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Experimental Stability Studies in Wakes of Two-Dimensional
Slender Bodies at Hypersonic Speeds

WILHELM BEHRENS* AND DENNY R. S. Kof
California Institute of Technology, Pasadena, Calif.

Experimental stability studies were conducted in the transition region from laminar to
turbulent flow in wakes of slender wedges and a flat plate at Mach number 6. As in low-speed
flat plate wakes, transition from laminar to turbulent flow may be divided into a linear and a
nonlinear instability region. In viscid linear stability theory predicts well the growth of
fluctuations and amplitude distribution in the linear region. In the nonlinear region similari-
ties with low-speed wakes exist. Characteristic persisting peaks in the power spectra are ob-
served. Based on these peak frequencies a nearly universal Strouhal number offbo/um = 0.3
was found for both incompressible and hypersonic wake flows. A theoretical approach to pre-
dict the development of mean flow and flow fluctuations in the nonlinear region as employed
by Ko, Kubota, and Lees in slender body low-speed wakes appears equally applicable for hyper-
sonic wakes.

Nomenclature
b = wake width
60 = wake width at neck based on velocity profile
c = phase velocity (= CR -f ia)
cg = group velocity
e' — hot-wire fluctuation voltage
Ae = hot-wire sensitivity coefficient
/ = frequency
H — wedge base height
i = hot-wire current
L — flat plate length
m = mass flow (= pu)
M = Mach number
Rw — hot-wire resistance
Re = Reynolds Number
S = Strouhal number (= fb/ue)
To = total temperature
a — wave number
5 = wedge angle
p — density
6 = momentum thickness

Supe r scrip ts
( )' = fluctuation quantity
C^_Y — rms of fluctuation quantity
( ) = mean flow quantity

Subscripts
wake edge quantity
quantity at frequency /
reference quantity
freestream quantity

). =
)/ =
)r =

Introduction

AGREAT number of measurements of transition from
laminar to turbulent flow in hypersonic wakes of blunt

and slender bodies, both two-dimensional and axisymmetric
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have been performed by many investigators (see Summary
Paper, Ref. 1). These transition data were correlated in
several different ways in order to find parameters governing
hypersonic wake transition and/or to predict it.1 The results
of these correlations are such that one may very roughly pre-
dict transition in most cases, but the understanding of the
phenomenon of transition gained from transition location
measurements and correlations alone is limited.

The location of transition in two-dimensional wakes was
obtained by hot-wire fluctuation and mean flow measuring
techniques. In most axisymmetric wake measurements,
transition was found by interpreting wake photographs
(schlieren, shadowgraph, racetrack). According to Pallone
et al.,2 the location of transition was defined as the "occur-
rence of distinct and continuous waviness." Not only distinct
and continuous waviness, but definitely periodic waviness has
been observed by many investigators.1-3

At hypersonic speeds the shear layers stemming from the
body boundary layers are relatively stable.4-5 Therefore,
vortex shedding as has been observed behind blunt bodies at
low-speeds appears unlikely. However, compressible wake
flows are dynamically unstable because there exists an ex-
tremum in the density-vorticity-product (Lees and Lin6).
On these grounds Lees and Gold5 suggested that the hyper-
sonic wake transition mechanism is qualitatively similar to
transition behind thin slender bodies at low speeds.

Low-speed wake transition behind a flat plate was investi-
gated by Taneda7 in a water tow tank and by Sato and
Kuriki,8 using hot-wire technique. Taneda shows pictures of
sinusoidal oscillations of laminar wakes behind a flat plate at
low speeds. Farther downstream these sinusoidal oscillations
develop into a double row vortex street (ReL > 103). For
higher Reynolds numbers the vortex street is soon deformed
and destroyed.

More detailed but similar results were obtained by Sato
and Kuriki, who investigated the wake of a flat plate in a wind
tunnel. On the basis of their hot-wire measurements, they
divided transition in a flat plate wake into three subregions:
1) the linear instability region in which the mean flow grows
according to steady laminar boundary layer theory (Goldstein
solution) and the fluctuations grow as predicted by two-di-
mensional inviscid stability theory; 2) the nonlinear region in
which an antisymmetrical double row vortex street develops,
i.e., in terms of the frequency spectrum, besides the funda-
mental frequency of oscillation, the first higher harmonic
appears on and near the wake axis; initially in this nonlinear
region the mean wake width grows much faster than a lami-
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Fig. 1 Wake flow configurations investigated in detail.

nar steady flow; 3) the three-dimensional region characterized
by three-dimensional distortions of the double row vortex
street before the wake becomes "fully turbulent."

