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Evolution of vectoring control of a prmary
jet with synthetic jets

IUO Zhen-bing XA Zhixun WANG De-quan HU Jian-—xin M AO W an-bqg HUANG Liya

( Inst of A erospace andM aterial Engineering NationalUniv of Defence Technology Changsha 410073 China)

Abstract  The technique of jet vectoring using synthetic jets has a potential ability of thmust vectorng a prmary jet
such as thrust vectoring controlling the inlet air jet and the nozzle jet of the airbreathing engine To investizate the evolution of
vectoring control of a prinary jetw ith synthetic jets a primary jet vectoring control using synthetic jet actuators w ith different
exit configurations was num erically smulated and analyzed The results show the evolution of jet vectoring using synthetic jets
is divided into three stages In the conduit of the primary jet the low=-pressure region which results fran the interaction be-
b een the synthetic jet and the prinary jel contribules o the vectoring force and leads 1o a wming of the prinary jet at the
conduit exit and the prinary jet ums ¢. And then i the near fiekll the prinary jet fluid is entrained and absothed by the
synthetic jet during the blow ng and the suction stoke and the primary jet tums ¢5. Finally i the far fiekl the shear layer
of prinary jet is mspirited by the vortices of synthetic jel and the prinary jet ums ®5  So the {inal vectoring angle of the prr
mary jet is a overall result of the prinary jet controlled by synthetic jet at the three stages ®= &, + ¢ + 4),_:-,-,
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thrust-vectorng designs however have proven to be

1 Introduction

heavy canplex expensive and counterproductive to

Thrust vectoring is an nnovative technolbgy that stealth Fluidicsmay offer reduced weight higher relia-
enhances the projection of aerospace power w ith many bility, and stealth canpatibility'". Among the fluidics
advantages ncliding mproved aircraft maneuverabilr flw control appraches that use synthetic jets have be-
ty perfomance survivability and stealth M echanical cane an mportant tool for the aerodynam icist Synthetic
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jets utilize altemating suction and blow ng through a slot
or hole to create a boundary condition w ith zero netm ass
flux butw ithman entum transfer to the flw. The unique
characteristics of the synthetic jetsmake the synthetic jet
actuators suitable for a large class of applications > ™,
especially jet vectormg control The technique of jet
vecloring control using synthetic jets has a potential abik
ity of thrust vectoring a prinary jet such as thmst vec-
tormg controlling the nlet air jet and the nozzle jet of the
airbreathing engine

The fomer studies have shown the jet vecloring u-

4~ 11]
. However none of

sing synthetic jets is pram ising
these studies have focused on the evolution of vectoring
control of a primary jetw ith synthetic jets And the un-
derstanding the evolution of vectorng control of a prin a-
ry jetw ith synthetic jets is a base of modeling a quantr
tative model of vectoring control of a primary jet with
synthetic jets

In this study the interactions beween a prmary
air jet and four types of acator w ith different exits are
num erically sinulated Based on analyzmg the canputa-
tional results the evolution of vectoring control of a prr

mary jetw ith synthetic jets is nvestigated
2 Numerical smulation

2.1 Configuration of actuator exit

Figure 1 shows the schenatic of the near-exit con-
figuration of the synthetic jet actuators with four exit
modes even exil step exil slope exil and slpe-step
exit The sbpe angle 0 is defined as the angle bet een
the centerline of the prmary jet conduit and the exit slot
wall of the synthetic jet The step lenghth s is defined as

the one-sided extension of the actuator exit The width

Eaa

of the exit slot and the distance fran the synthetic jet to
the prianty jet are fixed n all of the smulations that
is h=1mm and d= 4 mm, respectely

2.2 Canmputationalm ethod and validation

INS2D is used for

the smulations at very low M ach numbers The mncan-

An mcanpressble flw solver

pressble code has the advantage of munning more effr
ciently than a canpressible code since canpressble
codes which un at very low M ach nunbers require very
anall tme steps to mamntan stability A ccordingly the
unsteady  incanpressble Reynolds-averaged Navier
Stokes ( RANS) equations are solved The tuibulence
model used is based on the k-€ model

