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1. Introduction

HE buzz instability in an air intake was first observed by

Oswatitsch [1]. Ferri and Nucci [2], via detailed experiments on
an axisymmetric external compression air intake, attributed the
occurrence of buzz instability to the velocity discontinuity across the
vortex sheet originating at the intersection of the conical shock and
strong shock ahead of the intake entrance. The fluctuations began
when this vortex sheet approached the inner surface of the cowling.
Dailey [3] attributed the origin of the buzz oscillations to a random
pressure pulse from the subsonic diffuser. He related the frequency
of oscillations to that of an organ pipe with one end closed and
the other end open. Fisher et al. [4] conducted experiments on a
rectangular external compression intake with a variable ramp. Two
kinds of oscillations were found in their tests: “big” and “little” buzz.
They had the same frequency of oscillation but different amplitudes.
The little buzz was found to be caused by the flow separation below
the cowl and is similar to the Ferri type of buzz. The big buzz, on the
other hand, was caused by the separation of the boundary layer along
the ramp. It is very similar to the Dailey type of buzz. It was also
observed that the little and big buzz occur for lower and higher
mass flow reduction, respectively. Trapier et al. [5] conducted an
experimental as well as acomputational study of flow in arectangular
mixed-compression intake for a Mach number range of 1.8-3.0. Both
little and big buzz were observed. The little buzz was of the Ferri type
They related the oscillations to the acoustic resonance of the shear
layer instabilities under the cowl lip. The big buzz was of the Dailey
type and occurred due to the separated flow on the ramp in a super-
sonic diffuser that blocks the intake. The oscillations were caused
due to the periodic filling and discharging of the intake. The oscil-
lation frequency of the little buzz was found to be higher than that of
the big buzz.

Efforts to numerically investigate the mixed-compression inlets
have been very few. Knight [6,7] studied two- and three-dimensional
supersonic diffuser flows in simple geometries using the Reynolds-
averaged Navier—Stokes equations. Chan and Liang [8] carried out a
numerical study of a two-dimensional mixed-compression inlet
whose geometry was similar to the one experimentally studied by
Anderson and Wong [9]. Jain and Mittal [10] carried out a finite
element flow analysis in a mixed-compression inlet by solving the
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Euler equations. The starting as well as the unstarting of the intake
was studied. Recently, Trapier et al. [11] carried out a detached-eddy
simulation and compared the results with their own experiments.

The present work is a part of our ongoing work [10] to study flow
in mixed-compression intakes. The viscous effects have been inclu-
ded in this work. The geometry of the inlet is very similar to the one
experimentally studied by Anderson and Wong [9]. The governing
equations for the flow analysis are the compressible Navier—Stokes
equations in the conservation law form. A stabilized finite element
formulation based on conservation variables is used to solve the flow
equations. The streamline-upwind/Petrov—Galerkin stabilization
method [12,13] is employed to stabilize the computations against
spurious numerical oscillations due to advection-dominated flows. A
shock capturing term is added to the formulation to provide stability
to the computations in the presence of discontinuities and large
gradients in the flow [14-16]. The time integration of the flow
equations is done via the generalized trapezoidal rule. For unsteady
computations, we employ a second-order accurate-in-time proce-
dure. The role of bleed in starting/unstarting the intake and control-
ling the buzz instability is investigated. The flow during the buzz
is studied in detail to bring out the difference between the little and
big buzz.

II. Problem Setup

The mixed-compression intake that is modeled in this work has
two ramps. The first ramp is at an angle of 7 deg to the freestream and
its length is 28 in. These numbers for the second ramp are 14 deg and
24.1 in., respectively. The two ramps are followed by a throat and
a subsonic diffuser. The total length of the intake is 119.02 in.
The specification of backpressure at the exit of the intake leads to
flow reversal and, therefore, difficulties in carrying out the numerical
computations. To alleviate this difficulty, a duct is attached at the exit
of the intake and the backpressure is specified at the end of this
duct. The duct walls are assumed to be inviscid so that the duct is
associated with minimal pressure loss. The length of the duct is twice
that of the intake. The cross-sectional area of the duct, compared with
that of the throat, is large enough to allow the startup shock to pass
through. Computations with Euler equations for the M = 3 were
reported in an earlier work [10]. With the viscous flow, the intake is
unable to start even without the application of any backpressure. An
increase in throat area is used to start the flow. The throat area of the
original geometry from Anderson and Wong [9] is referred to as A,,.

