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A new type of propellant, a mixture of ammonium nitrate and alcohol, was examined in ballistic experiments.
With prilledammoniumnitrate and ethanol, increased ballisticperformancewas obtained for the maximumenergy
release conditions. From the measured chamber pressures and measured in-tube velocity pro� le, the location
of energy release and pressure wave motions are documented. This propellant is characterized by low-product
molecular mass, high-speci� c energy, and high � exibility in controlling its performance both by changing the type
of alcohol and by varying the reactants’ molar ratio.

Introduction

B ALLISTIC range is an important device in aerospace studies.
In particular, it is indispensablein on-groundsuper/hypersonic

aerothermodynamic � ight simulations because of signi� cant lev-
els of upstream conditions. In existing aeroballistic technologies, a
two-stage light-gasgun is better than a single- stagegun on ballistic-
range performance. However, a two-stage light-gas gun is a costly
device, requires large storage,and hasa complicatedstructure.Elec-
trothermal guns and electrothermal-chemical guns use electrical
power to energizethepropellantand increasethe rangeperformance.
However, because the energy conversionef� ciency in those devices
are still low at the current state of the art, they need a large electrical
power storage/supplysystem, therebynot necessarilybeing suitable
for laboratoriesthat mainly deal with gasdynamicsand/or chemical
propellants. If the launch projectile speed readily equals 1.5 km/s
andhigherwhenusingsingle-stageguns, thiswouldbecomea useful
application.

There are severalitems to examine for improvingthe performance
of a single-stagegun, namely increasedgun pressure, increasedma-
terialstrength,and improvementof gunpropellantperformance.The
muzzle velocitymay be increasedwith increasedgun pressure.But,
high-pressure operations are not suitable for launching projectiles
that are often fragile and/or have sensitive payloads. Efforts for de-
veloping high-speci�c-strength materials for projectiles have been
continuously made. Several of the authors have reported a newly-
developed aluminum alloy for ram accelerator studies.1 Another
issue to consider is an understanding of propellant characteristics.
Intensive studies have been conductedon the performance of black
and smokeless powders.2 Liquid propellants, for example, hydrox-
ylammonium nitrate (HAN)-based monopropellants, have been so
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intensively studied that their characteristics are fairly understood
and summarized in a textbook.3

Ammonium nitrate is widely used as a material of industrial ex-
plosives, although investigationson its application to gun ballistics
have not yet been made. Ikuta4 proposed that the mixture of ammo-
nium nitrate and alcohol could be a high-performance propellant.
For simplicity, this mixture will hereafter be referred to as ammo-
nium nitrate-alcohol (ANA) propellant. An important point is that
their product molecular mass can be lower than that of existing
gun propellants. Sasoh et al.5 experimentally validated that ANA
was really operationable in a ballistic range. However, in the previ-
ous study, the ammonium nitrate (AN) was not prilled, exhibitinga
moderate performance.

Here, by using prilled AN, the performance of ANA has been
much improved. Results of parametric studies on its ballistic-range
performance and related discussions are presented below.

Properties of ANA
In this study, ethanol is used as the alcohol. Under the standard

condition,AN, NH4NO3 , is solidandethanolis liquid.The solubility
of AN into ethanol is 2.5 wt% at the room temperature.In this study,
the mass of AN is at least 175% of that of the alcohol. Although
the solution is saturated, most of AN remains insoluble. In this
mixture, AN acts as oxidizer; alcohol as fuel. The equation for a
fundamental chemical reaction, from which only CO2 , N2 , H2O,
and H2 are assumed to be produced, is expressed as follows4:

CnH2n C 1OH C xNH4NO3 ! nCO2 C xN2

C .1 C 3x ¡ 2n/H2O C .3n ¡ x/H2 C Q (1)

where Q designates the heat of decomposition.
For ethanol, n D 2. Based on Eq. (1), an oxygen balance happens

with x D 6. If x is smaller, hydrogen is produced. Figure 1 shows
computedequilibriumfractionsof chemicalspecies in ANA product
as a function of x . The computation is done using Kihata-Hikita-
Tanaka (KHT) code.6 Mole fractions computed from Eq. (1) are
also plotted for comparison. For x ’ 1, Eq. (1) overestimates the
production of H2, underestimating that of H2O. Also, without the
productionof CO being taken into account, the productionof CO2 is
overestimated.The larger the value of x , the smaller the deviationof
Eq. (1) from the equilibriumstate in estimating major components’
mole fractions becomes.

