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It is shown that lifting-line theory closely captures the effects of tail dihedral on the static stability contributions of

an aft tail and compares well with experiments. Such computations show that vortex interactions between the lifting

surfaces of an aft tail can significantly affect tail performance. For a V-tail, these interactions slightly increase the

tail’s contribution to pitch stability and substantially decrease its contribution to yaw and roll stability. When

horizontal-stabilizer dihedral is used in combination with a vertical stabilizer, it is shown that the tail will provide

greater yaw stability if negative dihedral is used in horizontal stabilizers mounted below a vertical stabilizer.

Conversely, positive dihedral works best in cases where the horizontal stabilizer is mounted above the vertical

stabilizer.

Nomenclature

b = reference length
bV = tip-to-tip V-tail span, measured normal to the plane of

symmetry
b0
V = twice the V-tail root-to-tip semispan length, measured

parallel with tail dihedral
CL = lift coefficient
CL;� = lift slope, change in lift coefficient with angle of attack
C‘ = rolling moment coefficient about the junction of the tail

semispans
C‘;� = roll-stability derivative, change in rolling moment

coefficient with sideslip angle
~CL;� = airfoil section lift slope
~CLi;�

= local in situ section lift slope, including the effects of
local induced downwash

CY = side-force coefficient
CY;� = side-force derivative, change in side-force coefficient

with sideslip angle
c = section chord length
L = vertical lift, positive upward
‘ = rolling moment about the junction of the tail semispans,

positive to the right
RA = aspect ratio, b02

V =S
0
V , not the horizontal projection

RT = taper ratio
S = reference planform area
S0
V = twice the V-tail semispan planform area, measured

parallel with tail dihedral
Sh = horizontal-stabilizer planform area
S� = vertical-stabilizer planform area
V = airspeed
Y = side force, positive to the right
y = spanwise coordinate, measured normal to the plane of

symmetry
y0 = spanwise coordinate, measured parallel with stabilizer

dihedral
� = reference line angle of attack
�0 = semispan angle of attack at zero reference line angle of

attack
�L0 = zero lift angle of attack

� = sideslip angle, positive for sideslip to the right (relative
wind right to left)

� = dihedral angle, positive with tips above the root
�L = lift slope factor from lifting-line theory
�‘ = planform factor for roll stability
�� = dihedral factor for roll stability
� = air density

Introduction

T AIL dihedral, such as that shown in Fig. 1, can significantly
influence the yaw stability derivative for an airplane [1]. With

proper design in an aft tail, either positive dihedral (tips above the
root) or negative dihedral (called anhedral) can increase the yaw
stability of an airplane. If sufficient dihedral or anhedral is added to a
conventional horizontal stabilizer, the vertical stabilizer can be
eliminated completely to produce a V-tail, such as that shown in
Fig. 2. The two semispans of this V-tail provide both pitch and yaw
stability for the aircraft.

As afirst approximation, the pitch and yaw stability derivatives for
aft tail configurations such as those shown in Figs. 1 and 2 are
sometimes estimated by simply computing the horizontal and
vertical tail volume ratios using the horizontal and vertical
projections of the total tail planform area, respectively. Such
estimates should be used with caution, because they do not account
for the aerodynamic interactions between the different lifting
surfaces of the tail and these interactions can substantially alter tail
performance.

The spanwise distribution of lift that is produced on a typical V-tail
in pure sideslip is shown in Fig. 3. This lift distribution, which is the
result of sideslip to the right with no aerodynamic angle of attack, has
positive lift generated on the right semispan and negative lift on the
left semispan. The vertical components of lift on the two semispans
approximately cancel, producing little or no vertical force.
Conversely, the horizontal components of lift on these two
semispans combine to produce a net side force to the left that opposes
the sideslip and is proportional to the sideslip angle.

When this same V-tail is operating at a positive angle of attack
with no sideslip, it produces the lift distribution shown in Fig. 4. At
this operating condition, the horizontal components of lift on the two
semispans cancel and the vertical components combine to produce a
net upward force that is proportional to the angle of attack. Thus,
when this geometry is used as an aft tail, as shown in Fig. 2, it
provides a stabilizing contribution to both the pitching and yawing
moments for the complete aircraft. The magnitudes of the pitch and
yaw stability derivatives can be controlled by adjusting the total area
and dihedral angle.

