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SOME EFFECTS OF FIN PLAN FORM ON THE STATIC STABILITY
OF FIN-BODY COMBINATIONS AT MACH NUMBER 4.06

By Edward F. Ulmann and Robert W. Dunning
SUMMARY

In order to investigate some effects of fin plan form on the
static stability of fin-body configurations, tests were conducted at
Mach number L4.06 on fineness-ratio-9 and -12 bodies of revolution alone
and in combination with low-aspect-ratio tail fins of three plan forms
having equal exposed areas. The plan forms were rectangular, delta,
and the trapezoidal plan form of the vertical stabilizer of the Bell
X-2 airplane. Normal-force and pitching-moment coefficients were
obtained through an angle-of-attack range of 0° to 10° at Reynolds

numbers of 16.8 x 106 and 22.3 X lO6 based on body lengths.

It was found that the normal-force and pitching-moment coefficients
of the test configurations could be predicted rather well by combining
the results of a correlation of experimental data for the body alone
with theoretical fin and fin-body interaction forces. The trapezoidal-
finned configurations showed the most longitudinal stability, since
they had the highest normal-force-curve slopes and the most rearward
centers of pressure. They were followed in order of decreasing stability
by the rectangular and the delta-finned configurations. It was found
that the centers of pressure of the three configurations varied as the
location of the centroids of fin-plan-form area.

INTRODUCTION

As the speeds of supersonic airplanes and guided missiles are
increased, the wider range of operating Mach numbers for a given
configuration may increase the problems of static stability. A decrease
in the stability of body-tail configurations occurs as Mach number
increases, since the unstable moment contribution of most bodies of
revolution remains nearly constant with increasing Mach number, whereas

the stabilizing moment of the fins decreases with Mach number. The
rate of decrease of stability can be lessened by the use of configurations
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having high-fineness-ratio noses and properly designed low-aspect-ratio
control surfaces, but even with good design the stability of a configu-
ration would probably still decrease somewhat with Mach number so that
the highest flight Mach number would be the critical point.

A specific problem of this type is presented by the decrease in
directional stability with Mach number of the Bell X-2 airplane as
determined experimentally at Mach numbers from 1.40 to 2.32 (ref. 1).
Since this decrease in directional stability is due in large part to
the decreasing lift-curve slope' of the vertical tail, a preliminary
investigation was undertaken to determine the effects of tail-fin plan
form on the static longitudinal stability of fin-body configurations at
Mach number 4.06. The plan forms investigated were the trapezoidal
plan form of the vertical stabilizer of the Bell X-2 airplane of aspect
ratio 2.384, and rectangular and delta plan forms of aspect ratio 1.72.
The results were compared with some existing fin-body-interaction
theories and an alteration to these theories is presented which improves
their predictions for rather blunt bodies at high Mach numbers.

SYMBOLS

Cy normal-force coefficient based on frontal area of the body,
re

ACy incremental nérmal-force coefficient due to the addition of
fins to the body

Cm pitching-moment coefficient about the base of the body based
on frontal area and maximum diameter of the body, E%E

N ‘ normal fbrce

M pitching moment about the base of the body

q free-stream dynamic pressure

S ‘ frontal area of the body

a - maximum diameter of the body

c.p. center-of-pressure location in calibers from the base of the
body

a ' angle of.éttack, deg
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APPARATUS

The tests were conducted in the Langley 9- by 9-inch Mach number 4
blowdown tunnel which is described in reference 2. The settling-chamber
pressure, which was held constant by a pressure-regulating valve, and
the corresponding air temperature were continuously recorded on film
during each run. Wire strain-gage balances mounted on stings and
located inside the models were used to measure normal force and pitching
moment.

MODELS

The models consisted of fineness-ratio-9 and -12 ogive-cylinder
bodies of revolution with and without two horizontal fins of three plan
forms. The trailing edges of all the fins were normal to the body axis
and were located even with the base of the body (see fig. 1). The ogival
nose of both bodies was formed by one-half of an arc of radius 9.431 inches
and chord of 6.06 inches. The afterbody was a l-inch-diameter cylinder
of length 5.97 inches for fineness ratio 9 and 8.97 inches for fineness
ratio 12. The fin plan forms were rectangular, half-delta, and the
trapezoidal plan form of the vertical stabilizer of the Bell X-2 airplane.

A1l fins had an exposed area of 4.T4 square inches and were f%- inch-

thick flat plates, with a j%-—inch symmetrical leading-edge wedge measured
1

parallel to the body axis. The rectangular and half-delta fins had an
aspect ratio of 1.072. The trapezoidal fin had an aspect ratio of 2.384
and had a root chord to body length ratio (for the fineness-ratio-9
body) equal to that of the Bell X-2 airplane. The leading edge of the
half-delta fin was swept back 75°; whereas the leading edge of the
trapezoidal fin was swept back approximately L40.59.

