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ABSTRACT ) fin deflection angle, deg
A fin taper ratio
Predicted nonlinear aerodynamic characteristics o roll angle, deg
several canard-body-tail missile models are presentedi-, fin set roll angle with respect to body-fixed
and compared to wind tunnel data. Configurations with vertical axis, positive right wing down, deg
both fin sets deflectable (tandem-control) are analyzed
to investigate the effectiveness of canard-only, tail-only, INTRODUCTION

and combined tandem-control effectiveness for both

vertical translation and pitch attitude changes. Recently, experimental data obtained by NASA
Configurations with canard control fins and free-rolling personnel has become available for tandem-control

tail fin sections are investigated for their ability to  missile configurafidns. These data exhibit many
minimize vortex-induced lateral forces and moments  nonlinear characteristics associated with vortical
associated with canard control. Engineering- and interaction between fin sets. In addition, there are
intermediate-level aerodynamic prediction codes are  several sets of experimental data taken for canard-
used for the analysis. Results presented include higtontrolled missile models with fixed and free-rolling tail

angle of attack aerodynamics, induced lateral forces, seétions. These data also exhibit nonlinearities
tandem-control fin deflections, estimates of free rotating associated with strong canard-tail vortical interference
fin section performance, and rotational dampingincluding induced lateral forces and moments. An initial
estimates. Good agreement with experimental data is  investigation of the ability of an engineering-level
obtained for a variety of nonlinear and asymmetric flightaerodynamic  prediction code to predict the

conditions. characteristics of these configurations has been

presented. This paper is aimed at investigating these
LIST OF SYMBOLS configurations in more detail, using both engineering-

a bodyradius at fin mid-rootchord level and intermediate-level aerodynamic prediction

AR aspect ratio (two fins joined at root) codes.

Cuc body crossflow drag coefficient

G rolling moment/g $d TECHNICAL APPROACH

Cp roll-damping coefficientpC, /0(pls/2V.,)

Cn pitching moment/g Syl ; positive nose up This section summarizes the experimental data and the

Cy normal force/g & prediction methodology employed in this investigation.

Cur fin normal force/q $ The estimation of rolling-tail section properties is also

Cue body dg /d at «=0 presented.

D body diameter, maximum

L body length DESCRIPTION OF MISL3

ILree reference length

p,g,r  rotational rates, rads/sec The engineering-level missile aerodynamic prediction

S exposed fin span code MISLF has been developed for aerodynamic

S fin semispan measured from body centerline performance prediction and for preliminary design of

Ss reference area conventional missiles. The method uses the Triservice

Xcp center of pressure systematic fin-on-body force and moment data trase

Xumc moment center The prediction methodology employed covers a Mach

o, included angle of attack, deg number range from 0.5 to 5.0, fin aspect ratios from
0.25 to 10.0, angles of attack to £90°, arbitrary roll

" Senior Research Engineer, Senior Member AIAA angles, and deflection angles from -40° to 40°. The

' Research Engineer method uses the equivalent angle of attack concept
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which includes the effects of vorticity and geometricMISDL can model noncircular body configurations and
scaling. The current version of tMiSL3 program has configurations with unconventional fin shapes. A recent
been developed by extending the methodology to modeixtension of the code enabled the modeling of the
conical changes in body diameter (flares, boattails) and  subsonic Penguin missile with canards on the nose and
to allow arbitrary interdigitation angles between fin setsdeployed and folded wings. A version ®1ISDL

This, in combination with the roll rate capability of the employing an optimizer was used to design
code, allows estimation of the performance ofunconventional fin planforms for several design
configurations with rolling fin sets. Reference 2 objectives including minimization of fin hinge moments
provides more details regarding the methodologyand maximization of normal force.

employed by MISL3 and presents comparisons to

experimental data for a wide variety of configurations.ROLLING-TAIL CHARACTERISTICS

DESCRIPTION OF MISDL Estimation of the aerodynamic characteristics of the
rolling tail section including tail section roll rate follows.

