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Fig. 5 Histories of force and moment coef� cients on hypersonic plane during staging at Mach 5 � ight. Pitching center at area centroid: XC = ¡ 0:466
and YC = 0.089.

was available. Hence, the present proof-of-conceptsimulation was
based on the two-dimensional Euler equations solved for an ap-
proximate geometry. A more realistic modeling would require the
three-dimensional computations including the diffusion terms for
the exact geometry. This is currently being pursued.
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V-Tail Stalling at Combined Angles
of Attack and Sideslip
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Introduction

P OSSIBLE stalling of V-tail panels at large combined angles
of attack and sideslip has been a concern in � ight operations.

V-tail panel angles of attack developed by Purser and Campbell1

applyonly to small anglesof attackand sideslip.Small-angle results
are useful for tail sizing and the calculation of stability derivatives,
but this Note extends the Purser and Campbell work to large angles
to support studies of possible panel stalling.

Panel Angle-of-Attack Derivation
The geometric angle of attack of a V-tail panel is the angle the

local wind makes with a tail chord line, measured in the plane of the
airfoil. Neglecting angular velocity, the geometric angles of attack
and sideslipof a singleV-tail panel are a functiononly of the follow-
ing six variables:® and ¯, the aircraft angles of attack and sideslip;
" and ¾ , the average downwash and sidewash angles at the V-tail;
0, the dihedral angle of a V-tail panel, positive for the left panel;
and ±, the V-tail incidence or control angle for an all-moving V-tail.

The panel geometric angles of attack and sideslip are found by
the matrix operations2 of Eqs. (1–3). Panel bodyaxes are � xed in the
panelwith X forward in thechordplane, Z normal to thechordplane
pointing down, and Y pointing to the right. Equation (1) represents
successive rotations of panel body axes away from aircraft wind
axes. In the wind axes used here the X axis points into the relative
wind, and X – Z is an aircraft plane of symmetry.

The � rst two rotations carry aircraft body axes away from wind
axes by ¯ C ¾ and then ® ¡ ". The third and fourth rotations 0 and
then ± establish panel body axes. Tail panel angles of attack and
sideslip are found from the wind vector components in the � nal,
rotated position of panel axes. The incidence or control angle ±
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adds linearly to the panel angle of attack and that rotation need not
be made in matrix form.

fpang D [±][0][® ¡ "][¯ C ¾ ]fvelg (1)

®p D tan¡1[pan.3/=pan.1/] C ± (2)

¯p D sin¡1[pan.2/] (3)

In the following expanded forms of the matrices, the symbols s
and c representing the sine and cosine functions, respectively.The
MATLAB® shorthand matrix notation is used:

fpang = column matrix of normalized wind vector components
on panel body axes, [pan(1) pan(2) pan(3)]T

fvelg = column matrix of wind vector components on wind
axes, [1 0 0]T

[¯ C ¾ ] = sideslip C sidewash matrix [c.¯ C ¾ / ¡s.¯ C ¾ /
0I s.¯ C ¾/ c.¯ C ¾ / 0I 0 0 1]

[®] = angle of attack—downwash matrix [c.® ¡ "/ 0
¡s.® ¡ "/I 0 1 0I s.® ¡ "/ 0 c.® ¡ "/]

[0] = dihedral matrix [1 0 0; 0 c0 s0I 0 ¡s0 c0]
[±] = incidence matrix [c± 0 ¡s±I 0 1 0I s± 0 c±]
®p = geometric panel angle of attack
¯p = geometric panel sideslip angle, or cross� ow

Carrying out the indicated multiplications and other operations
of Eqs. (1–3) leads to the V-tail panel angle of attack and sideslip
equations:

®p D tan¡1f[¡s0s.¯ C ¾ / C c0s.® ¡ "/c.¯ C ¾ /]=

[c.® ¡ "/c.¯ C ¾/]g C ± (4)

¯p D sin¡1[c.0/s.¯ C ¾ / C s.0/s.® ¡ "/c.¯ C "/] (5)

