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ABSTRACT p.q.r
S
Engineering-level missile aerodynamics prediction code,,
MISL3 has recently been applied to a variety ofSy
configurations including two tandem-control models andkcp
to a two-fin-set model with free rolling tail fins tested at xy,c
NASA Langley Research Center. Enhanced capabilities
since the earlieM3HAX version include the modeling 6

of conical changes in body diameter (flares, boattailsi
and arbitrary interdigitation angles between fin setsg
Results presented include high angle of attackpg,
aerodynamics, induced lateral forces, tandem-control fin
deflections, configurations with flares and/or boattails,
estimates of free rotating fin section performance,
rotational damping estimates, and updates to results
presented in an earlier paper.

rotational rates, rads/sec
exposed fin span
fin semispan measured from body centerline
reference area
center of pressure
moment center
included angle of attack, deg
fin deflection angle, deg
fin taper ratio
roll angle, deg
interdigitation angle of fin set 2 (tail) with
respect to the first fin section, deg

INTRODUCTION

Comparisons tdhe engineering-level missile aerodynamic prediction

independent experimental data are presented toodeMISL3! (earlier versions arM3FLR M3HAX, 23

demonstrate the unique qualities of the code.

IM3F3CA* earlier MISL3® MISSILE®) has been

general, good agreement with experimental data is  developed for aerodynamic performance prediction and
obtained for a variety of configurations (body alone,  for preliminary design of conventional missiles. The
single-fin set, two-fin set, and three-fin set method uses the Triservice systematic fin-on-body force

configurations) and flow conditions (symmetric and
asymmetric).

LIST OF SYMBOLS
a body radius at fin mid-rootchord
aspect ratio (two fins joined at root)
body crossflow drag coefficient
C rolling moment/g, § 4

C|p roll-damping coefficientpC, /0(plg/2V.,,)
Ch pitching moment/g g ; positive nose up
Cn normal force/g §
Cye  fin normal force/g §
Ne  body dG /de at «=0

body diameter, maximum
L body length
Ia L ger reference length
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and moment data b&se  which covers a Mach number
range from 0.6 to 4.5, fin aspect ratios from 0.25 to 4.0,
angles of attack up to +45°, arbitrary roll angles, and
deflection angles from -40° to 40°. The method uses the

equivalent angle of attack concept which includes the

effects of vorticity and geometric scaling. The latest
program described here is designaWSLal Program
MISL3 has been developed by extending the previous
codes to model conical changes in body diameter (flares,
boattails) and to allow arbitrary interdigitation angles
between fin sets. This, in combination with the roll rate
capability of the code, allows estimation of the
performance of configurations with rolling fin sets. In
addition, the paper publishes experimental data for a
Tandem-Control model tested by co-author Blair (now
retired) at NASA Langley Research Center
(NASA/LaRC). Predicted results frorMISL3 are
compared to these data.

The range of parameters allowed by progidi§L3 is
summarized in Table 1 below.

Published by the American Institute of Aeronautics and Astronautics, Inc. with permission.
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Flow Conditions: attack or sideslip will be nonzero whenever there are

0.5< M,, = 5.0 -90% o, < 90° rotational rates or nonuniform flow field effects.
arbitrary roll anglep  -40°< 6 < 40°

arbitrary rotational rates (p,q.r)

user-specified nonuniform flow field Angular Rates and Nonuniform Flow Field Effects.
In order to include the effects of angular rates and a
Geometries: nonuniform flow field, the body is divided into nose,
025<AR<100  0G&As<10 ~ flare/boattail, fin, and afterbody sections. Each of these
up to three finned sections 1 1o 4 fins per finned section - oo vinns s divided into segments. Control points are
identical fins within a section symmetrical airfoil sections ) . . .
no fins with forward sweep no fin trailing edge sweep  fixed at the midpoints of each segment (on the centerline
arbitrary interdigitation between fin sets of the body). The local velocity induced by the angular
rates is found for each segment control point by taking
Table 1. Range of Parameters the cross product of the rotational rate vector (p,q,r) and

