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I. INTRODUCYION

A gun-~launchel extenled-range guid=d projectile (FRs:)
is confronted with a transitional oproblem in that it s
launched from a rifl2 barrel as a rotating bullet-shapei
member and must then convert into an almost non-rotating
finoned nissile baforz firing a self-contained rocket propul-
sion systen. Tne resident guidance systen plazes a <con-
straint upon the roll rate residual of approximately +/- one
(1) revolution per secand after tae fins have opened ani
proviilei roll danping. Since the residual roll rate of th2
projectile 1is an open-lodp situation (i.e., no roll control
is providei), tnere 3re two principal 1ifficulties assoczi-
ated with meeting 3 3esign eocal on th2 rasiiuzl roll rate.
dne problem is relative ts fin alignment, vith the resiival
roll rate tolerance rejuiring the fins to be 3liznei with
the freestream to & small fraction of a iJj=2gree, Another
problem concerns the question whether fin-opening dynanmics
Introduces stresses into the fin such that structural yi=1d-
ing occurs thersby proviling a separate source for fin
angular misalignment, and as a matter of fact, possilbly
negating the time-consumicg efforts spent initially in fiu
alignmnent.

The case considiered in this report will be the develop-
ment of fin-opening iynamics for an elgnt-inch ERGP with 3
six fin configuratioan. Although the muzzle velocity of tne
KRZP 1s fairly well diefined from the typical 43 milliseconi
acceleration period in the gun barrel, taoe initisl coniition
upon free-flight roll rats is a variablz with maxinum values
being on the orler of 32 revolutions per s=2cond prior to fin
opening. T'he initial, fin retracted roll rate is depenient
upon th2 configuration of the obturator riugs, which are in-
stalled on the ER3P to act as slip rings between the rifle
barrel and thes missile. The obturator rings go throusn an
engraving process with the rifling, and it is the relativz
slippage between the rings and the missile which prevents a
complete transfer of angular roll womentum during the
initlal firing process.

The ER3P missile mey be assumed as having a constant
velocity along its _wis ¢f s,mmetry wall= conserving angular
nonentun Jduring tr2 tils-ope-ine proc2ss. The dissipativa
action of the fins upon the roll rate, due to aerodynanic
dampiag 4in roll, 1. present to saome =2xt=nt durirsg fin open-
ing but will be neglacted since the opening tim2s ozcur mucn
faster than roll damping time constants; e.g., 2.232 seconds
vs. 3.33 seconds respgectively for a typiczal situaticn.
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Although not well iefined in magnitade, it is possible
that the retractel fins mnay have an initial coniition of
opening rate lue to an inpulse transfer either from the
release of th2 fio latch block or from the gun barrel wsas
iynanics. Both of tna2sa influences are unkrown quantitles
that may occur in varying degrees. Another concern relates
to the actual fin structural dynamics, anl a question to b2
address=2d concerns wnetaer @& fin torsion or beniing node2
might be significantly excited during the opening and hence
provide a maznification of fiu stresses. Sincz2 the actual
2avironment of the EAGP during launch may be conservatively
described as severe , the principal source of flight dats
to answer the aforementioned concerns has been photosraphic
in nature.

It is the purpose of the studies descrivel herein to
ievelop equations of motion for fin-opening dynamics uniler
the assumption of angular mowentum cons2rvation such that
tine historles may be obtained for the opening process with
various initial conditions of roll rate anl fin opening rate
for both rigii ani elasti: fins. Fromn compater solutions of
these equations of motion, it would be hopel that some con-
clusions might ©be reached relative to fin stress tim:s
histories in orier to provid= a Letter 4insight into the
overall problem that 1s loosely categorized under the title
of "fin-opening dypamnics’.




11. THEORY

I'he development of the reiations d2scribing fin-opening
iynamics is quite easy to follow when con2 2nploys the <2nergy
approaches that are impliczit ir the Lagrange’s ejuatioa
technique; e.¢., 30listein, Ref. 1. TIhe generalizel coori-
inates were chesen such that the riglil system dynamics were
described by the missile rotational aaglz, ¢ , 3ania the fin
openineg angle, © . Fin =2lasticity was mnodeled by the funia-
mental bending and torsion mades using a siwnple pendulum
analogy where banling anid torsion leformations W2re expres-
sei by the cooriinat=2s & ani @ resp2ctivaly. TIne peniulun
nodel was referenced to the fin base. Flgures 1 and 2 show
the coordinate systens.

Fin geomnetry is illustrated cn Flg. 3 in accerd with
Ref. 2. Estimated values locating th2 center of gravity of
the complete fin and respactive mass momnznts of inertia ware
used for the rigil fin nolel. When fin 2lasticity was
moieled (3 selectabl= option), the mass anl inertial proper-
ties w#ere broken iown to considerationc of fin biase= and fin
blaie elenents respactively. Table 1 tabulates th2 values
used for both the rigiil 3and elastic fin anaiyses.

Jne may conceptaally visuallize a r2finei or improved
finite elenent elastiz noiel using th2 fin segmeat2ld iato a
four degree of freedom (d.0.f.) systen as sketchsd in Fig.
4. Alding more degrz2os of freedom will improve the elastic
nodeling, but in excnange, the ejuations will become morz
complex. Since the stiffness values for the pendulum model
arise from previous dynamic calculations mile in a station-
ary frane of ref=renze, one nust recognize that the beniing
anl torsional excitations in time history calculations
represent an approximation much in th=2 s2ns2 of using
3alerkin’s mnethoa in aeroelastic calculations whar2 wini-off
modes are used to develop the wind-on modes when seeking
in-flight stability bouniaries.

A. Equations of Motlon:

In terns of the generalized cooriinates ¢, ©, o and
@. the kinetic and potential ernorgies of the missile may b2
gestablished. The kinetic ani potential en2rgy, T andi V
respyectively, may be functionally recognizel as:

I=Nd,0,x,8,$,8,&, B,t) s 1)

and
v

V(d.e,00,8.t) cee2)
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ERSP

Fin
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TABLE 1

Mass and Inertia Properties

(w/0 fins): -
I = 3.859 1lb-in-sec
(estimated about missile axis of symmetry)
(one of siz):
|

Mass: Mg = 3.231437 lb-sec-ig

2.226134 1b-sec®-in"'

Me

M

2.22753: 1b-sec”-1n ' (totai value)
Location of c.g. in Fin Coords. (.= 3):
Base: X;g = -3.14J {in.

X3g = *2.821 in.
Fin: x,p = -3.918 1in.

Xg¢ = +6.231 in.
lotal: x, = -2.77¢ in.

X3 = +5.225 1nm.

