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Swirling sudden expansion flows are complex flow fields containing several coherent struc-
tures that depend on the swirl number and can exhibit hysteresis behavior between increas-
ing and subsequently decreasing swirl levels. While these flows have extensively been
studied in simple geometries, results involving special designed nozzles are scarce. There-
fore, this paper aims to provide insights into a more complex geometry, specifically a
two-step conical expansion with a converging outlet. Experimental data is acquired for
changing swirl numbers at a Reynolds number in the range of 35,000. Stereoscopic Par-
ticle Image Velocimetry (S-PIV) is employed to characterize downstream flow structures,
while Laser Doppler Velocimetry (LDV) is used to characterize upstream structures and
to determine the inlet swirl number. Several distinct flow patterns are found as a function
of the swirl number and the identified flow patterns include, in order of increasing swirl, a
Closed Jet Flow (CJF), an Open Jet Flow (OJF), and a Coanda Jet Flow (CoJF). A central
positive axial velocity is noted for both OJF and CoJF downstream of the expansion due to
the converging outlet geometry. At higher swirl numbers, Vortex Breakdown (VB) moves
upstream into the nozzle until a negative axial velocity is noted in the inlet tube. For these
higher swirl numbers, no hysteresis is observed in the inlet tube between increasing and
subsequently decreasing swirl. However, downstream of the nozzle, it is observed that
the CoJF detaches at a lower swirl number than the swirl number required for attachment,

indicating a hysteresis effect between in- and decreasing swirl.

Keywords: Swirl-induced hysteresis; Stereoscopic Particle Image Velocimetry; Laser

Doppler Velocimetry; Swirling flow; Sudden expansion flow
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I. INTRODUCTION

Swirling flows are crucial in various engineering applications, such as aeronautics, combustion,

I Over several decades, swirling

cyclone separators, and Ranque-Hilsch tubes, amongst others
flows have proven effective in stabilizing fast-reacting flows in burners and gas turbines, enhanc-
ing flame stability and reducing pollutants in these applications>>. Additionally, it has facilitated
innovations in gasoline and diesel engines and industrial furnaces, and other sectors!. The signifi-
cant impacts of swirl are widely recognized, including increased jet growth, enhanced entrainment,
and a faster decay rate compared to non-swirling jets. These effects become more pronounced at
higher levels of swirl*. Recently, novel applications for swirling flows have emerged in the chem-
ical sector, particularly in liquid-solid mixing. The enhanced mixing properties of swirling flows
are leveraged to maintain a suspension of solid particles in a liquid in an Swirling Flow Reactor
(SFR).

Different flow patterns can arise in a swirling flow, depending on the swirl number, geometry,
and Reynolds number (Re), amongst others. Common coherent structures in swirling sudden
expansion flows include the Precessing Vortex Core (PVC)®, self-excited jet precession’ or Vortex
Breakdown (VB)8. VB occurs when the swirl number surpasses a specific threshold in a sudden
expansion round jet®?. Despite extensive research, there is still no consensus on the underlying

mechanisms of VB.10-15,

Axial and radial confinements notably impact the flow characteristics in laminar swirling jets'®
or in nanofluid flows.!7-1°. Furthermore, contraction ratio and shape of the outlet influence up-
stream flow patterns?%-23. All these studies?®2? consider a sudden contraction and an aspect ra-
tio (L/D) lower than 5.25. A contraction ratio (CR = 2/d,...) above 2.56 with an aspect ratio
of 4 results in a combination of VB and a positive axial central velocity?®. In addition to geo-
metrical parameters, the initial swirl distribution can modify the flow pattern following a sudden
expansion®?*. To summarize, a diverse range of parameters influence the behavior of swirling jet

flows and their associated flow patterns.

In the computational work of Moise and Mathew !4, a transitional Reynolds number of 1,000
was examined. The study involved the manipulation of swirl numbers, both increasing and de-
creasing. A difference in radial expansion in two identical swirl number regions was observed,
resulting in a hysteresis. At intermediate swirl numbers, a bi-stability of Bubble-shaped Vortex

Breakdown (BVB) and Conical-shaped Vortex Breakdown (CVB) occurred, while regular CVB
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and wide-open CVB types were bi-stable at higher swirl numbers.

Regular CVB and wide-open CVB have been classified as Open Jet Flow (OJF) and Coanda
Jet Flow (CoJF), respectively. This classification is used mainly for swirling sudden expansion
flows?>26. When a stepped conical expansion flow is combined with an annular inlet tube, the
OJF can be classified into two sub-classes, i.e., Low-Swirl and High-Swirl. The OJF - Low Swirl
has a conical VB behind the annular obstruction. For the OJF - High Swirl, the CVB radially
expands to attach to the conical wall of the first sudden expansion. This sub-classification does not

apply in cases without a stepped inlet?’-28

, so for the remaining text only the main classification
of OJF will be used. Similar to a CVB wide-open shape, CoJF is a flow field in which the flow
attaches to the bottom wall perpendicular to the expansion.

Swirling sudden expansion flows exhibit hysteresis behavior in both laminar and turbulent
regimes when increasing and subsequently decreasing the swirl. For Re = 180 and 11,000, re-
spectively discussed in Ogus, Baeclmans, and Vanierschot 2® and Vanierschot and Van den Bulck 2,
the flow transitions from a Closed Jet Flow (CJF) to an OJF-Low Swirl until finally reaching the
OJF-High Swirl flow state. After decreasing the swirl, it transitions to a CoJF state, and the flow
remains attached to the wall until no inlet swirl is present anymore?%2°, Increasing the step size in
an annular jet, Vanierschot and Van den Bulck 3 have shown that an unstable CoJF can be reached
while increasing swirl number without any hysteresis noted.

Computational Fluid Dynamics (CFD)-simulations have demonstrated the working principles
of an SFR, achieving a CoJF at moderately high swirl numbers’, in both one-phase and two-phase
flows. A CoJF is essential in an SFR as it mitigates solid sedimentation due to its flow attachment
to the bottom wall of the reactor. The current study provides an experimental basis of one-phase
flow structures present in an SFR and their relation to inlet swirl number. Achieving a CoJF at low
swirl numbers decreases the pressure drop across the swirl generator, increasing the efficiency of
the system. Experimental validation is necessary to explore the possibility of achieving a CoJF at
low swirl numbers due to hysteresis effects.

