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SPECTAL FEATURES OF SELF-SUSTAINED OSCILLATIONS
IN A SUPERSONIC UNDEREXPANDED JET IMPINGING ON AN OBSTACLE
WITH A RESTRICTED CROSS-SECTION

G. F. Gorshkov and V. N. Uskov UDC 533.6.011.5

Effect of the obstacle size on the flow structure and the transient conditions arising in a
supersonic underezpanded jet normally impinging on a flat restricted obstacle is studied.

The joint influence of geometric and gas-dynamic parameters on the flow structure and the
characteristics of self-sustained oscillations that arise during interaction of a supersonic jet with a normally
installed flat obstacle, either infinite or restricted, is governed by the generalized similarity parameter
z, = 2M4(7n)%3. In the system “jet-obstacle,” steady and unsteady flow regimes alternates as the ratio
h/z. = H varies, where h is the nozzle exit-to-obstacle distance (from here on, all linear dimensions are
assumed to be normalized by the nozzle exit-section radius r3). It is generally believed that the geometric
parameter (i.e., the obstacle radius r,) has a profound effect on the domain of existence of the self-sustained
oscillations. However, the latest interesting data on the emergence of the so-called “silence zones” [l]
(termination of the oscillations for certain proportions between the obstacle radius r, and the distance A
for supersonic jets with the nozzle pressure ratios n = 3 and 5 and Mach numbers M, = 1.5 and 2) offer a
different explanation of the jet interaction phenomenon. In this connection, in this paper, further developing
the concept proposed by Glaznev and Popov [1], we study the salient features of the flow and the effect of
the obstacle size on the unsteady regimes of the flow around a flat restricted obstacle in a wide range of its
radius.

The experimental studies were conducted in a supersonic wind tunnel with a tank air-supply system
(stagnation temperature Tp = 290 K). The setup was equipped with a traversing gear, which enabled the
obstacle, a cylinder with a flat end, to travel along the jet axis. The covered distance was determined using an
electric path marker. Supersonic jets were formed by a conical Laval nozzle installed in a receiver. The Laval
nozzle had geometric Mach number M, = 1.5, semi-vertex angle 5°, and exit-section radius rq = 5 mm.

The pressure fluctuations p(7) on the obstacle were measured using a piezoelectric pressure transducer
LKh-611 (transmission band of 10-5 - 10* Hz). The instantaneous value of the fluctuations measured by
the transducer and amplified by the microphone amplifier 00011 of a 01021 noise-meter manufactured by
the RFT firm (transmission band 200 kHz) was recorded by an HO 67 magnetograph (frequency band 40
kHz). In the experiment, the integral level of pressure fluctuations (at the output of the 02022 indicator
unit) ALY = 20log(c/pw) — Ls was also determined, where o is the effective value of p(7), py = 2 - 1075
Pa is the hearing-threshold sound pressure, and L, is the broad-range noise level. The frequency range of
the dynamic section “transducer-noise-meter-magnetograph” was wider than 40 kHz for the flatness of the
amplitude—frequency response +3 dB in the above-indicated frequency band. The qualitative pattern of the
underexpanded jet flow around the obstacle was monitored using an IAB-45 schlieren device with subsequent
photographing.
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The experimental procedure was as follows. For gas parameters at the nozzle exit kept constant, the
obstacle slowly moved away from the nozzle along the jet axis (the signal from the transducer was continuously
recorded) and the obstacle radius was varied. In the second part of the experiment, the jet impinged on the
obstacle at a fixed distance A (h = 5 and 7 for nozzle pressure ratios n = 3 and 5, respectively; steady
blowing). The obstacle radius was also varied, the signal being recorded during the blowing. To analyze the
amplitude-frequency characteristic of the self-sustained oscillations, we used a set of experimental appliances
and a data-processing procedure similar to those described in [2]. The studies were carried out in the following
ranges of the parameters: v = 1.4, M, = 1.5, n =3 and 5, rp, = 2.5, 2.8, 3.45, 3.8, 4.6, 5.28, 5.72, 6.27, 6.9,
and 7.45, and h = 3-16.