Ro = 2.333 in. (fin pivot-to-ERGP centerline)
Mass Moments of Inertia:

Total fin relative to total fim c.g. location

I, = 2.287%2 lb-in-sec”
I, = 2.29353 lb-in-sec”
I, = 2.23533 lb-in-sec®

Fin (excluling base) relative to fin c.g. location

2.25323 1b-in-sec®

) .
@.25821 lb-in-sec®

laf
Ix- = 2.20492 lb-in-sec?
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For the freely rotating missile, the roll angle, ¢ , will
not in general involve potential energy storaze. The fir
opening angle, © , will iavolve potential =n=2rgy storage
upon impact with the crushabla 1limit stops. The fin bending
and torsion elastic molel using the simpl=a penlulum as an
approxination to the fuodameatal modes will introiuce
potential energy due to elastic deformations in o ani (3

I'he application of Lagrange’s methol to> the abuve rela-
tions for kinetic anl pot2ntial energy allows us to express
the equations as:

T AT AV o
dt(AQ) - 5qi+' éqL“a (i=1, 2, 3 ani 4)
for 1, =¢ , 9, =6 cee( 3)

quolf q4=6

The above equations corr=spond to four angular momentun
conservation relations with coordinates tailored for the
problemn. Since some of the coordinates are in 3 moving
frane of reference, the ejuations incluilz terns 3escribel as
Coriolis type accelerations. Their presence is automatical-
ly included in the Lagrangian developnent. In the theory of
snall vibrations, th=2 derivative of kinetic enerzy with
respect to the generallized coordinate, o7/ 33_., 1s omnitted
as a consequenc=2 of linearization. Such is not the case in
the nonlinear relations considered here since the q,=¢ ani
Q,= © deformations were not small perturbations. The right
hand side of eqn. 3 being equal to zero implies that the
systen was not consiler=231 #with an extarnal forcing function.
However, solutions for the set of seconl order, nonlinear
homogenesous differential equations will depand upon the
prescribed initial conditions 1a q ani q..

B. Solution PFrocedure:

The terms involved {n eqn. 3 are Jdeveloped in Appendix
A. The solutlion procedure for numerical agalysls involves
expressing the equations in matrix form as:

Aq =g e ( 8)

where the square matrix A introduces the inertial properties
of the system with a time dependent, nonlinear coupling
relative to the fin-opening angle, ©, using trigonometric
relations, The matrix A 1s not dlagonal, hence convenient
soluilons are rot readily obvious. The columa matrir g

1 volves tne elastic momeats Jdue to fin beading and torsion.
It also involves cross product terms of angular rates in an
interactive mdanoer in aldition to s trigonometric depenidence




upon fin opening angle.

Numnerical solutions of eqn. 4 were obtainel using tne
IBY 362-67 diglital computer locatel at the W.R. Church Comn-
putation Center, Naval Postgraduate School, The solution
procedure was basedl cpon 3 fourth order Ruuge—-Kutta integra-
tion procedure using the features of the Coatinuous System
Modeling Progran (CSYP) as described by Sp2ckhart and Jreen,
Ref. 3. Software d2tails are given 1n Appendices B anid C.

The A matrix in eqn. 4, although tine depenient, is
nonsingular at any gliven instant of tim2 based upon physical
arguments. Therefore, each application of the Runge-Kutta
integration scheme r=quired urcoupling the nizhest crder
tine lerivatives in eqn. & by perfornming an interin step)
l.e., at amny time t, determine:

T(t) = Alavt) s(as 1, t) vl 3)

Successive applizations of the algorithuns available by the
C5vP proceiure proviled stralgatforward time history list-
ings of q and @ . Ao ontput sanple is givan in Appendix D.

Since the CSMP procelure allows the use of FORTRAN type
logic expressions, it was relatively siwnpl= to provide a
piysical mnodeling of th2 crushing action for a representa-
tion of the fin impacting into the limit travel stops.
Although the use of another computationsl languaze may
appear forebodlng as a usable tool, 1t was the feeling cf
the author that the documwentation, Ref. 3, and principles
involved in CSMP werz so well expresszd that anyone moder-
ately familiar with computational nethods wsould have little
1ifficulty applying the techanlique.

C. Filao Moles:

The desire to include the first few vibration modes of
the fin into th2 time history dynamic moiel led {0 a search
for a finite elemnent representation of tne fin. Fortunat-
ely, a finite element model consisting of 77 plate elements
wilh 92 node points was 3vailable to represent the fin as a
thin plate, and the required informwation was proviied by
Payne, Ref. 4. A planvies sketch of the finite elcement
moiel may be seen on Fig. H. The inertial and stiffness
propertles of the fla werz based upon:

e

E

Mass density = 7.323x12-4 lb-seco-ip "

Young’s modulus = 32.77x12+€ psi

[“P]
]

Shear modulus = 11,22x12+6 }c.l
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T'he fin element model was used as data input to a structural
analysis progran, SAP IV, 3vallable at the NP3 computer
center using the instructions as docunenteil by Bathe, Wilson
anl Peterson, Ref. 5. The first three modes were identifiel
as first and second bending and first torsion at character-
istic frequencles of 83.4, 411.4 and 517.2 Hz respectivaly.
Sketches of the mode shapes may be seen on Figs. 6 to 3.

'he fin was excitel on a snaker table available in the
Department of Aeronautics, NP5 for the purpose of verifying
the mnodal frequencies and modes. Yhe actual mounting of the
fin onto the table was by means of clanmping the fin base
between two = 1/2 inch thick aluminum plates such that the
fin was harmonically excited by lateral mnotion of the bhase;
i.e., oscillations normal to the fin chori plane. Measurei
modal frequencies were 51.3, 355 and ¢33 dz with the moles
identified by observing the nodal lin2s ausing salt crystals.
The ordering of the mole shapes and tae location of the noi=
lines were in accorl with the computer ra2sults. The lo. ~rel
vilues of the characteristic freguenclies as compared to the
thsoretical valuzs may be attributed to th2 clanping
mechanism belng elastic.

Phe alternate w2ige shaped fin (Ref. 5), Fig. 9, was
also vibrated on the shak2r table. Natural freguencles wer2

experimentally observed at S84, 354 ani 422 Hz for first and
RPr‘nn‘] hPY‘Iﬁ“hD RH’! f‘irtf fan‘cn T\Adnr T2q -Yo k! 1J rhc

y-vu#vh
proxinity of tn= exparinantal modal frequ2ncies to those of
the diamond shaped fin would sugeest using approximately the

same theoretical values for the fin dynanic analysis.

Equivalent pendulun nodel stiffn=2ss values were esti-
mated in the fin-dynamic analysis based upon the fin inertia
vilues of Table I with an assumed peniulum pivot point in
the neighborhool of the fin base., Based upon thls mnodel,
equivalent spring rates for approximating the first bending
anl torsion modes were (respectively)

K

o = 1.581z12+4 ln-1b/rai

Ke 5.192x13+4 in-1b/rad

Tne first and s=2conl bending modas couid be approx-
inated by a double pendulum analogy e< a furiher refinenaat
to the initial apalysis. Based uros 3 knowledzge of the node
line for the second beniing mode and the corresponiing
frequencies for first anil second bending, an intuitive forn
of parameter 1dantification could be usel to d2velop the
double pendulum mod=2l with respect to both inertia ani
spring stiffpness tralts. This type of a refinement was not
attempted in the dynamic model used In tae following stuiies

EERON R PO Ry




with the primary reason being that the analysis was an
exploratory effort to evaluate the importance of fin elasti-
city upon fin-opening behavior. The initial considerations
of only the funiamental modes should be viawed as 3 start-
ing point for subseljuent analysis refineomnents.
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II11. DISCUSSION

A. Background:

The fin-opening dynanics for the gun-launched guided
projectile (ER3SP) occurs aftar the spirning ERJP leaves the
gun barrel. Upon departing the barrel, a slight initial
deceleration of the vehicle causes the rel=ase of a fin
latch or lock unit, #hich in turn relzasss the fins ani
permits them to open to the fully deployed position under
the impetus of the cantrifugal accelerations. During the
leploynent process, angular nomentum nay bde considered as
belng conserved since other dissipative actions such as
aerodynamic roll damping are not of major significance
during the initial fln-opening tine int2rval. The fins open
until reaching a 62 legree position, shen they encounter
small cylindrical stops. The fins crash the stops by
plastic deformation ani then blow back into a detent pos-—
ition corresponding to a 82 degree position, or in an aero-
dynamic sense, a 3@ legree sweepback angle.

