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Abstract

The hydrazinium nitrate (N2H4∗HNO3–HN) can be considered as a candidate for using instead of ammonium perchlorate (AP) in eco-friendly
solid propellant formulations. In combination with energetic binder it provides reasonably high energetic parameters of solid propellant. In
addition, the substitution of AP by HN leads to decrease in the combustion temperature. The combustion of the HN based metallized propellants
containing energetic binder has been investigated. The effect of partial substitution of commercial Al powder by Alex on the propellant combustion
characteristics has been examined. The burning law was measured in the pressure range 20–80 atm, the ignition delay time and temperature profile
were measured at atmospheric pressure. Some qualitative observations on the combustion behavior of the propellants under study have been made
by analyzing the video camera and recoil force transducer records.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The hydrazinium nitrate (N2H4∗HNO3–HN) is considered
as a potential candidate for the replacement of ammonium per-
chlorate (AP) in solid propellant formulations. This oxidizer
provides reasonably high energetic parameters of solid propel-
lant, especially in formulations containing energetic binder. The
results of preliminary calculations are shown in Table 1.

It is seen that substitution of AP by HN gives gain in Isp

value about 10 s. Note that this substitution also leads to de-
crease in the combustion temperature as well as in the mean
molecular mass of the combustion products. The calculations
were performed for formulations containing 15% by mass of
HTPB. Theoretically, the higher specific impulse values (up
to 271 s) can also be obtained if one analyzes formulations
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Table 1
Thermodynamic parameters of the combustion products calculated for the ex-
pansion ratio 70/1 (atm)

EB 24 24 – –
HTPB – – 15 15
Al 18 18 18 18
HN 58 – 67 –
AP – 58 – 67
T (◦C) 3488 3855 2692 3298
MM 17.7 22.6 14.3 18.7
Isp (s) 273.1 262.3 260.9 264.8

containing 7–8% of inert binder (HTPB). However, such pro-
pellants could not be manufactured and are practically useless.

The experimental data on the decomposition and combustion
characteristics of HN and HN based solid propellants are very
restricted [3,4,8]. Recently, the data were reported [6] on the
combustion characteristics of the model propellants, which con-
tained AP, Al and inert binder HTPB. It has to be noted that the
neat HN is a relatively “weak” monopropellant, which does not
burn under pressures below 40 atm. It was found [6] that melted
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samples of neat HN with relatively small diameter (5 mm) did
not burn in the pressure range 10–80 atm while 8 mm-diameter
melted samples did not burn in the pressure range 10–60 atm
and burned in unstable mode at pressures higher than 80 atm.
At the same time the 8 mm diameter pressed samples of neat
HN readily burned in self-sustaining regime under pressures
40–100 atm. In this pressure range the burning law for pressed
(up to 95% of theoretical density) neat HN was the following:
rb = constP 0.76.

Addition of Ir containing catalysts led to drastic increase
in the reactivity of pressed samples of neat HN. The catalysts
were used in the form of thin Ir layer deposited on the surface
of γ -Al2O3 particles. The mass content of Ir in catalyst com-
prised 10% or 30%. When doped with 0.5–1.0% (Ir contain-
ing) catalyst, the pressed samples of HN started decomposing
exothermally and self-ignited in air several minutes after press-
ing. With 0.1% of catalyst the samples partially decomposed
with increase in the sample original volume but self-ignition
was not observed. Addition of 4% of catalyst, containing com-
plex oxide of Cr and Cu, increased the burning rate of neat HN
pressed samples by 2–3 times and decreased the pressure expo-
nent up to the value ∼0.33.

It was shown experimentally [6] that non-catalyzed model
propellants 85% HN/15% HTPB or 67% HN/18% Al/15%
HTPB did not burn at pressures up to 100 atm. However,
partial replacement of Al by Alex (electrically exploded Al
with 100 nm nominal particle size) in the above formulations
resulted in self-sustaining combustion in the pressure range
20–100 atm. The same occurred if the metal oxide catalysts
were added into the model propellants based on HN and HTPB.

