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Abstract: Experimental and linear stability theory (LST) investigation of boundary layer transition
on a flat plate was conducted with a flow of Mach number 5. The temperature distributions and
second-mode disturbances on the flat plate surface at different unit Reynolds number (Reunit) values
were captured by infrared thermography and PCB technology, respectively, which revealed the
transition location of the flat-plate boundary layer. The PCB sensors successfully captured the
second-mode disturbances within the boundary layer initially at a frequency of about 100 kHz, with a
gradually expanding frequency range as the distance travelled downstream increased. The evolution
characteristics of the second-mode instabilities were also investigated by LST and obtained for the
second mode, ranging from 100 to 250 kHz. The amplitude amplification factor (N-factor) of the
second-mode instabilities was calculated by the eN method. The N-factor of the transition location
in the wind tunnel experiment predicted by LST is about 0.98 and 1.25 for Reunit = 6.38 × 106 and
8.20 × 106, respectively.
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1. Introduction

The flow regime within the boundary layer, whether laminar or turbulent, significantly
influences surface friction and heat exchange. The friction and heat flux of the turbulent
boundary layer are approximately 3~5 times higher than those observed in the laminar
boundary layer [1]. Accurate and efficient prediction of boundary layer transition is crucial
for enhancing the safety and payload capacity of hypersonic vehicles. Consequently, the
precise determination of the transition location in the hypersonic boundary layer is of
paramount importance for the meticulous design of the entire aerospace vehicle, espe-
cially concerning the thermal protection system (TPS). Nevertheless, due to the inherently
highly nonlinear characteristics, the transition of the hypersonic boundary layer remains a
formidable challenge in the realm of fluid mechanics [2,3].

In contrast to the incompressible boundary layer, hypersonic boundary layer transi-
tion is influenced by two mechanisms: second-mode instability and crossflow instability.
Mack [4,5] initially identified the second-mode instability using linear stability analysis to
explore the hypersonic flat-plate boundary layer. Subsequent experiments have success-
fully measured the second mode, and the results align closely with theoretical predictions
from linear stability theory (LST) [6–8]. Currently, wind tunnel experiments continue to
play a crucial role in advancing our understanding of hypersonic boundary layer transition.
Zhao et al. [9] studied the influence of different total temperatures on the basic flow and
transition position of the boundary layer under the same Mach number and unit Reynolds
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number freestream conditions and pointed out the significance of ensuring consistent
total temperature of the inflow in wind tunnel experiments. With the advancement of
measurement technology, some instantaneous measurement methods that have high spatial
and temporal resolution, such as PCB [10,11] and ALTP [12], are used for identifying the
disturbance modal in the boundary layer. Infrared thermography appears to be a potential
tool for investigating boundary layer transitions. Borg et al. [13] employed IR technology to
study the boundary layer transition of HIFiRE-5b at a freestream Mach number 6. The find-
ings suggest that IR can clearly depict high- and low-temperature streaks in the streamwise
direction on the model surface and capture the transition process. In addition to surface
disturbance measurements, some flow visualization techniques are used to capture the pro-
cess of boundary layer transition, too. Yao et al. [14] used infrared thermography and wall
pressure tests to obtain the turning position and the development and interaction law of
unstable modes of a flat delta wing in a hypersonic wind tunnel. Xu et al. [15] successfully
captured the process of the second-mode wave growth and breaking into turbulence in
the boundary layer of a conical surface using NPLS technology and found that a single
forward-facing step (FFS) could suppress the second-mode wave and delay the cone’s
hypersonic boundary layer transition at AOA 0. Zhu et al. [16] used the Rayleigh scattering
technique to successfully capture second modes of rope waves in the boundary layer of
a flared cone and found that the amplitude of the second mode decays before transition
to turbulence. Liu et al. [17] used infrared thermography to study the effect of different
roughness elements on the transition of a flat plate at Mach number 6, with a special study
of the roughness element wake vortex structure. In addition to wind tunnel experiments,
due to the development of computer computing power, many researchers have begun to
use direct numerical simulation (DNS) to study the sensitivity of the hypersonic boundary
layer of the flat plate and the propagation of disturbance [18,19].

