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A continuously unstable precessing flow within a short cylindrical chamber following
a large sudden expansion is described. The investigation relates to a nozzle designed
to produce a jet which achieves large-scale mixing in the downstream field. The inlet
flow in the plane of the sudden expansion is well defined and free from asymmetry.
Qualitative flow visualization in water and semi-quantitative surface flow visualization
in air are reported which identify this precession within the chamber. Quantitative
simultaneous measurements from fast-response pressure transducers at four tapping
points on the internal walls of the nozzle chamber confirm the presence of the
precessing field. The investigation focuses on the flow within the nozzle chamber
rather than that in the emerging jet, although the emerging flow is also visualized.

Two flow modes are identified: a ‘precessing jet’ mode which is instantaneously
highly asymmetric, and a quasi-symmetric ‘axial jet’ mode. The precessing jet mode,
on which the investigation concentrates, predominates in the geometric configuration
investigated here. A topologically consistent flow field, derived from the visualization
and from the fluctuating pressure data, which describes a three-dimensional and time-
dependent precessing motion of the jet within the chamber is proposed. The surface
flow visualization quantifies the axial distances to lines of positive and negative
bifurcation allowing comparison with related flows involving large-scale precession
or flapping reported by others. The Strouhal numbers (dimensionless frequencies) of
these flows are shown to be two orders of magnitude lower than that measured in the
shear layer of the jet entering the chamber. The phenomenon is demonstrated to be
unrelated to acoustic coupling.

1. Introduction
1.1. Background

Various methods of jet excitation have been investigated widely, usually with a view
to stimulating increased rates of mixing. The means of excitation include acoustic
(Hill & Greene 1977), fluidic (Piatt & Viets 1979) and mechanical (Simmons, Lai &
Platzer 1981) techniques. Described here is the flow within a nozzle that generates
a precessing jet flow which has proved beneficial in combustion applications. Jet
precession, as distinct from a swirling motion, refers to the rotation of the jet about
an axis other than its own axis. The precession of a jet is generated here by a flow
instability downstream from a large sudden expansion and within an axisymmetric
chamber which forms part of a ‘fluidic’ nozzle. The jet flow issuing from this nozzle
has been shown to increase the scale of the dominant fluid structures in open gas
flames relative to those in a simple jet flame, so that the number of these large
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structures present at any one instant within the visible flame is comparably smaller.
Newbold, Nathan & Luxton (1997) identified only three of these large structures
within an open precessing jet flame compared with the eight typical in a simple jet
flame. A fundamental study of the effect of jet precession on combustion has shown
that it can be used to increase flame luminosity in and reduce global NOx emissions
from open natural-gas flames (Nathan, Turns & Bandaru, 1996). Nathan, Luxton &
Smart (1992) have shown, in a 2 MW test furnace, that the flame generated by a
nozzle similar to the one currently under investigation, firing natural gas, generates
about one half of the NOx emissions of an equivalent swirl burner. Flame stability is
also increased relative to a conventional free jet (Nathan & Luxton 1988, 1991).

The large-scale (azimuthal) precession of an asymmetric reattaching flow within
an axisymmetric chamber appears to have been observed first by Hallett & Gunther
(1984). Their apparatus, designed to model the cold flow within a dump combustor,
used a diametral expansion ratio of D/d = 2.2 with a swirling motion imparted to
the flow upstream from the expansion. Here D is the diameter of the chamber into
which the jet expands and d is the diameter of the inlet to the chamber. Dellenback,
Metzger & Neitzel (1988) examined the influence of the swirl number, a dimensionless
ratio of the axial flux of angular momentum to the axial momentum divided by a
characteristic diameter, on the class of flow produced in a facility with a diametral
expansion ratio of D/d = 1.94. They found that the precessing asymmetric instability
is generated when the swirl number of the upstream flow is less than that required
to produce a central recirculation zone. In this ‘low’ swirl number regime, they found
the sense of the precession to be the opposite of that of the swirl, while at higher
swirl numbers associated with the establishment of the central recirculation zone, a
vortex core precesses in the same direction as the swirl. They also noted that the
flow field is extremely complicated and so limited their experiments to those which
characterize broad features of the flow. Independently Luxton & Nathan (1989)
studied precession in nozzle configurations with diametral expansion ratios, D/d > 3.
They showed that upstream swirl is not a pre-requisite for the generation of a
precessing flow instability. Their flow visualization suggested that the reattachment
distance associated with the precessing asymmetrical ‘jet-like’ flow within a chamber
is considerably shorter than the reattachments through smaller expansions. These
findings are in broad agreement with the measurements of Lipstein (1962) who used
mean wall static pressure measurements and Pitot tube traverses to investigate flow
through sudden axisymmetric expansions in long round ducts. Lipstein (1962) found
that a normalized reattachment distance is constant for D/d < 3.3, but decreases
with larger expansion ratios. He also deduced that the ratio of the length of the
potential core to the reattachment distance is physically significant in determining
the reattachment length. However, his experimental techniques were not capable of
resolving unsteady flow phenomena and he did not observe flow precession. More
recent work by Hill, Nathan & Luxton (1995) has identified the precession of a
reattaching flow following a large sudden expansion in a long axisymmetric pipe.
No upstream swirl was used in that study. Thus it is apparent that swirl is not a
prerequisite for precession provided that the expansion ratio is sufficiently large.

Analogous low-frequency measurements associated with gross motions of a planar
jet within a chamber have also been reported. Shakouchi (1981,1989) has conducted
measurements in a two-dimensional fluidic oscillator in which the flapping motion is
produced when a rectangular jet expands into a short planar chamber. (For the planar
case the width of the nozzle at the chamber inlet must be less than the width of the
chamber in order for the flapping to occur. This enables flow to pass around the sides
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of the reattaching jet.) With an expansion ratio of the jet into the chamber of D/d = 8
and a jet inlet Reynolds number Red = 25 600, the Strouhal number of the flapping
oscillation was found to be Stf,d = ffd/u ≈ 2×10−3, where ff is the flapping frequency,
d is the width of the planar jet which enters the chamber (D) and u is its bulk mean
velocity at entry. Likewise in a full Navier–Stokes numerical simulation of a laminar
planar jet expanding into a confined planar channel, Battaglia et al. (1997) predicted
a similar flapping motion with expansion ratios of D/d = 5 and 7. They calculated
the Strouhal number of the flapping motion to be 7.5 × 10−3 < Stf,d < 10 × 10−3

for Reynolds numbers in the range 100 < Re < 1000. That these Strouhal numbers
are of the same order of magnitude as those found in precessing flows, namely
Stp,d ≈ 2× 10−3, suggests that the flows may be related.

The existence of precessing flows in cylindrical chambers and flapping flows in
planar chambers, each occurring downstream from a large sudden expansion, have
been reported for a wide variety of geometric and flow conditions. However the above
experimental studies on precessing flows have not provided sufficiently comprehensive
descriptions of the precessing flow itself or of the precision of the apparatus and of
the inlet flow conditions to exclude the possibility that the phenomenon is an artifice
of some asymmetry within inlet flow or the apparatus. Nathan (1988) conducted a
parametric investigation of characteristic chamber dimensions to ascertain, in a semi-
quantitative fashion, which ratios of chamber dimensions used in a fluid nozzle favour
the formation of a precessing flow mode. Hill, Nathan & Luxton (1992) quantified the
geometric configurations which favour precession. However these investigations leave
some unanswered questions regarding the influence of asymmetries (even relatively
minor ones) in the flow upstream from the nozzle chamber and hence on their
significance in the establishment of the precession. None of the above studies gives
a sufficiently detailed description of the inlet flow conditions to resolve this issue.
Nathan (1988) tested for flow symmetry in the mean velocity profiles at the exit of a
large diffuser upstream from the nozzle chamber used in much of his investigation.
However the five pipe diameters between the diffuser and the chamber are insufficient
to ensure fully developed pipe flow at the inlet to the chamber. Likewise, although
several flow path arrangements were studied by Nathan (1988), Nathan & Luxton
(1992a, b) and Hill et al. (1992), the focus was on the phenomenon of the precession
and no fully definitive set of data describing the inlet conditions and their influence
on the precession was presented. The present experimental study has been designed
to address this question.

