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L INTRODUCTION

The wrap-around fin (WAF) may be used in many applications to
provide missile performance equal to flat fins. The WAF has had limited
use as stabilizing surfaces, and has been considered for use as control
surfaces.

One of the main thrust of modern military technology is accuracy
improvement for the most basic form of missilery, the free flight
rocket. Both existing free flight rockets and future concepts range
from large fixed and/or vehicle launched, to sizes and weights small
enough to be man-portable and shoulder fired. The stabilizing surfaces
may be constrainred by physical limitations imposed by rocket motor
geometry and launcher considerations.

The WAF offers a solution for many geometric constraints, and in
many applications can be sized to provide aerodynamic stabilizing
characteristics equal to flat fin stabilizers. The WAF, however, has
unique aevodynamic characteristics, particularly in roll, that are
different from other types of stabilizing devices., The WAF is inherently
adaptable to tube launched constraints, making it, perhaps, the most
pratical for tube launched rockets.

This report contains a summary of the findings from wind tunnel tests
conducted by the US Army Missile Comwmand (MICOM), Redstone Arsenal,
Alabama, with partial support provided by the Air Force Armament Test
Labs (AFATL). The ultimate goal is to develop and analytical model
to describe the flow phenomena defining the unique WAF aerodyamic
forees; however, at the time, because of the need, it was more
expedient to define the characteristics through systematic para~
meteric wind tunnel test, The objectiveof this studywas to uncover
characteristics and provide trends that can be used in missile design
where the analytieal models are not available. The results from this
study and other data, such as the Navy [1] pressuve data, should provide
sufficient information to begin development of an analytical model,
The data herein ave prescuted for compavison of several of the parameters,
with important characteristies and trends highlighted, illustrating

those that have the most significant effect upon the WAF rolling moment
coeftficient, Problems associated with measurencnt of WAT roll moment
coeffieionts using conventional teclmiques are wentioned. In addition

to veforences cited in this roport, a bibliography of other WAF docu~
ments is included.

i MODELS AND EXPERIMENTAL TEST

MICOM and APATL undortook the study of fins and aftorbody
geometrie effocts on the statie rolling mosent characteristies of WAF,
as agreed to in the dnicial planning of o TTCP coeperative program.

Fiu geometry was varied avound the standurd WAF (F1, Table 1) shown in
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the Arnold Engineering Development Center's (AEDC) 4-T wind tunnel in
Figure 1. The models consisted of a 2-caliber secant ogive nose with an
8-caliber cylindrical afterbody, including 3 afterbody shapes and fin
configurations, The basic body configuration had a straight cylindrical
afterbody (4 inches in diameter) and two alternate afterbody shapes
stepped down to a diameter of 3.6 inches over a length of 7 and 4 inches,
respectively, from the base (Figure 2).

The exposed semispan b/2 for the WAF was chosen to he approximately
the chord length for the arc that encloses a quadrant of tubular body
cross section or 0.707 D (Figure 3 and Table 1). These variations
(Table 1) included two larger aspect ratios (same span as standard WAF
with shorter chords of 2 and 4 inches), three additional thickness
ratios, four leading edge shapes, seven leading edge sweep angles, one
tip alteration, twp reduced span fins, one fin body gap, and several
of these fins tested on a step down body configuration (Figure 2).

An investigation of fin opening/closing angle for the standard WAF was
conducted for seven opening positions ranging from fully closed to 10°
beyond the standard fully opened case, Static aerodynamic measurements,
including total airframe and individual fin force and moment charactexr=
isties, were conducted in three wind tunnel facilities. The majority

of transonic tests were coaducted in the AEDC 4-foot transonic wind
tunnel [2,3,4,5,6], while the majority of supersenic tests were conducted
in che NASA Langley 4-foot unitary plan wind tunnel {7). Limited
transonic and supersonic tests were conducted iu the McDennell Douglas
Aevophysies 4~foot trisonic wind tunnel [8), In addition, limited

rell damping chavacteristies were conducted in the AEDC 4-foot transonic
facility [9). and both subsonic and supersonie free flight tests were
conducted in the Jet Propulsinn Laboratory (JPL) 20-inch supersenic

wind tunnel for the standard WAF cenfiguration and its equivalent planar
fin, ¥9 (Figure 4). Test variables for the statiec aerodynamic tests are
listed in Table 2 for the varying geomctry tests, In addition to these
MICOM/AFATL spensored tests te specifically study the WAF effeects,
several projeets have considered use of the WAF;, some ave listed by
Holwes [1] and others ave bricefly mentioned in this report. A more
complete deseription of the nedels and testing couduated by MICOM is
contained 1n data reports [2,3,5,0,71.

