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ABSTRACT

Torsional impulse is a phenomenon recently recognized by the artillery projectile
community as an important design criteria for large caliber weapon systems. In 1976, an
investigation on the in-bore motion of gun launched projectiles was initiated after the
failure of a threaded joint in an 8 in. rocket assisted projectile. The failure prompted
various attempts by projectile designers to characterize the torsional environment that
caused the mechanical failure of the joint. Experiments were conducted using the wire-in-
bore technique to provide transmission between the instruments on board the projectile and
data acquisition ground station. Due to the high set-back and lateral forces, extraneous
responses contained in the recorded signals made analysis of the data extremely difficult.
Subsequently, the Technical Support Directorate and Large Caliber Weapons Systems
Laboratory of the Armament Research and Development Center developed a telemetry
projectile system (presented at the 1983 ITC Conference) capable of measuring torsional
impulse phenomenon in a gun launch environment.

This paper will correlate test data obtained from the first firing with the TM projectile
to the response of the projectile in the tube. The accuracy of the data will be independently
verified by external measurements and compared with experiments performed by Sandia
Laboratories (Fig. 1). Finally, weapon design parameters that could affect the magnitude of
torsional impulse and recommendations on how to minimize the potential hazard of this
environment will be discussed.

INTRODUCTION

Torsional impulse is the result of rapid engagement of the projectile rotating band with
the gun tube rifling. This is due to a short distance of axial travel by the projectile with



insufficient or no engagement with the rifling to impart spin to the projectile. The amount
of axial travel permitted before spin-up, commonly referred to as “free run”, is determined
by the rotating band and obturator geometry, gun tube forcing cone geometry, and the gun
tube wear profile in the vicinity of the origin of rifling. This “free-run” allows the projectile
to accelerate axially with little or no angular acceleration due to insufficient engagement of
the rotating band and the tube. Once the rotating band is fully engraved, the projectile is
forced to rotate at a rate, proportional to the axial velocity determined by the twist of the
rifling.

When the projectile is fired, it accelerates axially and impacts the rifling with a
moderate axial velocity. During the rotating band engraving process the projectile acquires
limited angular acceleration from lack of band material engaged. Once the rotating band is
fully engraved in the rifling, the projectile must undergo an abnormally high angular
acceleration period to maintain the fixed, proportional relationship with the axial velocity.
This peak of angular acceleration is referred to as torsional impulse (Fig 1).

It is, therefore, of interest to know the worst case magnitude of torsional impulse so
that projectiles can be designed with this high angular acceleration environment as a design
criteria. This paper describes the measurement of torsional impulse and the interior
ballistics of a 155MM projectile fired from a NATO gun tube with a charge utilizing stick
propellant.

BACKGROUND

The assumption that torsional impulse increases with tube wear was validated during
the wear test of FH-70 tube no. PT-08. A total of over 1000rds were fired during the wear
test with torsional impulse measurements taken at 250 round increments by Sandia
National laboratory. The severity of the torsional impulse level measured and its possible
effect on projectile components prompted the development of an instrumented projectile
system and R-F telemetry system by ARDC. This report describes the theoretical
considerations leding to the development of the data collecting system and addresses the
results of the first test firing.

A major parameter in the consideration of torsional impulse is the amount of wear and
the profile of the wear. Since NATO weapons are allowed greater amounts of wear before
condemnation, it has been theorized that firing from a worn NATO weapon would yield
higher levels of torsional impulse. For the first test series, NATO barrel PT-09 was
selected to test two projectiles and charge combinations, standard granular type proof
charge with a rocket assisted projectile and a NATO stick propellant with a cargo round.
These two combinations cover a very severe pressure condtion with the proof charge and
the effect of a fast rise time propellant on a cargo projectile. The packaging of the



instrumentation is different due to the differences in the projectile configurations but are
similar so as to give comparable results. Only results from Rnd #4 are discussed (stick
charge/cargo round), since the data from the other rounds, which used a different brand of
acceelerometer, failed validation.

TEST HARDWARE

Detail description of test projectile instrumentation, calibration of accelerometer,
telemeter electrical and mechanical design and qualification test criteria were thoroughly
discussed in reference 1.