X1 model'™, a canputationalmodel for synthetic
jet actuator 18 adopted which considers the actuator cavr
ty and the exit throat as a single camputational damam
The acmator diaphragn is excited electrically by volt
age [ is a forcing frequency, A denotes the anpliude of
the vibrating metal diaphragn, r is the radus of the
melal diaphragn, and @, is the original phase of the ac-
wator diaphragm. For an arbitrary point on the dia-
phragn (y, 1), here [ is the distance fran the pont to
the center of the diaphragm. The velocity of this pont is
camposed of axial velocity u, ([ t) and radial velocity

w(l t).

form and the function is given as follw s

Provided the diaphragn vibrates n cosine

w (L t) = 2MA | 1-5* sin(20t+ %)
r

w(lt) =0
(1)
For the present application f= 500Hz A= 0.2
Hm, r=25mm, and %= 0Q
The camputational damam and grid of synthetic jet

pa

(a) Even exit (b) Step exit

(c) Slope exit

(d) Slope-step exit

Fig 1 Schamatics of the near-exit configuration of the synthetic jet actuators
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actuator are illustrated in Figure 2 An nflow boundary
was specified along the actuatormeanbrane as Eq. ( 1).
And a vebcity mlet condition was adopted along the prr
mary jet mlet boundary Outflow conditions were an-
ployed along the free boundaries and no-slide wall con-
ditions were app lied along the solid walls
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Fig 2 Camputational danain and grid

The num erical smulation of a single synthetic jet in
quiescent airwas validated n fomerwork ', For the

sm ilar conditions of jet vectorng using synthetic jets as

the flow field was
[17]

the experment in the literature [ 4],
numerical smulated in the fomer study The can-
parison beteen the experment and numerical smula-
tion is shown n Figure 3 The vectoring angle in the nu-
merical smulation shown in Figure 3(b) is of the same
order as in the experiment shown m Figure 3( a). And

the num erical accuracy is valiated

(b) Simulation!'™

(a) Experiment!*!
Fig 3 Camparison between experinent and sinulation

2.3 Canputational results

The canputational cases are sunmarized m Table
L. Thew ith of the prmary jet conduitl = 16 mm, for
the baselne Case Q at the primary jet conduit exit the
cross-strean averaged velocity s U,,. = 19.6 m /s the
conduit Reynolds number is Rey = U, H /v= 21 40Q
where v 18 the k man atic viscosity The synthetic jets n

quiescent air at the condition of four types of actator

with different exits are sinulated in Casel ~ 4 Four
representative cases for the nteraction beween the prr
mary jet and four types actuator with different exit are
discussed m Case 5~ 8 The configuration param eters of

the actuator exit are expressed n Tablel

Tablel Camputational cases for jet vectoring

Case Uyl (m/s) s/h 0/ (0%) A cuator
Case 0 19 6 0 0 Off
Case 1 0 0 0 On
Case 2 0 2 0 On
Case 3 0 0 27 On
Case 4 0 2 27 On
Case 5 19. 6 0 0 On
Case 6 19.6 2 0 On
Case 7 19.6 0 27 On
Case 8 19.6 2 27 On

Figure 4 shows tine locked velocity traces on the
centerline of synthetic jetw ith different exits atX /A= Q
where the subscript u, (t) is the centerline vebeily on
the actator exit It denonstrates that the velocity u, ( #)
can be approxmatively fomulated in a snusoidally var
ying profile of the fom

Ui (1) = Uy sin(291) = wg,sin(2%L ) (2)
where dmensionless tme # = (/'N, andT= 1/, N
is the actuation circles

The stioke length of synthetic jetwas ntroduced as
fo low s

L= Tm(ﬁ}dt (3)