Details of the fin-opening process navs been oabscurel
because of inherent measurement difficulties in the adverse
experimental environment associated with launchins from a
Naval rifle. Pnhotographic observation of the launch proc=ss
combired with inspections of the ERGP after recovery has
proviied clues, which will be used in the ensulng an:lysis,
One significant obs2rvation fromn fligat tests has be n that
thke initial roll rate ¢f the ERGP uporn departing the r-ifle
was dependent npon the configuration a<el in the obturator
rlngs. The obturator rings becone engravel into the rifling
of the gun barrel during launch. The relative slippage
between the rings anl the ER3P, which is controllable to a
linited extant, acts to protect the EA3P from experiencing
excessive initial roll rates at launch. However, initial
roll rates have been observed up to 32 revolutions per
seconl. Based upon thesa observations, initial missile roll
rates up to 32 RP5 will be considered during the paramwetric
variaticns of the analyses.

B. Crushable Fin Stop:

Phe rigid fin anelysis was used for estimating the
nagnitude of the nom2nts induceld about tae fin pivot dve .o
the crushing action of the stops during fin deployment. A&
sketch of the fin step is shown on Figz. 13. 1In estimating
the magnitude of the woneat required to cause the fin stop
to become crushed into a3 vasher-shaped object, an assump-
tion of a 122,422 psi ultimate compressive stress ledi to an

18




initial guess of 57,333 in-1b total moment reaction at the
fin pivot axis for the six fins. This ifnitial value of the
crushing-moment level provided bty the fin stop was used in a
parametric study.

Figur2 11 sumnmarizes the effects of tne total monent

magnitude (from six fins) provided ty the crushatle stops on
the maximum value of opening angle. The assumption was mais
that fin opening began with an initial mnissile roll rate of
12 revolutions per second and zero initial fin opening angle
rate. Furthermore, on the assunption that initial contact
with the fin stop occurrel at a fin opening anglz of €2
degrees, the fia could be trought to a rest condition by an
aiditional 6 degrees of opening angle if the crushing moment
were 42,020 in-1b. Several things to note in the analysis
include:

0

The original guess of 67,809 in~lbs stopping moment was
a startup value for a paramnetric stuly only.

Changes in initial condition of missile roll rate and
fin opening angle rate would requirs differ=snt valuss of
crushing nonent if the constralot of brioging the fia to
a rest condition in 5 to 12 degrees more opening angle
after the fin contacted the stop ser2 3 valid all
encompassing bouniary condition.

The purpose of the crushable stop lecgic described in
section Il was solely to provide a m2chanism for bring-
ing the #in opening process to a rest condition in 3
reasonable manner.

The elastic fin dynamics, in particular the fin’s elastic
response in bendiing and torsion, #as not critical during
the c¢rushing operation.

Since incorporating the iogic of tuz crushable stop feor

the purpose of arresting the fin opening anzle rate was
accomplished in a representative manner, and dii not lead to
any critical beniing or torsion responses, further investi-

gation of tne fin mom2nt input from crushing the stop 111
not appear warranted, The actual initial condition range
considered in the investigatlions varied in the following
mnanner:

o @P(2); t=2 missile roll rate varied from 3> to 32 RPS

o ©(3); t=2 fin opening rate varied from 2 to 42 rad/sec
(2232 ic0g/s2c).

The effects of the above range of initial conditions upon
the crushing of the fin stop anl consaquently the maximwmanm

19
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opening angles are shown oh Fig. 12 for the situation of
rigil fin dynamics. As will be noted, considerlamg the stop-~
.ping moment from crushing action as constant (43x13+3 in-1b)
1i4 not prevent the maxiunum openrning angle from exceeding 399
degrees when the initial roll rete exceel=l 32 RPS. A more
refined apalysis might have modeled the stopping moment due
to plastic crushing of the stop as being a gradual dvuillilup
in moment value. The computer loglic to implement such a
feature is not 3difficult, but was not employed since the
naxinun fin elastic defornations in gesneral appeared before
the fin stop was contacted durlng deploymnent.
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C. Jpeaing Angle Rate:

The time in milliseconds for the fins to reach an
opening angle of 353 degrees 1is shown on Flg. 13 as a
function of initial opening rate for various initial values
of missile roll rate. Experieace fron test firlngs of the
ERGP has shown that the condition of the 4interface VDbetween
the obturator rings ani the nissile body allows a reasonabla
degree of control upon the initial missile roll rate. The
opening angle rate, which can be notel on Fig. 13 as having
a »strong influ=nce upon the fin-opening times, 1is not as
readily amenadle to <coantral during testing. Possitle
factors influencing th= 1intial flo-opening rate wouli
certaloly inclulde muzzle gas dynamic intarference effects as
;ell as impulsive 1loadings induced by release of the fing

atch.

The latter effect has been estinacel ln terms of  the
inpulse created by a latch delta-velocity (AV) " jump o°
one foot per second during latch relzase, The analysis,
details of which may b2 found 1o Appendix E, would iplicatz
a sengitivity of .65 rad/sec from ap one foot/sec¢ velocity

Jump at release for a latch weligning approximnately 2.5%
pounis.

Unfortunately, 1t is difficult to estimate the transfer
of impulse from the latch into fln-openicg rate. However,
there 1s experimnental evidence supportling the notion that
the fin latch moves forward relative to th2 ERSP wupon the
system leaving the gun barrel. Th2 letermination cof what
fraction of the latch’s reslative forwarl motion is wus=21 as
an 1lmpulse transfer to initialize the fin-opening rate 1s a
difficult item to quantify since the test 2nvironment in ths:
preseace of the gun wuzzls blast is quita alv:rse. Fron an
order of magnitude viewpoint, a volocity Jump from the
latch of 52 feet per second for impulse transfer would seen
appropriate consiidering the fact that ih2 latch can encourt-
er an accelerating force due to the gun barrel gas flow
(relative to the missile) upon launch.

Toe inertial properties of the fin were revised 1to
reflect the alternate wedge fin shape, Ref. 6, and a rigid
fin opening dynamics analysls was performed. The effect of
using the wedge fins upon the tine to reach a 63 d2gree
opening angle is shown on Flg. 13 by the dashed curves. The
wedge fins generally required slightly more time to reach 62
degrees relative tc the dianond cross-section fin, Ref. 2,
but in general the time diffcrence was on the order of a
five percent or l2ss lncrease.
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D. FElastic System Response:

A typlcal time history plot showing fio opeuing angle
for various opening rate iritial cenlltions at an initial
missile roll rate of 13 revolutions per second {RFS) is
shown on Flg. 14 for a typical situation of an elastic fin
response. The contact by the fia #ith tae crashable stop at
62 degrees openlng angle is followed by 3 short period of
leceleration to a z=2ro opening rate condition ani is denot=]
on Fig. 14 by the dashel falring. Fin =2lastiz effects were
not noticable upon the curve shape since angular momentum in
the theta (©) direction was not directly influenced by fin
bendiog and torslon respoase. The time to reach 63 degraes
of fin opening was increased slightly whan fin elasticity
was included in the 3ynamic modelling as a result of firn
bendinog effects naving an influence upon missile roll rate
time histories, which in turn interacted with fin deployrent
through a centrifugal force depgendenc2. A first order con-
sideration of opening angle time hlstorlia2s may bz vieweld as
teing reasonably w2ll represented by the rigid system model
cince fin elasticity is n>t a strong influ3ace upon the
theta (©) generaliz21 cooriinate.

