PHYSICAL REVIEW FLUIDS 7, 033901 (2022)

Energy transfer of hypersonic and high-enthalpy boundary layer
instabilities and transition

Xianliang Chen ®, Liang Wang, and Song Fu
School of Aerospace Engineering, Tsinghua University, Beijing 100084, China

M (Received 11 August 2021; accepted 10 February 2022; published 8 March 2022)

In this study, the disturbance energy budget is analyzed on the derived disturbance
energy norm in hypersonic and high-enthalpy boundary layers with thermal-chemical
nonequilibrium (TCNE) effects. The disturbance growth rate is decomposed to quanti-
tatively evaluate the contribution from various classified terms. Hypersonic flat-plate flows
are investigated with various free-stream Mach numbers, free-stream temperatures, and
wall temperatures. The linear and nonlinear evolutions of disturbances are predicted using
linear stability theory and parabolized stability equations. The results show that in the
first-mode region, the disturbance growth rates are determined by the production term
(destabilizing) and the viscous term (stabilizing), while the former nearly offset the latter.
In the second-mode region, the viscous term decreases to the minimum, resulting in the
dominance of the second mode. The disturbance of the TCNE source term has a stabilizing
effect on the second mode, but at most it reduces the growth rate by 6% in a Mach 10
adiabatic case with the highest free-stream temperature of 900 K. The production term is
mainly responsible for the second-mode growth rate difference between the TCNE flow
and calorically perfect gas flow. TCNE changes the disturbance characteristics mainly
through the mean flow modification. In the oblique-mode breakdown case, the intensive
energy transfer between the selected modes and their harmonic waves is found to occur
where they interact strongly with the mean flow.

DOI: 10.1103/PhysRevFluids.7.033901

I. INTRODUCTION

Accurate prediction and effective control of the hypersonic boundary layer transition from
laminar to turbulence are crucial to the design of thermal protection systems and engine intake
of high-speed vehicles. However, this problem is still unresolved because of the high nonlinearity
and sensitivity in the transition process [1]. The flow transition is even more complicated in
high-enthalpy boundary layers due to the existence of “high-temperature (real-gas) effects” [2].
Specifically, high temperature excites the vibrational and electronic energies within molecules
and causes chemical dissociation and even ionization, all of which make the calorically per-
fect gas (CPG) assumption invalid. Instead, new physical models are required to describe the
thermal-chemical nonequilibrium (TCNE) processes [3,4]. These high-temperature effects in-
evitably influence the boundary layer transition process.

A number of numerical techniques have been developed to study flow instabilities and transition
in high-enthalpy boundary layers, including the linear stability theory (LST) [5], parabolized
stability equations (PSEs) [6,7], secondary instability theory (SIT) [8], direct numerical simulation
(DNS) [9,10], and so on. It was found that the second mode became destabilized at a higher
frequency as the TCNE boundary layer became cooler and thinner. On the other hand, chemistry
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in the disturbances had a stabilizing or destabilizing effect depending on whether a reaction was
endothermic or exothermic [11]. The use of Damkohler numbers, the ratio of the thermal-chemical
timescales to the flow timescales, of the mean flow and the disturbance helps evaluate the effects
of these two paths [12]. In addition to the second mode, the unstable supersonic mode, which
appears downstream of the second-mode region, received much attention recently. Mortensen [13]
found that the supersonic mode had a larger growth rate than the second mode on cones with large
bluntness. Based on these linear results, the ¢V method can be applied for the transition prediction.
Miré Mir6 et al. [14] compared different physical models in detail to see their impact on the
transition onset. In the nonlinear stage of the disturbance evolution, the fundamental resonance of
the second mode was found to be dominant over the subharmonic one. The TCNE effects resulted
in a higher maximum secondary growth rate and a larger corresponding spanwise wave number
[7]. Besides, the chemical reactions were found not to influence the secondary growth directly, but
indirectly affect through the change of the linear instability [15]. It can be seen that a great amount
of work has been carried out to determine the most unstable modes and their growth rates. They
are essential to identifying the dominant transition mechanisms in high-enthalpy boundary layers.
Nevertheless, further research is required on the physical structures and energy transfer mechanisms
in the disturbance evolution. Specifically, there are different terms in the governing equation for
high-enthalpy flows, describing fluid convection, viscous dissipation, pressure diffusion, energy
relaxation, species production/consumption, etc. It remains unclear the contributions of these terms
in flow transition.

Energy budget analyses are effective ways to quantitatively evaluate the contributions from
different terms and to investigate the energy transfer mechanisms in the disturbance growth. To
derive the energy budget equation, disturbance energy requires to be defined in advance. For
incompressible boundary layers, the disturbance energy is commonly taken as its kinetic energy,
leading to the well-known Reynolds-Orr equation [16]. However, the definition is not unique for
compressible, especially hypersonic boundary layers with the density and temperature disturbances
of large amplitudes. Chu [17] derived a form of energy norm for CPG to include the contribution
from all the disturbances of velocities, pressure (acoustic wave), and entropy (heat release). It
was proved that in this form, the pressure-related transfer term in the energy-norm equation was
eliminated so that the energy norm was monotonically nonincreasing in time in the absence of
energy/force sources and other external energy inputs. In addition, this form was proven to lead to a
self-adjoint system [18]. Because of its mathematical and physical foundations, this form of energy
norm was widely adopted in the analyses for CPG of transient growth [19] and energy transfer
mechanisms [20,21]. The resulting energy budget equation enabled a growth-rate decomposition
to evaluate the contribution from each term in the governing equation to the disturbance growth
[21,22].

In this work, the energy budget and transfer analyses are performed on the disturbance evolution,
as predicted by LST and PSE, in hypersonic and high-enthalpy boundary layers with TCNE effects.
The contributions from various terms in the governing equation to the disturbance growth are
evaluated, and the energy transfer mechanisms are analyzed. This article is organized as follows.
Section II provides the physical models as well as the formulations of PSE and energy-budget
analyses. Section III gives the results of a benchmark case of Mach 10 flow over a flat plate. The
cases with different mean flow parameters are studied in Sec. IV, and the nonlinear instability results
are discussed in Sec. V. The work is summarized in Sec. VI.

