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SUMMARY

Subsonic span loads and the resulting stability derivatives have
been calculated for a systematic series of vertical- and horizontal-tail
combinations in sideslip and in steady roll in order to provide informa-
tion embracing a wide range of probable tail configurations. All cal-
culations were made by application of the discrete-horseshoe-vortex method
to the problem of estimating loads on intersecting surfaces. The inves-
tigation covered variations in vertical-tail aspect ratio, the ratio of
horizontal-tail aspect ratio to vertical-tail aspect ratio, the effects
of horizontal-tail dihedral angle (for the sideslip case), and the effects
of vertical position of the horizontal tail for surfaces having their
quarter-chord lines swept back 0° and 45°. The results of the investiga-
tion are presented in charts from which the span loads for the various
conditions can be obtained. The resulting stability derivatives are pre-
sented as vertical- and horizontal-tail contributions as well as total-
tail-assembly derivatives.

The results of this investigation, which was made for a wider range
of geometric variables than previous studies, showed trends which were
in general agreement with the results of previous investigations. Also
presented in this paper and used in the computations is an extensive table
of values of sidewash due to a rectangular vortex.

INTRODUCTION

Accurate information regarding tail loads and the spanwise distribu-
tion of these loads during various maneuvers is required by the aircraft
designer as a basis for structural design and for providing estimates of
the tail contribution to aerodynamic derivatives. Some information on
tail loads is available in references 1 to 4, for example. Reference 1
is a rather complete theoretical study of span load distributions of
unswept-tail configurations in sideslip in which the effects of horizontal-
tail span, vertical position, and geometric dihedral are considered. The
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study, however, is based on the assumption of minimum induced drag which
leads to an excessive end-plate effect of the horizontal tail for the
range of tail size usually considered (see ref. 2). The theoretical
analysis of reference 2 for tails in sideslip is based on lifting line
theory and deals only with tail configurations having semielliptical
vertical tails and elliptical horizontal tails with equal and coincident
root chords. References 3 and 4 present some experimental data on total
loads for unswept tails in sideslip. The variety of tail configurations
currently in use, however, has accentuated the need for information
embracing a greater range of probable configurations. The present inves-
tigation was made to help fulfill this need. Span loads were calculated
by a method generally referred to as the discrete-horseshoe-vortex (or
finite-step) method. This method has been used extensively in estimating
wing loadings (see ref. 5, for example); however, some calculations made
in conjunction with the investigation of reference 4 indicated its appli-
cability to the calculation of loads on intersecting surfaces (tail sur-
faces) in sideslip. Since the basic method is explained in detail in
reference 5, only the pertinent details are included herein (see appen-
dix A). The discrete-horseshoe-vortex method was used in the present
investigation to obtain subsonic spanwise load distributions and resulting
aerodynamic derivatives for a systematic series of tail configurations

in sideslip and in steady roll. Also, the additional span loadings due
to the dihedral angle of the horizontal-tail surfaces were determined for
the sideslip case. Calculations were made for surfaces having unswept
and 45° sweptback quarter-chord lines and a taper ratio of 0.5. The
geometric variables covered in this investigation included vertical-tail
aspect ratio, ratio of horizontal-tail aspect ratio to vertical-tail
aspect ratio, and vertical location of the horizontal tail.

The contribution of Mr. M. J. Queijo to the present paper was sub-
mitted to the University of Virginia in partial fulfillment of the
requirements for a degree of master of science.

SYMBOLS

The results presented herein are referred to the stability system
of axes with the origin at the quarter chord of the vertical-tail root
chord (see fig. 1).

A aspect ratio, bg/S
b span, ft
S areay 'eq £t

c leesd gechord, £
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F(X')y')

F(x',y',z')

Cy

average geometric chord, ft

semispan of rectangular horseshoe vortex, £t
circulation strength, sq ft/sec

rate of roll, radians/sec

sidewash velocity relative to stability axes, ft/sec
sidewash velocity relative to horseshoe vortex, ft/sec
downwash velocity, ft/sec

free-stream velocity, ft/sec

component of free-stream velocity normal to surface at
control point, ft/sec

angle of sweep of quarter-chord line, deg
sideslip angle, radians
dihedral angle of horizontal tail, radians
coordinate distances relative to stability system of axes
nondimensional coordinate distances relative to axes
located at center of each bound vortex so that x'
and y' are always in plane of horseshoe vortex
(made nondimensional by dividing distances in feet
by horseshoe-vortex semispan)
number of horseshoe vortices representing configuration
mass density of air, slugs/cu ft
general form for either downwash or sidewash velocity at
any point (x',y',z') caused by rectangular horseshoe
vortex of unit semispan and circulation strength of kx

downwash velocity of f(x',y',z"')

sidewash velocity of f(x',y',z')

Lateral force

%QVESV

lateral-force coefficient,

Rolling moment

i
SeV=S by,

rolling-moment coefficient,
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Subscripts:
n general symbol which when replaced by number refers to
particular horseshoe vortex
h horizontal tail
v vertical tail
Subscripts used in the span load coefficients, such as <§%l>v,

signify that c¢; and the chords c¢ and ¢ are based on vertical-tail
geometry.

PRELIMINARY REMARKS

The finite-step method used herein is an adaptation of the method
which has been applied to computation of wing loads (ref. 5, for example),
and only the essentials of the method with emphasis on the application
to intersecting surfaces are presented herein. (See appendix A.)

