TECRNICAL REPORYT ARLCD-TR-80037

ALBERTUS E. SCHMIDUIN

DTIC

AFLECTERR

MARCH 1881

B

RESEARCH ARD Dev
LARGﬁ &LIE&Q
WEAFON SYSTEMS LABORATORY

DOVER, NEW JERSEY

% APPROVED FOR PUBLIC RELEASE: DASTRIBUVION UNLITED.

81 3 11 0ac




SR R TR R

|
Ef . WY
N
I . )
&
3
4 ‘
The views. apininns, and/or fndings contained i
. this regort are those of the author and shouid not .
be construed as an official Department of the L
Army position, poliev or decisan, unless so desig- o
A nated by othier dncumentation

Destroy this report when no longer needed Do
net retury to the enginator
The ettatwos in thes repart of the sames of com-

mercial v or perunercaaliv avadlable producis
or wervices does not constaute offioal endow-

ment ar agipreval of such commercial firms prod-
uets, or serviees by the US Government 2
B

-

PR

x
.




UKCLASSIFIED
CECUMTY CLASHIFICATION OF 53 SAGE [¥hen Dece Botoead)

) IMETRUCTHOHS
REPORY DOCUNENTATION PAGE SRR P BT
T REPORY HUMBER » T2 GOVY ACCELIION RG] B %f’s CATALOG WUMBER
Technical Report ARLCD-TR-80037 M
4 VITLE (and Sudiitie} 3 TYPE OF REPODT & PEMOD COVERED
TORSTIONAL IMPULSE IR GUN LAUKCHED PROJECTILES Final
1977 -~-1280

§. PEAVOMMKG ONG. REPOAT WUNBENR

T MU THON N 8. CONTRACY OR GMANY RUNBEWL)

Albertus E. Schmidlin

; ¥ TiOM WRE AD ADONAELS ¥ FROGRAMN ELEMENT. PROIECT VAt
ARRADCOM . LCaGE o ke AREA'S SO UkIT NUMBENRE
Huclear and Fuze Div (DRDAR-LCN= )

Dover, N1 QT8N)

1T CONTROLL WU OFFICE SAME ARD ALOREDS 12, WEPGRY DATS
ARRADCOM, * 5D March (98}

STINFG Div (DRTMAR-TSS) I SONSER OF PACES

Nover, Wi 17188 w2
TS NOUITOING SOENCY LAME & LODRESLT cilterus! Wess Conivelitng Giion) | 15 SECUMTY CLALE (ol W0 hagaet;

Unclacsified 7
BECL AKUFICAYION OOBMERLEING |
Scekouta

B TR RGO VIGA 5= ATERENT fed Wi Repar '
Approved for public rolease; distridotion unlimited.

T RS T BU Y108 ST AT WY fof the Shpaesd wiecd bn Biost 2, N dilnoint bck Bapert)

T RO B T AN WOV ES

e e T ) i “v‘x

FI0 NNV WORDY TCumbrs S0 revaviss Sl T wotautiny tond Eir vty By i Smehise)

Profectiles Computer wodeling

Inints XMASD projectils

Threaded assemblios  XM549 prolectile

Tovsional twpulie Angulay avceleraticn

Strerx . e "

T6 ABEYWACY MOttty i et SO If ol S My Gy Chosh mombt)

Toaw rmn describes un tnvuugnuon of torsfonal twenles tn vocket-aswisted
- projectiles due to “frer run.” A cowbined saalvtical P oxpev inental program

wae carvied emt to quantify the phenosenon. The baste factor uss the presence
rof “fres run” vhich te chavacterized by posftive forvard wotion of s prolectile
before resthing lhe woighy of gun-rabe v1fllag. This factor peisits the
projestile to vearch an spprectable forvard velocity before thae votat ing band
hocones effective and stsretw the rotatioas! acceluration.

00 S WIS weevon oF fasv o i e TE

“ . 7 , 3 . .\Wu‘.w«m:-ﬁc.wxmiw;%niw‘_l .




¥

UNCLASSIFIED
STEUMTY CLASRFICATION OF TS FAGEMan Date Sutorad)

Experiments were also conducted by Sandfe laboratories-lLiveiwore with in-
strumentation installed in the rocket motor section.

The results indicate that the amplitude of the angular acceleration pulse due
to free run vas greater fm tubes with more wear. The acceleration pulse was
higher at the noge than at the rear of the projeciile and the magnitude of the
accelerat ion pulge {a vorn tubes was ga great as and in sowe cases (B inch)
greater than the predicted angular accelarstion at peak pressure.