M. TESTING TECHNIQUES AND ACCURACY

Theve ave questions concerntng the accuracy and repeatability
of the rolling moment coeffivient data, The wagnitudes of the self-
jfudueed volling moment coefficiauts of the WAF are small iun relatdion to
the size of the coofficlonts of Tins with large cants, The only ready
meams of obtaining foece data in a wind tumel is wich a strain gage
balanee.  The balanee wust be sized vo meot special roguivcments, but
it wmust be capable of handliog the foreos and moments of the complete
madel dn the vese Tactilivy te be uged. Yo obtain sceusible volling
marent coeffletents tuduced by WAF, wind tvanel dynamie pressure and
tin gizes must be wade large within practicable limits. Both cause

5
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MODEL INSTALLATION STANDARD CONFIGURATION, 9=0.a =0

5

SPLITTER PLATE
Figure 1. WAPF awodel.
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larger aerodynamic loads on the model which result in requirements of
larger strain gage balances. To date, strain gage balances and associa-
ted instrumentation are not ideal for measurement of these small rolling
moments; however, from the available balances one can be chosen that

is optimum for given requirements. A composite plot of rolling moment
data precision is shown in Figure 5. At transonic speeds, the rolling
moment page was large because of the requirements dictated by normal
force and pitching moment loads. As a result the data precision, as
quoted by AEDC [3,5], is larger than desirable; however, as shown later,
the repeatability from duplicate points during the same test and from
separate entries show that the data are reproducible well within these
precision limits. An attempt was made to measure the cant of each fin
during the transonic testing [2,5]. These measurements of 76 fin instalw-
lations had a mean cant of 0.011° with a standard deviation of 0.142°,
with a quoted measurement accuracy of #0,1°. If all four fins for one
configuration have a 0.1° cant, the rolling moment coefficient would be
0.004 to 0.010 which is within the quoted (Figure 5) data precision for
the subsonic/transonic test. Because of the uncertainty of the cant
measurements and the small magnitude of fin cant-induced rolling moment
relative to the data onrecision, corrections to rolling moment coeffi-
cient caused by fin cant are not presented.

0.04
REFERENCE [4)

REFERENCE (3, 5] '

o:oz =
- REFERENCE [7)
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Figure 5. WAF rolling momuont data precision,

Several comparigons were made {row the numerouws duplications and
other geometrie simllartties. PFigure 6 shows a comparison of the
1-caliber chord WAF configuration BIF2 tosted on the swooth body with
four main balances and in thyee different facilitics. A sepavate tes
{4) was conducted esplieitly to check the rolling momeat obtained in .
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1 CONFIGURATION B1F2
i REFERENCE [2] P, = 2000, Ry =4 x 108 1/ft
! O t N 8 AR =137
;. C REFERENCE [4] P, = 2600, Ry, =5x 10% 1/t A
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ROLLING MOMENT COEFFICIENT AT ZERO ANGLE OF ATTACK

0
~0.02}—
-'00“ —d
)
¥
-0.08 | |
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MACH NO.

Figure 6. WAF rolling moment coefficient comparisons
from several tests, G = (, ¢ = (,

an earller test [2] at transonic speeds. This test was conducted with
a balance that had a 100~inch~pound roll moment gage. The normal force

R SR
3

- and pitching moment gages were alsc low capacity, and angle of attack
5’1 was restricted to less than 2°. The main purpose of this test was to
'gji observe the self-induced WAF rolling moment coefficient at zero angle
X of attack, and comparc these to previously obtained ceefficients with
?@ﬂj the less sensitive balance. Gomparisons of this vepeat test are shown
2 in Figure 6 by the square symbol,

Most wodels were tested at 0° and 45° roll angles (Fipure 2)
throughout the Maeh number rvange at angles of attaek of =~6° to 6°. The
outcome of the rolling wmomweat cocfficient should be the same for any
roll angle at zero angle of attack from a flow and wodel symmetvy
vicwpoint, Differences between voll position can be attributed to data
instrumentation repeatability. Figure 7 shows self=induced WAF rolling
moment coctficients at zevo angle of attack throughout the Mach
number vange for two voll amgles of 0% and 45°. This does wot uweeossar-
ily indicate the precision of the data, but these results ave typical
of the repeatability of the data for both the transonic and supersownie