The corresponding heat of decomposition, impetus, and molec-
ular mass are plotted in Fig. 2. For x ’ 1, the hydrogen fraction is
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Fig. 1 Equilibrium chemical species fractions in ANA product as a
function of x, computed with KHT code, n = 2.

Fig. 2 Equilibrium molecular mass, heat of decomposition and impe-
tus as functions of x, computed with KHT code, n = 2.

maximum. The molecularmass for x D 1:0 is as small as 16.0. This
characteristic itself is desirable for high muzzle velocity operation.
However, the heat of decomposition and impetus are considerably
smaller.

The heat of decomposition is a maximum at 3.16 MJ/kg with
x D 4:7. The product is composedmainly of H2O, N2, and CO2. The
mole fractions of H2 and CO are lower than 5%. The mole fraction
of H2O (molecularmass; 18 kg/kmol) is 8.3 times higherthan thatof
CO2 (molecular mass; 44 kg/kmol). Therefore, the molecular mass
is still at a low level, 21.8 kg/kmol.

Based on the computation, there are two operation regimes. For
x ’ 1, the main product is hydrogen molecule, and the product
molecularmass and the heat of decompositionare relatively low. As
previously stated, the heat of decomposition is highest for x D 4:7.
Under this condition, the heat of decomposition is less sensitive to
x , and the correspondingproduct molecularmass is still reasonably
low.

These calculated equilibrium results may not necessarily apply
directly to the evaluation of ballistic-range performance of ANA,
and so experimental studies were carried out.

Fig. 3 Schematic illustration of propellant chamber.

Experimental Apparatus
The ballistic-range experiments were conducted using a single-

stage gun. The bore diameter and the launch tube length are 25 mm
and 2.0 m, respectively.7 Figure 3 schematically illustrates its pro-
pellant chamber con� guration. The propellant chamber inner shape
is a 35-mm-diam, 113-mm-long cylinder. It is separated from the
launch tubeby a layer of stainlesssteeldiaphragm(SUS304, 0.5mm
in thickness, with 0.2-mm-deep cross grooves). Its static rupture
pressure was 20 MPa § 15%. At the tip of the igniter cartridge, a
fuse head is fabricated. It is surroundedby 1.3-g black powder. The
ignitercartridgeis set at thebottomof thepropellantchamber.Being
enclosedby tissue paper, 5.0-g smokelesspowder (SP) (SS, Nippon
Fat & Oil Co.) is loaded in front of the black powder. The amount
of SP was suf� cient for ignition with good repeatability. The re-
duction of SP amount was not explored in this study. The ANA is
placed in front of the SP. It is packed in a 20-¹m-thick polyethylene
bag. The ethanol is saturated with ammonium nitrate. The ballistic
performancewas insensitiveto mixing conditionbetween these two
substances. Even if the propellant was stored for 40 h, its ballistic
performance did not change.

The propellant chamber and the launch tube are connectedusing
a conical transition section. At the end of the transition section, a
cylindrically-shapedprojectile, made of high-density polyethylene
(940 kg/m3), is loaded. It has a Bridgman seal on its base, and its
total length and mass are 40 mm and 16.2 g § 0.5%, respectively.