0
And the x-coord mate canponent of the stroke length of

synthetic jet is
T

fm(t)cosedt (4)
Substituting Eq. (2), 0= 27° and the data in Figure 4

Ly = L* cosb =

0

ntoEq. (4) resulls nLy = 25mm for actuatorsw ith

30y 0.10.20304050607 0809 1
“

Fig 4 Time locked velocity traces on centerline
of synthetic jets per unit circle atX /h= 0
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fourmode exits

Figure 5 shows the path lnes of the prmmary jet
vectoring w ith synthetic jets for Case 5~ 8 A lthough the
primary jet and the synthetic jet are given fixed the
vectoring angles of prinary jet are different controlled by
the actuatorw ith different exits And the vectoring angle
of primary jet is the largest one under the actuator w ith
slope-step exit

Figure 6 shows the contour maps of relative pres-
sure (p— po, po is operating pressure) around the con-
duit at the blow ing instant £ = 0.375 and suction in-
stant £ = 0.625 for Case 5~ & There is a lwer pres-
sure region beteen the synthetic jet and the prmary jet
that results fran their nteraction

3 Evolution of vectoring control of a prima-
ry jetwith synthetic jets

3.1 In the prinary jet conduit (X /<0)
The lower pressure region contrbutes to the vecto-

ring force and leads 1o a mming of the prinary jet at the
conduit exit Figure 7 shows the relative pressure along
the down-wall and up-wall of the prmary jet conduit at
the blow ing nstant ¢ = 0.375 and suction mnstanti =
0.6255 The pressure data n Figure 7 show thatmost of
the contrbution to vectoring force n the conduit occurs
within the dmain— 2<X /A <2 Tt also shows that the
relative pressure 18 alost unaltered at different mstant
tmes so the primary jetvectoring angle ¢, at the con-
duit exit (X = 0) is alnost unaltered at different nstant
tm es

The resulting vectoring force F, (x) is canputed for
the damain — 2<X /A <2 by the pressure difference be-
ween the upper and lowerwalls as follows

0

F,(0)= | [pa(x)—pu(t)]d (3)

wherep,(x) and p,(x) are the relative pressure alng

the down-wall and upwall of the prinary jet conduit

respective ly

(b) At the suction instant r*=0.6255

Fig. 5 Path lines of the primary jet for Case 5 ~8

(p-p )VPa

0

700 |___

e 2. SR e e

5] | cemcnmsranes |
(b) At the suction instant (*=0.625

Fig. 6 Contours of pressure relative maps around the jets for Case 5 ~§
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(b) At the suction instant 1*=0.625

Fig 7 Pressure along the walls of prinary jet conduit for Case 5~ 8 Open and closed symbols

correspond to pressure along the down-and up-wall of the primary jet conduit

The net flux of streanw ise manentm and cross-
stream man entum of the prinary jet on the conduit exit
X=0) s

J.

H
_LFU(:% y)U(x y)dy
He

L= ), U(xy)V(xy)dy (6)
WhereU(x, y) and V(x y) are the strean-w ise veloc-
ity canponent and cross-strean velocity canponent re-
spectively

¢ is the vectoring angle of the prinary jet

lgqb:mqu
Ulx y)

Fran the manentum theoram, J = F,

(7)

and Eqs
(6) and (7) mduce the vectorng angle of the prinary
jet as follow s
¢ = tan ' (F, /], ), X <0
Substituting Eq. (5) into Eq. ( 8),

(8)
and results
the average vectoring angle ®; of the prmary jet at the
conduit exit (X = 0) as follows

¢, = tan ' (F, (0)/],-0) =

0
ai' (] [pa(x) = pu(x) ] MTL) (9)
Substiuting the data n Figure 7 mto Eq. (9), and

the prmary jet vecloring angle at the conduit exit for
Case 5~ 8 are ¢,= 3° 5% 6° 8°

vectorng angle ¢, is not equal o the final vectoring an-

In general the

gle of the prinary jet
3.2 In the near field (0SX <L)

