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SUMMARY

An investigation was made in the Langley 9-inch supersonic tunnel
of several missiles having low-aspect-ratio, cruciform, tandem lifting
surfaces with a view toward developing a missile with small variations
of center-of-pressure location at various angles of attack and roll.
The investigation centered about a basic configuration having equal-
span wings and tails. Modifications were introduced in an attempt to
determine the magnitude of the wing-tail interference and to minimize
the undesirable effects of this interference.

Presented are summaries of the 1ift, drag, and pitching-moment
results and analyses of these results in the form of tail efficiencies
or center-of-pressure shifts or both of the missile configurations and
various components and combinations of components tested. The angle-
of-attack range was from -5° to 15°. The Mach number range was from
1.62 to 2.40, most of the data being obtained at a Mach number of 1.93.

A method of calculating the effects of wing-tail interference upon
the 1ift and pitching moments of missiles is presented and the calculated
results are generally in good agreement with the experimental results.

INTRODUCTION

One of the problems encountered in the development of supersonic
air-to-air missiles with low-aspect-ratio, cruciform, tandem lifting
surfaces is the effects of wing-tail interference upon the static longi-
tudinal stability of the missile. The predominant interference effect
is associated with the changes in the induced flow field at the tail
with angle of attack which cause nonlinear changes in the resultant
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downwash over the tail surfaces. These nonlinearities result in shifts
in the location of the missile center of pressure which, in the case of
a guided missile, can add prohibitive complications to the control
systems.

An experimental investigation has been made in the lLangley 9-inch
supersonic tunnel to determine the effects of wing-tail interference
upon the static longitudinal stability of various missile configurations
in the Mach number range of 1.62 and 2.40 at corresponding Reynolds

numbers of 0.362 x 106 to 0.262 x 106 per inch. The tests were made in
an attempt to develop a missile with little center-of-pressure travel
due to changes in angle of attack, roll, and Mach number starting with
a basic configuration having equal-span wings and tails and modifying
this configuration in order to reduce the interference effects. In
order to evaluate the wing-tail interference effects, it is essential
to know the aerodynamic characteristics of the body-alone, body-wing,
and body-tail combinations, as well as the characteristics of the com-
plete configuration. The data for these various combinations in the
present investigation were obtained experimentally and were presented
in references 1, 2, and 3. In the present paper a representative part of
the experimental data is summarized and analyzed. Also, comparison is
made between the experimental wing-tail interference effects and those
calculated by use of a method presented in this paper.

SYMBOLS
b total span of wing
by, total span of tail
B configuration of body
BW configuration of body and wings
BT configuration of body and tails
BWT configuration of body, wings, and tails
Cp drag coefficient, Drag/qS
CDmin minimum drag coefficient

Cy, 1ift coefficient, Lift/qS
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variation of Cy with a(BCL/&@

pitching-moment coefficient, moments taken about center of
gravity, see fig. 1, Pitching moment/qSd

variation of Cp with a(dCp/da)
Cp, &t a-= o°

maximum body diameter

Mach number

dynamic pressure

body radius

maximum body cross-sectional area
thickness ratio of wing or tail
free-stream velocity

angle of attack

angle of roll of model relative to angle-of-attack plane,
positive when model, viewed from rear, is rotated clockwise
(¢ = 0° when opposite tail panels are in angle-of-attack
plane)

interdigitation angle, angle between a plane through opposite
tail panels and a plane through opposite wing panels, posi-
tive when wings are rotated clockwise with respect to tails
as viewed from the rear. (When 6 values are indicated
for BW configurations, the subtracted tail is assumed to
be present at @ = 0°.)

Clpwr - Clgy

tail efficiency calculated using 1lift data,
Cipr - Cip

free-stream density
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Subscripts:
R root of wing or tail panel
it tip of wing or tail panel

Numerical subscripts of configuration designations refer to partic-
ular body, wing, or tail.

Superscripts:

Numerical superscript of W gives value of interdigitation angle 6.

APPARATUS AND TESTS

Wind Tunnel

A1l tests were made in the Langley 9-inch supersonic tunnel. The
tunnel is of the continuous-operation complete-return type in which the
stream pressure, temperature, and humidity conditions may be controlled.
The air was dried sufficiently at the start of each test so that the
condensation effects in the test section were negligible. Within the
stagnation chamber ahead of the first minimum are located 11 fine-mesh
turbulence-damping screens. The Mach number is varied by interchanging
nozzle blocks which form test sections approximately 9 inches square.

A schlieren system is provided for qualitative visual-flow observations.

Model Description and Installation

The dimensions and designations of the various models tested are
given in figure 1 along with pertinent descriptions of each component.
A1l models, with the exception of the solid-body models, were designed
so that the various wing and tail surfaces of the complete configurations
could be interchanged, varied in position with respect to each other, or
omitted entirely. Body length could be varied by inserting or removing
sections in the cylindrical part of the body. Also, nose shapes could
be interchanged. In general, the models were found to have been con-
structed to within $0.002 inch of the dimensions indicated in figure 1
with the exception of the cylindrical part of the body which was found
to be accurate within 10.0003 inch of the designated dimensions.