Various theoretical analysis techniques, including linear stability theory (LST) and
parabolized stability equations (PSE), have been employed for the investigation and pre-
diction of hypersonic boundary layer transition. Saric [20] conducted a comprehensive
examination of hypersonic boundary layer transition prediction, emphasizing the potential
applicability of the eN method for predicting two-dimensional hypersonic transition loca-
tions in his work [21]. Additionally, Chen et al. [22] explored boundary layer transition on
a cone and plate at Mach number 3.5 using the eN method. Their results indicate that when
N = 10, the theoretical results are in excellent agreement with the transition data obtained
by the experiments. Juliano et al. [23] investigated the influence of the noise environment
on Hifire-5 elliptic cone transition in the wind tunnel and found that N = 3.5 in the case of
noise, and N = 8 in the quiet freestream condition. Su et al. [24] improved the eN method
while considering the modal transformation; the results show that by neglecting the dis-
turbance decay between the two instability modes, the proposed strategy provides more
accurate results than existing strategies. LST method has also been applied to other studies
on boundary layer stability. Zhu et al. [25] used wind tunnel experiment and stability
analysis to study the nonlinear interaction between high-frequency and low-frequency
modes on porous surfaces. It was found that the suppression of near wall disturbances
by porous surfaces changed the spatial distribution characteristics of fundamental res-
onance disturbances, broke the phase-locked relationship, and suppressed the instabil-
ity of fundamental oblique waves. At the same time, the study also found that porous
surfaces greatly suppressed aerodynamic heating and delayed the transition position.
Chen et al. [26] developed a linear stability analysis method under thermochemical nonequi-
librium conditions, which extends the scope of application of linear stability. In a recent
study, Klothakis et al. [27] employed the direct simulation Monte Carlo (DSMC) method
to computationally analyze the steady laminar flow over a semi-infinite flat plate. The
obtained results demonstrated a favorable agreement with corresponding solutions derived
from boundary layer considerations. Following this, the researchers conducted a compara-
tive examination of the linear stability characteristics between the DSMC-generated basic
flow and those derived from classical Navier–Stokes-based profiles. The findings revealed
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a slight increase in stability for flows obtained through the DSMC method when compared
to their Navier–Stokes counterparts.

In this study, experimental investigations were conducted to examine hypersonic
boundary layer transition on a flat plate, employing infrared (IR) thermography and PCB
technology. Additionally, linear stability analysis was employed to calculate the growth
rate of the second-mode instability in the boundary layer across various Reynolds numbers.
The primary focus of this paper centers on characterizing the transition position observed
in the experiments, along with analyzing the growth rate and amplitude of disturbances
within the hypersonic boundary layer. Furthermore, the determination of the N-factor at
the transition location of the flat plate in the NHW hypersonic wind tunnel was performed
using the eN method.

2. Experiment Facility and Model
2.1. Wind Tunnel

The experimental investigations were carried out by using the hypersonic wind tunnel
(NHW) at Nanjing University of Aeronautics and Astronautics. This wind tunnel operates
in a blow-down and vacuum-suction mode, allowing for a variable operating Mach number
ranging from 4 to 8 through adjustments to the corresponding Laval nozzle, as shown in
Figure 1. The wind tunnel is equipped with five sets of axisymmetric Laval nozzles, each
with a 500 mm diameter, enabling the provision of a stable flow field at Mach number 5 for
approximately 8 s during experimental procedures. Optical accessibility is facilitated by
two optical windows on each side of the plenum chamber, suitable for schlieren imaging.
Additionally, a rectangular window situated above the plenum chamber serves as an optical
access point for high-speed cameras or infrared cameras.
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Figure 1. Sketch of NHW wind tunnel.

