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Abstract 
The entrainment rate in the initial region of axisymmetric turbulent swirling air jets 
has been measured by Particle Image Velocimetry (PIV) for a number of swirl 
strengths from S = 0 up to S = 1.5 and two Reynolds numbers. From the complete 
PIV maps of the jet and its surroundings, entrainment has been evaluated by using 
two methods: a) integration of the radial profiles of time-mean axial velocity of the 
jet; b) direct measurements of the radial velocity component of ambient air 
entrained into the jet. The entrainment rate increases with increasing axial distance 
from the nozzle in a non linear way and shows a rapid enhancement with the swirl 
number, particularly after inception of vortex breakdown and when the processing 
vortex core (PVC) is observed. The results allow to better understand the 
entrainment process in swirling jets and related effects on mixture formation and 
flame structure in industrial burners. 
 
Introduction 
Entrainment is an essential feature of shear flows and it is responsible of the 
observed growth with downstream distance, due to the radial inward flux of 
ambient fluid. This process controls the mixing rate and it is of fundamental 
interest in the study of fuel injection in many engineering applications, such as 
scramjet combustors, gas turbine combustion chambers, reciprocating internal 
combustion engines, and industrial type burners. Effective control of fuel-air 
mixture is of major concern in reacting cases, since it affects residence time, flame 
stability, pollutant and soot formation. Direct experimental investigation of the 
entrainment mechanism in a jet is difficult since it requires accurate velocity 
measurements as well as simultaneous detection of the interface between the jet 
and the surrounding air. Earlier studies used a specially designed porous wall 
measurement technique to directly evaluate the gross amount of entrained fluid into 
axisymmetric turbulent free jets [1, 2]. This method can only be used under steady 
conditions and alternative methodologies based on direct velocity measurements 
have been also proposed by different authors [3, 4, and 5] and provided a more 
comprehensive picture of the entrainment process even under unsteady conditions 
or in two-phase flows.  
In general there are two possible techniques that have been implemented: a) 
integration of the radial profiles of time-mean axial velocity of the jet; b) direct 
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measurements of the radial velocity component of ambient air entrained into the 
jet. The first method has severe limitations due to errors arising in the numerical 
integration of velocity data affected by increasing uncertainty at the edge of the jet 
and problems in measuring the variable density in reacting or two-phase flows. The 
second approach assumes the rate of entrainment can be expressed in terms of the 
radial velocity, since entrainment flows are generally directed toward the jet axis. 
The mean radial velocity (the entrainment velocity) is less affected by uncertainty 
if it is measured sufficiently far from the jet turbulent boundary. Problems 
associated with the application of the above methods to non-swirling jets were 
discussed by [6], and many experiments have been performed, with both methods 
to quantify the entrainment rate of gaseous steady and unsteady jets [3, 7], sprays 
[8] and jet flames [6, 9]. Entrainment characteristics of swirling jets were 
investigated by comparatively few authors and experimental data for strongly 
swirling flows are still scarce. Park & Shin [10] measured the radial velocity by 
using hot wire anemometry in the non-turbulent region around the jet in 
combination with schlieren flow visualization, and found that the entrainment is 
enhanced considerably with increasing swirl.  
The lack of comprehensive study of swirling jets entrainment under incipient 
vortex breakdown and processing vortex core (PVC) conditions has prompted the 
current investigation. The entrainment rate in the initial region of axisymmetric 
turbulent swirling air jets has been measured by Particle Image Velocimetry (PIV) 
for a number of swirl strengths from S = 0 up to S = 1.5 and two Reynolds numbers 
(24,400 and 30,700). Both the integration of the axial velocity profile and the direct 
measurement of the radial velocity have been used to estimate the entrainment rate. 
The results allow to better understand the role of swirl on the entrainment process 
and to anticipate possible effects on mixture formation and flame structure.  
 
Experimental setup 
A turbulent free swirling jet of air at ambient pressure and temperature, issuing in a 
still volume of air, has been investigated. The air was injected through a 
converging nozzle, placed at the exit of a swirl generator of axial-plus-tangential 
entry type, whose exit section has a diameter D = 24 mm. The total air flowrate and 
the swirl intensity were independently regulated by controlling the axial and 
tangential flowrates by means of thermal mass flowmeters. The experimental rig 
was already used to characterize the jet structure [11] and the swirl parameter S 
was deduced from the velocity profiles, neglecting the contribution of pressure  and  
velocity  fluctuations.   
The velocity field of the swirling jet was measured in a plane lying on the 
longitudinal axis of the nozzle, using a PIV system composed of a double-pulsed 
Nd:YAG laser (energy ≈ 200 mJ/pulse; λ = 532 nm) with sheet forming optics 
(estimated thickness of about 1 mm), and a 1,344 x 1,024 pixels CCD camera with 
a Nikon 60 mm objective. The camera was set perpendicular to the laser sheet, 
imaging a region of 101 x 133 mm, corresponding to a resolution of 10.12 pix/mm. 
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The in-plane spatial resolution (distance between velocity vectors) for PIV flow 
maps was about 1.5 mm in both directions. Double images with inter-pulse times 
of the order of 5-30 μs, depending on the swirl number, were acquired at a rate of 4 
Hz. The flow was seeded with oil droplets (average diameter 1–2 μm) produced by 
a jet atomizer. Previous studies evidenced that the inertial and centrifugal effects 
on these particles can be considered negligible [11]. The image pairs were analyzed 
using an adaptive cross-correlation digital algorithm, including peak validation, 
neighborhood validation and 50% overlap; in the adaptive algorithm, the size of the 
interrogation area varied from 64 x 64 down to 32 x 32 pixels. By optimizing the 
quality of images, seeding particle density, time between frames, validation criteria 
and interrogation window, it is estimated that in the present experiments the largest 
uncertainties in the averaged velocity components were < 3 %  at  95 % confidence 
level, with a sample size of 400 image pairs. 
 