The geometric configurations investigated in the present paper are restricted to
the dimensions of the fluidic precessing jet (FPJ) nozzle shown in figure 1(a), the
arrangement of which is disclosed in a family of patents filed by Luxton, Nathan &
Luminis Pty. Ltd. (1991) which have found application in burner designs. Great care
has been taken in the present study to ensure that the flow immediately upstream
from the chamber (figure 1b) is axisymmetric and closely approaches fully developed
pipe flow, and that the inlet flow conditions and the details of the apparatus geometry
are quantified. The character of the precessing flow is described with the aid of flow
visualization and is quantified by data from a range of measurement techniques.
The results are then compared with those derived from other published reports of
precessing and flapping flows.

1.2. Characteristics of precessing flows

An important dimensionless parameter used to characterize precessing and flapping
flows is the Strouhal number, a dimensionless frequency. The parameter has com-
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Figure 1. Schematic diagrams of the precessing jet nozzle and supply pipes. The notation and the
locations of the probes for the measurement of fluctuating resssure are shown in the enlarged view
(b) of the nozzle.

monly been applied to the vortical motions in the shear layer, but can also be used to
characterize the larger scale flapping and precessing motions described above. Nathan
& Luxton (1992a, b) compared several definitions of the Strouhal number of preces-
sion, Stp, to determine which best collapses the data over a wide range of flows and
dimensions for the fluidic nozzle shown in figure 1(a). They found from measurements
in both air and water that Stp,h = fph/u1 ≈ 5 × 10−3, where fp is the characteristic
frequency of the precession, h = (D − d1)/2 is the step height of the expansion (see
figure 1a) and u1 is the bulk mean velocity through the sudden expansion. While
they found that the step height is a better characteristic dimension than the diameter
at the inlet to the chamber, d1, the Strouhal number based on the inlet diameter is
the parameter most commonly documented in other studies, particularly for shear-
generated structures. For the same data, but based on the inlet diameter, they derived
Stp,d1

= fpd1/u1 ≈ 2× 10−3. More recently, Hill et al. (1995) have examined the flow
through a large sudden expansion into a very long downstream duct in apparatus
which is accurately axisymmetric. They derived a Strouhal number which describes
the precession based on the momentum, M, of the flow through the upstream orifice,
d1, and the diameter of the nozzle chamber, D, defined as:

Stp,D =
fpD

2

(M/ρ)1/2
≈ 0.08.

Hill et al. (1995) showed that in a long duct Stp,D provides a better dimensionless
description of the precession frequency for a wider range of expansion ratios than
does Stp,h.

While the nozzle configuration under investigation (figure 1a) produces a precessing
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flow instability, Nathan & Luxton (1992a, b) noted that the flow within it is generally
bi-stable. Hill et al. (1992) characterized the two modes and described the dominant
‘precessing jet’ (PJ) flow mode, which is instantaneously highly asymmetric, and the
less prevalent ‘axial jet’ (AJ) flow mode which briefly interrupts the PJ mode at
irregular intervals. The characteristic features of both modes are investigated here in
more detail using whole field visualization techniques and measurements of fluctuating
pressure. The relative time spent in each mode is also quantified.

2. Experimental details
The flow within the nozzle has been investigated using whole-field flow visualization

to characterize the broad features of the flow, surface flow visualization to quantify
axial distances to lines of flow bifurcation, and simultaneous time-resolved pressure
measurements at multiple points on the inner surface and within the flow inside the
chamber to resolve flow modes and phase relationships. The configuration of the
nozzle, relevant notation and the location of the wall-mounted and total pressure
tappings are shown in figure 1(a). Two nozzles of the same general configuration have
been used in the investigation. The larger Perspex nozzle, used for the investigations
in air, has a chamber with a nominal internal diameter D = 90 mm. Detailed
measurement has shown the chamber to be slightly ellipsoidal with the major and
minor axes differing by 0.44% relative to a mean diameter of D = 90.7 mm. The
inlet orifice, with a diameter d1 = 14.10 mm was measured to be concentric to the
chamber to within 0.3 mm. The chamber has an exit diameter d2 = 80 mm and a
length L = 248 mm. The axes of the nozzle chamber and the supply pipe were aligned
to within 1 mm (radial direction) in 200 mm (axial direction). The smaller, accurately
machined and polished acrylic nozzle used for the flow visualization in water, has a
chamber diameter D = 44 mm, length L = 114 mm, inlet diameter d1 = 7.3 mm, and
exit diameter d2 = 35 mm.

The Reynolds number used to describe the flow is based on conditions through the
upstream orifice, d1, i.e.

Re1 =
ρu1d1

µ
,

where ρ is the density, µ is the dynamic viscosity and u1 is the bulk mean velocity
entering the chamber through the orifice. The effect of Reynolds number has been
investigated via the pressure measurements, from which it is determined that for
the present geometry the precessing flow mode dominates when the inlet jet is fully
turbulent. For all the flow visualization experiments Re1 > 15 000.

2.1. Upstream and inlet flow conditions

Figure 1(b) shows the layout of the upstream plenum pipe and diffuser used to supply
flow to the nozzle. Considerable care has been taken to ensure that they provide
an inlet flow to the nozzle chamber which is both unbiased and well defined. This
ensures that the instability found to occur within the chamber cannot be attributed to
rig-specific asymmetries or bias embedded within the upstream flow. The length of the
plenum pipe is more than 30 times its diameter, D0, to ensure that the flow presented
to the inlet of the chamber is symmetrical and closely approaches fully developed
turbulent pipe flow. At the inlet to the plenum pipe is a high-blockage perforated
plate fed by an in-line conical diffuser with an included angle of 15◦. The contraction
ratio at the inlet to the nozzle chamber has an area ratio of 32. In summary the
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overall arrangement has been carefully designed to provide an accurately symmetrical
flow at the inlet to the nozzle chamber.

Flow symmetry in the plenum pipe has been checked by measuring mean axial
velocity and turbulence profiles along fixed radii six pipe diameters (6×D0) upstream
from the inlet to the nozzle chamber. The data from a 5 µm tungsten hot-wire
anemometer with a 1 mm active length was collected, unfiltered, at 1000 samples per
second with 12 bit resolution and the frequency response of the anemometer was
optimized to be flat to better than 3 kHz. At each measurement position, 15 360
samples were collected. The symmetry of the flow is evident from figure 2. In this
figure, the data from each of the two orthogonal radial directions are reflected
about the centreline and plotted on the same graph to provide a rigorous check of
symmetry. Both the mean (figure 2a) and the turbulence (figure 2b) profiles for three
values of pipe Reynolds number are closely symmetrical and show no consistent
bias.

To check that the flow entering the nozzle chamber is also unbiased, velocity
profiles of that jet issuing into free air (i.e. with the nozzle chamber removed) have
been measured, using the same anemometer system, at x/d1 = 5 for (interchangeable)
orifice plates of four different diameters. The mean velocity profiles are shown in
figure 3(a) and the turbulence profiles in figure 3(b). It can be seen that these profiles
are also symmetrical and display good similarity.

Thus from the pipe flow and the free jet measurements it can be concluded that
the precessing flow described later is not an artifact of the upstream conditions.

It is worth noting at this point that precession has also been observed in config-
urations for which the jet is introduced into the chamber through either a smooth
contraction or through a long straight pipe of diameter smaller than that of the
chamber. The smooth contraction generates a profile approaching the classic ‘top hat’
while the inlet velocity profile at the end of the straight pipe is that for fully developed
pipe flow (Nathan 1988). For the present orifice plate the turbulence intensity in the
above free jet experiments is high, peaking at about 65% in the middle of the shear
layer. For the pipe flow the intensity is moderate, and for the smooth contraction the
intensity is low. Hence we conclude further that the precessing phenomenon does not
require unique or specific inlet flow conditions.

