OCTOBER 1971

is attributable to the tension in the beam as a result of its
deformed shape. For all frequency values presented in Table
2, the corresponding mode shapes, measured relative to the
deformed equilibrium state, were almost identical to the mode
shapes obtained for the classical frequencies measured rela-
tive to the undeformed (straight state).

Conclusions

The results of this investigation indicate that significant
changes in the vibration characteristics of beams can occur
depending on their flexibility and prestressed state. 'The re-
sults also showed that frequency predictions of beams by
classical theory can be in considerable error if the deformed
equilibrium state is such that it can only be accurately de-
seribed by nonlinear theory.

Finally, the effect of the weight component on the fre-
quencies has been shown to be significant for the more flexible
beams, indicating that appropriate consideration should be
given to the design of such structural components if they are
to be used in a weightless environment.
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Transition and Turbulence Phenomena

in Supersonic Wakes of Wedges
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1. Introduction and Objectives

AI‘ supersonic speeds the wake of a blunt body may be
divided into an inner viscous wake stemming from the
body boundary layers and an outer ““inviseid”” wake produced
by the bow shock. In such wakes, as in the wake of a cyl-
inder,! at low Reynolds numbers the onset of transition oceurs
thousands of diameters downstream of the body in the outer,
shock-induced wake. As the Reynolds number is increased,
transition occurs in the inner wake. For the same Mach
number and at high Reynolds numbers transition in the wake
of a wedge? occurs further downstream than in the case of a
cylinder, but the slender body transition curve crosses the
blunt body transition curve.®? The question arises, where
does transition occur in slender body wakes as the Reynolds

Presented as Paper 70-794 at the ATAA 3rd Fluid and Plasma
Dynamics Conference, Los Angeles, Calif., June 29-July 1, 1970;
submitted July 24, 1970; revision received March 3, 1971.
supported by the Advanced Ballistic Missile Defense Agency
under Contract DAAHO01-68-C-2086 and the Independent Re-
search and Development program of TRW Systems.

Index categories: Supersonic and Hypersonic Flow; Jets,
Wakes, and Viscous-Inviscid Flow Interactions. '

* Consultant; also Assistant Professor of Aeronautics, Cali-
fornia Institute of Technology, Pasadena, Calif. Member ATAA.

t Manager, Engineering Technology Department, Fluid
Mechanics Laboratory.

I Assistant Manager, Fluid Mechanics Laboratory.

TECHNICAL NOTES 2083
10f
- 2° -WEDGE 0.04IN. o
e L 016IN. o
& oy
z 50° - WEDGE 0.04IN. m
X 016N O
g t‘\SDO-WEDGE
fd \
EoL
P —
<{
e
e
r
& 10?
<
w
=z
|
<
Q
=4
[T
S 1
[
w
(723
4
[+3
1 t 1
10° 10 10° 10®

Rey

Fig.1 Transition in wedge wakes at M = 4.5.

number is decreased further? What effect does the much
weaker outer shock-induced wake have on transition and, is
the outer wake unstable enough to become turbulent?

The first objective of the present work is to locate transition
over a large range of Reynolds numbers in the wake of wedges
and to investigate the effect of the outer, shock-induced
wake on transition. Incompressible and hypersonic transi-
tional wake flows may be divided into the linear instability
region, the nonlinear instability region where a strong inter-
action between mean and fluctuating flow oceurs, but a regu-
lar structure is still present, and the turbulent wake.l"%5 A
study of the axial development of frequency spectra of fluctu-
ations in these three regions is the second objective of this

study.
The experiments were performed in the Jet Propulsion
Laboratory’s 20-in. supersonic wind tunnel at M. = 4.5.

Two wedges of 12.5° and 25° half angles, each of two sizes
(H = 0.04 in. and 0.16 in.), were chosen for the study. The
Reynolds number could be varied from Rey = 1900 to 55,000.
Hot wire measurements were made with a 0.0001-in. plati-
num-109, rhodium hot wire at constant current (for details
see Ref. 3).

