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Quantitative Effects of Projectile-Launch Tube
Wall Friction on Ballistic Range Operation

Akihiro Sasoh,* Shinji Ohba,” and Kazuyoshi Takayama®*
Tohoku University, Sendai 980-8577, Japan

Theoretical and experimental studies are conducted on the quantitative evaluation of a friction force at the
interface between a projectile and the launch tube wall in a ballistic range. From a mechanical balance relation
applied to the projectile, the friction force is expressed theoretically as a function of the net acceleration of the
projectile. With this formulation, experimentally measured in-bore projectile velocity profiles obtained using a
velocity interferometer system for any reflector are well interpreted. If the initial projectile motion is significantly
suppressed by the friction force while the burning rate of the propellant remains significant, the base pressure
becomes much higher than that with a negligibly small friction force, thereby enhancing the net acceleration.
However, if the projectile-tube fit is excessively high, the main function of the friction force is to decrease the

muzzle velocity.

Nomenclature
A = bore cross-sectional area, m>
a; = decelerationdue to friction force (negative value)
[Eq. (22)], m/s?
a, = netacceleration, m/s>
D, = diameter of projectile, m
D, = diameter of launch tube, m
E = Young’s modulus of projectile, Pa

F, = force exerted on projectile due to base pressure, N

F; = friction force, N

F, =netforce,N

L, = effectivelength of projectile, m

m, = projectile mass, kg

p = pressure, Pa

p, = projectile base pressure, Pa

pr = statically measured diaphragm rupture pressure, Pa

p1 = measured propellantchamber pressure, upstream, Pa

p» = measured propellantchamber pressure,
near diaphragm, Pa

r = radial coordinate, m

S = projectile side wall area, m?

U, = projectile speed, m/s

x, = projectile travel distance in launch tube, m

z = axial coordinate on projectile frame, m

Ze = the neutral location where o, vanishes, m; see Egs. (14)
and (20)

zo = characteristiclength on kinematic friction [Eq. (16)], m

a = thermal expansion coefficient of projectile, K™!

B = normal stress term related to inertia and material
expansion [Eq. (17)], Pa

AT = temperature difference, K

Az = infinitesimal increment in z, m

€ = length fraction of contact [Eq. (21)]

u = static friction coefficient

4’ = kinematic friction coefficient

v = Poisson’s ratio of projectile

& = dimensionless excess diameter; Eq. (6)

p, = density of projectile, kg/m?
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o, normal stress in radial direction at projectile-wall
interface, positive value correspondsto compression, Pa
normal stress in axial direction, positive value

corresponds to compression

I. Introduction

ALLISTIC range technology is applicable over various fields.

Currently, main subjects are on-ground super/hypersonic flight
simulation!™ and hypervelocity impact studies*> Recently, re-
lated technologies even include medical applications, for exam-
ple, needleless delivery of drugs in dry powder form to the skin
or mucosal surfaces® With these diversified applications, required
specifications to the device are also diversified. There are many ap-
plications, for example, dynamic/mechanical property tests of solid
specimen, in which a required muzzle velocity is modest, of the or-
der of 1 km/s, other specifications are more important; in particular,
in the modest muzzle velocity range, the accuracy in controlling the
muzzle velocity is often most important.

In most cases, the fitof a projectilein a launch tube is an important
parameter. On one hand, if the fit is too loose, the projectilemay bal-
lot in-bore or experienceblow-by of the propellantgas. On the other
hand, with an excessivelytightfit the friction force causes a decrease
in the muzzle velocity and/or serious wear of the tube and the pro-
jectile. There exists an optimum condition of the fit that depends on
the expectedfunction of a device. In high-muzzle-velocityguns, the
effect of a drag force at the projectile-wall interface on the ballistic
performance is mainly caused by engraving the projectile material
during the early travel of the projectilein the launch tube;’ after be-
ing engraved, the drag force usually becomes negligible 8 However,
with a modest muzzle velocity of the order of 1 km/s or lower, the
friction force at the interface between the projectile and the smooth
tube wall can significantly affect the performance of a range.

