968 AIAA JOURNAL, VOL. 31, NO. 5: TECHNICAL NOTES

Thin Elliptic Cone, = = 0.40

On the right-hand side of Flg 2a, the flow v1suahzat10n obtained
on the thin elliptic cone again shows, in top view, the familiar vor-
tex system of three vortices on each side of the cone. The primary
vortices show a considerable degree of asymmetry; they are turned
the opposite way (from a fictitious symmetry configuration) as was
the case on the other two cones. Their degree of asymmetry has
decreased as compared with the thicker cone of =065

Thin Delta Wing

On the left-hand side of Fig. 2a, the flow visualization obtained
on the delta wing exhibits only one vortex, the primary vortex, on
each s1de of the wing: Each of the well-structured vortices termi-
nates in a bubble-like breakdown region, which is followed by
irregular flow. The breakdown regions are located clearly asym-
metrically with respect to the wing’s symmetry plarie. From the
front of the wing the concentrated, well-structured vortices are
nominally symmetric down to the first breakdown bubble. The
nonexistence of asymmetric vortex flows on slender delta wings
has been discussed in detail in Refs: 4 and 5. "

Elliptic Cone, T = 1.54

The elliptic cone with the thickness ratio = 0.65 was turned
through an angle of 90 deg to provide an elhptlc cone with 7 =
1.54. The flow visualizations obtained are not presented hete, only
discussed. In the initial tests performed it was observed that the
vortex system on the leeside was strongly oscillating in the span-
wise direction. Two extreme configurations were observed: The
flow was first swept to the left side (looking downstream) over the
rear part of the core, while at some later state, it has become largely
symmetric. From the side, it was observed that one of the vortices
intermittently lifted off in the rear part, while the other vortex fol-
lowed the cone all of the way down to the base. It was found that
one extreme conﬁguratlon of the vortex system is a large liftoff
from the cone of the vortex, combined with an extreme spanwise
displacement of the vortex system over the rear portion of the
cone. The other extreme configuration exists with the main vorti-
ces along the cone and in a practically symmetric arrangement.

In a second part of the tests, then; extra attention was given to
establish a low disturbance level flow in the empy test section, To
this end, the water was circulated in the tunnel (without the model
installed) for a relatively long time (approximately 1.5 h). Then the
model was brought into the test section with utmost care to mini-
mize disturbance of the flow. Between two tests, periods of water
circulation, without the model, of about 5 min were allowed to
reduce the disturbance level.

Flow observations from the side now revealed only occasional,
slight vortex liftoff over the rear part of the cone; otherwise the
primary vortices lie along the cone’s leeside surface down to the
base. In the top view, the vortex system was observed to distinctly
oscillate from one side to the other over the aft portion of the cone,
being strongly asymmetric in most cases; no temporarily steady,
symmetric configuration was observed. In this test series, with
apparently reduced freestream disturbarice levels, the (practically)
maximum liftoff of a primary vortex is much reduced as compared
to that observed under normal operating conditions of the water
tunnel. This must be taken into account in further tests.

V. Conclusions

Flow-visualization tests were carried out on three elliptic cones
and a delta wing, with thickness ratios 7 varying between v = 1
(circular cone) and T — 0 (delta wing) and one inverted cone 1 =
1.54, at one angle of incidence o = 38 deg, and Reynolds number
Re; = 2.8x10% The main result of the study is that the degree of
asymmetry of the vortex flows behind the cores decreased as the
cones became flatter; i.e., with T decreasing from r = 1 to 0.4, and
was zero for the delta wing. Our limited experimental results are in
qualitative agreement with the results of an inviscid-flow theory by
Fiddes and Williams. The ouiecome of the study suggests an
attempt to modify a conventlonal thick, - axisymmetric missile
nose toward a flatter nose, -eig., with elhptlc cross sections, to
reduce flow asymmetry at high incidence. Such a nose geometry
has been proposed in Ref. 11 and will be studied at realistic Rey-
nolds numbers. Furthermore, it has been observed in a specific test

series, with apparently reduced freestream disturbance levels, that
the liftoff of a vortex from a cone is distinctly reduced, as com-
pared to that under norimal tunnel operating conditions. This has to
be taken into account in future testing
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Introduction

