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Self-generation of highly organized waves in a nominally turbulent jet at very low
Mach number can arise from its impingement upon the downstream orifice of an
axisymmetric cavity, having an impingement length much shorter than the corre-
sponding acoustic wavelength. The oscillation frequencies are compatible with the
resonant modes of a long pipe located upstream of the cavity and with jet-instability
frequencies based on the column mode (0-3 ¥ 8, 2 0-6), as well as the near-field
shear layer mode (0-016 < S, < 0-03). Moreover, the frequency of the organized wave
is constant from separation to impingement; consequently vortex pairing does not
occur.

Within the cavity, the pressure amplitude associated with the organized wave is
directly related to the phase difference between the organized velocity fluctuations
at separation and impingement. Maximum pressure amplitude occurs when this
phase difference, measured along the cavity (i.e. jet) centre-line, is 2n7. Streamwise
amplitude and phase distributions of the organized wave cannot be explained from
purely hydrodynamic considerations; however, they can be effectively modelled by
superposing contributions from hydrodynamic and acoustic waves. This aspect has
important consequences for externally excited jets as well.

1. Introduction

Discrete tones and pressure fluctuations have been detected at low Mach number
in a variety of configurations with nominally turbulent flow. Parker (1966) has ob-
served coherent pressure fluctuations due to coupling of vortex shedding from the
trailing edge of a flat plate with a resonant mode of the test section, subsequently
studied by Cumpsty & Whitehead (1971) and Archibald (1975). Tam & Block (1978)
and Elder (1978), as well as other investigators cited therein, have detected organized
pressure fluctuations due to coupling of a turbulent shear layer past a cavity with a
normal acoustic mode or Helmholtz mode of the cavity. Rockwell and Schachenmann
(Rockwell & Schachenmann 1979; Schachenmann & Rockwell 1980) have reported
self-generated oscillations of a cavity and a cavity-tailpipe combination due to
accentuation of the cavity shear layer coherence by upstream organ-pipe modes and
by Helmholtz resonance of the upstream settling chamber: Hill & Greene (1977) and
Hasan & Hussain (1979) have observed discrete fluctuations of a finite-length sudden
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expansion (‘pipe collar’) at the end of a pipe, due to coupling of the separated region
in the expansion with the acoustic mode of the pipe.

The essential, and intriguing, feature of all of these self-generated oscillations is
that the separated turbulent shear layer would appear to exhibit an inherent insta-
bility, enhanced by the presence of an adjacent acoustic resonator. In this regard,
Rockwell (1977) and Tam & Block (1978) have shown that accounting for shear-
layer instability in conceptually simple models of cavity oscillations yields predicted
frequencies in reasonable agreement with measurements. Yet, in determining the
criterion for oscillation at a given frequency, in these studies as well as in related
investigations cited therein, it has been necessary to make certain critical assumptions,
which emphasize the need for experimental insight. These assumptions include:
spatial homogeneity of the unsteady shear layer near impingement (x = L in figure 1)
and, in some cases, near separation (x = 0 in figure 1) as well; existence of a certain
phase relation between a line source and shear-layer deflection at impingement (Tam
& Block 1978), or between integrated deflection of the shear layer and perturbations
at separation (Rockwell 1977); and propagation of an unstable organized wave exhibit-
ing exponential growth along the entire length of the cavity, describable by inviscid,
quasiparallel-flow stability concepts.

Experimental investigations of the aforementioned impinging turbulent flows
(cavity, pipe-collar) have typically been limited to single-point pressure or velocity
measurements, with the objective of characterizing the oscillation frequency. How-
ever, two-point correlations (or their equivalent) of the unsteady shear-layer par-
ameters, yielding streamwise distributions of phase and amplitude of the organized
wave, are essential for a full understanding of the oscillation mechanism. Moreover,
the fact that the oscillations of an impinging turbulent shear layer are self-generated
suggests, among other features, a favourable phase difference (of organized wave
velocity /pressure fluctuations) between separation and impingement. This aspect
alone has been a source of conjecture and misunderstanding, even for simpler imping-
ing flows involving unstable laminar shear layers (see the reviews of Rockwell 1982;
Rockwell & Naudascher 1979; Karamcheti e al. 1969). Associated with this concept of
a favourable phase difference between separation and impingement is the possibility
of a finite delay time due to upstream propagating disturbances. This is underscored in
the relatively high (subsonic) Mach number study of Ho & Nossier (1981), where the
delay from impingement to separation was significant; accounting for it allowed
determination of a ‘phase-lock’ criterion between waves at separation. In the present
investigation, this upstream delay can be neglected, as the corresponding acoustic
wavelength is much longer than the cavity length.

