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Conclusions
The presenttheory incorporatingrollupandswirl in the slipstream

is basedon a realisticequilibriummodel. It doesnot sufferfromhigh
pressure in the slipstream. In the actuator limit, J D 0, its values of
thrust and power coef� cients and of the ef� ciency approach the
established values of actuator disk theory.

The actuator disk must be considered as a true limiting case of
the propeller.

In the example of Hanson’s eight-bladedpropfan, the rigid-sheet
methods yielded values for the ef� ciency that are 3–3.5% above the
experimental value; the present theory yields an ef� ciency that is
only 1.5% below the measured value. This result is interpreted as a
support for the amended theory incorporating rollup and swirl.
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Introduction

A SYMMETRIC orientations of � ghter aircraft with respect to
the direction of motion occur frequentlyduring maneuvering;

similar situationsmay arise during aerobatic performances, as well
as when aircraft are subjected to strong crosswinds. The aerody-
namic and aeroelasticperformanceof an aircraftand its components
depends strongly on its orientation, and substantial tests have been
performed to identify, in particular,the effectsof sideslip.The effect
of steady roll, which is equally important, has not been as well doc-
umented, although the rolling stability of aircraft has been a main
issue of concern. Most of the quantitative information on aircraft
aerodynamics has been collected through wind-tunnel testing, in
which an aircraft model is mounted on a sting that can be rotated by
one or more angles. It is obvious from economic and time consider-
ations that the design of the mounting system shouldbe as simple as
possible and that the number of necessary tests should be minimal.
Therefore, any procedure that may facilitate the design of model
mounting systems or the extraction of aerodynamic information at
one aircraft orientation from that at a more convenient one would
be highly desirable.Although it is well known1 that any orientation
of an aircraft with respect to the direction of the wind (freestream)
can be uniquely speci� ed by the values of two angles, the angle of
attack and the sideslip angle, and although a general compilationof
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aerodynamic axes systems and geometric relationships permitting
the transferfromone systemto another is available,2 the equivalence
betweenorientationsobtainedby a combinationof pitching–yawing
and by a combination of pitching–rolling has not been speci� cally
addressed in the available literature. The purpose of this Note is to
derivesuch a relationshipand to clarify its usefulnessin wind-tunnel
testing.

Derivation of Equivalent Angle Relationships
Consider the aircraft shown schematically in Fig. 1. The body

axes, x , y, and z, are Cartesian axes de� ned such that x is the
longitudinal axis of the aircraft, y is the lateral axis, usually in the
plane of the wings, and z is in the plane of symmetry of the aircraft
and perpendicular to the other two. Let V be the velocity vector of
the freestream and u, v, and w be its projections on the x , y, and
z axes, respectively. The angle of attack ® is de� ned as the angle
between the projection of the wind axis on the x –z plane and the x
axis, such that

a D tan¡1.w=u/ (1)

The sideslip angle is de� ned as the angle between the wind axis and
its projection on the x – z plane, such that

¯ D sin¡1.v=V / (2)

Then, the total or complex angle of attack ®¤ is de� ned as the angle
between the wind axis and the x axis, such that

a¤ D cos¡1.u=V / (3)

Let x0, y0, and z0 (Fig. 1) be the directions of the body axes that
correspond to an orientationof the aircraft such that the aircraftaxis
x0 is aligned with the wind direction. Any arbitrary orientation of
the aircraft with respect to the wind direction may be achieved by
� rst rotating the aircraft about the y0 axis, by an angle of attack ®,
and then about the z0 axis, by a sideslip angle ¯ . The same relative
orientation may be achieved by � rst rotating the aircraft about the
y0 axis by an angle of attack ®¤ , and then about the x axis by a
roll angle ’, which is, thus, de� ned as the angle between the y axis
and the y0 axis. These two orientations are equivalent because the
corresponding body axes, although not parallel to each other, form
the same angles with the vector V and, therefore, result in equal
corresponding components of the wind vector on the body axes.
The two sets of body axes can be made parallel by a rigid-body
rotation of the latter system (namely, the one obtained by a set
of ®¤–’ rotations) about the freestream direction by an angle ’.

Fig. 1 Two aircraft orientationsand the componentsof the freestream
velocity vector (wind) with respect to the body-� xed coordinate axes.
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Fig. 2 Equivalent angles of attack in orientations with pure sideslip
and pure roll.

Fig. 3 Equivalent roll and sideslip angles.

From simple geometric considerations (Fig. 1), one may derive the
expressions

u D V cos¯ cos® (4)

w D V cos¯ sin ® (5)

v D V sin a¤ sin ’ (6)

w D V sin a¤ cos ’ (7)

From Eqs. (3) and (4), onegets a relationshipbetween the equivalent
angles of attack as

a¤ D cos¡1.cos ¯ cos ®/ (8)

Further equating the ratios v=w obtainedby combiningEqs. (2) and
(5) and Eqs. (6) and (7), one gets a relationship between the equiv-
alent roll and sideslip angles as

’ D tan¡1.tan ¯= sin®/ (9)

The equivalentangle ®¤ has been plotted vs ® for differentvalues
of ¯ in Fig. 2. It is obvious that, when ¯ D 0, then ® D a¤, whereas
when ® D 0, then ®¤ D ¯. For small ¯ (typically, for ¯ < 5 deg),
® ¼ ®¤, but, otherwise, there is a signi� cant difference between ®
and ®¤. The equivalent ’ has been plotted vs ¯ for different values
of ® in Fig. 3. Clearly, ’ D 90 deg, when ® D 0, and ’ D ¯ , when
® D 90 deg. For small ¯ (typically, for ¯ < 5 deg), ’ ¼ ¯= sin ®, for
example, ’ ¼ 1

2
¯ , for ® D 30 deg.

Conclusions
The described method permits the conversion of wind-tunnel re-

sults obtained by angle-of-attack/sideslip-angle combinations into
equivalent roll results. If applied at an early stage of planning, the
same approach provides guidance for the design of the simplest

model mounting system that would permit the model orientation
within the desired range.
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Introduction

A PREVIOUS study1 provided fundamental information on the
effect of surface roughness, due to ice accretion, on the sur-

face rate of heat transfer for parallel � ow over aluminum castingsof
stochasticallyaccreted ice. The roughness enhanced the heat trans-
fer rate and lowered the Reynolds number for the onset of transi-
tion to turbulent � ow as compared to the smooth model case. The
Stanton numbers were higher than those obtained with the uniform
roughness elements of other studies.2;3 The current study was con-
ducted to providecharacteristicsof theconvectiveheat transfer from
stochasticallyaccreted ice-roughenedsurfaces, described in Ref. 1,
in accelerated � ows. These data are needed for the effective sizing
and design of in-� ight de-icing systems.

Few previous studies have included the effect of acceleration on
the rate of heat transfer from rough surfaces. Coleman4 stated that
� ow acceleration increased the heat transfer rate in the fully rough
regime, and Poinsatteet al.5 reportedthat varyingthe angleof attack
for an arti� cially roughened airfoil caused heat transfer to increase
over the 0-deg case.

Heat transfer data for the smooth � at plate model and for each of
the seven roughness models described in Ref. 1 were collected for
the approachvelocitiesofu1 D 9.4,20.7, and 32.6 m/s at inclination
angles of µ D 5; 14; 23; and 41 deg. This Note presents complete
results for the smooth model at u1 D 32:6 m/s and roughnessmodel
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