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Fig. 4 Pressure distributions computed on inlet centerbody. Symbols
represent present solution; broken lines represent solution of Ref. 3.
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Fig. $ Pressure distributions computed on cowl inner surface. Sym-
bols represent present solution; broken lines represent solution of
Ref. 3.

here, the incorporation of multigrid enables convergence to the
steady state in the equivalent of 125 iterations for the four-grid
level calculation.
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Gortler Instability of Wall Jets
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Introduction

IT has recently been shown by Floryan1 that Gortler instabil-
ity might occur over concave as well as convex walls, pro-

vided that the velocity distribution inside the boundary layer
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violates the inviscid stability criterion.1 It has also been
suggested1 that when velocity distribution is nonmonotonic, the
flow will consist of layers that alternatively violate and satisfy
the stability criterion, and this could lead to an interesting
evolution of the unstable motion. The purpose of this Note is
to analyze the stability of a simplest flow of this type, i.e., a
wall jet over a concave surface, which consists of an inviscidly
unstable layer located next to the wall and an inviscidly stable
layer located farther away. The appropriate velocity field is
described by Glauert.2 The required disturbance equations and
the method of solution are described in Ref. 3. The same prob-
lem has been considered by Kahawita;4 however, the present
analysis, which is much more extensive, is based on a model
rationally incorporating the effects of boundary-layer growth3

and, therefore, the present results represent a considerable im-
provement over the results of Ref. 4.

Results
The disturbance growth process5 is illustrated in Figs. 1-6.

Figure 1 displays curves of constant spatial amplification rate
j8 as a function of the spanwise wave number a. and the Gortler
number G = U<J>r/v (dr/R)l/2 (where R denotes the radius of
curvature of the wall). The wall-jet thickness, dr = (vQ/U^2,
is the length scale, where £/«, is the maximum of the streamwise
velocity component of the jet, v the kinematic viscosity, and l>
the distance from the virtual origin of the jet. The neutral curve
corresponds to /3 = 0, and its minimum occurs for a-^0; the
critical value of the Gortler number is Gc « 1.0. Because there
is no critical wave number, the wavelength selection mechanism
is determined by the disturbance growth process. It is conve-
nient to introduce a dimensionless wavelength parameter
A = Fl/3 X1/3 v~l (\/R)l/2 (which is constant in the flow direction)
in order to follow streamwise development of a vortex of a
constant dimensional wavelength X (dimensionless wave num-
ber a changes in the flow direction because of variations of the
length scale dr). Here F is the dimensional "flux of external
momentum flux."2 Straight lines with slope 5/6 correspond to
constant A in Fig. 1. One might presume that the vortex
described by A that stays closest to the line of maximum ampli-
fication in Fig. 1 has the most favorable conditions to grow.
Figure 2 displays the total amplification of disturbances that
occurred between the neutral curve and streamwise locations

WAVENUMBER,a

Fig. 1 Curves of constant amplification rate 0 as a function of Gortler
number G and wave number a for the first mode of the Gortler
instability of wall jets over a concave wall.
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corresponding to Gortler numbers of G = 5.0, 10.0, 15.0, and
20.0. The total amplification is defined as3

MAXIMUM
TOTAL
AMPLIFICATION

WAVELENGTH PARAMETER , A =^

Fig. 2 Curves of the total amplification of the first-mode distur-
bances as a function of the wavelength parameter A at the streamwise
locations, corresponding to Gortler numbers of G = 5.0, 10.0, 15.0,
and 20.0.