the body control point position vector as measured from
Some examples of configurations addressablell8L3  the rotation center. Normalized perturbation velocities
are shown in the next sketch. at the body segment control points from a nonuniform
flow field are added to the normalized angular rate
:% %% induced velocities. The nonuniform flow field velocities
Single Fin Set Tail Control Two Fin Set Canard Control are user-supplied. Forces and moments are calculated
for each segment along the length of the body using the
differential form of the equations developed by
Two Fin Set Planar Wing/Cruciform Tail Three Fin Set Jorgense?] shown below.

The technical approach section of this paper Summarizeﬁotential Component of Body Load Calculation. The

the calculation procedyres included in theiSL3 . potential part of the normal force on the body is given
program and describes the recent modellnqpn differential form by:

improvements. The experimental and analytical data

bases used within tHdISL3 program are described in i S e « «

Refs. 3 and 7. Extensive comparisons are presented to " =—*[_*(-Lsin2q sin—' +2cos—cos2a.)
independent experimental data for a variety of &2 r: &2 oz 2 ! 1)
configurations and flow conditions, and conclusions and rodr, 3

acknowledgements are given. + ZTESM“I-COS7

r
b

TECHNICAL APPROACH

where 1 is the body radius at the control poigt, r is the

. . . , rgdius of the missile base, dr/dx is the body slope at the
This section summarizes body and fin force and momen : . '
control point, andy; is the local angle of attack for the

calculations and describes recent improvements to thé .
. segment determined from the sum of the freestream,
methodology employed iMISL3

angular, and nonuniform flow field velocities normal to
the missile centerline. A similar equation can be written
for the potential side force. Lift curve slopg L is user
input (usually set equal to 2.0).

BODY FORCE AND MOMENT
CALCULATIONS

This section describes the body load calculatiBhSL3

improves the body modeling ®3HAX23 by allowing Crossflow Drag _Component of _Body _Load

: . ; Calculation. If the freestream angle of attack is greater
conical changes in body diameter (flares andlor,___— o ... : :
than 4°, the flow may separate. The axial location of

boattails). The potential and crossflow drag approac . 2 . -

: : : . the point of separation is determined from empirical
described in Ref. 2 is employed and summarized hererélationshi S, The crossflow drag contribution to
To determine the loads acting on the body, the body is ps. g

. . - normal force, in differential form, is calculated as
divided into segments. The load on each segmeist, : X

: ; ) follows for all control points aft of the point of
determined including effects due to freestream, angular

rates, and nonuniform flow fields. Potential normalseparatlon.
force contributions are computed whenevegr dr/dx or 2 5t
da;/dx are nonzero. The body radius slope dr/dx will Cy - Ca T || ™ AP )
be nonzero on the body nose and on any flares or T n ? v v v
boattails. The axial variation in local flow angle of b ” " ”
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where G isthe crossflow drag coefficieht angis experimental data are made for a variety of

a correction factor for finite body Iengztﬁ. Both are a  configurations, including: body-alone, single-fin set,
function of crossflow Mach number, M sip. To  two-fin set, and three-fin set capfration. In addition,
compare to sting-mounted wind tunnel models, theghe capability ofMISL3 to predict lateral-directional

correction factom should be set to 1.0. aerodynamic characteristics for asymmetric flow
conditions and fin deflections is also illustrated.
FIN FORCE AND MOMENT CALCULATION Comparisons of predictions to the Tandem-Control

Model data base are presented. The effects of
This section summarizes the fin force and momeninterdigitation between fin sets is analyzed along with
calculation and the equivalent angle of attackthe estimation of tail fin section roll rate for a canard-
methodology. References 2 and 3 provide a completil configuration with a free-rolling tail section.
description of this methodology. The primary
improvement in the newlSL3 code is the ability to Results are also presented for several configurations
handle arbitrary interdigitation angles between fin setspresented originally in Ref. 10. In that reference, results
This modification affects the orientation of aft fin setswere obtained witiM3FLR The results shown in this
to upstream vorticity and the resolution of predictedpaper reflect corrections to geometry input, body lift

forces into the appropriate coordinate systems. curve slope ¢, (Egn. 1), and crossflow drag correction
factorn (Egn. 2). Unless otherwise notedyC = 2.0
VORTEX MODELING IN MISL3 andn = 1.0 for all predicted results.