Test vesulits ai ARRADOOM and Sandis vere fn qualitative agreensnt. The point
where the angular acceleration pulse occurs seems to correlate with the posi-
tion of travel ubere a sufficient amount of rotating band wmaterial has been
formed {swaged) in the gun tube rifling.
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FOREWORD

the quantitative data should not be trested as precise or as
the vesult of numerovs, vepeated tests of an exhaustive type. The
cature of thae inatrusentation problem and the urgency with which
tha momerical data were reguired prevented the scrumulation of
precise data. The report (s based instead on unprecedented experi-
ments [lwited in number by time schedule and cost.
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INTRODUCT T OR

During the development testing of sn R-fnch rockcoi-assisted
projectiie in December 1976, a wmalfunction ccourred which caueed
the first few rounds of the scheduled firinges to Fxll short of
predicted range. Framination of the recovered prolectile showed
that a structural fatlure khad nccurred and that the rockst motor
had rotated in a clockwise (tightening) directinn, This motar body
rotat{un sheared the threads of the loint at the bulkhead and se-
vered the telemelyy (TH) cabls, causing a 1o0se ioint and T™ efgnal
fallure. Yhe lovse joint affected the normal projecitle flight
profile such that the range attalned vas 3 km shori of the renuire-
sent. Further inspection of the hardware showed rhe motor bulkhead
ioint <aurfaces to be contsminated with a greasy substance (thread
sealant and silicone compound) (ref 1).

Fir{ng vecovds showed that aftec flral ramsing =i? seatting
into the forcing come of the gun tube, the profectile stiil bhad an
axisl travel {free ruyn) of spproximataiv 25 wa (§ in.) before the
rofating hand engaged the ovigin of rifl{ag. It <as coneluded that
axlal acceleration of the prujectile, sterrupted momentarily by
suddes rotating hand/tube rifliag engagement, caused & torsions!
fapulse vhich vas transamitted through the bulkhead joiat sad zthere-
w  created an abnorsmallv high tersional lesd an the threaded
foint. This high load at a tise of relatively low wxtsl sechack
foree on the fxce of the lolnt, overtased the svaliladbis coeffictent
of friction, allewed relative wotton and the cventual Efailure of
the thread., A spectal teut projectiie was prepared to duplicate
thege cond{tions. The results of the flring are shown o flgure 1.

A A rasult of thig walfunctinn and fn view of the poesthility
of a potentially greater froe tun becagse of diseselonsl toler-
sneeg, wear In il gun foke, ate., an exhaustliw fnvestigation of
torelongl  (wpules ta gun  launched profecriles wiaw  undertaken.
Thewe efforts entalled analvitleal wodeling and exporimental verifi-
cation and eere conducted b Sach the Lavge Callher Leapon Svstews
Laboratory (ARRADCON) and the Sandia Laboraroties Liversore (SLL).

The parpose of thewe tnvegtigetions was to chavkctetice the
ta~bore esavivodwent whes the projectile wan sudbfected to free run
i the gun tube., The offect of this condition was particularly
isgortant in naclear profectiles siare they favolve sore coegplev
watheads uhich way be sdversaly sffected by theme ummantad dvnamic
load conditiocan. Roth B«fach and 15%-mm projectiler were aaa-
lyred. The investigation {ncluded snalytical wdeliag which used
tho Supdr Sceptre cosputer progrss and expeviwental testing which
used wodified XMOS) and XM349 projectiles, rsepectively.




The experiments were cenducted with the use of 3 wire-in-hore
technigue. This procedure provides hard vire communication betueen
the {nstruments on board the projectile and the recorder (n the
ground station., Thig repert ls roncerned prizmarily with the anal-
yeis of the experiaental data and {r documents procedures to derlve
the maximus awount of inforwation from the fests. Testing of this
type i5 necesqarily diffiealt since the instrumentation is sublect-
ed to the high sethack €rrces along the axis of the prciactiie and
the extrems lateral forces Jue to balloting, etc., wvhile at the
game tiwme sensing the angular wotion ahout the projectile axis,
Therefore, the recorded signals wmighr well contaln mch extranecus
{nforwmaticn,

Sandla Lahorataries used a teleastev eackage for data {rane-
gisvien vather than the wire-ian-dore technlgue used 4t ARRANTW,
The regnlts of Sandla's tovestigation cnaplement the work reporied
At ARRADCOR sand present A useful crasg-checw of the natare and
magaitude of the rorsienal fxpulise phenpmencn, Gusntitxtive re-
quitys from the fwo faveszipgarions are in reasonadble agteewment.

