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ABSTRACT
Fluidic oscillators show promise for use in aerodynamic flow control applications, with many

studies reporting oscillation frequencies in the 1–10 kHz range. Spyropoulos [1] introduced a ‘sonic’
oscillator whose oscillation frequency depends on the inlet flow rate. The purpose of this paper
is to demonstrate the existence of a second mode of operation (Mode II) for such an oscillator,
with a separate physical mechanism to the traditional, flow rate-dependent mode (Mode I). Mode
II is shown to be a back-pressure driven oscillation that is largely independent of flow rate once
instigated. This is explained by a stationary wave formed along the outlet paths, and occurs when
conditions on the degree of back pressure and the weakening of the Coandă attachment strength
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are met. For a fixed device geometry, the conditions reduce to a minimum flow rate threshold, so
that the combination of high flow rate and constant oscillation frequency could make Mode II an
attractive flow control solution in an industrial context where minimising device size is often critical.

NOMENCLATURE
Miscellaneous
β Sine wave argument scaling parameter
b Inlet nozzle width
c Speed of sound
D Attachment wall setback distance
D[x] Tube internal diameter
f(x) Initial pressure distribution along outlet path
f̄[x] Limiting Mode II frequency for LO = x cm
Fs Sampling frequency
L[x] Tube length
p(t, x) Time series pressure measurement at position x
Re Reynolds number
x Distance along outlet path from splitter tip

Subscripts
CP Control port tube
O Outlet tube
O,c Outlet channel from splitter tip to outlet fitting
V Venting tube

Abbreviations
LHS Left hand side
RHS Right hand side
RMS Root mean square
PSD Power spectral density
slpm Standard litres per minute
uRANS Unsteady Reynolds-averaged Navier-Stokes

1 INTRODUCTION
Since their conception at the Harry Diamond Laboratories in 1959, fluidic devices have been the sub-

ject of many research studies [2]. Their popularity in a modern research context is a result of their potential
to provide a reliable means of actuating fluid flows [3]. Many articles have been written about the appli-
cation of fluidic devices to problems such as flow separation control [4–7], cavity suppression control [8],
tip leakage control [9–11], and thrust vectoring [12]. The present work is motivated by the challenge of
controlling fluid flows in aerospace applications, which typically require reliable actuators with significant
authority and relatively high bandwidth (on the order of kHz in some cases) [13]. Fluidic actuators have the
potential to overcome these challenges, with recent studies making strides into understanding their oper-
ation and improving bandwidth and authority limitations [14–16]. Switching time uncertainty is addressed
by Nicholls et al. [17] through the use of closed-loop control. Since they contain no moving parts, fluidic
devices do not suffer from wear and therefore require less maintenance. Moreover, they offer potential re-
ductions in cost and weight over traditional mechanical equivalents. Feedback fluidic oscillators have some
kind of feedback mechanism, allowing the device to produce self sustained oscillations when supplied with
a pressurised fluid. These typically have a higher continuous switching bandwidth than diverters that are
controlled with either an external fluid supply or a separate actuator, e.g. plasma or acoustic [18]. There
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are two common designs of feedback oscillators: relaxation fluidic oscillators, introduced by Warren [19],
which have two feedback paths and use a portion of the main jet total pressure to switch itself, and ‘sonic’
oscillators, introduced by Spyropoulos [1], which have one feedback path and use the pressure difference
that keeps the jet curved and attached to the wall to drive the oscillation. The widely-used NASA relaxation
fluidic oscillator design has dominated flow control studies in the literature, e.g. [20–22]. Strides have been
made to control its phase [23] as well as to assess its effectiveness as an actuator in unsteady heat trans-
fer [24, 25]. The design style by Spyropoulos [1] has seen relatively little research interest. However, the
relaxation oscillator design is likely to suffer from inherently higher pressure losses because of the nature of
the oscillation mechanism — momentum is bled from the main jet into the feedback paths. The sonic oscil-
lator does not siphon off any of the main jet total pressure, therefore allowing a greater maximum potential
efficiency.

Early research on the modelling of reattaching jets, the core component of most fluidic devices, began
with the work of Bourque & Newman [26] and Sawyer [27], which was applied to model the switching pro-
cess in a fluidic diverter by Lush [28, 29] and others [30–32]. More recently, modelling work resulted in
the prediction of fluidic oscillator operating frequency [33, 34]. However, studies involving fluidic oscillators
have typically considered them in isolation. Flow impedances and perturbations at the device outlets could
have a significant effect on the oscillation mechanism. Rotating turbomachinery, passing flow structures,
or serially-connected pneumatic devices (such as fluidic diverters in multi-staged systems) could disrupt
oscillator performance. In this paper, focus is placed on a hitherto unstudied fundamental operating mode
of sonic oscillators that is driven by the outlet impedance if conditions on the back pressure and the weak-
ening of jet attachment are met.