TEST PROJECTILE DESIGN

The mechanical arrangement of parts and structure of the test projectile is shown in
Fig 2. The rear instrument package is located as close to the rotating band as practical to
negate structural damping effects while the forward instrument package is located near the
ogive for measuring lateral forces (balloting) in the front of the projectile. The main body
of the projectile that houses the telemeter was designed to duplicate the actual artillery
shell so that torque transmission to the instrument package of the test projectile would
approximate the torque transmission to internal compents in the actual projectiles. The
antenna used for transmitting the telemetry signal is mounted on the ogive section with a
protective covering. The rotating band has the same basic shape as the actual projectile,
but different from NATO projectiles, obturators are used on US rounds.

At the nose of the projectile, replacing the forward part of the ogive is the nose
deployed parachute recovery module, which is used to soft recover the complete projectile
body section minus the parachute module wind-shield. In application, the test projectile is
fired nearly vertically and the parachute is deployed by a time fuze shortly after the
projectile has reached apogee and started its decent back to earth, base first. The projectile
will remain in that orientation due to its gyroscopic stability. The projectile will impact the
ground with reduced forces and recovered for post fire examination with the aid of
tracking radars.

DATA VALIDATION

The primary measurements made were the axial and rotational accelerations
experienced by 155MM projectiles fired from a tube worn past the US standard of
condemnation. It was expected that projectiles fired from this tube would experience an
impulse in angular acceleration during the time that the rotating band is becoming engraved
by the tube rifling. It was also expected that this impulse could be greater in magnitude
than the peak angular acceleration produced by the axial motion and the rifling.



The measurement of axial acceleration is relatively straight forward, and is done
regularly and reliably using linear single axis accelerometers. The cross axial response of
the commercially available devices is sufficiently low so as to produce insignificant
response if the device is mounted on or near the projectile spin axis. The measurement of
the angular acceleration does, however, present a problem. None of the currently available
angular accelerometers are sufficiently rugged for use in as severe an environment as gun
launching.

The tangential acceleration can be measured using linear devices, however the
accelerometer would then be subjected to two significant sources of cross axis excitation.
These are the axial acceleration, and the centripedal acceleration due to spin. It is
important therefore, that the accelerometer used for this measurement have low response
to accelerations which are orthogonal to its primary axis, and that the sensitivity along
these axes be calibrated so that it may be accounted for in the reduction of the data. The
method of testing and screening the accelerometers was described in Ref. 1. Based on the
results of these tests, two candidate accelerometers were identified. These will be referred
to as Brand-X and Brand-Y below. Both of these accelerometers have been used
successfully in the past to measure axial acceleration. Both of them exhibited cross axis
sensitivities that were approximately 3% of the primary axis sensitivities during the
laboratory tests. The Brand-X devices however, seemed to be much more readily driven to
a natural response in the form of high level oscillations.

The laboratory equipment used could not realistically simulate the rotational
environment of gun launching, and it was therefore deemed necessary to conduct actual
firing tests and then compare the dynamic performance of each in order to make a final
selection.

The following discussion will identify the criteria by which a qualitative performance
comparison can be made.

The shape of the axial acceleration time history in projectile tubes is well known, and
can be roughly approximated by a halfsine pulse. Since the tangential motion of a point on
the skin of the projectile is proportional to the axial motion when the rotating band is
completely engaged, the tangential accelometer should also follow a half-sine profile
following the torsional impulse. After errors due to cross axis response are accounted for,
visual inspection of the data will reveal whether or not the tangentially oriented
accelerometers have behaved linearly in the severe rotational environment.

This type of analysis was sufficient to discard most of the data obtained with the
Brand-X accelerometers. The data from the Brand-Y accelerometers followed these
general patterns, and therefore quantitative analysis based on the equations shown in



Figure 3 was conducted. These equations form the basis of the data reduction algorithms,
and theoretically allow the determination of three axes of rotational and translational
motion. One of the test projectiles, round #4, was instrumented only with this type of
accelerometer, and will be the basis for the remainder of this report.