Hysteresis between an CJF, OJF and ColJF has only be observed in annular jet flows, where the
interaction between a central and corner recirculation zone plays a major role in the flow pattern
choice. In this study, the nozzle geometry is adapted to a two-step conical nozzle to achieve
hysteretic behavior in a round jet as well. To the author’s knowledge, multi-step conical round
jet expansions are not considered in the literature, especially not their hysteresis behavior, which

is only studied numerically for transitional round jets'# or numerically and experimentally for

4



ing

AlIP
lﬁ_ Publish

annular jets?®%?. This paper presents experimental flow field measurements in a two-step conical
expansion. Using Laser Doppler Velocimetry (LDV), the inlet flow is characterized, followed
by Stereoscopic Particle Image Velocimetry (S-PIV) measurements of downstream flow fields at
different swirl numbers, both increasing and decreasing. The flow states are identified as CJF, OJF,
and CoJF. A discussion of the hysteresis behaviour is included. Contrary to one-step expansions,

the OJF is found to be more stable than the CoJF in this two-step conical expansion2®-2,

II. EXPERIMENTAL SETUP AND DATA PROCESSING
A. Geometry

The geometry considered is an SFR for solid-liquid mixing processes>3!. It comprises a sudden
expansion with a step of 0.15d; and two tapered parts for which the dimensions are depicted in
Figure 1, where d; refers to the nozzle diameter. The first tapered part has a radial dimension
0.16d; and is installed at 20°. While the second tapered part has a radial dimension of 1.63d;
and is installed at 75°. Both angles are measured from the centerline (x-axis). Figure 2a shows a
picture of the setup from the S-PIV laser’s perspective.

A guide vane swirl generator, designed by Dugué and Weber>32, can feed a variable swirling
flow into this sudden expansion vessel. Figure 3b depicts the guide vanes’ position for maximal

25.27.33 and round

swirl. This swirl generator is used in numerous studies on annular swirling jets
jets®3435 The annular tube is removed in this study, and a detailed view is given in Figure 3a.
Upstream of the movable block swirl generator, the flow is divided into six separate parts (yel-
low tubes in Figure 2a). This uniformly feeds the settling chamber, shown in Figure 3a. The
swirl number is experimentally calibrated using LDV, which is explained in detail in section II B.
The flow of water is regulated by a frequency-controlled centrifugal pump (Packo NP/68-50/152).
Downstream of the sudden expansion vessel, it contracts at 45° to an outlet diameter of 4/3d;, as
visualized at the top of Figure 1. The cylindrical and octagonal confinements are made of transpar-

ent PolyMethyl MethAcrylate (PMMA). The volume between the confinement and the cylinder is

filled with water to minimize refraction issues.

B. Laser Doppler Velocimetry (LDV)

Consistent documentation of the initial conditions for studies of free shear flows is an impor-

5
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FIG. 1: Schematic drawing of the sudden expansion vessel in a side-view with the inlet at the
bottom and the outlet at the top. A pink rectangle indicates the S-PIV measurement area. The
measurement location of the LDV measurements is indicated by the dashed green line at

x/d; = —0.3.

tant aspect to allow comparison between studies?*3¢39_ The jet inlet profile of the current study is
measured using a 1D LDV FiberFlow system of Dantec Dynamics. Both the profiles and their as-
sociated swirl numbers are discussed extensively in Section II E. Essential information about these
measurements is included in the current section. An adjustment to the conventional swirl number
is done to calibrate the inlet flow field. The conventional swirl number does eliminate the pressure
term and turbulent fluctuation stresses, and an adjustment to its integration radius will change its
final value. However, it can still serve as a useful estimator of the degree of swirl for categorizing
swirl injectors, as long as the integration limit and axial position are specified, as discussed in
detail by Vignat, Durox, and Candel *°. Ideally, the inlet profile should be measured as close to the
sudden expansion as possible, to limit errors due to a non-ideal definition of the swirl number*°.
However, at this position, the first step of the sudden expansion blocks the top laser beam when

measuring the axial velocity. The closest measurement position possible is at —6.8mm upstream

6



AlIP
Publishing

£

Camera #1 Camera #2

Laser

(a) (b)

FIG. 2: S-PIV configuration both in a photograph and a top-view schematic representation. (a)
Photograph of the cameras and sudden expansion vessel, viewed from the laser perspective. (b)

Schematic representation of the S-PIV configuration, top view.

Water from pump

Settling chambeL ?0.71dj (6x)

12 radially mounted \/
guide vanes

15645 3.33d;

Positioning
mechanism

..................................................... PR U Fixed blocks Movable blocks
(a) (b)

FIG. 3: Schematic representation of the swirl generator and positioning of the guide vanes. (a)
30kW movable block swirl generator as designed by Dugué and Weber32. (b) Position of the

guide vanes of the swirl generator to produce a maximal swirling inlet flow.
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Optics Refractive indices*!

Focal length|Expansion factor| Wavelength || npyaa | Rair | Pwater

310 mm 1.98 532 nm 1.49 11.00| 1.33

TABLE I: Details about the optics in the LDV setup and the refractive indices considered in

Appendix A.
Fringe spacing [um]|Depth [pm]
No refractions 2.27 671
Axial measurements 2.27 896
Tangential measurements [2.27-2.37] [896-935]

TABLE II: Details about the fringe spacing and the depth of the measurement volume for three
conditions. "No refractions,"” where there are no interfaces between the probe and measurement
volume (added for reference). "Axial measurements," where all interfaces are straight.

"Tangential measurements," where interfaces are both straight and circular, as shown in Figure 4.

(x/d; = —0.3), where both the axial and tangential velocity can be measured subsequently. Fig-
ure 1 shows this position as a green dotted line. The following formula calculates an adjusted swirl
number (So.34), which is the conventional swirl number adjusted to only include 84% of the total
inlet pipe’s diameter (d;). This adjustment is necessary due to refraction limitations at the pipe’s
edges, so the integration limit becomes |y| = 0.42d;:
'0()'42diﬁWr2dr

()]

So.84 =

where r is the radial position in the inlet tube. The mean axial or tangential velocities at a specific
location are denoted as # and W, respectively.

Details about the optics and the refractive indices considered can be found in Table 1. Due to
refractions into the circular test section, the fringe spacing and measurement volume change, as
indicated in Table II. The width and height of the measurement volume are nearly equal for all
measurements with a value close to 79 pm.