GORTLER NUMBER,G

Fig. 3 Curves of the total amplification of the first-mode distur-
bances as a function of Gortler number G.

where A (G0) = 1. Here A denotes the amplitude of the distur-
bances, and subscript 0 stands for the initial conditions. Each
integration begins at the neutral curve and follows the same
vortex defined by the constant dimensional wavelength X. The
results show that the maximum total amplification shifts from
A = 48 at G = 5.0 to A = 85 at G = 20.0. This is in contrast to
the Blasius boundary layer, where the maximum total amplifi-
cation occurred within the same range of A, regardless of the
streamwise location.5 It is known from experimental observa-
tions of boundary layers that the wavelength selection mecha-
nism acts only up to the establishment of vortices, which are
then preserved downstream, regardless of the local growth
rates.5 This points out the importance of the very initial stages
of the instability process and suggests that one should expect
the vortices of A = 48.0 to dominate. The cutoff wavelength
parameter defining the lower bound of the unstable wave-
lengths is Ac = 26.77 and is considerably smaller than in the
case of the Blasius boundary layer.5

The disturbance growth process is illustrated in Fig. 3. All
vortices grow initially in a similar manner. When the Gortler
number becomes sufficiently large, the rate of growth of
smaller vortices gradually decreases and then becomes nega-
tive, suggesting the existence of a self-stabilization mechanism.
The variations of disturbance velocity field as a function of the
Gortler number and corresponding to A = 71 are displayed in
Fig. 4 (the curve corresponding to A = 71 almost overlaps with
A = 85 in Fig. 3). The eigenfunctions have been scaled by im-
posing condition max (u) - 1. At the neutral curve, the velocity
field has a form of one layer of vortices. Further downstream,
at Gortler number slightly larger than 5.0, the velocity field
splits into two layers of vortices and, at G ~ 17.00, the upper
vortex splits into two, resulting in three layers of vortices. The
streamwise location of the vortex split can be correlated with
the form of the disturbance velocity field. The streamwise dis-
turbance velocity component has a form very similar to the
mean flow at the neutral curve (Fig. 4). Further downstream the
vortex becomes compressed closer to the wall. When the center
of the vortex reaches the location of the maximum of the mean
flow velocity, the vortex split occurs. The second split occurs
when the first vortex is further compressed so that its center
reaches a location halfway between the location of the maxi-
mum of the mean flow velocity and the wall. These additional
vortices have very small amplitude and could not be well
represented in Fig. 4. The qualitative form of the vortex split
phenomenon is similar for other values of A and conditions
under which it occurs are shown in Fig. 1. Only the first vortex
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G = 5.0
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Fig. 4 Disturbance velocity fields for the disturbances associated with the wavelength parameter A = 71 at the downstream locations correspond-
ing to G = 1.09, 5.0, 10.0, and 20.0. Here u, w, v stand for the streamwise, spanwise, and normal-to-the-wall velocity components, respectively,
and ^ denotes coordinate in the direction normal to the wall.
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Fig. 5 Neutral curves for the first and second modes of
the Gortler instability of wall jets.
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Fig. 6 Disturbance velocity fields for the first and second modes of the Gortler instability of wall jets.

is driven directly by the instability forces because it contains the
part of the jet that is inviscidly unstable. The additional vortices
are driven by shear stresses acting between different layers of
vortices and, through an increased dissipation, they tend to
weaken the instability motion. This is well illustrated in Fig. 1,
where the neutral curve begins to bend to the left close to the
location of the first vortex split, thus increasing the range of
stable A. If the instability was dominated by the vortices
A = 48, the jet would eventually stabilize itself (Figs. 1 and 3).
The idea of self-stabilization could be utilized in stabilizing
boundary layers through tangential blowing.

The existence of several layers of vortices raises a question
as to whether they were correctly identified as the first insta-
bility modes. The neutral curves corresponding to the first and
second modes are given in Fig. 5. The first and second mode
eigenfunctions under the same flow conditions are plotted in
Fig. 6. The results show that the basic concept, in which it is
assumed that the first mode consists of one layer of vortices,
the second of two layers, etc., needs re-evaluation.

Conclusions
Gortler instability of wall jet over a concave surface has been

analyzed. The results suggest that the fundamental instability

mode may have a form of one, two, and more layers of vortices,
depending on the flow conditions. The unstable motion is
expected to originate in the form of a single layer of vortices,
which separates subsequently into two, three, or more distinct
layers further downstream. The increased dissipation resulting
from the vortex split phenomenon could lead to a self-stabiliza-
tion of vortices of short wavelengths.
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