2.2. Experiment Model

Figure 2 displays a photograph of the flat-plate model positioned within the wind
tunnel at a zero angle of attack. The primary structure of the model is constructed from
stainless steel to guarantee adequate stiffness. Positioned centrally within the model is
an embedded polyether ether ketone (PEEK) component. PEEK is a high-temperature-
resistant, high-strength resin material with excellent insulation performance. By utilizing
the insulation performance of PEEK material, the strength of high-speed airflow and wall
friction can be well reflected on the surface temperature of the model, making it convenient
for monitoring by infrared thermal imagers. In addition, PEEK also has a high infrared
emissivity, making the results monitored by the infrared thermal imager highly accurate,
which makes it very suitable for the application of IR thermography. Juliano et al. [23]
used infrared thermal imaging technology to study the surface transition phenomenon
of the HIFiRE-5 model made of polyether ether ketone (PEEK) material under Ma = 6
conditions. The experimental results showed that the infrared thermal image can clearly
display the high- and low-temperature bands flowing towards the model surface and can
capture the transition process. The Mach 5 freestream direction is from left to right. The
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infrared camera (FLIR T630sc, FLIR Systems Inc, American) observes the flat plate from the
upper observation hole with a zinc selenide (ZnSe) window. The detailed flow conditions
in experiment are shown in Table 1; Ma, P0, T0, and Re/m are the freestream Mach number,
freestream stagnation pressure, freestream stagnation temperature, and freestream unit
Reynolds number, respectively. The unit Reynolds number is changed by adjusting the
total pressure of the freestream flow. Three freestream flow conditions with different
Reynolds numbers were set up to study the effect of unit Reynolds number on transition
Reynolds number.
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Table 1. Flow condition.

Flow Condition P0/kPa T0/K Re/m/106

Ma = 5
Case1 200.1 501 2.52
Case2 490.5 491 6.38
Case3 729.9 539 8.20

2.3. Heat Flux Calculating

In this experiment, the heat flux distribution on the surface of the plate was obtained by
solving the one-dimensional inverse heat-transfer equation [28]. The surface temperature of
the model was recorded by IR image. A constant initial temperature was assumed through
the PEEK. According to the one-dimensional heat conduction equation,

∂T
∂t

= α
∂2T
∂y2 (1)

where α is the thermal diffusivity, which is related to the materials. In Equation (1), the time
term adopts the first-order forward difference, and the space term adopts the second-order
central difference scheme. The finite difference scheme is presented as follows:

Ti+1,j − Ti,j

4t
=

α(Ti,j−1 − 2Ti,j + Ti,j+1)

(4y)2 (2)

∆y takes the appropriate value to ensure the numerical stability. Utilizing the tempera-
ture distribution within the PEEK model, the heat flux for individual pixels at each time
step is computed through the application of Fourier’s law, as expressed below [28]:

q = −k
∂T
∂y

(3)
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The dimensionless Stanton number (St) is derived from the surface heat flux by
utilizing the freestream parameters.

St =
q

ρ∞U∞Cp(T0 − Tw)
(4)

where the subscript ∞ represents the freestream condition. Cp, T0, and Tw represent the
constant pressure specific heat, flow total temperature, and wall temperature, respectively.

2.4. Numerical Setup

In this investigation, two-dimensional, compressible Navier–Stokes equations are
solved utilizing an upwind finite-volume formulation. The transition model employed
in all simulations is the k-ω SST model, introduced by Menter [29] to address certain
limitations within the realm of two-equation turbulence models. The k-ω SST model
integrates the advantages of Wilcox’s k-ω model [30] for capturing turbulent flow near the
wall and the characteristics of the k-εmodel in regions far from the wall. This integration is
achieved through a coupling function, ensuring the conservation of compressible equations
for turbulent kinetic energy and specific dissipation rate, respectively.