An isolated V-tail operating at a positive angle of attack with no
sideslip feels an upward component of relative wind equal to the
airspeed multiplied by the sine of the angle of attack, V sin� � V�.
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Similarly, when the isolated V-tail is operating with positive sideslip
and no angle of attack, it feels a leftward component of relative wind
equal to the airspeed multiplied by the sine of the sideslip angle,
V sin� � V�. Thus, for small aerodynamic angles, the upward
normal components of relative wind on the right and left semispans
of a V-tail are closely approximated as

�Vnormal�right � V� cos �� V� sin �

�Vnormal�left � V� cos � � V� sin �

Accordingly, for small aerodynamic angles, the freestream angles of
attack normal to the right and left semispans of a V-tail are closely
approximated as [2]

�right �
�Vnormal�right

V
� � cos �� � sin � (1)

�left �
�Vnormal�left

V
� � cos � � � sin � (2)

Referring to Fig. 4, the vertical lift produced on each semispan of a
V-tail is the lift produced normal to that semispan multiplied by
cos �. Similarly, the side force produced on the left semispan is the
lift normal to that semispan multiplied by sin �, and the side force on

the right semispan is the normal lift multiplied by� sin �. Thus, with
no control surface deflection and ignoring any vortex interactions
between the two semispans, the contribution that the right semispan
of a V-tail makes to the vertical lift and side force could be
approximated as

Lright �
1

2
�V2Sright�CL;����0��right � �0 � �L0��cos �� (3)

Yright �
1

2
�V2Sright�CL;����0��right � �0 � �L0��� sin �� (4)

where the lift slope evaluated at�� 0 is simply the isolated lift slope
for a horizontal stabilizer having the same semispan planform as the
V-tail but with no dihedral. Similarly, the contributions from the left
semispan could be approximated as

Lleft �
1

2
�V2Sleft�CL;����0��left � �0 � �L0��cos �� (5)

Yleft �
1

2
�V2Sleft�CL;����0��left � �0 � �L0��sin �� (6)

Applying Eqs. (1) and (2) to Eqs. (3–6) and adding the contributions
from the right and left semispans yields the vertical lift and side force
for the complete V-tail:

LV-tail �
1

2
�V2S0

V�CL;����0��cos2�� ��0 � �L0� cos �� (7)

YV-tail � � 1

2
�V2S0

V�CL;����0�sin
2� (8)

where S0
V 	 Sright � Sleft is the combined planform area of both

semispans measured parallel with the semispan dihedral, not the
horizontal projection. Using this reference area for both the lift and
side-force coefficients, Eqs. (7) and (8) can be written in
nondimensional form as

Fig. 1 Examples of tail dihedral shown in two tail configurations used

on different models of the Predator UAV (NASA and U.S. Air Force
photographs).

Fig. 2 Example of a V-tail used on the Global Hawk UAV (U.S. Air

Force photograph).

Γ
Γ y

Fig. 3 Spanwise lift distribution on a V-tail in pure sideslip.

Γ
Γ y

Fig. 4 Spanwise lift distribution on a V-tail at a positive angle of attack

and no sideslip.
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�CL�V-tail 	
LV-tail

1
2
�V2S0

V

� �CL;����0��cos2�� ��0 � �L0� cos ��

(9)

�CY�V-tail 	
YV-tail

1
2
�V2S0

V

� ��CL;����0�sin
2� (10)

Thus, neglecting vortex interactions between the two semispans of
an isolated V-tail, the lift slope and side-force derivative are
approximated as [3]

�CL;��V-tail 	
@

@�
�CL�V-tail � �CL;����0cos

2� (11)

�CY;��V-tail 	
@

@�
�CY�V-tail � ��CL;����0sin

2� (12)

Neglecting vortex interactions between the two semispans of a V-
tail will significantly overestimate the side force. Comparison of
Figs. 3 and 4 shows that a V-tail does not produce a side force in
response to sideslip as efficiently as it produces a vertical force in
response to an increase in angle of attack. In Fig. 3, we see that the lift
generated on the two semispans of a V-tail in response to pure
sideslip goes to zero at the root aswell as at the tips. For this untwisted
V-tail in pure sideslip to the right, the aerodynamic angle of attack
relative to the freestream has a constant positive value over the right
semispan and a constant negative value over the left semispan. This
would tend to produce constant positive lift on the right semispan and
constant negative lift on the left, if it were not for the downwash
induced by the shed vorticity. The reduction in lift that occurs at the
tips results in the usual manner from the tip vortices. Similarly, the
reduction in lift near the root results from vorticity shed near the root.

