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Abstract

The transition from laminar to turbulent flow is one of the main aerodynamic
challenges in aircraft design and development. When the flight Mach number is
sufficiently high, the aircraft surface undergoes micropore effects and high-temperature
gas thermochemical reactions. At present, boundary layer instability has become a more
complex problem, and its mechanism is still unclear. In this study, a linear stability analysis
method is developed which takes into consideration high-temperature chemical
non-equilibrium process and surface micropore effect. For flight conditions at high altitude
(H = 25 km) with Mach numbers 10, 15, and 20, the effects of micropore effects, chemical
non-equilibrium effects, and their joint effect on flow stability are contrasted and
investigated. The results show that the chemical non-equilibrium effect can promote the
boundary layer's mode instability, while the micropore effect can restrain the second mode
instability. The coexistence of the two often contributes to the instability of the second
mode, because the former is more significant than the latter. The chemical
non-equilibrium effect can reduce the frequency range corresponding to the second mode
of pore effect inhibition, which results in the chemical non-equilibrium effect enhancing the
inhibition effect of the micropore effect in the local low-frequency range and weakening its

inhibition effect in the high-frequency range. This, in turn, causes a decrease in the
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corresponding N value variation by pore effect. Furthermore, when both effects are
present, the micropore effect’'s capacity to inhibit the second mode is not significantly
affected by change in Mach number.
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1. Introduction

The transition from laminar to turbulent boundary layer is a complex process with
multi-factor coupling, which is an important research direction in the field of
aerodynamics!™. In practical applications, the heat flux and friction in turbulent state after
boundary layer transition are 3-5 times higher than those in laminar state, so transition is
an important consideration in aircraft aerodynamic design, and it is also one of the most

challenging basic scientific problems restricting the development of advanced aircraft®.

In general, natural transition is dominated by boundary layer mode instability. In the
high speed field, if the temperature in the flow is insufficient to alter the specific heat
capacity of the gas, the gas still satisfies the ideal gas equation of state, which is called
calorimetric perfect gas (CPG). In this state, the two-dimensional boundary layer is usually
dominated by Mack mode instability. When the temperature in the boundary layer is high
enough at high Mach number, a series of thermochemical reactions will occur in the
surface gas, which will significantly change the flow characteristics in the boundary layer,
thus affecting the modal instability process. According to whether the thermochemical
reaction process is in equilibrium or not®*, the flow can be divided into thermochemical
frozen(TCF), thermochemical equilibrium (TCE), thermochemical non-equilibrium (TCNE)

and chemical non-equilibrium (CNE).

For the flow considering the thermochemical reaction process, the streamwise
instability is still dominated by the Mack mode, and the related research has been carried
out as early as the 1990s. Malik et al.” studied the flow stability considering the high
temperature real gas effect earlier, and found that the thermochemical equilibrium would
make the second mode more unstable, but it would stabilize the first mode. Stuckert and
Reed's study on chemical non-equilibrium flow™® also reached the same conclusion. In
addition, the thermochemical non-equilibrium flow and the chemical non-equilibrium flow
are compared, and the results show that the vibrational non-equilibrium has a stabilizing

[7.8]

effect on the second mode'™. For the higher frequency unstable modes, Chen et



al.” found an obvious third mode in the thermochemical non-equilibrium flow over a blunt
cone at Mach 20, but its growth rate did not exceed that of the second mode. Under the
same gas model, Zhao Zhouyuan et al. used LPSE to study the effect of wall temperature
in wedge flow. The lower the wall temperature is, the later the disturbance with the same
frequency develops along the streamwise direction, but the maximum N value at
downstream increases. In addition, because the simulation of high temperature
non-equilibrium flow requires the use of appropriate models to characterize the physical

and chemical properties™ of each component, scholars have explored the effects of
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different thermodynamic model , diffusion model , transport model
chemical reaction models®?¥ and wall catalytic effects®® on the stability of the boundary

layer, which will not be expanded here.

Aircraft in high-speed flight are faced with harsh aerodynamic and thermal
environments, which put forward higher requirements for thermal protection system
design and material performance, while the maximum temperature of existing ultra-high
temperature materials does not exceed 3000 K ®. In order to reduce the design difficulty
of the thermal protection system and improve the range, many researchers use
active/passive means to control the boundary layer transition. Porous materials applied to
the outer surface of aircraft can absorb high-frequency sound waves and suppress the
second mode, which can be used as an effective method of passive transition control®”.
In the calorimetric perfect gas state, there are abundant studies on how the pore effect
affects the instability of the boundary layer. Fedorov and Malmuth?® and Zhao et
al.” respectively derived the effective mobility model reflecting the pore effect, and the
latter model takes into account the higher-order diffraction modes. Fedorov and
Malmuth®?® explored the effect of holes on the stability of boundary layer on a flat plate by
using the linear stability (LST) method considering the pore effect. The results show that
the pore effect reduces the growth rate of the second mode, but slightly promotes the
growth rate of the first mode. Wartemann et al.*” and Xu et al.*" obtained the same
conclusion. Wang and Zhong®? explored the mechanism of the effect of the local porous
coating on the high-speed boundary layer experimentally and numerically, and found that
the control effect of the local porous coating was closely related to the synchronization
process of the fast and slow modes in the boundary layer. If the porous coating is placed
downstream of the synchronization point, the second mode can be significantly
suppressed, but the mode growth can be promoted when it is put upstream. The
experimental results of Rasheed et al.*® and Lukashevich et al.** are consistent with this
conclusion. Using direct numerical simulation (DNS), Guo Qilong et al. ® investigated the
effect of millimeter-scale microgrooves on the second mode disturbances. They
discovered that the microgrooves can suppress the second mode in a wide frequency