For nonrifled ballistic ranges, in previous studies the typical
treatment is that the friction force is simply estimated from ex-
perimentally measured, facility-dependent characteristics"!? or is
neglected.!! Quantitative estimation of the friction force in modest-
muzzle-speedballistic range still warrants furtherinvestigations’-!2
To the best knowledge of the authors, a wall-friction model de-
veloped by Groth and Gottlieb'* and Matsumura et al.!* is so far
the most sophisticated. Their model is constructed based on one-
dimensional, quasi-steady-stateelastic relations applied to the pro-
jectile. In spite of their detailed analysis, the significant effect of the
projectile-launch tube wall friction force on ballistic range opera-
tion did not appear in their experiments; further investigations are
still necessary to validate their model experimentally.

For rifled barrels, a study on the projectile sliding force was
done."® However, the condition is much different from that for non-
rifled ones; the results of the study are not directly applicable to
smooth-bore guns.
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The purpose of this study is to develop and to validate experi-
mentally a general formula on the projectile-tube wall friction force
applicable to a modest-muzzle-speed, smooth-bore ballistic range,
where the effect of the engraving is not taken into account and to
discuss its effects on range performance.

II. Kinematic Friction Model

The present model is similar to Groth and Gottlieb’s model.'* In
their paper, a friction force is not presented in a closed form. In this
study, with minor simplifications, a friction force and a projectile
base pressure will be given in a closed form. Figure 1 schemati-
cally illustrates a mechanical relation on a projectile, L, in length,
which is being accelerated in the launch tube of a ballistic range. In
the present analysis, a force in the positive-z direction has a posi-
tive value. The projectile experiences a mechanical force F;, on its
base due to the burnt gas of the propellant. If a normal force exists
at the interface between the tube wall and the projectile, a friction
force F; (negative value) is generated in the opposite direction of
the velocity. The net force F, is calculated as the resultant force.
These relations are expressed by the following equations:

F, =/ pdA D)
base
Ff=—/ weo dS <0 )
side
F, =F, +F, 3)

where p, o,, and p’ designate the pressure on the projectile base,
a radial stress on the launch tube wall, and the kinematic friction
coefficient between the projectile and the wall, respectively. In this
paper, a positive value of o corresponds to compression. The net
acceleration of the projectileis given by

a, =F,/m, 4)

The mechanical balance in the infinitesimal segment of the pro-
jectile between z and z + Az is considered. A sabot is not used to
back the projectile; the projectile can be in direct contact with the
tube wall. It is assumed that each strain is within the corresponding
elastic limit. The net acceleration a, is assumed to be uniform over
the projectile. This assumption is equivalent to neglecting stress
waves in the projectile. That is, the projectile is assumed to be in
mechanicalequilibriumon the frame attached to the projectile. Am-
bient gaseous pressure around the projectile is neglected. Hooke’s
law for elastic deformation of the projectile is expressed by!314

Propellant gas
Launch tube

\ / / \

X . e \

0 Ly z
Projectile
o2)
--0,(2) oz+AZ)-- -
' orf2)
Z Z+AZ

Fig.1 Dynamic relation on ballistic range projectile.

6,(2)
E A
( 5 + vo(2) + aAT), for o >0
=J1-v\e+1 E
0, elsewhere ®))
&= (D, - D)/ D, (6)

In Eq. (5) o, is anormal stress in the axial direction. A compression
stress is defined to be positive. Both o, and o, are functions of z,
and ¢ is a dimensionless excess diameter of the projectile measured
without any mechanicalthermal deformation.

The equation of motion applied to the control volume is given by

_do(z)  4p'o(2)

P D, (M

Ppn =
where p, is the density of the projectile. The following analysis is
applicableonly for a, > 0. As long as the projectileis in full contact
with the launch tube wall, the present model can be applied even
to cases of a, < 0. Although not presented in this paper, a general
formulation for a,, < 0 is easily done.

