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Abstract An experimental investigation of the flow field features in the near wake of a round jet equipped with a fractal
grid insert is carried out by means of 2D-2C Particle Image Velocimetry (PIV). The experiments are run in a water tank
facility, at a Reynolds number equal to 28,000. This choice is motivated by the will of comparing the flow field results
with those obtained in an application of fractal grids in the heat transfer enhancement.
The average and fluctuating flow fields are presented. In particular, the effect of the presence of the fractal grid on the
turbulence intensity distribution and on the planar component of the Reynolds stress is analyzed. Some differences
between the location of the maximum in the turbulence intensity profile and the data reported in the literature are found.
A possible interaction process between the wakes of the grids and the growing shear layer of the jet might be
responsible of this discrepancy.
The coherent structures which characterize the elongated production region of the turbulence intensity profile are
underlined and discussed. The application of the Proper Orthogonal Decomposition (POD) reveals that a large amount
of the modal energy (about 70%) is associated to the shedding of an intermittent wake from the largest bars of the
fractal grid: the first two modes are associated to the asymmetric whilst the third one to the symmetric shedding of the
vortices.
The conditional average is calculated using the Linear Stochastic Estimation technique; it is obtained by imposing a
positive value of the fluctuating vorticity vector
in a precise point of the domain where the shedding phenomenon is
evident. The results underline a phase locking between the wakes shed from the two largest bars of the fractal insert.

1. Introduction
Even though many turbulence theories relate the vortex cascade process with an underlying
fractal/multifractal structure (see the works of Novikov 1971, Mandelbrot 1974 and 1982,
Sreenivasan&Meneveau 1986, Gouldin 1987), the interest on the turbulence generated by fractal elements
has grown only in recent years. Queiros-Conde&Vassilicos (2001) and Staicu et al (2003) measured the
turbulence statistics in the wake of fractal tree-like generators. Though their investigations were not
conclusive in distinguishing the effects of the finite size of the fractal tree and their self-similar structure,
they pointed out how turbulence with a much more elongated production region can be generated by using a
fractal stirrer with respect to the case of traditional “regular grid” turbulators, which basically present only a
decay region. This stimulated on one side the development of fractal forcing techniques for numerical
simulations (Mazzi et al 2002, Mazzi&Vassilicos 2004), while on the other side it led to the first systematic
investigation of the wind tunnel turbulence generated by fractal grids. Hurst &Vassilicos (2007) tested a total
of 21 planar fractal grids from 3 different families: fractal cross grids, fractal I grids and fractal square grids
(see Fig. 1).The interest in the first two families of fractal grids in the following years has been quite limited.
Geipel et al (2010) used fractal cross grids to improve the turbulent mixing in opposed jet flows; Kinzel et al
(2011) applied the same type of grid to increase the turbulence intensity and the local Re in shear-free
turbulence under the influence of system rotation. Krogstad& Davidson (2012) and Krogstad (2012)
investigated the near field decay of fractal cross grids by hot-wire anemometry and Laser Doppler
Anemometry (LDA), and compared the decay rates and the degree of homogeneity with the turbulence
generated by conventional grids.
The turbulence generated by planar fractal I grids has not been studied in deep after the survey by Hurst
&Vassilicos (2007). On the other hand, the wake of similar fractal planar and non-planar fractal I trees has
been investigated by Chester et al (2007) and Chester &Meneveau (2007), mainly aiming to a better
understanding of the interaction of turbulent flows with boundaries characterized by multiple lengthscales
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using the Renormalized Numerical Simulation technique. Fractal trees with similar features have been
investigated also by Bai et al (2012) with Particle Image Velocimetry (PIV). In their investigation the
simplicity of the description of the multiscale nature of fractal trees well fits with the problem of modelling
the multiple scales of sparse vegetation canopies.

Fig. 1From left to right, cross, I and square fractal grids (from Hurst &Vassilicos 2007).

Far more interest has been devoted on the family of square fractal grids. In this last case, Hurst &Vassilicos
(2007) documented very unconventional and interesting properties. Differently from conventional regular
grids, the turbulence intensity generated by fractal stirrers increases in a protracted production region, peaks
at a streamwise distance
related to the geometrical features of the grid, and then decays with an
unusually fast rate that could be fitted to some extent with an exponential curve instead of the welldocumented power law decay for decaying homogeneous isotropic turbulence. The unconventional decay of
this quasi homogeneous and isotropic turbulence mines the basis of many turbulence theory and closure
models, as it is apparently at odds with the dissipation anomaly. For this reason numerous research groups
focused their attention on square fractal grids. However, from the point of view of industrial applicability,
the most attractive feature of square fractals is the possibility to tune the position of the turbulent energy
peak intensity with an astonishingly simple geometrical scaling.
Indeed, Mazellier&Vassilicos (2010) proposed a scaling based on the interaction of the wakes of the
different bars. Differently from the case of classical regular grids, the bars of the grid have different size and
spacing. As a consequence, their wakes interact at different streamwise locations. Following Townsend
(1956), the typical wake width l of the iteration j scales as √ , where x is the abscissa in the streamwise
direction. Supposing that the scaling does hold with reasonable approximation in the case of non-isolated
wakes, for each iteration one can calculate a characteristic first-interaction abscissa, such that
i.e.

