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Numerical Simulation of Vectoring of a Primary Jet
with a Synthetic Jet

Dahai Guo,¤ Andrew W. Cary,† and Ramesh K. Agarwal‡

Washington University, St. Louis, Missouri 63130

The vectoring control of a primary jet with an averaged-zero-mass-� ux synthetic jet is simulated using the
two-dimensional Reynolds-averaged Navier–Stokes equations. The numerical results show the general agreement
with the experiments. The vectoring effects of some parameters of the synthetic jet, such as the location, oscillating
frequency, and velocity amplitude,are studied at two angles (0 and 60 deg) of the synthetic jet. The simulationsshow
that in a certain range of velocity for the primary jet there exist optimal values for these parameters respectively,
where the largest vectoring angle of the primary jet can be achieved with other parameters � xed. In addition, the
synthetic jet can result in a much larger vectoring angle and vectoring force for the primary jet at 60 deg than that
at 0 deg. It is hypothesized that the vectoring of a primary jet with a synthetic jet is mainly a combined effect of
the local lower pressure and resistance caused by the synthetic jet.

Nomenclature
C p = pressure coef� cient, .p ¡ p1/=0:5½U 2

ave
dpull = distance between the synthetic jet and the primary jet
d¤ = dpull=h
f = oscillating frequency of the synthetic jet
fc = characteristic frequency of the primary jet, Uave=H
f ¤ = f= fc

H = width of the primary jet
h = width of the ori� ce of the synthetic jet
Lo = stroke length, Z ¿

0

uo.t/ dt

ReUo = Reynolds number based on average ori� ce velocity,
½Uoh=¹

T = period of the harmonic motion
t = time
t¤ = t=T
Uamp = cross-stream averaged streamwise velocity amplitude

at the exit of the ori� ce
Uave = cross-stream averaged velocity of the primary jet
Uo = average ori� ce velocity, Lo=T
u = velocity vector
uo = streamwise velocity at exit plane of ori� ce
vo = cross-stream velocity at exit plane of ori� ce
x = streamwise coordinate
y = cross-stream coordinate
® = vectoring angle of the primary jet
µ = angle of the synthetic jet
¸ = Uamp=Uave

¸¡1 = Uave=Uamp

¹ = molecular viscosity
¹t = turbulent viscosity
½ = density

Received 31 December 2001; presented as Paper 2002-3284at the AIAA
1st Flow Control Conference, St. Louis, MO, 24–27 June 2002; revision
received 8 June 2003; accepted for publication 30 June 2003. Copyright c°
2003 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. Copies of this paper may be made for personal or internal
use, on conditionthat the copier pay the $10.00per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0001-1452/03 $10.00 in correspondence with the CCC.

¤Graduate Research Assistant, Department of Mechanical Engineering.
Member AIAA.

†Adjunct Professor, Department of Mechanical Engineering. Senior
Member AIAA.

‡William Palm Professor, Department ofMechanical Engineering.Fellow
AIAA.

¿ = time of discharge, T=2
! = angular frequency
!z = vorticity, nondimensionalizedby Uo and h

Introduction

S YNTHETIC jet actuators1 can be used to control shear � ows
effectively,which has beendemonstratedby Smith and Glezer.2

The syntheticjet is createdby entrainingthe surrounding� uid. It has
an attractive nature of zero-net-mass injection, but the momentum
is impulsed into the external � ow. Therefore small-scale motion is
enhanced, and the local instability of the � ow is excited. A variety
of � ow control results have been achieved using synthetic jets, in-
cluding thrust vectoring,1¡4 mixing enhancement,5 and separation
control.6

Smith and Glezer1 have studied the � ow behaviorof a rectangular
synthetic jet actuator,whose exit ori� ce is 0.5 mm wide and 75 mm
long.One side of a cavity is drivenby a piezoelectricdiaphragmin a
periodic manner such that the � uid in the surrounding environment
enters and exits the cavity. It needs only mechanical or electrical
power, but no � uid from other sources.Figure 1 illustrates the cross
section of an actuator operating in still air. As the � uid is driven
out of the cavity in the blowing stroke, a shear layer is formed
between the expelled � uid and the surrounding � uid because of
their velocity difference.At the end of the blowing stroke, this layer
of the vorticity rolls up and forms a vortex pair. In the suction stroke
the � uid in the surroundingenvironment is entrained into the cavity.
At that time, however, the vortex pair generated during the blowing
stroke has moved far enough away, and it is not ingested back into
the cavity. Thus a train of vortex pairs is created by the actuator.
Although no mass � ux is out of the cavity in the time-averagesense,
the momentum impulsed into the external � ow is nonzero in each
period. Flow visualization (Fig. 1) indicates that the train of vortex
pairs breaksdown into a turbulentjet near the ori� ce.On the average
value the streamwise velocity pro� le appears similar to a steady jet.

