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The stability of hypersonic boundary layers over a compression corner is investigated numerically. To compute
the shock and the interaction of the shock with the instability waves, the simulation solves the three-dimensional
Navier–Stokes equations using a high-order, weighted, essentially nonoscillatory shock-capturing scheme. After
computing the mean flowfield, the procedure then superimposes two-dimensional unsteady disturbances at the
inflow and computes the evolution of these disturbances in downstream direction. Because of the interaction of
the shock with the boundary layer, a separation bubble forms at the corner, and two compression waves form
near the separation and reattachment points. These compression waves merge farther away from the boundary
layer to form a shock. The investigation of the evolution of the second mode shows three distinct regions. One is
upstream of the separation bubble where the disturbances grow in agreement with the linear theory of similarity
boundary layers. The second region is the separation bubble region where the disturbances remain neutral. These
disturbances reside above the separation bubble and do not penetrate the separated region. The third region is
downstream of the separation bubble where the disturbances again grow exponentially as in boundary layers.

I. Introduction

T HIS work numerically investigates the stability and transi-
tion of hypersonic boundary layers over compression corners.

When a large adverse pressure gradient exists in the inviscid pres-
sure distribution, the viscous effects become important. The interac-
tion between the oncoming boundary layer and the adverse pressure
gradient drastically modifies the inviscid pressure distribution and
the flowfield. Multiple shocks, flow separation, transition to turbu-
lence, unsteadiness, and three-dimensionality appear near the in-
teraction region. This phenomenon appears in transonic flows over
airfoils, supersonic flows over compression corners, and flows over
steps.

Ackert et al.1 were the first to investigate experimentally the mu-
tual influences of the compression shocks and the boundary lay-
ers at transonic and low supersonic Mach numbers in laminar and
turbulent flow regimes. Since then, several experiments, analyses,
and computations2−7 have been performed to investigate the shock
boundary-layer interactions in detail. Most of the experiments mea-
sured or computed aerodynamic quantities such as pressure distri-
bution, skin friction, and heat-transfer rates. The measurements and
the observations for laminar boundary layers showed formation of a
λ shock at Mach numbers in the range of 1.2 and showed formation
of multiple shocks with decreasing Mach numbers. The λ shock
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consists of a main shock with a preceding oblique compression
wave. The flow separates in front of the main shock with a gradual
increase of pressure starting upstream of the separation point. This
gradual increase in pressure ends with a sharp increase near the main
shock, and the flow becomes turbulent behind the shock. For tur-
bulent flows, the measurements and observations showed formation
of only normal shocks. In both cases the boundary-layer thickness
increases considerably, about 10 times in laminar flows and about
four times in turbulent flows.

Chapman et al.8 conducted an extensive investigation on flow sep-
aration with steps, bases, compression corners, and curved surfaces
at different Mach numbers, ranging from 0.4 to 3.6, and at differ-
ent Reynolds numbers. They observed that the pressure distribution
in separated flows depends on the location of the transition point
relative to the reattachment and separation points. In laminar sepa-
rations, the pressure initially rises smoothly, reaches a plateau and,
depending on the downstream condition, rises to the final pressure
smoothly. In transitional separated flows where the flow starts to
become turbulent between the separation and reattachment points,
the pressure initially rises smoothly, as in laminar flows, and then in-
creases sharply near the transition region. The pressure distribution
also becomes unsteady in this case. In turbulent separated flows,
the pressure rise is steep from the start to the end. They also ob-
served that the mixing layer above the separation bubble is stable in
supersonic flows, and the stability increases with increasing Mach
numbers. Therefore, laminar separated flows become very important
in hypersonic boundary layers.