Effect of Vortex Interactions Between the Two
Semispans of a V-tail

The simplest method that can be used for closely approximating
the aerodynamic derivatives associated with tail configurations
similar to those shown in Figs. 1 and 2 is the numerical lifting-line
method described by Phillips and Snyder [4]. For example, consider
an inverted V-tail similar to that shown in the lower configuration of
Fig. 1, but with no vertical stabilizer between the two semispans.
Each semispan of this V-tail has a constant chord of 2.0 ft and is 6.0 ft
from root to tip with a dihedral angle of �35 deg. Using an airfoil
section lift slope of 2� and 50 nodes per semispan with cosine
clustering, the solutions obtained at a 3.0-deg angle of attack with no

sideslip and 3.0 deg sideslip with no angle of attack are shown in
Fig. 5. In this figure, the vectors displayed along the quarter-chord
lines show the magnitude and direction of the local section lift, and
the lines along the trailing edges indicate the magnitude of the local
shed vorticity per unit span. Using such numerical lifting-line
computations with the reference area of 24 ft2, the lift slope for this
V-tail configuration is predicted to beCL;� � 3:086 and the change in
side-force coefficient with respect to sideslip angle is found to be
CY;� ��1:069.

The isolated lift slope for a horizontal stabilizer having the same
semispan planform as this V-tail but with no dihedral can be
evaluated from the infinite series solution to Prandtl’s lifting-line
equation [5,6]. For this lifting surface, the aspect ratio is RA � 6:0
and the taper ratio is RT � 1:0. This yields �L � 0:04 and the lift
slope is computed as

�CL;����0 �
~CL;a

�1� ~CL;a=�RA��1� �L�
� 4:531

Thus, neglecting vortex interactions between the two semispans of
this V-tail, the lift slope and side-force derivative from Eqs. (11) and
(12) are

CL;� � �CL;����0cos
2�� 3:040

CY;� � ��CL;����0sin
2���1:491

Notice that for this particular V-tail, the approximate lift slope
fromEq. (11) agreeswith the numerical lifting-line solution towithin
less than 2%. However, the approximate side-force derivative
determined from Eq. (12) is overestimated by nearly 40%. This is
because Eq. (12) neglects the vorticity shed near the root of aV-tail in
sideslip, which is shown in Fig. 5.

Although the results presented in the previous example are typical,
the lift slope and side-force derivative for a V-tail depend on its
planform and dihedral angle. The numerical lifting-line method is
capable of closely capturing this dependence. For example, Fig. 6
shows a comparison between the results of numerical lifting-line
computations and experimental data for two different V-tail
planforms. The data in this figure are those presented by Purser and
Campbell [3] and Schade [7]. Tail A has an aspect ratio of 5.55 and a
taper ratio of 0.39, whereas tail B has an aspect ratio of 3.70 and a
taper ratio of 0.56.

The dependence of the lift slope and side-force derivative on
planform and dihedral for V-tails with no twist is shown in Figs. 7
and 8. Figure 7 shows the ratio of the lift slope predicted from lifting-
line theory to that predicted from Eq. (11) as a function of dihedral

= 3.0 deg,  = 0.0 deg

= 0.0 deg,  = 3.0 deg

Fig. 5 Spanwise lift distributions for a V-tail, as predicted from the

numerical lifting-line method.
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Fig. 6 Lift slope and side-force derivative as predicted from the

numerical lifting-line method compared with experimental data for two

V-tails with variable dihedral.
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angle, aspect ratio, and taper ratio. Similar results for the side-force
derivative are shown in Fig. 8. The V-tail aspect ratio used in these
two figures is defined to be the square of twice the distance from root
to tip, divided by the total area of both semispans combined (not the
horizontal projection). Although these figures were generated for
upright V-tails with positive dihedral, they may also be applied to
inverted V-tails with anhedral.

In the preliminary design of an aircraft, wemaywish to study some
of the tradeoffs between using a conventional tail or a V-tail. Such
trade studies require a comparison between two tail configurations
that provide the same level of static stability for both pitch and yaw.
Figures 7 and 8 can be used to aid inmaking an initial estimate for the
V-tail geometry that will provide the required stability.

Use of Horizontal-Stabilizer Dihedral in Combination
with a Vertical Stabilizer

Although an aft V-tail with no vertical stabilizer can be used to
provide both pitch and yaw stability for an airplane, the aerodynamic
interactions between the two semispans of a V-tail reduce its
effectiveness in producing a side force in response to sideslip. When
a V-tail is used in combination with a vertical stabilizer, as shown in
Fig. 1, the aerodynamic interactions between the three lifting
surfaces of the tail become more complex and sometimes produce
results that are unexpected.