Synthetic jets provide an alternate effective approach to control
the aerodynamics of a propulsive jet that emanates from a nozzle.
Synthetic jet actuators are attractive for shear � ow control because
theyhavenomovingparts,canproducea controllableexcitation,and
can be easily integrated into a functioning device. There have been
many investigationsregarding vectoring of a primary jet emanating
from a nozzle using � uidic synthetic jet control. Recent investiga-
tions include the studies by Smith and Glezer,2 Pack and Seifert,7

Miller et al.,8 Raman,9 and Strykowski et al.10 In the experimentsof
Smith and Glezer,2 a millimeter-scaleactuator jet is placed near the
exit plane of a high-aspect-ratioprimary jet and nominally collinear
with it, which is denoted as pull mode in Fig. 2. The synthetic
jet induces strong entrainment of ambient � uid and leads to the
vectoring of a primary jet at angles of the order of 30 deg.

2364



GUO, CARY, AND AGARWAL 2365

Fig. 1 Schematic of a synthetic jet actuator and schlieren � ow visual-
ization from the experiments of Smith and Glezer.1

Fig. 2 Schlieren � ow visualization of the vectoring of a primary jet
from the experiments of Smith and Glezer.2

The complex nature of an isolated and adjacent twin synthetic
jet actuators has previouslybeen modeled by Kral et al.,11 Kral and
Guo,12 and Guo et al.13 A simpli� ed boundaryconditionfor the syn-
thetic jet is implementedin the frameworkof the Reynolds-averaged
Navier–Stokes (RANS) equations.This approachcan yield ef� cient
approximate solutions for practical engineeringapplications.Using
two-dimensionalsimulations,goodagreementwith the experiments
of Smith and Glezer2 is observed for the mean jet similarity pro-
� les. Later, Kral and Guo12 capture the vectoring of a primary jet
in the push/pull modes in their numerical simulations using the ex-
perimental conditionsof Smith and Glezer.2 Guo and Cary14 extend
the work of Kral and Guo and show that the numerical simulations
match quite well with the experiments of Smith and Glezer.2

In this paper simulations are performed for vectoring control of a
primaryjetwith a syntheticjet in thepullmode.The vectoringeffects
of some of the parameters of the synthetic jet are discussed, such
as the distance from the primary jet, velocity amplitude, oscillating
frequency, and the angle. The optimal values of these parameters
are estimated to achieve the maximum vectoring bene� t. Finally,
a hypothesis to explain the vectoring of the primary jet with the
sythetic jet is postulated based on the simulation results.

Governing Equations
The incompressible� ow solver,INS2D, developedbyRogers and

Kwak15 and Rogers et al.,16 is employedin the simulations.The two-
dimensional incompressibleunsteady RANS equations are solved.

The governing equations are the conservation of mass and mo-
mentum given by the continuity equation

r ¢ Nu D 0 (1)

and the Reynolds-averagedNavier–Stokes equations

½
@ Nu
@t

C ½ Nu ¢ r Nu D ¡r Np C r ¢ .¹ C ¹t /r Nu (2)

where the overbar represents a Reynolds-averaged quantity. The
equationsare solved in a time-accuratemanner using the method of
pseudocompressibility. With this method subiterations are required
to satisfy the conservationof mass at each time step. An upwind dif-

ferencing scheme based on � ux-differencesplitting is used to com-
pute the convective terms using a � fth-order differencing scheme.
The viscous � uxes are differenced with a second-order accurate
central-differencescheme. The equations are solved by employing
a generalizedminimum residualmethod.17 This solution procedure
is stable and capable of running at large time steps in pseudotime,
leading to rapid convergence for each physical time step.

