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SMALL ANGLES AND SUBSONIC AND SUPERSONIC SPEEDS

By Frederick K. Goodwin and George E. Kaattari
SUMMARY

Methods are presented for estimating the directional stability
derivative increments contributed by the stabilizing surfaces of sub-
sonic and supersonic aircraft. These methods are strictly applicable at
zero angle of attack and small angles of sideslip. The procedure of
totaling the incremental coefficients to obtain an estimation of the
total empennage side-force and yawing-moment coefficient derivatives is
also shown, together with numerical examples. A correlation is presented
between estimated and experimental incremental coefficients which indi-
cates that the methods of this report generally estimate the increment
of side force gained by the addition of a panel to within *10 percent of
the experimental value while the yawing-moment increment is generally
estimated to within +20 percent. This is true for both subsonic and
supersonic Mach numbers.

An example application of the methods to one of the problems in
directional stability, that of minimizing the effect of Mach number on
the side-force coefficient derivative of the empennage, is discussed.

INTRODUCTION

Flight through an increasingly large supersonic Mach number range
and at the large angles of attack required for high altitude maneuvering
has introduced a significant problem in maintaining directional stability.
With increasing Mach number the side-force coefficients of the vertical
stabilizing surfaces decrease. The high angles of attack introduce the
nonlinear destabilizing effects of body vortices and reduced dynamic pres-
sure in the region of the upper vertical stabilizing surface. These
effects are briefly discussed by Nielsen and Kaattari in reference 1.



In this reference it is pointed out that the problem of determining
the variation of the side-force and yawing-moment coefficients with angle
of attack and angle of sideslip can be consldered cone of first determining
the derivatives of these coefficients at zero angle of attack and small
angles of sideslip and then determining the nonlinear effects of the
vortices and the dynamic pressure associated with large angles of attack
and sideslip. The purpose of this report is to consider in detail the
first of these steps, and to present methods for estimating the deriva-
tives of the side-force and yawing-moment coefficients at both subsonic
and supersonic speeds. The second step, that of estimating the non-
linearities introduced at high angles, is considered by Kaattari in
reference 2.

SYMBOLS
a vertical semiaxis of body in region of the tail panels, in.
b horizontal semiaxis of body in region of the tail panels, in.
B body
Cyp exposed root chord of a panel, in.
Cn yawing-moment coefficient, yawing moment

2sya, Sy

CnB rate of change of yawing-moment coefficient with angle of

sideslip (B = 09), dC,/OB, per radian

side force

Cy side-force coefficient,
%eoS

Cy rate of change of side-force coefficient with angle of side-
g slip (B = 07), BCY/BB, per radian

h vertical distance of wing or horizontal tail above or below
body center line, in.

H horizontal tail

K apparent mass ratio

KH(B) apparent mass ratio due to adding a horizontal tail to a body
KV(B) apparent mass ratio due to adding an upper vertical stabilizing

surface to a body



Ky (sHD)

Ky(BU)

Ky (Bw)

Kv(B)

KI

il |

apparent mass ratio due to adding an upper vertical stabilizing
surface to a combination of a body, horizontal tail, and
lower vertical stabilizing surface

apparent mass ratio due to adding an upper vertical stabilizing
surface to a combination of a body and lower vertical stabili-
zing surface

apparent mass ratio due to adding an upper vertical stabilizing
surface to a combination of a body and wing

apparent mass ratio due to adding a wing to a body
effective apparent mass ratio

distance from the nose to the leading edge, body Juncture of
a panel, in.

distance from the center of moments to the center of pressure
of a panel, in.

distance from the nose to the center of moments, in.
free-stream Mach number

added panel

free-stream dynamic pressure, lb/sq in.

panel span measured from the body center line, in.

horizontal-tail semispan measured from the body center line,
in.

span of lower vertical stabilizing surface measured from the
body center line, in.

span of upper vertical stabilizing surface measured from the
body center line, in.

wing semispan measured from the body center line, in.
exposed lower vertical stabilizing surface area, sq in.
exposed upper vertical stabilizing surface area, sq. in.

total wing area, sq. in.

lower vertical stabilizing surface



Vv upper vertical stabilizing surface

W wing

Y side force, 1lb

o angle of attack, radians

B angle of sideslip, radians

A incremental coefficient due to the addition of a panel
A taper ratio

ALE sweep angle of leading edge of a panel, deg

THEORETICAL CONSIDERATIONS

The method presented here to estimate incremental values of the
side-force coefficient derivative, ACYB, 1s similar to that which is

used to predict the 1lift characteristics of wing-body combinations in
reference 3. Briefly, as stated in reference 1, the principle underlying
the method is that the ratio of the change in side force due to the
addition of a vertical stabilizing panel to the side force developed by
the panel alone is the same as the ratio of the change in apparent mass
of the cross section at the base of the empennage when the panel is added
to the apparent mass of the panel alone. (The panel alone is taken as
the exposed panel mounted on a reflection plane.) This principle is true
only when the crossflow is two-dimensional, implying the configuration is
"slender," and when the trailing edges of all the panels in the empennage
lie in the base plane of the configuration (sketch (a)).

Sketch (a)



From the principle previously stated, the problem of estimating
ACy, resolves itself into the determination of two quantities, the

apparent mass ratio, K, and the side-force curve slope of the added panel,
(CYB)P; that is,

ACYB = K(CYB)P (1)

The value of (Cy,). can be determined theoretically using, for example,

reference 4, 5, or 6. For the greatest accuracy, an experimental value
should be used if it is available.

To determine the apparent mass ratio, the work of Bryson, reference 7,
has been used. In this work, a solution of the symmetric inertia coeffi-
cient tensor of the cross section of a body for the six apparent mass and
apparent moment of inertia coefficients is presented. The only apparent
mass that is necessary in determining ACYB is that which is solely

dependent on the potential due to a unit velocity in the lateral direction
in the base plane of the model. In reference 7 this is referred to as
m,,. Since K is the ratio of the change in apparent mass of the cross
seéction at the base of the empennage when the panel is added to the
apparent mass of the added panel alone, three apparent masses must be
determined. These are: the apparent mass of the cross section of the
complete empennage, the apparent mass of the cross section of the empen-
nage without the panel, and the apparent mass of the exposed portion of
the added panel mounted on an infinite reflection plane. The desired
ratio, K, is then obtained by taking the difference of the first two of
these three apparent masses and dividing by the third. Sketch (b) shows

777777
Sketch (b)



the cross sections whose apparent masses must be determined to obtain
the value for K +that would be used in estimating the increment, ACYB,
occurring when the upper vertical stabilizing surface is added to the
combination of body, wing, and lower vertical stabilizing surface shown
in sketch (a).

K Charts

The methods of references 7, 8, and 9 have been used to compute
apparent mass ratios for various families of configurations and are
presented as design charts in figures 1 through 13. The charts presented
in figures 1 through 12 show apparent mass ratio as a function of a/s
of the added vertical panel for various values of a/s of the existing
vertical panel. Fach chart is for a specific body cross-sectional shape,
a/b ratio, and a specific body horizontal semiaxis - horizontal surface
semispan ratio, b/sy or b/sy (i.e., the horizontal surface can be either
the horizontal tail or the wing). A sketch of the typical cross section
involved is shown on each chart with the added panel indicated by a dashed
line. In utilizing these charts, it should be remembered that the added
panel can be either the upper or lower vertical stabilizing surface;
however, for convenience the sketches on the charts show only the upper
vertical surface as the added panel. Special mention should be made of
the K charts presented in figure 3. These charts are used in estimating
ACy, due to adding an upper vertical stabilizing surface to a body with
a horizontal surface located in the high, tangent position. These charts
also apply in estimating ACYB due to adding a lower vertical stabilizing
surface to a body with a horizontal surface located in the low, tangent
position. Presented in figure 4 are K charts which are utilized in the
same manner as figure 3, except that the horizontal surface is tangent to
the body on the side opposite that to which the panel is added. An index
of the K charts and the range of variables covered by each is presented
in table I.

