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KEYWORDS Abstract The high-temperature non-equilibrium effect is a novel and significant issue in the flows
Non-equilibrium; over a high Mach number (above Mach 8) air-breathing vehicle. Thus, this study attempts to inves-
Scramjet inlet; tigate the high-temperature non-equilibrium flows of a curved compression two-dimensional scram-
Starting ability; jet inlet at Mach 8 to 12 utilizing the two-dimensional non-equilibrium RANS calculations.
Thermochemical; Notably, the thermochemical non-equilibrium gas model can predict the actual high-temperature
Work performance flows, and the numerical results of the other four thermochemical gas models are only used for com-

parative analysis. Firstly, the thermochemical non-equilibrium flow fields and work performance of
the inlet at Mach 8 to 12 are analyzed. Then, the influences of high-temperature non-equilibrium
effects on the starting characteristics of the inlet are investigated. The results reveal that a large sep-
aration bubble caused by the cowl shock/lower wall boundary layer interaction appears upstream of
the shoulder, at Mach 8. The separation zone size is smaller, and its location is closer to the down-
stream area while the thermal process changes from frozen to non-equilibrium and then to equilib-
rium. With the increase of inflow Mach number, the thermochemical non-equilibrium effects in the
whole inlet flow field gradually strengthen, so their influences on the overall work performance of
the high Mach number inlet are more obvious. The vibrational relaxation or thermal non-
equilibrium effects can yield more visible influences on the inlet performance than the chemical
non-equilibrium reactions. The inlet in the thermochemical non-equilibrium flow can restart more
easily than that in the thermochemical frozen flow. This work should provide a basis for the design

and starting ability prediction of the high Mach number inlet in the wide operation range.
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Nomenclature

p Density (unit: kg/m?)

T Static temperature (unit: K)

D Diffusion coefficient (unit: m?/s)

t Time term (unit: s)

Y Mass fraction

P Static pressure (unit: Pa)

u Velocity (unit: m/s)

E Specific total energy (unit: J)

H; Specific total enthalpy of species (unit: J/kg)

N Number of molecular species

o Mass generation source term (unit: kgm™ - s71)
Subscripts

00 Free stream

i,J Direction

k Reaction order

\% Vibrational

tr Translational-rotational

Abbreviations

TCFG ThermoChemical Frozen Gas

TCNEG Thermochemical Non-Equilibrium Gas
TNCFG Thermal Non-equilibrium Chemical Frozen Gas

CNEG Chemical Non-Equilibrium Gas
TPG Thermally Perfect Gas

HLLC Harten-Lax-van Leer Contact
TVD Total Variation Diminishing

1. Introduction

An air-breathing propulsion system has some outstanding
advantages such as hypersonic cruise, reusability, and high
specific impulse.'”> As a typical representative of the air-
breathing hypersonic propulsion system, scramjet has become
the research focus in the aerospace field since the 1940s.’ In
particular, many important issues related to Mach 4 to 7
scramjet have been solved, such as the design of the inlet
and nozzle,* ® shock train in an isolator,”* fuel mixing,g‘m
and combustion mechanisms.'"'> Hence, the key technologies
of high Mach number (above Mach 8) scramjet should receive
more attention in the future.

In July 2004, National Aeronautics and Space Administra-
tion (NASA) carried out a series of free flight tests on X-43A
research aircraft, and the scramjet cruised at Mach 9.6 for
about 10 s and achieved the thrust-drag balance.> A Mach
12 Rectangular-to-Elliptical Shape Transition (REST) scram-
jet'* was designed and experimentally tested at the University
of Queensland, Australia. Wise'* and Toniato'® et al. reported
the full flow path test of Mach 12 REST scramjet in the T4
reflected shock tunnel and the X3 expansion tube, and the
experimental data showed that the successful combustion
and robust pressure rise can occur during the engine operation.
Chan et al.'” gave the comparative study of a scramjet and a
shock-induced combustion ramjet (shcramjet) at a flight Mach
11 and an altitude of 34.5 km, and found that the fuel-specific
impulse of a scramjet is 1450 s, which outperforms the shcram-
jet with 1109 s. Yao et al.'"® numerically investigated a strut-
aided hypersonic scramjet working at Mach 7 to 10 and alti-
tudes of 28 to 40 km, and found that the scramjet engine has
net thrust while the dynamic pressure range is below 37 kPa
and above 55 kPa, and the final combustion efficiencies can
reach 66% to 82%. Jiang” and Zhang'’ et al. performed the
wind tunnel tests and numerical simulations of a Mach 9
hydrogen fuel Oblique Detonation Ramjet Engine (ODRE),
and their results successfully confirmed the ODRE concept
and the initiation, transition, and stationary combustion of
the oblique detonation wave for the first time. The basic data
obtained from the above studies of the flight, ground, and
numerical test can better demonstrate the feasibility of the high

Mach number scramjet, but there are few special studies on the
high Mach number inlets.

The inlet is an indispensable compression part of the high
Mach number scramjet,” its internal flow field often includes
these flow phenomena such as shock wave, shock-shock inter-
action, and shock-turbulent boundary layer interaction.’'
With the increase of flight Mach number, the flight environ-
ment of scramjet can become more complex. The total temper-
ature will exceed 2500 K while the flight Mach number is more
than 8, oxygen molecules begin to dissociate and their vibra-
tional energy can be further excited.”” Once the flight Mach
number continues to increase, the nitrogen molecules begin
to dissociate when the total temperature is higher than 4000
K.”? The velocity in the flow channel of the high Mach number
scramjet is relatively fast, and the molecular vibrations and dis-
sociation chemical reactions compete with the flow velocity,
respectively. And the competition can result in ‘“high-
temperature or thermochemical non-equilibrium effects”.”> >
Thereby, different from the flow mechanisms of the Mach 4
to 7 inlets™>>>® belonging to the category of hypersonic aero-
dynamics, the inlet flows above Mach 8 should involve the
high-temperature gas dynamics due to the non-equilibrium
process of the vibrational relaxations and chemical reactions.

In the 1990s, a few early research’’->® on high Mach number
inlets were carried out in the United States, but no relevant lit-
erature has been found since then. Minucci and Nagamatsu®’
performed the experimental research on the variable geometry
inlet at Mach 8 to 18 in the shock wind with a total pressure of
5.5 MPa and a total temperature of 4100 K. The results
showed that the shock-boundary layer interaction and the flow
being local non-equilibrium effects cause the complex flow
field near the cowl region. After numerically calculating the
inlet flows at Mach 10 to 15, Lai et al.”® found that the large
error between the computation results and the experiment
may be attributed to the lack of the high-temperature non-
equilibrium effect and three-dimensional effect in the calcula-
tion, as well as to the uncertainty of the experiment. Unfortu-
nately, due to the lower level of computational fluid dynamics
technology and the high-temperature gas dynamics theory, the
thermochemical non-equilibrium effects were hardly consid-
ered in the early studies of high Mach number inlets.
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As computer technology constantly develops, the ability to
simulate thermochemical non-equilibrium flows has been
greatly improved. Many numerical studies on the high-
temperature non-equilibrium effects mainly focus on the exter-
nal laminar flow of some simple configurations such as the
cylinder,” spherical body,” double cone,’’ and double
wedge.”** Valentini et al.”’ simulated the thermochemical
non-equilibrium flow of a cylinder in the high enthalpy nitro-
gen environment using direct molecular simulation with accu-
rate ab initio potential energy surfaces, and they addressed two
vital problems related to the latest method of high-fidelity sim-
ulations of high-enthalpy flows in local thermochemical non-
equilibrium. Hong et al.*® demonstrated the ability of the stag-
nation point streamline model to predict the thermochemical
non-equilibrium effects in the hypersonic spherical body flow.
Hao and Wen®' investigated the hypersonic thermochemical
non-equilibrium flows of a double cone in the oxygen environ-
ment. It was indicated that the improved thermochemical
model can predict a higher peak value of wall heat flux and
a larger separation bubble than the conventional two-
temperature model, and the change of density is an important
factor determining the separated bubble size. Then, Hao et al.*
numerically calculated the hypervelocity flow fields of the 30°—
55° double wedge in the total enthalpy of 8.0 MIJ/kg. The
results displayed that the high-temperature non-equilibrium
effects can decrease the separation bubble length, wall aerody-
namic heating, and the standoff distance of the detached shock
formed by the second wedge. Vatansever and Celik* gave a
numerical analysis of the high-enthalpy double-wedge flow
with four aft wedge angles. It was found that with the increase
of the aft wedge angle, the shock wave interactions strengthen,
the magnitude of wall heat flux significantly enhances, and the
chemical reaction rates accelerate.

