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Abstract
High-temperature non-equilibrium effects are prominent in scramjet nozzle flows at high Mach numbers. Hence,
the thermochemical non-equilibrium gas model incorporating the vibrational relaxation process of molecules in
the hydrocarbon-air reaction is developed to numerically simulate the flow of a hydrocarbon fuel scramjet nozzle
at Mach 10. Besides, the results computed by the models of the thermally perfect gas, chemically non-equilibrium
gas, and thermally non-equilibrium chemically frozen gas are applied for comparative studies. Results indicate that
chemical non-equilibrium effects are more significant for the flow-field structure and parameters compared to ther-
mal non-equilibrium effects. Meanwhile, vibrational relaxation and chemical reactions interact in the flow-field.
The heat released from the chemical reactions in the flow-field of the thermochemical non-equilibrium gas model
makes the thermal non-equilibrium effects weaker compared to the thermally non-equilibrium chemically frozen gas
model; the chemical reactions in the thermochemical non-equilibrium gas model are more intense than in the chem-
ically non-equilibrium gas model. Due to the slow relaxation of vibrational energy, the thermal non-equilibrium
models predicted nozzle thrust lower than the thermal equilibrium models by approximately 1.11% to 1.33%; when
considering the chemical reactions, the chemical non-equilibrium models predicted nozzle thrust higher than the
chemical frozen models by approximately 7.30% to 7.54%. Hence, the structural design and performance study of
the high Mach numbers scramjet nozzle must consider thermochemical non-equilibrium effects.

Nomenclature
t time (s)
ρ density (kg/m3)
D molar diffusion coefficient (m2/s)
ω̇ mass generation rate of component (kg/m3·s)
y mole fraction
u velocity (m/s)
P static pressure (Pa)
E energy (J/kg)
τ stress tensor
q heat flux (W/m2)
H enthalpy (J/kg)
Nm number of molecular species
T static temperature (K)
f friction (N)
A preexponential factor ([cm3/mol]n-1/s)
β temperature index
Fx thrust (N)

C© The Author(s), 2024. Published by Cambridge University Press on behalf of Royal Aeronautical Society.

https://doi.org/10.1017/aer.2024.47 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.47
https://orcid.org/0009-0000-4265-9864
https://orcid.org/0000-0003-0547-0936
mailto:njust203zcf@126.com
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/aer.2024.47&domain=pdf
https://doi.org/10.1017/aer.2024.47


2 Wang et al.

Fy lift (N)
M pitching moment (N·m)

Subscripts
s species
i,j direction
v vibrational
k reaction order
∞ free stream

Abbreviation
TPG thermally perfect gas
CNEG chemically non-equilibrium gas
TNCFG thermally non-equilibrium chemically frozen gas
TCNEG thermochemical non-equilibrium gas
TVD total variation diminishing
QCT quasi-classical trajectory

1.0 Introduction
As one of the most advanced propulsion systems of hypersonic vehicles, scramjet has become the focus
of aerospace research [1–4]. In the operating environment of high Mach numbers, the gas inside the
scramjet nozzle is still continuously combusting, and the high temperature generated excites the vibra-
tional energy of the molecules, so the internal flow of the scramjet nozzle is a typical thermochemical
non-equilibrium flow process. The different modes of energy excitation and transfer of the gas and the
chemical reactions involved in the components affect the energy distribution within the flow-field, signif-
icantly changing the aerodynamic thermal environment near the wall; thermochemical non-equilibrium
effects also cause changes in the flow-field characteristics, thus affecting the propulsive performance of
the nozzle [5].