II. PROBLEM FORMULATIONS

A. Governing equations

Ionization processes are usually negligible at a temperature lower than 9000 K. A good approx-
imation of the five species model of air (N, O,, NO, N, O) is considered in this work [2]. Extra
conservation equations of species mass and vibrational energy are needed as compared with that
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for CPG flows [3]. The two-temperature model by Park [23] is employed, which consists of a
translational/rotational temperature 7 and a vibrational temperature 7. To provide the equations in
the nondimensional form, the following relations of nondimensionalization are employed:

x* [*U:o u* ,0* T* Tv*
X =1 =0 > U= = TZ—*, Tv=—*,
L L Us ok T T
p* T:R Cor P h* e
p= = s ptr = s = s vV T
*2 *2 * * * *
U, Uoo Cp.tr,00 cp tr, ooToo Cp.tr, ooToo (1)
* * * *
W= M Ko = Kir P v D Ds
- s tr — T 7> v— T s — )
Mo Ko Ko Dy,
* *
L, oo,
Wy = « Ur &5, Oy = U* " T*7
00~ 00 oo Cp,ir,o0t oo

where the superscript * denotes dimensional quantities, the subscript co free-stream values, and L
the reference length. The governing equations for TCNE flows are written as follows:
(1) Continuity equation:

d
a—f+V-(pu)=0 (2a)
(i) Momentum equation:
ou 7 T 2 n
— -Vu)=-V V.|—(V v - =-V|[{—V. 2b
p<3t+u u) P+ [RGL( u+ u)] 3 (ReL u (2b)

(iii) Translational/rotational energy equation:

oT ap
pcp_tr(g +u- VT) —Ecoo<§ +u- Vp)

Ecoot T 2 )
- Vu: (Vu+Va')— (v V~< VT)
Re;, |: w:(Vu+vu) 3( 2 Re; Pry
MCp,tr,m ) .
VT -VY,) -0, — T @ 2
- Z(ReLScOO 0r-s = 3 (o) (2¢)

(iv) Species continuity equation (s € [2, 5]):

aYs nw
V.| —VY, s 2d
”(8 ) (ReLScoo ‘>+”‘ 0

(v) Vibrational energy equation:

M wvr,) =V ©_vr,) - (£ vy, vy, ) 40 (2e)
Coib\ u- v ] — . v ] — — v m —v €
pCuib Jt Re; Pro Re; Scoo !

m

(vi) Equation of state:

p=pT Y (VuRu). (2f)

Here u = [u, v, w]" is the velocity vector, R, the gas constant, ¥y = p,/p the mass fraction, &
and e, the specific enthalpy and vibrational energy, c, . the translational-rotational component
of the specific heat, and c,;, = de,/dT, the vibrational component. The transport properties, the
mixture viscosity u, thermal conductivity ki, k,, and mass diffusion coefficient Dy, are calculated
through the relations by Gupta et al. [24], which were shown to be as accurate as of the solution
of the first-order Chapman-Enskog approximation in the absence of ions [25]. The collision cross
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sections between molecules are evaluated from the curve fits by Capitelli et al. [26]. The source
terms Q,_, and w; are introduced to describe the energy relaxation process [27] and the finite-rate
chemical reactions [28]. The chemical equilibrium constants are obtained from Gibbs energy fitted
by McBride et al. [29]. For full details of the adopted TCNE models, one can refer to Ref. [30]. The
dimensionless parameters in Eq. (2) are defined as follows:

U* U* U*Z
Mo — Yoo _ ECoo = —2— = (yj00 — 1)Mal,
© aj‘,oo \/m * Ptr ooTot:: ~ * (3)
U* L* wroc* *
Rep = Reo L = poo—:o, Proo = 00*[’,00 » Stao = 500* ’
s Koo pooDoo

where ay is the frozen speed of sound, and y; = ¢, /¢y, the frozen specific heat ratio.
The ten basic variables in Eq. (2) are ¢ = [p, u, v, w, T, Y;, T, ], with s € [2, 5]. Equation (2) can
be expressed in an operator form as

A (q) = S(q), 4

where the operator .4 includes unsteady, convection and diffusion terms, and S represents the
TCNE source term. The combination of p and four Y; is chosen instead of five p; because once Y;
and 7, are fixed as constants, Eq. (2) reduces to the same form as that for CPG flows [.4"(q) = 0].

B. Mean flow solver

A laminar mean flow field is needed in advance to perform stability analyses. Here the mean flow
is obtained by solving the parabolic boundary layer equation when viscous interactions are negli-
gible. The Mangler-Levy-Lees transformation is introduced to obtain a rectangular computational
domain [31]:

_ 2j
g = peUeptery” dx 0 for two-dimensional flows

J h j = . 5
Uer’p dy where {1 for axisymmetric flows ©®)
VE

Here r is the radius. Due to the presence of TCNE source terms and transverse curvature (for
cones), the boundary layer profile is not self-similar, so a streamwise marching procedure is
employed [32]. Chebyshev collocation point method and the third-order finite-difference scheme are
utilized, respectively, for discretization in the wall-normal and streamwise directions. The implicit
Newtonian iteration is employed for local convergence. The wall boundary conditions adopted are
no-slip, adiabatic or isothermal, and noncatalytic [(3Y;/dn),, = 0] for all species.

dn =

C. Parabolized stability equations

The linear and nonlinear PSE solvers for TCNE flows were described and verified in the
authors’ previous works [7,33] and are thus briefly described below. The quantity ¢ is decom-
posed into a steady laminar part g and a perturbed part q, where g = [p,U,V,W,T,Y,, T,] and
q=1[0,u,v,w,T,Ys, T,]. The governing equation for the disturbance is derived through

N@G+9 - N @ =S@+9 —S@), (6)
which can be expanded into a matrix form:
aq q q aq
F1+Aﬁ+3ﬁ+cﬁ+na
ot 0x ay

9°q 9°q 9’ q_ 9°q 9°q 9°q
=H,— +H,— +H , ,
g Ty ay2 “az2 Y axdy + T 9ydz + e dxdz

+N. @)
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Here the first 11 terms are the linear terms of ¢. F, A, B, C, D, and H are all 10 x 10 matrices, only
related to the mean flow g. N represents the nonlinear term, containing the square and higher-order
terms of ¢. Different from that in incompressible flows where Ni,c = —u - Vi, N here contains
much more terms and is also related to g as there are products of more than three variables in Eq. (2).
The software MAPLE is utilized to ensure the correctness of these complex matrix expressions. The
following Fourier decomposition is introduced for the disturbance and nonlinear term:

qx,y,7,1) = qun(x, y) exp [l(/ Uy (X)dX + nfz — mwt>:|,

m,n 0

(3
N(x,y,z,t) = Zﬁmn(x, y)exp [i(nBz — mwt)],

m,n

where B and w are the specified spanwise wave number and circular frequency, o, = oty + i
the complex streamwise wave number, §,,, the mode shape function. N,,, contains all the possible
nonlinear effects on mode (m, n) from other modes. Here the notation (m, n) denotes the mode
with frequency of mw and spanwise wave number and ng, respectively. As a result, the parabolized
governing equation is written as