Compared with the external flow mentioned above,”” ¥ less
attention is paid to the high-temperature non-equilibrium
effects of the high Mach number internal flows which are tur-
bulence and have long duration. In recent years, the high-
temperature flows in hypersonic inlets and isolators have also
been preliminarily studied. Fiévet and Raman™ found that the
vibrational (thermal) non-equilibrium effect can change the
leading-edge position and length of the shock train in a dual-
model scramjet isolator. Then, Dai et al.?** researched the
high-temperature  non-equilibrium flows of a two-
dimensional inlet and an inward-turning inlet at Mach 12 by
employing the Reynolds averaging method with thermochem-
ical non-equilibrium effects. For the Mach 12 two-dimensional
inlet,”* the thermal non-equilibrium effects are the strongest
near the interaction zone between the cowl shock and the
boundary layer on the lower wall. The dissociation reactions
are the strongest in the high-temperature zone of the boundary
layer, but the thermal state is close to equilibrium here. Com-
pared with the thermal equilibrium gas model, the compres-
sion ratio for the TCNEG model is higher, and its mass
coefficient and total pressure recovery coefficient are lower.
For the Mach 12 inward turning inlet,”” the dissociation reac-
tions mainly occur in the boundary layer and the streamwise
vortex, and the thermochemical non-equilibrium effect can
change the formation and development of the streamwise vor-
tex. Compared with the CNEG model, the dissociation reac-
tions near the inlet wall for the TCNEG model are stronger.
Zuo et al.’® gave the influences of the real-gas effects and wall
temperatures on a hypersonic wavecatcher intake at Mach 12.

The flow structures and performance of the Mach 12 wave-
catcher intake with different wall temperatures were mainly
analyzed. However, detailed analyses of thermal and chemical
non-equilibrium effects and the reasons why the real gas effect
affects the inlet were not provided.

In the previous study,”** we only focused on the high-
temperature non-equilibrium effects of the inlet under the
design condition of Mach 12. The work capability in the wide
operating range and the good starting characteristic are very
crucial to the scramjet inlet. The starting characteristics of
supersonic/hypersonic  inlets*>® have been extensively
researched, while those of inlets above Mach 8 have not been
noticed yet. Using ground wind tunnel tests to simulate the
real flight environment above Mach 8 is costly and difficult,
so the thermochemical non-equilibrium flow characteristics
of the high Mach number inlet in a wide work range are inves-
tigated by the numerical calculations in the present work.
First, the influences of thermochemical non-equilibrium effects
on the flow field and work performance of the scramjet inlet at
Mach 8 to 12 are focused on, and then the starting character-
istics of the inlet in thermochemical non-equilibrium flows are
investigated.

2. Two-dimensional inlet model details

In the incoming flow of a high Mach number, the compression
efficiency of a curved surface is better than that of a plane sur-
face.® Hence, a simple quadratic function curve
¥ = a+ bx + cx?is used to forward design the curved compres-
sion surface of the two-dimensional inlet in this paper, and here
a, b, and c all denote constant coefficients. The more details of
the forward design method are the same in Ref. 20. The curved
compression two-dimensional inlet with the design condition of
Mach 12 is shown in Fig. 1. The length of the curved compres-
sion surface is 1.588 m, the initial and total deflection angles
of it are 4° and 10°, respectively. The heights of the cowl and exit
are 0.233 m and 0.033 m, respectively. The distance between the
throat and the leading edge is 1.624 m, and the total length of the
inlet is 1.888 m. The total contraction ratio being equal to the
height ratio of the cowl and throatis 7.061, and the internal con-
traction ratio being the same as the ratio of the vertical distance
from the cowl to lower wall to throat height is 2.242. The inter-
section of the curved compression surface and the straight sec-
tion is named the shoulder. The isolator that can avoid the
forward propagation of back pressure inside the combustor is
the portion from the throat to exit.

3. Mathematical approach

3.1. Conservation equations

The thermochemical non-equilibrium flows of the high Mach
number inlet are predicted by solving the two-dimensional
compressible Navier-Stokes equations including the two-
temperature model, finite-rate chemical reactions, and a two-
equation eddy viscosity turbulence model. For the gas flows
in the thermal non-equilibrium state, it is necessary to describe
the distributions of different internal energy states using differ-
ent temperatures. In this study, the translational energy can be
quickly equilibrated with the rotational energy, so the
translational-rotational temperature 7, can be used to
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describe the distributions of these two energy states. The max-
imum temperature in the present study does not exceed
9000 K, so only the vibrational temperature 7, is needed to
characterize the vibrational energy state without considering
the excitation of electronic energy. The high-temperature air
model involves five species (N5, O,, NO, N, and O). The con-
servation equations in Cartesian coordinates are given as
follows:

aps 8p,rui _ a 8Yq .

ar  Ox;  Ox; (st 8xi) + @ (1)
Opu; | Opuu; 3 OP % o
ot Ox; T Ox; dx;
Opey | Opes; _ 9 - DA

ot 8x,- - 8_)(, (qv,i + ; stev,sa_x[ + wy (3)
OpE  O[(pE+Pu] 0 N, oy,

ot + ox; - x; Tjili + Gy i+ Gy i+ S:ZI pHD; o,

(4)

where the above four formulations are the conservation equa-
tions of mass, momentum, vibrational energy, and total
energy, respectively; p, u, and P denote the density, velocity,
and static pressure, respectively, and the mixture density can
be expressed as p = Zﬁ]ps; t represents the time term; x is
the axis coordinate; D and Y represent the diffusion coefficient
and mass fraction, respectively; @, denotes the production
mass rate of species s per unit volume; subscripts of s, 7, and
Jj are the species, i coordinate direction, and j coordinate direc-
tion, respectively; 7;; is each component of the shear stress ten-
Auj

sor and expressed as t; = (. + pir) [(Z%/ + 3x,> . 51',} s
and py, pr, and J; are the laminar viscosity, turbulence viscos-
ity, and Kronecker delta, respectively.

In the Eq. (3) and Eq. (4), e, represents the mixture vibra-
tional energy; @, is the source item of the vibrational energy; E
denotes the specific total energy and is expressed as
E= e+%u,- -u; where e is the mixture internal energy; ¢
qv; represent the heat flux in the translational-rotational and
vibrational modes, respectively, and they are calculated by
adopt Fourier’s law (Gy; = 4 - (0T /Ox;),
qv,i = /lv . (aTv/axl))

2, Ouy

R

3.2. Thermodynamic relationship & chemical reactions

Here, the gas mixture is composed of a variety of single spe-
cies, and it is assumed that the thermodynamic behavior of

Unit: m

Configuration of curved compression two-dimensional inlet.

every species conforms to the thermally perfect gas. From a
partial pressure law of John Dalton, the gas mixture state
equation can be written as P = pTZiVZSIRS Y,, where N, and
R, denote the total number and gas constant of species s,
respectively. The ionization of any species need not be consid-
ered in this paper, so the total internal energy consists of trans-
lational energy, rotational energy, and vibrational energy. The
mixture internal energy e and each species internal energy e
are expressed as e =3 "¢, e, = ¢ + ¢ + ¢ + ey, where
el,el, and ¢ denote the species energy in translational, rota-
tional, and vibrational states; e}, represents the species forma-
tion energy at the reference temperature of 298.16 K.

For molecules, translational and rotational energy can be
fully excited, and each species internal energy is calculated as
el =3RT, ¢ = RT,e =R, exp(ﬁeﬁ Here, 0, denotes the
vibrational characteristic temperature of every molecular spe-
cies, and 0, values of O,, N,, and NO are 2273 K, 3393 K,
and 2739 K, respectively. Yet, the internal energy for each
atom species is calculated as ¢ =3R,T,ef =0 J/mol,
e} =0 J/mol.

