flow. Now the reaction of ADN
dissociation starts to control the temperature of the flow.

Once ADN droplets have dissociated, the temperature increases
drastically to form the first flame. This flame includes reactions of
oxidation of ammonia by nitric acid decomposition products (OH,
NO2) nearly to full consumption of it. The temperature of the zone,
however, does not correspond to the full heat release owing to N2O
and NO remaining partially unreacted in the flame. The combustion
reaction reaches its total completion only in the second flame, which
was practically observed at 10 MPa, while it could be observed at
lower pressures also at higher standoff distances (at 12 mm distance
off the surface at 2.1 MPa). At 4.1 MPa the second flame did not
appear at a distance at least 4 mm off the surface.

To summarize the preceding hypothesis, a schematic of the ADN
combustion wave structure is presented in Fig. 8. Here, the ADN
gas flame (from the chemical standpoint) can be visualized as the
flame of AN diluted with N2O, NO, N2, and water. In both the con-
densed phase and the aerosol zone, two competitive heat-generating
processes take place: ionic (reaction 1) and dissociative (reactions
3, 4, 5) followed by interaction between the radicals formed in the
course of the reaction (5) with gaseous or dissolved in the melt NH3.
Analysis of the condensed products of ADN combustion at atmo-
spheric pressure shows that the degree of conversion of ADN to AN
is about 60% (Ref. 43). As pressure increases, this portion slightly

Fig. 8 Schematic of ADN flame structure.
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decreases but still remains considerable. In experiments with laser-
induced regression of ADN,19 when the laser heat flux supported
the ADN dissociation reaction, as much as 0.15 mole fraction of
solid AN was found to be formed at atmospheric pressure that cor-
responded to about 50% degree of conversion of ADN to AN.

The lack of heat flux from the gas at least up to 4 MPa allows
considering the condensed-phase chemistry as determining ADN
combustion at low pressures. Rate constants of the dominant com-
bustion reaction of ADN in the pressure range of 0.02–1 MPa can
be obtained from Zeldovich expression44 for the burning rate:

m =
√

2ρ2χ Q

cp(Ts − T0 + Lm/cp)2

(
RT 2

s

E

)
· A · e−E/RTs

based on a dominant role of the condensed-phase chemistry and
taking the surface temperature Ts as the AN dissociation one. The
average specific heat cp was taken as 0.49 cal/g · K, thermal con-
ductivity of the condensed phase λ as 0.00193 cal/cm · s · K, heat of
reaction Q as 400 cal/g, and the heat of melting Lm as 3.4 kcal/mole.

As seen in Fig. 9, the results derived from the combus-
tion model, k = 2.34 · 1016 · exp(−39,000/RT ) s−1, are in a
satisfactory agreement with the ADN decomposition kinetics
found by different ways: from dinitramide-anion and ammonium-
cation disappearance rates,9 k = 8.8 · 1016 · exp(−39,900/RT ) and
k = 3.6 · 1015 · exp(−37,800/RT ), and from rates of formation of
gaseous decomposition products, k = 1014.4 · exp(−35,500/RT )5

and k = 2.5 · 1015 · exp(−35,300/RT ), s−1.9 All of the data can be
described fairly well in the temperature interval of 370–977 K by a
general line k = 1.46 · 1016 · exp(−38,500/RT ).

According to the condensed-phase combustion model, the pres-
sure exponent for the burning rate vs pressure dependence is de-
fined by the activation energy of the leading reaction and the heat of
a phase-change process (evaporation/dissociation), which controls
the surface temperature:

n = E/2Lv

In the case of salt dissociation, when two molecules of gaseous
products are produced from one molecule of the salt, the en-
thalpy of salt dissociation should be used instead of 2Lv . Using
the activation energy 38.5 kcal/mole and enthalpy of AN disso-
ciation (39.9 kcal/mole), one can calculate the pressure exponent
38.5/39.9 = 0.965. The calculated value n is close to the experi-
mental one equal to 0.96 observed in combustion of paraffin-doped
ADN in the pressure interval of 0.02–1 MPa. Experimental values n
observed in combustion of crystalline ADN in the pressure range of

Fig. 9 Rate constants vs reciprocal temperature for the leading reac-
tion in ADN combustion (�) and the kinetics of the ADN decomposition
found from dinitramide-anion and ammonium-cation disappearance
rates (� and �) and from rates of formation of gaseous decomposition
products (�5 and ××9). Line is drawn through all of the data.

0.2–4 MPa are significantly less (0.46–0.6), because at these pres-
sures the ADN burning rate vs pressure curve assumes the form of
a saturated line because of changing of combustion mechanism.