~ A 2

Amn% = —If)mnqmn — émn% _ Cmnw + Ny exp (—i/ozm,,dx), 9)
ox dy 9y?

which enables a procedure of streamwise marching. The rearranged matrices Am,,, Emn, Cmn, and

Ijmn are functions of «,,,, mw, nB, and the matrices in Eq. (7). N, is the nonlinear forcing term. A

phase speed is defined as c;.,,, = mw/a;,,,. The circular frequency w is related to the disturbance

frequency f* through

1) _Fo 2 f*
Re, ~ RexUr’

(10)

where F is the global nondimensional frequency. The global spanwise wave number B = 8/Re,,
is similarly defined. If N, is ignored, the equation for each mode is decoupled from each other
to give the linear PSE analyses. In LST, the nonparallel terms related to the streamwise derivatives
are further neglected, leading to an eigenvalue problem. Note that in PSE the growth rate o is not
unique and depends on a specific quantity ¢:

109
= —q; +iRe| —— ). 11
%=t (@ ax) (b
In this paper, ¢ is selected to be the disturbance energy VE to be defined in Sec. I1 D.
The disturbance boundary conditions at the wall are

i=t=w=T=T,=9=0 at y=0. (12)
However, for steady modes (m = 0), the wall-boundary conditions are the same as those of the
laminar flow. In the far field, a nonreflective far-field boundary is employed [34]. The wall-normal
discretization employs Chebyshev collocation point method, while the streamwise discretization
employs a backward finite-difference scheme.

D. Energy norm and budget equations

With the solutions of Eq. (9) in hand, the energy transfer mechanisms can be further ana-
lyzed for modal disturbances. The energy norm E needs to include the contribution from every
component of ¢:

2E = |l = ¢"'Mq, (13)
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where M is a symmetric positive-definite matrix. The energy norm of CPG, derived in Refs. [17,19],
takes the form

~ RT OCy
¢ =1p, u v wT1", M= diag([ B D By S D (14)
p Ecoo T

bl

As a result, the disturbance energy satisfies the following linearized equation on a uniform basic
flow without external sources:

JECPG 13 Sl +RT L Pl g
= u _—
o 201 P T BT

_v-(ﬁﬁ)+v.(ﬁ.?)+v.<E"

Coo

L _VF.vT,  (5)
T

Coo

_%’vf)—?:Vi—
T

where the coordinates are moving with fluids, and the disturbances of © and « are not considered.
Equation (15) can be integrated over some space region 2. As a result, the first three terms on the
right-hand side is eliminated using Gauss theorem of divergence, if one of the following properties
are satisfied [12]: (1) the disturbances are periodic in space and (2) the velocity and temperature
disturbances tend to zero at the wall or in the far field. Consequently, the integration of Eq. (15) is
written as

0 ~ ~ o~
—/ECPGdQ:—/r:VudQ—/ K_
ot Q Q QECOOT

which shows that the energy defined in Eq. (14) for CPG is monotonically nonincreasing in time in
the absence of energy/force sources and other external energy inputs.

The physical meaning of £ ECPG is seen more easily in terms of the disturbance pressure j and
entropy s, instead of ¢ and T:

~ 17 7\ y—1 5O\
FCPG _ 2| 51512 + 532 A , 17
2|:,0|u| + pa o5 + > p EowR (17)

where a is the speed of sound. The first two terms on the right-hand side are recognized as
the total energy of sound waves (5 = 0) in acoustics, with the second term resulting from the
pressure work through compression and expansion. The third term represents the energy from heat
exchange. It is known that a disturbance on a uniform basic flow can be decomposed into a vorticity
component (transverse velocities only), an entropy component (isobaric), as well as fast and slow
acoustic components (isentropic). George and Sujith [18] showed that in the form of Eq. (14), the
eigenvectors of these components were orthogonal to each other, making the system self-adjoint.

For TCNE flows, the same procedure as that for CPG is implemented to derive the expression of
the energy norm. The disturbance equations [see Eq. (7)] on a uniform basic flow are combined
together so that the pressure-related terms appear only in the form of V - (pu). The combined
equation is written as

2 y~2 PCutr 2o PCuib 7
—T —T
(| | +Z Ec:oo +EC00T U)

€s

— TR .. é o ,
= -V .(pu)+ ( — D5 — _ T)a)s + EQ’ T(T - T) + vis., (18)

VT . VTdQ <0, (16)

Ps EcooT Coo

where vis. represents the complicated viscous terms. After a spatial integration, the pressure-work
term V - (pu) is eliminated, while the second and third terms on the right-hand side are the energy
exchange by the TCNE source terms. The resulting form of the energy norm for TCNE flows is
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written as

pEv,lr =2 Dévib =2 ~H
_ T+ _T-=¢q"'Mg,
EcooT EcooT ° 7 %4
ET

~ N TR _ _~HL. o~ _ o~
2E = plial’ + —7" + pTY RyY +2T ) (Ru — R)PY, +
N— 0

m

EU

ED
(19)

where the notations of EU, ED, and ET are introduced for later discussion in Sec. III. Here o, has
been replaced with 5 and Y;, and the expressions of the matrices are

1111 R> Y,
R R 1111 R; 5 Ys 0)
rERg |t R, “nl
1111 Rs Y5 |
I Ry — R)T ]
P
b
M= p s,me[2,5. (21)
/_)Ev,tr
_ EcooT _
(Rs - Rl )T pTRY,sm
PCuib
L Ecoolf i

Although M is not diagonal, it is positive definite, meeting the requirement of energy-norm
definition.

The governing equation of the disturbance energy in boundary layer flows are obtained through
left-multiplying g MF ~' to Eq. (7). As the terms in the equation are numerous, they are classified
on their physical properties. Matrix A (also B and C) contains the terms related to convection,
pressure work, and viscous transport:

A=UF + A" + A"S, (22)

The elements in D are from the pressure-work, production, viscous transportation, and TCNE source
terms, respectively:

D = DP3 4 Dprod + Dvis 4 Dsrc’ Dprod — pnm 4 prpara (23)

Here DP™¢ is further divided into two parts: the first part D™ is related only to the wall-normal
derivatives of basic flow (39g/dy); the second part D"P*™® comes from the nonparallelism of the
boundary layer flow (9g/dx and V). The elements in H are all from the viscous transportation.
The classified governing equation is written as
DE N
D_t:£+/\f, L=P+E+T+V+S, (24)
where £ and NV represent the energy transfer through linear and nonlinear mechanisms, respectively.
The specific expressions of these terms are the following:
(1) Material derivative of the disturbance energy:

DE 9E _93E 3E ;.99 1. 0M_
=== 4t g == 25
Dr o TV T TYE MG TRV e (252)
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(i) Work done by the pressure disturbance:

