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The flow characteristics were investigated for two types of small-sized supersonic inlet models: rectangular and

axisymmetric inlets. The twomodels were designed by the samemethod and are of similar size, with a total length of

about 160 mm. The flow phenomena that were generated at the stable and unstable operating conditions of both

models are visualized and discussed in detail. The main flow feature for stable operation is the existence of a shock

train induced by the shock boundary-layer interactions. The results show that the shock-train shape and position are

varied along with the upstream and area ratios, which strongly impact the downstream flow and total pressure

recovery. For unstable operation, various buzz phenomena are observed for different area ratios. The results

indicate that the buzz phenomenon of the small-sized inlet is identical to that of a large inlet, but the small inlet can be

easily affected by the presence of a separation bubble. Although the shapes of the inlets are different, the base

frequencies of a big buzz for bothmodels are very similar. The role of the separation on the compression surface in the

buzz process of the small-sized inlet is shown.

Nomenclature

Ae = geometrical throat area of exit jet
At = cross-sectional area at throat section of inlet
Ai = cross-sectional area at entrance of test model
c = speed of sound
fn = fundamental frequency of inlet buzz
L = length of inlet duct
M = Mach number
Ms = Mach number immediately upstream of terminal shock
M1 = Mach number at freestream
P = surface pressure
PRMS = root-mean-square pressure
Pto = freestream total pressure.
Re = unit Reynolds number, dimensionless
u = local velocity
�Pt = total pressure recovery
�Ptl = total pressure loss ratio
� = local density

I. Introduction

T HE function of a supersonic inlet is to provide a subsonicflow to
the combustor at a desired velocity, a high total pressure

recovery, and a uniform and stable flow. Thus, the supersonic inlet is
closely associated with engine performance and is considered one of
the most important elements in a supersonic airbreathing engine
[1,2]. For this reason,many studies on this topic have been conducted
over the past five decades, but research is still required to solve some

aspects of the design of the supersonic inlet. This is because complex
flow phenomena such as shock boundary-layer interactions (SBLIs)
and unstable shock motions around the supersonic inlet are not fully
understood at present. Thus, it is very important to observe all the
typical flow phenomena that can prevail both inside and outside the
inlet.

Several studies have helped to establish an understanding of the
relationship between the inlet performance and various physical
phenomena, such as the effect of pseudoshock on inlet performance
[3–17] and the buzz phenomenon, together with the mechanism that
initiates it [18–30]. However, although all of these results are very
noteworthy, the results are limited because they are generally
deduced from fragmentary images of the inlets and local pressure
data. Under conditions of unstable operation, there exist no
visualized results that fully reveal the features of internal flow.
Indeed, even for the case of stable operation, not many visualized
results have been published to date. In addition to these general
issues, it is necessary to consider the effect of the inlet size. Several
studies on small-sized solid fuel ramjets (SFRJs) have been
conducted toward the goal of designing a gun-launched projectile for
the past 10 years [31–33]. However, most of those studies focused on
either the design of a combustor or the combustion phenomenon of
SFRJs, while studies on inlets have rarely been reported. The
successful design of such a projectile requires detailed knowledge of
the performance at the subsystem level because complex physical
phenomena exist due to interactions between the subsystems [32].
Therefore, studies on small-sized inlets are still needed to confirm
whether or not their flow characteristics are the same as those of a
large supersonic inlet, such as a conventional ramjet intake.

This study aims to uncover the flow characteristics of inlets and
confirm extant findings that have been limited to plausible diagrams
by showing detailed flow-visualization images for all regions of the
inlet across the entire operation. In addition,we aim to understand the
flow characteristics of the small-sized inlet. Our investigations are
based on experiments conducted with the conventional, blowdown,
supersonicwind tunnel at theAerospace Propulsion andCombustion
Laboratory at Seoul National University. Numerical simulations
were also conducted to aid the experimental data. For this study, two
types of similar-sized inlet models, axisymmetric and rectangular,
which exhibit self-starting characteristics, were designed using the
same method [2]. The total length of both models was about 160 to
170mm [34]. The scale and the shape of our axisymmetric model are
very similar to those of the SOFRAM [31]. The experimental data
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were obtained through static pressure measurements and a high-
speed schlieren visualization technique.

II. Literature Review

A. Stable Operation

Most of the previous investigations on SBLIs were conducted in
constant-area channels where the effects associated with a sustained,
postshock pressure gradient were either totally absent or greatly
suppressed; thefindings of these studies are summarized in [3]. Thus,
even though there are a large number of studies on SBLIs, only a few
of the published experiments are directly applicable to inletflows [9].
Several experimental [4–13] and numerical investigations [14–17]
have been reported on terminal shocks, and a comprehensive review
was given by Hamed and Shang [11] on the SBLI that is pertinent to
predicting the flows in supersonic inlets. The typical trends in
terminal shock presented by Sajben and Kroutil [7] are divided into
four patterns on the basis of the Mach number Ms that prevails
immediately upstream of the terminal shock in the subsonic diffuser.
When the Ms is smaller than 1.3, the structure is a single normal
shock that shows some curvature near the walls. Above this value,
shock-induced separation occurs, and the single shock transmutes
into patterns of bifurcation. ForMs values greater than 1.6, a normal
or oblique shock train appears. The classification system given by
Sajben et al. is similar to that for constant-area ducts, but the shape of
the shock train is completely different. Additionally, Bogar et al. [8]
and Sajben et al. [9] found that two or three separated patterns can
occur for the same downstream condition, depending on the history
of the flow. Mahoney showed the effect of the length of the pseudo-
shock on the total pressure recovery in the supersonic inlet [2].

B. Unstable Operation (Inlet Buzz)

The stability of an inlet flow at various flight conditions is one of
the major considerations in the design of supersonic inlets.
Theoretically, the stable operation of an inlet is achieved at the design
condition. However, under certain flight conditions, the regulation of
the engine thrust usually entails a reduced consumption of mass flow
at the inlet. When the rate of the entering mass flow falls below a
certain value, supersonic inlets often encounter the problem of
aerodynamic instability, which is called an inlet buzz. During inlet
buzz, supersonic inlets exhibit considerable shock system oscil-
lations in front of the inlet and large corresponding fluctuations in the
pressure and mass flow downstream [18–30].

