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Abstract. A series of experiments were conducted to study impacts of the free-stream
Mach number, back pressure, and bleed on the stability of a supersonic intake. The ow
stability is related to the buzz phenomenon, i.e. the oscillation of all shock waves of the
intake, which may also occur when the intake mass ow rate is decreasing. In this study,
the intake was axisymmetric with Mach number of 2.0. The results showed that stability
margin of the intake decreased when the freestream Mach number increased for both bleed-
o� and bleed-on cases. In the con�guration without bleed, the frequency of buzz oscillation
increased when the freestream Mach number decreased or when back pressure increased. By
applying bleed and, consequently, preventing separation of the ow, the intake became more
stable and the shocks oscillated with a smaller amplitude during the buzz phenomenon.
Also, when the bleed was applied, the buzz triggering mechanism varied from the Dailey
criterion to the Ferri one, which considerably changed stability characteristics of the intake.

© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Air intake is the main component of an aerial engine.
For an e�cient combustion process, the intake should
deliver the required amount of ow with the maximum
possible uniformity and total pressure to the engine [1].
However, back pressure uctuations may result in
shock oscillation ahead of the intake, which is named
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buzz [2,3]. This phenomenon can lead to vehicle thrust
reduction and even combustion extinction [4].

Buzz oscillations are self-excited and self-
sustainable uctuations and occur because of ow
separation [5]. Buzz initiation can be described by
two main criteria; one is called the Ferri criterion [6],
which states that the buzz is initiated when the vortex
sheet originating from the intersection point of oblique
and normal shocks impinges upon the lower surface
of the cowl, and the other is called the Dailey [7]
criterion, stating that ow separation over the com-
pression surface downstream of the interaction of the
shock wave and boundary layer causes the ow to be
choked at the intake throat and �nally, triggers the
buzz oscillations [3].

Little and big buzz was �rst observed and in-
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troduced by Fisher et al. [8]. When the intake mass
ow rate decreases due to the back pressure increment,
small-amplitude oscillations will be �rst observed that
are due to the Ferri criterion and called little buzz.
However, as the mass ow rate further decreases,
large-amplitude oscillations, namely big buzz, will be
generated that are thought to be because of the Dailey
criterion. Fisher et al. claimed that the frequencies
of little and big buzz were similar. However, later
investigations [9] showed that this could be considered
as the general case.

Newsome [10] attempted to �nd a relation be-
tween the buzz phenomenon and the acoustic nature
of the intake duct. He proposed that the fundamental
frequency of the acoustic resonant was approximately
equal to the buzz frequency [3].

Other researchers further investigated analytical
models for predicting the buzz characteristics [11{
17]. However, they were unable to develop a reliable
analytical method to predict the buzz characteris-
tics. Therefore, numerical [10,18{32] or experimen-
tal [3,9,14,24,26,28,33{47,48,49] methods are usually
used to study the buzz phenomenon [3].

Various methods such as variable geometry [1],
insertion of a constant area duct inside the intake [6],
inserting vortex generator [50{51], applying the bound-
ary layer suction [2,6,9,31,34,38{43,50{54], and bound-
ary layer blowing [50] have been proposed for delaying
the buzz onset. However, among all of these schemes,
boundary layer suction is often used due to its simplic-
ity and high e�ciency.

Furthermore, in most studies, the bleed is in the
throat to get the best performance improvement of
the intake. However, according to the Dailey criterion
mentioned earlier, ow separation over the compression
surface is the main mechanism that triggers the buzz
phenomenon.

In this study, the bleed was applied upstream of
the throat and its e�ects on the intake stability charac-
teristics were experimentally investigated. In addition,
e�ects of the freestream Mach number and exit area of
the bleed duct on the buzz phenomenon for the current
mixed compression supersonic air intake were inquired.
The intake was an axisymmetric one designed for the
freestream Mach number of 2.0. However, wind tunnel
tests were conducted for freestream Mach numbers of
1.8, 2.0, and 2.2 at the angle of attack of zero degree.
For every freestream Mach number, several back pres-
sures were imposed at the intake outlet to further study
both the design and o�-design operating conditions.