A significant factor in fin deployment is the mass

noment of inertia increase abeout the prell axis, Deploying

the fius to the 52 dz2gree positlon typically increased the
8-inch ERGP roll axis moment of inertia by 25 percent.
Angular momentum considerations would leil one to expect &
22 percent decrease (2.82 = 1/1.2%) in wnlssile roll rate
relative to the initial value at departure from the gun
barrel.

I'he rigid fin roll-rate tine history plot 1s shown on
Flg. 15 for an initial roll! rate of 12 RPS and varyiag con-
ditions of initial openingz-aungle rate. Although the times
to reach the 60 legree deployment situatlion were depeniernt
upon initial conditions, the ratio of deployed system to
initial system roll rates remalned invariant by the angular
nonentun conservation considerations stated above. It
shoull be noted that these remarks ar2 appllicable only to
the system with the rigii fin assumption.

Figure 16 covers the sane range of itnitial copditions
as in the preceding filgure, except that the dynanic terms
from the fin motlon incluied an elastic moleling influecnce
fron first bending and torslion mnodes respectively. The time
history curves have the time-to-reach 52 degrees {laggeld
out, and comnparlison between Figs. 15 anl 15 will substan-
tiate the earlisr conmant that fin elasticity effects were
not a dominant influence upon fin opening. But Fil¢. 15 doers
show that the incluslon of fin elasticity sienificantly
altered the roll rat2 time nistory, and in particular, the
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value of missile roll ratz when the fins were deployed to 69
degrees was not invarlant with fin-opening rate as was the
case for the rigid-fin dynamic model. The influence of fin
elasticity may be attributed to a coupling between the fin’s
bending mode ani the missile’s roll mode., Fin beniing
notion can be visualizel as interacting #1th angular monen-
tum about the roll axis with an added depenience from the
fin deployment angle,

These remarks, concerning the influ2nz2 of fin elas-
ticity upon roll-rate time histories suggest that 4iffi-
culties might be experienced in estimatiag fin-opeuning per-
formance by photographic observations. It woull be quite
possible to mistake the influence of fin bending excitation
as an unknown error (or "noise”) im missile roll rate. 1In
addition, actual photographic evlidenc2 of nissile roll angla
(and bence rate) may occasionally be clouded by the gun
barrel blast. It might b2 difficult to correlate an obtur-
ator ring configuration #ith a transi=nt roll-rate value,
expecially if the missile roll rate were to chanxe by 22 to
32 percent during the typical 22 to 34 nillisecond opening
process.

Another interesting consideration is provided by Fig.
17, which shows the 1epenience of missil2 initial condition
upon roll angle when 53 iegree fin deploymna2nt aangle is first
attained. The family of rell angle curves

sculd indicate
that as a general rule, the fins reaca the deployed position
in less than one-third of a revolutlion. Oae polat to note
is that the roll angle for 50 degrees fin deployment was
irvariant with missile initial roll rate providing that the
fin-opening rate was initially zero. HoWever, this latter
observatlion may be somewhit academic since the evidence fron
test observations during firing tends to support an assump-
tion of a non-zero ioitial fin~opening ratea.

Representative elastic fin bending response time
histories for an initial wmissile roll rate of 12 RPS5S may be
seen on Fig. 18 for various openlng rate initial conditlons.
Of particular note is that the bending response appears as a
superposition of a time varylong waveform upon a linearly
increasing variation with the anplitule of the wave being
dependent upon initial opening angle rate. As may be noted,
peak values of bending deflection occur on the szconl wave
for the lower values of iaitial openiang rate and on the
first wave at the higher values of initial conlition. At
the larger valuas of initial opening rate, the time to reacn
59 degrees of opening angle was 20 milliseconds or less and
hence the response coull accommolate only one wave peak
before the action of the crushable fin stop entered into the
dynanics.
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Although the periol of the wave was not clear on the
curves, Fig. 18, an approximate estimate of 17 nilliseconds
for a wave period would ipdicate the presence of 3 59 H:z
frequency in th2 trawssieant response. Th2 funlamnental
frequency of the fin in a non-rotating coordinate systemn was
estimated as 39.4 Hz (c.f., section II-C), which serves to
illustrete that the rotating coordinate system does bave an
influence upon the modal freguencies and consequently, also
upon the transient responses. Further lpvestigations of th=
transient response behavior certainly should consiier the
effects of higher bending moles as well 3s a sensitivity
study due to changes in the various stiffness coastants.

Th2 transiant torslional response for the sawe range of
initial conditions as descrited above may be found on Fig.
13, The curve shapes are simnilar to those shown for bending
respopsey howevar, tne response magnitudz appears reduczl by
three orders of magnitude. This observation would lead one
to consider dyramic modeling of fin elasticlty as belirnz
prinarily doninated by fin bendlng response.

The main inpetus tor including fin =lasticity in the
lynamic model of fin opening was to 1dentify situations whan
fin root bending strasses coculd becomne sufficiently large so
as to induce structiural yielling. Figure 234 sunmmarizes the
peak valucs of the seneralized first benliing coorlinate for

the complete range of initizl

conditicas. An alteranais
scale is alsc presented ot maximum induced btending stress
encountered at the fin root. The ccrresponding maxinum
stress scale was Pkas2i upon translatiog beniing deflection
to bending momeat usiug the effective spring stiffness
constant, Ko , 1o2scribed in sectioan II-C. If yielding Were
assuwel to occur in the nelghbornocd of 152,822 psi tensile
stress, thnen evilence of permanent set in the fin bending
cooriinate could be =xpected Jf the initial missile roll
rate pxceeded 15 to 22 RPS. It cthoull also be noted that
the maximum stress encouuter was influencel more strongly by
In orier to emphasizz the latter comwvent, Fig. 27 has been
prepared to illustrate the peal fin-bending 1nduced stress
encounter as a function of initlial missile roll rate for
several cases of inlitial fln~opening rate.

Figures 2¢ and 21 illustrate that the most sffective
way of avoiding missile residual rall rate due to permancaot
set of the fips is to conflgure ihe obturator rings so thaw

Iniilal missile roll rates are 4¥ept below approximately 1E
RPS.
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As an aside, it should be recognizeil that the linear
stress—-strain relationship of the fin naterial, which was an
inherent feature of the fin elasticity model, woull not be a
valid assumption for higher values of initial coniitions
where material yieliing night be expectel. However, the
curves of peak-stress encounter represent events, which for
stresses beyond yielling, only occur for a few nilliseconis.
Therefore, iwmprovements in the dynamnic wodeling shoulld also
reflect material property dynamics 11 one were seeking to
quantify estimates of fin yielding. Portunately, the C3MvP
technique, Ref. 3, allows the conveni2nt iaclusion of logic
statements that can accomnodate improvel dyaamic modeling {n
case the scope of the investigations #ere broadenel.
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E. Experimental Correlation:

As ope would expect from earlier comments made in this
report, the acquisition of experimwental information for les-
cribing fin-opening iynamics was potentially limited, both
ir amount and scope, because of the aivers2 nature of the
launch environment. A liwited anount of fln-opeaing parfor-
mance has become available based upon photographic records.
Results of this technique, described in Ref. 7, showlng the
tine for 52 degree fin deploynent are sunnarized on Flg., 22,
It should be noted that these results are relative to the
vedge~-shaped fins which are slightly 1ifferent in properties
from the 1lamoni-shapei fins. The latter fin coufiguration
was the principal consideration in this report.

