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can have an approximate value of I'* as high as approximately one-
eighth that of the Kdrmdn vortices. This ratio is likely higher for
image 3, where the shear-layer vortices attain larger values of I'*,

Conclusions

Over a range of Reynolds number represented by Re = 5 x 103,
the Kdrmadn vortices form relatively far downstream of the cylinder.
Moreover, the small-scale, shear-layer vortices formed immediately
downstream of separation exhibit different rates of development and
symmetry from cycle to cycle of the Kdrman vortex formation. In
turn, the nature of the shear-layer vortex system is linked to the
location and orientation of the eventually formed Kérmén vortex.
When the vortices develop symmetrically in the opposing shear
layers, and quickly attain relatively large values of circulation, the
Kérmdn vortex is formed further downstream.

The instantaneous circulation of the vortices can reach a value as
large as one-eighth that of the Kdrmdn vortex. Attempts to deduce
this circulation, using phase-referenced measurements triggered on
the Kdrmdn vortex, are not meaningful because the shear-layer vor-
tices are not phase locked to the Kdrmén vortices.

Further efforts should address the spanwise correlation of the
shear-layer and Kdrmén vortex development to determine the de-
gree to which the foregoing observations are influenced by three-
dimensional distortions.
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Correlation of Shock Angles
Caused by Flat Delta Wings

S. Koide*
Japan Defense Agency, Tokyo 190, Japan

Introduction

OR the glancing shock-wave/turbulent-boundary-layer interac-

tions, the inviscid shock wave has an important role for speci-
fying the interaction behavior régardiess of the shape of the shock
generator. Hence, the trace of the shock wave on the wall provides
an important reference position (the imaginary position that would
exist if no boundary layer were presented on the wall) for under-
standing the interaction. The author recently proposed a correlation
law for the shock angles caused by a series of rhombic delta wings
(RDWs).! Using the correlation law, the shock angle on the plane of
symmetry of the wing, 8, can be predicted easily for a wide range of
wing geometries (specified by half-apex angle a and sweep angle
A) and flow Mach numbers M (see Fig. 1a). This angle specifies
the trace of shock wave on the wall when a sharp fin, whose cross
section is a triangle (the half-cut model of the RDW; see Fig. 1a), is
placed on a wall (equivalent to the position of the plane of symme-
try for the wing). In this Note, the correlation law is expanded for
the delta wings (FDWs). Using the expanded law, the trace of the
shock generated by a swept sharp fin can be specified on the wall for
various « (angle of attack), A, and M (see Fig. 1b). The difference
of the shock angles caused by the two disparate wings, the RDW
and the FDW, is also discussed.

Correlation of the Shock Angles

Unlike the case of the RDWs,! several data are available for the
FDW shock angles. They have been obtained experimentally by
Dengetal.?for6 < o < 20degand A = 15and 50 degat M = 2.04,
Fomison and Stollery? for 6.5 < o < 35degand 30 £ A < 75degat
M = 2.40, Settles and Lu® for 5 S o < 15degand 10 £ A £ 65 deg
at M = 2.95, and computationally by Klunker et al.’ foro = 15 deg
and A = 50 deg at M = 4.0. Based on these data, a correlation of 8
with M, o, and A has been considered.

To construct the correlation law for the RDWs, the angle between
the plane of symmetry and the face of the delta wing,

£ =tan"![1/(sin« - tan 1)) 6

(see Fig. 1a), was employed. The value expressed by Eq. (1) corre-
sponds to the angle & shown in Fig. 1b for the case of the FDWs.
By introducing £, it is convenient that the two variables o and A are
represented by the single parameter. In the same way for the RDWs,
& tends to depart from 90 deg when « and A increase. Similarly 8
will decrease from its value at A = 0 deg (i.e., the oblique shock
angle for an unswept sharp fin of half-wedge angle «, expressed by
Bos) as & drops below 90 deg. Hence, it was believed that the angle &
could be suitable.also for correlating the shock angles of the FDWs.,
As a matter of fact, the same parameter used for the RDWs,

(B/Bos) - 26/ (T M) @)
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Fig. 2 Correlation of the shock angles.

has been finally proven to correlate the FDW shock angles properly.
In the parameter, £ is expressed in radians and the power g has been
selected as (/2 — £)/3. As shown in Fig. 2, the correlation using
the parameter (2) is excellent. The value of 8 is then determined
directly from

B=mnPoFEM/(28) 3
where F(§) has been obtained by the least-squares method as

F(£) = —0.0202¢ + 1.02045% — 0.88856% + 0.32348*  (4)

A fourth-order equation was necessary to correlate the data over a
wide range of &. Each coefficient of the polynomial was different
from the value for the RDWs.! The difference between the two cases
will be discussed in the next section.