Durmng the blow ng and the suction stioke the prr
mary jet fluid is entramed by the synthetic jet n the

near fiek (O<X <L ), The entrainm ent ratio ry, is utr

lized to detem ne the entramment perfomance of the
synthetic jet flw to primary jet flw, which directly in-
fluences the vectoring angle The entraim ent ratio r;, is
defined as
Ten = M3, /M3 (10)

wherem3, is the mass rate of prinary jet flnid diverted to
the synthetic jet and the prinary jet fluid dwerted to
the synthetic jet is divided by a saddle point bew een wo
jet m% is the synthetic jetmass rate

Figure 8 shows the contours of the strean function
and the saddle points around the jets for Case 5~ 8
Durmng the blow ng stioke ( for exanple at the blow ing
nstant 7 = 0.373 Figure 8( a) ), a saddle pomtP
formes beween the wo jets The pont P divides the
prinary jet flw mto wo parts one part is entramed by
the synthetic jet the other part is advected dow nstream.
In Figure 8( a),
6@ 7 8are7/7 9/7 9/7 and 10/7, respectively It

shows that the entramment ratio ri, 18 regulated by the

the entrainm ent ratios ry, for case 3

actuator ex it extension step and slope angle and the ac-
tator w ith slope-step exit entrames the prmary jet fluid
the most During the suction stroke ( for exanple at
suction mnstant ¢ = 0.625 Figure 8( b)), a saddle
pomtS is fomed downsriean the synthetic jet The
pontS divides the flow into four quadrants As shown i
Figure 8( b),
8are 1/7, 3/7 5/7 and 6/7,

the suction stioke is also regulated by the actuator exit

the entraim ent ratio ry,, for casey G 7,
respectively and ry, n
extension step and sbpe angle Therefore for a given
prmary jet speed and synthetic jet strength the entram-

ment ratio r, can be regulated by the acuator exit con-
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Fig 8 Contours of stream function around the jets for Case 5~ 8

figurations and a larger jet vectoring angle ¢ w ill be ex-
pected when the actuator adopts a slope-step exit config-
uration

On the other hand the ummng of the prmary jet i
resisted by the actuator exit step and the synthetic jet
strean -w isemanentum mpulse and the slope angle in-
creases the distance of o jets which san ewhat decrea-
ses the mteraction of wo jets Sa m the near fiekl the
wming angle of the primary jet is canplicated and may
be a positive zer or negative value

3.3 In the far field (X 2L,)
In the far field downstrean, the shear layer of prr

mary jel is mspirited by the vortices of synthetic jet and
the prinary jet ums ¢ The mming angle ¢ is a
but it may be significant
for the

vortices can force the primary jet to cane closer to the

anall value and negligble

when the vortices of synthetic jet near the wall

wall
3.4 Evolution of jet vectoring control

Figure 9 show s veloety pofiles at downstrean X = 50
mm and ponts of ntersection with u= 1/2U,,. And
based on the data of points of intersection the average
vectoring angle of the prinary downstrean can be given

by follw ng equation

(11)

X

¢ = tan | 222 X > 0
2

where y_ and y, are the coordnate values correspond to
the prmary jet flw velocity u= 1/2U,. ( as shown m

:’.Oi—on—

]8-‘"5\«&“:1"
~=-Step exit

- ]5'*-S1upeexit iri g

< |3}—~-Slope-step exjt ;' [ |}

El Iy it §

=

i
-

%0 30 20 10 0 10 20 30 40
Y/mm

Fig 9 Velocity profiles at downsteam

X=50mm for Case} 5~ 8 and points

of mtersection withu=1/2 U,,,

For exanple atX = 50 mm, the vectoring angle of
the prinary jet controlled by actuatorw ith slbpe-step exit
T (2.4422.4) /1001 = 13.9% I

the sane way, the evolition of vectoring angle down-

5 P.s0= tan

strean can be given by substituting the data of pomts of
ntersection mto Eq. ( 11).

