
11th International Symposium on Turbulence and Shear Flow Phenomena (TSFP11)
Southampton, UK, July 30 to August 2, 2019

AEROACOUSTIC NOISE GENERATION IN COMPRESSIBLE
VORTEX RECONNECTION

Hamid M. M. Daryan
Mechanical and Mechatronics Engineering

University of Waterloo
200 University Ave W,Waterloo,ON N2L3G1,CA

h42moham@uwaterloo.ca

Fazle Hussain
Mechanical Engineering
Texas Tech University

2500 Broadway,Lubbock,TX 79409,USA
Fazle.Hussain@ttu.edu

Jean-Pierre Hickey
Mechanical and Mechatronics Engineering

University of Waterloo
200 University Ave W,Waterloo,ON N2L3G1,CA

jean-pierre.hickey@uwaterloo.ca

ABSTRACT
We explore the noise generation mechanisms in the

compressible vortex reconnection of two anti-parallel vor-
tices of equal strength via a high-order DNS of the fully
compressible Navier-Stokes equations. Over a range of
vortex Reynolds number (1500-12,000, where Re = circu-
lation/viscosity), we show that noise generation occurs in
the reconnection zone, particularly at the bridges, with a
directivity in the lateral direction. A moderate correlation
between the generated noise and Mach number in the vor-
tices’ advection direction is found. Finally, the simulation
of Re = 12,000 captures at a later time a second reconnec-
tion of the small-scale thread structures reasserting vortex
reconnection cascade as a realistic physical explanation of
the turbulence cascade phenomenon.

INTRODUCTION
Many features of turbulent flows, like production and

dissipation, fine-scale mixing, and noise generation, are
rooted in the behavior of the coherent structures, their mu-
tual interactions, and their interactions with fine-scale tur-
bulence. In this regard, being the only known mechanism
of topological change in fluid flows, reconnection of coher-
ent structures has emerged as a central focus for many years
(Hussain (1986)). Although there are still many outstanding
questions about the incompressible reconnection, even less
is understood about compressible reconnection–particularly
about aeroacoustic noise generation.

Thus far, numerical simulations of incompressible vor-
tex reconnection have been conducted on three canonical
configurations: vortex rings (Kida et al. (1991)), orthog-
onal vortices (Boratav et al. (1992)), and anti-parallel vor-
tices with a perturbation (Hussain & Duraisamy (2011); van
Rees et al. (2012)). A noticeable aspect noted by Siggia
(1985) and also others (Kida & Takaoka (1987, 1994)), is
that as two vortex filaments with arbitrary orientations come
close together, they twist and become locally anti-parallel.
Therefore, it is reasonable to focus on this configuration as a
representative canonical flow of coherent structure interac-

tion. This simple setup allows a high-resolution simulation
in order to address the fundamental features of vortical re-
connection.

Melander & Hussain (1988) and Hussain & Duraisamy
(2011) conducted incompressible Navier-Stokes DNS of the
reconnection of two anti-parallel vortex tubes and provided
some important insights. Scaling analysis clearly showed
that the repulsion of the bridges is faster than the collision of
the initial vortex tubes which could be justified by more in-
tense curvature and self-induction. More interestingly, they
showed that different initial conditions affect the scale fac-
tor of the vortex separation before reconnection; however,
scale factor after reconnection remains the same. In other
words, repulsion of the bridges is independent of the initial
conditions and is dominated by the local curvature and self-
induction. At higher Reynolds numbers, the curvature and
the abrupt repulsion of the bridges intensify and reconnec-
tion takes place faster. It has been mentioned that such an
acceleration during the repulsion phase could be considered
as a source of flow-generated noise. A similar configuration
was studied by van Rees et al. (2012) at higher Reynolds
number of Re = 10,000. They captured the second colli-
sion of the elliptical ring which was generated as a result of
the first reconnection. They demonstrated that reconnection
of vortices without axial flow generates vortical structures
containing axial flow. The results showed that although the
general features and the main stages of the process remain
unchanged, axial flow leads to an increase in the maximum
circulation transfer.

Beardsell et al. (2016) decomposed the vorticity field
into the reconnected and non-reconnected sections. In the
anti-parallel configuration, they detected ring structures and
associated these ring structures to the additional dipoles and
instabilities at high Reynolds numbers. Newly-generated
dipoles have leap-frog interactions with each other leading
to off-centered viscous diffusion extrema and vortex recon-
nection on both sides of the symmetric plane. Beardsell
et al. (2016) also investigated the effect of the domain size
on the flow evolution of the orthogonal configuration. They
found that the global physics (trend of the instantaneous
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estimator of the reconnection level) remains unchanged.
However, the influence of the neighboring vortices appears
as slight differences in the evolution of the maximum vor-
ticity.

