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1. INTRODUCTION

During the past decade, it has been recognized that a projectile’s interaction with the gun tube during
in-bore travel plays a major role in determining the terminal accuracy of the round. If the projectile is
subjected to excessive transverse loading during this period, disturbances may be induced that lead to
yawing raotion and possibly even excitation of the projectile’s natural bending frequencies. Obviously,
it is important for the projectile designer to minimize the effects of these interactions.

In recent years, much effort has been devoted to developing modeling techniques that may be used
to estimate the disturbances that arisc from projectile-gun tube interaction. These models range in scope
from a one-dimensional (1-D) beam element code, RASCAL (Edine, Kregel, and Pantano 1990), to
commercial three-dimensional (3-D), transient analysis finite element programs. The use of these
techniques to investigate gun-projectile dynamics in conventional tank cannons is well documented (Erdine
and Kregel 1990; Hopkins 1990; Manners 1990; Polcyn and Cox 1990; Rubemn and Dannister 1990;
Wilkerson 1993).

Currenily, there are ongoing programs to develop aliematives to conventional powder guns. One
example is the clectromagnetic (EM) gun system, which relies on passing cumment th ough an armature in
an induced magnetic ficld w provide its propulsive force, The EM gun barwels are composite in nature
since they require both insulators and rails in their construction and have a nON-HCIMOECRSOUS Cross SCction
(sce Figure 1). This is a radical departure from the cylindsical steel tubes charactesistic of conventiona)
cannons. In addition, solid armature raiiguns typically rely on metal-to-metal contaci to conduct coment
between the gun rails and the anmaiure wiiich leads one to believe the EM system has characierisiics that
may lead 10 more excessive transverse disturbances being imparnted to the projectite.

An analysis was undertaken to determine the severnity of transverse loading in an EM baive! in
comparisen 10 a conventional sicel gun twbe. This repont details the analytical invesiigation and preseats
the results

2. PURPOSE

The purpose of this analytical investigation was to determine the scverity of transverse toading in an
EM barrel in companison 0 a convenlional sicel gun tube. U was conjociured that by sunning




==

FIBFRGLASS

L]

St

Figure 1. EM railgun barvel cross section.

numerous case studies while varying some of the parameters that afifect a projectile’s in-bore motion, a
cause-and-cffect relationship could be identified by isolating the conditions that produce the various
projectile responses.

3. PROCEDURE

Realizing the gross difference between conventional and EM gun sysiems, it was advaniageous W
excicise a simplistic in-bore dynamics code, which would ailow for casy manipulation of the relevant
parameters. This led to sclection of the RASCAL code a3 the vehicle for conduciing the investigation,
RASCAL is a 1-D code which employs beam elements and roquires inputs of inkesior ballisiic Wading
informasion, projectile geometry, barrel dimensions, and centertine profile, as weil as breech and gun
sysicm parameters. The specific values incorporsied into the model zre delailed in the following sections.

4. GUN BARREL MODELING

The study focused on a companson of projectile motion in an EM railgun with thal of & conventional
double-travel gun. The 9-MJ railgun al the University of Texas Center for Electromechanics (UTCEM)
was sclected as the railgun 10 be modeled because centerdine measuvements for the barrel exist. The
existence of centeriine data is noteworthy. The EM community has only recently begun (0 recognize the
important ro*s the centerline profile plays in detenmining in-bore mation. It is important 10 nole thal the
centerline peofile changes drastically from shot 10 shot ¢ven with curreal stale-of-the-ant railgun sysicms.

2




Railguns are typically honed out after every shot to eliminate the damage done by current arcing between
the armature and the rails, as well as by wear, thus placing the in-bore geometry in a continual state of
fluctuation. Therefore, the data employed in the RASCAL cbdc are a one-time barrel centerline meant
to be representative of those that typically occur in the UTCEM gun.