2.2. Water flow visualization

For the water flow visualization experiments the acrylic nozzle of internal diameter
D = 44 mm discharges vertically upwards, to avoid trapping air in the nozzle chamber,
into a transparent acrylic tank. The upstream supply pipe has a development length in
excess of twenty diameters which follows an in-line pipe, a junction and another thirty
diameters of straight pipe. This has been found to be more than sufficient to ensure
that no asymmetry exists in the flow at the first orifice. Visualization is achieved by
seeding the flow with small air bubbles, introduced well upstream from the nozzle. A
broad, 30 mm thick, sheet of white light is directed through the axis of the nozzle. The
images of the flow are recorded with a standard PAL video camera at 25 f.p.s. and
with a 35 mm film camera at a range of shutter speeds. Both cameras are mounted
perpendicularly to the plane of the light sheet. Other visualization techniques, using
both neutral-density polystyrene beads and dye, have also been investigated. The
character of the flow revealed by these techniques is indistinguishable from that
revealed by the bubbles. Since the air bubble technique was found to provide the best
image clarity, it is these images which are presented here.
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Figure 2. (a) Mean velocity and (b) turbulence intensity profiles in the plenum pipe measured six
pipe diameters upstream from the nozzle inlet. The profiles are plotted from the centreline to the
wall. The grey scale indicates the traverse orientation and the symbol shapes indicate each of three
Reynolds numbers shown in the key.

2.3. Wall and total pressure measurements

Figure 1(a) shows both the coordinate system and the location of the three pressure
tappings mounted on the inside surface of the chamber wall within the nozzle.
Tapping 4 is located on the face of the sudden expansion as close to the nozzle axis
as possible whilst ensuring it is clear of the bevel at the orifice, i.e. at r/D = 0.21,
where r is the radial distance from the nozzle centreline. Simultaneous measurement
of the wall pressure at location 3 and the face pressure at location 4 provides a good
indication of the instantaneous radial pressure differential at the upstream end of
the nozzle chamber. Pressure tapping 2 is mounted at x/L = 0.89, a position found
from the surface flow visualization patterns to be downstream from the station at
which the precessing jet reattaches to the surface. A total pressure probe at location
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Figure 3. (a) Mean velocity and (b) turbulence intensity profiles of a free jet issuing through the
throat, d1, with the nozzle chamber removed. The measurements are at x/d = 5 for four different
orifice diameters each with Re1 ≈ 77 000.

1 is positioned with its tip at the same axial location as tapping 2. It is at a radial
position, r/D = 0.31, which is near to the wall, and points upstream. Relative to
ambient this probe registers a positive pressure when the jet is directed at it and a
negative pressure in the presence of reverse flow.

The pressures at tappings 1–4 are measured relative to ambient using differential
pressure transducers with a nominal frequency response of 1000 Hz. The length of
the 1.3 mm diameter connecting hoses are less than 150 mm, which was found by Hill
(1998) to avoid resonance and to attenuate frequencies of greater than 200 Hz. The
signals from the four transducers are logged simultaneously on a personal computer
at a rate of 500 Hz. Thus the response of the measurements is appropriate for
resolving the typical precession frequency of 10 Hz.

2.4. Surface flow visualization

An impression of surface streak lines has been obtained by discharging air through a
horizontally mounted acrylic nozzle, of internal diameter D = 90.7 mm, into ambient
air. This diameter was selected to be as large as possible while remaining within the
rated flow capacity of the air compressor/receiver system for the half-hour period
required to dry a china clay mixture on the surface. The well known china-clay and
oil-droplet techniques (Bradshaw 1970) have been combined to produce a relatively
glutinous mixture of white china clay and oil of winter-green which ‘holds up’ on
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vertical parts of the surface. The mixture is sprayed on a mat-black surface and the
oil is evaporated while exposed to the flow to obtain a permanent record of the flow
patterns over the inside surface of the nozzle, albeit a composite which is formed
slowly during many cycles of precession (figure 16). To simplify the examination of
the patterns so formed, a thin sheet of metal shim is rolled to form an inner skin
which springs back hard against the chamber wall. The shim can be removed and
unrolled for examination (figure 17), and the nozzle can be dis-assembled to reveal
the pattern which is also formed on the face of the sudden expansion.

The liquid film forms into droplets which align themselves with the resultant
of the shear and the gravity forces. The influence of gravity is greatest on those
parts of the surface which are most nearly vertical but is found to be insignificant
for Reynolds numbers greater than 105. This Reynolds number criterion sets the
minimum flow rate for the surface flow visualization experiments. The glutinous
consistency effectively filters out ‘high’-frequency fluctuations. Observation indicates
that the droplets formed in the mixture exhibit at best only a secondary response
to fluctuations at the precession frequency, which in the present experiments is of
the order of 10 Hz, and their gross motion records a time-smoothed path. Despite
its limitations, this technique in association with the other forms of visualization
and quantitative data, has proved to be extremely valuable in providing quantitative
information on the position of surface reattachments and separations and in assisting
in the interpretation of important features of the flow.

3. Results
3.1. Flow visualization

An image of the pathlines obtained from the water visualization technique while
the flow is in the PJ mode is shown in figure 4. This figure also shows a schematic
interpretation of the image developed from detailed observation of the video recording
of the flow. The image captures the flow during that part of the cycle in which the
plane of the reattaching jet is in the plane of the light sheet. The dominant features
of the instantaneous flow within the chamber are labelled in figure 4 and are:
• a continuously unstable reattaching jet flow which is instantaneously asymmetric;
• a region of recirculating fluid which is located diametrically opposite the instan-

taneous location of the jet;
• a region of swirling fluid located in the most upstream part of the chamber;
• an exiting jet which is deflected across the axis of the chamber at a large angle;

Note that the entire flow field precesses (i.e. rotates azimuthally) about the geometric
axis of the nozzle in a continuously unstable manner (see also Nathan & Luxton
1997).

Figure 4 suggests that the axial position at which the reattaching jet flow meets
the surface is about halfway along the chamber and that the azimuthal position
from which the jet leaves the chamber is approximately the same as that of the
reattachment. The exiting jet is then deflected across the nozzle axis. Observation of a
long sequence of video images indicates that the exit angle varies from cycle to cycle
within the range of about 30◦–70◦ relative to the nozzle axis. Other techniques have
demonstrated that the exiting jet does not occupy the whole of the exit plane (Hill
1998 and Nathan & Luxton 1992b).

The recirculated fluid (figure 4) clearly contains fluid which originated from the jet,
since only jet fluid is marked with the tracer. However other observations of a dye
trace placed slightly outside the nozzle chamber show that ambient fluid is also drawn
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Figure 4. A light sheet image, obtained using the water flow visualization technique described in
§ 3.1, and a schematic interpretation of the instantaneous pathlines of the flow in the precessing jet
(PJ) mode. Note that this entire flow field precesses about the nozzle axis. Re1 = 15 000, D = 44 mm,
L = 114 mm, d1 = 7.3 mm, d2 = 35 mm.

into this region of recirculating fluid (Nathan 1988 and Nathan & Luxton 1992a).
That result also indicates that the jet which leaves the chamber does not occupy the
whole of the exit plane.

The region of swirling fluid in the most upstream part of the chamber is also
evident in figure 4. Direct visual observation suggests that this motion is quite
vigorous. Figure 4 shows that the axial extent of the swirling region is approximately
1/6 < x/L < 1/4 and that the swirling flow is fed by the recirculated fluid.

The less dominant of the two flow bi-stable modes, the axial jet (AJ) mode, has
also been visualized. Figure 5 shows the corresponding image and interpretation of
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Recirculated fluid

Main jet

Figure 5. A light sheet image and schematic interpretation of the instantaneous pathlines of the
flow in the axial jet (AJ) mode. (Conditions as specified for figure 4.)

the pathlines of that flow mode. Note that figures 4 and 5 were observed at different
instants in identical geometric configurations with the same operating conditions. The
AJ flow does not display the high degree of asymmetry found in the PJ mode and
does not reattach to the wall within the nozzle chamber. However the jet does interact
with the ‘lip’ at the exit plane resulting in flow structures of a larger scale than would
exist if the nozzle chamber were to be removed (Nathan 1988).

Long-exposure photographs of the two flow modes were obtained by selecting a
shutter speed corresponding to the time required for several cycles of precession
(figures 6 and 7). These long-exposure streak images suggest that both flow modes
are, on average, axisymmetric. However the jet produced by the PJ flow spreads much
more rapidly than that of the AJ mode, indicating a correspondingly larger scale of
mixing.
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Figure 6. Long-time exposure photographs of the flow through the nozzle with the flow in the PJ
mode. (Conditions as specified for figure 4.)

Figure 7. Long-time exposure photograph of the flow through the nozzle with the flow in the
axial jet (AJ) mode. (Conditions as specified for figure 4.)

