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We numerically study the network dynamics and suppression of spray combustion instability in a
backward-facing step combustor from the perspective of a complex network. We observe the appearance,
disappearance, and reappearance of a scale-free topology in a turbulence network. A scale-free topology
appears when a large-scale organized vortex is formed, whereas it disappears upon the collapse of the
organized vortex. A spatially irregular retention of primary hubs occurs in the turbulence network, which
is closely associated with the collapse motion of a large-scale organized vortex. Spray combustion insta-
bility is significantly suppressed by placing an obstacle at the location where connector communities are

mostly formed in the turbulence network.
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I. INTRODUCTION

A self-excited thermoacoustic instability in combus-
tors, referred to as combustion instability, occurs as a
consequence of the high amplification of acoustic reso-
nance modes due to the strong interactions among acoustic
pressure, heat release rate, and flow velocity fields [1].
The unwanted high-amplitude acoustic pressure fluctua-
tions during combustion instability impart vibrations to
the combustor wall, leading to the fatal structural dam-
age of combustors such as land-based and aero-derivative
gas turbines. In these combustors consisting primarily of
shear flows, the roll-up of the shear layer and the sub-
sequent breakdown of vortices have considerable effects
on the feedback coupling of fluctuations in acoustic pres-
sure and heat release rate during combustion instability.
The shear layer flow induced by a backward-facing step
is one of the most fundamental flow fields for investi-
gating the nonlinear dynamics of combustion instability.
Many experimental and numerical studies [2—7] using
backward-facing step combustors have clarified that an
organized vortex driven by shear layer growth significantly
affects combustion instability. Poinsot et al. [4] clarified
the relationships among vortex shedding, acoustic, and
heat release cycles. Schadow and Gutmark [6] reported
that the mixing between unburned reactants and combus-
tion products can produce a sudden heat release, leading
to the reinforcement of the coupling in phase with the
acoustic field during the formation of the organized vortex.
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George et al. [8] showed that the acoustic field progres-
sively synchronizes with the organized vortex, leading
to the formation of combustion instability. These studies
collectively emphasize the importance of understanding
how organized vortex dynamics affects flame behavior and
thermoacoustic interactions in turbulent reacting flows.

The advent of network science [9,10] evolving from dis-
crete mathematics has led to accelerated progress in the
development of sophisticated complex networks: visibil-
ity graph [11], cycle network [12], recurrence network
[13], transition network [14], and turbulence network [15].
Recent review papers [16,17] have shown the applicabil-
ity of complex-network analysis as a powerful framework
for capturing the behavior of flow structures in turbulent
systems, providing new possibilities for interpreting the
complex behavior of turbulent reacting flows. Substantial
advances in complex-network analysis have importantly
created a new interdisciplinary fusion between combus-
tion dynamics and network science [18], providing a pro-
found understanding of the dynamic behavior and physical
mechanism of the incidence and sustainment of combus-
tion instabilities [19-28]. Tandon and Sujith [29] have
recently clarified the coupling between thermoacoustic
power sources and coherent vortex structures using a mul-
tilayer network. They emphasize that the characterization
of how such structures form and evolve is essential to
understanding the onset and suppression of combustion
instability.

Spray combustion is a well-recognized chemically
reacting two-phase turbulent flow with complex elementary
processes involving fuel atomization, droplet dispersion,
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and droplet evaporation. A research group from Kyoto
University [30—32] has recently conducted numerical stud-
ies on spray combustion instability in a backward-facing
step combustor by large-eddy simulation (LES). The stud-
ies focused mainly on clarifying the effects of temporal
evolutions of fuel droplet diameter distribution and fuel
flow rate on the intensity of acoustic pressure fluctuations
and the local Rayleigh index. We have recently studied
the dynamical state and driving region of spray combus-
tion instability in a backward-facing step combustor [33]
using a transition network and an acoustic-energy-flux-
based spatial network [34]. Our main findings obtained
by the complex-network analysis are as follows: (1) the
global dynamical state of acoustic pressure fluctuations
(heat release rate fluctuations) represents a limit cycle
(low-dimensional chaotic oscillations); (2) the irregular
formation of hubs in the spatial network contributes sig-
nificantly to the emergence of chaotic oscillations; and (3)
the formation and loss of thermoacoustic power sources are
closely related to a large-scale organized vortex motion.
These findings have provided us with a new perspective
on understanding the dynamical state and driving region
of spray combustion instability.

