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Investigation on utilization of liquid propellant in ballistic

range experiments

Akihiro SASOH", Shinji OHBA*, and Kazuyoshi TAKAYAMA**

Experiments were conducted in a ballistic range using a HAN (hydroxylammonium
nitrate) -based liquid monopropellant, LP1846. In a 25-mm-bore single-stage gun, using bulk-
loaded propellant of 10 to 35g, a muzzle speed up to 1.0km/s was obtained. Time variations
of propellant chamber pressures and in-tube projectile velocity profiles were measured. The
liquid propellant combustion was initiated accompanying a delay time which was created
due to the pyrolysis of the propellant. In order to obtain reliable ballistic range performance,
the method of propellant loading was revealed to be critical. Since the burning rate of the lig-
uid propellant is relatively low, the peak acceleration and the muzzle speed strongly depend
on the rupture pressure of a diaphragm that was inserted between the launch tube and the

propellant chamber.

1. Introduction

A ballistic range serves various purposes such as a
hypersonic ground test facility, a hypervelocity impact
test and a drug delivery system. Related technolo-
gies are extended to many industrial, engineering
and even medical systems. Required performance of
a ballistic range depends solely on the condition of
applications. In particular, in order to launch a fragile
model, the ballistic range design requires a low level
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of peak acceleration. The development of a device
which has such a characteristic definitely warrants
further intensive studies. For example, in the ram
accelerator installed at the Shock Wave Research
Center", a 35 gram projectile which has a complicat-
ed geometry and a sabot the perforation ratio of
which is of the order of 50% have to be pre-acceler-
ated up to 1.15 km/s currently by using smokeless
powder. With limited facility resources, this required
performance is not readily achieved and still neces-
sitates further improvement of the pre-acceleration
device.

Liquid propellants has been studied as an alterna-
tive propellant to solid propellants for tactical appli-
cations mainly in Europe and US.A. Excellent sum-
maries of the previous works are described in Refs. 2
and 3. In addition to some practical advantages, under
an appropriate operation condition liquid propellants
are known to have a favorable characteristic of a flat
pressure-time profile. By utilizing this, smooth accel-
eration of a fragile projectile with a high piezomet-
ric efficiency (the ratio of the mean pressure to the
peak breech pressure, p.29 in Ref. 2) would be
potentially achievable. A high piezometric efficiency
implies that a high thrust is kept down to the muzzle
with a peak mechanical load being suppressed low,
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and the projectile is efficiently accelerated

Among various liquid propellnats, HAN (hydrox-
ylammonium pitrate ; NH;OH . HNOs) -based mono-
propellants have low toxicity and sensitivity, and are
most widely used. Their combustion characteristics
and related fundamental investigation were conduct-
ed also in Japan®~®. Recently, this type of propellant
once again attracts an attention as a candidate of
rocket propellant”,

The purpose of this paper is to basically study bal-
listic range characteristics of a typical liquid propel-
lant, LP1846, and to examine the applicability of the
propellant to laboratory experiments.

2. Properties of LP 1846

LP1846 is a mixture of HAN, TEAN ( tri-
ethanolammonium pitrate; C¢HsN:Os) and water.
Their molar ratio is HAN : TEAN : H:0=7 . 1:
12.3%. In the propellant, TEAN takes a role as a fuel.
HAN acts as an oxidizer. Their reaction formula is

7NH;0HNQ; + CeH;6N20s—6CO0; + 22H:0
+ 8N, + 4.12M]/mol : (1

Therefore, the equivalence ration of LP 1846 is unity.
The above stoichiometric combustion yields the non-
toxic products. Accounting the water contents, the
average molecular mass of the product is 22.9
kg/kmol. The impetus (or force) of the propellant
is 0.809MJ/kg?.

3. Experimental apparatus _

Fig. 1 shows a schematic illustration of the single-
stage gun of the Shock Wave Research Center, Insti-
tute of Fluid Science, Tohoku University. Its launch
tube has an inner diameter of 25 mm and a length
of 20m, and is connected into a test chamber, The
initial pressure in the test chamber was lower than
100Pa. The test chamber has a pair of 300-mm-dia.