Estimation of Side-Force-Coefficient
Derivative Increment ACYB

Before presenting methods for estimating ACYB, let us again look at

the conditions of the method that were mentioned previously. They are

that the crossflow be two-dimensional, that the configuration be "slender,"
and that the trailing edges of all the panels in the empennage be in the
base plane of the model. A method that only applies to configurations
which meet these conditions is quite limited in application. Therefore,

to present a general method, it is necessary to determine some manner

of handling cases which violate any or all of the conditions. In general,



it is found, as will be shown later, that good accuracy can be obtained
for nonslender configurations where the crossflow is not strictly two-
dimensional. It is also found that at subsonic speeds good accuracy
can be obtained by determining the apparent mass ratio on the basis of
the spans of the panels in the empennage regardless of longitudinal
location.

In supersonic flow the components of a configuration give rise to
numerous leading- and trailing-edge shock waves along its length. The
characteristics of the longitudinal flow vary discontinuously in passing
through these waves, thus creating a series of zones, each being charac-
terized by a different apparent mass ratio. The supersonic interference
problem thus requires a three-dimensional consideration. This three-
dimensional effect is taken into account by determining the mean value
of the apparent mass ratios from the various interference zones involved.
This mean value, or the effective apparent mass ratio, K', gives good
accuracy in determining the incremental directional coefficients.

Two methods for estimating ACy will now be presented in detail.
The first is for subsonic speeds and the second is for supersonic speeds.

Subsonic speeds.- The method of determining (CYB)P will not be

discussed in detail except to repeat that for the greatest accuracy the
experimental value should be used. If this is not avallable, methods
exist for determnining this theoretically at subsonic speeds (e.g.,

refs. 4 and 5). To determine the apparent mass ratio, K, it is necessary
to determine the ratios of body semiaxis to panel span for all the panels
present in the empennage. TFor elliptical bodies, the body vertical semi-
axis is used in conjunction with vertical stabilizing surface span, and
the body horizontal semiaxis in conjunction with the horizontal surface
semispan. If these semiaxes change length in the region of the panels

in the empennage, the average lengths should be used. The ratio of the
body vertical semiaxis to the body horizontal semiaxis, a/b, and the
horizontal surface vertical position with respect to the body axis are
also required. The value of K 1is determined by means of K charts
appropriate to these parameters (or interpolation between charts if
necessary). Then ACYB is the product of these two quantities, (CYB)P

and K. Appendix A presents a numerical example for a subsonic Mach
number.



Supersonic speeds.- To clarify the method for estimating ACYB at

supersonic speeds, let us consider the empennage shown in sketch (c).

Sketch (c)
It is required to determine ACYB due to adding the upper vertical

stabilizing surface to the combination of body, wing, horizontal tail,
and lower vertical stabilizing surface. To determine the effective
apparent mass ratio, K', it is first necessary to draw in the Mach lines
and trailing-edge shock waves emanating from the panels at zero angle

of attack, as shown in sketch (¢). Any point lying forward of the Mach
line drawn from the leading-edge body Jjuncture of a panel does not feel
the presence of the panel, and it is assumed that any point lying behind
the shock wave drawn from the trailing-edge body juncture of a panel does
not feel the presence of the panel, With this in mind, it can be seen
from sketch (c) that the upper vertical stabilizing surface is divided
into three areas. Area Sl senses only the presence of the body; area
55, the body and lower vertical stabilizing surface; and area S,, the
body, horizontal tail, and lower vertical stabilizing surface. Since
area S, senses only the body, the apparent mass ratio due to adding
the upper vertical stabilizing surface to the body, KV(B), is determined
from the K charts., In a similar manner, the apparent mass ratios due
to adding the upper vertical stabilizing surface to the combinations of
body and panels, S, and S5, are also determined. The question arises as
to whether the maximum spans of the areas affected by the different
combinations or the total span should be used in determining these K's,
For the sake of uniformity and simplicity in the calculations, the total
spans are used in all cases. As will be shown later, this simplified
procedure is justified on the basis of the degree of correlation which
was obtained between the estimated and experimental values of ACy,. It
is assumed further that the contribution of each of these three apparent



mass ratios, Ky(g), Kv(su), and KV(BHU)’ to K' is proportional to the
percent of the total upper vertical stabilizing surface area, Sy, which
senses each combination of body and panels. For the example shown in
sketch (c), the expression for K' is

. S1 Sz S5
K' = Ky(B) 5 + Ky(BU) 5 " Ky (BHU) 5y (2)

This value of K' and the side-force curve slope of the added panel
(CYB)P are used to determine ACyg from equation (1) with X replaced

by K'. In using this method for determining K', one can see from
sketch (c) that for a sufficiently high Mach number it is possible for
the wing, even though located forward of the upper vertical stabilizing
surface, to affect this panel. This would add an additional term, the
apparent mass ratio due to adding the upper vertical stabilizing surface
to the body-wing combination, KV(BW)’ to the expression for K'.

Appendix B presents a numerical example of the estimation of ACYB for
a supersonic Mach number.

Estimation of the Incremental Directional Coefficient ACnB

The method of estimating ACnB is simply that of multiplying the
estimated value of ACy by the moment arm that equals the distance
between the center of moments of the configuration and the center of
pressure of the added vertical panel. Methods for estimating this center
of pressure are given in reference 3 for plan forms having straight or
sweptforward trailing edges. Additional considerations are necessary
for configurations having sweptback trailing edges. In the present calcu-
lations the center of pressure was considered to be at the intersection
of the mean aerodynamic chord and the quarter chord for subsonic speeds
and at the centroid of area for supersonic speeds. The numerical examples
presented in appendixes A and B show the determination of ACnB for these
two cases.

Estimation of Directional Coefficient Derivatives
of the Complete Empennage

A necessary extension of the method presented to estimate increments
due to the addition of one panel to an empennage is to determine the total
empennage side-force at zero angle of attack and small angles of sideslip
which results from the addition of all the panels, both horizontal and
vertical, to the body. The simplest method of doing this is to total the
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increments gained by successive additions of the panels. TFor example,

it is desired to find the side force gained by the addition of a
horizontal tail, upper vertical stabilizing surface, and lower vertical
stabilizing surface to a body. The first step is to find the increment
gained by the addition of the horizontal tail to the body. Next, the
increment gained by the addition of the upper vertical stabilizing
surface to the combination of body and horizontal tail is found. Finally,
the increment gained by the addition of the lower vertical stabilizing
surface to the combination of body, horizontal tail, and upper vertical
stabilizing surface is determined. This order of configuration build-up
is usually used. An exception to this is the case at supersonic speeds
where the vertical panels are staggered along the body so that their
leading edges intersect the body at quite different locations. 1In this
case, the panel whose leading edge intersects the body the farthest aft
is added before the other panel, in order to obtain the most realistic
estimate of the side force. If the panel lying the farthest forward is
added first, the interference effects will be overestimated by the method
presented here.

Discussion in the previous sections has been limited to determining
increments due to the addition of a vertical panel. The method of esti-
mating the increment due to the addition of a horizontal surface requires
a somewhat different approach. The addition of a horizontal surface,
either a horizontal stabilizer or a wing, in a low or high tangent
location to a body, defines a ratio KH(B) or Ky(B) which is defined as

YHB - YB
Ka(B) = — v (32)
or
Yyp - Y
Kw(p) = —WB—%'—E (3p)

In this apparent mass ratio, the side force developed by the body alone
has been used to normalize the change in side force due to adding the
horizontal surface to the body. This quantity, rather than the side
force developed by the added surface which was used for the case of an
added vertical panel, has been used, since a horizontal surface by itself
develops no side force and would result in an infinite apparent mass
ratio and an indeterminate solution for side force.

To estimate the increment gained by the addition of a horizontal
surface, figure 13 is used to obtain the apparent mass ratio KH(B) or
Kw(B)- This is then multiplied by the side-force curve slope of the
body, as determined by experiment or slender-body theory. In coefficient
form this increment is, therefore,
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ACyg = Ku(B)(Cyp)y (ka)

or
a0y, = Ku(3)(Cy,), (ko)

depending on whether it is the horizontal stabilizer or the wing which
is added.

At subsonic speeds this increment is used as presented. However,
at supersonic speeds it is necessary to use the Mach lines and shock
waves from the horizontal surface to determine what portion of this
incremental gain is realized. It is assumed that this gain through inter-
ference is felt over the area on the body defined by the Mach lines and
shock waves from the leading- and trailing-edge body junctures. Sketch (a)
shows two possibilities and the region of interference for each. The

\\\\/
N

N

Regions of
interference

<3

Sketch (d)

entire incremental gain is realized in the case of the top configuration.
For the case presented in the lower part of sketch (d), the portion of
the incremental gain that is realized is proportional to the ratio of the
area of the actual region of interference to the area for a body extended
indefinitely.