range, and that the suppression effect grows as the grooving ratio increases. Liu Yong et



al.B¥ further studied the microgroove with the same size, and the results showed that
when the microgroove was set in the maximum growth rate interval or near the
synchronization center of the fast/slow mode, the disturbance suppression of the second
mode was the most significant. The wind tunnel experimental results of Gui et al.®*" also
show that the porous coating can suppress the second mode, and the modal nonlinearity
of the porous wall is much weaker than that of the smooth wall. It is also found that the
growth rates of the instability modes calculated by LST with the effect of a regular circular
hole are in good agreement with the experiments. Liu et al.*® explored the effect of
porous coupled micro-blowing and suction on the stability of Mach 6 boundary layer.
When the blowing and suction point is located upstream of the synchronization point of
the second mode, it is found that the porous structure is helpful to suppress
high-frequency disturbances. If the blowing-suction point is located in the region
dominated by the dominant mode, the porous structure will prematurely excite the

low-frequency unstable mode.

The above study on the influence of pore effect on the instability of boundary layer
flow is based on the calorimetric perfect gas model. At present, there are few studies on
the application of micropore structure in high temperature chemical non-equilibrium flow.

[39]

When Wang and Zhong~™ studied the difference between calorimetric perfect gas and
thermochemical non-equilibrium flow, they carried out a preliminary numerical simulation
study on this issue. It was found that the boundary layer disturbance wave excited by wall
blowing and suction in calorimetry perfect gas state would be significantly suppressed by

“ et al. Further compared the pressure

regular porous coating. Subsequently, Wang
fluctuation amplitude on the flat plate wall at Mach number 10, and found that for the
dominant second mode disturbance (frequency 300 and 400 kHz), the thermochemical
non-equilibrium effect can enhance the suppression effect of the porous coating, but the
study did not compare the LST and DNS results for the porous wall under the TCNE
assumption. Ken et al.”*" added Fedorov's porous admittance model to LST considering
thermochemical non-equilibrium effects. Through DNS, it is found that the distribution of
dimensionless wall pressure fluctuation along the streamwise direction is consistent under
the CPG and TCNE assumptions, which is due to the small effect of TCNE on the
attenuation of unstable disturbances in the microporous cavity. The study also compared
the LST and DNS results of the porous wall at the same frequency under the TCNE
condition, and proved that if the porous coating region is long enough, the use of the wall
admittance model in the LST can well predict the trend of disturbance growth in the DNS.
However, this work has not further studied the influence of microporosity effect on

different frequency disturbance and N value under high temperature gas model.



In general, the understanding of boundary layer instability considering the combined
effect of chemical non-equilibrium and surface porosity remains insufficient, and its
influence mechanism is not clear enough, so the study of boundary layer instability under
the two effects needs to be further carried out. In this paper, a linear stability theory which
can reflect the chemical non-equilibrium effect and micropore effect at high temperature is
established, and the instability mechanism of the high-speed boundary layer with
chemical non-equilibrium, micropore and their coexistence is explored. The effects of
Mach number and micropore geometry on the stability are also investigated.

2. Research method

In this paper, a boundary layer flow stability analysis method which takes into account
the effects of high temperature chemical non-equilibrium and porous effects is established.
Firstly, the flow control equation of high temperature chemical nonequilibrium and the
linear stability equation are derived, and then the porous mobility model is added to the
wall boundary condition of the stability equation to establish the flow stability analysis
method considering the above two effects.

2.1 Governing equation of flow

For the problem of high temperature chemical non-equilibrium flow, the

two-dimensional Navier-Stokes equations are constructed, and their conservative

expressions are as follows®
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The conservation equations for mass, momentum, total energy, and species are (1)

through (4). Here, p,u,p,T and Y, denote density, velocity components, pressure,



temperature, and species mass fraction, respectively. H is total specific enthalpy and E is

total specific energy. A, Ds, hs and wgare thermal conductivity, component diffusivity,

component specific enthalpy and component mass formation rate. t;;is the viscous

shear stress tensor. The subscript i or j indicates the velocity component, and the
subscript S represents the number of components.