Test chamber

Launch tube
{La2.0m, 1.D.=25mm)

Propellant
chamber

acrylic windows, through which two diode laser
beams were set to measure the muzzle speed by
means of the method of time of flight. Also through
the window, an argon-ion laser beam and its reflected
beam pass for measuring an in-bore projectile veloc-
ity by using a VISAR (Velocity Interferometer Sys-
tem for Any Reflector). For detailed description of
the VISAR measurement, the readers should refer
to other articles®™'".

The propellant chamber. Fig. 2, configures almost as
a cylinder. It has an inner diameter of 35mm and a
length of 113mm. At its outlet end, a layer of metal
diaphragm is inserted. The static rupture pressure
is controlled by varying the material and thickness
of the diaphragm and the depth of the pressed groove
on a surface of the diaphragm. In this study, the rup-
ture pressure varied from 10 to 40MPa. The time
variation of pressures in the propellant chamber were

‘measured using piezo-electric pressure transducers.

The pressure transducers, P1 and P2, were recess-
mounted from the propellant chamber inner wall The
distance from the diaphragm to P1 is 80mm, that to
P2 is 30 mm. The liquid propellant was bulk loaded.
The ignition of the liquid propellant was assisted by
using 0.9-gram smokeless powder (SS, Nippon Oil
and Fat Co.), which, in turn, was ignited by an elec-
trical ignitor.

Fig. 3 shows the design of the projectile under
study. It is made of high-density polyethylene. It has
a Bridgman seal on the base. The outer diameter
around the Bridgman seal is slightly larger than the
inner diameter of the launch tube. Except for this
portion, its diameter is smaller than the launch tube

Fig. 1 Single-stage gun
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Fig. 2 Propellant chamber
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Fig. 3 Design of projectile

inner diameter by 0.28%. The total length of the pro-
jectile is 40mm. Its mass was 16.1 = 0.08¢g. On its
frontal face, a layer of retro-reflective sheet (3970G,
3M) is attached. This sheet has a function that an
incident laser beam is reflected in the exactly same
direction as to the incident beam. This function is
convenient for the in-bore velocity measurement using
the VISAR.
4. Results and discussion
4.1 Basic propellant chamber pressure characteristics
Figda and 4b show typical time variations of the
propellant chamber pressures. The origin of the
abscissa, t, designates the beginning of the data
recording. In this paper. p, and p; designate mea-
sured pressures by P1 and P2 in Fig. 2, respectively.
Note here that P1 is located at 80mm upstream from
the diaphragm, and P2 is 30mm from it. Fig. 4a
shows the whole recorded data of p, and Fig. 4b
shows a blow-up of p and p: variations around the
moment of the diaphragm rupture. In Fig. 4a, events
so far interpreted are marked by numbers. p, begins
to rise at (1) and slowly increases during (2). The
pressure rise during this period corresponds to burn-
ing of the smokeless powder. At the time zone (3),
the propellant chamber pressure keeps an almost
constant value. This delay in pressure rise for the
main combustion is caused by the pyrolysis of the
liquid propellant. Detailed discussion on this will be
made in the following paragraphs and the next sub-
section. During the time zone (4), the main com-
bustion of the liquid propellant takes place and the
pressure sharply rises. At (5). the pressure sudden-
ly drops because expansion waves caused by the rup-
ture of the diaphragm arrives at the location of the
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Fig. 4 Typical time variations of propellant chamber
pressure. LP ; 30g, static diaphragm rupture
pressure (p;) ; 20 £ 33MPa. (a) p,. (b) p,

and p; around diaphragm rupture moment in
shorter time scale

315 320

pressure transducer. It depends on the propellant
burning rate and the motion of the projectile whether
or not the pressure continues to increase even after
the diaphragm rupture. In Fig. 4, it still increases
after the diaphragm rupture. In the time zone (6),
the projectile moves in the acceleration tube and the
pressure decreases mainly due to the expansion of
the pi'oduct gas.