The full-field flow visualizations have provided a clear demonstration that two
distinct and bi-stable flow modes are generated within the present cylindrical nozzle
chamber when the inlet jet is turbulent (here Re1 = 15 000). In the PJ mode which
is visually observed to dominate, the jet reattaches asymmetrically to the chamber
wall and the entire flow field precesses within the chamber. The dominant features
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of this flow have been identified. In the other flow mode, termed the AJ mode, the
jet interacts with the exit lip but does not truly reattach within the chamber. The
resulting jet which emerges from the nozzle chamber spreads much more rapidly in
the PJ mode than in the AJ mode.

3.2. Fluctuating pressure measurements

Quantitative data relating to each of the two flow modes has been obtained by
measuring the fluctuating pressure field simultaneously at four points within the
nozzle chamber. Figure 1(a) shows the location of the three pressure tappings mounted
in the chamber wall and of the total pressure probe, which were all measured
simultaneously relative to ambient. The total pressure probe 1 is positioned off-axis
to detect quantitatively the gross features observed in the visualization and so to
enable the discrimination between the two flow modes. The axial position of the total
pressure probe 1 is downstream from the plane of the reattachment observed for the
PJ mode, but for the AJ mode, in which the jet does not reattach to the chamber
wall, the probe is within the region of reverse flow (figure 5). Its radial position is
chosen to coincide roughly with the centre of the eccentric reattached jet of the PJ
mode (figure 4). The off-axis location of total pressure probe 1 means that, when
the flow is in the PJ mode, it will be subjected to a strong pressure fluctuation each
time the jet sweeps past it but when the flow is in the AJ mode those quasi-periodic,
low-frequency pulsations will not be present. Furthermore the tip of the probe, when
the flow is in the AJ mode, falls within the annular reverse flow region around the
jet and so will record a negative pressure relative to ambient. The static pressure
tappings are positioned to allow measurement of the fluctuating pressure gradients in
the axial and radial directions.

A representative segment of the time history of the pressure fluctuations is shown
on three progressively finer time scales, all referenced to the same absolute time base,
in figures 8 to 11. It is evident from figure 8 (0 < t < 480 s) that a strongly fluctuating
signal is present for most of the time in the traces of both the total pressure (1)
and wall pressure (3) probes, punctuated with short bursts during which the pressure
in both traces is markedly reduced. The subsequent plots demonstrate that the
dominant signal is caused by the PJ mode and that the distinct drop in the upstream
wall pressure, corresponding well with the cessation of the pressure cycles recorded
by the total pressure probe, is produced by the AJ mode. The contrasting features
in the details of the PJ and AJ flow modes are clearly evident in figures 10 and 11
respectively. The cyclic nature of the oscillation produced when the jet sweeps past
the total pressure probe in the PJ mode is apparent in figure 10 (228.4 < t < 228.8 s).
By contrast these pulsations are absent in figure 11 (224.6 < t < 225.0 s). At the
same time there is a distinct difference in the wall pressure at the upstream end of the
chamber, position 3, in the two modes – being more negative in the AJ mode. This
is also evident in figure 9 which shows a 10 s time segment, during which the flow is
predominantly in the PJ mode but where the flow switches for about 3 s into the AJ
mode.

The significant differential pressure between positions 3 and 4 (figure 10) that is
present during the PJ mode is evidence of a strong radial pressure gradient at the
upstream end of the chamber. This differential is much smaller in the AJ mode. The
direction of the pressure gradient in the PJ mode is consistent with the presence of
a swirling flow, as observed in the whole-field visualization and as can be deduced
from the surface flow visualization described later. The presence of a general reverse
flow in both modes is evidenced by the axial pressure gradient which shows that the
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Figure 8. Representative segments from a time record of a total pressure (position 1) and wall
pressure (position 3) traces measured in air at locations shown in figure 1. The precessing jet (PJ)
mode dominates, interspersed by short bursts of axial jet (AJ) mode. The AJ mode is evidenced by a
lower pressure in both signals. Conditions: Re1 = 76 700, D = 90.7 mm d1 = 14.1 mm, d2 = 80 mm,
L = 248 mm.
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Figure 9. A short segment from the temporal pressure traces shown in figure 8. More details of the
differences between the total and a wall pressure traces which occur in the precessing jet and axial
jet flow modes can be seen. Conditions as specified for figure 8.

magnitude of the wall pressure at the inlet end of the nozzle chamber is generally
more negative than that nearer to the exit (position 2). However, differences in the
nature of the reverse flow in each mode (in addition to the upstream radial pressure
gradient already described) are also apparent in the pressure traces, and these are
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Figure 10. A magnified time base showing, in detail, the pressure fluctuations during several cycles
of precession. The pressure is measured at all four locations shown in figure 1(b). Conditions as
specified for figure 8.
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Figure 11. A magnified time base showing the axial jet flow mode in detail using all four pressure
measurement points indicated in figure 1(b). Conditions as specified for figure 8.

consistent with the differences evident in the flow visualizations. The wall pressure at
the outlet end of the chamber (position 2) is more negative in the AJ mode than in
the PJ mode. The smaller-scale fluctuations in the pressure traces are also different in
the chamber.

In the PJ flow mode a negative correlation exists between the cyclical pressure
fluctuations on the upstream face of the chamber at position 4, and the total pressure
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Figure 12. The normalized probability density functions (p.d.f.) of wall pressure at position 3 used
to determine the amount of time spent in each flow mode. The working fluid is air and the nozzle
dimensions are as specified for figure 8.

at position 1 downstream from the reattachment. This indicates that the swirling flow
is not uniform in the circumferential direction, and is consistent with the observation
that the swirling flow is fed by fluid from the recirculating region. It is postulated
that the pressure at position 4 is higher due to the recirculated fluid being carried to
the back of the chamber, where it is caused by the wall blockage to slew to one side
and thus to feed the swirling flow.

The observation that different average wall pressures at position 3 are associated
with each of the two modes provides a means for discriminating between the modes,
and hence a means by which to quantify the relative time spent in each mode. The
signal is low-pass filtered at half the frequency of precession and the normalized
probability density function (p.d.f.) of that pressure is plotted in figure 12, so that∫ +∞
−∞ N dCp = 1, where N is the normalized number of times at which a given pres-

sure is recorded within the measurement period. The filter eliminates fluctuations in
pressure caused by each cycle of precession but retains the longer-time-scale fluctu-
ations caused by mode switching. Data are presented for three Reynolds numbers,
normalized so that the pressure coefficient on the abscissa, Cp, is the wall pressure at
position 3 normalized by ρu1

2/2. A ‘correction’ (1.5% and 11% for the intermediate
and high Reynolds number cases respectively) has been applied to the normalizing
bulk mean velocity of two curves to obtain good collapse. This correction is merely
to allow the same value of Cp to be used for the discrimination in each curve and
does not influence the value which is calculated for the proportion of time spent
in the PJ mode, Prob(PJ). It is deduced that the correction is required because of
compressibility effects (see discussion below).

The general shape of the p.d.f. is bi-modal with two (approximately Gaussian) peaks
being superimposed. The right-hand peak, centred at Cp ≈ −0.054, corresponds to
the PJ mode, while the left-hand peak, centred at Cp ≈ −0.071, corresponds to the
AJ mode. In the present case a cut-off has been selected at Cp = −0.067, based
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Figure 13. The proportion of time spent in the precessing jet flow mode, Prob(PJ), as determined
in the present study, compared with that of Hill (1992) and Hill et al. (1992) for a range of nozzle
geometric configurations. The technique used to discriminate the modes is a p.d.f. of the pressure
measurement at the wall, denoted W, or of the signal from a total pressure probe on the centreline,
denoted CL. The nozzle dimensions are as specified for figure 8. The notation is given in figure 1(b).

(somewhat arbitrarily) on the lowest point in the saddle between the two peaks,
to allow discrimination between the two modes. The areas under the right and left
peaks then correspond approximately to the proportion of time that the flow spends
in the PJ mode, denoted Prob(PJ), and the AJ mode, Prob(AJ), respectively. This
leads to Prob(PJ) = 0.950 for Re1 = 53 100, Prob(PJ) = 0.953 for Re1 = 76 700 and
Prob(PJ) = 0.979 for Re1 = 134 000, in agreement with the dominance of the PJ
mode demonstrated from figure 8 and the increasing dominance of the PJ mode with
Reynolds number.