The vibrational energy source item @, in Eq. (3) can be
written as @, = Q,., + Zf,:lcbsef;. Here, Q,., denotes the trans-
lational and vibrational energy relaxation term, and Zf:lcbxef,
represents the change amount of vibrational energy caused by
the generation term of molecular species. The translational and
vibrational energy relaxation process is modeled by employing
the Landau-Teller model,’” so Q.. is computed by

e\Y/(T) — e:/(Tv)

N
MW | _Park
Ql—v = ijfi’ s = Ty + T.Yar (5)
s=1 $
where t™W and M™% represent Millikan-White relaxation

. J . o . . Q
time®® and Park’s finite collision time,>

two time items can be written as

respectively. These

- S meexp [1.16 X 10730203 (7713 — 0,015 (%) — 18442]
’ Ei:l”k
(6)
1
_ 50000\ . 8KT\?
‘Ef k — (a5csn5) 1,05 = (T) x 1072 ¢, = (TEM) (7)

where the unit of static pressure P is atm (1 atm = 101325 Pa);
n; denotes the number density of species k; ug . represents the
reduced molar mass of species s and k, and it is defined as
g = (Mg« Mp)/(M, + M,), M represents species molecular
weight; o, is the effective cross-section area in vibration relax-
ation processes; ¢, denotes the average molar velocity in mole-
cule thermal motions; K represents the Boltzmann constant.
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An air species chemical mechanism including five detailed
and reversible reaction processes is employed to model chem-
ical non-equilibrium effects in the high Mach number flow,
and it is shown in

Rl: N+ M < 2N + M
R2: O,+M < 20 + M
R3: NO+ M < N+O+M (8)
R4: NO + O <+ O, + N
R5: N+ 0O < NO + N

Reactions R1, R2, and R3 denote the dissociation (forward)
and recombination (backward) reaction processes of N, O,,
and NO, respectively. Displacement reactions are simulated
by employing the last two chemical processes (R4, RS).

In the mass conservation Eq. (1), the source term of species
mass productions can be calculated as
o, = MY (B, — o) (Re, — Ry,), where N, denotes the
total number of chemical reactions; o, and f, represent the
stoichiometric coefficients for reactants and products in the
rth reaction, respectively; Ry, and Ry, denote the forward
and backward reaction rates of the rth reaction, respectively,
and are computed by

Ns Ns

‘15.7' s /is.y‘
R, = ki, [ (0.001 A’;—) Ry, = ko, [ [ (0.001 A‘;_) )

s=1 s=1 S

Here, k¢, and ky,, represent the forward and backward reac-
tion rate coefficients of the rth reaction, respectively, and they
can be calculated through an exponential law formula pro-
posed by Arrhenius, which is written as

ki, = Ac T exp(—Eoe, Ry T2, koy = ki /g (10)

where Ay, By, and E,., are the pre-exponential parameter,
temperature exponent, and activation energy during the rth
reaction process, respectively. The above reaction coefficients
are consistent with Ref. 39. To calculate the backward reaction
rate coefficient ky,,, a chemical reaction equilibrium constant
keq 1s obtained by applying a Gibbs energy fitting function
built by McBride et al.*’.

Generally, the control temperature of reaction rate 7, in
thermal equilibrium flows is equal to the translational-
rotational temperature (or static temperature). Nevertheless,
the coupling influence of the chemical reactions and vibration
relaxations in thermochemical non-equilibrium flows should
be worthy to be valued. Therefore, a mixing mean temperature
T is applied for controlling the chemical reaction rate to
model the coupling influence, and it can be written as 7, =
Thm = Ttr”-Ti’”; notably, the value of » is 0.5 in dissociation
reactions, but should be equal to 1 in other reactions (recom-
bination, displacement).

From different assumptions, the following five thermo-
chemical models are employed in this work, and their main
features are presented in Table 1. (A) ThermoChemical Non-
Equilibrium Gas (TCNEG): it can be achieved by using the
vibrational relaxation and chemistry reaction model presented
in Egs. (5) and (8). (B) Thermal Non-equilibrium and Chemi-
cal Frozen Gas (TNCFG): based on the TCNEG model,
chemical reactions are assumed not to occur. (C) Thermo Fro-
zen Chemical Frozen Gas (TCFG): both the vibrational relax-

ation and chemical reaction processes are assumed to be not
implemented, and specific heat ratio is equal to 1.4. (D) Chem-
ical Non-Equilibrium Gas (CNEG): vibrational relaxation
process is assumed to be in equilibrium, and chemical reaction
process is simulated by employing the above chemical mecha-
nism. (E) Thermally Perfect Gas (TPG): based on the CNEG
model, chemical reactions are assumed not to occur. Usually,
TCFG also called calorically perfect gas is applied to the invis-
cid design”® of the inlet, and TPG is utilized to numerically cal-
culate the supersonic flow characteristics™* at Mach 4 to 6, so
the TCFG and TPG computing results are regarded as the
contrast reference. The TNCFG and CNEG results mainly
are used for researching the influence of chemical reactions.

3.3. Computational details & mesh

Laminar transport coefficients (viscosity and thermal conduc-
tivity) of each species in the present study are calculated by
employing the following fitting functions given by Gupta and
Yos*!. Since the forebody is generally located upstream of
the inlet for a high Mach number air-breathing aircraft,'> '’
it is assumed that boundary layer flows inside the inlet have
transitioned to turbulence from laminar flow. Considering
the calculation efficiency, the Reynolds Averaged Navier-
Stokes (RANS) method with the k-w Shear Stress Transport
(SST) model presented by Menter*” is applied for modeling
turbulence flows near the inlet wall. Additionally, the com-
pressible effect correction presented by Sarkar® is added to
the above turbulence model. The details of the transport coef-
ficients and turbulence model can be seen in Appendix A.***

The above compressible RANS equation systems are solved
by employing the finite volume method. In the time integra-
tion, a second-order point implicit scheme*® with double
time-stepping and multi-grid acceleration is utilized for dealing
with the coupling source terms of the vibrational relaxation
and finite-rate chemical processes, to solve stiffness problems
brought by source terms better and accelerate the convergence
speed stably. For the spatial discretization, the upwind flux
information can be acquired by utilizing a non-linear approx-
imate Riemann solver which is known as Harten-Lax-van Leer
Contact (HLLC)" and has been widely employed in the super-
sonic™ and hypersonic’’ flows. A multi-dimensional TVD
(Total Variation Diminishing) approach®® is employed to
avoid introducing new maxima and minima in the reconstruc-
tion. A continuous-type limiter is applied for preventing the
spurious oscillation phenomenon when solving significant gra-
dients or discontinuities. The above calculation approach that
our team developed has been successfully employed to investi-
gate the thermochemical non-equilibrium flows of a double
wedge™ in an environment with stagnation enthalpy of
8.0 MJ/kg, a Mach 12 two-dimensional inlet,”* and a Mach
12 inward turning inlet.*

Fig. 2 displays the computational domain of the two-
dimensional curved compression inlet, and it includes 300
thousand structured grids in total. The grids near the main-
stream shock wave are locally densified to ensure that hock
structures in the inlet flow field can be accurately captured.
Furthermore, grids normal to the wall are also partly refined,
and the first layer height of them is 1.0 x 10~® m, guaranteeing
that y+ values on all walls are less than 1. The blue, red, and
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Table 1 Main features of five thermochemical gas models.

Item ThermoChemical Non- Thermal Non-equilibrium & Chemical ThermoChemical Chemical Non-
Equilibrium Gas (TCNEG) Frozen Gas (TNCFG) Frozen Gas (TCFG) Equilibrium Gas

(CNEG)

Vibrational Non-equilibrium Non-equilibrium Frozen Equilibrium

relaxation

Chemical Non-equilibrium Frozen Frozen Non-equilibrium

reaction

black lines represent the boundaries of the far field, solid wall,
and outlet, respectively.

The flight dynamic pressure remains unchanged at 50 kPa
in the wide work range, and the free-stream flight parameters
at Mach 8 to 12 are presented in Table 2. In the free stream,
the vibrational temperature is equal to the static temperature,
and mass fractions of oxygen and nitrogen are 0.23 and 0.77
respectively for all Mach number conditions. The far-field
boundary is set as the supersonic inflow condition, and all vari-
able parameters such as velocity, static pressure, static temper-
ature, vibrational temperature, and species content are the
same as ambient parameters. Since air-breathing vehicles gen-
erally work for a long time, we consider that the heat status on
inlet surfaces can be in equilibrium with the local airflow, and
all solid walls are assumed to be adiabatic and non-slip.
Although the inlet solid wall may deform due to the high tem-
perature, this complicated issue cannot be considered in cur-
rent numerical calculations. The influences of the combustor
on its upstream flow field are not considered, so all parameters
in the outlet boundary need not be provided, and these can be
extrapolated from the interior.