∂(ρk)
∂t

+
∂
(
ρujk

)
∂xj

= τij
∂uj

∂xj
− β∗kω +

∂

∂xj

[
ρ(ν + σkνT)

∂k
∂xj

]
(5)

and
∂(ρω)

∂t +
∂(ρujω)

∂t = γ
νT

τij
∂uj
∂xj
− βω2 + ∂

∂xj

[
ρ(ν + σωνT)

∂ω
∂xj

]
+2(1− F1)

ρσω2
ω

∂k
∂xj

∂ω
∂xj

(6)

where β, β*, γ, σk, and σw2 are closure constant coefficients.
The model is completed by the kinematic viscosity limitation of the following form:

νT =
k

max
(

ω, ΩF2
a1

) (7)

where Ω is the vorticity magnitude, a constant coefficient, and a function with asymptotic
behavior. Boundary conditions on a smooth wall are as follows:

kω = 0, ωw = 10
6ν

β1y2 (8)

with β1 being a constant coefficient.
The numerical calculation model conditions are the same as the experimental conditions,

with a length of 0.5 m and a height of 0.1 m. First, we calculate the number of grids to
200 × 150; the height of the first layer of grid on the wall is 1 × 10−5 m, satisfying y+ less
than 1. The schematic diagram of the grid is shown in Figure 3. The incoming flow boundary
condition is the pressure far field, the outlet is the pressure outlet boundary condition, and
the upper and front areas of the plate are set with symmetric boundary conditions.
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2.5. Linear Stability Theory

Linear stability theory (LST) is established under the assumption of small perturba-
tions [4], and under this assumption, the perturbation can be written in the form of the sum
of the basic flow and the perturbation quantity:

p(x, y, z, t) = p(x, y) + p′(x, y, z, t) (9)

In hypersonic boundary layer, p (x, y, z, t) represents u, v, w, ρ, and T. The basic flow
field is obtained by solving the Blasius equation. It is assumed that the flow in the boundary
layer is a parallel flow, and the small perturbation p′ can be written in the form of the
traveling wave as follows:

p′(x, y, z, t) = p(y)ei(αx+βz−ωt) + c.c. (10)

where α, β, and ω are the streamwise wave number, the spanwise wave number, and the
frequency, respectively. In addition, c.c. represents the conjugate complex number. The
generalized eigenvalue problem can be obtained by putting Equation (2) into the wave
equation and ignoring the second-order small quantities. The eigenvalue is the streamwise
growth rate, and the eigenvector represents the disturbance shape along the wall normal.
In spatial mode, β and ω are real numbers, and α is an imaginary number:

α = αr + iαi (11)

The real part represents the wave number of the disturbance, and the imaginary part
represents the disturbance growth rate. When αi < 0, the disturbance is unstable along the
flow direction.

In the realm of laminar–turbulent transition (LST) analysis, a widely applied approach
involves the computation of the N-factor using a semi-empirical method known as the eN

method. The determination of the N- factor is calculated by the following formula [23]:

N = −
x∫

x0

αidx (12)

where x0 represents the flow direction position where the disturbance wave first begins to
be unstable, and x0 is different at different frequencies. In general, the NT in a low-speed
wind tunnel is generally 6~9, while in a hypersonic wind tunnel, the divergence of NT is
quite large. In the case of hypersonic flow, the N- factor as the transition criterion needs to
be determined by wind tunnel experiments.

2.6. Steady Base Flow

The calculation of the stability equation requires a high-precision basic flow field.
For the flat-plate boundary layer, the basic flow field can be obtained by calculating the
compressible boundary layer equation [31]. Wall temperature, Prandtl number, and specific
heat ratio are assumed to be constant. The viscosity coefficient adopts the Sutherland
viscosity law.

(ρµ f ′′ )′ + 1
2 f f ′′ = 0

1
2 cp · f g′ + 1

Pr · (κ · g′ · ρ) + ρµ · Ec · ( f ′′ )2 = 0

ρ = 1
g

(13)

In this paper, the laminar boundary layer flow should be obtained for LST analysis by
solving the compressible boundary layer equation. For solving the differentia equations,
the physical quantities are nondimensionalized by the free flow parameters and reference
length. The dimensionless compressible boundary layer equations are as follows, where Ec,
k, and Pr are the Eckert number, thermal conductivity, and Prandtl number, respectively. In
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this work, we consider the boundary layer of a perfect gas with Prandtl number Pr = 0.71
and specific heat ratio γ = 1.4, and the viscosity law satisfies the Sutherland’s law.