There are three nonlinear vortex models contained ilBODY-ALONE, 4 TAIL FINS, 8 TAIL FINS,

MISL3Y* The forebody vortex model is used to obtainAND AFT FLARE CONFIGURATIONS

the vortex field influencing the first fin set. A fin

vortex model is required to shed the vorticity from Figure 1 compares predicted and measdred results for
upstream fin sets which influence the loads on aft fin  four configurations: 1) cone-cylinder, 2) cone-cylinder
sets, and an afterbody vortex shedding model is required  withidibdins, 3) cone-cylinder with eight tail fins,

to shed and track all vorticity along the body betweerand 4) cone-cylinder with a flare. MISL3 the eight

fin sets. These models are described in detail in Refs. il fin configuration is approximated by superimposing
through 4. FoMISL3 the body vortex shedding and  two (2) cruciform fin sets on top of one another with
tracking model has been modified to include the effectene set rotated 45° from the other. Overall normal

of the nonuniform flow field and rotational rates. Thisforce, pitching moment, axial force, and center of
amounts to including a doublet term which accounts fopressure are shown. The increments in aerodynamic
the local nonuniform flow and rotational rate effects atcharacteristics between these configurations are predicted
each body segment. In addition, two-dimensionateasonably well. The normal force on the cone-cylinder-
sources/sink have been added to the vortex trackinfiare configuration is overpredicted; it is underpredicted
procedure to ensure that vortices are pushed out over an at low angles of attack for the three other configurations.
expanding flare section and pulled in over a decreasing  The axial force is predicted well.

radius flare/boattail section. An example of a vortex

field obtained with theMISL3 code is shown in the SINGLE-FIN SET CONFIGURATION

results section.

Predicted and measuféd results are presented in
AXIAL FORCE PREDICTION Figures 2, 3, and 4 for a body-tail configuration with a
small boattail. The body consists of a 3-caliber ogive
The axial force prediction methodology MISL3 is  nose, a 9.53-diameter cylindrical body, and a 0.53-
semi-empirical and has been described previo%fély. diameter 4° boattail section. The tail fins have a body
The following components contribute to the overall axialradius to fin semispan ratio, g/s , of 0.4, an aspect ratio
force: skin friction, subsonic pressure, transonicof 1.52, and a taper ratio of 0.42.
pressure/wave, supersonic wave, body base, fin trailing
edge base, fin deflection, and angle of attack inducedMISL3 (formerly M3FLR) results for this configuration
were presented first in Ref. 10. These results were
RESULTS influenced by a fin geometry error and by the body
force calculation parametersy¢  and
This section presents longitudinal and lateral-directional
aerodynamic predictions obtained with thdISL3  Figure 2 depicts measured and predicted results for
prediction software. Comparisons of the results tap = 0°, Mach numbers of 1.60 and 2.86, and tail pitch
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deflections of 0 and 10°. The normal force  The axial force is predicted well. The effects of the

characteristics are predicted reasonably well. There isoattails are predicted well ByISL3

an underprediction in the moderate angle of attack

range, 5 to 15°. The pitching moment characteristicTHREE-FIN SET CONFIGURATION WITH

are predicted well with a maximum center of pressurd@0ODY FLARES AND INTERDIGITATION

difference of approximately one body radius. The axial

force characteristics are predicted well. Figure 7 shows the three-fin-set configuration of
Ref. 14. The body consists of a blunt nose shape

Figure 3 shows measured and predicted results for fallowed by a cylindrical body section with a cruciform

Mach number of 2.86, a roll angle of 45°, and pitchfirst fin section. Aft of the first fin set there is a small

deflection of 0 and 10°. The results are similar to thdlare section followed by a cylindrical body section.