Our main interest and motivation in this study are
to clarify the network dynamics and construct a useful
method to suppress spray combustion instability, focusing
on a large-scale organized vortex motion. As mentioned
above, we have recently elucidated a strong association
between the formation and loss of thermoacoustic power
sources and a large-scale organized vortex [33]. Building
on this, we explore an approach to modifying the flow field
by disrupting the vortical structures to reduce the genera-
tion of thermoacoustic power sources. One of the promis-
ing networks is the turbulence network, which enables us
to perceive the constitutive behavior of the vortical struc-
ture during combustion instability [22,25,28,35,36]. The
potential utility of the turbulence network is the extrac-
tion of the topological structure hidden in the underlying
combustion dynamics and of the driving region of combus-
tion instability, which is difficult to identify by the vorticity
field. Murayama et al. [22] have shown the existence of a
scale-free topology and identified a primary hub in the tur-
bulence network during combustion instability in a swirl-
stabilized combustor. Kurosaka et al. [35] have also shown
that the loss of the primary hub plays a critical role in
suppressing combustion instability in the same combustor
[22]. Krishnan ef al. [25] reported the existence of a scale-
free topology in the turbulence network during combustion
instability in a bluff body—stabilized combustor, highlight-
ing the prevention of primary hubs to suppress combustion
instability. Zheng et al. [28] clarified a nontrivial rela-
tionship between a scale-free topology in the turbulence
network and acoustic pressure fluctuations, exhibiting the
continuous sustainment of a scale-free topology during
combustion instability in a bluff body—stabilized swirling

combustion system. On the basis of these studies [22,
25,28,35], in this study, we clarify a scale-free topol-
ogy in the turbulence network during spray combustion
instability.

A community is a group of nodes that exhibit stronger
internal connections than external connections in a net-
work. The P-Z plane consisting of the within-module
degree and the participation coefficient [37] enables the
identification of dominant module nodes within a classified
community during combustion instability [34,36]. Sahay
et al. [38] have recently shown that community structures
in the turbulence network help characterize interactions
among vortical structures. The intercommunity interac-
tions correlate with acoustic pressure fluctuations in a
turbulent combustor. On the basis of this point, our study
examines how the formation and collapse of an organized
vortex affect the structure of the turbulence network, focus-
ing particularly on the role of connector communities in
modulating spray combustion instability. We extract con-
nector communities in the turbulence network by estimat-
ing the participation coefficient. We finally attempt to sup-
press spray combustion instability by placing an obstacle
in the extracted region of the connector communities.

The rest of this paper is organized as follows: Numer-
ical computation and analytical methods are explained in
Sec. II. Results and discussion are provided in Sec. III. The
findings are summarized in Sec. IV.

II. NUMERICAL COMPUTATION AND
ANALYTICAL METHODS

We conduct the complex-network analysis of the spa-
tiotemporal data [33] of spray combustion instability
obtained by LES. The governing conservation equations
consisting of the mass, momentum, energy, mass frac-
tion of chemical species, state equation for the ideal gas,
and boundary conditions are nearly the same as those in
previous studies [30—32]. Our LES has been conducted
with finer spatial resolutions than in the above-mentioned
studies [30-32]. Figure 1 shows the external view of a
backward-facing step combustor and the computational
domain and conditions. Air is supplied from the combus-
tor inlet. Fuel droplets of kerosene [30-32] are supplied
vertically upward approximately 5 mm upstream from the
edge of the step, where the height of the step is approxi-
mately 19.1 mm. Similarly to in our recent study [33], the
equivalence ratio is set to 1.2. The cross-section veloc-
ity U and temperature 7' of the incoming air are set to
50m/s and 760 K, respectively. The initial vertical veloc-
ity ¥y and temperature 7y of the incoming fuel droplets
are 2m/s and 300K, respectively, and the initial pres-
sure inside the combustor is set to 0.1 MPa. The process
for atomization of liquid fuel follows a model considering
the dynamical changes in the initial droplet-size profiles
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FIG. 1. (a) External view of a backward-facing step combus-

tor during spray combustion instability and (b) computational
domain and conditions.