The mechanism for the upstream propagation of the disturbances
in a boundary layer and in a supersonic freestream from the adverse-
pressure-gradient region was first explained by Lighthill9,10 using
self-induced separation theory and later using asymptotic triple-
deck theory by Stewartson and Williams.11 The mechanism is that
the separated region near the shock produces an adverse pressure
gradient in the outer part of the boundary layer, and this induces
further growth of the separated region until they come to an equilib-
rium state further upstream of the original discontinuity. This theory
predicts the initial pressure rise close to the separation point, and
the agreement between the calculated and the experimental pressure
distribution close to the separation point is excellent.
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Berry et al.12 have performed detail flow visualization and phos-
phor thermography investigations of aeroheating and boundary-
layer transition characteristics for the 0.333-scale Hyper-X forebody
in the NASA LaRC 20-Inch Mach 6 air tunnel. The windward side
of the model consists of three ramps, which are inclined at 2.5, 8,
and 11 deg. The first ramp ends at 12.433 in. (31.58 cm), the second
ramp ends at 17.767 in. (45.13 cm), and the third ramp extends up to
the end of the model, which is a total of 28 in. (71.12 cm) long. The
main focus of the investigation was to determine the effects of differ-
ent trips on transition. They have tested several trip configurations at
different angles of attack and freestream Reynolds numbers. They
found, for the baseline case, without tripping at an angle of attack of
2 deg that as the unit Reynolds number is increased to 2.2 × 106/ft
the transition starts to appear close to the end of the model. Dou-
bling the Reynolds number to 4.4 × 106/ft moved the onset of tran-
sition close to the second corner and tripling the Reynolds number
to 6.7 × 106/ft moved the onset between the first and the second
corner.

The boundary layer over a compression corner can be divided
into four regions: 1) the boundary layer before the separation,
2) the mixing layer above the separation bubble in the corner, 3) the
separation bubble in the corner, and 4) the boundary layer down-
stream of the separation bubble. Hence, the transition to turbulence
can occur because of different instabilities that can exist in these
regions. In hypersonic boundary layers, the high-frequency two-
dimensional second-mode-type disturbances13 dominate the transi-
tion. Consequently, in the upstream and downstream boundary lay-
ers the transition can occur as a result of this instability. Because the
streamlines are curved in the corner region, the three-dimensional
disturbances can grow as a result of Görtler instability in this re-
gion. This paper will investigate the evolution of two-dimensional
second-mode disturbances. Obviously, the stability and the transi-
tion depend on the flow parameters, such as Mach number, Reynolds
number, the wedge angle, and the wall boundary conditions. Param-
eters are selected to model the Hyper-X wind-tunnel model and the
experimental conditions.12 For simplicity, the computations are per-
formed from the downstream of the leading edge to the second cor-
ner. The compression corner has a small wedge angle of 5.5 deg. The
freestream Mach number is M = 5.373, and the Reynolds number
is Re = 5.464 × 106/ft. These conditions simulate the experimental
freestream conditions of M = 6 and Re = 4.40 × 106/ft for which
the onset of transition occurred close to the second corner (test 6755
run 5 in Ref. 12).

The numerical simulations are computed by solving the three-
dimensional Navier–Stokes (N-S) equations using a high-order,
weighted, essentially nonoscillatory (WENO), shock-capturing
scheme. The code has been validated extensively against linear sta-
bility and parabolized stability computations (PSE).14 The numeri-
cal procedure is first to compute the steady mean flowfield over the
compression corner. The next step is to perform local parallel linear
stability computations for this mean flow. Even though the linear sta-
bility theory is valid in slowly varying shear flows, it is performed
in this complex flow to understand the stability properties of this
flow and to obtain necessary parameters for further analysis and
simulations. The last step is to superimpose unsteady disturbances
at the inflow and to simulate the evolution of these disturbances
downstream. The first section presents the governing equations, and
this is followed by a brief description of the numerical method used
to solve the N-S equations. The next section gives the results in-
cluding mean flow computations, linear stability computations, and
direct numerical simulations. The last section is a discussion with
conclusions.