A schematic drawing of the model installation in the tunnel is
shown in figure 2. The model moment reference was adjusted laterally
at each test angle of attack so that the reference would be on the axis
of the tunnel. It is seen in figure 2 from the estimated limits of the
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critical disturbance due to the model and its reflections that with the
system employed — in which the effective center of rotation of the model
may be selected — the axis of the body tends to stay symmetrically boxed-
in by these disturbances without interference. In this way, the longest
possible model for a given tunnel width and Mach number may be employed.

All models were sting mounted with a movable windshield that
enveloped the sting and faired into the rear of the model with a gap
of about 0.015 inch between the rear of the model and the front of the
windshield. (See fig. 3.) Before each set of readings was taken at a
given angle of attack, the gap between the stern of the model and the
movable windshield was carefully adjusted so that a constant opening
around the periphery existed. The pressure inside the box enclosing
the balances and sting was held approximately constant and just below
stream static pressure during each test except when effects of box
pressure variation were investigated.

Tests

It was noted during the early part of the test program that, for a
clean body configuration, a displacement of the pitching-moment curve
at a = 0° was experienced that was larger than at the beginning of
the program. It was found that an internal taper at the stern of the
body would remove the largest part of the displacement; therefore, all
the remaining configurations tested had an internal taper at the stern.

Those configurations tested without the tapered stern included nglu5,
BpTy, and BoWy*oT; at M = 2.bo.

It was also noted during the early part of the tests that the
elevator settings of the tail T;, although intended to be constant and

at a value near OO, varied somewhat during the course of testing and
changed slightly every time the model was disassembled and reassembled.
This variation resulted in increments of 1ift and pitching moment at zero

angle of attack; therefore, during all tests except BT and B2W1A5Tl
at M = 2.40, the elevators were soldered fixed to the tail panels.

During the tests the effects of varying the box pressure and gap
were investigated and it was found that for the gap setting used
(0.015 inch) the box pressure could be varied several percent above or
below the stream static pressure without affecting the model 1lift and
pitching-moment characteristics. With regard to the drag, the fore drag
of each configuration was found to be independent cf box pressure and
the base pressure was found to be equal to the box pressure. All drag
results presented herein were corrected to free-stream base pressure.
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During the body-alone Bp test at M = 2.40, it was noted that
small protuberances affected the measured characteristics. The protuber-

ance referred to was a flat i%-inch-diameter mirror mounted near the =

moment reference. (See ref. 1.) Results of other tests (not presented)
in which small protuberances were intentionally placed on alternate sides
of the body and at different longitudinal stations along the body showed
that the asymmetry in the drag curves reversed when the protuberance was
placed on alternate sides of the body and that the magnitude of the
asymmetry decreased as the protuberance was placed nearer the base of the
model. These observations indicated that the change in the character of
flow over the body due to small protuberances was sufficient to change
the measured characteristics. Other body-alone tests reported in refer-
ence 2 further substantiated this conclusion; therefore, solid models

of Bp, B3, and B) were constructed with surfaces free of waviness

and protuberances for use in body-alone tests. Since larger "protuber-
ances," such as wings, were expected to change the character of flow

over the after portions of the body, tests were made of Bo, B3, and By

with transition induced by rings that were installed in the region where

the various wings were installed. Each ring was composed of fine salt

crystals sparsely distributed in a single layer over a width of about s
1/8 inch and a thickness of about 0.013 inch (1.6 percent diameter).

The results of these tests are believed to give an indication of the

effects of the change in flow character due to the installation of wings .
upon the characteristics of the body.

PRECISION OF DATA

For all the test Mach numbers, pressure surveys throughout the test
section have shown the stream to be uniform within a maximum variation
in Mach number of *0.01. ILess detailed angle surveys have indicated flow
deviations of the order of 0.15° or less with respect to the tunnel walls
and, also, from past experience, both zero moment and zero 1lift are
generally realized for symmetrical configurations at zero angle of attack.
These points are brought out to emphasize the fact that, for the present
tests, the most likely reason for an extraneous moment or 1ift at zero
angle of attack is a misalined (other than zero angle with respect to
the body axis) wing or tail panel. Measurements of the various wings
and tails indicated that inadvertent incidences are present.

A1l the 1lifts, drags, and pitching moments were measured by means
of external self-balancing mechanical scales. A conservative estimate
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of the maximum probable errors in these measurements is given in the
following table:

Mach
number 1.62 1.93 2.4%0
Coefficient
Cy, 0.001 w0 (01031 10.001
Cp +.003 +.003 .00k
Con axH O 1c .01k +.020

Angles of attack with respect to each other in a given run are
accurate to within *0.01°. The errors in initially referencing the
body axis parallel to the tunnel wall do not exceed ¥0.03°.

RESULTS AND DISCUSSION

Presented in figures 4 to 15 are the 1ift, drag, and pitching-
moment measurements of the configurations investigated grouped according
to Mach number, first M = 1.93 at which most of the tests were made,
then M = 1.62 and M =2.,40. In figures 16 to 23 are presented the
center-of-pressure locations for B, BW, BT, and BWT and the tail

‘efficiencies for BWT followed, in figures 24 to 28, by comparisons of

predicted and experimental results. All these results, as well as the
discussions of the results, are presented in order of model build-up,
first body-alone, then body-wing, body-tail, and body-wing-tail.