The boundary conditionson o; are as follows:

o.(0) = py ®)
o(L,) =0 )

In Eq. (8), p, is a gaseous pressure exerting on the base of the
projectile. L, is the effective length of the projectile. The friction
force F; is obtained as a Lebesque integration of Eq. (5) multiplied
by a kinematic friction coefficient p':

F, = —,u’/ c.(z)n D, dz (10)
o 20

and u' is assumed to be a constant.

Here, as in many laboratory applications, the effect of viscous
shear force due to the fluid layer between the projectile and the tube
wall is neglected. There are three situations for the contact between
the projectile and the launch tube wall.

1) No contact is where the projectile is not in contact with the
launch tube wall at all:

F; =0 (11)
The integration of Eq. (7) with o, =0 and Eq. (9) yields
0.(z) = pya,(L, — 2), 0<z<L, (12)
Therefore, from Eq. (8),
Py = ppa,L, (13)

2) Partial contactis where a fraction of the projectile side surface
is in contact with the launch tube wall. Here, let the neutral location
where o, vanishes be z,. It is obtained by substituting Eq. (12) for
Eq. (5) with g, =0:

ze =L, + (Elp,a,V[E/(E+1)+aAT], for 0<z. <L,

(14)
In the region 0 <z <z, Eq. (7) is solved with Egs. (5) and (8):
0.(z) = (py + Be” 0 — B (15)
_(1-wD,
20 = 4! (16)
B =ppz0a, + (EIV[E/(E + 1) + aAT] (17)

where p, is expressed in a closed form by equating Eqs. (12) and
(15 atz =z

Py = ppan(l‘p _ ZL.)EZ“/Z” + (62u/20 _ l)ﬂ (18)
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F is calculated, using Eqgs. (5), (15), (17), and (18), by applying
Eq. (10) to aregion 0 <z <z,:

F.:-ﬁv#/DtZO £ 4 + aAT (ezdzo_l)
I 1—v s+l

\4

+ppa{(L, + z0) (e — 1) — zce&’m}} (19)

3) Full contact is where the whole side of the projectile is in
contactwith thelaunchtube wall. In this case, p,, and F; are obtained
by substitutingz, = L, for Egs. (18) and (19), respectively.

To summarize these results, Eqs. (18) and (19) become applicable
to any contact condition by redefining z. such that

0, €<0 (no contact)
z. =1€L,, 0< €< 1 (partial contact)
L, 1<e (full contact) (20)
E
e=1+ — s + aAT 2D
ppa, L,v\ &+ 1

III. Experimental Apparatus

Ballistic range operation experiments were conducted using a
single-stagegun. The bore diameterand the length of the launch tube
are 25 mm and 2.0 m, respectively. The launch tube is connected to
a test chamber, which was evacuatedto a pressurelower than 100 Pa
before a shot. By substitution of typical values, a projectile velocity
of 10° m/s, the speed of sound of the ambient gas of 340 m/s, and
a specific heat ratio of 1.4, for the shock relations, the pressure on
the projectile frontal surface is calculated to be 1.7 kPa. This value
is four orders in magnitude smaller than the peak value level of
the projectile base pressure. Therefore, the frontal surface force is
negligible in estimating the acceleration of the projectile. The test
chamber has a pair of 300-mm-diam acrylic windows. The propel-
lant chamber (Fig. 2) has an inner diameter of 35 mm and a length
of 113 mm. A hydroxylammoniumnitrate (HAN)-based liquid pro-
pellant, LP1846,'® was used as the main propellant. The propellant