Recently, the thermochemical non-equilibrium flow features of the high Mach numbers scramjet have
been focused on. For example, Dai et al. [6, 7] compared the flow-field features of inward-turning inlet
and two-dimensional inlet under thermal non-equilibrium and thermal equilibrium, respectively, and
remarked that thermochemical non-equilibrium effects aggravated molecule dissociation. Zuo et al. [8]
analysed the impact of wall parameters on non-equilibrium flows at the inlet and found that thermochem-
ical non-equilibrium effects were significant under adiabatic wall conditions. Fiévet et al. [9] found that
the pseudoshock structure in the isolator was significantly different from the thermal equilibrium state
when thermal non-equilibrium was considered. Ao et al. [10] investigated the flame structure, mixing,
and combustion efficiency within a scramjet at different vibration temperatures, and showed that an
increase in the vibration temperature of the inflow hinders mixing with the fuel, but higher temperatures
promote the dissociation reaction rate and shorten the ignition distance. Shi et al. [11] verified the accu-
racy of the vibration-chemistry-vibration coupling model in the numerical simulation of detonation cell
size through experiments. Voelkel et al. [12] used a quasi-classical trajectory (QCT) approach to mod-
ify the reaction rate of conventional two-temperature models and investigate the influence of thermal
non-equilibrium on reaction rate during hydrogen-air combustion, pointed out that the use of a detailed
reaction mechanism can help to establish a non-equilibrium model. Koo et al. [13] used direct numerical
simulation for the flow inside the scramjet combustion chamber under thermochemical non-equilibrium
effects and found that ignition delays occurred at vibration temperature lower than the static temperature,
which negatively affected the combustion stability. Thus, the study of thermochemical non-equilibrium
effects is indispensable for high Mach numbers flows.
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Figure 1. Geometric configuration of the SERN.

The nozzle, as the exhaust component of the scramjet, expands the high-enthalpy gas components
with obvious non-uniform characteristics flowing from the combustor, which affects the total down-
stream flow-field and non-equilibrium effects become more significant. However, most relevant studies
are focused on the nozzle of high-enthalpy shock tunnel [14–16], which all use Park’s two-temperature
and air component reaction model for nonequilibrium calculation due to the simplicity of the gas com-
ponents in the shock tunnel. Sagnier et al. [17] assumed that the airflow remained in a non-equilibrium
state only downstream of the nozzle throat, investigated the influence of the vibration-dissociation cou-
pling model on the flow, and the numerical simulation results compared well with the experimental
results. Zeitoun et al. [18] analysed thermochemical non-equilibrium effects in conical and contoured
nozzles, and the results showed that the flow-field parameters were influenced by the shape of the nozzle
divergent part. Teixeira et al. [19] conducted an experimental verification of the impact of the catalytic
wall on flow parameters and found that the expansion ratio of the nozzle had a significant influence on
the flow parameters at fully catalytic and non-catalytic, except the frozen vibrational-electronic temper-
ature. In addition, there are reports about gas non-equilibrium effects in the nozzle. Zidane et al. [20]
used vibrational relaxation times from Skrebkov’s theoretical model to better simulate thermochemical
non-equilibrium effects in the H2-O2 rocket nozzle flow-field, and the results showed that both thermal
and chemical non-equilibrium have certain effects on the flow parameters. Whereas, there are few studies
on comparative analysis of thermochemical non-equilibrium effects on the performance of hydrocarbon
fuel scramjet nozzles.

In this study, thermochemical non-equilibrium effects of hydrocarbon fuel scramjet nozzles at
Mach number 10 are investigated by numerical simulation. The flow-field characteristics, wall param-
eters and performance of the nozzle are predicted by using thermally perfect gas (TPG), chemically
non-equilibrium gas (CNEG), thermally non-equilibrium chemically frozen gas (TNCFG) and thermo-
chemical non-equilibrium gas (TCNEG), which provides a reference for performance optimisation and
design of high Mach numbers propulsion system.