Assuming similar stages of transition occur in hypersonic
wakes, the first step is to study linear stability of hypersonic
wakes. This problem was studied theoretically by Lees and
Gold.5 Since wake profiles possess inflexion points they are
dynamically unstable (Lees and Lin).6 The main problem,
therefore, is to find the modes of instability, the range of un-
stable frequencies (wave numbers), and the amplification
rates of small perturbations. Experimental measurements of
the amplification rates in the linear instability region at super-
sonic and hypersonic speeds were performed by Kendall9 in
the wake of a flat plate at Mm = 3.7, using artificial distur-
bances, by Behrens10 in the far outer wake of circular cylinders
and by Lewis and Behrens11 in the wake of a wedge at Mm = 4,
using natural disturbances. Calculating the rate of growth of
fluctuations for Gaussian mean wake profiles, good agreement
between linear stability theory and experiments was obtained
by Kendall for a wake of a flat plate, where the mean wake
profiles are very close to Gaussian. Agreement between theory
and experiment was not as good in the other two cases.
However, it has'been shown12 that good agreement between
theory and experiment is again obtained for these cases when
the measured mean wake profiles are used in the theoretical
stability calculations.

Schlieren spark pictures of a wake behind a flat plate at
Mm = 2.4 (Kendall13), artificially excited at one frequency,
showed the appearance of a nonlinear region (antisymmetrical
vortex street). Also, mean flow and hot-wire fluctuation
measurements indicated the existence of a nonlinear in-
stability region in the far outer wake behind circular cylinders
(Behrens10) which exhibited qualitatively similar features as
found by Sato and Kuriki8 in the flat-plate wake. These re-
sults indicate that there is a qualitative similarity between
the transition processes in high- and low-speed wakes.
However, in comparison to investigations in low-speed wakes,
the information on the transition mechanism in hypersonic
flow is limited. Therefore, this problem has been investigated
in the wakes of slender wedges and flat plates at Mach 6.

In these wakes the location of "transition," which is now
being recognized as the onset of non-linearity, was determined
earlier by means of hot-wire fluctuation measurements by
Demetriades and Behrens14 and also by Batt and Kubota15

by means of mean flow measurements. It was found that at
the onset of nonlinearity the hot-wire fluctuation signal on the
wake axis which is nonmeasurably small in the linear region,
increases. A short distance downstream, the mean wake
width begins to widen rapidly and the wake velocity defect
and temperature excess decrease sharply.

In the present experimental investigation the stability be-
havior of natural flow fluctuations in both the linear and non-
linear instability regions have been studied. Hot-wire fluctua-
tion measurements were performed in this investigation to find
the growth and decay of flow fluctuations and the develop-

ment of frequency spectra. Mean flow measurements by
Batt and Kubota15 were used to reduce the data for com-
parison with linear theory. The experimental technique and
data reduction procedure are explained in the next section.
An account of the experimental results is then given which is
followed by a discussion. The linear instability region is first
discussed including a comparison with linear stability theory
and then the results found in the nonlinear instability region
are discussed and compared with observations found in low-
speed wakes in the nonlinear region. In this section it is also
shown that a similar theoretical model as used by Ko, Ku-
bota, and Lees16 in low-speed wakes should be applicable to
predict the mean flow behavior and the development of the
fluctuations of the most unstable frequency component as the
flow moves from the linear into the nonlinear instability re-
gime.

Experimental Technique and Data Reduction

Wind Tunnel and Models

The experiments were performed in the GALCIT Hyper-
sonic wind tunnel Leg I, which is a closed-return, continuous
flow wind tunnel with a 5-X 5-in.2 cross section and a nominal
Mach number of 6. . The Reynolds number ranges from
30,000/in. to 230,000/in. for a stagnation temperature of
275°F.

The models, spanning the test-section, were 10° -half angle
wedges of base heights H = 0.15 in. and 0.30 in. and a one-
inch flat plate of 0.015-in. thickness, with sharp leading and
trailing edges. The models most frequently used in these ex-
periments and the flow conditions are shown in Fig. 1 .

