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Complex network analysis of wind tunnel
experiments on the passive scalar dispersion in a
turbulent boundary layer

Giovanni Iacobello, Luca Ridolfi, Massimo Marro, Pietro Salizzoni and Stefania
Scarsoglio

Abstract In this work, experimental data of passive scalar plumes in a turbulent
boundary layer are investigated. The experiments are performed in a wind tunnel
where a passive scalar is injected through an L-shaped tube. Two source configura-
tions are analysed for two different tube diameters. The passive scalar concentration
is then measured at different distances from the source and wall-normal locations.
By exploiting the recent advances of complex networks theory, the concentration
time-series are mapped into networks, through the visibility algorithm. The resulting
networks inherit the temporal features of the mapped time-series, revealing non-
trivial information about the underlying transport process. This work represents an
example of the great potentialities of the complex network approach for the analysis
of turbulent transport and mixing.

1 Introduction

The understanding of the passive scalar dynamics in atmospheric boundary layer
is crucial for the spatio-temporal characterization of pollutants and contaminants in
dispersion processes. To this aim, a variety of strategies — mainly relying on statistical
analyses — has been adopted for the investigation of concentration time-series [1].
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In this work, we propose a complex network-based approach for the analysis of
experimental data of passive scalar concentrations emitted by a point source in
a turbulent boundary layer [1, 2]. Differently from the classical statistical tools,
such as PDFs and high-order moments, complex networks are able to capture the
temporal structure of the mapped time-series [3], thus revealing non-trivial features
of the underlying turbulent dynamics. Following the recent advances of the network
science for the analysis of turbulent flows [4, 5, 6, 7], the present work proposes
a novel perspective for the analysis of experimental spatio-temporal data about the
turbulent dispersion of a passive scalar.
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Fig. 1 (a) Sketch of the experimental setup. The source of passive scalar (ethane) is an L-shaped
tube at z;, = 75 mm, and an example of time-series of concentration, c(¢), is also reported. The
axis origin is put at the wall (i.e., z = 0) in correspondence with the source location. (b) Example
of application of the visibility algorithm. A series with four temporal observations is shown as blue
vertical lines (left), corresponding to the nodes of the network (right). Green solid lines represent
the visibility lines between data points (see Eq. 1) and the corresponding links in the network, while
red dashed lines indicate the absence of visibility (i.e., no link).

2 Experimental setup

Experimental measurements are performed in a recirculating wind tunnel (at the
Laboratoire de Mécanique des Fluides et d’Acoustique at the Ecole Centrale de
Lyon, France) with a working section that is 9 m long, 1 m wide and 0.7 m high.
The experimental setup is the same as that adopted by Nironi et al. [1], even though
these latter experiments were performed in another wind tunnel. By means of a grid
turbulence and a row of spires placed at the beginning of the test section, a turbulent
boundary layer was generated with a free-stream velocity us = 4.94 m/s and a
thickness 6 = 314 mm. Wall roughness was also considered through a set of cubic
elements of size hg/6 = 6.37 X 1072. Due to its density similar to air, ethane (CoHg)
was used as a passive tracer. The passive scalar was continuously ejected from a
metallic L-shaped tube of diameter, D, located at a wall-normal height z,/6 =~ 0.24
(see Fig. 1(a) for a sketch of the setup). Two source configurations are analysed for
two different diameters, D/6 = 9.55x 1073 (D = 3 mm) and D/§ = 1.91 x 1072
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(D = 6 mm). Concentration measurements were performed at different locations
downstream of the passive scalar source (the ¢ value is nearly maintained at each
streamwise measurement location), by means of a fast flame ionization detector
[1, 2]. The sensitivity of the instrument — i.e., the slope of the (linear) relation
between concentration and tension response — is +3%, while the calibration range
is (0 — 5000) ppm. The error in the first four moments of the concentration due to
all the uncertainties in the experimental chain, was estimated to be up to 4.5%. The
time-series of concentration were recorded for T = 180 s, with sampling frequency
of 1000 Hz, resulting into N7 = 1.8 x 107 temporal observations. In the following,
the streamwise, wall-normal and spanwise coordinates are indicated as x, y, and
z, respectively (see Fig. 1(a)). Specifically, all results are intended at y = 0, i.e.
along the source-axis at different streamwise and wall-normal locations, in the range
x/6 =0.162 —2.602 and z/6 = 0.0955 — 0.685, respectively.

3 Network building

The time-series of ethane concentration were investigated by exploiting a complex
network technique called visibility algorithm [8]. According to this method, each
point of the time-series corresponds to a node of the network, and a link between a
pair of points (¢;, c(#;)) and (¢;, c(t;)) exists if the condition

c(t) < e(t)) + (c(t) - e(t) tt’ - ttk 0
] 1

is fulfilled, for any #; < # < t;. From a geometrical point of view, in a visibility-
based network a link exists if the straight line connecting two points of the series lies
above the other in-between data, thus resulting in a convexity criterion. Although the
visibility algorithm is simple to implement, it is invariant under affine transformations
(i.e., rescaling and translation of both horizontal and vertical axes). By exploiting
the condition in Eq. 1, networks with Ny = 180000 nodes were built in each spatial
location where concentration measurements are performed.