Although self-sustained oscillations of impinging turbulent jets at low Mach
number have received very little attention, externally forced, non-impinging jets have
been investigated by Crow & Champagne (1971), Moore (1977), Chan (1974) and
Hussain & Zaman (1978a), who have all demonstrated the amplification of acousti-
cally generated disturbances applied upstream of, or immediately downstream of, the
nozzle exit. In general, the excitation Strouhal number (based on nozzle diameter) pro-
ducing maximum disturbance amplification in the jet lies in the range 0-3 28, 2 0-5;
these ‘preferred modes’ can be approximated using linear, inviscid stability theory
(Michalke 1971; Plaschko 1979).

Though an underlying degree of organization of non-excited, non-impinging jets
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has been suggested and /or characterized in various ways by Mollo-Christensen (1967),
Ko & Davies (1971), Lau, Fisher & Fuchs (1972), and Davies & Yule (1975), extraction
of these organized features requires conditional sampling as described for example by
Maestrello & Fung (1979), and works reviewed therein. Recently, Kibens (1980), in
a study of a turbulent jet formed at the end of a long pipe, states, on the basis of non-
conditional autocorrelations, that the ‘ coherent energy levels in the shear layer and
on the centre-line are low’. In contrast, the present investigation, which involves im-
position of a finite length scale in the form of a downstream impingement orifice (see
figure 1), yields strongly coherent oscillations that take the form of well-defined peaks
in (non-conditional) spectra of the velocity and pressure fluctuations, provided the
corresponding frequencies are compatible with resonant modes of the approach pipe.

These self-sustained oscillations can be represented by an ‘organized wave’. It can
be decomposed into two components: an acoustic contribution(s), having wavelength
Aa and velocity #,; and an instability (or hydrodynamic) contribution having wave-
length A; and velocity ;. As will be shown, for the low Mach number (M = U /¢ ~ 10-2)
considered herein, A > A;. The consequence of this limiting condition is that for length
scales L of interest in this study, where L ~ A;, streamwise variations in amplitude
and phase of the organized wave will be influenced primarily by those of the instability
wave. Moreover, the pressure fluctuations associated with the acoustic wave(s) are
of order pcit, (see Ffowes Williams 1969), where ¢ is the speed of sound; those due to
the instability (hydrodynamic) wave are of order pUdi;, where U is mean velocity.
For the low Mach numbers herein, the acoustic contribution can be expected to
dominate the instability (hydrodynamic) contribution to the pressure of the organized
wave in the regions of the flow where 4, is sufficiently small relative to #,.. As will be
shown, this is the case upstream of flow separation; downstream of separation (i.e.
within the cavity of figure 1), @; is amplified, making it considerably larger relative
to i,.

In essence, the objectives of the present study of turbulent, self-excited oscillations
are to: (i) relate streamwise differences in phase of the organized wave (between exit
and entrance of the cavity) to the pressure amplitude within the cavity; (ii) characterize
the streamwise evolution of the organized wave in the core of the jet; and (iii) examine
the effects of relative amplitudes of the hydrodynamic and acoustic contributions to
the organized wave. '

2. Experimental system

The experimental apparatus, shown in figure 1, comprised an axisymmetric cavity
preceded by a long pipe of length ! and diameter D, which insured a fully turbulent
flow at the entrance of the cavity; it also acted as a long-wavelength resonator,
enhancing the self-generated cavity oscillations. For this series of experiments,
D = 44-45mm, /D = 82-3and 1 < L/D < 2:5. The approach flow Reynolds number
Rey, (= UyD/v, U, = centre-line velocity at pipe exit) was varied over the range of
1-3 x 10* € Rep < 4 x 104, Mean velocity at the exit of the pipe was well-fitted with
a power-law profile (» = 6-6), agreeing well with the data of Laufer (1953) and giving
a value of momentum thickness at the exit of the pipe, 6,/D = 0-05; moreover,
the distributions of background turbulence intensity were compatible with those
measured by Laufer.
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Fioure 1. Schematic of experimental system comprising variable-length cavity
preceded by long pipe.

