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Abstract

Flow control using zero-net-mass-flow jets in a two-
dimensional model of an S-Shaped air intake diffuser wassnv
tigated. Experiments were conducted in a channel flow fgcili
at a Reynolds number dke= 8 x 10* with particular image
velocimetry measurements in the symmetry plane of the duct.
In the natural configuration, separation of the boundargray
occurs in a region of the duct with a high degree of curvature.
A stability analysis of the wall normal profile at the locatiof

the applied control is presented and estimates the mostigéfe
frequency of the actuator. Time-averaged velocity fieldsash
total reattachment of the boundary layer using active flom+ co
trol.

Introduction

The complexity of modern aircraft enforces strong georoetri
constraints to the air inlets, which constitute the firstredat

in the propulsive system. Today, industry commonly use air
inlets with an “S” form, often with a restricted length. Some
well known examples of aircraft that utilise S-shaped air in
lets include the F16 and Eurofighter Typhoon. The proposal
by Boeing for a sonic cruiser has the engines at the rear of a
blended wing-body with S-shaped air inlet ducts supplyhmey t
compressor with air. One of the most significant drawbacks of
such a geometry is the appearance of a separated boundary lay
located in the curve, which causes decrease of the totaymes

of the gas entering the compressor. Moreover, the strongecur
is responsible for the development of a secondary flow compos
ing of counter rotating vortices and responsible for flowatis
tions. Both aspects significantly degrade the performahtieeo
propulsive system. Consequently, it is highly desirablavoid
boundary layer separation.

The design of engine inlets is one area where the prevention
of flow separation may be significant in improving the over-
all efficiency of the vehicle. One way to avoid the separation
is to increase the inlet length hence reducing the pressare g
dient. However, this strategy increases the size of theativer
vehicle [11]. For many military applications, the inlet geo
etry is also constrained by stealth requirements. For elamp

a serpentine inlet can be used to hide the line of sight to the
compressor face [12] in order to reduce the infra-red sigeat

Flow control techniques have received a great deal of istere
in the last decade [6]. There are four major separation obntr
strategies:

e tangential blowing to directly energise the low momentum
region near the wall [17];

e wall suction [16] to remove the low-momentum region;
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e vortex generators (VGs) in the form of vanes and
bumps [10]; and

o forced excitation devices [18].

Tangential blowing and suction are very effective in coltitrg
separation. However, these strategies require a high mass fl
source, thus they are rarely used. VGs are one of the methods
most investigated. Numerous configurations, shapes and siz
have been explored to control boundary layer separatioh [16
The mechanism for reattachment as suggested by thesesstudie
is that VGs produce strong vortices, which enhance the mixin
between the high-momentum core flow and the low-momentum
boundary-layer flow, thus energising the boundary layedflui
However, VGs are a passive control strategy which is somewha
limited; they are fixed and can be optimised (location, sirng]
other parameters) for specific operating conditions. Iriteamig

they generate an associated parasitic drag.

Unsteady flow control techniques have received more attenti
recently and have been shown to be quite effective in control
ling separation [14]. Among these methods, syntheticsanicr
jets have shown some benefits [1] . Active flow control using
arrays of fluidic actuators based on synthetic jet technoleg
previously demonstrated on external flows — have been ssicces
fully applied to internal flows by Amitay Met al. [1] in dif-
fusers. Synthetic jet actuators were placed within a regfcm
separated flow in a diffuser, leading to flow reattachmenis It
noteworthy that jets can lead to flow reattachment even thoug
they are placed downstream the separation of point.

