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Instability of Compressible Boundary Layers Along
Curved Walls with Suction or Cooling

Nabil M. El-Hady* and Alok K. Vermat
Old Dominion University, Norfolk, Virginia

This paper investigates the effect of suction of the boundary layer and wall cooling on the growth and
development of three-dimensional longitudinal vortices over concave walls. The study is carried out for com-
pressible flows for a range of Mach numbers of 0-5. Despite indications that low suction or low cooling rates
locally reduce the critical Gortler number (destabilize the boundary layer), the overall effect of suction or
cooling is to stabilize the boundary layer by reducing the amplitude ratio of the vortices. In case of suction, this
becomes more difficult as the Mach number increases unless high suction rates are used. On the other hand,
stabilizing the boundary layer with respect to the Gortler vortices can hardly be achieved by cooling, even when
high cooling rates are used.

Introduction

IT is known that the flow on a concave wall exhibits a strong
inviscid instability under the influence of centrifugal forces

induced by curvature effects. This instability may produce a
three-dimensional system of counterrotating vortices with axis
in the streamwise direction, commonly referred to as Gortler
vortices. On the other hand, Tollmien-Schlichting (TS) or
cross-flow (CF) instabilities are expected to behave on a
concave wall in almost the same way as on a flat plate because
the effect of wall curvature (likely to occur in practice) is very
small.

Available experimental evidence has shown that the effect
of Gortler vortices on boundary-layer transition on a concave
wall is rather indirect. They are responsible for inducing a
spanwise variation of the velocity field, thus modifying the
development of unstable (TS or CF) waves.

Suction of the boundary layer or wall cooling are means
that can be used in a laminar flow control (LFC) system to
delay transition of the laminar airflow. In such LFC systems,
all types of flow instabilities may exist, including TS, CF, and
Gortler vortices. Available theoretical results indicate that
low suction or cooling rates may be used to totally stabilize
the boundary layer with respect to TS instabilities, while for
CF instabilities higher suction or cooling rates are required
for the same purpose. It is the aim of this work to study the
effect of suction or cooling on Gortler vortices.

Kobayashi1'3 was the first to examine the effect of suction
on the stability characteristics of a laminar incompressible
boundary layer along a curved surface. Although his analysis
excluded the effect of the normal component of the mean
velocity due to boundary-layer growth, it gave insight into the
effect of the presence of this velocity component due to
suction. Using homogeneous suctions Kobayashi found that
the laminar boundary layer is stabilized (critical Gortler
number increases). However, the changes in the critical
Gortler number remain much less than the changes in the
critical Reynolds number for the TS instabilities due to
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homogeneous suction according to Hughes and Reid.4 Hence,
Gortler instability will probably predominate in the laminar
boundary layer along the concave wall with suction. Floryan
and Saric5'6 included the normal component of the mean
velocity in their analysis and examined the case of self-similar
suction and came to the same conclusion.

Diprima and Dunn7 examined the effect of cooling and
heating on the stability characteristics of laminar liquid
boundary layer over a curved surface. Since their analysis was
made on liquids, they neglected the viscous dissipation and
variations in density and came to a conclusion that heating or
cooling has very slight influence on Gortler instability. For
compressible boundary layers, Kobayashi and Kohama8

found that for isothermal walls the ratio of the wall-to-
freestream temperatures has less effect on the critical value of
the Gortler number as the Mach number increases.

In this paper, we investigate the effect of suction of the
boundary layer or wall cooling on the development of Gortler
vortices at different Mach numbers. In the analysis we use the
compressible linear stability theory introduced by El-Hady
and Verma9 for the development of three-dimensional
longitudinal vortices along curved walls.