All flow parameters in the far-field boundary are utilized
for initializing all numerical calculations, and transient state
RANS equation systems presented above are solved by

0.6 FBoundary 1—Far field,
Boundary 2—Solid wall;
04 | Boundary 3—Ou
g
>\
0.2
0 B 1 T | 1 1 1 1 1 1 1
0 02 04 06 08 10 12 14 16 18
x (m)
(a) Mesh of total computational domain
025 fi _—
' e
E o20f i
: '////,
0.15 = et B ! L L .
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x(m)
(b) Enlarged view of mesh near cowl

Fig. 2 Computational mesh of two-dimensional curved com-
pression inlet.

employing the time-marching manner. The convergence crite-
rion in this study is that the steady-state flow field cannot be
obtained until the residuals of each equation are less than
1.0 x 10°*.

3.4. Validation & mesh independence

Firstly, a high-enthalpy double-cone experiment finished by
Holden et al.>® is employed to verify whether the numerical
simulation method in this study can effectively predict thermo-
chemical non-equilibrium flows. The wind tunnel inflow condi-
tions are presented as follows: velocity is 4303 m/s, static
temperature is 389 K, density is 0.984 x 10° kg/m?, total
enthalpy is 9.65 MJ/kg, and unit Reynolds number is
3.9 x 10° m~!. Mass fractions of oxygen and nitrogen are
0.23 and 0.765 respectively. The calculating mesh of the double
cone is displayed in Fig. 3, the total number of all structured
grids is 50 thousand, and the height of the first layer grids near
cone surfaces is 1.0 x 107° m. The x-axis is set as axisymmetric
condition, all solid walls are regarded as being viscous, non-
catalytic, and 300 K isothermal.

Fig. 4 exhibits the Mach number contours and shock struc-
tures of the double-cone flow, and there are some typical flow
characteristics such as separation bubble, triple point, super-
sonic jet, and low-speed zone. As revealed in Fig. 5, the static
pressure and heat flux on cone surfaces calculated by employ-
ing the TCNEG coincide well with the experimental results in
Ref. 53. Consequently, we argue that the numerical calculating
method presented above should be capable of modeling the
thermochemical non-equilibrium flow.

Secondly, the applicability of the TCNEG coupled with the
k- SST model in the high Mach number turbulence flow is
tested by a 34° wedge compression corner experiment’* at
Mach 9.22. Free-stream test conditions are provided as: Mach
number is 9.22, unit Reynolds number is 4.7 x 10" m~!, stag-
nation and static temperature are 1070 K and 64.5 K respec-
tively, and wall temperature is 295 K. The calculating mesh
and specific boundary conditions are presented in Fig. 6.
Moreover, Fig. 7 reveals the density gradient in the compres-
sion corner flow field; the leading-edge shock caused by the
boundary layer on the horizontal wall intersects with recom-
pression shock near the ramp, and the flow separation occurs
at the corner. Fig. § depicts the comparison between wall
parameters calculated by the TCNEG coupling k-o SST model
and experiment results. To better compare with the experimen-
tal data,” P, and Q. are used to make the wall static pressure
and heat flux dimensionless. As indicated in Fig. 8(a), the pres-
sure rise distribution of the current computed result at the flow
separation starting position is consistent with that of the
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Table 2 Free-stream flight parameters at Mach § tol2.

Maoo Uoo (m/s) Poo (Pa) Too (K) P (kg/mS) Ttotal (K)
8 2416.15 1115.92 226.97 1.713 x 1072 2685.52
9 2727.52 882.49 228.54 1.345 x 1072 3300.75
10 3055.61 714.33 232.33 1.071 x 1072 4021.90
11 3387.52 590.41 235.99 8.716 x 1073 4825.32
12 3721.84 496.40 239.37 7.225 x 1073 5703.55
020 014}
0.16 - 0.12 F
£ E
. ' ™ o008}
0.08 B
0.06 Supersonic jet
0.04
Isothermal wall 0.04 Separation bubble
0 . [ o . i S ) P Séparation shock .
0 0.05 0.10 0.15 0.20 0.05 0.10 0.15
x (m) x(m)
(a) All meshes and boundary conditions 5
Fig. 4 Mach number contours of double-cone flow.
tions of the heat flux peak. From the above comparative anal-
yses, the present numerical means can be applied to the
prediction of high Mach number turbulence flows.
Furthermore, a mesh-independent investigation of the
g Mach 12 inlet is carefully completed to check the influence
= of the number of grids on calculation results. The three kinds

1 n 1

0.06 0.08 0.10 012
x (m)

(b) Enlarged view of mesh near compression corner

Fig. 3 Calculating mesh of double cone.

experiment,” but all the published numerical results of
Jiang,” Tu,”° and Zhang’” et al. cannot accurately estimate
the separation length. The peak value of static pressure that
we give also matches with that of the experiment,” yet those
of the above published results are 28.6% lower than those of
the experiment. Unfortunately, the static pressure peak posi-
tion of our calculation is downstream of the experimental data,
which should be due to the lack of detailed information about
the experimental model. The heat flux rate distribution from
this calculation through TCNEG coupling k- SST model
does not show an obvious difference with the experimental
trend, which is exhibited in Fig. 8(b). Nevertheless, the
above-published results™ >’ may also not show good distribu-

of calculation domains are divided employing 2.5 x 10,
3.0 x 10°, and 3.5 x 10° structural grid cells, and the heights
of their first layer gird on surfaces are all 1.0 x 107® m. The
TCNEG coupling k-w SST turbulence model and the inlet con-
figuration presented in Section 2 are utilized in these three
numerical calculations. Fig. 9 presents the flow parameters at
the exit section calculated with three kinds of calculation mesh,
and the parameter distributions of the three kinds of mesh
show larger differences in the mainstream zone. From Fig. 9
(a), the maximum deviation value of Mach number between
2.5 x 10° and 3.0 x 10° grids is 3.27%, yet that between
3.0 x 10° and 3.5 x 10° grids is 1.14%. In Fig. 9(b), the max-
imum deviation value of static temperature between the first
two grids is 4.89%, but that between the last two grids is
1.03%. Hence, we argue that the results of 3.0 x 10° grids
are convergent and can be applied to the following study work.

4. Results and discussion

4.1. Flow field analysis in starting state

Fig. 10 exhibits the static pressure contours for TCNEG at dif-
ferent inflow Mach numbers. With the increase of inflow Mach
number, the leading-edge curved shock angle decreases
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Fig. 6 Calculating mesh of compression corner.

gradually, which makes the effective capture mass flow of the
inlet increase gradually; the cowl shock angle also decreases,
the separation zone brought by the cowl shock/lower wall
boundary layer interaction moves backward, and its scale
becomes smaller. For Mach 8 and 9, there is an obvious sepa-
ration zone upstream of the shoulder, and two shock reflec-
tions occur on the lower wall. For Mach 10, 11, and 12, the
expansion wave at the shoulder weakens the cowl shock, caus-
ing that the separation zone is smaller than Mach 8 and 9, and
there is only one shock reflection near the shoulder of the
lower wall. Besides, the expansion wave at the shoulder
strongly reflects on the upper wall.