NE of the most common methods of measuring turbu-
lence is by the use of a hot-wire anemometer. In a hot-
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wire anemometer, there exists a nonlinear relationship be-
tween the instantaneous velocity in the flow and the
instantaneous voltage output of the instrument. Just as the
velocity is comprised of a constant mean and fluctuating com-
ponent, the voltage output of the instrument can also be
decomposed into mean and fluctuating components. It is com-
mon practice, particularly in earlier times when analog data
processing was prevalent, to obtain the spectrum of the fluctu-
ating hot-wire anemometer voltage output and consider it as
representative of the spectrum of the fluctuating velocity. In
view of the nonlinear relationship between velocity and hot-
wire anemometer output voltage, there are some scale factors
that need to be used while relating the two spectra. No discus-
sion is found in the literature regarding converting the spec-
trum of the voltage signal into that of the velocity. Moreover,
if a cross-wire probe is used, the analysis becomes more com-
plex since the spectrum of the cross correlation would also be
involved. In this paper, therefore, a complete analysis of the
relation between spectra of hot-wire anemometer fluctuating
voltages and those of the turbulence quantities is presented for
both single-wire and cross-wire probes. Experimental results
are presented to support the analysis.

Spectral analysis of turbulence data can be performed by
applying either classical techniques that use the discrete
Fourier transform! or a set of new techniques known as para-
metric ones.? Among the several techniques currently available
for digital spectral analysis, the question naturally arises as to
which spectral analysis technique works well with an actual
flow process represented by the sampled digital data. A com-
parative study was, therefore, made by Rajan and
Munukutla®* to assess the performance of three different
techniques for the estimation of the turbulence energy spec-
trum. In this paper, the correlogram technique was used for
the spectral analysis.

Analysis for a Single-Wire Probe
The instantaneous velocity of the flow U; and instantaneous
voltage output E; of the hot wire can be decomposed into their
mean and fluctuating components as U + u; and E + e;, re-
spectively, and their relation is

E+e)Y=A+BVU+u; 1)

where A and B are the calibration constants.
For low-turbulence intensities,
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Fig.1 Comparison of spectra of u from hot-wire signals with scale
factor and from u fluctuations for a single-wire probe.
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Fig. 2 Comparison of spectra of u and v from hot-wire signals with
scale factors and from velocity fluctuations for a cross-wire probe.

and
U =- 3)

where

B
$ =BT @

Note that Eqgs. (1-4) are linearized equations for a single-wire
probe and are available from standard textbooks, for exam-
ple, Hinze.’

Considering Eq. (3), we can relate the spectra of u; and ¢; by
taking the Fourier transform of the autocorrelation. Thus,

1
Sulf) = 3 50N ®)

where S,,(f) is the spectrum of u; and S, (f) the spectrum of ¢;.
The result given in Eq. (5) is verified by applying it to turbu-
lence data in the central region of a circular duct where the
turbulence level is about 3%. Experiments were conducted in
a 6-in.-diam tube at a Reynolds number of 2 X 10°. Due to this
low turbulence level, the.linearization assumptions made in
deriving Eq. (3) are justified. Depicted in Fig. 1 is the spec-
trum of the u fluctuations shown as a solid line with the
corresponding spectrum of the voltage fluctuation divided by
s? as discrete points. The spectrum of the fluctuating voltage
e; was obtained by directly sampling the hot-wire signal at 20
kHz and performing spectral analysis using the correlogram
method. In order to obtain the spectrum of u;, the sequence of
u; had to be generated in the following manner. Each instanta-
neous e; were added to E and then converted to U; by using Eq.
(1). The U; were then averaged to find U and each u; obtained
by subtracting U from each U;. Thus, the sequence of u;
corresponding to the sequence of e; was generated and spectral
analysis performed on the sequence of u; by using the same
correlogram technique.