The experimental values of (Cla)o’ (Cma)o’ and Cppi, as well as

the numbers of the figures presenting measured data are summarized in
iGabilie: T

Body

The results of body-alone tests are presented in figures 4, 8,
and 12 and compared with theories of references 4, 5, and 6 in figure 2L.

Lift.- The experimental curves at M = 1.93 (fig. 4(a)) indicate
that the effects on Clu of increasing the fineness ratio of a body

with the same conical nose from 10.0 to 11.4 are negligible at values
of "af legs®¥thdan 50, which indicates that the majority of the 1lift was
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contributed by the nose at small angles of attack as has been predicted.
Also, the effects on CLOL of inducing transition about the region of the

model behind the nose are small for values of a less than 6° (for
example, fig. 4(c)). At higher angles of attack, CLOL increased with

a for each body length; also, at a constant a above 6° the 1lift
contributed by the afterbody increased with the length of the afterbody.
It was also found that, as transition was induced farther forward, the
1lift at angles of attack greater than 6° decreased, probably due to the
increase in the pressures caused by separation over the lee side of the
afterbody. A comparison of the results from models B3 and By

(fig. 4(a)) shows that the change in nose shape affected the 1lift char-
acteristics only at angles of attack greater than B2

Pitching~moment and center-of-pressure location.- The results of
all the body-alone tests without transition (see fig. 4(a)) indicate an
appreciable reduction in Cma at about 5° angle of attack which is

caused by the flow separation and low pressure recovery on the lee side

of the afterbody. This reduction is, in effect, a stabilizing contribu-
tion in that the center of pressure progresses rearward very rapidly as

the angle of attack is increased from 5° to 10° (for example, fig. 16).

It was found that inducing transition from 2 to 6 inches behind the nose
of the body would result in an appreciable reduction in the variation -
of CmOL in this angle-of-attack range due to the increase in the pres-

sures over the lee side of the afterbody. The primary effect in changing
the nose shape (compare models B3 and By in fig. 16) was to move the

center of pressure farther forward for the case of model B) which had

a nose of higher apex angle.

Drag.- As expected, the drag of B) 1is somewhat higher than that
of Bp throughout the angle-of-attack range because of the higher apex

angle of the nose. Drag "buckets" disappear with the change in flow
character over the afterbody. As transition is induced farther forward
on the bodies, cDmin increases because of the increase in surface area

within the nonlaminar region of flow.

Comparison of experimental and theoretical results.- In figures 2h(a)
and 24(b) the experimental characteristics of B, and B) at the three

test Mach numbers are compared with the results of the potential theory
of references 4 and 6 and the potential-plus-viscous approximation of
reference 5. The experimental lifts are in good agreement with the
theory of reference 5 throughout the angle-of-attack range in which the
flow separation from the lee side of the body was believed nonexistent
or of secondary importance; the pitching moments and incremental drags
within this « range are in fair agreement. As the separation effects
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become more predominant (above a = 5°) the discrepancies between the
experimental and predicted characteristics increase.

Body-Wing

The measured results of the body-wing tests are presented in fig-
ures 5, 9, and 13. The experimental 1lifts and pitching moments of three
body-wing combinations are compared in figure 25 with results obtained
using infinite and slender-body theory in conjunction with slender-wing
theory (ref. 7) and a modified slender-body theory (ref. 8) using the
lift-curve slopes for the isolated wings from reference 9.

Experimental results.- In general, for all BW combinations, CLOL

increases with o for a given roll angle. For angles of attack up to
about 59, no variation in lift resulted from variations in roll angle.
This effect was predicted in reference 7; however, at higher angles of
attack the 1ift of BW combinations is, in general, slightly higher
when the roll angle is such that two opposite wing panels are in the
angle-of-attack plane. It is also noted that shifting the longitudinal

location of Wlh5 forward about 0.8 body diameter on the cylindrical
part of B} results in no change in the 1ift of the combination. (See

Fig. 5(b).)

The center-of-pressure locations presented in figure 17 show that,
in general, as the angle of attack increases, the center-of-pressure
locations move rearward. In comparison to the body-alone analysis, the
rearward center-of-pressure movements of the BW combinations are much
less; this decrease suggests that the contribution of the exposed wing
panels is such as to reduce the rearward center-of-pressure movement
and also that there is a reduction in the stabilizing effects of the
flow over the afterbody caused by the effects on the flow of the body-
wing juncture and the pressure field of the wing tip. The effect of
roll is to reduce the rearward center-of-pressure movement as opposite
wing panels move out of the angle-of-attack plane.