To determine the yawing-moment coefficient derivative of the complete
empennage, the appropriate moment arms are applied to each of the incre-
mental side-force quantities. The centroid of area of the region of
interference approximates the moment arm in the case of the increment
gained by adding the horizontal surface. For the other increments the
methods presented previously are used.
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Appendix C presents a numerical example showing the calculation of
the side-force and yawing-moment coefficient derivatives of the complete
empennage for a supersonic Mach number.

RESULTS AND DISCUSSION

Comparison Between Estimated and Experimental
Values of the Stability Derivatives

To evaluate the methods presented in this report for estimating the
directional coefficient derivative increment gained by the addition of a
vertical stabilizing panel to an empennage, a series of calculations have
been made for configurations for which experimental data exist. The
geometric and aerodynamic characteristics of these configurations are
presented in table II for the subsonic cases, and in table III for the
supersonic cases. The correlation between the estimated and the experi-
mental values of ACYB is shown in figure 1k. A L5° line denoting
perfect agreement is shown, as are *lO-percent deviation lines. At
subsonic Mach numbers (fig. 14(a)), the use of K +to estimate ACYB

generally results in accuracy that is within *10 percent of experiment.
The same degree of correlation is also obtained when K' is used to
estimate ACYB for the supersonic Mach number cases (fig. 1l4(b)). The

scatter in both correlations appears to be random about the line of
perfect agreement.

The question arises as to whether sufficient accuracy could be
obtained if K, at subsonic speeds, or K', at supersonic speeds, were
ignored and the side-force curve slope of the added panel were used as an
estimation of ACy,. If the cases presented in tables II and III are

examined, it can be seen that there are some where the value of K or

K' is close to 1.00. If this quantity were ignored in these cases little
effect on the correlation would result. However, there are a number of
cases where K or K' is significantly larger than 1.00, so that ignoring
this quantity in these cases would result in a considerable underestimation
of ACYB. Figure 15 is presented to show graphically the improvement in
the over-all correlation through the use of K or K'. The open symbols
show the comparison between estimated and experimental values when K or
K' is ignored. Generally, ACy, is underestimated. When K or K' 1is
used to account for interference effects, the correlation shown by the
solid symbols results.

The method presented for estimating the stability derivative incre-
ments at supersonic speeds requires the determination of an effective
apparent mass ratio, K', to account for the three-dimensional nature of
the flow. To Jjustify the use of this effective apparent mass ratio,
rather than the apparent mass ratio applying at subsonic speeds, let us
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look at table III and figure 16. In table III the values of both K and
K' are given, along with the stability derivatives determined by each.
Tn a number of the cases K and K' are equal. This 1s true for cases
where a vertical stabilizing surface is added to a body alone or to a
body-wing combination where the wing is located far enough forvrard that
its presence is not sensed by the added panel. The cases where K and

X' are not equal are shown in figure 16. The open symbols show the
correlation when K 1is used, and the solid symbols, the correlation when
K' 1is used. As can be seen from this figure, there is a marked improve-
ment in the correlation when K' 1is used in estimating ACy at
supersonic speeds. B

Figure 17 presents the correlation between the estimated and experi-
mental values of ACp for subsonic speeds (fig. 17(a)) and supersonic
speeds (fig. L7(b)). For both speed ranges the method presented previ-
ously, that of applying a moment arm to the estimated value of ACYB,
generally estimated ACnB to within +20 percent of experiment. At

supersonic speeds there are some cases which are off by more than this
amount. Since ACy, includes, in addition to the side force developed

nn the added panel, the side force developed on the body and other panels
in the empennage through interference with the added panel, the use of

the center of pressure of the added panel does not result in a realistic
moment arm. The method of this report for estimating ACYB does not permit

a breakdown of this increment into the portions developed on each of the
surfaces present in the empennage. If this could be done, and the appro-
priate moment arm applied to each of these portions, a better estimate of
ACnB should be obtained.

Effect of Stabilizing Surface Arrangement on the Side-Force
Coefficient Derivative of the Complete Empennage

A useful application of the method for estimating the side-force
coefficient derivative of the complete empennage at zero angle of attack
is in comparing the effectiveness of various stabilizing surface arrange-
ments on minimizing the effect of Mach number on Cy,. Two families of

configurations have been investigated and the results are presented in
figures 18 and 19. The two configurations chosen have the same total

wing area and the same total exposed vertical stabilizing surface area.

The example of figure 18 has an original upper vertical stabilizing

surface of aspect ratio 4.5, while that of figure 19, an aspect ratio

of 2.0. The necessary dimensions for making the calculations are presented
in figures 18(a) and 19(a).

Let us first consider the effect of shifting a part of the original
upper vertical stabilizing surface area to a lower vertical stabilizing
surface with the same exposed root chord. Figures 18(b) and 19(t) show
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the results of shifting approximately 29 percent of this area. The shift
of area of the configuration of figure 18(a) results in a gain in side
force throughout the Mach number range considered (fig. 18(b)). At a
Mach number of 4.0, even though the aspect ratios of the panels of the
SU/SV = 0.4 configuration are less than that of the panel of the

Sy/Sy = 0.0 configuration, the leading edges remain supersonic and the
1ift per unit area is the same so that the gain in side force is brought
about by an increase in interference. The area that is shifted from the
original upper vertical stabilizing surface is moved from a region of low
sidewash velocity to a region of higher sidewash velocity which increases
the effectiveness of this area as a lifting surface. At a Mach number of
1.5, the percentage gain over the SU/SV = 0.0 configuration is not nearly
as large as it is at a Mach number of 4.0. This lower percentage increase
can be explained by comparing the average 1lift per unit area of the ver-
tical panels of the two configurations. At this Mach number the leading
edge of the panel on the SU/SV = 0.0 configuration is supersonic, while
reducing the aspect ratio by shifting the area causes the leading edges

of the two panels on the SU/SV = 0.4 configuration to be subsonic.

This results in a lower lift per unit area for the Sy/Sy = 0.4 case

which partially offsets the gain in sidewash interference obtained by
shifting the area.

The result of shifting the same amount of area of the original upper
vertical stabilizing surface of the configuration shown in figure 19(a)
to a lower vertical stabilizing surface is shown in figure 19(b). A gain
is realized at the higher Mach numbers, while there is a loss at the
lower Mach numbers. As was the case with the aspect ratio 4.5 configu-
ration, there is an increase in interference throughout the Mach number
range because of the shifting of the area to a region of higher sidewash
velocity. At a Mach number of 4.0, this gain is partially lost because
of a lower average 1ift per unit stabilizer area. The lower vertical
stabilizing surface of the SU/SV = 0.4 configuration has a subsonic
leading edge, while the upper vertical stabilizing surfaces of the two
configurations have supersonic leading edges. At a Mach number of 1.5,
the vertical panels of both configurations have subsonic leading edges,
but the average 1lift per unit stabilizer area of the SU/SV = 0.4 case
is so0 much lower than that of the SU/SV = 0.0 case that the gain in
interference by shifting the area is more than offset and the net result
is a decrease in the side-force coefficient derivative of the empennage.

If figures 18(b) and 19(b) are now compared, it can be seen that
the SU/SV = 0.4 configuration of figure 19(b) is desirable for several
reasons in the design of aircraft for a Mach number of 4.0. Ameng these
are that the value of this coefficient changes the least with Mach number,
the wave drag can be reduced, and with the smaller spans involved, lighter
structures can be used.



Figures 18(c) and 19(c) show the effect of horizontal-surface
position on the side-force coefficient derivative of the complete empen-
nage. The Sy/Sy = 0.4 configurations from figures 18(b) and 19(b) have
been used as the basic configurations, since their characteristics are
more desirable than those of the SU/SV = 0.0 cases (i.e., the percent
decrease with increasing Mach number 1s less). Since the side-force
curve slopes of the vertical panels alone do not change with the addition
of a horizontal surface, the changes in side force result from the
interference effects.