To measure the time variation of propellant chamber pressures,
two piezoelectric pressure transducers are recess-mounted.The re-
sponse time of them is 1 ¹s. The spaces between the pressure trans-
ducers and the propellant chamber wall is � lled with silicon grease.
It was experimentally checked that the silicon grease did not affect
the calibrationof the pressuretransducersand that the responsetime
was suf� ciently short for the presentmeasurement.In this paper, the
measured pressures are labeled p1 and p2, respectively,where p1 is
80 mm and p2 is 30 mm from the diaphragm (Fig. 3). The in-tube
projectile velocity was measured using a velocity interferometer
system for any re� ector (VISAR). A 2-W argon ion laser was used
as the light source. The incident light beam on the projectile is re-
� ected from a layer of retro-re� ector (3970G, 3M). The function of
the retro-re� ector is to re� ect a light beam back in exactly the same
direction as to the incident one itself. The re� ected light is slightly
diffused, but its intensity remained large enough for the VISAR
measurement. For detailed description of VISAR and the present
experimental set-up, see Refs. 8 and 9.

Results and Discussions
Basic Characteristics and Effect of Prilling

Basic characteristics and a necessary loading condition of ANA
will be described � rst. Figure 4 shows time variations of p1 . Solid
lines represent ones with ANA, the broken line without ANA.
Two types of AN are examined here. One is prilled AN, which is
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Fig. 4 Time variations of p1, effect of AN and its condition.

Fig. 5 Measured muzzle velocity, Um, vs mass of AN, effect of AN
condition. Error in Um measurement is § 2%.

composedof small sphericalparticles,havinga diameterof the order
of 1 mm. The particles have microscopic porous structure. Another
one is nonprilled AN, which is composed of smaller, arbitrarily-
shaped particles.The particles are highly hygroscopicand aggrega-
tion easily occur.

With only SP, p1 � rst increases because of its combustion. A
sudden pressure drop occurs when expansion waves generated by
diaphragmrupture reaches the pressure measurement location.Fol-
lowing this pressuredrop and with combustionof SP, p1 again starts
to increase, reaches a maximum and then decreases,because the ex-
pansion waves that are generated from the accelerating projectile
propagate past the pressure measurement location.

With non-prilled AN, the rise rate of p1 initially remains less
than that without ANA. It is believed that the decomposition of
the nonprilled AN and subsequent reactions with the ethanol are
delayed, and that some portion of heat released from SP is spent to
heat up the ANA, and the heat is lost to the propellantchamberwall.
The peak value of p1 in the present case is about 1.5 times larger
than that without ANA.

When prilled AN is used, much higher peak pressures are ob-
served. The peak value is 100 MPa and is 2.6 times larger than
that with nonprilled AN. In this case, the pressure-rise rate is also
higher than that without ANA even before the diaphragm rupture.
The pressure did not drop even with the diaphragm rupture, and
abruptly increased.

The above pressurepro� les were re� ected in the muzzle-velocity
performance as shown in Fig. 5. Without ANA, a muzzle velocity
of 0.88 km/s was obtained. On one hand, with nonprilled AN, the
muzzlevelocityUm is insensitiveto the amount ofANA. In this case,
we believe that the combustion is incomplete during the projectile
acceleration process. The energy gain is canceled by an increase in
propellantmass. On the other hand, with prilled ANA, Um becomes

Fig. 6 Measured in-tube velocity pro� les, effect of AN condition. z;
projectile travel distance.

Fig. 7 Um vs x, prilled AN. Error in Um measurement is § 2%.

an increasing function of the mass of the propellant. A muzzle ve-
locity of 1.72 km/s was obtained with 28-g AN and 8-g ethanol. In
operationsfor evenhighermuzzlevelocities,theprojectilecouldnot
remain intact. Therefore, in the present study, the muzzle velocity
was limited to this level.

Figure 6 shows measured in-tube velocity pro� les. With non-
prilled AN, the velocity was almost constant in z > 1:3 m. How-
ever, with prilled-AN, the velocity continued to increase down to
the muzzle. It follows from these results that much better ballistic
performance is obtained with prilled AN. Therefore, in the follow-
ing sections, only prilled AN is used; AN will implicitly designate
prilled one.