II. Governing Equations
The equations solved are the three-dimensional unsteady com-

pressible N-S equations in conservation form:
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Here (x, y, z) are the Cartesian coordinates, (u, v, w) are the veloc-
ity components, ρ is the density, and p is the pressure. E is the total
energy given by

E = e + [(u2 + v2 + w2)/2], e = cvT, p = ρRT (3)

Here e is the internal energy, and T is the temperature. The shear
stress and the heat flux are given by

τi j = µ

{
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∂x j
+ ∂u j

∂xi
− 2

3
δi j
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}

, q j = −k
∂T

∂x j
(4)

The viscosity µ is computed using Sutherland’s law, and the coef-
ficient of conductivity k is given in terms of the Prandtl number Pr.
The variables ρ, p, T and velocity are nondimensionalized by their
corresponding reference variables ρ∝, p∝, T∝, and

√
RT∞, respec-

tively. The reference value for length is computed by
√

νx0/U∞,
where x0 is the location of the beginning of the computational do-
main in the streamwise direction. For the computation, the equa-
tions are transformed from physical coordinate system (x, y, z) to
the computational curvilinear coordinate system (ξ, η, ζ ) in a con-
servative manner, and the governing equations become

∂

∂t
Q̄i + ∂

∂x j
(F̄ji − F̄v j i ) = 0 (5)

The components of the flux in the computational domain are
related to the flux in the Cartesian domain by

Q̄i = Qi

J
, [F̄ji ] = J

|J | [Fji ], where J =
[

∂(ξ, η, ζ )

∂(x, y, z)

]

(6)

The governing equations are solved using a fifth-order-accurate
WENO scheme for space discretization and using a third-order,
total-variation-diminishing (TVD) Runge–Kutta scheme for time
integration. These methods are suitable in flows with discontinu-
ities or high-gradient regions. These schemes solve the governing
equations discretely in a uniform structured computational domain
in which flow properties are known pointwise at the grid nodes.
They approximate the spatial derivatives in a given direction to a
higher order at the nodes, using the neighboring nodal values in that
direction, and they integrate the resulting equations in time to get the
point values as a function of time. Because the spatial derivatives are
independent of the coordinate directions, the method can easily add
multidimensions. It is well known that approximating a discontinu-
ous function by a higher-order (two or more) polynomial generally
introduces oscillatory behavior near the discontinuity, and this oscil-
lation increases with the order of the approximation. The essentially
nonoscillatory (ENO) method and the improvement of these WENO
methods are developed to keep the higher-order approximations in
the smooth regions and to eliminate or suppress the oscillatory be-
havior near the discontinuities. They are achieved by systematically
adopting or selecting the stencils based on the smoothness of the
function, which is being approximated. Reference 15 explains the
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WENO and the TVD methods and the formulas, and Ref. 16 gives
the application of the ENO method to the N-S equations. Refer-
ence 14 describes in detail the solution method implemented in this
computation.

At the outflow and at the upper boundary, high-order extrapola-
tions are used as boundary conditions. At the wall, the simulation
uses viscous conditions for the velocities and a constant temperature
condition, and it computes density from the continuity equation. In
the mean flow computations, the simulation prescribes the similarity
boundary-layer profiles at the inflow. At the unsteady computations,
it superimposes the discrete eigensolution to the mean flow solution
at the inflow. The procedure is to first compute the steady mean flow
by performing unsteady computations using a variable time step un-
til the maximum residual reaches a small value ∼10−5. These com-
putations use a Courant–Friedrichs–Lewy number of 0.6. The next
step is to introduce unsteady disturbances at the upstream end of the
computational domain and to perform time-accurate computations
to investigate the evolution of these disturbances downstream. The
following form of the disturbances is considered:

q = εReal{q̃e−iωt } (two-dimensional modes) (7)

Here ω is the frequency, and q̃(η) is the normalized eigenfunction,
which is obtained from PSE computations.17 Here, ε is a parameter,
which controls the initial amplitude of different modes. The compu-
tations use a small value for ε = 10−4, and so the nonlinear effects
remain negligible in the entire computational domain.