The mean flow variables of the boundary layer at different unit Reynolds numbers are
given in Figure 4. As the unit Reynolds number increases, the boundary layer thickness
gradually diminishes.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 15 
 

( )

( )

'
'' ''

2
' ' ''

1
0

2

1 1
( ) 0

2 Pr

1

p

f ff

c fg g Ec f

g



  



+ =

 +    +   =

=

 

(13) 

In this paper, the laminar boundary layer flow should be obtained for LST analysis 

by solving the compressible boundary layer equation. For solving the differentia equa-

tions, the physical quantities are nondimensionalized by the free flow parameters and ref-

erence length. The dimensionless compressible boundary layer equations are as follows, 

where Ec, k, and Pr are the Eckert number, thermal conductivity, and Prandtl number, 

respectively. In this work, we consider the boundary layer of a perfect gas with Prandtl 

number Pr = 0.71 and specific heat ratio γ = 1.4, and the viscosity law satisfies the Suther-

land’s law. 

The mean flow variables of the boundary layer at different unit Reynolds numbers 

are given in Figure 4. As the unit Reynolds number increases, the boundary layer thick-

ness gradually diminishes. 

 

Figure 4. Comparation of mean flow variables at x = 0.1 m. 

3. Experimental Results and Stability Analyses 

3.1. IR Results 

Figure 5 shows the surface temperature distribution of a flat plate under different 

unit Reynolds numbers. At a lower Reynolds number (Figure 5a), the temperature at the 

leading edge of the flat plate is the highest and gradually decreases downstream. With the 

increase in Reynolds number (Figure 5b,c), the plate surface shows a different temperature 

distribution, and there is an obvious temperature difference along the flow direction. It 

can be seen from the IR image that the transition region presents an irregular “wavy 

shape”. Willems et al. [32] also found this “wavy” transition non-uniformity in the study 

of the boundary layer transition of the flat plate and concluded that it may be caused by 

the natural incoming flow and the disturbance non-uniformity of the forefront of the flat 

plate. 

Figure 4. Comparation of mean flow variables at x = 0.1 m.

3. Experimental Results and Stability Analyses
3.1. IR Results

Figure 5 shows the surface temperature distribution of a flat plate under different
unit Reynolds numbers. At a lower Reynolds number (Figure 5a), the temperature at the
leading edge of the flat plate is the highest and gradually decreases downstream. With the
increase in Reynolds number (Figure 5b,c), the plate surface shows a different temperature
distribution, and there is an obvious temperature difference along the flow direction. It can
be seen from the IR image that the transition region presents an irregular “wavy shape”.
Willems et al. [32] also found this “wavy” transition non-uniformity in the study of the
boundary layer transition of the flat plate and concluded that it may be caused by the
natural incoming flow and the disturbance non-uniformity of the forefront of the flat plate.
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Figure 5. Surface temperature distribution of a flat plate under different unit Reynolds numbers:
(a) Reunit = 2.56 × 106; (b) Reunit = 6.38 × 106; (c) Reunit = 8.20 × 106.



Appl. Sci. 2023, 13, 13302 8 of 14

The mean Stanton number distributions calculated from IR images are shown in
Figure 6. The black and red dashed lines represent the Stanton numbers for the flat-plate
boundary layer in all laminar and turbulent states, respectively. The curve of discrete
points in the Figure 6 shows the distribution of mean Stanton numbers along the x-direction
calculated from the wind tunnel experiments, where the surface of a flat plate develops from
laminar flow through turning to turbulence. In the transition region, the Stanton number
increases rapidly and reaches the value for turbulent flow. In the case of a lower unit
Reynolds number (Figure 6a), limited by the length of the plate, the IR images only capture
the beginning of the BL transition. With the increase in the unit Reynolds number, the
transition position moves upstream, whereas the transition Reynolds number increases, and
the complete laminar transition to turbulent processes can be observed. As a comparison,
the results of full laminar flow and full turbulence are also given as a reference. The
calculation results of infrared thermal imaging are in good agreement with the calculation
results in the laminar flow area, and the change of the flow direction Stanton number is
within the range of laminar flow and turbulence.
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Figure 6. Mean Stanton number distribution of plate flow direction under different unit Reynolds
numbers: (a) Reunit = 2.56 × 106; (b) Reunit = 6.38 × 106; (c) Reunit = 8.20 × 106.