2.0 Nozzle model and calculation method
2.1 Nozzle model
In this study, a single expansion ramp nozzle (SERN) model based on the maximum thrust theory design
is selected for the design conditions of flight altitude 36 km and flight Mach number 10 [21]. The geo-
metric configuration of the SERN is shown in Fig. 1, and the geometric parameters are as follows:
entrance height H1 = 0.12 m, lower wall length Ls = 3.71H1, total length L = 12.5H1, and exit height
H2 = 5.36H1.
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2.2 Governing equations
In this study, the multi-component compressible Navier-Stokes equations are adopted to simulate high
Mach numbers flow. For the thermal equilibrium models (TPG and CNEG), a uniform temperature is
used to represent the various states of the molecular internal energy. The conservation equations of mass,
momentum and energy can be expressed as follows:

∂ρs

∂t
+ ∂ρsui

∂xi

= ∂

∂xi

(
ρDs

∂ys

∂xi

)
+ ω̇s (1)

∂ρui

∂t
+ ∂ρuiuj

∂xj

= − ∂P

∂xi

+ ∂τij

∂xj

(2)

∂ρE

∂t
+ ∂ρHui

∂xi

= ∂τijuj

∂xi

+ ∂qi

∂xi

(3)

Where t is the time term; s represents a certain component; i and j represent the direction; ρs, Ds, ys

and ω̇s are the density, diffusion coefficient, molar fraction, and mass generation rate of component s,
respectively; ρ is the density of the mixture; ui and uj are the velocity components; P is the static pressure;
τij is the stress tensor; E and H are the total energy and total enthalpy of the mixture, respectively; qi is
the heat flux component.

In this study, the maximum static temperatures do not exceed 5000 K, so the ionisation of the gas
components is not considered in the calculation. When thermal non-equilibrium is considered, the
translational and rotational energies of molecules are considered to be in thermal equilibrium and the
vibrational energy is considered to be in non-equilibrium [20], Park used the two-temperature model
to accurately predict the main characteristics of this non-equilibrium flow [22]. Hence, Park’s two-
temperature model [23] was applied for calculating the thermal non-equilibrium models (TCNEG and
TNCFG) in this study. This model uses the translational-rotational temperature to represent the transla-
tional and rotational energy of the molecule, and the vibrational temperature to represent the molecular
vibrational energy. When describing the vibrational energy state, this energy conservation equation is
shown as follows:

∂(ρev)

∂t
+ ∂(ρevui)

∂xi

= ∂

∂xi

(
qv,i +

Nm∑
s=1

ρDsev,s

∂ys

∂xi

)
+ ωv (4)

Where ev is the vibrational energy of the mixture; qv,i is the vibrational heat flux component; Nm is the
number of molecular species; ev,s is the vibrational energy of component s; ωv is the vibrational energy
term of the mixture.

The total energy conservation equation for the thermal non-equilibrium state is:

∂(ρE)

∂t
+ ∂(ρHui)

∂xi

= ∂

∂xi

(
τijui + qtr,i + qv,i +

Ns∑
s=1

ρHsDs

∂ys

∂xi

)
(5)

Where qtr,i is the translational-rotational heat flux component; Ns and Hs are the total number and
enthalpy of component s, respectively.

2.3 Turbulence model
The Reynolds average Navier-Stokes (RANS) method was used to calculate the flow-field of the nozzle
based on its higher numerical simulation efficiency and better prediction ability of complex turbulence.
The two-equations realisable k-ε turbulence model [24], which is better for predicting hypersonic flows
near the wall of the nozzle, can accurately capture the flow characteristics within the boundary layer and
is suitable for predicting non-equilibrium flows in the nozzle. The transport equations for turbulence
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Figure 2. Computational mesh and boundary conditions.

kinetic energy k and its rate of dissipation ε for this model are as follows:
∂(ρk)

∂t
+ ∂(ρkui)

∂xi

= ∂

∂xj

[(
μ + μt

σk

)
∂k

∂xj

]
+ Pk − ρε (6)

∂(ρε)

∂t
+ ∂(ρεui)

∂xi

= ∂

∂xj

[(
μ + μt

σε

)
∂k

∂xj

]
+ ρC1Eε − ρC2

ε2

k + √
vε

(7)

Where μt is the turbulence viscosity; σk and Pk are the turbulent Prandtl number and the production
of k, respectively; σε is the turbulence Prandtl number of ε; C1 and C2 are constants 1.44 and 1.92,
respectively.