Hot- Wire Fluctuation Measurements

A constant current hot-wire anemometer system was used
to measure the growth and decay of the wake flow fluctuations
in the flow direction, fluctuation distributions across the wake
and frequency spectra. The hot wire was a 10~4-in. platinum-
10% rhodium hot-wire with an aspect ratio l/d of about 100.
The time constant of the hot-wire thermal lag typically varied
from 0.24 msec at the edge of the wake to 0.3 msec at the
wake centerline. The electronic equipment consisted of a
constant current hot-wire set with a frequency range between
1 Hz and 320 kHz (Shapiro-Edwards), wave analyzers, os-
cilloscope and X-Y plotters.

The time lag of the hot-wire response was compensated for
at the edge of the wake using the square wave method (Ko-
vasznay17). This time constant setting was sufficient since
all fluctuation measurements were made in a frequency range
of / = 5 to 200 kHz. It has been shown18 that at large enough
frequencies it is not necessary to know the hot-wire time con-
stant exactly at each station for proper data reduction.
The voltage fluctuation output of the compensating amplifier
is given by e/,comp = e/iideal [1 + (^fMA)2]ll2/[l +
(27T/M*)2]1/2, where MA is the time constant setting of the
compensating amplifier and M t the hot-wire time constant.
For frequencies / > 5 kHz and Mt = 0.25 msec, e/tComp =
e/, ideal MA/M* Thus, since also the amplifier has a transfer
function nearly independent of frequency up to 200 kHz (the
gain is decreased by 0.9 dB at 200 kHz) and the floor-to-ceil-
ing ratio of the compensating amplifier is 500, the measured
energy spectra of fluctuations in the range of 5 to 200 kHz are
without distortion. Measurements were made at one current
corresponding to an overheat of (Rw — Raw)/Raw = 0.20 at
the edge of the wake.

Hot- Wire Sensitivity

In supersonic flow, the unsteady hot-wire response is sensi-
tive to total temperature and mass-flow fluctuations (Ko-
vasznay,17 Morkovin19), i.e., e' = AeTT0'/To - Aemra'/ra,
where Aer and Aem are the hot-wire total temperature and
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mass flow sensitivity coefficients, respectively. At large
overheats these hot-wire sensitivity coefficients are of the same
order of magnitude. Furthermore, in adiabatic wakes
(Demetriades20) as well as adiabatic boundary layers (Kist-
ler21) the total temperature fluctuations are small compared
to the mass flow fluctuations. Therefore, for large overheats,
the total temperature fluctuations may be neglected and the
hot-wire response in supersonic flow is

m (1)

Data Reduction

The growth rates of fluctuations in the linear region are ob-
tained as follows. Any fluctuation quantity, Qn' grows
spatially as d InQn/dx — aci/cg (see for example Lees and
Gold5). Letting Qn' = m'/Am^, the properly normalized
mass-flow fluctuation [= m/Aw^p'/P + u'/u) for small
perturbations], the spatial rate of amplification becomes

aci/Cg = d ln(m'/Am<fc)/efo (2)

where Am^ = (pu)e — (pu)^. The hot-wire anemometer mea-
sures the rms fluctuation voltage e/} given by Eq. (1). Using
these formulas, the rate of amplification may be calculated
from the following equation

(3)
aCl/Cg = (l/e/)de//dx -

(l/m)dm/dx -
It is clear from this relation that the axial mean flow deriva-
tives have to be taken into account in the data reduction of
the local amplification rates of fluctuations.

Experimental Results

On the basis of the mean flow and fluctuation measurements
a division may be made between the linear and nonlinear in-
stability regions. In the linear instability region the mean
wake flow is predicted by the steady, two-dimensional bound-
ary-layer theory (Batt and Kubota15). But at the onset of
nonlinearity there is a sharp increase in wake width. This
behavior of the wake behind a flat plate has been found by
both mean flow measurements and hot-wire traces across the
wake. The wake growth is shown in Fig. 2 for several Reyn-
olds numbers. The wake flow at ReL = 4.6 X 104 is a
laminar steady flow up to x/L =11. At ReL = 6.4 X 104

nonlinear effects set in at x/L = 8 and at ReL = 9.3 X 104

at x/L ̂  4.5.
For the last case, typical mean square hot-wire voltage

fluctuation traces across the wake are shown in Fig. 3. The
fluctuations grow in the linear region (ahead of x/L ^ 4.5),
but no fluctuation signal is measured on the wake axis. As the
wake becomes nonlinear the signal on the axis starts to grow
rapidly. In order to investigate the fluctuations which cause
this breakdown of the steady laminar flowfield, frequency dis-
tributions of fluctuations were taken at points in the wakes

} FROM HOT WIRE TRACES

BATT AND KUBOTA [MEAN FLOW]

2 3 4 5 6 7 8 9 10
AXIAL DISTANCE FROM PLATE, x/L

ReL= 93,000 (p0=35psig)
L=l"

I f = 70kHz I
I B.V\. = lkHz I

ONSET OF NONLIN.

