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Shock Wave and Detonation Properties of Pressed
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Alexander V. Utkin[a, b] and Valentina M. Mochalova(s)*[a, b]

Abstract: In this work, the structure of the steady-state det-
onation waves, the critical diameter, detonation parameters
and the dependence of detonation velocity on the charge
diameter for pressed hydrazine nitrate (HN) charges in the
density range of 1.40–1.68 g/cm3 were investigated by VI-
SAR interferometer. It was found that the critical diameter
drops with the initial density decrease. Under steady-state
detonation conditions at a maximum initial density of
1.68 g/cm3, a high detonation velocity of 8.92 km/s is real-
ized in HN charges. The change of the detonation velocity

with variation of the initial density is not monotonic, but
has a characteristic s-shape. Experiments on the determi-
nation of Hugoniot data and initiation of detonation under
shock wave action for HN were carried out with samples of
maximum density. The results of the conducted experi-
ments show the low shock wave sensitivity, which is much
lower than that of TNT. A noticeable reaction rate behind
the front of the initiating shock wave in charges of max-
imum density is observed only at a pressure above 20 GPa.

Keywords: hydrazine nitrate · detonation · shock wave initiation · critical diameter · VISAR interferometer

1 Introduction

Hydrazine nitrate (HN) N2H4 · HNO3 has been studied in de-
tail and its physicochemical properties are widely available
[1–8]. The use of HN as one of the components of rocket
fuels [8–12] requires the determination of their detonation
parameters, sensitivity to shock wave action and critical det-
onation conditions. However, the available data on the det-
onation properties of HN are extremely limited and they are
sometimes ambiguous, what is most clearly manifested in
the character of the dependence of the detonation velocity
D on the initial density 10. According to experimental data
[13], D reaches a maximum value of 5.64 km/s at 10 = 1.3 g/
cm3, while detonation velocities exceeding 8.5 km/s at 10 =
1.6 g/cm3 have been obtained [8, 14]. Furthermore, there
are no existing data on the shock compressibility of HN, the
critical diameter value and detonation wave structures
hence this research is devoted to an experimental inves-
tigation of these issues.

2 Experimental Section

Experiments on the determination of Hugoniot data and in-
itiation of detonation under shock wave action for HN were
carried out with samples of maximum density, equal to
1.68 g/cm3, which were prepared by pressing an HN pow-
der with an average particle size of about 500 mm. The
scheme of experiments is shown in Scheme 1. Shock waves
in the investigated samples (3) were created by the collision
of an aluminum projectile (1), and accelerated by the ex-
plosion products to the velocity Wi, with the metal plate (2).

The velocity of the sample-water (4) boundary was recorded
by VISAR interferometer. To determine the absolute value of
the velocity, two interferometers with velocity fringe con-
stants of 280 m/s and 1280 m/s were used simultaneously.
A laser beam was reflected from an aluminum foil with a
thickness of 400 mm which was glued onto the sample (5).
In each experiment, the polarization gauge (6) recorded the
entry time into the sample of the shock wave, which al-
lowed us to determine the average value of the wave veloc-
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Scheme 1. Scheme of experiments for the recording of processes of
detonation initiation by shock waves.
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ity Ds using interferometric data. The accuracy of determi-
nation of D is higher than 1 %.

3 Results

The results of the experiments are shown in Figures 1–2
and Table 1. Table 1 shows the velocity of the aluminum
projectile Wi, its thickness hi, material and metal plate thick-
ness hb, sample thickness hs. The measured values of the
shock wave velocity Ds, the calculated values of the particle
velocity u and the pressure P in the sample at the moment
when a shock wave enters it from the metal plate are also
presented. The diameters of the projectiles and samples
were 70 mm and 40 mm, respectively. The designation of
the velocity profiles in Figures 1–2 and the numbers of the
experiments in Table 1 are the same.