Because of the additional vorticity generation mecha-
nisms like dilatation and baroclinic terms, and the effects of
the initial conditions, the compressible vortex reconnection
process is more complicated. A limited number of works
have considered the effects of compressibility on the dy-
namics of reconnection (Hussain et al. (1993); Virk et al.
(1995); Shivamoggi (2006)). It has been found that shocklet
formation leads to an early reconnection; however, at later
times, the stretching in the bridges and the peak vorticity de-
crease and the circulation transfer slows down which results
in a slower reconnection (Virk et al. (1995)). The strong
dependence of compressible vortex reconnection on initial
thermodynamic conditions has been examined by Virk &
Hussain (1993). It has been shown that for a constant den-
sity initial condition, two dominant effects of compressibil-
ity, namely baroclinic vorticity generation and shocklet for-
mation, cancel out during early evolution of compressible
reconnection, and artificial incompressible behavior occurs.
Although the initial conditions with uniform thermodynam-
ics captures the salient features of compressible vortex re-
connection, the initially unbalanced centrifugal force gener-
ates a strong acoustic wave which negatively affects the sub-
sequent reconnection dynamics (Virk & Hussain (1993)).
On the other hand, a polytropic initial condition is consis-
tent with those observed in experiments and also minimizes
the acoustic transience during compressible reconnection
(Virk & Hussain (1993)).

It has been often acknowledged that mutual interaction
of coherent vortical structures can play a central role in jet
noise (Hussain (1983)). Laufer & Yen (1983) experimen-
tally studied the noise radiated from a low-Mach number
jet and showed that despite the moving disturbances, the
acoustic sources are located at fixed positions with respect
to the nozzle and are not convected. They concluded that the
acoustic sources are associated with the vortex pairing loca-
tions. Although many other researchers (Crighton (1972);
Williams & Kempton (1978); Kibens (1980)) had the same
idea and considered vortex pairing as the main source of the
jet noise, Hussain & Zaman (1981) refuted previous sugges-
tions. They posited that the vortex pairing process is com-
pleted at distances near the exit of the jet (x/D≈ 4, where x
is the distance from the exit of the jet and D is the diameter
of the exit). However, most noise originates from farther
downstream. Thus, there should be an alternative mecha-
nism for the jet noise. They claimed that abrupt viscous re-
connection with topological transformation produces most
jet noise (Hussain & Zaman (1981); Hussain (1983); Hus-
sain & Duraisamy (2011)).
It has been shown that in some particular phenomena, the
primary noise sources are not necessarily dependent on the
direct collision of the vortex cores. Eldredge (2007) used
DNS to explore the acoustic noise generated from two-
dimensional leapfrogging vortices. He showed that when
the trailing vortex pair slips through the leading pair in a
leapfrogging motion, an intense acoustic pulse is gener-
ated and as the vortex filaments in the outer edge of the
cores are diffused, the main acoustic signal decays. Ac-
cordingly, he noted that the primary noise source in this
phenomenon is related to the vortex filaments attached to
the outer edge of the vortex core. He also mentioned that
because of the smooth Gaussian vorticity distribution, the

inner cores undergo an elastic deformation, but produce in-
significant noise. It has been concluded that both initial vor-
ticity distribution and viscous diffusion could have crucial
effects on the noise generation of leapfrogging vortices (El-
dredge (2007)).
Zaman (1985) conducted detailed experiments to investi-
gate the role of the large-scale coherent structures in the
noise suppression and amplification of the subsonic jet un-
der controlled excitation. He showed that suppression takes
place only for low-Reynolds number jets with initial lami-
nar conditions. Despite Kibens (1980), who attributed noise
suppression only to the localization of vortex pairing, Za-
man (1985) stated that the noise suppression mechanism
is also related to the initial conditions. Initial laminar co-
herent structures undergo more organized interactions with
each other and generate higher levels of noise than the tur-
bulent ones. Excitation of an initially laminar jet leads to
an early interaction of vortices, which produces weaker co-
herent structures downstream. Interactions of such weaker
structures generate less noise, and therefore excitation of an
initially laminar jet results in noise suppression. In addition
to the type of the vortex interaction, the quality and com-
pleteness of the interaction can play a central role in noise
generation.
Several studies have investigated the sound generation
through interactions of vortex rings. Shariff & Leonard
(1992) considered two types of interaction between two vor-
tex rings, namely passage and collision interactions. Pas-
sage interaction (in which vortex rings have the same sense
of rotation and travel in the same direction) is observed in a
round jet (Hussain & Zaman (1980); Zaman (1985)). Col-
lision interaction (in which two vortex rings have opposite
senses of rotation and travel toward each other) is a compact
configuration of interaction of anti-parallel vortices which
is believed to have an important role in the generation of
jet noise (Hussain & Zaman (1981)). In this regard, many
researchers studied the collision of the vortex rings exper-
imentally (Kambe & Minota (1983); Kambe et al. (1993))
and numerically (Inoue et al. (2000); Nakashima (2008)).
The role of collision and reconnection of vortex lines in the
sound generation has been acknowledged in these works.
More specifically, Nakashima (2008) simulated both head-
on and oblique collisions of two vortex rings. He recog-
nized that the variation of vorticity was the main source of
noise and showed that for the head-on collision, a decrease
in the convective velocity of the vortex ring and subsequent
stretching motion generate acoustic waves. However, for
the oblique collision, the second pulse is highly affected by
the reconnection of the vortex lines. He found that as the
collision angle becomes smaller, the reconnection of vortex
lines and variation of the vorticity occur more rapidly and
the second pulse is highly intensified. Note that the detailed
sound generation mechanism during vortex reconnection in
the three-dimensional vortical flows has not been clarified
yet (Nakashima (2008)).