III. Results
The computations are performed for the hypersonic flow over a

5.5-deg compression corner. Table 1 gives the flow parameters, and
Fig. 1 shows the dimensions of the geometry and the computational
domain. The dimensions and the parameters are the same as the
lower surface of the Hyper-X wind-tunnel model and the experi-
mental conditions.12

The grid is generated using the analytical conformal mapping
formulas. The grid stretches in the η direction close to the wall and

Table 1 Flow parameters for the Hyper-X wind-tunnel model

Parameter Value

Freestream Mach number M∝ = 5.373
Freestream Reynolds number Re∝ = 5.464 × 106/ft
Freestream density ρ∝ = 6.0891 × 10−3 lbm/ft3

Freestream pressure p∝ = 43.384 lbf/ft2

Freestream velocity U∝ = 3043.86 ft/s
Freestream temperature T∝ = 133.55 R
Freestream kinematic viscosity ν∞ = 5.5707 × 10−4 ft2/s
Wall temperature Tw = 540 R
Prandtl number Pr = 0.72
Ratio of specific heats γ = 1.4
Nondimensional frequency F = 1 × 10−4 = 264.7 kHz
Nondimensional frequency F is defined as F = 2πν∞ f /U 2∞,

where f is the frequency in hertz

Fig. 1 Dimensions of the lower part of the Hyper-X model geometry.
Dimensions are in inches.

near the critical layer region and in the ξ direction close to the down-
stream boundary. Calculations were performed using two grid sizes
(1001 × 301) and (1701 × 301), and almost identical results were
obtained in both cases. This paper presents the solutions obtained
with the fine grid.

A. Mean Flow
Figures 2–8 show the results for the steady mean flow field.

Figure 2 shows the density contours, and Fig. 3 shows the streamline
patterns near the corner region. Figure 4 shows the pressure distribu-
tion at the wall and at different distances from the wall Y = 0.0, 0.07,
0.115, and 0.225 in. Figure 5 shows the variation of the boundary-
layer thickness and the displacement thickness in the axial direction.

As it is discussed earlier, the shock-boundary-layer interaction
causes the boundary layer to separate near the corner and forms
a separation bubble. The separation and the reattachment points
are located at about 10.8 and 14.1 in., while the corner is located
at 12.44 in. The boundary-layer thickness at X = 10 in. is about
0.08 in. Hence, the separation and reattachment points are at about
a 20 boundary-layer thicknesses from the corner, and the separated
region is about 40 boundary-layer thicknesses long. Figure 3 also
shows that the edge of the separated region is almost a straight line
and is inclined at about 3.1, while the main ramp is inclined at
5.5 deg. This new inclined surface creates two compression waves,

Fig. 2 Density contours for flow past a 5.5-deg compression corner.

Fig. 3 Expanded view of the streamline patterns near the corner.
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Fig. 4 Pressure distribution at different heights from the surface.

Fig. 5 Variation of the boundary layer and the displacement thickness.

Fig. 6 Radius of the curvature and Görtler number based on displace-
ment thickness at Y = 0.05 in.

Fig. 7 U-velocity distributions inside the boundary layer.

Fig. 8 Density distribution at different X stations.

one close to the separation point and another near the reattachment
point, as they are seen in the density contours of Fig. 2.

