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Compressible Linear Stability of Con� uent
Wake/Boundary Layers

William W. Liou¤ and Fengjun Liu†

Western Michigan University Kalamazoo, Michigan 49008

The linear stability of a compressible con� uent wake/boundary layer is studied. The base � ow model considered
is the superposition of a compressible boundary layer and a Gaussian-like wake located above the boundary layer.
The linear stability equations have been solved by using a global numerical method. The stability modes of interest
have been identi� ed as the boundary-layer modes, the antisymmetric wake mode, and the symmetric wake mode.
The effects of wake height on the � rst Tollmien–Shlichting mode and the second mode associated with the boundary
layer are discussed. Results for unstable modes associated with the wake are also presented. At high speeds, in
contrast to the incompressible results, a reduced wake height has a strong stabilizing effect on the growth rates of
both the � rst and the second modes associated with the boundary layer. The effects of the reduced wake height on
the growth rate of the unstable antisymmetric wake mode vary. For the high-Mach-numbercase calculated, there
exists a frequency for which the growth rate of the unstable antisymmetric mode is neither enhanced nor reduced
by the changes in wake height.

Nomenclature
A, B, C = coef� cient matrices in Eq. (3)
b = wake width parameter
Ci = imaginary part of wave speed
Cr = real part of wave speed
C0; C1; C2 = coef� cient matrices in Eq. (6)
D = d=dy
D2 = lambda matrix of degree two
F = frequency parameter, !¤ N¹¤

1= N½¤
1

NU ¤2
1

h = wake height
I = identity matrix
i =

p
¡1

k = thermal conductivity
l = viscous length scale
M = Mach number
N = number of grid point in y
P = pressure
Pr = N¹¤

1cp= Nk¤
1

Re = Reynolds number, N½¤
1

NU ¤
1l= N¹¤

1
T = base temperature
U = base streamwise velocity
u; v; w; p = velocity components and pressure
x; y; z = streamwise, wall-normal, and

spanwise coordinates
® = complex streamwise wave number
®i = imaginary part of ®
®r = real part of ®
¯ = spanwise wave number
1Uc = wake centerline velocity defect
¹; ¸ = � uid viscosity
½ = density
¿ = temperature
Á = eigenfunction
! = frequency
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Subscript

1 = far � eld

Superscripts

Q = instantaneous � ow quantity

O = eigenfunction
- = base � ow quantity
¤ = dimensional quantity

I. Introduction

C ONFLUENT wake/boundary layers can be observed in the
� ow around multi-element airfoils in high-lift con� gurations.

They form, for example, on the upper surface of the main element
that is located downstream of a slat. In hypersonic scramjet inlets
a hypersonicwake/boundary layer � ow can form between the cowl
trailing-edge wake and the boundary layer in the rear part of the
centerbody surface. The con� uent wake/boundary layer represents
one of the phenomena that are presentlynot well understoodin such
� ows. Experimental1¡3 and numericalstudiesbasedon the averaged
Navier–Stokes equations4;5 and the direct simulation Monte Carlo
method6 have been conducted to better understand the � ow physics
of the con� uent wake/boundary layers. To examine the character-
istics of spatially developing small disturbances in incompressible
con� uent wake/boundary layers, a linear stability analysis has been
performed.7 The effects of the wake height (the distance between
the wake centerline and the wall) and the wake velocity defect on
the boundary-layermode and the wake modes were investigated in
detail. The incompressible results indicate that the wake above the
boundary layer can have an amplifying effect on the growth rate
of the boundary-layermode. The amplifying effect intensi� es with
reduced wake height and increased wake velocity defect. In addi-
tion, the unstable modes associatedwith the wake were found to be
stabilized with reduced wake height.