The percentage of time spent in the PJ mode, Prob(PJ), is plotted in figure 13
as a function of the inlet Reynolds number, Re1. The data of Hill (1992) and Hill
et al. (1992) also presented in this figure to provide a comparison with results from
smaller data sets obtained in apparatus with different inlet flow conditions. Despite
the differences in the detail of the results, as expected from the previous comments,
the broad agreement between the two sets of data is clear evidence that similar gross
features are present in the flows produced in the two sets of apparatus. It is evident
that the stability of the PJ mode increases with Re1 and that it dominates for the range
of Reynolds numbers presented here (Re1 > 50 000). It is also evident that Prob(PJ)
is strongly dependent upon nozzle geometry, with an exit diameter of d2 = 80 mm
(d2/D = 0.89) favouring precession more than d2 = 70 mm (d2/D = 0.78), and an inlet
diameter of d1 = 14.1 mm (d1/D = 0.16) favouring precession more than d1 = 21 mm
(d1/D = 0.23).

The frequency spectra of the pressure trace recorded by total pressure probe 1
are shown in figure 14 for the three Reynolds numbers. These spectra are averaged
from 58 separate spectral records, each generated from blocks of 4096 independent
samples. The low-frequency peak associated with the precession is clearly evident.
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Figure 14. Frequency spectrum of the fluctuations from a total pressure probe (number 1)
showing the dominant frequency of the precessing mode. Conditions as specified for figure 8.

Re1 Stp,M Stp,d1
Stp,h

53 100 0.0726 0.00155 0.00422
76 700 0.0640 0.00137 0.00372

134 000 0.0786 0.00168 0.00457

Table 1. A comparison of the Strouhal numbers measured for the PJ mode as a function of the
inlet Reynolds number. Nozzle dimensions are the same as those specified for the traces in figure 8.

The shape of the peak is not sharp, but broad, indicating that the frequency of the
precession, while possessing a characteristic mean value, fluctuates significantly. Large
cycle-to-cycle variations in the precessional flow are also evident by direct observation
during the flow visualization experiments, and from the study of video recordings.
The frequency spectra are also consistent with previous observations (Nathan 1988)
and with the time record shown in figures 9 and 10. The Strouhal number associated
with the peak frequency has been calculated based on the three definitions given
earlier. The data are presented in table 1.

The Strouhal numbers measured in the present facility, which provides axisym-
metric and well defined flow to the nozzle chamber, are compared with previous
measurements in figure 15. A definition of Strouhal number based on inlet diame-
ter, Stp,d, is used to enable direct transcription of the data from the literature. The
data of Nathan (1988) were obtained from the frequency spectra as measured by a
hot-wire anemometer located in a similar position to the total pressure probe used
in the present investigation. Those measurements were conducted in the same nozzle
chamber as that used for the present data but with slightly different inlet conditions.
The length of the supply pipe immediately upstream from the nozzle chamber in
the earlier study was only five pipe diameters (i.e. 5 × D0) and no perforated plate
was placed at the exit from the upstream diffuser (see figure 1b for reference). The
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Figure 15. The Strouhal number of precession found from the present data compared with data
from earlier investigations and with those by Shakouchi (1989) for flapping motions in a comparable
two-dimensional configuration. Present nozzle geometry as specified for figure 8.

conditions did not produce fully developed pipe flow at the inlet to the chamber,
although the mean flow was shown to be axisymmetric. The data of Nathan &
Luxton (1992a) were obtained with water as the working fluid and employed a visual
technique in which the number of cycles was counted manually over long periods and
then averaged. The nozzle was the same as that used by Nathan (1988) with air as
the working fluid. The data of Hill et al. (1995) were also obtained from the manual
counting of precession cycles in flow through a sudden expansion, but this time into a
long downstream duct instead of a nozzle chamber. A smooth contraction was used
at the inlet to that pipe, with diametral contraction ratios of 5 and 10. The contrac-
tion, in turn, was downstream from a large plenum pipe with a length of ten pipe
diameters (i.e. 10×D0). The working fluid was water and neutral-density polystyrene
beads were used to image the flow. The data of Shakouchi (1989) were obtained in
a planar facility which is otherwise broadly analogous to the present configuration.
The peak frequency from a wall-mounted pressure tapping was measured and was
found to coincide with a large-scale flapping oscillation within the chamber. The data
presented here are the upper and lower bounds of Strouhal numbers found in this
wide parametric investigation.

The data presented in figure 15 were obtained with three different experimental
techniques and in four different facilities, three of which are cylindrical and produce
a flow with a precessing motion while one is planar and produces a flow with a
flapping motion. The figure contains both data collected from configurations with an
orifice plate at the inlet and from configurations with a smooth contraction. It also
contains data obtained with two different working fluids. All of the data in figure 15
were obtained with residual turbulence from the upstream pipe or duct flow entering
the respective downstream chambers and the Reynolds numbers were all sufficiently
high for the inlet jet to be turbulent. The good agreement between the wide range
of data sets suggests that the underlying large-scale flow instability in each case is
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closely related. That Stp,d1
is dependent upon the expansion ratio at the chamber

inlet is clearly evident. The dependence of Stp,d1
upon the inlet Reynolds number is

only observed in those configurations conducted in (compressible) air when that air
is introduced into the chamber through an orifice plate, which necessarily produces
a vena contracta. The dependence is not observed in the investigations conducted
using water with either inlet condition despite the presence of a vena contracta
for the orifice entry. The maximum Mach number of the inlet flow through the
vena contracta for the present data has been estimated to be about 0.7. At this Mach
number, compressibility effects can be expected to become significant and to influence
the vena contracta. Thus it is suggested that compressibility effects are the probable
cause of the Reynolds number dependence with air flowing through orifice plates. It
should be noted that the data of Shakouchi (1989) show Stf,d1

to be independent of
Re1 when the Reynolds number is sufficiently large.

The fluctuating pressure measurements have provided quantitative measurement of
the major features of the PJ and AJ flow modes. The low-frequency fluctuation found
in the trace recorded by the off-axis total pressure probe is clearly evident in the PJ
mode and absent in the AJ mode. The value of Strouhal number associated with
these fluctuations as determined in the present study, Stp,d1

≈ 0.0015, agrees well with
data obtained previously by a range of probe techniques in other facilities. It also
agrees very well with that determined visually by counting the cycles of precession
observed in the visualization experiments, so confirming that this Strouhal number is
associated with the same large-scale motion of the jet. The radial pressure gradient
measured at the upstream end of the chamber is found to be present in the PJ mode
and absent in the AJ mode. These features have been used to discriminate between
the two modes and so to quantify the proportion of time spent in each mode. For the
range of geometries and conditions studied, the PJ mode is dominant.

3.3. Surface flow visualization

Surface flow visualization experiments have been conducted to provide a measurement
of the axial positions of the dominant surface flow features present in the PJ mode.
Related techniques have been shown by many others (e.g. Tobak & Peake, 1979
and Hunt et al. 1978) to be effective when investigating ‘steady’ flows around a
body. Hornung & Perry (1984) have documented and defined the main classes of
three-dimensional separated flow and their surface flow footprints. Their terminology
is followed here and includes lines of ‘open’ or ‘closed’ ‘bifurcation’ which can be
either positive (for reattaching flow) or ‘negative’ (for separating flow). An example
of a line of positive bifurcation is the stagnation streamsurface on an infinite swept
cylinder which divides along the stagnation line. An open bifurcation line occurs
in three-dimensional flow and is discontinuous. An example is the separation which
occurs near the leading edge of a body of revolution at high angles of attack. That
separation does not extend around the entire circumference of the body, so it is
‘open’ (Wang 1974 and Tobak & Peake 1979). In the present case the reattachment
of the jet in the PJ flow mode has been observed in the liquid flow visualization to
be discontinuous around the inner circumference of the chamber wall (figure 4) and
so is known to be in the nature of an open line of positive bifurcation. However, in
contrast to the above example of the body at a high angle of attack, which is fixed in
space and time, the present line of positive bifurcation can be deduced to move, that
is to precess around the inside of the chamber.

