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Abstract An experimental analysis of the precessing

vortex core (PVC) instability in a free swirling jet of air at

ambient pressure and temperature is performed by means

of laser Doppler velocimetry (LDV) and particle image

velocimetry (PIV). Two parametric studies are considered,

varying the swirl parameter and the Reynolds number. The

range of parameters considered allowed to study conditions

of strong precession as well as the inception and settlement

of the instability. Mean velocity and standard deviation

profiles, power spectral density functions and probability

density functions for the axial and tangential velocity

components are presented. Average as well as instanta-

neous PIV maps are considered in the characterization of

the flowfield structure and detection of the instantaneous

position of the vortex center. Joint analysis of velocity

PDFs and power spectra shows that the PVC contribution

to the global statistics of the velocity field can be properly

separated from the contribution of the true flow turbulence,

giving additional insight to the physics of the precession

phenomenon. The results obtained in the explored range of

conditions indicate that the true turbulence intensity is not

dependent on the swirl parameter.

1 Introduction

High Reynolds number flows, characterized by high tur-

bulence intensity, recirculation zones and strong unsteadi-

ness, are frequently used in technical applications. Among

these flows, strongly swirling ones represent a very impor-

tant category; they are widely used in cyclone separators

and even in combustion processes, in order to enhance

reactants mixing and flame stability thus reducing pollutant

emissions. Improvement in these technical applications

requires a deeper understanding of the dynamics of swirling

flows, whose features are still debated by the scientific

community.

In particular, the vortex breakdown phenomenon is far

from being completely understood in all its features, one of

them being the so-called precessing vortex core (PVC).

The PVC occurs in high Reynolds and swirl number flows,

and is characterized by the regular precession of the large-

scale vortical structure typical of swirling jets around the

geometrical axis of symmetry. It is known that the pre-

cessing frequency varies linearly with the Reynolds num-

ber, at a given swirl intensity.

The study of the instability of strongly swirling flows,

mainly confined in tubes, was considered by many authors

in the last decades; Sarpkaya (1971) studied experimen-

tally the vortex breakdown, introducing the definition of

double helix, spiral, and axisymmetric breakdown. Harvey

(1962) defined the breakdown phenomenon as the critical

stage between the existence or not of an axial recircula-

tion zone. Interesting visual observations by Chanaud

(1965) confirmed the presence of a periodic motion in

certain conditions of a swirling flowfield. One of the first

works concerning vortex precession in incompressible

swirling flows is the one from Cassidy and Falvey (1970),

in which the linear dependence of the precessing
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frequency on the flowrate is introduced. Novak and Sarpkaya

(2000) studied extensively the vortex breakdown

phenomenon for high Reynolds number flows in tubes,

providing velocity profiles and turbulence data in relevant

situations. A model of precessing vortex core was pro-

posed by Wunenburger et al. (1999). Garg and Leibovich

(1979) and Akhmetov et al. (2004) studied with laser

Doppler velocimetry (LDV) the phenomenon of preces-

sion. In Dellenback et al. (1988), the experimental evi-

dence of vortex precession in a direction opposite to the

swirl direction is first presented; in the work by Billant

et al. (1998) four different forms of vortex breakdown in

a swirling water jet are studied, and a novel cone

breakdown is presented. Combined use of LDV and PIV

in unsteady swirling flows was explored by Grosjean

et al. (1997) to capture the unsteadiness of vortex pre-

cession; finally, in the recent paper by Cala et al. (2006)

significant results of phase-locked LDV measurements in

a swirling jet are reported. There is a wide number of

papers concerning swirling flows in engines and cyclone

dust separators, where the vortex breakdown and pre-

cessing vortex core were observed and studied; examples

are the experimental studies from Yazdabadi et al. (1994),

where the approximate instantaneous position of the

vortex core is determined, and Chao et al. (1991), where

particular attention is given to velocity spectra of turbu-

lent fluctuations. Among the theoretical papers concerning

vortex breakdown, the one from Benjamin (1962) has

given relevant insight into the possible physics of the

phenomenon; further development of this theory or other

interesting approaches have been proposed by many

authors; in particular, an interesting interpretation of the

spiral vortex breakdown as a nonlinear global mode and

discussion concerning its characteristic precessing fre-

quency has recently been presented by Ruith et al. (2003)

and Gallaire et al. (2006), starting from numerical results

obtained with DNS.