Most fluidic devices are governed by the Coandă effect, the tendency of a fluid jet to attach to a nearby
surface [35]. When supplied with a pressurised fluid, a jet issues from a nozzle and entrains the surround-
ing ambient fluid (Fig. 1). The jet surroundings are confined by the attachment walls, which causes the
pressure on either side to reduce. Geometrical imperfections or random perturbations result in an asym-
metry in the pressure reduction, resulting in the jet attaching to one of the side walls. Upon striking the wall,
the angle of the jet and the low pressure between the jet and the wall cause flow to be recirculated into the
enclosed region. This stabilises the pressure there and a recirculation bubble is formed.

Spyropoulos [1] proposed a fluidic oscillator design where feedback is provided by a tube connecting the
sides of the device to one another (Fig. 2a). When the jet attaches to wall A, the sharp pressure reduction
between the jet and the wall creates an expansion wave that travels along the control port tube (to B in
Figure 2a). The wave connects the sides of the jet and relieves the pressure difference, causing the jet to
switch to wall B, where the process repeats. The jet oscillates between paths A and B. Unlike the more
common relaxation fluidic oscillator introduced by Warren [19], Spyropoulos’s design does not use any of
the main jet momentum to drive the oscillation and so results in a lower device pressure loss coefficient.
Spyropoulos [1] demonstrated a linear relationship between the oscillation frequency and the length of the
control port tube, LCP. As a result, it was suggested that for a wide range of values of LCP and flow rates,
the propagation time of the pressure and expansion waves in the control port tube dominates the oscilla-
tion, and the jet switching time is small by comparison. However, in [1] it was found that (a) the oscillation
frequency decreased when the diameter of the control port tube, DCP, was reduced, and (b) the oscillation
frequency increased with the flow rate at a given value of LCP. Spyropoulos suggested that the jet switching
time caused both of these effects.

In this paper, tubes terminated with valves are connected to the outlets of a fluidic oscillator of the type
introduced by Spyropoulos [1] to study their effect on the oscillation mechanism. A second mode of oper-
ation (Mode II), is found to occur at certain flow conditions, and is identified to have a separate physical
mechanism to the traditional mode of device operation characterised by Spyropoulos [1] (Mode I). Once
instigated, the insensitivity of the Mode II oscillation frequency to flow rate, as well as its occurrence at high
flow rates, could make it an attractive flow control strategy in industrial contexts.
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2 EXPERIMENTAL SETUP
The device was designed in a modular fashion and manufactured by polyjet printing. The internal

diverter design is shown in Fig. 3a, with dimensions in Fig. 3b. The important features are an attachment
wall setback (jet centreline to downstream edge of control port channel) of D =1.3b, where b = 2 mm is
the inlet nozzle width, and the attachment wall angle is 6o. The aspect ratio is 3, giving a device depth
of 6 mm. The splitter is 8b downstream of the nozzle orifice. The Sensortechnics HCXPM010D6 and
HCXM350D6 pressure transducers were used for all experiments, with National Instruments NI 9205 ADC
and NI cRIO 9035 used for data acquisition. Data were sampled at Fs = 50 kHz after the signal was
passed through a 25 kHz, 1st order anti-aliasing filter. Total pressure measurements from pitot probes in the
outlet channels were used to determine the oscillation frequency. The inlet, outlets, and control ports were
bolted to fittings that consisted of a lofted surface from the rectangular cross-section of the main device to
the relevant circular size to match the flexible tubing (control port channels & outlets) or pipe fitting (inlet)
inner diameter. Each length of outlet tubing was connected to a ball valve in order to control the back
pressure. Care was taken to avoid abrupt changes in cross section which would cause an impedance
mismatch. The connections are shown in Fig. 4, where DCP and LCP are the inner diameter and length of
the tube connecting the control ports, and DO and LO are the internal diameter and length of the tubes
connecting each outlet to its respective valve. The lengths are the centreline length of each tube. In all
cases, DO = 8 mm. The mass flow rate was set by an Omega FMA-2612A mass flow controller, which was
fed by a 100 psig laboratory supply.