The work reported here has been performed in an attempt to ex-
amine the effect of compressibility on linear stability of con� uent
wake/boundary layers. Compressibility could be in� uential to the
� ow developmentwhen the Mach number is high. The existence of
a region of high shear in the wake can modify the characteristics
of the � rst and the second modes in high-speed boundary layers
and potentially impact the boundary-layer transition. Prediction of
the � ow transition in boundary layers is of critical importance to
high-speedvehicles.Thermal effects resulting from boundary-layer
transition represent a critical design constraint for the thermal pro-
tection system for all phases of a hypersonic � ight.8
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A detailed theoretical study of the linear stability of compress-
ible � at-plat boundary layers was reported in Lees and Lin.9 A
comprehensivereview on this subject can be found in Mack.10 Mul-
tiple modes of stability have been shown to exist in compressible
boundary layers. At low Mach number the instability in a com-
pressible boundary layer is of viscous type, and the most ampli� ed
disturbances are oblique modes referred to as the � rst Tollmien–

Schlichting (T-S) mode. With an increase of the Mach number, the
instability changes to an inviscid type as the generalized in� exion
point moves outwards in the boundary layer.9;10 In addition to the
� rst mode, there exists an in� nite sequence of discrete modes that
do not require the existenceof the generalized in� exion point when
the relative freestream Mach number is greater than one.9 For an
insulated � at-plate boundary layer this condition is satis� ed11 at a
Mach number of 2.2. The most ampli� ed mode among these dis-
crete modes is normally referred to as the second mode. Mack10

performed detailed studies of the second mode using a temporal ap-
proach.Contrary to the � rst T-S mode, the second mode waves were
found to be generally more unstable and in the form of plane rather
than oblique modes. For a hypersonic boundary layer the second
mode has higher growth rate than the � rst mode. The � rst mode
has been shown to be stabilizedby surface coolingwhile the second
mode couldbe destabilized.11 Linear stabilitystudies12 for cylinders
and cones show that transverse curvature has a destabilizingeffect
on the � rst mode and a stabilizing effect on the second mode. The
effect of pressuregradienton the stabilityof compressibleboundary
layers has been reported by Zurigat et al.13 The results show that
the two-dimensional second mode can be stabilized with favorable
pressure gradients and destabilized by adverse pressure gradients.

The stability of compressible wakes has also been extensively
studied theoretically14 and numerically.15¡17 The antisymmetric
mode is found to be much more unstable than the symmetric mode
over a wide range of frequency.16 It has been shown that increas-
ing the Mach number results in reduced growth rates for both the
antisymmetric and symmetric modes of the wake. An absolute in-
stability can exist in a small region very near the trailing edge of a
� at plate for very low Mach number.As the Mach number increases,
the absolute instability disappears.16

In this paper linear stability theory has been applied to study
the spatial stability of compressible con� uent wake/boundary lay-
ers, which does not appear to have been reported previously. The
emphasis here is on the development of the � rst and the second
boundary-layer modes and the wake modes with changes of wake
height. In the following, the stability equations are brie� y derived.
This is followed by a description of base � ow pro� les and the nu-
merical methods.

II. Technical Approaches
In this section the formulation of the stability problem is pre-

sented. The numerical methods used to solve the resulting eigen-
value problem and the assumed base � ow model are also described.

A. Compressible Linear Stability Equations
The derivation of the compressible linear stability equations

can be readily found in the literature.9;10;18 It is brie� y described
here for completeness. The two-dimensional compressible con� u-
ent wake/boundary layer with locally parallel base � ow is consid-
ered in the Cartesian coordinate system .x; y; z/ representing the
streamwise, the wall-normal, and the spanwise directions, respec-
tively.The spatialscaleshavebeennondimensionalizedby a viscous
length l D

p
. N¹¤

1x¤= N½¤
1

NU ¤
1/, pressure by N½¤

1
NU ¤2

1 , and other quan-
tities by their corresponding free stream values . /¤

1 , for example,
NU D NU ¤= NU ¤

1 . Instantaneous � ow variables Q’ are decomposed into
a base and a � uctuation quantity, that is,

Qu D NU C u; Qv D v; Qw D w

Qp D NP C p; Q¿ D NT C T ; Q½ D N½ C ½

Q¹ D N¹ C ¹; Q̧ D Ņ C ¸; Qk D Nk C k (1)