12
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Figure 7. WAF roll moment coefficient from main balance
and fin balances, ¢ = 0 and 45 degrees,

phases of testing. Tests were conducted for other roll angles during
the transonic phase, and all results were compatible with those shown
in Figure 7,

Rach fin was mounted on a three component strain gage balance,
Total missile rolling moment coefficient was computed from the measured
fin normal force and root bending moment coefficient and compared to
the rolling moment coefficient obtained from the main balance. Typical
comparisons of the WAT self-induced rolling moment coefficient at zevro
angle of attock for the tramsonic test are shown in Figurve 8. The data
wost questionable are the transonic phase, as shown in Figure 5, where
comparison between the two methods of obtaining rolling woment coeffi-
gient are better than expected.

In addition to the computed rolling moment coefficient from the
four f£in pancl balances, shown by the flagged symbols (Figure 8), the
rolling moment coefficient also includes the main balaunce data for the
TICP standard WAF Bl Fl., Fin cant variation cun produce roll moments
equally as large as any WAF-induced roll momont observed during all
tests, Superimposed on the data of Figure 8 is the roll woment coeffi-
cient for a typical tactical prototype fin with incidence (cant) toler-
ance of 0,1® for all four fins, where the nominal fin incidence
was zero, The overall value of this analysis is to indicate the

13
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difficulty in obtaining the precise magnitudes that a WAF may exhibit
with flight hardware; however, the trends shown here and those in the
following sections are realistic. To obtain the accuracy of the

magnitudes desired will require extreme care in model fabrication and
sophisticated measurement techniques tailored for precise roll moment

measurement.

IV. COMPARISON OF WAF TO FLAT FIN STABILITY AND DRAG

The major concern of the effects of WAF has been the self-
induced rolling moment; however, additional comparison of static stability
parameters was made for a flat fin and the standard WAF. The flat fin
had the same total exposed span and projected area as the WAF. These
two fins were tested through the Mach number range of 0.3 to 3.0 on a
body of revolution. The normal force coefficient slope at zero angle
of attack and the center of pressure are shown in Figure 9 for the
flat fin and WAF. Any difference in total configuration static
stability coefficients appears to be within the uncertainty of measure-
ment accuracy. Included on the center of pressure data are points
from the JPL free flight bi-planar results at Mach 0.86, 2.0, and 3.03.
Similar results were obtained from a comparison of data for the flat
fin and WAF tested on a reflection plane at transonic speeds and from
body mounted fin panel data., The flat fin and WAF were also compared
by testing both on a reflection plane [6] (Figure 1, bottom photo) at
transonic speeds, TFigure 10 shows the basic WAF and flat f£in coeffi-
cient variations with angle of attack for Mach 0.3 to 1.3, This shows
that the basic lifting characteristic of the WAF is essentially the same
as the flat fin for angles of attack less thau ©®, Figure 1l shows the
flat and WAF basic fin lift curve slope at zero a~ele of attack along
with the longitudinal and lateral center of pressure for the fin on
a flat plate and on the body of revolution. The only significant
difforence between the splitter plate data and the data fer fins emn
the body of revolution is the inerease in normal force coefficient caused
by body upwash. The upwash factor obtained from the ratio c¢f these two
curves vanges from 1.4 to 1.7 through the Mach range of 0.3 to 1.3.
This is compavable to the slendey body theory factor of 1.39 for this
fin with a body diameter to total span ratio of 0.43.

Drag coeff{icient comparisons between the flat and WAF configuvations
are shown on Figure 12. The upper portion shows the drag force coeffi-
cient for body alone, the WAF and body, and the flat fin (of equal
projected avea to the WAF) and body. ‘The lower portion shows the
game data wich the bedy alowe, drvag subtracted out, ‘The WAF is approx-
imately 104 higher, which corrvesponds to the additional fromtal arca that
‘the WAY bhas because of the curvature. The other geometric parameters
(leading edge sweep, thickness, leading edge shape, and aspect watio)
show their influence on drag to be as expected for flat fins with the
same geometvice changes.

15
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Figure 9. Comparison of flat and WAF static stability derivatives.