The work by Lucca-Negro and O’Doherty (2001) is an

extensive and comprehensive review concerning the vortex

instability and breakdown, while the recent review by

Syred (2006) is mainly focused on the PVC phenomenon;

finally, the textbook by Gupta et al. (1984) is a standard

reference for the researchers working in this area.

The present work is concerned with the experimental

analysis of an incompressible free swirling air jet, with

particular regard to the so-called precessing vortex core

instability. The experimental analysis of this flow was

performed by means of LDV and particle image veloci-

metry. Processing of the large amount of data collected,

and particularly the joint analysis of probability density

functions and power spectral density functions of velocity

components, led to a deeper understanding of the interac-

tion between the PVC and the flow turbulence.

2 Problem definition

The flow considered in the present study is an incom-

pressible free swirling jet of air at ambient pressure and

temperature. The exhaust section is circular with radius R,

and a cylindrical coordinate system is chosen with origin in

its center. Coordinates for the axial, radial and azimuthal

directions are indicated by z, r and h and the corresponding

velocity components are denoted by u, v and w, respec-

tively.

The main feature of this jet is the large-scale vortical

structure associated with the swirl. Then, the proper non-

dimensional parameters characterizing this flow are ob-

tained naturally in the derivation of the non-dimensional

form of the vorticity equation. It is known that the vorticity

equation can be expressed as follows:

@x

@t
þ ðv � rÞx ¼ mDxþ ðx � rÞv ð1Þ

where v = {u,v,w} is the velocity field, x ¼ r� v is the

vorticity field and m is the kinematic viscosity of the fluid.

In a swirling jet characterized by a reference value of

vorticity W, a reference axial velocity U and a reference

length 2R, the proper reference time is 1/W. In the present

work, the reference velocity U is obtained from the integral

average of the axial velocity profile measured at the

exhaust section, while the reference vorticity W is obtained

from the integral average of the axial vorticity component,

computed from the tangential velocity profile measured at

the exhaust section. The non-dimensional form is obtained

as follows (hats denote non-dimensional quantities):

@x̂

@ t̂
þ U

2XR
ðv̂ � r̂Þx̂ ¼ m

4XR2
D̂x̂þ U

2XR
ðx̂ � r̂Þv̂ ð2Þ

Rearranging, one obtains:

@x̂

@ t̂
þ 1

G

h
ðv̂ � r̂Þx̂� ðx̂ � r̂Þv̂

i
¼ 1

Re

1

G
D̂x̂ ð3Þ

where G ¼ 2XR
U is the swirl parameter and Re ¼ 2UR

m is the

Reynolds number. The swirl number S is commonly used

in the literature concerning swirling jets to characterize the

swirl intensity, and is defined by the following ratio,

evaluated at the exhaust section (Gupta et al. 1984):

S ¼
R 2p

0

R R
0
ðquwþ qhu0w0iÞr2 dr dh

R
R 2p

0

R R
0
ðqu2 þ qhu02i þ ðp� p1ÞÞr dr dh

ð4Þ

where the primes denote velocity fluctuations, < � > is the

averaging operator, q is the density and p denotes pressure.

We prefer to use the swirl parameter G instead of the swirl

number S because G is easily and completely defined with
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the mean velocity profiles measured at the exhaust section,

while the correct definition of S would require more

complex measurements to obtain the turbulent stress and

pressure terms; indeed, this inherent complication in the

definition of S has led many authors to use simplified forms

of the swirl number, which are hardly comparable. It is

worth noting that the parameter G can be also interpreted as

the ratio (G = sc/sv) of a convective time scale sc = 2R/U to

a vortex time scale sv = 1/W; both time scales are typical of

the flow under consideration.