The LDV probe is installed on an YZ-translation stage to allow for the centering of the laser
and precise movement throughout the inlet tube. An axisymmetric flow field is expected based

on previous studies using the same swirl generator*>*3. This axisymmetry is used to locate the
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inlet tube center for axial and tangential velocity measurements. Due to refractions, the axial
and tangential velocity measurement locations are slightly different. These refractions result in
a linear spatial shift for the axial measurements, which is noted in Equation 2. After locating
the inlet tube’s center, the subsequent displacements of the LDV probe are depicted as A. The
actual measurement location at this probe’s position is X¢ 4viq/. In €ssence, a fixed displacement of
the measurement volume also occurs. This is, however, irrelevant since the center of the tube is
determined by a calibration measurement, so only the movement of the probe needs to be scaled

linearly, with its corresponding scaling factor according to Equation 2,

tan(oy) A

tan (arcsin( Nair Oq))

Nwater

(@)

X6,axial =

For the tangential measurements, the interfaces at the tube are circular, resulting in a non-linear
spatial shift and a shift in the physical properties of the LDV’s measurement volume. This is
visually represented for one measurement position in Figure 4. Both the fringe spacing and the
measurement volume change throughout the measurements with the range indicated in Table II.
The geometric variables, indicated on Figure 4 are p;=5.0 mm, p,=10.0 mm, L;=73.8 mm, and
R =d;/2=11.2 mm. The first angle (c;) and y; are properties of the LDV probe and its optics.
All intersection points between an interface and the laser beam are identified with their respective
x- and y-coordinates. The relationship between the position of the LDV probe (L) and the actual
measurement position (x¢) is determined using Equations Al to A14, explained in Appendix A.
These equations are based on trigonometry and Snell’s law. The measured velocities with the LDV

hardware and software are corrected to represent the correct velocities.

C. Stereoscopic Particle Image Velocimetry (S-PIV)

The measurements downstream of the step are performed using S-PIV. Two cameras are posi-
tioned at angles of 49.4° and 51.5°, with reference to the normal vector of the laser sheet, corre-
sponding to ¢ in Figure 2. The laser is positioned to illuminate the center of the sudden expansion
vessel as depicted in Figures 1 and 2. The two cameras used are Imager SX6M cameras equipped
with an AF Micro-Nikkor 60mm f/2.8D lens. The laser is a 200 mJ pulsed laser of Litron with a
wavelength of 532 nm. Fluorescent Red Microspheres (FRM) from Cospheric with a density of

p =995 kg/m> and a diameter of 40 — 47 pm are used as seeding particles. The combination of an

9
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LDV View
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FIG. 4: Visualization of the refractions in the inlet pipe due to the different medium interfaces for
tangential velocity measurements. The green dashed line shows the expected laser path without
any refractions, which would measure in the exact center of the tube. The red line shows the
actual line the laser will follow based on the refractions between each medium interface. The
grey areas show all PMMA materials. The purple region represents the water inside the inlet tube

and surrounding the inlet tube within the view box.

optical edge filter at a wavelength of 540nm on both cameras and fluorescent particles minimize
laser reflections near the walls. By using a 3D calibration plate, any remaining refraction errors
are corrected. Self-calibration is also performed to adjust for possible misalignment in the laser
sheet during the original calibration. The acquired images are processed to obtain velocity fields
by Davis 10.1.2, by a multi-pass algorithm with two final passes of interrogation windows 32 x32,
featuring an overlap of 50%. The final spatial resolution of the vectors is 0.77 mm. After each
interrogation pass, two criteria are used to delete possible erroneous vectors. Firstly, any vector
showing a correlation value lower than 0.5 is removed. Secondly, a 4-pass regional median fil-
ter deletes vectors if they deviate more than 3 standard deviations from the regional median. If
the second or third highest peak in correlation values does not deviate more than four standard
deviations from the regional median, they replace the original highest peak vector. These two
post-processing steps are also applied to the final vector field. Finally, any vectors missing after

these post-processing steps are interpolated from their neighbors.
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D. Accuracy of optical measurement techniques

Errors from both LDV and S-PIV measurements are similar to a certain extent. The errors in
both measurements can be divided into systematic and random errors**. The systematic errors
are mainly due to misalignment in the setup and tracing accuracy of the seeding particles. The
former is kept as small as possible by carefully aligning the laser sheet and the calibration plate for
S-PIV. The latter is achieved since the seeding particles’ Stokes number is sufficiently low*>. Any
setup’s misalignment will result in a large erroneous radial velocity originating from projection
errors, which interpret the tangential velocity as a radial velocity. The centering of the laser is
fine-tuned based on subsequent measurements, in which the non-physical central radial velocity
due to misalignment is minimized.

Both measurement techniques are spatially low-pass, averaging the flow, with S-PIV having a
larger filter than LDV. For the LDV data, due to the non-uniform sampling rate, both axial and
tangential velocities are corrected using a transit time weighing on the raw measurement data to
correct for any statistical bias towards higher velocities, as described by Buchhave, George, and
Lumley“®, and George*’.

Random errors are quantifiable based on statistics. The uncertainties on both the mean and the

standard deviation can be calculated as*S:

1 1
& = Ot | | Wffza/b 867 = Ot || Wza/z, 3)

where & is the uncertainty of the time-averaged velocity component and J, is the uncertainty
of the standard deviation. Zg/, is 1.96 for a 95% confidence interval. The effective number of
samples N, is determined for each location based on Equation 448;
N
Nepr = o 7
Iy p(nar)

where N is the total number of snapshots and p (nAr) is the auto-correlation of these samples, of

“

which a summation is taken. The summation is stopped once the correlation values reach zero for

the first time. True standard deviation (o7, ) is determined by the following formula for S-PIV#3:

o7, = 02— 82, )

Utrue

where oy is the standard deviation, which is the sum of Gy, (true standard deviation) and 82

(mean square of instantaneous measurement uncertainty). For LDV oy, is equal to oy, due to it
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being an absolute measurement technique. Representative profiles of u and o with their corre-
sponding uncertainties, 8 and J¢,, are plotted at multiple sections in the sudden expansion vessel
in Appendices II and III for all S-PIV measurements. The calculations for v and w are identical
to the ones above. The LDV results with their corresponding error bars for each measurement are

plotted in Figure 5.