To apprehend the influences of the thermochemical non-
equilibrium effect on the flow separation, Fig. 11 displays
the static pressure contours near the separation zone for differ-
ent gas models at Mach 8. With the thermal process from fro-

Recompression shock
Vp (kg/m*) 0.00 0.21 0.43 0.64 0.85 1.06 1.28 148 p

0.1 |- Leading-edge shcok Separation shock

\ Separation bubble

M I N
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Fig. 7 Density gradient in compression corner flow.
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Fig. 8 Comparison between wall parameters from TCNEG
coupling k-w SST model and experimental results.>*

zen (TCFG) to non-equilibrium (TNCFG, TCNEG) and then
to equilibrium (CNEG, TPG), the static temperature inside the
flow field gradually decreases, and the boundary layer thins.
Thus, the scales of separation bubbles are the thermal frozen
gas (TCFG), thermal non-equilibrium gas (TNCFG,
TCNEG), and thermal equilibrium gas (CNEG, TPG) from
large to small. The intensity of the lower reflected shock for
the thermal frozen gas is the strongest, and that for thermal
equilibrium gas is the weakest, which causes that their perfor-
mance parameters on the throat section differ greatly. Since
the stagnation temperature at Mach 8 cannot fully activate
the dissociation reactions of the molecule, the chemical reac-
tion state can be regarded as frozen, and the separation bubble
and shock structures at Mach 8 for TCNEG are the same as
TNCFG, and these for CNEG are the same as those for TPG.
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From a macro perspective, the corresponding temperature
change can express the energy transfer between translational-
rotational and vibrational modes. Thus, similar to Ref. 34
and Ref. 58, the vibrational energy relaxation process can be
well grasped employing the difference values (7, — Ty)
between translational-rotational temperature Ti, and vibra-
tional temperature T, inside the inlet flow field which are pre-
sented in Fig. 12. The greater the absolute value of Ty, — T,
the stronger the thermal non-equilibrium effect. At the exter-
nal compression section, thermal non-equilibrium effects
inside the boundary layer are stronger than those in the main-
stream region. For the five working conditions at Mach 8 to
12, the static temperature behind the cowl shock increases,
and the vibrational energy is excited, causing the thermal
non-equilibrium effects significantly strengthen. In the zone
near where the cowl shock/lower wall boundary layer interac-
tion occurs, the thermal non-equilibrium effects are the stron-
gest. As the vibrational temperature and flow time increase, the
vibrational energy increases, so the thermal non-equilibrium
effects inside the boundary layer near the lower wall weaken
along the flow direction, downstream of the shoulder. With
the increase of incoming Mach number, the flow velocity in
the inlet channel increases and the flow characteristic time
decreases, and the energy transfer amount from
translational-rotational mode to vibrational mode decreases.
Therefore, the absolute value of T, — T, increases, and the
thermal non-equilibrium effects gradually strengthen. For
Mach 10, 11, and 12, the static temperature decreases rapidly

C. DAI et al.
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Fig. 10  Static pressure contours for TCNEG at different inflow
Mach numbers: (a) Mach 8, (b) Mach 9, (c) Mach 10, (d) Mach 11,
(e) Mach 12.

in the expansion zone near the upper wall (x = 1.7-1.8 m)
and the lower wall (x = 1.8 m to the exit), yet the vibrational
temperature decreases slowly. Thus the static temperature is
lower than the vibrational temperature, which is called the
vibrationally over-excited state. The locally enlarged views of
Mach 10, 11, and 12 are visible in Fig. 13, the T\, — T, < 0
zone near the upper wall at Mach 12 is broader than that at
Mach 10 and 11 due to its broader pressure expansion zone
here.

4.2. Parameter analysis of wall, exit section, and center
streamline in starting state

Fig. 14 reports the parameter distributions on the lower wall at
Mach 8 to 12. From Fig. 14(a), the static temperature on the
wall except near the leading edge changes little, which is close
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to the stagnation temperature for each Mach number condi-
tion. However, the vibrational energy increases gradually with
the flow, and the vibrational temperature on the wall increases
at the external compression section, which can be seen in
Fig. 14(b). Thus, thermal non-equilibrium effects on the wall
gradually weaken along the flow direction, as exhibited in
Fig. 14(c). At x = 0-0.4 m, thermal non-equilibrium effects
of the wall at Mach 10, 11, and 12 are intenser than those at
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Fig. 12 T, — T, of inlet flow field at different inflow Mach

numbers: (a) Mach 8, (b) Mach 9, (c) Mach 10, (d) Mach 11, (e)
Mach 12.

Mach 8 and 9, and the differences of Ty, — T, distribution
become smaller with the increase of Mach number. Thermal
non-equilibrium effects of the lower wall at Mach 12 are shar-
ply more severe than the other four conditions from x = 0.4 m
to the exit, and those distributions at Mach 8 and 9 are rather
similar from x = 0.8 m to the exit.

The flow near the wall is in a stagnation state, static temper-
ature here is the highest and close to stagnation temperature,
indicating that the dissociation reactions near the wall are
the most violent in the whole flow field. Fig. 14(d) displays
oxygen mass fraction distributions near the lower wall at Mach
8 to 12. The oxygen mass fractions on the wall remain
unchanged at 0.23 when the free stream flows at Mach 8 and
9, and the dissociation temperature of nitrogen is much higher
than that of oxygen, indicating that no chemical reactions
occur on the wall under the two working conditions. The
oxygen mass fraction on the wall behind the shoulder
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decreases slightly at Mach 10, and the oxygen dissociation
degree (ratio of consumption to its initial quantity) is relatively
low, about 0.87%. The oxygen contents of Mach 11 and 12
start to decrease from the external compression section, those
in the initial position of the separation bubble are the lowest
due to the most violent dissociation reactions here, and the
maximum dissociation degrees of the two are about 8.70%
and 26.09%, respectively. The oxygen dissociation reactions
at Mach 11 and 12 are more severe than those under the other
three conditions.

As shown in Fig. 15(a), from x = 1.4 m to the exit, thermal
non-equilibrium effects of the upper wall at Mach 12 are the
most severe; those at Mach 8 to 10 are relatively similar and
weaker than Mach 11 and 12. In Fig. 15(b), the oxygen mass
fraction on the upper wall at Mach 8 to 9 cannot change along
the flow direction, showing that there is no dissociation reac-
tion of oxygen. The maximum dissociation degree of oxygen
at Mach 10 is about 1.04%, and the oxygen dissociation reac-
tion is weak. At Mach 11 and 12, the strong expansion waves
are reflected near x = 1.8 m, and the static temperature and
the static pressure can decrease; hence, the value of T\, — T,
can decrease, and the oxygen content can increase (because
the reduction of static temperature promotes the compound
reaction of oxygen). The maximum dissociation degrees of
oxygen at Mach 11 and 12 are about 8.09% and 23.61%,
respectively.

Fig. 16 presents the T\, — T, and oxygen mass fraction dis-
tributions on the exit section at Mach 8 to 12. From Fig. 16(a),
the T, — T, values are less than 0 K near the lower wall owing
to expansion waves, but those are far greater than 0 K on the
lower wall due to the stagnation flow. In the mainstream zone,
the Ty, — T, values of all Mach numbers are more than 300 K,

implying that thermal non-equilibrium effects are relatively
strong. As Fig. 16(b) displays, oxygen mass fractions of Mach
10, 11, and 12 gradually decrease in the zone from x = 0.215m
to the lower wall and from x = 0.223 m to the upper wall. And
it can be seen that oxygen dissociation reaction occurs in most
areas of the exit section. From Fig. 10, at Mach 10, 11, and 12,
shock wave and expansion wave reflections occur on the upper
and lower wall near the exit section, respectively, and the static
temperature and static pressure rise caused by shock wave
reflection can promote dissociation reactions. Thus, the oxy-
gen content on the upper wall is more than that on the lower
wall, which can be seen in Fig. 16(b).

Fig. 17 shows the parameter distributions of the main-
stream center streamline at Mach 8 to 12, and the streamline
position can be seen in Appendix B. Fig. Bl presents the cen-
tral streamline and Mach number contours inside thermo-
chemical non-equilibrium flow field at Mach 12. From
Fig. 17(a), the static temperature 7 increases markedly after
the leading-edge curved shock compression and then increases
nearly linearly, and the 7" maximum values for all Mach con-
ditions are lower than 500 K at the external compression sec-
tion, implying that the molecule vibration energy of the
mainstream zone cannot be excited (in frozen state) here. T
increases sharply after the cowl shock compression, 7" of Mach
12 and 8 increase to about 860 K and 570 K, respectively. And
then, the T drops of all Mach conditions are noted, which is
caused by an expansion wave domain formed by the shoulder.
Since the shock reflection phenomena exist in the internal com-
pression section, 7 distributions downstream of the cowl shock
oscillate for each Mach condition.