1 ~ o~ o~
n=——¢g"MF™! ApS +BPS —i—CpS +DpS +cc.=—-Re@'-Vp+p'V-u)
2 ax ay 0z —
DF DL
(25b)
where { and c.c. denote complex conjugate. DF and DL represent the energy transfer due to pressure
diffusion and dilatation.
(iii) Production term (wall-normal derivatives only):

PU PT
—_——
~ LU 0 oT BT
P=—= HMF D"™g +c.c. = —Re | pil' v— + P (e, TF Coi v
2 dy  EceT ' ay ay
R, _0p )
+ 5,0 + (R —R])Ym UT@ + (R —R)P" + PRy, AmY )UTW (25¢)

PD

The production term represents the energy transfer from the mean flow to the disturbance. Note that

the first term of P, PU, comes from the Reynolds stress. Besides, there is energy transfer due to the

gradients of the temperature, density, and species mass fractions of the basic flow (PT and PD).
(iv) Production term due to nonparallelism:

1 ~ - 0dg 1_0M_
g=——g(MF DG+ vme _ 5285 4. (25d)
2 ady 2 ox
(v) Viscous diffusion and dissipation:
1oy -1 ~ 825
V — _ MF AVIS BVIS CVlS DVIS + HXX
2 ox ay 0z
3% 3% 3% 3%q
H,—+H,—+H,—— +H,—— c.c.= VU4 VT 4+ VY. 25e
+ ’axaer " 9y2 e T y”8y8Z>+ TV (23¢)

The viscous term contains three parts: (1) VU, the terms related to velocity gradients; (2) VT, the

terms related to the gradients of 7" and 7,,; and (3) VY, the terms related to the gradients of Y. These

three parts represent the diffusion and dissipation of momentum, energy, and mass, respectively.
(vi) Energy transfer due to the disturbance of TCNE source terms:

S=—1¢"MF~'D"q +c.c. (25¢)

Here D contains the derivatives of @, and Q,_, towards p, T, T,, and Y.
(vii) Energy transfer by nonlinear terms:

N =1g"MF~'N +cec. (25g)

Note that £ represents the energy exchange between the mean flow and the disturbance, while N
primarily represents the energy exchange among different Fourier modes of the disturbance. As it
is related to g, AV also contains the interactions among the mean flow and more than two modes.

To study the energy transfer of a single mode, ¢ is replaced with Eq. (8) for a single mode to give

E = %@\HM?q\exp <—2fa[ dx) = Eexp (—Z/ai dx). (26)

Here the subscripts m and n are omitted for clarity. The other terms in Eq. (24) are transformed
similarly. Special care is posed on the material derivative term, which is rewritten as

DE  _[dE _
Dr = U(B_ — 2a; E) exp (—2/01,{1)() =205 UE exp (—2 / ot,-dx), 27
X
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TABLE I. Free-stream parameters for the Mach 10 TCNE flow over a flat plate.

Ma,, Req (/m) T (K) Py (Pa) Ug (m/s) Ny .00 Ty (K)

10 6.6 x 10° 350 3582 3750 0.78 Adiabatic

where og is the growth rate based on VE. [see Eq. (11)]. Take o = og(x) and integrate Eq. (27)
along the wall-normal direction, which gives

% DE <
/ — dy = 20 exp (—2 / o:,-dx) / UE dy =ogl. (28)
o Dr 0

Therefore, if the wall-normal integration is also made on the right-hand side of Eq. (24), then the
direct contribution from each term is obtained to the growth rate. For example, the contribution from
the linear mechanism L is

o L
oL = [ Lrdy, Lr=—, (29)
0 r
(@) 12 , 5 (b) 005
32 kHz 51 kHz
10 —35kHz 71 kHz
——39kHz - —-envelop 0.04
——43 kHz Z
8 b
0.03
N 6 (n);
0.02
4 b
2l 0.01
0 : 0
0 5 10 15 0 0.5 1
x* (m) U
0 0.5 10 01 02 0 01 02 0 R 5 0 0.010.02 -180 -90 O 90 180
1D || bl |T| [0, | Phase angle (deg)

FIG. 1. Overall view of the LST results for the Mach 10 flat-plate flow: (a) N factor curves of two-
dimensional waves, (b) mean flow profiles where the envelop of N reaches 10, and (c) shape functions of
the second-mode disturbance with f* = 43 kHz.
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FIG. 2. Energy norm of the second-mode disturbance corresponding to the disturbance in Fig. 1(c):
(a) energy amplitude, (b) ratio in amplitude of each component.

where Lr is defined as the contribution density of £ to the growth rate. Consequently, the growth
rate of the disturbance energy oy is divided into several parts based on Eq. (25):

og =o0r+0on, Oof=o0p+o0g+on+oy+os. 30)

The similarly defined growth-rate decomposition was also applied in Refs. [20,22] for the instability
analyses in CPG flows.

III. BENCHMARK CASE RESULTS

First, the basic characteristics of the disturbance energy transfer in the TCNE boundary layers are
analyzed from linear instability results. The test case is a hypersonic and high-enthalpy flow over a
flat plate, with the parameters, as listed in Table I, adopted from the classic reference by Malik and
Anderson [5] using equilibrium-gas models and also Hudson et al. [35] using TCNE models.

An overall view of the LST results is provided in Fig. 1. The two-dimensional (8 = 0) second
mode has the largest growth rate and is thus responsible for the N factor curves in Fig. 1(a). The
envelope of N reaches 10 at x* = 11.5m, which is evaluated as the transition onset in this case,
and the corresponding disturbance frequency is 43 kHz. The laminar boundary-layer profiles at
x* = 11.5m are plotted in Fig. 1(b). The vibrational temperature T, is nearly identical to T as an
indication of local thermal equilibrium. Around half of the oxygen is dissociated near the wall.
Figure 1(c) plots the shape functions of the second mode with the frequency f* of 43kHz at x* =
6.1 m where the growth rate is the highest. All the variables are normalized using the pressure
disturbance at the wall. The velocity component 9 has comparative amplitude with |i|, and their
amplitude peaks are both located near the wall. In comparison, |T'| and |¥;| have peaks around the
critical layer (where U = ¢,). At y* < 8 mm, the phase angles of all the variables are near 0 except
for ¥, whose phase is around 90° larger. The phase difference is key to the energy transfer process,
as discussed later.

As defined in Eq. (19), the energy norm of the second-mode disturbance related to Fig. 1(c)
is plotted in Fig. 2. Different from the shape functions, the peak value of £ around the critical
layer is over 12 times larger than those in the near-wall region. This peak is formed owing to the
large amplitudes of ET and ED there. Figure 2(b) gives the contribution from each component by
percentage. It is seen that over half of £ comes from the kinetic energy (EU) at 3mm < y* < 16 mm
and y* > 29 mm, though the amplitude is relatively low.

