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ABSTRACT

Based on the active control theory, the synthetic jet behind the blunt body is explored by considering the control
of flow around the blunt body in this paper. The Partially Averaged Navier-Stokes model was carried out for
flow around circle cylinder at two subcritical Reynolds numbers (Re=1000, 3900), whose results have a good
agreement with the experimental data. The results indicate that synthetic jet behind the circle cylinder has
essential effects on the vortex shedding of flow around circle cylinder. The analysis of the Vorticity and Q
vortex shows that the increasing velocity of synthetic jet has a strong effect on the vortex shedding of the
original flow field. It is noted that the information including the coherence data and the directivity pattern with
the existence of synthetic jet is different from that without synthetic jet. These results imply that the synthetic
jet in the tail of the blunt body could control the flow fields around the blunt body.

Keywords: Flow around circle cylinder; PANS model; Vortex shedding; Synthetic jet; Noise control.
NOMENCLATURE

Nomenclature should be in alphabetic order (A — Z) and Greek letters should follow after Latin letters in
alphabetic order (a f5 ...)

Cl lift coefficient of cylinder P pressure
Cd  drag coefficient of cylinder PSD  power spectrum density
Cp pressure coefficient of cylinder SPL  sound pressure level
d the diameter of cylinder St Strouhal number
f frequency
h the width of gap p density
| central distance of vortex y coherence coefficient
1. INTRODUCTION widely utilized by scholars to calculate the

information of flow mechanisms. In order to obtain
In modern practical engineering, the condition of ~ the detailed information of flow filed, a proper
flow around blunt body plays a pivotal role in various turbulence model is required.
offshore structures, ocean structures and aviation The accuracy of the flow calculation plays an

industries (Anibal 2018, Paul and Tiwari 2019). It is important role in the simulation. In order to achieve
essential to comprehend the mechanisms of the flow  pigner precision calculations, based on the variable

around the blunt body to control the dynamical filtering model proposed by Speziale (1997).
responses, even the acoustic information. The Girimaji proposed a bridging model, i.e. Partially
computational fluid dynamic method has been Averaged Navier-Stokes (PANS) whose accuracy is
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between RANS and DNS, which is different from
URANS (Girimaji et al. 2003, Chaouat 2010, Arwatz
et al. 2012). Low Reynolds number flow simulated
by the original PANS model could agree well with
the experimental data by Lakshmipathy and Girimaji
(2006). Based on k-w model and k-¢ model,
Davidson and Peng (2013) developed k- PANS and
k-e-&-f PANS that could improve the accuracy of
near-wall flow field. Shur et al. (2011) improved the
PANS model based on the LES model. According to
the work of these scholars, the unresolved-to-total
ratio of kinetic energy fk and the unresolved-to-total
ratio of dissipation f. of the PANS model would play
a critical role to the simulation accuracy of the flow
field, especially for low Reynolds number flow. The
present work would discuss how wide range of f«
affects flow result in details, and compares with the
experiment result of Norberg (1998) and Lourenco
(1993).

Noise control techniques of flow around circle
cylinder can be classified into passive control and
active control, whether there is energy supply as
distinguish criterion (Zdravkovich 1981). You and
Moin (2007) modified the cylinder surface. Then it
is concluded that vortex shedding has been changed
with altering flow structure. Strykowski and
Sreenivasan (1990) and Wang et al. (2006)studied
the variations of lift and drag by putting a small blunt
body in the cylinder flow wake. Wang et al. (2006)
assessed the effectiveness of attached permeable
plates in suppressing vortex shedding from a
cylinder. There is no energy injection in these ways,
which can still cause noise impact.

Active control needs external energy input which has
different forms such as acoustic waves, plasma, heat
and magnetism. Yahiaoui et al. (2015) used moving
surface boundary layer control to suppress vortex
shedding of flow around circle cylinder. J.H.M.
Arwatz et al. (2012) utilized blowing and suction
function to change the lift force coefficients. Sen et
al. (2016) altered the primitive flow field by setting
injected jets in the opposite flow direction of cylinder
body. Kou et al. (2017) developed a modeling
method for unstable flow with oscillating shock
waves and moving boundaries based on active
control. However, the above researches focused on
focused on the influence of synthetic jet to the flow
around blunt body.