E. Calibration of the swirl generator

The LDV measurements’ Reynolds number is 33,000 £ 2,000, calculated as Re = W.
This Reynolds number corresponds to the flow in a 30kW swirl burner, for which the swirl gen-
erator was initially designed. However, this Reynolds number is also representative for higher
Reynolds numbers, usually found in industrial-sized setups, as the hysteresis is Reynolds indepen-
dent in the turbulent regime?. The swirl number is gradually increased by rotating the movable
blocks inside the swirl generator with a servo motor. An Arduino controls this motor, and a cor-
rection for the gear’s backlash is included. The average inlet flow velocity in the nozzle (#;.;)
and the temperature of the liquid are measured for each data set. The tangential data set is scaled
to correspond to the same inlet flow speed as the axial data set for calculating each swirl num-
ber. The flow rate is within 10.9% similar and the Reynolds number within 5.6%, for subsequent
axial- and tangential measurements. An important note is that the axial and tangential velocities
are measured for increasing swirl numbers. The swirl numbers for decreasing swirl have the same
geometrical inlet flow as the corresponding increasing swirl case. This simplification has been
validated by measuring three radial positions for both increasing and decreasing swirl numbers,
and no difference is observed between these. Figure 5 shows the normalized axial and tangential
velocity for each geometrical configuration of the swirl generator.

A high level of axisymmetry is observed between y/d; < 0 and y/d; > 0, depicted as blue
and red, respectively. This axisymmetry is similar to previous studies using the same swirl
generator’*4243. §) ¢4 is calculated for both y/d; < 0 and y/d; > 0, of which the average results
in the final value for Sy g4.

For Sp.34 = 0 and 0.10 (Figures 5a and 5b), the axial velocity profile is similar to a power law
velocity profile*®, with Sy g4 = 0.10 evolving more towards a top-hat profile333%>!_ The tangential
profile fluctuates around zero for Sp g4 = 0. At Spg4 = 0.10, the tangential profile increases until

[yl/di = 0.2, leveling at 0.15. From Sy g4 = 0.27 (Figure 5c) onwards, the gradient of the axial
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FIG. 5: Axial and tangential velocity profiles at x/d = —0.3, measured with LDV, for different
swirl settings of the swirl generator. A dash-dotted vertical line is shown at the limit value of
|v|/di = 0.42, utilized in Equation 1. A dashed horizontal line is shown to indicate a
zero-velocity. (a) Sp.ga = 0. (b) So.84 = 0.10. (c) Sp.84 = 0.27. (d) So.84 = 0.48. (e) Sp.84 = 0.73.
() So.ga = 1.13. (g) So.8a = 1.50. (h) Sp.84 = 1.65. (i) So.84 = 1.74. (j) So.8a = 1.95. (k) Legend
for plots Sa to 5j.
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FIG. 6: Both the swirl number and its corresponding frequencies for different geometrical
settings of the swirl generator. (a) Geometric angle of the swirl generator with its corresponding
swirl number (S g4), with both the positive and negative side depicted. (b) Geometric angle of
the swirl generator with its corresponding frequencies obtained from a Power Spectral Density

(PSD), including their hysteresis behavior. Each measurement is done at y/d; = 0.38.

profile increases towards the edge of the inlet pipe.

The center velocity of the axial velocity profile decreases with increasing swirl, as can be
observed in Figure 5. At Sg.g4 = 1.74 (Figure 5i) a central recirculation appears. This is expected
since, at high swirl numbers, the recirculation zone associated with VB enters the nozzle3233,

The LDV data is used to identify frequencies present in the inlet flow field. A representative
PSD plot, shown in Figure 7a, illustrates tangential velocity measurements of Spgs = 1.95 at
y/d; = 0.38. The PSD employs Welch’s method>*, providing a smoother profile with a spectral
resolution of 0.004. Multiple criteria define peaks in the PSD: they must exceed —30dB, possess
a prominence of at least 6dB, and amount at least twice the mean value of surrounding samples
when considering 15 spectral points on each side of the respective peak. Prominence defines the
peak to its intrinsic height by defining it as the minimum decrease between the current peak and
any higher neighboring peaks. The PSD depicted in Figure 7a shows three identifiable peaks
adhering to these criteria. While stricter criteria could be applied, these might overlook low-power
harmonics. The established settings effectively identify most peaks while minimizing erroneous
identifications. For low swirl numbers, Spgs = 0.10 — 0.27, only faint peaks in the tangential

velocity spectra are observed, with only one or two complying with the criteria, as depicted in
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FIG. 7: Strouhal number (St = f4i/g,,,) obtained from a PSD for the axial and tangential velocity
measurements at x/d = —0.3, measured with LDV, for different swirl settings of the swirl
generator. (a Example of a PSD spectrum for Sp 34 = 1.95 and y/d; = 0.38. (b) Sp.g4 = 0.10. (c)
So0.84 = 0.27. (d) Sp.84 = 0.48. (e) So.84 = 0.73. (f) So.8a = 1.13. () So.84 = 1.50. (h)
So.84 = 1.65. (i) Sp.84 = 1.74. (j) So.84 = 1.95. (k) Legend for plots 7b to 7j.

15



ing

AlIP
lﬁ_ Publish

233

234

235

236

237

238

239

240

242

243

245

246

247

248

249

250

255

256

257

258

259

260

262

Figures 7b and 7c. From Spg4 = 0.48 onwards, consistently similar values emerge throughout
the nozzle’s PSD analysis. Notably, from Sp g4 = 1.13 onwards, multiple peaks are observed in
the PSD spectrum, indicating harmonics. As the swirl number increases, the energy content of
the coherent structure and its harmonics grows. For Spg4 = 1.13, Sp34 = 1.50 & Sp.84 = 1.74,
a deviation appears between the axial and tangential Strouhal number, most likely due to the
frequency jitter. The structures and their harmonics are more present between 0.2 < |y|/d; < 0.4,
as is depicted in Figure 7. At |y|/d; > 0.4, the acquisition rate of the LDV probe is lower due
to a lower sensitivity setting to counteract the wall reflections. This lower acquisition rate lowers
the highest frequency observable in the spectrum. The acquired value for Sy g4 for different swirl
generator positions, both for y/d; < 0 and y/d; > 0, is depicted Figure 6a.