[39]. A nonequilibrium Langmuir-Knudsen model [40—
42] is adopted for the evaporation process. As shown in
Fig. 1(a), the fuel droplets (green dots) are transported
downstream by the incoming air. They burn accompanied
by the engulfment of an organized vortex [see the instan-
taneous vorticity field in Fig. 1(b)]. Note that the dominant
frequency of the spatially averaged acoustic pressure fluc-
tuations (p) is approximately 700 Hz [33] during spray
combustion instability, which almost corresponds to a
quarter of the wavelength mode in a backward-facing step
combustor [31].

A turbulence network as proposed by Taira et al. [15]
is a vortex interaction—based undirected and weighted net-
work. In this study, we estimate the node strength in the
turbulence network constructed from the vorticity field
inz~0and —1 <x/H < 7. Each computational grid is
a node in the network, and the links between nodes are
connected by the magnitude of the induced velocity. The
induced velocity refers to the effect of one fluid element on
another and is calculated with use of the Biot-Savart law.
This law represents the flow velocity generated by a vor-
tical element as a function of its circulation and distance
between vortical elements. The induced velocity u; from
node 7 to node j is calculated as

lo (X;) Ax;Ay;l
Uy = ——————

; (1)

27 |X; — X;|

where x; is the position vector of the ith node, w(x;) is the
vorticity, and Ax; (Ay;) is the grid size in the x (y) direc-
tion. The interaction between nodes is quantified by our
taking the average of induced velocities between vortices.
Thus, the weighted adjacency matrix 4, in the turbulence

network is defined as

%(llij +Llji) lfl;é],

A = .
by 0 otherwise.

@

We can finally estimate the node strength s;; in the network
as

N
Sti = ZAt,ij, (3)
Jj=1

where N is the number of nodes and is 15 325 in this study.
The node strength in the turbulence network quantifies the
interactions between a fluid element and its surrounding
flow. High node strength indicates regions where vortical
interactions are particularly strong, signifying the pres-
ence of dominant organized structures. In contrast, low
node strength indicates regions where interactions with
the surrounding flow are relatively weak. Note that in our
preliminary test, the key turbulent structures involving a
large-scale organized vortex are sufficiently captured when
the analytical domain is changed to —1 < x/H < 5. The
essential features of the flow field are well represented at
the chosen number of nodes.

We examine the presence of a scale-free topology in the
turbulence network by analyzing the probability density
function of node strength. A scale-free topology appears
in the network if the node strength distribution follows a
power-law relationship:

P(si) ~s5,] “4)

where y is the scaling exponent. The power-law distri-
bution shows that most nodes have low strength, while a
small fraction of nodes (hubs) possess significantly higher
strength, indicating the self-organization in the flow field.
We estimate the coefficient of determination R*, which
quantifies how well the log-transformed data follow a
linear trend:

Zi <10gP(St,i) - IOgﬁ(St,i)>2

2 _1_
R =1 2
> <log P(si;) — logP(St,i)>

; ®)

where IA’(S,J) is the value of P(s;;) predicted from the
regression, and log P(s;;) is the average of the logarithmic
P(s;;). A value of R? close to unity means a high degree
of consistency with the power-law distribution, indicat-
ing the presence of a scale-free topology. Similarly to Ref.
[22], we define a scale-free topology as being present when
R? > 0.90.