Actuator Modeling
The synthetic jet actuator introduces periodic momentum inputs

by oscillating the � ow within a cavity. To model the perturba-
tion on the � ow caused by the harmonic forcing of the actuator,
a suction/blowing-type boundary condition is developed by Kral
et al.,11 which guarantees zero-net-mass induction in the time-
average sense. The perturbation to the � ow� eld is introduced
through the wall-normal component of velocity at the bottom of
the cavity of the synthetic jet, which uses a “top-hat” velocity dis-
tribution

Nu.x D 0; y; t/ D UA sin.!t C Á/ (3)

Nv.x D 0; y; t/ D 0 (4)

where Nu is the streamwise componentof velocity and Nv is the cross-
stream component of velocity. UA is the amplitude of the synthetic
jet velocityat the bottomof thecavity,and it satis� esUAhc D Uamph,
where hc is the width of the cavity.

A modi� ed boundary condition on the wall pressureat the ori� ce
is also introduced. The typical boundary condition on the pressure
at a solid surface is

@ Np
@x

D 0 (5)

This condition results by considering the component of the mo-
mentum equation normal to the jet, ignoring viscous effects. At the
boundary of the synthetic jet, however, the time-harmonic normal
velocityperturbationis taken into account, and the modi� ed bound-
ary condition for the pressure becomes

@ Np
@x

D ¡½
@ Nu
@t

(6)

The Spalart–Allmaras18 one-equationturbulencemodel (denoted
as SA) is employed to close the system of equations. The model
solves a single transport equation for a modi� ed turbulentviscosity.
Figure 3 shows the grid employed in the computations.

Results and Analysis
Comparisons with the Experiments

The computational parameters employed in the simulations are
thoseused in the experimentsof Smith and Glezer.2 The width of the

Fig. 3 Computationalgrid (41££72 for the duct, 31££51 for the cavity,
201££101 for the external domain).
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a) Unforced primary jet b) Forced primary jet

Fig. 4 Contours of the magnitude of time-averaged velocity for
ReUo = 383.

primary jet H D 12:7 mm, the width of the syntheticjet h D 0:5 mm,
and dpull D 3:556h, which is the distance between the synthetic jet
and the primary jet. The oscillation frequencyof the synthetic jet is
1120 Hz.

Figure 4 shows the contours of the magnitude of time-averaged
velocityof theprimaryjet.The velocityamplitudeof the syntheticjet
is 37.83 m/s, the associatedReynoldsnumber is ReUo D 383, and the
cross-streamaveragedvelocityof the primary jet is Uave D 5:16 m/s.
The unforced primary jet is symmetric about the centerline. The
vectoring angle of the forced primary jet is of the same order as in
the experiment shown in Fig. 2.

The temporal evolutionof the vorticitynear the exits of the jets in
the pull mode is depicted in Fig. 5 for ReUo D 314. The � rst column
is from the experiment of Smith et al., and the second column is the
numerical simulation. The main vortex structures in the numerical
results are similar to those in the experiment. The vortex pair gen-
erated by the synthetic jet merges into the primary jet. During the
suctionstroke, the syntheticjet entrainssome � uid from the primary
jet and enhances the strength of the vortex in the small gap between
them. At the beginning of the next blowing stroke, the vortex is
attached to the boundary layer between the primary and synthetic
jets, whose vorticity becomes negative at this time. During the � rst
half of the blowing stroke, the boundarylayer changesdirectionand
separates the vortex from the wall. This vortex then interacts with
the vortices from the synthetic jet and the � ow of the primary jet,
dissipates very quickly, and merges into the primary jet. Compared
with the experiment, the boundary layer in the simulations is thin-
ner, and the strengthof the vortexbetween the primaryand synthetic
jets is weaker. This might be caused by the large dissipation in the
SA turblulence model.

Effect of Various Parameters on Vectoring
Figure 6 shows the schematic near the exits of the synthetic jet

and the primary jet. The angle µ is de� ned as the angle between
the normal to the external � ow boundary and the ori� ce wall of the
syntheticjet.The widthof the ori� ce is � xed in all of the simulations,
that is, h D 0:5 mm.

The boundariesof the primary jet can be approximatedas curves
on which the magnitude of the time-averaged velocity is equal to
0:05 ¤ Vmax , where Vmax represents the maximum value of the mag-
nitude of the velocity at different distances from the wall. This
schematic is shown in Fig. 7. The curve on which the velocity
magnitude reaches maximum at different distances from the wall
matches well with the line, which is obtained from those points
on the curve with linear regression. Because the regression line is
around the middle of the two outer boundaries of the primary jet,
the vectoring angle of the primary jet can be de� ned as the angle ®
between the regression line of the points, where velocity magnitude
of the primary jet becomes maximum and the central line of the
nozzle of the primary jet. This de� nition of the vectoring angle is
employed in the rest of the paper.