-.30 -.15 -.075 0 .075 .15

yA
Fig. 3 Typical hot-wire fluctuation traces across a flat-

plate wake (/ = 70 kHz).

where the fluctuation signal is a maximum and on the wake
centerline.

Frequency distributions were taken in the flat plate wake,
for which the hot-wire traces were shown in Fig. 3. Near the
flat plate (x/L = 1), the fluctuation intensity monotonically
decays with increasing frequency (Fig. 4). As the flow moves
downstream, a peak in the spectrum develops at 70 kHz.
Even after the onset of nonlinearity, at first, the oscillations
become even more tuned about 70 kHz (see Fig. 4, x/L = 7).
But further downstream, the peak in the spectrum decreases
rapidly (Fig. 5). Note that in the nonlinear region on the
wake axis a relative maximum occurs at twice the most
unstable frequency (Fig. 5, x/L = 9, centerline). The most
unstable frequency will be called the fundamental frequency
and twice this frequency, the first harmonic.

At a somewhat smaller Reynolds number, ReL = 6.4 X
104, the linear region is longer in terms of wake widths and the
peak in the spectrum becomes narrower than in the case of
the higher Reynolds number (Fig. 6). The length of the
linear region and the lower freestream fluctuations in the most
unstable frequency range appears to affect the sharpness of the
energy peak in the spectrum. Again a further increase of the
fundamental frequency component and a further tuning about

FLAT PLATE
L = 9.3x|04

x/l-NONLIN.-4-5

Y-POSITION OF
MEASURMENT:
AT POINT
OF MAXIMUM
FLUCTUATION
SIGNAL

0 .1 .7 f b0 /Uoo

I___

40 80 120 160 f [kHz]

Fig. 2 Wake widths of flat plate wakes as function of
Reynolds number.

Fig. 4 Development of power spectra of fluctuations in
flat-plate wake at ReL = 9.3 X 104.
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Fig. 5 Power spectra continued from Fig. 4.

this frequency is observed at the beginning of the nonlinear
region. On the wake axis a maximum is observed at twice the
fundamental frequency (the first harmonic). Very similar
observations were made in wakes of 20-deg wedges at Reyn-
olds numbers of ReH = 1.9 X 104 and 2.8 X 104. There-
fore, these frequency distributions for the wakes of wedges are
not shown.

Returning to the wake of a flat plate at ReL = 9.3 X 104,
the axial development of the maximum fluctuations at various
frequencies are compared with each other (Fig. 7). All fluc-
tuations are still growing at and beyond the onset of non-
linearity, but as also seen from the frequency spectra, the de-
cay of the previously most unstable frequency components
(70 kHz and 90 kHz) occurs sooner and at a faster rate than
the decay of the larger frequency components. At the lowest
frequency (30 kHz) the fluctuations are still increasing at
x/L = 11.

On the wake axis a most dramatic rise in fluctuation in-
tensity occurs as the wake becomes nonlinear (Figs. 3, 8, and
9). As already noted by Batt and Kubota,4 this rise of the
fluctuation signal on the wake axis occurs somewhat ahead of
the rapid increase of the wake growth. Note also that the

Y-POSITION OF
MEAS. AT POINT
OF MAXIMUM
SIGNAL
(EXCEPT x/L-II C )

Fig. 6 Power spec-
tra of fluctuations
in flat-plate wake
at ReL = 6.4 X 104.
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T
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Fig. 7 Axial fluctuation development at several frequen-
cies.

initial growth rate of the harmonic (140 kHz) is nearly twice
that of the fundamental.