Problem Formulation
Consider the spatial three-dimensional stability of laminar

compressible two-dimensional boundary layers along a
slightly curved wall. The wall curvature is in the direction of
the flow and its variation is assumed to be weak to avoid a
nonuniform Mach number distribution along the wall due to
the presence of shock waves that might occur in the case of
rapid changes. The flowfield is governed by the Navier-
Stokes, energy, continuity, and state equations written in an
orthogonal curvilinear coordinate system. The local curvature
of the streamlines enters the field equations through the
appropriate coordinate system. Here, we follow Floryan and
Saric5 and use a coordinate system (x,y,z) based on the
streamlines and potential lines of the inviscid flow over a
curved surface, where x and y are in the direction of
streamlines and potential lines, respectively, and z is the
coordinate normal to the x-y plane. The local curvature of the
streamlines enters the field equations through the metric
coefficients. They are determined from the definition of the
arc length to be /*, /z, and 1 in the x, y, and z directions,
respectively. The field equations are used to formulate the
disturbance equations. These equations, written in the
specified coordinate system, and the detailed formulation of
the problem are presented elsewhere.9 The following
presentation is limited to a short outline.
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We consider the basic state to be two-dimensional, viscous,
compressible flow over a slightly curved surface. The field
equations are made dimensionless using a reference length

(1)

C/J, as a reference velocity, and p^U*^ as a reference
pressure, where * indicates a dimensional quantity and v is the
kinematic viscosity of the fluid. The thermodynamic and
transport properties of the fluid are made dimensionless using
their corresponding freestrearn values. With these definitions,
the characteristic Reynolds number becomes

We define a small viscous parameter e and a small curvature
parameter k as

k=(L*K*)'/2 (3)

where K * is the curvature of the wall. The metric coefficient h
is related to the curvature parameter k by

at y = 0 (4)

where the subscript .y denotes d/dy.
Because the aim of this study is to provide a basic ap-

proximation for the stability of a compressible boundary
layer over a curved surface, a basic approximation of the
mean flow is required. When the small parameters e and k are
of the same order, the basic approximation of the boundary-
layer equations is the conventional compressible flow over a
flat plate. Mean flow profiles are calculated for an adiabatic
or isothermal flat plate. In case of suction, we define a similar
suction parameter y as

and introduce it to the boundary-layer equations. Here w
indicates wall conditions and R is given in Eq. (2). The fluid is
considered to be a perfect gas with all the thermodynamic and
transport property functions of temperature. The mean
viscosity is related to the mean temperature through the
Sutherland formula. The flow stagnation temperature is kept
constant and equal to 310 K for all of the Mach numbers
under study.

For the stability analysis, steady three-dimensional small-
disturbance quantities are made dimensionless using

u = u*/U*00,

> = P*/pi (6)

and are superposed on the mean flow velocities U and V,
pressure P, temperature 6, density p, and viscosity /*, in the
following form:

(7 a)

(7b)

(7c)

(7d)

(7e)

(70

) (7g)

With the scaling given by Eq. (6), the disturbance motion

+ u(x,y,z)

v(x,y,z) = V(x,y)+v(x,y,z)

w(x,y,z)-=0+w(x,y,z)

P(x,y,z) =P(x,y) +p(x,y,z)

Q(x,y,z) =Q(x,y) + 0(x,y,z)

P(x,y,z)=p(x,y)+p(x,y,z)

varies in the x coordinate according to the slow scale,9

x=x*/RL*. Boundary-layer theory, combined with the
assumed scales, gives the x variation of the mean flow in
terms of the slow scale x.

Substituting Eqs. (7) into the dimensionless field equations,
subtracting the mean flow, linearizing the equations, and
keeping the leading-order terms, that is, terms 0(1), the
following disturbance equations are obtained:

x momentum

(8)

y momentum

(l/Q)(Vx+2V&)u-ciJLyux-(c+l)iJLUyx-iixuy

+ ( c + 2 ) ( f i V y ) y ] 0 - ! i U y e x

-[cjJiUx+(c+2)ijiVy]dy =

z momentum

(9)

- (l/e)(Uwx+Vwy)

+ cfJi(Ux+Vy)6z = 0

continuity

(10)

--2(uex+wy)=o ( i i )

energy

02)

At this level of approximation, Eqs. (8-12) are con-
figuration independent because the parameters e and k appear
only implicitly in the so-called Gortler number G, which is
defined by

= Rk (13)

Other parameters appearing in Eqs. (8-12) are the freestrearn
Mach number M^, Prandtl number T, the ratio y of the
perfect gas specific heats, and /x = d/*/d9. The ratio c ofthe
second to the first mean flow viscosity coefficient is defined as
c = 2(e— l)/3, e being equal to 0.8. The density disturbance is
eliminated by using the equation of state. The subscripts x, y,
and z refer to d/dx, d/dy, and d/dz, respectively. Equations
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Fig. 1 Effect of compressibility on the locus of maximum growth
rates.

