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Anethylene-fueled scramjet operatingatMach10was experimentally tested in the JF-24 shock tunnel andmodeled

using improved delayed detached eddy simulation based on up to 368.34 million cells. An in-depth analysis of the

effects of thermal and chemical nonequilibrium on combustion characteristics and engine performance was

conducted. The contrary effects of nonequilibrium heating and nonequilibrium cooling that occur in different

sections of a scramjet were revealed. The underlying mechanism can be attributed to the delayed relaxation of

thermal nonequilibrium under energy addition or deduction. The nonequilibrium case has better mixing, while the

equilibrium case has higher combustion efficiency. The synchronous reductions in thrust and drag counteract each

other and lead to a higher final net thrust under nonequilibrium. The net thrust increases with the global equivalence

ratio,whereas the specific impulse decreases.The evolutionof flamelets and reactionpathswere analyzed to reveal the

effect of chemical nonequilibrium, which produces an abundance of O, OH, and NO radicals through endothermic

dissociation reactions and significantly alters the rate-limiting reaction paths.

Nomenclature

As, Bs = species-related coefficients in the vibrational-
translational relaxation time model

Cp = specific heat at constant pressure, J∕�kg ⋅ K�
CDES = empirical constant in Detached-Eddy Simu-

lation, 0.65
Cd = model constant, 2.0
Cg = model constant, 2.86

Ck = turbulence model constant, 0.07
c = reaction progress variable
D 0 = dissociation energy, J∕kg
DT = thermal diffusivity, m2∕s
Dα, Dξ = mass diffusivities of species α and mixture

fraction ξ, m2∕s
d = wall distance, m
dIDDES = length scale in improved delayed detached

eddy simulation, m
Ea = activation energy, J∕kg
Ed = dissociation energy, J∕kg
eel = electronic energy, J∕kg
H = flight altitude, km
H0 = stagnation enthalpy,MJ∕kg

H, H0, Ht = absolute enthalpy, formation enthalpy, and
total absolute enthalpy, J∕kg

Htr, = transrotational and vibrational–electron–elec-
tronic energy, J∕kg

keq = equilibrium chemical rate

k = turbulent kinetic energy, m2∕s2
ksgs = subgrid-scale turbulent kinetic energy,m2∕s2
L,M, N = numbers of species, reactions, and mesh cells
Ma = Mach number
Mη = conditional diffusion

_m = mass flow rates, kg∕s
_mp = phase change rate, kg∕s
P�η� = probability density function with the indepen-

dent variable η
Prt = turbulent Prandtl number
p, P0 = static and total pressure, Pa
QCV = vibrational–electronic energy source term in the

coupled vibration–chemistry–vibration model,

W∕m3

Ql;α = conditional liquid fuel composition

QVT = vibrational-translational energy exchange
rate, W∕m3

QT = conditionally averaged temperature, K
Qα = conditionalmean ofmass fraction for species α
q = dynamic pressure, kPa
R, Ru = gas constant (J∕�kg ⋅ K�) and universal gas

constant (≈8.314 J∕�mol ⋅ K�)
Re = Reynolds number
Sij = strain rate tensor, m∕s
Sct = turbulent Schmidt number
T, T0 = static temperature, and total temperature, K
Teff = Park’s overall temperature, K
Tt, Tv = transrotational and vibrational–electron–elec-

tronic temperature, K

T0, T�, TΓ, TU = pseudotemperatures in the coupled vibration–
chemistry–vibration model

t = time, s
U, U = velocity vector and magnitude, m∕s
ui, u

0
i = the ith-component of velocity and its fluc-

tuation, m∕s
V = cell volume, mm3

Wm,Wm;α = molecular weight of the mixture and species
α, g∕mol

Wα = production rate of species α, s−1

Xα = molecular fraction of species α
x = streamwise distance, m
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xi = Cartesian coordinate in the ith direction
Yl;α = mass fraction of species α in the liquid phase

Yα = mass fraction of species α
Y0
α = oxidizer stream composition

Y 0
α = unconditional fluctuation of species α

Y 0 0
α = conditional fluctuation of species α

y� = nondimensional wall distance
α = species order
γ = energy fraction in the coupled vibration–

chemistry–vibration model
Δ = local filter width of the subgrid turbulence, m
δij = Kronecker delta function

ζ = parameter in the quasi-classical trajectory
model

η = sample space for mixture fraction
ν, νsgs = kinematic viscosity and subgrid-scale viscos-

ity, m2∕s
ξst = stoichiometric mixture fraction

~ξ, gξ 0 02 = mean and variance of mixture fraction

ξl = liquid composition expressed in mixture frac-
tion

ρ = density, kg∕m3

ρη = conditional density, hρjηi, kg∕m3

σ = model constant in vibrational-translational
relaxation time model, 10−21 m2

~τij, τij = viscous andReynolds stress tensor, kg∕�m ⋅ s2�
τVT = vibrational-translational relaxation time, s
ϕ = efficiency function in the coupled vibration–

chemistry–vibration model
Φ = global fuel equivalence ratio
χ = scalar dissipation rate, s−1

ΨT;j = turbulent enthalpy flux, W∕m2

Ψξ;j = turbulent species diffusion, kg∕�m2 ⋅ s�
ω = turbulence kinetic energy dissipation rate,

m2∕s3

Subscripts

air = air stream variables
fuel = fuel stream variables
i, j = vector components
zone = zone-based mean
α = species index

Superscripts

∼ = Favre-averaged quantity
− = averaged quantity

I. Introduction

T HE terminology “hypersonic combustion” was first defined by
Stalker [1,2] as the combustion that occurs underMa ≥ 5. The

main characteristic of hypersonic combustion is that the heat released
from combustion takes only a small percentage of the total flow
enthalpy [2]. Consequently, the flow deflection and boundary sepa-
ration due to heat addition is consideredminor, and the flow exhibits a
more hyperbolic pattern with weak “upstream interaction” [3].
Scramjet, also known as supersonic ramjet [4], is an airbreathing
engine that burns fuel with supersonic atmospheric air. High-Mach
scramjets (i.e., those designed to operate at Ma ≥ 8) are usually
characterized by hypersonic combustion inside the combustor,
whose entrance airflow can reach hypersonic speed. Scramjet has
the advantage of no requirement on carrying oxidizer onboard,
thereby, a significantly higher specific impulse over rockets when
used as a hypersonic booster. Flight tests using scramjets to achieve
net thrust have been demonstrated to be feasible [5,6]. To be a suitable
replacement for rockets as the second stage in the access-to-space
system, scramjets capable of operating at Ma ≥ 8 are desirable.
However, the drag usually rises drastically with the flight Mach

number, and it is not easy to achieve high combustion efficiency of
over 80% [7] for a hypersonic combustor.
The research on hypersonic combustion has drawn more attention

in recent years [8–11] to extend the operation limit of scramjets
further. Scramjets operated atMa � 12 have been numerically stud-
ied by Kodera et al. [12], Zhang et al. [13], and later by Liu et al. [11],
who observed complicated diamond-shaped shock train structures in
the high-temperature combustion region and emphasized the impor-
tance of shock-aided flame stabilization. Moura et al. [14] numeri-
cally reproduced a scramjet test underMa � 10 conducted in the T4
Reflected Shock Tunnel and pointed out that the non-premixed
combustion is more prevalent for the examined fuel-lean equivalence
ratio of 0.13. The flow residence time significantly reduces under
high-Mach conditions, resulting in severely incomplete mixing and
combustion of the fuel. A common approach to improve combustion
efficiency and flame stabilization is to increase the length of the
combustor. For example, the combustor may become as long as 3–
5 m for Ma > 10, dramatically increasing the wall skin friction and
complicating the implementation of active cooling systems [15].
Various novel scramjet designs have been proposed and investigated
to reduce the combustor length while improving the combustion
performance under high-Mach conditions. The concept of wave
combustor, i.e., shock-induced combustion ramjet (shcramjet), was
proposed [16,17] and numerically shown to be capable of achieving
high specific impulse forMa ≥ 10 [18,19]. Bricalli et al. [20] inves-
tigated the performance of a three-dimensional (3-D) nonuniform
compression scramjet with premixed inflow under Ma � 10 and
found that the 3-D flow–combustion interactions enabled the flame
to be propagated into the low-compression region. Petty et al. [21]
quantify the beneficial effects of oxygen enrichment for a Mach 12
scramjet. An airframe-integrated scramjets with a rectangular-to-
elliptical shape-transition (REST) inlet operated at flight Ma 12
was examined by Barth [22] and Yao et al. [8,10]. Yao et al. [8]
conducted a systematic performance analysis of a strut-aided scram-
jet operating over a wide range of flight conditions withMa � 7–10.
One key feature of hypersonic combustion is that thermal/

chemical nonequilibrium effects become prominent due to the
increase in stagnation temperature and Knudsen number. Significant
impacts on flow patterns and combustion characteristics when incor-
porating the nonequilibriummodels have been observed [10,23–31];
however, nonequilibrium effects on engine performance under high-
Mach conditions have been rarely evaluated in the literature. As
pointed out in [10], most of the current nonequilibrium flow model-
ings focus on the external flow around hypersonic vehicles
[28,30,32], while less attention has been paid to the internal flow
of engines. More importantly, it is worth pointing out that not all the
previous observations of nonequilibrium effects have been well
understood, and the conclusions drawn from different studies may
even seem inconsistent. The nonequilibriumwas usually observed to
cause a reduction in translational temperature (Tt) through energy
transfer, i.e., the nonequilibrium cooling effect [10], which sup-
presses the chemical reactions and ulteriorly brings down the increas-
ing rate of Tt. It seems that the presence of nonequilibrium inhibits
combustion, leading to flame stabilization further downstream and
may even flame blowout [29].However, it was also observed [31] that
the presence of nonequilibrium “counterintuitively” facilitates igni-
tion and leads to flame stabilization at a more upstream location.
Growing interests [33–36] focused on scramjets fueled by hydro-

carbons, which have higher calorific value and more convenient
storability than hydrogen. However, the slow chemistry and complex
reaction paths imply that the nonequilibrium effects should exert
more influence on hydrocarbon-fueled hypersonic combustion,
which has rarely been studied. A close examination would be
required to reveal the underlying physical mechanisms and provide
a unified explanation for those fragmented observations or seemingly
contradictory conclusions drawn by different researchers. Such a
unified rule can be more helpful in guiding the design of high-Mach
airbreathing engines, which is the motivation of this study. The
significant flow variations across the cross section demand a fully
3-D transient representation of the flowfield [37,38]; thus, a high-
fidelity large-eddy simulation (LES) is used for the internal flow in

YAO ETAL. 563

D
ow

nl
oa

de
d 

by
 "

C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s 
(C

A
S)

, I
ns

tit
ut

e 
of

 M
ec

ha
nc

is
" 

on
 A

pr
il 

11
, 2

02
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.B
39

00
7 



this study. The paper is organized as follows. Firstly, Sec. II presents
the scramjet design and the experimental test. The physical models
related to thermal/chemical nonequilibrium, turbulence, and com-
bustion are then presented, together with the governing equations and
computational configurations. The flowfields and engine perfor-
mances are analyzed for different scramjet cases in Sec. III, where
the evolutionof flamelets and reaction paths are analyzed to reveal the
underlying mechanisms of the nonequilibrium effects.