COMPUTER SIMILATION

Lfrpr the fatluwe of the fB-inch prodectile, siforts seew
started to quantify the miguitods of ke loada duv to A free mn
conditian, A romputer esiwslation af the B-fach INTSY orolecr e
was wede with the use of the Sysep Sreptre technigue {ref 2).
Supar Sceptyer {2 A prodras For tha ganlysis of electrical, wechani~
cal, dteitsl and contes] sveless Ivaf 1), for appliestian aof this
techntgque, the dynaalc evstem (o bresen up (nto & group of equies
aleat wasves, sprisgs, fovciag eleswnts, ¢te.  The Bof{nch penjec-
tile was Jivided Inlo several sections (fig. 2).

The riet metar ‘s descrfibed W oa mawent of loeetia, 1Y, a
eoeling cpnetant, i, & rotattionkl velnsity, ¥, corresponding to
the twist of the rifilag, and & enrations! welocity, B, entre~
sprunding to the arctaal cotsting band speed, The wvarhead (s de-
grethed By theee wosonte of faertie, T4, o aud 1%, interconsected
by rew!lient mewbets haviag sietng conwtants KY snd K& reapective-
lv.  The conpling of the sprimg, i, to the lnertial »lowenr, &,
fs ar the joint Ghich s the subterr of (hile {avestigation. Thix
wixiel {8 also aeed for the pratecttle wend {o the t»ay pregpras, the
XNEYD.  fm thin case J& and KY aie elimtnated and the equivalent
woaent of tnertis (e incladed in J& mad 15,

The cosputer progrem slsulates the dynamie condittons which
scewr In the gun tube,  The projectile 18 wted upon by the haee
preswure, PS (fig. 2) which ta the effective pressure on the bare
vhich s wvailable for atveleratiom. (Yhis s tn agreesment wvithk
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the definition given in reference 4). The Super Sceptre program
galculates axial acceleration, velocity, and displacement as a
tunction of time. The rotational energy in the projectile is as-
sumed negligible with respect to the translational i energy and
therefore 18 not calculated. This difference is about 1%.

As the projectile moves forward, it encounters the rifling at
the end of the free run. At this time, the rotation of the projec-
tile starts and the computer begins to consider it as a rotating
body. In this analysis the rotational dynamics are coordinated
with translation but the computations are done separately, as if on

a separate body. The computer simulation 1is described in more
detail in reference 2. :

THREADED JOINT

A mathematical model of the 8-inch threaded motor joint com-
prised of both the knurled annular end faces and the weakest of the
two threads; 1i.e., the male bulkhead thread, 1is included in the
computer program. The buttress thread is modeled as a jackscrew;
frictional effects are included at the thread as well as at the
knurled faces. The model calculates the bearing stress at the
faces of the knurls and of the thread, the average and maximum
shear stresses at the root of the thread, and the bending stress at
the root of the thread. The coefficient of friction can be varied
as one of the parameters. In addition, the friction required for
no slip at the knurled faces is computed. .The percentage of ef-
fective threads and effective bearing areas at the faces of the
knurl can also be varied.

A sketch of the thread is shown in figure 3. The force trans-
mitted at the knurled face is F;, and the shearing force on the
thread is f,. The force due to base chamber pressure is transmit-
ted through the rocket motor body and is designated by Fj. Before
firing, F3 is zero and Fy= F,. At this point the forces are the
result of the initial torque at assembly. During firing Fq = Mwhx
where M, 1is the mass of the warhead; that {s, everything forward
of the joint. The force equation then is Fq = F; - Fp. This ex-
pression and the formula for a jackscrew are used to calculate the
stresses at several critical areas 1in the joint. A detailed de-
scription of the threaded joint 1is given in reference 2. Typical

results of the computer simulation are given in figures 4 through
8.

The torsional impulse which occurs at the joint with a free
run of 25.4 mm (1 in.) 1is shown in figure 4. 1t 1is apparent that
the pealk value 1s greater than the usual maximum which occurs at
peak chamber pressure. 1Its effect is accentuated because 1t occurs

3



when the sethack force s&nd therefore the torque transmitted by
friction at the knurled face, are small. Figure 5 shows the in-~
stantaneous coefficient of friction which is necessar~ to prevent
tightening cf the foint under these conditions. The peak valve i
0.3 which =might not be satisfled 1f the knurl {s {wmperfect and/or
the joint fe contaminated with a foreizn waterial which may act as
a lubricant.