was bulk loaded. The shot-to-shotscatterin the muzzle velocity was
+3% (Ref. 17). The liquid propellant was ignited by 0.9-g double-
based smokeless powder, which in turn was ignited using an elec-
trical igniter. The propellant chamber was diaphragmed by a layer
of stainless steel disk. Its static rupture pressure was controlled by
varyingthe thickness of the disk and/or the depth of the pressed cross
grooves on its surface. The time variation of pressures p; and p,
in the propellant chamber were measured by two recess-mounted
piezoelectricpressure tranceducers, the rise time of which was 1 us.
The accuracy in the pressure measurement was better than =2 %.
Figure 3 shows the configuration of the projectile.It configures as
a cylinder with a Bridgman seal employed on its base. It is made of
high-density polyethylene. The specifications of its properties are
given in Table 1. The mass of the projectile was 16.1 g £ 2%. To
vary the fit to the launch tube, the diameter of the projectile D, ata
room temperature, was varied from 24.92 to 25.14 mm; the launch
tube diameter was 25.00 mm. A sabot is not used in this study.
The in-tube velocity history of the projectile was measured us-
ing a velocity interferometer system for any reflector (VISAR)!%:1°
(Fig. 4). A 514.5-nm wavelength light beam from a 2-W argon ion
laser is introduced to the test chamber and incident on the front sur-
face of the projectile. A retroreflective sheet (3970G, 3M) on the
projectile surface directs the reflected beam in exactly same direc-
tion as that of the incident beam. After leaving the test chamber,
the reflected beam is introduced to the VISAR. After transmitting

40
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Fig. 3 Projectile configuration; length in millimeters.
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Fig.2 Schematic of propellant chamber; length in millimeters.
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Table 1 Properties of projectile material

Parameter Value
Density 9.4 X 107 kg/m®
Tensile stress 31 MPa
Young’s modulus 774 MPa
Thermal expansion coefficient 2.0x1074 K™!
Poisson’s ratio® 0.458

4No data for this particular product are available; typical value for
polyethylene is employed.

Test chamber,
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Fig. 4 VISAR arrangement: A, aperture; BS, beam splitter; C, colli-
mator; M, mirror; P, polarizer; PM, photomultiplier; and RP, reflection
prism.

throughthe polarizer (P), the beamis partially splitby the beam split-
ter 1 (BS1), and sensed by the photomultiplier 1 (PM1). The sensed
intensity scales with the total intensity of the beam and is utilized to
normalize the intensities of interferometric beams. The beam trans-
mitting through BS1 is splitinto two. One is circular modulated and
reflected back from the reflection prism 1 (RP1) (path 1). The other
returns from RP2, propagates through a longer optical path (path
2). The two beams interfere with each other on BS2. The intensities
of orthogonal components of the interfered beam are continuously
measured by PM2 and PM3. In this device, the fringe constantis in
proportion with the reciprocal of the difference in the optical length
between the paths 1 and 2, whichis controlledby the thickness of the
etalon. In this study, the fringe constant was set to 130.84 m/s. The
measured signals were recorded in a data acquisition system and
numerically analyzed by a personal computer. The sampling rate of
the data acquisition was set to 10 us. The accuracy in the velocity
measurementwas better than =1 m/s. The correspondingaccuracies
in determining the position and acceleration of the projectile were
+1 and *2%, respectively.

IV. Results and Discussion

A. Measurement of Friction Coefficients

The static and kinematic friction coefficients were experimentally
measured using the same gun by observing the motion of a projec-
tile driven by high-pressure nitrogen, which was supplied behind
the projectile through the propellantchamber. In this measurement,
the igniter cartridge was replaced with an appropriate pneumatic
feedthrough. The speed of the projectile was kept lower than 1 m/s.
Because of this low-velocity level, the pressure on the base of the
projectile was estimated with an accuracy of better than 1073% by
the pressure measured in the propellant chamber. The effect of the
pressure on increasing the radial stress on the tube wall was negli-
gible. The radial force was determined through Eq. (5) with o, =0.
The experiments were conducted by varying & and AT. From a
pressure with which the projectile began to move, the static friction
coefficient 4 was determined. From a pressure at which the projec-
tile coastedin the tube at a constantlow speed, the kinematic friction
coefficient ¢’ was determined. From the measurements, the values
of u and p’ were determined to be 0.19 and 0.10, respectively; the
corresponding accuracies were both £3%.