When the shock wave exits on the water boundary (Fig-
ures 1–2), the particle velocity jump is recorded, which is
constant for approximately 0.1 ms (except in experiments 8
and 9), and then a second jump is observed. The formation
of this velocity step at the initial moment of time is due to
the reverberation of compression and rarefaction waves
through the aluminum foil. Subsequent reverberations are
almost not observed, and recorded velocity corresponds to
the motion of the HN/water boundary. The amplitude of the
initiating shock wave in experiments 1–4 is constant for ap-
proximately 1.7 ms, which is demonstrated by the dashed
velocity profile in Figure 2, given for the case of the alumi-
num plate unloading to the water in the absence of the
sample. The chemical reaction of HN behind the wave front
results in a velocity increase after the shock jump, but this
increase does not exceed 30 %. Moreover, in experiments 3,
4 (Figure 2), the initiation conditions are the same and only
the thicknesses of the samples differ. It can be seen that an
increase of the thickness of the sample from 5.80 to
9.72 mm did not result in a noticeable change in the veloc-
ity profile. This means, in particular, that under the pressure
of an initiating shock wave of 5.6 GPa (experiments 3, 4),
the detonation distance is more than 10 mm, whereas, for
pressed TNT with density of 1.56 g/cm3, under similar con-
ditions, it is less than 5 mm [15].

A similar character of the reaction development behind
the shock wave remains the same up to a pressure of more
than 15 GPa (experiment 5, Figure 1), and there is only a no-
ticeable acceleration of the reaction rate at 20 GPa (experi-
ments 6, 7). This results in a positive velocity gradient im-
mediately behind the shock jump and the wave amplitude
increase during its propagation through the sample. Com-
paring experiments 6 and 7 it follows that an increase of
the thickness of the sample approximately by two times re-
sulted in an increase of the average velocity of the shock
wave by 4 %.

At a further but insignificant increase of pressure, the re-
action rate increases sharply, which is manifested in a qual-
itative change in the velocity profiles. In experiment 8 in
Figure 2, even at a sample thickness of 5 mm the velocity
behind the shock jump does not increase, but rather de-
creases, with the formation of a character velocity peak.
This means that a steady-state detonation wave with a von
Neumann spike in the reaction zone is realized. The stability
is evidenced by the invariance of the wave profile with an
increase of the sample thickness up to 15 mm (experi-
ment 9). It is impossible to calculate the parameters of the
shock wave entering the sample in this case, based only on
the measured values of Ds, but an estimate, using the Hugo-
niot data of HN obtained below, shows that the pressure is
about 22 GPa.

As already noted, the measured values of the shock
wave velocity in the sample Ds and the velocity of the pro-
jectile Wi allow us to determine the particle velocity u and
the pressure P. Registration of the velocity at the boundary
with the window (Figures 1–2) gives an additional possi-

Figure 1. Particle velocity profiles on the HN/water boundary for
different amplitude of initiating shock waves.

Figure 2. Particle velocity profiles on the HN/water boundary for
different amplitude of initiating shock waves.
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bility of an independent estimation of the shock Hugoniot
parameters, which increases the reliability of the results. Hu-
goniot parameters of HN in the coordinates of Ds-u are
shown in Figure 3. The filled circles represent experimental
data corresponding to a pressure below 20 GPa, at which
the reaction does not result in a noticeable acceleration of
the wave, and the measured average velocity Ds is almost
constant when passing through the thickness of the sam-
ple. Therefore, the results of experiments 7–9, which do not
satisfy this condition, are excluded from any consideration.
The solid line represents a linear approximation of the ex-
perimental data: Ds = 3.35 + 1.35u, km/s.

The scheme of the experiments on the structure deter-
mination of the steady-state detonation waves is shown in
Scheme 2. In the experiments, pressed HN charges with an
initial density in the range of 1.4 g/cm3 to 1.68 g/cm3 were
used. The charge consists of three samples of HN, the thick-
ness of each of being equal to the radius. The plane wave
generator (1) and the pressed charge of the retarded RDX
(2) were used to initiate detonation in the investigated ex-
plosive. The laser beam was reflected from aluminum foil (3)
with a thickness of 400 mm that was placed between the

end of the charge and the water window (4). Using the ion-
ization gauge (5), the detonation velocity was measured in
each experiment.

The experiments results are shown in Figures 4–8 and
Table 2. Table 2 shows the initial density of the HN samples,
the diameter of the charges Ø, the detonation velocity, the
particle velocity uCJ, and the PCJ pressure at the Chapman-
Jouguet (C�J) point. The parameters of the C�J point were
calculated on the basis of the measured particle velocity
profiles and D. At the same time, the unloading isentrope of
the explosion products was approximated by the polytropic

Table 1. Parameters of setups in experiments on shock wave initiation of detonation.