The following experimental results were obtained. In the study, the sequence of flow regimes [2-4]
previously established for an obstacle continuously moving away from the nozzle exit was confirmed, together
with the emergence of “silence zones” for the oscillations {1]. Some new salient features, which had not been
reported previously in the literature (in particular, in {3, 4]), were established. Let us dwell now on these
features in more detail.

The succession of the regimes is shown in Fig. 1 by curves of the varied integral level of pressure
fluctuations on the obstacle AL® as functions of the distance h and H for n = 5 [r, = 5.28 (Fig. la) and
2.8 (Fig. 1b)]. For a set of points of these curves marked by arrows, as separate fragments, the following
characteristics are shown: the spectra of pressure oscillations (the dependence of the relative level AL on the
frequency f) (I) and the waveform of pressure oscillations p(7) (pressure variation with time) (II).

Points 1 and 2 (Fig. 1a) correspond to the first auto-oscillatory regime (AOR). In the frequency spectra
corresponding to these points, multiple discrete components appear, and the pressure oscillations exhibit a
clearly pronounced periodic structure. Points 3-9 represent the flow with a central circulation zone. In the
frequency spectra for these points, there are no multiple discrete components (except for the high-frequency
region), and the pressure oscillations are strongly modulated. In the frequency spectra for points 10-12, a
single discrete component appears. The oscillations p(7) are also periodic. These points correspond to the
second unsteady interaction regime. There are no discrete components in the frequency spectrum (point 13),
and the oscillations p(7) are random. Point 13 corresponds to an interaction region with an undisturbed first
barrel. The distance Hs (dashed curves), which corresponds to these regimes, is given quite accurately by the
dependence derived in {5].

In the experiment, we obtained the curves for the integral level of pressure fluctuations on the obstacle
AL as a function of H with varied obstacle radius rp, for the jet with n = 3 (Fig. 2a) and n = 5 (Fig. 2b); curves
1-9 correspond to the obstacles with r, = 2.5, 2.8, 3.45, 3.8, 4.6, 5.28, 5.72, 6.27, and 7.45, respectively. A
gradual increase in h always results in an abrupt steady-flow decay: in the system “jet—obstacle,” self-sustained
oscillations arise and they are accompanied by a substantial increase in the integral level of AL®. The second
unsteady regime (points 10 and 11 in Fig. la) occurs already at a high level of AL® and proceeds in a rather
sluggish manner compared to the first regime.

Moreover, the analysis of the data obtained shows that, for constant nozzle-exit parameters v, Mg, and
n, there exists a distance & (solid vertical line in Fig. 2) such that self-sustained oscillations do not arise (the
first “silence zone” in [1]). For instance, for n = 3, this distance is h = 5 (H = 0.81) (curves 2 and 3 in Fig.
2a). For curve 2, the position of an obstacle of radius 7, = 2.8 corresponds to the emergence of oscillations,
whereas for curve 3 the same point for an obstacle with r, = 3.45 corresponds to their termination. Similarly,
forn=>5and h =7 (H = 0.88) (curve 5 in Fig. 2b) and r, = 4.6, the position of the obstacle corresponds to
termination of the AOR. In this case, the quantity R, = rp/n®® = 1.6-2.06 agrees with the data [1].

However, every displacement of the obstacle from the above-indicated values of & (both to the left and
to the right) for identical obstacle radius r, again gives rise to self-sustained oscillations, i.e., for fixed Mg, 7,
n, and rp, the “silence zone” arises only for one value of the above-indicated distance k. Thus, the obstacle
size does shift the oscillations observed to the boundary of their domain of existence.

The second “silence zone” at R, = 3-3.5 was not found. This is confirmed by the data of Fig. 2 and
the analysis of the relative spectral power of the oscillations of the pressure P at the stagnation point at
the frequency of the fundamental tone as a function of R,, which was constructed using the experimental
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Fig. 2

power-frequency spectra. For the above-indicated range of the parameters, only a local minimum in the P°
distribution was found.

Using the dependences AL® = f(H), we determined the existence limits of unsteady flow regimes on the
plane {Hie’,-t,g; Rp}, where H;e and Hj are the distances, which correspond to the emergence and termination
of the unsteady regimes, respectively (Fig. 3). We note that the emergence (decay) of the unsteady regimes
was registered by observing the appearance (vanishing) of discrete components in the oscillation spectra (see
Fig. 1). For R, > 2, the obstacle size was found to have practically no effect on the position of the components,
i.e., the case R, ~ 2 is a limiting one.

