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Numerical simulation of synthetic jet flow field and
parameter analysis of actuator
LUO Zherrbing, XIA Zhrxun, HU Jiarrxin, ZHAO Jianrmin, MIAO Warrbo, WANG De- quan

(Inst. of Aerospace and Material Engineering, National Univ. of Defence Technology, Changsha 410073, China)

Abstract: Modeling a computing model for synthetic jet actuator, X-L Model, it considers the actuator eavity, the exit throat,
and the external flow field as a single computational region. Numerical computations are performed for different cases. With a view of
providing references for designing a robust synthetic jet actuator, the effect of forcing factors and actuator geometric parameters on the
synthetic jet is analyzed, using a priori given velocity profile at the actuator exit. A parameter correlation function of the actuator is
presented to express the correlation between the synthetic jet maximal velocity and the actuator parameters.
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1 Introduction |
Of all the active flow control actuators currently being —
e, )
studied, there has been a great deal of attention paid to one ; 3 I
particular type of actuator, the synthetic jet (SJ) actuator. 3
4

A schematic of a synthetic jet actuator and a photograph of Diriver

actuators are shown in fig. 1. A typical synthetic jet, also Fig.1 Schematic of synthetic jet” and

known as a zero net mass flux device, uses a vibrating dia- .
e photograph of actuators

phragm to drive oscillatory flow through a small orifice or slot.

Although there is no source, a mean jet flow is established a 4 . ; : .
ve = ) i s Such actuators were previously investigated for flow
few diameters from the orifice due to entrained fluid, thus ; ) .
control of various configurations and the results are very
making SJ actuators suitable for extensive of applications. 5 0 ; ; s
g B et Suitalle-fob Rt diie o pplicitions promising, especially for separation control, mixing en-
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hancement and fluidic thrust vectoring, this emerging tech-
nology has received a great amount of attention from the
fluid dynamics community. "> * CFD is up to now the ma-
in analytical tool for the flow control problem using SJ actu-
ators. Several numerical studies of the actuator simulation
using CFD analysis were performed. Ref. [ 9] solved a
boundary-value problem, an simple analytic velocity profile
was assumed at the orifice exit, but the computational do-
main encompassed only the region external to the jet with-
out the cavity or the exit throat. Rizzetta et al.'" used dir
rect numerical simulation ( DNS) to solve the unsteady N-S
equations, the external region, the cavity, and the throat
were calculated on separate grids. However, there is still a
wide range of geometric parameters and the forcing factors
left examine.

This paper presents the numerical results and the tools
used in order to investigate the flow-field generated by the
actuator under several operating conditions, and then the
forcing factors and the actuator geometry are analyzed to

provide references for the actuator preliminary design.

2 Numerical analysis

2.1 Governing equations

An incompressible flow solver, INS2D, developed by
Rogers, et al'"! and Rogers, et al'” is used for the simu-
lations. An incompressible code has the advantage of run-
ning more efficiently than a compressible code, since com-
pressible which codes run at very low Mach numbers
require very small time steps to maintain stability. Accord-
ingly, the unsteady, incompressible, Reynolds-averaged
N-S (RANS) equations are solved.

The incompressible governing equations are the conr
servation of mass and momentum given by the continuity
equation,

A*u=0
and the N-S equations in Reynolds-averaged form,

a ] — — — —
a_:+ PusAu=- Ap+ (HB+ H) Nu

where the overbar “— 7 represents a Reynolds averaged
quantity. The equations are solved in a time accurate man-
ner using the method of pseudo- compressibility. With this
method, subiterations are required to satisfy the continuity

equation at each time step. An upwind differencing scheme

based on flux-difference splitting is used to compute the
convective terms. Secondrorder mplicit scheme was used
in the results reported here. The equations are solved using
a generalized minimum residual scheme. The viscous fluxes
are differenced using first-order accuracy. This solution
scheme is stable and is capable of running at large time
steps in pseudo-time, leading to fast convergence for each
physical time step.
2.2  Actuator model —X-L model

At the actuator orifice exit, the velocity profile in-
duced with SJ actuators is a function of the actuator operat-
ing parameters and geometric parameters. The profiles can
be very different than a simple profile but change occurs
with the interaction of the actuator- induced flow with exter
nal flow. So, in the new actuator model, the computational
domain must encompass the region external to the jet, the
cavity, and the exit throat. The vibrating membrane is the
only moving part.

