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Abstract-—This paper reports development of a new
trigger system for a high speed gas gun and
experimental results on muzzle speed ofa spherical
ceramic projectile launched by a gas gun equipped
with the new trigger system. A new trigger systexs w
designed carefully using numerical simulation of
interaction between a trigger system and a projecti
and deformation of the trigger system. Launching
pressure levels are precisely adjustable by chamgin
trigger system parameters. Calculated launching
pressure agreed well with experimental result. dsw
concluded that a gas gun equipped with this new
trigger system can work out more powerful as
compared with a commercial air rifle.

Keywords— gas gun, trigger system, silicon nitridell,

laser speed meter.

I. INTRODUCTION
A gas gun is widely used for researches on material
property under high loading rate[1-3], new material
creation having super properties[4], ballistic pdes of
material[5], armor material development[6] and so
aeronautic field, space dust impact onto spacetstres is
one of critical issues for space development[7]r Hos

end, gas guns of which muzzle velocity are morentha
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several kilometers per secondare developed. Rgcentl
firearms development is accelerated and muzzledspta
bullet launched from a firearm is more than 1 knr pe
second[8]. Armor material and an armor vest musv@nt

a bullet from penetration to save life of the hunvemo is
shut by a firearm. Therefore, material propertiedar high
velocity impact of 1 km/sec are enthusiasticallgétd.

Light gas guns are frequently used for researches o
material properties and fracture mechanism undgh hi
velocity impact of more than 1 km per second. Thgae
guns use a rupture disk for a trigger system. Aungodisk

is placed between a reservoir and a barrel, andnwhe
pressure of the reservoir exceeds a critical lethel rupture
disk is broken to propel a projectile in the bargl swift
flow of compressive gas from the reservoir behihe t
projectile. Thus, breaking pressure of a ruptureskdi
dominates accuracy of projectile muzzle speed.
Manufacturers carefully produce rupture disk sd Heatter

in breaking pressure of a rupture disk can be migech
According to data sheets of one manufacturer otunap
disk [9], dispersion in breaking pressure of a uoptdisk
depends on a pressure level, and it is 5% of targe
pressure. This means if a rupture disk is usedaftrigger
system of a gas gun, the launcher pressure vafés 1

between the minimum and the maximum. When a rupture
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disk opens in a short moment by fracture of a thaterial
plate, propelling gas flows into a space behind@egtile
through an opened mouth of the rupture disk. Tlueegf
rupture pressure does not suddenly push the pilejebut
the pressure in the space behind the projectilektyurises
as a function of time. Therefore, the initial aeration of
the projectile sensitively depends on the risingspure
history, which is affected by fracture behaviors tbe
rupture disk. Reproducibility of experiments alsepdnds
on fracture behaviors the rupture disk. Namely, Hast
does a rupture disk break and open fully.

To carry out excellent-reproducible experimentshvatgas
gun, a new trigger system of a gas gun must belojesd.
This work tries to develop a new trigger system and

examines performance of the new trigger system.

II. DESIGN OF NEW TRIGGER SYSTEM
2.1 Basic Concept
Trigger systems developed or used for gas gunddfere
are classified into four categories, a mechanicalvey
system [10], an electro-magnetic valve system [1d],
rupture disksystem [12], and explosive [13]. These
triggersystems are placed between a reservoir dratral
and make compressed gas in the reservoir flow th&
barrel at a high velocity. Performance of a trigggstem is
strongly dependent on flow rate of compressed gas fa
reservoir to a barrel. If the flow rate is low, eojectile
cannot be fully accelerated. MarinaSeidl et al [ilicate
that if a gas gun is equipped with a mechanicaveval
trigger system, and a valve opening velocity iseatain
value, a projectile muzzle velocity is lower thamabytical
prediction in which the infinitive opening velocitis
postulated. In case of a mechanical valve triggestesn,
full valve opening time may be estimated severatetos

milliseconds. An electro-magnetic valve trigger teys
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takes a similar period to the mechanical one toapealve
fully. On the other hand, a rupture disk systentyfobens
within a period of 1 to 5 msec, or 15 to 20 msecgéneral,
many researchers believe that a rupture disk can ély
more rapidly than the other trigger systems. Themefa
rupture disk is used for a trigger system in many
hypervelocity gas guns.

As mentioned by Marina Seidl et al [14], valve ocipgn
time has a significant and negative effect on a zieuz
velocity of a gas gun projectile. A new trigger t&ys must
be developed so that the valve opening time is ceduo
zero.