Figure 7 represents the transition Reynolds number distribution at different spanwise
positions under different unit Reynolds numbers. Moreover, the transition Reynolds
number calculated by the compressibility-modified transition model γ-Reθt [33] (shown
as CC in the Figure 7) is given. It can be found that for the lower unit Reynolds number
(Figure 7a), the transition Reynolds number is also relatively small; with the increase in
the unit Reynolds number of the freestream, the transition Reynolds number increases
accordingly. In addition, it also shows that the spanwise distribution of transition position
on the surface of the flat plate is uneven, and the spanwise distribution of transition
Reynolds number increases with the increase in the unit Reynolds number, similarly as in
Figure 5. In this paper, the unit Reynolds number has a great influence on the transition
Reynolds number, whereas some wind tunnel experiments show the opposite results. A
more in-depth investigation is warranted to explore the impact of unit Reynolds number
on the transition Reynolds number.
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Figure 7. Transition Reynolds number distribution of plate spanwise at different unit Reynolds
numbers: (a) Reunit = 2.56 × 106; (b) Reunit = 6.38 × 106; (c) Reunit = 8.20 × 106.
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3.2. Instability Characteristics along Streamwise Direction

The inhouse LST code written by FORTRAN used in this paper is shown in refer-
ence [34]. Figure 8 illustrates the variations in disturbance growth rates within the ω-β
plane at Rex = 6.5 × 105 under the freestream conditions of case 3. Two distinct modes
coexist in the boundary layer—the lower frequency corresponds to the first mode, while
the higher frequency characterizes the second mode. Notably, the bandwidth of the first
mode surpasses that of the second mode. The diagram emphasizes the prevalence of the
second mode in the hypersonic boundary layer, notably featuring a predominantly two-
dimensional disturbance. Conversely, the first mode, exhibiting the highest amplification,
predominantly occurs near β = 0.8, signifying its three-dimensional perturbation nature.
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Figure 8. Growth rate inω-β plane: (a) Reunit = 6.38 × 106; (b) Reunit = 8.20 × 106.

The evolution of instability waves along the streamwise direction was obtained and
analyzed. Figure 9 shows the PSDs of the boundary layer instability waves at several
streamwise positions under different unit Reynolds numbers by PCB.
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As illustrated in Figure 9, for a unit Reynolds number (Reunit) of 6.38 × 106, the
absence of a discernible peak characterizing second-mode waves in the power spectral
density (PSD) before the streamwise location of x = 180 mm indicates that second-mode
disturbances have not yet developed, signifying a laminar boundary layer state at this
location. However, a subtle peak with broadband characteristics around 100 kHz emerges
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in the PSD at x = 240 mm, suggesting the initiation and growth of second-mode waves.
Subsequently, the PSD of the second mode remains consistent between x = 330 mm and
x = 360 mm, indicating saturation of the second-mode disturbances. In the case of a
higher unit Reynolds number, i.e., Reunit = 8.20× 106, the peak in the PSD at the streamwise
location of x = 240 mm surpasses that of Reunit = 6.38× 106, indicating the earlier appearance
and growth of second-mode disturbances before x = 240 mm. Beyond x = 330 mm, the
energy associated with second-mode waves exhibits a gradual increase and disperses
into neighboring frequency domains, signaling the imminent breakdown of second-mode
waves and the transition of the boundary layer.