Before the analysis was conducted, the data was validated. The basis for validation was
throroughly discussed in reference 1. Essentially, the data was checked against
independently measured boundary conditions such as peak axial acceleration, muzzle exit
velocity and projectile displacement in the gun tube.

The peak axial acceleration measured was 11,100g’s compared to 11,600 g’s indicated
by chamber pressure measurement. The axial acceleration data was integrated twice. The
velocity at muzzle exit obtained from the first integral was 652.9 m/sec. (2142 ft/sec), and
agrees very closely with the 652.3 m/sec. (2140 ft/sec) measured by doppler radar. The
length of projectile travel until muzzle exit obtained from the second integral was 5.029m
(198 inches), and agrees very closely with the 5.067m (199.5 inch) travel based on the
length of the tube used. The axial acceleration, velocity, and displacement are shown in
Figures 4 through 6. In addition, the shape and magnitude of the angular acceleration data
shown in figure 7 agree with that expected based on the projectile geometry and the tube
rifling.

For a tube with a rifling twist of 1:20, the ratio of the tangential motion at the skin of
the projectile and the axial motion is /20 (0.157). The ratio of the tangential measurement
to the axial measurement will differ from this ratio due to two factors. The first is the cross
axis response. This response is accounted for to reduce its effect. The second factor is the
placement of the transducer. It cannot be installed on the skin, and therefore the
measurement ratio is reduced by the ratio of the installed radius to the projectile skin
radius. The accelerometers were installed at a radius of 44.45mm (1.75 inches), and the
projectile skin radius is 77.47MM (3.05 inches). The proper ratio of the measurements is
therefore 0.0908. A plot of tangential motion versus axial motion derived from the
measurement agrees with this expected value after the torsional impulse.

With the data validated, confidence in the torsional impulse measurement is
established.

DATA REDUCTION AND RESULTS

Before the anlaysis of the data is discussed, some general comments are in order.

An RF blackout was experienced during the interval 0.0205 to 0.0235 seconds on the
data plots. This blackout has been attributed to the presence of ionized gas in the tube



forward of the rotating band. The blackout occurred well after peak pressure, and therefore
both the peak angular acceleration associated with torsional impulse and the peak
associated with the tube rifling were measured.

The equations of figure 3 theoretically allow the determination of all projectile motions.
In practice, several of these equations could not be executed. Specifically, equations 4e
through 4h require that a difference be calculated between various combinations of the
axially oriented accelerometers in order to derive the angular accelerations associated with
ballotting. These channels had a dynamic range of +20,000 g’s/ -1,000g with a resolution
of 200 g’s. The accelerations calculated via equations 4e through 4h were of the same
magnitude as the channel resolution, and therefore no meaningful information could be
derived from them. The lack of meaningful results from these equations precluded the
evaluation of equations 3d and 3f. In addition, the accelerometer identified as a3d failed,
preventing the execution of equation 4d.

Table 1 identifies the projectile motions which could be determined by the appropriate
equations, and the figure in which the resulting plot appears.

Table 1

Parameter Equation Figure #

Ax 3a, 3b 3
Ay 3c 8
Az 3e 9
"xr 4a, 4b 7, 10
"xf 4c -

An alternative method to equations 4e through 4h for determining the ballotting
accelerations was devised. A plane along the x and z axes is defined by the points
corresponding to the locations of accelerometers a2a, a2b, a2c, and a2d.

Equating equations 3c and 3d and solving for az results in:

Similiarily combining equations 3e and 3f yields:



As shown in Table 1, the axial acceleration and the angular acceleration at the rotating
band was evaluated twice using different accelerometer pairs. Excellent correllation
between the two axial and the two angular derivations was obtained, lending further
credence to all results.

Figure 4 shows the axial acceleration experienced by the projectile. The peak indicated
is about 11,000 g’s, and agrees with the calculation based on breech pressure.

Figures 8 and 9 show the lateral translational accelerations experienced by the rotating
band section of the projectile. These plots show that, prior to the engraving of the rotating
band, the aft end of the round was “bouncing” from side to side in the tube. Once
engraving is achieved, these lateral motions are significantly reduced.