Based on the data presented in Fig. 2, the angle predicted by
Eq. (3) is quite accurate (within 1 deg of the corresponding experi-
mental value) for the range 0 < o < 21 deg atall A and M examined.
In terms of Eq. (3), B can be easily specified for various M, &, and
A. It is important to note that this procedure is not applicable for
the range where « is above the theoretical attachment 1imit for the
two-dimensional oblique shock at a certain M because B, is not
obtainable for Eq. (3) under such a condition.

Why can the simple relation Eq. (3) properly predict the shock
angles caused by two disparate shock generators, the RDW and the
FDW? During the development of the parameter (2), it has been
considered that if 8 is expressed in the form of a deviation from the
well-established theoretical value B,, 8 can be maintained within
a reasonable range even though the values of M, «, and A change
widely. At the same time, B, is a function of M and «, and hence
the effects of both values can be included in the single variable f,,.
Furthermore, B/ B, (i.e., the deviation of 8 from B,,) depends on
£ regardless of the combination of « and A. In both wings, infinite
combinations of « -and A are possible for a given &. If the wings
have different & and A at a certain M, it is natural that the shock has
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Fig. 3 Comparison of the correlation curves for the RDWs and the
FDWs.

a different angle 8 even though £ is fixed. But the value of 8/B,s
seems similar as long as & and M are the same.

Under these considerations, a simple correlation between B/ 8,
and £ was first examined-but did not sufficiently collapse the data
obtained at different M. To improve the correlation, the role of M
was further considered. The previous investigation' found that 8
drops less from B,, as M increases. As a result, 8/8,, increased
with M for a fixed &. This tendency was considered in parameter
(2) using the variable M. In addition to the effect of M, it is un-
derstood from the relationship linking B, B,,, and £ that 8 has to
approach B,; when & approaches 90 deg (/2 in radians). To sat-
isfy this condition, expressions of w/2 — & (in the power a) and
2¢ /7 were employed in parameter (2). (Note that the number 3
of the power a was chosen purely for improving the correlation.)
Each coefficient of Eq. (4) was also adjusted for Eq. (4) to have
a value of 1.0 for the ordinate of Fig. 2 when £ is 90 deg. Hence
Eq. (3) provides 8 of almost 8,; when £ is 90 deg. Consequently,
the simple relation Eq. (3) can handle main features of the shock
angle properly using a very limited number of variables and can pre-
dict the angles even though the geometry of the shock generator is
disparate.

Comparison with the Case of the RDW

Figure 3 compares the correlation curves for the cases of the
RDWs! and the FDWs. At & = 90 deg, both curves should coincide
and have a value of 1.0 for the ordinate of Fig. 3. But a slight error
was inevitable because of the approximations using the least-squares
method.

From Fig. 3, it is clear that the FDW always has a larger § when
both the wings have the same values of o and X (i.e., the same &) at
a certain M. It is also noticed that the difference between the two
angles for the same « and A tends to increase when £ decreases.
As Fig. 1 shows, there is a geometrical difference between the two
wings. The FDW is perpendicular to the plane of symmetry, whereas
the RDW has a certain angle £ < 90 deg. As long as & is close to
90 deg, the difference between the two cases is negligible. (Using
the two curves in Fig. 3, the difference has been proved to be within
1 deg for the range £ = 80 deg.) But when & departs considerably
from 90 deg, the FDW shock angle is unlikely to match the value of
the RDW.