Fig. 2 is a sketch map of vibrating membrane, (x,
[) is an arbitrary point on the membrane, the velocity of
this point is composed of axial velocity w. ([, ¢) and radial
velocity w, (1, t). If u(t) is the velocity of the membrane

center, we can define:

u, (Lt)y= N *u(t), w(l,t)= ®l)*u(t) (1)

w(t) = 2w (l,t) = v, w(l,t) = ° 5 (2

>

t

r |o

Fig.2 Sketch map of vibrating membrane

Analyzing fig. 2, the following equations can be ob-

tained by law of sines:

B r X— X, l
MRy~ x ? l 2Ro- (x— x)

Alxi= UI[2Ro— (x— x1)]

where R is a curvature radius of the metal membrane.

(3)

On account of x1/Ry =x/Ro =0= 1, the function

(2) becomes:

) A rzszn, X m[rz_ IEJIZRU" Al =0 (4)
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By integrating functions (1), (2), and (3), we can make The synthetic jet velocity vector maps for casel~ 21
a conclusion, that is: are shown in fig. 4.
z; 2
®l) = 1- (1), W) =0 (3)

The actuator membrane is excited by voltage. The Table 1 Computational cases for synthetic jet actuators
perturbation displacement of the membrane center is in- Case flfv | U/ U | h/hy | didy | D/Dy | HIH,
duced as follows: Casel 1 ! 1 I [ 1

x(t) = Acos(2Wt+ @) (6) Case2 0.25 1 1 1 I |
where f is a forcing frequency, A denotes the amplitude of Case3 0.5 1 1 1 1 1
the vibrating metal membrane, and @, is the original phase Cased 2 1 1 1 I i
of actuator membrane. CaseS I 0.25 1 1 I 1

By integrating functions (1), (5), and (6), we can Caseb ] 0.5 I | | |

make a conclusion, that is: Case? ] 5 | ] | !
u(t) =— 2IWA * sin( 2t + @) (7a) Cise8 A 1 00 l | :

. — _ 2, 2
w (L, t) = HL) = u(t), AN ~1- (I'/r) Case9 I I 0.5 I | I
(7b) Casel0 | I 2 i ! !
w(l,e)= W) *u(s), WY =0 (Te) Casel] 1 1 I 0.2 ! !

Functions (7) are a computing model for synthetic jet Fial ] I I B i i
actuator, X-L model; it considers the actuator cavity, the

Casel3 1 1 1 4 1 1
exit throat, and the external flow field as a single computa-
] - Casel4 1 1 1 1 0.5 1
tional region.
. Casel5 1 1 1 1 3.0 1

In this paper, (/) =1 and = 0, and U, *

) o Casel6 1 1 1 1 ! 0.2
— 2T¥A, then the function (7) becomes:

. Casel7 1 1 1 1 1 0.5

u(lt)y= u(t)= Uy *sin2Tft , w(l,t)= 0(8)

.. . Casel8 1 1 1 1 1 2

The boundary condition on the pressure at a solid

PR Casel9 1 1 1 1 3 1
membrane surface is given by:
FN & Case20 1 1 1 1 3 1
9p _ _ pdu“ (9)
dx dt Case2l 1 1 1 1 3 1

The simulation is made for both the actuator’ s cavity Note: In casel9, 20, 21, the orifice lip geometry is: a flat lip, a rounded

and the surrounding domain. lip and a cusprshaped lip.
3 Results and analysis Table 2 Computational domain and grid distribution
. Designation Domain Grid Remark
3.1 Computational cases
. . . Cavity 2x35 40 = 100 Dense in center

Based on the blowing/suction type boundary condi
; ; ; i 3 Nozzle 0.5%0.5 20% 20 Divided evenly
tion, a host of computations of an isolated synthetic jet ac

External 15%7.5 150 % 100 Dense in center

tuator are performed. For brevity, we discuss representative

cases and the computational cases are summarized in table

1. The baseline values are ', = 2kHz, Uy= lm/s, h =
0.5mm, d;= 0.5mm, H,;= 5mm and D= 2mm.

The computational domain and grid of synthetic jet ac-
B,

tuator for the baseline case ( casel) are illustrated in fig. 3.
Table 2 provides detail domain sizes and grid distributions Fig.3 Computational domain and

for the baseline case ( casel). grid of synthetic jet actuator
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(h) Case8, (=2.25x10 8