3 NUMERICAL SETUP
Numerical simulations of the oscillator were conducted using commercial CFD software. Unstructured

meshes were generated using Ansys ICEM CFD v19.2. Five prism layers were used on all surfaces to al-
low boundary layer development to be captured. The cells were strongly clustered in the switch interaction
region where the critical flow features are found, and elements expand rapidly in the outlet legs and control
port loop. The overall mesh sizes were approximately 3.8 million cells. The computational domain can be
seen in Fig. 5 and the mesh refinement in the interaction region is shown in Fig. 6.

The numerical simulations were run using Ansys CFX v19.2, a node-centred, finite volume solver. The
SST k-ω turbulence model was used in an unsteady formulation, with a physical timestep of 0.1 ms, with a
steady RANS solution used for domain initialisation in each case. The high resolution advection scheme
was used with the second order backward Euler transient scheme and first order turbulence numerics [36].
The boundary conditions were chosen to match the experimental setup, with a fixed mass flow rate inlet and
computational openings at atmospheric pressure specified at the end of the outlet legs. Density variations
were modelled using ideal gas behaviour. Convergence was assessed by monitoring the residual histories
within each physical timestep and achieving periodicity of key flow variables (in particular, mass flow rate
variation at the outlets). Eight coefficient (inner) loops per physical timestep was found to be adequate to
achieve convergence. Grid independence was established by global scaling of the computational mesh
size, approximately doubling the number of cells from 3.8 to 7.4 million cells. One configuration was sim-
ulated using both meshes, with LCP = 140 cm, DCP = 8 mm, and LO = 40 cm at 100 slpm, using identical
solver setups. The frequencies of oscillation predicted using the two meshes were in agreement to within
the limit of temporal resolution available from the physical timestep size, and the time-averaged mass flow
rate differed by just 0.25%. With mesh independence demonstrated, the smaller, 3.8 million cell mesh was
used for the remainder of the study

4 DEVICE CHARACTERISATION
The oscillating frequency of the device, as measured by pitot probes in the outlet channels (see Fig. 3a),

was recorded over a range of mass flow rates and tube lengths. These data are shown in Fig. 7 for DCP =
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8 mm and Fig. 8 for DCP = 5 mm, with the mass flow rate in standard litres per minute (slpm)1. In both
cases, LO = 40 mm, with the outlet valves partially closed. For each value of DCP, the data have been
split up into two sets to emphasize the change in behaviour for the larger values of LCP (Fig. 7b and 8b),
although it should be noted that the scale is the same on all sets of axes. For each value of LCP, the range
of flow rates considered was limited at the upper end because the oscillation frequency appeared to have
settled.

The general trends observed in Fig. 7a and 8a are consistent with the traditional, Mode I oscillation, as
found by Spyropoulos [1] and Tesar̆ et al. [37]. Mode II oscillation can be observed in figures 7b and 8b
where the oscillation frequency changes abruptly then displays a weak flow rate dependence.

5 NUMERICAL RESULTS
Mode II oscillation was observed in unsteady RANS simulations run at several conditions, summarised

in table 1. The two outlet tube length cases considered were 20 and 40 cm. In each of these cases, the
control port tubes had dimensions LCP = 140 cm and DCP = 8 mm. Pressure and velocity frames for LO =
20 cm at 100 slpm are shown in Fig. 9, where the oscillation frequency was 481 Hz. These frames show
a single half period of the jet switching from the LHS to the RHS of the device (looking in the direction of
the flow). It should be noted that only a portion of the outlet tubes are visible in these frames. The values
in table 1 for the 40 cm outlet tube case can be compared with the LCP = 140 cm experimental results in
Fig. 7b. In the experiment, the oscillation frequencies were around 304 Hz, while the numerically-obtained
values ranged between 283 and 286 Hz, a ∼6% discrepancy. It seems reasonable that this is within the
margin of error between the simulation and the experiments. These frames are discussed in more detail in
section 6.

6 OUTLET TUBE EXPERIMENTS
Aside from the weak flow rate dependence of Mode II relative to Mode I, another striking difference is in

the spectral content of the signals. Figure 10 illustrates the power spectral density (PSD) of the outlet pitot
measurements for LCP = 160 cm, DCP = 8 mm, LO = 40 cm, with 30 slpm for the Mode I case and 180 slpm
for Mode II. The notable difference between these spectra is the sharper peak at the dominant frequency
for Mode II, where the power is spread across fewer frequency bins than Mode I.