Comparison of experimental and theoretical results.- The results

of tests of configuratioms Buw7o, BAW8O, and Bhwgo were selected to

compare with the theories of references 7 and 8 because these configura-
tions represent a BW combination in which the wing span was varied
systematically; these experimental and theoretical results are presented
in figure 25 and in the following table (for 0° angle of attack):
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(Cl“W>B CIUBW (FmaW>B Cm“Bw LR

@ g
Lupy

Buw7o

Infinite-body and slender-wing | 0.046 [0.046 | 0.049 | 0.049 | 1.07
itheoryssrefl [

Slender-body and slender-wing .046 .081 .049 209 | 2.58
theory, ref. T

Modified slender-body theory .026 .061 .025 .185.1.3.03

Experimental results .016 .059 .016 S 23RS E O,

B),Wg°

Infinite-body and slender-wing | 0.089 |0.089 | 0.102 | 0.102| 1.15
theory, refs T

Slender-body and slender-wing .089 .12k .08T- 247 | 1.97
theory, s refcs [

Modified slender-body theory .053 .088 .057 L2l 20k

Experimental results .039 .082 047 262 3.19

Infinite-body and slender-wing | 0.145 [0.145 | 0.016 | 0.176 |1.21
iLheary S re o

Slender-body and slender-wing .45 .180 Al .331 | 1.84
theory, ref. T

Modified slender-body theory .087 22 .10k 264 | 2.16

Experimental results 052 SIH1E .109 224 12,82

where @ =C = (5] and © = (€ - C . From these
( Lﬁw>B Logy = “Lop (,maw)B Dapy o

tabulated results, it can be seen that the modified slender-body theory
of reference 8 predicts (Cp ° g and (C with greater
( LQ’W)B, L@BW, ( mC‘U)B ’ g

accuracy than the other two theories considered. Although Cman

calculated by the method of reference 8, was only in fair agreement with

the experimental results, the center-of-pressure location obtained by

using this theory was in better agreement. At the higher angles of

attack the discrepancies, as shown in figure 25, between experiment and

the aforementioned theories are believed to be caused by the viscous

cross forces on the afterbody and are reduced somewhat.by using the a
1ifts and pitching moments computed by the potential-plus-viscous theory

of reference 5.
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Body-Tail Combination
In figures 6, 10, 14, and 15 are presented the results of the
BT combination tests. Comparisons of the experimental 1ifts and
pitching moments of two BT configurations are made with the results

of theories presented in references 8, 10, and 11.

Experimental results.- For all BT configurations Clu increases

with o for a given roll angle, though to a lesser extent for BMT5

and B)T7, the two BT configurations with larger span — body-diameter
ratios. (See fig. 6.) The effect of roll angle on the 1ift of these
two configurations, as well as BoTg, is negligible; however, for BoT,

and BLT) (see figs. 6(a) and 6(b)) the 1lift of the combination is

reduced as the two opposite tail panels are rolled out of the angle-of-
attack plane. Similarly, there are smaller effects of roll on Cp

for ByT5 and ByT7 than for the other BT configurations resulting

in small effects on the center-of-pressure location due to roll. In
general, the center-of-pressure location for all BT configurations is
stationary or moves slightly rearward as « increases from 0° into the
low angle-of-attack range. In the medium and higher angle-of-attack
range the center-of-pressure movement is definitely forward. This
forward movement is in contrast to the rearward center-of-pressure
travels exhibited by the B and BW configurations.

Comparison of experimental and theoretical results.- The results
of tests of configurations BpT; and ByTs are compared with the
theoretical results obtained using the methods of references 8, 10,
and 11 in figure 26 and in the following table (for 0° angle of attack
and M = 1.93):

e
2 g g 3
(IdﬂB Lapy (mng Tapp | —%
C1q,
BoTy
Morikawa, reference 11 0,081 1'0.116 10,391 . §F <0208 cacon
Stewart and Maghreblian, 055 000§+ ~.26h —.A3T' ] <146
reference 10
Modified slender-body theory .069 10k b ee33E - 308 ¥ =1..90
Experimental .06k LA0T | =.292 - 12841 ~1..20
B4T5
Morikawa, reference 11 0.330-'1 0,365 | =2.277 | <@ ErI e300
Steward and Meghreblian, .188 L2 =TS = 568u] apuss
reference 10
Modified slender-body theory 238 267} -.896 -536 | =2.%5
Experimental .228 SOTLIL s L - 5504 =2.06
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where C =C - C and C =@ - C . Here again
(Crap)y = tapy ~ g <m°‘T>B Tapr ~ Tap ’

as shown previously in the table of BW results, the modified slender-
body theory (ref. 8) overestimates (CIGT> and (Cm ) , and the
B iy

addition of the 1lift and pitching moment of the body alone, which are
underestimated by the potential theory, results in excellent agreement
for CI“BT and fair agreement for CmGBT' It is noted that the method

of reference 10 predicts «mbT)B closer than either of the other two

methods with the result of better agreement of the center-of-pressure
location of both BT configurations. This agreement is believed to be
somewhat fortuitous since the 1ift carry-over from the wing onto the
body as indicated by the low predictions of zCIaT>B is not considered

in this method.

Body-Wing-Tail Combination

Presented in figures 7, 11, 14, and 15 are the results of the
BWI tests. Comparisons of experimental and calculated 1lifts, pitching
moments, center-of-pressure locations and tail efficiencies are pre-
sented in figures 27 and 28 for four configurations, each with 0° and
45° interdigitation angles.

Experimental results.- The first series of BWI configurations
tested are considered to be typical air-to-air missiles having equal-
span wings and tails. With such configurations, most of the tail
operates within a region of high downwash and/or reduced dynamic pres-
sure produced by the wing which, at some angles of attack, results in

a loss of tail 1ift accompanied by a forward center-of-pressure movement.