2.4 Numerical algorithm
In this study, the CFD code [6] is used to numerically simulate the high Mach number flow in the noz-
zle. The finite volume method is used to solve the governing equations. Polynomial interpolation is
performed using the second-order total variation declining (TVD) scheme [25]. The thermodynamic
parameters are approximated by polynomial curve fitting [26]. The molecular viscosity is determined
using Sutherland’s law. The diffusion coefficient is determined by a Schmidt number. The rigidity prob-
lem caused by the thermochemical non-equilibrium source term is solved by the second-order point
implicit scheme [27]. The multigrid method and variable Courant number are applied to improve the
convergence. The results are considered to have reached convergence when the residuals all dropped
below 1 × 10−4.

The calculation domain of the nozzle using structured grids is shown in Fig. 2. Set the mesh size of the
first layer close to the wall to 10 µm to ensure that y+<10, the total number of meshes is about 0.2 million.
The walls use adiabatic non-slip boundary conditions. The far-field is set to the altitude of 36km and the
environmental parameters are as follows: Mach number M∞ = 10.0, static pressure P∞ = 498.5 Pa, static
temperature T∞ = 239.0 K, angle of attack α = 0◦, mass fraction of oxygen mO2 = 0.23 and mass fraction
of nitrogen mN2 = 0.77. The entire flow-field is initialised using pressure far-field conditions. Entrance
parameters of the nozzle are as follows: Mach number M = 2.1, static temperature T = 2687.0 K, static
pressure P = 62374.5 Pa and entrance components content are shown in Table 1.

2.5 Chemical reaction kinetic model
An eight-component hydrocarbon fuel model is used, containing components CO, CO2, O2, H2, H2O,
OH, H, and O. As shown in Table 2, the 12-step elementary reaction of hydrocarbon fuel is selected
in this study, where M is the third collision body; Aj, j, βj and Ej represent the preexponential factor,
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Table 1. Component content
of nozzle entrance

Specie Mass fraction
H 1.0 × 10−3

H2 1.8 × 10−3

H2O 6.0 × 10−2

OH 1.6 × 10−2

O 1.0 × 10−3

O2 4.5 × 10−2

CO 8.0 × 10−2

CO2 7.5 × 10−2

N2 0.7202

Table 2. Chemical reaction mechanism [28]

Reaction Aj([cm3/mol]n−1/s) βj Ej(kJ/mol)
H+O2 ⇐⇒ OH+O 1.2 × 1017 −0.91 69.1
H2+O ⇐⇒ OH+H 1.5 × 107 2.0 31.6
O+H2O ⇐⇒ OH+OH 1.5 × 1010 1.14 72.2
OH+H2 ⇐⇒ H2O+H 1.0 × 108 1.6 13.8
H+O+M ⇐⇒ OH+M 1.0 × 1016 0.0 0.0
O+O+M ⇐⇒ O2+M 1.0 × 1017 −1.0 0.0
H+H+M ⇐⇒ H2+M 9.7 × 1016 −0.6 0.0
H2O+M ⇐⇒ OH+H+M 1.6 × 1017 0.0 478.0
H2+O2 ⇐⇒ OH+OH 7.94 × 1014 0.0 187.0
CO+OH ⇐⇒ H+CO2 4.4 × 106 1.5 −3.1
CO+O+M ⇐⇒ CO2+M 5.3 × 1013 0.0 −19.0
CO+O2 ⇐⇒ O+CO2 2.5 × 1012 0.0 200.0
Third-body efficiencies for all reactions are 2 for M = H2 , 6.0 for H2O, and 1.0 for all other M.

reaction order, temperature index and reaction activation energy, respectively. The above parameters
can be used to calculate the chemical reaction rate kj by Arrhenius formula:

kj = AjT
βj exp

(
− Ej

R0T

)
(8)

Park’s two-temperature model states that the chemical reaction rate is determined by the reaction con-
trol temperature Tc = TnTv

1−n, where T is the translational-rotational temperature; Tv is the vibrational
temperature; n is 0.5 for the dissociation reactions and n is 1 for other reactions [23].