To investigate the Mode II mechanism further, 8 static pressure tappings were installed at 4 cm intervals
along a pair of outlet tubes (LO = 20 cm). There were also static tappings on either side of the splitter and
over the pitot tubes in the outlet channels (Fig. 3). The control port tube dimensions were LCP = 140 cm and
DCP = 8 mm. It is notable that the outlet valves had to be closed off more to instigate Mode II with shorter
outlet tubes. These outlet and control port tube dimensions match those in the uRANS data in Fig. 9. The
pressures were sampled and compared with the signal on the LHS of the splitter. The oscillation frequency
was 478 Hz and the signals were filtered around this frequency with a 2nd order, 6 Hz-wide Butterworth
bandpass filter. The ratio of the RMS of the signals was computed for each comparison, given by

RMSratio(x) =

√√√√ ∑k=N
k=1 F

(
p(k, x)

)2∑k=N
k=1 F

(
pLHS(k)

)2 , (1)

where p(k, x) is the pressure sample number k at position x, and F () represents the 478 Hz bandpass filter.
In addition, the phase difference was calculated, with signals lagging the LHS splitter signal taken as posi-
tive phase differences. The RMS ratio and phase lag plots, relative to the LHS splitter pressure, are shown

1slpm is a unit that is commonly used in industrial applications and corresponds to litres per minute at standard conditions (0oC, 1
bar). FE-21-1510, Nicholls, 5



ASME Journal of Fluids Engineering 6 OUTLET TUBE EXPERIMENTS

in Fig. 11a. The magnitude and phase were insensitive to the filter type used. Additionally, the pressure it-
self along the outlet tubes is plotted in Fig. 11b at several times during the oscillation. Positive x-values refer
to distance along the LHS outlet channel and tube from the splitter, whereas negative x-values indicate the
position down the RHS outlet (x = 0 refers to the splitter tip). The RMS ratio curve resembles the charac-
teristic of a stationary wave with boundary conditions somewhere between a free and fixed end. The phase
plot shows that the signals in each outlet tube are approximately in antiphase, which also corresponds to a
stationary wave solution. This assertion is supported by the CFD results, which also have the pressures in
the outlet tubes in antiphase.

The 1-D wave equation describes the propagation of pressures along the outlet channels and is given
by

∂2p

∂t2
= c2

∂2p

∂x2
, (2)

where c is sonic speed. D’Alembert’s solution is given by

p(t, x) =
1

2

(
f(x+ ct) + f(x− ct)

)
, (3)

when the pressure is initially constant and described by f(x). If f(x) is approximated to be sinusoidal, it is
given by

f(x) = sin

(
βπx

LO + LO,c

)
, (4)

where LO,c = 5 cm is the length of the outlet channel between the splitter and the position where the outlet
tube connects to the device, so that LO + LO,c is the distance from the splitter to the outlet valve. The
value of the parameter β depends on the behaviour of the pressure at the outlet valve, for which there is
no measurement available that would allow β to be determined directly. However, its value can be bounded
by consideration of the boundary conditions and the available data. When the outlet valve is fully open,
the pressure there is fixed to atmospheric pressure so that f

(
LO + LO,c

)
= 0, which would be satisfied

by β = 1 and corresponds to a node. Since the valve is partially closed, an upper bound, β < 1, can be
applied. The available experimental pressure data in Fig. 11b indicate that the sinusoid should contain the
local maxima and minima (the anti-node), which are observed at x ≈ ±10 cm. This translates to a lower
bound of β > 0.5. Assuming sonic speed at 291 K, the frequency of the resulting standing wave, p(t, x),
matches the experimental data (478 Hz) when β = 0.7, which satisfies the bounds.