II. Physical Models and Computational Details

A. Experimental Case

The experiment was conducted in the JF-24 backward-detonation-
driven pulse high-enthalpy shock tunnel [39,40], which uses
reflected shock waves to compress the air in the driven section to
be high pressure and high enthalpy. The backward detonation can
produce a much more uniform yet time-stable driving gas, while the
state of forward detonation driving gas decays quicklywith time [41].
JF-24 consists of a shock tube, a Laval nozzle, a test section, and a
vacuum chamber. Among them, the 23-m-long shock tube is com-
posed of an explosion-damping section, a driving section, and a
driven section, all separated by diaphragms. The operation process
was illustrated in [42] for the detonation-driven shock tunnel oper-
ated in the backward-running detonation mode. The detonation of
H2∕O2∕N2 mixture initiated between the driving section and the
driven section produces high-pressure gas to drive the air in the
driven section. The nozzle flow starts once the incident shock is
reflected at the end of the driven section. The reflected shock wave
further compressed the test gas to be high-pressure, high-enthalpy,
and stagnated. The Laval nozzle accelerates the shock-compressed
air to be supersonic and then outputs it to the test section, where the
tested scramjet was installed in a direct-connect way. The effective

test time terminates when the reflected expansion wave from the

driving section arrives at the end of the driven section.

Figure 1 shows the scramjet with the isolator directly connected to

the JF-24 nozzle. The tested scramjet has no inlet section, whose

compression effect was simulated by directly supplying a Mach 4.3

high-enthalpy flow to the isolator. JF-24 was designed to provide the

capacity of reproducing flight conditions fromMach 9 to 15,with total

temperature varying from 3000 to 6000 K and total pressure up to

20 MPa. The maximum operation time of JF-24 ranges from 5 to

16 ms, depending on the reference states. In the current study, the test

gas issued from the JF-24 nozzle simulates the flight Mach of 10 at an

altitude of 37 km, with a total temperature of 3843 K and a total

pressure of 37.25MPa.Note that, in the evaluation of total temperature

and total pressure, the air dissociation effect has been taken into

account. In the direct-connect facility, the total pressure loss by the

inlet compressionwas simulated by assuming a total pressure recovery

coefficient. The final static temperature and static pressure imposed at

the entrance of the isolator are 1002 K and 31.7 kPa, respectively.

Figure 2 shows the schematics of the tested scramjet and the fuel

injection section. The total length of the scramjet is 6.28 m, and part

of the external flow with a length of 0.67 m is added into the

computational domain to reproduce the inflow conditions accurately.

A Cartesian coordinate system defining the streamwise direction as

the x direction and locating the origin at the start point is established
for the convenience of description. The 2.49-m-long inlet is designed

by the streamline trackingmethod [43]with a viscous boundary-layer

thickness correction based on the reference temperature method [44].

The geometric contraction ratio of the inlet is 10. The isolator section

smoothly transits from the round inlet to the round combustor. The

combustor uses a 0.985-m-long mildly expanded cone section to

transit to a single-side expanded nozzle. The sweep angle of the

trailing edge of the cavity is 46°. At the flightMach number of 10, the

Fig. 1 The direct-connect scramjet tested in the JF-24 shock tunnel.

Fig. 2 Schematic of a) the scramjet with the external flow, b) pylon structures, and c) fuel injectors.
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supersonic air crossflow in the combustor reaches hypersonic speed,
resulting in a low jet-to-crossflow pressure ratio. Therefore struts are
used to increase the jet penetration depth. Figure 2b shows that the
fuel injection module is configured with three pylons evenly distrib-
uted in the circumferential direction. A cavity flame stabilizer is
installed in the mildly expanded section, with the leading edge
60 mm downstream of the fuel injection module. The cavity sur-
rounds the whole circumference of the combustor, with a depth of
20 mm and a length of 100 mm.
To examine the thermal/chemical nonequilibrium effects on

hydrocarbon-fueled supersonic combustion, ethylene is selected as
the test fuel in this study. Hydrocarbons are considered a more practical
fuel for scramjets because of their distinctive advantages of high density
and ease of use and maintenance [34,35,45–50]. As a highly reactive
hydrocarbon fuel, ethylene is frequently adopted as the surrogate for
endothermically cracked jet fuels [51,52]. Ethylene under different
global equivalence ratios of 0.6, 1.0, and 1.4 is injected at the room
temperature of 300K. As shown in Fig. 2c, there are two dozens of 1.2-
mm-diam injection portholes, with each two laid in a row. The rows of
portholes are evenly distributed along the circumference of the combus-
torwall,withnine rowson thewall and three on the topof thepylons.All
the portholes are injected perpendicular to the local wall surface.
Table 1 summarizes the parameters of the three modeled cases. The

incoming flow simulates the flight condition atMach 10 and an altitude
of 37 km, where the ambient pressure and temperature are 433 Pa and
242 K, respectively. Under the designed flight Mach number, the air
streamcan achieve a speed as high as 3119 m∕s and a dynamic pressure
of 30,325 Pa. Considering the viscous effect on the development of the
boundary layer, the air captured by the inward-turning inlet is deter-
mined to be 1.47 kg∕s. The whole operation time of the JF-24 shock
tunnel takesonly about 16ms; thereby, the scramjetwall canbeassumed
to maintain at room temperature during the test. Ethylene is injected
sonically through the1.2-mm-diamportholeswith a total temperature of
300 K (temperature in the test room). The fuel mass flow rates corre-
sponding to fuel-lean (global equivalence ratioΦ � 0.6), stoichiomet-
ric (Φ � 1.0), and fuel-rich (Φ � 1.4) conditions were configured.
The whole test lasts for 16 ms, which is the maximum operation

time of JF-24. The fuel injection starts at t � 1 ms, and the signals
from the pressure transducers reach a steady plateau from t � 4 to
7ms. The pressure averaged over themiddle range from t � 5 to 6ms
is compared in this study. Three individual tests under the same
configurations were conducted to check the repeatability of the
results. Wall heat flux was not measured because the maximum heat
flux in hypersonic combustion exceeds the measuring range of most
commercial and in-house designed heat flux sensors [53].
As shown in Fig. 2a, the computational domain consists of the

5.61-m-long internal and 0.67-m-long external flow regions. To
verify the grid convergence, five sets of meshes with cell numbers
ranging from 79.31 million (referring to 79.31M), 105.40 million
(referring to 105.40M), 147.20 million (referring to 147.20M),
249.28 million (referring to 249.28M), to 368.34 million (referring
to 368.34M) are used. The unstructured mesh is constructed by using
the tetrahedron cells for their flexibility in filling complex geometry.
The mesh is adaptively refined around the fuel injectors with a
minimum size of 0.1 mm and transited by a growth ratio of 1.03.
The different sizes ofmeshes are generated by adjusting themean cell
size in the internal domain away from thewall. The boundary layer is
meshed by 15 inflation layers with a total thickness of 1 mm, and the
first near-wall layer has a dimensionless wall distance of y� < 1.
Mesh quantity analysis shows that the average skewness is 0.19 with

a standard deviation of 0.11, and the average orthogonal quality is

0.81 with a standard deviation of 0.1.
Fixed pressure, temperature, velocity, and mixture compositions,

as listed in Table 1, are specified for the freestream and the fuel inlets.

Assuming that the air freestream is initially in thermal equilibrium, its

translational and vibrational temperatures are set to the equilibrium

value. A Reynolds-averaged Navier–Stokes (RANS)-type turbulent

inlet boundary condition is specified on the inlets, and a nominal

turbulence viscosity is specified as νt∕ν � 1. The wall turbulence

effect is modeled by using a wall function that specifies the velocity

profile in the laminar, buffer, and logarithmic subregions according to

Spalding’s law [54,55]. The engine and pylon walls were given a

nonslip, isothermal boundary conditionwith a fixedwall temperature

of 300 K. The nozzle exit is configured as a mixed boundary con-

dition, with the zero-gradient boundary condition for the outflow and

the fixed freestream flow condition corresponding to the Mach-10

and 37-km-altitude atmosphere, i.e., pure air with 433 Pa and 242 K,

for the case of return flow.