For all the tail configurations considered herein, the vertical tail
is represented by six and the horizontal tail by 12 equispan horseshoe
vortices (see fig. 2), a representation which results in values of lift-
curve slope approximately 10 percent greater than the values predicted
by the Weissinger theory (see ref. 6). Use of fewer vortices would
result in values much greater than could be expected experimentally.

Use of more vortices would improve the accuracy, but any significant
improvement could be obtained only by greatly increased computational
time, which was not felt to be justified. It should be noted that in
performing the calculations adjacent horseshoe vortices are assumed to
have no gap between them so that the trailing vortices between adjacent
horseshoes are coincident.

Each tail combination (horizontal plus vertical tail) is represented
by a total of 18 horseshoe vortices, which results in a set of 18 simul-
taneous equations with 18 unknown vortex strengths. Since rolling and
sideslip loads on the horizontal-taill semispans are antisymmetric (equal
but of opposite sign on each side), the number of equations to be solved
was reduced to 12. All solutions of simultaneous equations required in
the present investigation were obtained by use of relay-type computers.

A1l calculations performed herein were made for a two-dimensional
lift-curve slope of 2nx and do not take Mach number effects into account.
Methods of accounting for Mach number effects and for variations of the
section lift-curve slope from 2nx are discussed in reference 5. The
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gngles W@, T, and pbv/V are assumed to be sufficiently small so that

the sine of the angle can be replaced by the angle in radians and the
cosine of the angle can be replaced by 1.0. It is further assumed that
vertical displacements of the vortices of the horizontal tail due to
dihedral angle can be neglected.

SCOPE

Calculations were made for a systematic series of vertical- and
horizontal-tail combinations in sideslip and in steady roll. For these
two conditions, three basic span loadings were obtained, two resulting
from the sideslip condition and one from the steady-roll condition.

The three cases considered are:

(1) Loads resulting from sideslipping tail combinations having
horizontal tails with zero dihedral

(2) Loads resulting from sideslipping horizontal tails having
dihedral, but with the vertical tail at zero sideslip

(3) Loads resulting from rolling of the tail combinations about an
axis coinciding with the root chord of the vertical tail.

The loads calculated for case (2) should be considered as additional
loads due to the horizontal-tail dihedral angle. It is assumed that,
for the small angles considered herein, the total load in sideslip on
any tall combination having dihedral can be obtained by the proper
addition of the loads obtained from case (1) and case (2). In all three
cases the additional restriction that the horizontal surface remain at
zero geometric angle of attack was imposed.

Span loads and the resulting force and moment derivatives are pre-
sented for unswept and 45° sweptback tall combinations consisting of
horizontal and vertical surfaces of 0.5 taper ratio. Calculations were
made for vertical tails having aspect ratios of 1, 2, and 3. Corre-
sponding to each vertical-tail aspect ratio, horizontal tails having
aspect ratios 1, 2, and 3 times the vertical-tail aspect ratio were con-
sidered at three vertical locations - at the base, at the mid position,
and at the top of the vertical tail. For each configuration the
vertical- and horizontal-tall root chords were assumed equal so that at
the base or low position the root chords of the vertical and horizontal
tails coincided. At the mid and high positions, the tail surfaces were
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always arranged so that the quarter chord of the horizontal-tall root
chord intersected the vertical-tail quarter-chord line. Specifying equal
root chords for a given vertical-tail aspect ratio essentially means that
variations in horizontal-tail aspect ratio are the result of changes in
horizontal-tail span. The range of vertical- and horizontal-tail aspect

ratios covered in this investigation is shown in Tigure 52

PRESENTATION OF RESULTS

The results of the investigation are presented in three main groups .
The first group contains span loads, the second contains stability deriva-
tives, and the third contains force derivatives associated with the
horizontal-tail loads. In order to facilitate location of information
for a particular condition, the following breakdown of figures is given:

Figure

Span loads:
Span loads resulting from sideslip for ' =0 . . . . . . . 4 and>5
Span loads resulting from sideslip for ' # 0 . ... ... 6 t09
Span loads resulting fromroll for ' =0 . .. . .. . . . 10 to 15

Stability derivatives:
Derivatives resulting from sideslip for I'=0 . . . . . . . 14 to 21
Derivatives resulting from sideslip for T . . - B2t RS
Derivatives resulting fromroll for ' =0 . . . . . . . . . 32 to 39

St 1l
(@)

Horizontal-tail force derivatives:
Derivatives resulting from sideslip for I'=0 . . . . . . 40 and 41
Derivatives resulting from sideslip for I'#0 . . . . . . 42 and 43
Derivatives resulting from roll for '=0 . . . . . . . . ULk and 45

In all span-load figures, negative values of the vertical-tail load
coefficient indicate a negative lateral force. The horizontal-tail load
coefficients are for the right (positive) tail semispan facing into the
wind, and positive values signify 1ift loads. Loads on the left semispan
of the horizontal tail are equal in magnitude but opposite in sign to the
loads on the right semispan for the corresponding spanwise station.

In order to provide an indication of the relative magnitudes of the
vertical- and horizontal-tail contributions to the total derivative for
a given tail configuration, all the derivatives are based on the geometry
(area and span) of the vertical tail.
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RESULTS AND DISCUSSION

Span Loads

Sideslip (I = 0).- The span loads due to sideslip of unswept tail
combinations having horizontal tails of zero geometric dihedral are pre- .
sented in figure 4. A large influence on the load distribution of the
vertical tail is apparent for each of the three vertical-tail aspect
ratios considered when the horizontal tail is located at either extrem- .
ity of the vertical tail. This influence is usually referred to as end-
plate effect. For these two positions, changes in horizontal-tail aspect
ratio (or span), as indicated by variations in the ratio Ay /Ay to

values greater than 1.0, do not appear to alter the general shape of the
load distribution but merely provide changes in the magnitude of the end-
plate effect. For the tail combinations considered, it appears that a
rather large percentage of the maximum possible end-plate effect can be
obtained by a relatively small horizontal tail.