Figures 7 and 10 Shows the angular acceleration about the x axis (the primary spin
axis). The plot was developed from separate pairs of accelerometers. They are in close
agreement with each other and indicate a peak associated with torsional impulse of
approximately 350 KRad/sec2 and a “normal” peak of 250 KRad/sec2. The normal peak
calculated based on axial acceleration is 230 KRad/sec2.

Reference 2 is a report of a previous torsional impulse study conducted by Sandia
National Laboratories (Livermore). The report summarizes the results of tests done using
three NATO FH70 155MM tubes at various levels of wear. One of these, serial number
PT08, is the same tube used in the test on which this report is based.

In reference 2, Waye identifies two useful ratios for analyzing torsional impulse. The
first ratio is the peak angular acceleration associated with the torsional impulse (At)
divided by the angular acceleration which would be produced by the rifling in the absence
of torsional impulse (Aa). Waye found that in PT08, this ratio was roughly 1.95, and
varied little over a span of wear levels ranging from 60 to 80%.

The second ratio defined in reference 2 is the peak angular acceleration due to torsional
impulse divided by the peak angular acceleration produced by the axial motion and the
tube rifling (AP). This ratio was found to increase with tube wear.

Table 2 contains the data points relevent to the calculation of these ratios.



Table 2

Aa 181 KRADS/sec2

EQ. #4A (Fig. 7) EQ. #4B (Fig. 10)

At 340 KRAD/sec2 365 KRAD/sec2

Ap 240 KRAD/sec2 265 KRAD/sec2

Ratio 1 (At/Ap) 1.42 1.38
Ratio 2 (At/Aa) 1.88 2.02

Average Ratio 1 1.40
Average Ratio 2 1.95

One serious implication of ratio 2 is in the design of projectile interfaces which rely on
friction to transfer inertial torque, such as threaded joints or HE payloads. The coefficient
of friction required at these interfaces is proportional to the ratio of the angular and axial
accelerations [Ref 3]. If these interfaces are designed based on the angular accelerations
produced by the rifling, and ignoring the existence of torsional impulse, then a potential
failure hazard exists. This situation can readily occur due to the different tube
condemnation standards of the US and our NATO allies. It was, in fact, just this situation
which resulted in the “discovery” of torsional impulse in 1976. [Ref. 3]

CONCLUSIONS

Several conclusions drawn from previous studies of torsional impulse have been
verified by the results of this test:

1. The torsional impulse will occur later in worn tubes, when greater axial velocity has
been attained before full engagement and therefore will be greater in magnitude.

2. A consequence of 1 above is that the ratio of the peak angular acceleration produced
by torsional impulse to the peak produced by the rifling will increase with tube
wear.

3. The various parameters that affect the level of torsional impulse such as rotating
band profile which influence the amount of free-run, and propellant rise time
characteristics could be considered in the overall weapon system design to minimize
the potentially harmful effect of torsional impulse.



The short duration and high magnitude of torsional impulse will be a major concern in
current and future weapon development utilizing electronic devices. These devices
typically have mechanical resonant frequencies well above those of a projectile. The
angular acceleration due to torsional impulse may drive these devices to resonance,
causing physical damage and therefore, electrical failure. From this point of view, future
efforts at characterization of this phenomenon should focus on both magnitude and spectral
distribution.
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FIGURE 1
Torsional Impulse to Peak Ang Acc



TM PROJECTILE

FIGURE 2
TM Projectile Cross-Section



FIGURE 3
Equations



FIGURE 4
Rnd 4 Axial Acc. Eq #3B



FIGURE 5
Rnd 4 Axial Vel (X Axis)



FIGURE 6
Rnd 4 Axial Dist (Xaxis)



FIGURE 7
Rnd 4 Angular (X Axis) Acc. Eq #4A (R)



FIGURE 8
Rnd 4 Lateral (Y Axis) Acc. Eq #3C



FIGURE 9
Rnd 4 Lateral (Z Axis) Acc. Eq #3E



FIGURE 10
Rnd 4 Angular (X Axis) Acc. Eq #4B (R)