TESTS

Tests were made to obtain the normal-force and pitching-moment
coefficients of the bodies alone and of the finned configurations with
the fins oriented in a plane perpendicular to the angle-of-attack plane.
The tests were run at humidities below 1.0 X 10-° pounds of water vapor
per pound of dry air, which are believed to be low enough to eliminate
any appreciable condensation effects. The fineness-ratio-9 and -12
configurations were tested at Reynolds numbers based on body length of

16.8 x 100 and 22.3 X 106, respectively. All configurations except
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the fineness-ratio-12 finned bodies were tested through an angle-of-
attack range of 0° to 10°. The latter configurations were tested only
to 7O because of the strain-gage-balance measuring limits.

Schlieren photographs of the flow around the models were obtained
by use of a system incorporating a spark-discharge light source of
l-microsecond duration. The actual angles of attack under running
conditions were measured from the schlieren negatives by use of an
optical comparator.

PRECTISION OF DATA

The uncertainties involved in obtaining the aerodynamic coefficients
and the center-of-pressure locations have been analyzed. It was deter-
mined that the existing average variation of stream Mach number, which
is -0.01 per inch in the downstream direction, would cause the experimental
center-of-pressure locations to be 0.05 caliber too far back on the
body; however, this correction was not applied to the data because of
its small size and approximate nature. The probable uncertainties in
the data due to the above effect and the accuracy limitations of the
balance and the settling-chamber-pressure recorder are listed in the
following table:

Probable uncertainty

o H S R 03
PP o I )5
Center of Pressure . . « +« « + o + o « « « « o o « « « » ¥0.1 caliber
o R« 7= - - 1 O B A

RESULTS AND DISCUSSION

Theoretical Methods

The total normal force and pitching moment of a finned-body
configuration may be broken down into: the component of each due to
the body alone; the components due to the fins alone; the components
acting on the fins due to the presence of the body; and the components
acting on the body due to the presence of the fins.

The theoretical methods of references 3, 4, and 5 may be used in
their entirety to obtain the components listed above when the body and
the Mach number are such that slender-body theory can be applied.
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However, the test body at the test Mach number cannot be treated by
slender-body theory, since the body apex half-angle is greater than
the free-stream Mach angle; therefore, predictions of the normal-force
and pitching-moment coefficients for the bodies without fins were
obtained by the methods of references 6 and 7. The semiempirical
method of reference 6 is based on potential theory, is not strictly
applicable to bodies as blunt as the test bodies at Mach number k4, and
is used here only for comparison with the correlation of experimental
data presented in reference 7. This correlation was obtained from
experimental data on conical and ogival-nosed bodies of fineness ratio
3.5 to 17 through the Mach number range from 2 to 4.31.

The fin and fin-body-interaction forces were estimated by the
methods of references 3, 4, and 5, and were combined with the predictions
of reference 7 for the body alone to give predictions of the normal-
force and pitching-moment coefficients of the complete configurations.
The predictions of the methods of Lagerstrom and Van Dyke (ref. 3) and
Nielsen and Kaattari (ref. 5) for the fin-body-interaction forces of
the configurations tested are so nearly identical that they plot as
practically the same line. This result is coincidental, since Lagerstrom
and Van Dyke do not take into account the force on the body caused by
the fin. They use an upwash term, however, which is larger than that
used by Nielsen and Kaattari so that their predictions of the forces on
the fins due to the body are practically identical, (for these configu-
rations) with the sum of Nielsen and Kaattari's predictions of the same
factor and the force on the body due to the fins.

When the results of references 3 to 5 were used to predict the
pitching moments of the configurations, it was assumed that the fin
normal force and the normal force on the fins due to the body acted
at the centroid of area of the fins. The normal force on the body due
to the fins predicted by references 4 and 5 was assumed to act at the
centroid of the area enclosed by the Mach line from the intersection
of the fin leading edge and the body, the fin root, and the base of
the body.

Experimental Results

Normal force.- Figure 2 presents the experimental and predicted
variations of normal-force coefficient with angle of attack for all
configurations. The method of reference 6 gives rather poor estimates
of the normal-force coefficients throughout the angle-of-attack range
for both the fineness-ratio-9 and -12 bodies (fig. 2), as might be
expected because of the limitations of the method. Use ot the correlation
of reference T gives excellent predictions of body-normal-force coeffi-
cients up to about an angle of attack of 6° but somewhat underestimates
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the coefficients at higher angles and increasingly underestimates
them with increasing fineness ratio.