To give the reader insight into the performance of tail
configurations like those shown in Fig. 1, we start by examining the
lift distribution on a conventional tail. Figure 9 shows a typical lift
distribution for a conventional tail in pure sideslip, as predicted from
numerical lifting-line computations. For those who might wish to
duplicate these computations, this particular tail has a horizontal
aspect ratio of 4.0 and a horizontal planform area of 36 ft2. The
vertical stabilizer has the same constant chordwith a planform area of
12 ft2. In this example, both the horizontal and vertical surfaces have
thin symmetric airfoil sections and no twist. The sweep for both
surfaces is zero and the horizontal surface has no dihedral. At zero
angle of attack, lifting-line computations for this geometry predict a
change in side-force coefficient with respect to sideslip angle of
�3:078, based on the vertical reference area. The aerodynamic
section forces shown in Fig. 9 were computed at zero angle of attack.
All of the forces that are shown in this figure result from a 5-deg
sideslip angle.

The lift shown on the vertical stabilizer in Fig. 9 goes to zero at the
upper tip as a result of the wingtip vortex shed in this vicinity. If the
vertical stabilizer were isolated in the freestream without the
horizontal stabilizer, the lift would also go to zero at the lower
extremity, and a strongwingtip vortexwould be shed in this region as
well. However, the horizontal stabilizer acts like large winglets at the
base of the vertical stabilizer and inhibits vortex shedding in this
vicinity. The vorticity generated on the vertical stabilizer is spread
out over both sides of the horizontal stabilizer. This prevents the lift
on the vertical stabilizer from going to zero at the root and generates
additional lift on the horizontal stabilizer. The lift developed on the
left semispan of the horizontal stabilizer is upward, whereas that on
the right semispan is downward. All aerodynamic forces shown on
this horizontal stabilizer result from vortex interactions with the
vertical stabilizer.

Another way to look at the origin of the forces acting on this
horizontal stabilizer at zero aerodynamic angle of attack is to realize
that low pressure generated on the left side of the vertical stabilizer
creates positive lift on the left side of the horizontal stabilizer.
Similarly, the high pressure to the right of the vertical stabilizer will
generate negative lift on the right semispan of the horizontal
stabilizer.

When a small amount of positive dihedral is added to the
horizontal stabilizer of a conventional tail, the lift distribution shown
in Fig. 9 is changed in two important ways. First and perhaps most
obvious, positive dihedral in the horizontal stabilizer combined with
sideslip to the right adds positive lift to the right semispan and
negative lift to the left semispan, similar to that shown on theV-tail in
Fig. 3.With the added positive dihedral, this change tends to increase
the side force to the left. The second change to the lift distribution
shown in Fig. 9, which arises from adding positive dihedral to the
horizontal stabilizer, is simply a tilting of the lift vectors that are
shown on the horizontal stabilizer in this figure. The positive lift
vectors on the left semispan are tilted to the right and the negative lift
vectors on the right semispan are also tilted to the right. This change
tends to decrease the side force to the left. Figure 10 shows the net
effect of these two changes when 10 deg of dihedral are added to the
horizontal stabilizer of the conventional tail shown in Fig. 9. Notice
that the lift vectors near the root of the horizontal stabilizer in Fig. 10
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Fig. 9 Lift distribution on a conventional tail in pure sideslip.
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contribute to a decrease in the side force to the left, whereas the lift
vectors on the outboard sections contribute to an increase in the side
force to the left. For this example, the net effect of adding 10 deg of
dihedral to the horizontal stabilizer is a 7% reduction in the total
magnitude of the side force, in spite of a 52% increase in the vertical
projection of the total planform area.

Figure 11 shows the effect of adding 10 deg of anhedral to the
horizontal stabilizer of the conventional tail shown in Fig. 9. In this
case, the lift generated on the horizontal stabilizer as a result of vortex
interactions with the vertical stabilizer is in the same direction as the
lift generated by the direct effects of the horizontal-stabilizer
anhedral. Thus, both effects contribute to increasing the side force to
the left. For this particular example, the net effect of the 10-deg
anhedral is a 24% increase in the magnitude of the side force.

Figure 12 shows how the side-force derivative for the
conventional tail shown in Fig. 9 varies with the horizontal-
stabilizer dihedral angle. The solid lines plotted in this figure were
obtained from numerical lifting-line computations by varying only

the dihedral angle of the horizontal stabilizer while keeping its chord
and total planform area constant. For comparison, the square and
circularmarkers display results obtained for the same geometry using
a numerical panel code. The results are plotted in terms of what is
being called the total side-force derivative in square feet. This is
simply the product of the change in side-force coefficient with
respect to sideslip angle and the corresponding reference area. This
total side-force derivative is also equal to the change in total side
force with respect to sideslip angle divided by the dynamic pressure.
Similar results for the change in lift with respect to angle of attack are
also shown in Fig. 12.