No Wi, km/s hi, mm hb, mm hs, mm Ds, km/s u, km/s P, GPa

1 1.13 7 Ta, 6.0 4.83 3.97 0.45 3.0
2 1.13 7 Cu, 5.5 4.75 4.21 0.57 4.0
3 1.13 7 Al, 4.0 5.80 4.36 0.77 5.6
4 1.13 7 Al, 4.0 9.72 4.38 0.77 5.6
5 2.50 10 Al, 4.0 9.50 5.55 1.64 15.1
6 3.30 5 Ti, 3.0 5.01 6.04 2.00 20.0
7 3.30 5 Ti, 3.0 9.65 6.28 1.99 21.1
8 3.30 5 Al, 4.0 5.00 8.33 – –
9 3.30 5 Al, 4.0 14.2 8.76 – –

Figure 3. Hugoniot parameters of HN with a density of 1.68 g/cm3.

Scheme 2. Scheme of experiments for investigation of the reaction
zone structure of steady-state detonation waves.

Figure 4. Particle velocity profiles on the HN/water boundary for
steady-state detonation of HN charges at different densities and
charge diameters.
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PV n = constant. Varying n in the range from 3 to 5 results in
a change in the parameters, which is much smaller than the
error shown in Table 2. The primary error is due to the accu-
racy of the measurement of values and the uncertainty of
the C�J point position. The designation of the velocity pro-
files in Figures 4–6 and the numbers of the experiments in
Table 2 are the same.

At an initial density of 1.64 g/cm3 and at higher initial
densities, the structure of the velocity profiles has a shape
that is typical of pressed explosives [16]. The velocity be-
hind the shock jump decreases, and the von Neumann
spike is formed in the reaction zone. A sharp increase in the
velocity at a time of 0.1 ms, as noted above, is due to the
reverberation of waves in the aluminum foil. The end of the
reaction zone and the transition to the unloading wave (the

C�J point position) on the velocity profiles is not noticeable,
and there are certain difficulties in estimating the character
of the reaction time. To solve this problem, in this case, the
approach proposed in previous research [17] is realized,
which is based on a comparison of velocity profiles ob-
tained for charges of different diameters. If the detonation
parameters remain constant, the flow in the reaction zone
does not depend on the diameter, whereas in the unload-
ing wave the flow changes, what makes it possible to de-
termine the position of the C�J point.

The velocity profiles with density of 1.68 g/cm3 for differ-
ent charge diameters are shown in Figure 6. In experi-
ments 9 and 10, the diameters differ by a factor of 1.5, while
the detonation velocity is the same. The velocity profiles at

Figure 5. Particle velocity profiles on the HN/water boundary for
steady-state detonation of HN charges with density of 1.55 g/cm3

for different charge diameters.

Figure 6. Particle velocity profiles on the HN/water boundary for
steady-state detonation of HN charges with density of 1.68 g/cm3

for different charge diameters.

Figure 7. The dependence of detonation velocity on the initial den-
sity of HN. The empty circle relates to previously published data [8,
14].

Figure 8. The dependence of detonation velocity on the charge di-
ameter at a density of 1.68 g/cm3 (filled circles) and 1.55 g/cm3 (sol-
id triangles).
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the border with the window also coincide, at least in the
range from 0.1 ms to 0.5 ms. A noticeable discrepancy is due
to the influence of the charge diameter on the velocity gra-
dient in the unloading wave which begins at large time val-
ues. This suggests that the characteristic reaction time is ap-
proximately 0.5 ms. It is noteworthy that immediately after
the shock jump, the amplitude values of the von Neumann
spike in experiments 9 and 10 do not coincide, which is due
to the reproducibility of the experimental results. This is
confirmed by comparison of experiments 8 and 10, in which
the diameters of the charges are equal, and the initial den-
sities and detonation velocities are almost the same. The
velocity profiles 8 and 10 coincide with good accuracy, ex-
cept for the amplitude values of the von Neumann spike
during the first 0.1 ms. It is noteworthy that in this case, the
use of a relatively thick Al foil, with a thickness of 400 mm,
does not result in a significant error in determination of the
C�J point. This is due to the fact that the reaction time is
significantly, approximately 5 times, greater than the time of
the waves reverberation in the aluminum foil. Therefore, as
shown in [18], where aluminum foils with a thickness from 7
to 400 mm were used, the waves reverberation in the foil
does not affect the correct determination of the C�J point
position.