V. ROLLING MOMENT COEFFICIENT .

The wmain objective for this study was to investigate the
effects on WAF rolling woment due te the various geometvie and flow
paramcters, The variation of relling noment is considerod for three
flow parametevs: Mach number, Reynolds number, and angle of attack for
several geometric variations., Peathevstone and Dahlke {10,11] have
shown the WAF te have sclf-induced normal forees ar zevo angle of attack,
The wmost significant effect with Mach number appears to be at transonie
speeds where, in geuncral, a change in sign oceurs for volling moiont,

In initial studies, Peatherstone has suggested the self-induced foree is
divected toward the ceuter of curvature at subsonic speeds and away from
the center of curvature at supersonie speceds with the crossover oveuwrving
close to Mach = 1, This was dewonstrated for those fin configurations
on swooth body with a CRID w 1,75, with the exception of the fin with

16
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maximum thickness t/C = 0.045 F8., This trend exists for fins with
rectangular and trapezoidal planforms, for leading edge profile modifi-
cation, and for modifications to the root chord (gap fin) and the tip
chord. All roll moment coefficients are referenced to the area of body

cross section nD2/4, and reference length is the body diameter D. It
is difficult to isolate and illustrate many specific parametric effects
without pointing out the influence of another parameter. There is also
the case of the influer:e of Reynolds number which, at this time, is
not clearly shown to be an impcrtant parameter with the exception of the
otherwise unexplained difference between the crossover point shown by
the JPL free flight data and the results from static test. Grit was
used as boundary layer trips on the body of JPL models, but grit was

not used on fin leading edges which Mr. Jaffe (JPL) and this author
agree may have been a mistake., The effect of three parameters are shown
on Figure 13 for the standard TTCP WAF. The Reynolds numbers vary from

7 to 40 x 106 based on body length for the static test and for the JPL
wmodels was 2.5 % 106. As can be seen, the effect of RN on smooth and

step~down body, except for JPL, shows differences well within dava
accuracy. Illustrated on this same curve is the variation of rolling
moment with Mach number and the difference of trends with a smooth body
and a step~down body which may more realistically simulate flight hard-
ware hinge recesses., Move information will be presented for the Mach
number and body with step-down later in this report.

Other parameters which appear to have legser influence on the WAF
rvolling moment are leading edge sweep and f£in thickness (Figures 14 and
15). The surprising vesult from the leading edge sweep data is the level
of magnitude, and the trend with Mach number appears very wuch the same
as the rectangular fin with the same root chord length, Sweep of the
leading cdge did not show a shift in crossover Mach number as antici-
pated, The effect of modifying the leading cdge shape is shown in
Figure 16. There is a large change in roll wmoment, as expected, with
the unsymmetrical leading edge. This may be velated to regimes of sube
sonic and supersenic leading edge due to detached and attached shocks
over the curved fin, which is neither an axisymmetric body of revolution
or a two-dimensional surface. The symmetrical leading cdge varxdation
with ineluded angles of 20.0°%, 45.0°, and blunt show an effect traun-
sonically, but at suporsonic specds is dncomplete at this time. Navy
WAF pressure data {1] have shown the leading edge pressure difference
between the convex and concave side to be larger than any othey chord-
wise location, excepr M = 1,3 data whieh show the largest difference to
occur at approxiwately 31% chord from leading edge.  Unfortunately,
neither the 20° ov blunt leading angles have been tested supersonically,
However, as presemted by Featherstone [10), this leading edge pressure
effect wmay be an fnlet phenomenon due primarily to £iw curvature and not
influenced signiticantly by leading edge shape or fin thickness.

Figure 17 prescents the volling woment coefficiont for three rectangular
planform WAF's with difforent chiord leagth, therefore, haviug different
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Figure 13, BEffect of Reynolds number on zero angle of attack
rolling moment coefficient.

‘aspect ratios. The primary influence seems to be the fin body juncture
geometry and/or boundary layer, which in this case is fin voot choxd

length rathexr than aspect ratio.

Aspect ratio was also varied by

swoeping the leading edge.

The leading edge was swept up to 60° for

From these variatious

C./D = 1.75, aud a delta planform for CR/D = 1,0,

iv is shown (Figure 15) that data with like rxoot chord length tend to
look similar and that the effect scen in Figure 17 may be a subsanic v
Ein-budy juncture (chord) length cffect,

Additional modifications were made to the £in root und tip chovd
(F10 and ¥F11, Higurve 3 and Table 1). These were tested only at tran-
sounic speeds and show small effect on rolling woment coefficient
(Figure 18).