Let us first consider the case of adding a horizontal surface in the
mid-position. Figures 18(c) and 19(c) both show the same result when this
is done, a slight gain in side force throughout the Mach number range.
This is brought about by small changes in sidewash over the two vertical
panels. When the horizontal surface is added, a small amount of sidewash
is diverted from the lower vertical tail to the upper vertical tail.
Since the upper panel is a more effective lifting surface than the lower
panel, a gain in side force results. When the horizontal surface is added
in the high tangent position, a gain in side force throughout the Mach
number range considered is again obtained. This gain is the net result
of a gain in the side force developed by the body, a decrease in that
developed by the addition of the upper vertical panel, and an increase
in that developed by the addition of the lower vertical panel. Favorable
wing-body interference, taken into account by KW(B)’ causes the increase
on the body. The change in the side force developed by the addition of
the panels is caused by the horizontal surface diverting sidewash from
the upper panel to the lower panel. Also, the effect of Mach numnber is
less on this configuration since a larger portion of the side force is
developed on the body and the low-aspect-ratio lower vertical stabilizing
surface. The side-force curve slopes of these surfaces are affected less
by Mach number than that of the upper vertical stabilizing surface.

When the horizontal surface is located in the low tangent position,
there is also a gain in side force throughout the Mach number range
considered in figures 18(c) and 19(c). The side force developed Dby the
body ic not affected by shifting the horizontal surface from the high to
the low tangent position. If the sidewash over the empennage of thic
configuration is compared to that over the configuration without the
horizontal surface, it is found that vhen the surface is added, sidewash
is diverted from the lower vertical stabilizing surface to the upper
vertical stabilizing surface. This causes an ilncrease in the side force
developed by the upper panel and a decrease in that developed by the lower
panel. Since the side-force curve slope of the upper panel is the most
sensitive to Mach number changes, the variation in side force with Mach
number is the greatest for this case, as the greater portion of the total
side force is developed by this panel.
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The yawing-moment coefficient derivative curves of the complete
empennages for the configurations of figures 18 and 19 would generally
show the same qualitative effects of shifting vertical stabilizing
surface area and adding a horizontal surface as the side-force curves
show. The percentage decrease in Cp with increasing Mach number would
be approximately the same since the mbment arms used to convert side force
to yawing moment are affected very little by Mach number. The high or low
tangent horizontal surface cases would not show the gain over the hori-
zontal surface off or mid horizontal surface cases that is shown in side
force. The region of wing-body interference is generally disposed in
longitudinal location so that its centroid of area is relatively close
to the center of moments of the configuration. The side-force increment
gained by the addition of the wing to the body would contribute little
to the total moment. The high horizontal surface configuration gives the
yawing-moment curve which is the least sensitive to Mach number changes.

CONCLUSTIONS

The methods presented for estimating the directional stability
derivative increments gained by the addition of vertical stabilizing
surfaces tc airplane and missile configurations are utilized in a series
of calculations for configurations for which experimental data exist.
Comparisons are presented, between the calculated and the experimental
increments, which indicate the following:

1. The methods presented generally predict the side-force coeffi-
clent derivative increment, ACYB, at zero angle of attack and small

angles of sideslip, to within %10 percent of that of experiment.

2. The yawing-moment coefficient derivative increment, ACp,,
generally can be estimated to within +20 percent of that of experiment
by the application of a moment arm determined by the center of pressure
of the added panel to the estimated value of ACYB.

An example application to one of +the problems in directional stabil-
ity, that of minimizing the effect of Mach number on the side-force
coefficient derivative of the complete empennage, demonstrates that the
method is useful for preliminary design studies.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Sept. 12, 1958
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APPENDIX A

A NUMERICAL EXAMPLE OF THE DETERMINATION OF ACYB AND ACnB

FOR A CONFIGURATION OPERATING AT A SUBSONIC MACH NUMBER

As a numerical example of this type, let us consider configuration
number 3 of table II and determine NCyp and.A.CnB due to adding the
upper vertical stabilizing surface to the combination of body, wing, and
horizontal tail. The Mach number considered here is 0.06. Table II
presents the dimensions necessary to make the calculations.

The first step is to determine the side-force curve slope of the
added panel. The exposed upper vertical stabilizing surface is approxi-
mated by one which is trapezoidal in plan form. From reference ., (CYB)

is found to be v

(CYB)V = -0.522 per radian

referenced to the total wing area, Sy.

Next, the apparent mass ratio must be found. The empennage in this
example consists of the body, the horizontal tail, and the upper vertical
stabilizing surface. The apparent mass ratio to be found is that due
to adding the upper vertical stabilizer to the combination of body and
horizontal tail, KV(BH)‘ The sketch of the configuration shown in
table IT shows that the body is nearly square in cross section. Since
apparent mass solutions for bodies of other than circular or elliptic
cross section are not available, the assumption is made that the ratio
of height to width, a/b, is the important parameter and that the details
of the body contour are of secondary importance. This assumption was
used for the cases of tables II and III where the body is other than
circular or elliptic. As can be seen from these tables, the resulting
correlation with experiment 1s as good as for the cases to which the
K charts apply directly.

From table II the necessary ratios for this configuration are:
a/b = 1.000, (b/s)y = 0.275, and (a/s)y = 0.206. The horizontal tail is
located in the mid-position, h/a = 0.000. Since this example does not
have a lower vertical stabilizing surface, (a/s)U is equal to 1.000.
Table I indicates that for these values of the parameters an interpolation
must be made to obtain Ky(pg). From figure 2(b), (b/s)y = 0.200, Ky(gpH)
is found to be 1.35. Figure 2(c), (b/s)y = 0.400, gives a value of 1.2h
and figure 2(d), (b/s)g = 0.600, a value of 1.17. Interpolating graph-
ically gives, for (b/s)g = 0.275,
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For these values of (Cyp). and K , the increment of side force
Yply V(BH)

gained by adding the upper vertical stabilizing surface is
AC = K Cv.)
g = Kv(pm)( Yp)y

-0.678 per radian

Il

This estimate corresponds to an experimental value of -0.64 per radian.

Since the added upper vertical stabilizing surface has a sweptback
trailing edge, the intersection of the quarter chord and the mean aero-
dynamic chord is used in determining ACnB' This 1s found to lie at

56.1 percent of the exposed root chord. Therefore, the moment arm, made
dimensionless by dividing by the total wing span, is

1 Im - 1y - 0.561 cp

28y 2sy
= -0.451
and
P
Cng = ——
Alng = g5 (A0%p)

0.306 per radian

)

This estimate corresponds to an experimental value of 0.28 per radian.
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APPENDIX B

A NUMERICAL EXAMPLE OF THE DETERMINATION OF ACYB AND ACnB

FOR A CONFIGURATION OPERATING AT A SUPERSONIC MACH NUMBER

As a numerical example of this type, let us consider configuration
number 3 of table III and determine ACYB and./_\CnB due to adding the

upper vertical stabilizing surface to the combination of body, wing,
horizontal tail, and lower vertical stabilizing surface. The Mach number
for this example is 2.0Ll. Table IIT presents the dimensions necessary

to make the calculations.

If the exposed upper vertical stabilizing surface is approximated
by one which is trapezoidal in plan form, reference 6 can be used to
determine the side-force curve slope of the panel. This is found to be

<CYB)V = -0.398 per radian

with Sw as the reference area.

The next step is to take the approximate planar view of this config-
uration, sketch (e), and draw in the shock wave from the wing trailing edge,

SI =463 inz

Total upper vertica! stabilizing surface
area, S$,=19.20 in?

7~
”4/
v
~
z P -~
-~ i
—= PR R
- >_L_ - /_’A /__;’g_ —
—
= //
/\//
Mo =2.0I

Sketch (e)
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body juncture and the Mach lines from the leading edge, body Junctures
of the horizontal tail and the lower vertical stabilizing surface. This
has been done in this sketch. Area S5, senses the presence of the body
and the wing. For this area the apparent mass ratio due to the addition
of the upper vertical stabilizing surface to the body-wing combination,
KV(BW)’ must be determined. Area S, senses only the body so that for
this area Ky B) has to be determined. The contribution of each of
these apparent mass ratios to the effective apparent mass ratio, K', is
proportional to the percent of the total upper vertical stabilizing
surface area which senses each combination. Therefore, the expression
to be evaluated in order to determine K' is

1 Sl S
K' = Ky(Bw) S + Ky (B) g%

To determine Ky(py), the following ratios have to be determined:
a/b, (b/s)y, and (a/s)y. From table III a/b = 1.170, (b/s)y = 0.157,

and (a/s)y = 0.247. The lower vertical stabilizing surface is not felt
in this region, so that (a/s)U = 1.000. Since the wing is located in

the mid-position, table I shows that a double interpolation will have to
be made in order to obtain KV(BW) for a/b = 1.170 and (b/s)w = 0.157.