Particularly important in the study of resonant-coupling phenomena is the no-flow
frequency response of the settling-chamber—pipe-cavity system. Since coupling of the
cavity oscillations with the pipe modes was of primary interest, it was essential to
avoid Helmholtz-resonance contamination of the system response. Using a loud-
speaker mounted on the side of the upstream settling chamber, the no-flow frequency
response was determined at a nominal cavity length of L = 90 mm, and it was ascer-
tained that the Helmholtz frequency of H = 250 Hz was above the k = 3,4,5 pipe
modes (i.e. 137, 183, 227 Hz) of interest here; k represents the ‘ organ-pipe’ resonance
mode with one end of the pipe open. There was a mild distortion of the & = 5 mode
response by the Helmholtz resonance; therefore all detailed measurements of the
self-induced oscillations were limited to the & = 3,4 modes. Moreover, Helmholtz
frequencies of the settling-chamber—pipe-loudspeaker combination (approximately
75 and 12 Hz for the two extreme locations of the loudspeaker adjustment chamber)
were much lower than the oscillation frequencies characterized herein.

At the low frequencies of oscillations considered herein, the acoustic wavelength is
very long (As/D ~ 25), and the orifice at the exit of the cavity has a reflection co-
efficient close to unity (Ronneberger 1967). Using the aforementioned loudspeaker
ag an excitation source (without mean flow U), the distribution of acoustic pressure
was determined along the centre-line of the pipe-exit—cavity system; this distribution
within the cavity, due to both downstream and upstream travelling waves (Skudrzyk
1971), served as the basis of approximation for acoustic-wave amplitudes employed
in modelling the oscillation, to be discussed below.

Concerning the pressure-measurement stations shown in figure 1, pressure § (at
¢ =L, r/R = 1-1) served as a reference signal in educing, via a lock-in amplifier, the
amplitude and phase of the organized wave from the background turbulence. To
determine the relative amplitudes of the acoustic %, and instability #; contributions
to the organized wave @ near separation, f, was employed as a reference; at the fre-
quencies of interest its amplitude and phase were within ten per cent of pressure Py
(at x = 0, r/R = 1-11), owing to the long acoustic wavelength. Two different micro-
phone systems were used, a DISA 51F32 unit with a Bruel & Kjaer no. 4135, 6-35 mm
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diameter microphone and a Hewlett-Packard no. 15118A, 12-5 mm diameter micro-
phone. In all cases, the frequency response of each of the pressure-tap—microphone
assemblies was tested using a reference microphone. Moreover, the theoretical method
of Iberall (1950) was used as a further check. In all cases, there was negligible amplitude
and phase distortion up to afrequency at least twice as high as the maximum frequency
of interest.

Unsteady velocity measurements were carried out using two different hot-wire
probe arrangements, with the axes of the probe holders oriented as shown in figure 1,
in order to verify that probe-interference effects were insignificant. Both probes could
be traversed in the (z,7)-plane, and the centre-line probe in the perpendicular plane
as well, using two independent traversing systems. The system mounted on the cavity
wall (at r = R), not shown in detail here, was constructed so that the % in. slot
through which the probe holder was translated was always completely sealed. Exten-
sive checks were made on phase and amplitude distributions of the unsteady velocity
field, using each probe independently; no probe interference was detectable.

Using an Ortec lock-in amplifier with a vector computer module, the organized
wave was extracted from the background turbulence. The vector computer module
of the lock-in amplifier gave the phase of the organized wave, leading to streamwise
distributions of organized wave velocity % and phase ¢;. To acquire frequency spectra
of the velocity and pressure fluctuations, the reference signal port of the lock-in
amplifier was driven by a frequency ramp generator.