Zero-Net-Mass-Flow (ZNMF) jets are created from the work-
ing fluid of the flow in which they are deployed. Linear mo-
mentum is transfered from the actuator to the fluid without ne
mass injection. Thus, these type of actuators have some inte
esting benefits in flow control, as no additional mass flow is
required. The ZNMF jets are produced by an oscillating pres-
sure in a cavity. This oscillating pressure creates a phase o
blowing and a phase of suction through the sharp edges ori-
fice of the cavity. In the case of a round jet, the ZNMF jets
are formed of vortex rings during the phase of blowing. These
rings move sufficiently far from the orifice by their self-inked
velocity during the blowing phase to be mostly unaffected by
the following suction phase. During the suction phase, antbi
fluid is entrained into the cavity. More details about the ZRNM
jets formation are available in the work of Cater and Sorja [2
Smith and Glezer [19] have proposed a schematic of the forma-
tion and action of such jets, shown in Fig. 1.

The characterisation of ZNMF jets is more difficult than for
classical jets. All conventional parameters used in otasgets
including mean velocity and hence Reynolds number based on
mean velocity are equal to zero. Nevertheless, some pazesnet
can be defined, such as the excitation frequency and thésescil
tory momentum blowing coefficient. The oscillation freqagn



X the separation occurring in the curvature, and produce s les
\ / distorted flow in the outlet of the duct.
| m— Experimental set-up
_ 7"\‘\"?—\“‘/ _ 4 Facility and model
”};“ The experiments were conducted in a subsonic open channel
v flow at Monash University. This facility has a centreline ve-

Driver locity range from 1 to 35 m/s, with a working test section of
1x085x02m W xLxH). Honeycomb filters and six
) ) ) ) ) screens in the settling chamber ensure the uniformity of the
Figure 1: Schematic of ZNMF jet formation (Smith and  flow. The contraction following the settling chamber hastara
Glezer [19]). of 1:10. A 2.6 m long channel of aspect ratio 1:10 beyond the
contraction ensures a fully turbulent boundary layer atttter
of the working section (Tab. 1). The experiments were con-
ducted at a centreline velocity b = 12.4 m/s, corresponding
fD to a Reynolds number at the S-shaped leading edge of about
) Re=Uchy /v = 8 x 10* (whereh; = 98 mm is the inlet height

of the S-duct defined hereafter).

of the cavity, f, can be non-dimensionalised into the Strouhal
number

St

Uj,rms

whereUj rms is the rms velocity and is the diameter of the
ZNMF jets. The oscillatory momentum blowing coefficient is
defined by the characteristic momentum imparted on the flow
system by the jet], normalised by the characteristic momentum
of the freestreamh (whereh is the section of the freestream by

Re 6/h1 6*/h1 e/hl H
2x10° 0.81 015 0.10 1.44

unit length, andy the dynamic pressure); Table 1: Boundary layer characteristics at the enter ofele t
section Re is the local Reynolds number based on the distance
J e /Ui 2 of the channel from the contraction to the inlet section,,6
Cu==2- ( JJmS) (2 and the centreline velocityc).
gh h\ Us
whereg is the equivalent thickness of the ZNMF jets. Throughout this paper, the coordinate syst&ny,andz, refers

. ] ) to the streamwise, normal and spanwise directions, wifhe@s
In the case of a row of circular ZNMF jets, a third parameter tjve velocity components are denotedigy andw. The origin

P/D, is used as defined in Fig. 2. is set on the symmetry plane of the duct, the inlet sectiortiamd
bottom wall. A curvilinear coordinate systexg andys is also
Ji/ Lo used to describe the flow following the curved surface of the
L N A duct ¢ is unchanged, as the model is two-dimensional). Over-
/)4 i i bars indicate time-averaged values and the superscfipis'

used to denote fluctuating components.

Figure 2: Definition of pitch and diameter for a row of ciraula The geometry used for the test model is a simple two-
ZNMF jets. dimensional representation of the test case used by Muiler
et al.[25]. Its geometry is represented in Fig. 3.
The effect of the ratid®/D on the development of ZNMF jets
has received some interest in recent years, experimeiiisiits
sonet al.[26, 27], Smith and Glezer [19]) and numerically (Guo
and Kral [7]). From these studies, three modes of developmen
were distinguished in the case of the interaction of two ZNMF
jets:

e P/D > 3: the spacing is sufficiently large and the ZNMF
jets are unaffected by the other one;

e 2 < P/D < 3: the jets alter their trajectory and move to- h

wards one another; and

e P/D < 2: the jets almost combine immediately into a sin-
gle and larger jet.