The pressure distribution at the surface shows that the pressure
starts to increase at X = 10 in., which is upstream of the separa-
tion point X = 10.8 in. This is the free-interaction region analyzed
by Lighthill9,10 and Stewartson and Williams.11 The initial pres-
sure increase saturates in the middle region and increases again.
This shows that, near the corner region, the flowfield is approxi-
mately uniform. This is also evident in the density contour plot in
Fig. 2. It shows that the pressure distribution at Y = 0.0 and 0.07 in.,
which are on the wall and along the edge of the boundary layer, is
almost equal. This implies that the compression waves originate
from outside of the boundary layer and do not penetrate inside the
boundary layer. Another important observation is the growth of the
boundary layer, which is depicted in Fig. 5. Initially the boundary
layer grows according to the similarity profiles along a flat plate,
and from about X = 9.6 in., the boundary-layer thickness remains
constant up to the separation point X = 10.8 in. From the separa-
tion point, the boundary-layer thickness grows steeply as a wedge
and reaches a peak value of 0.145 in. at about 12.8 in. and again
decreases very steeply near the reattachment point. The boundary-
layer thickness reaches a minimum value of 0.068 in. at X = 15 in.,
and this value is smaller than the boundary-layer thickness upstream
of the separation. Therefore, when the hypersonic flow passes over
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a compression corner, because of the compression, the boundary
layer becomes smaller downstream of the separation.

Figure 6 shows the radius of curvature for a streamline located at
about Y = 0.05 in. above the wall. This streamline approximately
passes through the critical layer inside the boundary layer. The
streamlines are very curved near the separation and reattachment
region and have a small curvature in the middle region above the
corner. To facilitate the investigation later, the Görtler number is
calculated based on this curvature and the displacement thickness
defined by

G = (U∞δd/ν)(δdκ)
1
2 (8)

where δd is the displacement thickness and κ is the radius of curva-
ture. The Görtler number is very high, about 800 near the separa-
tion region and about 1300 near the reattachment region. Hence, the
flow can become unstable above the separation bubble as a result of
Görtler instability.

Figure 7 shows the velocity profiles inside the boundary layer
at different axial locations X = 10.0, 11.62, 12.52, 13.42, 16.10,
and 17 in. The stations X = 11.62, 12.52, and 13.42 in. are in the
separated region, and the others are outside of it. Similarly, Fig. 8
shows the density profiles across the whole domain. As observed
previously, the growth and shrinking of the boundary-layer thick-
ness are clearly seen in these figures. The maximum velocity in the
recirculation region is in the order of 200 ft/s compared to 3000 ft/s
at the edge of the boundary layer. The density is almost constant in
the separation bubble, and the density gradient inside the boundary
layer is much larger in the downstream region compared to that up-
stream of the corner. This figure also shows the plot of the boundary-
layer profiles obtained by solving the compressible boundary-layer
similarity equations. The similarity solutions should agree with the
numerical solution in the region upstream of the separation point. At
X = 10.0 in., the agreement in the velocity and the density profiles
is excellent.

B. Linear Stability
After the steady mean flow is obtained, the parallel linear sta-

bility computations are performed at different streamwise stations.
The velocity and density profiles normal to the wall are used as
input in the stability calculations. These profiles extend from the
wall to the outer computational boundary where Drichlet condi-
tions are imposed. Figures 9a and 9b show the spatial amplification
rates as a function of the nondimensional frequency F at different
streamwise stations. Figure 9a shows the results at stations upstream
of the corner, while Fig. 9b shows the results downstream of the
corner. At X = 8.445 in., the results show the typical high-Mach-
number two-dimensional first- and second-mode growth rate curve.
The two-dimensional first mode is almost neutral, but the second
mode is very unstable and has a maximum growth rate of 1.2/in. at
a nondimensional frequency of F = 0.8 × 10−4, which corresponds
to about 220 kHz. At other stations, the growth rate curves are dif-
ferent from that at X = 8.445 in. Two peaks exist: one is located in
the low-frequency region near F = 0.2 ∼ 0.4 × 10−4, and the other
is located in the high-frequency region near F = 0.7 ∼ 1.0 × 10−4.
Another interesting observation is that with increasing X , the growth
rate curve for a fixed X gradually shifts to the left towards the low-
frequency region. At X = 11.22 in. the peak growth rates occur at
F = 0.4 × 10−4 and 1.0 × 10−4, and at X = 12.07 in. they occur at
F = 0.25 × 10−4 and 0.6 × 10−4. Similarly, Fig. 9b shows the sta-
bility results for the stations downstream of the corner. Again at
X = 16.10 in., which is farther downstream from the separation re-
gion, the high-Mach-number stability results are obtained. At other
stations, which are in the separation region, the same growth rate
curves with two peaks are seen. In this region, with increasing X ,
the growth rate curves shift to the right toward the high-frequency
region.