The horizontal tails located at the middle of the vertical tail had
no appreciable effect on the vertical-tail span load.

The span loads induced on the horizontal tails are also presented A
in figure 4 and the results indicate that rather large magnitudes can be
obtained by locating the horizontal tails at either jextremity of the ver-
tical tail. Of particular interest is the direction of the loads for &
these two horizontal-tail positions. For the high position the induced
load results in a positive 1ift force whereas for the low or base posi-
tion negative 1lift forces are obtained. The results presented in fig-
ure L4 are only for the right semispan of the horizontal tail and, as indi-
cated previously, the loads on the left semispan are equal in magnitude
but opposite in sign. Consequently, there results, for the complete tail
configuration, a zero lift force. The loadings do, however, produce a
shear load and a twisting or rolling moment about the root chord of the
horizontal tail and abaut the stability roll axis located at the base
of the vertical tail that could be of importance both structurally and
from a stability viewpoint. For horizontal tails located at the mid
position, the loads indicated for all three values of A, can be traced

directly to the effect of vertical-tail taper ratio.

Presented in figure 5 are corresponding tail configurations with all
surfaces swept back 45°, In general, the results are similar to those
for the unswept tail assemblies; however, a comparison of figures 4 and 5
shows that sweep does reduce the magnitude of the span load coefficients
slightly and also reduces the effect of the ratio Ah/Av on both the

vertical- and horizontal-tail load distribution. For the sweptback tail
configurations the load on the horizontal tail when at the mid position is
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almost nonexistant for all three values of Ay considered. In addition,
for the larger vertical-tail aspect ratio considered (Ay = 3.0), sweep

appears to reverse the usual span effect on the vertical-tail load dis-
tribution in the region near the horizontal tail for the high and low
horizontal-tail locations.

Sideslip of horizontal tail with dihedral.- As pointed out pre-
viously, these loads were calculated for the condition where a horizontal
tail having dihedral was in sideslip while the vertical tail remained
alined with the relative wind. Such a condition permits an evaluation
of the additional load due to horizontal-tail dihedral angle. Results
of calculation of the additional span load distribution on the vertical
and horizontal surfaces of unswept tail configurations resulting from
sideslip of the horizontal tail with dihedral are presented in figure 6.
The induced loading on the vertical tail is such that the direction of
the load is opposite for high and low horizontal-tail configurations. A
similar condition exists for the horizontal tail in the mid position where
the vertical-tail loads above and below the horizontal tail also have
opposite signs. The magnitude of the induced loads on the vertical tail
depends rather strongly on the horizontal-tail aspect ratio or span and
indicates an increase in load for an increase in Aj.

The span load distributions on the horizontal tail and the effect
of the ratio Ay[A, on these loads are about as would be expected. For

horizontal tails in the low and high positions, the load appears to drop
off in the region near the vertical tail. This condition also appears,
but to a much lesser extent, for some configurations having horizontal
tails at the mid position. A consideration of the load distributions on
isolated sideslipping horizontal tails having dihedral (see fig. 7) shows
that the span load coefficients have a value of zero at the root chord.
The induced effects on the horizontal tail due to the presence of the load
on the vertical tail account for the value of the span load coefficient at
the horizontal-tail root chord in figure 6. It is apparent therefore that
mutual induced effects occur and that the decrease in load in the vicinity
of the vertical tail which occurs for the high and low horizontal-tail
positions and which is not so pronounced for the mid position is the result
of difference in magnitude of the circulation change on the vertical tail
at the respective positions.

In figure 8 the loading due to dihedral angle is shown for 45°
sweptback tail combinations. The results indicated for the horizontal-
tail load distribution are, in general, similar to those for unswept
configurations. The effect of sweep on the horizontal-tail load is to
reduce the load and cause it to shift outboard. Sweep appears to reduce
considerably the induced load on the vertical tail when the horizontal
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tail is in the high position. In fact, increasing vertical-tail aspect
ratio for this horizontal-tail position reduces the induced load and the
efsecy of the Ah/Av ratio until a negligible effect of the ratio A.h/AV
remains for the case where Ay = 3.0. A similar trend is indicated for

the vertical-tail area below the horizontal tail when the mid position
is employed. The load distribution on the vertical tail above the hori-
zontal tail when in the mid and low positions is similar to the unswept
configurations but of reduced magnitude.

Steady roll.- Calculated span load distributions on the vertical and
horizontal surfaces of unswept tail configurations in steady roll about an
axis alined with the vertical-tail root chord are presented in figure 10.
The results indicate that vertical location and aspect ratio of the hori-
zontal tail have a large influence on the span load distribution of the
vertical tail, as does, of course, vertical-tail aspect ratio. Locating
horizontal tails in the high position produces an induced effect that
increases the loading across the entire vertical-tail span. At the mid
horizontal-tail position, the load induced on the vertical tail appears
somewhat similar to the load due to dihedral effect in that the induced
portion of the span load coefficient has the opposite sign for stations
above and below the horizontal tail. At the low horizontal-tail position,
the larger horizontal tails produced a reduction in the total load carried
on the vertical tail as compared with the results for vertical tail alone.
Of particular interest at the low position for all three vertical-tail
aspect ratios considered for an Ah/Av value of 3 is the reversal of
load in the region near the horizontal tail. It appears that a reversal
of the side force from negative to positive and a possible reversal in
the vertical-tail contribution to the damping in roll could result only
for rather extreme tail configurations consisting of a horizontal tail
of high aspect ratio in combination with a vertical tail of small aspect
ratio.