For an assumed coefficient of triction of 0G.1, figure 6 {llus-
tratee cilrnage at the knurled faces which allows the joinr to
tighten thareby increasing the stress {n the threads. The free run
fs 25.4 wa (1 in.) and the effective engagement of the thread is
assumed to be 100%, For a thread which 15 less  han perfect, there
is a potertial failure prodlew. Figure 7 shows this result for a
coefficlent of frictlon of 0.1 and large and small free runs, re-
spectively. It is apparent that a thread wliich is B0X . .rfect is
warginal with large free mn but safe with swall free run. The
margin of uafety with fwperfect threads is considerably increassd
vhen free run 1s not nreseat.

Finslly, the computer results were compared with the averaged
expecimental results for a free run of 25.4 wa (1 in.)} (fig. 8),
Tangentisl acceleration at the Installed adius of the gensors
are ploticd wversus the distance travell.d by the prejecitile. The
results correlate vell as far as peck awplitude is concerned but
differ in the width of the pulse. :

EXPERIHENTAL PROGRAMS
Test Serier
8-Inch Projectiles

Two series of teets were conducted In a wodifted XMO%O
projectile to quantify the torsional twpulwe in the B<inch fawily
of projectiles. 1In the Ffirst get, one sxial and two tangential
acceleroweters were nountod 1n a special fixture at the front of
the projectile (fig. 9). This fixture watched the weight of the
forvard sateria! {t replaced. Ten vounds werte flrad in this manner
at Yuma Vroving Ground.

The propelling charge was the MIB&E], rone 9, condittoned
at 63 C (145 F). The X201 tudbes were used, tube no. 14 with a 63%
remaining life and tube no. 2?7 with & 5% remaining life. Twa rote~
ting baude were evaluated in cach tube., The firet was the standard
band at that tiwe (Jamusry 1977) on the conventionkk B-fnch RAP
round and the second wvas & cut-down verefion which perwitted baad
seating within 2.3 wa W.02 {n.) of the origin of rifling. A cow

&
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parison of the rotating band details 1e¢ pictured in figure IO,
Tyvpical results with the standard band and the cut band are shown
in figures il amd 12, respectively.

Analyzing the test results was difficult becsuse of severe
high frequency oscillations. It was not evident at this point
vhether or not these frequencies were true indications of the dy-
ncalc wmotion of the projectile. 1t was evident, however, that
there wvas a higher peak {n initfal accelzration of the projectiles
vith the band uwhich permitted wove free run. Test resalts after
smoothing and avevaging are showm in figure i), Heve the results
are shown in nondisensional fora by plotting the r2tis of the tan-
gential to axial accelerations versus distaace travelled.

In the second set of tests, acceleroweters vere installed
both at the front of the projectile and at the reer (fig, 14).
Agaln the welght was digtributed tc mactch the mass properties of
the conventional round. Eleven profectiles were fived at Yvma
Proving Grounds tn three different tubes in August 1974,

The propelling charzge was the HI88EL, zone 9, conditicned
at 57 C (135 ¥F), Three XNZ01El tubes were used ko provide tests
under new, used and worn nat condftions. Tube uo. I8 after 800
rounds represented the new tuba; tube no. 8268 after 880 rounds,
tte used or mid<life tuba; and tube no., 21 after 1460 rounds, the
wirn tube. 1o these tests all votatixg bande weete of the oew, cug-
bacx design vhich theoretially persits only 23 me (0.09 in ) of
travel fo a nev tube before eagigement with the vifliing.

Analyeie of these tests vevealed thai:

1. Yhe seplitude of the augular acovlevstion pulue vas
greater in tubes with move wear.

2. The acceleration pulse was higher at the froav thas
at the voar of the projectile.

3. The wmgnitude of the sceelegatian gulee (n worn
tubes wav greater than the predicted wngular sccelevstios at peak
pressure.

Ao exsaple of the rewults of thix testing e chown i
flgure 19, Were the ratio of the peripheral to awiel sccalerstions
ia plotted wevwus axlal travel of the profactile. Ao Cravel ip-
creagen, the praph approschos the theovetical walue of * N0 or
0.157 for full engravien. - If &ll lastvoments wete perfect sad
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there were no other errors, the graphs would approach the theoret-
1cal value. The axial travel is used as the abscissa because of
the significance in this investigation of axial motion relative to
engagement by the rotating band in the rifling. A comparison of
graphs plotted against time and travel is shown in figures 16 and
17. A plot of axlal acceleration is shown in figure 18.