Guimera and Amaral [37] proposed the P-Z plane
method for the identification of influential nodes through
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intracommunity and intercommunity interactions in a net-
work. Meena and Taira [43] identified the network connec-
tor and peripheral nodes by assessing the strengths of the
community interactions among groups of vortical nodes in
the turbulence network. In accordance with their studies
[37,43], we identify a connector community in the turbu-
lence network. A connector community represents a set of
nodes that establish strong connections between different
communities within the network. Similarly to what was
done in recent studies [34,36], communities are extracted
by the Louvain method [44,45]. The Louvain method is
an optimization algorithm designed to maximize the mod-
ularity Q,, of the network. The modularity Q,, quantifies
the strength of division into communities by comparing
the observed connectivity within communities with a net-
work model where connections are randomly distributed.
However, the Louvain method focuses on intracommu-
nity cohesion and does not explicitly consider interac-
tions between different communities. We thus introduce
the concept of connector communities, which are defined
as subsets of Louvain-based communities that facilitate
strong intercommunity interactions. After calculating the
sum of the weights of the links adjacent to the nodes in
the community m at the ith node, s;,,, we estimate the
participation coefficient P; at the ith node. Note that 0 <
P; < 1 and P; reaches unity when the weights of the links
connected to the ith node are homogeneously connected
among all communities.

N
Stim = Z Ay, (6)

j:l,Cj Eém

where C,, is the set of the mth community.

Ne s 2
ti,m
net-2 () ?

m=1

where N, is the total number of communities. In the con-
nector communities, (P,), denoting the average of P;
for each community m, takes the maximum value in all
communities. In this study, we estimate the number of
connector communities Ncc. It serves as an indicator to
identify turbulent regions where interaction between vor-
tical structures is particularly strong. These regions play a
crucial role in the dynamics of combustion instability.

II1. RESULTS AND DISCUSSION

Figure 2 shows the instantaneous spatial distribution of
the node strength s;; and the probability density function
P(s;;) of the node strength in the turbulence network. We
observe high s;; values near the core of the rolled-up struc-
ture of a large-scale organized vortex (0.5 <x/H < 1.2,
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FIG. 2. (A) Instantaneous spatial distribution of node strength

s;; and (B) probability density function of s;; in the turbulence
network during spray combustion instability. (A)(a),(B)(a) t =
135.67 ms and (A) (b),(B) (b) t = 136.17 ms.

0.5 <y/H <0.9)atr= 135.67 ms. An important point to
note here is that the region with high s,; nearly corresponds
to that in the acoustic-energy-flux-based spatial network
we have presented recently [33]. This suggests that a large-
scale organized vortex with the engulfment of fuel droplets
is indispensable for the significant production of thermoa-
coustic energy. As shown in Fig. 2(B)(a), P(s;;) exhibits
a power-law decay. The coefficient of determinism R* at
t = 135.67 ms is estimated to be approximately 0.96 and
the spatial scaling exponent y is —2.6. This indicates that
a scale-free topology appears when a large-scale organized
vortex is formed. In contrast, when ¢ = 136.17 ms, corre-
sponding to the collapse time of a large-scale organized
vortex, P(s;;) appears to be scattered for s,; > 8 X 102,
and R? is approximately 0.74, indicating the disappearance
of the scale-free topology. These results demonstrate that
a scale-free topology of the turbulence network is closely
associated with the organized vortex motion. In a scale-
free network, a small fraction of nodes (hubs) dominate
the overall connectivity of the network. In the turbulence
network, these hubs are located predominantly in regions
of intense flow interactions, such as the vortex core and
shear layer. When a large-scale organized vortex forms,
these regions establish strong connections with other parts
of the network, acting as a critical effect that sustains the
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FIG. 3. Probability density function of the lifetime P(#;) of
the scale-free topology in the turbulence network during spray
combustion instability.

