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EXPERIMENTAL RESEARCH ON STABILITY AND TRANSITION
IN HIGH-SPEED WAKES.
PART 2. INFLUENCE OF PARAMETERS OF SUPERSONIC FREE FLOW ON
DEVELOPMENT OF DISTURBANCES IN A WAKE

V.. LYSENKO (NOVOSIBIRSK)
1. EQUIPMENT AND EXPERIMENTAL TECHNIQUE

The present experiments were performed in the wind tunnel T-325 (BAGAEV
et al. [1]) at free-flow Mach numbers M, = 2 and 4 and unit Reynolds numbers
Reio = (5.7;9 and 15) - 106 m~!. The flow stagnation temperature was about
290 K.

To measure the characteristics of stability and transition, the constant-
temperature hot-wire anemometer K-109 (in several experiments at My, = 4
- the hot-wire anemometer TPT-4) with tungsten probe was used, with the wire
of 6 microns in diameter and 1.2 mm length, selective amplifier U2-8, voltmeter
V7-27A/1, and the analyzer of a spectrum of the company “Bruel and Kjaer”
(type 2010) with recorder of the level (type 2307).

Insulated symmetric flat steel plate of 61 mm length, 10 mm thickness and
200 mm width was used as a test model, having the nose in the form of a wedge,
with the bevel half-angle of 14° and the leading-edge bluntness of 0.1 mm. The
stern of the plate was blunt, of rectangular form. The model was fixed rigidly to
the lateral walls of the test section of the wind tunnel and was placed at zero
angle of attack.

2. RESULTS

In Fig. 1 are shown the dependences of root-mean-square fluctuations of vol-
tage in the wire of the hot-wire-anemometer probe on the longitudinal coordinate
in the plane of symmetry of the wake for My, = 2 and 4 at Rejo, = 9 - 106 m™!
(the voltage fluctuations were normalized by their maximum values). It is se-
en that, with decreasing Mach number from 4 to 2, the transition considerably
approaches the model.
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Fi1G. 1. Distribution of the hot-wire fluctuations along longitudinal coordinate at y = 0
for Mo, = 2 and 4.

In Fig. 2 the disturbance amplification rates in the wake —a&; = (dey/ey)
-b/2dz (b is the wake thickness) depending on frequency f for My, = 2 and 4 are
shown. The measurements were carried out in the layer with maximum (across
the wake) values of < e > (this layer is close to the critical one). In Fig. 2 it is seen
that, with decreasing Mach number from 4 to 2, the disturbance amplification
rates increased considerably.

The growth of longitudinal coordinate of transition z; with My, increasing
from 2 up to 4 in that part of the work corresponds to the growth of z; with
My increasing from 4 up to 5 and from 5 up to 7, obtained by the author in the
hotshot tunnel “Transit” (see Part 1) in the wake behind the model, similar to
that used in the first part of the work (in “Iransit” with M, changing from 4 up
to 7 for Rejeo =~ 60 - 10% m™1, the longitudinal coordinate of transition increased
by 100%, approximately).

Thus, the experiments set up at My, = 2,4,5 and 7, have shown the stabili-
zing influence of the growth of the Mach number on the development of distur-
bances in a wake. With increasing Mach number (from 2 up to 4), the disturban-
ce amplification rates decrease essentially. This conclusion does not contradict
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the results of a number of theoretical researches of stability of mixing layers
(JACKSON and GROSCH [2 - 6]; KUDRYAVTSEV and SOLOVYOV [7, 8]; RAGAB
and WU [9]; ZHUANG et al. [10]; KIM [11]; MACARAEG and STREETT [12]), in
which it was shown that at fixed T, the increase of M increases the stability of
flow in a shear layer with respect to subsonic disturbances. This conclusion cor-
responds to the theoretical works on the stability of wakes (LEES [13]; LEES and
GoLD [14]; GERTSENSTEIN and KOSHKO [15]; CHEN et al. [16]), in which it was
found that, with the growth of the Mach number, the disturbance amplification
rates decrease.
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FiG. 2. The disturbance amplification rates as a function of frequency at ¥ = y<e>max for
Mo =2 () and 4 (A).