The analysis of the amplitude-frequency characteristics of pressure fluctuations at the stagnation point
of the obstacle [Fig. 3: 7, = 3.45 (a) and rp = 7.45 for n = 5 (b), the solid curves show the integral level
of ALY, the full circles correspond to the frequencies of the fundamental tone f;, the dashed vertical lines
separate the emergence and termination of the unsteady regimes, the dot-and-dashed line corresponds to a
radial flow with an undisturbed first jet barrel Hg, the first and the second regimes are indicated by I and II,
respectively], together with the analysis of the boundaries of existence of the unsteady regimes, allowed the
following two types of obstacles with certain characteristic sizes to be established:

— “small obstacles” (R, < 2), for which both unsteady regimes are observed (Fig. 3a); they occupy
the entire range of H up to the appearance of a flow with an undisturbed first barrel (dot-and-dashed line
Hs);

— “large obstacles,” for which two unsteady regimes separated by the flow region with the central
circulation zone (Fig. 3b) are also observed.

For the “small obstacles,” the transition from the first to the second region occurs abruptly (as evident
from the data of [6] for rarefied jets interacting with a normally installed flat restricted obstacle). In the
literature, it was believed [3, 4] that only one AOR existed in the case of dense jets (within the range of
distances b < Hj). In addition, obstacles with the generalized parameter M,/ 7"12, > 0.1 were understood as
“small obstacles” in [4] (the domain of AOR existence in this case is closed). From here, for M, = 1.5 and
n = 3 and 5, we obtain R, < 15/n%5 = 2.23-1.73 ~ 1.98 (the mean value), which is just the case for
our experiment. For “small obstacles,” the domains of existence of two regimes plotted in the generalized
coordinates {h/(r,M%%), (nM%5/ rf,)} merge together forming a single domain.

It seems that the reason for no reported observations of the second regime at earlier stages of the AOR

studies (e.g., in [3]) can be explained by numerous shortcomings of the test procedures and experimental
facilities used.
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Fig. 3

For the indicated types of obstacles, the first regime of self-sustained oscillations is characterized by
the presence of several discrete components in its frequency spectrum (in addition to the fundamental tone,
harmonics up to 40 dB are distinctly observed, which is higher than the overall level of the jet noise) (see
curves I, which correspond to points 1 and 2 in Fig. 1a and to points 1-5 in Figs. 1b, respectively). The first
AOR exhibits strong oscillations of the shock-wave structure and the pressure on the obstacle, which have
a large amplitude and comparatively low frequency. The oscillations in this case have a clearly pronounced
periodic structure.

The second regime, far less extended (2-5 times narrower than the first regime), is characterized by the
presence of a single discrete component (about 40-30 dB) in its frequency spectrum (curves I, which correspond
to points 10 and 11 in Fig. 1a and points 6-8 in Fig. 1b) and moderate oscillations of the shock-wave structure
and pressure on the obstacle (curves II).

For the unsteady regime of the flow around the obstacle, the increase in the distance results in a
monotonic decrease in the fundamental frequency, whereas upon transition from the first to the second regime,
it increases only slightly (see Fig. 3). However, only for “small obstacles” does this increase “recover” the
frequency f, to the values typical for the emergence of self-sustained oscillations (Fig. 3a).

The analysis of the frequencies of the unsteady processes showed that there is only one discrete
component in the frequency spectra on the segments where the oscillations arise and decay (see, e.g., the
curves that correspond to points 1 and 3 in Fig. 1a), which rises to a rather high level (15-25 dB) above the
underlying wide-range background. The presence of several (multiple) discrete components in the frequency
spectrum results from the nonlinearity of pressure fluctuations caused by the shock-wave processes proceeding
in the region between the central compression shock (CCS) and the obstacle.