The intermediate-level aerodynamic prediction code  The roll equation of motion for the tail section as a

MISDL®" is based on panel methods and other  function of tirae

singularity methods enhanced with models for nonlinear

vortical effects. The body of the missile is modeled by T = Tue(t) + Topt) + Te@) = I (dp/d) Q)

either subsonic or supersonic sources/sinks and doublets

for volume and angle of attack effects, respectivelywhere T is torque and, | is the moment of inertia in roll

The fin sections are modeled by a horseshoe-vorteaf the tail section. The subscript designations are:

panel method for subsonic flow and by first-order  AF - aerodynamic forcing,

constant pressure panels for supersonic flow. Up to AD - aerodynamic damping, and

three fin sections can be modeled and nonlinear fin and BF - bearing friction (or brake force).

body vortices are modeled. The body vorticity is

modeled using the VTXCHN vortex-cloud method The time-dependent aerodynamic forcing torque on the

described in Refs. 6-8. The overall calculation proceedsil fins, T, (), is caused by the aerodynamic fin forces

as follows: 1) the VTXCHN module is used to computewhich are dependent on the angle of attack and the fin

the forebody loads including vortex shedding andsection roll angle,d-,. The aerodynamic damping

tracking, 2) loads within the fin set are calculatedtorque, T,; (t), is dependent on the tail section roll rate

including the effects of forebody vorticity, 3) the and the angle of attack. The third torqug; T , can be

vorticity shed from the forebody and the forward fin setused to model bearing friction and/or braking torque.

is included as an initial condition in VTXCHN module

which tracks and models additional vortices shed fronin this paper, the rolling tail characteristics are estimated

the afterbody, and 4) if second or third fin sets ardbased on static characteristics and calculated roll

present, steps 2 and 3 are repeated. A schematic of thamping characteristics. The analysis of Faldhga is

calculation procedure and paneling layouts is shown ifollowed. For steady-state conditions (constant roll rate,

the following sketch. no variance withp.,), the sum othe moments must be
zero.

Step 1
Step 2 Forebody
Fin Set 1

Xmoments =M. +M, +M =0 2

Substituting M =6g sS4 and
I\/lAD = Clp(pIR/ZVw)qooSRIR

— Interference ;/

rference, into Egn. (2) and solving for the roll rape yields:
ells

"~ —Fin Panels le Cl MBF
= (1+—) 3)
The range of parameters of tMiSDL code include: 2V, C;p MAF

Mach numbers from 0.0 to 3.0 with a modified shock-

expansion capability to higher supersonic speeds, anglEQ" cases where the bearing torque is much smaller than
of attack up to 20 degrees, arbitrary roll anglesthe aerodynamic torque, the roll rate can be estimated as

rotational rate effects, and nonuniform flow effects, ©OllOWs:
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above. For M = 1.75 andl = 0°, MISL3 predictions

le Cz () are shown in Figure 1, andISDL predictions are in
e JrM <M, Figure 2. Results are shown for four sets of horizontal
* 4 fin deflections:

For a high quality bearing, this assumption is valid.

Eqn. (4) is used to estimate the tail fin roll rate with 1) Scanaro = 0% d7a = 0°
predictions of ¢ and ¢ . Conversely, Eqn. (4) is used  2) Scanarp = 10%, 87y = 5°
to estimate the experimental tail section roll damping, ~ 3) dcanaro = 10° 81 = 10°

C,, from the measurements of C gnd Eqn. (3) can 4) dcanaro = 5°% S = -5°
be used to compare to rolling tail results with a brake- ] .
force applied. The zero deflection case is the reference. Cases 2) and
3) are deflections for vertical translation, and Case 4) is
RESULTS deflection for rotation in pitch. The normal force,

pitching moment, center of pressure, and axial force as

This section presents longitudinal and lateral-directiona function ofe are all predicted very well bWISL3
aerodynamic predictions for several tandem-controfigure 1. The nonlinear characteristics of the pitching
configurations, and for configurations with canard-moment are predicted especially welliySL3 and the
controlled fixed and free-to-roll tail sections. Predictedcenter of pressure predicted is within a body radius of
results obtained with engineering- and intermediate-levéfe measured values. The axial force characteristics are
prediction codes are shown. Nonlinear aerodynami@lso predicted well. Th®IISDL predictions, Figure 2,
characteristics associated with high angle-of-attack an@f€ also predicted well with the largest errors occurring
asymmetric flow conditions are illustrated. Comparisong@bove 20° angles of attack.