In this study, a 5-component model of air (corresponding to N, O,, N, O, NO, ns = 5)
was used to simulate the reacting flow, and the incoming gas components were O, and N,
with mass fractions of 22% and 78%. Respectively. Thermodynamic parameters (such as
specific heat and specific enthalpy) of single component were calculated by CHEMKIN
fitting™®. Viscosity coefficient, thermal conductivity coefficient and mass diffusivity
coefficient were calculated by Blottner fitting™®, Eucken empirical“? and constant Schmidt
number diffusion model*®. The transport coefficient of air mixture is calculated by Wilke's

mixture law™**.
2.2 Linear stability theory

In this study, the LST code considering chemical non-equilibrium effects is used to
analyze the reacting flow, and the traditional LST method*is used to analyze the
calorimetrical perfect gas flow. In this paper, the framework of linear stability theory based
on chemical nonequilibrium effects is presented®. In the stability theory, the physical
quantity q = [p,u,v,w,T, YS]T,S =1,2,3,4 can be expressed as the basic
quantity q, and the disturbance quantity q', where u denotes the streamwise velocity.
The normal velocity is denoted by V. The spanwise velocity is denoted by w. Since both
the basic quantity and the perturbed quantity satisfy Equation (1) - Equation (4), the
equation set satisfied by the perturbed quantity can be obtained by substitution and
subtraction in the equation:

F +A +B +c +Dq

aq aq 9%q’
+Vxx—ax2 +Vy— oy tVegr (5)
2.7 2[
R AL S a_q+y a_:N’

XY dx dy Yz oy oz XZ 9x 0z

In the equation, the matrix F,A,B,C,D and V are increased from 5 x 5 in the
calorimetric perfect gas model to 9 x 9 in the chemical non-equilibrium gas model (with
additional component terms), and the coefficients in the matrix are only related to the

basic flow. N represents the nonlinear term, which is ignored in the linear stability analysis.



Assuming that the flow satisfies the local parallel condition, the solution of the perturbation
equation can be expressed as

q' = q)exp [i(ax + fz — wb)], (6)

Here q(y) denotes the perturbed shape function and is a function of the normal

coordinate Y. In the spatial mode, the w is a real number and represents the frequency of
the wave. At least one of @ and (8 is complex, the real parts represent the streamwise
and spanwise wavenumbers, while the imaginary part represents the growth rate. For
two-dimensional waves, there are f = 0. Substituting (6) into equation (5) and neglecting
higher order terms and nonlinear terms, the linear stability equation is derived, and the

first-order differential equation is as follows:
do/dy = A,P, (7)

The coefficient of matrix Ay is increased from 8 x 8 of calorimetric perfect gas model

to 16 x 16 of chemical non-equilibrium gas model, and the @ is a vector composed of 16
perturbations. For the equation (7), the Malik two-point fourth-order compact difference
method is used to solve it, and the eigenvalues of the unstable modes are obtained.

2.3 Porous model and boundary condition

The micro porous structure of the wall will interfere with the disturbance wave in the
boundary layer, and the wall disturbance is no longer zero. In general, the key parameters
to be considered for regular porous walls include half-width or radius b, pore depth H,
periodic width S and porosity n, which is equal to “pore surface area/total surface area of
open pore area”’. A simple configuration of periodically distributed microgrooves and
circular holes is shown in Fig. 1, which satisfies the assumption of infinite length in the

spanwise direction.



Pore

Figure 1. Schematic diagram of a simple cross-section.

When the periodic spacing S of the hole is much smaller than the boundary layer
thickness, the effect of the hole wall on the basic flow field of the boundary layer can be
neglected®*”! so only the porous effect is considered in the stability equation. At the
same time, considering the multi-component gas boundary of high temperature chemical
non-equilibrium effect, assuming that the normal gradient of each component gas mass
fraction is zero. The high temperature chemical non-equilibrium flow boundary condition

on the porous wall is expressed as

u=w=0,v=Ap,T =Bp,— =0 (8)

Where A and B are acoustic admittance and thermal admittance, respectively, but the
influence of thermal admittance is generally very small*®, and the influence of admittance
A'is mainly considered in the following studies. The Mack mode instability wave is
simplified to normal incidence, and the effective admittance can be expressed by
assuming that the period width s is much smaller than the incident wavelength A.