(8-12) are supplemented with the appropriate boundary
conditions,

= v = w = 0 and d+BO = at y = 0 (14)

as y-+<x> (15)

The function B in Eqs. (14) depends on the thermal
properties of both the solid surface and the fluid, as well as
the wavelength of the disturbance. Local stability near the
neutral region is dependent on the wall boundary condition of
the thermal disturbance.9 The effect of this thermal condition
vanishes with the growth of the disturbance. In case of
suction, we consider the wall to be adiabatic and take
B-~Q(Oy = Q at j> = 0). However, for cases involving wall
cooling, we take B^<x>(0 = 0 at .y = 0). Equations (15) express
the physical fact that the disturbances may decay in the
freestream.

The disturbances under consideration are assumed in the
form of

12 16 20

Fig. 2 Effect of compressibility on the amplitude ratios calculated
along the locus of maximum growth rates.

.05 -5 I.

Fig. 3 Neutral stability curves for different values of the suction
parameter at M^ = 0.8.

we write the system of Eqs. (8-12) in the compact form

u = u (y) cos (0z) exp ( Jad

v =

w= w(y) sin (/%) exp ( Jadjc)

p=p(y)cos(!3z)exp (fadx)

0 = 0(.y)cos(/te)exp(Jod*)

(16a)

(16b)

(16c)

(16d)

(16e)

where 0 is the dimensionless wavenumber in the z coordinate
and a the spatial growth rate.

Computational and Numerical Procedures
Substituting Eqs. (16) into Eqs. (8-12), we obtain an

eighth-order system of homogeneous linear ordinary dif-
ferential equations. This forms an eigenvalue problem for the
parameters /3,a, and G. Using the notation

Zj=u, Z2=Du,

Z5 = i Z6=DO,

Z4=p

Z8=Dw (17)

DZm- (18)

Zj=Z3=Z7 = 0 and Z5 = 0 or Z6 = 0 at y = 0 (19)

Z1,Z3,Z5,Z7^0 as y^oo (20)

where D = d/dy and amn are the elements of the 8 x 8 variable-
coefficient matrix whose nonzero elements are given in the
Appendix. The condition Z5 =0 at.y = 0 is used for isothermal
wall, while Z6 = 0 at y = 0 is used for adiabatic wall.

Outside the boundary layer, i.e., at y>ye (e indicates the
edge of the boundary layer), the coefficients in Eqs. (18)
become constant. With the constant coefficient matrix, Eqs.
(18) have a solution that can be expressed in the form

y=ye (21)

where dmn is the characteristic eigenvector matrix, cn the
arbitrary constant vector, and \n the eigenvalues of the
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constant coefficient matrix, which are

\5=(

(22a)

(22b)

(22c)

(22d)

(22e)

(22f)

We consider the case in which X7 , X2 , \3 , and X4 are negative
real numbers, whereas the other four are positive real
numbers. Only negative signs satisfy the boundary conditions
of Eqs. (15) as j>— • oo. This demands that the constants c5-c8
be zeros in Eq. (21) and is expressed as

The boundary condition at the wall [Eq. (19)] can be written
in the form

y=ye (23)

.05 .1

Fig. 4 Neutral stability curves for different values of the suction
parameter at M^ = 3.
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Fig. 5 Effect of suction on the critical Gortler number for different
Mach numbers.

= l,2,3,4;y = (24)

where the elements of the 4x8 matrix emn are all zeros except
e]]=e23=e36 = e47 = l in the case of an adiabatic wall and
en =e23 — e35 =€47 = 1 in the case of an isothermal wall.