One of the most significant changes fn WAF yolling moment coeffi-

- e¢lent occurs with variation of angle of attack. The voll producing

- force inecreases with angle of attack at all Hach numbers ano migsile
-voll orientation and is divected toward the fin away from the fin center
of cuvvature. Figure 19 presents the WAF compared to the flat fin at
supersonic Mach wumbery fvom the Langley and NeDonunel tests {[7,8).
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This trend was shown to be essentially unchanged with missile roll
attitude with fins of equal exposed span and to a lesser extent at
subsonic Mach numbers [2,3,8]. The rolling moment coefficients
throughout the Mach number range tested are shown with varying angles
of attack for fins Fl and F2 on Figures 20 and 21. Navy ZUNI data have
also demonstrated this phenomenon and it has been shown by Stevens [12]
that this driving moment may be a useful design tool for avoiding roll-
yaw resonance problems during missile flight.

The span for all but two WAF's tested had nearly equal exposed
semispans of 0.66 body diameters. These two (F20 and F21) had reduced
spans of 0.54 and 0.35, respectively. The zero angle of attack rolling
moments are shown at supersonic Mach numbers (Figure 22). Significant
reductions in induced rolling moments occur at Mach numbers above two
for WAF's with spans less than a quarter circle. This suggests the
possibility of tailoring the induced rolling moment variation with Mach
number by varying the fin radius of curvature. This design procedure
is only allowed when adequate space exists around the rocket for the
fin curvature to depart from the body surface, The variation with
angle of ittack and missile roll attitude are shown in Figures 23 and
24 for the three spans. There are two significant effects that should
be noted. There appears to be much less variation with angle of attack
induced with shorter span WAF (Figure 23); however, at the supersonic
Mach numbers, roll moment will be dominated by bedy vortex and span
(Figure 24), The interaction is not necessarily unique to the WAF but
is related to the relative position of the body vertex core at angle
of attack, fin span, and missile roll attitude, where the {in arrange=-
ment is not symmetrical at angle of attack (e.g., ¢ = 22.5°).

The step=-down body effect is probably the most significant trend
that must be coansidered in WAF designs requiring a hinge recess and/or
body atep~down geometyy. The standard WAF 1s shown en the smooth and
step~down body in Figure 13, All symmetrical leading edge fins on the
smooth body show only one crossover point for Mach nuwmbers less than
3.0, but the step~down body demonstrated an additional crossover at
low supersonic Mach nuwbers and is epposite to the Featherstone postula=
tion that the force at supersonic Mach mumbers 1s directed away from
the WAL center of curvature. Two additional fins that show this arve
shown in Figure 25. These fins have a l-caliber voot chovd; one is
rectangular and the other has a 20.6° swept lepding edge. Comparisons
of rolling moment cocffieient between the smooth and step-down hody for
four fin planforms arve shown on Figures 26 and 27, The flow wnechanism
that causes this trend way be the key toward development of supersonic
analytical methods. .
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VL.

SIDE FORCES AND MOMENTS

It has been suggested {11] that in addition to induced rolling
moments, the WAF causes side force and moment variations with pitch
angle of attack. A typical comparison between flat and WAF at supersonic
Mach numbers is shown as a function of angle of attack in Figure 28.
Nothing was observed during this series of testing (Figures 29, 30,
and 31) that substantiates the generation of cross derivatives of signi-
ficant magnitude over the angle of attack range *6°, contributable to
cruciform WAF at subsonic and ftransonic Mach numbers. Small variations
with angle of attack may have been seen at supersonic Mach numbers as
shown in Figure 28. ZUNI data at Mach 3,D are shown to have a gimilar
trend to the MICOM data at Mach 2,86, The step-down body does not show
any significant differences in side force or moment with angle of attack
variation.

The same mechanism that causes large roll moment changes with
short span fins at roll orientation and angle of attack (Figure 24) also
induces large yawing moments (Figure 32). This trend is not considered
to be unique to the WAF and may be, as expected, a function of roll
orientation especially for angles of attack (at supersenic Maeh numbers)
where body vortex cores rise to the fin tip. Missile roll rvate will tend
to average out this phenomenon and usually will not present o problem
in flight. Outside of this effect, cruciform WAF's do not appear to
have significant cross derivatives exeept possibly at Mach numbers above
2.5, Geometrie arrangements of the WAF other than cruciferm can he
expected to induce side force/vawing moment vaviations with angle of
attack and roll attitude. These would include; theee=fin configurations:
staggered longitudional configuvations; WAF with alternate opening
divections; and opening angles other than the fully vpen as defined in
this roport. o - :