The three methods of predicting the normal-force coefficients
(refs. 3 to 5, each in combination with ref. 7) gave about the same
agreement with experiment for the rectangular and the trapezoidal
models, very good agreement at low angles of attack, and about 10 percent
low at the higher angles of attack. For the delta-finned configurations,
combining references 3 and 5 with reference 7 gave very good agreement
throughout the test angle-of-attack range; however, in this case, the
predicted normal-force coefficients were slightly greater than experiment.
The method of reference 4 combined with reference 7 gave predictions of
the normal-force coefficients that were still higher than the predictions
of the other methods. It might be expected that the experimental
values for the delta-finned configurations would be somewhat lower than
the theoretical predictions since, although this fin plan form has a
slightly supersonic leading edge and was so considered in the theoretical
calculations, it is actually operating with a detached shock because of
its thickness, as is shown by the schlieren photographs of figure 3, so
that the normal force becomes less than the two-dimensional value. A
comparison of the experimental results for the finned-body configurations
(fig. U4) showed that the trapezoidal-finned configurations had slightly
higher normal-force-curve slopes than the rectangular- and the delta-
finned configurations. This variation of normal-force-curve slope might
be expected since the trapezoidal fin has a higher theoretical normal-
force-curve slope than the rectangular fin because it has a larger
percentage of two-dimensional-flow area and since the normal-force-curve
slope of the delta fin might be expected to be lower than the two-
dimensional value because of the region of subsonic flow behind the
detached shock at the leading edge.

The effect of increasing the fineness ratio from 9 to 12 was to
increase the normal-force coefficients at most angles of attack on each
of the configurations by an amount approximately equal to that predicted
for the body alone by the method of reference 7. The ACy contributed

by the fins was about the same for both fineness ratios (fig. 5);
therefore the increments in normal force due to the body upwash and
fin-body-interference effects are about the same for both fineness-ratio
models. The ACy 1is 25 to 50 percent greater than the theoretical

two-dimensional-fin normal-force coefficient, which is also plotted on
figure 5.

For these data to be applicable to configurations having one
vertical tail fin, the pressure fields on the body caused by the fins
should not overlap. At small angles of attack, this condition can be
investigated by assuming that the disturbances spread out on the surface
of the body within free-stream Mach helices drawn from the leading edge -
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of the root chord of the fins. On this basis, the trapezoidal- and
the rectangular-finned configurations are free of interference, but
the half-delta-finned configurations are not. The possibility that
the influence of the fins might be felt outside of the Mach helices
through the boundary layer and the effect of the subsonic flow near
the leading edge of the half-delta fins has not been investigated.

Pitching moment.- The theoretical curves of pitching-moment

coefficient against normal-force coefficient for the body alone are
compared with experimental values in figure 6, and it is evident that
the method of reference 7 gives the better prediction of the stability
of the bodies. The experimental moment curves for the finned configu-
rations (fig. 6) of both fineness ratios show good agreement with the
curves obtained by combining the predictions of reference 7 with those
of references 3 to 5. Comparison of the experimental curves shows that
the trapezoidal- or X-2-plan-form-finned configurations were the most
stable of the three configurations tested and were followed in order
of decreasing stability by the rectangular and the delta-finned
configurations.

Center-of-pressure.- The experimental and predicted center-of-

pressure positions for all configurations as determined from figure 6
are compared on figure 7. The experimental centers of pressure at

a = 0° were obtained from the slopes of large-scale plots of pitching-
moment coefficient against normal-force coefficient and are indicated

by the short horizontal lines on the a = 0° axes of figure 7. Center-
of -pressure locations obtained from the actual test points are also
included. The method of reference 7 gives good agreement with experiment
for the bare-body configurations; whereas that of reference 6 gives
predictions which are from 1/2 to 1 caliber too far forward.

Predictions of center-of-pressure location for the finned bodies
of both fineness ratios obtained by combining the methods of reference 7
with those of references 3 to 5 agree with the experimental results
at o = 0° within 0.25 caliber (fig. 7), except for the predictions
of reference 7 combined with those of reference 4 for the delta-finned
configurations. The centers of pressure of the rectangular- and delta-
finned configurations are, respectively, about l/h and 1/2 caliber for-
ward of the centers of pressure of the trapezoidal-finned configurations
(fig. 8). This variation of center-of-pressure location corresponds
to the variation of the fin centroid of area. From figure 8 it can be
seen that the centers of pressure of the normal-force increments due
to the fins are slightly forward of the centroids of area of the fins.