In this study, four gas models in Table 3 were selected to analyse the influence of thermal and chem-
ical non-equilibrium effects on flow-field parameters. (1) The TCNEG model includes the vibrational
relaxation process and chemical reactions of molecules. (2) The TNCFG model, which assumes that the
gas is in a chemically frozen state, only considers the vibrational relaxation process of molecules. (3)
Assuming that the vibration relaxation time is very small, the model is regarded as the CNEG model.
(4) Set the chemical reaction rate of the CNEG model to be very low to become the TPG model.

2.6 Numerical validation
In this study, the CFD code coupled with the TCNEG model and the k-ε model is employed for simulat-
ing the high-temperature flow inside the SERN [29], and the above numerical means have been used to
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Table 3. Main features of four thermochemical gas models

Thermochemical Thermally Chemically Thermally
non-equilibrium non-equilibrium non-equilibrium perfect

gas chemically gas gas
Item (TCNEG) frozen gas (TNCFG) (CNEG) (TPG)
Vibrational relaxation Non-equilibrium Non-equilibrium Equilibrium Equilibrium
Chemical reaction Non-equilibrium Frozen Non-equilibrium Frozen

Figure 3. Computational mesh and boundary conditions of validation SERN.

predict the thermochemical non-equilibrium flow inside a Mach 12 inward-turning inlet [6]. The grids of
the nozzle entrance and wall are encrypted to be able to satisfy the requirements of the turbulence model
for y+ and to ensure the accuracy of the turbulent boundary layer and shock wave calculation results.
The computational mesh and boundary conditions of SERN are shown in Fig. 3, the entrance parameters
are as follows: total pressure Pt = 1.1 MPa, total temperature Tt = 2,376 K, and entrance components
content are shown in Table 4. The wall boundary conditions are isothermal walls where Tw = 500 K.
Figure 4 indicates that the wall static pressure and exit static and vibrational temperatures obtained
through numerical simulation have better agreement with the experimental results. Hence, it is feasible
to use this simulation method to predict non-equilibrium flows.

2.7 Grid independence validation
Under the TCNEG model, this study evaluates three different grid distributions of SERN designed in
Section 2.1. The grid convergence index is set to 1.1, and the number of the coarse grid, medium grid
and refined grid are 0.1 million, 0.2 million and 0.3 million, respectively. From Fig. 5 and Table 5, it
can be seen that the wall parameters obtained from the numerical results of the medium and refined grid
are essentially the same, while the gap between the coarse and refined grid is relatively large. Thus, the
medium grid is selected for the calculation to meet the calculation accuracy and improve efficiency.

3.0 Results and discussion
3.1 Analysis of flow-field characteristics
Figure 6 shows the Mach number contours predicted by different thermochemical models. The high
enthalpy gas expands rapidly after entering the nozzle, and significant expansion waves are observed
at the entrance and exit of the ramp and cowl, this situation is attributed to the outward deflection of
the supersonic gas flow at these locations. Since the pressure at the jet boundary is less than that in
the mainstream region, it leads to the phenomenon of inward deflection of the expansion waves at the
exit of the ramp and cowl, and these two inwardly deflected expansion waves gradually intersect near
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Table 4. Component con-
tent of validation SERN
entrance [30]

Specie Mass fraction
H2 0.598 × 10−3

H 0.154 × 10−4

O2 0.266 × 10−2

O 0.692 × 10−4

H2O 0.248
OH 0.219 × 10−2

N 0.128 × 10−7

NO 0.212 × 10−2

N2 0.744

Figure 4. Comparison of (a) wall static pressure and (b) exit static and vibrational temperature.