The PVC instability is experimentally investigated by

means of LDV and PIV. In particular, the following con-

ditions are considered:

• G � 2.76 and six values of Re, 24,400 < Re < 40,000.

• Re � 21,900 and nine values of G, 1.46 < G < 4.48.

3 Experimental apparatus and error estimation

The swirling flow is obtained with a swirl generator of

axial-plus-tangential entry type; the swirl generator was the

same of the one used in the swirl burner described, for

example, in the work of Coghe et al. (2004). The swirl

burner is characterized by the presence of a coaxial

swirling air stream, around a central fuel injector. In the

present work, this injector was moved below the throat of

the burner of about five injector diameters from its original

position, and was used for flow seeding with oil droplets.

The air flow, past the throat of the burner—which is

circular with a diameter of 36 mm—flows through a con-

verging nozzle; detailed drawing of the nozzle is reported

in Fig. 1. The exhaust section of the nozzle has a diameter

2R = 24 mm.

The total air flowrate and the swirl intensity are regu-

lated by controlling the flowrates in both the axial and

tangential entries and in the fuel gun. The flowrate regu-

lators are three Brooks Instrument thermal flowmeters,

with a full scale of 200; 1,000 and 50 Nl/min, respectively.

The error on the flowrate measurement is estimated around

1% of the full scale of each flowmeter.

Olive oil droplets were chosen as tracer particles in LDV

and PIV measurements. The seeding system, very similar

to classical medical aerosol apparata, generates oil droplets

with an estimated diameter of about 1–2 lm. The maxi-

mum measurable frequency of the flow fluctuations, lim-

ited by the inertia of the tracer particles, was estimated to

be around 12.7 kHz, and expresses the cut-off frequency at

which the particles still follow the velocity fluctuations at

70% of their amplitude, assuming a first order, low pass

filter response of particle motion (Albrecht et al. 2003).

The actual temporal resolution of the LDV measurements

depends on the validated rate of particles arrival in the

probe volume. The Stokes number computed in the worst

case is sufficiently less than one, thus the centrifugal effect

on tracer particles can be considered negligible.

Laser Doppler velocimetry measurements were per-

formed using a two component fiber optics LDV equipped

with a Spectra Physics ‘Stabilite 2017’ Argon ion laser and

a Bragg cell with 40 MHz frequency shift. All measure-

ments were performed in back-scattering mode and the

signal processing was performed with two Burst Spectrum

Analysers (BSA-Dantec). The size of the probe volume

(0.09 · 0.09 · 0.84 mm3 in size, based on the e–2 inten-

sity) was chosen to compromise spatial and temporal res-

olutions needed to correctly measure statistical quantities

and spectra. The diameter of 0.09 mm was estimated small

enough to avoid significant errors even in the regions of

high spatial velocity gradients (� 3 m/s mm). It also en-

ables correct resolution of the characteristic frequencies of

the PVC (<1 kHz) (Albrecht et al. 2003). The overall

probe volume dimensions and the number density of the

seeding particles allowed to obtain typical mean data rates

larger than 5 kHz. Analysis of the LDV data was per-

formed with in-house routines, and statistics and proba-

bility density functions were computed employing a

correction for the transit time to reduce the velocity bias

error. All the power spectral density functions were ob-

tained with a Sample and Hold and resampling method

(Nobach et al. 1998), and averaged over at least 30 data

records. Following Albrecht et al. (2003), an estimation of

the statistical error on the mean and r.m.s. values should be

based on the number N of statistically independent sam-

ples; this number can be estimated by the relationship

N ¼ T
2Ti

where T is the time interval required to acquire

each block of data, and Ti is an integral time scale of the

phenomenon which can be estimated from the convective

time scale Ti � 2R/U � 1 ms. Typically, the samples ac-

quired at each measurement point were 160,000 with a

mean data rate of 5 kHz and so T � 30 s. Then, the
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Fig. 1 Schematic of the nozzle, measures in mm
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number of independent samples is N � 15,000; based on

this number, both the relative error on the mean value and

on the r.m.s. are estimated to be less than 2%.