The location,frequency,velocityamplitude, and angleof the syn-
thetic jet are important parameters that affect the vectoring angle ®
of the primary jet. In the following sections the in� uence of these
parameters is discussed in detail, in which d¤ keeps 3.556 except
when the effect of the location is studied.

a) b)

Fig. 5 Temporal evolution of vorticity near the exit of the jets for the
pull mode: a) experiment of Smith and Glezer19 and b) the numerical
simulation.

Fig. 6 Schematic of the synthetic jet at an angle.

µ = 0 deg
To study the vectoring effect of the location of the synthetic jet,

a number of simulations are considered, with d¤ varying from 1.0
to 5.0. Figure 8 shows the variation of the vectoring angle ® with
the distance d¤ . The vectoring angle ® is about 7.8 deg when d¤

is 1.0. When d¤ is between 1.0 and 4.0, ® increases gradually as
d¤ increases. The angle ® reaches a maximum of 31.9 deg when
d¤ D 4:0. For d¤ > 4:0, ® decreases rapidly, and for d¤ D 5:0, ® is
reduced to 14.7 deg.

Simulationswith differentfrequenciesof the syntheticjet are then
considered to study its effect on the vectoring of the primary jet.
Other parameters are � xed, such as ReUo D 383 and Uave D 7:0 m/s.
The characteristic frequency of the primary jet fc is de� ned as
Uave=H . Here, fc D 7:0=0:0127D 551:18 Hz. The nondimensional
frequency f ¤ is de� ned as f= fc.

Figure 9 shows the variation of the vectoring angle of the
primary jet for various frequencies of the synthetic jet. When
0:91 · f ¤ · 1:81, the vectoring angle increases rapidly from 14.4
to 30.0 deg, and for f ¤ > 1:81 it decreases to 14.6 deg as f ¤ D 3:62.
The vectoringangle reaches a maximum value of 30.0 deg when f ¤

is about 1.81.
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Fig. 7 Schematic representation of the vectoring angle of the primary
jet.

Fig. 8 Variation of the vectoring angle of the primary jet with the
distance d¤(ReUo = 383, Uave = 7 m/s, and f = 1120 Hz).

Fig. 9 Variation of the vectoring angle of the primary jet with fre-
quency f ¤ (ReUo = 383 and Uave = 7 m/s).

The velocity amplitude of the synthetic jet is the third param-
eter to study, and its effect on the vectoring angle of the primary
jet is shown in Fig. 10, where f D 1120 Hz, Uave D 7:0 m/s, and
dpull D 3:556h. When ¸ < 7:0, the vectoring angle increases as ¸ in-
creases. When ¸ D 7:0, the vectoring angle of the primary jet is the
largest: ®max D 31:0 deg. For ¸ > 7:0, however, the vectoring angle
decreases gradually.

Figure 11 shows the variation of the vectoring angle of the pri-
mary jet with the velocity of the primary jet. The parameters of the
synthetic jet are � xed, that is, f D 1120 Hz and ReUo D 383. With

Fig. 10 Variation of the vectoring angle of the primary jet with ¸
(f = 1120 Hz and Uave = 7.0 m/s).

Fig. 11 Variation of the vectoring angle of the primary jet with ¸¡1

(f = 1120 Hz and ReUo = 383).

increasing velocity of the primary jet, the vectoring angle becomes
smaller. When ¸¡1 is 0.132 (Uave D 5:0 m/s), the vectoring angle is
about 37.4 deg. When ¸¡1 is 0.244 (Uave D 13:0 m/s), however, the
vectoring angle is just 10.0 deg.

µ = 60 deg
In all of the preceding simulations, the angle of the synthetic jet

µ is zero.Here we discuss the vectoringeffect of velocity amplitude
Uamp and frequency f of the synthetic jet at µ D 60 deg.