Among a broad number of network metrics proposed so far [9], two metrics were
here explored to extract information of the temporal structure of the series under
investigation [7]: the mean link-length, {d,,) and the transitivity, Tr. In particular,
(d1,) is ameasure of the occurrence of extreme events (i.e., peaks) in the time-series,
with high (dy,) values if peaks appear sporadically. On the other hand, the transitivity
is related to the presence of small/null variations in the series (that we indicate as
irregularities), between consecutive peaks. By combining the behaviour of the mean
link-length and the transitivity, therefore, it is possible to infer the temporal structure
of the mapped time-series in terms of peak occurrence and irregularity intensity [7].
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Fig. 2 Network metrics as a function of the normalized wall-normal coordinate (z — z5)/d, for
different streamwise locations, x. Mean link-length (a) and transitivity (b) when D /& = 9.55x1073.
Mean link-length (c) and transitivity (d) when D /6§ = 1.91 x 1072

4 Results

The results of the visibility network-based analysis applied to the passive scalar
concentration time-series are here reported and discussed. Results of both diameter
configurations are shown in Fig. 2. In particular, the mean link-length, (d}, ), and the
transitivity, Tr, are plotted as a function of the normalized wall normal coordinate
(z — z5)/9, for increasing streamwise locations. Moreover, in order to highlight the
significance of the metrics with respect to the dynamics of the passive scalar plume,
in Fig. 3 we display two (normalized) time-series of concentration at two wall-normal
coordinates, (z — z5)/8 = 0 (source-axis) and (z — z;)/6 = 0.27.

First, let us focus on the configuration with the smallest D/é. As illustrated in Fig.
2(a), (d1n) increases by moving away from the source-axis (i.e., (z — zs)/6 = 0), and
along the streamwise direction (at fixed wall-normal coordinate). High values of the
passive scalar concentration are frequently detected along the source-axis, at fixed
wall-normal coordinate (e.g., see the series in Fig. 3(a)), where the relative dispersion
of the plume is weak, thus low (dj,) values are obtained. On the other hand, the
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mean link-length increases in the wall-normal direction, because the occurrence
of concentration measurements decreases along z as a consequence of the relative
dispersion of the plume (e.g., see Fig. 3(b)). Moreover, we found higher (d,) values
by moving downstream along x for wall-normal coordinates close to the source-axis,
because the plume weakens along the streamwise direction around (z — z5)/§ = 0.
Conversely, for high (z — z5)/8, we found lower (d},,) values by moving downstream,
due to the increasing spatial extension of the plume caused by the relative dispersion.
These outcomes are supported by the investigation of the transitivity, 7r. We recall
that low values of Tr are associated to time-series characterized by high level of
irregularities, i.e. local fluctuations of low intensity (compared to the maximum
excursion of the series, cqx — Cmin)- As shown Fig. 2(b), the maximum values of Tr
are found along the centreline of the plume: as discussed for the mean link-length,
in this region non-zero values of ethane concentration are recurrently detected (see
Fig. 3(a)). On the contrary, far apart from the source-axis the temporal structure
of the series of concentration is dominated by long intervals of very low intensity
fluctuations (e.g., see the time interval ¢ € [11,15] and ¢ € [24,30] in the series of
Fig. 3(b)), namely almost no passive scalar is measured far from the plume centreline.
As a consequence, following specular trends with respect to {d1, ), the transitivity 7'r
decreases by moving away from the source-axis and along the streamwise direction.
The metrics extracted from the network built on the concentration time-series in
the configuration D/6 = 1.91 x 1072 are shown in Fig. 2(c)-(d). Both the metrics
highlight the same overall dynamics of the passive scalar plume discussed for the
configuration D/§ = 9.55 x 1073, In fact, the minimum value of (d;,) and the
maximum value of Tr are found along the source centreline, while the two met-
rics increase/decrease moving away from the source-axis and along the streamwise
direction, as in the case D/§ = 9.55 X 1073, It is worth noting that — for both D
configurations — the results are asymmetrical with respect to the source-axis due to
the presence of the wall. In fact, moving towards the wall (d;,) is lower and Tr
is higher than moving apart from the wall (by evaluating the metrics at the same
wall-normal distance from the source-axis).
By comparing the magnitude of the mean link-length and the transitivity in the same
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spatial locations, we found lower values of (di,) and higher Tr in the configuration
D/6 = 1.91 x 1072 with respect to D/§ = 9.55 x 1073, This means that, at a fixed
spatial location, the concentration for D/6 = 1.91 x 1072 is characterized by more
frequent non-zero measurements, namely a higher turbulent fluctuating activity is de-
tected. This is due to the fact that the release emitted by the larger source is submitted
to a reduced spatial range of velocity fluctuations that are able to displace the scalar
plume as a whole (a phenomenon usually referred to as meandering [10]), therefore
inducing intermittency in the concentration signals (measured at fixed locations).

Concluding remarks

The analysis of the networks based on concentration time-series reveals that network
metrics are able to highlight different spatial regions of a turbulent passive scalar
plume. Specifically, the temporal structure of the mapped time-series at different
spatial locations is also captured by the two metrics investigated. As a consequence,
the visibility-based networks inherit the spatio-temporal structure of the underlying
turbulent dynamics. Based on the present findings, the proposed approach deserves
future investigation, in particular exploring to what extent the source diameter affects
the dynamics of the passive scalar plume.
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