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Wall temperature significantly affects stability and receptivity of the boundary layer. Changing the wall temperature
locally may therefore be an effective laminar flow control technique. However, the situation is complicated when the wall
temperature distribution is nonuniform, and researchers have experimentally found that local wall cooling may delay the
onset of transition. We attempt to clarify the physical mechanisms whereby the local wall temperature affects the transition
and the stability of a hypersonic boundary layer. A numerical investigation of the disturbance evolution in a Mach-6 sharp
cone boundary layer with local wall heating or cooling is conducted. Direct numerical simulation (DNS) is performed for
the single-frequency and broadband disturbance evolution caused by random forcing. We vary the local wall temperature
and the location of heating/cooling, and then use the e” method to estimate the transition onset. Our results show that
local wall cooling amplifies high-frequency unstable waves while stabilizing low-frequency unstable waves, with local
heating amplifying all unstable waves locally. The disturbance amplitude and second-mode peak frequency obtained by
DNS agree well with the previous experimental results. Local cooling/heating has a dual effect on the stability of the
hypersonic boundary layer. For local cooling, while it effectively inhibits the growth of the low-frequency unstable waves
that dominate the transition downstream, it also further destabilizes the downstream flow. In addition, while upstream
cooling can delay the transition, excessive cooling may promote it; local heating always slightly promotes the transition.

Finally, recommendations are given for practical engineering applications based on the present results.

Keywords: hypersonic boundary layers, direct numerical simulations, linear stability theory

PACS: 47.40.Ki, 47.15.Fe, 47.85.1d

1. Introduction

In hypersonic flows, the laminar-to-turbulent transition is
vital for aerodynamic and aerothermal designs of vehicles, as
it is accompanied by a significant increase in skin friction and
heat transfer. Generally, a natural transition process can be
divided into four stages: receptivity, linear instability, nonlin-
ear instability, and turbulence. Accurate prediction of tran-
sition onset position is helpful for improving the economics
of vehicles, and is a key technology for hypersonic vehicle
development.!!!

Early studies on stability and transition largely focused
on low-velocity flows, where the dominant instability in the
boundary layer comes from the Tollmien—Schlichting (T-S)
waves. As the flight speed increases, the hypersonic bound-
ary layer transition becomes significantly different from sub-
sonic or supersonic flows, and a new instability mechanism
emerges. Mack made the most important contribution to the
understanding of compressible flow stability.?! He first found
the existence of higher-order modes in supersonic flow, which
are known as the Mack modes. Normally, the instability dis-
turbance mode with the lowest frequency is called the second
mode and the T-S wave is called the first mode. At higher
Mach numbers, the two-dimensional Mack mode wave be-
comes the most unstable mode disturbance, making it more
important than the first mode.’! In hypersonic flows, many
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experimental and numerical results have confirmed that the
second mode is dominant in terms of the transition.[*8!

The surface temperature of a vehicle tends to remain
constant over a long flight, but it may still have a certain
temperature distribution. The thermal protection systems of
such vehicles typically have elements with different heat con-
ductivity and emissivity. The connections between these el-
ements, as well as weak shockwaves hitting the boundary
layer, will cause the wall temperature to jump.®! Active ther-
mal protection systems may even produce partially heated or
cooled regions on the surface, and these thermal nonunifor-
mities significantly affect the excitation and evolution of un-
stable modes within the boundary layer, and ultimately the
transition. 11 Laminar-flow control (LFC) has been a hot
topic in the aerospace field in recent years. The main idea of
LFC is to reduce the initial amplitude of the dominant unstable
mode during the receptivity stage or to reduce the growth rate
during the linear instability stage.['?! Typically, LFC can be
achieved by introducing localized surface imperfections such
as surface suction!'®) or rough elements.!'"*!3] Soudakov et
al.l' performed two-dimensional direct numerical simulation
(DNS) of a Mach-6 flat plate boundary layer with wall tem-
perature jumps, and found that these temperature jumps sig-
nificantly affect the stability and receptivity of the boundary
layer. This proves that localized wall temperature changes due
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to surface imperfections may enable LFC.