A comparison of the fluctuation profiles across the wake at
these two frequencies is quite interesting. The fluctuation
profiles of the fundamental frequency is the typical double
peak profile with no energy on the wake axis in the linear re-
gion (Fig. 3). At the first harmonic there is practically no
energy in the linear region but as the breakdown of the
laminar flow occurs, the signal increases rapidly and the profile
changes from the double peak profile to a profile with the
maximum on the wake axis (Fig. 8). The fluctuation distri-
butions at 90 kHz are quite similar to those at 70 kHz and
therefore are not shown. However, the distributions at 180
kHz change character even more so than those at 140 kHz.
From a double peak profile at x/L = 3 the fluctuation dis-
tribution changes to a triple peak profile at x/L = 6 and
finally to a large peak on the wake axis at x/L = 9 and 11
(Fig. 9).

These measurements confirm that also in these slender body
wakes at Mach 6, the linear instability region (in which the
mean flow is laminar) is followed by a nonlinear instability
region in which the mean flow changes rapidly initially and
the fluctuation spectrum undergoes dramatic changes. In
none of the present experiments was it possible to make mea-
surements far enough downstream to reach "fully developed
turbulent flow."

Discussion of Results

Linear Instability Region

Inviscid Linear Stability Calculations

Wake profiles are dynamically unstable because at some
point in the profile an extremum in the density-vorticity
product (Lees and Lin5) occurs. Mack22 developed a numerical
method to determine the eigenvalues and eigenfunctions of
the compressible inviscid (and viscous) stability equations
for a given boundary-layer profile. Phase velocity, rate of
amplification, wave number and fluctuation profiles across the
wake may be calculated. The computer program of Mack for
the inviscid compressible stability equations was modified
for wake profiles.12 The boundary conditions were chosen to
correspond to the antisymmetric mode of fluctuation which
has been shown to be the most unstable mode (Lees and
Gold5). Earlier experimental work in wakes of cylinders10

and a comparison with theoretical calculations12 indicated
that the amplification rate depends significantly on the wake
profile shape. Therefore, measured mean velocity and tem-
perature profiles were used to calculate the stability of these
flows.



MAY 1971 STABILITY STUDIES IN WAKES OF TWO-DIMENSIONAL BODIES 855

Fig. 8 Fluctuation amplitude distributions across wake
at 140 kHz.

Amplification of Fluctuations

The experimental and theoretical rates of amplification
were compared for the wake of a flat plate two plate lengths
behind the plate for which the development of the frequency
spectrum is shown in Figs. 4 and 5. The maximum experi-
mental amplification rate and the most unstable frequency
agree well with the theoretical values (Fig. 10). However, for
ab = 1.24, linear theory predicts a nearly neutral oscillation
but experimentally, an amplification was observed. Since the
fluctuations are small and quite hard to measure accurately
at this high frequency, more evidence is required to conclude
whether or not this discrepancy between experiment and
theory is significant.

Mass Flow Fluctuation Amplitude Distribution

As previously mentioned, at high enough overheats, the
hot-wire voltage fluctuation is essentially proportional to the
mass flow fluctuations. The distribution of mass-flow fluc-
tuations across the wake as calculated from stability theory
at a certain wave number should be comparable to the hot-
wire fluctuation trace at the corresponding frequency.
This comparison is shown for one case in Fig. 11. The agree-
ment is quite good which indicates the validity of linear
stability theory, assuming that the hot-wire measures the
mass flow distribution.

It is worth noting that the critical point ( = singular point,
where u = c for a neutrally stable wave and where the
density-vorticity product has an extremum) is near the peak
in the hot-wire trace (Fig. 11).

L = 9.3xl04

f = 180kHz
B.W. = I kHz
L= I"
ONSET OF NONLIN

\ AT x/L = 4.5

.30

THEORY: MEASURED
MEAN VELOCITY AND
TEMPERATURE PROFILES
WERE USED FOR
CALCULATION

FLAT PLATE
WAKE AT x/L = 2.0
ReL= 93,000 (p0=35psig)

2.84;AM=I.82
Me=5.69

ab

Fig. 10 Rates of amplification of fluctuations in linear
instability region.