Particle image velocimetry measurements were per-

formed using a double pulsed Nd:YAG laser by Quanta

Systems, operating at 532 nm, with pulse energy of 200

mJ/pulse. Images were acquired with a Dantec HiSense

PIV Camera, and processed with Dantec PIV FlowSoft-

ware. The spatial resolution of PIV measurements in the

plane of the laser sheet is estimated to be about 1 mm, and

the spatial resolution in the direction normal to this plane is

estimated from the average thickness of the laser sheet,

which is about 1 mm; the spatial resolution of the PIV

instrument and particularly the thickness of the probe

volume was dictated by considerations on the possible loss

of particle pairs due to the high transverse velocity com-

ponent. PIV measurements were performed at the same

vertical location of LDV measurements, in order to obtain

cross flow velocity fields, i.e., velocity fields on a plane

normal to the nozzle axis; data acquisition was performed

at the frequency of 1 Hz, with a time interval of 10 ls

between the two laser pulses. The statistical error relative

to the mean value of the velocity is estimated to be less

than 6%, based on the 200 couples of images acquired at

each experimental condition.

An Isel Automation traversing system was used to tra-

verse the LDV system and the PIV camera; the spatial

resolution of this system is 0.1 mm.

The temperature of the air was measured at the inlet of

the air line with a PT 100 platinum thermistor, and re-

mained at 18.0 ± 0.5�C during the whole measurement

session; thus experimental results can be considered not to

be affected by an error due to temperature drift.

More details about the experimental setup can be found

in Martinelli (2005).

4 Results

4.1 Results with constant G

Mean velocity and standard deviation profiles were ob-

tained from LDV measurements and are reported for both

velocity components in Fig. 2, parametrized with Re; the

spatial resolution in radial direction was 1 mm, in accor-

dance with the length of the probe volume. All results are

coherent with data reported in literature.

Mean axial velocity profiles indicate that the hypothesis

of plug flow at the exhaust section is very far from reality.

The average axial flow shows a region of downward

velocity, that indicates the presence of an important recir-

culation zone (well known in literature as central toroidal

recirculation zone - CTRZ) due to the adverse pressure

gradient in axial direction; this feature is confirmed by

similar measurements (not reported here) performed at z/

2R � 0.6 from the exhaust section, where an increase in

the width of the recirculation zone is also observed. Far

from the nozzle axis, the magnitude of the axial component

increases strongly, and peaks are found at about r � R for

all the Re considered. Mean tangential velocity profiles

indicate that the hypothesis of solid body rotating core is

justified at least in the inner core, where the tangential

velocity increases almost linearly from r/R = 0 to r/

R � 0.5.

Standard deviation profiles indicate that very strong

velocity fluctuations are present; in particular, the values of

the r.m.s. may become comparable with those of the mean

velocity. High values of the r.m.s. of the tangential com-

ponent for r = 0 are normally explained as an effect due to

the presence of the precessing vortex core and not repre-

sentative of the true turbulence (Heitor and Whitelaw

1986).

Power spectral density functions (PSD) of the velocity

components were evaluated for each measurement point of

the velocity profiles. For the sake of brevity, two repre-

sentative PSDs—normalized with the variance—are re-

ported in Fig. 3a, for both velocity components, showing

the presence of a strong peak corresponding to the same

characteristic frequency; a similar discrete frequency in the

spectrum was observed in highly swirling flows in a gas

turbine combustor and attributed to a precessing vortex

core (McGuirk and Palma 1995b). In Fig. 3b, the corre-

sponding normalized probability density functions (PDF)

are shown. It is interesting to note the symmetric bimo-

dality characterizing the PDF of the tangential component;

this feature is typical of all the PDFs of the tangential

component at r = 0. Bimodality of PDFs was also reported

in the work by McGuirk and Palma (1995b), but was due to

a different kind of instability.

