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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 motion 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 thia may be used

to estimate the disturbances that arise from projectile-gun tube interction. These models range in scope

from a one-dimensional (l-D) beam element code, RASCAL (Eiine, 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 (Erline

and Kregel 1990; Hopkins 1990; Manners 1990; Polcyn and Cox I90; Rabem and Damugster 1990;

Wilkerson 1993).

Currently, there are ongoing programs to develop alternatives to conventional powder guns. One

example is the electromagnctic (EM) gun system, which relies on passing cuntw ( o mi armaiu in

an Induced magnetic field to provide its propulsivc force. The EM gun balcis are composite in naure

since they require both imulawors and ils in their construction and have a non-homol,"wus cross section

(see Figure I). This is a radical departum from the cylindrical stel tubes charame istic of convronal

cannons. In addition, solid armature railguns typically rely on rietal-to-rneal contact to conduct currem

between the gun rails and the armature which leads one to believe the EM bys-tm h d wc wei tha

may lead to more excessive transvc disurbacs being impartd to tl' pjc i.

An analysis was undertaken to determine the seventy of transvers loadinq in an EM baul in

comparison to a conventimial steel gun tube. This remport deils te analytica invc.rigaon and present

the results

2. PURPOSE

The purpose of this analytical investigation was to determine the severity of tramsvcr loading in an

EM barffl in compawn to a conveniml steel gun tube. It was conjoaurd " by unin

I
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Figure 1. EM railgn barre cross section.

numerous case studies while varying some of the parameters that affect a pmjedle's in-bore motion, a

cause-and-effect relationship could be identified by isolating the candtions that produce We various

prjectile response

3. PROCEDURE

Realizing the gross difference between convenm l vud EM gun systew it was advantageous to

exacise a simplistic in-bore dynamics code. wid would atow for easy manipdation of tw rlevat

parameters. This led to selection of the RASCAL code as the vehicle for moucting te stiation.

RASCAL is a I-D code which ,mploys beam elemenis and rquins Ius of imtior baitk loading

information projctIle gomctry., barrl dami , aW cenline profile, as well as bWech an gun

systm Waametems The speciric values incrpoated into the model amc detailed in ft following sections.

4. GUN BARREL.MODELING

The ay focuse on a comparion of prjectle motkion in an EM aligun with Ow of a conventinal

doutle4ravd gun. ITU 9-M) ralgiu a the University of Texas Centr for Elecmechutics (Y EM)

wa selewd as te ralign to be modeledcas c dine meWts mets for the band exis lit

etee of ccntedine dat Is "tworthy. Me EM commuuty has only rmcetly begun to ecogz ft.

impolnt rolt the c et profde plays in detemininig in-bomc motior. It is Lmport to now t the

cmftc psutile canges dnaicAy from sho to shot even with cWMre s=Waof-. .tan M1190 syV L

2



Railguns are typically honed out after every shot to eliminate the damage done by current aning between

the azmature and the rails, as well as by wear, thus placing the in-boe g-;G.-'eby in a continual state of

fluctuation. Therefore, the data employed in the RASCAL code 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. Correspndly, the RASCAL runs for the EM centedine profile cases were all made

assuming no effects due to gravity. Also, the UTCEM banrel 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 ordnace, which approach tose predicted for the milgun. A schematic of the gun barrel

gcome ies is depicted below in Figure 2.

-- , 4l..71.;.. .._ & W.. . .... _ , _; ... ... . ..: i : _; __ ..... .

1 20omm Tank Cannon

I
e~o" EM Gun Barrel

Figure 2. Barrel goometries of EM anddouble-travel uns.
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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

require barrel geometry to be consistent with projectile geometry. Thus, it is possible to examine the

motion of a 120-mm projectile in a 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 centediine data incorporated into the gun barrel models. For the EM railgun, the

vertical measurements are defined by the copper rails, while the horizontal are for the ceramic insulators.

The solid line of tube 008 data refers to a doubletravel cannon, and data line 2 is simply a verification

of the original measurements of the UT.CEM gun shown as data ine 1.

H4w'izontol Centep ines Uertficol Centepl ines

NO to4.I 
q l

I .