2. Transition Location

In the linear instability region fluctuations grow exponen-
tially, and the mean flow still obeys the steady laminar
boundary-layer equations. The wake centerline fluctuation
signal is zero. Beyond a certain axial location the wake
grows rapidly, indicating the onset of a strong interaction be-~
tween the mean and fluctuating flow. This behavior is ac-~
companied by the growth of fluctuations on the wake axis.
This onset of nonlinearity will be called “transition.” Transi-
tion location as a function of Reynolds number and wedge

10 "
o ReH = 7140 (Po = 41 CM Hg, H = 0.159 IN.)
o ReH = 7250 (Po = 165 CM Hg, H = 0.041 IN.)
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Fig.3 Energy spectra of fluctuations in transitional wake
of wedge.

angle is shown in Fig. 1. At large Reynolds numbers (Rey >
10%) the transition location does not appear to differ greatly
for the two wedges. However, at a Reynolds number of
Rey = 1900, transition was found for the slender 12.5°
wedge at X/H = 780 and was not found for the 25° wedge
for X/H < 1100. Thus, the slender wedge has a markedly
more unstable wake. An explanation of this effect was
attempted on the basis of linear stability theory.?

These experiments did not indicate a substantial growth of
flow fluctuations in the outer, shock-induced wake. Hence,
the outer shock-induced wake of the wedges was not unstable
enough to become turbulent. This result further suggests
that at M = 4.5, Rey = 1900 is near the critical Reynolds
number where turbulence does not occur anymore in the
wakes of “‘slender’” wedges.

3. Unit Reynolds Number Effect on Transition

The wake widths at one Reynolds number (Rey = 7140)
for 12.5° wedges with a difference in base height of a factor
of 4 are shown in Fig. 2. In the laminar region the normal-
ized wake widths b/H are identical. However, transition
oceurs sooner (in terms of X/H) in the large wedge/low
unit Reynolds number case than in the small wedge/high
_ Reynolds number case.

This phenomenon is explained on the basis of linear sta-
bility theory and the knowledge of the level of fluctuations
and frequency distributions in the freestream. For the
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present experiments both the level of fluctuations (§’/p),
and the frequency spectrum stayed nearly the same for the
whole pressure range.®’” However, the most unstable fre-
quency is a function of the model size and for the large wedge
f ~ 60 kHz compared to the small wedge where f ~ 240 kHz.
A characteristic freestream spectrum shows a decrease in
fluctuation energy with increasing frequency.” Therefore,
the initial level of fluctuations in the most unstable frequency
region, is larger for the large wedge wake. Since the growth
rate of fluctuations is the same for both wakes, transition is
expected to occur sooner (in terms of X/H) in the wake of the
large wedge which is in agreement with observation (Fig. 2).

4. Frequency Distributions in the Transitional
and Turbulent Wake

At Rey = 7140, the frequency distributions of fluctuations
were measured at the location of peak intensity. As shown
in Fig. 3, out of a spectrum decreasing monotonically with
increasing frequency near the wedge (X/H = 23) a large
peak in the spectrum develops at f =~ 60 kHz corresponding
to a nondimensional frequency fbo/u. ~ 0.31, where b, is
the wake width near the body (at X/H = 10). This de-
velopment of a pronounced peak in the spectrum is char-
acteristic of linearly unstable wakes, and the value of the
nondimensional frequency fbo/u., =~ 0.31 is very near the
value found for both incompressible and hypersonic wakes.®
At the beginning of the nonlinear region (X/H ~ 55) the
fluctuation energy peak still increases, but then decreases,
rapidly downstream and at X/H = 286 the peak in the spec-
trum has disappeared and a ‘“‘turbulent” spectrum remains.
The development of the spectrum is qualitatively similar to
the development of the spectra measured by Roshko® in a
vortex street behind a cylinder at low speeds. The fre-
286 is quite similar to an em-
pirical turbulent spectral distribution suggested by Dryden,?
a result also found by Roshko in the low-speed wake.

At the much higher Reynolds number of 55,700 transition
ocecurs near the body (X/H ~ 7). In this turbulent wake,
a pronounced peak in the spectrum develops at fH/u. =~
0.42 (fb/u.. = 0.55) out of a spectrum with most of the
energy at low frequencies (Fig. 4).

Previously a peak in the fluctuation spectrum in a turbu-
lent wake has been observed® where fH/u. ~ 1.27 and
fb/ue =~ 1.0. These results indicate that the preferred
(peak) frequency of the turbulent wake does neither scale
with the wake width nor with the wedge height and at present
the phenomenon is not understood.
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