Tangential acceleration at the skin .of the projectile
plotted as a function of time, is shown in figure 16. It indicates
that relatively little acceleration is present for half of the
total time and this 1is followed by large oscillatory signals.
Figure 17 shows the same variable plotted against the distance
travelled by the projectile. The major oscillatory signals are
present over most of the graph and only small oscillations occur
over the first 40 mm (1.6 in.) of travel. Actually it seems evi-
dent that some of the initfal oscillations are due to lateral mo-
tion during the time that the rotating band i{s undergoing the ini-
tial swaging or engraving process and before any apprecfable rota-
tional motion occurs. It is important to discern the beginning of
rotational motion as a function of the distance travelled (fig 17).

Another advantage of the xraphs that are plotted versus
distance travelled i{s that they allow comparision of different
projectiles independent of the synchronization of the time base.
Variations in the starting time of data reduction are cancelled out
when graphs are plotted versus the distance travelled.

The axial acceleration versus time is shown in figure
18. The oscillations which begin at 5 milliseconds occur as the
torsional impulse develops (fig 16).

The effect of free run and the torsional impulse which is
associated with the start of the rotational motion of the projec-
tile, can be pictured by comparing simultaneous values of tan-
gential and axial velocities. A plot of these two variables is
shown in figure 19. It is obvious from the graph that the projec-
tile is delayed in starting its rotation while at the same time it
is building up axial velocity, reaching more than 30 meters per
second (100 feet per second) before rotation begins. When the
rotating band finally takes hold, the tangential acceleration is
very high, causing the velocity to overshoot the theoretical
value. Finally, the ratio of the two velocities reaches the theo-—
retical figure just before the end of useful signal transmission.

_ Test results of the 8-inch test projectile are summarized
in table 1.




}
Teble 1. Ttorsiosal twpulse testing of 8-inch WiiOEl cacnon
vith tut-back band
Gua Tubes Tested
Land wear
{diamcter) Grogve weat No. of
Gun_tubes SN - {in.) u (i) rounds
New 201 28 600
Hid-1tife M201 B268 1.92 (0.060) 0.15 (0.006) 882
Yorn 201 23 2.56 {0.101) 1.42 (0.05%6) 1462
Yest Result
Conditicas New Mid-life Wora
aAcceleratioa pulee, vad/eec?
at wotor 70,000 100,600 165,008
at collector 169,000 143,600 21%,0000
Trevel at pulee, am (ta. ) 35.@ {1.4) $3.3 (2.1} 81.3 (3.3)
: Setback at pulee, g's R 30060 4200
Note: All tevts were coaducted with zons §
: 7




155-mm Projectiles

A series of tests were conducted in a modified M549 pro-
Jectile to quantify the torsional impulse in the 155-mm family of
projectiles. Accelerometers were installed both at the front and
rear as shown in figure 20. Again, the weight was distributed to
nmatch the conventional round. In this case a completely new for-
ward body was designed to accommodate the forward accelerometers in
the collector cup rather than to rework the conventional warhead
section as was done in the 8-inch. Twelve projectiles were fired
at Yuma Proving Grounds in August 1978.

The propelling charge was the proof (PXR 6255) charge.
Three XM199 tubes were used to provide tests under new, used and
worn conditions. Tube no. 27682 represented the new tube; no. 75
after 1065 rounds, the used or mid life tube; and no. 83 after 2322
rounds, the worn tube. The worn tube was chrome-plated while the
other two were steel tubes. In all tests the rotating bands were
of the standard M549 design. Contrary to the situation in the 8-
inch system, after ramming, the rotating band of the M549 overlaps
the origin of rifling in the forcing cone. Therefore, theoretical-
ly in a new tube there is no free run in the usual sense. Actually
there is an effective free run, albeit small, because the rotating
band must undergo a finite amount of engraving before rotation can
start. This fact i{s indicated by the test results.

Analysis of these tests indicated several significant
results, some of which are the same as the 8-inch case:

1. The amplitude of the angular acceleration pulse was
greater in tubes with more wear.

2. The acceleration pulse was higher at the front than
at the rear of the projectile.

3. The magnitude of the pulse in a worn tube was ap-
proximately the same as the predicted angular acceleration at peak
pressure, not higher as in the case of the 8-inch projectile.

It was also evident that the 155-mm results showed appre-
ciably more noise and unconsistency in the signals. In some cases
an analytical technique was used to compensate for these effects
and obtain meaningful information from otherwise inconsistent data.