The characteristics of p, and p, appear to be vary
similar. However, in a shorter time scale, those slight-
ly differ. As seen in Fig. 4b, before the diaphragm
rupture, there is a delay time, At,, for the pressure
value of p, reaches the same value of p.. This implies
that the combustion of the liquid propellant starts
mainly near the ignitor. Compression waves gener-
ated due to its delayed combustion propagates
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towards the muzzle. On the other hand, a pressure
decrease caused by the diaphragm rupture appears to
take place earlier in p» by At.. Those differences
appeared well reproducibly in the present study.
However, in a longer time scale during which pro-
jectile acceleration characteristics are discussed, such
differences have only a subtle significance. Therefore,
in the following discussions only p, profile will be pre-
sented.

In Fig. 5, the time variations of p, with and without
the liquid propellant (LP) are compared with each
other. Without the liquid propellant, the pressure is
increased only by the combustion of the smokeless
powder, so that p; begins to rise at t = 4ms, reaches
its maximum at t = 21ms, and gradually decreases
due to heat loss.

With the liquid propellant, the pressure rise pro-
file at the early stage is similar. However, the peak
pressure is slightly lower. It is believed that pyrolysis
of the liquid propellant takes place during this period,
thereby decreasing the propellant chamber pressure
due to necessary heat for the pyrolysis. At a time
interval from t = 20ms to 26ms, p: remains an almost
constant value, and then starts to increase due to the
combustion of the liquid propellant.

4.2 Effects of liquid propellant loading

It was found that the ignition, combustion and
acceleration characteristics were much affected by
method of loading the liquid propellant. The liquid
propellant was absorbed by a small piece of cotton,
put into a bag made of 20- um-thick polyethylene

Pressure (MPa)

3
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Fig. 5 Time variations of propellant chamber pres-
sure, p;, with/without liquid propellant. p,
with LP is the same as of Fig. 4a
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Fig. 6 Methods of propellant loading

film, and was placed at the end of the propellant
chamber near the smokeless powder. The bag was
folded several times. Fig. 6 schematically illustrates
two methods of folding the bag; in the Method A, the
bag is folded so that the liquid propellant is separated
from the smokeless powder only by a single layer of
polyethylene sheet ; in the Method B, it was folded so
that the propellant is wrapped by seven layers of
polyethylene sheet.

Muzzle speeds were distinctly affected by the dif-
ference between the Methods A and B, and summa-
rized in Fig. 7. In Fig. 7, the diaphragm rupture pres-
sure was 20MPa. The number of folding was kept
constant in each method. Relatively high performance
and better degree of reproducibility were obtained
with the Method A. A muzzle speed of 950m/s was
achieved by using the liquid propellant of 35g. The
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Fig. 7 Ballistic performance with two different pro-
pellant loading methods. p, = 20 + 3MPa
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scatter in the muzzle velocity was % 6% (for pro-
pellant mass of 15g) at most. The muzzle speed is
not found to be sensitive to the variation of propel-
lant mass. As will be shown later, the ballistic per-
formance for a larger amount of liquid propellant can
be improved by adjusting the diaphragm rupture
pressure.

As seen in Fig. 7, the muzzle speed with the
Method B scatters = 25% with liquid propellant of
27g and shows poorer degree of reproducibility. The
muzzle speed is much lower in almost all cases.

Fig. 8 shows the time variations of p\ for Methods
A and B. The abscissa represents a time, t, measured
from the moment of noticeable pressure rise. At
and Aty designate time intervals from initiation of
" the pressure rise to a pressure drop due to expan-
sion waves originated in diaphragm rupture in the
Methods of A and B, respectively. In both cases, the
pressure slowly rises to reach an almost constant
value of 55MPa at ¢t =7ms. In the Method A, the
pressure rise due to the main combustion appears at
t = 10ms. However, in the Method B the pressure
rise appears delayed by 11ms. When it starts increas-
ing again at ¢ = 2lms, the pressure already decreases
by about 30% ; from 55MPa to 40MPa. For this long
delay time interval, the heat loss form the combus-
tion product gas to the propellant chamber wall caus-
es the significant pressure drop. Also the rate of pres-
sure increase after t=2lms is lowered in the case
of the Method B.