B. Governing Equations

The unsteady and 3-D Favre-averaged compressible reactive Nav-

ier–Stokes equations (rNSE) are solved for a set of conservative

variables (ρ
−
, u
∼
i, H

∼
t, ~ξ),

∂ρ−

∂t
� ∂ρ− ~uj

∂xj
� 0 (1)

∂ρ− ~ui
∂t

� ∂ρ− ~uj ~ui
∂xj

� ∂p−

∂xi
−
∂τ∼ij
∂xj

� −
∂τij
∂xj

(2)

∂ρ− ~Ht

∂t
� ∂ρ− ~uj ~Ht

∂xj
−

∂
∂xj

�
ρ
−
DT

∂ ~Ht

∂xj
�

XL
α�1

ρ
−
Dα

∂ ~Yα

∂xj
~Hα

�

−
∂p−

∂t
−
∂ ~ujτ

∼
ij

∂xj
� −

∂ΨT;j

∂xj
(3)

∂ρ− ξ
∼

∂t
� ∂ρ− ~ujξ

∼

∂xj
−

∂
∂xj

�
ρ
−
Dα

∂ξ
∼

∂xj

�
� −

∂Ψξ;j

∂xj
(4)

∂ρ−gξ 0 02

∂t
� ∂ρ− ~ujgξ 0 02

∂xj
−

∂
∂xj

�
ρ
−
Dξ

∂gξ 0 02

∂xj

�
� Cgρ

−
Dξ

�
∂ξ
∼

∂xj

�2

− Cd

2Dξ

Δ2
gξ 0 02 (5)

ρη
∂Qα

∂t
� hρUjηizone ⋅ ∇Qα −

�
ρD∇ξ ⋅ ∇

�
∂Qα

∂η

�����η
�
zone

− h∇ ⋅ �ρD∇Qα�jηizone

� ρη
Dα

Dξ
hχjηizone

∂2Qα

∂η2
� ρη

�
Dα

Dξ
− 1

�
Mη

∂Qα

∂η
� ρηhWαjηi (6)

p
− � ρ

−
ReT � ρ

−
�
Ru

�XL
α�1

Yα∕Wm;α

��eT (7)

Table 1 Summary of the configuration parameters of the modeled cases

Air stream Fuel (C2H4) stream

YN2: 0.767, YO2: 0.233 YC2H4: 1.0

Ma H, km T, K p, Pa U, m∕s q, Pa _mair, kg∕s _mfuel, kg∕s Φ T0, K Ma

10 37 242 433 3,119 30,325 1.47
0.06 0.6

300 10.10 1.0
0.14 1.4
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eHt � eH � 1

2
u
∼
iu
∼
i � eH0 �

Z
T

0

Cp dT � 1

2
u
∼
iu
∼
i (8)

Here the bar (−) and the tilde (~) represent averaged and Favre-
averaged quantities, respectively. The energy equation can be
expressed differently in terms of total enthalpy, sensible enthalpy,
total internal energy, or sensible internal energy. Internal energy is
usually selected for nonreacting flows, and enthalpy is preferable for
reacting systems becausemost of the chemical energies are expressed
in enthalpy forms [56–62]. To conserve the energy in high-Mach
flows, the energy equation in terms of total enthalpy is adopted since
it implicitly conserves the kinetic energy related to flow speed and the
thermal energy related to temperature. Equation (6) is solved in the
four-dimensional (4-D) space, i.e., 3-D spatial space plus one-
dimensional (1-D) mixture fraction space, for each species to obtain
the conditional species mass fraction Qα. The Favre-mean mass

fraction Y
∼
α of species α is integrated from the conditional values

Qα with theweight of an assumed probability density function (PDF)

P�η�. AndP�η� is given as a β-function of themeanmixture fraction ξ
∼

and its variance ~ξ 0 02, which are solved from Eqs. (4) and (5). The
mean temperature is then reversely calculated from the mean

enthalpy given the species composition T
∼ � f�H∼ ; Y∼α� to account

for the compressibility effect in supersonic flows [63,64]. Figure 3
shows the flowchart of the solving process of flow and combustion.
According to Stokes’s hypothesis, which ignores the bulk viscos-

ity, the shear-stress tensor for a Newtonian fluid is calculated as

τ
∼
ij � ρ

−
ν�eT��2eSij − 2

3
δijeSkk

�
(9)

where ν is a temperature-dependent kinetic viscosity, and the strain-
rate tensor of the resolved scales is calculated as

eSij � 1

2

�
∂ ~ui
∂xj

� ∂ ~uj
∂xi

�
(10)

Accurate submodels for the SGS nonlinearities are generally lacking
in the literature, and they are often ignored in most LES modelings.
The Reynolds stress τij and turbulent fluxes ΨT;j and Ψα;j in

Eqs. (2–5) are unclosed and require specific modeling. The Reynolds

stress is defined as τij � ρ
−�guiuj − ~ui ~uj� and modeled by the Boussi-

nesq eddy viscosity hypothesis, where the Reynolds stresses are

proportional to ~Sij,

τij �
�
τij −

1

3
δijτkk

�
|����������{z����������}

deviatoric

� 1

3
δijτkk|�{z�}

isotropic

� −ρ−νsgs
�
2 ~Sij −

2

3
δij ~Skk

�
� 2

3
δijksgs (11)

Here νsgs is the eddy viscosity given by νsgs � ν
∼
fv1, and ksgs is the

unresolved subgrid-scale (SGS) kinetic energy that is determined

reversely from νsgs as ksgs � �νsgs∕�CkΔ���2. The turbulent viscosity
is given by improved delayed detached eddy simulation (IDDES)
based on k-ω shear stress transport model [65]. In wall-resolved
LES (WRLES), the total number of grid points (N) scales with the

Reynolds number (Re) as N ∼ Re13∕7 [66], where the near-quadratic
Re dependence makes it prohibitive for realistic supersonic flow
modeling [67]. Thereby, IDDES is specially designed to address
high-Re wall-bounded flows, e.g., supersonic flow in this study, by

alleviating themodeling cost in the boundary layer to beN ∼ Re1 [66].
In addition to lowering the modeling cost of the turbulent boundary
layer, the prominent advantage of IDDES lies in the direct resolving of
a major part of the unsteady turbulent motions in the core internal
region. The transition from the RANS to LES modes is mainly con-
trolled by the definition of length scale, which determines the produc-
tion anddestruction levels of turbulent viscosity. TheRANSmodeuses
the length scale defined as the distance to the nearestwall (d), while the
LES mode uses the local grid size scaled by an empirical constant of
CDESΔ. A more complicated definition of length scale lIDDES is used
[65,68] in IDDES to avoid a premature switching from RANS to LES
at the edge of the turbulent boundary layer.
The turbulent enthalpy flux term ΨT;j � ρ

−� gujHt − ~ujeHt� is mod-
eled by the gradient diffusion assumption with a linear eddy diffu-
sivity as

ΨT;j � −2ρ−
νt
Prt

∂ ~Ht

∂xj
(12)

where Prt is the turbulent Prandtl number. The turbulent diffusion

term for mixture factionΨξ;j � ρ
−�fujξ − ~ujξ

∼
� is similarly modeled as

Ψξ;j � −2ρ−
νt
Sct

∂ξ
∼

∂xj
(13)

where Sct is the turbulent Schmidt number. The choice of turbulent
Prandtl and Schmidt numbers spans a large variation of 0.2–1.4 from
case to case [69–74]. In this study, the optimal choice of unity Prandtl
and Schmidt numbers is assumed (i.e., Prt � 1 and Sct � 1) for the
internal flow region [69,75], while Prt � 0.85 is adopted for the
turbulent boundary layer [76,77]. The unity Prandtl and Schmidt
numbers have been embedded in the standardOpenFOAMcode [78].
The choice of the turbulent Prandtl and Schmidt number may sig-
nificantly influence the solution in RANS modelings; however, their
influence is considered much smaller in highly resolved LES regions
since SGS diffusivities are of orders of magnitude smaller [79]. A
proper determination of turbulent Prandtl and Schmidt numbers in
highly resolvedLES for supersonic reacting flowsmerits future study
to eliminate the modeling uncertainties further. Note that the laminar
thermal and mass diffusivities are calculated directly based on the
local thermodynamic states, i.e., pressure, temperature, and compo-
sition, instead of using the unity-Lewis number assumption to better
account for the differential diffusion effect.
In resolving Eqs. (2–7), those subtle terms related to subgrid-scale

nonlinearities and molecular partial diffusion are neglected. The
nonlinearities in the diffusion terms in the momentum (τ

−
ij − τ

∼
ij),

energy (q
−
j − ~qj) and species equations (J

−
j − ~Jj) can be reasonably

ignored based on the Direct Numerical Simulation study of a com-
pressiblemixing layer atMach 0.2–0.6 [80]. SGS viscous dissipation
(gujτij − ~uj ~τij) is considered to be negligible in a priori test with DNS
data for transitional boundary-layer flow atMa � 4.5 [81]. The SGS
fluctuations of the gas state in terms of unresolved temperature and
species components introduced during the filtering process,

psgs � ρ
−�fRT − ~R ~T�, may become significant in transcritical flows

with substantial property gradients [82,83]; however, it is neglected
in most existing modelings [84–86] because it is not expected to play
a significant role in highly resolved LES simulations [87]. The
thermal diffusion (Soret effect), pressure diffusion (baro-diffusion),Fig. 3 Flowchart of the solving process of flow and combustion.
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and mass-driven diffusion of heat (Dufour effect) become significant

only when the participating species are of widely differing molecular

weights [88–90], e.g., in the soot formation process with heavy soot

particles involved, where lighter molecules are pushed away from

heavier molecules in the direction of temperature, concentration, or

pressure gradient. In addition, the diffusion time scale is much longer

than the convection time scale in supersonic flows [35]. Therefore,

those partial separation effects of the mixture due to molecule

differences are not included in the current modeling.