Frequency Spectrum Development-Comparison between
Experiment and Linear Theory

Since linear stability theory appears to apply in the linear
region, one may calculate the axial development of the fre-
quency distribution of fluctuations for a given initial fre-
quency distribution. This was done for the wake of a wedge
at Reff = 28,000 in which case the linear region extends to
x/H « 21. Given the mean wake flow (taken from Batt and
Kubota's measurements)15 and the normalized rate of ampli-
fication as function of wave number (corresponding to a fre-
quency) the growth rate of hot-wire fluctuations, d me//
d(x/H) may be calculated from Eq. (3) as function of (x/H).
The theoretical amplification rate used for this purpose,
shown in Fig. 10, is the one calculated for a flat plate wake pro-
file, ignoring the slight differences in profile shapes. The rate
of amplification aciH/cg ~ d liief

f/d(x/H) vs x/H may be
numerically or graphically integrated to obtain the hot-wire
fluctuation as function of frequency, x-station and initial
magnitude. The results are shown in Fig. 12. As the flow
moves from x/H = 5 to x/H =15 the measured fluctuations
grow nearly at the same rate as the ones calculated from
linear theory, except at low frequencies (below 20 kHz). In
both experiment and theory a distinct peak occurs at 45 and
52 kHz, respectively. Had the initial fluctuation spectrum at
x/H = 5 been a uniform spectrum, the peak at x/H = 15
would have occurred at / = 65 kHz.

These results show that linear stability theory predicts
quite well the actual development of the power spectrum.
Out of an initially monotonically decreasing spectrum a
definite peak in a preferred frequency range develops, cor-
responding closely to the measurement.

However, at low frequencies, the experimentally measured
instability is not predicted by linear theory. It should be
noted, that at/ = 5 kHz, the fluctuation signal grows rapidly
between x/H = 5 and 10 but changes little between x/H = 10
and 15. These low-frequency phenomena are not understood.

CRITICALPOINT /yx ——__^^ ( f = 9 0 k H z ; a=0.79)
AE m

Fig. 9 Fluctuation amplitude distributions across wake
at 180 kHz.

Fig. 11 Amplitude distribution of flow fluctuations (ex-
periments and linear stability theory).
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Table 1 High-speed wakes (present experiments) M^ = 6

Model R€L <

80 f [kHz]

Fig. 12 Power spectra, measured in wake of wedge and
calculated from linear stability theory.

Nonlinear Instability Region

Comparison with Low-Speed Wakes

Presently, the understanding of this nonlinear instability
region is limited. However, the observations made in the
nonlinear region bear some resemblance to the results obtained
by Roshko23 in the low-speed wake behind a circular cylinder
in the irregular range (300 < Red < 104) and also to the non-
linear region of the low-speed wake behind a flat plate in-
vestigated by Sato and Kuriki.8 (Sato and Kuriki conclude
that "besides the difference in mechanism of generation, the
double row of vortices in the wake of a cylinder might cor-
respond to that in the nonlinear region of the wake of a flat
plate.") The amplitude distributions of fluctuations across
the wake at the fundamental and the first harmonic as shown
in Figs. 3 and 8 at x/L = 11 are qualitatively similar to those
shown in Fig. 11 of Roshko's paper.23

Frequency spectra are not given in Sato and Kuriki's
paper. Therefore, a comparison is made with Roshko's fre-
quency spectra (Fig. 16, Ref. 23). These spectra have some
resemblance to those spectra of Fig. 6 at x/L =11. In both
cases, off the axis at the position where the fundamental fre-
quency has its maximum amplitude, there are peaks in the
spectrum at this frequency. On the wake axis, there are peaks
at the first harmonic frequency.

The main difference between these fluctuation spectra is the
fact that in the hypersonic wake the peaks are of finite band
width whereas in the case of Roshko's cylinder wake the
peaks are discrete energy peaks; they are d-f unctions in the
spectra which represent monochromatic waves. Judging by
this comparison, one would not expect the nonlinear region of
the hypersonic wakes under discussion here to be a double

Flat plate
L = 1"

20°-wedge
H = 0.15"

20°-wedge "
H = 0.30"

4.6 X 104

6.4 X 104

9.3 X 104

9.6 X 103

1.4 X 104

1.92 X 104

2.8 X 104

0.0122
0.0142
0.0142
0.0140
0.0140
0.0145
0.0140

0.312
0.340
0.329
0.337
0.344
0.327
0.307

row of discrete vortices, but rather a nonlinear vortical motion
with most of the energy in some preferred frequency range.