_ 1 Ry-1

v
A== =
D PwCw Rot+1

(9)

lw

Here p,, and c,, are the wall density and sound velocity. When the Sis much
smaller than the A, of the incident wavelength, the high-order diffraction modes cannot
radiate to the far field®, and the specular reflection is mainly considered. The R, is the

reflection coefficient. For two-dimensional waves, the specific expression is as follows:



RO — 1 + than (kcH)n(pr/p_Bfokc/ko) (10)
1-jtan (kcH)n(pu/p) ). keSE/KY

The vertical and harmonic quantities of the reflected wave of order r are kj(,r) =

/kg — (kI2, k" =k, + 21 /s , respectively, and the wavenumber is ko = w/c,, ,

Both the effective density 5 and the wavenumber k. = are complex parameters related

to the frequency w, which are specifically defined as

~ , (-1
p =P/ ke = k(z)% (11)

For regular micropores:

(@]
C_Jabk) . _ _ 201 (bky”)
Vi = oy LT VS = bk

(12)

Where the viscous wave number is k, = /jwp,,/u and the thermal wave number is

k. = \/jwpyCp/x, p, C, and k are the viscosity coefficient, the specific heat at

constant pressure and the heat conduction coefficient, respectively. Jo(:), J;(-) and
Jo(+)are the zero-order, first-order and second-order forms of the Bessel function of the
first kind.

For two-dimensional microgrooves:

¥; = 1 —tan(bk,),i = tv, S, = sinc(bk() (13)

The remaining parameters in the equation (10)-(13) are consistent with those defined

in refenerces [29,49].

2.4 Verification result

2.4.1 Program verification

The basic flow field in the study is calculated by the CFD software NNW-HyFLOW of
the National Numerical Wind Tunnel Project. The flow field is solved by the AUSMPW +
scheme with second-order upwind interpolation and the Minmod limiter to calculate the
spatial convective flux. The viscous term is calculated by the central scheme and iterated
by the LU-SGS implicit time marching method. Firstly, the reliability of the software is



verified by the calorimetric perfect gas (CPG) model and the chemical non-equilibrium
(CNE) gas model. For the former, the selected verification example is the adiabatic flat
plate boundary layer of Kline®™: incoming flow Mach number Ma = 10, incoming flow
temperature T.. = 350 K, Reynolds number Re = 6.0 x 10° m™, and the verification results
compared with the literature are shown in Fig. 2. For the latter, the verification example is
the chemical non-equilibrium adiabatic flat plate boundary layer of Mir6 Mir6®": the
incoming flow Mach number and unit Reynolds number are consistent with the setting of
Kline, and the incoming flow temperature T.= 600 K. The verification results are
compared with literature data in Fig. 3. From the comparison results of Fig. 2 and Fig. 3, it
is feasible to use HyFLOW to simulate the basic flow field in the study. Unless otherwise
specified, the dimensionless reference length in this paper is L =1 mm.
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Figure 2. Temperature profile comparison under CPG circumstance at x/L,¢ = 600.
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Figure 3. Baisc flow profiles at x/L,.; = 600 under CNE circumstance: (a) Streamwise

velocity; (b) temperature; (c) species concentration.

To verify the effectiveness of the stability analysis method considering the porous
effect, an example of the stability analysis of the porous wall under the calorimetric perfect
gas model is given as follows: Reynolds number Re = 1.0 x 10’ m™, inflow temperature

T. = 216.65 K, and the wall is an adiabatic wall. The parameters of the circular hole in the



porous wall are as follows: n = 0.25, h =2 mm, b = 0.09375 mm. The shape function and
growth rate of Mack mode under smooth/porous wall given by Fig. 4 are compared with
the results of Wartemann et al.*” and Luedeke et al.*®!. The adiabatic wall temperature at
the streamwise position is T,, = 1522.44 K. The consistency of the two results verifies the
reliability of the LST code in this paper to analyze the porous effect.
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Figure 4. Comparison of literature and present results: (a) Eigenfunction; (b) growth rate.

2.4.2 Mesh independence verification

In this paper, the atmospheric parameters are selected at the height of H = 25 km,
and the calorimetric perfect gas (CPG) and chemical non-equilibrium (CNE) gas models
are used for calculation respectively. The wall condition for basic flow calculation is
adiabatic wall, and the specific parameters are listed in Tab. 1. The p. and U. are the

incoming flow density and velocity.
Table 1. Flow characteristics for various Mach numbers.

Ma  T-/K p./(kg:m™) U/(m-s™) Re/m™

10 22155 0.040085 2983.6 8.26x10°
15 22155 0.040085 4475.4 1.24x10’
20 221.55 0.040085 5967.2 1.65x10’

Firstly, the irrelevance of the computational grid is verified by comparing three
different sets of grids, namely, Grid1: 301 x 401, Grid2: 501 x 701, and Grid3: 651 x 1051,
and the height of the first layer is not more than 0.001 mm. The calculation conditions are
based on the parameters of the Ma = 10 example in Tab. 1. The streamwise velocity and
modal growth rate distributions at the middle of the effective computational domain x/L,e =
450 are given Fig. 5. It can be seen that the streamwise velocity and growth rate
distribution of Gridl are different from those of Grid2 and Grid3. Considering the

calculation accuracy and time cost, Grid2 grid is used for subsequent calculation.
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Figure 5. Verification of grid independence: (a) Streamwise velocity; (b) growth rate.