The influence of the unit Reynolds number on the development of disturban-
ces in a wake was also investigated. The experiments were performed in the plane
of symmetry of the wake at Mo, = 2 and Re1o, = (5,7; 9 and 15) -10° m—! curves
1-3 in Fig. 3, where the results of researches are presented. In Fig. 3 all voltage
fluctuations are nondimensionalized by their initial values near the border of a
recirculation zone. Stabilization of disturbances (reduction of amplification rates)
and the withdrawal of transition in the wake at decreasing Rejo, are shown. It
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corresponds to the results of the paper by MCLUGHLIN [17], in which with the
help of a hot-wire anemometer, a significant reduction of the level of disturbances
was found in a wake at decreasing Rejo.

5
£e>
<e>,
2.5
1,0 = Re, - 107025.7 4
2,5 - 9
3;+ - 15
]
0 50 100

X, MM

FiG. 3. Distribution of the hot-wire fluctuations along streamwise coordinate at Moo = 2
and y = O for different unit Reynolds numbers (1,(O — 5.7 -10° m™*; 2,A —9-10° m™?;
3,+,—15-10% m™1).

The development of disturbances in the wake at My, = 2 and Rejo = 5.7 -
10% m~! is illustrated by Fig. 4, where the nondimensional profiles of fluctuations
<& >=<e>/ < e >y (normal coordinate y is measured from the plane of
symmetry of the wake) for x = 20,27 (shortly before transition), 44 and 60
mm (lines 1-4) are shown. The measurements were performed at the rather large
wire overheating of 0.7, when the hot-wire anemometer registered actually the
fluctuations of the mass flow. It is seen that in the laminar wake with increasing
z the growth of disturbances takes place; in addition, the wake thickness remains
almost the same. However, after the wake turbulization the appreciable flattering
of the profile of disturbances occurs at the expense of reduction of maximum in-
the-wake fluctuations. In addition, the thickness of the most disturbed part of
the wake and the normal coordinate of the layer with the maximum disturbances
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increase more intensively, what corresponds to the statement of BEHRENS [18]
and DEMETRIADES [19] that the appreciable expansion of a wake is the attribute
of the transition. The development of the wake disturbances at Mo, = 2, shown

in Fig. 4, is completely similar to the obtained results of the earlier research made
at M, = 4.
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F1G. 4. Nondimensional profiles of fluctuations for Mo = 2 at different longitudinal coordinates
1,0 -z =20 mm; 2,A — 27 mm; 3, X — 44 mm; 4, ¢ — 60 mm).

In Figs. 5 and 6, the spectra of energy of pulsations in the wire of probe of the
hot-wire anemometer (the distribution of amplitude of disturbances ey for diffe-
rent frequencies f) in the layer with maximum (across the wake) values of < e >
(layer close to the critical one), respectively at Mo, = 2, Rejoo = 5.7 - 10 m™!
and My, = 4, Rejo = 9-10% m™! for different values of longitudinal coordinate
are shown. In Fig. 5 the spectra 1 and 2 for £ = 12 and 14 mm (both in the free
viscous layer) are plotted; 3 — 6 - for z = 22, 24, 27 and 30 mm (the spectrum
6 was obtained in the transitional zone); and in Fig. 6, the spectra 1 — 3 — for
z = 40, 45 and 60 mm (spectrum 3 was obtained in the zone of transition).