Effect of Mixture Ratio

As shown in Eq. (1), for ethanol, the oxygenbalanceswith x D 6;
but as shown in Fig. 2, the equilibrium heat of decomposition has
a maximum at x D 4:7. In Fig. 7, experimentally-measuredmuzzle
velocities as a functionof the mass of ethanol are plotted. The mass
of prilled AN is kept constant, 14 g. To evaluate the oxygen bal-
ance, x is plotted along the abscissa. The muzzle velocity Um has a
maximum with ethanol mass around 1.5–2.0 g. The corresponding
x ranges from 4.0 to 5.4. Therefore, with the resolution of x in the
present experiments, this x range well corresponds to the condition
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Fig. 8 Time variations of p1 with different x, prilled AN.

Fig. 9 Time variation of p1 and p2 with only SP.

that the heat of decompositionhas a maximum, which is labeled by
Qmax in Fig. 7.

For small amounts of ethanol up to 2 g, the scatter in Um is
relatively small. In such conditions, the ethanol appeared well dis-
tributed in the porous AN particles. However, with larger amounts
of ethanol (for x · 3), most portions of ethanol remained separated
from AN, and as shown in Fig. 7, the scatter in Um was large. With
an ethanol mass of 6 g and larger (x < 1:3), Um was actually less
than that without ANA. This, again, is believed to be caused by
incomplete combustion during the acceleration process.

The measured propellant chamber pressure variations (Fig. 8)
are consistent with the muzzle velocity performance. With 1.5-g
ethanol (x D 5:4), the peak value of p1 was about 30% higher than
that without ethanol.With 4.5-g ethanol (x D 1:8), the pressurelevel
was much lower than the others.

Wave Motions in Propellant Chamber

Figure 9 shows time variation of p1 and p2 with only SP. As
shown in Fig. 3, the location of p1 is closer to the igniter cartridge
by 50 mm than that of p2. In this case, p1 rises slightly earlier than
p2 does. Because the expansionwaves generated by the diaphragm
rupture reaches p2 � rst, it starts decreasing earlier by 40 ¹s than
p1 does. These tendencies always appeared in ballistic experiments
conducted by the authors with smokeless powders or a liquid pro-
pellant LP1846 [60.8% hydroxylammoniumnitrate (HAN), 19.2%
triethanolammonium nitrate (TEAN), and 20.0% H2O].7 In those
cases, the propellants mainly got ignited near the igniter cartridge,
because the compression waves generated by the ignited propel-
lant propagated downstream, that is, in the direction from p1 to
p2 . Following the diaphragm rupture, expansion waves propagate
upstream.

When testing ANA, the propellant chamber pressures exhibited
peculiar characteristics. Figures 10a and 10b show time variations
of propellant chamber pressures p1 and p2 with only prilled AN

a) Ethanol 0 g

b) Ethanol 1.5 g (x = 5.4)

Fig. 10 Time variations of p1 and p2 with ANA and 5 g SP, prilled AN.

and with ANA propellant, respectively. Before pressure spikes ap-
pear, p1 and p2 gradually increase because of the combustion of
SP, reaching about 30 MPa. These pressure-riserates are consistent
with those measured only with SP (Figs. 4 and 9). Note here that
only with ANA pressure spike appears � rst in p2 (downstream). Af-
ter 35 ¹s, a pressure spike in p1 (upstream) appears. The � rst peak
value is lower in p1 than p2 . The pressure p2 sharplydecreasesafter
its � rst peak; this is believed to be caused by the expansion waves
generated by the diaphragm rupture.

Comparing Figs. 9 and 10b, the characteristics in the propellant
chamber pressures with ANA are interpreted in the following way:
Because the ignition delay time of ANA is relatively long, initially
the propellant is mechanically blown toward downstream and hits
the diaphragm. Following this movement, the ANA gets ignited,
generating compression waves. The compression waves coalesce
to form a shock wave, propagating upstream. The velocity of this
shock wave is estimated to be 1.4 km/s (Fig. 10b). According to the
KHT code, C-J detonation velocity of this ANA in its condensed
phase is calculatedto be 7.7 km/s. Therefore,this observedwave is a
combustion-drivengaseousshockwave.The shockwave is re� ected
from the igniter cartridge and propagate downstream. The second
pressure spike in p1 is caused by the re� ected shock wave passing
over. The re� ected shock wave reaches the location of p2 after the
expansion waves passed there. Hence, the peak value of the second
pressure spike is much lower there than that in p1 .