of predictions to the Tandem-Control Model data base

are presented. The effects of interdigitation between fifhe results in Figure 3 are for the Tandem-Control
sets is analyzed along with the estimation of tail finconfiguration with identical canard and tail fins
section roll rate for a canard-tail configuration with adescribed above. Figure 3 depicts the configuration and

free-rolling tail section. presentsMISL3 results for canard pitch control for
M, = 1.75 andp = 45°. This case is showmdnuse of
TANDEM CONTROL the nonlinearities in the pitching moment which arise in

the “X” orientation from canard vortices affecting the

Tandem-Control Model Experiment_ Tandem-Control ta|l finS. MISL3 prediCtS the nonlinear pItChIng moment
data presented in this section were obtained from tesgharacteristics well, and predicts the overall center of
conducted in the NASA/LaRC Unitary Plan Wind Pressure to within a body radius for this configuration.
Tunnel at free-stream Mach numbers from 1.75

to 2.86%2 The test objective was to provide antWO-FIN SET CONFIGURATION WITH

aerodynamic database to study and evaluate tandeRREE-ROLLING TAIL SECTION

control effectiveness. The model consists of a 3-caliber

ogive nose followed by a 12-caliber cylinder with Figures 4 through 10 present results for a similar canard-
cruciform inline canards and aft tail fins. Tests weret@il missile modef. The model has a 3-caliber
performed on two models. Both models had the sami@&ngent-ogive nose and an overall body length of 15
canard fins, AR = 1.6 antl = 0.625. The first model diameters. The test Reynolds number based on body
shown in Figure 1 had larger span tail fins, AR = 2.33iameter was 4.17x20 ~ Results for three test
and A = 0.625, andhe second model tail fins identical configurations are presented. For all configurations, the
to the canard fins, Figure 3. Model aerodynamic force§anards are in thé, = 0° orientation (*+" orientation,
and moments were measured with an internally mountedesignatedC+). Three tail section orientations were
six-component strain-gage balance. To assure turbulefftsted:

flow over the model all tests were performed with

boundary-layer transition strips located on the model 1) g, = 0° (*+" orientation, designated+),

nose and near the leading edges of the canard and tail 2) ¢, = 45° (X" orientation, designatedx), and

fins. The test Reynolds number based on body diameter 3) tail section free to rotate (designatedree).

was 4.33x19 .

The C+Tx and C+T+ configurations are depicted in
Tandem-Control Model Predictions. Figures 1 and 2 Figures 4 and 8, respectively. Results are presented for
show measured and predicted results for the Tandenganard roll control and canard yaw control deflections.
Control Model with larger span tail fins described
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The purpose of comparing to this experimental data was  roll effect seen on canard-controlled missiles. For these
to investigate the predictive capabilities of MéSL3  configurations, the induced tail fin rolling moment
and MISDL codes and to gain insight into the opposes the direct canards control and actually causes
aerodynamic characteristics of configurations withthe overall rolling moment to oppose the intent of the
rolling tail sections. In this investigation, the codescanard deflection.
were used to 1) estimate the static roll characteristics of
the tail section under the influence of asymmetric canar&igure 6 shows th#ISL3 predicted crossflow velocity
vortices arising from roll and yaw control deflections, 2)fields at the leading edge of the tail fin section for
estimate the roll damping characteristics of the tailngles of attack of 0, 4, 8, and 12°. fQr= 0°, Figure
section as a function of angle of attack, and 3) estimaté(a), it is seen that the canard vortices produce a
the roll rate of the free-to-rotate tail section as acounterclockwise swirling flow (looking forward) which
function of angle of attack. produces the negative induced rolling moment on the
tail fin section as seen in Figure 5or «, = 4°, Figure
Canard Roll Control. Figure 4 compares measuted 6(b), the effects of the vortex shed from the right canard
and predicted pitch plane aerodynamic characteristics forortex is not apparent because it is lightly loaded
a Mach number of 1.7 with the horizontal canardg«, + &, = -1°). There is a stronger vortex on the left
deflected for roll controldgo, = -5° Oro = 0, -  side corresponding t@, + 8., = +9°. The flow field is
8¢:4)/2). Measured and predicted results are shown foasymmetric and results in a negative induced tail fin
the C+T+ and C+Tx configurations. In addition, the secton rolling moment. The results fox, = 8°,
measured data for th@+T-free configuration are also Figure 6(c), show a large vortex from the left canard and
shown. The normal-force coefficient is predicted wella weaker one from the right canard. The higher angle
for the C+T+ configuration. MISL3 and MISDL  of attack results in the vortices tracking further above
somewhat underpredict the characteristics ofGh&x  the body. There is still an asymmetric flow field which
configuration. TheC+T+ pitching moment is in good Produces a negative tail section rolling moment for both
agreement. The C+Tx pitching moment is the C+T+ andC+Tx configurations. Figure 6(c) also
overpredicted. FoMISL3 the center of pressure is indicates the beginning of the body shed vorticity
predicted within one body radius for both configurationsmodeled byMISL3
exceptfor small load conditions near, = 0°. MISDL
predicts the center of pressure to within one body radiug/hen o, = 12°, Figure 6(d), the canard vortices have
for C+Tx and within eight-tenths of a diameter for tracked to positions above the tail fin region, and
C+T+. The axial force is predicted well. The measurecsignificant body shed vorticity is present. The induced
Characteristics of theC+T_free Conﬁguration fa” I’Olling moment on the ta|| fin SeCtion is Sma” fOI’ th|S
between theC+T+ andC+Tx characteristics. angle of attack for both theC+T+ and C+Tx
configurations, but it has a positive slope as seen in
Figure 5 compares measured and predicted rollingigure 5. Above 12° angle of attack, the predicted
moment characteristics for th€+T+ and C+Tx Induced rolling moment from the tail fins is positive.
configurations with canarcll control, 84, = -5°. In  The experimental data _show this_ behavior to a lesser
addition, the direct canard rolling moments predicted byextent.  In the prediction, this arises from the
MISL3 and MISDL are compared to th€+T-free ~ asymmetric body vorticity (produced due to asymmetric
measured results. The free-to-rotate tails do not passCanard vorticity). The left-side body vorticity is weaker
rolling moment to the main balance, except througihan the right-side; the result is an induced positive roll
bearing friction forces which are very small. It is seerPn the tail fins for both theC+T+ and C+Tx
in Figure 5 that the predicted direct roll control is in configurations. This is similar, but opposite, to the
very good agreement with the measur@dT-free  results at lower angles of attack with asymmetric canard
rolling moment. MISDL slightly overpredicts the canard Vortices. Further insight is gained from these crossflow
rolling moment. TheMISL3 predicted rolling moments Velocity predictions when the variation of tail section
for the C+T+ andC+Tx configurations agree well with rqlllng moment as a functlpn of_|nter.d|g|tat|on angle is
data up to 4° angle of attack and have the correct trengéScussed next in connection with Figure 7(a).
above 4°. MISDL predicts the rolling moments for the