The first studies of inlet buzz were undertaken by Ferri and Nucci
[19] and Dailey [20], following the observations of Oswatitsch [18].
The initiation mechanisms that they suggested have been confirmed
by many subsequent studies. Buzz is classified into two types on the
basis of the initiation mechanism: the Ferri type, where buzz is
initiated by the shear layer that arises inside the inlet duct, and the
Dailey type, where the buzz is triggered by the obstruction that is
caused by separation on the compression surface. Since these
pioneering studies, many investigations have been conducted on
different inlet configurations. Several experimental studies by
Hermann [21], Sterbentz and Evvard [22], Trimpi [23], Connors and

Wollett [24], and Nagashima et al. [25], among others, focused on
flow without a cone separation or a Ferri-type buzz. In particular,
Nagashima et al. [25] depicted the oscillatory motion of external
shock using schlieren images recorded by a high-speed camera. For
Dailey-type buzzes, Hongprapas et al. [26] confirmed the influence
of the separated flow inside the inlet by using plausible patterns of the
internal flow that were based on measurements taken during stable
operation. Lu and Jain [27] conducted numerical simulations using
the RANS equation and the Baldwin–Lomax turbulencemodel; their
results showed that the buzz cycle is attributed to both the instability
of the local flow around the entrance and the acoustic resonance
modes that appear inside the plenum chamber. Fisher et al. [28]
carried out experimental studies using a rectangular external-
compression inlet, and they observed two different types of buzzes,
which they termed little buzz and big buzz on account of the different
flow conditions. Their experimental results suggested that little buzz
is triggered by a shear layer that enters inside the cowl lip, whereas
big buzz is related to a separation on the compression surface.
Recently, Trapier et al. [29,30] conducted experimental and
numerical studies for a mixed-compression rectangular inlet model,
similar to the model examined by Fisher et al. They also observed
little buzz and big buzz for various Mach numbers (1.8–3.0) and
more clearly established Fisher et al.’s [28] findings regarding the
mechanisms that trigger buzzes.

III. Experimental and Numerical Setup

A. Supersonic Wind Tunnel

The experiment was conducted using a conventional, supersonic,
blowdownwind tunnel. The facility allows for approximately 10 s of
runtime. The test section is square-shaped and has a size of
109 � 109 mm. A two-dimensional converging–diverging super-
sonic nozzle with a Mach number of 2.5 is located upstream of the
test section. The measured turbulence level of the freestream is about
4.2% at the test section. The total flow conditions at the settling
chamber are as follows: the total pressure is 950 kPa, the total
temperature is 300 K, and the unit Reynolds number is 7:6 � 107=m.

B. Design of Test Model

Two types of inlet models are used in the present study, but the
design method is the same for both models and is based on [2].
Drawings and photographs of the inletmodels are given in Fig. 1. The
axisymmetric model is a generic mixed-compression inlet, as shown
in Fig. 1a. According to Oswatitsch’s results [35] for the axisym-
metric model, when one cone is used in the inlet model, the optimal
half-cone angle is 30� for a Mach number of 2.5 in view of the total
pressure recovery. After the half-cone angle had been decided, the
height of the inlet throat was determined through a simple mass-
conservation calculation so that the entrance flow was not choked at
the throat. The connection between the compression surface and the
throat is designed to have a curved surface with a radius that is four
times the throat height, according to [2]. The calculated inlet throat
height is 2.1 mm, the throat length is 5 mm, and the total length is
169 mm. The angle of the subsonic diffuser is 5�.

Fig. 1 Schematics and pictures of the experimental model.
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The rectangular model is designed by the same method, but the
external compression is achieved by two ramps, as shown in Fig. 1b.
The two ramp angles are decided on the basis of maximizing the total
pressure recovery using one-dimensional theoretical calculations.
The angles calculated are 12 and 25� for the freestreamMach number
of 2.5. The remaining design parameters are determined in the same
manner as for the axisymmetric model: the inlet throat height is
6.1mm, the throat length is 5mm, the angle of the subsonic diffuser is
5�, and the total length is 159 mm, while the width of rectangular
model is 20 mm. Unlike the axisymmetric model, it is possible to
visualize the internal flow in the rectangular model, and Plexiglas is
used for a pair of sidewalls for this purpose.

All the design methods for the two models are the same, but the
location of the cowl lip for the external oblique shock is varied so that
its effect can be observed. As shown in Figs. 1a and 1b, the external
oblique shock system (denoted by the lines on the compression
surfaces) is located inside (axisymmetric model) and outside
(rectangular model) the cowl lip, respectively. The diameter of the
cowl lip is 13.7 mm in the axisymmetric model, and the height of the
cowl lip is 12.9 mm in the rectangular model. Figures 1c and 1d
illustrate the axisymmetric and rectangular models, respectively,
installed in the wind tunnel.

C. Experimental Data Acquisition

Experimental data were obtained through static pressure mea-
surement and flow visualization using schlieren and shadow
techniques. For the axisymmetric model, static pressure measure-
ments were obtained at four stations on the inside surface of the
cowling, as shown in Fig. 1a. The pressurewasmeasured at the throat
(a1), the subsonic diffuser (a2 and a3), and the plenum chamber (a4).
For the rectangularmodel, the pressurewasmeasured atfive stations:
two compression ramps (r1 and r2), the throat (r3), the subsonic
diffuser (r4), and the plenum chamber (r5), as shown in Fig. 1b.
Piezoresistive type dynamic pressure sensors (Keller and Swiss),
which have the accuracy of 0.25% for a full scale of 10 bar, were used
and sampled at 10 kHz using an automated data-acquisition system.
The tube-fitting method was adapted due to the small size of the test
model. For the axisymmetric model, there was no difficulty in
measuring the dynamic pressure because the tubes were sufficiently
short. However, for the rectangular model, the tube was too long.
Thus, the absolute pressures could not be exactly measured during
the unstable operation, but the model frequency was correctly
detected. The detected frequency was verified using the images
recorded for the terminal shock movements using a high-speed
camera.

Schlieren or shadowgraph flow visualization is a well-established
technique that is used to capture the formation of external and
internal shocks at an inlet [36]. During stable operation, flow-
visualization pictures were taken by a high-resolution charge-
coupled device camerawith a shutter speed of 1=8000 s. For unstable
operation, movies and images were recorded using a high-speed
camera (Ultima APX and Photoron) that operated at 6000–10,000
frames per second. In this study, we attempt to synchronize the video
and pressure data in the case of unstable operation.