Gun Propellant Performance

In the present experiments, a maximum ballistic ef� ciency of
0.28 was obtained with prilled AN of 14 g and ethanol of 1.5 g
(x D 5:4, Um D 1:56 km/s). In calculating the ballistic ef� ciency,
energies releasedboth from ANA and the SP are taken into account.
Although this value is already at a reasonably-highlevel, there may
be a possibility of further improving the ballistic performance.

Figures 11a and 11b show projectile acceleration pro� les. A
projectile travel distance is designated by z. The acceleration is
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a) Ethanol 2 g (x = 4.0), Um = 1.56 km/s

b) Ethanol of 4 g (x = 2.0), Um = 1.39 km/s, prilled AN

Fig. 11 Projectile acceleration pro� les.

Fig. 12 z-t trajectories of projectile and shock waves, ethanol 2 g (x =
4.0), prilled AN, closed circle; pressure peak in propellant chamber.

estimated by a smoothed value of U .dU=dz/, where U is mea-
sured using the VISAR, and dU=dz is evaluated by numerically
differentiating the U variation. The operating condition of Fig. 11a
corresponds to the best performance within the framework of this
study. Immediately following the diaphragm rupture, the acceler-
ation is maximum. The second and third peak in the acceleration
appear at z D 0:30 and 0.49 m, respectively.As shown in Fig. 12, it
is speculated that those peaks are originated in the re� ected shock
waves in the propellant chamber (Fig. 10b). The location of these
peaksdependson the relationbetween the projectileand shockwave
motions.When the initial projectileaccelerationis lower (Fig. 11b),
the second peak appears at a location much closer to the diaphragm
(z D 0:21 m).

With the plural acceleration peaks, the piezometric ef� ciency in
the operationsof Figs. 11a and 11b are fairly high. The piezometric

ef� ciency is de� ned as an average-to-peak ratio in an acceleration
pro� le.The averagevalueof the accelerationis givenby dividingthe
integrationofan accelerationpro� le from z D 0 to the locationwhere
the acceleration becomes 10% of the peak value by the distance
between the two locations (Figs. 11a and 11b). The piezometric
ef� ciencies thus calculated equals 0.41 for Fig. 11a and 0.38 for
Fig. 11b, respectively.

From Fig. 2, the molecular mass of the product under the con-
dition of Fig. 11a equals 22.1 kg/kmol. With this reasonably low
value, this propellant is suitable for high-muzzle-velocity opera-
tion. By increasing the projectile acceleration, the location where
high accelerationis obtainedby the re� ected shockwave is expected
to shift downstream, and the work done by the propulsive force will
be done more ef� ciently; the piezometric ef� ciency can be further
improved.Unfortunately,in the present study, the peak acceleration
was limited from mechanical strength of the projectile. Operation
experiments in even higher muzzle velocity regime warrant further
efforts.

Conclusions
Experiments showed that mixtures of ANA resulted in a reason-

ably high-ballistic performance even in the moderate-scale facil-
ity. To increase the muzzle velocity, usage of prilled AN is neces-
sary. With ethanol, the muzzle velocity became highest under the
maximum heat of decomposition condition. Excessive amounts of
ethanol resulted in incomplete combustion and, hence, in degrada-
tion of the ballisticperformance.Because the productsof ANA have
low molecular mass and the heat of decomposition is reasonably
large, this propellantproved to be suitable for high-muzzle-velocity
operation.Having two independentparameters,n and x , controlling
the propellant characteristicsis possible in high � exibility. Consid-
ering that the sensitivity and toxicity of this propellant are low, and
that its compositions are widely available with low cost, it is con-
cluded that ANA can be competitivewith, or even better than, other
existingsingle-stagegun propellants.Further investigationsare nec-
essary for decreasing the ignition energy as well as exploring for
even higher ballistic performance.
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