Separable solutions in the normal mode form are sought for the
disturbances:

.u; v; w; p; T / D [ Ou.y/; Ov.y/; Ow.y/; Op.y/; OT .y/]ei.®x C ¯z ¡ !t/

(2)
For the spatial stability consideredhere, ® is complex, and ! is real.
As a result, the linearized equations for the � uctuations lead to the
following system of ordinary differential equations18:

.AD2 C B D C C/Á D 0 (3)

where Á D . Ou; Ov; Op; OT ; Ow/T r and A, B, and C are 5 £ 5 coef� cient
matrices. The details of coef� cient matrices can be found, for ex-
ample, in Malik18 and are not given here. The boundary conditions
can be written as

Ou; Ov; OT ; Ow D 0 at y D 0I Ou; Ov; OT ; Ow ! 0 at y ! 1
(4)

The pressureat both the solidwalland the freestreamcanbeobtained
by evaluatingthe normal momentum equation.Sutherland’s law has
been used for Q¹ and Q̧ D ¡ 2

3
Q¹. The Prandtl number Pr is set at 0.7.

B. Numerical Methods
Sixth-order-accurate � nite differencing has been applied to dis-

cretize Eq. (3). The � nite differenceformulas can be readily derived
using the Taylor-series expansion. A grid-stretching method7 has
been employed to generate the grid node distribution in the physical
domain. The grid stretching allows for higher node density in the
high shear regions near the wall and in the wake.

The discretizationof Eq. (3) using the sixth-order� nite difference
method results in a system of homogeneous equations nonlinear in
the parameter ®:

D2.®/fÁg D 0 (5)

The matrix D2.®/ is a lambda matrix of degree two and can be
expressed as a scalar polynomial with matrix coef� cients:

D2.®/ D C0®2 C C1® C C2 (6)

The matrices Ci are square matrices of order 5N . A linear compan-
ion matrix method19 has been used to solve Eq. (5). The detailed
procedure can be found in Bridges and Morris.19 A local iteration
method19 has been used to � nd the eigenfunctions.This procedure
is very effective,and convergenceis usually obtained in two to three
iterations using the unit vector as an initial guess.

C. Base Flow Model
The � ow model adoptedhere is composedof two separateregions

where � ow gradients can occur. They are the region near the wall
where the compressible boundary layer develops and the region
away from the wall where the wake generated by, presumably, a
body upstream is located. As has been mentioned earlier, the base
� ow is assumed to be two-dimensional and locally parallel. For
the boundary layer the velocity and the temperature pro� les can be
obtained by solving the following similarity equations20:

.c f 00/0 C f f 00 D 0 (7)

.a1g0 C a2 f 0 f 00/0 C f g0 D 0 (8)

where

f 0 ´ NU ; g ´ NH ; c ´ N½ N¹

a1 ´
c

Pr
; a2 D .° ¡ 1/M2

1 C .° ¡ 1=2/M2

³
1 ¡ 1

Pr

´
c (9)

Equations (7–9) have been solved by using fourth-order � nite dif-
ferencing. Adiabatic wall conditions are speci� ed. For the velocity
pro� le in the wake region, a Gaussian-like function has been as-
sumed:

NU D 1:0 ¡ 1Uc exp[¡b.y ¡ h/2] (10)
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For all of the cases calculated in the present study, the velocity
defect 1Uc and the width parameter b have been set at 0.6915
and 0.69315, respectively,which is used in Sato and Kariki.21 The
Crocco–Busemann relation has been employed to obtain the tem-
perature pro� le in the wake. That is,

NT D 1:0 C 0:5M2.° ¡ 1/.1 ¡ NU 2/ (11)

The velocity and temperature distributionsassociatedwith the con-
� uent wake/boundary layer are assumed to be linear superpositions
of the corresponding pro� les for the wake and the boundary layer
just described.Figure 1 shows the resulting pro� les of velocity and
temperature for a modeled compressible con� uent wake/boundary
layer with M D 4:5, h D 50, and a Reynolds number of 1500.