VIl.  OPENING ANGLE

The standard WAF was tested ow the sanoth body for seven
upening/elosing angles defined as fully open whew a line passes the body
ceater, the fin pivot poiut, and tip chovd. The €in is yally closed and
conforms to thoe body surface at 8 = 139°.  The vest maerix is shown
in Table 3. Most transonfe data weve obtained at ARG [3], and ald

. supersonie data were obtatued at MeBownel Donglas Acvophiysics Laboratory

(8], VFigure 33 shows the model with three opeatng angles of 0, 4%, and

- 90°%,  Fin lifr effocviveness (Figure 34) is shown for three Mach nusbers

‘over the ronge of closing angles tedted.  LifU efteetivoness 18 defined

as the ratio of the Fin novmal foree av a given closing angle 8 to the
fin normal force at the fully open ease & = 0.0, The fin conter of
pressure appears to be essentially duvariant wicth closing angle and s

~a function only of Mach wuaber as For the tully open case. A geometvie

fit of cos 2/3 0 iy shown in comparizon Lo the (in 1ife effeet iveness,
Figure 35 shows the zevo angle of attack rolling woment variatisn with

36

. . . D
ol - St L L R




-

*gquoOT3JU90 99303 P9 U3 3BII pW® IVH 30 uvogjagdwo) 87 2InTIJ

(59p} HOVLLY 40 ITONY
8 9 v - o - - = mn-
ol — - °.
10
6L
9tz
0
] T ] I - =
98¢ Jl.w. 0
o—C g — |
W o—-=~" ‘ uNnz*o- = *20g =W avINnZ X
, i . IR LS FR S B

(A AN312134300 30404 301S

37




TS AT T

6.2 81F2

MACH NO.

0.0 O O OO0 : : 236

00— e 0—00000—OO—0 16
02 { | | | | l L | |
0.05

0.00 |— 1.0
M Oy 0 °°oo°°‘o° =0 A A ® o

Cy

=
2
w
Q
S 0.0 0.8
- 'S
w D D NIID NBEROWND"'C '+ 6+ 0.6 0o o uataney O
S 000} 0.5
W
&
S 000 0.3
[T
6
© 006
a :
",’_o'mlllllllllllllll
. 0.00
f
f 000 e e{geCC 000 0 0 g gy T g S S 1 Wy B 13
0.00 I— O o 1.2
0.00— 1.4

00 | QOO0 0O~ O=—=O—O—0 106

ooslt 1ot b
-2 -7 -6 -5 -4 -3 -2 -1+ 0 1 2 3 4 6 6 7 8
ANGLE OF ATTACK {deg)

Figure 29. Variation of side force coefficient with angle
of attack, WAF, AR = 1.33, Gp/D = 1.00, C,/C, = 1.00,
o= 0 R /MR




PN

e

RET CUERY A e o At

0.2

SIDE FORCE COEFFICIENT, Cy

. MACH NO.
” o.oz%___o,_a.—o—DAJ-DD-D-D-D-D-DD‘D—D"J—U - 2.86
:'OD.——y ,<>__---Cr-<)-~c».-cp—<><>‘3<><><><>C*C*‘<>'“<>"<>' C>g3s
\O'OI—MW ‘.'_1'9
0.0 b=~ 0000000000 0~O=0=0~0 16
oz T N B B |
0.2 1
00— Qe eI OOy 13
00— N WUV Y., N -, 1.2
W™ OO OmO=OOTOOTDOO—OmOmO~0
o2 I I I S I
0.2
00— e Tus ¢ Te P 1.00
D= OO OO OO0 09
00— Lyl LN LN Lyl el Sl 08
0.0 0.6
02 N DR N N |
~10 ~B -6 -4 ~@ ¢ ] |
ANGLE OF ATTACK (deg)

B1 F1

Figure 30O,
angle of atctack, WAF, AR = 0.75, CT/CR w 1.00,

CR/D ﬁ.1.75. $ = 0.

Variation of side force coefficient wiih



00— o Oyl

MACH NO.
2.86

0.0}~ O Qe O 0- 00— QermmO~——0 16
L1 1 | l

S 02
5 :
g 00— GO OO OO OO—O=O—O— 13
§ oo~ LD NN OO0 12
3 | |
g 0o 0—0—0—0—00-CII0-0O—0=0~0—0 !
2 -02 L 1 1 1 I
g o3
]

0o O—0—0—0—0ouimmpH—0—0—0—0 108

00— OO OO OO0 OO OO 095
0.0~ H_WWM 0.8

0.0f— 0O OO0 O-OWAXO-OO—0-0—0-0 05

=10 -3 -6 -4 -2 0
ANGLE OF ATTACK (deg)

Figure 31. Variation of side force coefficient with angle of
attack, WAF, AR = 0,75, CR/D = 1.0, CT,CR = 1.0, ungyme

metrical leading edge, ¢ = 0.