In Fig. 4 it is shown that an almost linear relation exists

between the peak frequency and Re; this is a typical feature

of the PVC instability (Gupta et al. 1984), and further

confirmation of the presence of the precessing vortex core

will be presented in the following of the paper. The curve

represents the best linear fitting in the least-squares sense;

the corresponding Strouhal number is St ¼ fPVC2R
U � 0:78

and the ratio fPVC/W = St/G � 0.28. Analysis (not reported

here) of all the power spectral density functions computed

confirms that the peak frequency does not vary along the

radius nor along the axis, for a given Re.

The joint analysis of the PSDs and PDFs of both

velocity components can give a significant insight in the

interpretation of vortex precession. The features of the

spectra in Fig. 3a suggest that a generic component of the

velocity at a fixed position and as a function of time may be

decomposed as follows:
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uðtÞ ¼ A sinð2pfPVCtÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
xðtÞ

þ u0ðtÞ þ ly|fflfflfflfflfflffl{zfflfflfflfflfflffl}
yðtÞ

where the term x(t) represents the periodic oscillation due

to the PVC and y(t) represents the random background

turbulence, whose fluctuating part u¢(t) around the mean

value ly is characterized by a standard deviation ry. This

decomposition allows to determine an analytical

expression for the PDF of the term u(t) (see the

Appendix for the derivation and discussion):

puðuÞ ¼
1ffiffiffiffiffiffi
2p
p 1

pry

Z þ1
�1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 � x2
p e

�ðu�x�lyÞ2

2r2
y dx

This analytical PDF (hereinafter called model PDF) is

completely defined given the three parameters A, ry and ly.

Assuming that the proposed decomposition captures

the relevant flow physics, the analytical PDF must be

representative of the experimental ones; consequently,

interpolation of the experimental PDFs of the u and w

components with the model PDF leads to the determination

of the three parameters A, ry and ly, properly separating

the turbulence term from the large scale velocity fluctua-

tion due to vortex precession. All the experimental PDFs

obtained at r = 0 at the exhaust section were interpolated in

the least-squares sense with the model PDF proposed

above, and an example of interpolation is given in Fig. 5.

The interpolation process resulted in very good

approximations of the experimental PDFs by the model

PDF; the values of the correlation coefficient resulted

higher than 0.98 in all cases. The parameters A, ry and ly

calculated at the exhaust section at r = 0 are shown in

Fig. 6 as functions of Re, for both velocity components;

moreover, the standard deviation computed from raw data

(St.d.) is reported for comparison purposes. The mean va-

lue of the tangential component is zero for symmetry

considerations, while the mean value of the axial compo-

nent tends to decrease, as it is expected from the results
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Fig. 2 Mean velocity and standard deviation profiles, parametrized with Re – G � 2.76
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reported in Fig. 2. The St.d. increases with Re as well as

the amplitude A of the periodic term due to the PVC;

however, the true standard deviation ry, representative of

the true turbulence intensity, increases weakly. It is

apparent, in particular for the tangential component, that

the strong increase of the St.d. can be properly interpreted

as an effect of the PVC.

Average PIV velocity maps are in good agreement with

LDV results, confirming that the present PIV measure-

ments do not suffer from errors due to the velocity com-

ponent perpendicular to the laser sheet. It was possible to

obtain high quality instantaneous maps, that confirmed the

precession motion of the vortex center. The overall

appearance of the instantaneous velocity fields does not

vary with Re; an example of instantaneous velocity field at

the exhaust is reported in Fig. 7, where it is compared with

a typical average velocity field in the same conditions. The

validation rate (according to standard validation criterion

of PIV data, i.e., peak ratio validation) is quite high in the

region of interest. It is evident that the instantaneous

velocity field does not show the symmetry of the average

one; moreover, it is possible to easily localize the vortex

core, since the core structure is evident.

In order to localize the instantaneous position of the

vortex center, the method proposed in Grosjean et al.