Analysis for a Cross-Wire Probe

In the case of a cross-wire probe, the voltage output from
each wire is influenced by both #; and v;. The velocity-voltage
relationships can be written as

(E1+€1i)2=A1j.|'Bl \/U+ u, +v; (6)

(B, + ey =A+B, VU + w —v; @)
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where A, B, and 4,, B, are the calibration constants for wires
1 and 2, respectively. By performing a linear analysis similar
to that of a single wire, we obtain expressions for u; and v; as

Uu; = aey; + beZi (8)
v, = aeli—'b€2i (9)
where
2ENT
= 10
a B, (10
and
2ENT
h="22 1n
B,

Equations (8) and (9) indicate that «; and v; are functions of ej;
and ey. The spectra of u; and v; are obtained by taking the
Fourier transform of the autocorrelation. From Eqs. (8) and
(9), we can write

Su(f)=a’Sa(f)+ b3S f) + ab[Serea(f) + Sz (/)] (12)
8,(f)=aSa(f) + b2Sea(f) — ab [Se1ea(f) + Seer (/)] (13)
where S.1(f) and S,(f) are the spectra of e; and e,, respec-
tively, and S.1.(f) and S,.(f) are the cross-spectra of e; and
€

The foregoing relations were verified by analyzing turbu-
lence data in the central region of a circular duct obtained with

Errata

a cross-wire probe. The spectra of the fluctuating voltages
were obtained by employing the correlogram technigue on the
digitally sampled signals. Also from the voltages, the velocities
were computed using relations (6) and (7) and the spectra of
the velocities using the correlogram method. The results are
shown in Fig. 2. The e,e, and e,e; spectra have a significant
influence on the spectra of u and v.

Conclusion

The relation between spectra of hot-wire fluctuating
voltages and the spectra of velocity fluctuations for both
single- and two-wire probe were derived. The results were
verified by applying them to experimental data for flow in a
circular duct. It was found that in the case of a two-wire
probe, the cross-spectra of e; and e, play an important role.
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URING typesetting of this paper, several errors were
inadvertently introduced. We regret these errors.

Page 545

Column 2, line 17 shouid read, ‘“These modes are spurious
computational modes with no physical counterparts.”

Page 548

Column 2, line 15 should refer to Ref. 27 rather than
Ref. 26.

Page 550
References 22 through 27 should be renumbered as follows:

22Hall, K. C., and Lorence, C. B., *‘Calculation of Three-Dimen-
sional Unsteady Flows in Turbomachinery Using the Linearized Har-
monic Euler Equations,’” American Society of Mechanical Engineers,
37th International Gas Turbine and Aeroengine Congress and Exposi-
tion, Paper 92-GT-136, Cologne, Germany, June 1-4, 1992.

23Bendiksen, O. O., and Kousen, K. A., “Transonic Flutter Analy-
sis Using the Euler Equations,”” AIAA Paper 87-1238, June 1987.

24Venkatakrishnan, V., and Jameson, A., ‘‘Computation of Un-
steady Transonic Flows by the Solution of Euler Equations,”” AIAA
Journal, Vol. 26, No. 8, 1988, pp. 974-981.

25Rausch, R. D., Batina, J. T., and Yang, H. T. Y., “Euler Flutter
Analysis of Airfoils Using Unstructured Dynamic Meshes,”” AIAA
Paper 89-1384, Proceedings of the AIAA/ASME/ASCE/AHS/ASC
30th Structures, Structural Dynamics and Materials Conference, (Mo-
bile, AL), Washington, DC, April 1989.

26Batina, J. T., ‘““Unsteady Euler Algorithm with Unstructured
Dynamic Mesh for Complex-Aircraft Aeroelastic Analysis,”” ATAA
Paper 89-1189-CP, April 1989.

27Hall, K. C., ‘‘A Deforming Grid Variational Principle and Finite
Element Method for Computing Unsteady Small Disturbance Flows
in Cascades,”” AIAA 30th Aerospace Sciences Meeting, AIAA Paper
92-0665, Reno, NV, Jan. 6-9, 1992.