Figures 8(a), 8(b), and 8(c) are used to determine Ky (By) for a/b = 0.667

and.(b/s)w = 0.157. A graphical interpolation between these three figures
gives Ky(py) = 1.48. For a/b = 1.000 figures 2(a), 2(b), and 2(c) are
used and Ky(gy) for (b/s)y = 0.157 is 1.hk9. Figures 10(a), 10(b), and

10(c) are used to determine KV(BW) for a/b = 1.500. This is found to

be 1.45. Interpolating between these three values determines KV(BW)
for af/b = 1.170, which is

Ky(Bw) = 1.49

To determine Kvy(B) it is necessary to interpolate between figures 1,
7, and 9, since the region we are considering here does not sense the
wing and, therefore, (b/s)w = 1.000. This interpolation gives

These apparent mass ratios, KV(BW) and.KV(B), and the areas shown
in sketch (e), determine K'.

1.49(%4.63) N 1.27(1k.57)
19.20 19.20

K' =

1.32
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Since (CYB)V and K' are now known, we find
a0y, = K'(CYB)V = -0.525 per radian
This estimate corresponds to an experimental value of -0.52 per radian.

Since the upper vertical stabilizing surface has a sweptback trail-
ing edge and we are considering a supersonic Mach number, the centroid
of area of this panel is used in estimating ACp,- This is found to lie

at 93.3 percent of the exposed root chord. Therefore, the moment arm
made dimensionless by dividing by the total wing span is

1 - lm - IV - 0.933 Cr - _0.575
2sy 2sy

and

1 .
= — = 0.302 di
ACng Zoy (ACYB) 0.302 per radian
This estimate corresponds to an experimental value of 0.30 per radian.

As another example in determining XK', consider the case shown in
sketch (f). This is the same configuration as was Jjust considered;

Total upper vertical stabilizing surface
area, $,19.20 in?

Mg=1.30

Sketch (f)
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however, the Mach number is 1.30. If this sketch is compared with
sketch (e), it can be seen that the upper vertical stabilizing surface
now feels the presence of the horizontal tail and the lower vertical
stabilizing surface over part of its area, and the wing is not sensed
by any portion of the panel. The expression for the effective apparent
mass ratio, K', for this case is,

S3

K' = K 51,k 2,k
= 2y(B) 57 + By (BU) Sv + 2v(BHU) Sv

The apparent mass ratio KV(B) has the same value as before; that is,

An interpolation between figures 1, 7, and 9 is made to determine KV(BU)'

From table III the necessary ratios are: a/b = 1.170, (a/s); = 0.68k,
and (a/s)V = 0.247. A graphical interpolation gives

The values of the ratios necessary to determine KV(BHU) are:

a/b = 1.170, (b/s)y = 0.328, (a/s)y = 0.68k4, and (a/s)y = 0.247. Since
the horizontal tail is located below the body center line, h/a = -0.480,
and the body is elliptical, we have a cross section for which K charts
are not presented. To handle this case, either the body has to be
considered circular in cross section and an interpolation made for
horizontal-tail height, or the horizontal tail has to be assumed located
in the mid-position and an interpolation performed between a/b ratios.

A comparison of figures 2(c), 8(c), and 10(c) shows that a small variation
from a body which is circular in cross section has little effect on the
apparent mass ratio in the region in which this case falls, (a/s)V = 0.247.
Therefore, the interpolation for tail height will be made rather than

for body shape. First, let us determine Ky(BHU) for a combination of a
body, high tangent horizontal tail (h/a = 1.000), and upper and lower
vertical stabilizing surfaces. Figures 3(b), 3(c), and 3(d) are used

and KV(BHU& for (b/s)y = 0.328 is found to be 1.06. With the horizontal
tail located in the mid-position (h/a = 0.000), figures 2(b), 2(c), and
2(d) give an interpolated value of Ky(gpy) = 1.41. Figures 4(b), L(c),
and 4(d) give a value of 1.68 for a low tangent horizontal tail

(h/a = -1.000). An interpolation between these three values of Kv(BHU)

gives, for h/a = 0.480,
Ky(suu) = 1.55
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The values determined for KV(B)’ Ky(BU)>» and Ky(BHU) and the areas
from sketch (f) yield

1.27(2.81) N 1.30(14.39) . 1.55(2.00)
19.20 19.20 19.20

K' =

1

1.32
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APPENDIX C

A NUMERICAL EXAMPLE OF THE DETERMINATION OF THE SIDE-FORCE

AND YAWING-MOMENT DERIVATIVES OF THE COMPLETE EMPENNAGE

As a numerical example of this type, let us consider configuration
number 3 of table III and determine CYB and CnB due to adding the
horizontal tail, upper vertical stabilizing surface, and lower vertical
stabilizing surface to the body-wing combination. The Mach number for
this case is 2.0l and the dimensions necessary for the calculations are
presented in table TIIT.

The first surface to be added to the body is the horizontal tail.
The side-force curve slope of the body, as determined by slender-body
theory and referenced to the total wing area, Sw, is

2xab
(Cy,) =
YB B Sw

-0.147 per radian

From table III the ratios necessary to determine Ky(p) are
a/b = 1.170, (b/s)g = 0.328, and h/a = -0.480. Since K charts are not
presented for the case where a horizontal surface is added to an ellipti-
cal body, the body will be considered circular and an interpolation made
between the curves of figure 13 for horizontal surface height. From
figure 13 we find that for (b/s)Hz 0.328, a surface mounted tangent to
the body in either a high or low position gives a value of K equal to
l.O6, and in the mid-position K 1is zero. In lieu of apparent mass
solutions for adding a horizontal surface at an intermediate point on
the body, it is assumed that small changes from a mid-position result in
little additional interference. Therefore, rather than interpolating
linearly a higher order interpolation is to be made. For the sake of
simplicity the equation of an ellipse was used.
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.06 .0
.06
K
0] 1.0
Low High
h
a
Sketch (g)

From sketch (g) the equation for Ky(gy when h/a = -0.4BO is
=1
Klow [1- N1 - (h/u)ﬂ
' 7
1.06 E-«/i - (=0.1802]

0.13

il

Ku(m)

1l
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Regions of interference

| Z ::;/i,,‘ﬁil/
&

020
B SN

Mg =2.01

Sketch (h)

Sketch (h) shows that not all of the side-force increment gained by the
addition of the horizontal surface to the body is realized, since a
portion of the area determined by the shock waves and the body, if it
were extended, lies behind the base of the actual body. Of the total
area 87.5 percent lies on the body so that this percentage of the incre-
ment estimated by Ky(p) and <CYB)B is realized.

I

(CYB)BWH - (CYB)BW 0.875 KH(B)(CYB)B

1l

-0.017 per radian

The second increment to be determined is that due to adding the upper
vertical stabilizing surface to the combination of body, wing, and hori-
zontal tail. From reference 6 the side~force curve slope of this panel,
referenced to the total wing area, Sy, 1is

(CYB)V = -0.398 per radian

Sketch (i) shows that part of this panel, area S , senses only the
body-wing combination, while area S, senses only the body, so that the
expression for the effective apparent mass ratio, K', when this panel is
added, is

S2

S
K:l = K w _A + K
V{(BWH) V(BW) 5y V(B) Sy



$,:4.63 in®

Total upper vertical stabilizing surface
area, S$4=19.20 in?

A

|

\
/
\

Tota! lower vertical stabilizing surface
area, Sy=3.24 in?

Mg =2.0l
Sketch (i)

The use of the appropriate K charts for the dimensions given by
table III, results in,

1.49(4.63) N 1.27(1k.57)
19.20 19.20

1.32

K'v(zwn) =

Il

and, therefore,

(CYB)BWHV B (CYB)BWH - K'V(BWH)(CYB)V

Il

-0.525 per radian

The third increment which must be found to determine the total
empennage side force is that due to adding the lower vertical stabilizing
surface to the combination of body, wing, horizontal tail, and upper
vertical stabilizing surface. The slender-body value of the side-force
curve slope of this panel, referenced to the total wing area, is deter-
mined and found to be

(CYB) = -0.021 per radian
U
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From sketch (i) it can be seen that area S3 of the lower vertical
stabilizing surface senses only the body, and area S5,, the body and
horizontal tail. The expression for the effective apparent mass ratio
is, therefore

Sa S4

K'y(zwav) = ¥u(s) 55 * ¥u(ed) 55

The use of the appropriate K charts gives
2.78(2.74) . 2.18(0.50)
3.24 3.2k

il

K'y(zwrv)

2.68

I

and, therefore,

li

-0.056 per radian

The total of these three increments of side force due to adding the three
surfaces gives us the gide-force coefficient derivative of the complete
empennage

C - -0. I
(CYB> ( YB)BW’ 0.598 per radian

BWHVU

This estimate corresponds to an experimental value of -0.57 per radian.