D. Test Procedure

The inlet operating conditions were varied by changing the
position of the backplug, which controlled the throat area of the exit
jet; see part F (plug) in Figs. 1a and 1b. The position of the backplug is
identified by the area ratio (AR), which is defined as the ratio of the
geometrical throat area of the exit jet Ae to the cross-sectional area at
the throat section of the inlet At. These experiments were conducted
for AR values ranging from 0.316 to 1.5.

E. Numerical Methods

Numerical simulations were conducted using the Reynolds-
averaged Navier–Stokes (RANS) equation with the Menter–shear-
stress-transport turbulent model [37]. Two-dimensional and
axisymmetric analyses were conducted to confirm the base

phenomenon and reduce the computational cost. Steady and
unsteady simulations were conducted in accordance with the flow
conditions. The equations were solved by the well-known Jacobi
iterative implicit time-marching scheme [38] and Roe’s flux differ-
ence splitting [39] using the Osher–Chakravathy gradient limiter
[40], which exhibits good spatial accuracy up to the third order. The
Jacobi-point iterative method has first-order time accuracy for
unsteady simulations. The steady-state solution of the critical mode
was used as the initial condition for the unsteady simulation. For the
unsteady simulations, the time stepwas of 10�7 s and the resultswere
sampled at every 0.1 ms.

The inflow boundary conditions were specified in terms of the
unperturbed freestream conditions and were completely specified
during the solution procedure. Since all of the test cases considered a
supersonic freestream, the fixed upstream boundary conditions were
empirically correct. For the outflow boundary condition, a no-
gradient extrapolation was set at the exit due to the supersonic flow
induced by the plug that was used in the experiments. The boundary
conditions for the walls, such as the centerbody and cowl surface
walls, were treated as no-slip boundaries by setting the velocity
components on thewalls to zero and employing adiabatic conditions.

The computational domain comprised an internal flow region that
contained most of the essential flow structure and an external flow
region that became important when the flow spilled over the cowl lip
for the unstable operating regimes. The structured grid was applied
for the computational domain and the total number of grid cells was
about 340,000 for the rectangular model and 350,000 for the
axisymmetric model. Figure 2 shows an example of grid for the
rectangularmodel. For the best results, all cell centers at thewallwere
located well within the laminar sublayer (y� � 1). Therefore, very
fine grids were located near wall boundaries, which included 180
points for the rectangular model and 120 points for the axisymmetric
model in the directions of the walls. A simple grid-independence
study was performed by increasing the grid numbers by 50% in the
axial direction and 30% in the height or radial direction. The pressure
valves and the terminal shock position are almost identical for the
steady-state flowfields obtained from these two grids.

IV. Results and Discussion

A. Overall Operation

The results of the surface static pressure measurements, nor-
malized by the freestream total pressure Pt0, are shown for both
experimental models in Fig. 3. Plots of the time-averaged pressures
for each measuring station against the AR are shown. The time-
averaged pressures are useful for observing the overall flow trends,
but they are not meaningful by themselves for unstable operation.
The static pressure trends are divided into five modes of flow
operation, depending on the position of the terminal shock. The
operation regimes are subdivided into two segments, stable and
unstable, depending on the operatingmode of the inlet; the stable and
unstable regimes are denoted by arrows in Fig. 3. The stable regime
ranges from supercritical (I) to critical (II); in this regime, the inlet
operates normally without severe shock oscillations, as the terminal
shock is located inside the inlet duct. Only very weak terminal shock
oscillations are observed for the stable regime. The subcritical (III),
buzz (IV), and unstart (V) modes are included within the unstable
operation regime; in this regime, a terminal shock is only observed
near the inlet duct, or strong shock oscillations are observed
throughout all of the regions of the inlet. Figure 4 shows the shadow

Fig. 2 Grid and boundary conditions for the rectangular model.
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images that indicate the external shock system and correspond to the
five operating modes of the axisymmetric model. The pressure of the
plenum chamber gradually increases as the AR decreases and
reaches a maximum value at the critical point. Then, the pressure
suddenly decreases at the point when a big buzz is initiated in both
models. The overall flow trends for both models are similar, but the
subcritical-mode regime differs for the two models due to the
different location of external shock system. A more detailed
classification of each operational mode can be defined as follows.

For modes I–II (supercritical–critical), the terminal shock exists
within the inlet, and the formation of the external shock is invariant
with the AR. The downstream static pressure rises with decreasing
AR, which is typical behavior for a supercritical mode, wherein the
exit jet flow closes down and the terminal shock or intensified shock
train moves upstream. For the axisymmetric model, ARs that exceed
0.999 belong to this mode, but for the rectangular model, ARs that
exceed 0.893 belong to this mode. Figure 4a presents the images for
these modes.

For mode III (subcritical or little buzz), when the AR is lower than
that for the critical mode, the terminal shock oscillates near the cowl
lip, as shown in Fig. 4b, and the inlet regulates the enteringmass flow
through the spillage of flow. For this mode, the vortex sheet is
generated by the interaction of terminal shock and external shock,
which induce the inlet instability. Although it is not large, the
terminal shock continuously oscillates near the cowl lip. Some
authors have classified this oscillatory shock motion in subcritical
operations as a little buzz [28–30]. For the axisymmetric model, the
external shock system is located inside the cowl lip. Thus, the vortex
sheet that can induce instability is generated at higher AR, and the
subcritical mode can start at higher AR. Operations at ARs of 0.955
and 0.933 belong to this mode for the axisymmetric model. The
axisymmetric model had some AR values that only produced the
subcritical mode, while the rectangular model did not have any AR
values that produced the subcritical condition. For the rectangular
model, even when theARwas slightly reduced from the value for the
critical mode, a big buzz was intermittently initiated. For the case of
the rectangular model, the instability can be induced only when the

terminal shock moves upstream cowl lip by high backpressure,
because the external oblique shocks are located outside the cowl lip.
Thus, an inlet buzz can be initiated easily at subcritical mode,
because the terminal shock can be affected more easily by random
pulse of backpressure or accumulation process.

For mode IV (buzz), an inlet buzz is produced in this regime, as
indicated by large oscillations in the shock wave and large fluc-
tuations in the static pressures. In this regime, a big buzz of both
models is initiated intermittently or continuously as the AR varies.
As Fig. 4c confirms, during buzzoperation, a separation region on the
compression surface and another oblique shock generated in the
separation region are apparent. For the axisymmetric model,
operating at AR values between 0.386 and 0.904 produces the buzz
mode, while operating at ARs between 0.501 and 0.877 produces the
buzz mode for the rectangular model.