In this paper, a synthetic jet behind the cylinder body
is introduced to control both the flow and acoustics
fields. The presence of perturbations caused by the
synthetic jet is observed in wake of cylinder flow,
and then the perturbation transforms the flow
structure and reduces the sound pressure level that
based on synthetic jet. Section 2 described briefly the
PANS model and Lighthill acoustic analogy theory.
The physical model, numerical simulation method
and mesh generation are presented in detail in
Section 3. Section 4 is main part of this paper which
discusses the flow field of cylinder flow at Re=1000
and Re=3900. The flow field is analyzed by
vorticity, Q criterion, and acoustic field information
is explained by the coherence analysis, spectrum
analysis, and directivity analysis method.
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2. DESCRIPTION OF THEORETICAL

METHODOLOGY

The hybrid method that combined Lighthill acoustic
analogy and flow simulation is the common way to
research the acoustic prediction by many
investigators. In this work, PANS model is used to
simulate the flow around blunt body. The analysis of
noise should be on the basis of the pressure pulsation
and velocity pulsation of flow field. Therefore, the
transient flow field of physical model should be
simulated firstly. Then, equivalent sound source
would be obtained by the way of using Lighthill
acoustic analogy to transform the transient flow field
of physical model.

2.1 PANS Model

The modified PANS linear model is employed to
simulate the cylinder flow based on the standard k-¢
model in this work. All variables would adhere the
rules that the fluctuating part of the quantities are
denoted with upper corner mark™" while the
averaged parts of the quantities are denoted with
upper mark “-”.

The turbulence kinetic energy k, and the turbulence
dissipation ¢, are obtained from the following
incompressible transport equations:

a(ok)  A(PUK) _

ot axj
1
[ s ) 1
6xj OX;
+P, —pe
“Upe), 6(pU i#)
2
/11 Ay o¢
i U OX;
2
+C,R —~ K *C.gzp K

where p denotes the fluid density, ut denotes the
turbulence viscosity coefficient, and Pk denotes the
generation of turbulence Kinetic energy which is
calculated by:

—— a0,
R, =—pU,U,
Rinhairy

@)

Other constant number are given as:C.=1.44,
C:2=1.92, 0x=1.0, 0:=1.3.

As the employed PANS model is based on the stand
k-¢ model, the unresolved-to-total ratio of kinetic
energy fk and the unresolved-to-total ratio of
dissipation f; are acquired from the following
equations:

alpk,) Olpuk,)
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where ku is the sub-filter kinetic energy and eu is the
dissipation. wu is turbulent viscosity coefficient and
Sjj is deformation tensor. These parameters could be
obtained by:
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Then the unresolved-to-total ratio of kinetic energy
fk is written as:

(1)

The unresolved-to-total ratio of dissipation f: is
written as:

(12)

The Prandtl number of unresolved kinetic energy ok,
and the Prandtl number of unresolved kinetic energy
dissipation o are acquired as follows:

f? f?
O =0 —— t 0, =0, f_
£ £ (13)
The dissipation factor C.." is written as:
. f
CsZ = Csl + ?k(CSZ - Csl)
‘ (14

The parameter Pw in Eqg. (4) and Eqg. (5) is the
production term, which is expressed by:

R(u = fk(Pk —8)+€u

(15)
The Reynolds stress Pk in Eq. (1) is based on the

incompressible RANS linear model, which is
calculated by:
aJ, 5U 0U
Ro=u|—
X, iy EX
(16)

2.2 Acoustic Analogies

Based on the analysis of flow field, the acoustic
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simulation is introduced. Lighthill has suggested an
inhomogeneous wave equation of acoustic analogy,
having the source derived by comparing the exact
equations of motion of a fluid with the equations of
sound propagation in a medium at rest as follows
(Lighthill, 1954). The sound propagation is governed
by the equations from the Lighthill acoustic analogy
as follows:

azp' C2V2 = 62Tij

2 0
ot OX;OX; a7
T; = puu; +( Py —oCy )é‘u Ojj (18)

where, p’=p-po is the density perturbation, Tj is
Lighthill's stress tensor, pij is compressive stress
tensor, co is velocity of sound in fluid at rest.

