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ABSTRACT

Controlling the supersonic laminar boundary layer stability by wall cooling is
investigated. As commonly known, cooling stabilizes first- mode waves whereas it
destabiliizes second-mode waves. The present calculations demonstrate that cooling does
not only increase the growth rates of the second-mode waves, but also creates an
undesired disturbance structure. Effect of cooling on basic flow characteristics and its
influence on the stability problem is further investigated. Various frequencies, wave
angles, Mach numbers and Reynolds numbers are considered.
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INTRODUCTION

The linear instability theory gained a
big boost when it proved to give excellent
accuracy in predicting the transition
location. Smith [1] and Van Inggen [2]
independently put forward a criterion for
transition in two-dimensional boundary
layers. According to this criterion, transition
takes place when T-S waves in the boundary
layer have amplified by a factor of
eN. By comparison with low-speed
experimental transition data, Smith [1]
found that the exponent N has avalue of
about nine for two-dimensional boundary
layers with and without pressure gradient.
Later, for three-dimensional boundary layers
on a swept-swing leading edge, Sorkowski
and Orzsag [3] as well as Hefner and
Bushnell [4] found that the exponent N,
hereafter referred to as N factor, isin the
range of 7-11. Moreover, Malik et al. [5]
found that the N factor correspoding to
traansition over a rotating disk is around
11. Smith [6] suggested that N is about 10
for the Gortler vortices. More recently
Nayfeh et al. [7] and Al-Maaitah et al. [8]
found that the N factor corresponding to
transition for flows over a rough element is
around 9. All of the previous work suggests
that when the amplification of the linear

wave reaches a certain level a breakdown to
turbulence takes place. For engineering and
design purposes the eN-method is the most
widely used in predicting transition location.
Experiments show that similar methods can
be used for compressible boundary layers.

The most important difference
between the stability of supersonic and
subsonic boundary layers is demonstrated
by extensive work of Mack [9] who showed
by numerical computations that there exists
an infinite sequence of modes of instability
for supersonic boundary layers. The
response of one mode to a laminar flow
technique can be quite different from other
modes. Moreover, more than one instability
mechanism coexist in supersonic flows, the
viscous and inviscid mechanisms.
Furthermore, theoretical and experimental
investigations of supersonic boundary-layer
stability is a rather difficult task.
Consequently, information about LFC of
supersonic flows is considerably less than
for incompressible flow.

Effect of wall cooling on the inviscid
instability waves was first investigated by
Mack [10]. Using the inviscid theory, he
found that while cooling stabilizes first-
mode waves it destabilizes the second mode
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‘waves. For moderate Mach numbers,
enough cooling can be applied to remove the
generalized inflection point, which is the
source of the first-mode instability. The
source of the second-mode instability,
however, cannot be removed by cooling.
Stetson et al. [11] experimentally verified
these results. They performed stability
experiments on 7-degree half cone angle at
fiee stream Mach ngmber of eight. They
found that the transition Reynolds number
was reduced from 4. 8x10 ¢ to 3.2x10 ¢ due
to cooling.. Theoretically, Gasperas [12]
investigated two temperature distributions,
one with a constant wall temperature
across the surface, and the other with ramp
decrease in wall temperature. His
calculations showed that near the ramp, the
second mode is stabilized by cooling. These
results, however, are questionable due to
his inaccurate calculations of the mean
profile. In solving the mnon-similar
conventional boundary layer equations,
Gasperas [12] did not account for the
upstream influence and the viscous-inviscid
interaction that results from the abrupt
change in wall temperature.

Like cooling, the effect of suction on
supersonic  flow  stability was first
investigated by Mack [10]. Using the inviscid
stability theory, Mack showed that suction
stabilizes both of the first and second-mode
waves. More recently, Malik [13] conducted
a primary study on the effect of suction on
the stability of supersonic flows at a Mach
number of 4.0 and Reynolds number of
1500. He used a suction distribution which
results in a self-similar velocity profile. He
concluded  that suction  significantly
stabilizes the boundary-layer. However, the
more detailed and comprehensive work of
Al-Maaitah et al. [14] and Massad et al. [15]
demonstrated that this was not true for high
Mach numbers. The effect of suction
stabilizing the flow diminishes significantly
as the free steam Mach number increases
aboveS.5.

In Part I of this work we presented an
investigation of the of pressure gradient on
the control of laminar flow transition. in the
present paper, however, we present a
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detailed and comprehensive investigation of
the effect of heat transfer on the stability of
supersonic boundary layers.