To determine the yawing-moment coefficient derivative of the complete
empennage, the appropriate moment arm is applied to each of the three
incremental values of side force which make up the total. For the incre-
ment gained by adding the horizontal tail to the body, the centroid of
area of the region of interference on the body is used. This is found
to lie at 81.0 percent of the exposed root chord of the horizontal tail
and, therefore,

1 _ lm - L - 0.810 cy
28w 28w

Il

-0.600
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and

o ;
(Caglp - (Cop)gy = 25y [(CYB)BWH (CYB)BWJ
= 0.010 per radian

The centroid of area of the upper vertical stabilizing surface lies
at 93.0 percent of the exposed root chord, so that

=— = -0.575
and
(CHB)BWHV - (CnB)BWH = 0.30L4 per radian

The centroid of area of the lower vertical stabilizing surface lies
at 43.9 percent of the exposed root chord, so that

L~ 0.439

25w

C - (C = 0.02 r radian
Cagdagrr = (Cop)mumy > pe

The addition of these three increments of yawing moment gives the
yawing-moment coefficient derivative of the complete empennage gained by
the addition of the horizontal tail, upper vertical stabilizing surface,
and lower vertical stapilizing surface to the body-wing combination.

(Cnp) (Cng) = 0.339 per radian

BWHVU BW

This estimate corresponds to an experimental value of 0,37 per radian.
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TABLE I.- SUMMARY OF THE K CHARTS AND THE RANGE OF VARIABLES
COVERED BY EACH

Figure Horizontal (b/s)l (5/5) Added | (a/s) Existing
no a/b surface O, | vertical penel |vertical panel
: position |[(b/s)y P P
1 1.000 --- --- 0 to 1.0 0.1 to 1.0
2(a) 0.0 .0 to 1.0
() .2 .1 to 1.0
(e¢) | 1.000 Mid i 0 to 1.0 .1 to 1.0
() .6 .1 to ..0
(e) .8 .1 to 1.0
3(a) Tangent to .0 .0 to 1.0
(v) body on .2 .1 to 1.0
(c)] 1.000 | same side A 0 to 1.0 .1 to 1.0
(a) as added .6 .1 to 1.0
(e) panel .8 .1 %o 1.0
L(a) Tangent to .0 .0 to 1.0
() body on .2 .1 to 1.0
(¢){1.000 | side oppo- LA 0 to 1.0 .1 to 1.0
(a) site added .6 .1 to 1.0
(e) panel .8 .1 to 1.0
5 -333 ~-- --- 0 to 1.0 .1 to 1.0
6(a) .0 .0 to 1.0
(b) .2 .1 to 1.0
(e) | .333 Mid Ny 0 to 1.0 .1 to 1.0
(a) .6 .1 to 1.0
(e) .8 .1 to 1.0
7 667 - - 0 to 1.0 .1 to 1.0
8(a) .0 .0 to 1.0
(b) .2 .1 to 1.C
(c)| .667 Mid b 0 to 1.0 .1 to 1.0
(a) .6 .1 to 1.0
(e) .8 .1 to 1.0
9 1.500 - -—- 0 to 1.0 .1 to 1.0
10(a) .0 .0 to 1.0
(b) .2 .1 to 1.0
(c) | 1.500 Mid .4 0 to 1.0 .1 to 1.0
(a) .6 .1 to 1.0
(e) .8 .1 to 1.0
11 3,000 - - - 0 to 1.0 .1 to 1.0
12(a) .0 .0 to 1.0
() .2 .1 to 1.0
(c¢)| 3.000 Mid it 0 to 1.0 .1 to 1.0
(4) .6 .1 to 1.0
(e) .8 .1 to 1.0
Mid or .0
13 1.000 | tangent to 1.0 1.0

position

8

33
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TABLE II.- SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS
OF THE CONFIGURATIONS STUDIED AT SUBSONIC SPEEDS

Configuration Sy 28y, 1 a s, h 1 c
No. Sketch inf2 in, igf ixll. a/b Surface in. 1r,1. inf ixl;, A Q&E’
i W 16,661 0.00 | 17.78 | 25.89 | 0.030 | 60.0
< ————

1 536.0 | 34.32 | 28.65 ] 2.94} 1.000 v 10.66| ---130.91{13.09| .028{ 60.0
-—{!)-—— U k,32) ---12B8.65]15.35| .ooo}83.4
2 l 316.81 30.86 | 31.22 | 1.85| 1.000 v 10.04 | ---| 42.45 | 10.94 ] .461]| 35.8
; i W 23.78( 3.32{23.70 {21.80} .280] 47.0
3 666.5| 47.56 | 40.03]3.321 1.000 H 12.06) .00}58.51| B8.72| .204]50.5
‘—# v 16.11) ---]52.3516.30| .280150.9
W 6.00] .00] 7.71| .17 .332| 48.6
H 2.40| .00]16.00| 1.80]1.000 .0

I 36.0112.00]10.421 .64| 1.000
v 2,40} ---116.00] 1.80}§1.000 .0
U 2.40 ---]16.00] 1.80]1.000 .0
eﬁ w  l13.55] .80|21.52929.12] .000] 60.0

5 324,01} 27.10 | 28.94 | 2.25| 1.000
+ v 9.30| ---]42.50{12.22| .o000][ 60.0
6 324.0 | 36.00 | 30.00{1.85| 1.000 v 10.19| ---]39.75| 9.45] .610} 55.2
él vy 10.37] ---|{#.31{ 8.50| .o00| 42.5

7 576.71 36.50| 27.00 | 1.46 ] 1.000
! Va 13.12| --- | 43.00{11.00} .000| h2.5
G_ﬁ Vo 1174 | ---[43.75] 9.k0 | .000| k2.5

8 576.7 | 36.5¢ | 27.00 | 1.95} 1.000
! v, |13.49| ---|43.00|11.00] .000] k2.5

1oT-v



TABLE II.- SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS
OF THE CONFIGURATIONS STUDIED AT SUBSONIC SPEEDS - Continued

. Estimation

Configuration M T/Esw (CYB)P " using K Experiment R:i‘.
No. | Panel added ACYB an ACYg Acna )
BWV-BY 0.25 | -0.276 | -0.244 | 1.58| -0.386{ 0.107 | -0.52 | 0.11 10
BWV-BW 60| -.279| -.257]1.58| -.ho6] .113| -.46 .12 10
1 BWV-BW 80| -.281] -.276]1.58| -.436| .123] -.u7 .13 10
BWVU-BWV 25| -.156| -.oma| 3.04| -.033] .005} -.0k6| .ook)| L1
BWVU-BWV 80| -.156( -.om1| 304 -.033] .005| -.046( .0OT] 11
2 BV-B .80] -.508} -.585)1.07] -.626| .313] -.55 .29 12
3 BWHV-BWH 06| -.4511 -.522| 1.30] -.678] .306] -.64 .28 13
BWV-BW 60 -.5021 -.e2k]1.34] -.300) .151| -.31 .15 1k
BWV-BW .80 -.499) -.239|1.34] -.320} .160| -.3k4 s 1k

N

BWHVU-BWHV 60| =502 -.22b)a.TH) -.390f 196 -.35 W17 1k

BWHVU-BWHV 8ol -.b99! -.239f 1.74| -.k16| .208| -.38 .18 1k

BWV-BW B0t =751 -a3kbk)1.26] -.433) .325] -.4%0 .30 15
5

BWV-Bo 80 -.754| -.365]1.26] -.460] .347| -.46 .3 15

BV-B o f3-ues| -.4s0f 1.07| -.482) 205 -4k | .23 | 16

BV-B 501 %425 -.453) 1.07| -.485] .206| -.45 .23 16
6 BV-B .60 [ B-.h25 | -.460] 1.07| -.ho2| .209[ -.46 2k 16