There is no consensus on the type of the vortex inter-
action that generates the most jet noise. The compressible
dynamics and noise generation mechanism of the recon-
nection process of anti-parallel vortices remain even more
unclear. Moreover, most simulations to date are limited to
low Reynolds numbers and low compressibility regime. In
this work, we attempt to shed some light on the dynamics
of compressible reconnection and to characterize the noise
generation during this process. Using DNS, we study com-
pressible reconnection of two anti-parallel vortices over a
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wide range of the Reynolds number. Locations of the noise
sources, directivity of the generated noise, and any possi-
ble correlation among pressure perturbation, Mach number,
and dilatation are explored. Finally, second reconnection of
small-scale structures, captured for the first time with phys-
ical periodic boundary conditions, will be visualized.

NUMERICAL SETUP
Compact Gaussian vorticity distribution proposed by

Virk et al. (1995) is used to generate the initial anti-parallel
vortex tubes with a sinusoidal perturbation. This pertur-
bation localizes the reconnection region at the middle of a
(2π)3 domain (i.e. [−π,π]3) with periodic boundary con-
ditions. The diameter of the vortex tubes equal to d = 1.3
and there is no gap between the vortices in the kink sec-
tion. Polytropic Initial Condition (PIC) proposed by Virk
& Hussain (1993) is used. Initial velocity field is computed
from the vorticity distribution by using Poisson equation:
∇2−→u =−−→∇ ×−→ω . By assuming an incompressible and in-
viscid flow and substituting density by pressure based on
the polytropic relation, the Poisson equation for the pressure
term is obtained by taking the divergence of the momentum
equation. The Poisson equation only provides the pressure
difference. The pressure field is updated in a way that the
pressure at the reference point (the point with the maximum
velocity) becomes pre f = 1

γM2
re f

, where Mre f = Ure f /cre f

is the reference Mach number, cre f =
√

γ pre f /ρre f is the
reference speed of sound, and γ = 1.4. Density is deter-
mined by the polytropic relation, p = pre f ργ , which satis-
fies ρre f = 1. Reference temperature and density are ther-
modynamically consistent. In other words, reference pres-
sure, density and temperature satisfy the ideal gas equa-
tion, Pre f = ρre f RTre f . Reynolds number is defined as:
Re = Γz,0/νre f , where Γz,0 is the circulation of each initial
vortex and νre f is the reference kinematic viscosity. In the
current research, Γz,0 is constant and νre f is changed to get
different Reynolds numbers. Also, the dynamic viscosity
follows the power-law relation, µ = µre f (T/Tre f )

3/4. Sim-
ulation time is normalized by 2π , i.e. t = tsim/2π , where
tsim is the actual simulation time. Similar to Hussain &
Duraisamy (2011), the reconnection time, tR, is defined as
the required time for the reduction of the circulation on the
symmetric plane from 95% of its initial value to 50%. The
time when the circulation on the symmetric plane takes 95%
of its initial value is defined as the start time of the recon-
nection, tS. Moreover, the time when the circulation drops
to 5% of its initial value is considered as the end time of the
reconnection, tE .