PROBLEM FORMULATION

similar to the analysis of Part I-
pressure gradient, the mean flow fow field is
still governed by the boundary layer
equations. Nevertheless, Equation 7 of the
boundary condition in Part [, which is
T /8y}=0 aty = 0, is not valid for the case of
Instead:

T=Twaty=0 (1)
Moreover, for flows over a flat plate Te = M. =
Ue = 1. Hence B, = 0 and the self- similar
solution for the following equations (10 and
11 of Part I) is valid, provided that Tw is
constant

(cf ) o + fan +Bolpe/plEn)?]=28( fnfe-fonf) (2-3)

(a1Qntacf, ), +Q,=2¢(£,Q; Q) (2-b)
The boundary conditions are now
f=f,=0,and Q=Qw at y =0 (2-c)
Q-1 and f,—>1as n—>w )

The stability analysis is also the
same as described in Part I -effect of free-
stream velocity. Hence for certain mean flow
profile and certain R, o can be found for
specific F and f.

RESULTS AND DISCUSSION

After calculating the mean velocity
profile for the flow conditions described in
the  previous section, the stability
characteristics of the flow is then analyzed
as will be described in this section. Many
physical aspects of the stability problem,
however, can be understood by investigating
the effect of flow control techniques on some
mean flow characteristics.

One of the mean flow features that is
important to the compressible stability
problem is the Generalized Inflection Point
(GIP). It is defined as the point where

8/8y {p( du/dy)} = O (4)
The existence of the GIP is responsible for
the inviscid instability mechanism. For flow
over adiabatic flat plate with no suction
there is one generalized inflection point
inside the boundary layer. As the wall
temperature decreases, another GIP is
created in the boundary layer as shown by
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Figure 1. By further cooling the wall, the two
points become closer to each other until
they merge and disappear. For Mach
numbers up to 7.5, the minimum wall
temperatures needed to remove the GIP are
plotted in Figure 2. For Mach numbers of
7.5 and higher the generalized inflection
point cannot be removed by cooling.

Although the wall temperature
needed to get r1id of the generalized
inflection point at M, = 2. 1 is 0 .866 T:,
Figure 3-a shows the first-mode waves at F=
13.55x10¢ are stable when Tw < 0.851T:. At
this Mach number, however, viscosity is
known to destabilize first-mode waves [4],
which may explain why they are still
unstable even when the source of the
inviscid instability is removed. On the other
hand, viscosity is known to be a stabilizing
mechanism for M.>3.6 [21]. Figure 3-b
shows the variation of the growth rates with
wall temperature at M=4.5 As expected,
first-mode waves are stable when Tw/ T:ris
higher than that needed to remove the
generalized inflection point as seen in
Figure 2.

Next we investigate the effect of
cooling on the most amplified first-mode
waves as the wall is cooled. Figure 4 shows
that growth rates are reduced, the frequency
corresponding to the most amplified wave
shifts slightly to the left and the range of

frequencies receiving amplification is
decreased by cooling .
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Figure 1 Effect of wall cooling on the generalized

inflection points: M,=2.0, T, = 266 K and Pr
=0.72.
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Figure 2 The maximum temperature ratio needed to
remove the generalized inflection point:
Wind-tunnel temperature and Pr=0.72
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Figure 3-a Variation of the growth rate of first-mode
waves with wall temperature when
M.=2.1, T.*=165 K, Pr = 0.72, F
=13.55x10¢, R=1500 and y=60°.
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Figure 3-b Variation of the growth rate of first-mode
waves with wall temperature when M., =
4.5, T*»=62 K, Pr = 0.72, F = 13.55x10-¢
R=1500 and y=60°.

Alexandria Engineering Journal, Vol.36, No.6, November 1997 A275



AL-MAAITAH and NIMRI

The effect of cooling on the structure
of the disturbance is shown in Figures 5-a
and 5-b. Variation of the local vorticity of the
firs-mode disturbance across the plate and
the boundary layer is shown for different
wall temperatures. The first location is
around Branch I and the last location is
around Branch II of the neutral instability
curve; where Branch I is the location at
which the disturbance starts to grow and
Branch II is the location at which the
disturbance starts decaying. For an
adiabatic wall, Figure 5-a shows that the
vorticity has two peaks at x= 1.0; one
positive and one negative. At x = 6.0,
however, the vorticity has two positive peaks
and one negative peak. The maximum
negative vorticity is located at the wall while
the maximum positive value is located near
the middle of the boundary layer. Cooling
decreases the negative vorticity of first-wave
modes, as shown in Figure 5-b and Figure
5-c. Also we note that the vortex structure
as well as the relative locations of the
vorticity peaks are not much affected by
cooling. As shown later this is not the case
for second-mode waves. The growth rates
corresponding to the disturbance of Figures
5-a and 5-b are shown if Figure 6 as a
function of R. It is clear that cooling
stabilizes the flow for all Reynolds numbers.
Furthermore, it more effective at larger
values of R.
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Figure 4 Effect of cooling on the variation of the growth
rate of first-mode waves with frequency when
M.= 2.1, T*, =165 K, Pr = 0.72, R =1500,an
Wy=60": Tw=Tr;and ¥ 4 Tw =
0.9Tr.
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Figure 5-a The local vorticity of the first-mode
disturbance across the plate and the
boundary-layer: M, = 4.5, T*,= 62 K, Tw
=Tr, F = 20.89x10% and y = 0°