Similar Strouhal numbers and harmonics have been observed in previous studies>%33. Vanier-
schot et al. 33 studied an annular swirling jet with a swirl number of 0.36, identifying both a single
and double helical PVC (St = 0.27 & St = 0.56), the latter being not a harmonic of the former.
For a similar inlet geometry to this study, with the adjustments of an annular outlet and two-phase
flow, Yang et al. 5 observed a PVC (87 = 1) and its second harmonic (St &~ 2) for a swirl number
of 1.7, using CFD simulations. Syred® summarized studies demonstrating a linear relationship
between Strouhal and swirl numbers, which found similar values as discussed in this paper. A
PVC precesses around the central axis, which is the most likely reason for being less observable
in the central measurements (|y|/d; < 0.2). Up to the third harmonic of the PVC is observed at
the higher swirl number measurements. Figure 6b presents tangential velocity measurements’ fre-
quencies at y/d; = 0.38 for various swirl numbers, both increasing and decreasing. It shows no

hysteresis behavior concerning identified frequencies.

III. TIME-AVERAGED FLOW FIELDS

The S-PIV measurements acquire data at seven geometric positions of the swirl generator, while
the LDV data have a slightly higher resolution with ten data points. The LDV calibration data,
visualized in Figure 6a, are fitted with a logistics (also frequently called Sigmoid) function, which
approaches a maximum value close to the highest geometrical input angle. This fitted function
is utilized to interpolate the S-PIV swirl numbers from the LDV data. The error considered is
determined as the linear interpolation of the two closest geometric angles of the LDV data set and

their respective errors. Every S-PIV measurement consists of 1500 individual measurements. The
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average acquisition frequency is around 7.5Hz. The different flow patterns are identified with the

three velocity components and the stream function ¢33,

27 o u(x, r)rdr
Q )

where 7,4y is the furthest radial point for which an axial velocity is available, Q is the volumet-

¢(x,r) = (6

ric flow rate measured during the experiment [m?/s]. In the following subsections, III A, III B
and IIIC, a representative profile of each distinguishable flow pattern (CJF, OJF, and CoJF) is
shown and discussed in detail. An overview of all measurements is given in the appendices. The
mean of each velocity component and the corresponding Root Mean Square (RMS) velocity are
shown in Appendices II and III, respectively, while the stream functions and in-plane vectors are

depicted in Appendices IV and V, respectively.

A. Closed Jet Flow (CJF)

Figure 8 visualizes a representative flow profile of a CJF at Sp.g4 = 0. A CJF has streamlines
in the center without any Central Recirculation Zone (CRZ), similar to jet flow. A precessing
structure is present in this condition, extensively discussed in Holemans ez al. 7. A similar precess-
ing structure is present in this flow field based on a Spectral Proper Orthogonal Decomposition
(SPOD) analysis>®, with a Strouhal number of 0.0026, which is close to values reported by Hole-

mans et al. 3*. The tangential velocity profiles are zero within measurement accuracy.

B. Open Jet Flow (OJF)

Figure 9 visualizes a representative flow profile of an OJF at Sp g4 = 0.35. A similar flow field
is present at Sp g4 = 0.16 and 0.69. An OJF has streamlines which expand radially, recirculating
to the center. Due to the geometry of the outlet, limited recirculation in the center and a positive
central jet are observed. In literature, a positive central axial velocity is seen for a contraction ratio
of 2.56 and higher?’, similar to the contraction ratio of 3.67 in the current study. An essential
difference with previous studies is the outlet shape, which is a 45° contraction instead of a sudden
one. The size of a CRZ depends on a high rate of decay of swirl velocity?2, which is not achieved
due to the confinement. This leads to a small CRZ, reaching into the nozzle?>>53, The decrease in

central axial velocity can also be observed in the LDV measurements for increasing swirl numbers.
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FIG. 8: Visualization of a CJF at Sy g4 = 0, displayed in the geometry. Left and middle: axial and
tangential velocity profiles are depicted with their error bars. Only one in two data points is
shown to improve readability, and the colors alternate between black and blue to distinguish the
plots easily. Right: isocontours of the stream function (¢(x,r)). (a) Axial velocity profiles. (b)

Tangential velocity profiles. (c) Stream function (¢).

In the current study, the central positive velocity exists significantly further upstream, most likely
due to the aspect ratio (L/D) being half of the aspect ratio considered in Li and Gutmark?°. For
the tangential velocity, a high gradient is observed in the center, which propagates through the
domain. Similar behavior is seen in Escudier, Nickson, and Poole?® with an outlet contraction

ratio of 2.2.

C. Coanda Jet Flow (CoJF)

Figure 10 visualizes a representative flow profile of a CoJF at Sy g4 = 1.78. A similar flow
field is present at Sog4 = 1.13 and 1.52. An OJF has streamlines which strongly expand radially,
attaching to the second tapered part of the inlet. This jet is simultaneously present with a central
jet flow. The higher RMS values in the central region of this flow field originate from a wobbling
motion of the jet, as discussed by Holemans et al. >*. The recirculation zone, originating from a
VB, is going further into the nozzle, which decreases the central axial velocity values, as seen in

the LDV measurements. A more extensive discussion of this flow field can be found in Holemans
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composition as Figure 8. (a) Axial velocity profiles. (b) Tangential velocity profiles. (c) Stream

function (¢).

et al.’*. From So.84 = 1.52 onwards, a double peak axial velocity forms at a sufficient distance
from the expansion. This radial expansion into two peaks also reduces the maximum velocity of

these peaks.

IV. HYSTERESIS MAP

The different flow structures observed while increasing (1) the swirl number are identified and
discussed in the previous section. When the swirl number is decreased ({), different flow structures
are noted at the same swirl numbers, indicating hysteresis behavior. A visual representation of
this hysteresis is depicted in Figure 11. A representative stream function plot of each flow state
is visualized, specifically, a CJF at Spg4 = O (start), an OJF at Spg4 = 0.69 1, and a CoJF at
So.ga = 1.78 1.