From the results shown in Fig. 12, we see that adding a small
amount of anhedral to the horizontal stabilizer of a conventional tail
produces a significant increase in its ability to provide static yaw
stability for an airplane, while only slightly reducing its ability to
provide static pitch stability. On the other hand, adding the same
amount of positive dihedral to the horizontal stabilizer of the same
conventional tail will actually reduce the tail’s effectiveness in
providing both pitch and yaw stability.

The results plotted in Fig. 12 also show that when larger dihedral
angles are used in tail configurations like those shown in Fig. 1, the
tail will provide greater yaw stability when the dihedral in the
horizontal stabilizer has the opposite sign from that of the vertical
stabilizer. For example, with the geometry used for Fig. 12, the
configuration with 35 deg of anhedral provides over 75% more yaw
stability than a similar configurationwith 35 deg of positive dihedral.
The reason for the difference can be seen by comparing the two lift
distributions for pure sideslip, which are shown in Fig. 13.

Although the lift distributions shown in Fig. 13 were obtained
using the vortex theory of lift, the lifting forces are transmitted to the
surfaces through pressure variations in the air flowing over the tail.
The generalized vortex lifting law [8], which makes three-
dimensional lifting-line computations possible, greatly simplifies the
mathematical description of lift. However, it can be difficult to
visualize the origin of lift distributions, such as those shown in

Fig. 11 Effect of horizontal-stabilizer anhedral on the lift distribution
for a conventional tail in pure sideslip.
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Fig. 13 Lift distributions on two similar tail configurations with

opposite dihedral.

Fig. 10 Effect of horizontal-stabilizer dihedral on the lift distribution

for a conventional tail in pure sideslip.
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Fig. 13, directly from vortex theory. Another way to look at such lift
distributions is through our knowledge of the pressure distributions
about lifting surfaces.

Consider, for example, the three lifting surfaces shown in the
upper configuration of Fig. 13. If each of these lifting surfaces were
isolated in a freestream and subjected to positive sideslip, high
pressure would develop to the right of the surface and low pressure
would develop on the left in all three cases. However, when these
three surfaces are combined in the freestream and subjected to
positive sideslip, there will be some conflicting forces at work in the
region where the surfaces are joined. In the triangular region to the
left of the vertical surface and to the right of the left-hand surface, the
vertical surface is attempting to produce low pressure while the left-
hand surface is attempting to produce high pressure. Near the root
where the two surfaces are in close proximity, the vertical surface
will prevail in this competition, because its orientation relative to the
sideslip velocity component produces a greater freestream angle of
attack on the surface. Thus, low pressure in the region immediately
above and to the left of the root of the vertical stabilizer contributes to
a leftward force on the vertical surface and a rightward force on the
left-hand surface, as shown in Fig. 13. In a similar manner, high
pressure in the region just above and to the right of the root of the
vertical stabilizer will contribute to a leftward force on the vertical
surface and a rightward force on the right-hand surface. By similar
reasoning, complementary pressure distributions can be used to
justify the more favorable lift distribution that is shown on the lower
configuration of Fig. 13.

Reducing Tail Size with Horizontal-Stabilizer
Dihedral

The results shown in Fig. 12 suggest that the weight and parasitic
drag for a conventional tail could be reduced somewhat, without
sacrificing pitch or yaw stability, by adding anhedral and area to the
horizontal stabilizer while decreasing the area of the vertical
stabilizer. For the conventional tail geometry shown in Fig. 9, the
results plotted in Fig. 14 show how the area of the horizontal and
vertical stabilizers can be varied with horizontal-stabilizer dihedral
angle tomaintain constant pitch and yaw stability. The data plotted in
this figure were obtained from numerical lifting-line computations.
For each dihedral angle, the chord was held constant and the root-to-
tip lengths for the horizontal and vertical stabilizers were adjusted
iteratively, using Newton’s method, to maintain the same total lift
slope and side-force derivative as the original conventional tail with
no dihedral. As either positive or negative dihedral is added to this
conventional tail, the area of the horizontal stabilizer is increased to
maintain constant total lift slope.When negative dihedral is added to
the horizontal stabilizer, the area of the vertical stabilizer can be
reduced, because a portion of the required side force is supported by
the horizontal stabilizer. Thus, as anhedral is added to the horizontal
stabilizer, its area increases but the area of the vertical stabilizer can
be decreased.When the anhedral in the horizontal stabilizer becomes
large enough, the required vertical-stabilizer area goes to zero, which
yields a V-tail with the same total lift slope and side-force derivative
as the original conventional tail.