¢ = 0° results. The normal force is underpredicted inThere is a second flare section immediately in front of

the moderate angle of attack range. The center dhe second fin set. The second fin set is on a cylindrical

pressure is within 0.75 body radius, and the axial forcéody section. This is followed by a larger flare section

is predicted well. and another cylindrical body section. A third fin set is
located at the base. The second and third fin sets are

Figure 4 shows measured and predicted tail fin loadmterdigitated 45° relative to the first set. The planform

M, = 2.86 with 0 and 10° pitch deflection. Results areshape of fins in fin sets 1 and 2 were idealized to satisfy

shown for three fin positions: 1) 45° to the leeward sidethe zero trailing-edge sweep constraint MiSL3

2) horizontal position, and 3) 45° to the windward side Predicted and measuféd results for a Mach number of

The results for the fin in the 45° to leeward position arel.82 are shown in Figure 7. Overall normal force,

in excellent agreement with the measured results. Thgitching moment, center of pressure, and axial force are

nonlinearity in fin loads for this position are due to bodyshown. In general, the results indicate good agreement

vortices on the leeward-side of the body. The horizontalith the measured data. The center of pressure is

and windward position results agree well for zeropredicted to within a body diameter. Some of the axial

deflection but are underpredicted for 10° pitch controlforce characteristics with angle of attack are not
predicted as well.

SINGLE-FIN SET CONFIGURATION
WITH BOATTAILS PLANAR HIGH-AR WING, HORIZONTAL TAIL,
SINGLE VERTICAL TAIL CONFIGURATION
Predicted and measuféd  results are presented in
Figures 5 and 6 for body-tail configurations with andFigure 8 shows measured  and predicted results for a
without boattails. The body consists of a 0.62-caliberconfiguration consisting of a high aspect ratio planar
blunted cone nose and a total afterbody length 6.0%ving (AR = 4.76), horizontal tail surfaces (AR = 3.64),
diameters based in the maximum body diameter. Faaind a single vertical tail mounted on an ogive cylinder
the two configurations with boattails, the cylindrical body. Details are given in Ref. 15. Overall normal
center body is 3.01 diameters and the boattail section ferce, axial force, and center of pressure are shown for
3.00 diameters. The ratio of the base diameter to the Mach number of 0.6. This configuration exercises
maximum diameter is 0.75 and 0.55 for the boattaikeveral extensions withidISL3 1) high aspect ratio, 2)
configurations. high angle of attack, and 3) the ability to model less
than four fins per fin set. The normal force and center
Figure 5 depicts results for the cylindrical afterbody (noof pressure are predicted well BJISL3 with some
boattail) with and without tail fins. Results are shownunderprediction in the 20° to 40° angle of attack range.
for ¢ = 0° and Mach numbers of 1.57 and 2.86. TheThe axial force is predicted reasonably well with the
trends of the aerodynamic characteristics are predictedxception at 10° and above 45°.
but the magnitudes are underpredicted for this
configuration. TWO-FIN SET CONFIGURATION,
TANDEM CONTROL
Figure 6 depicts the increment in normal force and
pitching moment due to the two body boattail Tandem-Control Model Experiment. Tandem-Control
configurations with tail fins relative to the cylindrical data presented in this section were obtained from tests
afterbody configuration with fins. Also shown in conducted in the NASA/LaRC Unitary Plan Wind
Figure 6 is the comparison of axial force for the threeTunnel at free-stream Mach numbers from 1.75
tail fin configurations as a function of Mach number.to 2.861° The test objective was to provide an
aerodynamic database to study and evaluate tandem