As would be expected, the loads on the horizontal tail for a given
vertical-tail aspect ratio appear to vary almost directly with horizontal-
tail aspect ratio. A comparison of the results in figures 10(a), (v),
and (c) for equivalent horizontal-tail aspect ratios indicates that the
vertical-tail aspect ratio has some influence on the horizontal-tail load.
In addition, it is apparent that vertical location of the horizontal tail
also influences the span loads on the horizontal tail, particularly in the
region near the vertical tail. This influence can be seen by noting the
values of the span load coefficients at the root chord of the horizontal
tail for a given vertical-tail aspect ratio and value of Ah/AV' For the
right semispan the span load coefficient has larger positive values at
the high tail positions than at the low tail positions. 1In fact, for the
low positions a reversal in the direction of the load is indicated for
the region near the vertical tail for all three vertical-tail aspect
ratios considered when the ratio Ap/Ay has a value of 1.0.
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Figure 12 presents the calculated span loadings for 45° sweptback
surfaces of tail combinations in steady roll. A comparison of figures 10
and 12 for corresponding configurations indicates that the most notice-
able effects of sweep are a reduction in magnitude of the load on the
horizontal tail and the shifting of the load outboard toward the tips for
both the vertical and horizontal tails. In addition, figure 12 indicates
that the effect of the ratio Ah/Av on the vertical-tail load distribu-

tion decreases with an increase in vertical-tail aspect ratio for the
three vertical positions of the horizontal tail.
Stability Derivatives

Sideslip (I' = 0).- The lateral-force and rolling-moment stability
derivatives CYB and CZB are obtained from an integration of the

span load distributions. Since the dihedral angle is zero for the hori-
zontal tail, the derivative CYB results only from the vertical-tail

load. The C,;_  derivative, however, is composed of contributions from

both the vertical- and horizontal-tail loads and represents, of course,

the result for the complete tail configuration. The separate contributions

of the vertical and horizontal tails CIB and CzB W respectively, are
v

also presented. Since the span loadings were obtained in the form of step
loads, the integrations to obtain the resulting derivatives were performed
on the step loadings and not on the faired loading curves shown in fig-
ures 4 and 5. (See appendix A.) Furthermore, to enable a direct compar-
ison to be made of the magnitudes of the vertical- and horizontal-tail
combinations, all derivatives are based on the vertical-tail area and

span as indicated previously. Basing the derivatives on vertical-tail
geometry not only applies for the side-slipping tail assembly results

but also to the results of dihedral effect and steady roll.

The CYB results for the unswept-tail combinations shown in fig-

ure 14 and for the swept configurations in figure 15 are plotted against
the ratio Ah/Av' The results for the unswept configurations show that
an appreciable increase in CYB can be obtained with horizontal tails
located at either extremity of the vertical tail. The major increases
in CYB were obtained by increasing the value of Ah/Av tol igbout il 0.
The results show that this limiting value of A.h/Av is a function of

vertical-tail aspect ratio and that it increases as vertical-tail aspect
ratio decreases. Further increases in this ratio above the limiting




12 NACA TN 3245

value produced negligible increases in end-plate effect. The maximum
end-plate effect obtained by placing the horizontal tail at the extremi-
ties of the vertical tail appeared as an increase in CYB, which amounted

to a 20-percent increase for the high-aspect-ratio vertical tail and a
50-percent increase for the low-aspect-ratio vertical tail. Similar
trends are indicated for the 45° sweptback surfaces presented in fig-
ure 15, particularly for the low horizontal-tail position. For the high
horizontal-tail position, the effect of sweep appears to reduce the
available end-plate effect for corresponding unswept tail configurations,
particularly as vertical-tail aspect ratio is increased. For example,
the curve for the swept configuration having a vertical tail of aspect
ratio 3.0 indicates that the end-plate effects available by increasing
the ratio A.h/Av are almost negligible. The effect of sweep on the

calculated CYB for all three vertical locations of the horizontal tail
is also apparent in the reduction of the magnitude of CYB for equiva-

lent tail aspect ratios and in the spread between the curves for differ-
ent A, values. In addition, increasing the ratio Ah/Av had no effect

on CYB when the horizontal tail was placed at the center of the verti-
cal tail.

A comparison of the unswept-tail results for the low and high
horizontal-tail positions gives an indication of the magnitude of the
effect of vertical-tail taper ratio on the available end-plate effect
(for vertical tail of taper ratio 1.0 identical values for CYB result

for equivalent tail sizes). Comparing the results for high and low
horizontal-tail locations for an Ay value of 1.0 for the unswept con-
figurations indicates little difference; but as Ay 1is increased to 3.0,
for example, the maximum available end-plate effect for high horizontal-
tail locations is only about two-thirds of that indicated for the low
position. Similar comparisons of the results for the swept configura-
tions cannot effectively be made since the necessary differentiation
between sweep angle and vertical-tail taper-ratio effects is almost
impossible to perform for the limited range of tail configurations pre-
sented herein.