Time series data from the outlet channel pitot probes measured during Mode II operation are shown in
Fig. 12. The extremum values of the time series signals in Fig. 12 relative to the mean indicate that the jet is
flapping between the outlet channels rather than fully attaching to either side during oscillation. When the
jet moves into a given outlet channel, the volume of the outlet tube is filled and the static pressure increases
transiently at the valve end. This increase is propagated upstream towards the splitter. At the same time,
the jet is moving away from the other side, resulting in an evacuation of the outlet tube on that side, and the
equivalent propagation of the dropping pressure towards the splitter. The result of these smoothly-varying
pressures is that the pressure difference across the jet increases in the direction that opposes its motion.
This can be seen in the CFD simulation frames in Fig. 9 — the pressure plots in the right hand column
show how the pressure in a given outlet channel increases as the jet moves towards that side. However,
this effect is delayed from the initial movement across because the pressure signals from the outlet valves
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take a finite time to propagate to the splitter where they act on the jet. As only a quarter of the length of
the outlet tubes is visible, these frames show the velocity and pressure in the region relatively close to the
splitter. The jet is in the RHS (bottom) outlet channel by frame 5 as shown by the velocity plot (Fig. 9e), but
the pressure plot (Fig. 9f) shows that the pressure in the LHS (top) outlet channel is greater than that in the
RHS outlet channel at this time. In fact, the pressure in the RHS outlet channel does not appear to exceed
that in the LHS outlet channel until frame 9 (Fig. 9j). The result of this delayed feedback mechanism is an
oscillatory response. This is supported by the experimentally-obtained phase data (Fig. 11), which show a
180o phase shift in the pressure signal across the splitter. To illustrate this point, Fig. 13 shows the the RHS
and LHS splitter pressure time series and their difference, in the same Mode II experiments that produced
Fig. 11a. It is the signal in Fig. 13b that drives the jet in Mode II.

7 MECHANISMS OF JET DETACHMENT
If the control port tube is disconnected and the control ports are covered, the jet attaches to one side

and there is no oscillation. This is because the attached side entrainment flow cannot be supplied through
the control port, which means that the Coandă effect is at ‘full strength’ and the pressure difference across
the jet is at a maximum for a given flow rate and outlet impedance. If the control ports are connected to
atmosphere through an impedance, then the value of the impedance determines the strength of the Coandă
effect. A very large impedance, equivalent to covering the control port, maximises the pressure reduction
on the attached side as described above. The effect of reducing the impedance is to allow more of the
attached side entrainment flow to be drawn through the control port, lowering the pressure deficit on the at-
tached side and reducing the jet curvature. If the impedance is reduced to zero, then the jet does not attach
to either side because the entrainment flow can be supplied without a depression. The degree of Coandă
effect weakening therefore depends on the impedance connecting each side of the jet to atmosphere. With
LO = 40 cm, leaving the control ports open to atmosphere does result in the jet attaching to one side — the
impedance of the control port channels alone is sufficient to allow attachment. However, this is only true
with these outlet tubes when the outlet valves are fully open. Partial closure of the outlet valves results in
the jet detaching fully and splitting equally down each outlet channel (assuming equal outlet impedance).

Closure of the outlet valves results in an increased transverse pressure gradient across the device at the
splitter. This pressure difference, which drives the Mode II oscillation, acts to peel the jet off the wall and
works against the Coandă effect. This explains why partially closing the outlet valves can cause the attach-
ment to break down when the impedance connecting the control ports to atmosphere is too great to achieve
it alone.

8 VENTING TUBES EXPERIMENTS
In order to determine the role of the control port tube in Mode II, experiments were conducted where it

was disconnected. Instead, tubes (henceforth referred to as venting tubes) connected each control port to
atmosphere. Mode II operation was possible with LO = 40 cm and the outlet valves fully open for a range
of lengths of venting tubes. These lengths were LV = 0 (no tubes, control ports open to atmosphere), 4.3,
8, 21, and 61 cm, where it was possible to instigate Mode II at 75 slpm, and which all had an oscillation
frequency of 325 Hz. Additionally, it was observed that Mode II could occur with LV = 193 cm venting tubes,
although in this case the flow rate had to be increased to 110 slpm and the oscillation frequency was 321 Hz.
In all cases, the venting tubes had DV = 8 mm internal diameter, and Mode II was encouraged by applying
a temporary back pressure disturbance at one of the outlets (partial covering of one of the outlet valves
momentarily).

The fact that Mode II can be instigated with no control port tube connected shows that its effect on the
oscillation frequency is of secondary importance. This demonstrates that the Mode II oscillation is not the
classical, ‘sonic’ oscillator mode described by Spyropoulos [1]. For Mode II to be instigated, the Coandă
effect must be weakened to some degree by allowing entrainment flow to be supplied through the control
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port. A second requirement is to have sufficient back pressure to allow the transverse pressure gradient at
the splitter to be strong enough to drive the jet across to the unattached side outlet channel. It can be seen
from Figures 7b and 8b that these conditions are met with a given control port tube length once the flow
rate reaches a threshold, since the back pressure is determined by the flow rate and the output impedance.
This threshold appears to depend on the length of the control port tube and the impedance of the outlet
tubes and valves, all of which play a role in satisfying the requirements above.