All the results in this paper are shown with respect to the non-
dimensionalized variables. The length of the intake is used as the
characteristic length to nondimensionalize all the length scales. The
origin of the coordinate axis is fixed at the leading edge of the first
ramp. The inflow and upper boundaries are located 0.2 and 1.0 units,
respectively, from the leading edge of the inlet. The flow internal
as well as external to the intake is computed. The vertical location
of the upper boundary is chosen such that the shock from the
engine cowl leaves the computational domain through the outflow
boundary. At the inflow boundary, freestream conditions corre-
sponding to M = 3 flow are specified. The density, velocity, and
temperature are assigned freestream values. A no-slip condition for
the velocity and an adiabatic condition for the heat flux are specified
on the walls of the intake. On the upper and lower boundaries of
the computational domain, the component of velocity normal to the
boundaries is specified to be zero. In addition, the component of the
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viscous stress vector along these boundaries and the heat flux vector
normal to the boundaries are prescribed zero values. At the outflow
boundary, the viscous stress vector is assigned a zero value. The
backpressure, p,, is specified at the exit of the duct except when
the outflow is supersonic. Computations are carried out for various
values of p,/p;, where p; is the freestream static pressure. They
are initiated with freestream conditions in the entire domain.

The bleed at the ramp and cowl is used to control the boundary-
layer separation and, therefore, to overcome the startup problem of
the intake. The various regions of bleed are shown in Fig. 1. Different
combinations of mass flow bled from these regions have been tested.
The various cases are listed in Table 1 and are helpful in under-
standing the effect of the strength of bleed and its spatial extent on the
control of flow.

To provide adequate resolution of the boundary layer, a fine
structured mesh is generated close to the walls of the intake. In the
remaining part of the computational domain, an unstructured mesh
is generated via Delaunay triangulation. The mesh consists of 99,777
nodes and 196,926 elements. The adequacy of the mesh is confirmed
via a computation on a finer mesh with 157,651 nodes and 311,807
elements. Both meshes results in virtually the same solution for
the M = 3 and Re = 10° flow through the air intake for supersonic
outflow conditions.

A. Effect of Bleed

In general, larger bleed leads to a more stable boundary layer, and
the intake can sustain larger backpressure. Results of the various
cases that have been studied are shown in Fig. 2. It is seen from the
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Fig. 1 Boundary-layer bleed configuration. The various regions of
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Fig. 2 Variation of the time-averaged mass flow rate at the throat
section with backpressure for various bleed configurations; M., = 3,
Re =10° flow in air intake. Unless specified, the throat area is
A, =1.144,,.
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Table 1 Flow in an air intake: various combinations of the bleed that

are tested in the computations. riz;, | is the percentage of the total capture

mass flow of the air bled from the intake walls. Its breakup along the six
bleed regions shown in Fig. 1 is listed as rz, -t

Case Tty i, ity iy, iy, Ty, Ty,
1 6 _ 3.00 _— _ 3.00 @ —
2 9 1.63 3.78 —_ 1.63 1.91 —_—
3 15 2.72 6.32 —_ 2.72 3.19 e
4 25 4.53 10.51 —_— 4.53 5.31 —_—
5 27 2.72 6.32 6.05 2.72 3.19 6.00

figure that the bleed downstream of the throat plays a vital role in
the performance of the intake. For each bleed distribution and
throat geometry, computations are carried out for various values of
backpressure. At a certain critical value of p,,/ p;, the shock moves to
the throat location. A further increase in backpressure can lead to one
of two situations. In the first, the intake can unstart, that is, the normal
shock is expelled out of the intake, leading to flow spillage. In the
second, the subcritical operation of the intake can lead to buzz. Two
kinds of buzz are observed: little and biz buzz [4]. The little buzz [2]
is associated with relatively low-pressure amplitude oscillations
and typically arises out of shear layer instabilities of the separated
boundary layer or slip streams as a result of shock interactions. It
occurs in low subcritical conditions. The big buzz [3] refers to larger
amplitude oscillations and arises due to the shock-induced boundary-
layer separation on the compression ramps. It usually occurs in high
subcritical conditions.