C. Turbulent Combustion Model

The complete transport equations with differential diffusion and

phase change for instantaneous mixture fraction ξ and mass fraction

of individual species Yα read as

∂ρ
∂t

� ∇ ⋅ �ρU� � _mp (14)

∂ρξ
∂t

� ∇ ⋅ �ρUξ� �
�
ρ
∂ξ
∂t

� ρU ⋅ ∇ξ
�
� ξ

�
∂ρ
∂t

� ∇ ⋅ �ρU�
�

− ∇ ⋅ �ρDξ∇ξ� � _mpξl (15)

∂ρYα

∂t
�∇ ⋅ �ρUYα� �

�
ρ
∂Yα

∂t
� ρU ⋅ ∇Yα

�
� Yα

�
∂ρ
∂t

�∇ ⋅ �ρU�
�

−∇ ⋅ �ρDα∇Yα� � _mpYl;α � ρWα (16)

The liquid mixture fraction is defined as ξl �
P

Yl;α, where species

α belongs to the fuel species, and thus for pure liquid fuel drop-

let, ξl � 1.
To achieve high-efficiency yet high-fidelity modeling of high-Re

turbulent reacting flow involving complex chemistry, dynamic zone

flamelet model (DZFM) [10,91] is proposed based on the idea of

dynamically dividing the computational domain into a finite number

of zones and representing the local reacting status with an individual

flamelet. Here, the terminology “dynamic” means that both the

flamelet and its corresponding zone constantly evolve with the

unsteady flowfield. DZFM introduces the concept of local condi-

tional variable Qα � hYαjξ�x; t� � η; x ∈ zonei, where η means the

sampling variable in mixture fraction space, x represents the physical
coordinate, and x ∈ zone denotes that the conditional average is

confined within the zone. Correspondingly, the instantaneous mass

fraction is related to Qα as

Yα�x; t� � Qα�η � ξ�x; t�; x ∈ zone; t� � Y 0 0
α �x ∈ zone; t� (17)

whereY 0 0
α is the deviation of instantaneous value from the conditional

average within the current zone, or more briefly, the conditional

fluctuation. Note that the hY 0 0
α jη; x ∈ zonei � 0, and zone-averaged

hY 0 0
α izone � ∫ hY 0 0

α jη; x ∈ zoneiP�η� dη � 0. P�η� represents the

PDF that describes the distribution of instantaneous ξ within the

zone. In conditional-moment-based models, the key to valid the

first-order closure assumption of nonlinear conditional chemical

source terms [92] is reducing the fluctuations to a much low level

(Y 0
α → 0), which is difficult if the conditional mean is defined for the

whole domain and can usually be achieved by introducing multiple

conditioning [93–95]. For zone-based conditioning, a local statistical

homogeneity of conditional means can be achieved by the combined

use of two approaches, i.e., refining the zone division and adding

more zone dividing indices, e.g., mixture fraction (ξ), Mach number

(Ma), reaction progress variable (c), and streamwise distance (x)
used in this study.
Differentiating Eq. (17) and substituting it into Eq. (16), then

combining with Eqs. (14) and (15), one arrives at the following

equation:

ρ
∂Qα

∂t
� ρU ⋅ ∇Qα � Yα _mp − _mpYl;α − ρDα�∇ξ�2

∂2Qα

∂η2

� ∂Qα

∂η

�
ρ
∂ξ
∂t

� ρU ⋅ ∇ξ − ∇ ⋅ �ρDξ∇ξ�|�������������������������{z�������������������������}
_mpξl− _mpξ

�
�

�
1 −

Dα

Dξ

�
∇

⋅ �ρDξ∇ξ�
∂Qα

∂η
�

�
ρ
∂Y 0 0

α

∂t
� ρU ⋅ ∇Y 0 0

α − ∇ ⋅ �ρDα∇Y 0 0
α �

�

− ρDα∇ξ ⋅ ∇
�
∂Qα

∂η

�
− ρDα∇2Qα � ρWα (18)

Taking conditional average on Eq. (18) with the following condi-

tions: 1) ξ�x; t� � η, and 2) sampling within the local zone x ∈ zone,
the representative flamelet equation in terms of conditional species
Qα can be written as

ρη
∂Qα

∂t
�hρUjηizone ⋅ ∇Qα � Evap|{z}

notused

�EZFM

� ρη
Dα

Dξ
hχjηizone

∂2Qα

∂η2
� ρη

�
Dα

Dξ
− 1

�
Mη

∂Qα

∂η
� ρηhWαjηi (19)

with

Evap � h _mpizone
�
Qα −Ql;α �

∂Qα

∂η
�ξl − η�

�
(20)

EZFM �
�
ρ∂Y 0 0

α ∕∂t� ρ ~U ⋅ ∇Y 0 0
α − ∇ ⋅ �ρDα∇Y 0 0

α �|����������������������������������{z����������������������������������}
eY

����η
�
zone

−
�
ρD∇ξ ⋅ ∇

�
∂Qα

∂η

�����η
�
zone

− h∇ ⋅ �ρD∇Qα�ηizone (21)

The conditional redistributing term eY inEZFM diminishes as the zone
division is adaptive to mixture fraction. The second and third terms in

EZFM characterize the diffusion between the flamelets in different
zones and was often neglected for high-Reynolds turbulent flows
[96]. However, they can become important for weakly and moderately

turbulent flows, such as the subsonic flow regions in the domain, and
thus were included in this modeling by using a statistical conditional
averagingmethod [97], which is especially suitable for high-resolution

LES data. As liquid condense fuels are frequently used in scramjets,
Eqs. (14–21) derive the completemathematical equations formodeling
either single-phase or two-phase combustion. A subscript below the
phase change termEvap was added in Eq. (19) to classify that this term

is not used in the currentmodeling but can potentially be used in future
studies if a phase change is involved. The conditional fuel composition
Ql;α � hYl;αjηizone is calculated as the pure mixing state between the

liquid fuel composition Yl;α and the oxidizer stream composition Y0
α.

For multicomponent liquid fuel, the evaporation heterogeneity among
the liquid components can change the liquid composition from location
to location, and by definition, the conditional fuel composition Ql;α

varies from zone to zone. Therefore, the zone should be dynamically
updated to ensure local homogeneity in liquid fuel composition. Such a
treatment of dynamic-zone-based conditional modeling makes the
model applicable to spray combustionwith heterogeneous evaporation

behavior, which is the case inmost engine combustors, while avoiding
the introduction of complex double conditioning [96,98]. Another
issue that should be paid special attention to in the scramjet design

when using liquid fuels is that the heat absorption due to vaporization
may cause observable low-temperature regions immediately behind
the fuel injectors, which will anchor the flame at a more downstream
location. In this study, because gaseous ethylene is used and no liquid

phase was involved, the zone-average phase change rate h _mpizone and
the phase change term Evap are excluded from Eq. (19) as Eq. (6). The

zone-based conditional diffusionMη � h∇ ⋅ �Dξ∇ξ�jηizone, the zone-
based conditional scalar dissipation rate hχjηizone, and the zone-based
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conditional temperature QT � hTjηizone are all estimated by the
statistical conditional averaging method [97] within each zone.
The combustion chemistry of ethylene burning with air is

described by the skeletal kinetic mechanism consisting of 66 irre-
versible reactions between 23 species, which was developed by
Zettervall et al. [99] and referred to as the Z66 mechanism. The
mechanism has been extensively validated for combustion character-
istics related to ignition and flame propagation over a wide range of
pressure, temperature, and equivalence ratios. The mechanism accu-
racy is overall satisfactory over the range of conditions relevant to
ramjet and scramjet applications.
The first-order closure, which considered that the conditional

fluctuations are of smaller order than the conditional means
(Y 0 0

α < Qα) and also smaller than the unconditional fluctuations
(Y 0 0

α < Y 0
α) [92,100], is used to calculate the zone-based conditional

chemical source terms:

hWαjηizone ≈Wα�Qα; QT� (22)

D. Nonequilibrium Effects

The thermal nonequilibrium was accounted for by the two-
temperature model [23,101], which subgroups the translational and
rotational temperatures into a single transrotational temperature
denoted by Tt, and the electron, electronic energy, and vibrational
energy modes into a single vibrational–electronic temperature
denoted by Tv. Such a two-temperature model was frequently
employed in modeling supersonic combustion inside scramjets
[29,31,102] and hypersonic reacting flow around aerobraking
vehicles [24,28,30]. The underlying assumptions of such a lumped
temperature treatment are that 1) the translational and rotational
temperatures can achieve equilibrium with each other within a small
number of particle collisions, and similarly, 2) electron and electronic
energy modes can equilibrate with the vibrational energy mode at an
almost infinitely fast speed based on the direct simulation Monte
Carlo (DSMC) analysis [101,103]. However, the number of colli-
sions needed to bring rotational temperature to the translational
temperature increases with temperature, and at temperatures above
10,000K, the rotational temperaturemust be recognized as a separate
temperature, which leads to a three-temperature model [101]. The
maximum temperature in most engine combustors will not exceed
5000 K; thus, the two-temperature model will suffice. In addition,
this study does not take into account of the multiple vibrational
modes, which assumes vibrational–electronic temperature for each
vibrationally excited species and is thus extremely costly in both
computational time and memory requirement for combustion mod-
elings that usually involve plenty of species. The influence of
multiple-vibrational model will be investigated in a future study.
A zonal nonequilibrium model (ZNM) is developed to account for

the turbulence effect and improve computational efficiency. In ZNM,
the flow domain is divided into different zones by using the indices of
pressure, temperature, andmixture fraction, on thepremise that the cells
in each zone have a similar vibrational-translational relaxation time.
Then for each zone, the conditional relaxation time is expressed in
terms of conditional means following the semi-empirical correlation
proposed by Millikan and White [104] (τMW

VT ) and further corrected by

Park [101] (τPVT):

hτVT jη; zonei �
101325

hpizone
exp�As�hTtjηi−1∕3 − Bs� − 18.42�

�
� ���������������������

8RhTtjηi
π

⋅
r

σ

�
5000

hTtjηi
�
2

⋅ n
�−1

(23)

The mean relaxation time is integrated by a β-function PDF:

τVT �
Z
hτVT jη; zoneiP�η� dη (24)

The energy exchange between the transrotational and the vibrational–
electronic energy modes, abbreviated as V-T energy exchange, is
calculated by the Landau–Teller equation [105]:

QVT �
X
α

�
ρ
Htr −Hvel

τVT

�
(25)

where Htr and Hvel are the transrotational and vibrational–electron–
electronic energies, respectively.
The nonequilibrium chemistry describing the air dissociation is

simulated by Park’s five-species mechanism [24,27,106], with three
dissociation reactions for diatomic species and two exchange reac-
tions involving NO. The five-species air dissociation chemistry is
added to the combustionmechanism that describes the oxidization of
the fuel. In this study, the chemistry–vibration coupling for the three
main initiation reactions is calculated by Park’s model optimized by
the quasi-classical trajectory (QCT)method [107], while all the other
reactions are treated by the coupled vibration–chemistry–vibration
(CVCV) model [25,108]. In Park’s model, the reaction rates are
described based on a modified temperature, which is a function of
both the translational and vibrational temperatures.

k�Tt; Tv� � ϕ�Tt; Tv�keq�Tt� ≈ keq�Teff� (26)

Teff � �TtT
ζ
v�1∕�1�ζ� (27)

The parameter ζ is set to 1 in Park’s original model, assuming that Tt

and Tv affect the reaction rate identically; ζ can be optimized with
QCT calculations using ab-initio-derived potential energy surfaces
[107]. Table 2 lists the optimized ζ for themain reactions and the root-
mean-square (RMS) errors of the approximate efficiency function.
In the CVCVmodel, the thermal nonequilibrium reaction rates are

corrected with the efficiency function ϕ�Tt; Tv�

k�Tt; Tv� � ϕ�Tt; Tv�keq�Tt� (28)

Here the vibrational partition function is defined for a harmonic
oscillator with the characteristic vibrational temperature θv truncated
to a maximum energy E as

Q�T;E� � 1 − e−E∕RT

1 − e−θv∕T
(29)

Here, the efficiency function can be calculated as

ϕ�Tt; Tv� � X1

X2

X3

(30)

where

X1 �
Q�Tt;Ed�
Q�Tv;Ed�

(31)

X2 � e−γEa∕RTQ�TΓ; γEa� �Q�T0;Ed� −Q�T0; γEa� (32)

X3 � e−γEa∕RTQ�−TU; γEa� �Q�T�;Ed� −Q�T�; γEa� (33)

Here Ea is the reaction activation energy and Ed is the dissociation
energy of the polyatomic molecule; γ determines the fraction of
vibrational energy needed to overcome the activation threshold and

Table 2 Fitted parameters for optimized
Park’s model and the RMS errors

All Tv

0.5Tt ≤ Tv ≤
1.2Tt

Reaction ζ Error ζ Error

H� O2�Tv� 0.307 0.058 0.162 0.012

O� H2�Tv� 0.155 0.064 0.071 0.010

OH� H2�Tv� 0.114 0.020 0.087 0.016

OH�Tv� � H2 0.016 0.004 0.012 0.003
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is set to 0.8. The pseudotemperatures T0, T�, TΓ, and TU are defined

as follows:

TU � Ed

5R
(34)

1

TΓ
� 1

Tv

−
1

Tt

−
1

TU

(35)

1

T0
� 1

Tv

−
1

TU

(36)

1

T� � 1

Tt

−
1

TU

(37)

It should be noted that the CVCV model is suitable for reactions

involving only one polyatomic reactant. The lowest characteristic

vibrational temperature is used for the triatomic molecules with

multiple vibrational modes.
The vibrational–electronic energy added or removed by chemical

reactions is calculated as

QCV � _ω�D 0 � eel� (38)

where eel is the electronic energy andD
0 is the dissociation energy. A

preferential model [109], which assumes that molecules are more

likely to dissociate at higher vibrational energy states, is used to

calculateD 0 as the dissociation potential scaled by a constant fraction
of around 0.3.

E. Computational Configurations

The computation is conducted by a compressible combustion

solver Amber [35,91,110–115] developed in the framework ofOpen-

FOAM V2112 [116]. The main design principle of Amber is zone-

based decoupling modeling of turbulent flow, chemical kinetics, and

physical properties [10]. The chemistry and property are resolved in

the local conditional space belonging to each zone and then fed back

to the flow solver through PDF integrations. In the premise of

satisfying local statistical homogeneity, i.e., no statistical dependence

of the local states on space other than the conditioning variable(s)

[117], the dynamic adaptive zone division enables a local flow–

chemistry–property decoupling. The thermodynamic nonequili-

brium effects are handled in the stage of property computation by

the ZNM [10]. The chemistry solving in the conditional space can be

further accelerated by ISAT and DAC [118].
The inviscid flux is resolved by a low-Mach corrected hybridKNP/

central scheme [119–121], which combines the dissipative KNP

scheme [122] with the nondissipative central scheme [123]. Face

variables for constructing the convective fluxes are interpolated by a

third-order low-dissipation scale-selective discretization scheme

(SSD) [124]. The central discretization scheme with nonorthogonal

correction is applied for the diffusion terms. The time step is
advanced by the second-order Crank–Nicolson scheme [125].
Themolecular viscosity is calculated byBlottner’s viscositymodel

[126], and the thermal conductivity is given by Eucken’s formula
[127]. Specific heat and enthalpy are calculated by temperature-
dependent curve-fit models [128]. The vibrational and electronic
enthalpies are calculated based on their characteristic temperatures
and the degeneracy degree of the electronic level [30]. The mass
diffusivities of individual species are calculated using the chemical
kinetics packageCHEMKIN-II [129] based on the transport database
containing the molecular parameters for each species, such as Len-
nard–Jones potential well depth, Lennard–Jones collision diameter,
and dipole moment. The specific heat and enthalpy of the mixture are
calculated by molar-fraction-weighted averaging. The mixture-
averaged viscosity is calculated by the modified Wilke’s mixing
law [130,131]. The mixture-averaged thermal conductivity is calcu-
lated by the combination averaging formula [132]. To account for the
differential diffusion effect, the mixture-averaged diffusion coeffi-
cient for each species is calculated by Bird’s formula [130,133].
MPI parallel computations based on domain decomposition were

performed in the national supercomputer center by the TianHe-HPC4
cluster, which is composed of Intel(R) Xeon(R) Gold 6240 CPUs
with a base frequency of 2.6 GHz. All the computations were run
parallel on 360 cores. The time step is limited by amaximumCourant
number of 0.5 and a user-specifiedmaximum time step of 5 × 10−8 s,
roughly 1/10–1/20 of the chemical time scale. Considering the total
length of the internal engine flow path (5.61 m) and the external flow
domain (0.67 m), the flush through time (FTT) calculated based on
the initial flow speed of the air freestream (3119 m∕s) is 2 ms. The
modeling case with 368.34 million cells takes 24 × 24 × 360 CPU
hours to ensure 3 FTTs for the data sampling and statistics. The
computational time of the other cases roughly scales with the
mesh size.

III. Results and Discussion

Figure 4a compares the predicted andmeasuredwall pressure. The
pressure profiles were similar for the nonequilibrium cases, and the
mean errors relative to the result based on the finestmesh show a clear
converging trend as the mesh is refined. The prediction by 147.20M
mesh has a small relative error of less than 1%; thereby, the following
analyses are all based on 147.20M mesh unless otherwise specified.
In the analysis, the equilibrium case assumes thermal equilibrium and
excludes the air dissociation chemistry, while the nonequilibrium
case assumes thermal nonequilibrium and employs Z66 plus air
dissociation chemistry that accounts for the influence of the vibra-
tional energy mode. The prediction assuming equilibrium is overall
higher than the nonequilibrium predictions. The agreement of the
nonequilibrium prediction based on the 147.2M mesh with the
experimental measurement is generally better, though with some-
what overprediction of the peak pressure around the fuel injectors and
the cavity. The discrepancy is probably due to the differences
between the direct-connect inflow and the inlet-compressed free
flow. The shock-compressed inflow has experienced an extremely
high temperature up to the stagnation temperature of 3843 K; thus,

Fig. 4 a) Streamwise mean wall pressure underΦ � 0.6; b) grid convergence analysis in log-log coordinate.
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the air inflow can be considered fully dissociated. The subsequent
acceleration by the Laval nozzle temporally reduces the flow temper-
ature, but the molecule recombination may not be fully recovered,
given the short flow residence time, whereas the modeling repro-
duced the actual flow status at the entrance of the isolator by includ-
ing the inlet flow as well as part of the external flow, in which the air
dissociation level gradually increases with the temperature rise under
the inlet compression. Another factor that may affect is the difference
in inflow turbulence level. As pointed out in [42], the strong shock
wave/turbulent boundary-layer interaction at the throat of the Laval
nozzle causes a thicker boundary layer and a negative effect on flow
uniformity. Although the shock tube can reproduce a test gas with
pressure, temperature, and Mach number similar to the actual flight
test, the subtle effects of gas composition and turbulence intensity are
more challenging to reproduce simultaneously. To achieve consistent
data with the actual flight test, a full-component performance evalu-
ation of the ensemble scramjet is required for both the experimental
and numerical studies, implying that a larger-scale shock tube and
more computational resources are needed.
Figure 5 compares the reacting flowfields under equilibrium and

nonequilibrium. Under all the modeled conditions, there is flame
propagation along the recirculation zone upstream of the injectors.
The flame upstream propagation distance generally increases with the
fuel equivalence ratio, while the propagation distance assuming equi-
librium under the fuel-lean condition (Φ � 0.6) is comparable to the
nonequilibrium case with the highest equivalence ratio (Φ � 1.4),
suggesting that much more heat addition has been imposed into the
supersonic flow if assuming equilibrium. The contours of Ma � 1
overlaidwith the temperature field show that the upstream recirculation

zone not only slows down a large portion of the flow to be subsonic but
also enhances the mixing by entraining both the fuel and air. A ramjet
mode rarelyoccurs inhypersonic combustors, as the thermal choking is
difficult to be established as the freestream velocity increases. It is
noticed that the upstream propagation only occurs before those pylon-
based injectors. The changed incoming flow and boundary layer exert
different impacts on the corresponding downstream injection: 1) the
reduced local flow momentum flux or dynamic pressure facilitates the
jet penetration of the injections from the pylon top, nearwhich a thicker
reaction layer was formed; 2) on the other hand, the jet penetration of
thewall-injected jets has been significantly suppressed, and the flame is
blown downstream and stabilized in the downstream cavity. Typically,
the flame stabilization mode can be classified as the cavity mode, the
jet-wake mode, and the oscillation mode [134]. The use of a pylon
creates a new upstream recirculation mode, which can be considered a
special type of jet-wakemode. The jet-wakemode is favorable because
it usually implies better near-field combustion efficiency or, more
pertinently, a shorter combustor length. As discussed in [135], the
traditional flame-holding strategy of using a cavity is considered of
less use for scramjets operating at high-Mach flight conditions. The
current modeling shows that the sole use of a cavity is not enough,
whereas a pylon should be used instead, or at least combinedly.
Generally, there are two effects induced by thermal nonequili-

brium, i.e., the nonequilibrium heating effect and the nonequilibrium
cooling effect.
1) Because the establishment of equilibrium inevitably has a

certain delay, usually in the order of 10−5 − 10−2 s inside scramjets
[10], the addition of kinetic energy to the transrotational energymode
due to flow compression and viscous heatingwill temporarily raiseTt