⁄ . A scheme of the wake interaction for a square fractal grid (SFG) is reported in Fig. 2.

Fig. 2 Scheme of the wakes interaction in the lee of fractal grids (Mazellier&Vassilicos 2010).
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In the case of the fractal grids, the last wakes to interact are those generated by the largest iteration of the
grid. For this reason Mazellier&Vassilicos (2010) introduced the wake-interaction lenghtscale:
(1)
The wake-interaction lengthscale can be defined also for regular grids (RGs), where L0 is replaced by the
effective meshlength. The data collected by Jayesh&Warhaft (1992) in the region
(where M
is the grid meshlength) highlight the existence of a highly inhomogeneous turbulence in the near-field
(
, corresponding to approximately
, only slightly larger than
,
typical of SFGs), where production is dominant, with a peak of turbulence intensity and the subsequent wellknown power law decay. What actually makes the difference between regular and fractal grids is the value of
; for regular grids this value is typically small, thus leading to a turbulence intensity peak higher than the
one which characterizes fractal grids, but very close to the grid, and consequently more difficult to be
exploited.
Recently, Cafiero et al (2014b) exploited the feature of the turbulence peak located relatively far from the
grid to enhance the heat transfer of impinging jets injecting turbulent energy into the jet potential core. In
their experiments a fractal grid is placed at the nozzle outlet or slightly upstream of this section (up to 1
nozzle diameter of distance) and the heat transfer of the jet normally impinging on a flat plate is measured
via infrared thermography. The comparison between the heat transfer achieved by the jet with a fractal
turbulator and that obtained by a free flowing jet, or a jet equipped with an equivalent regular grid, highlights
the striking improvement obtained using fractals under the same power input. However, their study left open
some questions on the effective causes of this significant heat transfer enhancement. Whether the
enhancement was related to the wake-interactions, to the local distribution of velocities (due to the nonuniform blockage ratio) or to the shear layer – wakes interaction it was still open for further investigation. In
this work the flow field of a free jet with the same fractal insert used by Cafiero et al (2014b) placed at the
nozzle exit is investigated.
In the next section a description of the experimental apparatus is carried out, along with a brief introduction
to the main parameters which characterize the fractal grid. In Section 3 the main results of the investigation
are presented and discussed. Finally, the conclusions are drawn in Section 4.

2. Experimental setup and data processing details
The experiments are carried out in the nine-sided water tank facility of the Department of Industrial
Engineering at the University of Naples. The experimental apparatus is sketched in Figure 2. The tank has an
internal diameter of
and a height of
. The tank walls are made of methacrylate to ensure full
optical access for illumination and imaging.
The jet is issued from a short-pipe nozzle (with diameter
and length
) installed on the
bottom of the tank. A centrifugal pump provides the input flow rate. Honeycombs and grids are installed in a
plenum chamber (with diameter equal to
and length of
) in order to improve the quality of
the upcoming flow. The test is performed at Reynolds number (based on the volume flow rate and the nozzle
diameter) equal to 28,000 (corresponding to a bulk velocity of 1.4m/s). More details on the water tank
facility are reported in Ceglia et al (2014); a characterization of the nozzle features is provided in Cafiero et
al (2014a).
The flow is seeded with neutrally buoyant polyamide particles with a diameter of 56µm. A double-cavity
Gemini PIV Nd:YAG laser system (
,
,
pulse duration) is used to illuminate the
particles. Images are collected by a PCO Sensicam camera (1280 x 1024 pixels resolution) equipped with a
focal length Nikon objective. The lens is set to f/8. The magnification is approximately equal to 0.16,
thus resulting in a resolution of about
. The statistics are performed on an ensemble of 7,000
PIV image couples.
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Fig. 3 Schematic view of the experimental apparatus.