2. Experimental equipment

The intake model used in these experiments is shown in
Figure 1(a). The details of the model, wind tunnel, and
pressure measurements can be found in [48,55]. The

spike tip had a base cone without the bleed slot and
might be substituted with another cone equipped with
the bleed slot (Figure 1(b)). As seen in Figure 1(c),
the bleed slot was normal to the ramp surface located
at x=d = 0:3 (d is the maximum model diameter). The
ratio of the bleed entrance area to the area of the intake
entrance was 10.5%.

To further study e�ects of the bleed exit area, two
exit di�users with di�erent exit areas could be attached
to the end of the bleed duct as shown in Figure 2(a).
The area of the bleed duct Ar, shown in Figure 2(a),
was about three percent of the intake entrance area.
Bleed exit di�users had exit areas of Ae = 4Ar and
Ae = 2Ar. These values were chosen arbitrarily to
study variations of the intake stability characteristics
with respect to the bleed exit area. The maximum
value of the bleed mass ow rate obtained using this
bleed system was about 2% of the intake mass ow rate.

Shadowgraph ow visualization system was used
for all test cases. Mirrors and spotlight source were
arranged in the Z-type con�guration and an accurate
table with two degrees of freedom was used to locate the
knife edge (razor blade in this case) at the focal point
of the receiving part. A charge-coupled device camera,
namely AOS X-PRI, with recording speed of up to
1000 frames per second (fps) and image dimensions of
800� 600 pixels was used for taking the pictures. This
speed was enough for most test cases investigated in
this study. The performance parameters used in this
study include total pressure recovery, �, and mass ow
ratio, ". The de�nitions of these parameters along with
Exit Blockage Ratio (EBR) are in [55].

The bleed mass ow ratio, "b, is de�ned as the
ratio of the bleed mass ow rate to the intake mass
ow rate:

"b =
_mb

_mi
: (1)

The bleed mass ow rate is calculated from the data
collected by a static pressure tap and a total pressure
probe installed at the exit of the bleed duct [56]:

_mb=
Pt;bp
RTt;b

MbAr
p

�

1 +
 � 1

2
M2
b

��[ +1
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; (2)

Figure 1. (a) Present intake installed in the wind tunnel.
(b) Two tip cones. (c) Pressure taps and bleed slot.
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Figure 2. Schematic of the intake model and its instruments [55].

where the total temperature inside the bleed duct, Tt;b,
is equal to its freestream value; Mach number at the
exit of the bleed duct, Mb, is calculated by the static
and total pressure sensors; and Ar is the area of the
bleed duct as shown in Figure 2(a).

To study the e�ects of Mach number and bleed on
the ow stability of the intake, stability margin, SM;
is de�ned as:

SM =
EBRBuzz Triggering � EBRCritical Condition

EBRCritical Condition

�100: (3)

As seen, a high value of SM means that the buzz starts
with a long delay and the intake is more stable.

3. Results and discussions

3.1. E�ects of boundary layer suction and
freestream Mach number

All the results for the con�guration with bleed in this
section are for the larger bleed exit area, i.e. Ae = 4Ar,
and the e�ects of the smaller exit area will be studied in
the next section. Performance curves of the intake with
and without the boundary-layer bleed for freestream
Mach numbers of 1.8, 2.0, and 2.2 are illustrated in
Figure 3. Each point in this �gure is for a speci�c value