The estimated rolling-moment derivatives (C G andar
e ( 113) v ( 13) n’ g

are presented in figures 16, 17, and 18, respectively, for the unswept
tail configurations, and in figures 19, 20, and 21 for the 450 swept-
back configurations. The results show that the horizontal tail at
either extremity of the vertical tail contributes to the total rolling-
moment coefficient in two ways. First, the horizontal tall acts as an
end plate on the vertical tail, and thus increases the vertical-tail
load and its resultant moment. Second, the horizontal tail has on it
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an induced load which results in a rolling moment of large magnitude when
the aspect ratio (or span) is large. The direction as well as the magni-
tude of the loads on the horizontal tail depends on the vertical position
of the horizontal tail. Thus, when the horizontal tail is in the high
position the vertical- and horizontal-tail rolling moments are additive,
while the moments subtract when the horizontal tail is in the low posi-
tion. The induced load and rolling-moment contribution of the horizontal
tail is small when the horizontal tail is at the center of the vertical
tail.

The effects of sweep on the tail rolling moments appear to be rather
small, particularly when the tails considered are of low aspect ratio.
The moments of the surfaces having higher aspect ratios are slightly
smaller for 45° sweptback tails than for unswept tails of the same aspect
ratio.

Sideslip of horizontal tails with dihedral.- The additional loading
on tail surfaces due to horizontal-tail dihedral causes both the hori-
tal tail and vertical tail to contribute to the lateral force coeffi-
cient. The vertical-tail force is a result of an induced load, whereas
the horizontal-tail force is caused primarily by the lateral tilt of the
1ift vectors through an angle equal to the dihedral angle. The vertical-
tail contribution is proportional to the dihedral angle, whereas the
horizontal-tail contribution is proportional to the square of the dihe-
dral angle. The results are shown in figures 22 and 23 for unswept
tails and in figures 24 and 25 for 45° sweptback tails.

The contributions of the tail surfaces to the rolling moment are
shown in figures 26 to 28 for unswept surfaces and in figures 29 to 3l
for 45° sweptback surfaces. The results for both the unswept and swept
tails indicate that the dominating effect is horizontal-tail size as
indicated by the ratio Ah/Av° For the unswept cases a small effect of

vertical location is also evident, and from the separated contributions
of the vertical and horizontal tails, it is apparent that most of the
height effect is the result of differences in loading on the vertical
C
tail. The calculations for <—F§> for the unswept tails indicate that
v

the effect of the vertical-tail aspect ratio is negligible. The usual
effects of sweep, that is, a reduction in the magnitude of the deriva-
tives for equivalent configurations and a reduction in the spread
between the curves for comparable figures, are apparent. The calculated

C

1

results for <_f£> for the swept tails indicate that Ay has a slight

effect for horizontal tails at the top of the vertical tail. The net




1L NACA TN 3245

0
1
result on —Fﬁ for the complete configurations for variations in height ;

€
1
is that an increase in height increases the magnitude of _Fg for verti-

cal tails of aspect ratios 1 and 2; however, for Ay = 3.0 the opposite
trend is observed for tails at the mid and high positions.

Steady roll.- The results obtained for lateral force due to roll are
shown in figures 32 and 33 for unswept and 45° sweptback tails, respec-
tively. The results show that CYP, which is contributed only by the

vertical tail, is largely affected by horizontal-tall aspect ratio if the
horizontal tail is at either extremity of the vertical tail. Increasing
the aspect ratio of the low horizontal tail causes CYP to decrease in

magnitude, whereas the opposite is true for the high horizontal tail.
This effect is, of course, a consequence of the changes in vertical-tail
span load caused by the horizontal-tail load. (See figs. 10 and 12.)

The calculated results for the damping in roll contributed by the
unswept vertical tail, horizontal tail, and complete tail assemblies are
shown in figures 34, 35, and 36, respectively. As expected, the results
of figure 36 indicate that horizontal-tail aspect ratio or span, as indi-
cated by the ratio Ah/Av for a given value of Ay, has an appreciable

influence on the resulting Clp of the tail assembly. What is of inter-

est, however, is that for the low and mid horizontal-tail positions the A
ratio Ah/Av has an influence only when the horizontal tail is larger

than the vertical tail. For the range of values of A.h/Av FromiONteo 20
for the low and mid locations, the almost constant value of Czp appears

to be essentially the result of two opposing effects. Consider, for
example, the horizontal-tail contribution for the low horizontal-tail
position as indicated in figure 3%5. An induced load exists on the hori-
zontal tail similar to the sideslip load shown in figure 4, a result of
the presence of the horizontal tail at the base of the vertical tail that
is carrying a load. Superimposed on this load is a load due to steady
rolling (fig. 11). These two loads oppose one another and tend to can-
cel. When the horizontal tail is of low aspect ratio, the resultant
moment from the aforementioned loads is very small. For tail combina-
tions with high-aspect-ratio horizontal tails, the rolling moment due to
rolling predominates. A similar effect occurs on the vertical tail in
that the end-plate effect tends to increase the rolling load on the ver-
tical tail, and the rolling load on the horizontal tail induces a side-
wash which tends to decrease it. The interaction of these loads is such
that <CZP>V is only slightly influenced by the horizontal-tail aspect

.

ratio, at least for the range of size presented here.
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For the high horizontal-tail location similar effects on (CLQ
v
and (Clﬁ> occur; however, for this configuration the induced end-plate
h

loads are in the same direction as the rolling loads.