4
American Institute of Aeronautics and Astronautics



control as a concept and to exercise aerodynamihe “X” orientation from canard vortices affecting the
prediction codes on a generic canard and/or tailail fins. MISL3 does a good job of predicting the
controlled research missile model. Test data includedonlinear pitching moment characteristics, and predicts
both canard and tail surfaces that operated eithehe overall center of pressure to within a body radius for
separately or together with only pitch control deflectionthis configuration.
settings.
Figure 11 shows measured and preditted results for
The model had a tangent-ogive nose of finenesM = 2.5 andd = 0° with pitch (rotation) deflections.
ratio 3.0, a smooth cylindrical body, and cruciform Results are shown for four sets of horizontal fin
inline canards and aft tail fins. Tests were performed odeflections:
two models. Both models had the same canard fins.
The first model had larger span tail fins, and the second 1) 8 canarp = 0° OaL = 0°
model had smaller tail fins identical to the canard fins.  2) 8 anarD = 20°, 07 = 0°
Model aerodynamic forces and moments were measured 3) danarp = 0% O1aL = 20°
with an internally mounted six-component strain-gage  4) d anarp = 20° 81 =-20°
balance. To assure turbulent flow over the model all
tests were performed with boundary-layer transitionThe overall normal force, pitching moment and axial
strips located on the model nose and near the leadirfgrce characteristics are predicted well. The measured
edges of the canard and tail fins. The test Reynoldsonlinear characteristics of the pitching moment are
number was 2.0 million per foot. indicated by theMISL3 predictions. The predicted
center of pressure is within one body radius of the
Figure 9 shows measured and preditied results for thmeasured value.
Tandem-Control Model described above. The model
consists of a 3-caliber ogive nose followed by a 12-TWO-FIN SET CONFIGURATION WITH
caliber cylinder. The canards fins have an aspect ratiBREE-ROLLING TAIL SECTION
of 1.6 and a taper ratio of 0.625; the tail fins have an
aspect ratio of 2.33 and a taper ratio of 0.625. Both thEigures 12, 13, and 14 present results for a canard-tail
canards and tails can be deflected. Figure 9 depicts timeissile model’ Results for three test configurations
configuration and presents results fo, M = 1.75 andare presented. For all configurations, the canards are in
¢ = 0°. Results are shown for four sets of horizontathe ¢, = 0° orientation (“+” orientation, designated

fin deflections: C+). Three tail section orientations were tested:
1) dcanarp = 0% S7aL = 0° 1) ¢, = 0° (“+” orientation, designated+),
dcanarp = 10% 81p = 5° 2) g, = 45° (X" orientation, designatedx), and
dcanarp = 10°%, 81y = 10° 3) tail section free to rotate (designatedree).

ScanarD = 5% dqaL = -5°

The C+Tx configuration is depicted in Figures 12, 13,
The zero deflection case is a reference. Cases 2) and&@id 14. The model has a 3-caliber tangent-ogive nose
are deflections for translation, and Case 4) is deflectioand an overall body length of 15 diameters. The test
for rotation in pitch. The normal force, pitching Reynolds number was 2.0 million per foot.
moment, center of pressure, and axial force are all
predicted very well byMISL3 The nonlinear The purpose of comparing to this experimental data was
characteristics of the pitching moment are predicted byo investigate the predictive capabilities of ##éSL3
MISL3 and the center of pressure predicted is within &ode and to gain insight into the aerodynamic
body radius of the measured values. The axial forceharacteristics of configurations with rolling tail
characteristics are also predicted well. sections. In this investigation, tiSL3 code was used

to: 1) estimate the static roll characteristics on the tail
Figure 10 shows measured and preditted results fafection under the influence of asymmetric canard
the Tandem-Control model described above. The resultgrtices arising from roll control deflections, 2) estimate
in Figure 10 are for the configuration with canard andhe roll damping characteristics of the tail section as a
tail fins which are identical; aspect ratio of 1.6 and &unction of angles of attack, and 3) estimate the roll rate

taper ratio of 0.625. Figure 10 depicts the configuratioryf the free-to-rotate tail section as a function of angle of
and presents results for canard pitch control forttack.