Therefore the average vectorng angle of the prr
mary jet in the prinary jet conduit (X <0) and down-
stream (X > 0) can be camputed fram Eq. ( 8) and Eq.
(11),

Figure 10 shows the evolution of vectoring angle ¢,

respectively

which & dwvided nto three stages At the conduit exitX
= (0 the vectoring angle of the prmary jet contolled by
actuators w ith even step slpe exit and slbpe-step exit
are ;= 3% 5% 6% 8° Atdownstrean X = L,= 25
mm, the vectorng angle of the prinary jet 9”_.‘.:,‘“ =

2.6° 6.8° 8.6°

near field are ¢ = ¢, -

13.1° The wming angles in the
¢, = - 0.4° 1.85
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2.6,
mary jet contolled by actuatorw ith even exit is — 0. 4°,

5.1% And note that the mming angle of the prr

a negative valug and the evolution curve of its vectoring
angle ascends and then descends the reason is the en-
traim ent and absorption of prinary jet fluid by the syn-
thetic jet mcreasing the jet vectorng angle but the re-
sistance of the synthetic jet strean-w ise manentum -
pulse downstrean to the uming of the primary jet de-

In the far

the final vecto-

creasing the jet vectoring angle much more
field for example X = 75 mm = 3L,
ring angle of the prinary jet for Case 5~ 8 are ¢=
2.5 75 9% 14° The muming angles n the far field
(X 2Ly) are b= - b, = = 0.15 0.2°5 0.4°
0.9° Camparing ¢,_,, and ¢ and they are nearly the
sane which mplies the jet vectoring is nearly finished
n the near field

Therefore the final vectoring angle of the prinary
jet is a total result of the prmary jet controlled by syn-

thetic jet at the three stages $= ¢, + o+ P,

0 Lu
1 -~
15 —gvcn [P
te i
12~ Slnge A
—-Slope-step /
'S or ! e e e IR
= 1
< of n
I
1 /%
I] L 1 L 1 1

-50 -25 0 25 50 75 100
X/mm

Fig. 10 Evolution of vectoring angle ¢,
which is divided nto three stages

4 Conclusions and future work

The mteractions beween a prinary jet and four
types of actuatorw ith different exits are num erically sm-
ulated And the evolution of vectoring control of a prr
mary jetw ith synthetic jets was mvestigated

The evolution of jet vectoring using synthetic jets is
divided mto three stages and the final vectorng angle
of the prinary jet is a total result of the primary jet con-
trolled by synthetic jet at the three stages ¢= b, + b
+ ¢ In the conduit of the prinary jet (X K0), the
low -pressure region which results fran the mteraction

beween the synthetic jet and the prmary jet contrib-

utes to the vectoring force and leads to a mming of the
prinary jet at the conduit exif and the prmary jet ums
¢,. And then mn the near field (0<X <Ly). the prr
mary jet fluid is entrained and absorbed by the synthetic
jet durng the blw ng and the suction stioke and the
prinary jet mms =, Po is canplicated and may be a
positive zero or negative valug and the jet vectoring is
nearly fmished n this field Fmally m the far field (X
2L,), the shear layer of prinary jet is mspirited by the
vortices of synthetic jet and the prinary jet mms P,

¢4 is a amall value and neglighle

The use of synthetic jet actuation for thiust vecto-
ring show s great prom ise  however it is still n a prina-
1y development stage W hile success has been achieved
num erically  the applications have been snall scale and
sinplified Further research is necessary before synthet-
ic jet actuation can be applied to ai-breathing engines to
provide large-scale fluidic thrust vectorng In the fu-
wre a quantitative model of vectoring control of a prr
mary jetw ith synthetic jets is also necessary and the e-
volution of jet vectoring control provides a base formod-

eling a quantitative model
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