9 MODE II OSCILLATION FREQUENCY CALCULATIONS
The theoretical upper limit of the Mode II oscillation frequency can be calculated by considering the

propagation delay of the pressure signals from the outlet valves to the splitter. This value alone does
not incorporate the dynamics of the pressure in the outlet tubes responding to the jet filling and emptying
them periodically, nor the dynamics of the jet itself being driven by the splitter pressure difference signal in
Fig. 13b. The limiting frequency is given by

f̄ =
c

2
(
LO + LO,c

) (5)

where c is the propagation speed and LO,c = 5 cm is the length of the outlet channel between the splitter and
the position where the outlet tube connects to the device. The propagation speed is taken as sonic speed
at 291 K, which is c = 342 m/s, giving a limiting oscillation frequency of f̄40 = 380 Hz when LO = 40 cm,
and f̄20 = 684 Hz when LO = 20 cm. This value of f̄40 is greater than all of those in Figures 7b and 8b; the
largest Mode II frequency observed was 323 Hz (LO = 40 cm, LCP = 120 cm, DCP = 8 mm). Similarly, f̄20
exceeds the values recorded in table 1. This is expected because the time taken for the jet to fill and empty
the outlet channels as well as move across the device has the effect of lowering the observed frequency.

10 CONCLUSIONS
A fluidic oscillator of the type proposed by Spyropoulos [1] with the addition of outlet tubes and valves

has been studied. A previously unstudied mode of operation, named Mode II, was identified. Mode II
dominated the traditional operating mechanism (Mode I) when the flow rate exceeded a certain threshold,
beyond which it showed a relatively weak flow rate-dependence. Measurements of the pressure along the
outlet tubes revealed the presence of a standing wave such that the frequency is largely determined by the
length of the outlet channels and tubes. The oscillation was possible because of the delay between the jet
moving towards a given outlet channel and the resulting back pressure propagating from the outlet to the
splitter, which was clearly illustrated by uRANS data. Experiments were conducted where the control port
tube was replaced with venting tubes to connect the sides of the jet to atmosphere through an impedance.
The Mode II oscillation was possible in these conditions, illustrating that the role of the control port tube is
to weaken the Coandă attachment strength. It was also explained how back pressure works to detach the
jet from the wall, working in opposition to the Coandă effect, such that the condition on Mode II occurring is
a combination of control port tube impedance, outlet impedance, and flow rate. Finally, calculations of the
limiting Mode II frequency at a given outlet tube length based on propagation delay alone showed that all
experimental and numerical data satisfied this bound.
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Flow rate

(slpm)

LO = 20 cm LO = 40 cm

uRANS (Hz) Exp. (Hz) Error uRANS (Hz) Exp. (Hz) Error

100 481 No oscillation - 283 314 −9.9 %

125 480 498 −3.6 % 286 319 −10.3 %

Table 1: Mode II oscillation frequencies in uRANS with LCP = 140 cm, DCP = 8 mm, for several flow rates and 20 &
40 cm outlet tube lengths.
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Fig. 7: Experimentally obtained oscillation frequency vs flow rate for several tube lengths at DCP = 8 mm: 7a shorter
lengths, no jump in frequency; 7b longer lengths, mode change causing jump in dominating frequency.
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Fig. 8: Experimentally obtained oscillation frequency vs flow rate for several tube lengths at DCP = 5 mm: 8a shorter
lengths, no jump in frequency; 8b longer lengths, mode change causing jump in dominating frequency.
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Fig. 9: Unsteady RANS data in Mode II, single half period from LHS to RHS: velocity (left) and gauge pressure (right).
Parameters: LCP = 140 cm, DCP =8 mm, 100 slpm, oscillation frequency is 481 Hz. Note that only a portion of the
outlet tubes are visible in these frames.
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Fig. 11: Experimentally obtained pressure signals in outlet legs in Mode II: RMS ratio & phase lag (left) and pressure
vs position at several times (right). Positive values of x indicate the distance along the LHS outlet channel and tube
from the splitter, while negative values refer to the distance along the RHS outlet, with x = 0 being the point of the
splitter. Parameters: LCP = 140 cm, DCP = 8 mm, and LO = 20 cm, flow rate in Mode II.
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Fig. 13: Experimentally obtained time series: LHS and RHS splitter signals (left) and their difference (RHS − LHS,
right). Parameters: LCP = 140 cm, DCP =8 mm, and LO = 20 cm, flow rate in Mode II.
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