The goal of this study was to investigate the combustion of
HN based propellants containing energetic binder. It was ex-
pected that such propellants may exhibit self-sustaining com-
bustion modes in a rather wide pressure range. In addition, it
was of interest to study the effect of partial substitution of com-
mercial Al powder by Alex on the combustion characteristics
of propellants under investigation.

The ignition delay and temperature profile have been mea-
sured at atmospheric pressure; the burning rate has been mea-
sured in the pressure range 40–80 atm. In addition, some qual-
itative observations on the combustion behavior of the propel-
lants under study were made with video camera and use of the
recoil force transducer.

2. Experimental procedure

The crystals of HN were synthesized by means of reac-
tion between N2H4∗H2O and concentrated HNO3. The reaction
product was slowly evaporated at the temperature of 40–50 ◦C
that resulted in formation of large size (10–15 mm) HN β-
form crystals. The crystals were manually grinded and less
than 63 µm fraction was used for manufacturing solid pro-
pellant samples. The characteristic sizes of HN particles were
D10 = 7 µm and D30 = 24 µm. The melting point of the crys-
tals used was 71 ◦C and the decomposition starting temperature
comprised ∼180 ◦C. The combustion experiments were per-
formed with uncured cylindrical propellant samples of 10 mm
length and 10 mm in diameter, which were tightly inserted into
the plexiglass or quartz holders.

Ignition of the propellant samples at atmospheric pres-
sure was performed by the radiant flux generated by powerful
(5 kW) Xe-lamp. Ignition at elevated pressures was performed
by the hot electrical wire. The temperature profiles in the com-
bustion wave at atmospheric pressure were measured by the
W/Re thermocouples made of 50 µm and 10 µm diameter wires.
The size of the thermocouple bead was practically equal to
the wire diameter. The burning rate under elevated pressures
was measured in the strand burner via processing the pressure
records.

The basic propellant formulation (P1) contained by mass
58% of HN, 18% of commercial Al with 5 µm particle mean
size, and 24% of energetic binder (polyvinyl tetrazole poly-
mer plasticized with nitroesters, oxygen balance −53%, �Hf =
−746 J/g). The modified propellant (P2) had practically the
same formulation but half of the commercial Al powder was
replaced by nano-sized Alex. The characteristic sizes of com-
mercial Al particles were D10 = 3.3 µm and D43 = 5.4 µm
while the particles of Alex were less carefully characterized and
had estimated mean size 0.1 µm.

3. Experimental results

The ignition delay time at atmospheric pressure under action
of the radiant flux 62 J/cm2 s was found to be equal to 0.6 s for
P1 and 0.4 s for P2 propellants, respectively. The burning rate at
atmospheric pressure comprised 0.85 mm/s and 1.05 mm/s for
P1 and P2 propellants, respectively. The recoil force signal con-
tained relatively large amplitude oscillations with frequencies
2–4 Hz for P1 and smaller amplitude oscillations with frequen-
cies 10–20 Hz for P2 propellants, correspondingly.

Typical temperature profiles recorded by the W/Re thermo-
couples (50 µm diameter) are shown in Fig. 1 for the propellants
P1 and P2.

The burning rate–pressure dependencies for the propellants
P1 and P2 are shown in Fig. 2. Rough approximations of the
burning law are the following.

Fig. 1. Temperature distribution (P = 1 atm) in the vicinity of the burning sur-
face of the propellants P1 and P2.
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Fig. 2. Pressure dependencies of the burning rate for the propellants P1 and P2.