With A, = 1.14A,,, it is found that 6% bleed is not enough to
suppress the massive flow separation at the compression ramps.
In fact, in this case, there is no bleed on the first ramp and the cowl tip.
Big buzz is observed for the 6% bleed when 10.4 < p,/p; < 12.6.
The intake unstarts for p,/ p; = 12.6. When the bleed is increased to
9%, the flow separation at the cowl] tip and first ramp is suppressed to
some extent. Therefore, the big buzz does not occur right away. The
first ramp and the cowl tip also lie in the regions with boundary-layer
bleed for this case. However, the bleed in region b5 is lower for this
case compared with that in the 6% bleed case. Compared with the 6%
bleed case, this leads to a stronger shear layer below the cowl near the
throat. The appearance of little buzz is observed for p,/p; = 10.5.
Interestingly, after undergoing four to five cycles of little buzz,
the flow over the first ramp suffers increased separation, leading to
big buzz. Big buzz continues to occur for p,/p; = 11.2, followed
by the unstarting of the intake for larger backpressure. An increase
in bleed to 15% causes a disappearance of the big buzz. The flow
separation is milder and leads to little buzz for p,/p;, = 12.6.
Beyond this backpressure, the normal shock is expelled out of the
intake without exhibiting any buzz oscillations. When the bleed is
increased to 27% and the bleed region includes all six regions on the
ramp and cowl, as shown in Fig. 1 and Table 1, buzz oscillations are
not seen for any of the values of backpressure. The normal shock
moves back and forth downstream of the throat causing unsteadiness
in the flow in that region. However, the oscillations are small and the
time-averaged mass flow rate delivered by the intake is quite large.
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Fig. 3 Time histories of the pressure at a point located at (0.2, 0.1), the mass flow rate at the throat, and the corresponding frequency spectrum; M, = 3,
Re =10°,A,/A,, = 1.25, and p, /p; = 10.92 flow in the air intake with 6% bleed.
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Fig. 4 Mach number distribution at various time instants during one
little buzz cycle; ; M, = 3, Re =10, A,/A,, = 1.25, and p, /p; = 10.92
flow in the air intake with 6 % bleed. Also shown in the bottom row are the
time histories of the mass flow rate at the throat.
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Beyond p,/p; = 28.0, the intake unstarts. The effect of an increase
of throat area is studied by comparing the case of 6% bleed for
A,/A,, = 1.14 and 1.25. Compared with the big buzz observed for
A /A, =1.14, A,/A,, = 1.25 experiences little buzz. The intake
unstarts for a slightly larger backpressure with the increased throat
area.

B. Little Buzz

Figure 3 shows the time histories of the pressure at a point
located at (0.2, 0.1) and the mass flow rate at the throat section
for the intake with A,/A,, = 1.25, p,/p; = 10.92, and 6% bleed.
A fairly periodic variation is observed. Also shown in the same
figure is the frequency spectrum of the time variation of the mass
flow rate. These oscillations are very typical of the little buzz
instability observed in several earlier studies. The frequency of
oscillations is compared with the fundamental acoustic frequency
of the air intake. We assume that the entire air intake along with the
duct appended at the intake exit behaves as an organ pipe with one
end open and the other closed. The downstream end is modeled to
be the closed one because of the specification of backpressure,
which, therefore, would cause the pressure disturbances to be
reflected back. The fundamental acoustic mode is computed using
the expression given by Newsome [17]. The nondimensional
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Fig. 6 Mach number distribution at various time instants during one
big buzz cycle; M, =3, Re = 10%, A,/A,, = 1.14, p, /p; = 11.2 flow in
the air intake with 9% bleed. Also shown in the bottom row are the time
histories of the pressure at a point located at (0.2, 0.1) and the mass flow
rate at the throat.