With all other things being equal, tail weight and parasitic drag are
approximately proportional to the total area of the horizontal and
vertical stabilizers combined. This total combined area is also plotted
in Fig. 14. Notice that for the conventional tail geometry shown in
Fig. 9, the total required area continues to decrease as anhedral is
added to the horizontal stabilizers, until the vertical-stabilizer area
goes to zero. Thus, a V-tail provides the minimum-area solution in
this particular case and results in a total area reduction of more than
5%, relative to the base conventional tail with no horizontal-
stabilizer dihedral. This is typical for applications where the required
vertical planform is significantly less than the required horizontal
planform. In this particular case, the vertical planform of the base
conventional tail is only one-third of the horizontal planform.

When the ratio of the required vertical planform to the required
horizontal planform is larger, a V-tail may not provide theminimum-
area solution. For example, Fig. 15 shows results similar to those

plotted in Fig. 14, but for a tail geometry having a base vertical-
stabilizer area that is two-thirds of that for the horizontal stabilizer.
The base conventional tail used for this figure has a horizontal aspect
ratio of 4.0 and a horizontal planform area of 36 ft2. The vertical
stabilizer has the same root chordwith a planform area of 24 ft2. Both
the horizontal and vertical surfaces have taper ratios of 0.5, thin
symmetric airfoil sections, and no twist. The quarter-chord sweep for
both surfaces is zero and the horizontal surface has no dihedral. At
zero angle of attack, lifting-line computations for this geometry
predict a total side-force derivative SCY;� of �96:68 ft2 and a total
lift slope SCL;� of 148:90 ft2.

For this base tail geometry, lifting-line computations predict a
minimum-area solution at a horizontal-stabilizer dihedral angle of
approximately �27 deg with a vertical-stabilizer area of just over
14:7 ft2. This minimum-area solution has a total area of about
57:2 ft2, which is nearly 5% less than the total area of the base
conventional tail and more than 4% less than that required for an
equivalent V-tail. Figure 15 also shows that adding positive dihedral
to this base conventional tail can increase the total required area by as
much as 15%.

Effects of Tail Dihedral
on Static Roll Stability

When dihedral is used in the horizontal stabilizer of an aft tail, it
influences static roll stability in much the sameway as dihedral in the
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Fig. 14 Effect of horizontal-stabilizer dihedral on the tail area required

to maintain the same total lift slope and side-force derivative as the

conventional tail shown in Fig. 9.
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Fig. 15 Effect of horizontal-stabilizer dihedral on the tail area required
to maintain constant total lift slope and side-force derivative for a tail
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main wing does. For example, when a V-tail like that shown in Fig. 2
is subjected to sideslip, it produces a significant rolling moment as
well as a side force. This can be seen in Fig. 3.

Dihedral affects the roll stability derivative because it causes the
lift on the right and left semispans to respond differently to sideslip.
From Eqs. (1) and (2), a small amount of sideslip produces a change
in angle of attack that can be closely approximated for the right and
left semispans of a V-tail as

����right � � sin � (13)

����left ��� sin � (14)

The differential in angle of attack between the right and left
semispans creates a differential in lift that produces a rollingmoment.
From Fig. 4, we see that positive lift on the left semispan (y < 0)
produces a positive rolling moment, whereas positive lift on the right
semispan (y > 0) produces a negative rolling moment. Thus, the
rolling moment arm about the junction of the two semispans for the
lift developed on any section of the V-tail is �y= cos � and the
differential length measured perpendicular to the airfoil sections of
the V-tail is dy= cos �: Using the approximation for small sideslip
angles given byEqs. (13) and (14), the net rollingmoment coefficient
that results from sideslip combined with V-tail dihedral can be
written [9]

�C‘�V-tail �
Z

0

y��bV=2

~CLi;�
c

Sb
��� sin �� �y

cos �

dy

cos �

�
Z

bV=2

y�0

~CLi;�
c

Sb
�� sin �� �y

cos �

dy

cos �

�� � sin �

Sbcos2�

Z
bV=2

y��bV=2
~CLi;�

cjyjdy (15)

The spanwise variation of local induced downwash is affected by
the sideslip. Thus, the derivative of Eq. (15) with respect to�must be
written as