In the present work, considering a compact body (i.e.
the cylinder) set in the flow, the free-field Green’s
function is used to solve Lighthill’s equations by
Curle (Lyu et al. 2017). As the length scale of the
body is very small compared to the wave length, the
sound source is assumed compact. In the case of a
compact, fixed, and rigid body, emission time
variation along the body can be neglected. Hence,
r=|x|. Therefore, this paper takes Pij as pressure, and
instantaneous force Fi of fluid on the body (i.e. lift
and drag) as:
Ft)~[[R;]. nas(y)

s (19)

Where, tr is the radial vector, njis normal vector, dS
is the integration surface.

The Curle’s solution for a fixed rigid compact body
is

1 —
4zr? rey
[T (yt=r/c)dv ()
\

1
anr? c at

Xin

G’ [p(X,t) _po] =
(20)

F (t—r/c,)

Where, r is the distance between monitoring point
and sound source, X is the coordinates of monitoring
points, y as the point on the rigid surface.

Hence, the radiated sound is calculated from
quadruple volume integration and a dipole surface
integration. As Inoue estimated that
p;/(pU%) « AMa’/? [r1/2 and
py/(pUZ) o« AMa’/?/r1/2 | where subscripts ‘q’
and ‘@’ are for quadruple and dipole respectively.
However, the quadruple contribution is usually small
compared to the dipole contribution (Williams
Ffowcs 1974). So the quadruple is neglected in this
study.

3. NUMERICAL METHOD AND PANS

CALCULATION

A general purposed CFD software Fluent was
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Fig. 1. Illustration of computation domain.

Fig. 2. Cross-section mesh.

employed to simulate the unsteady flow around the
cylinder in this study. The computational solver is a
finite volume pressure-based method (Wilcox et al.
2003). The pressure-based solvers are typically used
for low speed incompressible flows which is proper
for this study. The numerical procedure is based on
an implicit, fractional step technique with a pressure
Poisson solver. A 2nd order upwind scheme is
available for temporal discretization, which was used
by many researchers such as Samulyak et al. (2016).
The discretization of momentum, turbulent kinetic
energy and turbulent dissipation rate also adopt 2nd
order upwind (Rubel 1985).

The computational domain of flow around cylinder
is illustrated in Fig.1. The origin of the coordinate
system is the center of the cylinder. The top and
bottom boundaries of the domain are placed at 4d
from the cylinder axis, with d representing the
diameter of the cylinder. The upstream inlet and the
downstream outlet are located at 5d upstream and
20d downstream from the cylinder center,
respectively. The spanwise distance of computation
domain is 4d.

On the cylinder wall, y* of cylinder wall is small
enough(0<y*<0.7) for the cases computed in this
study, and the pattern of mesh generation adopts
structured grid. The boundary condition of the
cylinder is set as no slip wall condition. Inlet and
outlet sections are illustrated as Fig.1, in which the
velocity-inlet is described with a uniform velocity,
and the outlet boundary condition is set as outflow.
The inlet of synthetic jet is set as velocity-inlet which
located in the gap of inlet. And other sides of
computation domain are set as symmetry to keep
cylinder flow free from boundary influence in Fig.1.
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The mesh of the computational domain is shown in
Fig.2.

Computation of the flow around the cylinder at
Re=1000 and Re=3900 were carried out. The
velocity value of different Re number is 0.1m/s and
0.39m/s. The energy of synthetic jet behind cylinder
can be characterized by jet velocity. The velocity of
synthetic jet could be set as 0.5v, v, 2v, 3v, 4v, 5v, and
the width of jet gap h satisfies h/d=0.05, with h
representing the distance of gap of the jet. And the
diameter of cylinder is kept the same as cylinder
without synthetic jet.