The gross effects of the vorticity behind the wing upon the tail have
been assessed by use of the tail efficiency parameter n. where

C - €
LewT Lpw

nt=

For the 7. value at a = 0%, the slopes of the above-mentioned quan-
tities at o = 0° were used. It is seen that this parameter is the
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ratio of the 1ift of the tail in the presence of the body wing to the
1ift of the tail in the presence of the body (the tail efficiency may
also be defined in terms of pitching moments). If the effects of the
wing upon the tail are zero, then n¢ = 1.00. Assessment of wing-tail
interference has also been made by use of the center-of-pressure
locations.

For the BWT configuration having inline, equal-span wings and
tails, the effectiveness of the tail was less at low angles of attack
and increased as the tail was displaced with respect to the vorticity

behind the wing. For example, for configuration ngloTl, the eftects
of the wing upon the tail are so pronounced that near a = 0° the

pitching moment about the test pitching-moment reference is unstable
(see fig. 7(a)); as a increases ny increases (see fig. 19(a)) and

the center of pressure moves rearward. The effect of roll angle is
small.,

For the configurations with 6 = 450, the vorticity is initially
displaced with respect to the tail because of the geometry of the
configuration; therefore, the tail translates through the high effective

downwash region at some medium angle of attack. For B2W1u5Tl at

¢ = 0°, the effects of the vorticity cause a loss in tail 1ift and a
reduction in Cp at angles of attack above about 6° that are reflected
in large variations in 7t and center-of-pressure location. (See

fig. 19(c).) Systematic variations in roll angle from 0° to 45° result
in higher tail efficiencies and less center-of-pressure travel through-
out the high « range as the roll angles progress from 0

The preceding results suggested the possibility that an intermediate
interdigitation angle might reduce the large variation of 14 through

the action of asymmetrical displacement of the tail with respect to the
vortex sheets. The results of the same basic configuration with 30°
interdigitation angle (B2W130T1) presented in figure 19(b) indicate that
at ¢ = 0° the variation in n{ and center-of-pressure location are
decreased (as compared with B2w10T1 and B2W1h5Tl); however, the
variations with roll angle are very erratic. Also, induced rolling
moments are present at angles of attack for all roll angles of attack
including 0° and 45°. (See ref. 2.)

The foregoing results, particularly for the interdigitated configura-
tions, suggested the possibility of decreasing the variations in 0t
and in the center-of-pressure location through the use of a tail having
lifting surfaces displaced with respect to the vorticity behind the wing.
Figures 11(b) and 21(b) present the results of tests at M = 1,62 af
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the same BpW; combination with a ring tail T3; the geometry of T3

was such that a major portion of the lifting surface of this tail was
outboard of the vorticity behind the wing at low and moderate angles of
attack. The use of T3 reduces the center-of-pressure travel through-

out the o« range from 0.79 body diameter for BoW LL5T to 0.40 body
s R

diameters for ng1“5T3 at § = 0° (figs. 21(a) and (b)). Although the

drag throughout the test o range is increased about 25 percent, the
use of the ring tail might present a partial solution to the wing-tail
interference problem for this type of missile.

At this stage in the test program it was realized that, in order
to simulate more nearly typical air-to-air missiles with the seeker
antenna in the nose, the nose shape should be changed from the conical

on Bo to the shape on B); therefore, the configuration BuW1A5T1

was devised and tested at two roll angles. The results presented in
figure 19(d) indicate that the Nt and center-of-pressure character-

istics are similar to those of BEWIMSTl with the exception that the

minimum Nt 1is delayed to a higher o. This delay results from purely

geometric considerations whereby, as a result of the short distance
between wing and tail, a higher angle of attack is required in order to
translate the tail into the regions of greatest vorticity. This effect

was further investigated through the use of BAW4u5Tl. The wing W),

was devised with a highly swept leading edge in order to reduce further
the distance between wing and tail and still maintain a center-of-

pressure location for Bhwu“5 comparable to that of Bhwlu5' As

indicated in figure 19(e), the center of pressure and n{ character-
istics are not improved. This lack of improvement is believed to be due
primarily to the releases of vorticity well ahead of the trailing edge
of the wing, effectively reducing the angle of attack at which the tail
is translated into regions of high vorticity. The reduction of dymamic
pressure due to the wing in the region occupied by the tail also con-
tributed to the loss of tail 1ift and subsequently resulted in the lack
of improvement of center of pressure and 7m¢ characteristics.

Thus far, all BWT configurations discussed have had equal-span
wings and tails; with the exception of the ring-tailed BWT configura-
tions little improvement in the 7 and center-of-pressure character-
istics had been noted. It appeared in order at this time to diverge
from such configurations to configurations having larger-span tails
which would extend parts of the tail outside of the regions of high
vorticity.
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An approach to this class of BWI configurations was made by
testing two tails of different spans in combination with BhwlAh5' The
configuration BquAu5 (see fig. 1) was the same as B4W1h5 with the
exception that the wing W; was installed 0.650 inch closer to the
nose. The results of tests of BthAh5Tu and BthAh5T6 (see fig. 19(e))

indicate that the increased tail spans are sufficient to result in much
lower variations of 174 and center of pressure than are exhibited by

BthhsTl; in fact, the use of Tg results in a maximum center-of-
pressure travel of 0.29 body diameter throughout the test angle-of-
attack range of 14° as compared with 0.85 body diameter for BhwlhsTl‘