The UTCEM gun is 9.5 m long. It is mounted vertically to eliminate the need to consider tube droop
because of gravity. Correspondly, the RASCAL runs for the EM centerline profile cases were all made
assuming 1o effects due to gravity. Also, the UTCEM barrel has a constant diameter cylindrical cross
section along its entire length. A double-travel conventional gun was chosen to serve as a comparator
because its 10-m length is nearly equivalent to that of the UTCEM barrel and allows for velocities above
‘those of standard ordnance, which approach those predicted for the railgun. A schematic of the gun barrel
geomeries is depicted below in Figure 2. ' .

: 36"
e A m—
o B | Sty
S ' T ]
e.101° o* ant 8.35" aw 317"
;“"323"4 |3‘~'\°1 120-mm Tank Canrion
e 950"
8| * EM Gun Barrel
. 3769"

Figure 2. Barrel geomtries of EM nd double-travel guns.




The two barrels modeled have different bore diameters: the EM railgun has a 90-mm nominal
diameter, while the double-travel cannon is 120 mm. One of the benefits of RASCAL is it does not
requirc barrel geometry to be consistent with projectile geometry. Thus, it is possible to examine the
motion of a 120-mm projectile in 2 90-mm bore and vice versa. This capability results from RASCAL's
use of beam elements to model the projectile, and the projectile contact points represented with springs
which interact with the gun model’s beam elements.

Figure 3 shows the centeddine data incorporated into the gun barrel models. For the EM railgun, the
~ vertical measurements are defined by the copper rails, while the horizonial are for the ceramic insulators.
The solid line of tube 008 daia refers to a double-travel cannon, and data line 2 is simply a verification
of the original measurements of the UTCEM gun shown as data line 1.
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 Obviously, for the casc of the homogeneous sicel conventional gun, the modulus (30606 Itvind) ad

density (0.283 Iin®) are known. ‘Thi EM barrel is not as stralghtforward, and the laminate nanure of its
cross section calls fordeﬁvaﬁmi of an effective modulus ané devisity. An effective density was ex'culaled -

 using a simple rule of mixtures spproach, whereby the density of cach matesial layer was muliiplied by
 its volume, and these valucs were sumimed to give the (oial barvel weight. “This weight was then divided
by the toial volume to provide an cifective density of the barel (0.193 ivin®). A sisilar meshod was used




to derive an effective modulus using a beam-deflection analysis. If each layer is considered a beam that
maintains contact with its adjacent layer, the deflections are equivalent at coincidental points and have
values of the form y = (wI*)/(8EI). This leads to

w 14 W214 W314

Y ieYs = Y1 = =w__- =Y =___
V"2 B USET OTEL S, o BEgly

in which the subscripts denote the different layers. Since the barrel hangs vertically, there is no distributed
gravity load, so W; = Wy = W3 = W, for any transverse distributed load. This results in

Eeflesr = Eyly + Bl + B3y
The resultant effective modulus calculated equals 35.7¢06 Ibyin?.
5. INTERIOR BALLISTIC MODELING
One of the most significant differences between the EM railgun and the conventional gun system is
-the means of providing the propulsive force. However, the RASCAL code allows for interior ballistic data

10 be input as velocity vs. tnie and is thus transparent t the mode of propulsion.

'Méepmtcinlcﬁdrbaﬁisﬁccurveswemused—ihﬁaanﬂysismmshowninﬁgumt. The first

N “gurve (and the more severe case) shows a peak velocity of 1,965 m/s at muzzle exit. This curve was

. provided by UTCEM from a simulation code developed in-house. It is important to realize this simulation
. does not accuratcly reflect the cument status of the UTCEM gun system for large caliber projectiles. At

- present, rise mes of about 100 s are typical, with effonts ongoing to control the staging of generaiors
o reduoe the vise ime 1 that shown i the simulaion. Therelor, ﬂﬁswrvcrcpmzsanopmnalimenor |
"'-,-'»wmwmmrmmuwﬁumngm | S |

" “The second load profile is for an ME29 projectle fired from » double-travel cannon and does not
include any charge opiimization. ‘This case achicves & maximum velocity of 1,43 s atexit.