Equations (18) with the boundary conditions of Eqs. (23)
and (24) form a two-point boundary value problem that is
solved numerically using a forward integration routine.10 We
assign values for two of the parameters /3, a, and G, guess the
third one, and use Eq. (23) to construct a linear combination
of the general solution [Eq. (21)]. We integrate Eqs. (18)
from y=ye to the wall. At the wall, the values of the in-
dependent solution vectors are linearly combined to satisfy all
but one of the wall boundary conditions. The last wall
boundary condition can be satisfied by this combined solution
only when the exact eigenvalue has been found. A Newton-
Raphson procedure is used to determine this value.

The system of equations adjoint to Eqs. (18) are formed to
check the eigenvalues. The adjoint system can be written as

Z*2=Z*4=Z*8 = 0 and Z*5=0 or Z*6 = 0 at y = & (26)

Z|,ZJ,ZJ,Z|-*0 as 7-00 (27)

where the homogeneous boundary condition Z* = 0 at y~ 0 is
used for the adiabatic wall while Z£ = 0 at y = 0 is used for the
isothermal wall. Equations (25-27) are solved with the same
procedure used to solve the regular equations (18-20).
Eigenvalues calculated by Eqs. (18) and their adjoint [Eq.
(25)] were checked and found to agree to 0(10~4), and both
were found to be independent of the value of ye. The shape of
the eigenfunctions was also checked in order to avoid
calculations of higher modes.

Effect of Compressibility
Stability results are usually presented as constant growth

rate curves of Gortler number vs wave number (G-& plane).

-2.5

Fig. 6 Effect of suction on the amplitude ratios at G = 20 for dif-
ferent Mach numbers.
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Fig. 7 Effect of suction at
MO, =3 on the shape of the
eigenfunctions for a neutrally
stable disturbance having a wave
number of 0.3.

w

.5 I.

Fig. 8 Neutral stability curves for different cooling rates at
Moo-3.0.

The instability of the boundary layer sets in at a higher
Gortler number as the Mach number increases for almost all
wavelengths.9 Compressibility has its maximum stabilizing
influence when the vortex is weak. Growth rate curves possess
minimums that move to higher wave numbers as the vortex
grows. These minimums form the loci of the maximum
growth rates of the different wave number components.
Figure 1 indicates that as the Mach number increases, this
locus shifts up and to the left in the G-/3 plane, that is,
maximum growth rates occur at higher Gortler numbers and
lower wave numbers. It can be detected from Fig. 1 that as the
Mach number increases, the most unstable wavelength and
the cutoff wavelength both shift to a higher value.9

The growth of the vortices measured by the amplitude ratio
is calculated using

(28)

where a0 and G0 ate the amplitude and Gortler number at the
beginning of the unstable region, respectively, and the in-
tegration is carried along a particular growth path. The
growth path of the vortex is determined by a wavelength
selection mechanism.6 The stability theory cannot predict
which disturbance wavelength will actually appear for a given
surface configuration and flow condition. The wavelength
selection mechanism may be based on the maximum growth
rate of the disturbance (then the growth path is the locus of
maximum growth rates) or may be based on the most unstable
wavelength defined by the dimensionless parameter

(then the growth path is determined from the conservation of

the most unstable X*). In the G-/3 plane, A = const are straight
lines with 3/2 slopes that closely coincide with the loci of the
maximum growth rates for the corresponding Mach numbers.

For different Mach numbers, Fig. 2 shows the result of
integrating Eq. (28) along the loci of the maximum growth
rates. The integration is carried up to G = 20 for comparison
purposes. The figure shows a stabilizing effect as the Mach
number increases in terms of lower values of ?n(a/a0). El-
Hady and Verma9 showed that by following the growth path
of the most unstable wavelength (corresponding to each Mach
number), the values of 8n(a/a0) at G = 20 for different Mach
numbers are identical to the corresponding values in Fig. 2.