From the results of these tests, some observations concerning the
design of tail fins to give maximum stability to body-tail configurations
at Mach number 4 can be made. The centroid of area of the fin should
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be as far rearward as possible and, in order to assure a maximum
normal-force-curve slope, the fin should have no subsonic edges and
the leading-edge sweep and leading-edge profile should be so combined
that the leading-edge shock is not detached. This describes a highly
tapered swept fin with a leading-edge angle small enough to permit
shock attachment. Considerations of air-frame design and changes in
directional stability with Mach number indicate that aspect ratios as
low as possible, consistent with the other requirements, are desirable.

CONCLUSIONS

An investigation has been made into the effects of fin plan form
on the static stability of fineness-ratio-9 and -12 fin-body combi-

nations at Mach number 4.06 and Reynolds numbers of 16.8 X 106 and

22.3 X 106 based on body lengths. Analysis of the results of this
investigation indicated that:

1. The normal-force and pitching-moment coefficients of the test
configurations could be predicted rather accurately by combining the
results of a correlation of experimental data for the body alone with
theoretical fin and fin-body-interaction forces.

2. The trapezoidal- or Bell X-2-finned configurations showed the
most stability and were followed in order of decreasing stability by
the rectangular configurations and the delta-finned configurations.
The X-2 configurations had both the highest normal-force-curve slopes
and the most rearward centers of pressure.

3. The centers of pressure of the finned configurations varied as
the location of the centroids of fin-plan-form area.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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Figure 2.- Normal-force coefficients for body alone and finned body
configurations at M = 4,06 and at a Reynolds number of 16.8 x 106

for the fineness-ratio-9 configurations and 22,3 X ].O6 for the fineness-

ratio-12 configurations.
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No flow Delta-finned configuration

Rectangular-finned configuration X-2-finned configuration

L-75089

Figure 3.- Plan-form schlieren photographs of the three finned configu-
rations at zero angle of attack and zero angle of yaw at M = 4,06

and at a Reynolds number of 22,3 X 106.



NACA RM 1L52D15a

1L

-0l 8 9 ¥ e 0 3. o1 8 9 4 0

. *SUOTQBINST JUOD gT-OT1BI~S83UdULT
U3 103 §OT X €°Z2 pPUB SUOT}RIMBIJFUOD {-OT3RI-SSSUSUTI oYr JOF

90T X §'9T JO Ioqumu SpPTOUASY ® 3' PUB 90'f = W 3® SUOT2BINITIUOD

Apoq-pouutI puUB 2UOTB APOq Z[~O0T}BI-SSOUSUTJ PUB £-0T3BI~SSSUSULT
oY} J0J SIUSTOTIIS0D 90IOJ-TPWIOU TejusmiIsadxe Jo uosTIedwo) =°4 Sm3TJd

*2T oTara ssauauld (qd) ‘6 oT3®BI ssaudUTA (®)

Fop ‘v ‘yoege jo o8uy Sap ‘P ‘yoeytE JO 913Uy

09 auore Apogd

*®

Q
=)
o
3
>
g
o
m
©

LS|
—

uotjeIN3FUOd pauutl-eyaq UoNBJIRSFUOD paUUT-BIST

<
-

N
-
Ny ‘quatoyzeod 20d0)-TEWION

771
/1)

©
-

L”///. uoTRINIFUOD PauUY}-JemBue}vy I UOTYRINSIFUCD PauuTy-Jemaue;day
02 0%
uoryeandyuod pauuyy Z-¥ uoTyeMATUed pauul} Z-X
> (]
[ 44 @ﬁ ¥'g
|
82 . ﬁ 8'2

No ¢quatorszeos s2103-TeuULION




NACA RM L52D15a 15

2.k
2.0
2
e
8 1.6 Fineness ratio 9 . 4
© aw
£ ,
3 . 7 /
ﬁ %: 1.2 L Rectangular-finned configuration //, 45 L
22 P ki _
0 A
N\ Y. I
8 5 L 7 ~
38 X~-2-finned configuration \ ;,’ x\/
Z m 8 N {// e -
A “
écﬁ ?/{/’ é // Fineness ratio 12
iE éff/ g
E § A ] \\
& .0 L A 1~ \\
o P
§§ g 1ta-fi c; nfi ti
O Pl Delta-finned configuration
& A¢éf/ AN
: s \«\
Theoretical two-dimensional
0 fin normal-force coefficient
-1 - : | |

-2 0 2 I ) 6 8 10
' Angle of attack, a, deg

Figure 5.~ Comparison of increments in normal force contributed by the
tail fins for all configurations at M = 4.06 and at a Reynolds number

of 16.8 x lO6 for the finenéés-ratioe9 configurations and 22,3 X 106
for the fineness-ratio-1l2 configurations.
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