III. Results and Discussion
This section begins with a presentationof the resultsof numerical

tool validation, which includes Tables 1 and 2 as well as Figs. 2
and 3. The validated numerical solver is then applied to examine
the characteristicsof the stability modes in compressible con� uent
wake/boundary layers.

A globalsolverhasbeendevelopedin this studyto solvetheeigen-
value problem associated with the spatial linear stability analysis.
It solves for the eigenvalue spectrum with a prescribed spanwise
wave number ¯ and a frequency !. The solver has been validated
by examining the stability results for the Blasius boundary layer
and compressible boundary layers, respectively. Table 1 shows a
comparison of the calculatedeigenvalue® for the Blasius boundary
layer with published results7;22;23 for different values of !, ¯ , and
Reynolds number Re. The number of grid nodes is 101, and the
Mach number is set at 10¡5. The present values agree well with the
various cited published results. Table 2 shows a comparison of the
validation results for compressible boundary layers.18;24;25 Flows
of two different Mach numbers have been calculated for different
values of frequency and spanwise wave number. The velocity and
the temperature pro� les of the base � ow have been obtained by
solving Eq. (7) and (8). The data of Malik18 was obtained by using
a multidomain spectral collocation method. Chang24 used a � nite
difference method, and a spectral collocation method was applied
in Liou and Fang.25 Table 2 shows that the calculated eigenvalues
compare well with the results obtained by using the various other
numerical discretizationmethods. This is true for the plane as well
as the oblique modes.

Figure 2 compares the calculated variation of the unstable mode
growth rate with the Reynolds number for the boundary layers stud-
ied in Zurigat et al.13 The Mach numbers are 0.0 and 1.0. The
frequency parameter F is 45 £ 10¡6. The results indicate that the
present values are in a very good agreement with those of Zurigat
et al.13 For a high-speedboundarylayer13 with M D 4:5, Re D 1500,
and NT ¤

1 D 120 K, Fig. 3 shows a comparison of the changes of the
growth rate with frequency for the two-dimensional second modes

Table 1 Eigenvalue comparison for the Blasius boundary layer

Re ! ¯ Reference Present

3.36£ 102 0.1297 0.00 0.30840C i0.0079 (Ref. 22) 0.308350C i0.007939
5.98£ 102 0.1201 0.00 0.30790¡ i0.0019 (Ref. 22) 0.307850¡ i0.001897
9.98£ 102 0.1122 0.00 0.30860¡ i0.0057 (Ref. 22) 0.308591¡ i0.005708
1.0 £ 103 0.0700 0.12 0.19861¡ i0.0042 (Ref. 23) 0.198610¡ i0.004202
1.5 £ 103 0.0900 0.00 0.268656¡ i0.009349 (Ref. 7) 0.268656¡ i0.009349

Table 2 Eigenvalue comparison for compressible boundary layers: Re = 1500

M ! ¯ Reference Present

4.5a 0.23 0.00 0.2534048¡ i0.0024921 (Ref. 18) 0.253402¡ i0.0024902
4.5a 0.23 0.00 0.2534690¡ i0.0024949 (Ref. 24) 0.253402¡ i0.0024902
5.0b 0.17 0.00 0.186935¡ i0.002693 (Ref. 25) 0.186937¡ i0.002690
5.0b 0.17 0.10 0.184940¡ i0.001466 (Ref. 25) 0.184939¡ i0.001464

a NT ¤
1 D 120 K, b NT ¤

1 D 50 K.

a) Velocity

b) Temperature

Fig. 1 Base � ow pro� les for the CCWB: M = 4.5 and Re = 1500.
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Fig. 2 Variation of unstable modegrowth rate with Reynolds number:
F = 45 ££ 10¡6.

Fig. 3 Variation of the growth rate of the two-dimensional second
modes: M = 4.5 and Re = 1500.