Because transition is caused by the cumulative growth of unstable
disturbances, the variation of the growth rate in the X direction is
computed for a fixed frequency. Figure 10 shows the results for
F = 0.80, 0.25, and 0.35 × 10−4. The first observation is that the

Fig. 9a Growth rate from linear stability computations at different X
stations (upstream of the corner).

Fig. 9b Growth rate from linear stability computations at different X
stations (downstream of the corner).

Fig. 10 Variation of growth rate for fixed frequencies in the X
direction.
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Fig. 11 Eigenfunction distribution for density at different X stations
at the maximum growth rate for high frequencies.

Fig. 12 Eigenfunction distribution for density at different X stations
at the maximum growth rate for low frequencies.

high-frequency disturbances F = 0.80 × 10−4 grow uniformly in
the upstream and downstream regions of the separation. But in the
separated region, these disturbances have growth only in narrow
confined regions and are stable or neutral in other parts. The low-
frequency disturbances F = 0.35 × 10−4 do not grow in the regions
away from the separated region, have large growth only in isolated
regions in the separated region, and are stable or neutral in other
parts. Hence, no disturbances have sustained growth over the entire
separated region. Therefore, for these flow parameters the flow is
quite stable in the separated region, and transition can only occur
downstream of the separated region because of the second mode.

Figures 11 and 12 show the eigenfunction distributions for the
density at the maximum growth rates at different stations X = 8.445,
11.52, 12.52, 13.42, and 16.10 in. Figure 11 shows the results for
high frequencies, whereas Fig. 12 is for low frequencies. At stations
X = 8.445 and 16.10 in., the calculations clearly show the classi-
cal eigenfunction distributions for the second and the first modes
at the high and low frequencies. The eigenfunction for the second
mode has one peak near the critical layer and has another layer
near the wall. At the other X stations at the low frequencies, the
same eigenfunction distributions with one peak near the critical
layer and another layer near the wall are obtained. Hence, these
low-frequency disturbances in the separated region belong to the

Fig. 13 Variation of (ρdU/dY) and the local Mach number with re-
spect to the critical speed.

second-mode-type instability waves, but at the high frequencies the
layer near the wall exhibits two maxima in the distribution. These
eigenfunction distributions are similar to that for the third-mode-
type instability waves.13 To investigate this further, the distribution
of two important boundary-layer functions [ρ(dU/dY )] and the lo-
cal Mach number relative to the mean velocity at the critical point
Mlocal = (U − Ccr)/

√
γ RT are evaluated and plotted in Fig. 13. The

results are presented for two stations at X = 8.445 and 12.52 in. As
expected, the [ρ(dU/dY )] peaks near the edge of the boundary layer
and the phase speed of the disturbances are about 0.90 times the
freestream velocity. The interesting observation is the width of the
relative supersonic region near the wall, which is the cause for the
appearance of higher acoustic modes in hypersonic boundary layers.
Because the relative supersonic region is very thick for the bound-
ary layers in the separated region, multiple high-frequency acoustic
modes (second, third, etc.) could be generated in this region. Be-
cause of the thick relative supersonic region, the wavelength of the
first higher mode or the second mode becomes long, and the corre-
sponding frequency becomes lower in the separated region than in
the regions away from it. Hence, the low-frequency higher modes
that were just discussed F = 0.20 ∼ 0.35 × 10−4 are the classical
second modes, and the high-frequency modes F = 0.7 ∼ 1.0 × 10−4

become the third modes in the separated region. This also explains
the reason for the appearance of the multiple oscillations near the
wall in the high-frequency eigenfunction distribution in the sepa-
rated region. Because away from the corner the relative supersonic
region narrows, the wavelengths of the higher acoustic modes be-
come shorter, and the frequencies of these modes shift to higher
values as they were observed in Figs. 9a and 9b.