3. Results and Discussion

3.1 Choice of pore model and its effect on flow stability

The influence of pore effect on Mack mode is studied by using the sound absorption
characteristics of porous wall. Firstly, based on the two porous models given in the
2.3 section, the influence differences of different wall pore models are explored, and the
selected key parameters are half-width (or radius) b = 0. 945 mm, pore depth H = 6. 752
mm, and porosity n= 0. 66. Taking the MalO condition under the assumption of
calorimetric perfect gas as an example, the x/L. = 400 position growth rate comparison
calculated by the two porous models is given in Fig. 6. Although the growth rate
distributions differ significantly between the two porous models, both effectively suppress

unstable modes.
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Figure 6. Comparison of growth rate at position x/L., = 400 for Ma10 condition under
CPG.
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Figure 7. Comparison of results between microgrooves and micropores: (a) N-value
curves; (b) relative change of growth rate.

To further analyze the difference, Fig. 7 presents the N value curve and the

((— i smooth F @i porous)/ Ximax) groove/pore CUrve of the relative rate of modal growth rate

calculated based on the microgroove and micropores models. Compared with the smooth
wall, it can be seen that the micropores and microgrooves have a significant effect on
suppressing the instability of the boundary layer, and the maximum N at the outlet of the
flat plate is significantly reduced. Although Fig. 6 show that the growth rates of regular
micropores and microgrooves are different, the trend of their relative growth rates shows
that different shapes of holes have similar acoustic characteristics. In addition, the
maximum N value corresponding to the micropores is slightly smaller than that of the
microgroove, which is due to the increase of the dominant frequency corresponding to the
maximum N value under the porous wall (located in the frequency range of the dotted line

in Fig. 7(b)). At this dominant frequency, there iS AQnom, pore™Alnom, groove IN the front part of



the plate. From the peak value of the change rate curve at the position of x/L,,; = 400, the
microgroove has a better suppression effect on the most. In general, the difference of
inhibitory capability between the two is relatively small, and the microgroove model is
selected in the subsequent analysis.

In order to explore the influence of microporosity effect on Mack's first and second
modes under different microgroove parameters, the parameters of different literatures are
selected, as listed in Tab. 2. The variation of modal growth rate with frequency for different
wall parameters under MalO condition using LST with CPG assumption considering
microporosity effect is shown in Fig. 8. It can be seen that Porous-1—3 has a significant
inhibitory effect on the second mode, but at the same time it also enhances the first mode.
Porous-4 inhibits the first mode, and the maximum growth rate of the second mode is
basically unchanged, but its corresponding frequency moves to low frequency. Comparing
the effects of the first three profile parameters, it can be seen that Porous-1 has a stronger
suppression effect on the second mode in the frequency range of F = 113.7 — 145.6 kHz,
but it will make the second mode change from a single peak to an obvious multi-peak.
Since the second mode is generally the dominant mode under high Mach conditions, the

parameters of Porous-1 are selected for further analysis.
Table 2. Parameters of different cross-sections.

Parameters of porous wall H/mm  b/mm n
Porous-1'% 6.752  0.945 0.66
Porous-2™ 18.855 0.942 0.66
Porous-3"*® 2.000 0.09375 0.25
Porous-4" 0.352  0.264 0.53
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Figure 8. Changes in growth rate under different cross-sectional parameters
at x/Le = 600.



3.2 Chemical non-equilibrium and porous effect on stability

The chemical non-equilibrium effect can affect the characteristics of the basic flow
profile, and then affect the instability characteristics of the boundary layer. Firstly, taking
the streamwise position x/L. = 600 in Mal0 condition as an example, the velocity and
temperature profiles of different gas models are compared. In Fig. 9, the boundary layer
thickness of 8.64 mm (corresponding to 99.5% of the boundary layer edge velocity) at this
position in the calorimetrically perfect gas is used as the dimensionless length. It can be
seen from the velocity profile that the thickness of the boundary layer decreases when the
chemical non-equilibrium effect is considered. From the normal distribution of temperature,
it can be seen that the wall temperature in chemical non-equilibrium flow is significantly
lower than that in calorimetric perfect gas due to heat absorption of chemical reaction, and
the wall temperature difference between them is 481 K under Mal0 condition. It can be
seen that in order to accurately simulate the flow, it is necessary to consider the high
temperature gas effect under high Mach conditions.

1.2
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Figure 9. Basic flow profiles of boundary layer for different gas models under Ma10
condition: (a) Streamwise velocity; (b) temperature.