of EBR. Therefore, every curve has eight points; the
farthest right point, i.e. maximum ", is for the EBR of
55% and the �rst point, i.e. the lowest ", is for the EBR
of 80%. As seen from this �gure, the critical operating
condition is obtained at about EBR = 62.5% for both
cases with and without the bleed. Therefore, SM was
computed using this value. Buzz initiation was further
clari�ed by the shadowgraph pictures and spectra of
the pressure signals of high-frequency transducers [57].
Spectra of the signals were computed using Fast Fourier
Transform (FFT) algorithm. According to Figure 3,
when the bleed is applied, signi�cant improvement
in intake performance and increase in intake stability
margin are obtained for each freestream Mach number.
For M1 = 1:8, the intake becomes completely stable
for all EBRs examined in this research with bleed in
con�guration. The values of SM are presented in
Table 1. As seen in this table, SM in the no-bleed
condition is reduced when the freestream Mach number
increases. In fact, shock waves become stronger when
the freestream Mach number increases. This results in
a larger ow separation behind the shock waves. Strong
ow separation favors initiation of the buzz oscillations
and consequently, buzz starts at a lower EBR; as a
result, SM decreases.

The dominant frequencies of buzz oscillations
and the corresponding mean values of " for various

Figure 3. Performance curves of the intake with and without bleed: (a) M1 = 1:8, (b) M1 = 2:0, and (c) M1 = 2:2.
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Table 1. Stability margin of the intake.

Con�guration SM (%)

M1 = 1:8 M1 = 2:0 M1 = 2:2

Without bleed 20.0 8.0 8.0

With bleed > 28:0 28.0 28.0

EBRs for the no-bleed case are presented in Table 2.
Buzz frequencies are obtained from the spectra of
pressure signals of high-frequency transducers as shown
in Figure 4 for various EBRs at a freestream Mach
number of 2.0 with sensor S1 located at the tip of the
spike. The sensor is shown on the top right side of
Figure 4 for clarity. The values of these frequencies
were validated using the shadowgraph pictures given
the time step between two consecutive pictures (from
the frame rate of the shadowgraph camera) by counting
the number of pictures for a complete buzz cycle. As
seen in Table 2, for M1 = 1:8, two di�erent frequencies
are obtained. Smaller values can be neglected due to
their small amplitudes.

The shadowgraph data for all cases presented
in Table 2 reveal that oscillating shock waves move
forward and reach the spike tip during the buzz
cycles. Thus, both frequency and amplitude of these
oscillations are large and they cannot be categorized
under either little or big buzz phenomenon.

Variation of buzz frequency with mass ow ratio
is depicted in Figure 5. It is seen that while buzz
frequency varies with the mass ow ratio, its variation
with Mach number is not signi�cant. This �nding is
compatible with the results of [46]. According to the

Table 2. Dominant frequency of buzz oscillations and the
mean value of " for the no-bleed case.

EBR (%) " Freq. (Hz)

M1 = 1:8

75.0 0.498 118, 485

80.0 0.383 151, 493

M1 = 2:0

67.5 0.744 91

70.0 0.669 96

75.0 0.546 113

80.0 0.435 127

M1 = 2:2

67.5 0.813 80

70.0 0.716 84

75.0 0.583 104

80.0 0.464 120

Figure 4. The spectrum of pressure signal of sensor S1
for M1 = 2:0.

Figure 5. Variation of buzz frequency with mass ow
ratio in the bleed-o� con�guration.

�gure, as the intake mass ow ratio decreases, buzz
frequency increases. However, when the freestream
Mach number increases, buzz frequency decreases.

Choking the ow over the plug at the end of
the model and �lling the model with high-pressure
air are determinative features of the buzz cycle [5].
When EBR increases and consequently, " decreases,
these features appear sooner. Therefore, the period
of the buzz cycle decreases, leading to increase in
the frequency of buzz oscillations. In addition, as
the freestream Mach number increases, shocks reach
a position closer to the throat section. Hence, buzz
frequency decreases. At this position, the shocks
are weaker and consequently, the separation region
behind them is reduced. This, in turn, postpones
the establishment of the required conditions for buzz
triggering according to the Dailey criterion.