TN Laading Curve BAL2s IBC Catas

t

£
-
l

NNV ARAN FRERAREEL)

T T T Y

EREESEEEEEEERREN

-
t
L
- - h
3 ; -
3 e L i
2 2 -
i i z
S wes 5 sec-
z o
i " - . ..l- ____-/’ | | .
s.0s 2.0m £.0e2 ?.5ms - 2.6ms [ X T.6me
TIHE ) iRt
Uslesity * 1845 w/n ot T.0u ’ Uelecity = 743 ore st 9.6me

Figure 4. Interior ballistic curves used in RASCAL analysis.

6.- PROJECTILE GEOMETRY -

RASCAL was written for specific application to projectiles operating in conventional tank cannons.
Some of the assumptions required to apply the code to the EM railgun cases have been detailed previously
in the gun barrel medeling section. Similarly, a set of assumptions was required in modeling the EM
projectile with RASCAL. "

Two generic geometries are available within RASCAL for modeling projectiles. They are a
double-ramp configuration as occurs in the M829 and the geometry of a HEAT round. The EM projectile
of interest is shown in Figure 5 and has the basic double-ramp configuration with two trailing armature
contacts attached. Modeling these two trailing arms presents a difficulty since RASCALS input is in the
form of various tapers and a forward borerider as shown in Figure 6.

Figure 5. EM projectile configuration.
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Figure 6. RASCAL input geometry for a double-ramp sabot.

The RASCAL modei of the EM projectile is depicted in Figure 7. The swept-back portion of the
chevron armature design is not included because of the limitations of the RASCAL geometry modeler.
However, it was felt that the overhanging stucture provides only minimal additional lateral stiffness, so
that the model would yield a response fairly representative of the projectile.

Some preliminary calculations were also made to investigate the possibility of reversing the projectile
direction to model one of the atmature leaves by taking advantage of the forward borerider modeling
capability (see Figure 8). From these calculations, it was found that the placement of the contact point
greatly affected the response of the projectile because of the way RASCAL resolves the boreriding
structure into beam elements. Therefore, the representation shown in Figure 7 served as the EM projectile
model used throughout the analysis.

CONTACTS AT
7.74" & 9.2486"
L=154822in
cg at.20m (7.87")
M=1.987kg

¢ o

Figure 7. RASCAL model of EM profectile.




CONTACTS AT
lc lc 6.2438" & 7.7522"
L=14.6132 in
cg at.19m (7.487)
M~ 206 kg

L 0 ]
T [zt

Figure 8. Altemate model of the EM projectile.

The other projectile incorporated in the study was the M829, which is a standard ammunition for the
120-mm cannon. This was meant to serve as a baseline performer against which the EM design could
be evaluated.

A key parameter in determining a projectile’s in-bore performance is the stiffness associated with the
projectile/bore interface. Attempts have been made to experimer:tally determine this contact stiffness value
(Lyon 1993; McCall and Henry, to be published) with resulls ranging from approximately 1.0e05 to
1.0e06 1b/in in magnitude. Previous experience in matching the RASCAL output results with test firing
data led to the use of 4.3e05 1b/in as a standard value (Erline 1991). For the purpose of this investigation,
three contact stiffness values were evaluated for each case studied to represent the lowest measured value
(1.0e05 1bfin), the highest measured value (1.0¢06 1bfin), and a value used in previous evaluations with
RASCAL (4.3e05 1b/in).

7. CASE STUDY MATRIX

The analysis involved the two projectile models with system parameters varied to look at 11 different
scenarios as listed in Table 1. Each of the 11 cases were run with the three stiffness values resulting in
33 individual cases being investigated.