3. Overall features of oscillation

In order to determine the frequency of the predominant organized wave, and the
degree of concentration of energy at the oscillation frequency, extensive spectra of
velocity w.,,(f)/df and pressure p,..(f)/df fluctuations were acquired. Typical
spectra are given in figure 2. At two representative oscillation conditions, cases (a)
and (b), there is a strong concentration of energy at a well-defined frequency. For case
(a), the self-generated cavity oscillation is coincident with the ¥ = 8 pipe mode, and
for case (b), with the £ = 4 mode (see figure 3 for operating conditions). At successively
larger values of /R, a single predominant peak was always evident, though the ampli-
tude of the background turbulence became increasingly larger relative to the primary
peak, requiring conditional sampling to extract the organized component. With regard
to fluctuating pressure at impingement (f in figure 1), corresponding spectra had
shapes very similar to the velocity spectra of figure 2. Furthermore, the role of the
impingement orifice is strikingly evident by comparing figure 2(c) with figures 2 (a, b).
In figure 2(c), there is no evidence of strong coherence, suggesting that the upstream
influence of the unsteady-flow impingement is a necessary ingredient in sustaining
the organized wave. This observation is analogous to the study of Rockwell & Knisely
(1979), involving enhancement of unstable laminar flow past a backward-facing step
by insertion of a downstream impingement corner to form a cavity.

Shown in figure 2(d) are representative pressure spectra taken at impingement
(P in figure 1), revealing the effect of the impingement length scale L on the nature of
the oscillation. At smaller values of L there is no evidence of an organized oscillation;
at L/D = 0-90 the appearance of a peak in the pressure spectrum indicates existence
of an organized wave; and at L/D = 1-00 its amplitude has become very substantial.
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Ficure 2{a)—(c). For legend see opposite page.

This variation of oscillation amplitude with length scale L suggests that only when
the jet shear-layer instability has a sufficiently long distance to amplify can a eoherent,
self-sustained oscillation occur. Such an observation is in accord with purely hydro-
dynamic oscillations of initially laminar flows, where a minimum length scale L must
be exceeded, thereby allowing adequate amplification of the unstable disturbance in
the free shear layer (Rockwell & Naudascher 1979).

Frequencies of self-sustained oscillation (i.e. frequencies of the organized wave)
determined from spectra of the sort shown in figures 2(a, b) are given in figure 3 for
three different cavity lengths and a twofold range of centre-line velocity. Also shown
are the theoretical (Skudrzyk 1971) and measured (loudspeaker excitation at no-
through-flow) pipe modes. Clearly, the frequencies of oscillation are strongly influenced
by the pipe modes, in contrast to the free (non-impinging) turbulent-jet investigation
of Kibens (1980); when the boundary layer at the exit of his pipe became turbulent,
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Fioure 2. Typical spectra of velocity fluctuations wu,,(f)/df and pressure fluctuations
Pra(f)/df for representative oscillation conditions with impingement orifice and without
orifice. (a) L/D = 2, Rey, = 2:6x 10%, Sp = 0-35; (b) L/D = 2, Rey = 2-2x 103, Sp = 0-55;
{¢) L/D = o (no orifice), Rey, = 2-2x 10%; (d) U, = 17-1 m/s; Rey, = 2:6x 103,
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a weakly coherent, but essentially constant Strouhal number (S ~ 0-4) persisted,
uninfluenced by the pipe-resonance characteristics. Concerning the tendency of oscil-
lations within the short cavity (L/D = 1) to remain at a relatively high value of S,
(nominal fD/U, ~ 0-55) by means of successive jumps, it is in accord with the exter-
nally excited jet studies of Crow & Champagne (1971) and Chan (1974), who found
predominance of higher Sy, at smaller streamwise length scales. The most striking
feature of the data in figure 3 is that coherent oscillations occur only for those pipe
modes (k = 3, 4, 5) corresponding to a certain band of dimensionless frequencies f6,/U,
and fD/U,; lower (k = 1,2) and higher (k = 6,7,...) modes are not selected by the
self-sustained oscillation for the range of velocities considered. This preferred band of
frequencies corresponds to the range of large-scale hydrodynamic instabilities of the
jet within the cavity.

The fact that the frequencies of oscillation are compatible with those predicted for
an axisymmetric jet using inviscid stability theory (Michalke 1971) is seen by examin-
ing the values of 8,: 0-016 2 S, = f6,/U Z 0-030 for B/6, = 10 at = 0. The amplifi-
cation factor —a, 6, has its maximum value, —a,6)p,x 8t S5, = 0:019; however, over
this range of Sy, —;60, S 0-6 (— & 0y)pmax- Accounting for the increase of momentum
thickness in the downstream direction, as proposed by Michalke in analysing the data
of Crow & Champagne (1971), the values of S, become 0-024 = S, < 0-045for R/ = 6-5
at /D = 1. At 8y = 0-028, — 10 ~ (—a;0)max for this lower value of E/0; again,
over this range of Sj, there is always substantial amplification: —a;0 3 0-4 (—oy O max.
Thus, based on conditions at 2 = 0 (separation) or at = D, the range of observed
frequencies corresponds to disturbances experiencing very substantial amplification.