For mode V (unstart), as shown in Fig. 4d, the terminal shock
detaches from the inlet and the inlet is totally unstarted. Under this
condition, all of the regions of the inlet are preserved at a subsonic
condition and the pressures at all of the stations are somewhat similar.
Operations at an AR of 0.316 for the axisymmetric model and at ARs
below 0.368 for the rectangular model belong to this mode.

B. Stable Operation (from Supercritical to Critical Modes)

When the supersonic inlet exhibits stable operation, the most
important flow features are the SBLIs that are always present inside
inlets, since their detailed forms affect the structure of the terminal
shock system of the inlet. The boundary layer on the wall surface of
the inlet interacts with the shock, creating a shock train and a
pseudoshock with a higher Mach number. Sajben and Kroutil [7],
Bogar et al. [8], and Sajben et al. [9] classified such shock trains into
four kinds based on the Mach numberMs that prevails immediately
upstream of the terminal shock in the subsonic diffuser. Similar
results were obtained in this study for both small-sized models.
Experimental and numerical schlieren images were suggested to
examine the shock-train patterns for different external shock systems
in detail.

1. Rectangular Model

Figures 5–7 present experimental and numerical results for the
rectangular model. Figure 5 shows the experimental and numerical
schlieren images. Figure 6 gives the distributions of the static
pressure normalized by the freestream total pressures for different
ARs. The numerical and experimental results agree relatively well
with each other, although the results obtained from the two-
dimensional numerical analyses give overestimations at low AR
values. It is considered that this difference might be induced by the
three-dimensional effect and accuracy of AR because the test model
is very small. Although the two sets of results differ slightly for low
ARs, the differences are not large enough to adversely impact the aim
of this study, which is to observe the flow characteristics inside the
inlet diffuser. Figure 7 shows the numerical schlieren and Mach
number images with an isocurve corresponding to a local Mach
number of unity. Using this figure, we can distinguish between the
supersonic and subsonic regions and examine the variation in the
length of the shock train with the AR. Given the results in Figs. 5–7,
the flow characteristics of the subsonic diffuser can be interpreted as
follows.
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1) The shock train is observed at AR� 1:287 at first. It is already
known that the shape of the shock train is largely affected by the
Mach numberMs and the boundary layer just upstream of the shock
train [10,16,17]. According to previous works involving a constant-
area duct [10,16,17], a normal shock train, where the normal part of
the leading shock is present, is observed when the Ms is 1.5–1.7,
whereas an oblique shock train, where the normal part of the leading
shock disappears, is observed for Ms values larger than 1.8–2.2.
However, as shown in Fig. 7, the normal shock train is only observed
when the shock train exists at the subsonic diffuser and the Ms is
1.575–1.929. In Figs. 5 and 7, we can clearly see the lambda-shaped
first shock wave with a vertical portion and two bifurcation points,
while the second shock wave is concave toward the upstream
direction. Unlike the results from the constant-area duct, the asym-
metric oblique shocks are generated from asymmetric separation
regions, and a distorted diamond-shaped expansion region exists
immediately behind the normal part and rear leg of the first shock.
These consecutive structures make up the asymmetric shock train in
the subsonic diffuser. As theARdecreases, theMs also decreases and
the number of shocks, the spacing between two consecutive shocks,
and the length of shock train gradually decrease.

2) When the AR is decreased to 1.057 and 1.025, the terminal
shock moves to the inlet throat, and it seems that a single normal

shock exists on the inlet throat. This pattern seems similar to the
results of Sajben and Kroutil [7], where the ranges ofMs are 1.266–
1.399 (AR� 1:057) and 1.083–1.287 (AR� 1:025). However, the
boundary layer is much thicker at the centerbody-side surface of the
inlet throat as the terminal normal shock intersects with the oblique
shock that originated at the cowl lip. This causes the subsonic flow
behind the normal shock to reaccelerate into a supersonic flow as the
flow passage becomes narrower, and another single normal shock
(as suggested by the numerical results) or another shock train (as
experimentally observed) is generated in the subsonic diffuser, as
shown in Figs. 5 and 7. The result suggests that it is not that the
pattern of a shock train is determined by onlyMs. As the AR further
decreases,Ms increases as the terminal shockmoves to the expansion
region near the cowl lip, but another shock train is not observed.
However, a slip line is generated below an AR of 1.025, as the
terminal shock interactswith the oblique shock that is generated from
the cowl lip. Another small shock train is generated below the slip
line because the compression and expansion waves are reflected in
that region.

3) The static pressure distributions of the centerbody-side surface
maintain a smooth and stable growth trend, but the pressure
distributions of the cowl-side surface widely fluctuate at AR values
above 1.156; the fluctuations are caused by asymmetric shock
formations. The oblique shock that is generated from the cowl lip is
reflected at the centerbody-side surface of the inlet throat, which
greatly thickens the boundary layer on the centerbody side. On the
other hand, the boundary layer that develops on the cowl-side surface
is significantly thinner, because there are no major factors that can
thicken the boundary layer of this surface, since the external oblique
shocks are located outside the cowl lip. This asymmetrically
distributed boundary layer is themain cause of the asymmetric shock
train at the upstream region of the shock train. The oblique shock on
the centerbody side is longer and stronger than that on the cowl side,
which makes the boundary layer near the centerbody-side surface
even thicker, resulting in a smooth surface-pressure distribution, as
shown in Figs. 6 and 7. By contrast, because the supersonic core flow
is deflected to the cowl-side surface, the surface pressures on this side
are easily affected by the shock waves and expansion waves in the
shock train, thereby producing large fluctuations in the streamwise
direction. These fluctuations due to the shock train disappear below
AR values of 1.090 since the shock train is no longer observed. Also,
the pressure fluctuation is not observed, although a small shock-train
region exists below the slip line at AR� 0:992 due to the thick
boundary layer on the centerbody side. For the flow region following
the shock train, the dominant flow processes include supersonic

Fig. 5 Schlieren images with AR values for the rectangular model.
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mixing and subsonic diffusing; therefore, the surface-pressure
distribution on the cowl side returns to a smooth trend and agrees
with that of the centerbody side.