Unlike the 7 distribution, after the leading-edge curved
shock compression, the vibrational temperature 7, is the same
as the incoming 7, and invariant at the external compression
section, which can be observed in Fig. 17(b). The variation
trend of T, expresses again that the mainstream flows at the
external compression section are in thermal frozen state for
each Mach number. Downstream of the cowl shock, T, starts
to increase continuously due to the excitation of the vibra-
tional energy, but 7, distribution for each Mach number does
not oscillate due to the slow relaxation processes of the vibra-
tion energy. Notably, the vibrational energy can be further
excited after the reflected shock, so the growth slopes of T,
increase. In the whole, the change amplitude of T, after the
reflected shock is smaller than that of 7. As the incoming
Mach number increases, more and more vibration energy exci-
tation causes that 7, increases faster and faster. From the cowl
shock to the exit, 7, of Mach 12 and 8 increase by about
80.1% and 19.8%, respectively.

As displayed in Fig. 17(c), though the T, — T, values of the
external compression section are positive, the flows remain in
thermal frozen state since no vibration energy of the main-
stream zone is excited. The thermal or vibrational non-
equilibrium effects sharply become violent after the cowl shock
compression, which can also be observed in Fig. 12. With the
increase of incoming Mach number, the vibrational non-
equilibrium effects downstream of the cowl shock gradually
strengthen. From Fig. 17(d), the T, — T, values of Mach 12
and 11 immediately reach the peak after the cowl shock com-
pression, yet those of Mach 10 and 9 after the cowl shock
slowly increase to the peak. It is after the first reflected shock
on the lower wall that the T, — T, value of Mach 8 reaches the
peak. The Ty, — T, values of Mach 12, 11, and 10 drop signif-
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Fig. 14 Parameter distributions on lower wall at Mach 8 to 12: (a) Static temperature, (b) Vibrational temperature, (c) T, — Ty, (d)

Oxygen mass fraction.

icantly after the peak due to the broad expansion area, and
they change within a large range since the shock wave and
expansion wave are relatively stronger than Mach 8 and 9. Sig-
nificantly, at x = 1.888 m, the T}, — T, values of the five Mach
numbers are in the range from 320 K to 370 K, indicating that
the thermal non-equilibrium effects at the exit section still are
intense and certainly spread to the combustor.

From the above analysis, there is no dissociation reaction
of oxygen on the wall for Mach 8 and 9, and the dissociation
temperature of nitrogen is higher than that of oxygen, so the
chemical reactions are frozen in the inlet flow field for Mach
8 and 9. The oxygen dissociation reaction at Mach 10 is weak,
and those at Mach 11 and Mach 12 are strong. Hence, we can
consider that except for the mainstream region upstream of the
cowl shock, the inlet flows at Mach 8 and 9 are in a thermal
out-of-equilibrium and chemical frozen status, but those at
Mach 10, 11, and 12 are in a thermal and chemical non-
equilibrium status.

4.3. Analysis of inlet performance parameters in starting state

Fig. 18 exhibits throat performance parameters of different
thermochemical gas models in the wide Mach range, and each
parameter is calculated by a mass-weighted average method.

T|/Tw, P/Py, Ma, and ¢ (Pioal/Protal.0) respectively denote
the static temperature ratio, static pressure ratio, Mach num-
ber, and total pressure recovery coefficient, and the subscript
“th” indicates the throat section.

In Fig. 18(a), as the thermal state changes from frozen
(TCFQG) to non-equilibrium (TCNEG and TNCFG) and then
to equilibrium (CNEG and TPG), more translational-
rotational energies are transferred to the vibrational energy
mode, which makes the translational-rotational or static tem-
perature in the flow field gradually decrease, so the Ti,/T.
gradually decreases. For Mach 8, 9, and 10, the chemical reac-
tion statuses which are close to being frozen have little effect
on the static temperature of the throat section; therefore,
Tw/Ts of TCNEG and TNCFG are the same, and Ty,/T
of CNEG and TPG are almost consistent. For Mach 12, the
endothermic dissociation reactions make Ty,/T,, of TCNEG
be about 1.32% lower than that of TNCFG, and T,/T,, of
CNEG be about 1.35% lower than that of TPG. From
Fig. 18(b), with the increase of incoming Mach number, the
distinctions among P,/ P, of different thermochemical models
become smaller. The reason for the above trend should be that
the size of the separation zone and the shock reflection are
easily susceptible to thermochemical non-equilibrium effects
at Mach 8 (discussed in Fig. 11), yet hard to change at Mach
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(a) Ty — Ty, (b) Oxygen mass fraction.

11 and 12 due to the smaller separation bubble. At Mach 8§,
Py/P, of thermal non-equilibrium models (TCNEG and
TNCFG) is about 2.55% lower than that of thermal frozen
model (TCFQG), and 5.5% higher than that of thermal equilib-
rium models (CNEG and TPG). If the static temperature is
lower, the value of the specific heat ratio and sound speed
are smaller; the shock wave is weaker, and the boundary layer
is thinner, which can help to reduce total pressure loss. Thus,
the May, and oy, values of TCNEG and TNCFG are higher
than those of TCFG and lower than those of CNEG and
TPG, which is exhibited in Figs. 18(c) and (d).

The exit performance parameters of different thermochem-
ical gas models in the wide Mach range are presented in
Fig. 19, and the subscript “exit” denotes the exit section. From
Fig. 19(a), we can see that at Mach 8, 9, and 10, the chemical
reaction still cannot change the exit static temperature in the
same thermal state. For Mach 8 and 12, T.,;/T,, of TCNEG
are 5.64% and 9.52% respectively, lower than those of TCFG.
But T,/ T, of TCNEG separately are 1.91% and 2.76% lower
than TCFG (Fig. 18(a)), meaning that the difference between
the static temperature of TCNEG and TCFG is gradually
amplified with the flow (from throat to exit section). More-
over, the dissociation reaction at the exit section is stronger

(b)

Fig. 16  Parameter distribution on exit section at Mach § to 12:
(a) Ty — Ty, (b) Oxygen mass fraction.

than that at the throat section, so Te/T~ of TCNEG is
2.58% lower than that of TNCFG for Mach 12, and the dis-
parity here is larger than that at the throat section.

As reported in Fig. 19(b), since shock reflections in the iso-
lator are vulnerable to thermochemical non-equilibrium
effects”™ and the static pressure distribution mainly depends
on wave structures in the flow field, the differences in static
pressure among different thermochemical models at exit sec-
tion are more significant than those at throat section, for Mach
10, 11, and 12. At Mach 10, Peii/Po of TCNEG is 4.92%
lower than that of TCFG, and 5.64% higher than that of
CNEG; at Mach 12, P /P, of TCNEG is 11.84% lower than
that of TCFG, and 3.78% higher than that of CNEG.

As exhibited in Fig. 19(c), for Mach 8, Mac;; of TCNEG is
1.67% higher than that of TCFG, and 3.05% lower than that
of CNEG; for Mach 12, Ma.,;, of TCNEG is 5.44% higher
than that of TCFG, and 3.53% lower than that of CNEG.
The chemical reaction cannot significantly change the exit
Mach number in the same thermal state as well. From
Fig. 19(d), we can see that at Mach 10, 11, and 12, o, values
of thermal non-equilibrium gases (TCNEG and TCFGQG) are
near to those of thermal equilibrium gases (CNEG and
TPG) rather than thermal frozen gas (TCFG), which is unlike



Thermochemical non-equilibrium flow characteristics of high Mach number inlet 177

—— Ma=12
800 | —* Ma=11
Ma=10
- = Ma=9
700 b - - Ma=8
External compression sectionj
600
<
& 500 | i
" Ly i
400 F — [y
/f"/r/:/, —— =i =+ Cowl shock]
et Lt
300 -”‘] - i
%‘l -+— [eading-edge shock :
200.I. | - | I - B | 1
06 08 10 12 14 16 18
x (m)
(a)
i —— Ma=12 | \
Ma=10
i —— Ma=9
r == Ma=38
400 . .
External compression section
%) i
&|> 300
= Sy
- T e
200 - //,:‘//d i ’} |
5 4+ —4~Cowl shock
100 W -
W
0 LJ <— Leading-edge shock ;| ) .
06 08 10 12 14 16 18
x (m)
©

440 F - Ma=12 i i
- - Ma=11 i
i Ma=10 i £
400 —— Ma=9 /
[ = Ma=8 A
External compression sectionl /‘/ _/./
360 |- /[ A
2 | [
o320 it
, : /
280 | | rd
e
i w
240 HEg————————%—— /I{/ ’
—% $ . * * iz

e

li.<— Leading-edge shock ==—Cowl shock

200 b o 0w b vy b b 1

06 08 1.0 1.2 14 16 1.8
x (m)

(b)

500 |

400 |

T,-T,(K)

tr

300

200

100

x (m)

(d)

Fig. 17  Parameter distribution of mainstream center streamline at Mach 8 to 12: (a) Static temperature, (b) Vibrational temperature, (c)

T — Ty, (d) Enlarged view of Ty — Ty,

the trend at throat section. The reason for the above distinc-
tion should be that the thermal state along the flow direction
will tend to develop in equilibrium. With the increase of
incoming Mach number, the disparity in mass flow coefficients
(p) among different thermochemical models becomes more
noticeable, which can be seen in Fig. 19(e). At Mach 12, ¢
of TCNEG is 1.44% higher than TCFG, and 1.31% lower
than CNEG, and these trends are decided by the leading-
edge curved shock positions.