(1997) was implemented. The heart of this method consists

in the determination of the vortex center as the location of

the maximum of a properly defined normalized angular

momentum computed from each instantaneous velocity

field. Due to PIV resolution, the instantaneous position of

the vortex center is determined with an accuracy of about

1 mm. Data analysis led to the approximate determination

of a cloud of points, representative of the trajectory of the

vortex center in the plane of the laser sheet; these instan-
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taneous positions were used to determine a circular path,

centered at the position of the nozzle axis and having radius

Rp, that approximates in the least squares sense the tra-

jectory of the vortex core. In Fig. 8 it is shown that the

ratio of the interpolating radius to the exhaust radius Rp/R

is almost constant with Re; this indicates that the size of the

precessing path is quite independent of Re, in the range of

Re considered. In the present experimental conditions it is

also found that the PVC precesses, on average, outside the

boundary of the CTRZ.

4.2 Results with constant Re

The range of swirl parameters G considered in the com-

plementary analysis at constant Re � 21,900 at the exhaust

section was chosen with the purpose of studying the

inception of the vortex breakdown and settlement of PVC.

Velocity profiles obtained from LDV data are reported

in Fig. 9, parametrized with respect to G: only five cases

are reported for the ease of reading figures. Inspection of

the axial velocity profiles in Fig. 9 shows immediately that

a range of values around G = 2.34 corresponds to a critical

situation; in fact, for G £ 1.46, the mean axial velocity

profiles are monotonically decreasing along the radius,

while for G ‡ 3.10 a central recirculation zone appears;

this may be considered an indication of the insurgence of

the vortex breakdown observed in swirling jets (Lucca-

Negro and O’Doherty (2001), see also Ruith et al. 2003).

Coherently, standard deviation profiles show that G = 2.34

corresponds to a critical situation between two different

flow conditions. The modifications of tangential velocity

profiles with G are less evident; however, it is shown that

the size of the solid-body rotation core increases mono-

tonically with G. Also, standard deviation tends to increase

with G in each measurement point. The value ~G ¼ 2:34

(a) Average velocity field

(b) Instantaneous velocity field

Fig. 7 Comparison between average and instantaneous velocity

fields at the exhaust. a The vertical dimension should be enlarged

to become equal to the horizontal one to show a circular pattern; b
The vertical dimension should be enlarged to become equal to the

horizontal one to show a circular pattern
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will be called hereinafter critical swirl parameter; accord-

ingly, the flow regimes for G\ ~G will be called supercrit-

ical, otherwise subcritical. This nomenclature is coherent to

that chosen by Benjamin (1962) to describe the capability

of a swirling jet to sustain standing perturbation waves (see

also Lucca-Negro and O’Doherty (2001) and Ruith et al.

2003).

Probability density functions and power spectral density

functions were computed from the data collected, as re-

ported in the previous section. Joint analysis of PDFs and

PSDs for both components, as measured at r = 0 and for

three significant values of G, is reported in Figs. 10 and 11.

In supercritical conditions, velocity spectra of both com-

ponents do not show any particular feature, as well as the

corresponding PDFs, that are approximately gaussian. In

critical conditions, the shape of velocity spectra changes

and, for the tangential component, a peak appears in the

vicinity of the precessing frequency. The PDF of the tan-

gential component appears almost gaussian and symmetric,

while the one of the axial component shows an asymmetric

bimodality due to the formation of an unsteady axial re-

circulation zone: this is the onset of the instability. In

subcritical conditions, a well defined peak appears in the

velocity spectra of both components; the tangential PDF
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Fig. 9 Mean velocity and standard deviation profiles, parametrized with G – Re � 21,900
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shows symmetric bimodality, while the axial one resembles

a gaussian PDF. The PVC has settled and the axial recir-

culation zone is stable, on average.