Fig. 5 a) T in the thermal equilibrium case under Φ � 0.6; Tt in the nonequilibrium case under b) Φ � 0.6, c) Φ � 1.0, and d) Φ � 1.4; Tv in the
nonequilibrium case under e) Φ � 0.6, f) Φ � 1.0, and g) Φ � 1.4; h) T in the thermal equilibrium case under Φ � 0.6; mass fraction of H2O in the
nonequilibrium case under i)Φ � 0.6, j) Φ � 1.0, and k)Φ � 1.4.
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to above the equilibrium value T, exhibiting as nonequilibrium
heating effect. The nonequilibrium heating effect increases Tt near
the wall, causing an observable thickening of the boundary layer
along the internal surface of the inward-turning inlet. The V-Tenergy
exchange is negligible for Tt < 800 K; therefore, the cold internal
regions of the inlet flow are visually similar for the equilibrium and
nonequilibrium cases. Because the thickening of the boundary layer
due to the nonequilibrium heating effect becomes prominent only
after the inlet cowl, the air capturing rate is less affected, with a
negligible discrepancy of around 0.3% for the equilibrium and non-
equilibrium cases. In addition to thickening the boundary layer, the
higher Tt in the boundary layer can also lead to an early ignition, as
reported in [31]. However, due to the existence of the upstream
recirculation zone, the early ignition cannot be distinguished from
the premixing effect of the recirculation zone in the currentmodeling.
2) In contrast, the deduction of kinetic energy from the transrota-

tional energymode due to flow expansion will temporarily reduce Tt

to below its equilibrium value T, exhibiting the nonequilibrium
cooling effect. In the nozzle, excessive kinetic energy has been solely
extracted from the transrotational mode, which was not compensated
by the vibrational–electronic mode immediately. Such a nonequili-
brium cooling effect results in a noticeable drop in Tt characterized
by the cold streaks, which are more evident under Φ � 0.6 due to
insufficient heat addition and are barely observed when increasing
the fuel supply. Since the kinetic energy is solely extracted from the
transrotational energy, the flow expansion has no immediate influ-
ence on Tv. A new thermal equilibrium will be reached between Tt

and Tv if given sufficient thermal relaxation time of the order of
microseconds. The final product H2O was richly produced in the
nozzle for the equilibrium case, while much less under nonequili-
brium, suggesting that the reactions there have been significantly
weakened by the nonequilibrium cooling effect.
Note that the above observation is made for supersonic flows. For

subsonic flows, the observation is reversed; i.e., the compression of a
subsonic flow will lead to the nonequilibrium cooling effect, and the
expansion of a subsonic flow will cause the nonequilibrium heating

effect.A general rule of thumb is to see whether energy is added to or
extracted from the transrotational energy mode. The nonequilibrium
cooling effect has been prominently identified after the diverging part
of the combustor in a previous study [10]. However, the early chain
reactions initiated at the inlet fuel injection obscure the effects of
thermal nonequilibrium and chemical nonequilibrium. The previ-
ously observed thinner boundary layer along the inlet cowl could
be due to the degenerated reactivity under chemical nonequilibrium.
According to Eq. (23), aerodynamic compression is favorable for

establishing thermal equilibrium, whereas aerodynamic expansion
will further drive the flow away from thermal equilibrium. The com-
pression,whether by isotropicwaveor shockwave, firstly imposespart
of kinetic energy into the translational–rotational energy, which then
transfers to the vibrational energy to establish the thermal equilibrium.
The high temperature and pressure behind the compression wave
increase the collision frequency and facilitate the establishment of
thermal equilibrium. The expansion causes the translational temper-
ature to drop below the vibrational temperature [31], further increasing
the thermal relaxation time and freezing the nonequilibrium status.
The flame temperature under nonequilibrium is both affected by

the V-T energy exchange and the nonequilibrium chemistry, i.e., the
thermal and chemical nonequilibrium effects. Inside the combustor,
the equilibrium flame temperature is overall higher than the non-
equilibrium one. The high-temperature region spreads more widely
inside the combustor under the unity equivalence ratio, and the flame
temperature decreases further under the fuel-rich condition due to the
existence of unburnt high-heat-capacity fuel. The peak equilibrium
temperature (T) is around 300 K higher than the peak transrotational
temperature (Tt). Most of the flame temperature has reached 3500 K
in the equilibrium case, while only 3200 K in the nonequilibrium
case. In the current study, thermal equilibrium can be quickly estab-
lished for the regions with a high flame temperature of over 2000 K,
as confirmed by the observation that Tv is nearly identical with Tt

inside the combustor. However, in the low-temperature inlet and
isolator, the V-T energy exchange has been significantly delayed,

and the resultant lower Tv weakens the initial reactions [29]. This
indicates that although the nonequilibrium heating effect under com-
bustion increases Tt and may promote an early ignition [31], the
unsynchronous rise of Tv tends to suppress the combustion. The
inclusion of nonequilibrium air chemistry induces additional air
dissociation, which would further reduce the flame temperature.
The production of H2O decreases with the increase of the global

fuel equivalence ratio, which is in accordancewith the reducing trend
of the flame temperature. Such a tendency is somewhat contrary to
the observation under moderate Mach conditions [110], where the
combustion is usually enhanced with the increasing global fuel
equivalence ratio. This suggests that the benefit of additional fuel
was not fully released, primarily attributed to the poor mixing under
higher equivalence ratios. Although it is claimed that reduced Tt has
the advantage of strengthening turbulence and enhancing mixing
[29], the prolonged reaction chains under chemical nonequilibrium
increase the probability of incomplete combustion, i.e., the conver-
sion process of reactants into the final products (i.e.,CO2 andH2O) is
more prone to be interrupted by stochastic convection. In this study,
both the thermal nonequilibrium and chemical nonequilibrium were
included in the modeling as what occurs in the actual flight test.
However, to further distinguish their individual influences on the
product production, numerical tests that enable each one solely will
be conducted in a future study.
Figure 6 compares the evolution of flamelets from the upstream of

the injectors to the nozzle exit with Φ � 0.6 under equilibrium and
nonequilibrium. Although the first probed location x � 3.69 m is
upstream of the first row of injectors (x � 3.72 m), the reaction in
the upstream recirculation zone has already produced plenty of final
products, i.e., CO2 and H2O. For the equilibrium case, the mass
fraction of the final products quickly peaks at x � 3.88 m, then drops
until reaching x � 5.22 m, after which the reacting statuses vary little
and nearly converge to a single curve. The reaction is initially weak for
the nonequilibrium case, and the concentrations ofCO2 andH2O keep
increasing until converging at around x � 5.22 m. The convergence
of the reacting statuses indicates that the combustion reactions have
reached a relatively stable status. In most of the flamelets, the final
products in the mixture fraction space are more abundant in the
equilibrium case, indicating a more complete burning. Therefore
higher combustion efficiency of the short period from x � 3.8 to
5 m under nonequilibrium can only be attributed to the good mixing.
Besides those coagulated flamelets, lean-shifting in the peaks of CO2

and H2O profiles away from the theoretical stoichiometric mixture
fraction ξst � 0.06355 was observed. The off-stoichiometric phe-
nomenon is partially because the chemistry has not reached equilib-
rium immediately downstream of the injectors and is also contributed
by the differential diffusion effect. Due to the short flow residence time
and the quick dispersion in supersonic flows, the actual fuel burnt is the
small hydrocarbons and hydrogen pyrolyzed from ethylene. The high
diffusivity of hydrogen over hydrocarbonsmakes it transfer faster and,
accordingly, reduces the local stoichiometric mixture fraction. For
slow chemistry in high-speed flows, those pyrolyzed intermediates
determine the basic combustion properties rather than the original fuel
directly. After incorporating the nonequilibrium air dissociation reac-
tions, the peak concentrations of the O atom rise more than double
comparedwith the equilibrium case. In the equilibrium case, the O can
onlybe producedwith the aid of hydrocarbon- orH-contained radicals.
TheO atom acts as an intermediate species and is quickly consumed in
the main reaction region in the equilibrium case before x � 5.03 m,
during which stages no obvious peaks can be observed while more O
atoms remain in the downstream postcombustion region. Because an
alternative path of direct oxygen dissociation is available for the O
formation in the nonequilibrium case, O atoms are much more abun-
dant during themain reaction stages andmaintain nearly the same level
as the equilibriumcase in the postcombustion region after x � 5.03 m.
The oscillations in the O profiles indicate that the reactions are more
heterogeneous in the nonequilibrium case due to the complexity of
nonequilibrium chemistry and the wide distribution of colder streaks
inside the combustor.NO ismassively producedunder the oxygen-rich
conditionwith the presence of a high temperature above 1800K [136].
In this study, the reactions between N2 and the hydrocarbon radicals
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are not included; thus, there is noNO formation in the colder part of the
flame through the so-called prompt NO mechanism [136]. Since the
air-dissociation reactions have not been included in the Z66 combus-
tion mechanism [99], NO is not present in the equilibrium case. The
comparable concentration of NO with the final products of H2O and
CO2 implies substantial endothermic dissociation reactions, which
significantlybringdownthe flametemperature, as compared inFigs.5a
and 5b. From Fig. 6g, NO is mainly formed in the fuel-lean side, or
more precisely, mainly below ξ < 0.05; thus, the influence of
nonequilibrium air chemistry should only cause a direct impact in

the fuel-lean regions, e.g., the postflame region and the nozzle flow
region. In the upstream recirculation zone, where the flame is partially
premixed, the diffusion of fuel into the small ξ space bins implies that
the air can be polluted by the small hydrocarbons and hydrogen
radicals cracked from the fuel. The current study employs an extrapo-
lation boundary condition in the mixture fraction space to better
account for this effect.
Figure 7 compares the reaction paths under equilibrium and non-

equilibrium to reveal the influence of chemical nonequilibrium. The
chemical statuses are probed at three typical locations corresponding