Most early studies on wall temperature focused on bound-
ary layers with uniform wall temperature distributions. For
subsonic boundary layers, wall cooling inhibits the distur-
bance growth!!”l and wall heating promotes the disturbance
growth.['8] For supersonic boundary layers, Mack! found
that wall cooling, while significantly inhibiting the first mode,
further enhances the instability of the second and other higher-
order modes. These conclusions have been confirmed by many
experimental and computational results. [!920]

Although some studies have been conducted on non-
uniform wall temperature distributions in recent years, there
is still less research compared to those on uniform tempera-
ture distributions. For the supersonic boundary layer, Zhou
et al.>!1 used local cooling to control oblique breakdown in
the supersonic boundary layer. The oblique breakdown could
be effectively controlled by using local cooling strips, with a
lower cooling temperature and wider cooling width producing
a more pronounced transition delay. The main reason for the
delay is that the local cooling stabilizes the first mode funda-
mental oblique waves.

Concerning hypersonic boundary layers, the situation be-
come intricate when considering various geometries and wall
temperature distributions. Polivanov et al.[>?! conducted a
study on the impact of two/three-dimensional cooling or heat-
ing elements on the stability and transition of a flat plate
boundary layer. Their results show that local cooling delays
the transition, and that the three-dimensional effect of the cool-
ing element is relatively weak. Bountin er al.!**! experimen-
tally investigated the effect of heating or cooling at the nose of
a cone on the stability of the hypersonic boundary layer. For a
sharp cone, heating/cooling at the nose caused the flow to be-
come more unstable/stable. The opposite effect was observed
for a blunt cone, where heating inhibits the second mode, thus
stabilizing the flow, and cooling has the opposite effect. Fe-

24251 conducted experimental and numerical in-

dorov et al.l
vestigations of a Mach-6 sharp cone boundary layer with local
cooling and heating. They found that local cooling delayed
the transition and local heating promoted the transition. Zhao

11261 performed DNS to study the effect of local heating

eta
or cooling strips on the second mode in the hypersonic bound-
ary layer from a receptivity perspective. The results indicate
that the relative location of a local heating/cooling strip and
the synchronization point significantly affect mode S. The un-
stable mode is amplified when the heating strip is located up-
stream of the synchronization point, and the effect is reversed
when the heating strip is placed downstream. Based on the
study of Zhao et al., Batista and Kuehl®”! investigated the ef-
fect of the local wall temperature on the second mode using
parabolized stability equations and found that a combination
of upstream cooling and downstream heating best suppressed

the second mode. Based on the asymptotic theory, Zhao and
Dong!?8] investigated the effect of the local wall temperature
on the Mack modes in a supersonic or hypersonic boundary
layer. The results showed that the local wall temperature could
change the mean flow in a similar manner to a rough element.
However, the former causes more complex interactions with
the Mack modes and generates different phenomena.

The results outlined above show that, for different mod-
els or different locations, changing the local wall temperature
seems to produce different effects and specific rules are diffi-
cult to determine. For sharp cones, local changes in wall tem-
perature have the opposite effect on the transition to a uniform
change in wall temperature. To use the local wall temperature
for LFC, it is necessary to find the reason for this inconsis-
tency. Thus, this paper describes the use of linear stability
theory (LST) and DNS, combined with experimental results,
to investigate the effects of local wall temperature on stabil-
ity and transition, and identify the underlying physical mecha-
nisms. After determining the reasons for the above-mentioned
inconsistency, LFC is applied by changing the location of local
wall heating and the degree of cooling/heating. Unlike most
previous studies, this paper not only focuses on unstable waves
with specific frequencies, but also studies the combined ef-
fect of local wall temperature on multiple-frequency unstable
waves from an overall perspective. Thus, the research results
are more instructive for practical engineering problems.

2. Mathematical descriptions
2.1. Physical model

The physical model used in this paper is a 7° half-angle
cone with a sharp nose. The cone length is 500 mm and the ra-
dius of the nose is 0.07 mm. The simulation conditions are the
same as the experimental conditions in a quiet wind tunnel,?#!
with a freestream Mach number of Ma = 6, unit Reynolds
number of Re =9 x 10° m~!, and freestream temperature of
T.. = 44.24 K. Fedorov et al.!**! found that the nonuniform
temperature distribution at the boundary is smooth, so the wall
temperature is specified as

Tob + % tanh(0.14(x — xg1)) + %7
X e |:O7 M} ’
TW = ATy i A%} (1)
Tp — =52 tanh(0.14(x — x2)) + =5,

xe {W,SOO},

where xg; and xg are the upstream and downstream bound-
aries of the wall temperature change, respectively. Except for
the local wall temperature change section, the wall tempera-
ture Typ = 300 K. ATj, is the magnitude of the wall temperature
change and Tj is the local wall temperature. The specific wall
temperature distributions considered in this study are listed in
Table 1.
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Table 1. Wall temperature distributions.