The study was set up so that Cases 1 and 2 represented an estimate of the M829 projectile response
from the double-travel gun having a conventional pressure profile loading with the measured horizontal
and vertical centerlines, respectively. Case 3 was run to see what effect the more severe EM loading
profile would have on the projectile. Case 4 isolated the effects attributable to the rail centerline, while
Cases 5 and 6 provided data for the M829 projectile in the EM gun system while traversing the rail and
insulator centerlines, respectively.




Table 1. Listing of Parameters for Each Case Investigated

Projectile Loading Centerline Gun System | Barrel Geometry
Case 1 M829 Conventional Double Travel | Double Travel Double Travel
120 mm Cannon Cannon
Case 2 M829 Conventional Double Travel | Double Travel Double Travel
120 mm Cannon Cannon
(vertical)
Case 3 M829 EM Profile Double Travel | Double Travel Dcuble Travel
lﬂ 120 mm Cannon Cannon
Case 4 M829 Conventional UTCEM Rails | Double Travel | Double Travel T
Cannon Cannon
Case § M329 EM Profile UTCEM Rails UTCEM UTCEM
Case 6 M829 EM Profile UTCEM UTCEM UTCEM
Insulator
Case 7 EM EM Profile UTCEM UTCEM UTCEM
Insulator
Case 8 EM EM Profile UTCEM Rails UTCEM UTCEM J
Case 9 EM Conventional | UTCEMRalls | UTECM urcem |
Case 10 EM EM Profile Double Travel UTCEM UTCEM
120 mm
Case 11 EM Conventional Double Travel | Double Travel | Double Travel
120 mm Cannon Cannon
(vertical)

The other half of the investigation focused on the response of the EM projectile, with Case 7 serving
as a baseline for the complete EM system with the centerline being that measured for the insulators.
Likewise, Case 8 was set up similar to that of Case 7 but used the centerline profile of the rails. As with
the M829 projectile cases, parameters were shuffled to see how singular changes affected in-bore
performance. Case 9 subjected the EM projectile design to the conventional loading but in the EM gun
system. Case 10 examined the projectile’s actions in an EM system having the doubile-travel gun's
centerline. Finally, Case 11 analyzed the EM projectile in the conventional gun system.




8. RESULTS

The output available from RASCAL includes a wealth of information to determine both projectile and
gun response. The focus of this effort was on the in-bore response of the round so the information
extracted and examined from the RASCAL output for each case studied included the transverse velocity
at the projectile center of gravity and the projectile angular velocity over the length of in-bore travel.

The transverse acceleration of each projectile’s center of gravity was determined by taking a derivative
of the calculated RASCAL velocity with a subsequent conversion made into g's. These values are
tabulated in Table 2 for the 11 cases examined for all three contact stiffness values. Figure 9 is a
graphical display of the same information. While the EM projectile cases generally exhibit higher
transverse accelerations, they, for the most part, are of the same order of magnitude as the M829 cases.
The disturbing fact of these results is the dramatic rise in lateral acceleration for both projectiles traveling
through the EM gun with the insulator centerline (Cases 6 and 7). The M829 cases exhibit increasing
accelerations as the contact stiffness is increased. This is to be expected since the projectile’s center of
gravity is bencath the rear contact so that any increase in force transmitted tirough the stiffer contact acts
directly upon the center of gravity. Conversely, the EM projectile has its center of gravity between the
two contact points, The data reveal the medium stiffness vaiue (4.3¢05 1bvin) results in a more aggravated
transverse acceleration than the stiffest contact (1.0¢06 Ivin). This may be bccmseone of the rod’s
natural bending frequencies is excited when the medium stiffness is assumed. '

Table 2. Maximum Transverse Accelerations

, ~ Maximum Transverse Acceleration, g's
kibin | 10005 | 4305 | 10606 | kibin | 10405 | 43005 | 10006
| Cac? | 227 | som | asm
Casc8 | 1882 | 3182 | 214
| cise | 192 | 325 | 194
Casc10 | 1442 | 1563 | 21%
[ casctn | aass | s | iz

10
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Figure 9. Comparison of transverse accelsrations.