According to previous studies, when the Ma > 4, the second-mode wave is more
unstable, always leading to transition. Figure 10 shows the evolution of the growth rate of
second-mode disturbances in different frequencies along the flow direction by LST. The
second modes at different frequencies start to grow from different stations, and the high-
frequency modes usually begin to arise and grow at first. Figure 10b indicates that, at the
same unit Reynolds number condition, the higher frequency of the second mode wave can
achieve a higher growth rate than that at low frequency. However, due to the attenuation of
the high-frequency disturbance, it develops to a very short distance in the direction of flow,
as shown in Figure 11. As the high-frequency modes begin to decay, the low-frequency
modes in the boundary layer begin to appear and grow along the flow direction. Although
the growth rate of lower-frequency disturbance is smaller than that of higher frequency, it
usually becomes key to promote transition because of its larger propagation distance in the
boundary layer.
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Figure 10. The growth rate of second-mode waves along flow directions predicted by LST:
(a) Reunit = 6.38 × 106; (b) Reunit = 8.20 × 106.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 15 
 

 

Figure 11. N-factor predicted by LST: (a) Reunit = 6.38 × 106; (b) Reunit = 8.20 × 106. 

 

Figure 12. Eigenfunction predicted by LST at x = 130 mm. (a) xxx Eigenfunction of stream-wise 

velocity (b) Eigenfunction of Temperature. 

4. Discussion 

This study systematically examined the instability characteristics of the hypersonic 

boundary layer over a flat plate at a zero angle of attack, employing a combined approach 

of experimental analysis and linear stability analysis. The compression modification for-

mula was fitted using the modified γ-Reθt model and the experimental results of the flat 

plate in a hypersonic wind tunnel. The validation results show that the predictions of the 

modified γ-Reθt model are more in line with the experimental results, which verifies the 

correctness of the modified γ-Reθt model. The application of PCB technology and infrared 

0.1 0.2 0.3 0.4
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

0.1 0.2 0.3 0.4
0.0

0.5

1.0

1.5

2.0

2.5

3.0

N

 f=190kHz

 f=182kHz

 f=175kHz

 f=167kHz

 f=160kHz

 f=152kHz

 f=145kHz

 f=137kHz

 f=130kHz

 f=120kHz

 f=113kHz

(a)
XT_Exp

XT_Exp

N

x/m

 f=227kHz

 f=220kHz

 f=213kHz

 f=206kHz

 f=198kHz

 f=190kHz

 f=183kHz

 f=175kHz

 f=167kHz

 f=160kHz

 f=153kHz

(b)

0 1 2 3 4 5

0.025

0.050

0.075

0.100

0.125

0 1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

1.2

|u
'|

h

 case2

 case3

(a)

|T
'|

h

 case2

 case3

(b)

Figure 11. Cont.



Appl. Sci. 2023, 13, 13302 11 of 14

Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 15 
 

 

Figure 11. N-factor predicted by LST: (a) Reunit = 6.38 × 106; (b) Reunit = 8.20 × 106. 

 

Figure 12. Eigenfunction predicted by LST at x = 130 mm. (a) xxx Eigenfunction of stream-wise 

velocity (b) Eigenfunction of Temperature. 

4. Discussion 

This study systematically examined the instability characteristics of the hypersonic 

boundary layer over a flat plate at a zero angle of attack, employing a combined approach 

of experimental analysis and linear stability analysis. The compression modification for-

mula was fitted using the modified γ-Reθt model and the experimental results of the flat 

plate in a hypersonic wind tunnel. The validation results show that the predictions of the 

modified γ-Reθt model are more in line with the experimental results, which verifies the 

correctness of the modified γ-Reθt model. The application of PCB technology and infrared 

0.1 0.2 0.3 0.4
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

0.1 0.2 0.3 0.4
0.0

0.5

1.0

1.5

2.0

2.5

3.0

N

 f=190kHz

 f=182kHz

 f=175kHz

 f=167kHz

 f=160kHz

 f=152kHz

 f=145kHz

 f=137kHz

 f=130kHz

 f=120kHz

 f=113kHz

(a)
XT_Exp

XT_Exp

N

x/m

 f=227kHz

 f=220kHz

 f=213kHz

 f=206kHz

 f=198kHz

 f=190kHz

 f=183kHz

 f=175kHz

 f=167kHz

 f=160kHz

 f=153kHz

(b)

0 1 2 3 4 5

0.025

0.050

0.075

0.100

0.125

0 1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

1.2

|u
'|

h

 case2

 case3

(a)

|T
'|

h

 case2

 case3

(b)

Figure 11. N-factor predicted by LST: (a) Reunit = 6.38 × 106; (b) Reunit = 8.20 × 106.