(¯ D 0). The agreement between the present results and that of
Zurigat et al.13 appears to be quite satisfactory. The results of the
code validation show that the solver developed is an accurate nu-
merical tool. In the following, the linear stability results obtained
by using the validated numerical solver for compressible con� uent
wake/boundary layers (CCWB) are presented.

Figure 4 shows the wave speed (!=®) spectra for a compressible
boundary layer (CBL) and a CCWB for M D 1:0, Re D 1500 and
NT ¤
1 D 120 K. The distance between the centerline of the wake and

the wall h D 60. The spectra are shown for a frequency ! D 0:027
anda spanwisewavenumber¯ D 0:05.For the givenReynoldsnum-
ber and Mach number they represent the � rst boundary-layermode
in the CBL. The � rst mode associated with the boundary layer has
been determined by enforcing the condition d®i =d¯ D 0. The com-
putations have been performed on a stretched grid N D 251, with
nodes clustering in the wake and near the wall. The smallest and
the largest grid spacing are 0.072517 and 0.97, respectively. Grid-
independencestudies indicate that the solutions remain unchanged
for grids with more nodes. Interactions between the wake and the
boundary layer at such a large separation are expected to be negli-
gible. As shown in Fig. 4, a discrete mode in the CCWB spectrum
collapses onto the � rst mode of the CBL and thus can be identi� ed
as the � rst mode associated with the boundary layer. In addition

Fig. 4 Wavespeed spectra for the CBL and CCWB: M = 1.0,Re = 1500,
! = 0.027, ¯ = 0.05, and h = 60.

Fig. 5 Growth rates for various modes: M = 1.0, Re = 1500, ! = 0.027,
and ¯ = 0.05.

to the boundary-layermode, two other discrete modes found in the
CCWB spectrumhave also been identi� ed as the antisymmetricand
symmetric modes associatedwith the wake. The antisymmetricand
the symmetric modes, determinedaccordingto their streamwise ve-
locity perturbationdistributions,16 will be referred to as wake mode
I and wake mode II, respectively.There is also a collapseof the con-
tinuous parts26 of the CBL and the CCWB spectra. Because Ci > 0
for the boundary-layer mode and wake modes I and II, they are
spatially unstable and are of interest in this paper.

Figure 5 shows the variationof the growth rates for the boundary-
layer mode, wake mode I, and wake mode II with the wake height
h for M D 1:0, Re D 1500, ! D 0:027, and ¯ D 0:05. As the wake
moves toward the wall (decreasing in h), the � rst mode associated
with the boundary layer is found to be ampli� ed while the wake
modes are damped.Similar patternsof the growth rate variationwith
h have been reported7 for incompressiblecon� uent wake/boundary
layers. The results indicate that for the CCWB of M D 1:0 the sta-
bility modes exhibit an incompressible-like behavior. That is, the
presence of wake can enhance the disturbancegrowth in the bound-
ary layer. On the other hand, the disturbancegrowth in the wake can
be reduced.

Figure 6 shows the effects of the Mach number (M D 1:0 » 4.5)
on the growth rate of the � rst mode associated with the boundary
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Fig. 6 Growth rates for the � rst mode: Re = 1500.

Fig. 7 Mode shapes for the disturbance streamwise velocity compo-
nent (� rst mode): M = 1.0, Re = 1500, ! = 0.027, and ¯ = 0.05.

layer as the wake height changes. The velocity and temperature
distributions of the base � ow for M D 4:5 and h D 50 have been
shown in Fig. 1. The � rst mode is stabilized with an increase of
Mach number, as has been reported in many previous compressible
boundary-layerstability studies. Figure 6 also shows that the effect
of the wake height on the � rst mode growth rate reverses with the
increasing Mach number: from being ampli� ed at low Mach num-
bers to being damped at high Mach numbers. For Re D 1500, this
reversal of ampli� cation occurs at a Mach number of 1.44. That is,
for the CCWB with a freestream Mach number of 1.44 the growth
rate of the � rst mode is independent of the wake height calculated.
The damping effect at high Mach numbers appears to lessen with
further increase of Mach number.