Vectoring effect of the velocity amplitude Uamp of the synthetic
jet at µ D 60 deg is � rst studied with ¸ D 3:0 » 6:0, f D 1120 Hz,
and Uave D 7:0 m/s. Figure 12 shows the variation of the vectoring
angle of the primary jet with the velocity amplitudeof the synthetic
jet at µ D 60 deg. ® increases rapidly from 13.7 to 87 deg when ¸
increasesfrom 3.0 to 5.0. For ® > 85 deg, the primary jet attaches to
the wall. Figure 13 clearly shows that the primary jet is attached to
the wall in the case ¸ D 6:0. Figure 14 shows that the time-averaged
pressure coef� cient is much lower near the exit of the primary jet
and the synthetic jet. This is strongly related to the vectoring of the
primary jet. It is interesting to note from Fig. 10 that at µ D 0 deg,
there is an optimal velocity amplitude of the synthetic jet, at which
a maximum vectoring of 31.0 deg is obtained, and the primary jet
cannot be attached to the wall.

The temporal evolutionof vorticitycontours in Fig. 15 shows that
a vortex with positive vorticity is generated between the synthetic
jet and the primary jet. Althoughits strengthchangeswith time in an
oscillating period of the synthetic jet, it does not separate from the
wall. In the suction stroke some � uid of the primary jet is entrained
into the synthetic jet along with some � uid from the surrounding
environment. The blowing stroke of the synthetic jet generates a
vortex pair, which travels away from the jets along the exit plane.

Now we discuss the effect of the frequency of the synthetic jet
at µ = 60 deg on the vectoring of the primary jet. The oscillating
frequency of the synthetic jet f ¤ varies from 0.23 to 3.63. Other
� ow parameters are � xed, that is, fc = 551.18 Hz, Uamp D 30:0 m/s,
and Uave D 7:0 m/s.

Figure 16 shows thevariationof thevectoringangleof theprimary
jet ® with the frequency f ¤ at µ D 60 deg. When f ¤ varies from
0.23 to 0.91, ® increases sharply from 32.0 deg to about 88.5 deg.
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Fig. 12 Variation of the vectoring angle of the primary jet with Uamp
at µ = 60 deg (Uave = 7.0 m/s and f = 1120 Hz).

Fig. 13 Magnitude of time-averaged velocity for ¸ = 6.0 at µ = 60 deg
(f = 1120 Hz and Uave = 7.0 m/s).

Fig. 14 Contour of time-averaged pressure coef� cient for ¸ = 6.0 at
µ = 60 deg (f = 1120 Hz and Uave = 7.0 m/s).

When f ¤ > 0:91, ® reduces gradually with increase in frequency.
When f ¤ D 3:63, ® ¼ 25:1 deg. As shown in Fig. 9, there exists an
optimal frequency f ¤ D 1:81 of the synthetic jet at µ D 0 deg for the
largest vectoring angle of 30 deg. However, the optimal frequency
at µ D 60 deg is about0.91, where the primary jet is alreadyattached
to the wall.

Vectoring Force ¹F¤

The time-averagedpressurecoef� cient along the two walls of the
nozzle of the primary jet is shown in Fig. 17. When it is closer to the
exit of the nozzle, the time-averagedpressurealong the left wall NC pL

decreases rapidly and that on the right wall NC pR increases slowly.
When x=H < ¡2:0, the pressuresalong the two walls are the same.
When x=H > ¡ 2:0, the pressures become different; the pressure
along the wall closer to the synthetic jet is smaller than that along
the other wall. The pressuredifference1 NC p D NCpR ¡ NC pL along the
two walls becomes larger when it is closer to the exit of the jet, and

Fig. 15 Temporal evolution of vorticity contours around the jets for
¸ = 6.0 at µ = 60 deg (f = 1120 Hz and Uave = 7.0 m/s).

Fig. 16 Variation of the vectoring angle of the primary jet with the
frequency f ¤ at µ = 60 deg (Uave = 7.0 m/s and Uamp = 30.0 m/s).

Fig. 17 Time-averaged pressure coef� cients along the walls of the
nozzle of the primary jet (ReUo = 496, Uave = 7.0 m/s, and f = 1120 Hz).

most of the contribution to the pressure difference occurs within
¡1:0 < x=H < 0:0. At the exit of the primary jet, 1 NC p achieves a
maximum, which is about 3.0.