Figure 5. Comparison of the (a) ramp and (b) cowl static pressure.
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Table 5. Maximum gap between dif-
ferent grid distributions and refined
grid

Item Ramp Cowl
Refined grid 0 0
Medium grid 0.22% 0.47%
Coarse grid 1.33% 2.88%

Figure 6. Mach number contours of the (a) TCNEG, (b) TNCFG, (c) CNEG and (d) TPG.

the exit of the nozzle as the flow develops rapidly. The contact of the expanding gas flow with the
supersonic free stream produces an attached oblique surge, called the plume shock. There also exists
a plume mixing layer between the plume shock and the gas flow, where the chemical non-equilibrium
models (TCNEG and CNEG) secondary combustion, and the thickness of the re-ignition zone is gradu-
ally widened with the flow, which provides more chemical energy to the flow-field, therefore effectively
improves the propulsive performance of the scramjet to a certain extent. From Fig. 6, compared with the
TCNEG model, the CNEG model has a slightly lower degree of nozzle internal expansion and exit Mach
number; the TNCFG model has a significantly higher degree of nozzle internal expansion and down-
stream Mach number than the TCNEG model, which indicate that chemical non-equilibrium effects
are more significant for the flow-field structure and parameters compared to thermal non-equilibrium
effects.

Figure 7 shows the static temperature contours of different gas models. After the gas enters the nozzle,
there is also continued combustion of components and recombination reactions of molecules, and this
process releases more chemical energy and heat for the flow-field, so the static temperature of the flow-
field in the chemical non-equilibrium models is significantly higher than that in the chemical frozen
models (TNCFG and TPG). In the thermal equilibrium models, more vibrational energy needs to be
transferred to the translational-rotational energy to reach the thermal equilibrium state, which leads to
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Figure 7. Static temperature contours of the (a) TCNEG, (b) TNCFG, (c) CNEG and (d) TPG.

Figure 8. Vibrational temperature contours of the (a) TCNEG and (b) TNCFG.

lower translational-rotational energy in the thermal non-equilibrium models than in the thermal equilib-
rium models, which means that the static temperature of the flow-field in the thermal non-equilibrium
models is relatively low. Meanwhile, the static temperature of the boundary layer is higher than that of
the mainstream region under the effect of viscous stagnation, while the static temperature of the chemical
non-equilibrium models is lower than the chemical frozen models in this region due to the endothermic
effects of dissociation reactions.

Figure 8 shows the vibrational temperature contours of the thermal non-equilibrium models. The
static temperature near the entrance and wall is higher, leading to the complete excitation of vibrational
energy, so the vibrational temperature is higher in this region. The vibrational temperature of the TCNEG
model is relatively higher in the mainstream region since its static temperature is higher here compared
to the TNCFG model. Due to the slow vibrational relaxation, the trend of vibrational temperature in the
flow-field is relatively delayed compared with the static temperature.
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Figure 9. Ratio of T to Tv of the (a) TCNEG and (b) TNCFG.

Figure 10. Oxygen atom distributions of the (a) TCNEG and (b) CNEG.

3.2 Analysis of non-equilibrium effects
This study has adopted the ratio of the static temperature to the vibrational temperature to represent ther-
mal non-equilibrium effects in the flow-field. From Fig. 10, in the TNCFG model, the high temperature
near the nozzle entrance and boundary layer causes fully excited vibrational energy, so the flow-field
is close to thermal equilibrium here. Since the relaxation time of the vibrational energy is much longer
than the translational-rotational energy, the vibrational temperature decreases slower than the static tem-
perature under the expansion wave at the entrance of the ramp, and the static temperature rises faster
than the vibrational temperature under the plume shock at the exit of the ramp and cowl. Downstream
of the exit, the rapid decrease in static temperature suppresses vibrational relaxation, resulting in the
strongest thermal non-equilibrium effects here. The difference in the degree of thermal non-equilibrium
between the TCNEG and TNCFG model downstream of the nozzle exit is mainly attributed to the influ-
ence of heat release from the incomplete reaction gas in the TCNEG model on the static and vibrational
temperature.