2. Axisymmetric Model

Figures 8 and 9 show the experimental and numerical results for
the axisymmetric model, respectively. Figure 8 gives the distri-
butions of the static pressure andFig. 9 shows the numerical schlieren
and Mach number results. The fluctuations of the surface-pressure
distributions at x� 0:06 m and x� 0:08 m in Fig. 8 are due to the
geometry of the backstep for the strut part of the model, as shown in
Fig. 1a, and do not substantially affect the characteristics of the main
flow or the shock train. According to the results in Figs. 8 and 9, the
general features of the internal flow, as a function of the AR, are
essentially the same as for the rectangular model except for some
differences. The similar and differing flow features for both models
can be interpreted as follows:

1) As shown in Fig. 9, unlike the results of the rectangular model,
only the oblique shock train is observedwhen the shock train exists in
the subsonic diffuser andMs is in the range 1.603–2.123.Ms is very
similar to that of the rectangular model. This result also suggests that
the shape of shock train can be affected not only by the upstream
Mach number but also by the diffuser shape, such as its diameter or
height. Similar to the shape of a normal shock train, asymmetric
oblique shocks are generated. However, the flow behind the

bifurcation point of the leading oblique shocks has different features.
For the case of the oblique shock train, the flow downstream of the
bifurcation point is still supersonic. Thus, a compression region
exists immediately behind the bifurcation point, wherein the flow is
shaped by the separation bubble on the surface of the wall. In this
study, when Ms is sufficiently large (e.g., 2.123), the flow down-
stream of the bifurcation point retains its supersonic conditions at the
narrowest part of the flow passage, beyond which a normal shock is
observed.WhenMs is less than about 2.0, a normal shock is observed
immediately behind the point of bifurcation. Comparedwith the case
of a normal shock train, the region of supersonicmixing in an oblique
shock train is much longer, because the region in which the flow
easily can be subsonic, such as the region between two slip lines in a
normal shock train, does not exist. The variation with the AR of the
flow features of an oblique shock train is similar to that for a normal
shock train.

2) The biggest difference is that the core flow is deflected to the
centerbody-side surface for all AR values. In contrast to the
rectangularmodel, the strong external oblique shock is located inside
the inlet cowl and reflected on the cowl-side surface, which greatly
thickens the boundary layer on the cowl-side surface. For this reason,
an asymmetric boundary layer that is thicker on the cowl-side surface
develops, and an asymmetric shock train is observed where the
bifurcated-leading oblique shock is stronger on the cowl-side
surface. Thus, the patterns of the shock train are unlike those in the
rectangular model, as the surface-pressure distributions fluctuate on
the centerbody-side surface. This conclusion is confirmed by the
results of the rectangular model shown in Fig. 10, which show two
numerical schlieren images and a local Mach number with different
inflowMach numbersM1. The inflow conditions of the two images
have the same total pressure, whereas the inflowMach number is 2.5
in the first image and 3.0 in the other. The images are different from
each other in terms of the overall shape of the shock structure, as the
Ms values are unequal due to the differing inflow Mach number.
However, as mentioned previously, we can explain the asymmetric
shock train that is generated from the asymmetric boundary layer.
Compared with the results forM1 � 2:5, the external oblique shock
forM1 of 3.0 is reflected on the cowl-side surface, and the boundary
layer becomes thick on that surface, which results in a different
asymmetric shock train and a different core flow direction,
explaining why the shapes of the asymmetric shock trains are
different for the two models. Additionally, the oblique shock train
that is generated in the rectangular model for M1 � 3:0 exhibits
exactly the same flow characteristics as for the axisymmetric model.

3. Comparison of Total Pressure Parameters

For both models, Figs. 11–13 show the total pressure parameters,
including the total pressure recovery and loss ratio. The total pressure
parameters are estimated from numerical solutions in accordance
with the following definitions.

Total pressure recovery:

�Pt �
R
A �uPt dA=

R
A �u dAR

Ai
�uPt dAi=

R
Ai
�u dAi

(1)

Total pressure loss ratio:

�Ptl
� 1 � �Pt (2)
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Fig. 8 Surface static pressure distributions with the AR values for the
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Fig. 9 Numerical shock-train images with AR values for the

axisymmetric model.

Fig. 10 Comparison of shock train with different inflow Mach

numbers for the rectangular model.
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These parameters are mass averaged, which means that the total
pressure is weighted by the local mass flux and integrated over the
section.

Figures 11 and 12 show the variation of the total pressure loss ratio
along the streamwise direction (the starting and ending points of the
abscissa x refer to the starting point of the compression surface and
the ending point of the plenum chamber of the inlet model,
respectively) for both models. Figure 11 shows the typical
characteristics of the total pressure loss in a normal shock train. The
total pressure loss continuously increases in all the regions of the
shock train, but a severe spike is generated at the leading normal
shock portion, which is precisely the point of bifurcation. Another
jump in the total pressure loss is not observed in the succeeding
normal shock that lies behind the leading normal shock. For all of the
normal shock trains, about 30% of the total pressure loss is generated
at the first normal shock portion. Figure 12 shows the variation of the
total pressure loss in an oblique shock train. Similar to the case of a
normal shock train, the total pressure loss continuously increases in
all of the regions, but a severe spike is not observed; only small jumps
are generated at the normal shock portion of the two oblique shocks
and not at the point of bifurcation. In both models, when the terminal
shock moves to the inlet throat as the AR is reduced, the shock train
intensifies into a normal shock. Furthermore, the total pressure loss is
realized at the location of the normal shock, and there is little pressure
loss downstream of the normal shock.

Figure 13 shows the variation of the mass-averaged total pressure
recovery at the midsection of the plenum chamber (denoted by the

line in the schematic diagram of the inlet) for both models. In both
models, the total pressure recovery increases almost linearly as the
AR value decreases, but its value for the rectangular model is larger
than that for the axisymmetric model. There are two reasons for this
discrepancy.While theMach number at the cowl-lip section is nearly
the same for both models (about 1.5), the axisymmetric model has
one compression surface, whereas the rectangular model compresses
the airflow through two wedges. Thus, the total pressure loss at the
compression surface is greater for the axisymmetric model.
Additionally, another total pressure loss is added in the axisymmetric
model as the external oblique shock interacts with the detached cowl
shock inside the inlet duct. Thus, we observe a jump in the total
pressure loss at the cowl-lip section of the axisymmetric model. For
this reason, when the inlet operates near the critical mode, the total
pressure loss for the axisymmetric model is larger than that for the
rectangular model, and the maximum total pressure recoveries are
about 0.71 and 0.81 for the axisymmetric and rectangular models,
respectively.