M, = 1.75 andp = 45°. This case is shown because of
the nonlinearities in the pitching moment which arise in
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Figure 12 compares measutéd  and predicted pitchpwards. There is still an asymmetric flow field which
plane aerodynamic characteristics for a Mach numbegoproduces a negative tail section rolling moment for both
of 1.7 with the horizontal canards deflected for roll the C+T+ andC+Tx configurations. Figure 14(c) also
control, dgpo L. = -5° Orow = B¢cp - 8¢4/2). indicates the beginning of the body shed vorticity
Measured and predicted results are shown foCthe+ modeled byMISL3
and C+Tx configurations. In addition, the measured
data for theC+T-free configuration are also shown. Whena = 12°, Figure 14(d), the canard vortices have
The normal-force coefficient is predicted well for the tracked to positions above the tail fin region, and
C+T+ configuration. MISL3 underpredicts the significant body shed vorticity is present. The induced
characteristics of th€+Tx configuration. TheC+T+ rolling moment on the tail fin section is small for this
pitching moment is in good agreement. T@eTx angle of attack for both theC+T+ and C+Tx
pitching moment is overpredicted. The center ofconfigurations, but it has a positive slope, Figure 13.
pressure is predicted within one body radius for bottAbove 12° angle of attack, the predicted induced rolling
configurations except for small load conditions neamoment from the tail fins is positive. The experimental
@, = 0°. The axial force is predicted well. The data shows this behavior to a lesser extent. In the
measured characteristics of tBeT-free configuration ~ prediction, this arises from the asymmetric body
fall between theC+T+ andC+Tx characteristics. vorticity (produced due to asymmetric canard vorticity).
The left-side body vorticity is weaker than the right-side;
Figure 13 compares measured and predicted rollin§he result is an induced positive roll on the tail fins for
moment characteristics for th€+T+ and C+Tx both the C+T+ and C+Tx configurations. This is
configurations with canard roll contrdlgg, | = -5°. In similar, but opposite, to the results at lower angles of
addition, the direct canard rolling moment predicted byattack with asymmetric canard vortices. Further insight
MISL3is compared to th€+T-free measured results. IS gained from these crossflow velocity predictions
The free-to-rotate tails do not pass a rolling moment tgvhen the variation of tail section rolling moment as a
the main balance, except through bearing friction force&inction of interdigitation angle is discussed later in this
which are very small. It is seen in Figure 13 that thesection in connection with Figure 15(a).
predicted direct roll control is in very good agreement
with the measuredC+T-free rolling moment. In MISL3 can be used to estimate the aerodynamic
addition, the rolling moments predicted for tBeT+  Characteristics of the rolling tail section including tail
and C+Tx configurations agree well with data up to 4° section roll rate as follows. The roll equation of motion
angle of attack and have the correct trends above 4°.for the tail section as a function of tinés:

The rolling moment is difficult to predict because it is T=Tae® + Tap® + Tge) = Ix(dp/d)  (3)
dominated by the canard and body shed vortices
influencing the tail fins. This is the classical inducedWhere T is torque,d is the roll moment of inertia of the
roll. For these configurations, the induced tail fintail section, and the subscripts designation are:
rolling moment opposes the direct canards control and AF - aerodynamic forcing,
actually causes the rolling moment to be negative. AD - aerodynamic damping, and

