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The ability of synthetic jets to form large mean recirculation zones in a crossflow is investigated
using numerical simulations. It has been suggested that this so-called virtual aeroshaping effect is
one mechanism through which synthetic jets affect separation reduction. Here the interaction of a
two-dimensional synthetic jet with a flat-plate Blasius boundary layer is simulated and we examine
the effect that key flow parameters have on the formation of these mean recirculation zones. The
current simulations also suggest a simple scaling for this effect which could prove useful in the
design and deployment of these devices. 2@02 American Institute of Physics.
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The synthetic jet has emerged as a versatile microactudext of active separation control for quite some tifite?
tor with potential applications ranging from separatich In addition to these two mechanisms, the unique charac-
and turbulencé,control to thrust vectoring,and augmenta- teristics of the flow produced by a synthetic jet interacting
tion of heat transfer and mixifgAmong all these applica- with a crossflow have also led researchers to suggest other
tions, the use of these devices for active control of separatiofiow features/mechanisms that might play a role in separa-
has been studied quite extensively, and in a number of exion reduction in flows where these actuators are employed.
perimental studie§;®it has been demonstrated that syntheticOne of these is the so-called “virtual aeroshaping” effect. It
jets can indeed reduce the extent of separation over bluff asas been suggestett that due to the zero net mass flux
well as streamlined bodies. Despite these successful demooenstraint, synthetic jets are capable of forming recirculation
strations, it is fair to state that the physical mechanismd$ubbles in the mean external flow and these can be signifi-
through which synthetic jets accomplish this reduction incantly larger in size than the jet orifice/slot size. It has further
separation are not completely understood. been suggested that these large bubbles effectively modify

Separation over an airfoil is typically an unsteady pro-the shape of the body, consequently altering the pressure
cess that is accompanied by the formation of large-scale vogradient and the extent of separation. This capability of syn-
tex structures in the separated shear l&yidre characteristic thetic jets is extremely desirable since it would potentially
frequency of formation of these vortex structures isallow for “on-demand” virtual morphing of the wing sec-
O(U../L) whereLg is the length of the separation zone andtion.
U.. the freestream velocity. There is broad consehStisat However, two issues have to be addressed in order to put
synthetic jets operating in this frequency range tend to proeur understanding of this virtual aeroshaping effect on a firm
mote and amplify the formation of the vortex structures infooting. First, although previous studies have hypothesized
the separation region. These vortex structures entrain higthe presence of large mean recirculation bubbles in these
momentum, freestream fluid into the separated flow regiorilows, conclusive evidence that such bubbles actually exist
and this promotes the early reattachment of the separatdths not been readily available. Second, even if the formation
boundary layer. In the case where the boundary layer is lamief these recirculation bubbles can be confirmed, it remains to
nar at separation, synthetic jets operating at much highdoe clearly demonstrated how separation reduction can be at-
frequencies could also lead to earlier transition in the boundtributed to this feature. Valuable effort in both these issues
ary layer. Since a turbulent boundary layer is more resistartias recently been made by Honotetral? who have stud-
to separation, earlier transition to turbulence can delay théed the formation and effect of such bubbles in flow past
separation. Both of the above mechanisms are not unique sireamlined and bluff bodies. The current Brief Communica-
synthetic jets but have indeed been well known in the contion addresses the first issue, namely, confirming the pres-
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Freestream nessé) is imposed at the left inlet boundary. Thus, here we
examine the interaction of a synthetic jet with a laminar,
flat-plate boundary layer. The right boundary of the domain

PR is the exit boundary and a nonreflective boundary condition
/,/ <> is employed here which allows vortical structures to convect
//i‘:| I:,]$h out of this boundary with minimal reflections. At the top
Inflow AN i Outflow boundary, homogeneous Neumann velocity and pressure
/ T boundary conditions are employed and these allow the
/ // freestream to adjust to the presence of the synthetic jet with-
/ / out any spurious restrictions. This choice of boundary con-
b/ ditions coupled with the use of a relatively large @80

Flat Plate X 100d) computational domain ensures that the results are
\\p H relatively insensitive to the domain size. This is demon-
w

strated conclusively by recomputing the flow with a different

domain size.
FIG. 1. Schematic of the synthetic jet model and computational domain A nonuniform Cartesian grid is employed in the current
employed in the current study. Drawing is not to scale. simulations wherein the region around the jet slot is provided

o - with the finest resolution and the grid is stretched slowly in
ence of such features and establishing the conditions rey|l directions in the external flow domain. The lips of the slot
quired for their formation. In doing so, a simple scaling law gre effectively rounded with a radius af2 whereA is the
is extracted that relates the size of the mean recirculatiopycg| grid spacing. All results presented here are on a dense
bubble to the characteristics of the flow. 600x 220 mesh for which the grid spacing in the region