The nondimensional force caused by the pressure difference be-
tween the two walls of the nozzle of the primary jet is de� ned as
follows:

F¤ D
Z L

o

1Cp dx=H (7)



GUO, CARY, AND AGARWAL 2369

a) µ = 0 deg and ReUo = 496

b) µ = 60 deg and ReUo = 535

Fig. 18 Temporal evolution of force F¤ in one oscillation period
(Uave = 7.0 m/s and f = 1120 Hz).

where L is the length of the nozzle. Figures 18a and 18b show the
temporal evolutionsof the force F¤ in one oscillation period of the
syntheticjet for µ D 0 and 60 deg, respectively.A large unsteadiness
in the force is demonstrated in the two cases. Generally, the vector-
ing force F¤ increases in the blowing stroke and then decreases in
the suctionstroke.However, the � gures clearlyshow that µ D 60 deg
can get larger vectoring force in the whole oscillating period. For
the case µ D 0 deg, F ¤ is negative at the beginning of the blowing
stroke and at the end of the suction stroke, which suggests that the
pressure along the wall closer to the synthetic jet is sometimes even
higher than that along the other wall.

The time-averaged force is de� ned as

NF¤ D
Z T

0

F¤dt=T

Figure19 shows thevariationof NF¤ with ¸ at µ D 0 and60deg,where
Uave D 7:0 m/s and f D 1120 Hz for both angles µ . At µ D 0 deg,
NF¤ increases from 0.07 to 0.64 as ¸ changes from 2.0 to 7.0. When

¸ > 7:0, NF¤ changes a little, and NF ¤ ¼ 0:65 when ¸ D 10:0. But at
µ D 60 deg, NF¤ increases rapidly from 0.30 to 1.00 as ¸ changes
from 3.0 to 5.0. When ¸ D 8:0, NF¤ ¼ 1:15, which is much larger
than the force (0:65) at µ D 0 deg.

Figure 20 shows the variation of NF¤ with f ¤ at µ D 0 and 60 deg,
where Uave D 7:0 m/s. Although ReUo at µ D 60 deg is smaller than
that at µ D 0 deg with the same frequency,µ D 60 deg always obtains
larger NF¤ than µ D 0 deg. At µ D 60 deg, NF¤

max ¼ 0:88 at f ¤ ¼ 1:00.
However, at µ D 0 deg, NF¤

max is about 0:57, where f ¤ ¼ 2:03.
These � gures clearly show that µ D 60 deg generatesmuch larger

vectoring force than µ D 0 deg with the same or even less input
power. The results again show that a synthetic jet at µ D 60 deg can
provide greater vectoring bene� t than at smaller value of µ .

Vectoring Hypothesis
If the distancebetween the synthetic jet and the primary jet dpull is

too large, the synthetic jet has no vectoring effect on the primary jet
becausethey have no interaction.If it is too small, on the other hand,
the momentumof the syntheticjet providesstrongerresistanceto the
vectoringof the primary jet when the angle of the synthetic jet is not

Fig. 19 Variation of the vectoring force ¹F¤ with ¸ at µ = 0 and 60 deg
(Uave = 7.0 m/s and f = 1120 Hz).

Fig. 20 Variation of the vectoring force ¹F¤ with f ¤ at µ = 0 and 60 deg
(Uave = 7.0 m/s and f = 1120 Hz).

bigger than zero, although it causes larger local � ow unsteadiness.
Therefore, thereshouldbe anoptimaldistancebetween the synthetic
jet and the primary jet, from which the largest vectoring bene� t can
be obtained.

There are two characteristic parameters of the synthetic jet that
affect the interactionbetween the synthetic jet and the external � ow.
They are as follows: 1) the stroke length

Lo D
Z

¿

0

uo.t/ dt

where ¿ D T=2, which was introducedby Smith and Glezer19; 2) the
localaccelerationat theexitof the syntheticjeta0 D @uo=@t . Lo is the
downstreamdistanceneededfor the developmentof the syntheticjet
in the blowingstroke, which is related to the size of the area affected
by the synthetic jet; a0, on the other hand, is strongly related to
pressurearound it. Because uo D Uamp sin.2¼ f t/ in the simulations,
Lo D Uamp=¼ f and a0 D a0max cos.2¼ f t/, where a0max D 2¼ f Uamp.