It is also interesting to notice the trends in the magninude of the transverse acceleration values.

Proceeding from left to right on Figure 9, Cases 1 through 6 show increasing peak lateral accelerations, o

- This corresponds to the M829 being subjected to more “EM-like conditions” with each subsequent case.
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From the plots, it is seen that the M829 with soft contacts (k=1.0¢05 Ib/in) yields a rather benign
response for ail cases (Cases 1-6). By comparing Cases 1 and 4 with Cases 3 and 5, respectively, one
finds the projectile motion is mostly unaffected by a change in load profile for this velocity regime.
Substitution of the rail centerline profile for the conventional double travel (Case 1 vs. Case 4 and Case
3 vs. Case 5) reveals a slight exacerbation of the in-bore motion. In general, the yawing motion worsens
with an increase in contact stiffness. The case of the M829 through the EM insulator centerline, Case 6,
is clearly the poorest performer from any of the analysis runs with this projectile.

The EM projectile cases exhibit trends comparable to those found with the M829. Namely, the
insulator centerline subjects the round to the most severe angular velocity, whilé the EM rail profile shows
only slightly worse results than the conventional gun case. Also, it is noted how a change in interior
ballistic loading results in little difference between the EM and conventional cases. These EM projectile
cases have an increasingly higher anguiar velocity when going from the soft to medium contacts, but the
magnitude of the angular rate levels off and does not increase for the stiffest contacts. This is another
indication that the medium contact stiffness possibly excites a natural bending frequency of the rod.

In comparing the EM projectile to the M829, it is seen that the EM round has consistently higher
angular rates for the soft contact cases. Also, given the conventional gun centerline, both projectiles show
angular velocities of equivalent magnitude. Thus, there appears to be nothing inherent in the different
projectile designs that causes an aggravation of the in-bore yaw.

9. CONCLUSIONS

From this analysis, it is clear that the EM gun system presents a more severc cnvironment than a
conventional powder gun. The results point to the difference in centerlines as a primary cause. Changes
in interior ballistic input are shown to have little effect on the transverse acceleration and angular velocity
over the length of in-bore travel. However, further studies are required to ascertain if this holds true for
velocities well above those of today's ordnance (¢.g., 2.5 km/s and highes).

The differences between the M829 and EM projectite geometries dt. not greatly influence the inbore

-yawing motion. in general, the EM projectile is consistently subjected & larger transverse accelerations,
but the difference is minimal. Also, the apparent tendency to excite natural frequencies of the
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subprojectile for the medium spring stiffness case is certainly something that the EM projectile designer
must be concemed with and try to avoid.

The gun barre! centerline profilc acts as the principal driver in determining the projectile response for
this study. While the rail profile results in yawing motion only slightly worse than the powder gun, the
insulator profile clearly brings about the worst response, with both the transverse accelerations and angular
velocities being substantially higher.

The one-dimensionality of the RASCAL analysis fails to account for any coupling effects that result
from traversing the rail and insulator centerlines simultaneously. Since it has been shown that the rail
centerline imparts more motion to the projectile than a conventional gun, and the insulator centerline
produces even greater motion, it is believed a more advanced code capable of modeling the full intemal
bore geometry will show even more deleterious results.

Finally, the results of this analysis point out a weakness of the current EM gun systems, that being
an inability to maintain a relatively benign centerline through which the projectile traverses. At present,
EM railguns have centerlines that fluctuate from shot to shot. Until a less severe centerine profile can
be maintained on a consisient basis, EM projectiles will have difficulty matching the in-bore, and
subsequently, the flight, accuracy, and terminal performance of rounds fired from conventional guns.
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