From the above analysis, it can be seen that the existence of chemical reaction
significantly changes the basic flow profile, and the disturbance development in the
boundary layer is bound to change. Linear stability theory (LST) code is used to calculate
the disturbance characteristics in the boundary layer. Firstly, the influence of chemical
non-equilibrium effect is studied based on MalO condition, and Fig. 10(a) shows the
variation of modal growth rate with frequency and the corresponding variation of phase
velocity for different gas models at streamwise position x/L. = 600, where frequency

u — . .
F = wrﬁLrelf, phase velocity C, =w/a,, a,and w, are the real part of streamwise

wavenumber and the real part of circular frequency.
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Figure 10. Comparison of growth rate and phase velocity of different gas models under
Mal0: (a) x/L,¢ = 600; (b) modal frequency F = 124 kHz along the streamwise direction.

Fig. 10(a) shows results for calorically perfect gas (CPG), chemical non-equilibrium
(CNE), and basic-flow only (Basic-CNE). From Fig. 10(a), it can be seen that the first
mode is suppressed, the second mode is promoted, and the third mode is excited when
the chemical non-equilibrium effect is considered. The frequencies corresponding to the
maximum growth rates of the second and third modes are reduced, and the peak values
of their modal phase velocities move to lower frequencies. In addition, when the chemical
non-equilibrium effect is considered only in the basic flow and not in the stability equation,
the results of the second mode are close to CNE, but between CPG and CNE. Comparing
the above three cases, the main reason for the suppression of the first mode is the
influence of the chemical non-equilibrium effect on the basic flow. The variation of the
growth rate of the disturbance with frequency F = 124 kHz along the streamwise direction
and the corresponding phase velocity are given in Fig. 10(b) for different gas models. For
the same frequency disturbance in the flow, the chemical non-equilibrium effect makes

the second mode growth rate and mode phase velocity reach the peak value faster.

In order to discuss the influence of chemical non-equilibrium effect on modal stability
more intuitively, Fig. 11(a) gives the neutral curve distribution of the first mode and the
second mode under different gas models. In the front region of the plate, the chemical
non-equilibrium effect makes the unstable second mode extend to the high frequency
region, and the high frequency disturbance is excited earlier. The lower branch of the
neutral curve of the second mode also shows that its unstable frequency moves slightly to
low frequency, and the unstable frequency range of the second mode increases as a
whole. For the first mode, the chemical non-equilibrium effect acts as a suppression, and
its unstable frequency range is reduced. However, the calculation result of only

considering the chemical non-equilibrium effect in the basic flow is not between the CPG



and CNE as the second mode, but is further downstream than the neutral curve of CNE,
which indicates that the chemical non-equilibrium effect in the basic flow is inhibitory to the
first mode, but the chemical non-equilibrium effect in the perturbation stability equation is
promoting, and the inhibitory effect of the former is greater than that of the latter. By
comparing the N envelopes of the three cases in Fig. 11(b), it can be seen that the
chemical non-equilibrium effect in the basic flow and stability equations will increase the
maximum N and promote the instability of the boundary layer.
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Figure 11. Comparison of different gas models under Mal0:
(a) Neutral curves; (b) N-value envelope.

In general, the influence of high temperature chemical non-equilibrium effect on
modal stability is mainly through the influence on basic flow, but the influence of this effect
on stability equation can not be ignored from the point of view of scientific research, and
trade-offs may be considered in engineering application for efficiency.

For the study considering the coexistence of chemical non-equilibrium and micropore
effect, the Mach 10 condition is selected to compare the modal growth rates of different

gas models with the same wall parameters, and Fig. 12 gives the comparison of growth

rates and their relative rates ((—aj smooth T @i porous)/®imax) @t POSitions x/L. = 400, 600

and 800. It can be seen from Fig. 12(a) that the porous wall makes the first mode more
unstable under different gas models, but the second mode is obviously suppressed.
Compared with the relative change rate curve, in the second modal frequency range, the
suppression effect of porous wall in CNE condition is first greater than that in CPG
condition, and then less than that in CPG condition with the increase of frequency, which
indicates that the chemical non-equilibrium effect reduces the modal frequency range in
which the porous effect plays a suppression role. This phenomenon causes the chemical
non-equilibrium effect to enhance the suppression of the microporosity effect in the local
low frequency range (between the two dotted lines) and to weaken in most other
frequency ranges (the region to the right of the second dotted line). In addition, the
influence of chemical non-equilibrium effect is not obvious from the peak value of relative

change rate. By comparing the results of different positions, the dominant frequency of the



unstable mode decreases with the increase of the streamwise position, the relative
change trend of the growth rate in Fig. 12(b) and Fig. 12(c) is the same as that in Fig.
12(a), and the corresponding frequency range of Aduom cne™ Alhom, cre @lSO decreases
with the increase of the streamwise position.
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Figure 12. Comparing the growth rates of smooth and porous walls and their relative
change for different gas models: (a) x/Le = 400; (b) x/L,e = 600; (c) X/Ls = 800.