C. Unstable Operation (Inlet Buzz)

An inlet buzz occurs when the shock system oscillates in front of
the inlet under special conditions. A little buzz is observed when the
inlet is operated at a subcritical mode.When theAR is lower than that
of the subcritical mode, a big buzz is initiated for both models. A big
buzz is initiated intermittently or continuously for various ARs. An
intermittent buzz is observed for relatively larger ARs, while a
continuous buzz is observed for the lower ARs. During the
intermittent-buzz operation, a shock slightly oscillates near the cowl
lip for a random duration that is on the order of 1 to 10 ms, as for the
subcritical mode (little buzz); then, the shock system oscillates
largely forward and backward for a random number of cycles (big
buzz). On the other hand, during the continuous-buzz mode, there is
no duration for which the shock system is situated near the cowl lip,
and only the big buzz is initiated continuously and periodically.

1. Buzz Characteristics with Area Ratios

Figure 14 shows the dynamic pressure profiles of the axisym-
metric model, ranging from the subcritical to the continuous-buzz
modes, over durations of 100 ms. As shown for the subcritical mode
in Fig. 14a, smallfluctuations in the pressure data are observable at all
inlet stations (PRMS=Pto � 1:25% at plenum chamber). As the AR
decreases slightly from the value for the subcritical mode, the big
buzz initiates intermittently and large pressure fluctuations are
produced, as shown in Fig. 14b (PRMS=Pto � 3:6% at plenum
chamber). The onset frequency of the intermittent buzz that
accompanies these large fluctuations increases as the AR further
decreases. By contrast, the duration of the subcritical mode gradually
decreases, as in Fig. 14c (PRMS=Pto � 6:0% at plenum chamber). For
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the intermittent-buzzmode shown in Fig. 14c, the frequency of onset
of the buzz is not constant and varies randomly, but its initiation
frequency increases as the AR decreases. For example, the frequency
of onset of the buzz is about 10–20 Hz at an AR of 0.904 and
considerably varies at an AR of 0.856, from 25–50 Hz to about
100 Hz.When the AR is set below 0.806, the time for which the inlet
operates at the subcritical mode disappears and only a big buzz is
continuously initiated, as shown in Fig. 14d (PRMS=Pto � 8:6% at
plenum chamber). The normalized PRMS value is very similar with
the Trapier et al. experimental results [29], although themodel size is
largely different. The base frequency of the inlet is the same at all the
stations for any givenAR and changes from 312.5 to 447.8Hz for the
continuous-buzz mode as the AR decreases. However, its amplitude
is not the same across stations: the amplitude in the plenum chamber
is the largest, which means that the pressure fluctuation is largest in
the plenum chamber. As shown in Fig. 14, changing the AR does not
affect the amplitude of the surface-pressure fluctuations, but it affects
the base frequency of the buzz. Figure 15 presents the spectrogram of
the pressure signal at the plenum chamber. The assumption that the
ARs of Fig. 14 are changed at every 0.1 s is applied in the pressure
data of Fig. 15 to understand how the energy of the process is

decomposed over time and frequency. The frequency levels of little
and big buzzes are almost identical, and this result implicates that the
buzz is strongly related with the acoustic stimulation.

This phenomenon is observed in the rectangular model as well.
Figure 16 shows the dynamic pressure traces for the plenum chamber
of the rectangular model. The subcritical mode appears first at an AR
of 0.877, but the buzz phenomenon is also intermittently observed at
the same AR. For the intermittent-buzz mode at an AR of 0.877, the
onset of the buzz is randomly observed for frequencies in the range
15–100 Hz, as shown in Fig. 16b. When the AR drops below 0.877,
the intermittent buzz changes into a continuous buzz. Comparedwith
the results for the axisymmetric model, the range of AR values for
which the mode changes from subcritical or critical to continuous
buzz is narrower. This is because the range of AR values for which
the subcriticalmode is preserved iswider for the axisymmetricmodel
due the external shock system inside the cowl lip. The base frequency
increases from 252.2 to 444.7 Hz for the continuous-buzz mode as
the AR decreases. Similar to the results for the axisymmetric model,
for any givenAR, the base frequency is the same at all stations during
the buzz, implying that the whole inlet is affected by the massive
shock motion during the buzz.

2. Detailed Analysis of a Buzz Cycle

Figure 17 presents the surface-pressure histories and shadowgraph
images obtained from a high-speed camera that records 6000 frames
per second at an AR of 0.704 for the axisymmetric model. One buzz
cycle can be divided into three phases that correspond to the motions
of the terminal shock. In the first phase, the terminal shock moves
upstream due to the high backpressure, and the inlet starts to operate
in a subcritical mode (1–2 of Fig. 17). This upstreammovement goes
up the point where the separation grows out to block the inlet section,
according to the downstream flow condition (2–4 of Fig. 17). This
causes the external flow to spill outside the cowl lip, while the
entering mass flow and the pressure of the plenum chamber simul-
taneously decrease. As the terminal shock is expelled to near the tip
of the compression surface, the separation bubble significantly
blocks the inlet section (4–7 of Fig. 17). At the same time, the mass
flow entering the inlet begins to decrease continuously, and the
downstream pressure decreases as the blocking proceeds. After the
downstream pressure has sufficiently decreased, the second phase
starts. The terminal shockmoves downstream again as the separation
on the cone surface gradually disappears (8–12 of Fig. 17). The
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existence of separation bubble can be deduced by the variation of
shock structure on the cone surface. When the terminal shock moves
forward and backward, another oblique shock with different deflec-
tion angle is observed between the first oblique shock originated the
cone surface and the terminal shock. This second oblique shock is
generated by the separation bubble on the cone. As the separation
bubble disappears and the entering mass flow increases, the pressure
of the plenum chamber gradually increases as the flow fills the inside
of the inlet. The inlet restarts as the terminal shock moves inside the
inlet duct, which marks the start of the third phase. The inlet operates
at the supercritical or critical mode until the terminal shock moves
forward again (12–17 of Fig. 17). When the pressure of the plenum
chamber becomes sufficiently large, the terminal shock is expelled

from the cowl lip, the inlet is again in the subcritical mode, and a new
cycle begins.