BV-B 0] B-u25 ] -uéh | 1.07| -.b97| L2131 | -.47 24 116

BV-B 808 bho5] -.467)1.07| -.5001 213} -.u8 .25 16

BV,-B a7 | -.600] -.239] W9k| -.225) .135] -.25 .1k 17
K

BV4-B A7) -.601| -.bor| .85 -.381} .205] -.35 .21 17

BVo-B a7 -.5881 -.293) 1.0} -.296) .A77| -.30 .18 17
8

BV5-B a7 -.60n| -.hor| .95| -.381} .e2gf -.37 .2k 17

4Ipterseetion of mean aercdynamic chord and quarter chord cf added pancl used in
determining moment arm.
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TABLE II.- SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS

OF THE CONFIGURATIONS STUDIED AT SUBSONIC SPEEDS - Continued
Configuration Sy 2sy 1 a 8 h 1 c
Yo Sketon e | | i | e | o/ |Swrtace | 7 G aal | 4 A 3’5";’
9 é 576.7 | 36.50 [ 27.00 [ 2.93 | 1.000 Vo |1k.23| ---]43.00]11.00]0.000 | 42.5
G@ H 8.0510.001 39.54] L.,58] .660| 3.6
10 324,01 36.00 | 23.98 {1.82{1.000
é v 9.90 | ---139.26{ 5.691 .647]| 2.8
d H 8.05¢ .00]39.50| 4.73| .638] 3.6
11 324,01 36,00 | 23.98 | 2.70{ 2.210
—_é__ v 9.90] ---139.32] 5.43] .678]| 2.8
H i 8.05| .00 39.591 4.36| .693} 3.6
12 324.01 36.00 1 23.98 [1.22] .451
__l: v 9.90| ---]39.22f 5.84| .630] 2.8
E éz H 6.70| .001]39.55{ 5.39| .673]47.5
13 32L4,0( 36.00 | 25.44 | 1.82 | 1.000
é v 8.25| ---138.50 6.712| .65847.5
é H 6.70| .00]38.89| s5.60| .6u7|u7.5
1k 324.0( 36.00{25.44 | 2,70 ] 2.210
[j v B.25] ---139.46| 6.41] .690]47.5
é’ , H 6.70| .00 40.51] 5.08| .71k |47.5
15 324.0) 36.00 | 25.44 1,22 451
i v 8.25] --~137.85| 6.93] .638|47.5
;7 H 11.20] .00| &+.24| 7.05| .39611k.2
16 576.0 1 41.56 | 39.58 | 2.80 1 1.000 Vg 13.28] ---}59.99] 12.48] .195| 54.0
—J)_ Vi, 15.23¢ ---| 57.751 1k.72}] .18} 5k.0




TABLE II.- SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS
OF THE CONFIGURATIONS STUDIED AT SUBSONIC SPEEDS - Concluded

Estimation

Configuration Me T/Esw ((‘\I'B )P K using K Experiment Rig'
No. | Panel added ALy [AvY Ay, 1 ACq '

B B B B
9 BV,-B 0.17 | -0.601 | -0.401 | 1.15 | -0.461 | 0.277 | -0.42 | 0.26 | 17
10 BHV-BH L13 | =464 -.boo|1.26] -.50k| .23k { -.53| .22] 18
11 BHV-BH 13| -.w68 ] -.33111.53] -.506] .235| -.53| .21 18
12 BHV-BH 13| - 46k ] -ks8j1.11) -97 ]| .230| -9 20| 18
13 BHV-BH 13 | ®-.k6h | -.267|1.35] -.361| 168 -.39f .18 18
1 BHV-BH 13 [ *-.u64 ) -.208 170 -.356( .165| -.s0f .17 | 18
15 BHV-BH 1386 | -.320 {1015 -.356) 165 -.39| .16 18
BVg-B 25 |2-.620] -.370|1.16] -.k29| .266] -.44] .31 ] 19
BVg-B 60 | ®-.620 -.380|1.16] -.451| .280| -.W4 | .32 19
BVg-B 8o [®-.620| -.415[1.16] -.b82| .299| -.46] .34 19
BVL-B 2512599 | -.s1b01.07) -.550| .329] -.56] .39 19
BVL,-B e..599 | -.sh1{1.07] -.5790 37| -.58] L1} 19
6 BYVL-B 8¢ [ B-.5991 -~.577{1.07} -.617{ .370| -.60{ .44 ] 19
BHV -BH 25 | &~ 620 =,370]1.34 ) -.b96] .308| -.47| .32 19
BHVg-BH 60 | 8-.620| -.389 {1.34| -.522] .32k | -.49] .33] 19
BHVs-BH 8o [B-.620| ~.415[1.3%]| -.556] .3451 -.50| .37 | 19
BHVL,-BH 25 | B-.599 | -~.51k J1.25| ~.6k2| .385] -.63} .41} 19
BHVL -BH 60 18-.599 | -.5k1f1.25| -.676( ko3| -.65) LbL| 19
BHVL,-BH 80 [®-.599 | -.577|1.25]| -.720 | .432| -.68] .48] 19

ion of mean aercdyramic chord and quarter chord of addod paredl ol in
mining moment arrm.
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TABLE IIT.- SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS
OF THE CONFIGURATIONS STUDIED AT SUPERSONIC SPEEDS

Configuration Sy 28y Ims a 8 h, 1 c A

e Sketeh w2 | 1h | 1m | o0 |Surface] 2o} tn, | 1, O -
f] W 5.2k | o0.00|13.40| 5.50)0.427(27.1

1 k5.2 110.48] 15.30 [ 1.00{ 1.000
,(5\ v 3.80 ---|20.67f 4.50] .378]4k.0
g / W 12.66 .00]14.33] 7.83] .538)38.1
2 160.4 1 25.32119.11 {1.78] 1.000 H 6.06 .00} 27.80| 6.46] .541]38.5
,—-&_\ v 7.48 ---126.15{ 3.66| .192|50.4
W 9.54 .00 | 12.k91 7.92| .u83]L48.0
é H k56| -.8|26.531 3.60( .517|L8.0

3 1n4.5119.08118.00{1.75] 1.170
f v 7.08 ---{2k.22| 5.20{ .392]49.2
U 2.56 ---122.89] 8.00]| .000] 70.2
W 16.21 | ~1.18 ] 16.51 | 13.20 | .313| L49.7
d 7.87}-1.37 33.62{ s5.89 .ho2]k49.6
n 272.2 ] 32.41 | 2k.91 | 2.04| .90 Vo 7.20| ---{32.80[ 6.69| .M16]23.5
% Vext 8.66 ---132.80| 6.69| .260{23.5
V127$ 8.7k ---132.37| T7.20| .290]| 23.5
E ; W 2,81 .00 .00 | 11.25 ] .000 ] 76.0

5 25.31 5.621 7.50| .63]2.000
! v 3.12 ---|10.36| 2.10] .679] 32.%
é W 2.8 .00 .00]11.25 | .000 | 76.0

[ 25.3] 5.62( 71.501¢{ .63]|1.000
é v 1.88 -~-1120.36) 2.10] .833{32.4
W 3.37] -.54%) 3.81| 4.22] .o00|55.0
Cé H 1.80| -.18|10.73] 1.54 | .co0|s3.0

7 %41 6.73] 6.24 4 .5kf1.000
! \s 2.75 ---1 9.03} 3.4%2 1 .000]60.8
ay 1.57 ---1 9.03| 3.36| .000] 76.1

See Tootnctes to table, p. k1.