3.1 Grid Convergence Research

The grid convergence study was carried out by
keeping progressively decreasing the grid size.
Three kinds of mesh were conducted grid
convergence study in domain for computational
convergence at Re=3900. All kinds of mesh
guaranteed the nearby mesh of cylinder satisfied y+
<. 1. The results of three kinds of mesh which were
computed by PANS model and the experiment
values of Norberg (Norberg 1998) were listed in
Tab.1. The results of PANS model fits well with the
experiment values of Norberg (Norberg 1998) and
Ong (Ong and Wallace 1996). The calculation
accuracy changed little with increase of mesh
quantity, and all information is listed in Tab.1. The
mean Cp of different case is shown in Fig. 3. And
the curve of Fig. 3 show that the result of case 3 is
similar to the experiment value. Considering the
computation time and effectiveness, it is feasible
that Case 3 could be chosen to perform the
following calculation of cylinder flow.



Z.Haoetal./ JAFM, Vol. 14, No. 4, pp. 1053-1063, 2021.

Table 1 Comparison of result with different mesh and experiment value
Mesh number Cd St
EXP (Norberg 1987) 0.98 0.215
Case 1 600x250x40 1.01 0.21
Case 2 400x150x40 1.03 0.207
Case 3 300x110x40 1.05 0.206
. T It is found that the PANS model predicts pretty well
1.0 4 and coincides with experiment value, about means
Bl velocity of x/d=0.58, 1.06 and power spectra of
05l A w2 4 normal velocity fluctuations of x/d=3 at Re=3900,
v eased especially the results of PANS model with lower fk.
vok | This paper utilizes PANS model with fc =0.2 to
& simulate the cylinder flow with synthetic jet.
-0.5 - E
-1.0 - 5 K L0 B Exp(Norberg) bl
Pl LES —7— f=0.6
- —— f=10 A f=04
15 ‘ L L 051 ; 7 7
0 50 100 150 S8 o S0
Degree(®) o b i
Fig. 3. Time-averaged Cp of different mesh at S
Re=3900. 0.5 | |
3.2 Comparison of the Result of Cylinder s i
Flow with Different Methods
The unresolved-to-total ratio of kinetic energy fx is "y 50 100 150
set as 0.2, 0.4, 0.6, 0.8 and 1.0 in the computation Degree(®)
along with cylinder flow at Re=3900 and Re=1000. a) Re=3900
The time interval of computation is 0.001s, and eight
hundred time interval was used to complete the mean : : .
time value for flow analysis. The detailed Lo B Exp(Norberg) 4
information of the comparison among the results of —0— LES —v— /=06
PANS model, and the experiment value of Norberg e AL A f504 i
(Norberg 1998), Lourence (Lourenco 1993) and Ong oS08 2
et al (Ong and Wallace 1996) is shown in Figs.4~6. ook
The solution of resolve Cp and Cl is as follows: &
-0.5
C=r b -
1 2 RS
= pUZA
2 (21) o
0 50 100 150
C - F Degree(°)
R A b) Re=1000
EpU 22) Fig. 4. Mean Cp of cylinder surface at z=0.

Where, A is area of upstream section, U is inlet
velocity, P is the pressure of cylinder body, p is
density of water.

The mean pressure distribution on the cylinder
surface compared with experimental value at Re =
1000 and Re = 3900 is illustrated in Fig. 4. A good
agreement is observed between PANS model with fk
= 0.2 and the experiment of Norberg which is
performed at Re = 3900 and Re = 1000. The result of
PANS model provides a satisfactory agreement to
experimental value while fk distressed. A quantitative
comparison between experimental data and PANS in
terms of the mean velocity profiles in the cylinder
wake is shown in Fig. 6-7. Figure 6 illustrates the
power spectra of the normal velocity fluctuation at
the location of x/d = 3 on the centerline of the wake.
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Fig. 6. Comparisons between the numerical
calculation with experimental data ((a):
Reynolds stress u'u’/U? at x/d=0.5; (b): Velocity
U/U0 at x/d=1.06).
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fluctuations.