@

@�
�C‘�V-tail �� sin �

Sbcos2�



�Z

bV=2

y��bV=2
~CLi;�

cjyjdy� �

Z
bV=2

y��bV=2

@ ~CLi;�

@�
cjyjdy

�

However, the roll stability derivative is evaluated at �� 0 and the
contribution of the V-tail to this aerodynamic derivative can be
written

�C‘;��V-tail �� sin �

Sbcos2�

�Z
bV=2

y��bV=2
~CLi;�

cjyjdy
�
��0

(16)

Because the integral in Eq. (16) is evaluated at �� 0, both the flow
and geometry are symmetric about themidspan. Thus, the integration
from�bV=2 to 0 is equivalent to that from0 tobV=2, andEq. (16) can
also be written as

�C‘;��V-tail �� 2 sin �

Sbcos2�

�Z
bV=2

y�0

~CLi;�
cydy

�
��0

�� 2 sin �

Sb

�Z
b0
V
=2

y0�0

~CLi;�
cy0dy0

�
��0

(17)

where y0 	 y= cos � is a spanwise coordinate measured parallel with
the tail dihedral andb0

V 	 bV= cos � is twice the root-to-tip semispan
length.

For lowMach number, Prandtl’s lifting-line theory can be used to
determine the spanwise variation of an in situ section lift slope,which
is needed to evaluate the integral on the right-hand side of Eq. (17). In
general, it is necessary to use a numerical lifting-line solution,
because the classical infinite series solution applies only to lifting

surfaces with no dihedral. However, we shall begin by neglecting the
spanwise variation of the in situ section lift slope caused by the V-tail
dihedral. The integral in Eq. (17) can then be evaluated from the
classical solution to Prandtl’s lifting-line equation. For an unswept
lifting surface of arbitrary planform and twist, this solution predicts
that the change in local section lift coefficient with respect to the
semispan angle of attack is given by [9]

~C Li;�
� 4b0

V

c

X1
n�1

an sin�n�� (18)

where an denotes the planform coefficients in the infinite series
solution to the lifting-line equation [5,6] and � is defined by the
change of variables

y0 	 1

2
b0
V cos � (19)

dy0 � � 1

2
b0
V sin �d� (20)

Using Eqs. (18–20) in Eq. (17) results in

�C‘;��V-tail � � 2 sin �

Sb

Z
0

���=2

�
4b0

V

c

X1
n�1

an sin�n��
�


 c

�
1

2
b0
V cos �

��
� 1

2
b0
V sin �d�

�

After using the trigonometric identity sin�2�� � 2 sin � cos �, this
reduces to

�C‘;��V-tail � �b03
V sin �

Sb

X1
n�1

an

Z
�=2

��0

sin�n�� sin�2��d� (21)

The integral on the right-hand side of Eq. (21) is readily evaluated to
yield

Z
�=2

��0

sin�n�� sin�2��d��
�
2 sin�n�=2�=�4� n2�; n ≠ 2

�=4; n� 2

Using this result in Eq. (21) gives

�C‘;��V-tail � � b03
V

Sb

�
2

3
a1 �

�

4
a2 �

X1
n�3

2 sin�n�=2�
4� n2

an

�
sin �

(22)

From the classical lifting-line solution, the isolated lift slope for a
horizontal stabilizer having the same semispan planform as theV-tail
but with no dihedral is given by [5,6]

�CL;����0 � ��b02
V =S

0
V�a1

Thus, Eq. (22) can be rearranged as

�C‘;��V-tail � � 2S0
Vb

0
V

3�Sb
�‘�CL;����0 sin � (23)

The planform factor for roll stability was presented by Phillips [9]:

�‘ � 1� 3�

8

a2

a1

�
X1
n�3

3 sin�n�=2�
4� n2

an

a1

(24)

Because the series solution to Prandtl’s lifting-line equation applies
to unswept lifting surfaces with any spanwise variation in section
geometry, Eq. (24) can be used for an unswept V-tail of any planform
with arbitrary geometric and aerodynamic twist [10–12].

Like Eqs. (11) and (12), the approximation given by Eq. (23)
neglects the vortex interactions between the two semispans of the
isolated V-tail. Although the vortex interactions between the
different lifting surfaces of the tail are commonly neglected in the
early phases of aircraft design, this practice will significantly
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overestimate the roll stability contribution of a V-tail. For example,
Fig. 16 shows a comparison between the results of numerical lifting-
line computations, Eq. (23), and experimental data for two different
V-tail planforms. The data in this figure are those presented by Purser
and Campbell [3] and Schade [7]. Tail A has an aspect ratio of 5.55
and a taper ratio of 0.39, whereas tail B has an aspect ratio of 3.70 and
a taper ratio of 0.56. The results presented in Fig. 16 show that, while
numerical lifting-line computations will closely predict the roll
stability contribution of a V-tail, neglecting vortex interactions
between the two semispans overestimates this contribution by 25 to
35%.