The flow structures of each measurement are shown in the different appendices. A similarity
in the respective flow fields is evident in several pairs of increasing and decreasing swirl num-
bers. Specifically, the following pairs, denoting first the increasing case and then the decreasing
swirl number: Sy g4 = [0.16;0.69] (increasing OJF), Spgs4 = [1.13;1.52] (increasing CoJF) and
So.84 = [0.35;1.13] (decreasing OJF). These pairs exhibit comparable velocity profiles, RMS pro-
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FIG. 11: Flow patterns identified of a swirling jet downstream of a two-step conical expansion
and its transition map related to changing swirl number. A representative stream function plot of

each flow pattern is added to the figure.
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files, and stream functions. As the swirl increases, the occurrence of VB marks the transition
towards an OJFE. This VB bubble originates upstream of the inlet tube, as in the LDV measure-
ments in Figure 5, it is not yet visible. The bubble behaves like a bluff body to the flow in the inlet
tube, creating a central jet in the middle of the geometry. As the swirl number increases, the size
of this bubble grows and it moves more upstream in the inlet tube, hence blocking the flow more.
Due to the conservation of angular momentum, r®, the central jets rotates faster and faster in the

wake of the bubble. This fast rotation induces radial pressure gradients, i.e.

ap V2
o P

If the radial expansion of the flow is sufficiently large, the Coanda effect in the sudden expansion

@)

pulls the jet towards the wall, similar to annular jet flows with a stepped-conical expansion®. If
the swirl number is decreased from maximum swirl, the opposite effect occurs. The VB bubble
size decreases and hysteretic behavior of VB'# is most likely responsible for the hysteresis at
So.84 = 1.13. Further decreasing the swirl reduces the size of the bubble and moves its location
upstream of the inlet tube. This results in a decrease in radial expansion of the OJF. For Sy g4 =
0.35 |, a profile with a subtle OJF is observed, pushing the VB almost fully into the nozzle. In
some cases in the literature, i.e., Moise and Mathew !4, CoJF flow can be reached if the swirl
number is increased enough and will only disappear at a lower swirl number. In previous one-step
conical expansion research, CoJF was reached only by decreasing the swirl number and not in
the increasing case?®?°. The hysteresis shown in Figure 11 is inverse to these expectations. This
implies that low swirl numbers cannot be used to achieve CoJF in an SFR for enhancing efficiency.
OJF appears more stable than CoJF at high swirl numbers for a two-step conical expansion, as is
noted in Figure 11.

In the decreasing swirl case, a similar precessing structure, as discussed in Section III A is
present in the flow field with a Strouhal number of 0.0028, at zero swirl. The jet spreading can be
quantified using the jet half-width or the opening angle. The jet half-width is defined as the angle of
the line connecting locations where the axial velocity is 50% of the jet’s centerline velocity. The
opening angle is defined as the line connecting locations where the axial velocity crosses zero.
The decreasing swirl case with § = 0 shows slightly higher values for jet spreading compared
to the starting case. Specifically, there is an increase of 2.27° and 3.26°, for the jet-half width
and opening angle, respectively. However, both variables exhibit a high spread for this type of

flow, as shown in Holemans ef al.3*, with a standard deviation of 0.40 and 0.59, respectively.

21



ing

AIP
Publishi

s

£

347

348

349

350

351

352

353

356

357

358

359

360

362

z/di[~]

Al @/ G U/ Uinte

FIG. 12: Visualization of a non-axisymmetric jet at So g4 = 0.16 |, displayed in the geometry.
Identical figure composition as Figure 8. (a) Axial velocity profiles. (b) Radial velocity profiles.

(c) Stream function (¢).

The dimensionless maximum of the tangential velocity, in the S-PIV measurements, is three times
higher for the decreasing swirl case than an equivalent increasing case. Similar behavior is noted
in the LDV measurements, where a residual tangential velocity in the nozzle is observed. While
decreasing the swirl number, at a low swirl number (Spg4 = 0.16), a non-axisymmetric jet is
observed, visualized in Figure 12. The time-averaged flow field of the jet shows a deviation of
the jet for the axial and radial velocity to one side, with its right side opening up and its left
side exhibiting some recirculation. From Spg4 = 1.52 1 and only until Sg g4 = 1.76 |, a double
peak axial velocity forms at a sufficient distance from the expansion. Some hysteresis effects are
also observed in the LDV measurements, where the tangential velocity remained higher at low
swirl numbers S g4 < 0.25 for the decreasing swirl case. At higher swirl numbers, no hysteresis

behavior is observed in the nozzle neither for the velocity magnitudes, nor for the temporal spectra.

V. DYNAMICS OF FLOW PATTERNS

It is well known that swirling flows are inherently unsteady and can feature complex structures
like VB or PVCs. To unravel the large scale coherent structures, a POD analysis was performed on

the OJF and the CoJF. Results show that the coherent structures of both the OJF and CoJF are very
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FIG. 13: Spatial POD modes with the highest energy content for the CoJF at Sy g4 = 1.13. The
vectors denote the in-plane velocity vectors, while the out-of-plane velocity is depicted by the
color values. The colorbar is in arbitrary units to increase visibility. (a) Mode one of the pair. (b)

Mode two of the pair.

similar at all swirl numbers and hence only 2 representative flow fields are shown, corresponding

to the hysteresis location at Sy g4=1.13 in Figure 11.

The mode pair with the highest energy content for the CoJF is shown in Figure 13. This pair
describes a precession of the central jet behind the VB bubble and contains 25% of the total energy.
This mode pair is identical to the one found in the work of Holemans et al.3> at maximum swirl.
The precession has a temporal dynamic of St = 0.04. The mode pair with the highest energy
content for the OJF is shown in Figure 14. The spatial structure is very similar to the CoJF. This
pair also describes a precession of the central jet behind the VB bubble and contains 20% of the
total energy. The precession itself has a temporal dynamic of St = 0.03, slightly slower than the
one of the CoJF. This difference is attributed to the large VB bubble at higher swirl numbers,

creating a larger rotational velocity near the central axis for the CoJF compared to the OJF, as also

discussed in the previous section.
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FIG. 14: Spatial POD modes with the highest energy content for the OJF at S g4 = 1.13. The
vectors denote the in-plane velocity vectors, while the out-of-plane velocity is depicted by the
color values. The colorbar is in arbitrary units to increase visibility. (a) Mode one of the pair. (b)

Mode two of the pair.
VI. CONCLUSIONS

A sudden expansion flow with a two-step conical expansion is characterized both upstream and
downstream of the expansion by LDV and S-PIV measurements, respectively. A varying swirling
flow inlet is calibrated by LDV measurements, which quantify the swirl number for 84% of the
inlet tube’s diameter, Sy 4. These values showed high axisymmetric similarity. The swirl number
is increased and subsequently decreased to check for the hysteresis behavior of the flow field.
Notably, the axial velocity profiles resembled power law velocity profiles at low swirl numbers.
However, increasing swirl numbers led to a decreased central axial velocity until flow reversal,
attributed to VB, occurred beyond Sp g4 = 1.74. From Sy 34 > 0.48 onwards, a PVC is observable
in the frequency spectra, and up to the third harmonic is identified for the highest swirl numbers.
At high swirl numbers, no hysteresis behavior of the jet is observed in the nozzle, neither for the
velocity profiles nor the frequency spectra. A residual tangential velocity stays present at low
swirl numbers while decreasing the swirl number, which promotes the precessing jet structure at

these low swirl numbers and increases jet spreading. S-PIV measurements identify three different
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flow structures: CJF, OJF, and CoJF. CJF is reached at zero swirl, which transitions to OJF for
0.16 1< Sp.84 < 0.69 1. CoJF is observed for Syg4 > 1.13 1.