Name Xg1 (mm) Xgo (mm) ATy T

Base - - - -
P125C50 125 200 —250 50
P125C100 125 200 —200 100
P125C150 125 200 —150 150
P125C200 125 200 —100 200
P125C250 125 200 -50 250
P125H350 125 200 50 350
P125H400 125 200 100 400
P125H450 125 200 150 450
P125H500 125 200 200 500
P200C150 200 275 —150 150
P325C150 325 400 —150 150
P425C150 425 500 —150 150
P200H450 200 275 150 450
P325H450 325 400 150 450
P425H450 425 500 150 450

2.2. Governing equations

The baseflow is obtained by solving the two-dimensional
axisymmetric dimensionless Navier—Stokes equations using
the finite difference method. The specific expressions are as
follows:

JU JE OJF JE, OJF,
== M 2
a Tt T T @)

}/Maip =pT, 3)

U = [rp,rpu,rpv,rpes]”
E = [rpu,r(pi + p) rpuv,ru(pes + )T

F = [rpv.rpuv,r(pv* + p),rv(pes +p)],

b

W= [o,o,p—zﬂ(f—ldivv),oﬂ )
Re\r 3
EV = |:O FTxxs V' Txr r(ufxx+VTxr+ Aal)}rr
o PrRe(y—1)Ma2, dx /1"’
o= [0 (v B PTYT
e PrRe(y—1)MaZ dr /1’

where t means time, x indicates the streamwise coordinate, and
r indicates radial coordinate. In addition, T is temperature, p
is the pressure, p is the density, u and v denote the streamwise
velocity component and the radial velocity component respec-
tively, 7 is the viscous stress, and ey is total internal energy; y
is the specific gas ratio, Pr is the Prandtl number, k is the heat
conductivity, and u is the dynamic viscosity calculated using
Sutherland’s law. W is the source term due to the axisymmet-
ric form. U is the conservative flux vector, £ and F are the
convective flux vectors in the streamwise direction and radial
direction respectively, E, and F, are the viscous flux vectors.
The governing equation has been dimensionless in this way:
the coordinates are dimensionless by reference length L.¢, ve-
locity U.., density p.., pressure p..U2, temperature T.,, Vis-
cosity U, heat conductivity k, and time Lyef/Us... The dimen-
sionless parameter Re is given by Re = PeolU  Lyef/ oo, Mach

number Ma.. is given by Ma.. = U/+\/YP/P-

The Navier—Stokes solver employs a standard third-order-
accurate Runge—Kutta method for the time integral. In par-
ticular, the derivatives of the viscous and source terms are
calculated by sixth-order central differences, and the deriva-
tives of the convective terms are calculated by the fifth-order
WENO scheme. After verifying the grid-independence of the
numerical scheme, a computational grid of 700 x 400 is cho-
sen, where half of the grid points in the normal direction are
located within the boundary layer. Figure 1 compares the base-
flow profile calculated in this study with that calculated by Fe-
dorov et al.””*! The profiles match well, thus demonstrating
the reliability of our program.

1.0F T T T T T =7
T 6
0.8 1
i — This paper s
. 0.6 A Fedorov et al. (2015) 7] "
2T 1e
3 &~
04 1
3
L “ 4
2 .
0 2
0.0 1 | 1 | 1 1 1
0.0 0.4 0.8 1.2 1.6
n (mm)

Fig. 1. Baseflow profile.

2.3. Linear stability analysis

LST is based on the small disturbance and parallelism as-
sumptions. The nonlinear terms in the equation and the vari-
ation of the baseflow along the streamwise direction are ne-
glected. The linearized disturbance equation for a small dis-
turbance reads

q=q(y)e! o0 e (5)

where a, 3, and @ are the streamwise wavenumber, spanwise
wavenumber, and frequency, respectively, and c.c. represents
the complex conjugate. An eigenvalue problem can be ob-
tained by substituting the above equation into the disturbance
equation. In this paper, we use a spatial model with @ as a real
number, o and 8 as complex numbers. For two-dimensional
waves, B = 0 and —¢; is the growth rate. The e" method
based on LST defines N as

N:In(%):—/x:crdx, (6)

where 0 = —¢; is the growth rate and xy is the starting position
of the integral.

Figure 2 shows the growth rate of f = 180 kHz unstable
waves. The results obtained here agree well with the results in
literature, demonstrating the reliability of our LST program.
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Fig. 2. Growth rate of f = 180 kHz unstable waves.