Nevertheless, all of the above studies were restrictedetdnth
teraction of two ZNMF jets. In the case of a row of jets some
secondary effects can appear. In the present paper, it isot
tended to analyse the interaction of the ZNMF jets, but to ex-
tend their application in a somewhat unexplored configorati
of flow control (a ratioP/D greater than 3 will be used). Thus,
the present work proposes the investigation of the capaisili

of ZNMF jets in separation control in internal flow with stigon Figure 3: Geometry of the S-shaped air intake model.
curvature, such as an S-shaped air intake diffuser. The main

challenge of the flow control in such configuration is to remov
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The duct centreline is defined by two arcs Wiijax/2 = 30°
and an identical radius of curvaturRe= 2284 mm. The Xc,Yc)
coordinates of the duct centreline, in Cartesian coordsare
given by Eq. 3 to 6.

For 0< 0 < Bmay/2:
Xc = Rsin(B) (3)
Yo = Rcog6) —R 4
ForBmax/2 < 0 < Bmax:
Xe = 2Rsin( e“;ax) — Rsin(Bmax— 6) (5)

Bm

Ye = 2Rcog >

&) — RcogOmax—6) —R

(6)

The heighth of the cross-section perpendicular to the centreline
varies with the arc angle, and is given by

mera () () 2 (n 1) (o)
—=1+3( - -1 —2(=-1 7
hl <h1 emax hl Bmax ( )

whereh; andh; are respectively the inlet and outlet height of
the duct. The values used for construction hfe= 98 mm
andhy = 1215 mm, which provides an area ratio of 1.24. The
vertical offset of the duct resulting from centreline cura is

H = 0.62h; and the length of the duct s= 1.88h;. This gives

a ratio of step height to lengti /L = 0.25.

Active flow control was realised using a row of ZNMF jets. The
geometry repartition of the ZNMF jets was chosen according
to the work of Soria and Stephens [24], studying the capacity
of such a series actuators to enhance the lift of an aerdfoil a
a high angle of attack. The rat®/D = 6 was retained, as it
corresponded to the greatest capacity of the ZNMF jets to pro
mote flow reattachment. The ZNMF jets have a round section
diameter of© = 0.5 mm with a pitchP =3 mm (O/d = 0.013,

D/6 = 0.095). They are disposed in a row\3f = 500 mm in

the spanwise direction, centred around the symmetry pléane o
the duct. This corresponds to the semi-spanwise dimengion o
the channel\W/ = 1000 mm), sufficiently far from the side walls
to avoid any side effect (the study is limited here to the synm
try plane of the duct). Moreover, five identical rows of jetsre
mounted in the concave (bottom) wall of the duct. These rows
are located frons/Ls = 0.1 to 0.5, with a spacing of 0.1 (in
curvilinear coordinates). A scheme of the wall-mountedsow
of ZNMF jets is given in Fig. 4, and a view of the model and
the rows of ZNMF jets, mounted in the channel flow facility is
shown in Fig. 5.

Figure 4: Schematic view of the rows of ZNMF jets.
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Figure 5: View of the S-shaped air intake model and ZNMF
rows mounted in wind tunnel.

Measurement technique

Particle Image Velocimetry (PIV) measurements were per-
formed in this investigation to capture the velocity fieldheT
channel flow was seeded with atomised olive oil particlegh wi
typical diameter of less thanin. A dual cavity Nd:YAG laser

was used to generate the laser sheet, of about 1 mm thickness
and aligned with the symmetry plane of the duct (Fig. 6). The
laser sheet emission was driven at 0.35 Hz and synchronised
with an high resolution PC0.4000 camera, in single-exmosur
and double image mode.

laser sheet

laser

Figure 6: PIV set-up.