Proper interpolation of the experimental PDFs was

performed as described in the previous section. As the

model PDF requires a periodic term in the velocity signal,
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Fig. 10 PSDs and PDFs of the axial component, measured at r = 0 –

Re � 21,900. The parametrization with respect to G shows the

transition from supercritical to subcritical conditions, G � 2.34 being

the critical swirl parameter. The maximum frequency of the PSDs in

c and e is lower than in a because of a lower mean data rate. In f the

model PDF (dashed line) is plotted with the experimental curve (solid
line)
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interpolation results are referred to subcritical conditions

only, and are shown in Fig. 12 for both velocity compo-

nents at r = 0. Considering the tangential component, it is

shown that the amplitude of the fluctuation associated to

the PVC increases with the swirl parameter G, as well as

the St.d. term; on the contrary, the true turbulence intensity
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Fig. 11 PSDs and PDFs of the tangential component, measured at

r = 0 – Re � 21,900. The parametrization with respect to G shows

the transition from supercritical to subcritical conditions, G � 2.34

being the critical swirl parameter. The maximum frequency of the

PSDs in c and e is lower than in a because of a lower mean data rate.

In f the model PDF (dashed line) is plotted with the experimental

curve (solid line)
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appears to be independent from G, as it is expected since

the Reynolds number is kept fixed. The mean value is

about zero for symmetry considerations. Results for the

axial component show that for this value of Re the influ-

ence of the PVC on the standard deviation computed from

raw data (St.d.) is very weak; as a consequence, it is not

possible to evidence any particular trend with G of the

parameters A and ry. This result is in agreement with

the fact (also shown in Fig. 6) that the effect of the PVC on

the tangential component is much more evident than the

effect on the axial one. Finally, due to the formation of the

CTRZ, the mean axial velocity on the axis at the exhaust

section decreases with G.

Particle image velocimetry measurements were per-

formed in the same conditions, and instantaneous velocity

fields were analyzed as described in the previous section.

Results do not show any particular trend with G of

the radius interpolating the precessing path of the vortex

center.

4.3 Discussion

The analysis of the experimental results at constant G

shows that, when the instability has settled, the qualitative

behavior of the velocity and r.m.s. radial profiles does not

change with Re, as it is expected for an high Reynolds

number turbulent flow. The radial extent of the axial re-

circulation zone is almost constant and the maximum

negative value of the axial velocity (on the nozzle axis at

the exhaust section) increases with Re. The analysis of the

spectral content of the velocity fluctuations confirms the

almost linear relation between the precessing frequency

and the Reynolds number (Fig. 4). The interpolation of the

PDFs has shown that the amplitude A of the periodic

component is dependent on Re (Fig. 6), and that the in-

crease of true turbulence intensity with Re is weaker than

the increase of the standard deviation computed from raw

data. Finally, the analysis of instantaneous PIV maps has

shown that the radius of the average trajectory of the

instantaneous vortex center is almost independent from Re.

Analysis at constant Re has shown that the inception and

settlement of the instability is a three-stage process. This

result is evident from the large modifications of the

velocity profiles from supercritical to subcritical condi-

tions. Joint analysis of the velocity PDFs and power spectra

as functions of G confirms that the settlement of the PVC

coincides with the formation of the axial recirculation zone

(Lucca-Negro and O’Doherty 2001). Proper analysis of the

PDFs has shown that the amplitude of the fluctuating term

due to PVC is a function of the swirl parameter G, while

the true turbulence intensity is independent of G.

The results reported above allow to argue the following

properties of the precessing vortex core:

• The amplitude A of the periodic component due to

vortex precession is a function of Re and G.

• The true turbulence intensity, represented by ry,

appears to be a function of Re and independent of G.

These considerations suggest that the PVC does not

interact strongly with the small scale turbulence, at least for

the range of explored conditions; this fact is coherent with

the observation that the peak in the velocity spectra lies in

the inertial range.

The separation of the coherent flow pulsations of the

PVC from true turbulence has relevant consequences from

the point of view of numerical simulations of this kind of

flow; in particular, as already noticed by McGuirk and

Palma (1995a), numerical approaches based on steady-state

formulations of the govering equations fail in capturing the

physics of the flow. In the present case of non-stationary
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Fig. 12 Interpolation of the PDFs: relevant parameters versus G.