2.2 A New Trigger System

In order to reduce a valve opening period of ageig
system to zero, a projectile is fixed in a projectrap and
directly subjected to application of compressed fgas a
reservoir as shown in Fig. 1. The pressure of &semvoir
is gradually increased until the projectile hasrbegtruded

through the projectile trap.

T Heseryi

Hrojectile

| . Trap

Aarrel

Fig. 1:Basic idea of a new trigger system for gas g
The projectile trap has two functions, sealing hestw a
reservoir and a barrel, and adjustment of launching
pressure of a gas gun. Material used for a prdgettap
must possess several properties such as:

* Low elasticity as compared with metallic materiat f

sealing
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e Large elongation to fracture to pass a projectile

through a trap without any catastrophic failure
* Anti-abrasion against sliding
To adjust launching pressure, appropriate dimemssionst
be determined. In the next sections, material sele@and
decision of the dimensions are discussed.
2.3 Material selection
Material selection is crucial to develop a new ddg

system. Considering the properties to be possebged

modulus, 4.5 GPa, high tensile strength, 190 MRa a
moderate elongation, 15%.

2.4 Analysis description to determine a projectile trap
dimensions

In this work, a projectile was a silicon nitridehgpe used
for ceramic ball bearing of which diameter is 6.0¥D13
mm (JIS Grade 3). While considering the projecsitape,
a projectile trap may have geometry of a centeedalisk.

The trap disk thickness and the center hole gegmete

projectile trap material mentioned above, sevedéptial determined based on numerical analysis of launghing

materials were selected from plastic materials mgvi namely extrusion of a projectilie from a trap disk.
excellent sliding properties and shown in Tablernlthe Numerical analysis of the extrusion was carried asihg

table, mechanical properties are also indicated. ANSYS Multiphysics ver.13. Anumerical model is show

Table.1: Potential materials for projectile trap in Fig. 2.
Material POM PET PFTE PAI lz
Young’'s L \
Modulus GPa 3.1-3.6 | 2.8-4.2| 0.4-0.6 4.5-18.6 .Lu ;
Tensile Strength 5 | 56 | 4873 | 20-35 | 81-221 b L/ /
MPa {,
Elongation % 25-75 30-30Q0 200-4p6-35 b
Coefficient  of
Friction 0.18 0.25 0.1 0.15-0.31 B ¥
POM (polyoxymethylene), PET (polyethylene
terephthalate), PFTE (polytetrafluoroethylene), PAI B

(polyamide-imide)
Above three materials, POM, PET, PFTE, satisfy safne

Fig. 2: Numerical analysis model

the properties mentioned above, but their tendilength
According toaxi-symmetry, a half of the modelwasdigor
and Young’s modulus are much lower than those df PA
axi-symmetric analysis. Along a center line of thedel,
To accelerate a projectile at a high velocity ofrenthan
) displacement of the projectile was fixed in r dtrec, and
900 m/sec, launching pressure of a gas gun mubtgher
the upper surface of the projectile was subjeatgat¢ssure.
than 10 MPa. Therefore, a projectile trap musttifé and
A projectile trap was fixed in z direction and realition
tough to hold a projectile under such high pressurehis
) near the end of trap. The pressure was graduatheased
work, PAI was selected for the trap material. Thare
until the projectile was extruded, and deformatiand
many kinds of PAI products. Torlon is one of PAbgucts
] ) ] stress in the projectile trap were calculated. @cnsurface
developed by Solvay Specialty Polymer and is widely
between the projectile and the trap was treateal faistion
supplied in the market. This work adopted Torl@93L
o ] ) surface. As the projectile surface was subjectguréssure,
as a projectile trap material because of high Yd&ing
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the projectile trap was subjected to compressiod an
bending due to downward displacement of the pridgedn
the initial condition, the projectile was placed the center
hole of the trap and the contact circle wasbelevweguator.
When the projectile sliddownward, the contact ercl
approached its equator to enlarge. Eventually, iegipbn

of the pressure to the projectile resultedin corsgirgy the
trap.Because Young’'s modulus of the projectile male
was hundreds times larger than that of the trafenaf the
projectile deformed negligibly as compared with thap.

In addition, when the projectile slid downward,cfron
force was generated between the projectile andtrdye
tobend the trap.When the trap was bent, the hamelier

of the trap enlarged to extrude the projectile.lching
pressure strongly depended on the center hole désraad
the thickness of the trap. To obtain the launchpngssure

in range of 0.1 to 12 MPa, the trap dimensions were
decided by the numerical analysis.

2.5 Conditions of numerical analysis and calculation
results

Mechanical properties of materials, silicon nitrigled PAI
Torlon 4203L used for the numerical analysis are

summarized in Table 2.

