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Solving the problem of creating an environmentally friendly ¤green
plane¥ implies development and implementation of several actions aimed
at increasing airplane performance and reducing environmental contam-
ination. One possible way to solve this problem is to reduce the pow-
erplant weight, in particular, by decreasing its length. The airplane
engine §owpath comprises transition ducts: those between the low- and
high-pressure compressors, between the compressor and combustor, and
between the high- and low-pressure turbines. In a modern high-bypass
turbofan, the §owpath varies in the streamwise direction. Shorter tran-
sition ducts have greater curvature. Because of this, intensive separation
may occur, which leads to increased losses in the §owpath and to sig-
ni¦cant growth of nonuniformity of §ow parameters. Vast experience
of numerical and experimental studies of unsteady separated §ows has
been accumulated by now. In many cases, however, these investiga-
tions are performed in a two-dimensional (2D) formulation, which is
primarily caused by the high cost of three-dimensional (3D) unsteady
calculations. The numerical and experimental work [1] shows that §ows
in di¨user ducts can have an essentially unsteady 3D structure. This is
valid even for ducts modeling 2D con¦gurations. This paper describes
the results of a numerical study of the §ow structure and its features
in model S-shaped transition ducts, as well as the results of using a
synthetic jet generator for §ow control and for reduction of total pres-
sure losses. Three-dimensional §ows are numerically modeled by the
unsteady Reynolds-averaged Navier�Stokes (URANS) /RANS methods.
The calculations show that the use of the synthetic jet generator can
lead to duct loss reduction by 45%.
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1 DESIGN FLOW STUDY IN AN ANNULAR DUCT
BY THE RANS/URANS METHODS

A diagram of the examined S-shaped duct with an annular cross section is shown
in Fig. 1. Such a duct shape (with horizontal entrance and exit) is typical of
transition ducts between the high- and low-pressure turbines of advanced engines
and takes into account some in-process and design constraints on the geometry
of §owpath elements. In addition to the curvilinear section under study, the
design area also includes the initial and ¦nal constant-area rectilinear sections.
The calculation procedure for separated §ows in spatial di¨user ducts was

improved by an example of a duct considered in [2] and by design and experi-
ments [3, 4]. An in-house code was used for calculations [1, 5, 6].
It was shown [1] that §ows in the ducts considered have a complex spatial

structure. The RANS calculations predict an almost periodic system of a pair
of swirl plaits in an annular duct and a pair of plaits of greatly di¨erent lateral
sizes in a rectangular duct.
Figures 2a and 2b show the results in the annular duct calculated with dif-

ferent circumferentially uniform meshes. The velocity ¦elds in the curvilinear
exit section are presented. The mesh dimension displays the number of cells in
the circumferential and radial directions. With the mesh having 38 cells in the
radial direction (see Fig. 2a), the parameter y+ determined on the basis of the
size of the ¦rst cell near the wall is of the order of 10 everywhere on the wall,
and the cell size pitch near the wall is 25%. The mesh having 120 cells in the
radial direction (see Fig. 2b) is adapted to the walls well enough to ensure an
adequate boundary-layer resolution, i. e., y+ is of the order of 1 everywhere, and
the cell pitch is 10%.
The data presented here show that the vortex structure is not resolved by

the coarse mesh. The vortex structure can be captured only by a rather ¦ne
mesh (in the example considered, the angular cell size should be smaller than
3◦). The cell quality in the radial direction and the degree of boundary-layer
resolution, on the contrary, turn out to be less essential factors if the law of the
wall is used.
A comparison of design data with the experiment [1] shows that station-

ary approaches appreciably underpredict the total pressure losses in the duct.

Figure 1 Diagram of the model annular transition duct
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Figure 2 Mesh quality and nonuniformity of the §ow structure. (Refer Krashenin-
nikov et al., p. 523.)