B. Effects on Acceleration Performance
Figures 5a-5d show projectile acceleration characteristics mea-
sured with a liquid propellant mass of 15 g and a static diaphragm
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Fig.5 Measured acceleration characteristics with different £: 15-glig-
uid propellant.
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Fig.6 Measured acceleration characteristics with different £: 30-glig-
uid propellant.

rupture pressure of 20 MPa +15%. Acceleration a,, (Fig. 5b) was
calculated by smoothing the experimentally measured U, profile
(Fig. 5a) and time differentiating it. Here, the projectile travel
distance, which is obtained by numerically integrating the U,-t
profile, is denoted by x,. A loose fit condition is represented by
& =—0.0028.Inthis case, the initialdiameterof the projectileloaded
in the launch tube is smaller than the inner diameter of the launch
tube by 0.28%. The burnt gasis sealed only by the Bridgman seal on
the base. The friction force due to the Bridgman seal is estimated to
be negligible. A tight fit condition is represented by & =0.0056. In
this case, the projectile was prerefrigerated so that it was smoothly
loaded in the launch tube.

The propellant chamber pressure histories (Figs. 5¢ and 5d) ex-
hibit some characteristics peculiar to the liquid propellant. Before
a rapid rise in p, just before the diaphragm rupture, it gradually
increases and keeps an almost constant value. This constant value
is almost equal to the value that is attained only with the smokeless
powder.!” This flat pressure profile is believed to be caused by the
pyrolysis of the liquid propellant. After maintaining this low pres-
sure for about 10 ms, the pressure begins to rise relatively rapidly.
This relatively steep rise in pressure is due to the combustion of the
propellant.

As seen in Fig. 5b, in each case a, is highest right after the di-
aphragm rupture. Traveling over less than 20% of the total length
of the launch tube, a, drops to the half of the peak value. It is in-
teresting that the peak value is larger with the tight fit (6 =0.0056).
This tendency is better interpreted by carefully analyzing the mea-
sured propellantchamber pressuresas shownin Figs. 5c and 5d. The
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1
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x, (m)

b) 30-g liquid propellant

Fig.7 Projectile acceleration profile: tightfit (¢ = 0.0056), pgr =20 MPa
+ 15%.

pressure on the projectile base is affected by the relation between
the propellant gas generation rate and the motion of the projectile.
After the diaphragmis ruptured, the projectile motion causes expan-
sion waves propagating through the burnt propellant gas, thereby
decreasing the projectile base pressure. However, if the propellant
burning rate is significant even after the diaphragm rupture, the
base pressure can continue to increase. In the present experimental
condition, the liquid propellant continues to burn even when/after
the diaphragm is ruptured. With the tight fit the initial projectile
motion is suppressed by a large friction force, thereby keeping the
basepressurerelativelyhigh due to on-goingpropellantcombustion.
Note that the effective diaphragm rupture pressure evaluated by the
experimentally measured p, are 18.2 MPa for & =—0.0028 and
17.3 MPa for & =0.0056. With the loose fit (Fig. 5¢), the measured
pressure abruptly decreased by about 5 MPa due to the diaphragm
rupture. On the other hand, with the tight fit, the correspondingpres-
sure drop was less than 2 MPa; the pressure almost recovered once
again. As a result, a, became higher even with the larger friction
force though the effective diaphragm rupture pressure was slightly
lower.

