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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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data at the same freestreamvelocity for inclinationangles of 14 and
41 deg. Complete results are available in the work by Dukhan.6

To obtain the cited inclination angles in the wind tunnel, it was
necessary to adjust the angle of the saddle holding the test plate.
This caused the leading edge of the model to be lowered, which
resulted in a cross-sectional � ow area that was larger at the model
leading edge than for the parallel � ow case in Ref. 1. This area then
decreased with model length and was less at the trailing edge than
for the parallel � ow cases. Correspondingly,the freestreamvelocity
along each model was different from the approach velocity, being
lower at the leading edge and higher near the trailing edge. The
ratio of the freestream velocity u1;x to the approach velocity u1
was obtained as a function of distance from the leading edge of the
smooth plate. The ratio of these two velocitiesvaried from 0.9 at the
leading edge to 1.1 at the trailing edge for the 5-deg case. For the
higher inclination angles of 14, 23, and 41 deg, the corresponding
ratio variationswere 0:6

1:1 , 0:5
1:2 , and 0:3

1:5 , respectively.The experimental
proceduresand data reduction techniquesused are identical to those
of the parallel � ow study.1

Smooth Model Results
Figure 1 shows the Stanton number curves for the smooth model

for an approach velocity of 32.6 m/s and all inclination angles. The
local Reynolds number on the abscissa is based on the axial lo-
cation on the model, as well as on the freestream velocity u1;x

discussed earlier. The data for the 5-deg angle was almost identi-
cal to the parallel plate or 0-deg Stanton number results in Ref. 1.
For Reynolds numbers up to 2.5 £ 105, a slight decrease of the rate
of heat transfer with increasing angle is noticed. The experimental
Stanton numbers then show an opposite behavior with inclination
angle (except for the µ D 14 deg case) until transition occurs at ap-
proximately Rex D7 £ 105 for all cases. In the transitional region,
the Stanton number curves for the angles of µ D 14 and 23 deg are
lower than for the 5-deg case.This is in agreementwith the observa-

Fig. 1 Stanton number vs Reynolds number: smooth model at u1 =
32.6 m/s and different angles.

tion made by Keller7 that mild accelerationslows the transitionrate
by damping the cross-stream � uctuations, and with Schlichting,8

who, using stability theory, predicted that acceleration would have
a stabilizing effect. The highly accelerated case, µ D 41 deg, has a
somewhat higher Stanton number, but the values are still lower than
those for the 5-deg case for the same local Reynolds number.

Thus, the smooth plate results show that increasing inclination
angle � rst decreases and then increases the heat transfer rate as
compared with the parallel � ow case before transition begins. After
transition, increasingangles lower the rate of transition, resulting in
lower Stanton numbers than for the parallel � ow case.

Also shown in Fig. 1 are Kays’s9 integral and Schlichting’s8

wedge solutions for the convective heat transfer rate from a smooth
41-deg inclined surface. The velocities used for each calculation
are the freestream values. Schlichting’s8 solution agrees with the
present values up to about Rex D 3 £ 105, after which it predicts
lowervalues.Kays’s9 solutionpredicts lower valuesfor all Reynolds
numbers. Neither solution has the capability to predict transition.

Roughness Models Results
Figure 2 is a composite plot of the Stanton number vs the lo-

cal Reynolds number, again based on the freestream velocity and
the axial position, for all seven roughness models at µ D 14 deg
and a constant approach velocity of 32.6 m/s. For Rex < 2:4 £ 105,
the roughness height NH in� uences the rate of heat transfer. The
Stanton numbers, with some overlap, increase with NH , beginning
with roughness model 6 (smooth glaze), then roughness model 5
(closely spaced rime ice), then model 7 (smooth rime), followed
by models 1, 2, and 3 (closely spaced, loosely spaced, and inter-
mediately spaced rough glaze, respectively), and � nally roughness
model 4 (rime feathers). For Rex > 2:4 £ 105 , this dependence on
NH is no longer clearly evident. Similar to the parallel � ow case,

the fully turbulent regime is present for roughness models 1–4 and
7, whereas roughness models 5 and 6 show transition beginning at

Fig. 2 Stantonnumbervs Reynoldsnumber:comparisonof the rough-
ness models at u 1 = 32.6 m/s and µ = 14 deg.
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Fig. 3 Stantonnumbervs Reynoldsnumber:comparisonof the rough-
ness models at u1 = 32.6 m/s and µ = 41 deg.

approximately Rex D 1:2 £ 105 and are fully turbulent at approxi-
mately Rex D 3:5 £ 105.

Figure 3 is for the high-acceleration case of 41 deg with a
Reynolds number again based on the freestream velocity and lo-
cal axial position. The data for roughnessmodel 1 at this angle was
lost in the processing phase. The behavior of the remaining mod-
els is similar to Fig. 2, with the Stanton numbers increasing with
increasing NH up to Rex D 2:4 £ 105 and with an overlapping in the
data for models 2–4 occurring for higher Reynolds numbers. The
Stanton numbers are higher than in Fig. 2, and there is a wider
spacing between the curves. Transition begins for models 5 and 6
at approximately Rex D 2:0 £ 105 (a delay from the case in Fig. 2),
and there is no apparent evolution toward an asymptotic state as the
Stanton numbers continue to increase.

A complete set of the smooth and rough model data for the ac-
celerated cases are available in the work by Dukhan.6

Conclusions
Stanton number results were obtained for the rate of convective

heat transfer from aluminum castings of ice-roughenedsurfaces in
accelerated � ow. Seven models representing different types of ice
accretionswere tested in a wind tunnel for free-streamvelocities of
9.4, 20.7, and 32.6 m/s and at inclination angles of 5, 14, 23, and
41 deg. For the smooth model, acceleration angle in general low-
ered the heat transfer rate before transition and delayed the onset of
transitionas comparedto the 0-deg case. For the roughenedmodels,
the heat transfer rates for Reynolds numbers up to Rex D 2:4 £ 105

were proportional to the roughness element height of the model, af-
ter which overlappingoccurred in the data for the higher roughness
element models. This was behavior similar to the parallel � ow data
in Ref. 1.
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Introduction

T HE number of optical techniques that may potentially be used
during a given wind-tunnel test is continually growing. These

include parameter sensitive paints that are sensitive to temperature
or pressure, several different types of off-bodyand on-body� ow vi-
sualization techniques, optical angle of attack (AOA), optical mea-
surement of model deformation,optical techniques for determining
density or velocity, and spectroscopic techniques for determining
various � ow� eld parameters. Often in the past the various optical
techniques were developed independently of each other, with little
or no considerationfor other techniquesthat might also be used dur-
ing a given test. Part of the justi� cation for this approach was that
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