‘ In order to investigate further the effects of systematic changes
in wing-tail-span ratios, three canard-type configurations were designed
and tested utilizing the same BT combination (BMT5) and varying the

span of the triangular forward lifting surfaces (W7, Wg, and W9). The

results of these tests (see figs. 7(f) to 7(h) and figs. 19(f) to 19(k))
indicate that, for the canard-type missile also, the static stability
characteristics become worse as the wing-tail-span ratio increases. For
the inline configurations, ByW7OTs, ByWgOT5, and ByW,OT5 at o = 0%,
the tail efficiency decreases and the center of pressure moves forward
as the wing span increases; for these configurations, there are minor
effects due to roll angle. For the interdigitated configurations,

B4w7u5T5, B)Wg*OTs, and Bhwg”5T5, as the wing-tail-span ratio increases
the lowest value of 74 decreases and the center-of-pressure movement
throughout the o range increases because of the increased wing-tail

interference. There are slight effects due to the variation in roll
angle.

Further development of the canard-type configurations consisted in
two variations in the wing plan form in combination with the same
BT combination. The two configurations, B4W10T5 and ByW13T5, were

tested in order to assess the combined effects of variation in spanwise
loading (and, consequently, spanwise vorticity distribution), wing-body
interference, and component characteristics upon the 10 and center-of-

pressure characteristics while maintaining approximately the same wing-
tail-span ratio; these data are presented in figures 19(1) to 19(o).

The change from Wloo to w130 results in a small decrease in "4

and a forward shift in center-of-pressure location of about 0.25 body
diameter at @ = 0° and @ = U5° throughout the test angles of attack.

For the interdigitated configurations, changing from Wlol*5 to W13u5



16 NACA RM 152G01

causes a slight decrease in mny at both roll angles with a forward

movement in the center-of-pressure location of about 0.20 body diameter
at ¢ = 0° and from 0.20 to 0.40 body diameter at ¢ = 45° at the
test angles of attack.

A1l the canard-type configurations discussed thus far have exhib-
ited rearward center-of-pressure travels from 0.45 body diameter to
about 1.0 body diameter caused by changes in angle of attack or angle
of roll or combinations of each. Undoubtedly, a part of this center-
of-pressure travel was contributed by the BW combinations (see
figs. 17(b) and 17(c)); also, no forward center-of-pressure travel was
exhibited by BuT5 as had been exhibited by all of the other BT com-

binations (see figs. 18(a) and 18(b)). The next configuration was there-
fore designed in an effort to reduce the rearward center-of-pressure
travel of the BW combination and to increase the forward center-of-
pressure travel of the BT combination. The tail T7 was a modifica-
tion of T5 to approach more nearly the geometry of T; because the
center-of-pressure travel of Bng was forward. The wing Wll was

designed to compensate for the change in Cp due to the reduction in
Badll ¥ ilift,

The results of the tests of BAW110T7 (see fig. 19(p)) show that,
although the n4 variation is greater (as compared with that for

BuW100T5 and anl3oT5), the center-of-pressure travel is reduced to

about 0.32 body diameter at @ = 0° and @ = L5° throughout the test
angle-of-attack range; however, the center-of-pressure travel for changes
of combined angle of attack and roll is about 0.55 body diameter which

exceeds that exhibited by BhW130T5. Improvement is noted, however, for
the configuration BAW11A5T7 (see fig. 19(q)), with combined angles of

attack and roll resulting in a center-of-pressure travel of only

0.35 body diameter. Thus, this configuration is deemed superior, with
regard to static stability characteristics, to all the other canard-type
configurations tested. In view of this fact, additional tests were made
of this configuration at M = 2,40 (figs. 15 and 23(b)). Tests scheduled
at M = 1.62 were only partially completed because of difficulties with
the balance system. Comparison of the results at M = 1.93 and M = 2.540
indicates that the center-of-pressure travel is reduced and ny 1is

increased as the Mach number is increased (fig. 29(b)); similar results
are also indicated in the case of B2W1h5Tl where the maximum center-of-

pressure travels are 0.75, 0.60, and 0.55 body diameter at Mach numbers
of 1.62, 1.93, and 2.40, respectively.
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One other configuration of interest that was reported in refer-
ence 3 was Bhw110w8”5T7; this unusual configuration consisted of
Bhw110T7 with the wing Wg installed at 45° interdigitation angle at
about the center-of-gravity location. This configuration was tested in

an attempt to reduce the rearward center-of-pressure travel of Bhw110T7
as o increased by inserting W8h5 which provides an additional vortex

system at medium and high angles of attack. This vortex system increases
the effective downwash within which the inboard parts of Ty operate,

thereby reducing effectiveness of the tail. (Compare figs. 19(p) and
19(r).) These effects upon the center-of-pressure travel are detri-
mental at low angles of attack; however, at medium and high angles of
attack, the rate of change of center-of-pressure travel with o 1is
reduced and the maximum center-of-pressure travel between a = 3°. and

a = 14° is 0.15 body diameter for BhwllOW8u5T7 as compared with 0.25
for ByW110T-.
Comparison of experimental and theoretical results.- Presented in

figures 27 and 28 are comparisons of the experimental and theoretical
Cr» Cpo Nt > and center-of-pressure locations for four missile configura-

tions at 0° and 45° interdigitation angles. The theoretical character-
istics were calculated by use of the methods discussed in the appendix.
As indicated in figure 27, the calculated lifts and pitching moments are

in good agreement with the experiment except in the case of B2W1u5Tl

at the medium angles of attack; this discrepancy is due to the difEference
between the experimental and calculated 7, values within this o range.
(See fig. 28(1v).)