Figure 18 shows successive schlieren pictures that were taken
during a buzz cycle for the rectangular model at AR� 0:828. From
the external and internal images of Fig. 18, we can see the process by
which the buzz develops. The schlieren images were obtained under
the same conditions; thus, the time lapse between successive images
is about 0.167 ms. The visualization region is marked by the dashed
rectangular outline in the schematic diagram of the inlet (Fig. 18a).
The shocks that should be ignored are marked as A and B at the top
left and bottom right portions of the schlieren region, respectively, in
the snapshot of Fig. 18b. The order of the pictures is marked by
numbers, where 1 marks the beginning of the buzz cycle. Finally, the

Fig. 17 Pressure (left) and shadowgraph images (right) during one buzz cycle for the axisymmetric model.

Fig. 18 Schlieren visualization of a buzz cycle for the rectangular model (AR� 0:828).
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white arrows represent the positions of the terminal shock. In the first
picture, the terminal shock is expelled from the cowl lip and reaches
its farthest point upstream after 13 frames; then, the terminal shock is
almost motionless, as shown in frames 14–15. In frame 16, the
terminal shock has moved back downstream, and a supersonic
regime is formed again in frame 19. The oblique shocks are generated
near the cowl lip and inlet throat as the supersonic regime is formed,

and a terminal shock is formed again by high backpressure, as shown
in frames 19–22. The terminal shock thenmoves upstream again, and
a new cycle commences.

Figure 19 shows the numerical schlieren images during a buzz
cycle with the streamlines added. The time lapse between two
successive images is 0.2 ms. As mentioned before, the numerical
results were overestimated to predict the pressure compared with the
experimental results at the same AR. This tendency is also observed
to predict the buzz phenomenon, for which the buzz frequency is also
overestimated. For anAR of 0.828, the base frequency was variously
estimated as 252.2 Hz from fast Fourier transformation (FFT)
analysis of the measured pressure data, 250 Hz from the schlieren
images taken during the experiments, and 294.1 Hz from the
numerical analysis. Figure 20 depicts the surface-pressure histories
over time for the buzz cycle shown in Fig. 19. The numbers
correspond to the numbers of the snapshots in Fig. 19. Figure 21
shows the instantaneous mass inflow and outflow at the cowl lip and
the nozzle exit, respectively, for snapshots 1–19 of Fig. 19. Although
there is a small difference between the experimental and numerical
sets of results, it is possible to more clearly explain the buzz
phenomenon by using the two sets of results because they agree with
the flow features.

According to these results, the observed buzz cycle can be
characterized clearly.

For phase 1 (subcritical to unstart), as the terminal shock moves
upstream due to the high pressure inside the inlet, flow spillage is
observed outside of the cowl lip (1 of Figs. 18 and 19), and the rate of
entering mass flow begins to decrease at the same time (1 of Fig. 21).
Because of this high pressure, the terminal shock is expelled up to the
first compression surface, and the external flow spillage becomes
severe (2–9 of Fig. 18 and 2–5 of Fig. 19). This spillage causes the
rate at which the mass flow enters to continuously decrease (1–5 of
Fig. 21), and the pressure of the plenum chamber decreases, but the
pressure of the inlet throat stays the samewhen the pressure decrease
of the plenum chamber affects the inlet throat (3–7 of Fig. 20). As the
terminal shock is expelled almost at the compression tip, the
separated zone on the compression surface grows out and obstructs a
significant part of the inlet section (10–15 of Fig. 18 and 6–9 of
Fig. 19). Because of the obstruction, the rate at which the mass flow
enters decreases sharply, and the pressure inside the inlet conse-
quently decreases.

Fig. 19 Numerical schlieren images and streamlines for the rectangular model (AR� 0:828).
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Table 1 Base frequencies at continuous buzz

Axisymmetric model Rectangular model

AR Freq., Hz AR Freq., Hz

0.806 312.5 0.828 252.2
0.704 375.0 0.762 358.0
0.651 384.6 0.697 379.3
0.598 420.1 0.631 417.5
0.449 447.8 0.565 444.7

LEE ETAL. 315



For phase 2 (reattachment), when the pressure downstream from
the shock is sufficiently low (9 of Fig. 20), the terminal shock moves
back downstream and the shock-induced separation bubble on the
compression surface gradually disappears (16–20 of Fig. 18 and 10–
14 of Fig. 19). Thus, the inlet obstruction gradually disappears and
the rate at which the mass flow enters increases (10–14 of Fig. 21).
The pressure of the plenum chamber increases as theflowfills (10–14
of Fig. 20), and the terminal shock appears inside the inlet when the
pressure inside the inlet becomes sufficiently high (20 of Fig. 18 and
14 of Fig. 19).

For phase 3 (restart), the inlet is operated as in supercritical
conditions, although the AR is fixed below the critical value. The
inlet entrance is not obstructed any longer (21–24 of Fig. 18 and 15–
17 of Fig. 19), the mass flow entering rate remains at almost the
maximum value (15–17 of Fig. 21), and the pressure inside the inlet
continuously increases. The terminal shockmoves forward due to the
high pressure inside the inlet, and the flow becomes subcritical as the
terminal shock is expelled (25 of Fig. 18 and 18 of Fig. 19).

3. Buzz Frequencies

When the inlet operates in the subcritical mode, the entrance flow
is bypassed and the mass flow is regulated as the terminal shock
oscillates slightly near the cowl lip. If the AR is slightly reduced
while oscillating near the cowl lip in a subcritical mode (namely, a
little buzz), the big buzz, which provides the oscillatorymotion of the
terminal shock, is much larger and is initiated intermittently and
randomly. The reason for this intermittence and random behavior
remains unclear, but this phenomenonmight be related with acoustic
stimulation, and two other causes are plausible. One cause could be a
random pressure pulse downstream from the high backpressure. The
other cause could be the internal air accumulation process with the
reduction of the AR. Also, it is possible that the intermittent and
random natures of the buzz may be the result of a combination of
these two causes, and these phenomena were not observed for any
AR in our numerical simulations. However, it is clear that the
terminal shock moves further upstream due to the random pulse or
the accumulation process, and the big buzz is initiated as the
separation zone grows on the compression surface. If the AR is
sufficiently low and the backpressure becomes too large, there is no
duration for which the inlet operates at a subcritical mode or a little

buzz, and the big buzz is initiated continuously and periodically since
the motions of the terminal shock depend strongly on the back-
pressure.