Conclusions

The correlation law developed for the shock angles caused by
RDWs has been expanded for FDWs. The same correlation param-
eter used for the RDWs, which comprise Mach number, the theoreti-
cal two-dimensional oblique shock angle, and an angle representing
the wing geometry, has been applicable also for the FDW. Corre-
lation curves for both wings were slightly different. The difference
shows that the shock angles by both geometries tend to diverge from
each other when the wing sweep angle and apex angle (or angle of
attack) increase.
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Counter-Rotating Structures
over a Delta Wing

J. P. Hubner* and N. M. Komerath'
Georgia Institute of Technology,
Atlanta, Georgia 30332-0150

Nomenclature
b = wing span
v = local wing span
c = root chord
G() = nondimensionalized autospectral intensity function
L = characteristic length
n = Strouhal-scaled frequency, fL/Uy
Re = Reynolds number
t = time
Uy = freestream speed
u,v,w =streamwise, lateral, and vertical velocity, body
coordinate system
x,y,z = body coordinate system, origin fixed to model apex
(4 = angle of attack
] = phase of trigger cycle
Superscripts

- = time-averaged component of , v, and w
" = fundamental periodic component of u, v, and w
= random fluctuating component of «, v, and w

’

Introduction

HIS Note describes the experimental finding of counter-
rotating structures, with axes oriented approximately spanwise,
located between the surface and the vortex core on a 60-deg delta
wing at high incidence. The finding is explained using laser sheet
flow visualization and spectral analysis of hot-film data on and above
the surface. It is confirmed by quantitative analysis of velocity data,
synchronized in phase to the signal from a hot film. The finding is re-
lated to previous work on the origin and effects of such fluctuations,
and its implications explored. A mechanism based on centrifugal
instability is proposed.
Previous work at this and other laboratories'~* has shown that
the vortex flowfield over a swept wing at 25-35-deg angle of attack
develops organized velocity fluctuations under steady freestream
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conditions. The fluctuations are concentrated within a narrow fre-
quency band but can only be described as quasiperiodic, with the
phase not repeating exactly from cycle to cycle. These have been
observed on isolated delta wings as well as on wing bodies and full
models of fighter configurations. Reference 2 showed that the fluc-
tuations maintain a constant value of reduced frequency (or Strouhal
number) at a given angle of attack, over a large range of Reynolds
numbers. Data at 20-deg angle of attack near the vertical tail of an
F-15 model, extrapolated from 315 and % scale model tests using this
constant Strouhal number, were shown to match the measured fin
vibration frequency on a full-scale F-15. Flowfield studies on mod-
erately swept (<60 deg) wings at angles of attack above 25 deg show
that vortex breakdown occurs essentially at the apex. Reference 5
showed that the fluctuations originate close to the wing surface on
a 60-deg cropped delta wing at or upstream of the 30% root chord
station. They then amplify and focus into a narrow frequency band.
The peak frequency decreases as the measurement location is moved
downstream. In a crossflow plane at the wing trailing edge, the fre-
quency content is uniform except in the postburst core region, where
other phenomena appear to dominate. This Note focuses on the phe-
nomena occurring near the surface. Redionitis et al. attributed the
fluctuations to vortex shedding; however, the velocity field over
a 60-deg wing at @ < 30 deg is steady in the mean, and vortex
shedding is not a plausible explanation. Gursul’ proposed a helical
mode oscillation in the postburst flowfield characteristic of mod-
erately swept wings. The correlation with experimental evidence
for sweep angles >60 deg was encouraging, but the correlation for
sweep <60 deg was ambiguous. Although the geometry of the flow
and the two-point surface pressure correlations of Gursul’ do al-
low a helical mode description, this does not complete the physical
explanation for the origin, amplification, and focusing of the phe-
nomenon. Here we report on a detailed investigation using multiple
planar, surface, and single-point measurement techniques. Spectral
content of the fluctuations is measured using both hot films and laser
velocimetry (LV). The velocity components are resolved using LV,
thereby avoiding the ambiguity inherent in hot-film measurements.

Figure 1 shows the focusing and amplifying of the fluctuation
energy for the 59.3-deg delta wing model.* The flow unsteadiness is
visualized near the surface and under the core using laser sheets illu-
minated by smoke introduced through various surface ports, aligned
parallel and perpendicular to the. surface. Surface hot-film sensors
and sensors in the flow above the wing are used to generate the
spectra of the velocity fluctuations and to determine the frequency
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Fig.1 Autospectra of velocity fluctuations along the leading edge of a
59.3-deg delta wing, measured using a single hot-film sensor oriented
spanwise.