It is apparent from the pressure measurements and from the whole-field visual-
ization that each point on the surface is exposed to cyclical shear stresses when the



An axisymmetric ‘fluidic’ nozzle to generate jet precession 367

Figure 16. View through the nozzle exit into the nozzle chamber showing the china clay pattern
formed on a removable thin metal shim attached to the inner wall.

flow is in the dominant PJ mode. An additional change to the surface shear stresses
occurs intermittently for brief periods when the flow switches to the AJ mode. How-
ever the Reynolds number selected for the surface flow visualization experiments,
Re1 ≈ 105, is high so that, from figure 13, Prob(PJ) has been estimated to be 98%.
The response time of the surface flow visualisation technique is, intentionally, very
much slower than the characteristic frequency of precession in the PJ mode. Thus,
rather than revealing the open bifurcation lines of the actual instantaneous footprint
of the unsteady flow, the technique responds to the dominant surface flows in the
cycle and reveals apparently closed lines as these features rotate around the chamber.
Despite the absence of circumferential or temporal resolution of the flow footprints,
the technique provides quantitative information about the mean axial positions of the
dominant bifurcation lines.

The view into the nozzle chamber, showing the streak patterns on the inner surface,
is shown in figure 16. Figure 17 shows the clay-covered shim after being removed
and opened out flat to reveal the ‘average’ positions of the dominant surface flow
patterns formed on the entire inside surface of the nozzle chamber. The principal
features identified here, and supported with enlarged views (figures 18 to 21) and
their respective interpretative sketches are:
• a transverse (azimuthal) flow (i.e. swirl) in the upstream section of the chamber;
• an upstream negative bifurcation line located approximately one-quarter of the

chamber length from the inlet plane;
• a positive bifurcation line near to the middle of the chamber, and
• a downstream negative bifurcation line located immediately upstream from the

exit plane.
The transverse swirling flow in the upstream part of the chamber can also be seen
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Figure 17. Global image of the streak patterns fromed on the inside surface of the chamber
by the surface flow visualization technique after the metal shim has been removed and unrolled.
The accompanying line diagram identified the major features evident in the patterns and locates
the detailed enlargements shown in figures 18–21. Re1 ≈ 28 × 104, D = 90.7 mm, L = 245 mm,
d1 = 14.1 mm, d2 = 80 mm.

in figure 22 which shows the direction of the flow over the upstream orifice plate.
These images are consistent with a flow whose dominant motion is an inwardly
spiralling swirl, identified previously in the pressure measurements and in the whole-
field visualization.
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Figure 18. Enlargement of the surface flow image of the upstream negative bifurcation line. Note
the strong azimuthal swirl evident in the pattern as the flow approaches the negative bifurcation.
(Conditions as specified for figure 17.)

An enlarged view of the upstream negative bifurcation line is shown in figure 18,
with an interpretative sketch of the dominant flow directions. The axial components
of flow on both sides of the line are clearly toward the bifurcation line. The strong
swirl on the upstream side is again evident.

Photographs identifying the line of positive bifurcation are shown with their in-
terpretative sketches in figures 19 and 20. The axial direction of the dominant flow
is clearly away from the line. The axial position of this line, near to the middle of
the chamber, can be seen to correspond closely to the location of the reattachment
observed in the whole-field images of the PJ mode (figure 4), which lends support to
the proposed interpretation of the surface patterns. The dominant flow in the region
upstream from the positive bifurcation can be seen to slew with an increasingly strong
azimuthal component until it becomes tangential at the line of negative bifurcation.
Whether the bifurcating flow is associated with the recirculated fluid, which originates
from the interaction between the jet flow and the exit lip, or with the flow which
moves upstream from under the reattaching jet (‘the reverse flow foot’) cannot be
determined from this technique. However, careful observation of whole-field visual-
ization suggests that the former flow is the stronger of the two and that the line
of negative bifurcation is formed as the recirculated fluid swirls back on itself. The
whole field visualisation also suggests that the upstream negative bifurcation line is
about 180◦ out of phase with the positive bifurcation line.
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Figure 19. Enlargement of the flow patterns formed upstream and downstream from the positive
bifurcation line. Note the differences in the character of the patterns upstream and downstream
from the bifurcation. (Conditions as specified for figure 17.)

Close observation of the surface flow pattern in the region downstream from the
line of positive bifurcation also indicates an intermittent flow (figure 21). The surface
streaklines appear to exhibit both a primary response to the strong downstream flow
produced by the reattached jet, and a secondary response to a weaker upstream
flow which we deduce to be caused by the recirculated fluid passing over them as
the reattachment point moves around the circumference. Thus the drops appear to
have moved with a ‘two steps forward and one step backward’ intermittent motion,
consistent with the precession observed both with the whole-field visualization and
with the pressure measurements.

The downstream line of negative bifurcation appears to be caused by the presence
of the lip in the exit plane of the nozzle. This lip was deduced by Nathan (1988) and
by Vidakovic (1995) to be significant in determining the angle at which the jet leaves
the nozzle.

The surface flow visualization provides complementary information to that available
from the other techniques. It provides quantitative information about the distances to
the lines of bifurcation and reveals the presence of an upstream negative bifurcation
which is not readily apparent from the whole-field visualization. The presence of the
upstream swirl is confirmed and its axial extent is determined. A comparison of the
distances to the lines of bifurcation is given in § 4.3.
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Figure 20. Enlargement of the surface flow image at the positive bifurcation line. Note that only
the larger drops of the china clay mixture remain and that these do not appear to have moved very
much during the drying process. (Conditions as specified for figure 17.)

4. Discussion
4.1. Comparison with the Strouhal numbers in related flows

It is worth comparing the Strouhal number associated with the large shear structures
formed in the jet which enters the chamber, Sts,d1

, with that of the precession, Stp,d1
,

as measured by total pressure probe 1. The data presented in figure 15 show that
0.0013 < Stp,d = fpd/u < 0.0017. This value is two orders of magnitude lower than
that associated with the shear-generated coherent structures in a jet identified by
Crow & Champagne (1971). Crow & Champagne (1971) found the dimensionless
frequency of these large ‘puff’-like structures within the fully developed flow region of
a free jet to be Sts,d = fsd/u ≈ 0.3, where d is the exit diameter of the jet and fs is the
characteristic frequency of those shear stuctures. Likewise Hussain & Hasan (1983)
measured the dominant frequency of structures in the shear layer around a potential
core, when amplified through acoustic resonance, to be 0.3 < Sts,d = fsd/u < 0.8. In
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Figure 21. Enlargement of the surface pattern downstream from the positive bifurcation line. Again
only the relatively large droplets have survived under the intense shear of the attached wall jet.
(Conditions as specified for figure 17.)

the present case, the Strouhal number of the jet was measured both with the nozzle
chamber removed and with the chamber attached and found to be Sts,d ≈ 0.5 for
Re1 = 53 600 and Sts,d ≈ 0.6 for Re1 = 76 700. The measurements were performed
with a hot-wire anemometer located at x/d1 = 3.0 and r/d1 = 0.5 in both conditions.
The peak in the spectrum is much broader for the present orifice plate than that
which occurs typically with a smooth contraction so that the frequency is only quoted
to one significant figure. Nevertheless it is apparent that the spectra at this location
are not influenced by the presence of the chamber. The weak dependence of Sts,d on
Re1 is consistent with the findings of Becker & Massaro (1968). It is deduced that the
most likely reason for the lower absolute values of Sts,d in the present measurements
compared to those of Becker & Massaro (1968) may be attributed to the different
intial conditions (Becker used a smooth contraction at the nozzle exit).

That the Strouhal number of the dominant frequency in the present nozzle differs
by two orders of magnitude from that related to either of the shear flow structures
described above strongly suggests that the phenomena are distinctly different. The
lower magnitude of the Strouhal number suggests that the frequency is associated with
a larger motion of the jet as a whole, rather than with puff-like motions within the
jet. Since it is the shear-generated puff structures which are associated with acoustic
excitation (see e.g. Hill & Greene (1977) who measured the Strouhal number of the
dominant frequency in an acoustically excited jet to be 0.25 < Sts,d = fsd/u < 0.65)
the result implies that the precession phenomenon is not acoustically induced. Further
evidence to demonstrate that the present flow is not related to acoustic coupling is
found in that the phenomenon occurs with the same Stp,d when using either air or
water, for which the Mach numbers differ by a factor of about 70, through the same
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Figure 22. The china clay image formed on the surface of the upstream orifice plate. Here the
strong, inwardly spiralling flow is clearly evident. (Conditions as specified for figure 17.)

nozzle or through different nozzles of similar geometric ratios (Nathan & Luxton
1992a).