A decrease in the initial density of HN charges not only
results in the decrease of absolute values of the particle ve-
locity, but also changes the characteristics of the depend-
ence of velocity on time. Directly behind the shock wave,
the von Neumann spike is still recorded, which is much less
pronounced than in experiments with high density. More-
over, the velocity is constant or oscillates near the mean val-
ue (experiments 1–5 in Figures 4 and 5) during the entire
recording time. The absence of the influence of the unload-
ing wave, which should reduce the parameters outside the
reaction zone, may be due to the increase in reaction time,
because the C�J point moves to later times. However, this
then means that the flow in the reaction zone, the duration
of which exceeds 1 ms, does not correspond to the classical
detonation model, according to which there is a decrease of
particle velocity during the chemical reaction.

The measured values of the detonation velocity as a
function of the initial density, with a charge diameter of
40 mm, are shown in Figure 7. A distinctive feature of the
obtained results is a sharp increase of D in the density
range of 1.5–1.6 g/cm3. Moreover, this effect is not a con-
sequence of the influence of the charge diameter on the
detonation velocity. This is evidenced by the data shown in
Figure 8, where the filled circles represent the detonation
velocity dependence on the charge diameter for the HN ini-
tial density of 1.68 g/cm3. It can be seen that the detonation
velocity is constant at diameters of 40 mm and greater. This
gives reason to believe that the measured value D =
8.92 km/s is the maximum and corresponds to ideal deto-
nation. Reduction of the charge diameter up to 30 mm re-
sults in a marked decrease of the detonation velocity (ex-
periment 11), and at 20 mm (experiment 12) the detonation
attenuates; the measured velocity is shown in Figure 8 by
empty circle. The velocity profiles at the HN/water boun-
dary also change accordingly. In experiment 11 (Figure 6),
the particle velocity decreases, remaining qualitatively sim-
ilar to profile 10, whereas in experiment 12 its time depend-
ence varies qualitatively: after a shock jump a monotonic in-
crease of velocity is observed instead of a von Neumann
spike. Thus, the critical diameter of HN with a density of
1.68 g/cm3 is greater than 20 mm, but less than 30 mm.

An analogous detonation velocity dependence on the
charge diameter is also observed at a density of 1.55 g/cm3

(triangle points in Figure 8). In this case, detonation attenu-
ates at a diameter of 15 mm (empty triangle), whereas at a
diameter of 20 mm or more a steady-state detonation re-
gime is established. With a decrease of the charge diameter
from 40 to 20 mm (experiments 3, 4, 5 in Figure 5) the ve-
locity profiles are qualitatively similar and only absolute val-
ues of the particle velocity decrease. At the same time, with
a charge diameter of 15 mm (experiment 6 in Figure 5), the
time dependence, as with the density of 1.68 g/cm3 at Ø =
20 mm, changes qualitatively, the von Neumann spike dis-
appears and the velocity increases monotonically after the
shock jump, i. e., the critical diameter at a density of 1.55 g/
cm3 is greater than 15 mm, but less than 20 mm.

Table 2. Detonation parameters of HN.

No 10, g/cm3 Ø, mm D, km/s uCJ, km/s PCJ, GPa

1 1.415 40 5.59�0.05 0.63�0.03 5.0�0.2
2 1.50 40 6.12�0.05 0.96�0.03 8.8�0.3
3 1.55 40 7.67�0.05 1.05�0.03 14.5�0.3
4 1.55 30 6.56�0.05 0.84�0.03 8.6�0.3
5 1.55 20 3.82�0.05 0.5�0.030 2.9�0.3
6 1.55 15 3.70�0.05 – –
7 1.64 40 8.80�0.05 1.45�0.03 21.1�0.4
8 1.675 40 8.91�0.05 1.63�0.03 24.4�0.4
9 1.68 60 8.92�0.05 1.63�0.03 24.4�0.4
10 1.68 40 8.92�0.05 1.63�0.03 24.4�0.4
11 1.68 30 7.61�0.05 1.47�0.03 18.7�0.4
12 1.68 20 5.29�0.05 – –
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Two obtained results – the drop in the critical diameter
with the initial density decrease and the independence of D
on the charge diameter at Ø 40 mm for a maximum density
of 1.68 g/cm3 – suggest that the D (10) dependence (shown
in Figure 7) corresponds to an infinite diameter. Indeed,
with density decrease, the diameter of the charge Ø =
40 mm is increasingly moved from the critical value, and,
consequently, the influence of diameter on the detonation
velocity is increasingly diminished.

