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NUMERICAL STUDY OF JET FLOW CONTROL
USING ACOUSTIC PERTURBATIONS
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Abstract The article presents the results of a numerical study of flow control in a submerged
round jet using harmonic perturbations at the lateral boundaries simulating sound sources.
The analysis of distributions of instantaneous and time-averaged components of the velocity
vector is performed, and physical effects occurring in the excited jet are revealed. At certain
values of the Strouhal and Reynolds numbers, a bifurcation occurs in the jet caused by
acoustic excitation, as in other studies with mechanical forcing or disturbances of the inlet
velocity profile. The effect of the transition from one to two loudspeakers located on opposite
boundaries on the mean velocity field and the jet flow structure is studied.
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1 Introduction

Jet flow control methods are needed in many technical applications to solve problems
of reducing the temperature of heated surfaces, noise in jets, fuel consumption, and the
emission of harmful impurities. At relatively low excitation frequencies, the entrain-
ment of fluid particles from the external environment and mixing in the jet increases
[1, 2], leading to heat and mass transfer intensification. Acoustic or mechanical forc-
ing on the flow region near the nozzle increases the expansion of the jet, causing its
meandering and splitting. In previous works [2–14], the main results of visualization,
measurements, and numerical simulations on the branching of burning and cold jets
under excitations in various ways for laminar and turbulent outflow from orifices of
various shapes have been presented.

One of the methods of active flow control in a jet widely used in physical experiments
is the transverse acoustic field forcing from one, two or more sound sources. However,
in computational experiments, such a method of flow disturbance has almost never
been used, in contrast to the disturbance of the inlet velocity profile [10, 11, 12] or
transverse vibrations of the inlet boundary [13, 14]. We can only note the simulation
results [15] in a round jet with a sound source located on the lateral boundary, as in
the physical experiments [4–9].

In the present paper, the results of calculations of a free round jet excited by a
transverse acoustic field from two sound sources on opposite transverse boundaries
are presented for the first time, in comparison to those with a single source. The
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Figure 1: Scheme of the computation domain for a round jet with transverse acoustic
forcing from a single loudspeaker: three-dimensional view (left), side view (right).

issues of grid convergence and obtaining a solution independent of other parameters
of the computational algorithm, such as the domain size, the time of relaxation to a
quasi-steady flow pattern, and the averaging period are also discussed.

2 Mathematical problem set-up

To predict a jet flow, three-dimensional unsteady Navier–Stokes equations are used in
the incompressible fluid approximation:
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where ui = (u, v, w) are the velocity vector components, p is pressure, t is time, xi =
(x, y, z) are spatial coordinates in the axial direction (x) of a jet outflow and lateral
directions (y, z). Values of density ρ and kinematic viscosity ν are assumed to be
constant in the jet flow domain.

The initial conditions inside the rectangular region (Figure 1) for the above system
of equations, which determines the dependence of four physical quantities on indepen-
dent variables (x, y, z, t), correspond to a fluid at rest (u = v = w = 0, p = 1 atm),
with the exception of the boundary through which the jet flows into the computational
domain, and the sections of the lateral boundaries where disturbances are introduced.

At the inlet boundary (x = 0), no-slip conditions are specified for the velocity
components (u = v = w = 0), with the exception of the orifice in the inlet boundary
through which the jet flows into the domain. When modeling a round air jet flowing out
at constant velocity U into a submerged space from an orifice of diameter D centered
at the x = y = z = 0 point, we have u(x = 0) = U for r < R, u(x = 0) = 0 for r ≥ R
(where R = D/2 is the orifice radius). The Reynolds number Re = UD/ν is chosen to
be 500, which for an air jet with D = 1 mm gives U ≈ 8 m/s, i.e. much less than the
sound speed. The choice of a relatively small value of Re is due, firstly, to acceptable
grid convergence (see below) on the available computing resources, while at Re > 500
grid convergence in the direct numerical solution of the Navier–Stokes equations is not
achieved in the considered computation domain. Secondly, there are data for Re = 500
from previous calculations [13–16] with transverse disturbances in various ways, which
can be used for comparison with the obtained results. Thirdly, laminar jets in physical
experiments with a transverse acoustic field had Reynolds numbers from 20 to 4000
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[5–9], and the Re value considered in the work falls approximately in the center of this
range.

As an acoustic forcing on the face A (Figure 1), source 1 is specified, with a harmonic
oscillation of the transverse velocity w(t) = a × sin(2πft), where a = 0.1U is the
disturbance amplitude, f is its frequency at the Strouhal number St = fD/U , specified
as St = 0.1. Source 1 with the center at the point x/D = 2.5, y/D = 0, z/D = 10
is localized in a rectangular area of 5D × 6D, i.e. it occupies the part of the lateral
boundary adjacent to the inlet section. For the case of two speakers, source 2 occupies
the part of the opposite lateral boundary adjacent to the inlet section in the area of
5D × 6D with the center at x/D = 2.5, y/D = 0, z/D = −10.