The profiles of different terms in Eq. (24) are shown in Fig. 3 for the second-mode disturbance. In
the LST calculation, the flow is assumed to be locally parallel, so E = 0. The component of P [see
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FIG. 3. Amplitude of different terms in the energy budget equation for the second mode: (a) production
term PP, (b) viscous term V, (c) pressure work term IT, and (d) TCNE source term S.

Eq. (25¢)] takes the form of Re(C @Tf;), where C is a mean flow coefficient. Therefore, the sign of P
is directly related to the phase difference between v and ¢. If the phase difference is exactly +90°,
then Re(¢ ) = 0. Consequently, P is relatively small at y* < 8 mm. Only one peak is located near
the critical layer in PT and PD, as also noted in Ref. [36]. In comparison, PU is mildly distributed
throughout the boundary layer and makes most of the contribution to P at y* < 0.02 m. For the
viscous term V, the contribution from the mass diffusion and dissipation (VY) is negligible. V acts as
an energy sink in most regions with the largest contribution from VT. VU mainly contributes near the
wall where the velocity gradients are large. VT also has a large amplitude close to the wall, despite
the adiabatic boundary condition. This local extreme is owing to «;8>7 /3y?. It is observed that IT
transfers the energy from the middle region of the boundary layer towards the wall. The pressure
diffusion process (DF) consumes energy in most regions, while the pressure dilatation process (DL)
positively contributes to the energy growth in the near-wall region. This positive contribution comes
from the pressure work through fluid compression, and is associated with the acoustic nature of the
second mode between the wall and the sonic line [37]. Besides, this dilatational pressure work can
have considerable influence on the surface heat flux in the transitional region [38]. The TCNE source
term S acts as an energy sink. This is consistent with the findings by [11,39] that the disturbances
of TCNE source terms (endothermic reactions here) are stabilizing. Nevertheless, S is an order of
magnitude smaller than the other terms in this case, which indicates that the effect of S on the energy
growth is negligible. The same conclusion was drawn in [12] through an analysis on the disturbance
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FIG. 4. Decomposition of the disturbance growth rate for the two-dimensional waves with f* = 43 kHz.

Damkothler number. The present calculation provides more quantitative evidence from the energy’s
perspective.

Next, the contribution of each physical process to the disturbance growth rate is quantified
using Eq. (30), as shown in Fig. 4. The disturbance gains energy from the mean flow through
the production term P to support the growth of the first and second modes. On the other hand,
the disturbance is stabilized by the viscous term ) throughout the computational domain. This
stabilization effect is the strongest in the most upstream location and continuously weakens down-
stream until x* = 4.8 m. |oy| then begins to increase and remains nearly constant downstream of
the second-mode region. It is widely known that the second-mode instability has an inviscid nature,
where the inviscid production term P reaches its maximum. Furthermore, the results here show that
the stabilizing effect of the viscous term is also minimal in the second-mode region, which reinforces
the dominance of the second-mode instability. The overall contribution from the pressure work is
offset through the integration in the wall-normal direction [see Eq. (18)], so oy & 0 in most of the
streamwise regions. It has a slightly stabilizing effect on the second mode, where the disturbance
amplitude undergoes rapid amplification. os is an order of magnitude smaller than the other terms.

Referring to Eq. (29), op is the wall-normal integration of the contribution density Pr. The
contours of Pr and the other terms are displayed in Fig. 5. Here the y coordinate is normalized
using the local nominal thickness 8§, where U (8) = 0.99, for clarity because the boundary layer
thickness increases with x. As discussed in Fig. 3, the production term concentrates around the
critical layer. This is consistent with the observation by Franko [36]. There is a region with negative
Pr atx* < 2 m because of negative PT and PD. This means that the energy is transferred back to the
mean flow, whereas op is still positive (see Fig. 4). On the contrary, Vr has a small concentration
of positive values at x* < 2m, owing to the thermal diffusion, as shown in Fig. 5(b). Around the
second-mode region, |Vr| decreases sharply near the critical layer, and its local peak in the wall-
normal direction shifts to the near-wall region. The role of Il is to transfer the energy from the
middle of the boundary layer towards the wall in the second-mode region. In the first-mode region,
[ concentrates mainly around the boundary-layer edge. Sr primarily consumes the disturbance
energy near the wall. The most affected region by Sr is the second-mode region. At last, the contours
of Lr, the sum of the above four terms, are plotted in Fig. 5(e). It is observed that T and Vr are
almost offset in the near-wall region, indicating an equilibrium between the diffusion and dissipation
there. As a result, Lr distributes only near the critical layer, where the disturbance energy gains the
largest growth.

The nonparallelism of the boundary layer flow, as neglected in LST, is investigated below by
using linear PSE. As shown in Fig. 6(a), due to nonparallelism, oz has a small positive contribution
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FIG. 5. Contours of the contribution density [see Eq. (29)] to the growth rate in the x-y plane: (a) production
term Pr, (b) viscous term Vr, (c) pressure work term I, (d) TCNE source term Sr, and (e) sum of the former
four Lr.
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FIG. 6. Disturbance evolution from PSE: (a) decomposed growth rate and (b) contribution density contours
of the nonparallelism term E.
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FIG. 7. Growth rate contours (—c;, 1/m) with different frequencies and spanwise wave numbers (a) as
well as the growth-rate decomposition at the frequencies corresponding to the most unstable second (b) and
first modes (c).

to the growth rate at x* < 4 m, which is consistent with the previous finding that nonparallelism was
slightly destabilizing and had more influence on the first mode [40]. Further downstream, oz tends
to zero and thus the growth rate from PSE is quite close to that from LST. The spatial distribution of
Er is depicted in Fig. 6(b). The peaks and valleys in the wall-normal direction are all located near
the critical layer. The maximum value of |Er| in the first-mode region is even larger than |Pr|, but
the local net contribution og is small with the consideration of a wall-normal integration. Again, the
analysis of the energy budget provides a way to quantitatively evaluate the effects of nonparallelism
and to find out its spatial distribution.

The above discussions are limited to two-dimensional disturbances. It is known that the most
unstable second mode is two-dimensional, while the most amplified first mode is three-dimensional,
as presented in the growth rate contours in Fig. 7(a) at x* = 6.1 m. The frequencies of the most un-
stable first and second modes are 18 kHz and 44 kHz, respectively. The growth-rate decompositions
are calculated at these two frequencies for the most unstable first and second modes, to study the
contributions of different terms for three-dimensional disturbances. For both modes, the stabilizing
effect of V strengthens with the increase of §. In comparison, op peaks at §* of 73 /m in the
first-mode case, causing the most unstable wave three-dimensional.