The thermochemical state directly affects the static temper-
ature, and the specific heat directly influences the flow struc-
tures, thereby altering the static pressure distribution. In a
word, at Mach 11 and 12, the dissociation reaction has a
greater impact on the static temperature and pressure of the
exit section. As the incoming Mach number increases, thermo-
chemical non-equilibrium effects gradually intensify. Conse-
quently, the performance parameter distributions (777,
Ma, and P/P.,) of TCNEG gradually deviate from TCFG,
and the overall work performance differences of different ther-
mochemical models become larger. Significantly, compared
with the chemical non-equilibrium reaction, the thermal state
can produce greater influences on the inlet’s overall
performance.

4.4. Influence of thermochemical non-equilibrium effects on
starting characteristics

Since whether an inlet can operate normally in a wide working
range is directly determined by its starting and restarting capa-
bility, the influences of thermochemical non-equilibrium
effects on the starting and restarting characteristics of the high
Mach number inlet are investigated by simulating the reduc-
tion and increase processes of flight Mach number. The three
thermochemical models of TCFG, TCNEG, and CNEG are
employed for the numerical calculations in this section.
Taking the starting flow field of the inlet passage as the ini-
tial calculated flow field and keeping static pressure and static
temperature of incoming flow unchanged, the lowest starting
Mach number from the start state to the unstart one is
obtained by reducing the flight Mach number. Fig. 20 presents
the flow fields at low flight Mach number for different thermo-
chemical gas models. As displayed in Figs. 20(a), (c), and (e),
at Mach 3.7, the cowl shock interacts with the lower wall
boundary layer to form a typical flow separation structure
such as the separation shock, separation bubble, and reat-
tached shock. In addition, the flows in the entire channel are
supersonic, and the shock wave structures in the flow field have
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been established normally, so the inlet at Mach 3.7 is regarded
as being in starting condition. Nevertheless, at Mach 3.6,
the large separation bubbles occur near the cowl and cause
the flow choking in the whole channel, which is revealed in
Figs. 20(b), (d), and (f). Thus, we argue that the inlet fails to
start normally at Mach 3.6. The thermochemical non-
equilibrium effects are extremely weak at Mach 3.6 and 3.7,
and their influence can be ignored. Consequently, the start
and unstart flow fields of the three thermochemical models
are the same at low flight Mach numbers.

Based on Ref. 59, although the restarting process of the
supersonic and hypersonic inlet is unsteady, the influence of
the unsteady effects caused by its acceleration magnitude
on the restarting characteristics of the inlet is not obvious.
Moreover, Wu et al.?" investigated the restarting process of
a hypersonic inlet with the variable incoming conditions by
the quasi-steady and unsteady two-dimensional numerical
calculations. It can be found that the restarting Mach num-
bers of the inlet obtained by the two methods are the same,
and the quasi-steady method can largely improve simulation
efficiency. Regretfully, the unsteady effects during the inlet
restarting process are not the focus of this study, yet will
be carefully explored in future work. This paper focuses on
the inlet restarting Mach number in thermochemical non-
equilibrium flows. Therefore, a quasi-steady simulation
method is utilized to predict the inlet restarting characteris-
tics, and the specific details are as follows: the convergence

result of the unstart flow field at Mach 3.6 is employed to ini-
tialize the quasi-steady calculation, and the flight Mach num-
ber is gradually increased at the interval of Mach 0.1 for
further calculation. Then, the restarting Mach number cannot
be obtained until the starting flow field is established. More-
over, the above quasi-steady method has been successfully
applied to estimating the restarting performance of the mixed
compression inlet*¢'2,

Fig. 21 presents the flow structures for different gas models
at Mach 8.0 during the restarting process, the white solid line
inside the flow field denotes the sound speed line, and LECS
here represents the Leading-Edge Curved Shock formed by
curved compression surface. First, taking the flow field for
TCFG as an example, in Fig. 21(a), a large separation zone
SZ1 is located below the cowl and almost occupies the whole
channel, so the inlet also unstarts. The separation shock SS
formed by SZ1 does not intersect the cowl, and the reattached
shock RS1 brought by SZ1 interacts with the upper wall
boundary layer to cause the separation zone SZ2. Then, the
separation zone SZ3 is induced by the interaction of the reat-
tached shock RS2 and the lower wall boundary layer. The
higher the static temperature, the larger the separation
region®. The static temperature inside the flow field for
TCNEG is lower than that for TCFG, but higher than that
for CNEG, so the SZ1 and SZ2 sizes for TCNEG are smaller
than TCFG and yet larger than CNEG, which is visible in
Fig. 21(b). Compared with TCNEG, the SS position for
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TCFG is closer to upstream, and that for CNEG is closer to
downstream (Fig. 21(c)).

Fig. 22 reveals the flow structures for different gas models
at Mach 8.2 during the restarting process. In Fig. 22(a), the
separation zones and shock structures for TCFG at Mach
8.2 are very similar to those at Mach 8.0. From Fig. 22(b),
compared with Mach 8.0, the SZ1 size for TCNEG at Mach
8.2 is smaller, and its SS is closer downstream, but SZ2 has lit-
tle change. As represented in Fig. 22(c), for CNEG, the large
separation zone SZ1 below the cowl disappears at Mach 8.2,
and there is a small separation zone upstream of the shoulder

point, but the entire channel flows are supersonic (the inlet is
normally starting). Therefore, we judge that the inlet for
CNEG can restart at Mach 8.2, while the inlets for TCFG
and TCNEG still unstart and cannot restart.

Fig. 23 presents the flow structures for different gas models
at Mach 8.8 during the restarting process, and the flow filed for
CNEG needs not be given and discussed here because the inlet
for it has achieved restarting status at Mach 8.2. From
Fig. 23(a), the unstart flow structures for TCFG at Mach 8.8
have no significant difference from those at Mach 8.0 and
8.2. However, the wave systems inside the TCNEG flow field



180 C. DAI et al.

Ma 0.00 0.53 1.06 1.59 2.11 2.64 3.17 3.70

U, e e |
/ = Ream;
S ==

TCFG
hment shock
eparation zone
Il T .

W Ma 0.00 0.53 1.06 1.59 2.11 2.64 3.17 3.70

0.00 0.52 1.05 1.57 2.10 2.62 3.15

TCFG

0.00 0.52 1.05 1.57 2.10 2.62 3.15

TCNEG

A€l 0.00 0.52 1.05 1.57 2.10 2.62 3.15

CNEG

Fig. 20  Flow fields at low flight Mach number for different thermochemical gas models: (a) Mach 3.7, TCFG, (b) Mach 3.6, TCFG, (c)
Mach 3.7, TCNEG, (d) Mach 3.6, TCNEG, (e) Mach 3.7, CNEG, (f) Mach 3.6, CNEG.

g Ma 0010203040506.07.08.0

g 02
BN TCFG
0.1 : :
.1 12 13 14 15 16 17 18 19
x (m)
(a)

Ma 001.020304050607.08.0

E 02 - -
BN S72 RSﬂ TCNEG
RS1 S73
01 n 1 n 1 1 1
1.1 12 13 1.4 15 1.6 1.7 1.8 1.9
x (m)
(b)
0.3
| (.
Ma BU 1020304.0506.07.080
E 02 471;—
a RS2
RS1 Sz72 S73 CNEG
01 P IR ST TN N ST NS [NV S S S M N MU S N
1.1 12 1.3 1.4 1.5 1.6 17 1.8 1.9
x (m)
()

Fig. 21 Flow structures for different gas models at Mach 8.0
during restarting process: (a) TCFG, (b) TCNEG, (c) CNEG.

are well structured at Mach 8.8, and the inlet can restart under
this Mach condition, which is shown in Fig. 23(b).