Numerical Results
For example calculations, downwash and sidewash variations

with angle of attack are chosen that are representativeof half-span
� aps fully de� ected on a low wing airplane, as follows:

" D "0 C @"

@®
® D 4:0 C 0:5®; ¾ D @¾

@¯
¯ D 0:2¯ (6)

Figure 1 maps the panel angles of attack for a 30-deg left V-tail
panel (or a right panel of an inverted V-tail) as functions of vehicle

Fig. 1 Geometric panel angles of attack for a V-tail with 30 deg of dihedral.The data incorporatedownwashand sidewash values typical of a low-wing
airplane with � aps down.

angle of attack and sideslip.Tail incidence is zero. To obtain results
for a right-hand panel, reverse the signs of the sideslip angles.

Discussion
Assume that an airplane with a 30-deg V-tail is in a landing

approach at an angle of attack of 5 deg, giving a trimmed lift co-
ef� cient of about 1.1, with � aps down. With the airplane at zero
sideslip, the tail panel angle of attack is a moderate ¡2 deg, well
out of the stalled range.

Transient values of sideslip would occur if the approach is made
in rough air. The left panel is assumed to stall negatively at a panel
angle of attack of ¡12 deg. This stalled panel angle is reached with
a right sideslip angle of 17 deg. With � aps down and at a forward
c.g., the net trimming tail load would be down, and stalling of the
left panel when right sideslip exceeds 17 deg in a transient yawing
motion would cause the airplane to pitch in a nose-down direction.
An appreciablepanelcross� owvalueof 17deg is calculated[Eq. (5)]
at the stall point, reached with a right sideslip of 17 deg.

Induction and Cross� ow Effects
The antisymmetricadditionalspan load of a V-tail in sideslip acts

to reducepanel local anglesof attackbelow those for the same angle
of attack, with no sideslip (Fig. 2 in Ref. 1). This effect occurs with
any wing in sideslip, which means that slightly higher panel angles
of attack can be reached before stall with a V-tail in sideslip, as
compared with the same tail without sideslip. Panel cross� ow on a
V-tail in sideslip operates in the other direction. As in a swept back
wing, cross� ow lengthens boundary layer runs, leading to earlier
separation starting at the trailing edge. This would reduce panel
angles of attack for stall on a V-tail in sideslip, as compared with
the same tail without sideslip.

Effects of Sidewash and Downwash
Sidewash at a V-tail for an airplane in sideslip is caused mainly

by the effect of the fuselage cross� ow on the wing spanwise lift
distribution. De� ected � aps complicate the problem. Low wing
arrangements lead to stabilizing sidewash, such as the 20% � gure
used in the sample calculations. The calculations for Fig. 1 were
repeated for a larger sidewash angle, or ¾ D 0:5¯. That change re-
duces the sideslip angle for left-panel stall (assumed to occur at a
panel angle of attack of ¡12 deg) by 3 deg, from 17 to 14 deg.
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The sideslip angle for left-panel stall is reduced to 12 deg by
assuminga largerdownwashangle than in the calculationsforFig. 1.
Changing "0 from 4 to 8 deg in Eq. (6) has this effect.

Conclusions
1) V-tail panel geometric angles of attack and sideslip are func-

tions of six variables:airplaneangles of attack and sideslip, average
downwash and sidewash angles, and V-tail dihedral and incidence.

2) In sample landing approach calculations sideslip angles of
17 deg, possibly reached in turbulence, are calculated to take left
V-tail panelswith 30 deg of dihedral to the stall point.The stall point
is reached at a reduced sideslip angle of 14 deg for a dihedral angle
of 40 deg.

3) In sideslip, induction from the opposite panel reduces local
panel angles of attack, relative to the case for no sideslip. However,
thicker boundary layers caused by cross� ow would lead to lower
panel stall angles, relative to the case without sideslip.