Fig. 6 Evolution of flamelets probed at locations from x � 3.69 to 6.17 m; mass fractions of a) CO2, c) H2O, and e) O atom under equilibrium; mass
fractions of b) CO2, d)H2O, f) O atom, and g) NO radical under nonequilibrium.
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to the main reaction region, the postflame region, and the nozzle
exhaust flow, respectively. The rate of production (ROP) is calculated
directly for the local reacting statuses based on theArrhenius formula
with equilibrium temperature and the CVCV model with nonequili-
brium temperatures. In the CVCV model, the reaction rate is weak-
ened by reducing the efficiency function to ϕ < 1when Tv < Tt, and
enhanced by raising the efficiency function to ϕ > 1 when Tv > Tt

[107]. However, the base reaction rate is still determined by Tt, and
the influence of vibrational nonequilibrium varies for different reac-
tions and different reactant compositions. The reaction paths in
Figs. 7a and 7b are generally similar at the first probing location
close to the injectors, where the fuel is rich and complete reaction
paths proceed to the final products. One of the major differences in
the path structure is that the pyrolysis reaction fromC2H4 toH2O, i.e.,
C2H4 � OH � C2H3 � H2O, has been reversed in the equilibrium
case due to the absence ofOH radicals. OH further helps the pyrolysis
ofC2H3 toC2H2 and, subsequently,C2H. However, the role of OH in
promoting pyrolysis is still trivial compared with the direct thermal

cracking from C2H4 to C2H3 and C2H, i.e., C2H4 ⇒ C2H3 � H and
C2H3 ⇒ C2H� H2. Due also to the absence of OH, the conversion
from CO to CO2 was hindered, as the chain termination step CO�
OH ⇒ CO2 � H is rate-limited by the concentration of OH. The OH
formation through the chain reactions O� H2 ⇒ H� OH and O�
H2O ⇒ OH� OH significantly relies on the O atom produced
through the air dissociation. Although dissociated in a small quantity

of 2 × 10−5 in mass fraction, the O atom considerably alters the
downstream fuel-pyrolysis and CO-oxidation paths. As the indicator
of combustion efficiency, H2O was formed mainly through the
dehydrogenation of hydrocarbons (e.g., C2H3, C2H, CH3) or hydro-
gen with OH, whose abundance in the nonequilibrium case raises the
combustion efficiency over that of the equilibrium case temporarily
from x � 3.8 to 5 m. There is a competition between the reaction
paths of C2H4, one leading to C2H3 and one leading back to C2H5.
The former is realized mainly through unimolecular thermal decom-
position and fractionally through the dehydrogenation reaction with
CH3. The produced H atoms can be recombined into H2, as elabo-
rated in [137], or acts as an active H-abstractor from other alkyl or
alkenyl radicals [138]. The latter’s ratio in the total C2H4 consump-
tion is 82% in the equilibrium case, while it reduces to 20% in the
nonequilibrium case. This is mainly because the higher jet penetra-
tion depth under amore decelerated crossflow in the equilibrium case
causes a lower near-field temperature, which significantly suppresses
the thermal decomposition of C2H4. The product C2H5 of the latter
reaction path is metastable and will be subsequently converted to
CH3 when attacked by H atoms. Figures 7c and 7d are probed at the
joint point between the combustor and nozzle sections, where the fuel
has been mostly consumed, and weaker reactions remain in the form
of product dissociations, together with air dissociation when in the
nonequilibrium case. The major difference between the two reaction
paths is the additional nonequilibrium air dissociation reactions
connected by OH. Due to the good mixing and higher combustion
efficiency before the second probed location, nearly all the fuel has
been converted into various oxides, e.g., CO, CO2, and H2O; there-
fore, there are no hydrocarbon-related reactions in the reaction path of
the nonequilibrium case. CO is considered the primary product of
hydrocarbon oxidation, and the conversion from CO to CO2 is
usually rate-limiting. A general rule of thumb is that the main
oxidization reaction path of CO is through OH when the mass
fraction of H2O or H2 is larger than 1% [137], which is satisfied in
the current postflame regions. With rich OH in the nonequilibrium
case, the conversion fromCO toCO2 has reached relatively stable, as
confirmed by the weak net reaction path flux from CO (�OH) to
CO2. For the same reason of OH depletion, the conversion from OH
to CO2 has been reverted in the equilibrium case. A minimal amount
of hydrocarbon remainings continue to react with OH, producing
CH2, HCO, and CO. It seems that for small alkyl radicals (e.g.,C2H2,
C2H), the OH and O thermal decomposition dominates over those
direct cracking reactions and the decomposition reactions by H-
attacking at the first probing location [137]. Similarly, the reaction
path probed near the nozzle exit in the nonequilibrium has additional
air dissociation reactions connected by OH. With the reduction of
temperature from above 2800 K at the second probing location to
below 1000 K at the third probing location, the dissociation of N2

becomes unimportant since breaking the tight N2 bond is only
favored under a high temperature above 1800 K. Under the lower
temperature inside the nozzle, O and OH tend to recombine into O2,
while N and O will recombine into NO. Overall, the chemical non-
equilibrium exerts more impact in the fuel-lean postflame regions,
where the product dissociation has comparable path fluxes with the
air dissociation. In the fuel-rich regions, the air dissociation reactions
are much weaker than the intense combustion reactions, and the
thermal nonequilibrium should take more effect through nonequili-
brium heating/cooling as well as mixing enhancement. In the fuel-
lean regions, the chemical nonequilibrium affects the combustion
mainly through the key intermediate OH, and it seems that the air
dissociation competes for OH with the product dissociation.
Figure 8 shows the quasi-one-dimensional performance analyses

along the streamwise direction. The mixing starts early before the
injectors, evidencing the role of the upstream recirculation zone as an

Fig. 7 Variation of reaction paths probed at an fixed off-wall distance of
3.26 cm and streamwise locations with x � 3.72 m (a, b), x � 4.68 m (c,
d), andx � 6.28 m (e, f); reactionpath fluxes are labeledbyROPwith the

unit ofmol∕�cm3 s�.
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efficient premixer. Although the recirculation zone propagates

slightly more upstream under a higher Φ in Fig. 5, the effective

mixing starts roughly from the same location. In the upstream recir-

culation stage, the equilibrium mixing efficiency overwhelms those

nonequilibrium values. For the nonequilibrium cases, the recircula-

tion mixing under unityΦ is better than both the fuel-lean and fuel-

rich cases. Between the injectors and the cavity, the nonequilibrium

mixing with Φ � 0.6 quickly strengthens and surpasses its equilib-

rium counterpart. After the cavity, the equilibrium mixing gains a

higher rise rate to approach but is always beneath the nonequilibrium

one throughout the nozzle. This can be explained by the reduced

viscosity and strengthened flow turbulence under lower Tt [29]. In

supersonic flows, the dilatational effect is dominant in vortex gen-

eration [35], while vortex stretching becomes weak because the

vorticity and the velocity vectors are nearly aligned in the internal

flow far from shocks and walls [139]. In the equilibrium case, the

higher temperature near the cavity suppresses the vorticity generation

by the dilatational effect [139] and consequently suppresses the

mixing. The final mixing efficiencies under Φ � 0.6 are 86.7 and

83.0% for the equilibrium and nonequilibrium cases, respectively.

Under nonequilibrium, the final mixing efficiency further decreases

to 69.2 and 55.2% as the global equivalence ratio rises to 1.0 and 1.4.

As seen, adequate mixing becomes a more urgent problem for

hypersonic combustion, where the nominal flow residence time for

combustion decreases to even below 1 ms under a hypersonic

entrance flow speed [2].