C. Evolution of Second Mode over the Compression Corner
Figures 14–18 show the simulation results for the evolution

of second-mode disturbances over the compression corner. The
computations are performed with a small initial amplitude of
ε = 0.0001 at several nondimensional frequencies F = 0.85, 0.80,
0.75, 0.65 × 10−4. Figure 14 shows the maximum density fluctua-
tions for the frequency F = 0.80 × 10−4 at a fixed time. The mag-
nified results up to X = 15.0 in. are shown in the upper corner to
elucidate the evolution of disturbances across the separated region.
Figure 15 shows the variation of the amplitude of the maximum
density fluctuations at different frequencies F = 0.85, 0.80, 0.75,
0.65 × 10−4. The results clearly show that the disturbances grow
exponentially upstream and downstream of the separated region but
remain neutral in the separated region. This implies that the mixing
layer above the separation bubble is neutrally stable for the second-
mode-type disturbances. This agrees with the previous conclu-
sions from the linear stability computations that the high-frequency
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Fig. 14 Maximum density fluctuations F = 0.80 ×× 10−4. Expanded
view is shown in the upper-left-hand corner.

Fig. 15 Maximum amplitude of the density fluctuations at different
frequencies F = 0.85, 0.80, 0.75, and 0.60 ×× 10−4.

Fig. 16 Eigenfunction distribution at different axial stations for
F = 0.80 ×× 10−4.

Fig. 17 Expanded view of the contours of the density fluctuations near
the surface F = 0.80 ×× 10−4.

Fig. 18 Maximum amplitude of the density fluctuations at different
frequencies F = 0.20, 0.25, and 0.30 ×× 10−4.

disturbances are neutral in the separated region. Figure 15 also de-
picts the amplitude of the maximum density fluctuations for a flat-
plate boundary layer, computed using the PSE for the nondimen-
sional frequencies F = 0.80 × 10−4 and 0.85 × 10−4. It is seen that,
up to the separation point, amplitude growth for the flat plate and
in the flat-plate region in the corner flow agree very well. This im-
plies that the effect of the separation influences only downstream of
the separation point. The total amplification from upstream of the
computational domain X = 8.445 in. to downstream of the compu-
tational domain X = 17.445 in. is about 1000 for the most amplified
frequency F = 0.80 × 10−4, which is equivalent to an N-factor of
7. The mean density increases by about 1.7 times across the cor-
ner because of compression. Hence, the density fluctuations based
on the local boundary-layer edge density will be 1.7 times smaller
than those based on the freestream value. Therefore, the amplifica-
tion ratio respect to the boundary-layer edge values is smaller than
1000.

Figure 16 shows the eigenfunction distribution of the amplitude
of the density fluctuations at different axial locations X = 8.445,
12.21, and 16.50 in. The amplitudes at X = 8.445 and 12.21 in. are
multiplied by 100 and 10 times, respectively. The eigenfunction at
X = 8.445 is the input to the numerical simulation and is obtained
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from the PSE computations. The eigenfunction at X = 12.21 shows
the amplitude distribution in the center of the separated region, and
the eigenfunction at X = 16.50 shows the amplitude distribution
downstream of the separated region. It is seen that the fluctuations
in the separated region are confined to the outer part of the shear
layer and remain small inside. The eigenfunction close to the wall in
the separated region also exhibits multiple peaks in its distribution.
This agrees with the linear stability results that these disturbances
are the high-frequency third acoustic modes. The conclusion is that
the second-mode disturbances, which enter the boundary layer up-
stream, become the third acoustic mode disturbances when they
propagate across the separated region, and downstream, these third-
mode disturbances change back into second mode.