BF - bearing friction (or brake force).
Figure 14 depicts the predicted crossflow velocity fields
at the leading edge of the tail fin section for angles of he time-dependent aerodynamic forcing torque on the
attack of 0, 4, 8, and 12°. Far, = 0°, Figure 14(a), it tail fins, Toe (), is caused by the aerodynamic fin forces
is seen that the canard vortices produce Avhich are dependent on the angle of attack and the fin
counterclockwise swirling flow which produces the Section roll angle g, The aerodynamic damping
negative induced rolling moment on the tail fin sectiontorque, Ty (f), is dependent on the tail section roll rate
as seen in Figure 13. Far, = 4°, Figure 14(b), the and the angle of attack. The third torqugeT , can be
effects of the vortex shed from the right canard vortexSed to model bearing friction and/or braking torque.
is not apparent because it is lightly loadedThe effects of braking torque and the simulation of the
(¢e+ 8cp=-1°). There is a stronger vortex on the lefttail roll behavior through integration of the Eqn. (3) will
sidecorresponding tax, + 8., = +9°. The flow field ~be addressed in a future effort.

is asymmetric and results in a negative induced tail fin ) )
section rolling moment. The results fer, = 8°, Because the current versionMfSL3 does not integrate

Figure 14(0), show a |arge vortex from the left Canardhe roll equation of motion of the free-to-rotate tail
and a weaker one from the right canard. The highet€ction, the characteristics must be estimated based on

angle of attack results in the vortices tracking furtheStatic characteristics and calculated roll damping
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characteristics. The analysis of Faldfiga is followed. The tail fin roll rate is then estimateqd gs -C/C

For steady-state conditions (constant roll rate, no (Egn. (6), and converted to rpm) and is shown in

variance with¢p,), the sum of the moments must be Figure 15(d). While the magnitude of the roll rate is

zero. underpredicted, the trends are predicted wéllISL3
predicts that themean C; in Figure 15(b) becomes

Y moments = M *Mp *Mg =0 (4) positive above 12° angle of attack. However, the

characteristics of the rolling moment predicted with
respect tapg, are such that the tail firffock-in” to a

Substituting Mg =G4 S4 and zero roll rate around 12°. The experimental results
Map = Clp(lelzvoo)qooSRlR indicate that this happens at 14°. TMESL3results are
dependent on the prediction wleanC and for the

into Eqn. (4) and solving for the roll rage yields: tail section. These quantities are difficult to predict

accurately, especially when they are influenced by

PlR C, BF upstream asymmetric vorticity. The sensitivity of the
_- 5) : - -
(1+—) ( estimated quantities to various parameters should be
2V (& M .
- I AF studied further.

For cases where the bearing torque is much smaller than. . .
g o , Lis seen thaMISL3 provides a reasonable estimate of

the roll rate characteristics of a free-to-roll tail section

follows . X X
under the influence of the asymmetric flow field
le Cz associated with canard roll control as a function of angle
—=— forM_<M (6)  of attack.
2 C BF AF
® Ip

CONCLUSIONS

For a high quality bearing, this assumption is valid.

A fast and efficient aerodynamic prediction program,
Eor the canards deflected® f_or roll co_ntrol @ROLL), MISL3 has been developed for missiles at speeds up to
Figure 15(a) shows the predicted static rolllng-momenMoo = 5 and at angles of attack up to 90°. The code is
coefficient of the tail fin section as a function of tail fin applicable to configurations with up to three fin sections.
set roll anglepg, Results are shown for angles of the 1ody can have conical changes in diameter aft of
attack of 0, 4, 8, and 12°. It is seen that the fail finhg nose.  Configuration roll angle and interdigitation
rolling moment is negative (right fin up) for angles of 546 petween fin sets are arbitrary. TMESL3 code
attack below 8°. This is apparent in the flow field ;5 5156 include effects of angular rates and nonuniform
predictions shown in Figures 14(a)-14(c) which showq, fields. The basic underlying methodology includes
partially counterclockwise flow fields fat, = 0 and 4°. 5 o stematic fin-on-body data base, the equivalent angle
Above 4° angle of attack, a significant cyclic variation ¢ aack concept, models for the nonlinear effects of fin
in G develops, Figure 15(a). For 12° the rolling ke and body-shed vorticity, and analytical extensions
moment variation is cyclical and changes sign. Thgq, geometric and flow conditions outside the range of
slope of ¢ with respect tp, at the zero crossings is application of the fin-on-body data base.
such that the tail section woulbbck-in” to a zero roll