Effect of Suction
It was shown by Gortler11 and Hammerlin12 that the curve

of neutral stability depends insensibly upon the basic velocity
profile in the laminar incompressible boundary layer when the
changes in its momentum thickness are very small. However,
Kahawita and Meroney13 showed that the inclusion of the
normal velocity terms in the basic flow changes the location of
the neutral curve drastically. El-Hady and Verma9 reached
the same conclusion for the compressible boundary layer.
Terms due to boundary-layer growth have a large effect near
the neutral stability region especially at high Mach numbers.
Therefore, it is expected that variations of the velocity profile
due to suction (which does not affect the momentum thickness
but changes the normal velocity term) may change the critical
Gortler number.

The effect of the suction of the laminar boundary layer on
Gortler instability is examined at MOO =0.8 and 3. The self-
similar suction parameter 7 defined in Eq. (5) is used for this
purpose. Figures 3 and 4 show the change in the location of
neutral stability curves for different values of the suction
parameter at M^ =0.8.and 3, respectively. It is observed that
the critical Gortler number first decreases with increasing
suction (destabilizing the boundary layer). The boundary
layer with a suction given by 7— -0.45 at M^ = 0.8 or 7— -
1.3 at MOO = 3 is the most unstable as far as the critical Gortler
number is concerned. By increasing the suction parameter
above these levels for each Mach number, the critical Gortler
number increases. Figure 5 shows how the critical Gortler
number changes with 7 for different Mach numbers. The level
of suction required for a noticeable increase in the critical
Gortler number increases as the Mach number increases. This
suction level is an order of magnitude higher than the suction
level required to stabilize TS instabilities (see Saric and
Nayfeh14 for Moo=0), and is almost the same order of
magnitude of the suction level required to stabilize CF in-
stabilities (see El-Hady15 for MOO =0.8). This leads to the
conclusion that, with these levels of suction, TS instabilities
are practically eliminated and CF and/or Gortler vortices may
dominate the flow.
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Fig. 9 Effect of wall cooling on local stability at A/a, = 3.0.

12 -

Fig. 10 Effect of wall cooling on the amplitude ratios at G = 20 for
different Mach numbers.

By increasing the suction, the curves of constant growth
rates in the G-/3 plane are compressed and moved to higher
Gortler numbers. Curves of high growth rates are less af-
fected by suction, especially at high Mach numbers. To see the
overall effect of suction, the growth of the vortices should be
taken into account as they develop downstream. Integration
of growth rates using Eq. (28) is performed along the loci of
maximum growth rates to G = 20 for comparison purposes.
For different Mach numbers, Fig. 6 displays the amplitude
ratio of the vortices at G = 20 for a range of the suction
parameter 7. It is clear that despite indications of a
destabilizing effect of low suction for all Mach numbers
regarding the critical Gortler number (see Fig. 5), the overall
effect of suction is to stabilize the boundary layer as shown by
Fig. 6. Although a suction corresponding to y= - 1.2 (which
is near to the critical level of the suction parameter at M^ = 3)
locally destabilizes the boundary layer in terms of the critical
Gortler number, it reduces the amplitude ratio by about 22%,
thus stabilizing the boundary layer. The amplitude ratio of the
vortices reduces as the suction increases. With increasing
Mach number, it becomes more difficult to stabilize the
boundary layer (reducing the amplitude ratio of the vortices)
unless very high suction is used. Figure 6 shows that at M^ = 5
the amplitude ratio is hardly influenced by suction in the
range of 0<7< -2.

Fig. 11 Variation of the mean density and mean viscosity for dif-
ferent cooling rates at Mx = 0.8 and 3.

At MO, =3, Fig. 7 shows a^comparison of the shape of the
eigenfunctions u, v, w, and 0 normalized with the maximum
of the u component for different values of the suction
parameter 7. These eigenfunctions are for a neutrally stable
disturbance having a wave number /3 = 0.3. Corresponding
Gortler numbers are G= 1.6124, 1.1155, 1.7549, and 3.5193
at 7 = 0.0, -0.6, -1.6, and -2.0, respectively. Figure 7
shows that the location of the maxima of u and w and the
minima of v and 0 move toward the wall as the suction in-
creases. When the normal velocity component of the basic
flow is directed away from the wall (the case of no suction), it
tends to destabilize the flow by encouraging penetration into
the freestream where viscous dissipation is small. By in-
creasing suction, the thickness of the boundary layer
decreases, and the disturbance is confined to a region closer to
the wall where dissipative action is strong, thereby increasing
the stability of the flow.