A scheme for correcting the inconsistency due to the ef-

fect of cross axis sensitivity of the accelerometers was particu-
larly useful.



An example of the results of this testing is shown in
figure 21. This case represents the most seveve result in this
series. It should be emphasized here that the gun tube in this
test was a badly worn chrome-plated tube. This condition is one of
the most severe and is discussed in depth in this report. The peak
ratlo in figure 21 is 0.54 compared to 0.157 for perfect en-
graving. Therefore, there is an amplification factor of 0.54 #+

0.157 = 3.40 which means that the angular acceleration (and the
corresponding torque in any joint in the projectile) is 3.4 times
the expected value under normal acceleration of the body. This
also means that the required coefficient of friction in a threaded
Joint must be 3.4 times the normal expected value. Hence, it is
apparent that threaded joints, especially those positioned aft of

the warhead section, are a potential problem when severe torsional
{mpulse is present.

The graph in figure 22 shows the same plot with time as
the independent variable. It 1is evident once more that the oscil-
lations seen initially are not significant in this 1investigation
since they occur before the projectile has moved an appreciable

distance (5 mm (0.2 in.)) well before the torsional peak which
occurs at 40 mm (1.56 in.).

Figures 21 and 22 are based on the average of the two
tangential acelerometers in the wmotor body. Graphs of the indi-
vidual accelerometers are given in figures 23 through 26 plotted
against time. Tangential accelerometers at the motor body are
shown in figures 23 and 24. The axial accelerometer is pictured in
figure 25. One of the tangential accelerometers in the collector
cup 1is shown in figure 26. The other tangential accelerometer
channel failed in this test. The amplification of the torsional
impulse at the front of the body is evident by comparing figure 26
with the motor body sensors.

Another significant factor is that as the projectile moves
into the rifling, the ratio of the average tangential acceleration
to the axial acceleration approaches the theoretical asymptote at
0.157 (fig. 21). This tends to confirm the validity of the test
data because, theoretically, a fully engraved rotating band should
produce this result. Furthermore, inspection of figures 23 and 24
shows that each graph is of the same nominal magnitude and hence
the average is a true average, not distorted by the combination of
individual higher-than-normal and lower-than-normal signals. An-
other test for the consistency of these data can be made by calcu-
lating and plotting the average difference in the two signals.
This calculation gives the net lateral acceleration of the projec—
tile. A sustained signal level for a long period of time is not
feasible since this would imply excessive lateral motion. The
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lateral travel is limited by the clearance between the projectile
and the gun tube. Examination of figure 27 shows a graph which is
predominantly oscillatory «t about 2.5 kHz. This feature is ac-

ceptable and indicates a lateral oscillation or vibration in the
tube.

An example of an undersirable curve 1s one which has a
decided trend in the positive direction to such an extent that a
fallacy in the data must be assumed (fig. 28). Results of this
type cast doubts on three out of four tests in some cases. Anal-
ysis of the effect of cross—axis sensitivity on these experiments
resulted in development of a factor which corrected two out of the
three cases. This factor, which is based on a linear model of the
errors, was used in compiling the averaged results of the tests.

The effect of free run and the associated start of the
rotational motion can be pictured by comparison of simultaneous
values of tangential and axial velocities as was done earlier for
the 8-inch projectile. A plot of these two variable is shown 1in
figure 29. 1t 1is obvious that the projectile is delayed in start-
ing its rotation while at the same time it i{s bullding up axial
velocity, reaching more than 30 meters per second (100 feet per
second) before rotation begins. When the rotating band finally
takes hold, the angular acceleration is very high, causing the
velocity to rise sharply and approach the theoretical steady state
value. In the graph shown, a 2% cross—axis sensitivity would ac-
count for the difference between the curve and the theoretical
asymptote, a reasonable figure to expect in these tests.

The results of the 155-mm projectile tests are summarized
in Table 2.

Effect of Gun Tube Wear

The tabulated results for both the 8-inch and 155-mm projec—-
tiles (tables 1 and 2) show that the torsional impulse increases
with wear in the tube. To portray the geometrical picture, a se-
ries of layouts were made of the rifling in the gun tube as related
to the profile of the rotating band at various positions of tra-
vel. The profiles of the gun tube were drawn with use of the star-
gage measurements. An exaggerated scale for the wear patterns was
used for plotting these profiles. Examples of these plots for the
8-inch XM201 tubes and the 155-mm XM199 tubes are shown in figures
30 and 31. The silhouettes of the rotating band and obturator were
algso drawn to the same scale (fig. 32).
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Table 2. Vorslcnal impulae testing of 155-wa, MI98
howitzer, proof {(PAR) 6255 charge

Gun Tubes Tested

Land wesr

(disaeter) Groove vear No. of
Gun_tubes SN ) (in.) - (i=.) rounds
New NI99 27682 6

Mid-life XNI99E 15 1.40  0.055 0.25 0.010 1065
Worn XHi99 83 1.76 0.070 0.05 0.002 2322

Resulls ave raggz‘.