.~~U.0 -% %*"Iftm
ft0 I . I I I b ft 5 f I - ft " 9 " *I" -9 9 ... if -

-figure 3. u rrlcneln nauemts

Thr final input requirement. p'atiug to the bamls wa de crpdons of the brftch an gun system

param ts, Since both guns are experimentai (ie., nam mr for vehick moumlng) i was decld to

-use ieeneical input filt-sfor the two guns excqx for bo a cd clamber adii puacla to each gun as well

as ft lastic modulus and matrial dy of the barml.'

Obviously, for the case of the homogeneous stod conveni l guA ft modulus (3fMe IlVin) &W

density (0.283 lbftru) arc known. The EM bavel is not as st-aghfoward. and the lalnate nature of its

cross Sectdon calls forderivalion of an effective modulus ad den.. y, An effective density wa caculaled

using a simple nile of mixtures approah whereby the density of each maiial layer was multdplid by

Its volume, and te values were summed to give the tol barel weighlta Ts i was then divided

by Ut total volume to provide an efecdve desty of t bane (0.193 IMn). A sIm mehod w used

4



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 = (w14)/(8EI). This leads to

W11 4  w 21
4  w 31

4  Weff1 4

8E111  8E212  8E3 13 8Eeffleff

in which the subscripts denote the different layers. Since the barrel hangs vertically, there is no distributed

gravity load, so w, = w2 = w3 = weg for any transverse distributed load. This results in

Eefteff = E1I1 + E2 12 + E313

The resultant effective modulus calculated equals 35.7e06 lb/im2.

5. INTERIOR BALLISTIC MODELING

One of the most significant differences between the EM rallgun and the conventional gun system is

the means of providing the propulsive fore. However, the RASCAL code allows for interior ballistic data

to be hp as velocity vs. time and is thus transparent to the mode of propulsion.

Two separate interior ballistic curves were used in the analysis and are shown in Figure 4. The first

curve (and the more severe use) shows a peak velocity of 1,965 m/s at muzzle xiL This curve was

provided by UTCM from a simulation code developed in-house. It Is important to realize this simulation
does no am uraey reflect the ctum staus of the UrCEM gun system for lre caliber projectiles. At

prse ft times of about 10o ps are typical, with eforts ongoing to contol the staging of generators
to reduce t Vise time to ta shown in the simulation. Terefore this curve mp an optimal interior

baCllsic a from heEM Wpmgun

The second load pofile is for an M229 pojectilc+ fired from a doul euavel cannon and dos not
incude any ch aeptimintian Ms cae achieves a maximum velocity of 1,743 trns at

5.
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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 modeling 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 -roiectile configuration,

T "



Figure 6. RASCAL input gg eer for a douybletram sabt

The RASCAL model 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 overhangng stmctute provides only minimal additional lateral stiffness, so

that the model would yield a response fairly representative of the projectile.

Some preliminary calculations wert also made to investigate the possibility of reversing the projectile

direction to model one of the armature leaves by taking advantage of the forward borerider modeling

capability (see Figure 8). From tse 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 beamn elements. Therefore, the representation shown in Figure 7 served as the EM projectile

model used throughout the analysis.

CONTACTS AT
07.74 & 9248

g .2m 4.74

Figure 7. RAEcl model of EM . Tewpole.
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IONTACTS 

ATC L.24381 & 7.7W22

L-14.6132 in

cg at.19m (7.481

M - 2.06 kg

"474r4.74,

Figure 8. Alternate 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 perfoimance is the stiffness associated with the

projectile/bore interface. Attempts have been made to experrnentally determine this contact stiffness value

(Lyon 1993; McCall and Henry, to be published) with resuls ranging from approximately l.0e05 to

1.0e06 lb/in in magnitude. Previous experience in matching the RASCAL output results with test firing

data led to the use of 4.3e05 lb/In as a standard value (Efline 1991). For the purpose of this investigation,

three contact stiffness values were evaluated for each case studied to represent the lowest measured value

(l.OeO5 lb/in), the highest measured value (l.0e06 lb/in), and a value used in previous evaluations with

RASCAL (4.3e05 lb/m).

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 tun with the three stiffness values resulting in

33 individual cases being investigated.