IV. CASES WITH DIFFERENT MEAN FLOW PARAMETERS

In this section, a parametric study is performed in terms of gas models, wall temperature T,
free-stream Mach number Ma,, and free-stream temperature 7.

First, the benchmark case is recalculated using the CPG assumption for comparison. The same
air composition and transport models (instead of Sutherland’s law) as those in the TCNE case
are employed for consistency. The comparisons of the mean flow profiles and two-dimensional
disturbance growth rate by LST are plotted in Fig. 8 at x* of 6.1 m. Due to the energy relaxation
and chemical reactions, the wall-temperature for the TCNE case is 2140 K lower, so the density in
the boundary layer rises and thus the nominal thickness decreases by 21%, compared to that in the
CPG case. Consequently, the second mode is destabilized at a higher frequency in the TCNE case,
as shown in Fig. 8. The growth rate decomposition is performed to identify the term responsible
for this discrepancy. Figure 9 provides the distribution of op and oy of the disturbance in the
TCNE and CPG cases at x* of 6.1 m. The contribution from oy and os is negligible and thus not
shown. As can be seen, the two curves of oy, are close to each other within the frequency range,
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FIG. 8. (a) Mean flow profiles and (b) disturbance growth rate with different frequencies at x* of 6.1 m for
the Mach 10 flat-plate flow case in the TCNE and CPG flows.

though the difference tends to be slightly larger with frequency increase. The main difference in the
second-mode growth rate comes from op. Again, it is concluded that compared with the CPG flow,
TCNE changes the disturbance characteristics mainly through the mean flow modification.

Afterward, T,, in Table I is reduced to 1050 K to study the effects of wall cooling in the TCNE
flow. As compared with that in Fig. 1, the location where the envelope of N reaches 10, moves
upstream to x* = 7.9 m at the disturbance frequency of 59 kHz. The laminar profiles at x* = 7.9 m
are depicted in Fig. 10(a). The maximum temperature in the boundary layer is less than 2000 K,
which inhibits the excitation of vibrational energy and chemical dissociations. As a result, the
thermal process is in nonequilibrium, and the species fractions remain almost chemically frozen.
Figure 10(b) gives the streamwise distribution of the decomposed growth rates [see Eq. (30)]. Due
to wall cooling, the first mode is suppressed to be stable, while the second mode is destabilized.
The comparison with that in Fig. 4 shows that op is more affected by wall cooling than oy,
mainly responsible for the stabilizing and destabilizing effects on modes. oy has similar streamwise
distribution as that in the adiabatic-wall case and also reaches its maximum (minimum in absolute
value) in the second-mode region.

The contribution densities of different terms are depicted in Fig. 11. The production term still
concentrates near the critical layer though the mean flow gradients of temperature are large near the

5| —— op TCNE
—— gy TCNE
--¢-- op CPG

| —e-- gy CPG

SN

FIG. 9. Decomposition of the disturbance growth rate in the TCNE and CPG cases at x* of 6.1 m.

033901-15



XIANLIANG CHEN, LIANG WANG, AND SONG FU

() (b) 5 : ‘ YA
0.02 —sum (~a;) ®
4+ == Op
oy
0.015 3 —4- on
—v-- 0§
)/* a_* 2 L In
(m) 0.01 (1/m) i
1. J
M
0.005 (1} e
1
0 L
0 05 1 2 4 6 8 10
U X" (m)

FIG. 10. (a) Mean flow profiles at N envelope of 10 and (b) distribution of the decomposed growth rate for
the Mach 10 flat-plate flow case with cold wall.

wall with the isothermal boundary condition. There appears a positive region within 0.2 < y/§ <
0.6 around the second-mode region, as compared with that in Fig. 5. This contribution comes from
the term PU. The distribution patterns of Vr, I, and St are all similar to those in the adiabatic-wall
case. Again, I1r and Vr almost offsets in the near wall region for the second mode. These are some
universal characteristics of energy transfer mechanisms in terms of 7, variation.

Two more cases with Ma, of 5 and 15 are investigated. The free-stream parameters T3, p7 , and
U remain the same, and both temperature boundary conditions are adiabatic. Figure 12 provides
the laminar flow profiles at N of 10 (x* = 13.8 m and 26.8 m for the two cases), as well as the
decomposed disturbance growth rates at the corresponding frequencies (f* = 33 kHz and 28 kHz).
At May, of 5, the temperature in the boundary layer is too low to trigger any chemical reactions.
The vibrational energy is excited, and the difference in 7* and 7,* at the wall is only 90K. In
the first-mode region (x* < 1 m), both op and oy have large amplitudes. Further downstream,
|oy| continuously decreases and reaches its minimum in the second-mode region. In contrast, op
reaches its maximum there to allow a strong growth of disturbance. It is observed that op has large
values both in the first- and second-mode regions. It is the different amplitude of oy that leads
to the significant difference in the growth rates between the first and second modes. Besides, op
has a damping effect in the second-mode region and reduces (—c;) by 15% at most. As shown
in Fig. 12(c), when Mag, reaches to 15, both T* and 7, are over 5000 K, and thus the oxygen
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FIG. 11. Contours of the contribution density to the growth rate in the x-y plane with cold wall: (a) produc-
tion term Pr, (b) viscous term Vr, (c) pressure work term ITr, and (d) TCNE source term Sr.
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FIG. 12. Mean flow profiles at N envelope of 10 (a), (c) and the distribution of the decomposed growth rate
(b, d) for the Mach 5 (a), (b) and Mach 15 (c), (d) flat-plate flow cases.

is almost dissociated within the boundary layer. At such a high Mach number, the second-mode
growth is reduced due to strong compressibility [37], so it takes quite a long distance for the N factor
envelope to reach 10. Although the vibrational energy and the monatomic species are highly excited,
the contribution from o is still small. It has a stabilizing effect of up to 5% on the second-mode
growth rate.

The free-stream temperature is changed in the Mach 10 adiabatic-wall case to study the effects
of TCNE. Two more cases with 7% of 600 K and 900 K are considered with Res, = 6.6 x 10° /m.
These high free-stream temperatures can be obtained for flows behind an oblique head shock or
from a high-enthalpy reservoir [41]. The laminar temperature and species profiles at x* of 10 m
are compared in Fig. 13(a). Higher T} leads to severer high-temperature effects. The mass fraction
of the nitrogen atom exceeds 10% near the wall for the case with T} of 900 K. The boundary
layer becomes thinner and cooler (in terms of the nondimensional temperature) with the increase of
17 . Consequently, the maximum growth rate of the second mode increases and the corresponding
streamwise location moves downstream, as shown in Fig. 13(b). Here the frequency F = 1.1 x 107>
is set for all three cases. The streamwise distribution of os is also plotted for comparison. Due to the
damping effects of S, the second-mode growth rates are reduced by as much as 5% and 6% in the
cases with T of 600 K and 900 K, respectively. Nevertheless, o5 is not yet the dominant component
in the second-mode growth even with 7} of 900 K. The contribution densities of S are depicted in
Fig. 14 at two different 7. Sp- contributes mainly near the wall in the second-mode region for both
cases, whose patterns bear a strong resemblance to that in Fig. 5 and are thus insensitive to 7.
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FIG. 13. Mean flow profiles at x* = 10 m (a) and the distributions of decomposed growth rate (b) for the
Mach 10 flat-plate flow cases with different 7.3 .