Table.2: Mechanical Properties of materials

| Young's | Tensile | o b onl Coefficient
Materials| Modulus | Strength Ratio | of Friction
GPa MPa
SuN. | 290 550 028 | -
Torlon 152
42031 4.5 (244) - 0.5-0.31

Torlon4302L is PAI for general use. According totala
sheet provided by Solvay Specialty Polymer, Torttoes
not yield at room temperature and stress-straiaticel is
provided in the data sheet as shown inFig. 3. lis th

analysis, Torlon 4203L was considered a incompvessi
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hyper-elastic material and its stress strain rehativas
expressed by 5-parameter

Mooney-Rivlinmodel through ANSYS Material Models
option, because 5-parameter Mooney-Rivlin modelegav
good approximation with a residual of less thar6P@ for

stress against the experimental data shown in Fig.3

Fig. 3: Stress-strain curve of Torlon 4203L
Coefficient of friction may be one of crucial paratars
influencing launching pressure.The coefficient dttfon
varies from 0.15 to 0.31 depending on the normesgure.
In general, coefficient of friction varies by comhbtion of
contacting materials, surface roughness, temperaamd
lubricants. It is out of this research scope toetaine a
precise coefficient of friction between Torlon 420and
silicon nitride sphere,the coefficient of frictionvas
assumed constant, 0.25 for this numerical analysis.
Fig. 4 shows a numerical analysis results at th&lrstage
and just before launching.In (a), initial stage dvef
application of pressure is shown and in (b), appeaes of
a projectile and a projectile trap just before ghing are
shown. The projectile slides down by 0.16 mm and a
projectile trap is bent. When relative positionsytdshes in
the projectile and the trap are traced, it can bens
obviously that slip between the projectile and tifzg takes

place.
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Fig.4: Deformation of a projectile trap at launcign

stage

E=4.5

(a) fitting hole
. R=45 R

R=r

(b) cylindrical hole

Fig. 5: Configurations of trap hole
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Fig. 6: Calculated launching pressure for both hole
configurations of trap
Two configurations were considered for a centeehufl a
trap as shown in Fig. 5. One was the configuragbawn
in Fig. 4 that has the same longitudinal surfacefiler as
that of the spherical project to smoothly contadthwhe
projectile along the thickness. The other one was a
cylindrical hole with a certain diameter for easgahining.
In a fitting hole, a spherical projectile sunk hethole up
to its equator. In this case, trap thickness waarameter

to determine the trap dimensions. On the other hémel
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trap thickness was fixed at 1.0 mm, and diameter of In the experiment, traps with a cylindrical holerevaised

cylindrical hole was varied. for a trigger system. In Fig. 7, measured launchjage

For both center hole configurations, launching pues pressure (gage pressure) is plotted as a functibn o

(gage pressure) was obtained for several trap nbigk In cylindrical hole diameter being compared with the

Fig. 6, calculated launching pressure is plotted aas
function of the trap thickness and the hole diaméte
both the hole configurations. As shown in the Fite
launching pressure of a gas gun can be adjustathéyge
of trap thickness or trap hole diameter. It shoo#dnoted
from the calculation result shown in the Fig. thae
launching pressure can be provided from commetgit
pressure gas cylinder, such as nitrogen gas andnhelas

of which the maximum charging pressure is 15 toviEsa.

II. EXPERIMENT OF A NEW TRIGGER
SYSTEM FOR VERIFICATION
Launching experiment of a gas gun equipped withew n
trigger system was carried out. A stainless steetdb for
an air rifle of which dimensions are 6.08 mm in énn
diameter, and 650 mm in length, was utilized fog thas
gun. Projectile was a silicon nitride ball used forball
bearing, and its nominal diameter is 6.0+0.00013, 38
3 grade for ceramic sphere. Nitrogen gas was usea fo

propellant gas. Two photodiodes connected in seaia$

two 20 mW laser beams were used to measure muzzle

velocity of a projectile.

WP

Ladinching precoaie
9

Drsmeted ol Cylimdnocal hgls o trap T

Fig. 7: Measured launching pressure
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calculated results.