The virtual aeroshaping effect is examined here througfyround the slot is 0.@6 This mesh was chosen after a care-
numerical simulations. A relatively simple, two-dimensional ;| grid refinement study wherein the highest Reynolds num-
model of a synthetic jet interacting with an external flow is pgr computation in the current studiRe;=400; see defini-
employed. The model is shown in Fig. 1 and consists of &jon below) was recomputed on a mesh with 50% higher
synthetic jet with a rectangular cavitgf width Wand height  resojution in the vicinity of the slot than the nominal 600
H) flush mounted beneath a flat plate. The bottom boundary, 250 mesh. Comparison of the resulsee Fig. 4 on the
of the jet cavity is a moving boundary in the computationyyo meshes indicated insignificant differences thereby dem-
and is intended to accurately mimic the motion of the vibrat-gnstrating the grid independence of the computed results.
ing diaphragm. The vertical motion of the diaphragm is  The flow in this configuration can be considered to be a
given by Y(x,t) =A(x)sin(wt) where o is the angular fre-  fynction of the following nondimensional parameters
qguency of the diaphragm motion aAgx) its mode shape. In %W/H) @n, s V. /U Re- and 5/d where S

h ’ ) J © 01

the current simulations, a mode shape corresponding to the )
fundamental mode of a membrane clamped at both ends is Jwd?/v is the Stokes number of the flow through the slot,

. L nd Rg=U.,.dlv is the Reynolds number based on the bound-
employed. The slot through which the flow is ingested an . .
expelled has widthl and heighth. ary layer thickness and crossflow velocityJ... Instead of

The numerical solver employed here is described in de’ghe boundary layer thickness, one can choose the momentum

a1 Ye et o and Usykumaet a2 This sover simu- 1S5S 2 1€ chareterioe g scae (o 1 oxcrna
lates incompressible, viscous, unsteady flow in domains with y layer. ' y

complex, immersed, moving boundaries on a stationary Cal]_ayer, the _rat|o between the boquary layer and momentum
thickness is a constand(6~7.53), the results can always

tesian mesh. The spatial discretization is based on a finite- . )
volume method which employs a second-order accurate’® recast in terms of either length scales. In the above ex-

central-difference scheme and a second-order accurate, fraRl€SSionsY, is the mean jet expulsion velocity, i.e., jet ve-
tional step method is used for advancing the equations itPCity averaged over slot widti and the expulsion phase of
time. The tracking of the moving boundary on the stationary{h€ cycle. Thus, even this relatively simple flow configura-
nonconformal Cartesian mesh is accomplished through théon has a large parameter space which makes a comprehen-
use of an Eulerian—Lagrangian approach in conjunction witt$iVe analysis of this flow configuration quite difficult. Our
special compact interpolation functions that allow for thePrevious computation§*® have indicated that the external
imposition of the boundary conditions on the immersedflow is only marginally affected by the parametet&/HH)
boundary. For further details on the numerical methodologyand @/h) and therefore, in the current study, these param-
including validation and accuracy tests, the reader is referreiters were fixed at values of 5 and 1, respectively. In order to
to the two papers mentioned above. further limit the scope of the Study, the Stokes number has
With regard to the external flow, the computational do-been fixed at a value of 10. The remaining three parameters
main has to be truncated to a finite extent in all directionshave been varied in the current study and the impact of vary-
and appropriate boundary conditions applied at these compiPd these parameters on the virtual aeroshaping effect exam-
tational boundaries. For the external crossflow, a canonicahed. In the current study/;/U.. is varied between 0.5 and
Blasius flat-plate boundary layer profileith freestream ve- 5.0. Furthermore, results reported here include two values of
locity U,,, boundary layer thicknes$and momentum thick- Re; (250 and 40Q and two ofé/d (2 and 5. Flow for all
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fore our results can be considered complementary to those of
Honohanet al1?
Figure 2 shows a spanwise vorticity plot corresponding