It follows from the condensed-phase model that the burning-rate
temperature sensitivity σp = ∂ ln m/∂T0 depends only on the surface
temperature (i.e., AN dissociation temperature), and grows with
pressure:

σp = 1/(Ts − T0 + Lm/cp)

As is shown in Ref. 43, the experimental values of σ are very
close to the calculated results at 0.1 MPa, at which ADN samples
demonstrated stable combustion. In the interval of 0.3–6 MPa, the
temperature sensitivity begins to grow sharply with pressure, and the
experimental values are considerably higher than theoretical ones.
Large magnitudes of the temperature sensitivity in this pressure
region are indicative of the thermal instability of combustion.

Hence, at low pressures, ADN burning rates (Fig. 10), pressure
exponent, and burning-rate temperature sensitivity can be well de-
scribed by the condensed-phase combustion model.

Data of temperature measurements allow attempting an explana-
tion of ADN combustion instability observed at 1–10 MPa. Tem-
perature profiles clearly indicate that, at least up to 4 MPa, there is
a region between the surface and first flame in which the tempera-
ture gradient is close to zero. In the lack of any heat flux from the
gas, the condensed phase can be heated up only at the expense
of condensed-phase reactions. The total decomposition of ADN
in the melt was shown in Ref. 12 to produce about 50 kcal/mole
(∼400 cal/g). The DSC traces of neat ADN indicated the major
exotherm of 406 cal/g (Ref. 9). If the reactions proceeded com-
pletely in the condensed phase, the maximum temperature would
reach about 950–1030 K. However, the heat is partly consumed to
dissociate AN, making the maximum temperature less. A compar-
ison between heat of ADN decomposition in the condensed phase
and heat required to heat the condensed phase to the surface temper-
ature, Qneed = cp(Ts − T0) + Lm , is presented in Fig. 11. As illus-
trated in Fig. 11, the heat disbalance during ADN combustion begins
at 2 MPa. The temperatures of 725–775 K and 840–890 K (Table 1)
are respectively the maximum ones, developed in the condensed ma-
terial, and temperatures above the surface Ta . These values are less
than just-mentioned maximum temperature, which is conditioned
with that part of heat is consumed for salt dissociation. The extent
α to which the decomposition reaction proceeds in the condensed
phase can be easily estimated from the following equation:

α = [0.1χ · k(Ts)]
/

r 2
b

Fig. 10 Comparison between experimental and calculated (—) burn-
ing rates of pure ADN (+) and ADN with 0.2% paraffin (�) assuming
condensed-phase (below 1 MPa) and gas-phase (above 10 MPa) leading
reactions.
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Fig. 11 Comparison between heat of ADN decomposition in the con-
densed phase (1) and heat required for warming up the condensed phase
to the surface temperature (2).

Assuming the reaction layer is one-tenth as long as the preheated
layer and using rate constants of ADN decomposition at correspond-
ing surface temperatures, the extent to which ADN could decompose
in the condensed phase increased from 50% to 80–90% with pres-
sure increasing from 0.04 to 1 MPa. The real heat release in the
condensed phase, therefore, will be less than 406 cal/g, and the heat
inbalance during ADN combustion can set in even at 1 MPa. At this
pressure, either a change in the combustion mechanism or initiation
of the combustion instability should be expected to happen.

The following course of events can be proposed to take place as
pressure grows. Increasing temperature of ADN dissociation results
in the growing deficiency of heat required to warm up and evaporate
the condensed material. Further heat supply could be provided by
the high-temperature gas flame T1, but it stands too far from the
surface by virtue of kinetic reasons. Because of the lack of heat
in the surface layer, the combustion process becomes unstable and
assumes an oscillatory mode. Dispersion of the surface layer in-
creases at these pressures, resulting in a considerable burning-rate
data scatter and an increase in the critical diameter of combustion.

At pressures above 10 MPa, gas-phase reactions start to play
a considerable role, resulting in regaining the combustion stabil-
ity. Combustion mechanism here differs strongly from that at low
pressures. Burning rates at high pressures become lower than those
might be expected from an extrapolation of the rb(p) dependence
from low pressures to the high-pressure region. Assuming that the
surface temperature in the interval of 10–20 MPa is still determined
by the AN dissociation reaction, the degree to which ADN could
decompose in the condensed phase would be unrealistically high,
more than 100%. It is unlikely that increasing the pressure to 10 MPa
can result in either change of ADN decomposition rate, reducing it
by a factor of 102, or saturation of the surface-temperature growth.
The latter case can happen when the dissociation/evaporation tem-
perature reaches for its critical value, which probably takes place
for AN dissociation at pressures about 20 MPa. At this pressure,
many AN-based compositions revealed a change in their burning
behavior.45

Therefore, a very specific combustion regime is presumably af-
fected at pressures above 10 MPa: the burning rate is controlled by
high-energy processes in the gas phase, while the low-energy but
fast condensed-phase process plays a subordinate part and cannot
propagate deep into the condensed material moving away from the
supporting gaseous flame. As soon as the condensed-phase reaction
front moves away from the gas reaction zone, its propagation stops
because of heat withdrawal to dissociate/evaporate the substance at
the surface.