In Table 1, Ata, Aty and their scatters are com-

Pressure (MPa)

15 20 25 30 35

Time (ms)

Fig. 8 Typical histories of p; with Methods A and B.
LP ; p,=20% 3MPa
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Table 1 Measured values of A ts and A tg defined
in Fig. 8, and their scatters. Liquid propel-
lant (LP) ; 25 to 30g

Quantity Value

Ata 148 £ 0.7ms
Atg 288 + 7.8ms

pared between the two methods. At is about the
half of Atg. Moreover, scatter in At, is about one-
tenth of that of Ats. It is concluded from these
results that the pyrolysis process is sensitive to the
method of loading the liquid propellant. The ignition of
the liquid propellants would be delayed if its loading
is not properly done. The heat loss to the propellant’
chamber wall lowers the main combustion rate, result-
ing in the degradation of the ballistic performance.
4.3 Ballistic performance

In this section, ballistic performance out of data
collected with only the Method A will be discussed.
As seen in Fig. 7, keeping a diaphragm rupture pres-
sure constant, the muzzle velocity is a weak function
of the mass of the liquid propellant. Fig. 9 shows
dependences of the muzzle speed on the diaphragm
rupture pressure. It is found that the muzzle speed
sharply increases with increasing the rupture pres-
sure. .

This tendency is well interpreted with in-bore pro-
jectile acceleration profiles obtained by the VISAR
(Fig. 10) and with the time variations of p, (Fig.
11), both of which were measured with different
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Fig. 9 Muzzle speed as a function of diagram
rupture pressure, p-
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Acceleration (X 10® mls’)

Travel distance (m)

Fig. 10 In-bore projectile acceleration profiles with
different diaphragm rupture pressures. LP ;
25g

Pressure (MPa)

-10 -5 0 5 10

Fig. 11 Propellant chamber pressure (p;) histories
measured with different diaphragm rupture
pressures. LP ; 25g. t =0 corresponds to the
arrival of an expansion wave generated by
diaphragm rupture

diaphragm rupture pressures. In Fig. 10, the accel-
eration of the projectile is estimated by differentiating
the time variation of the measured projectile in-tube
velocity. The projectile travel distance is calculated by
integrating the in-tube velocity profile. In Fig. 10, the
integration of this acceleration-distance profile scales
with a projectile kinetic energy gain. The accelera-
tion is done mainly near the diaphragm - in the
first 20% of the total length of the launch tube. The
amount of energy input in this region is determined
mainly by the diaphragm rupture pressure. In Fig.
11, at the lowest rupture pressure, the propellant
chamber pressure does not reach such high values
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as of the others. In this case, the diaphragm is rup-
tured at the earlier stage of the liquid propellant com-
bustion, thereby the combustion is quenched. For the
rupture pressure of 20MPa, the pressure once
decreased due to the diaphragm rupture and recov-
ered to some extent. For the rupture pressure of
40MPa, the combustion is almost completed so- that,
filtering out high-frequency oscillatory components,
the propellant chamber pressure reaches its maxi-
mum when the diaphragm is ruptured. In general,
the rate of pressure increase generated by liquid pro-
pellant combustion is modest®. The combustion
tends to be readily quenched by expansion waves
caused by the diaphragm rupture. It follows from
these results that because of the modest burning rate
the peak value of the projectile acceleration is deter-
mined mainly by the diaphragm rupture pressure.
When the rupture pressure is high, the energy gain
through the projectile acceleration is much enhanced,
and hence increasing the ballistic performance.
5. Conclusions
Basic characteristics of the liquid propellant, LP1846,
are experimentally investigated. The method of the
propellant loading is important for achieving a repro-
ducible ballistic performance. Since the propellant
combustion rate is modest, the peak acceleration
strongly depends on the diaphragm rupture pres-
sure. Under the conditions of the present study, the
muzzle speed increased with the rupture pressure.
“This tendency is not necessarily favorable for attain-
ing a high piezometric efficiency. Further paramet-
ric studies are necessary to identify operation regimes
in which the ballistic performance of the liquid pro-
pellant becomes preferable to that of solid propellant.
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