3. Results and discussion
3.1. Baseflow and stability analysis

Figure 3 shows the nominal thickness of the bound-
ary layer under different conditions. Clearly, cooling/heating
makes the boundary layer locally thinner/thicker. When the
wall temperature becomes uniform, the boundary layer thick-
ness recovers quickly and approaches the boundary layer
thickness of the base case. Figure 4 shows the pressure dis-
tributions for P125C150 and P125H450. In the case of wall
cooling, an expansion wave appears at the start of cooling and
a compression wave at the end of cooling. The phenomenon

of heating produces the opposite effects.

3 L | L | LI | LI | LI ]
Base ]

o5 = == -- - P125C150 .
- P125H450 n

599

[

o
L I e

0.5

NI I B B

0|1|1I1|1|I1|1|I|1||I|1|1
0 100 200 300 400

z (mm)

ot
[}
(=}

Fig. 3. Nominal thickness of boundary layer.

Figure 5 shows the growth rates under three different con-
ditions. The figure only illustrates two-dimensional unstable
waves (8 = 0). Cooling shifts the neutral curve to higher fre-

quencies, the range of unstable frequencies becomes narrower,

and the neutral curve becomes locally flat. These effects are
related to the change in the local boundary layer thickness.
Cooling reduces the thickness of the boundary layer, so the
frequency range of the unstable waves becomes narrower. At
the same time, the wavelength of the most unstable wave de-
creases and the frequency of the unstable waves increases. For
local heating, Fig. 5(c) indicates that the range of unstable fre-
quencies is locally broadened. This can also be explained by
the change in the boundary layer thickness. Figure 5 shows
that local cooling/heating will stabilize/destabilize the first
mode and destabilize/stabilize the second mode, which is con-
sistent with the previous conclusions for a uniform wall tem-
perature distribution. By comparing the trends of pressure
gradient and maximum growth rate, Fedorov et al.!>*! found
that the second mode is mainly affected by the pressure gra-
dient, while the wall temperature has little effect. However,
the changes to the neutral curve show that the first or second
mode is directly influenced by the wall temperature, while the

pressure gradient only influences the maximum growth rate.

0.042 4
0.018

1 I I 1 1 1 I L L 1 I
100 150 200 250

z (mm)

Fig. 4. Pressure field of the baseflow: (a) P125C150, (b) P125H450.

20

Traditional LST neglects the presence of non-parallelism,
which will be significant in the flow field when the wall tem-
perature changes. In order to account for this, we use LST
that incorporates non-parallelism, which has been extensively
described by Huang and Wu.?*! Figure 6 presents a compari-
son of the growth rates and amplitudes obtained using the two
LST methods. As shown in Fig. 6(a), the growth rates obtained
by both LST methods are in broad agreement. The impact of
non-parallelism is mainly concentrated near the wall temper-
ature jump location, where the traditional LST would yield a
smaller growth rate. Figure 6(b) indicates that the amplitude
evolution curves obtained from the two LST methods almost
coincide, suggesting that non-parallelism has minimal influ-
ence on the stability analysis results in the working conditions
discussed in this paper. Therefore, we employ the traditional

LST for subsequent calculations in this study.
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Fig. 5. Growth rates of two-dimensional unstable waves: (a) base, (b) P125C150, (c) P125H450.
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Fig. 6. Growth rate and amplitude evolution of unstable waves at
f =290 kHz for P125C150: (a) growth rates, (b) amplitude evolution.

3.2. Direct numerical simulations

3.2.1. Single frequency disturbance evolution

In a hypersonic boundary layer, the growth rate of the
second mode is much larger than that of the first mode. More-
over, for the second mode, the two-dimensional waves are
more unstable, so we only perform two-dimensional numer-
ical simulations for the second mode. The disturbance evo-
lution is simulated for two frequencies 180 kHz and 330 kHz,
with 180 kHz being the downstream dominant disturbance fre-
quency and 330 kHz crossing the locally elevated section of
the neutral curve. In addition, when performing DNS for the
evolution of a single-frequency disturbance, the grid should
vary according to the wavelength of the selected wave, i.e.,

Ao kaz =~ 4.0 mm, A330 kuz &~ 2.2 mm. According to our ex-
perience, approximately 50 points within a wave are sufficient.
For the 180 kHz and 330 kHz waves, the calculations are per-
formed on 11000 x 400 and 6200 x 400 grids, respectively.
After obtaining the base flow, the initial disturbance is set at
x =50 mm, far from the head in order that both frequencies are
stable. The initial disturbance obtained from the LST is added
at the entrance, as shown in Fig. 7. The initial amplitude is
1079 to ensure that the growth of the disturbance is always in
the linear stage.