scale-free topology. The probability density function of the
lifetime P(¢;) is shown in Fig. 3, where ¢, is the lifetime of
the scale-free topology. We find a power-law decay with a
scaling exponent of —1.44. This clearly shows that the sub-
stantivity of the scale-free topology can be characterized
by the probability density function of the lifetime of the
scale-free topology. Our discovery of the appearance, dis-
appearance, and reappearance of a scale-free topology dur-
ing spray combustion instability extends our understanding
of network dynamics beyond that from a previous study
[28], which focused on the continuous sustainment of the
scale-free nature during gaseous combustion instability.
Figure 4 shows the spatiotemporal evolution of the
average node strength (s;;), with respect to y, together
with representative node strength fields. We observe that
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(si), exhibits temporally periodic fluctuations near the
formation region of a large-scale organized vortex. The
interval of the periodic (s;;), in response to the regular
release of the organized vortex corresponds to the period
of a quarter-wavelength mode of an acoustic wave in a
backward-facing step combustor [31]. This behavior of
(s1,i)y suggests that the turbulence network effectively cap-
tures the periodic emergence and collapse of a large-scale
organized vortex. Although traditional analyses of vortex
behavior often rely on flow velocity and vorticity fields,
the result presented above demonstrates that the turbu-
lence network serves as an effective complex network
for extracting the temporal behavior of dominant vorti-
cal structures. This function will be particularly significant
for various combustors where a large-scale organized vor-
tex plays a crucial role in the formation and sustainment
of combustion instability. The periodic behavior of node
strength indicates that the topology of the turbulence
network is dynamically coupled to the underlying flow
behavior. This provides an encompassing understanding of
network dynamics in more general vortex-driven combus-
tion instabilities that are not limited to spray combustion
instabilities. Our approach to extracting the spatiotempo-
ral pattern of the node strength in a turbulence network
has potential use in analyzing a wide range of problems
in fluid mechanics where a large-scale organized vortex
plays a crucial role in thermoacoustics. We also observe
high (s;;), values from the vicinity of the backward-
facing step edge to the formation region of the organized
vortex, indicating the formation of primary hubs with a dis-
proportionately large number of links. Such hubs dictate
the behavior of the overall network. Although high-node-
strength regions appear in roughly the same spatial extent,
their persistence range does not remain constant owing
to the collapse motion of a large-scale organized vortex.

FIG. 4. Spatiotemporal evolution of the average node strength (s;;), with respect to y in the turbulence network, together with
extracted representative node strength fields. (a) £ = 135.3 ms, (b) # = 135.7 ms, and (¢) # = 136.1 ms.
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FIG. 5. Spatial distribution of the number of connector com-
munities Ncc in the turbulence network during spray combustion
instability.

Note that in this study, we regard such behavior of (s;;),
downstream as a spatially irregular behavior. As men-
tioned in Sec. I, we have recently shown that the dynamical
state of the global heat release rate field represents chaotic
oscillations with deterministically nonperiodic intercycle
dynamics [33]. We also have shown that the irregular for-
mation of primary hubs in the acoustic-energy-flux-based
spatial network serves a pivotal role in the emergence of
chaotic oscillations in the heat release rate field. On the
basis of that study [33] and the results shown in Fig. 2, we
consider that the spatially irregular behavior of (s;;), asso-
ciated closely with the loss of the scale-free topology also
contributes significantly to chaotic oscillations in the heat
release rate field during spray combustion instability.
Figure 5 shows the spatial distribution of the number
of connector communities Ncc. Here, Ncc has the maxi-
mum value of (P;). In the regions 0.8 < x/H < 2.8 and
0.7 <y/H < 1.1, Ncc takes high values, which indicates
the formation of connector communities with a central role
in the network. Krishnan et al. [25] have recently reported
that the node strength in the turbulence network is use-
ful for appropriately determining the location of steady
secondary air jets to suppress combustion instability in a
bluff body—stabilized combustor. We here attempt to sup-
press spray combustion instability by placing a rectangular
obstacle with sizes of 1.6 < x/H < 1.8and0.82 <y/H <
0.9 in the formation region of the connector communities.
Note that the setting location of the obstacle [see Fig. 6(a)]
is rigorously determined to cover the region where Ncc is
larger than 95% of the maximum N¢c. Figure 6(b) shows
the temporal evolution of the spatially averaged acoustic
pressure fluctuations (P) and the power spectral density
(PSD) in cases without and with the obstacle. Both the
amplitude of (P) and the dominant peak value of PSD
in the case with the obstacle are smaller than those in
the case without the obstacle. This indicates that spray
combustion instability can be suppressed by placing an
obstacle at the location where the connector communities
are mostly formed. Figure 7 shows the temporal evolu-
tion of the spatially averaged node strength (s,;) in the
acoustic-energy-flux-based spatial network in the cases

