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Swirl Control in an S-Duct at High
Angle of Attack

Experimental Description
The S-shaped diffuser investigated is shown in Fig. 1 and con-

sisted of five parts: lip, first bend, straight midsection, second
bend, and straight rear section. The diffuser area ratio (exit area to
throat area ratio) was 1.3095. Figure 1 also shows the shape and
the size of the variable lip device and its location on the model.
The lip is 124 mm long, 50 mm wide, and 10 mm thick with a trail-
ing angle of 45 deg. The variable lip is the same shape as those on
other walls. It was located at an axial station near the entry where
flow separation will occur. The angle of the lip (3 is 0 deg if the
variable lip is close to the wall. The variable lip may change its po-
sition by rotation to adjust to the entrance air flow direction. Ex-
perimental measurements, including static pressures along the
model walls, the cross flow velocities and the total pressure distri-
bution at the diffuser exit were made at a = 0-, 15-, 30-, 45-, 60-,
70-, and 80-deg angles of attack, and compared with test results
without the AAB. The tests were performed in a mixed wind tun-
nel powered by both a vacuum pump and a blower at the Inlet
Aerodynamics Laboratory of Nanjing University of Aeronautics
and Astronautics. Freestream velocity is about 41.0 m/s. Details of
the data processing are described in Ref. 6.
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Introduction

A DIFFICULT design problem occurs with military aircraft
where the inlet is located in an offset position. The problem

of angular swirl flow in an S-shaped inlet without guide vanes has
come to the fore in the past several years.1'2 Many possible modifi-
cations of the inlet geometry have been used in the reduction of
swirl. Prior work by Guo and Seddon2'3 has shown that a large vor-
tex occurs because of flow separation on the bottom wall near the
duct throat which produces a large swirl at the engine face. In the
prior work, two devices for swirl control were used; one is the
solid spoiler, the other is auxiliary inflow by blowing (auxiliary in-
flow was found to have adverse effects on the flow and pressure
recovery characteristics at lower angles of attack). Seddon4 tested
the effect of bottom wall and sidewall fences of various sizes and
combinations in reducing the swirl of an S-duct at a 30-deg angle
of attack. Tests of Vakili et al.5 explored the improvement of the
secondary flow in an S-duct at 0-deg incidence by using a vortex
generator or a flow control rail. The present authors6 proposed an
automatically adjustable blade (AAB) method. The AAB was lo-
cated inside the duct, and the function relating angle of attack and
the optimized angle of the fix (where the duct swirl disappears)
was determined. The measures reviewed in the preceding would be
invalid or would produce a large total pressure loss when an S-
shaped inlet is at a high angle of attack. The flow distortion and
duct swirl increase with increasing the angle of attack (up to 80
deg or 115 deg).

This paper describes an improvement of a severely distorted
swirl flow in an S-shaped duct at very high angle of attack using a
variable lip technique.

outflow
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Fig. 1 Experimental model and exit velocity field.
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Fig. 3 Relationship of a and Pop.

Results and Discussion
Figure 1 gives the cross flow velocities at the duct exit at 80-deg

angle of attack. It is observed that the cross flow velocity becomes
larger as the angle of attack a increases up to 80 deg. The flow-
field is badly distorted, and a strong vortex exists inside the inlet.
The use of the variable lip affects the entrance air flow. With a
gradual increase of (3, two effects occur: 1) the angle of attack
seems to reduce, and 2) a door with the same effect as an auxiliary
air intake door (AAID) exists behind this lip because of its rota-
tion, and allows air flow with a high kinetic energy into the dif-
fuser. Figure 1 also shows the reduction of the swirl flow at 80-deg
angle of attack when (3 is 40 deg. The test results show the varia-
tions of swirl coefficient SC^ entrance air flow flux Q, average
total pressure coefficient r|a, and pressure distortion index £>C60
with the angle of the lip p at 45-, 60-, 70-, and 80-deg angles of at-
tack. From Fig. 2 it is observed that there is a minimum value of
SC60 for every curve. The SC6Q can be reduced by about 40% when
a is 80 deg and p is 40 deg. An increase in the entrance air flow is
obtained at high angles of attack. Q is increased by about 22% at a
= 80 deg and p = 40 deg. With the variable lip, the total pressure
loss and its distortion are reduced considerably. For an a of 80 deg
and a p of 40 deg, r|a increases by 40% and Z>C60 decreases by al-
most 43%. There is an optimum angle of the variable lip pop for
every angle of attack where a maximum improvement in flow per-
formance is obtained. Pop is a function of a, as shown in Fig. 3. Al-
though more work is needed for compressible flow, the relation-
ship of a and Pop is of great value for automatic control of intake
swirl.