In order to analyze the influence of surface micropore effect on the eigenfunctions of
disturbance, the characteristic solution corresponding to the frequency F = 124 kHz is
taken, and the corresponding pressure characteristic function amplitude distribution is
shown in Fig. 13. The black and red horizontal dotted lines in the figure represent the
edge of the boundary layer at the streamwise position x/L. = 600 for CPG and CNE
conditions, respectively. It can be seen from Fig. 13 that the eigenfunctions of CNE and
CPG are basically the same, but the disturbance amplitude in the near-wall region is
significantly reduced under the influence of the micropore effect, and the normal position
corresponding to the peak pressure disturbance changes from the near-wall region to the
region near the outer edge of the boundary layer.

20

BN — Smooth-CPG-Mal0
\\ —— Smooth-CNE-Mal0
\ \\ ——= Porous-CPG-Mal0

15 ——— Porous-CNE-Mal0

Yy / L ref

(@2
T

0 5 10 15 20 25 30 35 40

lpl/10~2
Figure 13. Comparison of the pressure eigenfunctions for smooth and porous walls
at /L, = 600.



According to the existing research®, the presence of a porous wall at the leading
edge of a flat plate will excite unstable modes and increase the N. Therefore, in order to
investigate the inhibition effect of micropores, the porous wall is set at the streamwise
position x/L, = 350, and the N value curves of smooth and porous walls under the two
gas models are further compared, as shown in Fig. 14. The micropore effect under
different gas models can reduce the maximum N value, which is reduced by 26. 83%
under CPG condition and 18. 22% under CNE condition. The difference between the two
conditions is mainly due to the increase of the frequency corresponding to the maximum
N value under the porous wall, which is 155 kHz and 165 kHz, respectively. According to
Fig. 12, the corresponding frequency is Adnom, cne<Alnom, cre- This shows that the pore
effect significantly delays instability under the two gas models, but the chemical
non-equilibrium effect weakens the effect of pore, which is contrary to the conclusion of
Wang™?. The reason is that Wang's work only examined single-frequency results at 300
and 400 kHz, which is not a substitute for evaluating the overall effect of a wide frequency
range. In addition, by comparing the red dotted line and the black solid line, it can be
found that the N value considering both the chemical non-equilibrium and the pore effect
is larger than that not considering both, which indicates that the chemical non-equilibrium
effect has a stronger promoting effect on the mode than the pore effect, resulting in the

overall coexistence of the two effects is to promote instability.
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Figure 14. Comparison of N-value envelope for smooth and porous walls
of different gas models.

3.3 Mach number effect on that stability of chemical nonequilibrium flow

In calorimetrically perfect gas flow, the increase of Mach number will lead to a more
stable boundary layer and a delayed transition position. Conditions at Mach numbers 10,
15, and 20 are examined to analyze the effect of Mach number on unstable modes in

chemical nonequilibrium flow. First, the stability of chemical non-equilibrium flow at



different Mach numbers under smooth wall conditions is compared, and the growth rate
comparison of different Mach numbers at streamwise position /L. = 600 is shown in Fig.
15(a). It can be seen from Fig. 15(a) that with the increase of Mach number, the
disturbances of the first and second modes are suppressed, the peak value of the growth
rate decreases, and the corresponding frequency has little effect. In addition, with the
increase of Mach number, the third mode disturbance is excited and gradually becomes
unstable, but the second mode is still dominant. Further, the variation of the disturbance
growth rate along the streamwise direction for the second mode F = 130 kHz is given in
Fig. 15(b). With the increase of the Mach number, the peak value of the mode growth rate
decreases, but the position of the most unstable growth rate is similar, which means that
the Mach number influences the rate at which the mode grows.
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Figure 15. Comparison of growth rates at different Mach numbers under CNE condition:
(a) x/Les = 600; (b) modal frequency F = 130 kHz along the streamwise direction

Similarly, the boundary layer neutral curves at different Mach numbers are given in
Fig. 16, the results of the chemical non-equilibrium gas model are given in Fig. 16(b), and
the results of the calorimetric perfect gas model are given in Fig. 16(a) for comparison. It
can be seen from Fig. 16(a) that as the Mach number increases, the unstable frequencies
of the first and second modes of the boundary layer move to lower frequencies, and the
streamwise location where the low-frequency disturbance begins to lose stability moves
upstream. At the same time, the first and second modes are connected downstream, and
there is no neutral point in the connected frequency range. For the chemical
non-equilibrium gas model, the influence of the Mach number is relatively complex. In Fig.
16(b), there are the first mode and the second mode of instability in the Mal0 boundary
layer, and their unstable regions are connected downstream. There is only an unstable
second mode in the Mal5 boundary layer, and the first mode becomes stable. In addition
to the unstable second mode, there is also an unstable third mode in the Ma20 boundary

layer, which is connected to the second mode downstream.
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Figure 16. Comparison of neutral curves at different Mach numbers: (a) CPG; (b) CNE.