Initial configuration of the problem is shown in figure
1. z = 0 is the symmetric plane and y = 0 is the collision
plane. To study the directivity of the pressure perturba-
tion, three points are considered at the middle of the three
boundaries, i.e. P1,P2,P3 at the middle of x = π,y = π ,
and z = π , respectively. To cancel the effect of the advec-
tion of the vortices in the x direction, these points should
be advected in the same direction. For this, the average of
x-component of the points with the maximum vorticity on
the symmetric and collision planes is set to be zero at each
post-processing time step. Accordingly, the effect of the
vorticities’ advection at the post-processing times is can-
celled and hence reconnection takes place near the middle
of the domain, namely the origin of the coordinates.

We use the Hybrid code (Bermejo-Moreno et al.
(2013)) to compute the DNS of compressible Navier-Stokes

equations on our domain; the equations are closed with an
ideal gas assumption; the time is explicitly advanced using
a fourth-order Runge-Kutta scheme, and the spatial deriva-
tives are evaluated using a sixth-order central finite differ-
ence scheme. In regions of high local gradients, a fifth-order
WENO scheme can be used to capture the shocks. In the
current study only subsonic simulations are considered; so
shock-capturing scheme is not activated.

RESULTS AND DISCUSSION
Simulations are conducted for two initial Mach num-

bers Mre f = 0.2,0.5, and four Reynolds numbers, Re =

1500,3000,6000,12,000, on four grids, 3843, 5123, 7683,
and 10243, respectively. Except higher speed of sound and
accordingly higher frequency of pressure perturbation, re-
sults of the lower Mach number show the same qualitative
evolution as the higher Mach number. In addition, evolu-
tion of circulation, circulation change rate, and maximum
vorticity on the symmetric and the collision planes essen-
tially demonstrate the same behavior for the two considered
Mach numbers. However, the amplitude of the perturba-
tions is smaller at lower Mach number. Here, only the re-
sults of the higher Mach number, Mre f = 0.5, are discussed.

Start and reconnection time take values of tS =
1.32,1.37,1.40,1.43 and tR = 0.35,0.24,0.21,0.21 for
Re = 1500,3000,6000,12,000, respectively. Clearly, by in-
creasing the Reynolds number, beginning of the reconnec-
tion is postponed, however, reconnection takes place more
intensely such that the reconnection time decreases. The
same behavior has been observed for the incompressible
regime (Hussain & Duraisamy (2011)). Figure 2 shows
the evolution of the pressure perturbation against time at
three points, i.e. P1,P2,P3, for different Reynolds num-
bers. The general trend before reconnection is the same for
all Reynolds numbers. At P1, in the advection direction, a
jump can be seen in the amplitude of pressure perturbation
near the reconnection period. At P2, in the lateral direction,
a more intense jump is obvious at the same time. At P3,
in the axial direction, quantities are highly affected by the
motions of the vortices and a clear sudden change in the am-
plitude of the pressure perturbation is not captured. There-
fore, generated noise directivity of the vortex reconnection
is mainly oriented to the lateral direction. After reconnec-
tion, as the two new vortices (bridges) recoil from each
other due to the reconnected cusp’s self-induction, differ-
ences appear in the evolution of the pressure perturbations
for different Reynolds numbers. Because of the periodic
boundary conditions, a theoretical analysis after reconnec-
tion is not justifiable and for this purpose a larger domain
should be used. However, current results clearly show the
noise generation at the reconnection period for all Reynolds
numbers. These results are consistent with the previous
claims which consider vortex reconnection as one the most
important mechanisms of jet noise generation (Hussain &
Zaman (1981); Hussain & Duraisamy (2011)).

To determine the locations of the acoustic sources,
based on the Powell’s aeroacoustic analogy (Powell
(1964)), the second time derivative of the magnitude of the
Lamb vector is calculated. Iso-surface of this quantity with
a minimal opacity iso-surface of enstrophy are shown in fig-
ure 3 for all Reynolds numbers at tE . It is obvious that the
approximated acoustic sources are located at the bridges,
where the highly-curved reconnected vortex lines rapidly
recoil by self-induction and accumulate. Such sudden re-
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Figure 1: 3D initial axial vorticity distribution. Inner and outer surface values are 0.92 and 10−9 of the maximum
initial axial vorticity, respectively. Rotation direction of red and blue vortices are in the positive and negative z
direction, respectively. Three points, P1,P2,P3, are located at the middle of planes of x = π,y = π , and z = π ,
respectively.

pulsion and accordingly high level of velocity gradient in-
troduce bridges as the moving acoustic sources during re-
connection. Moreover, threads, which are small-scale vor-
tices, survive the reconnection and experience high level of
stretching; they also contribute to the acoustic noise (espe-
cially at high Reynolds numbers); see figure 3.