The base frequencies of the little buzz for the subcritical mode are
386.7 and 518 Hz, as determined from the pressure distributions in
Figs. 14 and 16 for bothmodels. The fundamental acousticmodes for
a duct with open and a closed ends are computed using Eq. (3)
[29,41]:

fn � �2n� 1� c
4L
�1 �M2� n� 0; 1; 2; . . . (3)

From the simulation results, the mean values between the subsonic
diffuser and the flow choking section are as follows: c� 327:1 and
340:1 m=s, M� 0:33 and 0.43, and L� 0:15 and 0.113 m for
axisymmetric and rectangular models, respectively. According to
this formula, the calculated fundamental frequency is 488.7 Hz for
the axisymmetric model and 610 Hz for the rectangular model. The
difference in the fundamental frequencies for both models is mainly
due to the length of inlet duct L, as shown in Fig. 1. The measured
base frequency is less than the fundamental frequency of the acoustic
resonancemodes. As shown in Fig. 4, the separation bubble exists on
the compression surface and the inlet throat for the subcritical
conditions. It can be inferred that disturbances generated by the
separation bubble make the base frequency different from the
acoustic resonance of the inlet duct. Similar phenomena were
observed by another author in experimental results at Mach 5 using a
small-sized inlet and a duct length of 190mm [42]. These phenomena
were not observed in other studies that used a large model where the
diffuser length was larger than 1 m [27–30,43]. Indeed, the unit
Reynolds number of the inflow in all referred tests [27–30,42,43],
including this study, is very similar to about 50–70 � 106, but only
the size of the test model is different. This result means that the
separation bubble canmore sensitively affect the buzz characteristics
of the small-sized supersonic inlet than a large-scale inlet.

The base frequency characteristics of the continuous buzz derived
from a FFT analysis are shown in Table 1 for both models. The base
frequencies for both models are very similar. In other words, if the
inlet models have a similar total length and the same design process,
the base frequencies of the buzz are the same, even though the shapes
of the inlet models may differ. This result suggests that the buzz
processes are very similar to each other and that the base frequency is

Table 2 Characteristics of terminal shock motion and base frequency for rectangular model

AR 0.828 0.762 0.697 0.631 0.565 0.501

Phases 1 and 3, forward-moving shock, ms 3.0 1.76 1.6 1.32 1.14 1.04
Phase 2, backward- moving shock, ms 1.0 1.04 1.04 1.1 1.08 1.08
Base freq. from schlieren images, Hz 250 367.1 378.8 413.2 450.5 471.2
Base freq. from pressure data, Hz 252 368 378.3 417.5 444.7 468.7

Fig. 22 Flow features starting from thefirst instant in intervals of 2msduringphase 3 of a buzz. (Note thatwhite arrows represent the position ofmoving

terminal shocks.)
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determined by the terminal shock motion that accompanies an
acoustic phenomenon.

For the rectangular model, the time that it takes for the terminal
shock tomove upstream or downstream is summarized in Table 2. As
the AR is reduced, the time for which the terminal shock moves
backward is nearly constant, while the time that the shock moves
forward decreases. This means that the time that it takes for the
separation bubble to disappear does not significantly vary with AR
values. This is the reasonwhy the base frequency increases as the AR
decreases, but this relationship is not linear. Consequently, the
generation and extinction of the separation bubble on the com-
pression surface and the inlet throat also play an important role in
determining the base frequency of a continuous buzz, namely, a big
buzz. Figure 22 shows the visualization images of phase 3 of the buzz
cycle for various AR values. Although the terminal shock is formed
at the subsonic diffuser, however, a supersonic flow is not perfectly
formed inside the inlet. The position where the terminal shock is
formed moves faster upstream as the AR decreases, and the restart
phase, which forms a supersonic flow, gradually disappears. At
AR� 0:501, the terminal shock is formed near the inlet throat at the
restart phase, and the supersonic flow is not clearly formed, even on
the compression surface. The terminal shock oscillates outside the
inlet atAR� 0:368, and the inlet never restarts, as all regions inside
the inlet remain subsonic.

V. Conclusions

The wind-tunnel tests and computational simulations were
conducted for the small-sized supersonic inlets. Two types of inlet
models, axisymmetric and rectangular, which have similar total
lengths of about 160 mm and were designed by the same method,
were used. The tests were conducted while changing the throat area
of the exit jet. Detailed visualization images for the entire process,
from stable to unstable operation, were presented, and the flow
characteristics around the small-sized inlet were understood in detail
based on the results.

Similar to a conventional supersonic inlet, themain flow feature of
the small-sized inlet was also the existence of the shock train during
the stable operation. The results showed that the shock train could be
differently generated by operating conditions including the size of
the diffuser. The characteristics of the asymmetric shock train were
mainly determined by the boundary layer that developed inside the
diffuser, and the normal and oblique shock trains depended on the
size of diffuser as well as the upstream Mach number of terminal
shock. Various buzz phenomena were examined for unstable
operation. The results showed that a little buzz was changed to a big
buzz and a big buzzwas initiated from intermittently to continuously
as the throat area of the exit jet decreased. For a small-sized inlet, the
existence of separation played an important role in determining the
base frequency of both the little and big buzzes. The measured base
frequency of the little buzz was different from that of the acoustic
modes due to disturbances generated from the separation, and the
phenomenon only appeared in the small-sized inlets. However, the
processes or initiation mechanisms of the big buzz were identical to
those reported previously, although the test model used in this study
was very small. Also, the base frequencies for both models were at
very similar levels during the continuous buzz, although the shapes
of both inlets were different, verifying previous reports that explain
how the buzz process is associated with acoustic waves moving back
and forth in the diffuser. The buzz processwas substantially impacted
by the generation and extinction of a separation process on the
compression surface and the inlet throat that was induced by the
terminal shock.

This paper offers an in-depth investigation of the entire flow
phenomena of the inlet, including the shock system, the shock/
boundary-layer interaction, and the supersonic inlet buzz. These
results will be very useful for engineers designing supersonic inlets.
Moreover, the detailed images presented in this paper will be helpful
for many researchers by enabling them to directly observe the entire
process of inlet operation. Finally, the results can be useful for
developing a small-sized supersonic inlet, such as an SFRJ.
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