(a) Obstacle w (s) x10*

— Without obstacle
30¢F --- With obstacle

&
1.0 8fOS 110 115 120 125( 1)30 135 140 145 150 i ll
t (ms
05} J -_
0.0 : :
10 100 500 1500
f (Hz)
FIG. 6. (a) Instantaneous vorticity field @ inside a backward-

facing step combustor with the obstacle at = 126.45 ms and
(b) temporal evolution of the spatially averaged acoustic pres-
sure fluctuations (P) and the power spectral density in the cases
without and with the obstacle. The sizes of the obstacle are
1.6 <x/H <1.8and 0.82 <y/H < 0.9.

without and with the obstacle, together with representative
instantaneous fields of s,; (see Ref. [33] for details of the
acoustic-energy-flux-based spatial network). As shown in
the instantaneous fields of s,,, the high s,; values in the
case without the obstacle are substantially diminished near
the obstacle, preventing the formation of a thermoacoustic
power source. The amplitude of (s, ;) markedly decreases
with the installation of the obstacle. The collapse of the
connector communities leads to the suppression of spray
combustion instability.

The recurrence rate in symbolic recurrence plots (SRPs)
[13] is an important measure for evaluating the simi-
larity between two time series. Gotoda and co-workers
have evaluated the similarity of the acoustic pressure and
heat release rate fluctuations during combustion instabil-
ity in a swirl-stabilized combustor [26,46] and a model
rocket engine combustor [47]. On this basis, we exam-
ine the degree of synchronized state between the spatially
averaged acoustic pressure (P), and the heat release rate
fluctuations (Q), by estimating the recurrence rate Rsg =
(1/(Np — |T]) ng_lr’ ! Srj- SRPs are constructed on the
basis of the rank-order patterns of (P), and (Q),. Here,
j =i+ 1, Np is the number of data points in the phase
space, 1; is the distance between the main diagonal and
the parallel diagonals in the SRPs, and Sk ; represents an
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FIG. 7. Temporal evolution of the spatially averaged node

strength (s,;) in the acoustic-energy-flux-based spatial network
in the cases without and with the obstacle, together with repre-
sentative instantaneous fields of s,; at f = 112.6 ms. (a) Instan-
taneous field of s,; in the case without the obstacle and (b)
instantaneous field of s, ; in the case with the obstacle.

element of the adjacency matrix, which is unity when the
rank-order patterns of (P), and (Q), are identical, and
is zero otherwise. A high Rsg value means a strongly
phase-synchronized state between acoustic pressure and
heat release rate fluctuations. The variation of Rsr in the
cases without and with the obstacle is shown in Fig. 8 as
a function of x/H and the actual delay time t, = 7;Af,
where 7; is the time distance between the main diagonal
line and the parallel diagonal line in the recurrence plots
and At is the time resolution of (P), and (Q),. In the case
without the obstacle, Rsgr is periodically high in terms of
7,, indicating the formation of a phase-synchronized state.
The interval of neighboring maximum values of Rgg in
terms of 7, is approximately 1.38 ms, which corresponds
to that of the temporally regular appearance of high (s;;),
in the turbulence network (see Fig. 4). When the obsta-
cle is placed at the location determined by the extraction
of the connector communities, Rsg notably decreases with
the changes in both x/H and t,. The periodicity of Rsg
also decreases in terms of x/H. The installation of the
obstacle weakens the phase-synchronized state. The results
shown in Figs. 6—8 demonstrate that placing an obstacle

T, (ms)

(b) 3 . . . . 0.65
L

L 0.60
2F =l

[ » 0.55
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i ‘ 0.50
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& of : 4 170.45
s 0 ]

. L e 1140.40

[ 0.35
-k ]
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WA ol B
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x/H
FIG. 8. Variation of the recurrence rate Rgg in symbolic recur-

rence plots as a function of x/H and the actual delay time t,.
(a) In the case without the obstacle and (b) in the case with the
obstacle.