The camera resolution is 40082672 coupled with a 105 mm
focal lens, giving a spatial resolution of 37.@&/pixel and im-

age frame with dimension.3h; x h;. The region of interest
captured by the PIV measurements is schemed in Fig. 7. These
single exposed image pairs were analysed using the midti-gr
cross-correlation digital PIV (MCCDPIV) algorithm dedwed

in [21, 23]. Details of the performance, precision and exper
mental uncertainty of the MCCDPIV algorithm with applica-
tions to the analysis of single exposed PIV and holographic P
(HPIV) images have been reported in [22, 5], respectively.

Figure 7: Scheme of the region of interest captured by PI\V-mea
surements.



Results and discussion

Uncontrolled flow

The analysis of the natural flow inside the intake was investi
gated. A review of the natural flow condition determined the
control parameters for the ZNMF jets. The jet position along
the wall was selected to be as close upstream to the steady sep
aration point as possible.

Figure 8: Mean velocity field for the natural flow conditions —
contours represent the streamwise velocity componenteaad v
tors represent the vector fie(d, V) — the white line indicates
the zero velocity — white body represents the bottom walhef t
duct and black points show the location of the 2nd to 5th rows
of ZNMF jets.
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Figure 9: Mean velocity field for the natural flow conditions,
zoom around the separation region — contours represent the
streamwise velocity component and vectors represent tiierve
field (U,v) — the white line indicates the zero velocity — white
body represents the bottom wall of the duct and black points
show the location of the 2nd to 5th rows of ZNMF jets.

The velocity field, obtained using the PIV, is shown in Fig. 8
& 9. In these figures, contours of the non-dimensional mean
streamwise velocity componentU. are plotted, and superim-
posed with velocity profilesi(V). It appears that local separa-
tion of the boundary layer occurs where the curvature is amax
imum. It is noteworthy that reverse flow is not clearly observ
inside the separation region. This is due to surface reflesti
from the Nd-YAG laser, inducing a low PIV correlation in this
region. This could not be overcome with mean image subtrac-
tion due to the signal-noise ratio in this region. The rejdct
vectors have been replaced by zero values. However, thelboun
aries of the separation region appear clearly (white lifid)e
separation has an extent of abou2i), and induces strong ef-
fects on all profiles downstream (Fig. 9). Indeed, downstrea
of the separation region, wake profiles can be seen up to the
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end of the measurement window. The point of separation is lo-
cated between the 4th and the 5th row of ZNMF jets, at about
x/hy = 0.75. Based on this result, the 4th row of ZNMF jets
(x/hy = 0.72) is used for the controlled experiments as a first
approach (currently, only one set of control parameterbban
studied).

The desired effect of active flow control will be to reduce the
separation using the row of ZNMF jets chosen here. The next
section is devoted to the stability analysis of the natuetdeity

field presented above, in order to determine the most sjyatial
unstable frequency. This frequency is expected to achiewe t
strongest effect on downstream flow separation reduction.

Mapping of the Orr-Sommerfeld Squire Equations

A linear local stability analysis was undertaken on the mesn
locity field. The stability of a fluidic system is governed by
the perturbation form of thé&avier-Stokes EquationdNSE)

to determine the effect that small perturbations have on the
transition to turbulence. The perturbation form of the NSE i
formed by substituting the Reynolds’ decomposition of eéio
(u=u+0) and pressurep(= p+ f) into the NSE and expand-

ing the terms. Thever-barmodifier designates the time aver-
aged mean and théde a small fluctuating component. A sys-
tem is unstable if this fluctuating component grows in batieti

and space. Assuming the mean component is not time varying,
then the NSE of only the mean terms are then subtracted away.
The non-linear components are assumed to be negligiblesin th
early stages of growth of the instabilities. Assuming theme
velocity field is parallel, then only the wall tangential @eity u

is non-zero, and a function of only the wall normal directjon
Substituting this mean field form into the perturbation fasfm

the NSE theOrr-Sommerfeld Equation®©SE) results [15, 20].
The OSE are posed as a generalised eigenvalue problem as fol-
lows:

iQA7 = BY ®)
_ 2u 1
o260 — (_i 2 T
QO = (—ikyud +Ikxs@+ﬁ3[] \% 9)
where 0 = (ikxyaiys,ikys)- Hence 0% = % — K’ and