The fractal grid inserted at the nozzle exit in this work is the same used by Cafiero et al (2014b). A sketch of
the fractal insert is reported in Figure 3. The fractal structure is shaped by laser cutting in a
thick
aluminum foil. The grid is composed of three fractal iterations, i.e. three repetitions of the same square
pattern at three different scales. The length and the thickness of the first iteration are equal to
and
, respectively. At each iteration j the length and the thickness are halved. For this grid the ratio
between the largest and the smallest bar thickness (i.e. the thickness ratio , identified as a significant
scaling parameter by Hurst & Vassilicos 2007) is equal to 4. The blockage ratio of the grid is equal to 0.32.
The laser sheet is parallel to the jet axis and cuts the grid (and the nozzle outlet) along the plane of
reflectional symmetry crossing perpendicularly the bars of the largest iteration.

Figure 4: Sketch of the fractal insert.

The images are processed with a multi-pass iterative image deformation algorithm (see Astarita&Cardone
2005, Astarita 2006 for further details) with final interrogation spot size of
(i.e.
) and
75% overlap (i.e. vector distance of
). A Blackman weighting window is applied both in the crosscorrelation process and in the predictor smoothing between each one of the iterations (Astarita 2007, 2008).
The measured velocity fields ( ) (where and are the spatial and time coordinates, respectively) are
decomposed via the standard Reynolds decomposition in average and fluctuating part to extract statistical
features:
(

)

〈 (

)〉

(

)

(2)
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The angular brackets indicate the operation of ensemble averaging; underbars are used for vectors.
Proper Orthogonal Decomposition (POD) is applied to the dataset via the snapshots method proposed by
Sirovich (1987), which extracts the POD modes as the eigenvectors of the two-point temporal correlation
〈 ( ) (
matrix
)〉. is a non-negative Hermitian matrix, thus it has a complete set of nonnegative eigenvalues. Information on the energy contribution of each eigenmode is extracted from the
magnitude of the respective eigenvalue. The outcome is a decomposition of the fluctuating part as a
weighted sum of POD modes:
(

)

where

〈 (

)〉

(

)

〈 (

)〉

∑

(3)

indicates the number of modes used to decompose the velocity field; the functions

constitute the decomposition basis of the fluctuating velocity field ( );
are the time coefficients.
Furthermore, in order to best characterize the organization of the coherent structures, conditional averages
are calculated using as event the presence of a vortex at a precise location of the flow field (for instance in
the shedding wake of the first grid iteration). This event is obtained setting the value of the out of plane
component of the fluctuating vorticity vector as positive. The conditional averages are calculated using the
Linear Stochastic Estimation (LSE, Adrian 1979).

3. Data analysis
The mean flow field obtained by averaging 7000 realization is shown in Figure 5. The effect of the grid is
such that the velocity profile is not uniform at the nozzle exit section. This difference is then progressively
smeared out by turbulent diffusion and by the interaction between the grid wakes and the shear layer as
increases: despite some persistence of the flow issued through the largest iteration of the grid, at
the flow is nearly adjusted. By considering as reference length the largest iteration dimension (
),
it can be argued that the potential core penetration in presence of the fractal grid is about 4 , thus much
lower than the case of a jet without turbulator (i.e. a circular jet), where it achieves values up to
(see Pope
2002).

Figure 5: Contour plot representation of the
component of the velocity field and vector
representation of the velocity field (in the direction 1 vector each 15 measurement points is plotted).
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Figure 6a shows the turbulent kinetic energy (TKE) distribution in the near wake of a fractal grid. There are
two regions of intense turbulence due to the large scale vortices released by the largest grid iteration.. In
addition to that, it is interesting to notice how the wakes of two grid bars evolve in the streamwise direction
and meet on the nozzle axis at about
. To best describe this effect, theTKE profile on the nozzle
axis is shown in Figure 6b. As already pointed out by Mazellier and Vassilicos (2010) and schematically
represented in Figure 2, the wakes of a fractal grid meet at different streamwise locations, thus causing the
presence of a much more elongated production region than the one which characterizes regular grids (see
Valente and Vassilicos 2011), where, although the maximum value of turbulent kinetic energy is larger than
the one for fractal grids for a fixed blockage ratio, it occurs right beyond the grid, thus with no appreciable
production region. However, in this work only the effect of the largest iteration is observed, thus the complex
interaction of the multiple scale generated by the fractal is yet to be addressed, and it will be object of future
investigations.
It has to be explicitly noticed that, according to what suggested by Mazellier and Vassilicos (2010) among
the others, the peak of the turbulence production should be attained at
, then corresponding
to
. The discrepancy between the results obtained in this work and those reported in the
literature might be addressed to the interaction of the growing wake of the largest grid bars with the jet shear
layer, as it can be seen in Figure 6a, thus causing an increment of the wake spreading rate. However,
standing the importance of this phenomenon especially in the design process of a fractal stirrer in the heat
transfer applications, further studies will be devoted to exploiting this effect.