to the 6/d=5 case withV;/U,=3.75 and Rg=250 at a
phase in the cycle where there jet expulsion velocity is maxi-
mum and this plot shows the typical evolution of the vortex
dipole in the presence of an external crossflow. The mean
velocity for all cases has been computed and in Fig. 3, the
streamlines corresponding to this mean velocity field are
shown for three selected cases. Figuré® and 3b) both
correspond to cases withd=5 but the mean jet velocity
V;/U,, is equal to 1.25 and 5 for these two cases, respec-
tively. It can be seen that fov;/U,.=1.25, only a small
_ recirculation bubble is formed in the vicinity of the jet slot.
FIG. 2. Spanwise vorticity contour plot for case wifid=5, V,/U. |5 contrast, with the higher jet velocity, a bubble which is
=3.75, and Rg=250. Phase in cycle corresponds to maximum expulsion . .. ; . .
velocity and dark and light contours indicate clockwise and counter—S'gmf'C"’mtIy larger than the jet width is formed. The length
clockwise rotation, respectively. of the recirculation zone is determined by examining the
variation of the mean wall shear stress on the flat plate down-

cases presented here is simulated until it reaches a stationagtfeam of the jet and extracting from this, the location where
state and statistics accumulated over a number of cycles b&ie separation streamline attaches to the flat plate. Employ-
yond this time. ing this procedure, the length of the recirculation zohg) (

It should be pointed out that the investigation of Hono-measured from the center of the slot for this highest jet ve-
hanet al'? suggests that the jet frequency plays an importantocity case is determined to be @®r 76.
role in the formation of the recirculation zone. In their ex- A second series of simulations have been carried out
periments the Stokes number was varied from about 7 to 2@here/d and Re are fixed at values of 2 and 250, respec-
and quasisteady recirculation bubbles found for Stokes numtively, andV;/U., varied systematically from 0.5 to 2.0. Fig-
ber greater than about 10. In these experimentsaRdso/d  ure 3c¢) shows the streamline pattern corresponding to the
were kept fixed and OnIVJ/Um and Stokes numbe8were  mean velocity for the highest relative velocity jet in this

varied. In the current study, onfyis kept constant and there- series. For this case, the length of the recirculation zang (
measured from the center of the slot is aboud 13 6.56.

: Finally, all of the above simulations were carried out at a
T (a) fixed boundary layer Reynolds number of 250. Thus, in order
E to examine the variation of the flow with this parameter also,
one more case with Re400, §/d=2, andV;/U,=1.25 has
been simulated. For this case, the length of the recirculation
bubble is found to be aboutd4 Thus clearly, the ability of
the synthetic jet to create large mean recirculation bubbles
depends on the jet velocity relative to the external flow ve-
locity. However, the above series of simulations also show
that the thickness of the boundary layer relative to the slot
width has a significant impact on the bubble size.

One of the main objectives here is to extract a scaling
law that would relate the bubble size to the parameters of the
flow. In order to accomplish this we have taken guidance
from the previous study of Balachandetral ° who studied
the properties of the mean separation bubbles that form on
the leeward side of bluff bodies. By balancing the forces on
the fluid inside the mean recirculation region, they found that
among other factors, the Reynolds stresses on the boundary
of the bubble plays an important role in determining the size
of the bubble. Furthermore, our preliminary simulations sug-
gested that the bubble length increases with the jet momen-
tum flux (which is effectively the vertical Reynolds normal
stress at the lower boundary of the bubbéend decreases
with increasing streamwise momentum flux of the boundary
FIG. 3. Streamline of the mean flow for selected cases witf=R80 (a) Ie_‘yer' Motivated by all (_)f these ConSIdera_tlonSZ it was de-
81d=5,V,/U.=1.25,(b) 8/d=5, V,/U. =50, (c) 8ld=2,V,/U,=2.0. cided to explore the scaling of the bubble size with the quan-
Tick marks on the axes are a distantapart. tity CM=V§d/U0206 that can be considered to be the ratio of

T
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161 fects such as three dimensionality, turbulence, compressibil-
- = 8/d=5; Re;=250 L : . : .
1af A 502 Re-250 /9 ity, and pressure gradients in the external flow, all of which
E p 5/d=2; Re, =400 7 might have a modulating effect on the ability of the synthetic
12 © 8/d=5; Re,=250; bigger domain / iets to f th . lati bubbl Th ffect
& 5/d=2: Re,~400; fincr mesh e jets to form these mean recirculation bubbles. These effects
— — — - best fit line need to be studied in the future using experiments and simu-
1 / .
— F 7 lations.
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