Figures 7 and 8 show the real parts of the mode shapes of the
disturbancestreamwisevelocitycomponentu of the boundary-layer
� rst mode for the CCWB with M D 1:0 and 4.5, respectively.They
have been normalized by their respective maximum values in the
eigenfunction Á. When the wake is brought close to the wall, it
has a signi� cant effect on the mode shapes of the � rst mode in the
wake region and little effect in the boundary-layer region for both
Mach numbers. This insensitivityof mode shapes in the wall region

Fig. 8 Mode shapes for the disturbance streamwise velocity compo-
nent (� rst mode): M = 4.5, Re = 1500, ! = 0.0275, and ¯ = 0.076.

Fig. 9 Wavespeed spectra for the CBL and CCWB: M = 4.5,Re = 1500,
! = 0.23, ¯ = 0, and h = 60.

to wake height has also been observed in incompressible con� uent
wake/boundary layers.7 The pro� les of the boundary-layer mode
shape in the region of the wake are nearly symmetric for M D 1:0
(Fig. 7) and antisymmetric for M D 4:5 (Fig. 8). This behavior of
the mode shapes in the wake region agrees with the fact that, with
! D 0:027, the dominant wake mode is symmetric at M D 1 and
antisymmetric at M D 4:5.

At high Mach number the second mode has been found to be the
dominantboundary-layermode.The secondmode calculationshave
been performed by setting ¯ D 0, which gives the highest growth
rates. Figure 9 shows the wave speed spectra for a CCWB with
h D 60 and a CBL of the same Mach number (D 4.5). The frequency
is 0.23. The CBL mode indicated in Fig. 9 represents the second
mode associated with the boundary layer, which can also be found
in the eigenvalue spectrum for the CCWB. Wake mode I and wake
mode II can be identi� ed in the CCWB spectrumby examining their
mode shapes.

Figure 10 shows the variations of the growth rate of the second
mode with wake height for different Reynolds numbers (750, 1500
and 3000) and a Mach number of 4.5. The damping effect of the re-
ducedwake heighton the growth rate of the secondmode associated
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Fig. 10 Growth rates of the two-dimensional second modes: M = 4.5.

Fig. 11 Growth rates of the two-dimensional second modes: M = 4.5
and Re = 1500.

with the boundarylayer is more apparentfor caseswith wakescloser
to the wall. This damping of the second mode with reduced wake
height exists for all three Reynolds numbers calculated.

Figure 11 shows the in� uence of wake height on the growth rate
of the boundary-layermode for a range of frequencyfor h D 20 and
50. The decrease of growth rate with the reduced wake height is
apparent for the entire range of frequency calculated.

Figure 12 shows the effect of wake height on the growth rate of
the second mode for four different Mach numbers (4.5 » 7.5) and
Re D 1500. Because the boundary-layerthickness tends to increase
as the Mach number increases, the minimum wake height for the
nonmerging base � ow model for CCWB adopted here to be valid
also increases with Mach number. The damping effect of wake on
the second mode observed in Fig. 10 is apparent for all of the Mach
numbers calculated. Note that the reversed trend of variation of
the growth rate of the second mode with increasing Mach number
observed for the CCWB with large value of h, say, for h D 80, is
consistent with that for CBL reported in Mack.10

The real parts of the mode shapes for u for the second mode
are presented in Fig. 13 for three different wake heights (h D 20,
30, and 50), where M D 4:5, Re D 1500 and ! D 0.2225. In com-
parison with the mode shapes shown in Fig. 8 for the � rst mode,
the mode shape variation with wake height for the second mode is

Fig. 12 Growth rates of the second mode: Re = 1500.