0% = % — 221+ k¥, wherek? = kZ +kZ and | is the iden-
tity matrix. The perturbation component of the wall norme} v
locity V is related to its eigenvectoksahd associated temporal
eigenvalues) by

V(X&Y& Z7t) = O(ys)elkkc‘xsﬁ-lkzZ—IQt +cC.C. (10)
whereky, andk; are the complex wave-numbers in the wall
tangential directionxX) and the spanwise directiom)(respec-
tively, andc.c. the complex conjugate of the first term. For the
present studi; = 0, as within the OSE framework the most un-
stable eigenvalue for a given system will always occur fis th
particular spanwise wavenumber [4]. The system is also non-
dimensionalised with respect to the centreline velodi¢yand
the tunnel height at the inldt;. The code used to solve the
generalised eigenvalue problem in equation 8 is discikbtisg
using a spectral Chebyshev collocation method. Chebyshev
derivative matrice® (" replace thqf—;ns operators applied to the

perturbation components. The code is writtelCinat+, utilising
theBlitz++ library to handle the complex number mathematics
and matrix operations, aralapackfor the eigenvalue calcula-
tions.

The spatial resolution necessary for the stability analysi
greater than that available from the PIV measurements,eeons
guently interpolation of the data is required. For each fpoin
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Figure 10: Mapping of Orr-Sommerfeld Squire equations fer velocity profile immediately prior to the point of sepérat (a)
contours ofQ; plotted on the compleky, plane with the lineQ; = O; (b) determining frequency of maximum spatial growth.

the velocity profile, a two-dimensional (2-D) polynomiahit
squares error surface is fit to the PIV measurements and used
to interpolate the mean velocity field. The number of points
required to reconstruct the surface) (s

m:%(n+1)(n+2)+p, (11)
wherep the number of additional redundant points included in
the least squares minimisation, above what is necessang-to d
fine a surface of ordan [3]. The stencil ofm data points from
the PIV measurements utilised to fit the polynomial surface i
selected on the basis of proximity to the position on theaigfo
profile required for interpolation. A Gaussian function Isca
used to weight the value of each data point inversely propor-
tional to its distance from the required point of interpmat
The second order Cartesian derivatives of the mean Cza_rtesia
velocities are analytically determined from this surfacgy

(whereys is wall normal direction and not the Cartesian direc-
tion) is then reconstructed from these Cartesian seconer ord
derivatives.

The stability analysis is undertaken immediately dowrastre
of the ZNMF jets used in the controlled experiment. The value
of the most unstable eigenvalue at this position, was foond t
converge for a polynomial surface of= 5 and a redundancy of

p = 6, with 64 Chebyshev collocation points used to discretise
the wall normal direction. These parameters are used fdr eac
of the simulations undertaken in the following mapping.

A series of unstable spatial wave numbers of varying growth
rate (i) and period Ky, r) are mapped to the temporal com-
plex plane through the OSEFor each grid point in Fig. 10(a)
an eigenvalue problem is solved and the most unstable texnpor
eigenvalue identified. Each grid point is then coloured g th

1For each complex number, the subsciigtenotes the imaginary
component, and subscripthe real component
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growth rate of this eigenvalu€X). The thick black line indi-
cates wher€®; = 0. This line is important as there is no tempo-
ral growth and is representative of the ZNMF jets providing a
perturbation at a constant amplitude. The temporal pefiy (
for which the spatial growth is maximised is determined by in
terpolating the values d§; onto the thick black line and plot-
ting the result against the associafd— see Fig. 10(b)ky i is
negated as a perturbation is spatially unstablésfor< 0. The
maximum spatial growth occurs &% max-sg = 1.43, which is
equivalent to a dimensionalised frequerfgyaxsg of