As it has been mentioned earlier, the amplitude of
the pressure perturbations near the reconnection period is
similar for all studied Reynolds numbers. To character-
ize the noise generation mechanism during vortex recon-
nection and find any scaling relation for the level of the
generated noise, at the first attempt, we try to address any
possible correlation between the evolution of the pressure
perturbation and other variables. Considering the continu-
ity equation for the isentropic condition, Mach number and
dilatation are identified as the first candidates which may
have correlations with the evolution of the pressure pertur-
bation. After exploring the evolution of the dilatation at the
considered three points, no significant correlation has been
found. However, there is a correlation between the pres-
sure perturbation and Mach number evolution. Correlation
coefficients take value of 0.503,0.144,0.805 at P1,P2,P3,
respectively. In the axial direction, at P3, evolution of quan-
tities is strongly affected by the vortices’ motion and such
strong correlation is expected. In the advection direction,
at P1, there is a moderate correlation, which requires more
analysis. In the lateral direction, at P2, there is not a signif-
icant correlation. Spectrum of the pressure perturbation on
the center line in the advection direction is plotted in figure
4. Generation of small-scale structures at higher Reynolds
number is evident.

Besides the noise generation analysis, the current study
reveals the occurrence of the second reconnection between
the small-scale structures for the first time. Thus far, be-
cause of the instability of the small-scale structures and
generation of several dipoles, second reconnection of small-
scale structures has not been captured even at high Reynolds
number, Re = 10,000 (van Rees et al. (2012); Beardsell
et al. (2016)). By imposing symmetric boundary conditions
and solving a quarter of the domain, Hussain & Yao (2018)
captured the second and third reconnections. In the current
research, by using the physical periodic boundary condi-
tions and continuing the simulation after the first reconnec-
tion, a second reconnection takes place for Re = 12,000,
which is the highest studied Reynolds number for this type

of the boundary condition. Figure 5 shows the evolution of
the circulation change rate. Clearly, for all Reynolds num-
bers, there is a sudden change in the circulation change rate
during the reconnection period. For Re = 12,000, there is
a second spike at t = 2.23 which implies the second recon-
nection of small-scale structures. To visualize the recon-
nected small-scale structures, the simulation is continued
for a longer time. Figure 6 shows the enstrophy iso-surface
from different perspectives at t = 3.18. Separations of small
ring-like structures are obvious from the right and left per-
spective. This phenomenon, which proves the role of the
vortex reconnection in fine-scale mixing (Hussain & Du-
raisamy (2011)), could lead to a physical explanation of tur-
bulence cascade through vortex reconnection scenario.

CONCLUSION
Using high-order DNS of Navier-Stokes equations, the

compressible reconnection of two equal anti-parallel vor-
tices is studied at high Reynolds numbers. Considering the
evolution of the pressure perturbation in three directions,
it is shown that reconnection leads to a noise generation
and as it was claimed previously (Hussain & Zaman (1981);
Hussain & Duraisamy (2011)), it could be considered as a
dominant mechanism in jet noise. Current analysis shows
that the directivity of the generated noise is mainly oriented
in the lateral direction. In addition, a moderate correlation
between pressure perturbation and Mach number has been
found in the advection direction. It is also shown that the
amplitude of the pressure perturbation spike near the recon-
nection period is virtually the same for all Reynolds num-
bers. Based on Powell’s aeroacoustics analogy, approxi-
mated acoustic sources are located at the bridges, where a
high level of velocity gradient is expected. Moreover, for
the first time with the periodic boundary conditions, a sec-
ond reconnection of the small-scale structures is captured at
the highest studied Reynolds number, Re = 12000, which
could physically explain the turbulent cascade through vor-
tex reconnection scenario as it was claimed by Hussain &
Duraisamy (2011).
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Figure 2: Evolution of normalized pressure perturbation for different Reynolds numbers at three defined points: (a)
P1, (b) P2, and (c) P3.

(a) Re = 1500 (b) Re = 3000 (c) Re = 6000 (d) Re = 12000

Figure 3: Locations of acoustic sources at tE for different Reynolds numbers: (a) Re = 1500, (b) Re = 3000, (c)
Re = 6000, and (d) Re = 12000. Transparent purple color is the enstrophy iso-surfec at 10% of the maximum
initial axial vorticity and green color is the second time derivative of magnitude of Lamb vector at 0.3% of its
maximum positive value.
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(c) Re = 6000
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Figure 4: Spectrum of normalized pressure perturbation on the center line in the advection direction at t = 0 (red
solid line), t = tS (blue dashed line), and t = tS + tR (green dash-dot line) for different Reynolds numbers: (a)
Re = 1500, (b) Re = 3000, (c) Re = 6000, and (d) Re = 12000.
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