In the pressure range 20–40 atm:

rb (mm/s) = 0.57P 0.80 (atm) ∼ Propellant P1
rb (mm/s) = 0.55P 0.95 (atm) ∼ Propellant P2

In the pressure range 40–80 atm:

rb (mm/s) = 3.2P 0.34 (atm) ∼ Propellant P1
rb (mm/s) = 2.3P 0.57 (atm) ∼ Propellant P2

4. Discussion

When starting discussion of available experimental data, one
may recognize the essentially wider pressure range of self-
sustaining combustion for HN/energetic binder propellants as
compared with HN/HTPB ones. The thermocouple records ex-
hibit some peculiarities in the temperature profiles recorded
at atmospheric pressure. The important features of experi-
mental temperature profiles are the extended plateau-like zone
recorded in the subsurface preheat layer and surprisingly low
(ca. 200 ◦C) magnitude of the burning surface temperature.
These results have some preliminary character and can be cor-
rected in the future after more detailed experimenting. Note that
this information was obtained in experiments with uncured pro-
pellants. However, it has to be mentioned that extended preheat
zone in the condensed phase has already been observed in com-
bustion experiments with neat RDX and HNF [5,7], which both
have relatively low melting point. A plausible reason for ex-
istence of extended preheat zone can be changing of thermo
physical properties of the condensed substance due to forma-
tion of the gas bubbles in decomposing energetic material.

As for the relatively low burning surface temperature, it has
to be mentioned that in the combustion of DINA (dinitroxy-
dietylnitramine) at atmospheric pressure the burning surface
temperature was found to be equal to 230 ◦C [1] and the tem-
perature record contained small peaks presumably caused by
the presence of bubbles in relatively thick preheat zone in the
melted condensed phase. Low magnitude of the burning sur-
face temperature correlates with the beginning of decomposi-
tion reactions in HN. It is supposed that the first step of the HN
Fig. 3. Temperature profile recorded at P = 1 atm by 10 µm W/Re thermocou-
ple in the propellant P1 combustion wave.

reaction in a melted layer corresponds to its dissociation on hy-
drazine and nitric acid, which have the boiling temperature at
atmospheric pressure equal to 114 ◦C and 84 ◦C, correspond-
ingly. As was stated in [3], about 10% of HN can decompose
in a melted layer at the temperatures 200–250 ◦C. In the case of
developed HN dissociation in the melted layer one may expect
a formation of bubbles filled with the reaction products.

Recorded in the present study the extended preheat zone (at
least a few hundreds of microns) implies acceptable accuracy
of measuring the temperature profile in the condensed phase
even with 50 µm thermocouples. Important issue is that the
thinner thermocouple (10 µm in diameter) recorded the same
value of the burning surface temperature. An example of the
thin thermocouple readings is shown in Fig. 3. It is seen that
the thermocouple signal contains oscillations at the tempera-
tures in the condensed phase higher than the melting point of
HN (71 ◦C).

When analyzing these data, one can find that the tempera-
ture profile in the gas phase is very steep with the magnitude
of gradient in the zone just above the burning surface being
equal to 20–30 K/µm. In this case an estimated value of the
heat feedback from the gas phase is about 50 cal/cm2 s that
provides energetic expenses not only for heating the condensed
substance from initial to the burning surface temperature but
also for covering essential part of heat loss on evaporation of
melted HN (its latent evaporation heat equals 400 cal/g [3]).
Acceptable quality of our temperature profile measurements
can be proved by the data on the temperature profiles recorded
in experiments on combustion of model solid propellants with
HN totally replaced by AP. In this case the 50 µm W/Re ther-
mocouple recorded typical steep temperature profile with the
value of the burning surface temperature equal to ∼420 ◦C.

Additional information about the combustion mechanism
and the burning rate behavior can be obtained via analyzing the
visualization data and the recoil force records at atmospheric
pressure. It looks surprising that despite the relatively low burn-
ing surface temperature some of Al particles are ignited close to
the surface. The video frames and single shots clearly demon-
strate that the Al particles merge and agglomerate on the burn-
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Fig. 4. View of the burning surface of P1 (top) and P2 (bottom) propellants,
P = 1 atm.