Fig. 4 Synthetic jet velocity vector maps for different cases

3.2 Effect of forcing factors eral parameters. Evidently, once the actuator geometry is
The performance of synthetic jet is determined by sev- set, the forcing factors of membrane play a fundamental
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role. The forcing factors are: the forcing amplitude and the
forcing frequency.
3.2.1

The relation function between the vibrating velocity

Effect of the forcing amplitude

amplitude ( Up) and the driving amplitude (A) of the met-
al membrane is:

Uy » - 2T¥A (10)
when the driving frequency is definite, we can use Uj to
denote A .

The actuator was operated at four amplitudes: Im/s,
0.25m/s, 0.5m/s and 2m/s ( case 1, case 5, case 6, and
case 7 correspondingly) . The velocity vector maps are il
lustrated in fig-4(a), (e), (f), (g), exhibit a high sen-
sitivity to the driving amplitude. Fig. 5 shows that the syn-
thetic jet maximal velocity w,, is almost in direct proportion
to the vibrating velocity amplitude Uy, that is to say:

Un <A C1T)
3.2.2 Effect of the forcing frequency

In order to study the effect of driving frequency, the
actuator was simulated at four frequencies: 2kHz, 500Hz,
1kHz and 4kHz ( casel, case2, case3, cased4). In these
cases, the amplitude Uy is set, we can see that the mem-
brane amplitude A is a variable from the equation ( 11).

The velocity vector maps for different forcing frequen-
cies are presented in fig.4(a) ~ (d), they also show a
high sensitivity to the driving frequency. When the synthet-
ic jet is studied by reducing the driving frequency to 1/2
(case3) of the original baseline case ( casel), the mem-
brane amplitude A also lowers to 1/2 of the original. fig. 6
shows that the synthetic jet maximal velocities u,, are equal
for casel and case3. By integrating functions ( 10) and
(11), we can make a conclusion, that is:

un < f (12)

When the forcing frequency is greater than a forky fre-
quency f ., ey drops rapidly with increasing the forcing fre-
quency. For example, doubling the forcing frequency of the
original baseline case, the synthetic jet maximal velocity
U ( cased) is dramatically reduced, and there is almost no
jet at the exit downstream, which is shown in fig. 4( d) and
fig. 6. Essentially, the synthetic jel is a train of vortices.
During the blow phase, a vortex pair, or ring, is formed,

reaches its maximum strength and moves away from the ori-

fice under the action of self-induction. When the jet begins
its suction cycle, the vortex ring will continue to move
away from the exit plane of the actuator and behind the
ring, the ambient fluid is drawn into fill the cavity. If the
forcing frequency is too high, the vortex ring will not reach
its maximum strength and will be drawn into the cavity dur-
ing the suck. So the function ( 12) is restricted, and be-
comes as follows:
uw *<f o f =fe (13)

where 1kHz =f . =2kHz.
3.3 Study of geometric parameters

With a view to providing references for the actuator
preliminary design, the effects of varying the cavity depth,
the membrane width, the orifice width, the orifice depth,
and the orifice lip geometry are investigated.
3:3:1

Synthetic jet velocity vector maps for different orifice

Orifice size and orifice depth

sizes are shown in fig.4(h) ~ (j). When the orifice size
(or width) increases (case8~ 10), comparison with casel
indicates some significant difference. Synthetic jet center
line velocity profiles for different orifice sizes are shown in
fig. 7. As the orifice size is increases, the SJ centerline ve-
locity reduces significantly. For example, when the orifice
size increases from h;= 0.25mm ( case9) to h;= 0.5mm
(casel), the centerline velocity u profile decreases by
100% . This phenomenon is related to the redistribution of
total momentum over a large area. Fig.7 shows that the
synthetic jet maximal velocity w, is almost in inverse prop-
ortion to the orifice size (or width) h, that is:
w, < 1/ h (14)