The parameters of the system “CCS-obstacle” have an impact on the frequency f, of pressure
fluctuations. An increase in the CCS-to-obstacle distance A with increasing H, as well as with increasing
n and M, [2-4] for both regimes, is accompanied by a decrease in the frequency f,. On this basis, introducing
the complex dg n%3, where d, = 2r, as a cross-sectional dimension of the shock layer, one can generalize the
frequency characteristics of both processes (to an accuracy within 10%) by the universal empirical dependence

ShI! = ag/(frdan®®) = A;A/(den®3) + Bi,

where A; = 4.1 and B; = 0.6 (the first regime), A2 = 1.8 and B; = 0.4 (the second regime), ag is the speed
of sound in the stationary gas, and A is the distance from the obstacle around which the CCS vibrates (the
mean value of A is borrowed from [4]).

The second part of the studies of jet flows around obstacles was conducted for a fixed distance h (h =5
and 7 for n = 3 and 5, respectively). In this case, the obstacle radius was varied. Here, we dwell on these
results in more detail. As noted above, only the occurrence of the first “silence zone” has been experimentally
confirmed (R, ~ 2).

The effect of the obstacle radius on the frequency characteristics of the unsteady regimes for “small
obstacles” manifests itself in a lower Strouhal number (Sh, = 0.365 = const) compared to the case of “large
obstacles” (Shr = 0.4 = const). The value of the dimensionless parameter R, ~ 2 is also a limiting one.

The phenomena that accompany the emergence and termination of an unsteady regime are important

682



specific features of the jet interaction under study. In the case under consideration, such features are exhibited
by the flow at distance A to the left and to the right from the “silence zone.” For instance, for a fixed value
of the generalized parameter H, it has been established that, in spite of the presence of a discrete component
in the averaged spectrum of pressure fluctuations (~15 dB), the instantaneous gas oscillations exhibit a
relaxation behavior. The latter is manifested as follows:

(1) The amplitude of pressure oscillations changes considerably in time (its minimum value is close to
zero and the maximum value is equal to the amplitude of fully developed self-sustained oscillations, i.e., the
amplitude is modulated);

(2) The frequency of the oscillations changes from a relatively low frequency to a high value determined
by the jet noise spectrum;

(3) The shock-wave structure ahead of the obstacle observed with the IAB-451 device (the exposure
time of the camera was far longer that the period of oscillations) is stationary and a sequence of standing
waves appears between the nozzle and the obstacle (a sequence of alternating light and dark strips radially
diverging from the obstacle).

Finally, we outline some peculiar features of gas spreading over the obstacle surface and make several
assumptions about the emergence of “silence zones” for certain obstacle sizes. Glaznev and Popov [1], within
the framework of some model considerations of self-sustained oscillations, offered an explanation for this
anomalous phenomenon. However, the fact that the numerical values of rp, for which these zones exist, coincide
with (are close to) the numerical values of the coordinates r, for which discontinuities in the distributions of
the acoustic potential ¢(r) are observed, is not a physical reason for the termination of the oscillations.

In our opinion, this phenomenon can be explained by some specific features of gas spreading over the
surface of a flat obstacle. For example, an analysis of the gas flow past it, which was performed using the
schlieren pictures of the shock-wave structures, showed that, for an identical value of H, a restricted flat
obstacle deflects the flow differently after this flow is accelerated from the stagnation point. The following
features can arise upon the gas deflection by a sharp edge of the obstacle, depending on the obstacle radius rp:

— a fan jet deflected downstream (“small obstacles”);

— a free supersonic radial jet normal to the main-flow axis (as a rule, observed in the case of “small
obstacles”);

— a near-wall radial supersonic jet (radial gas spreading predominantly along the obstacle, which is
observed for “large obstacles”).

In addition, in the wall boundary layer, there are concentric zones (filaments) of periodic flow
detachment and reattachment, the so-called cellular vortices with an intense reverse gas flow [7, 8]; the
boundary layer separation occurs in the subsonic or weakly supersonic flow. The interaction between the near-
wall flow and the external (relative to it) stream can result in the above anomaly. However, this hypothesis
needs further confirmation.

Thus, the generalized obstacle radius R, and the dimensionless distance H (similarity parameter h/z.)
are the governing factors of the oscillatory processes [9], and they should be taken into account when designing
physical and mathematical models for various auto-oscillatory regimes.
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