In addition, if the values of Sy, = fD/U, of these oscillations are examined, further
compatibility with observations of the most unstable frequencies (in the ‘column
mode’) of turbulent jets is evidenced. For non-excited (Kibens 1980; Maestrello &
Fung 1979; 0-3 = 8, 2 0-5), as well as externally excited (Crow & Champagne 1971;
Chan 1974; 0-3 T 8, T 0-5), free jets, there is general agreement with the range
0-3 2 8, < 0-6 of figure 3.

Crow & Champagne (1971) and Kibens (1980) emphasize the importance of
distinguishing between mechanisms characteristic of small-scale structures due to
near-field instability of the usually thin, laminar, separating shear layer and its sub-
harmonics, and large-scale structures associated with the ‘ column’ instability of the
jet, the former attaining the latter frequency through multiple vortex pairing (Kibens
1980). For the range of conditions corresponding to figure 3, extensive spectra showed
persistence of the same predominant frequency of oscillation along the centre-line
and in the shear layer as well, meaning that vortex pairing did not occur.

4. Streamwise phase differences of organized wave in cavity

In analogy with conceptual models for corresponding unstable laminar flows
(Rockwell & Naudascher 1979), it may be presumed that the maximum pressure
amplitude within the cavity is attained when some sort of favourable phase condition
between fluctuations at separation (x = 0) and impingement (x = L) is satisfied.
Regarding phase variations in the radial direction, it was found that the organized
velocity fluctuation exhibits a core of essentially constant phase (i.e. ¢z/0r very small
for /R % 0-5). Taking advantage of this ‘phase core’, streamwise phase distributions
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FIGURE 4(a, b). For legend see p. 434,

were characterized along the centre-line of the cavity, rather than within the shear
layer, where large transverse gradients of phase greatly complicate interpretation of
streamwise variations. Variations of the phase difference ¢, — ¢y, of the streamwise
component of the organized wave velocity between impingement and separation and
of the amplitude of the organized pressure $ at impingement are given in figure 4 (a).
Two complete stages of oscillation are evident; the maximum amplitude of each stage
is reached when ¢, — ¢ ~ 4mr. Deviations in phase from this 2n7 criterion result in
corresponding decreases in amplitude of the organized pressure p. It isimportant that,
for the representative data of figure 4(a), pressure and velocity spectra showed no
indication of a coherent oscillation for 14-0 2 U, 2 14-5 m /s, underscoring the necess-
ity of an acoustic resonator (i.e. organ pipe) in bringing out the inherent instability
of the turbulent jet flow. This aspect, as well as typical spectra between pipe modes,
are discussed by Schachenmann & Rockwell (1980).

Data of the sort given in figure 4 (a) were acquired for three values of cavity length
L, corresponding to a 26-fold range of momentum thickness §,. In addition, at each
value of L, the velocity U, was varied over a two-fold range. All together, eight complete
stages of oscillation were negotiated. (There are two complete stages in figure 4(a).)
Figure 4 (b) shows pressure amplitude referenced to its respective maximum ( — Pmax)
as a function of velocity deviation from the value of mean velocity giving maximum
pressure amplitude (Up— (Up)p,,..)- It is clear that maximum pressure amplitude
always occurs at @y, — @y = 2nm (n = 2). Similar correlations of maximum amplitude
Pmax With phase difference ¢;, — ¢; ) for four other combinations of L/D and U, also
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F1aure 4. (@) Typical variations of organized pressure p in cavity at impingement (r = L,
r/R = 1:5) (A) and phase difference ¢, —¢g, of organized velocity wave % along centre-line
between impingement (z = L) and separation (z = 0) ({) as functions of centre-line velocity
U, at separation, L/D = 2-5. (b) Variation of organized pressure amplitude  —3,,, and phase
difference ¢,—,,,—¢;;. of organized wave velocity between separation {(z = 0) and impingement
(x = L) as a function of mean velocity deviation from that value giving maximum pressure
response, Uy— (U)suas: Ay L/D = 25 (Upgmer = 14m/8; O, 2, 10:6 m/s; V, 25, 12:5 m/s;
., 2-5, 16:3 m/s. (¢) Normalized deviation of phase difference ¢;, — ¢y, of organized wave vel-
ocity fluctuation as a function of ratio of cavity length L to mean velocity giving maximum
response ( Ug)ym,, for a range of cavity length and velocity. A,L/D = 1, (¢35, — $ronominas = 360°;
0O, 2, 360°, 720°; O, 2-5, 720°. (d) Comparison of organized pressure amplitude % and phase
difference ¢;, — ¢z, as a function of mean velocity deviation from that value giving maximum
pressure response, U, — (Uy) 3. fOr representative cases of (@5, — ¢z,) = 360°and 720°. L/D = 2-0.
As (Up)pmex =144 m/s. O, 17-2m/s.