Figure 17 shows the expanded view of the contours of the den-
sity fluctuations inside the boundary layer. The first observation is
that the second-mode disturbances, as are well known, reside near
the edge of the boundary layer where the critical layer is located.
Another important observation is that when the disturbances evolve
over the separated region they turn and follow the boundary-layer
edge as neutral disturbances and do not interfere or penetrate the
separation bubble region. The fluctuations inside the separation bub-
ble are small, as was evident from the eigenfunction distribution in
Fig. 16 and from the contour plot in Fig. 17.

Similarly, Fig. 18 gives the results for the evolution of low-
frequency disturbances. The computations are performed with a
small initial amplitude of ε = 0.001 at different nondimensional
frequencies F = 0.20, 0.25, and 0.30 × 10−4. Figure 18 shows the
amplitude of the maximum density fluctuations at different frequen-
cies. It is seen that the disturbances are almost neutral upstream and
downstream of the separated region but grow exponentially only
in the separated region. This agrees with the conclusion from the
linear stability computations that the low-frequency disturbances
grow only in isolated regions across the separated region. The to-
tal amplification from upstream of the separation, X = 10.0 in., to
downstream of the separation, X = 14.0 in., is about 20 for the most
amplified frequency F = 0.25 × 10−4. As in the high-frequency
case, the instability waves do not penetrate the separation bub-
ble and remain confined in the mixing layer above the separation
bubble.

IV. Conclusions
This study investigates numerically the stability of hypersonic

boundary layers over a compression corner. Unsteady three-
dimensional compressible N-S equations in generalized coordinates
are solved using a fifth-order WENO scheme for spatial discretiza-
tion and a third-order TVD scheme for time integration. The mean
flow and the evolution of high-frequency second-mode disturbances
are computed for a hypersonic flow over a 5.5-deg compression cor-
ner. The mean-flow computations agree with the earlier findings that,
because of the strong shock, the boundary layer separates upstream
of the corner and two compression waves form near the separation
and reattachment points. The boundary layer grows steeply like a
wedge until the middle part of the separated region and shrinks again
in a short distance near the reattachment region. The linear stability
results show that, in the regions upstream and downstream of the
separated region, the high-frequency second mode is unstable. In
the separated region, multiple unstable modes appear as a result of
the thick relative supersonic region near the wall. Because of this
thick supersonic region, the frequency of the first higher mode, that
is, the second mode, is lower than what is outside of the separation
region. However, these higher modes have large growth rates only
in isolated narrow regions and do not have a sustained growth over
the separated region.

The evolution of the second-mode disturbances, computed using
the direct numerical simulation, shows that the disturbances grow
exponentially upstream and downstream of the separated region but
remain neutral across the separated region. The computations also
identified the high-frequency disturbances that enter upstream of the
separated region as the second-mode type become the third mode

when they propagate across the separated region, and this third mode
transforms back to second mode as they evolve downstream. Sim-
ilarly, the low-frequency disturbances that are the first mode type
away from the separated region become the second mode in the sepa-
rated region. These low-frequency disturbances grow only across the
separated region and remain almost neutral away from it. There are
no two-dimensional disturbances that grow uniformly in the entire
domain. Hence, for the flow parameters investigated, the transition
cannot occur on the separation bubble because of the second mode,
and transition will only happen downstream of the separated region
because of the second mode. The maximum N-factor up to the sec-
ond corner region is about seven, and this occurs for a disturbance
with a frequency of 214 kHz. According to the experiment,12 the
transition from laminar to turbulent for this case occurred close to
the second corner. Therefore, the present calculations conform to the
predictions from the linear theory that the transition might not occur
for this case before the second corner in quiet environments. This
paper does not consider the other two effects, three-dimensionality
and nonlinearity. In the transition process, they play a very important
role, and in the nonlinear investigation they have to be included.
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