High frequencies for M1 = 1:8 as compared with
other examined freestream Mach numbers are due to
the starting characteristics of the current intake. As
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mentioned before, the �rst starting Mach number of the
intake is about 2.0. As a result, forM1 = 1:8, a normal
shock stands near the intake entrance and the mass ow
rate passing through the intake decreases due to ow
spillage around the cowl lip. As shown in Figure 6,
ow spillage causes the intake to be discharged from
the high-pressure air in a short time and, as a result,
the period of the buzz cycles is considerably reduced.

Analysis of the buzz oscillations for the no-bleed
case shows that the buzz occurs according to the Dailey
criterion in this intake [57]. Therefore, it is anticipated
that when the boundary layer suction is applied over
the spike surface, it prevents ow separation, which
a�ects the stability characteristics of the intake. As
seen in Figure 3 and Table 1, when the bleed is applied,
stability margin of the intake signi�cantly increases.
For EBRs tested in this investigation, at M1 = 1:8,
the buzz is completely eliminated while at M1 = 2:0
and 2.2, it starts with EBR > 75% for the con�guration
equipped with bleed.

The dominant frequencies of buzz oscillations and
the corresponding mean values of " are presented for
the con�guration equipped with bleed in Table 3. Ac-
cording to this table, the buzz frequency at EBR = 80%
is much larger than that in the con�guration without
bleed. In addition, in contrast with the no-bleed case,
when the freestream Mach number increases, buzz
frequency also increases.

The shadowgraph pictures of the last stable EBR,

Table 3. Dominant frequency of buzz oscillations and the
mean value of " for the bleed-on con�guration.

EBR (%) " Freq. (Hz)

M1 = 1:8
80.0 0.441 Stable

M1 = 2:0
75.0 0.572 Stable
80.0 0.451 898

M1 = 2:2
75.0 0.605 Stable
80.0 0.468 942

i.e. EBR = 75%, for freestream Mach numbers of
2.0 and 2.2 are shown in Figure 7. As seen in this
�gure, all the three shocks, namely conical, barrier,
and normal, intersect at such a point and the resulting
vortex sheet may impinge upon the lower surface of the
cowl (Ferri criterion). In addition, investigation into
the shadowgraph pictures for cases with buzz reveals
that in contrast with the bleed-o� con�guration, shocks
oscillate in a limited domain outside the intake in the
bleed-on con�guration case. As a result, initiation and
characteristics of oscillations are moved from Dailey
criterion to Ferri criterion when the boundary layer
suction is applied and this is the reason for di�ering
frequency values as well as their trends from those in
the bleed-o� con�guration.

Figure 6. Shadowgraph pictures for the no-bleed case at M1 = 1:8 and at the lowest downstream position of the
oscillating shock wave: (a) EBR = 75.0% and (b) EBR = 80.0%.

Figure 7. Shadowgraph pictures for the bleed-on case at EBR = 75.0%: (a) M1 = 2:2 and (b) M1 = 2:0.
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Figure 8. Variation of the bleed mass ow ratio for
di�erent EBRs.

Variations of the bleed mass ow ratio for each
freestream Mach number are shown in Figure 8. Ac-
cording to this �gure, as the freestream Mach number
increases, "b for a constant value of EBR decreases.
This reduction is due to the high tangential velocity
near the wall for higher Mach numbers that causes
less mass ow rate to enter the bleed duct. At the
subcritical operating condition, i.e. larger EBRs, the
value of EBR further increases. This increment in "b is
because of the boundary layer thickening upstream of
the bleed entrance. Finally, when the bleed is applied
with a mass ow rate less than about 1.6% of the intake
mass ow rate, the intake becomes more stable and the
oscillation amplitude decreases.

3.2. E�ects of the bleed duct exit area
As mentioned before, the previous results were for the
larger bleed exit area, i.e. Ae = 4Ar. However,
to further study the e�ects of the bleed exit area,
tests were conducted with the smaller exit area of
Ae = 2Ar and the results are presented in this section.
Performance curves of the intake for both bleed exit

Table 4. Buzz frequencies for two bleed exit areas.