Fig. 17 shows the envelope of N-value at different Mach numbers, and the
single-frequency N curve corresponding to the modal frequency of 130 kHz. It can be
seen that with the increase of Mach number, the N value decreases, but the modal
frequency corresponding to the maximum N value is similar, which indicates that Mach
number has an inhibitory effect on the instability of chemical non-equilibrium boundary
layer.
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Figure 17. Comparison of N-value envelopes at different Mach numbers
under CNE condition.

The effect of the Mach number on the stability of chemical non-equilibrium boundary
layer under the condition of porous wall is analyzed below. Fig. 18 gives the modal growth
rate and its relative rate of change at streamwise positions x/L.,s = 400 and 600 for
different Mach number conditions and compares them with those of smooth wall.
According to Fig. 18(a), it can be seen that the first and second modes of the porous wall
boundary layer can also be suppressed by increasing the Mach number. Compared with
the smooth wall, the influence of the porous effect on the boundary layer mode decreases
with the increase of Mach number. From the position of x/L., = 400, the larger the Mach
number is, the weaker the excitation effect of the first mode is, but the suppression effect

of the second mode is basically unchanged. The frequency corresponding to the most



significant suppression effect of the porous wall is basically close to the frequency
corresponding to the maximum instability growth rate. The same trend is seen at the

downstream x/L,s = 600 location.
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Figure 18. Comparison of growth rates and relative change of smooth and porous walls
at different Mach numbers: (a) x/L, = 400; (b) X/L; = 600.

Fig. 19 gives the envelope of N-values for chemical nonequilibrium flow over smooth
and porous walls. It can be seen from Fig. 19 that the porous wall can effectively reduce
the N value at different Mach numbers, but the dominant frequency corresponding to the
maximum N value increases with the increase of Mach number. Table 3 lists the relative
change in N-value (AN/Nmax smooth) @t the outlet position x/L,,= 900 for both gas models at
different Mach numbers, and the overall suppression effect of pore effect on boundary
layer instability under different working conditions is analyzed. In the studied Mach
number range, the relative reduction of the CPG condition is greater than that of the CNE
condition, which indicates that the suppression effect of chemical non-equilibrium effect

on porous wall is weakened at different Mach numbers.
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Figure 19. N-value envelopes of smooth and porous walls at different Mach numbers.



Table 3. Relative change of N-values at x/Ls = 900 under different Mach numbers.

Ma (AN/Ninax, smmooth) cr (AN/Ninax, smooth) e
10 26.8% 18.2%
15 22.1% 19.8%
20 27.2% 15.5%

4. Conclusion

In this paper, a linear stability analysis method (LST) is established to study the
effects of chemical non-equilibrium, surface micropore effect, and Mach number on the
instability of high enthalpy boundary layer flow at high Mach number (H = 25 km), in which
the chemical non-equilibrium and microporosity effects coexist. The main conclusions are

as follows:

1) The chemical non-equilibrium effect can promote the second mode, suppress the
first mode, and excite the third mode, but the second mode is always dominant in general,
thus promoting the instability of the boundary layer. Although the overall effect of chemical
non-equilibrium on the first mode is suppression, the chemical non-equilibrium effect in
the stability equation is promotion, and the suppression of the first mode is mainly due to
the change of the basic flow. Therefore, from the point of view of scientific research, the
consideration of chemical non-equilibrium effects on the stability equation can not be

ignored.

2) When the micropore effect is further considered in the chemical nonequilibrium
flow, the micropore effect can promote the first mode and inhibit the second mode, and
the instability is inhibited on the whole. The effect of the microporosity effect is roughly
opposite to that of the chemical nonequilibrium effect, and the inhibitory effect of the
former on the second mode is weaker than the promoting effect of the latter, which leads
to the instability being promoted on the whole when the two effects coexist compared with
the smooth wall condition under the calorimetric perfect gas model. Compared with the
pore effect of the calorimetric perfect gas model, the chemical non-equilibrium effect
reduces the frequency range corresponding to the second mode of pore effect
suppression, resulting in the ability of the pore effect to suppress instability in the local low
frequency range but weakens in other second mode instability regions, resulting in the

reduction of the N value caused by pore effect.



3) In chemical nonequilibrium flow, with the increase of Mach number, the first and
second modes are suppressed, the third mode is excited and gradually unstable, and the
corresponding frequencies of the peak growth rate are similar, which leads to the
decrease of the maximum N value, but the dominant frequencies are similar. If the
micropore effect is considered, the excitation of the first mode by the porous wall will be
weakened with the increase of the Mach number, and the suppression of the second
mode will not be affected. In the investigated Mach number range (10-20), the
microporosity effect can still effectively suppress the instability, but compared with the
calorimetric perfect gas condition without considering the microporosity effect, the effect of
the coexistence of the two effects is to promote.
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