C+T+ andC+Tx configurations very well in magnitude FOr the canards deflectec® for right-wing-down roll
and trend. control ©rey Figure 7(a) shows the predicted static

rolling-moment coefficient of the tail fin section as a

This rolling moment is difficult to predict because it is function of tail fin set roll angleb-, Results arefown

dominated by the canard and body shed vorticefOr @ngles of attack of 0, 4, 8, and 12°. The tail fin
influencing the tail fins. This is the classical induced™!liNg moment is negative (right fin up) for angles of

4
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attack below 8°. This is apparent in the flow field 8,y =-5° Oyaw = (0c; + 0c3)/2). Figures 8 and 9
predictions shown in Figures 6(a)-6(c) which show compare measured and predicted rolling moment
partially counterclockwise flow fields far, = 0 and 4°.  characteristics for th€+T+ andC+Tx configurations,
Above 4° angle of attack, a significant cyclic variationrespectively.  In addition, the canard-only rolling
in C, develops, Figure 7(a). For 12°, the rolling momenimoments predicted byvISL3 andMISDL are compared
variation is cyclical and changes sign. The slope,of Go theC+T-free measured results. Figure 10 compares
with respect tod., (positive clockwise) at the zero predicted and measured tail section roll rate and
crossings is such that the tail sectitocks-in” to a  estimated tail section roll damping.
zero roll rate when it is near theX™ orientation,
g, = 45, 135°. The C+T-free results shown ifrigure 8 or 9 show the
rolling moment associated with the canards deflected for
To estimate the tail fin roll rate using Eqn. (4), C andyaw. Near zero angle of attack, the rolling moment is
C, must be estimated. , C is estimated asnteanG zero. As the angle of attack is increased, a rolling
with respect tapg, (see Figure 7(a)).The roll damping moment develops due to top to bottom asymmetries in
coefficient, G, , is estimated by runningISL3 and  the nose flow field due to the presence of the body bow
MISDL with a nonzero roll rate (tail fins only) and shock and to the flow expansion over the upper surface
computing G . It was found that,C is constant for theof the nose. The expansion over the upper surface of
range of roll rates under investigation (that i, C isthe nose results in a reduction in dynamic pressure in
linear with respect top). However, there is a the region of the upper canard fin. This “shading” of the
dependence on angle of attack as shown in Figure 7(blipper fin results in a net positive rolling moment for the
The experiment did not measure the roll damping, butanards alone. This effect is not predicted adequately
it was estimated using Eqgn. (4) as follows: by engineering-level and intermediate-level aerodynamic
. predictions code.
E[CI(C +T+) +CI(C+Tx)] —CI(C+T—free)