If VB is present, which is for OJF and ColF, a positive central axial velocity emerges in com-
bination with a radially expanding jet due to the contracting outlet. At decreasing swirl numbers,
ColF exists for Sp.g4 > 1.52 |, and OJF exists for 0.35 | < Sp.g4 < 1.13 |. The following pairs de-
note these pairs by first stating the increasing swirl number and then the decreasing swirl number:
So.84 = [0.16;0.69], Sp.g4 = [0.13;1.52] and Spga = [0.35;1.13], showing hysteretic behavior at
So0.84 = 1.13. This hysteretic behavior is most likely caused by hysteresis in the appearance of VB
as a function of the swirl number. Follow up research could address this by performing numerical
simulations to reveal the flow structures in the nozzle and study the influence of Reynolds number
on the characteristics of VB. With the findings in this study, flow control applications where the
swirl number is the controlling parameter could be designed to switch between flow patterns in

mixing applications, or switch flame patterns in swirl burners.
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Appendix A: Refraction calculation for measuring velocities by LDV in the inlet tube

The ray-tracing of the LDV laser is explained in this Appendix. The formulas and nomenclature
are based on Figure 4. The values for xj, xp, x3, and y; are known in advance since they are

specific to the setup, and can be derived from the values given in Section II B. All other values can
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be calculated by ray tracing them. Using trigonometry, y, can be calculated,
y2 =y1 —tan(a) (x2 —x1). (A1)

The view box is made from PMMA with a different refractive index (npyaz4) as the surrounding

air (ng4;,). Based on Snell’s law, this results in a refracted angle, 0.

o = arcsin < Nair sin(al)) . (A2)
nPMMA

The entry point into the liquid, y3, is calculated with trigonometry, which is
y3 =y2 —tan(o) p1. (A3)
Using Snell’s law again, o3 can be calculated,
n
o3 = arcsin <M sin(az)) . (A4)
Nyater
The ray of light will intersect with the outer circle of the inlet tube. This intersection point [x4,y4]
is calculated by combining trigonometry and the equation for a circle into one system of equations.
This system of equations will give two distinct solutions. The only correct solution is where x4 < 0,

y3 —ya = tan(og) (xs —x3) 43)

xﬁ +y§ =(R +P2)2.

An extra line is introduced, which connects the point [x4,y4] and the origin. The angle between
this line and the horizontal line is og. This can be calculated using trigonometry,

0 = —arctan <yi) . (A6)

X4

Two cases are identified: the measurement takes place in front (g < 03) or behind (og > 3)
the tube’s center. In the following equations, a = or F is used to distinguish between these two
cases. For og > 03, the top sign is valid and for og < @3, the bottom sign is valid. No refractions
occur at the moment that aig = 03, and the ray trace will not change direction. This equality only
happens if the measurement volume is at the exact center of the tube. The incident angle on the

outer circle, a4, can be calculated with Equation A7,
oy = |og — 03] (A7)
The refractive angle inside the outer circle, o5, follows from Snell’s law,
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. n .
s = arcsin <Msm((x4)) . (A8)
NPMMA

For the intersection point on the inner circle of the inlet tube, x5 and ys, a combination of trigonom-
etry and the equation for a circle is used in a system of equations. Two distinct solutions will follow
from this system, for which only the one where x5 < 0 is valid, as explained above.

Y4 —Yys = —tan(0g + 05 ) (X5 — x4
( )( ) 49

S
A second extra line connects the point [xs,ys] and the origin. The angle between this line and the
horizontal line is &. This angle is calculated by using trigonometry,

Y5

o9 = —arctan(=). (A10)

X5
The angle 04 is the angle between the second extra line, the ray trace, and the incident angle on
the inner circle,

Og = 05 £ Oy F 0. (A11)

The refractive angle inside the inner circle, o7, follows from Snell’s law

o7 = arcsin <% sin(oté)) . (A12)

Nwater
The intersection position of the ray trace and the horizontal line, xg, can be found using trigonom-
etry and considering the angles og and o3. The two lasers of the LDV probe intersect at this point,
where the measurement volume is also located. The reflected laser signal follows the same path
described in the equations above,

Y5

=—-2 Al3
o tan(oy ¥ 07) +5s (A13)

Using trigonometry, ¢ is obtained. This value is needed to calculate the fringe spacing created

due to the intersecting laser beams,

a9 = arctan ( s ) . (A14)
X6 — X5

Equation A15 calculates the fringe spacing. In a non-refracting case, &jp would be equal to ¢;. In
the axial measurements, the fringe spacing remains unchanged since the change in refractive index

and the incident angle cancel each other out. In the tangential measurement, the fringe spacing
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does change due to the refractions, for which Equation A15 describes this change. The LDV
velocity output values must be scaled with the ratio between d sangenriar and the original fringe

spacing, both values noted in Table II,

)vwater

2Sin(0610)' (ALS)

df,tangential =

Equations A14 and A15 recalculate the fringe spacing based on the refractions, with 4,4, being
the wavelength of the LDV laser in the water medium, which is the original wavelength divided
by the refractive index of the medium. These formulas are inspired by a study of Gardavsky
et al.”". The equations are reformatted to have similar equations for each interface, which makes

the calculations less complex.
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II. VELOCITY PROFILES OF WHOLE HYSTERESIS

A. Axial velocity profiles

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
y/di[-] y/di(-] y/di(-] y/di[~] y/di[~]

(a) So.ga =0 (b) So.84 = 0.16 T (c) So.84 = 0.3517 (d) So.84 = 0.691 (e) So.84 = 1.13 7

] Ty Tyl Ty Tyl

() Soga = 1.521  (2) Sosa = 1.78 7 (h) So.8a = 1.76 | (i) So.ga = 1.521 () So.84 = 1.13 ]

U/ Uiniet U/ Uinet U/ Tintet U/ Tintet

2 1 0 1 2 =2 a4 0 1 2 =2 1 0 1 2 =2 1 0 1 2
y/di[-] y/di[-] y/di[-] y/di[-]