in the region where connector communities are concen-
trated effectively suppresses spray combustion instability.
The regions are identified as areas where interactions
between distinct vortical structures are very strong. These
regions serve as hubs that enhance intervortex interac-
tions, facilitating the persistence of the organized structure.
The sustained presence of such a structure strengthens the
coupling between acoustic pressure and heat release rate
fluctuations, forming a feedback mechanism that main-
tains combustion instability. This coupling is disrupted
by placing an obstacle in the region of connector com-
munities, leading to the suppression of spray combustion
instability. Our results align with the findings of Sahay
et al. [38], who demonstrated that vortical communities
in a turbulent combustor exhibit strong intercommunity
interactions during gaseous combustion instability. They
identified critical flow regions through network analysis,
showing that targeted interventions in these regions can
mitigate combustion instability. Similarly, our study shows
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that the disruption of connector communities effectively
suppresses spray combustion instability. These findings
highlight the critical role of the turbulence network struc-
ture in elucidating the driving mechanism and offer impor-
tant insights into network-based strategies for suppressing
combustion instability.

In this work, we have conducted a numerical study
to clarify the network dynamics and construct a method
to suppress spray combustion instability in a backward-
facing step combustor from the perspective of a com-
plex network. The findings obtained in this study can be
summarized as follows: The scale-free topology in the
turbulence network is intrinsically linked to the forma-
tion of a large-scale organized vortex. Hubs emerge and
establish strong interactions within the network, maintain-
ing the scale-free topology. This underscores the essential
role of scale-free topology in the sustainment of combus-
tion instability. In addition, the spatiotemporal evolution
of node strength exhibits almost periodic fluctuations.
This periodicity corresponds to the formation and col-
lapse cycle of a large-scale organized vortex, suggesting
that the turbulence network effectively captures the tempo-
ral characteristics of vortex dynamics. The availability of
this framework to reveal such periodic behavior advances
the physical understanding of vortex-driven combustion
instabilities. Our study shows that the turbulence network
not only characterizes the structural organization of tur-
bulent flows but also provides deeper insights into the
temporal evolution of dominant flow structures. Previous
studies [25,35] on the control of combustion instability
using the turbulence network have underscored that the
primary hubs of the turbulence network significantly affect
the spatiotemporal dynamics of the overall flow field dur-
ing combustion instability. The disruption of the primary
hubs by local injections of steady air jets into high-vorticity
regions has been shown to be effective in suppressing
gaseous combustion instability in swirl-stabilized and bluff
body—stabilized combustors. Those studies [25,35] have
provided a foundational framework for controlling com-
bustion instability in the light of a complex network. In
addition to the emphasis on the use of the turbulence net-
work, the connector communities are useful for developing
diverse and sophisticated methods to control combustion
instability. A method for extracting the connector com-
munities, as described in this paper, would be expected
to be a promising strategy to control vortex-driven com-
bustion instabilities in various combustors. Finally, there
is an important issue concerning the suppression of spray
combustion instability presented in this study. Placing the
obstacle introduces modifications to the vorticity distribu-
tion in the flow field. We have observed a local increase
in vorticity behind the obstacle due to flow separation and
vortex shedding. At the present stage of our study, we infer
that this disrupts the complete suppression of combustion
instability. As shown in Fig. 7, the obstacle significantly

reduces the strength of thermoacoustic power sources, sug-
gesting the disruption of thermoacoustic coupling. In our
next study, we plan to conduct numerical simulations in
the cases of different geometries and sizes of the obstacle to
gain a deeper understanding of the suppression mechanism
of spray combustion instability.

IV. SUMMARY

We have numerically studied the network dynamics and
suppression of spray combustion instability in a backward-
facing step combustor, focusing on the behavior of a
large-scale organized vortex driven by the growth of the
shear layer at the edge of the backward-facing step. A
scale-free topology appears, disappears, and reappears in
the turbulence network constructed from the vorticity field.
The collapse of a large-scale organized vortex leads to the
loss of the scale-free topology and strongly affects the spa-
tially irregular retention of primary hubs in the turbulence
network. The probability density function of the lifetime
of the scale-free topology exhibits a power-law decay.
Spray combustion instability is significantly suppressed
by placing an obstacle at the location where the con-
nector communities are mostly formed in the turbulence
network. This location is determined by estimating the
participation coefficient for the communities. The suppres-
sion of spray combustion instability is clearly identified
by the spatially averaged node strength in the acoustic-
energy-flux-based spatial network and the recurrence rate
in symbolic recurrence plots.
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