A similar tendency was observed when the liquid propellant mass
was doubled (Fig. 6). In this case, the propellant chamber pressure
overshot after the diaphragm rupture (Fig.6 b). The overshot value
was much larger with the tight fit (£ =0.0056), yielding a value of
a, comparable with that of the loose fit. However, with the tighter
fit a, is much decreased near the muzzle; for the smaller propellant
mass (Fig. 5b), the projectile was even deceleratednear the muzzle.
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Fig. 8 Projectile acceleration profile: loose fit (£ =—0.0028), pg =20
MPa + 15%.

As aresult, in the present study, the muzzle velocity always became
lower with the tighter fit.

C. Quantitative Significance
A deceleration due to the friction force (negative value) a s is
defined by

ap =F;/m, 22)

where F; has a negative value and is calculated from a measured
a, profile using Eq. (10). Figures 7a and 7b show in-tube acceler-
ation profiles with the tight fit. At x, =0, the absolute value of the
decelerationdue to friction |a fI becomes higher than the half of a,,.
Traveling down in the launch tube, the net acceleration decreases
rapidly. The variations of |a | are relatively small. As a result, at
x, > 0.3 m, |a;| becomes higher than a,. With 15-g liquid propel-
lant, a, becomes negative at 1.3 <x, <2.0. This tendency results
in a lower muzzle speed with the excessively tight fit.

In the case of the loose fit (§ = —0.0028) |a | has a positive value
onlyatx, < 0.7 m (Fig. 8). Even in this location, |a ;| becomes only
10% of a, at most. In these cases, the effect of the friction force on
the ballistic range performance is negligibly small.

To validate the present friction model quantitatively, it is desir-
able that p, couldbe independentlymeasured. However, technically
the direct measurement of p, all through the projectile acceleration
process is quite difficult. In place of the direct measurement, the
following analyzes are made. Figures 9a and 9b show the time vari-
ation of pressure in the propellant chamber p,, which was directly
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Fig.9 Time variation of p, and p;: pg =40 MPa + 10%.

measured, and projectile base pressures p,. Here p, are calculated
from the measured a,, profile: p, with a friction force is calculated
using Eq. (18), and p,, without a friction force is calculated using
Eq. (13). The effectivelength of a projectile is calculated by divid-
ing a projectile mass by the product of its cross-sectional area and
density. This implies that the projectile is modeled as a solid cylin-
der. Because the pressure rise rate with the liquid propellant under
the present conditions is modest, the diaphragm rupture pressure is
well estimated as the peak value of p, at# =31.6 us in Fig. 9a and
att =31.7 ps in Fig. 9b. In both cases, if p, is estimated without
taking the friction into consideration, its value becomes lower than
P>-. The error is from 10 to 20%. With the friction force, however,
the value becomes reasonably close to p,, within small fluctuations
in the calculated p,. From these results, it follows that by taking the
contribution of the projectile-wall friction force into account, the
projectile base pressure is much better estimated. Also the results
of Fig. 9 suggestthat even with the loose fit the effect of the friction
force can be significant when a,, is high.

V. Conclusions

The friction force at the interface between a projectile and a
smooth launch tube wall is expressedin a closed form as a function
of the net acceleration of the projectile. Using a VISAR, projec-
tile acceleration profiles were accurately measured with different fit
tightnesses. In the case of the tight fit, the friction force can become
comparable with the driving force made by the propellant gas. If
the propellantburning rate is significant when the diaphragmis rup-
tured, with a large frictionforce the net accelerationslightly after the
diaphragm rupture can once become even higher than that with the
loose fit. This gain can be expected only during the beginning stage
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of the acceleration; with excessively tight fit, the muzzle velocity
becomes lowered. As is shown in Fig. 9, even if the fit is loose, the
effects of the friction force on the accelerationprofile can be signifi-
cantif the netaccelerationis high. The observed mechanicalrelation
in the beginning stage of acceleration becomes consistent only by
taking into account the friction force based on the present model.
The present model can be useful as a modification of a simpler
model where the friction force is assumed to be constant, in par-
ticular, in conducting better numerical simulation of ballistic range
operation.
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