The measured launching pressure results reasoaajbe
with the calculated results, but they are sliglitigher than
the later. The discrepancy may be caused by tleailedion
conditions, especially coefficient of friction, cstraints of
trap fixture. If the calculation conditions are iroped to
reflect actual situations, the measured and theutsted

launching pressure may more crossly agree with ettodr.

m /s

Wiz e velocity af Projectile

| | oll e 13 Iad
Launching Pressure WP

Fig. 8: Muzzle velocity of projectile
In the experiment, muzzle velocity of the projextivas
measured by use of a photo diode-laser measuristgray
The muzzle velocity is plotted as a function ofrlahing
pressure in Fig. 8. Experimental data are sligbtdyiated,
but deviation band is quite narrow. Using nitroggas
pressurized up to 10 MPa (gage pressure), and arb0
long barrel, a silicon nitride spherical projectiith a

diameter of 6.0 mm was accelerated to 408.1 m/sec.
1V. DISCUSSION

As shown in Fig. 7, a new trigger system using Geutile

trap launched a projectiles expected from the nigakr
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analysis. The close comparison between experimental As mentioned in Fig. 8, muzzle velocity of the gam

results and numerical results indicated that thesueed
launching pressure was always higher than the bl
one. There are several reasons to be considerethif
discrepancy. Machining precision of cylindricallddrap
was +0.02 mm. The machining precision effect igiatifor
the numerical some

the discrepancy. In analysis,

simplifications were made. As mentioned in Fig. 4,
displacements of trap end was fixed in z directanr
direction in the trap fixture in case of a fittihgle trap. In
addition, it should be noted that in case of anfitthole
trap, bending mode was dominant in the trap deftiona
On the other hand, in a cylindrical hole trap, thale
expansion in r direction, compression mode was darmti

in the trap deformation as shown in Fig. 9, becanfsé
mm thickness. Therefore, displacement of the traghia r
direction takes a dominant effect on launching gues.
The diameter of the trap fixture is slightly largban the
trap diameter. Therefore, the trap can deformdlirection

in the trap fixture even though it is very smalslmicrons.
The numerical calculation does not take into actoun
friction between the trap surfaces and trap fixtamed
displacement constrain in r direction at the tragd.eThis

may result in low launching pressure.

Fig. 9: Deformation ofcylindrical hole trap
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using nitrogen gas as a propellant gas increasdd wi
launching pressure. At the launching pressure oME®&,
which is almost equal to the maximum charging pressf
high pressure gas cylinder, the muzzle velocityched
408.1 m/sec. Because the silicon nitride sphereness of
3.62x10* kg, the kinetic energy of the projectile is 30.1
Nm(J).

For comparison, one example is taken from a comialerc
air rifle. Benjamin Discovery has 5.6 mm (0.22 iash
wide caliber and 616 mm (24.25 inches) long bajt8l.
When this air rifle charged by G@as compressed to 13.8
MPa (2000 psi)is fired, the rifle works out arouBdf.0 J
(26 f Ibs).

In this research, the gas gun was charged byghs
compressed to 10.0 MPa, at the highest. To extadpd
muzzle velocity under launching pressure of 13.8aM®
curve fitting method was used together with thestea
square method. A curve to be fitted to the expeniade
data is expressed as

v = 186.3P035 (1)

In Fig. 8, the obtained curve is shown with a sdilié. As
seen in the Fig., the curve excellently represethes
experimental data. From Equation (1), muzzle véjoci
under launching pressure of 13.8 MPa is estimated a

v = 483.1 m/sec

Eventually, this air gun charged with, §Jas compressed to
13.8 MPa works out 45.4 Nm (J). As compared witl th
commercial air rifle, the gas gun developed in tlisearch
is 1.3 times powerful. Of course, it should be dothat

propellant gases were different in both.
V. CONCLUSIONS

To eliminate losses caused by periods of a triggdve

opening, and propellant gas arrival from reservoira
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projectile back surface,

developed in this work. The new trigger system &ind

of a projectile trap and a projectile. The projlectrap and
the projectile functioned as a sealing between a ga
reservoir and a gun barrel before launching. Twmesyof

projectile trapswere proposed, a fitting hole trapd a

cylindrical hole trap. In a fitting hole trap, lazhing

pressure was increased up to more than 10 MPatyeith

thickness, while in a cylindrical hole trap, it wimEreased

as a hole diameter was deceased. This new triggterns

was installed to a gas gun that was constructe@Sfymm

long barrel for an air rifle. A silicon nitride spre with

diameter of 6.0 mm was launched from the gas gun to

measure muzzle velocity of a projectile to evaluhtenew

trigger system. The following conclusions were ated:

a new trigger system was

1. A new trigger system could work well as designed.

2. Air gun with the new trigger system worked out
45.4 Nm (J) for muzzle kinetic energy, which is
around 1.3 times powerful than one of the most
powerful commercial air rifles.

3. To precisely design a projectile trap for a desired
launching pressure, more precise calculation

conditions must be taken into account.

It can be easily expected that if a longer barretl a
compressed helium gas as a propellant are usettidagas
gun, the muzzle velocity is increased up to 1008eiy/

If a more appropriate material for a projectileptia found,

it may be possible to develop more powerful gas gun
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