1 Qr_max-sgl.)c 1 1.43x124

o hy =288Hz

(12)
The instability can also be classed as convective, as ndpinc
point was evident in the unstable region of the temporal com-
plex plane, indicating that the disturbance can only trdeain-

stream [9, 8].

frmax-sg =

T 2m 0.098

Controlled flow

The control is applied using the ZNMF jets closest to the time
average separation point as possible. The stability aisabfs
the mean velocity field at this location allowed the deteamin
tion of the most spatially unstable frequency. The otheamar
eter for the ZNMF jets is the maximum velocity of the blowing
phaseJj rms. This parameter is a function of the frequerfcgf
the actuator and of the displacement of the oscillating mech
nismd (here generated by a piston)
Ujrms = V2r(A/A;))(fd) (13)
whereA is the section of the cavity anfj is the equivalent sec-
tion of the row of ZNMF jets. For the present study, a 4.5 mm
displacement of the oscillating piston was chosen, whiaf ge
erates the oscillating pressure in the cavity. The amitisd
limited to the capability of the stepper motor and scotcheyok
driving the piston. This leads to a maximum velocity of 5.4m/
for the most unstable frequency of 28.8 Hz. All of the ZNMF



jets parameters are summarised in Tab. 2. It should be rwaed t
only very low energy @, = 0.026%) is necessary for effective
flow control.

St
0.0029

Control location
x/hy =0.72

Uj,rms/ Uc
0.44

Cu
0.026%

Table 2: ZNMF jets setting.

The mean velocity field obtained with the control is given in
Fig. 11. When the ZNMF jets are active, the separation re-
gion disappears totally. Moreover, the velocity profilesnd
exhibit any wake component downstream of the control point.
The velocity profile develops downstream without any separa
tion, with a small region of deficit velocity, resulting frothe
adverse pressure gradient.

Flow Control Location

T TR ERVE AV SRR S S S|
0.4 0.6 0.8 1 1.2 14 1.6 1.8
X/hj_

Figure 11: Mean velocity field for the controlled case — con-
tours represent the streamwise velocity component andngect
represent the vector field, v) — white body represents the bot-
tom wall of the duct and black points show the location of the
2nd to 5th rows of ZNMF jets.

Conclusions

Control of flow separation occurring in an S-shaped intaké wi
strong curvature has been successfully realised using afow
ZNMF jets. Based on the analysis of the natural velocity field
inside the intake, the most effective parameters for exgithe
flow were determined.

The most effective frequency was identified2ts= 0.0029 for
the row of ZNMF jets directly upstream of the separation poin
The results for the mean velocity field showed that the separa
tion disappears completely using a row of ZNMF jets. Howgver
these preliminary results are somewhat limited. Only a faw p
rameters have been analysed, as there is additional PI\fatata
many other configurations of the control model. Through-anal
ysis of the turbulent field and large-scale structures offthe
(using a Proper Orthogonal Decomposition, for exampla)i-ad
tional flow features could be extracted. Such informationigo
be valuable, as it is of equal interest to reduce the levelntii-
lent distortion at the outlet of the duct, as well as redugase
tion. To further understand the impact of the ZNMF jets on the
flow and the mechanisms involved, phase-locked measurement
with the oscillating pressure of the cavity of the ZNMF jegsc
also be undertaken. From this, information can be obtaiaed r
garding the blowing and suction phases of the jets’ osiilhat

In addition, the effects of changing different control pasa
ters such as the frequenewns velocity and the location of the
ZNMF jets could also be explored. This will enable determina
tion of the range of parameters for efficient flow control, and
more accurate determination of the control parametersingu
reattachment with the lowest input energy.
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