While the Strouhal number of precession found in the present flow is very different
from that of the puff structures found by Crow & Champagne (1971), it is remarkably
similar to that found for a flapping jet in the planar fluidic oscillator investigated by
Shakouchi (1981, 1989). In those experimental investigations Shakouchi determined
that Stf,d = ffd/u ≈ 2×10−3. The similarity between those Strouhal numbers and the
present work further supports the interpretation that the dominant motion within the
confines of the present axisymmetric chamber is associated with large-scale oscillations
of the whole jet.

It is also interesting to compare the results from analogous studies of free planar
jet flows which are stimulated to produce a large-scale flapping motion. Simmons
et al. (1981) used a nozzle with an oscillating tip to produce a flapping, planar free
jet and measured the dimensionless frequency of the flapping to be in the range
8 × 10−4 < Stf,d = ffd/u < 5 × 10−3. That the dimensionless frequency of the
precession also lies within this range further supports the interpretation that the
precession phenomenon is related to gross motions of the whole jet.

The large-scale motions associated with the precessing or flapping motion of a
jet have been found in such a wide range of investigations that it is unrealistic to
argue that such phenomena are intrinsically apparatus dependent. Even within the
present investigation two entirely different, though geometrically similar, nozzles have
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d1

Source Configuration Re1 (mm)
2h+ d1

d1

xr1/h xr2/h xs1/h xs2/h Comments

Agarwal Axisymmetric 30 000 45 1.6. 9 – 1.5 – time-mean
(1986) Orifice plate, to to to to flow

long pipe air 70 000 60 1.2 12 symmetric

Abbot & Planar 20 000 300 6 1.5 ≈ 6 – 1.2 – single step
Kline Back-Facing to to 6 1.5 ≈ 6 6 1.2 1.2 double step
(1962) steps, 50 000 600 > 1.5 ≈ 3 ≈ 9 ≈ 1 ≈ 3 asymmetric

in water 6 5 reattachment

Ouwa et al. Planar 250 to 400 4 5 ≈ 5 ≈ 12 – – double step,
(1981) B.F. steps, 10 ≈ 3 ≈ 11 – – jet-like

in water 20 ≈ 2 – – – flow

Pelfry & Planar 20 000 12.5 14 2.0 – – – asymmetric
Liburdy wall jet, air reattachment
(1986)

Present Axisymmetric 40 000 10 6.5 3.5 – 1.3 – instantaneous
research PJ nozzle, to to to asymmetric

in air 200 000 21 9.1 reattachment

Table 2. Comparison of the axial distances to lines of bifurcation observed for different reattaching
flow configurations. Notation: d1 is the inlet diameter or width, h is the step height, xr1 is the
reattachment length when the reattachment is symmetric on either side of the exapnsion and also
the shorter length when it is asymmetric xr2 is the longer of the reattachment lengths when the
reattachment is asymmetric. Likewise xs1 and xs2 correspond to the distances to lines of negative
bifurcation, or separation.

been used, one for the liquid flow visualization and one for the studies in air. The
Strouhal number which characterizes the flow in the present apparatus, in which the
inlet flow has a high degree of symmetry, has been found to agree well with that
measured in other apparatus with less symmetric inlet flows (figure 15). This Strouhal
number is two orders of magnitude lower than that which characterizes the shear
generated ‘puff’ structures, identified by Crow & Champagne (1971), which emerges
from the nozzle. Taken together, these observations suggest that minor mechanical
asymmetries, which are inevitable in any configuration and can modify the structure
of the inlet jet flow, are not significant in the generation of the observed precessing
motions.

4.2. Comparison of reattachment lengths in related flows

It is instructive to compare the axial distances to the lines of bifurcation found in the
present nozzle with those of related configurations reported by others. A summary of
the results from these investigations is presented in table 2.

Eaton & Johnston (1981), in a review of reattaching flows, found that the reat-
tachment length of a separated flow behind a backward facing step depends upon
the initial boundary layer thickness and state (i.e. laminar or turbulent), the level
of free-stream turbulence and the aspect ratio. The effect of expansion ratio, D/d,
on the reattaching flow behind a sudden planar expansion for a given Reynolds
number was examined by Abbot & Kline (1962). They found that the separated flow
downstream from a planar, two-dimensional sudden expansion with turbulent entry
is symmetrical in the mean only if the expansion ratio D/d 6 1.5. For D/d > 1.5 the
reattachment distance on one side of the expansion is longer than that on the other
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due to the interaction between the two shear layers. As either the expansion ratio
or the Reynolds number is increased, the degree of asymmetry in the flow increases,
resulting in the formation of a third and then a fourth separation bubble (Armaly
et al. 1983). Further increase of the expansion ratio to D/d > 5 results in a highly
asymmetric reattachment of a jet-like flow, although this observation in long ducts
appears to have been reported only with laminar conditions to date (Ouwa, Watanabe
& Asawo 1981).

The reported trend for flow asymmetry to increase as the expansion ratio in-
creases for planar configurations is qualitatively consistent with the present results
in an axisymmetric configuration. However for an axisymmetric configuration the
flow asymmetry implies the presence of pressure gradients in the azimuthal direc-
tion. While it is conceptually possible for a steady, asymmetric flow pattern to be
established, in practice it is found that precession of that aysmmetric flow pattern
occurs, suggesting that the steady flow pattern is highly unstable. It is also evident
that once an azimuthal pressure field has been established it tends to dominate until a
stronger transverse (diametral) gradient causes the jet to assume the (unstable) axial
mode.

Agarwal (1986) investigated the flow through axisymmetric orifice plates with
expansion ratios within the range investigated by Abbot & Kline (1962) in two
dimensions. He found that the flow is symmetric on average and has a reattachment
length, xr , which depends weakly on the Reynolds number. The axial distance to the
reattachment for the axial flow is in the range 9 6 xr/h 6 12, which is greater than
that in the equivalent planar case which is xr/h ≈ 6 (table 2). Thus reattachment
lengths of separated flows behind axisymmetric expansions are longer than those
through planar configurations of the same diametral expansion ratio. However the
reattachment lengths found by Agarwal (1986) are considerably longer than the
xr/h ≈ 3.5 found in the axisymmetric expansion of the present nozzle. The expansion
ratios which he investigated are also much smaller (1.2 6 D/d 6 1.6) consistent with
the trends, found in the planar expansions, that dimensionless reattachment length
decreases with increasing expansion ratio. Another significant difference between
Agarwal’s experimental arrangement and the present one is that the length of the
downstream pipe, L, was large compared with its diameter, D.

The character of the jet-like reattachment observed in the whole-failed visualization
of the present configuration is somewhat reminiscent of the reattachment of a wall
jet. Here the axial distances to planes of bifurcation are compared with the planar
wall jet investigated by Pelfry & Liburdy (1986). The latter measured the distance
to the line of positive bifurcation to be xr/h = 2. While this is somewhat shorter
than the present value, xr/h ≈ 3.5 (table 2) it is of the same order. The comparison
is also consistent with the trend that, for the same linear expansion ratio, a planar
reattachment is shorter than is its axisymmetric analogue.

Summarizing the above discussion, the following trends can be seen in the data for
flow behind a sudden expansion:
• The asymmetry of the reattaching flow increases with an increase in the expan-

sion ratio. In a planar configuration the asymmetry is steady (unless each of the
transverse dimensions of the jet is less than the corresponding chamber dimension,
as in Shakouchi 1989). In an axisymmetric geometry the asymmetry is unsteady.
• The axial distance to the line of reattachment, when normalized by the step

height, decreases with increasing expansion ratio.
• For a planar configuration the axial distance to the line of reattachment is shorter

than that in an axisymmetric configuration of the same linear expansion ratio.
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4.3. Descriptive comments on the precessing flow field

A descriptive interpretation of the character of the flow through the chamber has
been deduced from various investigative techniques. Reference to the diagrammatic
interpretation of the visualized flow, shown in figure 4, may be useful in interpreting
the following comments.