V. NONLINEAR INSTABILITY RESULTS

The nonlinear process of the disturbance evolution is investigated in this section. An oblique-
mode breakdown case is simulated here as one of the most important transition mechanisms in
hypersonic boundary layers [42,43]. The Mach 10 flat-plate flow case with 7 = 600K is adopted.
The disturbance frequency F of the oblique mode (1, 1) is 1.1 x 1073, the same as that in Fig. 13,
and the corresponding maximum N factor is around 10. The global spanwise wave number B of
mode (1, 1) is selected to be 6 x 107° to cause large growth of the streamwise vortex mode (0, 2)
and other modes. The initial disturbance amplitude of mode (1, 1), A(1 1)» affects the relative strength
of mode (0, 2), where the mode amplitudes are measured by the root mean square of the streamwise
velocity disturbance 5. Here A?] h is set to 0.05% at the numerical inlet (x* = 4 m) to simulate a

natural transition condition. A” (1.1) Will be varied later to see its effects.

The streamwise amphtude development of the selected waves is displayed in Fig. 15(a). The
evolution of mode (1, 1) from linear PSE is also plotted for reference. The amplitude discrepancy
of mode (1, 1) between the linear and nonlinear calculations starts at x* of 7.3 m with the amplitude
of 0.07. The amplitude evolution of the two- and three-dimensional waves (2, 0) and (2, 2) is nearly
identical throughout the domain. They are almost in saturation downstream x* of 7.5 m. In contrast,
the streamwise-vortex mode (0, 2) grows rapidly and exceeds (1, 1) in amplitude at x* of 7.1 m,
becoming dominant. Mode (0, 4) also experiences a dramatic amplification, as comparable to mode
(0,2) at x* = 8m.

The growth-rate decomposition in Eq. (30) is employed to distinguish the contribution from the
linear and nonlinear mechanisms. The streamwise distribution of o, and o, along with their sum,

(a) s 500 S0 (p) 50 0 50
’ } S T Tl } Sr R Tl
| |
16 10 } 2nd mode } 2nd mode
0.5 }/ }/
00 | . L —
2 5 8 11 14 2 5 8 11 14
x*(m) x*(m)

FIG. 14. Contribution density contours of the TCNE source term Sr to the growth rate in the x-y plane for
the Mach 10 flat-plate flow cases with T of (a) 600 K and (b) 900 K.
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FIG. 15. Streamwise distributions of the disturbance modes’ amplitudes (a) and decomposed growth rates
[(b) for mode (1, 1), (c) for mode (2, 0), and (d) for mode (0, 2)] in the oblique breakdown case. The legends
in (c) and (d) are the same as that in (b).

—a;, are all plotted in Figs. 15(b)—15(d) for modes (1, 1), (2, 0), and (0, 2), respectively. In the LPSE
calculation, the nonlinear terms are neglected except at the inlet to initiate modes (2, 0) and (0, 2).
For mode (1, 1), o, obtained from NPSE is even larger than that from LPSE downstream x* of 6.5 m.
However, \ starts to strongly reduce the mode’s growth when the harmonic waves attain relatively
large amplitudes. This indicates that the oblique second mode obtains more energy from the mean
flow and transfers it to the harmonic waves. Further downstream, strong oscillations are observed in
the growth-rate curves. These oscillations were also observed in DNS calculations [44,45], which
are mainly due to the highly inflectional flow profiles and complex nonlinear interactions when the
harmonics are in large amplitudes. A further decomposition on o, shows that the oscillations are
mainly caused by the production term, while the viscous term slightly changes. This shows that
energy transfers rapidly back and forth among mode (1, 1), the mean flow, and other modes. Mode
(2, 0) in the LPSE case first experiences damping upstream x* of 5.3 m and then amplification. In
comparison, o of mode (2, 0) obtained from NPSE is lower than that from LPSE, and maintains at
around —2.5 /m downstream x* of 4.5 m. Thus, mode (2, 0) is more stable in terms of the basic flow
due to the distortion by nonlinear interactions. However, mode (2, 0) from NPSE still has a relatively
large growth rate (—o;) owing to the energy transfer mainly from mode (1, 1) upstream of 7 m. The
growth rate curves intensively oscillate downstream x* of 7.4 m. The mechanisms are different for
mode (0, 2). o of mode (0, 2) continuously decreases downstream x* of 4.3 m. Instead, the linear
mechanism is mainly responsible for the rapid amplification of mode (0, 2); in other words, mode
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FIG. 16. Contribution density contours of the production term in (a) LPSE and (b) NPSE calculations, as
well as (c) the disturbance energy profiles for mode (0, 2).

(0, 2) obtains energy mainly from the mean flow, rather than directly from mode (1, 1). This is
consistent with the findings by Schmid and Henningson [46] for incompressible boundary layers.
Zhang [47] also showed that the large amplitude of mode (0, 2) in hypersonic boundary layers was
the result of the characteristics of its linear operator. Furthermore, o obtained from NPSE is seen
to be much larger than that from LPSE. This difference primarily comes from the production term,
which means that the energy transfer from the mean flow to mode (0, 2) is strengthened at the
presence of mode (1, 1) through the distortion of mode (0, 2) profile.

Figures 16(a) and 16(b) depict the spatial distribution of Pr of mode (0, 2) in the LPSE and
NPSE cases. Pr from NPSE increases heavily in the middle and near the edge of the boundary
layer, which is attributed to PU and PT, respectively. The disturbance energy profiles obtained
from NPSE are plotted in Fig. 16(c) at different streamwise locations where nonlinear effects are
significant. Two sharp peaks appear around the edge and in the middle of the boundary layer,
respectively, strengthening the energy exchange between fluids in these two regions. More energy
concentrates around the edge than in the middle as the profiles develop further downstream. The
spatial distribution of mode (0, 2) discussed above might change with the vortex strength variation.
This is checked by comparing the results with another two NPSE cases with A? 1.1y of 0.5% and
0.005%, respectlvely, as shown in Fig. 17. The initial amplitude of mode (0, 2) rises by a factor of
100 when A? | 1y increases by 10, because its generation is due to nonlinear interaction. Nevertheless,
the followingy growth of mode (0, 2) downstream is dominated by the linear mechanism in all the
three cases with different A?, |,. Besides, the amplitudes of mode (0, 2) in the three cases all surpass

mode (1, 1) further downstream. The contours of Pr of mode (0, 2) with different AO1 ) are plotted
in Figs. 17(b) and 17(c) in the same style as Fig. 16(b). Pr from NPSE primarily dlstrlbutes in the
middle and near the edge of the boundary layer in both cases, which is shown to be insensitive to
the vortex strength variation.