1 T ¢ T T[T T T T T T T
- /’ f=180kHz, |u| 420
) f=180kHz, |v| |
0.8H f=180kHz, |T]
P A A 1 _a .
B f=330kHz, |u| | 15
0 f=330kHz, |v|
_ 06 Al - - f=330kHz, |T] ]
S i
- —10 E
3 4
— 0.4 ]
45
0.2 4
: =y
00 0.5 1 1.5 2

. 7. Eigenfunctions of the initial disturbances.

1 \JRARERRRARTANE N I A T T ] Ir VT L 50 i, DNS |
C =200 mm, DNS ] C =200 mm, DNS ] C =200 mm, DNS ]
0.8 ---&--.2=155 mm, LST_] 0.8k - --&--.2=155 mm, LST ] 0.8H - --4---2=155 mm, LST_]
T H - - -4 -=-2=200 mm, LST s - - -4 - =.2=200 mm, LST T H - - - &= --2=200 mm, LST 1
0.6 - 0.6 1 0.6 1 =
= 1= 12 ]
0.4k -1 0.4 - 0.4 -
N ] ] :
0.2F - 0.2 N 0.2F b
L " J B 1 )
L (a) oot > [ () ¢ -
ol e 1 3] PN TR TEETL PR T FE T S ft) SN ST ETETE ST PR
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
/899 n/d99 1/ 099

Fig. 8. Velocity eigenfunctions of the unstable waves at f = 180 kHz: (a) base, (b) P125C150, (c) P125H450.

Figure 8 shows the velocity eigenfunctions of the unsta-
ble waves at f = 180 kHz, where x = 155 mm is located at the
core section of the wall temperature change and x = 200 mm
is located at the end of the wall temperature change. The DNS

and LST results match well, which demonstrates the reliabil-

ity of our program. As can be seen in Figs. 8(a) and 8(b),
local cooling shifts the first peak of the velocity eigenfunc-
tion toward the outer edge of the boundary layer, which means
that the disturbance amplitude becomes smaller, close to the

wall. Figure 8(c) indicates that local heating makes the eigen-
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function shape fuller and another peak appears near the wall.
The disturbance energy is more uniformly distributed within
the whole boundary layer, and this shape change gradually re-
covers at the end of the wall heating zone. These changes
are clearly caused by the wall temperature, which again con-
firms that modifying the wall temperature directly affects the
second-mode stability characteristics.

Figure 9 shows the evolution of the time-averaged distur-
bance kinetic energy for f = 180 kHz and f = 330 kHz. The
time-averaged disturbance kinetic energy is calculated by

01, __
K:/ f(u’u’—ﬁ—v’v’)dn.
0o 2

For the unstable wave at f = 180 kHz, P125C150 sup-
presses the growth of the unstable wave, whereas P125H150

(7

promotes the growth of the unstable wave in the region of
modified wall temperature, as shown in Figs. 9(a) and 9(b).
For the unstable wave at f = 330 kHz, both P125C150 and
P125H450 experience greater disturbance amplitudes than in
the base case across the section where the wall temperature
changes. The high-frequency wave experiences stronger at-
tenuation downstream of the cooling, as shown in Fig. 9(b).
Therefore, changing the local wall temperature has different

effects on unstable waves of different frequencies. Local cool-
ing stabilizes the low-frequency unstable wave and further
destabilizes the high-frequency unstable wave. Local heat-
ing amplifies both high- and low-frequency unstable waves lo-
cally.

10—~ 4T 10—

Base
""" P125C150
---------- P125H450

P
..... _ y ]
10-10F DAY

10-°

10-8
4

10-10

- 1011

Base k.
P125C150 \‘
e P125H450

1012

14 R BN
10-1 200 300
= (mm)

T T T B '
300 400 500 100

TN A A A
100 200
= (mm)

Fig. 9. Time-averaged disturbance kinetic energy: (a) f = 180 kHz, (b)
f=330kHz.

3.2.2. Broadband disturbance evolution

DNS of a single-frequency disturbance was performed
as stated in the above subsection. During the actual transi-
tion process, however, the flow naturally “selects” frequency-
specific disturbances from the free flow disturbances as the
nose goes through the receptivity stage.