Similar spectra of energy of fluctuations, but for y = 0 (in the plane of
symmetry of the wake), are presented in Fig. 7 (Mo, = 2, here the curves 1 - 4
correspond to z = 22, 24, 27 and 30 mm) and in Fig. 8 (M, = 4, the curves 1 -
4 correspond to z = 40, 45, 50 and 60 mm).
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Fic. 5. The energy spectra at Moo = 2, Iy = 0 and ¥ = y<e>max(l — z = 12 mm, 2 — 14,
3-22,4-24,5-27,6 - 30).
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FI1G. 6. The energy spectra at Moo =4 and y =0 (1 - z = 40 mm, 2 ~ 45, 3 - 50, 4 ~ 60).
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FIG. 7. The energy spectra at Moo = 2, Re1oo = 5.7:10° m™!, Iy = 0 and y = 0 (1 —z = 22 mm,
2 - 24, 3 - 27, 4 - 30).
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FiG. 8. The energy spectra at Moo = 4, Retoo = 9-10° m™! and ¥ = y<es>max (1 —z = 40 mm,
2 - 45, 3 - 60).
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For M, = 2 and 4, the common objective laws were found. In the final part
of a free viscous layer (directly before its transition into a wake) and in the linear
stage of development of a wake (regular wake), appears a distinct maximum in
the spectral distribution of fluctuations — the disturbances with frequency fo = 43
kHz for M, = 2 and 35 kHz for M, = 4 begin to grow essentially. The Strouhal
number, based on frequency of this maximum, thickness of the wake near the
throat and speed of the undisturbed flow, are equal to S = fobo/uce = 0.3,
respectively.
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Fic. 9. The wake disturbance amplification rates as a function of frequency at Moo = 2,
Reico = 5.7-10° m™?!, = 23 mm and ¥ = y<e>max-

In the nonlinear stage of development of disturbances in the wake (at 22 mm
<z <29 mm for M, = 2 and at 40 mm < z < 56 mm for My, = 4), the basic
tone with frequency foy still dominates in the spectrum of energy of fluctuations
(down to the beginning of the transition, when the disturbances with frequen-
cy fo decrease, and the spectrum becomes more flat); however, the nonlinear
interaction of different fluctuations begins. In particular, the disturbances with
frequency fo + fi (f1 — frequency of the second maximum in the spectrum of
energy of fluctuations in the linear stage) begin to grow essentially. Most likely,
these two maxima are in mutual resonance, and the triplet of waves (the third
wave with frequency fo + f1) arises. Besides, the appreciable growth of harmo-
nics with frequencies 2fg, 3fo, 4fo begins. All this occurs against a background
of appreciable moderation of growth of the disturbances with fy and fi, that
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allows the author to make the assumption that there is the transfer of energy
from the basic tone with fy and disturbance with f; (or only from the basic
tone) to the disturbance with frequency fo + f1, and from the basic tone — yet
to the harmonics with frequencies 2fy, 3fo, 4f0. Figs. 9 — 10 (the dependences
of the disturbance amplification rates on the frequency accordingly for: Mo, = 2,
Y = Y<e>max; Moo = 4, ¥ = Y<e>max) confirm this assumption.

0.3 ==
T -
L §
-dy X=42.5MM
—-—plate-end
0.2 boundary layer
0.1
0

rr kHz

F1G. 10. The disturbance amplification rates as a function of frequency in the wake and in the
plate-end boundary layer (— - —) at Moo = 4, Re1oo = 9-10° m™! and y = y<e>max.

3. CONCLUSIONS

Thus, at Mo, = 2 and 4, the experimental research of development of dis-
turbances in the wake behind the flat plate with symmetric wedge-shaped nose
with sharp leading edge and blunt (beveled at the right angle) stern were carried
out. These experiments (and also the research on determination of the transition
position at M, = 4, 5 and 7 in Part I) have shown the stabilizing influence of
the growth of Mach number — the disturbance amplification rates decrease, and
the transition in a wake moves away from the model. A wake is also stabilized
with decreasing unit Reynolds number. In the nonlinear stage of development of
disturbances in a wake, the growth of harmonics was established.
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