I'he two falred curves 019 Fig. 22 represent results from
fin-opening spin tests conducted under controlled laboratory
conditions and from gun-launched test firiangs using an
S-inch rifle available at the N#C gun range. The spin test
results were assumed to represent a z22ro ieitial condition
situation for fin-opening rate, while the fin-opening rate
wis an unknown for the actual gun-lauach=21 tests., Table I
conpares predicted ra2sults fron the dynanic modeling of a
(rigid) wedge shaped fin with the data points on Flg. 22.
For the situation of ihe opip tesis, the predicted values of
Teo were in general slightly lower by a few milllseconis,
using the assumption that the initial openlng rate was :zero.

The actual gun-launched tests proviied values of T,
that could be used 1o an indirect nmanner to obtain estimates
of in-situ initial fin-opening rates. By matchling the
measured and predicted fin-opening tines, initial fin-
opening rates were 321ucel in the range of 33 to 52 rals per
seconly c.f., Table II. These results ald support to the
intuitive feeling that the opening rate was due to an
effective fin latch AV “junp of approxinately 5% feetl per
seconl, where it is recognized that the term "effective  was
used to cover momentun input sources to fin opening from gun
blast dynamic influences as well as the kinematics of the
fin latch mechanism. In any event, there loes appedar to be
crejence providel relative to the range of fin-opening rates
considered in the analysis of the report, as well as 1o the
results of the analysis.
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TABLE II

Comparison of Theory anil R=sults
(Weige Fins)

A. Spin Tests:

Ident. ®(2) o(e) Teo (MS)
RPS sec’ veas.  Prei.
R3168/1 11.5 ) 42 35.2
RS168/2 23.0 2 13 17.5
R3168/3 23.5 3 19 17.2

B. 3u~n Tests:

r_ - 7.
Ident, ¢(2) Teo S(3) {sec™ )
RPS M3 i Meas, Pred.
253 10 18. n.a. 43
d51 15 14 Deds 58
236 22 12 N.a, 48
435 27.2 11 Ned. 33
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IV. CONCLUDING REYARKS

dn analysis of fin-opening dynamics has been <cownpleted
for the S~inch ER3P using four zemeralized cooriinates in
conjuaction witn Lagrange’s equationas of motion. This
methol pracedurally simplified the derivation for the
coupled equatisns of motion Into an alg2braic manipulation.
The elastic med21 for representing fin dynaniczs incluied
toth fin bvending 3and torsion response representations.
Analyses 3isclos2d that tane bending responses doninated the
elasticity 1infiaz2nc2s by several ordars of mnagnitude, whicha
result eas &n accord vwith independent analyses conducted by
Boore, Ref. 7?7, ¢rn a 5-inch gun-launcb2d projectile with a
sinilar fino rconfiguration.

the guestion of result credibility wsas addressed by
making a3 cowparison «ith 1init:3d experimental results giving
¢pening tines, and frow these conparisons an aided benefit
w35 ottalned? namely, at indication that the initial fin-
opening rate was in the neighborhood af 35 to 53 ralians per
seconi.

Since the results of the reyort zpovear physically con-
sistent, one may conclude that the analysis method does pro-
vile the <syst2ms lesigner with & teol vo 12scribe fin-
opening dynamics, 1includling other configurations, 12 a
straightforward maron2r. dindsight obtalnel from the results
would suggest that inprovements ip the elastic model coull
be male by addiwg more fin bending degrces of freedom and by
Incorporating iwprovzd logic to sccomnolat2 the effects of
naterlal yielilng.

The residaual roli rate for the 3-inch ERSP following
the completion of the gun launch, fin-openling transients ani
roll rate 31ecay by asrolynanic damplng 1s governed by both
the initial €£in alignment 4 permaneant set induced by
structural yielding 3lue 2 launch and opening dynamics. The
latter effects, de<cribel as 2 waln goel) of these iavestiga-
tions, ayppearel to be Zependent primarily upon the initial
missile roll rdte ani seccndarily upon the initial cendiition
of fin-opening argle rat=; c.f.. Fle, 2. It would appear
that most of the probliemwms associaved with inertially inducel
strnctural ylellinz by the ins could be avolded if the
obturator ring coofiguration ba2tween thz mlissile api the gun
tarrel were defined for initial mis-ile roll rates below 15
RP3. This philosophy 1ces not eliwninite the influence of
Zun barrel gas lynamics and fin latch mowentum transfer into
the fin“s initial openinc rate, btut rath2r 1t relegates
thcse problems into a subordinate role, waich certainly is
te be desired wnor trying to achieve enginecering design
SUCCEess,
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APPENDIX &

Equations of Motion:

'he Lagrange equation approach will be usel for setting
up tn2 governing relationships for the fin-lynanics problen,
The equations will include terms to provide an elementary
treatnent of the elastic fin response; however, it will be-
cone evident in the analysis as to whichn tz=rms nzel to be
removel for reversion to a rigid-fin situation. The first
step in the procedure is to locate th2 center-of-gravity
(c.g.) positions of the various fin elewents relative to an
inertially oriented reference frame. The next step relates
to the devzlopment of the systen kinetic energy terms, cZon-
p0ose3d of translational anl rotational comnponents relative to
tke individual c.g. locations. The thirl step involves the
establishment of pot2ntial energy type terms. Finally, the
equations of motion beconz2 ilentified by iirect substitution
of the appropriate d=rivative terms 1n Lagrange’s equation.

The contiibation to energy from the rotating missile
body (without fins) 1s given by:

n

aT = %142
api oo (A1) =
AV = ©

In treating the fin traislational contribution to
energy, assumptions mnale will incluile:

0 Fino is model=2d by a rigld base plus an elastic fln blade
cection. The fio base is pin comnected to the mlssile
body at a distance R, fromn the missile axls of symmetry.