Since the inlet restarting Mach numbers for TCNEG and
CNEG are Mach 8.8 and 8.2, respectively, the flow fields for
these two gas models above Mach 8.8 are no longer concerned.
Fig. 24 reveals the flow structures for TCFG at Mach 10 and
12 during the restarting process. As flight Mach number
increases (from Mach 8.0 to 12), the angle of SS decreases
gradually. Yet, the starting location of the SZ1 moves forward
and its area expands, which is contrary to the changing trend
of the other two gas models (TCNEG and CNEG). Unfortu-
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Fig. 22 Flow structures for different gas models at Mach 8.2
during restarting process: (a) TCFG, (b) TCNEG, (c) CNEG.

nately, the inlet for TCFG still does not start under design con-
dition (Mach 12), which is exhibited in Fig. 24(b). The
calculation cases for TCFG are mainly applied to the compar-
ative analyses, so its specific restarting Mach number will not
be sought here. From the above results, it can be found that
there is a great difference in the inlet restarting capabilities
among different thermochemical gas models.

Overall, since high-temperature effects may not occur at
low flight Mach numbers, the lowest starting Mach numbers
for all the three thermochemical models are Mach 3.7. How-
ever, the high-temperature effects will become severe in the
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process of finding the restarting Mach number, so thermo-
chemical non-equilibrium effects may affect the inlet restarting
ability. As the thermal state changes from frozen to non-
equilibrium and then to equilibrium, the static temperature
decreases (Fig. 25), the viscosity decreases, and the density
increases (due to the static pressure independent of variable
thermal states). Then, the boundary layer becomes thinner
and the flow speed can increase (Fig. 25), which contributes
to the restarting of the inlet. Therefore, the inlet in the
TCNEG flows is easier to restart than that in the TCFG flows,
but harder to restart than that in the CNEG flows.

The main separation zone (SZ1) below the cowl is an
important feature of the inlet unstart state, and the thickness
of the boundary layer upstream of the main separation zone
is the key to determining whether the main separation zone
can exist stably. From the current preliminary research, we
infer that the high-temperature effects can change the thickness
of the boundary layer upstream of the separation zone below
the cowl, and then affect the restart performance of the high
Mach number inlet.
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layer upstream of separation zone.

5. Conclusions

In the present work, we numerically investigate the thermo-
chemical non-equilibrium flows of a high Mach number two-
dimensional inlet in the wide work range by employing the
two-dimensional RANS solver. The high enthalpy double cone
and high Mach number compression corner experiments are
utilized for testing the prediction ability of the current solvers
in high Mach number thermochemical non-equilibrium turbu-
lence flows. The thermochemical non-equilibrium flows and
working performance of the inlet at Mach 8 to 12 are dis-
cussed, and then the influences of thermochemical non-
equilibrium effects on the inlet starting characteristics are ana-
lyzed. The vital conclusions are presented in the following:

(1) At Mach 8 and 9, the obvious separation zones caused
by the cowl shock/lower wall boundary layer interaction
are upstream of the shoulder. The separation zone size
of the thermal non-equilibrium model is smaller than
that of the thermal frozen model, but larger than that
of the thermal equilibrium model.

(2) The flows inside the boundary layer and near the wall
are all in the thermal out-of-equilibrium status, and
the vibrational energy in the mainstream zone can be
excited after the cowl shock compression. As flight
Mach number increases, thermal non-equilibrium effects
in the whole inlet flow field gradually strengthen.

(3) After the shock reflections, the static temperature in the
mainstream zone distribution fluctuates greatly, yet the
growth slopes of the vibrational temperature increase.
At Mach 10 to 12, the vibrationally over-excited phe-
nomenon occurs in the expansion area of the internal
compression section. The chemical reaction processes
in the flow field are frozen at Mach 8, 9, and 10, yet
those are in non-equilibrium at Mach 11 and 12.

(4) As the flight Mach number increases, the influences of
thermal non-equilibrium effects on the inlet perfor-
mance parameters become more obvious. The chemical
non-equilibrium reactions only affect the inlet exit per-
formance at Mach 11 and 12. Compared with chemical
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non-equilibrium effects, the thermal non-equilibrium
effects have some larger impacts on the inlet work
performance.

(5) The high-temperature non-equilibrium effects do not
change the minimum starting Mach number of the inlet;
however, these may seriously affect the inlet restarting
ability. The inlet for thermochemical non-equilibrium
gas can restart more easily than that in the thermochem-
ical frozen flow, but more arduously than that in the
chemical non-equilibrium flow.
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Appendix A. Transport coefficients & turbulence model

Unlike general supersonic flows, the influence of high-
temperature effects on gas transport characteristics such as vis-
cosity, thermal conduction, and mass diffusion should be
taken seriously in high Mach number turbulence flows. Hence,
a transport model suitable for high-temperature flows should
be applied to all current numerical simulations, rather than
the Sutherland model* frequently employed in modeling
supersonic turbulence flows.***® The Gupta-Yos’s transport
model (Egs. (A1) and (A2)) is employed, and the values of
all constant coefficients here are the same as those in Ref.
48. The mixture transport properties are computed by adopt-
ing the mixing law of Wilke.*’

Inpu, = A, (InT)* + B,,(InT)’ + C,,(InT)* + D,y In T+ E,
(A1)

Injy= A, (InT) + B, (InT) + Coy(InT)* + D, In T+ E,
(A2)

The turbulent viscosity coefficient ut is computed through
solving turbulence equations. The turbulent thermal conduc-
tivities are equal to 4, = C,w(pp/Prr), Ayt = Cpv(pr/Prr),
C, denotes the specific heat at constant pressure, and the tur-
bulent Prandtl number Prr is equivalent to 0.9. The diffusion

coefficient can be described as D = [ur/(p*Scr)] + [ur/
(p*Sct)], and the laminar and turbulent Schmidt numbers
(Scr and Ser) are set as 0.525 and 0.7, respectively.

The basic equations of the k-« SST turbulence model*” are
expressed as

opk  dpwk) s P ok
or T ox, = bk B pko + Ox. (n+ ak:uT)axl_ (A3)
dpw  O(puw) y , 0 Ow
ot dx;  vr Pi=Bpo +6x,— (ke +6"]HT)8x,-
0w,y Ok Ow

here, P, and F; denote the turbulence generation term and
transformed function, respectively, and they are defined as

ou; Ou; 2 0 2 u;
P = {MT( e ﬂ'@/)—*ﬂk&/}l

x;  Ox; 3 Oxg 3 ax;
P = min(Py, 104" pkw) (AS)
4
, Vi 500v\ 4po.k
F,; = tanh {mm |:max <ﬂ7d’% 'CDLP (A6)

1
CDy,, = max (Zpo,,,2—~% 9o 10*20)

o Ox; 0x; (A7)

where d denotes the nearest distance to the wall. Wilcox’s k-w
model can be activated in the viscous sublayer zone when
F; = 1, but standard k-¢ model is activated in the area away
from the wall when F; = 0. In the w Eq. (A4), the turbulent
eddy viscosity vt is given as

P = ark
T = max{aj0,5F}

2 A8
F, = tanh { [maX (/f*gi,, f,(z)?;)} } (A%)

From the corresponding constants in Wilcox’s k-w and
standard k-¢ models, a blend form ¢ = ¢, Fi + ¢,(1 — Fy) is
employed to compute all constants in k- SST model, where
p* = 0.09, ¢y = 031, &k = 0.41, y; = 0.553, ; = 0.075,
Okl — 085, Opl — 05, V2 = 044, ﬁz = 00828, Oiy = 10,
G = 0.856.

Appendix B. Mainstream center streamline position

As displayed in Fig. Bl, the mainstream center streamline
passes through the point of (x, y) = (0, 0.1) m.
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Fig. B1  Central streamline and Mach number contours inside

thermochemical non-equilibrium flow field at Mach 12.
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