4, RESULTS AND DISCUSSION

Two classical conditions of cylinder flow are chosen
as research conditions, and synthetic jet is set behind
cylinder at Re=1000 and Re=3900. The PANS model
with fk=0.2 is applied for computing the flow field.
The time interval of computation is 0.001s, eight
hundred time interval was set to do the work of flow
analysis and acoustic analysis in this section.
According to flow field result, acoustic information
of cylinder flow with jet can be obtained by Lighthill
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acoustic analogy. In this section, the information of
cylinder flow without synthetic jet has a superscript
“org” and the information of cylinder with synthetic
jet has the superscripts including “0.5v”, “v”, “2v”,
“3v”, “4v”, “bv” which marked by synthetic jet
velocity.

4.1 Flow Field Analysis
Vortex Analysis

The vortex contour of flow around cylinder with
different synthetic jet is illustrated in Fig.8 (a
represents org which cylinder flow without jet, while
b-g represent the velocity from 0.5v to 5v), which
portray the structure of wake with different jet
velocities for Re=3900 predicated by PANS model.
The value of x direction of vortex was 100 as shown
in Fig.8. In Fig.8, the vortex street is gradually
disappearing while the velocity of synthetic jet
gradually strengthening. From the contour, it is
concluded that the shear action between jet and
vortex street gradually strengthens and promotes the
vortex to deform. The vorticity of the flow field with
jet velocity at 4v and 5v is dominated by jet
characteristic and controls the appearance of the
vortex. These observations indicated that the
synthetic jet can change the vortices shedding
frequency.

Figure 9 and Fig.10 present qualitative differences of
cylinder flow with various velocity of jet on the same
boundary conditions at Re=1000 and Re=3900
respectively (a represents the Q contour of cylinder
flow without synthetic jet (Jeong and Hussain 1995),
b-g represent the Q contour of the cylinder flow with
different synthetic jet velocity of 0.5v, v, 2v, 3v, 4v,
5v). The instantaneous contour for different jet
velocity in computation domain is shown by the
same value of Q which is set 100. The vorticity is
displayed on the contour surface of instantaneous
contour. The color of isosurface is velocity
distribution in Fig. 9 and Fig. 10.

Although Reynolds number is different, Fig. 9 and
Fig. 10 present the same phenomenon. Cylinder flow
without jet has clear vortex tube that sheds with
periodicity. The vortex tube has been diminished
gradually while the velocity of jet increases in both
cases (Fig. 9 and Fig. 10). When the velocity of jet is
4v or 5v, the main flow pattern of the fluid domain is
dominated by synthetic jet, especially at 5v. The
vortex street of cylinder flow is suppressed with the
increase of jet velocity.

Coherence of CI of cylinder Flow Without
and with Synthetic Jet

The correlation between waves and other waves can
be described by coherence. As mentioned above, the
lift coefficient Cl is related to jet velocity, which
means that it is able to use coherence to describe the
relationship. The calculation method of coherence
functions is given as follows:

eyt

™G, (16, (T)

(23)
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Fig. 9. Velocity distribution on the Q vortex at Re=1000 (a: flow without jet; b-f: flow with synthetic jet
of 0.5v, v, 2v, 3v, 4v, Sv, respectively).
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Fig. 10. Velocity distribution on the Q vortex at Re=3900 (a: flow without jet; b-f: flow with synthetic
jet of 0.5v, v, 2v, 3v, 4v, 5v, respectively).

o Ctm computation method of Gy and Gyy are as the same
G, (f)= Z r.(m)r, (m)e™’ as the G, r(m) is the sequence of the signal x. The
= (24) signal x or y represents the CI of flow around blunt

body at different case. y=0 represents signal x and

Where, G is the power spectral density function of  gjgnal y is completely irrelevant, y=1 represents
signal; m is the number of discrete point, the
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Fig. 11. Coherence of cylinder flow with various jet at Re=3900 (a: flow without jet; b-f: flow with
synthetic jet of 0.5v, v, 2v, 3v, 4v, Sv, respectively).

signal x and signal y is completely relevant; in
common situation, 0<y<1.