*juemom Buised uo oeile Jo oiSue B XB93I0A Apoq FO 109333 2L Dan31d
(69p) ¥OVLLY 40 ITONV .
9l 1 4 o o o 4 g -
T
] | I 1
-1 0
e 4
rJUmWDLud\th 9
O
-1 90
mm”o O st —..u an i P
550 O §5Z=W
990 O o5CC=9¢
qgz/a
| L9 2 o

(“2) AN31D13430D LNINOW DNIMVA

41




ATNO IT1ONV TI0YH 0432 STOBWAS N34D
FT1INY 110U oSV 52 ‘0 ST08WAS a11os— P

FTONV 170U o529 6% ‘S22 0 ‘STOBMNAS Q1108 —~ 9

¢ % g2l

b | 008

SN

42

o5y

A
Alala|a
cle|a|a]a|a
Aldlala

°l4

N
| S22

ala|a
4

9 0oL

N oo~
50 | >ONIN3dO

“q|6|G|a

“e|ala|a
il BCRLBL
"le|e|a|@
"lea|@|d|4
“lalald4la
“la|a|d|4

)
L

U] % SOt | 007

‘ON HOVYIA

L G6C {60} 80} 9

LSIL TIONV DONINIO AVM 20 AdVWRAS € FIGVL




‘uotjetaea o9f3ue Suiuado yYiTm (opowm IVM °*€g 2andi3

08 =

W h me




*so1Sur Suysold 1B SSIUIATIVBIIO 3IT1 UTF IO OTIEX UL %L 05&&&

(6ep} ITONV ONISOTO
oz oot 08 [ or 02 0 oz-
] | I

| ! T | o

a3asond
. ATind

_
hd
o

l
3

l
"
o
(3%9) $53N2AILD3443 141 NI

w0
£0 ) ]
o 0

@, N30 ATWNS
39503 ONIGYIT1 4O L4V AHOHI %~ X M WAS




EMRESR LA - R e S P TETTIO, BR
AR N ot R

0.04 - 0.04
M =038 - M=16
: S o oo
q
oosl—l 1 1 1 | | -0.04
00 20 40 60 80 160 120 -100 20 40 60
| 0 )
0.04 0.04 0.04
s M=20 50 W=25 § O W=30
<>--*3\‘CL--‘> CP-()-(}~‘Ch-——() <>-~13~.CL____<)
oot 1 1 oLl I

_ ~0.04 L1
-10 0 20 4050 100 20 4060 -100 20 40 60
0 3

Figure 35, Effects of opening angle on WAF rolling moment
zero angle of attack CR/D = 1,75, b/2D = 0.665,

closing angle for Mach 0.8 to 3.0. No large influence was noted for
small variations and, at any given angle, appear to follow the roll
moment variation with Mach number as the fully open case does. At angles
of attack above 6° some side force and yawing moment change was observed
at opening angles other than zero.

Vill.  WAF ROLL DYNAMICS

Tests were conducted where roll damping was measured for several
fin configurations., Included in this was a comparison between a flat fin
and the standavd WAF. These data ave in a MICOM repert [9]. The model
was spun up in the wind tunnel by an internal hydraulic motor. At a
preseribed roll vate, the wmotor elutch was released and the wodel was
allowed to free spin until the steady state roll rate was reached.

Roll dawping for onr of the WAF's and one flat ave shown to vary little
(Figure 30'. Theoretical calculations of Cg by wodified slender body

)
theory are shown to be good exeopt at transonie speeds. Figure 37 shows
the measured steady state vell vate for the WAF with fin cant angles
of 0° and 1° ac Mach wambers from 0.3 to 1.3. A comparison of the flat
fin and WAL {8 shown for the 1° cant. The roll rate for the flat fin
and WAF rvewmadus approximately the same through Mach number 0.8. Above
Maeh 0.8 the VAR deviated shavply away deercasing untid at Mach 1,3 the
N roll vate wvas essentially zovo. Thus the free spinning results sub-
stautiate the abrupt wegative shift in yolling wowent shown by the statie
o I 45 ' '
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data (Figure 13). The effect of fin cant (incidence) on WAF static
rolling moment coefficient at zero angle of attack is shown through the
transonic Mach numbers on Figure 38. These data are for the fin with
geometry [9] shown in Figure 36, and the data implies that for moderate
cant angles the self-induced WAF rolling moment simply produces a bias
in total rolling moment. This is verified by the free spinning data
shown in Figure 37.