showed the peak occurring at 2nm (n = 1); these cases of n = 1 tended to occur at
smaller L/D (see figure 4d).

The fact that the phase difference Ag = ¢;, — 5 can be taken as 2n7 is illustrated
in figure 4(c). By using 27 as the normalization parameter for the vertical ordinate,
deviations from 2nm are expressed in terms of one wavelength (corresponding to 2m)
of the oscillation. The abscissa represents the time scale L/(U,);_..) of the mean flow
through the cavity at maximum pressure amplitude. At worst, the deviation from 2n7
is 2-4 9%,. So the existence of a ‘phase core’ through the central portion of the jet has
provided us with the remarkably simple relation of 2nw, compared to (n+a)2r
(where a is an empirically determined constant) reported for a variety of impinging
flows involving measurements within the unstable laminar shear layers, as reviewed
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by Rockwell & Naudascher (1979), Hussain & Zaman (1978a), and Karamcheti ef al.
(1979).

The close relation between phase deviation ¢, — 5 — 2nm and pressure amplitude
is further underscored in figure 4(d). For the case (Up);,,. = 14-4m/s, L/D =2,
changes in A¢ = ¢;, — @5 with Uy— (Up)z,,, are large, and the corresponding vari-
ation in  is also large. However, for the case (U)z,.,, = 172 m/s, L/D = 2, Ag changes
relatively slowly with U,; likewise, the pressure § is also varies slowly. The values of
the ‘Q factor’ corresponding to these two cases are respectively 14-2 and 5-2, where
Q = w,/(w, — w,) is indicative of damping of the acoustic mode; maximum pressure
amplitude is defined to occur at w,, and 0-707 times the maximum amplitude at v,
and w,. As will be shown by measurements at /L ~ 0, the hydrodynamic (instability)
and acoustic contributions to the organized wave are nearly equal for the case
(Us)3mae = 144 m/8, @ = 14-2; on the other hand, the hydrodynamic (instability)
contribution is nearly four times the acoustic contribution for the case (Up);,.. = 17-2
m/s, @ = 5-2. These relative amplitudes of instability and acoustic waves are central
to understanding the amplitude and phase distributions of the resultant organized
wave.

5. Amplitude and phase distributions of organized wave

Streamwise distributions of velocity amplitude and phase of the organized wave
for the two representative cases of figure 4 (d) are shown in figures 5 and 6. The curve
parameter is deviation from the value of phase difference giving maximum pressure
amplitude in the cavity {(¢s, —dz,) — (D5, — P5.)pma)s it can be related to mean
velocity U, via figure 4(d). The ratio of instability to acoustic-wave amplitude at
x ~ Oisrepresented by |F/D,|. The case of figure 5 (a) not only has a Strouhal number
S5, but also growth and overall amplification of fluctuation velocity @(x)/U,, remark-
ably similar to the externally excited jet of Crow & Champagne (1971); consequently
it serves as a convenient reference case.