The results for C:z . Cl) , and [C;\ for the 45° sweptback tail

By Pn Y

configurations are presented in figures 37, 38, and 39, respectively. A
comparison of the results for the unswept and swept tails indicates the
usual effects of sweep, such as, a reduction in the magnitude of the
derivatives for corresponding configurations, a reduction in effects of
aspect ratio of the tail surfaces involved, and a reduction in effects
of vertical position of the horizontal tail.

CONCLUDING REMARKS

Subsonic span loads and the resulting contribution to the stability
derivatives have been calculated for a systematic series of vertical-
and horizontal-tail combinations in sideslip and in steady roll. All
calculations were made by application of the discrete-~horseshoe-vortex
method to the problem of estimating loads on intersecting surfaces. The
investigation covered variations in vertical-tail aspect ratio, the
ratio of horizontal-tail aspect ratio to vertical-tail aspect ratio, the
effects of horizontal-tail dihedral angle (for the sideslip case), and the
effects of vertical position of the horizontal tail for surfaces having
their quarter-chord lines swept back 0° and 45°. The results of the
investigation are presented in charts from which the span loads for the
various conditions can be obtained. The resulting stability derivatives
are presented as vertical- and horizontal-tail contributions as well as
total tail-assembly derivatives.

The results of this investigation, which was made for a wider range
of geometric variables than previous studies, showed trends which were
in general agreement with the results of previous investigations. Also

presented in this paper is an extensive table of values of sidewash due
to a rectangular vortex, which was used in the computations.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., June 29, 195k.
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APPENDIX A
THEORETICAL CONSIDERATIONS

Applying the discrete-horseshoe-vortex method of determining span
loads to a vertical- and horizontal-tail combination involves the repre-
sentation of the surfaces by a finite number N of horseshoe vortices.
(See fig. 2.) This procedure is equivalent to an approximation of the
actual span load by means of a finite number of steps. After the circu-
lation strength of each horseshoe vortex has been found, the local sec-
tion force coefficient can be determined and integrated to yield the’
corresponding force and moment derivatives.

In this finite-step method the horseshoe vortices are so located
that the center of each bound vortex lies on the surface quarter-chord
line. The trailing legs of each vortex are contained in the plane of the
surface and extend to infinity. The boundary condition to be applied is
that the air flow is tangential to the surface at specified control
points. These control points are located along the three-quarter-chord
line at the midspan of each horseshoe vortex. For a tail configuration
represented by N horseshoe vortices, there exist, of course, N control
points; and the boundary condition is satisfied at each by equating the
normal velocity arising from the complete vortex system to the component
of the free-stream velocity normal to the surface at that point. This
method yields a set of N simultaneous equations with one equation for
each of the N control points. These equations are of the form

N
= KL 1 ' !
UBC/LI- & ng Lrd fn(x Y 52 ) (l)

The normal velocity component at any control point resulting from a
system of horseshoe vortices representing two intersecting surfaces con-
sists of the downwash contributed by all horseshoe vortices contained in
the same plane as the control point plus the sidewash generated by all
horseshoe vortices located in the intersecting plane. Reference T pre-
sents general expressions for the downwash and sidewash velocity com-
ponents due to a single rectangular horseshoe vortex referred to a set
of Cartesian coordinates with the origin located at the midpoint of the
bound vortex. Nondimensionalizing the three coordinate distances appearing
in the equations with respect to the vortex semispan and rearranging the ]
terms yields the following expressions: For the downwash velocity w
in the plane of a rectangular horseshoe vortex (z' = 0),
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hed _ 1 y' o+ 1 ¥ 1
o e - g

2

—

i Vx'2 Sl ) f'2 4 (y' =

(2)

and for the sidewash velocity v' at any point on an intersecting plane

1 1
V,hnd " z ik X i

)2

VX'E gt 2 LNl

Zl Xl

1+ (3)

12 el e E
Z * (}’ l) V;(,E 1 Z'2 + (yl = l) J

The right-hand side of equation (2) is defined herein as F(x',y').
Tabulated values of this function are available in various publications
for a wide range of x' and y' values. (For example, see ref. 8.)
Tables of the corresponding function F(x',y',z') of equation (3) were
not available and, consequently, the function was evaluated and tabulated
for the x', y', and z' values applicable to the present investigation.
(See appendix B.)

In the present investigation the vertiecal tail is represented by a
system of six and the horizontal tail by 12 equispan rectangular horse-
shoe vortices. Each of the three basic types of loading investigated for
each tail configuration leads to antisymmetrical load distributions on
the horizontal tail. The loads carried on each semispan of the horizontal
tail have the same magnitude and distribution but are opposite in sign.
(For example, in fig. 2, Kj = -Kjo, Ko = -Kjq, etc.) Since this particu-
lar condition exists and since six horseshoe vortices were located on each
semispan of the horizontal tail, the number of equations to be solved can
be reduced from 18 to 12. If the circulation strengths Kh are assumed
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to be positive for the representation shown in figure 2, the form of the
simultaneous equations becomes

n=6

U}C/b =

fn(X'Jy')Z') =

n=18
-

f (e¥iy .2t} | £
15-n n=15 4ndv

fn(x’)y',z') (4)

The summation from n =1 to n =6 represents the horizontal-tail
contribution, and the summation from n = 15 Eeoldn =8 represents the
vertical-tail contribution. The sign preceding the second summation
depends on where ch/h is being computed. The plus sign is for

horizontal-tail control points and the minus sign for vertical-tail con-
trol points. The term UBc/h represents the boundary conditions at a

given control point and is usually replaced by a more appropriate form
depending, of course, on the type of maneuver under consideration. The
boundary conditions associated with tail combinations in sideslip and
steady roll are as follows:

Boundary conditions, UBC/M

Case Type of maneuver
Horizontal tail | Vertical tail
(2} '| 8ideslip, T = 0 0 VB
Sideslip of horizontal tails,
(2) vertical tail at B = O, VBT 0
P 0

b b
(3) | Ro11 Pv ¥y Py 2

¥ B V by

In case (5), ithe =y and - 2i¢ eoordinstes appearing in the boundary con-
ditions represent distances measured to each control point under con-
sideration relative to the stability system of axes for the complete
tail configuration and should not be confused with the primed values
used previously. Substituting these boundary values into equation (k4
for the appropriate control points and dividing through by VB, VI,
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(b
and V———Xl for cases (1), (2), and (3), respectively, yield 12 simul-
AT

taneous equations with 12 unknowns. As an illustrative example, case (1)
in a more reduced form can be expressed in the following manner:

For control points located on the horizontal tail, that is, points 1
to 12 (see fig. 2),

n=6 K
0 = R TS 5 O St L [ (x',5')
= ke v l: B ;

n=18 Kn

Fo(x',y',2") (5)
n=13 bxd,vp "

For control points on the vertical tail (13 to 18),

n=6 K‘n
Glie (e F l, l’ ' = T v’ 1 1 i
Eil uﬂthB n(x y',2') 15_n<x y',z')
n=l8 K
> — 2T (x',y") (6)
n=13 undeB

The simultaneous equations of this type obtained for the various flow
conditions can be solved for terms which yield the span loads. Now, if
the term containing the unknown circulation strengths and boundary con-
ditions is designated as load coefficient, then the load coefficient for
the three cases considered herein can be obtained as follows:

For case (1),

K K
— and ———m —
bnd, VB bnd, VB
For case (2),
E and .

4nd, VT Ynd, VBT
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For case (3),

£ and b

pby, pby,

The two load coefficients represented for each case differ only in the
terms dp and d, appearing in the denominator. This difference is

the result of using horseshoe vortices of different spans to represent
the vertical and horizontal tails. A more convenient and useful form of
the load coefficients can be derived by utilizing the well-known Kutta-
Joukowski equation

L = pVK

where | 1is the load per unit span. By use of this equation, the fol-
lowing relationships can be obtained:

(£ LBy o g
8 MndVVB N, V' hnd, VB
K
(i_ji) S
cB /n hnthB
EEX) = 2,004k __;EE__
(EBP > 5 brdVRr
> (7
C—C—l> T W )
BT/}, brd VBT
CE
R Kn
—7-\ =2.094k A, —2_
c va o Mﬂdv le \%
CCZ K
I e B G R .
- [ Sy
vV /y h -y g
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Proper summation of these span load coefficients yields several of the
more important aerodynamic derivatives. These derivatives and their
corresponding summations are listed in table I.
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APPENDIX B

SIDEWASH DUE TO A RECTANGULAR

HORSESHOE VORTEX

The sidewash due to a rectangular vortex of semispan d can be
determined from the following equation:

P,y 20) = v 222
K
= = 1+ & e
Z'2 + (y’ oy l) v;(IE AL Z'2+ (yl o 1)2
2 14 X' (8)
12 ' 2 2
Z 5 (y g l) ¢U2 %+ 2'2 4 (yl = l)

The x', y', and 2z' components are nondimensional distances (multiples
of d) and are defined relative to the horseshoe vortex as indicated in the

following sketch:
z ///7(

yl

v
N

Equation (8) has been evaluated for the values of x', y', and 2z' required
for the present investigation, and the results are presented in table II.




NACA TN 3245 23

All y' and 2z' values of the table are positive. A change in sign

of ¥ or z' changes the sign of F(x',y',2'). If both y' and 2!
are negative, then F(x',y',z') retains the sign given in the table.
Values of the function at points not given in the table can be obtained
by careful interpolation, provided that F(x',y',z') is not changing
NeEyarapidi vy with x', y'i;'or ‘z'. Ef F(x',y',z') is changing rapidly,
it is advisable to compute the actual value by use of equation (8).
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TABLE I
EQUATIONS FOR DETERMINING AERODYNAMIC
DERIVATIVES FROM SPAN LOADS
‘ Derivatives Vertical-tail contribution Horizontal-tail contribution
¢ n=18
GYB 1 E 2.094kA, : *n
n=13 e e
z n=18 n=6 2 &
1 Kn Zn i)
B LE 2.09MAy ——— --E 1.0472
6 Lnd; VB
6 s h“dvvﬁ bv ey AV h bv
g n=18 K,
CYB/ éji::: i Av Y4xd VBT
n=13% i
2 n=6 2
CYa/P - E 1.0472 Kn
i 6 Av brdyVRr
n=1
- n=18 % 5 n=6 2 e !
2 C1 LE el e BN aveups R SRR
B/ 6 2y Und VB by 6 4 Av Lndy VBT by
n=13 n=1
n=18
G 1 2 2.09k44A,, . TP
| 6 va
n=13 )-Hfd.v —_—
v
n=18 K n=6 5 2 K &
Cy 1 § .00l ——e B Zn 3 ;§ 1.0472 2B n In
P 6 b,
‘ n=13 bndy Ev_ v oy n=1 Y iy DT
| * n=6 A 2 K,
CL L ~h
} ; O R Ty
n=1
J * n=6 5
; CLB/P . E 1.0uqe 2n” B
12 Ay LxdyVer
n=1
b . * n=6
(0
Lo LE 1, olwz pbv
n=1 bndy —