In the case with A( 1.1) 0f 0.05%, the contours of Lr and Nt from NPSE for three typical modes,
(1, 1), (2, 0), and (4, 4) are depicted in Fig. 18. The critical layer labeled is based on the phase
speed of mode (1, 1). L concentrates between the critical layer and the boundary-layer edge
when the disturbance is exponentially amplified, as discussed in Sec. III. When the nonlinear term
becomes non-negligible, Lr gradually covers the entire boundary layer, including the near-wall
region. This is attributed to the growth of the streamwise vortex modes, which distorted the mean
flow profile. Besides, there are positive zones outside the laminar boundary layer downstream x* of
7.5 m, increasing the transitional boundary-layer thickness. It is interesting to note that the contours
of Ar bear strong resemblances to those of Lr downstream x* of 7.3 m throughout the boundary
layer, except for the opposite sign. This indicates that the intensive energy transfer among mode
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FIG. 17. (a) Streamwise distribution of the disturbance modes’ amplitudes for cases with different A, |,
as well as the contribution density contours of the production term in the NPSE cases of (b) A, |, = 0.5% and

(©) AY, ;) of 0.005%.

(1, 1) and others occurs where mode (1, 1) interacts strongly with the mean flow. This correlation
between Lr and AT also exists for other unsteady modes, such as modes (2, 0) and (4, 4) whose
contours of Lr and N are plotted in Figs. 18(c)-18(f). It is concluded that when these unsteady
modes are saturated in amplitudes, their primary role is to transfer the energy from their harmonic
waves (or the mean flow) where they obtain the energy from the mean flow (or their harmonic
waves).

Finally, the effect of the TCNE source term, S, is studied in the disturbance nonlinear evolution
with AP, | of 0.05%. Figure 19 plots the streamwise distribution of o5 for the three selected modes.
In the LPSE case, S is slightly stabilizing for all three modes. For modes (1, 1) and (2, 0), os
in the NPSE case follows the trace from LPSE downstream until x* of 6.7 m, and then begins
to oscillate. os of mode (2, 0) is several times larger than that in the LPSE case downstream of
saturation. However, the amplitude is still an order of magnitude smaller than the other terms. The
streamwise-vortex mode (0, 2) is least affected by S in both the LPSE and NPSE cases. In the NPSE
case, however, S is slightly destabilizing on mode (0, 2) though the growth rate is in the order of
0.01 /m.
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FIG. 18. Contribution density contours of the linear and nonlinear mechanisms, £ and Ny, for modes (1,

1) (a), (b), (2, 0) (¢), (d), and (4, 4) (e), ().

033901-21



XIANLIANG CHEN, LIANG WANG, AND SONG FU

FIG. 19. Streamwise distribution of the TCNE source term o for modes (1, 1), (2, 0), and (0, 2) in the
LPSE and NPSE cases.

VI. CONCLUSIONS

In this study, the expression of the disturbance energy norm for TCNE flows is derived (see
Sec. IID). According to it, we classify the terms in the governing equation of the disturbance
energy: the production term is related to the energy exchange with the mean flow, the viscous
term the dissipation and diffusion, the pressure work term the dilatation and diffusion, the TCNE
source term the energy relaxation and species production/consumption, and the nonlinear term
the energy exchange among different modes and the mean flow. Using both LST and PSE, the
disturbance energy transfer mechanisms are explored in high-enthalpy boundary layers. In addition,
the disturbance growth rate is decomposed to evaluate the contribution from each classified term
[see Eq. (30)].

In the first-mode region, the growth rates are determined by the production term (destabilizing)
and the viscous term (stabilizing), while the former nearly offset the latter. In the second-mode
region, the viscous term decreases to the minimum, resulting in the dominance of the second mode.
From the results with various spanwise wave numbers of disturbances, the production term causes
the most unstable first-mode wave three-dimensional (see Fig. 7). The disturbance of the TCNE
source term has a stabilizing effect on the second mode. It reduces the growth rate by at most
6% in the case of a Mach 10 adiabatic flat-plate flow with the highest free-stream temperature of
900 K. The pressure work term transfers energy from the middle of the boundary layer towards
the wall. This positive contribution near the wall is strong and mainly comes from the dilatational
pressure work, which is associated with the acoustic nature of the second mode between the wall
and the sonic line. The contribution densities to the growth rate [see Eq. (29)] of both the production
and viscous terms maximize near the critical layer. Moreover, their spatial distributions are similar
among the cases with various 7%, Ma,, and T}, which reflects the universal characteristics of the
energy transfer mechanisms. Compared with the results under the CPG assumption, the second
mode is destabilized at a higher frequency in the TCNE case. The production term is mainly
responsible for this difference in the second-mode growth rate, while the contribution from the
disturbance of the TCNE source term is negligible. Therefore, TCNE changes the disturbance
characteristics mainly through the mean flow modification.

The energy transfer mechanisms in the nonlinear disturbance evolution are studied through
an oblique-mode breakdown case with initially a pair of oblique waves (1, +1). It is the linear
mechanism, not the nonlinear one, that dominates the rapid amplification of the streamwise vortex
mode (0, 2). In other words, the energy gain of mode (0, 2) comes much more from the mean flow
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than from mode (1, 1). Nevertheless, mode (1, 1) is found to strengthen the energy transfer from
the mean flow to mode (0, 2) by the distortion of mode (0, 2) profile. This increase of the linear
contribution density L£r primarily locates near the edge and in the middle of the boundary layer. This
spatial distribution is shown to be insensitive to the vortex strength variation. When the harmonic
waves are in comparable amplitudes with mode (1, 1), Lr gradually covers the whole boundary
layer. For the unsteady modes, the contours of N bear strong resemblances to those of Lr with
an opposite sign. This indicates that the intensive energy transfer between these modes and their
harmonic waves occurs where they interact strongly with the mean flow. The streamwise-vortex
mode is least affected by the TCNE source term S. Although the stabilizing effect of S is several
times stronger in the nonlinear regions, it is still an order of magnitude smaller than those of the
production and viscous terms.
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