Thus, when stationary RANS methods are used for §ow calculations in spatial
di¨users, the accuracy of determining aerohydrodynamic parameters is rather
low; in some cases, even a qualitatively correct description of the §ow cannot
be obtained. Probably, it is due to the essentially nonstationary and unstable
nature of separated §ows. The separation disintegrates into smaller structures
whose scale is commensurable with the vertical size of the duct. Satisfactory
accuracy of calculations is provided only by methods based on solving nonsta-
tionary Reynolds or Navier�Stokes equations. Unsteady calculations (URANS)
show that the §ow structure changes with time. There is unsteady circumfer-
ential motion in the annular duct and vortices of varied size in the rectangular
duct.
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A further analysis shows that the structure being formed is sensitive to mi-
nor nonuniformities of the §ow ¦eld. For studying the e¨ect of circumferential
nonuniformity, the §ow is modeled in a duct containing blu¨ struts in the §ow-
path. The constructed mathematical model of the design area allows up to eight
struts to be described simultaneously owing to modi¦cation of the boundary
conditions on internal surfaces.
The §ow design results obtained (see Fig. 2a) characterize the in§uence of

circumferential nonuniformity on the §ow structure. Insertion of struts into
the duct complicates the §ow structure. The structure obtained traces both
the number of struts and their positions. This fact, as well as the small mesh
nonuniformity discovered later (presence of ¤seams¥ on block edges, changing the
orientation of one of the cell edges by less than 10−5 degrees), is indicative of §ow
sensitivity to any kind of nonuniformity, which can serve both as a generating
and a stabilizing factor.
To verify this statement, a similar approach was used for series of calculations

with the Fluent software package. An algebraic mesh was generated, which pro-
vided no circumferential nonuniformity within the calculation accuracy. In the
problem considered through unsteady calculations, the structure obtained was
circumferentially rotating. When a weak geometric nonuniformity of the inlet
section was introduced, such that the axial velocity distortion at the curvilinear
inlet section of the duct did not exceed 3%, the §ow was stabilized.
The in§uence of the design area size (angular scale of the design sector in the

case of an annular duct) on the §ow structure should be noted. At small angular
scales, the vortex structure was not formed.

2 APPLICATION OF SYNTHETIC JETS
FOR SEPARATED FLOW CONTROL

It is unacceptable in practice to use di¨users with developed §ow separations be-
cause of a drastic increase of losses in the duct and intensive pressure oscillations
in separation zones, which can destroy engine elements. For application of short
di¨users with a large apex angle, the separation phenomenon should be elimi-
nated or appreciably attenuated. Various §ow control methods can be applied
for this purpose: injection, suction, interceptors, etc. From the viewpoint of pos-
sible control, energy e©ciency, and impact on §ow, the most promising methods
are various nonstationary control actions; among them, the use of synthetic jets
should be noted. Such jets are usually generated by a cavity having one or sev-
eral moving walls-membranes and communicating with the main stream through
a hole.
The §ow induced by an isolated generator of synthetic jets was initially exten-

sively studied for the case of bounded space. There are experimental works [7, 8]
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Figure 3 Jet interaction with the quiescent ambient medium (a) and with an air
§ow moving along the plate surface (b)

in which the §ow ¦eld, transitory processes, and vortex structure are presented
in su©cient detail for veri¦cation of numerical models.

When the jet interacts with the ambient medium, the vortex motion arises on
its boundary (Fig. 3a), which is the main subject of the study. If there is a ramjet,
however, another e¨ect becomes also important, namely, jet interaction with the
§ow and generation of vortices similar to those that appear when interceptors
interact with the §ow (Fig. 3b). The calculations predict an optimum value
of injected jet penetration into the core §ow, which approximately corresponds
to an optimum interceptor height, i. e., it should be 20%�30% greater than the
boundary-layer thickness.