The study was set up so that Cases I 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.
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Table 1. Listing of Parameters for Each Case Investigated

Projectile Loading Centerline Gun System Barrel Geometry

Case I 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
120 mm Cannon Cannon

Case 4 M829 Conventional UTCEM Rails Double Travel Double Travel

Cannon Cannon

Case 5 M829 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

Case 9 EM Conventional UTCEM Rails UTECM UTCEM

Case 10 EM EM Profile Double Travel UTCEM UTCEM
120 mm

Case I I 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 double-travel gun's

centerline. Finally, Case 11 analyzed the EM projectile in the conventional gun system.

9



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 trnsverse 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 centedine (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 beneath the rear contact so that any increase in force transmitted through the stiffer contact acts

direcily upon the center of gravity. Conversely, the EM projectile has its center of gravity between the

two contact points, The dam reveal the mediwn stiffness value (4.3e05 lb/i) results in a mor aggravated

transverse acceleration than the stiffest conact (l.Oe06 lb/bn). This may be because one of the rod's

natura bending frequencies is excited when the medium stlffns is assumed.

Table 2. Maximum Transverse Accelerations

Maximum Transverse Accelemrtl, u's

k, lb/in L.005 4.3e05 1,(06 k, lb/lu 1.04)5 4.305 1.0e06

Case 1 534 649 1.492 Case 7 2.227 5,973 4,321

Case 2 211 594 673 Case 8 1,882 3,152 2,142

Case 3 552 857 1.615 Case 9 1,722 3.215 1,941

Case 4 247 845 2,406 Case 10 1,442 1,563 2,139

Case 5 296 1,249 2,585 Case 11 1,185 1.517 1,122

Case 6 884 1,868 8,498

10
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Ca" Number

Figure 9. Comparison of transvese &eMle.tfons.

It is also interesting to notice the trends in the magiude of the transverse acceleraion values.
Prxeding from left to right on Figure 9. Cases I through 6 show inrasing peak lateral aceratons.
This corresponds to Ithe M829 being subjected to more "EM-flike conddons" with each subsequent case.
That Is Cases I and 2 employ conventional gun system parameters. Cases 3 and 4 have some aspects of
the EM system Inegrated into them. and Cases 5 and 6 have the M29 in the full EM envisoamen.

Similarly. Cases 7 to I 1 show that as the EM projetle is introduced to more elements of the
conveaional gun system (again. moving left to right). it alleviates th severity of the tmerse
acceleation. Case 7 with the insulator profile seves as a. t contrast. to Caw 11. the conventional gun

MUMe parameter CAse, cleary pont out die difremce between the conventional and EM gun systems.

TIh other output examined from the RASCAL analysis was the data for the agulr rate of the
projectile. Tlse datm am a measur of the instantaneous velocity of the projectile model slope, based on
the displacement of the contr points. This provides a fed for the magnitude of a pojectile's yawing
motion while in bore. Plots of the angular velocity vs. time Am prsented in figurs 10 thwouh 42 for
the 11 case Studies with th Various Commac sifs Valu
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From the plots, it is seen that the M829 with soft contacts (k=.0e05 lb/im) yields a rather benign

response for all cases (Cases 1-6). By comparing Cases I 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, while 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 angular 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 severe environment 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 effet 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 (e.g., 2.5 km/s and higher).

The differerics between the M829 and EM projactile geometries d. not greatly influence the in-bore

yawing motion. In general, the EM projectile is consistently subjected to larger transverse accelerations,

but the differenc is minimal. Also, the apparent tendency to excite naural frequencies of the
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subprojectile for the medium spring stiffness case is certainly something that the EM projectile designer

must be concerned with and try to avoid.

The gun barrel centerline profile 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 centedines simultaneously. Since it has been shown that the rail

centerline Imparts more motion to the projectile than a conventional gun, and the insulator cnterine

produces even greater motion, it is believed a more advanced code capable of modeling the full internal

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 preoen

EM railguns have centerlines that fluctuate from shot to shot Until a less severe caterline profile can

be maintained on a consistent basis, EM projectIles will have difficulty matcing the in-boe, and

subsequently, the flight, accuracy, and terminal perfomanee of rounds fired Im conventional guns.
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