The velocity vector maps for different orifice depths
are presented in fig-4(k) ~ (m). When the orifice depth
decreases (casell~ 13), the centerline velocity u profile
increases as shown in fig. 8. When the orifice depth is dou-
bled, the centerline velocity u profile almost decreases by
20% . This result is entirely not surprising: as the orifice
depth increases, the viscous dissipation begins to domi-
nate, and the peak velocity drops.
3.3.2  Cavity depth and membrane width

Sensitivity of the SJ flow to the size of the internal
cavity is studied by changing the cavity depth ( casel4~

15) and the membrane width ( casel6~ 18).
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The velocity vector maps for different cavity depths are
presented in fig. 4(n) and 4( o). Fig.9 shows the center
line velocity profiles for different cavity depths. Decreasing
(caseld4) or increasing ( caselS) the cavity depth does not
appreciably affect the external flow field.

The velocity vector maps for different membrane
widths are presented in fig-4( p) ~ (r), they demonstrate
that the larger the actuator membrane width, the higher the
exit synthetic jet velocity. Fig. 10 shows that the synthetic
jet maximal velocity w,, is almost in direct proportion to the
membrane width H, that is:

Uy < H (15)
3.3.3 Lip geometry

To examine the effect of the lip geometry on the flow,
three types of lips are used: a flat lip, a round lip, and a
cusprshaped lip as shown schematically on the lower right
of fig. 11. The jet velocity vector maps for different lip ge
ometries are presented in fig. 4(s) ~ (u) and centerline ve
locity profile are shown i fig. 11 ( casel9~ 21). The ge

ometry of the actuator exit lip has less effect on the synthet-

ic jet velocity. At the same condition, the exit velocity of
the flat lip actuator is the highest and the synthetic jet is
centralized. Conversely, the exit velocity of the round lip
actuator is the lowest and the synthetic jet is dispersed.
The reason is the round lip allows more fluid to flow out the
cavity from the spanwise side during a blowing phase,
causing the decrease in the stream wise velocity and the in-
crease in the spanwise velocity.
3.4 Parameter correlation function

From the above results, conclusions and function
(11), (13), (14), (15), a parameter correlation be-
tween the synthetic jet maximal velocity u,, and the other
parameters, such as the forcing factors and the geometric
parameters, can be defined as

uw = KA(H/Rh) * Ad,Lip) f =f. (16)

where k is a correction coefficient, X d, Lip) depicts the
effect of the orifice depth and the lip geometry.

The parameter correlation function ( 16) reveals the
possibility of enhancing the actuator performance and mak-

ing a robust actuator through designing driving factors and
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Fig. 11 Centerline velocity profiles
for flat, cusp and round lips

geometric paramelers.
If we take the fluid properties into account, the pa

rameter correlation function ( 16) may be expressed as

S =117

where W( H) denotes the effect of the fluid properties on

wn= HA(H/h)* ©d, Lip)* Y W

the synthetic jet.

4 Conclusions and future work

(1) The synthetic jet maximal velocity is almost in di-
rect proportion to the membrane vibrating amplitude.

(2) If the forcing frequency is restricted, the synthet-
ic jet maximal velocity is also in proportion to the forcing
frequency. However, when the forcing frequency excesses
the restricting frequency, the jet maximal velocity will drop
rapidly, and there is almost no jet at the exit downstream
for a higher frequency.

(3) The synthetic jet was observed to be highly sensi-
tive to the membrane width and the orifice width. The larg-
er the ratio of the membrane area to the actuator exit area,
the higher the exit synthetic jet velocity.

(4) The depth of the actuator cavity has hardly any
effect on the synthetic jet, but the depth of the actuator exit
is an important parameter in resulting flow. Commonly, the
deeper the actuator exit, the higher the actuator exit velocr-
ty 1s.

(5) The orifice lip geometry is also found to be an
important parameter in resulting flow. At the same condr
tion, the exit velocity of the flat lip shape actuator is the

highest and the synthetic jet is centralized. Conversely, the

exit velocity of the round lip actuator is the lowest and the
synthetic jet is dispersed.

The above conclusions can be defined by a correlation
function u,= KA(H/h)* K d,Lip), f =f.. This func
tion indicates the possibility of enhancing the actuator per-
formance and making a robust actuator by designing driving

factors and geometric parameters.
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