— DNS
Lo Experiment, Fedorov et al. (2015)
T T T
(a) Base | z =150 mm (b) P125C150 ! z =150 mm (c) P125H450 ! z =150 mm
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< i L i
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q : i i
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Fig. 10. Pressure pulsation spectra in comparison of DNS and experiment.

Moreover, the transition process is affected by a combina-
tion of multiple-frequency unstable waves, and there is a mu-
tual transfer of energy between different frequencies. Thus, it
is not enough to simulate only a single-frequency disturbance.
In this subsection, we present the DNS results for broadband
frequency disturbances by adding random disturbances at the
entrance. As a result, these simulations are closer to the natu-

ral transition process.

For the Ma = 6 sharp cone boundary layer, many exper-
iments have confirmed that the transition is dominated by the
second mode. " Taking into account the computation time, we
only perform two-dimensional numerical simulations. Under
the current flow conditions, most of the unstable wave frequen-
cies are concentrated at 150-350 kHz. Hence, the calcula-
tions are conducted on a 12680 x 400 grid. For P125C150 and
P125H450, the wall temperature change starts at x = 125 mm,
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and the baseflow before that is exactly the same, so there is no
need to focus on the receptivity phase of the nose. After ob-
taining the baseflow, the new computational domain is taken
as x = 50-500 mm. The random disturbances added at the

entrance is as follows:

Px,=Ao(2g—1), g=random_number(0,1),
50.4 mm < x < 50.8 mm, (8)

where Ay is the initial disturbance amplitude. The range of the
disturbances added in these simulations is from 50.4 mm <
x < 50.8 mm. Hader and Fasel®®! have shown that such ran-
dom disturbances can effectively simulate the natural transi-
tion process. It is important to notice that, when introducing
noise in the simulation, the level has been adjusted to find
the experimental pressure instability amplitude. The initial
amplitude is Ap = 0.01, frequency interval is Af = 1.3 kHz,
and sampling time is Tsampling = 1.5 ms. For f = 150 kHz
unstable waves, the sampling time contains about 220 peri-
ods. Figure 10 compares the pressure pulsation spectra ob-
tained from DNS with the experimental results, where fi is
the second-mode peak frequency. The disturbance amplitude
and the second-mode peak position of DNS are in good agree-
ment with the experimental data. Figure 11 shows the distur-
bance field of pressure and temperature, indicating a distinct
“rope-like” structure, which is a characteristic of the second

mode.
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Fig. 11. Pressure and temperature disturbance fields for base: (a) pres-
sure, (b) temperature.

Figure 12 shows the amplitude evolution of the distur-
bance kinetic energy. Compared with the base case, both cool-
ing or heating produce an initial increase in amplitude when
the wall temperature starts to change, whereas the reasons for
this are different. As can be seen in Fig. 10, at x = 150 mm,
the peak of P125C150 moves to higher frequencies compared
with the base case, whereas the peak of P125H450 does not
change significantly but the spectrum becomes flatter. Com-
bined with the neutral curve in Fig. 5, we conclude that this is
because the local cooling destabilizes the high-frequency dis-
turbance, and the neutral curve becomes flatter locally. This
lengthens the integral path of the high-frequency disturbance
and eventually leads to an increase in the disturbance ampli-
tude. Local heating makes the frequency range of the unstable
wave larger and the integral path of the disturbance longer,
which also eventually leads to an increase in the disturbance
amplitude.

After the end of the wall temperature change, the dis-
turbance amplitude of P125C150 decreases before rapidly in-
creasing, while the disturbance amplitude of P125H450 con-
tinues to increase. At this time, for local cooling, the low-
frequency disturbance has not yet increased sufficiently, and
the amplitude is small, so the disturbance kinetic energy am-
plitude briefly decreases. At the end of the model, P125H450
has the largest amplitude, while P125C150 has the smallest
amplitude. Referring to the relevant experimental results, ]
the transition may not have occurred within the finite length of
500 mm under the current conditions. However, a comparison
of the amplitudes shows that local cooling has an inhibitory ef-
fect on the transition and local heating has a facilitating effect
on the transition, which is consistent with the experimental re-

sults of Fedorov et al.[*4]
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Fig. 12. Amplitude evolution of the disturbance kinetic energy.