TABLE III.- SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS
OF THE CONFIGURATIONS STUDIED AT SUPERSONIC SPEEDS - Continued

. Estimation Estimation

Configuration M, T/EBW (CYB)P X using K - wsing X' Experiment |[pegp,
No. | Panel added T &y, | &ng| 01y | Alnp no.
1 BWV-BW 1.8 | -0.768] -0.418 | 1.33] -0.556 { 0.427 | 1.41| -0.589 0.453 -0.56 | 0.43 20
BV-B 1.61 P-4 -.k29f1.25| -.536| .253)1.25 -.536| .253} -.52 .22 21

2
BHV-BE 1.61 | P-u71| -.429 | 1.%0] -.600) .283|1.29| -.553 262 -.56 .23 21
BWHU -BWH 2.01 | P-.439| -.0e1|2.a4] -.ou5| .o20}2.76f -.056( .025} -.057 034 | 22

3
EWHUV-BWHU | 2.01 | P-.575( -.398|1.55| -.617| .355[1.32| -.525| .302] -.52 .30 22
BWV,-BY T.6L|P-.503| -.247 [1.39] -.3%3] .138[1.45] -.358] .1bh]| -.33 .1h 23
BWYo-BW 2.0l ] P-.b03| -.195[1.39] -.27a| .109t1.72] -.335] .135] -.30 .12 23
N BaHV,-BWH | 1.61 | P-.bo3 | -.eh7[1.78] -.Mo] .177]1.bo| -.368 8] -.37 | .15 | 23
BWHV,-BWH | 2.01 - 403} -.195(1.78] -.347| .aboj1.72] -.335] 135} -.30 .12 23
BWHVeyt-BWH | 1.61 [ P-.b1b | -.321 [1.57 ~.504 | .co9{1.32] -.kebh| 76] -1 A7 23
BWHV 10, 4-BWH | 1.61 { P-.510| -.34%911.57 _.5iB1 .225[1.35] -.w7i] 193] -.B 17 23
BV-B o.9k | b-.860 | -.248[1.131 -.280f .ok1|1.13]| -.280]| .24} -.29 26 | (e)

5
BWV-BW 2.9 |Pogeo ] -oug|1.m| -.325| 279 |1.3| -.325] .279| -.32 | .26 (c)
BV-B p.gh | P-780 | -.121|1.55] -.188| .ak7|1.55) -.188) k7| -8 | .13 ) (e)

6
BWV-BA 2.94 | P-.780| -.121|1.72} -.207} .161|1.71| -.207 161 -.19 W13 | ()
BV-B 2.9h | P-,781] -.388}1.10{ -.h27{ .333|1.10 -ber | 333 -.46 .30 | ()
7 BU-B 1.97 [ P-.810{ -.183{1.57| -.287| .230|1.57| -.287( .230} -.30 23 | (c)
BWEVU-BWEY | 2.94 | P-.e10| -.164 | 2.01) -.339] .275]1.60 -.262] 212 -.23 Ak | (e)

See footnotes to table, p. U41.
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OF THE CONFIGURATIONS STUDIED AT SUPERSONIC SPEEDS - Continued

TABLE III.- SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS

Configuration Sw 2 lms a s h 1 c

No. Sketch el | tn. | &P |Surface| o) B} | (T A Qﬁ%’
8 é .4 6,731 6.24 ) 0.54 ) 1.000 v 2.76 -=-| 9.77 | 2.56] 0.547 | 4g.1
H 1.501-0.55[10.73 | 1.56] .000{ 53.0
9 ﬁ 41| 6.87| 6.24] .55]1.170 v 2761 ---| 9.77 | 2.56] .547| b9.1
! & 1.58 | =---{ 9.03 | 3.36| .o00]76.1
E / H 1.50 55110.73 | 1.56| .000] 53.0
10 1.2 6.87] 6.24f .55{1.170 v 2.76 -—-1 9.77 | 2.56| .s47{L9.1
JL 8y 1.58] ---| 9.03 | 3.36| .000]|76.1
é } W 12.00 .00 | 15.60 | 8.88] .225| k9.k

11 144,024,001} 20.81 | 1.47 | 1.000
(Ij v 8.59 --=128.66 | 6.94| .235]20.6
é Z W 12.00 .00]15.60 | 8.88| .225{ L4g.4

12 1440 24,00 20.81 | 1.47 | 1.000
! v 8.59 ~=- | 28.66 | 6.9% | .235|41.6
é ; W 12,00 .00 (15,60 | 8.881 .225) 494

13 14b.o | 24,00 | 20.81 | 1.47 | 1.000
! v 8.59 -~- | 28.66 | 6.94| .235{52.1
E? W 12.00 .00 | 15.60 | 8.881 .225( 49.k4

b 144,01 24.00 [ 20.81 [ 1.47 | 1.000
! \ 8.59 --- 128,66 | 6.94] .235]|62.5

See footnoles to table, p.




TABLE III.-

SUMMARY OF THE GEOMETRIC AND AERODYNAMIC CHARACTERISTICS
OF THE CONFIGURATIONS STUDIED AT SUPERSONIC SPEEDS - Concluded

Estimation Estimation

Configuration Mo 7/25“ (CYB)p K using K X using X' Experiment Rreé.
jo. | Panel added ACYﬂ Acnﬁ ACYB AC“JS AEJYra ACnB '
BV-B 1.97 | P-0.852 | -0.672] 1.09 | -0.732 | 0.624 {1.09] -0.732 | 0.624 | -0.T1 | 0.63 | ()

3
BV-B 2,94 b-.852 - 44k | 1,09 -.484 | k12 1. =48 2| -8 .39 (<)
BV-B 1.97] P-.83%| -.685|1.12] -.767| .6%0]1. -767| .60 | -.12| .60 ] (<)
BU-B 1.97f P-.7ou| -.187{1.61) -.301| .239]1.61] -.300] .239| ~-.32| .23 (c)
BYU-BV 1.97] P-.7ou| -.187]2.73] -.5100f .405]1.88] -.352] .219| -.36( .13} (c)
5 BUV-BU 1.97) b-.834| -.685(1.36] -.932| .776]1.18] -.808] .674| -.76| .501 (¢)
BHU-BH 1.97] P-.ro| -.187| 1.10| -.206) .16k ]1.38] -.258 .205| -.34| .27 (e)
BHV-BH 1.97| D-.83k| -.685[ 1.45] -.9931 .8e8|1i.12] -.767| .60 -.77] .64 (e)
BHVU-BHV 1.97] b-.qou| -.187) 1.48]| -.277f .eeol.s2] -.284 | .226| -.31 | .19 (c)
BUUV-BHU 1.97] P-.834] -.685]1.55[-1.062] .88511.18] -.808]| .67k -.75] .58 (e)
BHU-BH 1.97] P-.7ok ! -.187f 2.1 -.395] .318)1.61] -.300| .239) -.37] .23} (c)
BHV-BH 1.97] ®-.834| -.685!1.00| -.685] .571{1.09| -.7M6| .622] -.80| .60 (c)

10
BHVU-BHV 1.97) Pe.rob | -.187]2.66| -.u97] .395|1.79) -.335| .266| -.29| .1k (c)
BHUV-BHU 1.97) b-.834] -.685| 1.1 -.760) .634|1.11] -.760] .63%] -.71} .52 | (<)
BWV-BW 1.41 4651 -.788{ 1.04{ -.820| .381]1.06{ -.836| .389] -.92| .37{ o4

11
BAY-BW 2.01 4691 -.470] 1.04] -89 | .e29l1.16] -.545 2561 -.651 .31 | 2k
BWV-BW 1.51] P-.56k| -.810] 1.0 | -.842| 75 |1.0M] -.8s2) Wy5i -.88| .s2| 2k

12
BWY-BW 2.01] P-.sek| -.482) 1.04 -.502{ .2831.12| -.sko| .305] -.60| .30| 2k
BWV-BW 1.k1] P-.630] -.761] 1.04]| -.792| .4g99 {1.ok| -.792) 499 -.851 .k5| 2k

13
BWV-BW 2.01] b-.630] -.512|1.08f -.532| .335]|1.06f -.sh2] .3k2| -.53( .30 2b
BWV-BW 1.4 -8l -.679% 1.04| -.706| .528|1.04{ -.7061 .528| -.67| .36 2%

1k
BWV-BW o2.00| P-.7u8] -.554] 1.0ou -.586 | 438 1.o%f -.586] .438)-.50 32| 2k

8ppproximated by triangular plan-form tail.
bCentroid of area of added panel used in determining moment arm,

CUnpublished data from Ames 1- by 3-foot supersonic wind tunnels.

L
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Figure 1.- Apparent mass ratio for various values of a/s of the
existing vertical panel in the presence of a circular body.
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Figure 2.- Apparent mass ratio for various values of a/s of the
existing vertical panel in the presence of a circular body with
a mid horizontal surface.
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Figure 18.- The effect of stabilizing surface arrangement on the total
empennage side force, Aspect ratio of the original upper vertical
tail is 4.5,
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Figure 19.- The effect of stabilizing surface arrangement on the total

empennage side force., Aspect ratio of the original upper vertical
tail is 2.0.
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