Amplitude distributions shown in figures 5(a, b) exhibit features not obvious in
studies involving relatively low-level loudspeaker excitation of laminar shear layers
{e.g. Freymuth 1966) or purely hydrodynamic (in water) self-sustained oscillations of
impinging free shear layers (Knisely & Rockwell 1982). In these cases, the disturbance
undergoes an exponential amplification soon after separation, while the distributions
of figure 5 exhibit no comparable growth region for x 2 0-35 D; rather, the apparent
amplitude tends to remain constant (figure 5a) or even decrease (figure 5b) with
streamwise distance in the near field. These near field trends have been observed for
axisymmetrically excited (m = 0 mode) jets by Pfizenmaier (1973) and Davies (1977),
who proposed corresponding superposition models in the spirit of Ronneberger (1967),
and by Hussain & Zaman (1978a) for laminar initial conditions, as well as by Crow &
Champagne (1971), Chan (1974), and Moore (1977) for turbulent initial conditions.

Furthermore, in figure 5(b), where the instability and acoustic waves have nearly
the same amplitude |F/Dy| ~ 1, the initial decrease in organized-wave amplitude is
followed by a series of peaks and valleys, resembling a quasi-standing-wave pattern.
The wavelength of this pattern is of the order of the cavity inlet diameter D, whereas
the corresponding acoustic wavelength A, S 25 D.

These features described in figures 5(a, b) may be modelled as follows. Considering
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wave-dominated oscillation (Rep, = 2-6x 103, L/D = 2, |F/D,| =~ 4). Curve parameter is de-
viation of phase difference of centre-line velocity (A¢ = ¢z, — dy,) from that value producing
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O, 12°; A, 20°; O, 22°. (b) Distribution of organized-wave amplitude along centre-line for
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|F/D|| = 1); V, Ad— (Ad)smae = —26°; O, —17°; A, 6°5 O, 15°.

the velocity field #,(x) of the organized wave pattern to be due to a one-dimensional,
downstream propagating, ‘instability’ (¥) wave, and upstream and downstream travel-
ling acoustic (D) waves, having complex amplitudes F = Fp +iF; and D = Dy +iD;
respectively, the imaginary and real components of the resultant wave pattern,
obtained by superposition, can be written as

~

(_D_I) = 2coskax+DIOOSk1$—E5mklx (1a)

@ Fy F
(D_I) =D, Ecos k.x+DI sin k; x, (1d)

in which k; and k, are the wavenumbers of the instability and acoustic waves. Although
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D; may be approximated as independent of z, F is a function of z, thereby accounting
for streamwise amplification of the instability wave. Values of Fy, F;, and D; at
z = 0 were determined by two sets of simultaneous pressure and velocity measure-
ments, exploiting the fact that the ratio of acoustic to hydrodynamic (instability)
pressure is large in thisregion. Inshort, the pressure tap nearestseparation (see figure 1)
was used as a reference in determining the magnitude of the acoustic velocity
(accounting for up- and downstream travelling waves (Skudrzyk 1971, p. 296), and
the phase and amplitude of the organized wave (due to acoustic and hydrodynamic
contributions) at the centre-line of the pipe. Using complex decomposition, values of
Fy, F; and D; were arrived at. Moreover, ks follows from knowledge of ¢ and f; k; can
be determined from instability theory (Michalke 1971) or the measured wavenumber
ko, of the organized wave. That is, k,, = §(ka+k1). Concerning variation of the
instability-wave amplitude with z, represented by F(z), it is unknown a priori. Two
extreme variations were assumed: exponential (%; ~ F ~ expax, @ = const.), and
linear (i#; ~ F ~ z), to account for the possibility that the wave amplitude grows non-
exponentially owing to the relatively high @; at separation. As shown in figures 5 (a, ),
the forms of the predicted distributions of the organized wave are relatively insensitive
to the assumed variation of F(x).

For the case of figure 5(a), the region of constant, or slightly decreasing, wave
amplitude % immediately downstream of separation is well-predicted, emphasizing
that such near-field distortions (within the jet core) are not necessarily due to spatial
non-homogeneity of the developing hydrodynamic disturbance field (Crighton &
Gaster 1976). Within the shear layer, such non-homogeneity of the hydrodynamic
field has been effectively demonstrated via vortex-sheet representations of the shear
layer (Orszag & Crow 1970; Crighton 1972); however, in experimental situations,
presence of an acoustic wave may induce additional distortions, complicating inter-
pretation of the degree of apparent non-homogeneity. Also important is the sign change
in curvature of the predicted wave pattern for /D ¥ 1-5. Since there is no sign
change in curvature associated with the assumed amplitude distributions of the
instability wave (~ expax and ~z), presence of the acoustic wave is responsible for
this distortion; consequently, what might be interpreted as an apparent onset of non-
linear saturation of the instability (hydrodynamic) amplitude distribution measured
for self- or externally excited jets can be influenced by superposition effects of acoustic
and instability waves if the acoustic-wave amplitude is sufficiently large. The deviation
of the model from data in the vicinity of impingement (x = L) may be due to the fact
that the model does not account for the later stages of disturbance saturation. Con-
cerning the case of figure 5(b), the severe decrease in wave amplitude immediately
downstream of separation is well modelled. In addition, the subsequent peak—valley
pattern is well-represented by the curves corresponding to the model.