Couditions New Mid-iife wsxn

Aceelevat lon pulse, rad/sec?

at motor body swalt’ 100,000* 260,000
st collecter cup Snll’ 130,000 290,000*
Travel @t pulse, w (la.) 7.6 €0.3) 30,5 (1.2) 38,0 (i.5)
Setback at palse, g's 2,600 | 5,000 $,200

20 impulse iv lnsteated but tesulte preclude quantification

+ Rasult of & stugle weasuvommal

1}
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With the aid of transparencies, the silhouette of the band
area can be superimposed on the layout of the gun tube rifling to
1llustrate the degree of engraving as a function of the travel of
the projectile. The overlap of the rotating band profile into the
grooves of the rifling is an indication of the amount of band mate-
rial which has been swaged or engraved as the projectile acceler-
ates. Although consideration is not given to actual deflections
such as the elastic deformations which occur under actual gun load
conditions, it seems accurate enough to develop a qualitative cor-
relation between the engraving process and the torsional peak which
occurs 1in a gun tube with free run. Several cases 1llustrating
this technique are shown in figures 33 and 34.

The tests of the 8-inch projectile are summarized in table
l. Listed in the table is the travel at the point where the accel-
eration pulse occurs in each tube. With this information and the
wear profiles of the tubes, the overlap of the rotating band can be
shown when the torsional pulse occurs in each case (fig. 32). It
is apparent that the overlap, or engagement, of the band in the
rifling 1is least for tube no. 28 which has the least wear. This
case also requires the smallest torsional pulse to start the pro-
jectile in motion, a fact that is compatible with the small over-
lap. In tube no. 8268 (in the intermediate wear condition), the
overlap or engraving 1s greater and so 1is the torsional pulse.
Here again, the degree of overlap 1s compatible with the torque
requirement. Finally, the overlap in tube no. 23 shows the great-
est of all three cases. The torsional peak is greatest and again
the consistency, although qualitative, is confirmed (table 1).

The tests of the 155-mm projectile are summarized in table
2. The magnitude of the average travel condition in each case is
specified. Overlap layouts were made as before (fig. 34). Here it
13 especially apparent that in the new tube the free run is small
and the torsional pulse for all intents and purposes is not pre-
sent. Table 2 shows a small pulse at a travel of 7.6 mm (0.3 in.)
It is apparent from the figure that the overlap is minimal for this
case. In tube no. 75, the mid-1ife tube, the torsional pulse is
greater and so 1is the overlap. Hence, the overlap layout confirms
the genmetric engagement which 1s necessary to produce the torque
for acceleration of the projectile. Finally in the tube no. 83, a
badly worn specimen, the greatest overlap 1is 1llustrated. This
case also exhibits the greatest torsional pulse and the consistency
of band overlap versus torque requirement is maintained. 1t should
be pointed out that the proof charge (PXR 6255) provides an over-
test condition as {llustrated by the high breech pressures recorded
in table 2.

12



Comparison of results from tests made on tube no. 83 by
ARRADCOM in August 1978 and tests made by Sandia Laboratories-
Livermore in March 1979 indicated that Sandia experienced greater
torsional peaks due to free run (table 3, reference 5). Of par-
ticular significance is the additional number of rounds fired and
the associated wear of the tube between the time of the ARRADCOM
tests and the Sandia tests. Overlap layouts were made to 1illus-
trate the geometric relationships for the two cases. Evidently the
additional wear at the rifling in the Sandia tests did not extend
rearward into the forcing cone because both ARRADCOM test round
2319 and Sandia test round FG 129 were rammed to the same depth (40
1/2 in.). The travel reached by each projectile at the point where
the torsional impulse occured was different, however. Furthermore,
the peak pulse was 25% greater in the Sandia test. Both of these

factors are compatible with the stargage wear measurements of the
tube.