Figure 10 shows the distributions of oxygen atoms for the chemical non-equilibrium models. Oxygen
atoms come from the chemical reactions of components. In the TCNEG model, it can be observed that
the oxygen atoms are primarily found in the nozzle entrance and boundary layer, where the higher vibra-
tional temperature promotes the oxygen dissociation reaction; at the mainstream region, the dissociation
reaction ability is weakened and the recombination reaction of oxygen atoms is significant, so the oxygen
atoms content decreases rapidly with the flow. Compared with the CNEG model, the TCNEG model has
a slightly lower content of oxygen atoms downstream of the exit, which implies that the recombination
reaction capacity of the oxygen atoms will be enhanced under longer vibrational relaxation times.
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Figure 11. Carbon monoxide distributions of the (a) TCNEG and (b) CNEG.

Figure 11 shows the carbon monoxide distributions of the chemical non-equilibrium models. Carbon
monoxide is produced from the chemical reactions of carbon dioxide, its content is higher in the noz-
zle entrance and boundary layer. At the mainstream region, the lower carbon monoxide content of the
TCNEG model compared to the CNEG model has two main influences: the dissociation reaction is
affected by vibrational relaxation, and the recombination reaction is more intense in the TCNEG model.

3.3 Analysis of mainstream parameters
This study analyses the flow variations in the mainstream region of the nozzle using parameter distri-
butions on the center streamline. Since the position of the nozzle exit, the difference in Mach number
between the different models gradually increases, the Mach number of the chemical frozen models is
significantly higher than the chemical non-equilibrium models. Static pressure difference at the nozzle
exit becomes obvious, the static pressure of the TCNEG model is lower than the CNEG model and higher
than the TNCFG model, which is caused by the influence of the slow vibrational energy relaxation and
chemical reactions, respectively.

As highlighted in Fig. 12(c), the heat released from the combustion reactions of components at the
nozzle entrance causes the vibrational temperature to rise as well. The static temperature of all models
decreases rapidly with flow under the influence of the expansion wave and the static temperature of
the thermal non-equilibrium models drops significantly faster than the vibrational temperature, which
exhibits the phenomenon of excessive vibrational excitation, and the thermal non-equilibrium phe-
nomenon becomes more and more obvious with the flow. From Fig. 12(d), the chemical non-equilibrium
models consume a large amount of oxygen for the combustion reactions at the entrance, while down-
stream of the exit, the TCNEG model enhances the recombination reaction capacity resulting in a slightly
higher oxygen content than the CNEG model. In Fig. 12(e) and (f), it can be seen that the TCNEG model
chemical reactions are more intense than the CNEG model.

3.4 Analysis of wall parameters
Figure 13 illustrates the various parameter distributions at the ramp. The static pressure on the ramp
decreases rapidly at the entrance and after x = 0.6 m under the effect of the expansion wave. While at the
rest of the ramp, the wall pressure of the chemically non-equilibrium gas models gradually increases by
chemical reactions, the chemical frozen gas models have little change for static pressure. At x = 0.3 m,
there is a weak oblique shock from the cowl entrance, so the static pressure tends to increase for all
four models. On the whole, the chemical non-equilibrium models have higher static pressure than the
chemical frozen models. The chemical non-equilibrium models have a lower static temperature than the
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Figure 12. Distribution of (a) Mach number, (b) static pressure, (c) static and vibrational temperature,
(d) oxygen mass fraction, (e) carbon monoxide mass fraction and (f) carbon dioxide mass fraction on
the center streamline for different gas models.

chemical frozen models under the dissociation reaction. The reduced transfer of energy between the
different models in thermal non-equilibrium causes the static temperature of the TNCFG and TCNEG
models to be higher than the TPG and CNEG models, respectively. Compared with the TNCFG model,
the vibrational temperature of the TCNEG model near the boundary layer is lower, which implies that
some of the vibrational energies are being consumed by dissociation reactions in this region.

