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Disease transmission over human networks and information dissemination over social networks have become important
areas of studies with significant societal impacts. The studies of these phenomena are founded on network science [1],
which combines graph theory, dynamical systems, and data science. Taking inspirations from network-based analysis [2],
we examine perturbation dynamics for turbulent flow networks. In this talk, we present the vortical network broadcast
analysis for time-varying turbulent flows to identify the optimal flow modification strategy.

Network science specializes in analyzing, modeling, and controlling interaction dynamics over a collection of el-
ements. Turbulent flow analysis is a key candidate to benefit from network science, because turbulence is influenced
by the rich interactions amongst a large number of vortices present over a range of scales. In fact, we can study such
vortical interactions by quantifying the induced velocity generated by the vortical structures [3]. Through the network-
based analysis tools, we are able to extract dominant interactions present in turbulence and model its dynamics [4]. Of
particular interest in this talk is the use of time-varying vortical networks to quantify time-dependent turbulent base flows.
We quantify how perturbations added to turbulence can influence the overall perturbation dynamics using the network
broadcast analysis [5]. This approach reveals the most amplified disturbances broadcast over the time-evolving turbu-
lence network. We show that the broadcast analysis shares similarities with resolvent analysis [6, 7] in its formulation but
for non-harmonic dynamics.

We demonstrate the utility of the network broadcast analysis to identify flow structures that can optimally modify
turbulent flows for the examples of two-dimensional isotropic turbulence and separated turbulent flow over an airfoil.
The results from these examples suggest that the present formulation holds promise in guiding time-adaptive flow control
efforts to effectively modify the behaviors of turbulent flows.

We thank the support from the US Air Force Office of Scientific Research (FA9550-21-1-0178), Army Research Office
(W911NF-19-1-0032), and Office of Naval Research (N00014-19-1-2460).
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FIGURE 4. The broadcast modes of BS and NS networks. (a) The vorticity field about which the
broadcast modes are computed; (b) the BS broadcast mode (bBS); and (c) the NS broadcast mode
(bNS). Vorticity contours for ω/ω∗ = ±1 are superposed on the modes in (b,c) for comparison.

3.4. Broadcast-mode-based perturbation
Since the broadcast mode b(x) identifies effective nodes to initialize perturbations, we use
it to perturb the initial condition of the turbulent vorticity field as

ωp(x, t0) = ω0(x) + a [b(x) − 〈b(x)〉] . (3.5)

Here, the removal of the spatial mean 〈b(x)〉 ensures that no net circulation is introduced
to the bi-periodic domain due to the added perturbation (Jiménez 2018). The perturbation
amplitude is chosen such that a||b − 〈b〉||2/||ω0||2 = 0.001. We evolve the turbulent flow
from this perturbed initial condition ωp(x, t0) and track the flow modification (Jiménez
2018, 2020) with

∆ω(x, t) = ωp(x, t) − ω(x, t). (3.6)

This modification is assessed with respect to the broadcast modes extracted from the NS
and BS networks and to different time horizons tm over which the broadcast modes are
extracted.

4. Results

4.1. Biot–Savart versus Navier–Stokes broadcast modes
For the initial vorticity field shown in figure 4(a), we extract the broadcast mode from
S0 = (I − αA0)

−∆t0 using (2.9). The broadcast modes for the BS and NS networks are
presented in figures 4(b) and 4(c), respectively, as bBS and bNS. The BS broadcast mode
suggests that the vortex cores, featured with high levels of vorticity, are the regions of
high broadcast strength. The study of Taira et al. (2016) identified these regions as the
network ‘hubs’, which are characterized by high levels of vortical interaction occurring in
turbulent flow. In a similar problem setting, Jiménez (2018) also labelled the vortices as
the influential structures that dominate the evolution of the 2-D turbulence.

The NS broadcast mode paints a different picture. We find that the volumes of high
broadcast strength occupy the regions between opposite-sign vortex pairs, as highlighted in
the green region in figure 4(c). This observation agrees with Jiménez (2020), where these
vortex ‘dipoles’ are identified as the influential structures in the 2-D turbulence through
a Monte Carlo-based search over all subvolumes in the flow. These vortex dipoles, acting
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extracted.
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For the initial vorticity field shown in figure 4(a), we extract the broadcast mode from
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presented in figures 4(b) and 4(c), respectively, as bBS and bNS. The BS broadcast mode
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network ‘hubs’, which are characterized by high levels of vortical interaction occurring in
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Since the broadcast mode b(x) identifies effective nodes to initialize perturbations, we use
it to perturb the initial condition of the turbulent vorticity field as
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and BS networks and to different time horizons tm over which the broadcast modes are
extracted.

4. Results

4.1. Biot–Savart versus Navier–Stokes broadcast modes
For the initial vorticity field shown in figure 4(a), we extract the broadcast mode from
S0 = (I − αA0)

−∆t0 using (2.9). The broadcast modes for the BS and NS networks are
presented in figures 4(b) and 4(c), respectively, as bBS and bNS. The BS broadcast mode
suggests that the vortex cores, featured with high levels of vorticity, are the regions of
high broadcast strength. The study of Taira et al. (2016) identified these regions as the
network ‘hubs’, which are characterized by high levels of vortical interaction occurring in
turbulent flow. In a similar problem setting, Jiménez (2018) also labelled the vortices as
the influential structures that dominate the evolution of the 2-D turbulence.

The NS broadcast mode paints a different picture. We find that the volumes of high
broadcast strength occupy the regions between opposite-sign vortex pairs, as highlighted in
the green region in figure 4(c). This observation agrees with Jiménez (2020), where these
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Figure 1. Network broadcast analysis of two-dimensional isotropic turbulence [5]. (a) Vorticity field. (b) Network broadcast mode.
Reprinted with permission from Cambridge University Press.
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