Fig. 13 Mode shapes for the disturbance streamwise velocity compo-
nent (second mode): M = 4.5, Re = 1500, ! = 0.2225, and ¯ = 0.

more apparent in the boundary-layer region. In the regions where
the wakes are located, the distributions are nearly symmetric. The
amplitudes,relativeto theirpeak levels in theboundary-layerregion,
are also smaller than those shown in Fig. 8 for the � rst mode.

Figure 14 shows the variations of the growth rate of wake mode
I with the wake height for three different Reynolds numbers and
for a Mach number of 4.5. The frequencies are 0.2185, 0.2225, and
0.226 for the Reynolds numbers of 750, 1500, and 3000, respec-
tively. They are associated with the second mode of the boundary
layer. Wake mode I is dampened with the reduced wake height for
the three Reynolds numbers calculated. The wall damping effect
decreases with the increase of the Reynolds number, indicating a
viscous mechanism at play with the varying wake height.

Figure 15 shows the variation of the growth rate of wake mode I
for two high-speedCCWB with M D 4:5 and 7.5, respectively,and
for h D 20, 27, and 50. There is an apparent decrease of the growth
rate with Mach number in the frequency range calculated. Except
for near the neutral frequencies, the growth rate of wake mode I
for M D 4:5 is rather insensitive to changes in wake height. At the
high Mach number of 7.5, the effect of wake height on the growth
rate appears to change from causing a small amount of damping
to amplifying as the frequency increases from the lower neutral
frequency.The frequencyat which the effectof wake height reverses
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Fig. 14 Variation of the growth rate for wake mode I: M = 4.5.

Fig. 15 Variation of the growth rate for wake mode I with frequency:
Re = 1500 and ¯ = 0.

Fig. 16 Growth rate variation for wake modeI: M = 7.5, Re = 1500 and
¯ = 0.

Fig. 17 Mode shapes for the disturbance streamwise velocity compo-
nent (wake mode I): M = 4.5, Re = 1500, ! = 0.2225, and ¯ = 0.

is found to be about 0.265. Calculations at other wake heights were
then performed. The results show that the frequency at which this
reversaloccurs is independentof wake height for the present case of
M D 7:5. Figure 16 shows the variation of the growth rate for three
frequencies, including that for ! D 0:265 and two others located on
either sides of the reverse frequency.

Figure 17 shows the real parts of the mode shapes for u of wake
mode I for M D 4:5, Re D 1500, and ! D 0:2225. Wake mode I is an
antisymmetric mode, which can be clearly seen in the mode-shape
distributions.The mode shape for the disturbance mode associated
with the wake is negligibly small in the near-wall region compared
with that in the wake region and remains so for all of the three wake
heights calculated. In the wake region the mode shapes of wake
mode I do not change signi� cantly other than apparent translations
of pro� les with the wake locations.

IV. Summary
Spatial linear stability of compressible con� uent wake/boundary

layers has been studied using a global numerical method. Various
stabilitymodes have been identi� ed. At low Mach numbers the � rst
mode associated with the boundary layer and the wake modes has
been shown to vary in a manner similar to those of incompressible
con� uent wake/boundary layers. That is, reducedwake height tends
to cause the growth rate of the boundary-layer mode to increase
and those of the wake modes to decrease. As the Mach number
increases, the effect of reduced wake height on the � rst boundary-
layer mode changes from amplifying to damping. For the cases
calculated, this reversal of wake-height effect occurs at a Mach
number of 1.44. The second mode associated with the boundary
layer has also been found to be dampened with decreases in wake
height.For theantisymmetricunstablewakemode thereare apparent
translationsof the mode shapes with the wake locations.The effect
of the wake height on the growth rate is small but appears to be
frequency-dependent at high Mach number.

The dampening effect of the wake on the growth rates of the
boundary-layermodes at high speedssuggests that the lineargrowth
of small disturbancescanbe lessenedand lead to a delayof theoccur-
rence of transition in the boundary layer. For multi-element airfoils
and scramjet engines, where high-speed con� uent wake/boundary-
layer � ows appear,the impactof such changesof � ow characteristics
on the aerodynamic design can be important.
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