0 Fin elasticity consiiars only the fundanental bending anid
torsion modes using a sinple pendulum model.

0 Fin base dynamics can bo obtaineld from rigil-fin modeling
by appropriate r2visiosns to the c.g. anil mass terms,

==~ Fin Base Kinetic Energy -—-

The absolute position of the fin base c.g, relative to
the lnertial coordinate frame of referenze, x,; , r3 and xg
(Fig. 1) for the base may be expressel as:

S [R°+ X|gCOSQ + X3BS\NQ]C05 ¢

r

P [R°+X.BCOSG+X33‘5\NG]SIN¢ eee(A.2)

I

XBQ

L]

~ X\ g SING + Xa,COS O
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where numerical valu2s for R, , Xyg and xzw may be found in
Table I. The next step is to take the time derivative of
the inertial position, followed by sunming the squares to
obtain the square of the velocity; 1.e.,

2 oo (8.3)

*. 2 ) 2 i)
vE = (20 ) * (x50) + (15,)
The translational coatribution to kin2tic energy for
«ix (8) fin bases, following algebralic simplification,
becomes:

Alera= &% Mg vg'

‘20 2 2 2
no= 3 Ma{q; [Ro+ X,Zcose + Xag SINS +
+2 Ro(X)5 COS O + X355 O) + X5 Xag SIN 29]

+é2[x.23+x329]} e (A.a)

The rotational zcontribution to kinetic energy requires
expressing the angular velocities of the fin's x, , X ani 3
coordinate systam ( w,, Wyand w3z respectively) in terms of
an inertial frame of reference. Two cooriinate rotations

sisting of first, a rotation & about th2 missile axis of
synmetry followed by a rotation © about the fin plivot axis.
It should be recognizel that this is comnsiiarably simpler
than the Eulsr angle approach which is the classical treat-
ment applied in the more general sitvation when developing
angular momentum conservation relations for a rizid bodly, b2
it elther a gyroscop2 or an ajrplane,.

Consequently one obtains that:

W, =-4$ SIN &
Wse = & e (A.5)
wa = d.) cose

which provides the entries for the rotational contributions

to klnetic enzrgy (for 5 fins) as follows:

AV Y- 3[1‘9(—(1'3 S\Ne)2+ 123é2+ Iaa(cbcose)a] ...(h.5)

--=- Fin Base Potential Energy ---

The contritution of the fin base molel to system poten-
tial energy woulld d=peri upon the relativa importance of
terms such as th2 eartn’s gravitational fi=211 or fin elasti:
deformations. The former was considerel as a negligible
factor for the rotating missile envirornm=nt while the latter
affect was praclui=2d by tae lack of iientifiable springs in




b

the bas=2 area. Jne shouli note that there is a crushable
stop present in the systew which absorbs energy after the
fin opening angle, © , hias reached 64 d=2grees. The loglc
rejuirei for this effect will be treated s2paravzly later.
Therefore, Lased upon these arguments, w2 shall assume that:

AVg = 3 ceo(B.7)

-—-- Fin Blade ZXinetic Energy ---

In moleling fin =lasticity accoriing to the stated
assunptlons, th2 fin was considerel to deflect 1n bending
deformation as an equivalent pendulum with angle oc about a
virtual pivot lozatel on the chord plan2 at the top of tne
fin base. Symm=2try coniitions Were assum2il for the elastic
fin about the midchord line. Hence, the abtsolute position
of the elastic fin c.s. re2lative to tae in2rtial coordinate
frame of referenc2, x; , X2 and x3 (Fig. 1) may be
expressed in a form sinilar to eqn. A.2 3s:

Xig = [l?°+ Xig COSO + X3FS\NG] cosP +AX3 SN X

X 2¢ [R°+ Xig COSO + X3F$\Ne] StN(b—Ax3c05¢oc

X3 = "X SINS + X3 COS © .+.(4.8)

The numerical values involved in tn2 apbove relations
are stated in Table I. The term Axgz 1is itne distance in
the x3 direction (spanwise for the fin) from the virtual
pivot of tae simple p=niulum model to tn2 =2lasticz fin c.g..
The above equations incluie a small angle assumption upon
the banding angle deformationy i.e., o0 ¥ sinox .

The translation contribution of tn2 six (6) elastic
fins to kinetic energy may be evaluated in a manner similar
to the development that led to egn. A.4, Results were:

1 2
ATe = 3 Mg {¢2[Pf+ x2cos®e + x3: SIN%O +
2 -
+ 2R (X, COS O+ Xap SIN &)+ X X3 S\N 20 +AX5 o(z_l

+ éz[x.?= -\-x,3§] + axg &F
+256[ %, 51N6 + X3 cos &) (AX5 )

- 2&:&[Po+ X(gCOS © + X3FS\N9](AX3)} ceo(R.9)

For the elastic fin model, the angular veloclty com-
ponents of eqn. A.5 become modified by inserting bending ani
torsion angle deflection rates, as noted below:
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W, =~ swne + X

Wo= © cea(A.12)
w3* ¢ cose +@a

The contribution of rotation to kinetic energy for the
six elastic fins 1s obtained by applying =gqn. A.13, which
yields:

ATe = B{IlP dsino + &) + T ©2 +
+ IBF(¢C059+(3)2} coo(A.11)

--- Fin Blaie Potential Energy ---

I'he elastic modeling o>f the fin as a sinple peniulum in
both bending ani torsion 3ll¢ws us to express the potential
energy for the six fins as:

AV = 3[“‘10‘2*“332] «..(A.12)

In the above expressions, the estinatz2 for the elastic
spring constants wer= obtained from tane separate free vibra-
tion calculations of the finite =2lem2nt fin molel using the
structural analysis program known as 3AP IV,

vl Aokl A T ~
\Jl uDlLQULF JtU

The 1last {tan for in lusion ir th2 2nergy formulation 1is
the crushable stop which is usel to bring the fin to a rest
soniition durinz the opening process. TIne crushible stop,
one per blade, is a smnall stzel cylinier positioned on the
missile base frame in a manner such that the fin base makes
initial contact at a fin opening angle, ® , of approx-
inately 63 degr=2es (1.247 radiaoss). The fin contact with
the stop is initially an elastic deformation over a small
change in openinz angle, but once matarial yieliing has
occurred, tas influsace sould corr2spond to plastic deforna-
tion. Therefore, the work from the absorption term will be
moleled as an equivalent potential energy term by an expres-
sion for the six fims as stated below:

E‘ " u A4~ —_

p)] for e .LT. 1.247 rad
Avg =
6 K (©~ 1.247) for 6 .3E. 1.247 rad
ani d©o/at .GT. 2 ves{A.13)

where Kg is an estimate of the stopping moment leveloped by
the plastic type deformation of the crushei stop during the
deceleration of the fin opening angle. Th2 actual digital
computation will cease (by a loglc test) when the angular

$5




rate of opening angle r2aches zerc. In practice, the fins
v111l then blow back dne ts the aercdynanic type moments into
tae d=2tent (locked) pesition of 62 degres=s.

-~- Sumnmary of Energy Terms —---

I'he virtues of a systematic energy formulation for a
conplex system will now becomne eviient since the establisk-
ment of the appropriate coelficients in the equations of
notion becomes simplified to a routine algebraic accounting
procelure. First, the kinetic energy terms may be sunwar-
ized in their entirety as:

T =AT + OTprg * Llogeet OTexr + OTey . ---(A.12)

waoere the contributions to the right aani side are definel
by egns. A.1, A.4, A.6, A.9 and A.1' respectively.

Next, the gotentisl 2nergy t2rms ip tneir 2ntirety are:
& @
V - .’qg + MB + AVF by A'ﬁ'ﬁ o'-(Atls)

where the contributions to tne right aand siie have been
as5tablished bty =2qns. A.1, A.7, A.12 and A.132 respectively.