(k) So.84 = 0.69] (1) So.84 = 0.35] (m) Sp.g4=0.16] (n) Spsa =01

FIG. 15: Axial velocity profiles plotted in the geometry for all S-PIV measurements, both increas-

ing (1) and decreasing () swirl. Identical figure composition as Figure 15.
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B. Radial velocity profiles

O/ Uinier T Uinier T Uinier O/ Winter

2 4 0 1 2 2 1 o0 1 2 =2 a4 0 1 2 2 4 0 1 2 =2 -
y/di[-] y/di[-] y/di[-] y/di[-]

(a) Sog4 =0 (b) So.84 = 0.16 7 (c) So.84 = 0.35 17 (d) So.84 = 0.691 (e) So.84 = 1.13 7

-2 1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

- y/di[-] y/di[-] y/di[-] y/di[-] y/di[-]

() Sosa = 1.521 () So.sa = 1.78 1 (h) So.sa = 1.76 | (i) So.s4 = 1.52 1 () So.sa = 1.13 ]

6 ‘

@/di[-]

T/ Uinier T/ Winet

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
y/dil~] y/dil~] y/dil-] y/di[-]

(k) So.8a = 0.69] (1) So84 = 0.35] (m) Sp.84=0.16] (n) Spsa =01

FIG. 16: Radial velocity profiles plotted in the geometry for all S-PIV measurements, both in-

creasing (1) and decreasing ({) swirl. Identical figure composition as Figure 15.
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C. Tangential velocity profiles

1Tt ‘
-2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2 2 -1
y/dil-] y/di[-] y/di[-] y/di[-]

(a) So.84 =0 (b) So.8a = 0.16 T (c) So.84 = 0.357 (d) Sp.g4 = 0.691 (e) Sp.g4 = 1.13 7

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

y/di[-] y/di[-] y/di[-] y/di[-] y/di[-]

() So.sa = 1.521 () So.sa = 1.78 7 (h) So.sa = 1.76 | (1) So.sa = 1.521 () So.sa = 1.13 ]

6

@/di[-]

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
y/dil~] y/dil-] y/dil-] y/di[-]

(k) So.8a = 0.69] (1) So.84 = 0.35] (m) Sp.84 = 0.16] () So84 =01

FIG. 17: Tangential velocity profiles plotted in the geometry for all S-PIV measurements, both

increasing (1) and decreasing ({) swirl. Identical figure composition as Figure 15.
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III. RMS PROFILES OF ALL DATA SETS

A. Axial RMS profiles

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
y/di[-] y/di(-] y/di(-] y/di[~] y/di[~]

(a) So.g4 =0 (b) So.84 = 0.16 T (c) So.84 = 0.351T (d) So.84 = 0.697T (e) So.84 = 1.13 7

] Ty Tyl Ty Tyl

(f) So.ga = 1.5217  (g) So.ga = 1.78 17 (h) Sp.8a = 1.76 L (i) So.8a = 1.52 (j) Sosa = 1.13 ]

6

/d;[]

2 1 0 1 2 =2 a4 0 1 2 =2 1 0 1 2 =2 1 0 1 2
y/di[-] y/di[-] y/di[-] y/di[-]

(k) So.84 = 0.69] (1) Sp.84 = 0.35] (m) Sp.84=0.16] (n) Spg4 =01

FIG. 18: Axial RMS velocity profiles plotted in the geometry for all S-PIV measurements, both

increasing (1) and decreasing ({) swirl. Identical figure composition as Figure 15.
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B. Radial RMS profiles

10 1
y/di[~]

(a) So.84 =0 (b) So.8a = 0.16 T (c) So.84 = 0.357 (d) Sp.g4 = 0.691 (e) Sp.g4 = 1.13 7

-2 1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

- y/di[-] y/di[-] y/di[-] y/di[-] y/di[-]

() So.sa = 1.521 () So.sa = 1.78 7 (h) So.sa = 1.76 | (1) So.sa = 1.521 () So.sa = 1.13 ]

"yl Ty Ty Ty

(k) So.8a = 0.69] (1) So.84 = 0.35] (m) Sp.84 = 0.16] () So84 =01

FIG. 19: Radial RMS velocity profiles plotted in the geometry for all S-PIV measurements, both

increasing (1) and decreasing ({) swirl. Identical figure composition as Figure 15.
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C. Tangential RMS profiles

y/di[~]

(a) So.84 =0 (b) So.8a = 0.16 T (c) So.84 = 0.357 (d) Sp.g4 = 0.691 (e) Sp.g4 = 1.13 7

"y Ty T e T e T e

() So.sa = 1.521 () So.sa = 1.78 7 (h) So.sa = 1.76 | (1) So.sa = 1.521 () So.sa = 1.13 ]

v/l Ty Ty Ty

(k) So.8a = 0.69] (1) So.84 = 0.35] (m) Sp.84 = 0.16] () So84 =01

FIG. 20: Tangential RMS velocity profiles plotted in the geometry for all S-PIV measurements,

both increasing (1) and decreasing ({) swirl. Identical figure composition as Figure 15.
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IV. STREAM FUNCTIONS (¢) OF ALL DATA SETS

-2 -1 0 1 2 -2 -1 0 1 2
y/di[~] y/di[-]
(a) So84 =0

x/d;i[-]

-2 1 0 1 2 -2 -1

/)
() So.sa = 1.521  (g) So.sa = 1.78 7 (h) So.8a = 1.76 |

0 1 2
y/dil-]

@/di[-]

] Ty

"yl

(k) So.8a = 0.69] (1) So.84 = 0.35] (m) Sp.84 = 0.16] () So84 =01

FIG. 21: Stream function ¢ plotted in the geometry for all S-PIV measurements, both increasing

(1) and decreasing ({,) swirl.
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FIG. 22: In-plane vectors plotted in the geometry for all S-PIV measurements, both increasing (1)

IN-PLANE VECTOR PLOTS OF ALL DATA SETS

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
y/di[-] y/di[-] y/di[-] y/di[-] y/di[-]
(@) So.8a =0 (b) So.84 = 0.16 T (c) So.84 = 0.351T (d) So.84 = 0.697 (&) So.84 = 1.13 7

\ |

x/di[-]
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y/di[-] y/di[-] y/di(-] y/di[-] y/di[-]
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and decreasing ({,) swirl.
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