In the downstream region, the disturbance growth rate of
P125C150 is significantly larger than that of the base case,
while the disturbance growth rate of P125H450 is significantly
smaller than that of the base case (Fig. 12). Figures 3 and 5
indicate that, although local cooling produces a smaller bound-
ary layer thickness downstream, the unstable waves in the neu-
tral curve have a larger frequency range, and the disturbance
has a larger growth rate. This is contrary to the findings Fe-
dorov of et al., which suggested that local cooling results in
a smaller boundary layer thickness and a smaller frequency
range of unstable waves, leading to a shorter disturbance inte-
gral path and a delayed transition. However, our results indi-
cate that local cooling only causes a transition delay because
it locally suppresses the growth of low-frequency disturbances
that will dominate the transition downstream. Moreover, lo-
cal cooling promotes the local high-frequency disturbance in-
stability and makes the downstream flow more unstable. For
local heating, as shown in Fig. 6, it is observed that, while
both high and low frequency unstable waves are amplified lo-
cally, the unstable wave’s frequency range and growth rate de-
crease downstream of the heating endpoint compared to the
base case. Local cooling or heating has different effects on
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unstable waves with different frequencies. The wall tempera-
ture changing section and its downstream also have different
effects on transition, which may be the reason why the local
wall temperature is very sensitive to the location.
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Fig. 13. Envelope of N-factor.

Figure 13 shows the N-factor envelope. Given the impor-
tance of the attenuation section, the starting point of the inte-
gral is selected as 50 mm. For the base case, the amplitude of
VK is enlarged by about 58 times in the range 100-500 mm,
that is, the increment of the N-factor obtained by DNS is about
4.1; this is comparable well with the factor of 4.3 within this
length range given by LST. By comparing Figs. 12 and 13, the
two trends and the quantitative results are roughly the same.
This suggests that the effect of local wall temperature on the
transition could be studied using the N-factor envelope.

3.3. Effect of temperature and action position on transi-
tion

To achieve LFC using the local wall temperature, the ef-
fect of the local wall temperature on the transition is now in-
vestigated using the e method. We vary the local wall tem-
perature and heating/cooling position according to the specific
parameter settings listed in Table 1.

According to the LST and DNS results, we focus on the
unstable waves within the range f = 120-500 kHz, and the in-
tegral starting position of the disturbance is 50 mm. Figure 14
shows the N-factor obtained by changing the local cooling po-
sition. Local cooling causes an additional peak in the N-factor
envelope. Compared with the base case, upstream cooling
leads to a decrease in the N-factor and downstream cooling
leads to an increase in the N-factor. The farther the cooling
position is upstream, the less the N-factor decreases. The N-
factors for f = 178 kHz and f = 204 kHz are compared in
Figs. 14(a) and 14(b). When the cooling location is only a
short distance upstream, the attenuation effect of cooling on
low-frequency unstable waves is stronger.

Figure 15 illustrates a comparison of the N-factor for
three different frequencies of unstable waves at various heat-
ing positions. Among these frequencies, f = 178 kHz repre-
sents the most unstable second mode frequency downstream

in the base case. The heating positions of P325H450 and
P425H450 are located near the end of the model, whereas the
heating positions of P125H450 and P200H450 are closer to
the neutral point of those three frequencies. In the case of
P325H450 and P425H450, it is evident that the N-factor peaks
of the three frequencies are higher compared to the base. For
P125H450 and P200H450, as shown in Figs. 15(b) and 15(c),
it can be observed that the unstable waves at f =178 kHz and
f =190 kHz experience accelerated growth in the heating sec-
tion, but their growth rates decrease significantly after leav-
ing the heating section when compared to the Base. Heating
slightly downstream from the neutral point (P200H450) yields
lower N-factor peak for the unstable waves at f = 178 kHz
and f = 190 kHz in comparison to the base case. This find-
ing aligns with the study of Zhao et al.,!*®! which focused on
the most unstable second mode in the base case and found
that heating beyond the neutral point downstream suppresses
the growth of this unstable wave. However, upon examining
P125H450 and P200H450 in Fig. 15(a), it is evident that the
lower frequency unstable wave at f = 165 kHz, although dis-
playing a slightly lower growth rate than the base case down-
stream, undergoes a significant surge in growth within the
heated section. This results in a higher N-factor of the unstable
wave at that frequency compared to the corresponding value
in the base case at the end of the model. Notably, P200H450
show a transition in the frequency of the most unstable wave
from 178 kHz to 165 kHz compared to the base.
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Fig. 14. The N-factor for different cooling positions: (a) P125C150,
(b) P200C150, (c) P325C150, (d) P425C150.