--- Definition of Copfficienty ===

Equation 3, whicn it Lagrarge’s equation for establish-
ing tne diffevential =2quations that describe the fin-opening
iynanics, 1s restat2i below for sake of clarity:

d(éT)_éT 3V

it Aé_ Aqi-¥ égLZ 2 (1L =1, 2, 3 ani 4)
bhere ¢ ..'(3)

Q| :¢ . q2=e

q3= v Q4 7 8

I'he above set of four coupled differeptial equations
nay be expanded term ty term usicg the kinetic and potentlal
energy expressions of 2qos. &A.14 anl A.15. In the expansion
of the first en=srgy term of =2gqn. 3, it is conveulent to use
3 matrix format as fcllows:

d (AT
— - g] } ...(A.16
L
where the square matrix A w«ill in g2neral be symmetric but
pon—-diagonal {ia character. Termn by term expansions of the

kinetic energy expression ylelded the following coefficlents
for the A matrix:

A = [I *'GMRE]“'Q‘HI#MX;]S‘NQG T4+ Mx.z]cos?e +
*[Mexuaxag*- Me x\pxap]sm 20 +

. r %
+ MRy X\ Ccos © + X3SING] + Mg AX;.;Z ot }
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= 6T, + Mk xP)]
A 33 G[I +%\/\pr1]

Raa~ © T3¢

A= Ay = GM;-[Xa; cose~X;F5|Ne}AX3(x
Ay=

>
"
t

= - 6{MFROAX3 +[I.F+ MpxaFAxslsmg + Mg X,FAX3COS€~}
bia= Aq= 6 13 CcoSE

Az3= Azu= 0

Aza= Agq2= 2

Aag= Aax= 2 ...(A.1%3)

It is converient to rearrange tne equations of mction into
matrirx forw (eqn. 4) as:

(2] {2{}:{%} TS

where the column vector, g is derived from;:

*
3T JV . . ] 5
_— = — sl = (g, t) c..(A.17)
The first comnpon2nt of tne 3 column vector, when expanied,
beromnes:
P . -2 .
8, = Bq.9,*big 9, bzzqz +baq g + bzquc-h
whore ceo(A.17a)
b Z=-eﬂ(I‘-I_,,)«LM(xg-x.‘"‘\]SW 29 [ acose-x.sme]+
('
4+ P M ¥

G Xggt MeXie "ar ©s2 }
bz ~i2 M AXS &
L. O Mp'[;:‘rcose + ><3Fsme]a><3o<
L3 6l o560
024 © 13r5INB

The second componeat of the ¢ columa vactor is:

.2 - - - -
6yt Cuq‘ +C‘3q‘q3+c(4q|q4+ {\5 «..(A.17D)
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where
c,, = 3[(1‘-13\+M(xg-xf)]smag +6MR°[x3cose—-X‘5|Ne]+
Ciy = -6 LCOS ©
2 for q, .LT. 1.247 rad
f, =

-6 Kg for 1q, «3E. 1.247 rad ani dq2 /dt .3T. 2

The third compon2nt of the g coluna vactor is:

g3 = dug?+deq g+ 9, oo (A17c)
where
d“ = 6 MpAX320£

d,, = G{I‘Fcose +2 Mp[xaFcose—xlrsme]AXB}

f32= -6 K,
The fourth component of the g column vector is:

54 = e‘z q‘q2+ 'F44 q_q OOI(Atl?d)
where

faa= —0 Ke

A scrutiny of tae precelinz term by tarm jevelopnents

will disclose that the option of rigii-fin dynamics is
obtainel by dropping terms involving the g4 anl q4 gen=sr-
alizei ccordinates and th=2ir correspondiing coefficients.

The " A& " matrix reduces to a 2x2 matrix io the rigid-fin
situation as an illustrative example.
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AFPENDIX B

Fin-Dynamics Computer Software:

The computation of fin-openling dynamics as a time
history was numerizally d=2terminei wusing the Continuous
Systen Moieling Program (JSYP) as documnented by Speckhart
and 3reen, Ref. 3. The numerical treatment for solving sets
of second order 3differential equatiosns is similar to thne
analce conputer approach in that th2 first step 1is the
determination of the highest order derivative(s) followed by
succesive integzgrations. Each integration step allows th2
introduction of appropriate initial conditions.

The equations of motion have been represented concep-
tually in matrix form, eqn. 4, for ease of visualization,
It will bte not2i that th2 equations were inertially coupled
as developed ty the Lagrange equation formulation technique
which is ietailei in Appendix A. An 3analog c¢omputer solu-
ticn approach coull acconnes te the in2rtial coupling, but
would have difficulties in 1. esenting the nonlinear terms.
&8 4digital approach caa nandle the noaline=ar terms, but doces
require that th2 equations appear as belng uncoupled 1in an
inertial sense. The inertial uncoupling, &s mentioned in
the main section, was achieved by prenultiplying the -=qua-
tions of motion bty the inverse of tae in2rtial coefficient
matrix; i.e., A" . The existence of the inverse can be
arguel on the basls of physical considerations. OJnce the
sezonl tine derivatives of the gzeneralized cooriinates have
teen determined 1in 4an uncoupled form, it is a siwple pro-
cedure to obtain lower order derivatives by using a fourta
orler Runge-Kutta integration scheme.

The numerical approach for obtaining fin-opening
; iics by the T3P method was selscizd  basel upom iis
being user oriantedl to any person with FORTRAN prosranning
skills. The technique emphasized siwmplified input data and
output result statenznts respectively. 1o addition, progran
control statements were almost a direct lescription of the
nmathenatical equations or physical variables of the problen,
T'he authors of CSYP coatend that tne te.nniqu2 3llows thz
user to concentrate on the details of the ©physical systenm
rather than the usual concerns of rumerical analysis ani
progranning, The author of this report is imn accord witna
the contention. It was a pleasant surprise to find that a
smiall investmernt of time in learning the metnod produced
good diviiends in th2 form of rasults,

Figure B.1 shoxs 4 progran flow chart 1o order to
illustrate the procedural sinplicity. The C34P technique
fdertified the solution flc: iIn phases. For the problan at
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hani, oaly tn2 "initial” ani "dynanic” pnases were requir=4,.
As one would suspect, the initial phase allowed the entry to
the protlem of constants and parameters. Tne initial conii-
tion of fin-opening angle rate was normally selectel as a
problemn parameter while tne initial missile roll rate was
consiiar23 as a probl=mn constant. There i3 a programn option
to repeat the calculations with chang2s teing made in the
constants. This latter optior aided considzaradly to prosranm
flexitility, anl was useil tc advantags aftar the programn was
jebugged. -

The dynami: phase is recognizabdla as the portion of the
progran that is involved in the computation of the tin2 his-
tories. There are twvo options availible, @ SORT and a

NJOSORI" conditicn. The "NJSORT™ option allows the use of
FORTRAN program logic as =2ntered by tne progranmer with th2
computational steps ‘telng as specifiel. This section can
draw upon subroutines for program support as in nore conven-
tional software. For this groblen, th2 NJSORT section
involved an interaction of all the current variables at any
given instant, w#hich is recogznized as an inherent trait of a
nonlinear problanm. IQE fogrtb order Runze-Kutta integration
vas performed in the "SORT” section. An inherent aivantage
0of this section was the maln feature of the $34P; namely,
the ability to identify 1internally ian the program the
seyuence of computation steps so that a full dynamic inter-
action of the problemn can ke obtained. The pregrammer does
not oee2d to be conlerned as to the seguence of progran
statements in this section; however, it willl be noted in the
aorogram listing that a people-oriert=d sejuente was used
in order to mak2 the programn easier to r=zai.