With higher mixing efficiency, the final combustion efficiency of

72.5% under nonequilibrium is still lower than the 80.6% in the

equilibrium case. This indicates that both the additional air dissoci-
ations and the chemistry–vibration coupling arising from chemical
nonequilibrium make it harder to add heat into the high-enthalpy
hypersonic flow to achieve a high specific impulse [11]. Due to the
premixing role of the upstream recirculation zone, the combustion
efficiency has risen considerably before the injectors, especially for
the equilibrium case. For the equilibrium case, the combustion
efficiency drops slightly near the injectors with the enrichment of
unburnt fresh fuel. Whereas no observable drop exists in the mixing
efficiency, suggesting that the mixing by intense near-field momen-
tum exchange is more effective than the large-scale upstream recir-
culation. For the nonequilibrium case, the combustion efficiency has
a sharper rise between the injectors and the cavity, where the heat
addition from combustion expands the subsonic region considerably.
After the cavity, combustion efficiency under nonequilibrium
ascends more gently and is surpassed again by the one under equi-
librium at the joint point between the combustor section and the
nozzle section. The gradually weakened combustion after the cavity
could be due to the incorporation of nonequilibrium air chemistry that
produces dissociated radicals. The recombination of radicals was
further frozen by the nonequilibrium cooling effect, which is the
primary reason for the receding of reactivity in the divergent nozzle.
The combustion efficiency then decreases to 53.5 and 37.8% as the
global fuel equivalence ratio increases from 0.6 to 1.0 and 1.4. The
significant discrepancies of over 10% between the combustion effi-
ciency and the mixing efficiency imply that the combustion is parti-
ally controlled by chemistry for current hydrocarbon-fueled
hypersonic combustion, where the reaction chains are usually much
longer than in hydrogen combustion and the time scale of chemistry
is comparable or even larger than with the flow residence time.
Compared with hydrogen-fueled hypersonic combustion [10], the
combustion efficiency of 66% under nonequilibrium is much higher
than the current value of 53.5% for the same fuel equivalence ratio of
Φ � 1.0. This suggests that the inclusion of nonequilibrium air
chemistry can exert more influence on hydrocarbon-fueled hyper-
sonic combustion due to the lower reactivity and longer reaction
chains.
As listed in Table 3, net thrusts have been achieved for the current

examined high-Mach scramjet under both the equilibrium and non-
equilibrium conditions. Although the boundary layer has been
observably thickened along the inlet cowl surface under nonequili-
brium because Tt is higher than T, the mass capture rate seems to be
less influenced by the thermal nonequilibrium effect, and all the cases
have nearly the same rate of 1.47 kg∕s. The weak influence on air
capture rate is because the growth of displacement thickness caused
by nonequilibrium heating is not significant in the initial develop-
ment stage of the boundary layer. However, the nonequilibrium
heating induces observable displacement thickness in the boundary
layer downstream of the inlet cowl, leading to higher pressure com-
pression ratio. The isolator pressure, defined as the pressure at the
entrance of the isolator section, is compressed from the ambient
pressure of 433 Pa to be 24.85 and 25.33 kPa for the equilibrium
and nonequilibrium cases, respectively. Note that the isolator pres-
sure was not only determined by the inlet compression but also
influenced by the intrusion of the upstream recirculation zone. The
isolator pressure generally increases with the global fuel equivalence
ratio, and higher values of 27.15 and 27.95 kPa are obtained forΦ �

Fig. 8 Quasi-one-dimensional performance indices in the streamwise
direction: a) mixing efficiency, and b) combustion efficiency.

Table 3 Overall engine performance under different equivalence ratios

Global performance Equilibrium (Φ � 0.6) Nonequilibrium (Φ � 0.6) Nonequilibrium (Φ � 1.0) Nonequilibrium (Φ � 1.4)

Air captured rate (kg/s) 1.47 1.47 1.47 1.47
Fuel flow rate (g/s) 60 60 100 140
Combustion efficiency 0.806 0.719 0.535 0.378
Isolator pressure (kPa) 24.85 25.33 27.15 27.95
Peak pressure ratio 5.26 4.16 4.90 4.48
Inviscid thrust (N) 890.07 864.72 883.83 938.38
Viscous drag (N) 527.02 471.48 454.30 347.88
Net thrust (N) 363.05 393.24 429.54 590.50
Specific impulse (s) 617.26 666.21 430.15 429.65
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1.0 and 1.4, respectively. The equilibrium case underΦ � 0.6 has the
highest peak pressure ratio, which is defined as the ratio of peak
pressure to the isolator pressure. The peak pressure ratio had a
considerable 21% drop from 5.26 to 4.16 when the thermal non-
equilibrium effect was taken into account. It is noted that the peak
pressure ratio does not increase with the global equivalence ratio
monotonically but achieves the highest value of 4.90 atΦ � 1.0 for
all the nonequilibrium cases. The inviscid thrust, i.e., the thrust
produced by surface pressure on the engine walls, decreases from
890.07 to 864.72 N atΦ � 0.6with the presence of nonequilibrium.
On the other hand, because themolecular viscosity associatedwithTt

is lower under nonequilibrium [29], the viscous drag due to friction
also decreases from 527.02 to 471.48N. The synchronous reductions
in thrust and drag counteract each other and lead to a higher final net
thrust of 393.24Nunder nonequilibrium comparedwith the 363.05N
assuming equilibrium. This suggests that the drag reduction has a
nonnegligible influence on the final net thrust compared with the
improvement in combustion efficiency. The net thrust further
increases under higher Φ for the nonequilibrium cases, but the
specific impulse decreases reversely, implying that there exists an
optimum fuel supply rate that can balance the thrust requirement and
fuel economy. The current modeled specific impulses are consistent
with the estimation considering the incomplete mixing effect [140],
which estimated that the maximum specific impulse under Mach 10
should not exceed 800 s.

IV. Conclusions

An ethylene-fueled scramjet operating at Mach 10 is modeled by
using IDDES to examine the influence of thermal/chemical non-
equilibrium on engine performance. Grid convergence was verified
by using five meshes with cell numbers from 79.31 million to 368.34
million. The scramjet modeled in this study was experimentally
tested in the JF-24 detonation-driven pulse high-enthalpy shock
tunnel, which can provide a stable test period of 16 ms. The thermal
nonequilibrium was accounted for by the two-temperature model
based on the Landau–Teller equation. The chemistry–vibration cou-
pling is calculated by the combination of Park’s model optimized by
the QCT method and coupled vibration–chemistry–vibration
(CVCV) model. To alleviate the huge computational cost of full-
scale IDDES modeling with a 6.28-m-long domain and more than
100 million cells, zone-based models assuming local decoupling
strategies are adopted. The thermal nonequilibrium is modeled by a
zone-based nonequilibrium model (ZNM), and the turbulent com-
bustion is modeled by a dynamic zone flamelet model (DZFM). An
in-depth analysis of the effects of thermal and chemical nonequili-
brium was conducted. The observations and revealed mechanisms
would be useful in designing high-Mach scramjets to extend the
operation limit of scramjets further.
This study reveals the contrary effects of nonequilibrium heating

and nonequilibrium cooling due to the delayed relaxation of thermal
nonequilibrium, which explains the seemingly contradictory obser-
vations of nonequilibrium effects in the literature. Generally, the
nonequilibrium heating effect dominates in the compressing inlet,
while the nonequilibrium cooling effect dominates in the divergent
nozzle. The nonequilibrium heating thickens the boundary layer and
may promote an early ignition, but the delayed rising of Tv tends to
weaken the combustion reactions. The flame temperature under
nonequilibrium is affected by the V-T energy exchange and the
nonequilibrium chemistry, i.e., both the thermal and chemical non-
equilibrium effects. The additional air dissociation and complication
in reaction paths increase the probability of incomplete combustion,
further reducing the flame temperature. The combustion is signifi-
cantly suppressed under nonequilibrium, and the benefit of additional
fuel when increasing the global fuel equivalence ratio cannot be fully
released.
Quasi-one-dimensional performance analysis was compared for

the equilibrium and nonequilibrium cases. Due to the reduced vis-
cosity and strengthened flow turbulence under lower Tt, the non-
equilibrium mixing is better than the equilibrium one. The final
mixing efficiencies under Φ � 0.6 are 86.7 and 83.0% for the

equilibrium and nonequilibrium cases, respectively. Under nonequi-
librium, the final mixing efficiency decreases to 69.2 and 55.2% as
the global equivalence ratio is raised to 1.0 and 1.4, though with
higher mixing efficiency, the final combustion efficiency of 72.5%
under nonequilibrium is still lower than the 80.6% in the equilibrium
case. Both the incorporation of nonequilibrium air chemistry and the
nonequilibrium cooling effect contribute to the receding in reactivity.
The combustion efficiency then decreases to 53.5 and 37.8% as the
global fuel equivalence ratio increases from 0.6 to 1.0 and 1.4. The
significant discrepancies of over 10% between the combustion and
mixing efficiency indicate that the combustion is partially controlled
by chemistry. The mass capture rate is less influenced by the thermal
equilibrium effect because the boundary-layer displacement caused
by nonequilibrium heating becomes prominent only after the inlet
cowl, which eventually results in a higher pressure compression ratio.
The synchronous reductions in thrust and drag counteract each other
and lead to a higher final net thrust under nonequilibrium. Under
realistic nonequilibrium conditions, the net thrust further increases
under a higher equivalence ratio, whereas the specific impulse
decreases.
The evolution of flamelets shows that intense combustion starts

early before the fuel injectors. The abundant final products in the
mixture fraction space indicate a more complete combustion in the
equilibrium case, and the higher combustion efficiency from x � 3.8
to 5 m under nonequilibrium can be attributed to the good mixing.
After incorporating the nonequilibrium air dissociation reactions, the
peak concentrations of the O atom more than double, and the con-
centration ofNObecomes comparablewith the final products, imply-
ing that there are substantial endothermic dissociation reactions that
significantly bring down the flame temperature. Reaction path analy-
sis in the main reaction region shows that the abundance of OH
radicals in the nonequilibrium case helps the pyrolysis of hydro-
carbon fuels and the conversion fromCO toCO2, both of which raise
the combustion efficiency over that of the equilibrium case from x �
3.8 to 5 m. Downstream of the man reaction region, the main differ-
ence between the reaction paths is that the nonequilibrium case has
additional air dissociation reactions connected by OH. Nearly all the
fuel has been converted into various oxides, e.g., CO,CO2, andH2O,
in the postflame region before the nozzle. The conversion fromCO to
CO2 is rate-limited by the OH in the equilibrium case, whereas it has
reached a relatively stable status in the nonequilibrium case.With the
reduction in temperature in the divergent nozzle, O and OH tend to
recombine intoO2, while N andO recombine intoNO. In general, the
chemical nonequilibrium exerts more impact in the fuel-lean post-
flame regions, where the product dissociation has comparable path
fluxes with the air dissociation. In the fuel-rich regions, the air
dissociation reactions are much weaker than the intense combustion
reactions, and the thermal nonequilibrium should take more
effect through nonequilibrium heating/cooling as well as mixing
enhancement.
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