The charge diameter decrease not only results in a
change in the character of the flow behind the shock wave,
but it also results in a change in the front structure, what is
especially noticeable at the density of 1.55 g/cm3 for diame-
ters of 20 mm and 15 mm (experiments 5, 6 in Figure 5).
Unlike the velocity profiles obtained for large diameters, in
this case a two-wave configuration is formed. Further, the
first wave is not shock-related, the particle velocity smooth-
ly increases from zero to the maximum value, which is
reached before the front of the second wave. Such a struc-
ture of the compression pulse is typical for porous media
and it can be seen more clearly at the wave amplitude de-
crease.

4 Discussion and Conclusions

The results of the conducted experiments show that the
detonation properties of HN have a number of features.
Firstly, the low shock wave sensitivity is noteworthy, which
is much lower than that of TNT. A noticeable reaction rate
behind the front of the initiating shock wave in charges of
maximum density is observed only at a pressure above
20 GPa. With a further pressure increase by only a few GPa,
the exit distance to the steady state regime is reduced sev-
eral times, i. e. reliable initiation of detonation is realized
only when the initiating pressure is slight, 10–15 % below
the parameters at the C�J point. A similar characteristic of
detonation development during shock wave action is usu-
ally observed in liquid high explosives [19]. It is noteworthy,
however, that even at low pressures (3–5 GPa) the velocity
behind the shock wave front increases (Figures 2–3), which
indicates the decomposition of HN with energy release. The
low rate of the chemical reaction and the finite duration of
the initiating compression pulse do not permit observation
of the possible exit to the steady-state detonation regime in
this case; nevertheless, it can be assumed that the initiation
threshold of the reaction in HN does not exceed 3 GPa.

Under steady-state detonation conditions at an initial
density of 1.68 g/cm3, a high detonation velocity of
8.92 km/s is realized in HN charges. The pressure at the C�J
point does not exceed 25 GPa, which corresponds to the
value of the polytropic exponent close to 4.5. The change
of the detonation velocity with variation of the initial den-
sity is not monotonic, but has a characteristic s-shape: D in-
creases sharply with increasing 10 in the density range of
1.5–1.6 g/cm3 (Figure 7). Such a dependence of D (10) does

not allow us to relate HN to the second group of high ex-
plosives, as has been suggested in previous research [20],
since the data given in Figure 7 were obtained with a fixed
charge diameter and should lie either on the linear depend-
ence D(10) (ideal detonation), or on the dependence with
the maximum, which was observed in previous research
[14] for HN charges with a diameter of 41.4 mm. Such a sig-
nificant discrepancy between the experimental data is prob-
ably due either to the structure of the investigated samples
(for example, the particle size) or to the conditions for the
undertaking of experiments. It is also noteworthy that the
dependence D = 5.388 · 10–0.100 km/s, where 10 is in g/cm3,
that has been proposed in previous research [14] for the
ideal detonation of HN and is shown by the solid line in Fig-
ure 7, agrees well with the results of the present work at
10>1.6 g/cm3.

Despite the complex character of the obtained D(10) de-
pendence, it is not a unique feature of HN. A similar charac-
teristic of the detonation velocity change with the initial
density variation was observed in previous research [21] for
nitroguanidine. In the interval of 1.30–1.62 g/cm3, the ex-
perimental data for nitroguanidine lie on the D(10) depend-
ence corresponding to the ideal detonation, but at p0

<1.2 g/cm3 the detonation velocity decreases sharply, and
in previous research [21] this has been related to the real-
ization of the low-velocity detonation regime. It is probable
that a similar regime is realized in HN at 10<1.5 g/cm3.
Low-velocity detonation is observed for many types of con-
densed energy materials, including liquid and solid high ex-
plosives [21]. Steady-state propagation of detonation with
low velocity is observed for certain values of the particle
size of high explosive and the charge diameter. In the pres-
ent work, we used HN with a sufficiently large crystalline
particle size (~0.5 mm), which probably explains the differ-
ence between the obtained dependence D(10) and some re-
sults of previous research [14].

With respect to the example of nitroguanidine, it has
been demonstrated [22] that in different intervals of the ini-
tial density, the properties of high explosives can corre-
spond to different groups of explosives. This conclusion
also applies to HN, whose critical diameter increases with
initial density increase, at least for 10�1.55 g/cm3, which is
typical for high explosives of the 2nd group.
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