The difficulties involved in making a more accurate prediction of 1,

for such a configuration (having equal-span cruciform wings and tails
with wings interdigitated 45°) consisted of, first, making a more accurate
prediction of the vortex locations with respect to the lifting tail

panels (fig. 30) and, second, making a more realistic approximation of
the division of load between the upper and lower pairs of wing panel.

By use of the schlieren photographs available, it was determined that at
medium and high angles of attack the calculated vortex positions were
outboard of the experimental positions. Although, for the calculations,
this results in a larger part of the tail being in a region of downwash,
the inboard stations which contributed the greatest magnitude of section
1ift are operating within a region of lower downwash, thereby reducing
the loss of 1lift experienced by these inboard parts. Furthermore, this
reduction in loss of 1lift apparently more than compensates for the greater
loss of 1lift experienced by the outboard parts of the tail and results in

an increase in ny. (See fig. 28(b).)
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With regard to the division of loads between upper and lower wing
panels, it was assumed in the calculations that the lower panels carried
two-thirds of the total 1ift supported by the four panels at all angles
of attack; it is recognized that a variation in division of load with
angle of attack would be more realistic.

The two aforementioned difficulties were not apparent in the
calculations of the canard-type configurations because of the large
geometry of the tail relative to that of the wing, nor should they be
apparent in the case of missiles having wing-tail-span ratios signifi-
cantly greater than 1.

Despite the difficulties involved, the discrepancies between the
calculated and experimental center-of-pressure locations are never
greater than 0.55 body diameter and, for the majority of the cases con-
sidered, are no greater than 0.35 body diameter.

Visual flow observations.- In figure 31 are presented schlieren
photographs taken in a plane perpendicular to the angle-of-attack plane

of BQWlOTl and B2W145T1 at ¢ = 0° and at various angles of attack.

For the inline configurations the vortices behind the wing panels appear
to move farther inboard in the plane normal to the tail as o increases.
This movement was due to the presence of the body and the induced effects
of one vortex upon the other. At angles of attack less than a« = 100,
the vortices were shed at the wing tip and, at o = 10° and 13°, the
initial location of the vortices moved inboard.

The same results with regard to the initial vortex locations are

noted for B2W145T1 with the paths of the four vortices being easily

distinguished. The effects of the body are obvious and cause the

lower pair of vortices to move outboard and the upper pair inboard. Of
interest is the fact that at a = 10° +the tail is in the path of the two
lower vortices as noted by the disappearance of the vortices behind the
tail panels; a portion of the tail was thus subjected to higher downwash
which resulted in a maximum loss of tail 1ift as is indicated by the
force data. At o = 13° the tail is out of the region occupied by the
vortices.

CONCLUSIONS

The results of an investigation at supersogic speeds, primarily
at M = 1.93 and a Reynolds number of 0.32 x 10° per inch, of a number
of cruciform missile configurations and their components indicate the
following conclusions:
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(1) By use of the method presented in this paper the predicted
effects of wing-tail interference upon the 1ift and static stability of
the various missile configurations investigated were generally in good
agreement with the experimental results. The method satisfactorily
predicts the effects of changes of interdigitation angle and systematic
changes in wing-tail-span ratio at angles of attack up to H4°.

(2) The effects of wing-tail interference become increasingly
detrimental to the static stability of a missile as the wing and tail
spans become equal.

(3) For the missile configurations that were tested at various Mach
numbers, the tail efficiencies increased with an increase in Mach number.

(4) The use of the ring tail presents a possible solution to the
wing-tail interference problem for missiles having equal-span wings and
tails if higher drags can be tolerated.

(5) The configuration having the least center-of-pressure travel
throughout the test angle-of-attack range from 0° to 15° and at all roll

angles was B),W u5T ; the maximum center-of-pressure travel due to the
89131 =75

combined effects of angles of attack and roll was approximately 0.35 body
diameter.

(6) In general, the variation of 1lift and pitching-moment coeffi-
cients with angle of attack of the body-wing and body-tail combinations
increase with angle of attack, and the variation of 1lift coefficient with
angle of attack predicted by the modified-slender-body theory are in
excellent agreement with the experimental values.

(7) Effects of viscosity upon the 1lift and pitching-moment charac-
teristics of the body-alone configurations tested in this investigation
are appreciable and only fair prediction is possible by available methods.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.