Fundamental Fluctuation Frequency

The frequency spectra shown in Figs. 4, 5, and 6 indicate
that the peak in the spectrum, which corresponds to the most
unstable frequency in the linear region does not change in the
nonlinear region even though the mean wake width changes
rapidly. Furthermore, in the initial stage of this nonlinear
region the peak at the most unstable frequency becomes even
narrower. The "peak" frequencies for all spectra measured
in the present experiments were normalized by a characteris-
tic length scale and the freestream velocity (which is nearly
the edge velocity of the wake). The length scales used are the
wake width 60, defined by the velocity profile in the linear re-
gion just downstream of the wake neck, and the momentum
thickness. The Strouhal numbers obtained for all present ex-
periments are tabulated in Table 1. Both Strouhal numbers
are nearly constant.

Strouhal numbers for incompressible wakes are shown in
Table 2. The comparison with the Stouhal numbers of the
incompressible flat plate wakes shows that the wake width is
the length scale with which the fundamental frequency of
oscillation scales. The Strouhal numbers are S = 0.3 as com-
pared to S = 0.32 for the hypersonic wakes. This rather in-
teresting result may be partly explained by linear stability
theory.

In a previous paper10 it was noted that the amplification
curves of linear instabilities for Gaussian wake profiles are
essentially the same for incompressible wakes and the hyper-
sonic wakes considered here if the wave number is normalized
by the physical wake thickness. Assuming the wake thickness
is constant in the linear region and the profiles are Gaussian,
the nondimensional most unstable wave number is constant.
As shown in the preceding section on the "linear region," the
initial spectrum at the beginning of the wake, the wave speed
and the most unstable wave number determine the most
unstable frequency. These quantities vary somewhat in the
actual wake flows, but apparently vary in such a way that
the Strouhal number is nearly the same for both hypersonic
and low-speed slender body wakes.

In the case of blunt body wakes the situation is more com-
plicated. At low enough Reynolds numbers, such as in case
of Kovasznay's24 wake of a cylinder at Red = 56, the vortex
street also developed from a linear instability of the laminar
wake which explains that the Strouhal number has nearly the
same value as in case of the slender body wakes. However, it

0 .1 .2 .3 .4 .5 .6 .7 .8 .'
x / L

Fig. 13 Axial development of wake velocity defect and
fluctuation intensity in low-speed flat-plate wake (Ref. 16).

Table 2 Low-speed wakes

Model

Flat plates
ReL = 104

Flat plates
ReL = 1.9 X 105

Cylinder
Red = 56

Cylinder
300 <Red <10 4+

Blunt and slender
bodies at angle of
attack

Investigators fd/Um

Taneda7 0.064

Sato&Kurikis 0.066

Kovasznay24 0.26

Roshko2» (p. 17)
Fage & Johan-

sen25

/&O/WOD

0.29

0.30

«0.28
0.27-0.33

(0.28)

Comments

Average
value

Average
value

Average
value
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Au,

x/L

Fig. 14 Axial development of wake velocity defect and
fluctuation intensity in flat-plate wake at Mach 6.

is surprising that in all the other blunt body wakes, quoted in
Table 2, the Strouhal numbers are also close to those of the
slender body wakes, even though the mechanism of genera-
tion of the vortex streets is quite different.

Suggestion for a Theoretical Model

It has been shown that there exist similarities in the linear
and nonlinear instability mechanism in compressible and in-
compressible wakes. Especially, it has been shown that the
energy peak in the frequency spectrum (fundamental fre-
quency) characterized by the Strouhal number S = fb0/ue ==
0.32 persists also in compressible wakes in the nonlinear re-
gion. This fact suggests that the same approach successfully
employed by Ko, Kubota and Lees16 in low-speed wakes might
be used as the simplest model for calculating the flow in the
nonlinear region. They used an integral technique to investi-
gate the interaction between a single frequency finite ampli-
tude disturbance with the mean flow in a laminar incompres-
sible wake behind a flat plate, and good agreement with Sato
and Kuriki's experiments was obtained. Their results for the
velocity defect on the wake axis and the development of the
fluctuation intensity are shown in Fig. 13 for a Ret = 2 X 104.
Note that the drastic changes in velocity defect and fluctua-
tion intensity occur in one-half plate length.

Qualitatively similar results are obtained for the hyper-
sonic wake at ReL = 9.3 X 104, shown in Fig. 14 where the
experimentally determined velocity defect and the maximum
mass-flow fluctuations are plotted. Note, however, that the
region of rapidly changing flow extends over 5 plate lengths
rather than 0.5 plate length as in the low-speed wake.
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