rate. These zero crossings occur at approximately 45¢q paper describes new and unique applications to

intervals. configurations with tandem controls and a free-rolling
tail section as well as to conventional airframe shapes.
. ' ' 'The extensive comparisons to experimental aerodynamic
G and G, must be estimated., C is estimated as thgy; include longitudinal and lateral aerodynamic
meanC, with respect tab, (see Figure 15(a)). This characteristics. In general, the predicted aerodynamic
meanC, is plotted as a function of angle of attack incharacteristics are in good to excellent agreement with
Figure 15(b). The roll damping coefficient,,C , iS {he experimental data. On the basis of the comparisons
estimated by running/ISL3 with a nonzero roll rate  gegcribed in this paper, thISL3 code should be used
(tail fins only) and computing - by finite difference. 1y, gpplied aerodynamicists involved in preliminary
It was found that f; was constant for the range of rolljegign of conventional missile airframes as well as

rates under investigation (that is; C is linear withqegign of missiles with advanced controls and special
respect tq). However, there is a dependence on angl@eatires such as a rolling tail section.
of attack as shown in Figure 15(c).

In order to estimate the tail fin roll rate using Eqn. (6)
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aerodynamic characteristics, tail pitch
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pitch-plane aerodynamic characteristics

of acanard-tail configuration (Ref. 17) with:
1) tailsinline with canards (C+T+),

2) tails interdigitated 45° (C+Tx), and

3) tailsfreeto rotate (C+T-free).

American |nstitute of Aeronautics and Astronautics

i @, =0° (C+)  @,=45° (Tx) ce :
\v FS1 FS O, =-5°
(a) Normal-Force Coefficient
- M =17
6ROLL -5
Srer = Seace O Exp. C+T+
& Exp. C+Tx
O Exp. C+T-free]
MISL3 C+T+
—————— MISL3 C+Tx
o _ 10 20



Vorticity

o
@
<
0
>
k]
=10
m

e e

e

e

——————

B S

B T

""""""" L »\\\\.\\.\\»\&\XZ////////I]I

P S S e
=== NNNN L "

——e s IR

(d) a, = 12°

P P

ffffffff %V?//%A\\\\\\\\\\X\'\.\lwﬁl PERESS S

- Vs

PEESES  a S\ g
PSRN SN // J ST
3 w/7ff////ﬁx/// e

e =1 S S A
S| BRIy S CEEE

DRI b - | O

S

———e Wt T T et

——————— e Tt et

—————

—————— e

——— e ————

+5°
: o, =-5°
=
i

\ \
nv \
[ X
S =
1 [TR®) \ [TX®) \
< 1< N ’ e N ’
O o+ \ . N\ /
o) Mn \ O.m N
2 s = N
o ~ o5
= & = E= <2
£l T9 |52 o S% > [
o N N o O O = AN o
o Lo =9 f 1= xO S S
) @ m \ \ e~ SN
<2 8 o o ko) NI
\ oy ~ 0 X = Av
¥ S+ [N ol -8 AR
& = < \ x
& +5vE S N\ FESS89 B S
FELS T B W AN S I
++CC c= N QOmMmm w _\\
OOmm O 0 huw.hu..LL =
- A R fop i gg09n e Vi
5 £2220 53 W Wu==¢g 2= ¥
A == > o S &
5 >mn o L > o
1 1 '
1l o I I o A"vO_ PoS
g |2 |mo: o C
1 1 ! I ! ! —_.
1
N7 | . b o
- L1 | I

0.4}
0.2}
0
0.4}
0.2}
0

-0.21

and

tail configuration (Ref. 17) with:
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moment aerodynamic characteristics
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