A three phase investigation was conducted by JPL, Several small
scale models were flown in the JPL 20-inch wind tunnel (Figure 4).
Some were flown solely for obtaining rolling moment and roll damping
coefficients, others were flown for a bi-planar dynamic investigation.
A sting-mounted free spinning test was conducted initially to observe
the roll direction of models with WAF as a function of Mach number.
Data for the standard WAF and equivalent flat fin from the AEDC spinning
test, theoretical estimate, and the JPL free-flight data for the flat
and WAF are shown on Figure 39. The JPL data points (vertical lines
indicate spread) have too much scatter for a thorough analysis. Even
though some had initial roll rates with and against the fin fold direc-
tion, the scatter prohibits definition of roll damping for spin in any
given direction.
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IX. CONCLUSIONS

The general characteristics of a number of WAF's on a body of
revolution at Mach numbers 0.3 to 3.0 have been presented. The effects
of geometric and flow parameters are summarized in the following
statements:

a) The static stability derivatives atda = 0 of missiles
with WAF's are essentially the same as with equivalent planar fins and
may be estimated by using the flat fin techniques.

b) Drag of the WAF is larger than the flat fin with the same
projected planform area. This increase is approximately a factor of
1.1, for the fins tested, which corresponds to the increase in frontal
area of the WAF over the flat fin.

¢) The WAF does induce roll moment to the missile at zero
angle of attack and zero fin cant. This self-induced roll moment can
change direction as a function of Mach number shown, from static data,
to crossover near Mach 1.0 for smooth bodies. The parameter appearing
to influence the subsonic roll moment most is the fin root chord length,
indicating a fin=body juncture effect.

d)  Step-downs on the afterbody, simulating a fin hinge recess,
show additional cvossover of the WAF-induced roll moment at supersonic.
Mach numbers from 1,2 to 3.0.

)  The WAF volling moment vaviation with total missile augle
of attack is small for absolute angles of attack less than 2°. Above 2°
the rolling moment may deviate significantly from the zero angle of

~attack case depending upon fin geometry and Mach numbeyx.

E)‘ Cross devivatives induced by the WAF do not appear to be

Vsignificanc at Mach numbers below 2,5, 7This may not be the case for

Mach numbers above 2.5, for throe-fin configurations, WAF contigurations
where fin opening divections arve alternated, or higher angles of attack.

£)  Aceurate wmeasurement of WAPF rolling moment veguives sensie
tive roll moment measuvoment justvumentation and small tolerance on the
individual fiu geowotvie incidence.

h)  The WAF moments do wot appear to be intolervable, awnd

- wmissile roll rvates can be tailored by proper geometric dusign for wany

applications,

The sumanry ef WAY aerodynamics prosented in this roport is believed
to be adequate, Ut wmany cuses, as preliminary estimates for aerodyniiic
dosign.  In addivdon, the many pavametovs presented are for fawiliaviza-
tion or as a gouide for initial design and testing when WAF's are applicd
te spoeific dosigos. A compleote summavy of all statie stabilivy data
obtained during this study ave contained in a. companion dita veport [14).
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SYMBOLS
Reference area,ﬁD2/4' ‘ _ O B g ) B §

2
Fin aspect vatio, (b/2) *S§

Fin total exposed span, 2 panels

Drag coefficient less base -drag

‘Rolling moment coefficient based on A*D

Roll damping coefficient, d Cz/d(pD/ZV)

Normal force coefficient -
d CN/da gt o = Q

Fin root chord
Fin tip chord
Side force coefficient

Reference length-body diameter, 4.0 in,
- Model total lemgth, 40.0 in. » - »
- Mach number

Wind tunnel stagnation pressure
;'Reynolds number

fFin projected planform exposed area, b/4*(c + GT)
Fin thickness :

Wrap around fin ‘ - : A S
Center of pressure, longitudinal

~ Fin spanwise center of pressure

“"Angle of attack :
Leading edge total included wedge angle (deg) ’ ‘ %,
‘ uFin opening/closing angle (deg) |
‘Leading edge sweep angle (deg)
‘Roll attitude (deg) ‘
 The Technical Cooperative Program Exterior Ballastics Panel-07

(W ""‘H,
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