Jutput formatting was easily acconplished by 1denti-
fying a TITLE plus a listing of variables of interest by a
"PRINI’ statament. Problen tining was establishel by the

I'IMER statement which specified the maximum (or <flnish)
tine. the problem time step increments and the output time

printing step 1intervals. There ware several numnerical
methodls available for the intezgzration scheme, with the
choic2 de,eniing upon the particular problen. This was

specified by the METHOD” statement. The "RANZE™ statement
proviied a listing of the extremes, both minimum and maxi-
nun, for sel2cted vartables., Finally, the option was insti-
tuted of considering the problem as b2ing completed (FINISH)
when the fin-operinz angle rate changed sign, which corres-
pondedl in a physical sense2 to the plastic collapse of the
crushable stop prior to fin”s tlowing back about its pivot.

& program listing is provided in Appendix C in order to
illustrate the reaadability (and hence sinplicity) of th2
program, The TFORIRAN statements in the main program were
sinilar to usual technigues =23xcept that cowment cards needed

o1




an asterisk, * , in the first colunn in coatrast to the ¢~

found in the subroutine section. In adiition, the DIMENSIOV
card regquired a virgule, / , in coluwn 1 ani continuation tc
3 followlng card was indicated ty ... at the end cf tne
line., These distinctions are clearly explained in Ref. 2z,

hence the first-tinz wuser c¢f CJSYP saculdl not experienca
great difficulty.

Sone difficulty was esncountered in s2tticg up the tine
interval -for the problam in order tc malntaln & talange
between the fact that increasing the tine step might deerade
the time history solation accuracy and make the problex
unstable and thz oth=ar constralnt that tco small a tin= step
interval <could 1leadl to <comnputer time wastage. A problen
tine interval of 2.5 milliseconds was us21 at first, but it
123 to problemn instabilities following tan2 introduction of
the crushable-stop loglic into the program during the devel-
opment period. A time stepy interval of 2.25 nillisezonds
workeld quite well ani avoidel the above instability witrout

requiring excessive computational tiwe. In its final form,
the program could provide a conplete fin-openinyg dynamics
solution in about six (5)

s2conds p=2r coniition, 3 tinz
vhich was not considered excessive.

Jutput results will be found os a
Appeniix C. Th= case shown 1s for an initial mnissilz well
rate, P2{(DYi1 =), of 32.23 rad/sec and an initial fin-opening
angle rate, T2(DY2 =), of 12.2 rad/sec. It will ©be <clear

from the listing that the fin openinz procsss was stopp23 by
the crushable~stop model at approximately 34 milllseconds
for th=z spacifi2i conilition, Computational results ar>
discussed in the main body of this report.

typelzcal 1listing 1in




APPENDIX C

Fin-Dynamics Progrem Listing:
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APPENDIX D

Fin-Dynamics OQutput Sample
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APPENDIX E

Estimation of Fin-Op=2ning Rate:

The release of the fins by the fin latch when the ERGEH
leaves the gun barrel is lependent upon a relative velocity
taking place btetween the latch and thz nissile fins. The
relative motion occurs from several physical mechanisms
incluling .that the ER3P has a diffsrent leceleration manner
than th= fin latch block, possibly du= to the latch block
being totally immersed in the gumn muzzle blast field imned-
iately uvupon exiting from the barrel.

The latch is physically arranged to keep the fins
locked in a folded position until the latch moves forwarid
along the symmetry axis of the missile. A sketch of the
configuration is shown on Filg. E-1 for sake of clarity. The
forward motion of the latch is associated with a linear
momentum, and it is the conversion of A portion of this
lingear momnentum ianto fin angular momentun vwhich nay be
considered as a source of the fin’s initial opening angle
rate.

I'he considerations which ensue are applications of
nmomentum principles from enginnering mechanics such as des—
cribed in Goldstein’s text, Ref. 1., The fin latch has a

junp” or iiscontinuity in velocity (at tine = 3) due to th2
momentun transfer, and the veloclity "jump” in combination
with the latch’s mass provides a measure of the momentum
transfer. The tiwne periol involved in tae momentun transfer
is extremely short and the whole process may be considered
somewhat in the manner of the applicatiopn of 3 "Dirac delta”
type of forcing function. The velocity ~junp 1is 1zfinei

by:

For purposes of the =sansulng analysis, a unit value of vel-
ocity Jjump corresponding to one foot per second will be
assuned in order to provile an estimate of fin-opening rate
sensitivity. Pertin=2at iinenslons for tag dsvelopmnent are
shown on Fig. E-1 for sake of clarity, even though somne are
duplicated in Table I.
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Fin (lor )

\-Fm LaTen (NWC DWG. SK 45039 20)
(MWC DWG. SK4503357)

C.G. LOCATION
){{:"0,774 N
XB:'- 5.225 .

LatcH CONTACT
X F-L770

X3Z H.00 .

Fic. E-1: SkeETcH oF FIN LATCH
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It ¥ill be assumed that the impulse from the fin latch
acts aloug the X5 axis in the forward direction (-Xg ). The
raital inmpulse contribution is assumei to t2 reacting later-
nal to the latch since all six fins share eajually in the
raiial comgonent. Therefore, the impulse at the latch con-
tact point for one fin may be estimat2l as:

Jy= A1 = (1/8) n AV ... E.2 )
v =.3,003314 lt-sec
where
# = welght of fin latch = 2.64 1D
M, = mass of fin latch = 4.321657 lb-sec®-in'
OV = velocity "jump” = 12 to-sec”

Phe radial contributicn to the iwpulse transier is baszed
upon the truc impulse acting normal to tae fin trailing eig=
cutout w4i¢1 a 12 degree slepz 3as sketched on Flg. E-1.

F = ok /(tan 12%) = 2.218%3 1b-sec el E.3)
Iy w
three momeatun

e,
led since ar impulse
in

the Prosess.

In solving for the initial operlng ra
conservation equatioss mnust Le regenc
i

reaction at the fin pivor is 1nvolve

Jonservation of linear menentun (¥, direction):

Ft Fre - MR cos &(2) =2 ceo{ Eok )
Conservation of linear momwentun (X3 direction):

- Fnat M A stay Glo) =3 ..o E.5)

-] -

Ccusarvation of angular womentum (abdat fin c.g.):
1,3(2) = (53 - X3) = T(xy)
=N R TR R Iy d Xy ...{ £.6 )
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In the above conservation expressions, Lt is recognized
that:

] fin weight = 2.33 lbs

M = nass of a fin = 2.227531 lb-sec®~ip!

I, = fin mass msmeut of lnertia comnponent abtout
the c.g. = 4.03358 lb-in-sec?

9 = (xZ+ x,2)”2 = 5,252 ta.
sin¥ = 4.1465
cosy = 3,3332

Substituting numerical values into eqns. E.% through E.3
yiells:

-@.91873 lb-sec

| ]

I - 2.33366 &(9)

‘e

5.~ 2.83587 ©(4) = +@.23331 1b-sec

#

+@.13521 lb-sec

#

5.225CF, + 3.774 Ty, + 2.23358 &(2)

Finally, the numericil] solutiom for initlial fin o5penlng
angle rate becomes:

S(2) = 2.658 rai-sad v ( E.7)

which 1s a result of an inpulse input from the fin latch due
to a unit velocity Jump of one foot per second.
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