ing surface and their residence time on the propellant surface is
relatively long. One may expect that the reactions of Al with the
products of HN and energetic binder decomposition accompa-
nied by the heating of protruding from the surface agglomerates
with the hot gas flame will result in ignition of agglomerates,
which then detach from the burning surface. This is what we
really observed in experiments on combustion of metallized the
HN based propellant samples at atmospheric pressure. Visual-
ization data showed (Fig. 4) that the agglomerates sizes were
relatively large and the agglomerates concentration on the burn-
ing surface was relatively small in the case of propellant P1

loaded with commercial Al (5 µm mean particle size). In the
case of propellant P2 (half of commercial Al is replaced by
Alex) the agglomerate sizes were smaller and the agglomerates
concentration was higher. Roughly, the maximum agglomerate
sizes were 300–500 µm in combustion of P1 and 100–200 µm
in combustion of P2 propellants, correspondingly. These ob-
servations turned out in a good agreement with the data of re-
coil force measurements: larger amplitude and lower frequency
of the recoil signal oscillations were observed for the propel-
lant P1.

It has to be noted that the relatively large size of agglom-
erates on the burning surface cannot be explained via analysis
of geometrical structure of solid propellants under study. Im-
portant point is that the oxidizer grains, used in formulations,
had the size less than 63 µm. Therefore, the formation of ag-
glomerates of several hundred microns size is probably the
result of non-uniform spatial distribution of metal within the
HN/energetic binder matrix and of merging smaller aggregates
of metal particles.

The effect of Alex addition on the propellant combustion
behavior is similar to that one, which was expected from the
previous studies. Indeed, partial substitution (50%) of commer-
cial Al by Alex resulted in shortening the ignition delay and
increasing the burning rate magnitude. It is interesting to note
that the pressure exponent in the burning law became higher
when replacing partially the commercial Al with Alex. Similar
trends were observed in the combustion of AP based propel-
lants [2]. Assuming that the gas phase chemistry is not affected
by replacement of Al with Alex, one has to analyze different
ways for larger enhancement of the contribution of Alex gen-
erated heat release into the heat balance on the burning surface
under elevated rather than under relatively low pressures. Con-
sequently, it can be caused by an increased heat release in the
condensed phase (higher metal consumption within the con-
densed phase reaction zone) or by increased heat feedback from
the gas phase (more effective ignition and combustion of indi-
vidual metal particles) at elevated pressures. Due to the lack of
comprehensive combustion models the real cause can be deter-
mined only in experiments.

Most significant effect on the combustion characteristics of
HN based propellants has been observed when changing formu-
lation by replacing an “inert” binder with energetic one. As was
mentioned above, the HN/inert binder propellants do not burn
in the pressure range 1–100 atm. The HN/energetic binder pro-
pellants are shown to readily burn under these pressures. The
burning rate of the abovementioned propellants is essentially
higher as compared with that for HN/HTPB propellants. For
example, at pressure 80 atm the energetic binder based propel-
lant, which contains 9% of commercial Al and 9% of Alex,
burns with the rate of 26 mm/s while the HTPB based propel-
lant with the same content of commercial Al and Alex burns
with the rate of about 6–7 mm/s.

5. Conclusions

The estimations made in this work testify to reasonably high
energetic characteristics of the propellants containing HN, Al,
and energetic binder. The theoretical specific impulse of such
propellants exceeds that value for AP based propellants of sim-
ilar formulation by approximately 10 s. The HN based propel-
lants with energetic binder exhibit relatively high burning rate
and acceptable pressure exponent (n = 0.34 at P = 40–80 atm).
Substitution of half of commercial Al by Alex leads to ∼2-fold
increase in the burning rate and increase in the pressure expo-
nent (n = 0.57 at P = 40–80 atm).

Combustion of Al is accompanied by a relatively intense
agglomeration resulted in formation on the burning surface
of several hundred microns size agglomerates (P = 1 atm).
Addition of Alex on expense of commercial Al into the pro-
pellant formulation decreases the agglomerate sizes, facilitates
the ignition of the propellant, and makes wider the flammabil-
ity pressure range. The completeness of Al combustion in HN
based propellants has to be studied in specially designed exper-
iments.

Thermocouple measurements showed surprisingly low burn-
ing surface temperature. These measurements must be contin-
ued for obtaining most reliable data, which have to be combined
with the data on HN evaporation at elevated temperatures and
on detailed visual examinations of the burning surface behavior.
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