4) The critical sideslip angle for V-tail panel stall is reduced by
3 deg in the sample case, when the assumed sidewash is increased
from 20 to 50% of the sideslip angle. The critical sideslip angle for
V-tail stall is reduced to 12 deg when the downwash factor "0 is
increased from 4 to 8.
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Nomenclature
CD = dissipation coef� cient
C f = skin-friction coef� cient
G° = modeling constant
H = shape factor
H ¤ = kinetic energy shape parameter
Rec = Reynolds number based on chord length
Rex = Reynolds number based on distance from

stagnation point
Reµ = Reynolds number based on momentum

thickness
U¿ D

p
.¿w=½/ = friction velocity

ue = velocity at the edge of the boundary layer
xtr = transition point location
yC D yU¿ =º = nondimensionaldistance from wall
®i = imaginary part of spatial wave number
° = intermittency function
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± = boundary-layer thickness
±3 = kinetic energy thickness
±¤ = displacement thickness
µ = momentum thickness
º = viscosity
» = streamwise coordinate
Á = amplitude of perturbation

Introduction

C OMPUTATION of � ows over airfoils is a challenging prob-
lem because of the various complex phenomena connected

with the occurrence of separation bubbles and the onset of turbu-
lence. In many engineeringapplicationsinvolvingweak streamwise
pressure gradients and small curvature effects, turbulent quantities
can be predicted well assuming fully turbulent � ow. In the case
of low-Reynolds-number airfoil � ows [Re < o.106)], proper mod-
eling of the transition point is crucial for predicting leading-edge
separation.The transition prediction algorithm must be reliable be-
cause the transitionpointmay affect the terminationof a transitional
separation bubble and hence determine bubble size and associated
losses. This again has a strong in� uence on airfoil characteristics,
with drag being the most affected.

A popular transition prediction model is the empirical criterion
by Michel.1 As shown in Refs. 2 and 3, this model gives fairly good
results for many airfoil � ows. In the present study the more gen-
eral en method, proposed originally by Smith4 and van Ingen,5 is
compared to the Michel criterion. The en method is based on linear
stability analysis using the Orr–Sommerfeld equation to determine
the growth of spatially developing waves. There have been several
attempts by Drela and Giles6 and Cebeci7 to apply simpli� ed ver-
sions of the en method in combination with the viscous-inviscid
interaction algorithm.

In thepresentworka databaseon stability,with integralboundary-
layer parametersas input,has been established.This databaseavoids
the need for computing growth rates for each velocity pro� le. Fur-
thermore, in order not to determineboundary-layerparameters such
as displacement thickness, momentum thickness, and boundary-
layer edgevelocityusinga Navier–Stokes (NS) solver, the NS solver
is combined with an integral boundary-layerformulation.

Methods
Flow Solver

The results determined in the present study are computed us-
ing EllipSys2D, a general purpose two-dimensionalincompressible
NS solver, developed by Michelsen8;9 and Sørensen10 and based
on a multiblock � nite volume discretization of the Reynolds aver-
agedNS equationsin generalcurvilinearcoordinates.The codeuses
primitive variables .u; v; and p/. The pressure-velocitycoupling is
obtained with the SIMPLE method by Patankar11 for steady-state
calculations. Solution of the momentum equations is obtained us-
ing a second-order upwind scheme. The steady-state calculations
are accelerated by the use of local time stepping and a three-level
grid sequence.

The turbulence model employed in the present work is the two-
equation k–! SST (shear stress transport) turbulence model by
Menter,12 who obtainedgoodpredictionsin � ows with adversepres-
sure gradients.

Transition Prediction Models

In the present study two different transition prediction models
are used. These are the empirical one-step model of Michel1 and
a semi-empirical en model based on linear stability in the form
of a database, as suggested by Stock and Degenhart.13 The Michel
criterionis a simplemodelbasedonexperimentaldata that correlates
local values of momentum thickness with position of the transition
point. It simply states that transition takes place where

Reµ ;tr D 2:9Re0:4
x;tr (1)

The second model is based on linear stability theory and is re-
ferred to as the en model by Smith4 and van Ingen.5 Linear stability