Effect of Wall Cooling
Figure 8 shows how the location of the neutral curve varies

with different cooling rates at Mx =3. The cooling parameter
Qw/Qad is used for this purpose, where Qw/Qad = 1 represents
no cooling, and 0w/0^ < 1 represents cooling. Slight cooling
has a destabilizing influence; however, as cooling increases,
the neutral curve moves upward, indicating a stabilizing effect
as far as the critical Gortler number is concerned. For wave
numbers approximately greater than 0.4, Fig. 8 shows that
wall cooling always destabilizes the boundary layer (the
Gortler number decreases).

It should be noted here that El-Hady and Verma9 con-
cluded that the neutral stability curve is dependent on the wall
boundary condition of the thermal disturbance. Therefore,
one may think it somewhat misleading to compare neutral
curves in the case of cooling (where the wall is considered
completely conducting and the wall boundary condition of the
thermal disturbance is 0 = 0) with curves in the case of no
cooling (where the wall is considered ideally insulated and the
wall boundary condition of the thermal disturbance is 6y =0).
For this reason the neutral stability curve is recalculated for
the no cooling case with the thermal wall boundary condition
0 = 0 and is shown in Fig. 8 for comparison. It is clear that
previous conclusions regarding the effect of cooling on the
critical Gortler number are valid.

Figure 9 displays the influence of cooling at Mw = 3 on the
vortices at different stages of their growth. The parameter
(Goc — GC)/GOC is used as the ordinate to indicate the
stabilizing or destabilizing effect (increase or decrease in the
critical Gortler number) as cooling increases compared with
Goc, the critical Gortler number at = 1 (no cooling)
for the same value of the growth rate a. Figure 9 shows that at
MOO =3, weak vortices (low growth rates) are more influenced
by cooling. The cooling parameters 1 > 0W / Qad > 0.75 seem to
destabilize the boundary layer. As cooling increases
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Fig. 12 Effect of wall cooling at Af «, = 3
on the shape of eigenfunctions for a
neutrally stable disturbance having a wave
number of 0.3.

(9W/0^<0.75), the figure shows a stabilizing influence of
the cooling on weak vortices; however, cooling has almost no
influence on strong vortices (high growth rates).

The above conclusions represent a local effect of cooling on
the stability limit as well as growth rates of the vortices. It is
important to estimate the effect of cooling on the total growth
of the vortices by calculating the amplitude ratios. Again, we
integrate the growth rates, using Eq. (28) along the loci of
maximum growth rates to G = 20. Figure 10 shows the effect
of cooling on the amplitude ratio of Gortler vortices for
different Mach numbers. The figure demonstrates that
moderate cooling has almost no influence on the stability
regarding the amplitude ratio of the vortices. However, high
cooling influences low Mach numbers. At the cooling rate
0w/0«/ = 0.25, the amplitude ratio is reduced by 13.4% at
MOO =0.8, by 2.8% at Moo-3, and increased by 2.6% at
Moo =5.

The effect of moderate cooling, as shown in Fig. 10, is
relatively small considering the strong temperature depen-
dence of the viscosity and density and the corresponding large
variation of both in the boundary layer. Figure 11 shows the
distributions at M^ = 0.8 and 3 of the viscosity and density of
the mean boundary-layer flow for different cooling para-
meters. In contrast to the insulated wall, where the den-
sity gradient is positive and the viscosity is large at the
wall, the density profile for a high cooling rate may have both
positive and negative gradients. The viscosity profile may also
have two regions where /*>! and / x < l . The negative density
gradient may stabilize the flow according to the Rayleigh
inviscid criterion, but the reduction in the effective viscosity in
the boundary layer will have a destabilizing effect. It can,
therefore, be said that the variation of both density and
viscosity in moderate cooling cancel each other. On the other
hand, in high cooling, stabilization of the boundary layer
results because the effect of the negative density gradient is
more predominant than the opposite effect of the reduction in
the effective viscosity.