Conclusions
The main conclusions drawn from the preceding are the follow-

ing. 1) The variable lip technique improves flow properties in an
S-shaped duct at the high angle of attack. A valuable relationship
between a and pop is established in the paper. 2) The variable lip
has two effects: a) a reduction of the effective angle of attack, and
b) an effect similar to that of an AAID.
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Introduction

A KEY parameter characterizing particle dispersion in turbu-
lent flows is the Stokes number, defined as the ratio of the

particle response time (tp) to the appropriate time scale of turbu-
lence or flow time (tf). While the particle response time is gener-
ally taken as tp = ppdp/(18|i), assuming the Stokes drag law, the
choice of a proper flow time is somewhat ambiguous because of
the existence of several time scales in a turbulent shear flow. Re-
sults from both laboratory experiments1"4 and numerical simula-
tions5'6 indicate that the flow dynamics as well as the particle dis-
persion behavior in the near region of a shear flow are controlled
by large-scale coherent structures. Naturally, a proper flow time
for defining the Stokes number should be based on a flow time as-
sociated with the dynamics of large structures. The latter time is
generally defined from the global length and velocity scales of the

. structures. However, this definition is somewhat ambiguous in sit-
uations when the shear flow under consideration lacks an intrinsic
length scale. For example, using the initial momentum thickness in
a developing planar shear layer would not yield the correct flow
time scale. In such cases, one may be able to use the intrinsic time
scale of the unsteady flow for defining the Stokes number. The ob-
jective of this note is to propose, based on the results of numerical
simulations, that using the dominant frequency of the shear flow
can yield the proper flow time scale for defining the particle
Stokes number. Results presented on particle dispersion indicate
that the dominant frequency is the fundamental frequency for a
planar shear layer, and the preferred mode frequency for an axi-
symmetric jet flow. Several experimental results from the
literature1"4 are used to further substantiate the hypothesis.

It is recognized that relating the flow time scales to the domi-
nant frequencies in a shear flow is not a novel concept. In fact,
there exists a large body of experimental and theoretical work9'10

focusing entirely on identifying the dominant frequencies in differ-
ent shear flows. However, none of the studies concerning particle
dispersion in large coherent structures has used the dominant fre-
quency to define the particle Stokes number.

Results and Discussion
The dynamics of large-scale vortex structures in the developing

planar shear layer and axisymmetric jet are simulated by employ-
ing a finite-difference method based on the monotone integrated
large eddy simulation (MILES) algorithm.7 The dynamics of solid
particles injected into the shear flows is simulated by solving the
standard particle equations by a Runge-Kutta procedure. Further
details are provided in a separate study.8 The gas-phase algorithm
employs a fourth-order accurate, flux-corrected transport method
with a directional time-splitting technique with appropriate inflow
and outflow boundary conditions, and is shown to reproduce the
large-scale features of a variety of flows that are observed in the
laboratory experiments. Although no explicit subgrid model is
used, the algorithm is demonstrated7 to incorporate a built-in sub-
grid model. Moreover, because the present study considers the in-
fluence of large coherent structures on particle dispersion in the
initial region of two shear flows, the algorithm is expected to be
sufficiently accurate for the stated objective.
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