On the remaining parts of the lateral faces of the domain (where there are no
sources of oscillations) and on the outlet boundary (x −→ ∞), mild conditions are set
(zero velocity gradients along the normal to the boundary). Zero pressure gradients
along the normal to all boundaries are also set. This statement is due to the fact
that detailed information on instantaneous values of velocity and pressure is absent
in physical experiments. It is also possible to set more rigid conditions, in particular,
zero velocity and constant (atmospheric) pressure on the lateral boundaries. If lateral
boundaries are located far enough from the jet periphery (where the velocity is equal
to 5-10% of its maximum in this section), and the outlet boundary is far from the
point of the splitting start, where the transformation of the vortex structure of a flow
occurs, then the incorrectness of boundary conditions will not noticeably affect results
obtained.

3 Numerical realization

The numerical solution of the Navier–Stokes equations (using direct numerical simula-
tion, where turbulence models are not introduced) for a flow including a free jet and
sound sources is performed by means of the ANSYS Fluent package using the finite
volume method, in which the computation domain is divided into a set of computa-
tional cells. The PISO method is used to determine the velocity and pressure fields,
based on the "predictor-corrector" approach, which is suitable for the numerical study
of unsteady flows.

Oscillations are introduced with a user-defined function implemented in the calcula-
tion algorithm: the "velocity-inlet" boundary condition is selected, where the velocity
of an inflow entering through the boundary with the direction normal to the boundary
is specified. The "pressure-outlet" conditions on other boundaries (except for the jet
inlet and sound sources) allow the flow to exit or enter the computation domain.

The domain dimensions (35D×6D×20D), time step ∆t = 0.05D/U and the number
of non-uniform mesh cells in the x−y−z directions were chosen taking into account the
problem statement in previous numerical studies [9–14]. At the same time, the optimal
mesh resolution turned out to be coarser for the considered case of a sufficiently small
Reynolds number. In particular, to save computational resources, the minimum cell
sizes of the optimal mesh near the jet inlet were taken to be about D/16, which is
sufficient to identify the effects of jet bifurcation and obtain mesh convergence (see
below). Studies of the convergence of the solution with refinement of the coordinate
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Mesh Cell Total cell Cells at qx1 qx2 qy qz
size number r ≤ 0.5D

1 D/12 552 080 108 1.0132 1.066 1.132 1.066
2 D/16 1 325 032 192 1.0100 1.050 1.100 1.050
3 D/21 3 127 236 341 1.0076 1.038 1.076 1.038

Table 1: Parameters of coarse, optimal, and fine computational meshes 1–3.

and time steps show that further reduction of the spatial or time step and increase in
the domain do not lead to visible changes.

The solution was studied for independence from numerical parameters in calcula-
tions on successive meshes. Three meshes with minimum cell sizes D/12, D/16 and
D/21 were considered, consisting of several blocks: a uniform mesh located in the region
near the jet entrance at x ≤ 5D, |y| ≤ 0.75D, |z| ≤ 0.75D; blocks with a smoother
stretching of the cell size (with coefficient qx1) along the x axis at 5D ≤ x ≤ 20D;
blocks with a sharper stretching of the cell sizes (with coefficients qx2, qy, qz) in all
directions at x ≥ 20D, |y| ≥ 0.75D, |z| ≥ 0.75D. The specified division of the mesh
into blocks in a number of preliminary test runs is adapted to the features of a flow
under study, in which, under the action of transverse perturbations, a transformation
of vortex structures occurs, leading to branching of the jet, which are localized near the
y = z = 0 axis at x < 20D (the issues of vortex interaction are covered in more detail,
for example, in [2, 12, 13]). An adequate description of this transformation requires
fairly fine grids, which is associated with the presence of sub-regions with uniform or
smoothly increasing cells in the central part of the domain at x < 20D.

Table 1 presents the parameters of the considered meshes, where qx1, qx2, qy, qz are
the coefficients of geometric progressions (ratios of linear dimensions of adjacent cells),
along which the grids are stretched. When constructing a sequence of grids, all cells of
a finer grid differ from a coarser one by the ratios r12 > r23 > 1.3 in accordance with
the recommendations of [17].

4 Results

In the first series of numerical studies, the results of calculations on successive meshes
1–3 were compared for the case of two speakers located on opposite lateral boundaries
in order to check the possibility of convergence of the solution to a grid-independent
velocity field for the given parameters of the problem.