Results for Re � 21,900, r = 0
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flow there is the need to decompose the total fluctuation

energy into a periodic part and a random part. Such par-

titioning has been obtained by Grosjean et al. (1997) by

combining LDV and PIV measurements with an original

approach which cannot be used in strongly turbulent

swirling flows. The approach shown in the present work

allows quantitative partitioning of fluctuation energy only

by a joint analysis of the PDFs and power spectra of the

velocity data obtained from point LDV measurements, and

provides meaningful results even in a strongly turbulent

swirling jet.

5 Conclusions

An experimental analysis of the precessing vortex core

instability was performed on a free swirling jet using LDV

and PIV. The two parametric studies of the phenomenon (at

constant swirl parameter G and at constant Reynolds

number Re) have shown the trends of the relevant variables

characterizing the flowfield. Analyses of the velocity pro-

files as well as power spectral density functions and

probability density functions were performed; proper

decomposition of the velocity was proposed and was

shown to be significant in the analysis of the PDFs obtained

experimentally. It was found that the true turbulence

intensity, associated with the small scale flow turbulence,

can be separated from the periodic fluctuations due to

precession and is independent of G. Moreover, it was

shown that the main feature of the PVC, i.e., the amplitude

of the corresponding periodic fluctuation, is dependent on

both Re and G. The characteristic size of the precession

region was shown to be almost independent of Re.

6 Appendix: derivation of the model PDF

Let us assume that the velocity field under consideration is

statistically stationary, and that the phenomenon is ergodic.

Moreover, let us assume that a velocity component in a

generic point in the flowfield can be decomposed in three

contributions: a mean value l, a term due to the periodicity

of the PVC and a term due to turbulence. Thus, in a generic

experiment k, the velocity signal vk as a function of time

can be written as follows:

vkðtÞ ¼ A sinð2pfPVCt þ hkÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
xkðtÞ

þ v0kðtÞ þ ly|fflfflfflfflfflffl{zfflfflfflfflfflffl}
ykðtÞ

A Gaussian probability density function for the turbulent

term is assumed:

pyðyÞ ¼
1ffiffiffiffiffiffi

2p
p

ry

e
�ðy�lyÞ2

2r2
y ð5Þ

and it is completely defined by its mean value and standard

deviation ly and ry, obtained by ensemble averaging at

each time instant on the set of phase-locked experiments.

hk denotes the initial phase of the PVC signal in the

generic experiment k and is assumed to be uniformly dis-

tributed between 0 and 2p; as a consequence, the periodic

term can be regarded as a random variable itself. Under this

assumption, the probability density function of the term x

can be expressed as follows:

pxðxÞ ¼
1

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 � x2
p for � A\x\A

pxðxÞ ¼ 0 otherwise

ð6Þ

Let us assume that the two velocity terms x and y can be

considered statistically independent. This allows for the
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Fig. 13 Probability density function pv(v) for two different values of

A/ry; when the ratio A/ry decreases, the PDF tends to resemble a

Gaussian
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joint PDF function p(x, y) to be expressed as a product of

the single probability density functions px(x) and py(y).

Then, the probability density function pv(v) of the sum v

= x + y is readily obtained from (Bendat and Piersol 1986):

pvðvÞ ¼
Z þ1
�1

pxðxÞpyðv� xÞdx ð7Þ

and then

pvðvÞ ¼
1ffiffiffiffiffiffi
2p
p 1

pry

Z þ1
�1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 � x2
p e

�ðv�x�lyÞ2

2r2
y dx ð8Þ

This is the general expression of the probability density

function of the random variable v; it is a symmetric func-

tion by construction and is uniquely defined by the

parameters A, ry and ly. This integral cannot be evaluated

analytically and must be computed numerically; examples,

reported in Fig. 13, are both computed for a value

of ly = 0, and values of A/ry = 4 and A/ry = 2, respec-

tively. It is worth noting that when the ratio A/ry decreases,

the model PDF resembles a Gaussian one.
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