Figure 6: a) Contour plot representation of the normalized turbulent kinetic energy.
b) Normalized Turbulent kinetic energy profile on the nozzle axis (
.
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Figure 7: Contour plot representation of the normalized Reynolds stress component.

The in-plane shear Reynolds stress distribution is reported in Figure 7. The map confirms that the location
where the wakes of the largest bars meet can be identified at about
. Moreover, the effect of the
presence of the shear layer of the jet issuing through the central iteration of the grid causes a more intense
Reynolds stress in the “outer” wakes of the large fractal iteration due to the interaction with the jet shear
layer. To summarize, figures 6a and 7 may be helpful to understand the multiscale behavior of fractal
generated turbulence: in fact, the turbulence production increases up to the distance where the wakes of the
largest iterations meet. Beyond that point, the turbulence intensity profile monotonically decreases due to the
dissipation. The results are in agreement with the observation of Cafiero et al 2014b, which have exploited
their efficiency in the heat transfer enhancement when used in impinging jets. They showed that beyond
turbulence intensity peak, the heat transfer rate (which is intimately bonded to the turbulence production)
decays monotonically.
In order to best describe the underlying fluid dynamic process which characterizes such a flow field, the
snapshot method of the Proper Orthogonal Decomposition (see Sirovich 1987) has been applied. As the
main interest of this study is to investigate the very near field of the grid wake, the technique has been
applied to a limited domain in the streamwise direction, particularly up to
.

Figure 8: Modal energy of the first 100 POD modes.
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Figure 9: First three POD modes

The energy associated to each mode (see Figure 8) reveals that at a first approximation, three most relevant
modes can be used to completely describe this flow field, since they contain about the
of the total
energy. Figure 9 shows the contour representation of these three modes. They are respectively associated
with the shedding of vortices from the bars of the largest iteration: the first and the second modes are
associated with the anti-symmetric shedding, whilst the third one is related to the symmetric shedding. The
streamwise evolution of these vortices may play an important role in several applications, such as the heat
transfer enhancement, together with the “multiscale” structure of the fractal generated turbulence. Although
the first and the second mode are associated to the same fluid dynamic phenomenon, which should have the
same occurrence probability, Figure 8 shows how their energy is slightly different. This might be addressed
to some asymmetry of the grid mid-plane with respect to the laser plane more than to a physical reason.
The extremely relevant energy content of the POD modes characterized by the anti-symmetric and
symmetric shedding (even if foreseeable) suggests the possibility that a phase locking between the two
wakes might occur. In order to better assess the systematic phase locking between the two wakes, the
conditional average obtained imposing
at
(in this location we observed the occurrence of
the vortices detaching in the wake of one bar of the largest grid iteration) is calculated using the Linear
Stochastic Estimation (see Adrian 1979). A contour plot of the streamwise velocity component and a
streamline representation of the obtained conditional average are reported in Figure 10. The two vortices
which are shed by the larger bars of the grid are clearly identified both by the normalized velocity contour
plot and by the streamlines. Once again, the conditional average is also affected by a possible misalignment
between the laser plane and the mid-plane of the fractal insert, thus resulting in a quite sensitive asymmetry
between the right and left hand sides.
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Figure 10: Conditional average obtained imposing

value at

4. Conclusions
In this work an experimental investigation of the flow field features in the near wake of a fractal grid is
carried out. As already pointed out by the authors in other works (see Cafiero et al 2014b), this region is of
particular interest for several engineering applications, such as the heat transfer and mixing enhancement. To
the author’s knowledge this is the first flow field investigation of the near field of jets equipped with fractal
grids.
The main outcome of this work is that, along with the interaction of the grid wakes at different streamwise
locations, which generates an elongated turbulence production region, a phase interaction between the wakes
of the largest bar iteration can be observed. Due to the limited spatial resolution, only those shed by the
largest grid bars have been measured here. Both the POD and the conditional averages calculated with LSE
highlights the possibility of a phase locking between the two wakes. This intermittency effect might play a
role in the mechanism of heat transfer generated by jets with fractal inserts. Whether this is the case or not, it
will be addressed by future investigation. Furthermore it has been observed that location of the turbulent
energy peak is closer to the grid than expected by similar works in literature based on shear-free fractal
generated turbulence. This larger spreading has to be addressed to the interaction with the jet shear layer, as
underlined by the asymmetric shape of the wakes with respect of the largest grid iteration.
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