Figure 5-b The local vorticity of the first-mode
disturbance across the plate and the
boundary-layer: My, = 4.5, T*, = 62°, Tw =
0.9T:, F = 20.86x10¢ and y = 0°.
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Figure 6 Variation of the growth rate of first-mode
waves with R for different temperature
ratios when M.=4.5, Pr = 0.72, T*.= 62 K,
F =20.89x10%and y = 0°: Tw=T;,
__ Tw=0.9Trand ---- - --- Tw = 0.85T.
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Although the instability of first-mode
waves is dependent on the location of the
generalized inflection points, it is not the
case for second-modes. Hence, wall cooling
does not stabilize second-mode waves. In
fact, it destabilizes it. This is known to be for
viscous and inviscid second-mode waves.
Although cooling stabilizes second-mode
waves for certain frequencies as shown in
Figure 7, the maximum growth rate
increases with cooling Moreover, the
frequency corresponding to the growing
waves shifts considerably to right as the wall
temperature decreases. In the case of
heating, the situation is reversed. The
maximum growth rate decreases and the
frequency band corresponding to the
growing waves shifts to the left as the wall is
- heated. For Tw = 0.5T: the maximum growth
. rate is nearly 1.5 that of adiabatic case
Figure 7.

The effect of cooling on the maximum
growth rates of the second-mode waves is
shown in Figure 8 for various M,,. Although
cooling is most effective around M,, =5.0, it’s
effect does not diminish for high Mach
numbers, as in the case of suction.
Moreover, the critical Mach number at
which the second mode starts to appear,
decreases as Tw/ Tr decreases.

As the waves propagate downstream,
Figure 9 shows the variation of the growth
rates of the second-mode with R when Tw =
0.5Tr, Branches I and 1II of the neutral
stability curve shift considerably to the right
and the maximum growth rate increases

greatly.
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Figure7 Variation of the growth rate of second-mode
waves with F for different temperature ratios
when M, = 7, Pr=0.72, T*.= 50 K, R = 1500
and y=0°.
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Figure 8 Variation of the growth rate of second-mode

waves with M, for different temperature
ratios: Pr=0.72, wind tunnel temperature, R
= 1500 and y = 0°.
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Figure 9 Effect of cooling on the variation of the
growth rates of second-mode waves with R:
M.= 4.5, Pr = 0.72, T*.=62 K, F =140x10+6,
and y =0°.

For F = 140x10¢ , Figure 10 shows
the local vorticity variation of disturbances
across the plate and the boundary layer. At
x = 1.0, R = 1500 and x = 2.93, R = 2500.
When Tw = T: the vorticity has one positive
peak near the middle of the boundary layer,
as shown in Figure 10-a. This peak is more
pronounced than that of the first-mode wave
shown in Figure 5-a. Near the wall the
vorticity is negative.

The x-location of the minimum
positive vorticity corresponds to that of the
maximum negative vorticity and vice versa.
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When Tw = 0.5T, the minimum positive
vorticity location shifts forward, while the
maximum . negative vorticity location stays
nearly the same. At this location vortex
pairing between positive and negative
vorticity is stronger in the case of adiabatic
wall. Moreover, the mnegative vorticity
increases significantly as the wall is cooled.
Hence, cooling not only increases the
growth rate of the disturbance, it also
creates a more undesirable vortex in the

flow field.

Figure 10-a The local vorticity of the second- mode
disturbance across the plate and the
boundary layer: M, = 4.5, Pr = 0.72, T*®
=62 K, F = 145x10¢, Tw = Tr and y = 0°

VORTICIY

Figure 10-b The local vorticity of the second-mode
disturbance across the plate and the
boundary layer: M, = 4.5, Pr = 0.72, T*,
62 K, F = 145x10°6, Ty = Trand Y= 0°

CONCLUSIONS

After performing the analysis with
variable frequency and various flow
parameters the following conclusions have
been deduced:

¢ Cooling increases the growth rate of the :
second mode of instability. F

e Inspite of cooling, the second mode still
has the highest growth rate of instability.

¢ The most dangerous frequency slightly
changes due to cooling. ‘1
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