20 NACA RM L52G01

APPENDIX

DISCUSSION OF THEORETICAL METHOD USED TO CALCULATE THE TAIL

EFFICIENCIES AND CENTER-OF-PRESSURE TRAVELS OF
BWT CONFIGURATIONS AT ZERO ROLL ANGLE

Calculation of Tail Efficiencies

For calculative purposes, it has been found convenient to reduce

the basic tail efficiency equation

C -C
Lgwr =~ “Law

N =
€ - C
Lpr = “Ip
to the form
AC
( I‘I‘)W
e e
(CLT>B
where
(ACLT>W loss of tail 1lift due to the addition of the wing
(pLT>B 1lift of the tail in the presence of the body

(2)

In order to calculate (ACLf>w: it was assumed that the vorticity

shed from each wing panel was concentrated into one discrete vortex,
fully rolled up at the trailing edge of the wing, with the spanwise
location at the centroid of the vorticity. The strength of each
vortex I' was determined from the spanwise loading of its respective

panel; for the planar-wing condition (see ref. 12)

(3)
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where
IR section 1ift at root of wing panel

For the interdigitated cruciform configurations, approximations were
made regarding the relative strengths of the upper and lower pairs of
vortices which will be discussed later in this section. The effect of
the body on calculating [I' was assumed to be zero.

The positions of the vortices with respect to the tail (see fig. 30)
was determined for the inline configurations by calculating the path of
two vortices, in the presence of a circular cylinder, from their initial
position at the trailing edge of the wing to a plane passing through
the tail normal to the wind. (See ref. 12). For the interdigitated
canard-type configurations, it was believed that, because of the large
geometry of the tail, secondary variations in the vortex locations with
respect to the teil would have little effect upon n¢; therefore, it
was assumed that the vortices were emitted from the centroid of the
vorticity and traveled in a free-stream direction from the wing to the

tail. The use of this assumption for BoW; 5Tl was not possible since
equal-span wings and tails were used and a variation in the location of
the vortices with respect to the tail would result in a primary change
in the 1ift of the tail. For this configuration, at a = 10° +the path
of each vortex was traced in one step from the wing to the plane passing
through the tail by solving for the velocities induced by the vortices
from the other three wing panels, by the four image vortices within the
body, and by the flow due to the body. The vortex under inspection was
displaced as required by the resultant of the induced flows. The vor-
tices were then assumed to have a linear variation due to changes in a
from: ig= 0% to e = lho, passing through the locations determined

Boris o =102,

The apparent fallacies of this procedure are recognized, namely,
that solutions for the vortex travel should be obtained at several
angles of attack and at each angle of attack the travel of the vortex
downstream from the wing should be accomplished in several steps rather
than one. This more rigorous solution is time consuming and has been

neglected.

The strengths and locations of the trailing vortices were then used
to calculate the induced velocities in the plane of the tail. It was
then possible to determine the loss of tail 1ift due to the addition of
the wing by the method given in reference 13 and the following relation:

by /2
(ACLT>W= ; v(Z)F(2)dz (4)
a/2
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where
v(Z) vertical component of induced velocities due to the wing
F(2) spanwise loading of reversed tail

The 1ift of the tail in the presence of the body is given by the relation

bt/2

(crr)s = L/g ¢ (2)F(2)a (5)

where
2
e(Z) vertical component of induced velocity about the body = a(% + Eé)
Z
Z distance from body center line to spanwise location under

inspection

By substituting the values of (ACLT>W and (pLT>B found in

equations (4) and (5) into equation (2), the solution of 74 was com-
pleted. Comparisons with the experimental results were made in figure 28

In order to determine the effect of changing the division of load
between the upper and lower pair of wing panels for the interdigitated

configuration B2W1M5Tl, calculations of 14 were made using different

ratios of loading between the upper and lower wing panels. As the
loading was progressively increased on the lower, or leading, wing
panels, the tail efficiency decreased; this decrease was to be expected

since the vortices shed from the lower panels were more closely associated

with the loading on the tail surfaces at angles of attack. It was
evident from this comparison that an approximation of the division of
load had to be made in order to predict more closely the tail efficiency
of interdigitated configurations. For the present calculations, a ratio
of 2 to 1 between the circulation of the lower and upper pairs of panels,
respectively, has been used. For information and guidance in this
particular problem, further experimental investigation appears in order.

Calculation of the Center-of-Pressure Location

In order to calculate the center-of-pressure locations of BWI con-

figurations (including the effects of wing-tail interference), equation (1) K

was converted to the form
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G =50 + @ =~ @
Lgwr =~ “Lpw nt<LBT LB)

= CLgy * nt<CLT>B .

A similar equation was written in terms of pitching moments as

CmBWT = Cmb e ﬂt(CmBT it CmB>

i

Cmb + nt<CmT>B (7)

Equation (7) is valid only if the tail efficiencies defined using lifts
and pitching moments are of equal magnitude; examination of the experi-
mental data has indicated that there is rarely a difference greater
than 10 percent in the ratio of n4 obtained by using pitching moments
to mn¢ obtained by using lifts. When converted into center-of-pressure

location, this 10-percent difference is of the order of 1/8 body diameter.

The 1lifts and pitching moments of the BW and BT combinations
were computed by use of the modified slender-body theory of reference 8
and the charts of reference 9. The quantities G&EDB and (CmT)B were

then determined by the relations

(CLI’>B = Cipp - C1p

and

CmBT s CmB

(CmT>B

where CLB and CmB were computed using the potential-plus-viscous

approximation of reference 5. The lift and pitching moments of the
BWT configurations were then calculated through the use of equations (6)

and (7); comparisons with the experimental results were made in Tigure. 20

From these quantities the center-of-pressure locations were determined
and compared with the experimental results in figure 28,
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Figure 28.- Concluded.
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Figure 29.- Concluded.
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Figure 30.- Assumed vortex pattern for calculations.
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