Zeldovich showed46 that failure of burning in gaseous systems as
a result of heat losses from the reaction zone appeared when there
was a RT 2

f /E decrease in the temperature of the zone T f . A similar

situation obviously takes place in combustion of systems with the
leading reaction zone in the condensed phase. Because the relaxation
time of processes occurring in the reaction zone is much less than the
relaxation time of the preheated layer, the temperature gradient in
the layer under the reaction zone is responsible for the steady-state
burning. When ignited by an external heat source, the condensed
phase is heated to a maximum achievable temperature, the AN dis-
sociation temperature in this case. Because the self-heating in the
condensed zone is insufficient to warm up the substance to this
temperature, temperature in the reaction zone drops once the heat
accumulated at ignition has been irreversibly consumed. The pre-
heated layer has no time for readjustment, and combustion process
in the condensed phase ceases. After a time, the gas flame reaches
for the surface, inducing revival of the condensed-phase process,
which propagates fast and then stops again.

The second section of the rb(p) curve is characterized by a de-
crease in the burning rate with pressure. The combustion velocity is
still determined by the fast condensed-phase process, with the role
of the gas phase reduced to igniting it after extinction. As the pres-
sure grows and the surface temperature increases, the gas-phase
process dominates over the condensed-phase combustion process
and assumes total control over burning at pressures above 10 MPa.

The pressure exponent for the high-pressure portion of the rb(p)
dependence is ∼0.7, a value that usually points to a first-order lead-
ing reaction for the gas-phase combustion model. Such a reaction
could be decomposition of the most reactive oxidizer in the gas
phase, HNO3, at temperature T1 (1300–1400 K).

Decomposition of gaseous HNO3 under shock-wave condi-
tions in argon atmosphere is characterized by the decomposition
rate constant, k = 106.2 · (T)0.5 · (47,300/RT )8 · exp(−47,300/RT ),
cm3/mole · s (Ref. 47). Recalculation for the first-order reac-
tion (argon concentration is ∼10−5 mol/cm3) at the aver-
age of the isothermal decomposition temperature interval gives
k = 1016.14 · exp(−47,300/RT ), s−1.

Using a combustion model of volatile explosives48 and assuming
that decomposition of gaseous HNO3 controls the burning rate, one
can easily calculate the rate of burning:

ṁ =√
2λμ

cp(T f − T0)
·
(

RT 2
f

E

)a + 1

· a!

(T f − T01)a
·
(

η · p

RT f

)a

· A exp

(−E

RT f

)

where the value of T01 = T0 − (Lm + Ldis)/cp stands for the initial
temperature T0 with allowance for the heat consumed for melting
Lm and dissociation Ldis.

The calculation of the burning rates on the assumption that the
leading reaction is the HNO3 decomposition one gives a good cor-
respondence with experimental results at HNO3 mole fraction in the
gas taken as ∼0.2 (assuming that 0.6 mole of ADN decomposes to
AN and the rest decomposes to the two molecules of water and two
molecules of N2O) (Fig. 10).

Hence, the overall combustion mechanism of ADN comprises the
fast decomposition in the melt, resulting in aerosol flow above the
surface and slow reaction in the gas. The only difference in combus-
tion within different pressure intervals lies in which of the reactions
controls the process. The fast but energy-limited condensed-phase
decomposition controls combustion at low pressures, has to accom-
modate itself to the slow but energy-rich heat-release process in
the gas phase at middle pressures, and is incapable of controlling
the burning rate at high pressures because of limited heat produced
in it.

IV. Conclusions
Temperature measurements suggest a three-zone structure of the

ADN flame. The ADN surface temperature corresponds to the tem-
perature of dissociation of AN, a decomposition product of ADN
in melt. Temperature just above the surface (the aerosol zone) is
controlled first by the reaction of AN dissociation at the surface
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of small droplets followed then by dissociation of remaining ADN
droplets. The heat feedback from the gas to the surface is negligibly
small. The first flame comprises reactions of NH3 oxidation by ni-
tric acid decomposition products. In the second flame, the complete
thermodynamic heat release is attained.

The ADN combustion mechanism includes the fast decomposi-
tion reaction in the condensed phase to result in an aerosol flow
above the surface and slow reactions in the gas. At low pressures,
the decomposition reaction in the melt plays a dominant role. In the
middle pressure interval, the fast but energy-limited heat-release
process in the condensed phase has to adapt itself to the slow but
energy-rich heat-release process in the gas phase. At high pressures
(above 10 MPa), the condensed-phase decomposition reaction can
no longer control combustion because of the lack of heat produced
in it.

The ADN combustion can be satisfactorily described by a
condensed-phase combustion model with the rate-controlling re-
action being the ADN decomposition in the melt at low pressures
(to 1 MPa) and a gas-phase model at high pressures (above 10 MPa),
with the rate-controlling reaction being HNO3 decomposition in the
first flame.
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