Despite the necessity of knowing streamwise distributions of phase in deducing
local disturbance velocities, and in physically interpreting overall phase differences
¢3, — Pz, between separation and impingement for self-sustaining oscillations, atten-
tion has not been given to the possibility of a background acoustic wave distorting the
phase distributions of the instability wave. Phase distributions corresponding to the
amplitude distributions of figures 5(a, b) are shown in figures 6 (e, b), with predicted
variations determined from (1). Clearly, for the case of significant acoustic-wave
amplitude (small values of z/D in figure 6b), local phase velocities of the instability
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wave cannot be deduced accurately from measured distributions of phase of the
organized wave.

With regard to the overall phase difference of the organized wave measured along
the centre line (i.e. ¢;, —¢; = 2nm), previously discussed as a necessary condition
for maximum-amplitude oscillations, it is important to point out that it holds irres-
pective of the degree of distortion of the streamwise phase distributions, for all cases
given in figure 4 (c). For purely hydrodynamic oscillations (i.e. completely dominated
by the instability wave), this phase difference corresponds to n equivalent wavelengths
of the instability wave. However, presence of the background acoustic wave, even
though its wavelength A, is very long, requires careful interpretation of this phase
difference. For example, if A > L (i.e. kaZmax <€ 1), ky is assumed invariant with z,
and kyx = 0,2m,4m, ... are taken to correspond to 0,1, 2, ... wavelengths of the in-
stability wave, then the phase difference between any downstream location where
kix = 2nm and separation where kix = 0 may be written as

(¢)ki =37 (¢)kiz= 0= 2nm + arctan {2DI/FR(x) + Fl(x)/FR(x)}kiz= 2nn
—arctan {2D/ Fy (x) + Fy(2)/Fg(®)}iyz=00  (2)
in which the term 2n7 on the right-hand side of (2) accounts for zero-crossings of ¢(x).

The ratio Fi(x)/Fg(z) is constant if the phase of the complex modulus of the instability
wave F, relative to the acoustic wave, is constant. Consequently, the organized-wave
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phase difference ¢;, — @z = 2nm can be interpreted as the phase difference due to the
instability wave only if the amplitude D; of the acoustic wave is very small compared
to the real part Fy(x) of the instability wave.

6. Conclusions

The highly coherent oscillations observed herein can be characterized in terms of an
organized wave, having acoustic- and hydrodynamie- (instability-) wave components.
If the acoustic wave(s) has a sufficiently large amplitude, the organized wave distri-
bution can be substantially distorted, resulting in streamwise variations of amplitude
and phase quite unlike what one would expect from consideration of only the insta-
bility wave. The distortion can complicate interpretation of spatial non-homogeneity
of the developing instability wave (imposed by the solid separation boundary), onset
of nonlinear saturation of the instability-wave amplitude, and local streamwise phase
gradients (essential for determining local phase speeds of the instability wave).

Concerning the phase difference of the organized-wave velocity fluctuations between
separation and impingement, it satisfies the condition of 2n7 (measured within the
core of the jet) when the pressure amplitude within the cavity takes on its maximum
value. This relation holds for all cases examined, regardless of the degree of distortion
of the organized wave by the acoustic-wave component. However, this phase difference
deviates from what would be predicted from strictly hydrodynamic conditions if the
amplitude of the acoustic wave becomes sufficiently large.

The authors wish to express their gratitude to Mr Gregory Gates, who assisted in
some of the data reduction. This investigation was made possible by the financial
support of the National Science Foundation of Washington, D.C. and the Volkswagen
Foundation of Hannover, West Germany.
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