Results and discussion 
The total mass flow rate at a given axial distance from the nozzle, M(x), is the sum 
of the initial M0 and the entrained Me(x) mass flow rates. The nondimensional 
entrainment rate is defined as 
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Assuming the swirling jet to be axisymmetric, the value of M can been obtained by 
integration of the radial profiles of the time-mean axial velocity  
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where the integration is extended to a radial location where the axial velocity 
vanishes. The total mass flow rate increases with distance from the nozzle due to 
the increase of Me, and the quantitative law which governs the rate of entrainment 
can be deduced by evaluating M(x) at various axial distances from the PIV maps.  
Fig.1 reports some examples of the measured velocity maps for different swirl 
strengths and fixed Re (= 30700). The increase of S induces a widening of the jet 
and above a certain value of S the vortex breakdown generates a inner recirculation 
with the associated PVC instability. Axial velocity profiles have been extracted, 
every 6 mm along the axis of the jet, to perform the integral of eq.(2) and Fig.2 
summarizes the results. The entrainment rate increases with increasing axial 
distance from the nozzle in a non linear way and shows a discontinuity and strong 
enhancement after a critical swirl number is reached, which in the present case 
seems to be around S = 0.5. The transition is represented by the case S=0.56, which 
appears quite different from the others, with a linear increase to values larger than 
the one measured at higher swirl.  From the analysis of the PIV radial profiles of  
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Figure 1. PIV velocity maps at increasing swirl strengths: S = 0, 0.56, 0.83 and 

1.47; Re = 30700. 

 

 
Figure 2. Entrainment rate for all the 

investigated swirl strengths; Re = 30700. 
Figure 3. Axial velocity profiles 
along the axis of the jet. S = 0.56 
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the axial velocity component (Fig.3), it is found that at S=0.56 there is already a 
velocity defect on the axis of the jet, although the swirl is not strong enough to 
induce the inner recirculation which has been observed at higher swirl, starting 
from S=0.83. It must be noted that the case at S=0 compares very well with the 
results obtained for a free jet with a different technique [2], indicating that at low 
swirl the measurements should be reliable. 
Previous measurements in swirling jets have also found a discontinuity around a 
critical swirl value [10]. However, the clear asymmetry of the velocity profiles 
observed in Fig.3, which implies the incorrect use of eq.(2), and the inconsistent 
entrainment behavior of the S=0.56 jet prompted the idea of a double check by 
using the already available radial velocity distribution around the jet. For 
continuity, in the non turbulent region outside the swirling jet it should be verified 
the condition: r V = const., and from this relation V can be regarded as the total 
entraining velocity. The entrainment rate at the axial distance x can be expressed as 

∑Δπρ=
N

iie VrxM
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   2      (3) 

where Δx (=6 mm) is the spacing between the axial locations where the radial 
velocity has been evaluated and ri has been selected as the minimum radial value at 
which the continuity condition was found valid for each axial distance. This 
procedure circumvents the problem that the swirling jet may be not totally 
symmetric and should produce more accurate results, as suggested by [10]. 
 

 
a) b) 
 
Figure 4. Entrainment rate for different swirl strengths as measured by using the 

radial velocities: a) Re = 24400; b) Re = 30700. 
 
Fig.4 shows the results for the two investigated Reynolds numbers and both looks 
more consistent with the expectation that the entrainment rate should change 
proportionally to the swirl number, even if two different regimes are clearly 
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distinguishable: one for S=0, when the entrainment rate increases slowly and 
monotonically with x/D; the second for higher swirl numbers, even before the onset 
of vortex breakdown and axial recirculation, when the entrainment rate shows a 
faster growth rate in the near field and a progressive increase with S, as expected. 
The Reynolds number effects on the entrainment process is minimum at low swirl, 
while for higher swirl the entrainment rate increases appreciably as Re increases.  
 
Conclusions 
The entrainment rate in the initial region of axisymmetric turbulent swirling air jets 
has been measured by Particle Image Velocimetry (PIV) for a number of swirl 
strengths from S = 0 up to S = 1.5 and two Reynolds numbers. The entrainment 
rate increases with increasing axial distance from the nozzle in a non linear way 
and shows a rapid enhancement with the swirl number, particularly after inception 
of vortex breakdown and when the processing vortex core (PVC) is observed.  The 
present results are in qualitative agreement with previous finding, although 
quantitative comparisons are made difficult by the consideration that the 
characteristics of the swirling jet depend on the initial velocity distribution, and not 
only from the swirl number and the swirling generating mechanism. 
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