It is clear that as f increases, Lo decreases, and a0max increases,
which means that the size of the domain affected by the synthetic
jet is smaller with lower pressure, because with higher a0max the
shear stress between the synthetic jet and the surrounding � uid is
larger. With the combined effects of these two characteristicsof the
synthetic jet, there exists an optimal frequency for obtaining the
largest vectoring bene� t. In addition, when Uamp increases both Lo

and a0max increase, which means that the size of the lower pressure
region is larger. However, higher Uamp also means larger resistance
of momentum of the synthetic jet to the vectoringof the primary jet.
Therefore, there also exists an optimal Uamp from which the largest
vectoring angle of the primary jet is obtained with other parameters
� xed.

The syntheticjet injectsthemomentum M into theexternal� ow in
the blowing stroke. The momentum M not only causes the local un-
steadinessbut also resists the vectoringof the primary jet. Figure 21
shows a schematic of the momentum components of the synthetic
jet in the blowing stroke, where Mx is the streamwise momentum
component and My is the cross-streammomentum component.
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a) µ > 0± b) µ < 0±

Fig. 21 Schematic of the momentum components of the synthetic jet
in the blowing stroke.

Fig. 22 Magnitudeof time-averagedvelocity for ¸ = 6.0 at µ = ¡¡60 deg
(f = 1120 Hz and Uave = 7.0 m/s).

When µ D 0 deg, Mx D M , and the momentum provides a large
resistance to the vectoring of the primary jet because of its upto-
ward � ow direction. The resistance caused by the momentum in
the blowing stroke and vectoring effect of lower pressure near the
synthetic jet � nally balance each other and vector the primary jet
at an approximatelyconstant angle. This is also the reason why the
vectoring angle of the primary jet does not always increase with
larger velocity amplitude of the synthetic jet, as discussed before.
Althoughhighervelocity amplitudeof the syntheticjet causes lower
pressure region between the jets, it also results in larger momentum
resistance to the vectoring of the primary jet.

When µ > 0 deg, My D M sinµ increases with larger µ , whereas
Mx D M cos µ decreases. As a result, the resistance effect of Mx is
reduced, and My induces a vectoring velocity on the primary jet,
which vectors the primary jet more. Thus the vectoring angle of the
primary jet increasessharplywith largerµ . With large enoughveloc-
ity amplitudeandangleof the syntheticjet (for exampleµ D 60deg),
the primary jet can be totally attached to the wall.

When µ < 0 deg, both the streamwise momentum component Mx

and thecross-streammomentumcomponent My induceresistanceto
the vectoring process because of its direction towards the primary
jet, and their effects increase with larger jµ j. With larger jµ j the
lower pressure area between the two jets disappears gradually, and
the resistance effect of the blowing stroke increases, making the
primary jet vectored to the right. For example, at µ D ¡ 60 deg, as
shown in Fig. 22, the primary jet can be vectored to the right for
reasonable values of parameters dpull, f , Uamp , and Uave.

Conclusions
In this study vectoring control of a primary jet with an

averaged-zero-mass-�ux synthetic jet is investigatedusing the two-
dimensionalReynolds-averagedNavier–Stokes equations.

The numerical results show general agreement with the experi-
ments of Smith and Glezer.Vectoringeffectsof the syntheticjetwith
differentparameters, such as the location, oscillatingfrequency,ve-
locity amplitude and angle, are studied in detail as the angle of the
syntheticjet is 0 deg. In a certain rangeof the velocityof the primary
jet, there exists an optimal value for the location, frequency,and ve-
locity amplitude, respectively,where the largest vectoring angle of
the primary jet is obtained with other parameters � xed.

When the angle of the synthetic jet is 60 deg, the vectoring angle
of theprimaryjet can increasedramaticallyas thevelocityamplitude
of the synthetic jet increases, and the primary jet can � nally attach
to the wall. The optimal frequency for the largest vectoring angle
also drops to a lower value at which a much larger vectoring angle
can be obtained than that when the angle of the synthetic jet is zero.
The simulations also show that when the angle of the synthetic jet
is 60 deg a much larger vectoring force is obtained than that as it is
0 deg, with the same momentum input.

Finally, a hypothesis is provided to explain the vectoring process
based on the simulations.It is suggested that the vectoring is mainly
the combined effects of lower pressure near the exits of the jets and
resistance caused by the momentum impulse of the synthetic jet in
the blowing stroke.When the angleof the synthetic jet is bigger than
zero, the resistance of the momentum impulse reduces as the angle
increases, and therefore a larger vectoring angle of the primary jet
can be obtained.
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