frequency, based on the freestream speed and length of the intake,
is found to be f,. = 0.0266. The nth superharmonic of the mode
for a duct with open and closed ends is given by (2n — 1) fygc. For
the present case, the buzz frequency appears to resonate with the
second acoustic mode of the open—closed duct.
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Fig. 5 Time histories of the pressure at a point located at (0.2, 0.1), the mass flow rate at the throat, and the corresponding frequency spectrum for
Py/pi =11.2; M, =3, Re = 10%, and A,/A,, = 1.14 flow in the air intake with 9% bleed.
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The Mach number field at various time instants during one little
buzz oscillation is shown in Fig. 4. The first row of the figure
corresponds to, approximately, the maximum mass flow rate through
the throat. It is also associated with the lowest pressure at the inlet
of the intake in the buzz cycle. The separated shear layer becomes
unstable downstream of the throat. The oscillation cycle includes the
expulsion of shock from the throat region, the increase in the shock
angle of the first ramp, and the return of shock back to the throat
region. The cyclic nature of the flow separation at the cowl lip can
also be seen in the figure.

C. BigBuzz

Figure 5 shows the time histories of the pressure at a point, the
mass flow rate at the throat, and the corresponding frequency
spectrum for the flow in an intake with A, /A, = 1.14, p,/p; = 11.2,
and 9% bleed. Big buzz is observed in this case. Compared with the
little buzz, the big buzz has higher temporal frequency and larger
amplitude oscillations. It also exhibits flow reversal for a significant
part of the cycle. Interestingly, as predicted by Dailey [3] for the
intake with a longer duct, the big buzz frequency is eighth/ninth
organ pipe mode. The frequency as well as the amplitude of the buzz
cycles increases with an increase in backpressure.

Figure 6 shows the Mach number field for the unsteady flow at
several time instants in one cycle of big buzz for A,/A, = 1.14,
pp/pi = 11.2, and 9% bleed. The boundary layers on the walls of
the subsonic diffuser undergo flow separation due to the normal
shock. For p,/p; > 10.5, the normal shock is pushed upstream of
the throat causing the intake to become subcritical. The shock in
the convergent part of the intake is unstable and moves upstream,
causing the boundary layer on the cowl and ramp surfaces to
separate. The separated regions block the flow in the intake. A bow
shock forms upstream of the first ramp, as seen in the top row of
Fig. 6.

III. Conclusions

The flow in a mixed-compression supersonic intake has been
studied via a stabilized finite element method in two dimensions.
The effectiveness of bleed in controlling the boundary-layer
separation is investigated. Computations are carried out for various
values of backpressure. The normal shock moves upstream toward
the throat as the backpressure is increased. At the critical condition,
it is located at the throat of the intake, at least in a time-averaged
sense. As the backpressure is increased further, the intake is pushed
in a subcritical state and one of two situations can occur. In the
first, the normal shock is completely expelled out of the intake,
leading to spillage of flow over the cowl and the unstarting of
intake. In the second, buzz is observed. The buzz corresponds to
the oscillation of the normal shock as well as the flow in the con-
vergent part of the intake. It is also associated with the cyclic filling
and unfilling of the intake. Two kinds of buzz are observed: little
and big buzz. The little buzz is found to be a second harmonic,
whereas the big buzz is found to be either the eighth or ninth
harmonic of the organ pipe mode of the intake duct. It is found
that the boundary-layer bleed can be used to control the buzz
of an intake. Little buzz is observed for relatively lower bleed.
At higher bleed, big buzz is observed. Buzz is completely elimi-
nated when high bleed is implemented, both upstream and
downstream of the throat.
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