The lift coefficient Cl as the signal is chosen to
explore the influence of synthetic jet on flow around
blunt body. The coherence curve of flow around
cylinder with different case at Re=3900 are
illustrated respectively in Fig.11.

In Fig.11, the coherence signal of Cl of cylinder flow
with 0.5v jet and cylinder flow without jet has peak
value at low frequency. The peak value of coherence
signal is closed to the peak frequency of Cl with the
case of ‘org’ which indicated that these two cases
have strong coherence. The signals of ‘org” and ‘v’
also have coherence at low frequency which has
lower coherence than ‘org’ and <0.5v’. As the
velocity of jet increases, it is found that the signal
lacks of coherence. It means that the synthetic jet has
strong function to the flow around cylinder. The flow
around cylinder with high synthetic jet is dominated
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by synthetic jet. The coherence of different case has
good agreement with the vortex analysis and PSD
analysis. In summary, the synthetic jet with high
energy has great impact to flow around cylinder from
the perspective of flow.

4.2 Acoustic Analysis

The acoustic computation was based on the Acoustic
Analogies in section 2.2. The computation of
acoustic was done after flow computation. The
number of time interval was eight hundred.

Figure 12 presents the variations of acoustic
directivity curve for 20d field point at Re=1000 and
Re=3900. The subfigure a is Re=1000.It could be
observed that the sound pressure level decreases
while the velocity of jet increases. The directivity
curves with different jet velocities have the same
trend with peak frequency of acoustic spectrum
analysis. And this phenomenon also meets the vortex
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distribution in Fig.9. The flow field of cylinder flow
has been changed by synthetic jet. The directivity
curve displays ‘8’ shape coincide with dipole source.
And as the synthetic jet increases, the directivity
curve ‘8 shape becomes unclear. It means that the
acoustic source is not dominant by dipole source.
The effect of synthetic jet has been the new acoustic
source.

Another comparison of sound pressure level at
Re=3900 is illustrated subfigure b. The variations of
directivity curve varying with the velocity of jet are
consistent with the trend in Fig.12. The change in the
trend of directivity curve shape with different jet
velocities is the same as the case at Re=1000. The
directivity curve lost ‘8’ shape when the synthetic jet
velocity increases.

—O—no jet
—o—0.5v
—A—v
——2v
——3r
—<—4r
—— 5

(a) Acoustic directivity of 20d at Re=1000

100 -
—O—no jet
—0—0.5v
—a—
-2
—O—3¢
——4v
—D>— 5

50

50

100

(b) Acoustic directivity of 20d at Re=3900
Fig. 12. Acoustic directivity of different Re.

5. CONCLUSIONS

In the present work, in order to reduce the noise
radiated from flow past a blunt body, the synthetic
jet is added to the backside of a circular cylinder. At
first, the PANS model was introduced to the
simulation of flow around the cylinder. After the
verification of the PANS model, the model with
lower fx shows accuracy in comparison with the
experimental value. Combining the unsteady flow
information which is calculated by PANS model with
Lighthill theory, the acoustic field was predicted.

After analysis of flow field and acoustic field, it is
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noted that the synthetic jet has impact action to the
flow around blunt body, suppressing the vortices
shedding, and altering the frequency of vortex
shedding in the view of flow field. Through the
alteration of flow field, the pressure fluctuation
which contributes to acoustic has been reduced. So
that, the sound pressure level is reduced and the
directivity curve does not remain the ‘8’ shape while
the synthetic jet velocity increases.

Within these effective analyses, this research brings
out a new approach to control the noise generated
from flow past a circular cylinder. The synthetic jet
behind the cylinder can reduce the noise through
controlling the vortex shedding from the cylinder. If
the synthetic jet velocity is enough, the sound
pressure level can be reduced and this maybe an
exciting result for naval facilities and aerospace
equipment.
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