In essence, while heating slightly closer to the down-
stream can impede the growth of previously dominant unstable
waves, it also promotes the growth of lower frequency unstable
waves and can even induce a shift in the frequency of the most
unstable waves downstream. To comprehensively account for
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these combined effects, we calculate the N-factor envelopes
for different heating positions, as depicted in Figs. 16(a)-
16(d). It can be seen that the N-factor for local heating is al-
ways slightly greater than in the base case, regardless of how

the position changes. Moreover, compared with local cooling,
the effect of local heating on the N-factor is concentrated near
the section in which the wall temperature is changed, with lit-
tle effect downstream.
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Fig. 15. The N-factor of unstable waves of different frequencies with local heating: (a) f = 165 kHz, (b) f = 178 kHz, (¢) f = 190 kHz.
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Fig. 16. The N-factor for different heating positions: (a) P125H450,
(b) P200H450, (c) P325H450, (d) P425H450.

Figure 16 shows the N-factors obtained by changing the
wall temperature at a fixed position. Figures 16(a) and 16(b)
show the effects of cooling and heating, respectively. As can
be seen from Fig. 16(a), a stronger degree of cooling pro-
duces a more pronounced decrease in the N-factor envelope
downstream. However, after the cooling exceeds a certain
degree, as shown in P125C50, the growth rate of the low-
frequency waves will be larger after leaving the cooling sec-
tion, although the attenuation effect of low-frequency unstable
waves is stronger locally. This eventually leads to a rapid in-
crease in the N-factor, exceeding that of the base case. In addi-
tion, excessive cooling will make high-frequency disturbances
seriously unstable, leading to large N-value peaks appearing
locally, which may accelerate the onset of transition. For local
heating, as shown in Fig. 16(b), the N-factor is always slightly
larger than that of the base case, regardless of changes in the
heating temperature. The above results show that appropriate

upstream local cooling can delay the transition, but excessive
cooling may lead to a faster onset of transition, while local
heating always slightly promotes the transition.
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Fig. 17. The N-factor for different degrees of cooling or heating: (a) local
cooling, (b) local heating.

4. Conclusion

In summary, we have investigated the effects of local
wall temperature on the stability and transition of a hypersonic
boundary layer using DNS and the e" method based on LST.
It is found that the local wall temperature significantly affects
the neutral curve and the stability of the boundary layer. The
results of single-frequency disturbance DNS show that local
wall temperature has different effects on unstable waves of
different frequencies. Local cooling stabilizes low-frequency
unstable waves and amplifies high-frequency unstable waves,
whereas local heating amplifies all unstable waves locally at
the same time. The disturbance amplitude and the second-
mode peak frequency obtained by the broadband disturbance
DNS are in good agreement with the experimental results re-
ported in literature. Neutral curves and DNS results suggest
that local cooling/heating has a dual effect on the stability of
the hypersonic boundary layer. Although local cooling locally
inhibits the growth of the low frequency waves that will dom-
inate the transition downstream, it also makes the downstream
flow more unstable, which is contrary to the conjecture of Fe-
dorov et al. Local heating amplifies the unstable waves of all
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frequencies locally, but it makes the downstream flow more
stable. Therefore, to accurately evaluate the effect of local
wall temperature on transition, both positive and negative ef-
fects should be considered, and a comprehensive assessment
should be conducted.

The amplitude of the disturbance kinetic energy is found
to have the same trend as the N-factor envelope. Thus, the
N-factor envelope is used to study the effect of the local wall
temperature on the transition. The results show that local cool-
ing upstream can delay the onset of transition. However, ex-
cessive cooling may accelerate the onset of transition for two
specific reasons: (i) Excessive cooling will make the high-
frequency waves seriously unstable, resulting in additional N-
factor peaks. (ii) Excessive cooling makes the low-frequency
disturbance seriously unstable downstream, whereupon the
disturbance amplitude increases rapidly and exceeds that of
the base case. Local heating always weakly promotes the tran-
sition, and the effect on the N-factor is concentrated in the
section where the wall temperature changes, with little effect
downstream. Combined with existing conclusions, we recom-
mend the careful use of local cooling to delay the transition in
practical situations. If the transition has already occurred up-
stream, cooling upstream may further advance the transition.
If the local cooling is guaranteed to be located upstream of the
original transition onset, further destabilization of the high-
frequency disturbance caused by the cooling may accelerate
the onset of transition. A more secure approach is appropriate
for cooling upstream of the original transition onset point.
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