The fully excited vibrational energy on the ramp leads to the intense dissociation reactions of compo-
nents, and the content of carbon monoxide and hydrogen is constantly increasing. The TCNEG model
shows a decreasing and then increasing trend in the hydrogen mass fraction near the entrance, which
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Figure 13. Distribution of (a) static pressure, (b) static and vibrational temperature, (c) carbon monox-
ide mass fraction, (d) carbon dioxide mass fraction, (e) hydrogen mass fraction and (f) water mass
fraction at the ramp.

is a part of the mass consumed by combustion reactions here. The mass fraction of carbon dioxide and
water shows a decreasing trend near the entrance of the ramp, which indicates that chemical reactions
are very intense here, and the mass fraction of components changes very little after the development to
x = 0.6 m.

Figure 14 illustrates the various parameter distributions at the cowl. Consistent with the static pressure
and static temperature distributions on the ramp, the static pressure of the CNEG and TCNEG models is
greater than the TPG and TNCFG models, and the static temperature of the TNCFG and TPG models is
higher than the TCNEG and CNEG models, but the static pressure and static temperature are numerically
higher than the parameters of the ramp, which is mainly due to the nozzle structure affects the flow-field
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Figure 14. Distribution of (a) static pressure, (b) static and vibrational temperature, (c) carbon monox-
ide mass fraction, (d) carbon dioxide mass fraction, (e) hydrogen mass fraction and (f) water mass
fraction at the cowl.

here. In terms of the mass fraction of components, chemical reactions on the cowl are more intense
relative to the ramp. After x = 0.22 m, the expansion wave at the entrance is reflected on the cowl, which
causes the static pressure to decrease rapidly and the chemical reaction activity to be affected.

3.5 Analysis of nozzle performance
Table 6 illustrates the nozzle performance parameters for different gas models at Mach number 10,
where Fx, Fy and M represent the thrust, lift and pitching moment, respectively. The pitching moment
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Table 6. Performance parameters of nozzle

Model Fx/N Fy/N M/(N·m)
TCNEG 7572.22 1149.29 13925.41
TNCFG 7041.46 157.73 12839.69
CNEG 7656.98 1215.41 14126.08
TPG 7136.23 245.51 13066.06

origin is selected as the intersection of the entrance and the cowl. Compared with the TCNEG model,
the TNCFG model does not consider the continuous combustion of gas in the nozzle, the dissociation
and recombination reactions of the components, and ignores the influence of chemical reactions on the
wall pressure, so its performance parameters are significantly lower. The CNEG model uses the one-
temperature model and does not consider the effect of vibrational energy freezing on the wall pressure, so
its performance parameters are higher than the TCNEG model. Since chemical non-equilibrium effects
have a greater influence on the flow-field than thermal non-equilibrium effects, the performance param-
eters of the TCNEG model considering both chemical reactions and vibrational relaxation is higher than
the TPG model.

4.0 Concusions
This study accomplished the simulation of nozzle flow with Mach 10 at 36 km with TPG, CNEG,
TNCFG and TCNEG models. The influence of thermochemical non-equilibrium effects on the flow-
field characteristics, wall parameters and working performance of the nozzle are analysed. The main
results are given as follows:

(1) The chemical frozen models have large expansion inside the nozzle and higher Mach numbers at
the exit compared to the chemical non-equilibrium models. Chemical non-equilibrium effects are
more significant for the flow-field structure and parameters compared to thermal non-equilibrium
effects.

(2) The nozzle entrance and around the wall are close to thermal equilibrium. In the mainstream
region, thermal non-equilibrium effects are gradually significant with flows. Compared with the
TNCFG model, the heat released by chemical reactions in the TCNEG model flow-field makes
the non-equilibrium effects weaker.

(3) At the mainstream region, chemical reactions are most intense inside the nozzle. The dissocia-
tion reaction capacity of the nozzle boundary layer is more intense than the mainstream region.
Overall, the TCNEG model has more intense chemical reactions than the CNEG model in the
flow-field.

(4) For the nozzle performances, the thermal non-equilibrium models predicted nozzle thrust lower
than the thermal equilibrium models by approximately 1.11% to 1.33%, and the chemical
non-equilibrium models predicted nozzle thrust higher than the chemical frozen models by
approximately 7.30% to 7.54%.
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