*Right semispan only.
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TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX
‘F(x':y’}z| )
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TABLE IT.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued

27
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TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued
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TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued
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TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued

_F(xl’yl’zl)
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5 TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued
_F(xl,yl,zl)
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TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued
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TABLE II.- SIDEWASH DUE TO A RECTANGUIAR HORSESHOE VORTEX - Continued
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TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued
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TABLE II.- SIDEWASH DUE TO A RECTANGULAR HORSESHOE VORTEX - Continued
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Figure 2.- Representation of tail surfaces by finite-step horseshoe vortices.
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Figure L.- Calculated span loadings for unswept tail assemblies in sideslip.
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Figure 6.- Calculated span loadings due to horizontal-tail dihedral angle
for unswept tail assemblies in sideslip.

Che¢ NIL VOVN

69



jors 3
zar)

_‘L Horizontal-tail
Ay posttion
High
Mid
ecy
By
Low

) Ay = 2.0:

Figure 6.- Continued.

Horizontal-tail
position

High

Mid

Low

oL

CH2¢ NI YVOVN




Horizontal-tail Horizontal-tail
position position
High
High
shocc /
ﬁ'ﬂ Y v My GTCI{II z
Mid
Low
Low
( C) A’V =5, 0%
Figure 6.- Concluded.

Ghe¢ NI VOVN

Tk,



3 NACA TN 3245
4n
i$§ i
'LLH m”- /
e |
&
&)
(o 4
o ;
6
9
......... e Eé
0 mksﬁmmg % i i
o e i .8 1.0

'(b_r/zz
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Figure 16 - Effect of horizontal-tail position and aspect ratio on the

calculated vertical-tail contribution to C;

> tail assemblies. T (0
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Figure 17.- Effect of horizontal-tail position and aspect ratio on the
calculated horizontal-tail contribution to CZB of various unswept

- tail assemblies. I' = 0.
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Figure 18.- Effect of horizontal-tail position and aspect ratio on the
calculated values of CZB for various unswept tail assemblies.

b = {0

88

Ghe¢ NI VOVN




NACA TN 3245 89

54 .

-12 K
1.6 -
o
A/ Ay Ap/Ay Ap/Ay
(a) Horizontal tail in (b) Horizontal tai in (c) Hori1zontal foil 1n
low position rmud postiton high position

Figure 19.- Effect of horizontal-tail position and aspect ratio on the
calculated vertical-tail contribution to CZB of various 45° swept-

back tail assemblies. I = 0.
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Figure 20.- Effect of horizontal-tail position and aspect ratio on the
calculated horizontal-tail contribution to CzB of various 45° swept-

back tall assemblies. I = O.
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Figure 21.- Effect of horizontal-tail position and aspect ratio on the
calculated values of CZB for various 45° sweptback tail assemblies.
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Figure 22.- Effect of horizontal-tail position and aspect ratio on the
calculated vertical-tail contribution to CYB due to horizontal-tail

dihedral angle for various unswept tail assemblies.
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Figure 23.- Effect of horizontal-tail position and aspect ratio on the
calculated horizontal-tail contribution to CYB due to horizontal-

tail dihedral angle for various unswept tail assemblies.
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dihedral angle for various 450 sweptback tail assemblies.
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Figure 25.- Effect of horizontal-tail position and aspect ratio on the
calculated horizontal-tail contribution to CYB due to horizontal-

tail dihedral angle for various 45° sweptback tail surfaces.
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Figure 26.- Effect of horizontal-tail position and aspect ratio on the
calculated vertical-tail contribution to C;, due to horizontal-tail

dihedral angle for various unswept tail assemblies.
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Figure 27.- Effect of horizontal-tail position and aspect ratio on the
calculated horizontal-tail contribution to CZB due to horizontal-

tail dihedral angle for various unswept tail assemblies.
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Figure 29.- Effect of horizontal-tail position and aspect ratio on the
calculated vertical-tail contribution to CZB due to horizontal-tail

dihedral angle for various 45° sweptback tail assemblies.
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Figure 30.- Effect of horizontal-tail position and aspect ratio on the
calculated horizontal-tail contribution to CZB due to horizontal-

tail dihedral angle for various 45° sweptback tail assemblies.
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Figure 31.- Effect of horizontal-tail position and aspect ratio on the
calculated values of CZB due to horizontal-tail dihedral angle for

various 45° sweptback tail assemblies.
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Figure 34.- Effect of horizontal-tail position and aspect ratio on the
calculated vertical-tail contribution to CZP for various unswept

tail assemblies. T = O.
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Figure 37.- Effect of horizontal-tail position and aspect ratio on the
calculated vertical-tail contribution to Clp for various L45° swept-

back tail assemblies. I' = Q.
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Figure 38.- Effect of horizontal-tail position and aspect ratio on the
calculated horizontal-tail contribution to Cy for various 45° swept-

back tail assemblies. I' = O.
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Figure bk.- Effect of horizontal-tail position and aspect ratio on the

109

I

calculated values of CLp for various unswept tail assemblies.
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Figure 45.- Effect of horizontal-tail position and aspect ratio on the
calculated values of CLp for various 45° sweptback tail assemblies.
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