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PROGRESS IN FLIGHT PHYSICS

Detailed view of this instability in the region 0.85 ≤ x ≤ 0.95 is shown in
Fig. 9 for the baseline case and the strong heating/cooling cases. The pressure
disturbances have a two-cell structure in vertical direction, whereas the tem-
perature disturbances have rope-like structure near the upper boundary-layer
edge. These patterns are typical for the Mack second mode [10]. Maximal am-
plitudes are observed in the strong-heating case, while the minimal amplitudes
correspond to the strong-cooling case.
Figure 10a shows the details of the wall pressure distributions p′w(x) in the

vicinity of heating/cooling strip. The strip boundaries xS1 and xS2 are marked
by the vertical dashdotted lines. The amplitude modulations are, presumably,
due to the Mack ¦rst mode of relatively large wavelength. In the upstream region
x < xS1, there is no noticeable di¨erence between p

′
w(x) for the all three cases.

In the strip region xS1 < x < xS2, the disturbance amplitude decreases on the
cold strip, while it increases on the hot strip. Further downstream (x > xS2),
the disturbance starts to grow with appreciable rate in the heating case and
with weaker rate in the baseline case. For the cooling case, the disturbance
amplitude decreases weakly. Note that the disturbances evolve smoothly through
the cooling/heating region. The disturbance ¦eld patterns (not shown here) do
not contain acoustic waves or other additional disturbances, which could be
induced by scattering of the primary wave on the strip boundaries.
The global distributions of p′w are shown in Fig. 10b. The maximal wall-

pressure disturbances are reached in the case of strong heating, while the min-
imal ¡ in the case of strong cooling. This trend is opposite to those shown in
Fig. 7.

6 COMPARISON OF DIRECT NUMERICAL
SIMULATION AND LINEAR STABILITY
THEORY RESULTS

To clarify the aforementioned di¨erence, additional LST computations were per-
formed for the second-mode wave with the frequency being equal to the suction-
blowing frequency of DNS (ω = 700). The LST distributions of dimensional
growth rates σ∗(x) and the amplitude ratio A(x) = exp(N(x, ω)) are shown in
Fig. 11a where the initial point is the neutral point, x0 = xn(ω). Similar to DNS
solutions, the heating leads to higher disturbances (compare curves 1 and 3).
However, the cooling causes even stronger destabilization that is contrasted with
the DNS solution showing stabilization e¨ect (see Fig. 10b).
Because the DNS solutions were obtained using a 2D blowing-suction which

generates disturbances near the point xS1 = 0.1, the second-mode wave is excited
at this point and propagates downstream. The cooling/heating element does not
a¨ect the mean §ow in the upstream region where the blowing-suction is located.
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Figure 11 Growth rates and the amplitude ratio of the second mode at the DNS
frequency ω = 700, LST computations from the neutral point (a) and from x0 = 0.1 (b):
1 ¡ no heat; 2 ¡ strong cooling; and 3 ¡ strong heating

The free-stream parameters are al-

Figure 12 Comparisons of LST predictions
(dashed curves) with the DNS solutions (solid
curves) of amplitudes of wall pressure distur-
bances, ω = 700: 1 ¡ baseline; 2 ¡ strong
cooling; and 3 ¡ strong heating. Computa-
tions from x0 = 0.1

most the same for the all three
cases. These arguments allow to
assume that the initial amplitudes
of unstable wave are the same at
the x0 = xS1 in the all three cases.
With this assumption, let compute
the growth rates and the ampli¦ca-
tion ratios starting from the point
x0 = 0.1 (Fig. 11b). The damping
of unstable mode in the upstream
region x0 < x < xn is relatively
weak and it is about the same in
the cases of no-heat and strong
heating (curves 1 and 3). For the
strong cooling case (curves 2), the
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Figure 13 N-factors computed from the neutral points (1) and from the ¦xed point
x0 = 0.1 (2) for the baseline case (a) and the weak cooling case (b)

damping is strong that leads to signi¦cant reduction of the ampli¦cation ratio.
Figure 12 shows comparisons of LST predictions with the DNS solutions. Since
the LST analysis does not account for receptivity, the initial amplitudes of LST
solutions are arbitrary. In this ¦gure, the amplitude ratio is scaled by a factor
providing the best ¦t for the baseline case (curves 1). The same factor is used for
scaling in the two other cases. The agreement between DNS and LST solutions is
satisfactory accounting for the fact that the LST analysis ignores the nonparallel
e¨ects, which are expected to be strong in the heating/cooling region.