Moreover, the suction tact is also a¨ected by the boundary-layer suction ef-
fect. The e©ciency of using synthetic jets for §ow control in a separation di¨user
depends on superposition of all these e¨ects (i. e., on intensity of boundary-layer
mixing and replacement of the low-energy gas in the boundary layer by the high-
energy gas from the core §ow). In turn, these e¨ects are governed by the slot
size and by the amplitude and frequency of membrane vibrations.

A model stationary problem with injection through a slot from a cavity into
an air §ow moving along the plate surface was solved to study the slot shape
in§uence on mixing intensity (see Fig. 3b). The slot area, gas §ow, and tem-
perature are ¦xed. The varied parameter is the dimensionless slot length (l/h,
length-to-width ratio): from 12 to 3/4. Figure 4 shows the results calculated for
two extreme values of l/h.

In the model problem considered, a jet exhausted from a short and broad slot
ensures more intensive mixing with the §ow. The temperature ¦eld inside the
¤mixing spot,¥ where the gas temperature is lower than the §ow temperature,
is more uniform, and the spot size is smaller. The boundary layer is also more
e¨ectively mixed by a wide jet.

Therefore, in solving the problem of choosing optimum parameters of the
synthetic jet generator, it is necessary to take into consideration not only the
generator, amplitude, and frequency parameters, but also the slot shape.

In calculations with §ow control by synthetic jets, a single-slot duct sector was
considered. The duct geometry was similar to that considered in section 1. The
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Figure 4 Temperature distribution in cross sections downstream of the jet: x
= 24 (a), 32 (b), 48 (c), and 64 m (d); l/h = 3/4 (upper row) and 12 (lower row).
(Refer Krasheninnikov et al., p. 526.)

generator was a cavity with a movable wall attached to the main duct (Fig. 5).
The slot size was 0.5× 1 mm; the slot was oriented along or across the §ow.
The intensive separation forming in the duct is characterized by nonstation-

ary §uctuations of parameters, which do not have a characteristic frequency [1].
If a periodic impact is imposed, the characteristic time scale in the case consid-
ered exceeds the period of membrane wall motion by a factor of 5�7. Therefore,
the total time needed to calculate one variant is rather large: approximately
4000 h of processor time.

Figure 6 shows the calculated instantaneous distribution of axial velocity
in the duct under study with the synthetic jet generator in operation. At a
typical axial velocity of the core §ow equal to ∼ 100 m/s and membrane motion
frequency of 1 kHz, the time needed for the gas particle to pass through the
curvilinear section corresponds approximately to three control cycles, which is
clearly seen in these illustrations.
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Figure 5 Di¨erent stages of operation of the synthetic jet generator. (Refer Krashe-
ninnikov et al., p. 527.)

Figure 6 Instantaneous distribution of axial velocity within one operation cycle of
the synthetic jet generator. (Refer Krasheninnikov et al., p. 527.)

The main goal of the study performed was to calculate the total pressure loss
in the transition duct by the formula

–σ =
p∗in − p∗out

p∗in

where p∗in and p
∗
out are the time-averaged values of the §ow-averaged total pres-

sure in the S-shaped duct input and output sections, respectively.
The values of –σ determined for ¦xed membrane motion amplitudes and

frequencies are listed in Table 1. It is seen from these data that the total pressure
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loss is reduced by 45%, as compared with ductTable 1 Results of calculations

Hole –σ, %

Without 3.15
Along 1.73
Across 1.99

losses without §ow control. The greatest loss re-
duction is obtained with the slot aligned along
the duct. If the amplitude of membrane vibra-
tions is not properly chosen, the total pressure
loss reduction is not that large.

3 CONCLUDING REMARKS

A numerical study of parameters and separated §ow structures in a spatial
S-shaped di¨user was performed with the use of the RANS/URANS methods.
A complex spatial nonstationary structure was obtained. A comprehensive study
of using a generator of synthetic jets allowed obtaining the total pressure loss
reduction by 45% with a membrane vibration frequency of 1 kHz.
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