Cz =- . © For the C+T+ and C+Tx configurationsMISL3 and
? ﬁ MISDLpredict the rolling moment behavior well as seen
2, in Figures 8 and 9. It is difficult to predict the nonlinear

h th li ¢ ficient . by th rolling moment because it is due to induced vortical
where the rofling moment coetlicients are given Dy €0 tarence of the canard vortices on the tail fins. For

experimentaj values and the roll rate is the experiment%\}aw control, the results are dependent on the path of the

value in radians per second. lower canard vortex past the tail find1I1SL3 predicts

For th dicti tail f I rate i timated the correct trend but underestimates the peak magnitude.

Cc;r (Epre LC |onz, al |ntr(()j tra €1s esdlr_na(; as \MispL predicts the low angle of attack characteristics
/Gy (Eqn. (4), and converted to rpm) and is s OWN Myl and tends to overestimate the rolling moment at

Figure 7(c). The magnitude of the roll rate IS :
) . gher angles. Overall, boMISL3 andMISDL estimate
underpredicted bilISL.3and overpredicted b1ISDL rolling characteristics good enough for preliminary

For both codes, the trends are predicted well. Thﬁesign estimates.
characteristics of the rolling moment predicted with
respect tap., are such that the tail fifock-in" to a

zero roll rate around 12°. The experimental result
indicate that this happens at 14° as d##SDL. The

predicted results are dependent on the prediction of
and G, for the tail section. These quantities are dif'ficulrro
to predict accurately, especially when they arey,
influenced by upstream asymmetric vorticity.

For the canards deflected -5° for nose-to-left yaw
Tontrol ©vaw), Figure 10(a) shows the predicted static
olling-moment coefficient of the tail fin section as a
nction of tail fin set roll anglé.,. Results arel®wn
r angles of attack of 0, 4, 8, and 12°. It is seen that
e tail fin rolling moment has no zero crossings for
angles of attack below 8°. Like the roll control results
in Figure 7(a), above 4° angle of attack, a significant
cyclic variation in ¢ develops. For 12°, the rolling
moment variation is cyclical and changes sign. The
slope of ¢ with respect td., (positive clockwise) at
he zero crossings is such that the tail sectimrks-in”
to a zero roll rate when it is near th&"“orientation,
g, = 45, 135°.

Both MISL3 andMISDL provide reasonable estimates of
the roll rate characteristics of a free-to-roll tail section
under the influence of the asymmetric flow field
associated with canard roll control as a function of ang|
of attack.

Canard Yaw Control. Figure 8, 9, and 10 compare
measuretl and predicted rolling moment aerodynami

To estimate the tail fin roll rate using Egn. (4), C and
characteristics for canards deflected for yaw control g Ean. (4),

C, must be estimated. | C is estimated asnieanC

5
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with respect tap., (see Figure 10(a)). The roll damping
coefficient, G, , shown in Figure 10(b) is estimated by
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M_ =175, ¢=0° Ref. 1.

Figure 2.- Comparison of measured and MISDL
predicted aerodynamic characteristics for
atandem-control missile;
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pitch-plane aerodynamic characteristics

of acanard-tail configuration (Ref. 3) with:
1) tailsinline with canards (C+T+),

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

3) tailsfreeto rotate (C+T-free).
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rolling-moment aerodynamic characteristics
of acanard-tail configuration (Ref. 3) with
canard yaw control: C+T+ and C+T-free.

O, =-5°, M_=1.70, 2.16, 2.86.
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Figure 9.- Comparison of predicted and measured
rolling-moment aerodynamic characteristics
of acanard-tail configuration (Ref. 3) with
canard yaw control: C+Tx and C+T-free.
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Figure 10.- Comparison of predicted and measured
tail section aerodynamic characteristics,
M_ =170, 2.16, 2.86, =0°, d,,,, =-5°
tail freeto rotate, Ref. 3.
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