This example indicates that the cooling e¨ect essentially depends on the
initial point from which the unstable waves start to propagate downstream. This
point, in turn, is determined by the receptivity mechanism. To illustrate this

statement, let consider the follow-

Figure 14 N-factors computed from the
¦xed point x0 = 0.1 for the baseline case (1)
and the weak cooling case (2), markers denote
the lines corresponding to ω = 700

ing situation. Assume that the
second-mode waves of all frequen-
cies are e¨ectively excited near
the cone tip and the receptivity pro-
cess is completed by the station
x0 = 0.1. It is also assumed that in
this station, the initial amplitudes
of unstable waves are approximate-
ly the same for all frequencies. In
this case, the N -factors and their
envelopes should be calculated from
the ¦xed initial point x0 = 0.1. Fig-
ure 13 compares these N -factors
(curves 2) withN -factors computed
from the neutral points (curves 1)
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for the cases of no-heating (Fig. 13a) and weak cooling (Fig. 13b). In the baseline
case, the damping of instability in the upstream regions x0 < x < xn is relatively
weak and the N -factor envelopes are close to each other. In the cooling case, the
situation is di¨erent. The low-frequency waves, which are dominant downstream
from the strip, experience a strong damping in the regions x0 < x < xn, and the
N -factor envelope (curves 2) is shifted down signi¦cantly at x > 0.6. As shown
in Fig. 14, stability computations at the ¦xed initial point x0 = 0.1 predict that
the cold strip produces a stabilization e¨ect for x > 0.6, just opposite to the case
of x0 = xn shown in Fig. 7.

7 SUMMARY

A localized heating or cooling e¨ect on stability of the boundary-layer §ow on
a sharp cone at zero angle of attack is analyzed at the free-streamMach number 6.
Five di¨erent temperature distributions were numerically simulated: baseline
§ow without heating or cooling, strong and weak cooling, and strong and weak
heating. The free-stream and surface conditions correspond to the experiments
recently performed in the ITAM Transit-M wind tunnel (Novosibirsk).
The mean §ows are calculated using axisymmetric Navier�Stokes equations.

The spatial LST analysis is performed for 2D disturbances related to the Mack
second mode. The N -factors computed from the neutral points indicate that
the cooling strip may cause earlier transition, while the heating strip produces
a weak e¨ect.
To account for the nonparallel e¨ects, which are enhanced by the cool-

ing/heating strip, DNS was performed for 2D disturbance excited by the suction-
blowing slot located upstream from the strip. It was shown that the second mode
instability is a dominant component of the disturbance ¦eld in the boundary layer
downstream of the strip. It was found that the hot strip leads to increasing of the
instability amplitude, while the cold strip produces an opposite e¨ect. The LST
computations of the second-mode ampli¦cation starting from the suction-blowing
locus agree satisfactory with the DNS solutions. Consequently, the nonparallel
e¨ects are not dramatic for the unstable waves passing through the cold or hot
region.
The LST computations performed from the di¨erent initial points showed

that predictions of the wall cooling e¨ect essentially depend on the choice of
x0. If the N -factors are computed from the neutral points, the cold strip leads
to the upstream shift of the N -factor envelope and, thereby, may cause earlier
transition. If the N -factors are computed form the ¦xed point located upstream
from the strip, the trend is opposite. This indicates that the local cooling ef-
fect essentially depends on the receptivity mechanism (more speci¦cally, on the
location of most receptive region). This also suggests that the location of the
cooling/heating strip is a critical factor.
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