As is shown in Figure 10, with the increase in the unit Reynolds number, the initial
position of disturbance growth at the same frequency gradually moves backward. Under
the condition of Reunit = 2.52 × 106 (Figure 10a), the second mode of 190 kHz in the
boundary layer decreases. Moreover, the growth rate of the disturbance is higher than that
in the case of a low unit Reynolds number and moves further forward.

3.3. eN Method

The distribution of N-factor of a range of representative frequency disturbances along
the flow direction is shown in Figure 11. The N-factor is sensitive to frequency and
freestream unit Reynolds number. Because of the larger propagation distance in the
boundary layer of relatively low-frequency disturbance, it is easier to reach a larger N- factor,
as suggested in Figure 10. Because the transition position of the plate in the experiment is
obviously “wavy”, the transition position calculated by the transition model γ-Reθt is used
as the “average” transition position of the flat plate in the experiment. The red dashed line
in Figure 10 represents the transition position obtained from the heat flow in the experiment.
The N-factors of the transition location of two cases of unit Reynolds numbers are 0.98 and
1.25, respectively. Figure 12 illustrates the eigenfunction of two cases with different unit
Reynolds numbers at x = 130 mm. There is no significant difference between the shape
function of flow velocity u and temperature under the two experiments conditions. The
normal distance of disturbance decreases with the increase in the unit Reynolds number.
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4. Discussion

This study systematically examined the instability characteristics of the hypersonic
boundary layer over a flat plate at a zero angle of attack, employing a combined approach of
experimental analysis and linear stability analysis. The compression modification formula
was fitted using the modified γ-Reθt model and the experimental results of the flat plate
in a hypersonic wind tunnel. The validation results show that the predictions of the
modified γ-Reθt model are more in line with the experimental results, which verifies
the correctness of the modified γ-Reθt model. The application of PCB technology and
infrared thermography facilitated the characterization of instability waves and enabled
the calculation of the Stanton number along the streamwise direction. Additionally, the eN

method was implemented to determine the N-factor at the transition location within the
wind tunnel. The conclusions derived from this study are outlined as follows:

(1) The transition model based on compressibility correction can better predict the transi-
tion position of the hypersonic boundary layer, and the simulation results are in good
agreement with the experimental results. Moreover, the freestream unit Reynolds
number has a great effect of the transition Reynolds number of the flat-plate boundary
layer. As the unit Reynolds number increases, the transition position moves forward,
and the transition Reynolds number also increases;

(2) The LST results show that the first mode and the second mode are both present in the
hypersonic boundary layer at the Mach number 5. Combined with the PCB results of
the experiments, the second-mode frequency range predicted by the LST matches the
frequencies measured in the experiments, with a second-mode frequency range from
100 to 250 kHz;

(3) The N-factor of wind tunnel transition location predicted by LST is about 0.98 and
1.25 for Reunit = 6.38 × 106 and 8.20 × 106, respectively. With the increase in the
unit Reynolds number, although the transition position moves forward, the N- fac-
tor of the transition position increases due to the increase in the magnification of
the disturbance.
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Abbreviations

f Frequency
Ma Mach number
Pr Prantl number
p Pressure
Re Reynolds number
u Velocity
T Temperature
ρ Density
x, y, z Cartesian coordinates
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q Heat flux
St Stanton number
LST Liner stability theory
α Streamwise wave number
−αi Spatial amplification rate
γ Ratio of specific heat
ω Angular frequency
β Spanwise wave number
Cp Specific heat capacity
T0 Stationary temperature
T∞ Freestream temperature
U∞ Freestream velocity
ρ∞ Freestream density
k Heat conductivity
PEEK Poly-ether-ether-ketone
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