An additional correction factor can be applied to Eq. (23) to
account for the vortex interactions between the two semispans of an
isolated V-tail,

�C‘;��V-tail �� 2S0
Vb

0
V

3�Sb
���‘�CL;����0 sin � (25)

For small dihedral angles, �� is independent of�. For lifting surfaces
with linear taper, Fig. 17 shows how �‘ and the small-angle value for
�� vary with aspect ratio and taper ratio as predicted from lifting-line
computations. A reasonable first-order correction to Eq. (23) is
obtained by using Eq. (25) with the small-angle value for ��, which
can be evaluated from Fig. 17. However, the results plotted in Fig. 17
strictly apply only for small dihedral angles. For the larger dihedral
angles commonly used in a V-tail, �� depends somewhat on the tail
dihedral as well as the semispan planform. For lifting surfaces with
linear taper, Fig. 18 shows how �� varies with dihedral angle, aspect
ratio, and taper ratio, as predicted from numerical lifting-line
computations.

When horizontal-stabilizer dihedral is used in combination with a
vertical stabilizer as shown in Fig. 1, Eq. (25) can be used to estimate
the roll stability contribution resulting from the horizontal-stabilizer
dihedral. The contribution predicted from Eq. (25) must be added to
that for a tail having the same lifting-surface geometry but with no
horizontal-stabilizer dihedral. Figure 19 shows how the roll stability
derivative for the tail geometry used in Figs. 9–13 varies with
horizontal-stabilizer dihedral angle. The solid line plotted in this
figure was obtained by adding results from Eq. (25) to the roll
stability derivative for the conventional tail with no horizontal-
stabilizer dihedral. The dashed line shows results obtained similarly
from Eq. (23). For comparison, the circular markers display results
obtained for the actual tail geometry using numerical lifting-line
computations.

Conclusions

Horizontal-stabilizer dihedral can significantly influence the static
stability of an airplane. The vortex interactions between the lifting
surfaces of an aft tail substantially alter the side force developed on
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the tail as a result of sideslip. In the case of a V-tail, these vortex
interactions depend on the dihedral angle and semispan planform.
The numerical lifting-line method is shown to be capable of closely
capturing this dependence. Such computations show that vortex
interactions between the two semispans of a V-tail slightly increase
the change in lift with respect to angle of attack and substantially
decrease the change in side force and rolling moment with respect to
sideslip angle. Nevertheless, for applications where the required
vertical planform is significantly less than the required horizontal
planform, using a V-tail in place of a conventional tail with no
horizontal-stabilizer dihedral has the potential for reducing tail
weight by about 5%, based on required area alone. On the other hand,
the control mechanism for a V-tail is more complex than that for a
conventional tail and this added complexity could add more weight
than is saved by the reduction in tail area. Another advantage
commonly given for the V-tail is a reduction in interference drag due
to the fact that a V-tail requires only two fuselage-tail junctions rather
than three, which are required for a conventional tail.

When horizontal-stabilizer dihedral is used in combination with a
vertical stabilizer as shown in Fig. 1, the tail will provide greater yaw
stability when the dihedral in the horizontal stabilizer has the
opposite sign from that of the vertical stabilizer. Specifically, a
conventional tail having an upright vertical stabilizer mounted above
a horizontal stabilizer works best when anhedral is used in the
horizontal stabilizer. Conversely, an inverted vertical stabilizer with
�90 deg dihedral, or a traditional T-tail, works best when positive
dihedral is used in the horizontal stabilizer. If the ratio of the required
vertical planform to the required horizontal planform is large enough,
properly utilizing horizontal-stabilizer dihedral can result in a
minimum tail weight that is less than that for either a V-tail or a
conventional tail with no horizontal-stabilizer dihedral.

Although adding positive dihedral to the horizontal stabilizer of a
conventional tail will increase the roll stability of an airplane, this is
not a particularly efficient way to provide roll stability. There are two
primary reasons for this. First, because the span of the horizontal
stabilizer is typically much less than that for the wing, the moment
arm available for generating a rolling moment on the horizontal

stabilizer is small. In addition, a small amount of positive dihedral in
the horizontal stabilizer of a conventional tail will significantly
decrease the yaw stability provided by the tail. On the other hand,
adding positive dihedral to the horizontal stabilizer of a T-tail
increases both roll and yaw stability for the airplane.
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