The overlap layouts In figure 35 again provide an interesting
insight into the geometric engagement of the rotating band in the
rifling. As shown in the figure, the results confirm the fact that
the magnitude of the acceleration pulse requires a comparable over-
lap area that is, a comparable amount of engraving or swaging be-
fore the torque-producing capability 1is reached at the rotating
band. When this condition 1is met, the torque builds up suddenly
and the projectile is given a very large angular acceleration.
Finally, as the band enters into its fully engaged position, the

projectile is brought up to its normal rotgtional speed which is
proportional to linear speed.

Significant positions of travel for each projectile are 1illus-
trated in figure 35. Positions after ramming are shown as well as
the wear profiles of tube no. 83 after 2322 rounds (ARRADCOM) and
2670 rounds (Sandia). Also depicted 1s the overlap positon when
the torsional pulse occurred in ARRADCOM round no 2319 which had
traveled 39-mm (1.5 in.) and attained a velocity of 46 m/sec (150
ft/sec). Shown here in cross section 1s the amount of band materi-
al which has been engraved. Round no. FG 129 in the SLL test is
shown at the same position of travel. The amount of band material
is8 much less 1in this case and this condition implies that severe
scarring and slippage of the band are occurring at this point. The
SLL band does not take hold until additional travel occurs. After
the band moves 51-mm (2.0 in.), its torsional strength is suffi-
cient to supply the demand and a sizable torsional pulse occurs.
Table 3 shows that this added motion in the SLL tests was accompa-
nied by an increase in velocity to 59 m/sec (195 ft/sec) before the
rotating band took hold, thereby creating a more severe impulsive
condition. This condition resulted in a torsional impulse having
1.25 times the peak magnitude of the ARRADCOM test round.

13



Table 3. Torstonal iwpulse tesiing — comparisca
of ARRADCOM and SLL tests in tute No. 82

ARRADCOM SLL
Test vound no. 2319 /129
2320 FG 131
2321
23z2
Test conditions
No. rounds at stavgage 322 2670
Average torsional pulse, rad/vec? 260,000 320,000
Travel at pulse, wam (in.} 38.0 (1.590) $3.3 {2.1)
Average axial velocity at pulse,
w/sec (€t/gec) 46  (150) 59  {19%)
Average waxieus axial acecelevation
g's 16,000 12,200

#Caiculated from filteved data.
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The wear pattern in tube no. 83 illustrates a tube condition
which is no longer acceptable for tactical use because of the high

torsional impulse and also the fact that the band was stripped away
in the SLL tests.

CONCLUSIONS

As a result of the analytical study, it is evident that in an
8-inch projectile a threaded joint which transmits the torque
necessary to accelerate a heavy warhead can be marginal when a
combination of factors 1s present. These factors are a worn tube
and/or a rotating band design which allows free run, an
unsatisfactory finish on the mating parts and the presence of a
fluid contaminant which can degrade the coefficient of friction.

The experimental study confirmed the order-of-magnitude of the
peak torque predicted by the computer analysis for a free run of
25-mm (1 in.). For a small free run which is estimated as 2.3~mm
(0.09 in.) based on the drawings, the computer analysis underesti-
mates the peak torque by about 50%. When the actual free run is
used as computer input, the peak torque prediction is within +20%Z.

The experimental results indicated several significant fac-
tors:

1. The amplitude of the angular acceleration pulse due to
free run was greater in tubes with movre wear.,

2. The acceleration pulse was higher at the nose than at the
rear of the projectile.

3. The magnitude of the acceleration pulse in worn tubes was
as great as and in some cases (8-inch XM650) greater than the pre-~
dicted angular acceleration at peak pressure.

Worn chrome-plated tubes seemed to introduce a more severe
torsional impulse due to free run than steel tubes having the same
maximum wear dimensions. This 1s due to the wear distribution in
chrome tubes which occurs during the first few inches of rifling
and suddenly falls off to no wear at all.

The point at which the peak torque occurs seems to correlate
with the position during travel where the amount of rotating band
material which was engraved is commensurate with the torque which
i8 needed to bring the projectile "on the line” in rotation.

15
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RECOMMENDATIONS

It is recommended that a study be made and a compilation pre-
pared of the wear profiles and dimensions of gun tubes used (or
which may be used) in experimental tests of the type described in
this reports This information could be correlated with the tor-
sional impulse test data. Through this procedure, a data bank of
cause-and-effect 1information could be assembled and a rational

basis developed to predict torsional impulse levels as a function
of the condition of the worn gun tube.
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Figure 1. Specilal test firing - 8-inch

Figure 2. Computer Model - XN753
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