As the turbulent jet enters the chamber through the upstream orifice, minor asym-
metries in its local entrainment appetite, and hence in the local pressure field, are
inevitable. Interaction with the confining chamber wall amplifies the local asymme-
tries in the pressure field causing the jet to move toward and reattach asymmetrically
to the chamber wall. Unlike the behaviour in the analogous planar configuration, in
which a bi-stable asymmetric reattachment is observed, in the present axisymmetric
configuration reattachment is equally probable for all points around the inner circum-
ference of the chamber. Hence any minor azimuthal variation in the pressure field,
caused either by variations in the local flow structures in the reattaching jet or in the
overall motion of the jet, will cause the point of reattachment to move. This is a pos-
itive feedback situation since any azimuthal movement of the reattachment point will
immediately establish an azimuthal pressure field which will drive a self-sustaining
precessing motion. At this point it should be noted that the net angular momentum
of the flow entering the chamber through the upstream orifice is zero. Thus, to first
order, the total angular momentum at any downstream plane should also be zero. It
is logical that the angular momentum of the swirling flow is offset by an equal and
opposite angular momentum of the whole reattaching jet.

The reattached jet (figure 4) continues in the downstream direction attached to one
azimuthal section of the chamber wall as a wall jet, and exits the chamber from that
same azimuthal location. The pressure in the chamber is sub-atmospheric, due to
the entrainment of fluid by the jet within it, while the pressure outside the chamber
is atmospheric. Thus the deflection of the wall jet toward the centreline by the lip
at the exit plane is augmented by the strong pressure gradient at the exit of the
chamber, whose direction is transverse relative to the deflected jet. The net effect is
that the jet is deflected sharply across the nozzle axis as it leaves the chamber†. The
sub-atmospheric pressure within the chamber also causes ambient fluid to be drawn
into the chamber through that part of the exit plane not occupied by the jet. On
the side of the chamber diametrically opposite the reattaching jet, the recirculated
fluid moves upstream to the inlet end of the chamber where it slews to one side, so
generating the swirling flow. A line of negative bifurcation results from the interaction
between the swirling fluid and the recirculated fluid. The swirling fluid spirals radially
inward, where it is entrained into the jet. It should be noted that, consistent with the
conservation of angular momentum, dye visualization has shown that the rotational
direction of the swirling flow is opposite to that of the precession (Nathan 1988).

5. Conclusions
A large-scale precessing flow instability within a cylindrical chamber downstream

from a large sudden expansion has been investigated. This work is believed to be

† Vidakovic (1995) found, for a wall jet fixed at a given angular position in an axially profiled
expanding chamber terminated by a lip at the exit plane, strong evidence that the separation vortex
upstream from the lip loops back into the expansion and forms a ‘necklace’ around the wall jet.
The associated pressure field greatly augments the deflection of the jet as it leaves the chamber.
Whether or not such a vortex loop also exists in the present dynamic wall jet flow is unknown, but
topologically it could exist.
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the first in which great care has been taken to provide flow to the chamber which is
symmetrical and well defined, and in which detailed measurements of both the inlet
flow to the chamber and of the phenomenon itself have been reported.

The geometric configuration used in the present investigation consists of a cylin-
drical chamber with a large sudden expansion at its inlet with an expansion ratio,
D/d1 = 6.4, a relative length, L/D = 2.6, and a small contraction or lip at the exit
plane. The jet entering the chamber was turbulent, with Reynolds numbers in the
range 53 000 < Re1 < 134 000. The flow within the chamber has been shown to
switch intermittently between two very different states, a highly asymmetric precess-
ing jet (PJ) flow mode, which predominates in the present configuration, and a more
symmetrical axial jet (AJ) mode. The focus of the present investigation is on the PJ
mode because of its relevance to burner designs, in which application it has be shown
elsewhere to provide the benefits of improved flame stability, lower NOx emissions
and, with natural gas as the fuel, increased flame radiation.

The broad characteristics of the two flow modes have been identified by use of water
flow visualization. In addition, a surface flow visualization technique in air, which
produces a time-averaged permanent record of the dominant flows in the chamber,
has been used to quantify the axial distances to lines of surface flow bifurcation.
Full-field visualization shows that, during the PJ mode, the jet entering the sudden
expansion reattaches asymmetrically to the chamber wall and the reattachment point
moves azimuthally around the wall. On reaching the exit plane of the nozzle, the
jet does not wholly fill the exit plane and is deflected at a large angle across the
nozzle axis by local pressure gradients associated with the presence of the exit lip
and with the induction of ambient fluid into the nozzle chamber. This entire flow
field precesses about the chamber axis in what may be described as a continuously
unstable manner.

The axial distances to lines of bifurcation have been compared with those in several
related flows. It appears that the distance to the dominant reattachment within the
present chamber, xr/h ≈ 3.5, is more closely mirrored by the inherently asymmetric
reattachment of a planar wall jet, xr/h ≈ 2, than by the reattachment associated
with the generally symmetric flows entering a long cylindrical pipe through a smaller
axisymmetric expansion ratio (i.e. D/d1 6 3.5), for which 9 6 xr/h 6 12. This suggests
that the degree of asymmetry in the instantaneous flow depends upon the expansion
ratio. The observed reattachment distance is consistent with the trends described by
other researchers using time-averaged techniques. That is, the dimensionless axial
reattachment distance decreases with increasing expansion ratio and, for a given
linear expansion ratio, planar reattachment distances tend to be shorter than those in
axisymmetric configurations. This is logical as the volume of chamber fluid available
for entrainment on the reattaching side of a jet is less for a two-dimensional flow
than for an axisymmetric flow.

The main features of the present precessing flow have also been quantified by
measurement of the fluctuating pressure field within the chamber using air as the
working fluid. The Strouhal number of the precession is found to decrease slightly
with increased Reynolds number and has been measured to be Stp,d1

= fpd1/u1 ≈
1.5× 10−3 (or Stp,D = fpρ

1/2D2/M1/2 ≈ 0.07). The magnitude of this Strouhal number
is consistent with many previous measurements in a diverse range of axisymmetric
apparatus demonstrating that the precessing flow phenomenon is relatively insensitive
to changes in the inlet flow conditions and to minor apparatus-specific details.
However previous results, conducted for conditions in which compressibility effects
were negligible, found that Stp becomes independent of Re1 at sufficiently high values
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of Re1. This suggests that the present weak dependence on Re1 may be caused by
compressibility effects.

The proportion of time that the flow spends in the PJ mode, Prob(PJ), relative
to the AJ mode has also been quantified for the present apparatus by observing a
correlation between the flow mode and the wall pressure at the inlet to the chamber.
A p.d.f. of this pressure shows a bi-modal distribution and the area under each
hump provides a good estimate of the probability of that mode occurring. When
the wall pressure corresponding to the saddle between the peaks in the bimodal
p.d.f. is selected as the discriminating pressure, the probability of the PJ mode,
Prob(PJ), can be estimated and this estimate was found to increase slightly with
Reynolds number. The present value of Prob(PJ) ≈ 95% agrees quite well with other
published data, although the techniques used to determine this value were different.
A strong dependence of the Prob(PJ) on chamber dimensions is also evident.

The frequency of precession is two orders of magnitude lower than the frequency
of the dominant structures measured in the jet shear layer, consistent with data
reported in the literature, suggesting that the two phenomena are distinctly different.
The Strouhal number of the precession is, however, close to that of an analogous
and larger-scale flapping motion in the planar jet investigated in considerable detail
by Shakouchi (1989). It is noteworthy that minor rig-specific manufacturing imper-
fections or minor differences in the inlet velocity profile will manifest themselves in
differences in the shear structures entering the chamber. The Strouhal numbers of
such structures do not match of that of the precession. Furthermore the precessing
phenomenon has been shown to occur within the same nozzle configuration using
either air or water as the working fluid, for which the Mach numbers differ by a
factor of about 70. These factors demonstrate that the phenomenon of precession
described here does not derive from acoustic coupling. Taken together, the evidence
suggests that the establishment of the observed continuously unstable precessing flow
is dominated by the dimensions of the downstream chamber, and specifically upon the
expansion ratio. The presence of a minor bias in the turbulence of the inlet flow has
at most a minor effect on the details within the gross precessing motion.
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