Bleed Exit area Freq. (Hz)
M1 = 2:0;

EBR = 80%
M1 = 2:2;

EBR = 80%
Ae = 4Ar 898 942
Ae = 2Ar 899 940

areas at freestream Mach numbers of 1.8, 2.0, and 2.2
are shown in Figure 9. As seen in this �gure, the exit
area of the bleed duct has negligible e�ects on the
intake performance. However, the smaller exit area
is seen to produce a higher pressure recovery, �, at
freestream Mach numbers of 2.0 and 2.2. In addition,
it is seen that the buzz onset and consequently, the
stability margin of the intake are independent of the
exit area. Hence, the values of SM for both exit areas
are higher than 28.0%, 28.0%, and 28.0% at M1 = 1:8,
2.0, and 2.2, respectively.

The frequencies of oscillations for both bleed
exit areas at EBRs that are associated with the buzz
phenomenon are presented in Table 4. As seen, the
bleed exit area does not have e�ects on the buzz
frequency. Furthermore, in Figure 10, it is seen that
the exit area does not change the bleed mass ow ratio
except for the freestream Mach number of M1 = 2:2.
As a result, it can be concluded that the exit area of the
bleed duct does not alter the stability characteristics
of the intake and it has negligible e�ects on the intake
performance.

4. Conclusions

The stability characteristics of a supersonic mixed com-
pression axisymmetric air intake were experimentally
investigated. The intake design Mach number was 2.0.
However, tests were conducted for freestream Mach
numbers of 1.8, 2.0, and 2.2 at zero-degree angle of
attack. Several back pressures were imposed on the
end of the intake for each freestream Mach number
and e�ects of the boundary layer suction as well as

Figure 9. Performance curves of the intake for two bleed duct exit areas: (a) M1 = 1:8, (b) M1 = 2:0, and (c) M1 = 2:2.
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Figure 10. Variation of the bleed mass ow ratio for two bleed exit areas: (a) M1 = 1:8, (b) M1 = 2:0, (c) M1 = 2:2.

the freestream Mach number and bleed exit area on
the stability margin, frequency, and amplitude of the
buzz oscillations were studied. Results showed that
stability margin of the intake for both con�gurations
with and without bleed decreased when the freestream
Mach number increased. In the bleed-o� con�guration
case, the stability margin decreased by about 12% as
the freestream Mach number increased from 1.8 to 2.2.
In addition, in this con�guration, the frequency of os-
cillations increased when the freestream Mach number
decreased or when back pressure increased. Boundary
layer suction was seen to considerably improve the
intake stability margin. At M1 = 1:8, the intake
was completely stable for all EBRs examined in this
research. In contrast, in the bleed-o� con�guration,
when the bleed was applied, as the freestream Mach
number increased, frequency of the buzz increased and
the spatial domain of the shock oscillations was limited
to a small distance downstream of the bleed entrance.
Three di�erent frequency bands, namely about 100
Hz and 475 Hz for the bleed-o� con�guration and
900 Hz for the con�guration equipped with bleed, were
observed in this study. The di�erences were due to
the buzz triggering mechanism that moved from Dailey
criterion to Ferri criterion when the boundary layer
suction was applied. It was seen that the exit area
of the bleed duct did not have signi�cant e�ects on the
stability characteristics of the intake.
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Nomenclature

A Area, m2

CR Contraction ratio
d Maximum diameter of the intake, m
Freq: Frequency, Hz
l Model characteristic length, m
M Mach number

_m Mass ow rate, kg/s
MR Main rake
P Static pressure, Pa
PR Single-probe rake
R Gas constant, J/(kgK)
SM Stability margin, %
T Static temperature, K
TR Throat rake
x Axial coordinate, m
 Ratio of speci�c heat coe�cients
" Mass ow ratio
� Total pressure recovery, %

Subscripts

b Bleed
e Exit of the bleed duct
i Inlet of the model
r Reference area of the bleed
t Total or stagnation quantity
1 Freestream
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