Figure 2 shows the distributions of the velocity averaged over a large time interval,
obtained in calculations on different meshes. The typical thickness d(x) = 0.5(d1 + d2)
and the bifurcation angle α of the jet are evaluated from the curves of the quantities
d1(x) = |z(⟨u⟩ = ⟨u⟩1max)| and d2(x) = |z(⟨u⟩ = ⟨u⟩2max)|, defined as the absolute
values of the coordinate z, where the time-averaged velocity ⟨u⟩ within the upper
and lower branches of the jet reaches its maximum values. The optimal values (T0 =
2T = 1000D/U) of the time of relaxation of a quasi-steady flow pattern T0 and the
averaging period T over time at T0 ≤ t ≤ T0 + T were determined in separate series
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(a) (b)

(c) (d)

Figure 2: Results of calculations with meshes 1, 2, 3 (lines 1, 2, 3, respectively): time-
averaged distributions of the axial velocity vector component ⟨u⟩ at different sections
x/D = 16 (A), 20 (B), 24 (C), 28 (D) of the bifurcation plane y = 0 (a, b); on the axis
y = z = 0 (c); dependence of the typical thickness d on the coordinate x (d).

of successive runs for T0U/D = 500, 750, 1000, 1500, ... (at fixed T = 500D/U) and
for TU/D = 250, 500, 750, 1000, ... (at fixed T0 = 1000D/U) from the condition of a
small difference in the distributions of the mean velocity with further increase in the
parameters T0 and T . It is evident from Figure 2 that the results on meshes 2 and 3
with the minimum cell sizes D/16 and D/21 are close, therefore mesh 2 is considered
optimal, and the data obtained with it are used hereafter to analyze the jet behavior
with an external forcing.

Figure 3 presents the instantaneous velocity snapshots at different times at St =
a/U = 0.1. It is clear how the jet splitting process occurs under the influence of acoustic
disturbance: first, its meandering is observed, then at tU/D ∼ 100, the formation of
two branches begins, which ends at tU/D ∼ 1000, after which, at 1000 ≤ tU/D ≤ 1500,
averaging is performed.

Figure 4 shows the velocity distributions at other planes (x, y) and (y, z), from
which it is evident that the jet bifurcation occurs at 14 < x/D < 18, and the choice of
a narrow region with a width of 6D along y for the parameters under consideration is
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Figure 3: Contours of the axial velocity vector component u(x, z) at the bifurcation
plane y = 0 for different times tU/D = 20 (a), 60 (b), 100 (c), 200 (d), 600 (e), and
the velocity ⟨u⟩(x, z), averaged at 1000 ≤ tU/D ≤ 1500 (f).
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(a) (b)

Figure 4: Mean velocity contours at different planes (from top to bottom):
(a) ⟨u⟩(x, y) at z/D = −4, −2, 0, 2, 4; (b) ⟨u⟩(y, z) at x/D = 14, 18, 22, 26, 30.

justified by the weak expansion of the jet in this direction, in contrast to the z axis,
where the width of the domain is taken to be equal to 20D.

Figure 5 demonstrates the time-averaged velocity distributions for the case of one
and two speakers. It is evident that for one speaker the splitting pattern is asymmetric,
the splitting branch at z < 0 is weaker and shifted away from the point of acoustic
perturbation origin, the maximum velocity in it is lower by an average of 8%. At the
same time, the amplitudes w0 of the transverse velocity oscillations on the jet axis
w(y = z = 0) = w0sin(2πft) (which cause the flow meandering at some distance
downstream from the inlet) for the case of one speaker are approximately two times
lower than when two speakers are included, nevertheless the bifurcation angle remains
almost unchanged (Figure 5, Table 2).

A qualitative comparison of the obtained results with the visualization data in
physical experiments [2-9] shows a similar nature of a flow in the jet with transverse
perturbations, in particular, the jet meandering under the influence of an external
forcing, then the jet splitting, the starting point and angle of which depend significantly
on the frequency, amplitude and type of forcing. In addition, the effect of flattening of
a round jet in the lateral plane (x, y) under the action of a transverse acoustic field,
noted in the experiments [5-7] and noticeable at x < 15D on the velocity contours
(Figure 4), is confirmed.
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(a) (b)
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Figure 5: Results of calculations with one (lines 1) and two (lines 2) speakers: time-
averaged distributions of the axial velocity vector component ⟨u⟩ at different sections
x/D = 16 (A), 20 (B), 24 (C), 28 (D) of the bifurcation plane y = 0 (a, b); on the axis
y = z = 0 (c); dependence of the typical thickness d on the coordinate x (d).

Table 2: The amplitude w0 of transverse velocity oscillations at three points on the jet
axis and the bifurcation angle α for two cases with one and two speakers.

Cases of simulation w0(x=2.5D)
U

w0(x=5.0D)
U

w0(x=7.5D)
U

α

one speaker 0.17% 0.37% 1.04% 45.91◦

two speakers 0.33% 0.70% 1.91% 41.18◦
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5 Conclusion

The paper analyzes the results of numerical simulation of a free round jet with trans-
verse excitation using single-mode acoustic forcing from one or two sound sources lo-
cated on the lateral boundary or on opposite lateral boundaries. It should be noted that
the numerical study of jet bifurcation under the influence of two sources was performed
for the first time. Comparison of these results with those of previous works [13-15] in
the presence of vibration excitation shows an identical flow pattern for the considered
sufficiently weak perturbation amplitudes. For future research, it is of interest to study
jets with external forcing in wide ranges of Re, St numbers, forcing amplitudes, den-
sity drops, for different nozzle shapes, and a greater (than two) number of disturbance
sources.
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