The effect of wall cooling on Gortler vortices as shown in
Fig. 10 differs with the results for CF instabilities that are
moderately sensitive to wall temperature (see Lekoudis16 for
MOO =0.8). It is also in marked contrast to the results for TS
instabilities that are extremely sensitive to wall temperature
(see Fig. 7 in Mack17 forMoo = 3). This is ultimately due to the
presence of an inner critical layer in the TS disturbances
through which the eigenfunction varies rapidly. Therefore,
stability characteristics depend critically on the local
properties of the mean flow velocity, viscosity, and density
distribution that are very sensitive to the wall temperature.
For Gortler instability, however, there is no inner critical layer
and the centrifugal force is the controlling factor. This in-
stability depends only on the overall properties of the mean
flow, such as the average velocity gradient, that are much less
influenced by the wall temperature.

Figure 12 gives a comparison of the shape of the eigen-
functions of u, v, w, and 6 at M^ = 3 for different values of
the cooling parameter Bw/Bad. These eigenfunctions are for a

neutrally stable disturbance with a wave number 0 = 0.3.
Corresponding Gortler numbers are (5=1.463, 1.301, and
1.213 for 0W/0^ = 1.0, 0.75, and 0.25, respectively. The
values of u, v, w, and 0 are normalized with the maximum of
u component at the corresponding cooling parameter. The
figure shows that the locations of the maxima of u, w and the
minimum of 6 move toward the wall as cooling increases. The
velocity component v shows a persistance outside the
boundary layer.

Conclusions
The influence of suction of the boundary layer or wall

cooling on Gortler instability is investigated. The com-
pressible stability theory introduced by El-Hady and Verma9

for the boundary-layer flow along a concave wall is used in
the analysis. The compressible boundary-layer equations
along a flat plate with suction or cooling are used to represent
the mean flow. The results of the stability analysis are
summarized as follows:

1) Suction rates below a critical level may have a local
destabilizing effect on the boundary layer as far as the critical
Gortler number is concerned. This critical level of suction
increases with Mach number.

2) In contrast with local suction effects, suction of the
boundary layer has always a stabilizing influence on the total
growth of Gortler vortices. The amplitude ratios of the
vortices reduce with any level of suction used.

3) Suction of the boundary layer is more effective in
stabilizing the flow at low Mach numbers than at high Mach
numbers. It becomes increasingly difficult as Mach number
increases to reduce the amplitude ratios of the vortices unless
very high levels of suction are used.

4) Wall cooling, like suction, has a local destabilizing effect
on the boundary layer as far as the critical Gortler number is
concerned.

5) At low Mach numbers, cooling applied to the wall with
the rate of 0W/0^>0.75 has no influence on the amplitude
ratios of Gortler vortices. A noticeable reduction in the
amplitude ratio starts with cooling rates 0w/9^ <0.5.

6) At high Mach numbers, it seems almost impossible to
stabilize the boundary layer using practical rates of wall
cooling. The amplitude ratios of the vortices increase and the
boundary layer becomes more unstable with rates of cooling
Qw/ead>0.5.

7) Comparing the shape of the eigenfunctions due to
cooling in Fig. 12 with that due to suction in Fig. 7 shows that
at MOO =3, both high suction and high cooling stabilize the
boundary layer by confining the disturbance to a highly
dissipative region nearer to the wall. Suction may be more
effective than cooling as it brings the disturbances closer to
the wall.

8) Gortler instability is more difficult to influence and
control by suction or cooling than Tollrnien-Schilichting or
cross-flow instabilities. The reason is that Gortler instability,
which is referred to as a centrifugal-type instability, depends
on the velocity difference between the inner and outer region
of the boundary layer and not on the shape of the boundary-
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layer profile as in the case of Tollmien-Schilichting or cross-
flow instability.

Appendix

a]2=a56=a78 = l, a21 =
a86=(c+l)(3V/Q,

where

a88 =

a26= -

a35 =

, a37=-f3
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