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Abstract

The thermal non-equilibrium caused by the high temperature has significant impacts on the inviscid
flows through the hypersonic inlets. However, there is limited research available that provides a
comprehensive understanding of the impacts of thermal non-equilibrium on the flows of the inlets with
wide design constraints. To explore the thermal non-equilibrium effects within the high Mach number
inlets, the inviscid flows obtained by method of non-equilibrium characteristics are compared with the
flow calculated under th'e calorically perfect gas (CPG) assumption. The results reveal that the impacts
of thermal non-equilibrium on the outlet Mach number and static temperature intensify with the
increasing flight Mach number, compression level and capture height. The relative discrepancies in
outlet Mach number and static temperature that induced by thermal non-equilibrium can exceed 10%.
Those discrepancies stem from the redistribution of internal energy modes in the thermal non-
equilibrium flow. It is found that the discrepancy in outlet static temperature shows a quasi-equal
relationship with e, /e at the outlet section, while the discrepancy in outlet Mach number exhibits a

power-law correlation with e, /e at the outlet section. Due to the scale effects of thermal non-

equilibrium, the discrepancy in outlet Mach number rises from 4% to 10.4% as the capture height
increases from 0.125 m to 2 m. The above insights provide valuable reference for the thermal non-
equilibrium effects in the inviscid design and evaluation of high Mach number inlet for scramjets and
oblique detonation engines.
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1. Introduction

Scramjet and oblique detonation engines (ODES) are the two typical air-breathing propulsion system
for hypersonic vehicles. Those propulsion systems both consist of inlet, combustion chamber and nozzle.
As the upstream component of the propulsion system, the performance of the inlet has evident impact
on the thrust and specific impulse of the engine [1,2]. Therefore, it's of great importance to take
sufficient effort on the design method and flow characteristic of inlets.

For the inlets operating at conventional hypersonic speed, the desigh method and flow features have
been deeply explored. Recently, more and more research focus on the high Mach number (Ma>8)
inlets [3-5]. As the flight Mach number gradually increase, the total enthalpy of the freestream goes
up. For inlet operating at high Mach number, the temperature after the strong shock wave and within
the boundary layer can result in the vibrational energy excitation and chemical reactions. Due to the
high flow speed, those processes have characteristic times that fall in same scales of the flow
characteristic times. As a result, the physical properties of the gas vary as the flow developed
downstream, thereby influencing the flow structure and inlet performance. Those phenomena are called
the thermochemical non-equilibrium effects [6].

The previous studies indicated that the thermochemical non-equilibrium effects have significant impacts
on the shock reflection [7], shock/shock interaction [8,9], and shock wave/boundary interaction [10,11],
which are typical flow phenomena in the inlet. Therefore, several works were conducted to understand
the thermochemical non-equilibrium effects in high Mach number inlet. Gehre et al. [12] numerically
investigated the thermal non-equilibrium effects in an inlet with freestream total enthalpy from 3.3 to
4.9 MJ/kg. The numerical results indicated that the thermal non-equilibrium gas (TNG) model exhibits
higher static temperature within the boundary layer than the thermal perfect gas (TPG) model. Dai et
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al. [13-15] conducted several studies on the thermochemical non-equilibrium effects in high Mach
number inlet. For a curve compression inlet with a design Mach number of 12, they found that the
outlet static temperature calculated under the assumption of the calorically perfect gas (CPG) was 10.52%

higher than that of a thermochemical non-equilibrium gas (TCNEG) model. Conversely, the
thermochemical non-equilibrium effects resulted in an increase of 7.69% in the exit total pressure
recovery compared to the results of CPG model. In addition, they have pointed out that the thermal
non-equilibrium has greater impacts on the inlet performance. This is because the thermal non-
equilibrium occurs in almost the whole flow field of the inlet, while the air dissociation mainly takes
place in the boundary layer of the internal flow path. For an inward-turning inlet operating at Mach 12,
it is found that the development of stream-wise vortex could be impacted by the thermochemical non-
equilibrium effects. Wu et al. [16] investigated the effects of thermal non-equilibrium on the flow
capture capacity of inlet. It has been found that the thermal non-equilibrium effects thermal non-
equilibrium effects could lead to a reduction of 10.7% compared to the results calculated by thermal
perfect gas (TPG) model at Mach 8. Zuo et al. [17] investigated the effects of wall temperature on the
thermochemical non-equilibrium flow of a wavecatcher inlet at Mach 12. The results have shown that
the dissociation degree of the oxygen gradually increases as the wall temperature goes up. For an
adiabatic wall, the maximum degree of oxygen dissociation reaches 54.0% at the symmetry plane. In
summary, the thermal non-equilibrium effects play an important role in the mainstream and boundary
layer of the inlet. The chemical non-equilibrium effects mainly affect the inlet performance by changing
the gas properties in the boundary layer. Therefore, the thermal non-equilibrium effect is the key
phenomenon that should be considered in the inviscid design of inlet.

Though the previous studies provided a deep understanding of the thermal non-equilibrium effects on
the high Mach number inlets, the most of the studies are limited to a given inlet design point and the
inlet lengths are less than 2.5 m. In the engineering design of inlets, the flight Mach number,
compression level and geometry constraints should be changed to meet different overall design
requirements of the vehicle. With different design requirements, the impacts of thermal non-equilibrium
on the inlet vary. The conclusions obtained from a limited number of inlet configurations are too special
to provide a quantity understanding of the thermal non-equilibrium effects for inlets with different
design requirements. The influence level of thermal non-equilibrium on the inviscid design of inlet under
wide design space remains unknown. To address this gap, this paper aims to clarify the impacts of
thermal non-equilibrium on the inlet flow and performance. First, the case configuration and numerical
method are introduced. Then, the thermal non-equilibrium effects on the inlets with different design
constraints are obtained by comparing the results based on CPG and TNG model. Finally, the main
conclusions are given.

out

Shoulder

Fig 1. Schematic of inlet geometry.

Table 1
Flow parameters for flight Mach number ranging from 8 to 15.
Ma,, H., /km p../Pa T /K hy /(MJ/kg)
8 30.47 1115.92 226.97 3.15
10 33.49 714.33 232.33 4.92
12 36.03 496.4 239.37 7.19
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15 39.26 317.38 248.30 11.51

2. Physical models and numerical method
2.1. Case configuration

The planar compression inlet consists of the external compression with three shock waves and the
internal compression with two shock waves. As shown in Fig.1, the inlet profile and shock waves are
represented by the solid line in black and dashed line in red, respectively. The three shock waves for
external compression need to converge at lip to improve the compression efficiency and ensure the full
capture of incoming stream. The two internal compression shock waves should be converged on the
shoulder to suppress the reflection of shock waves downstream of the throat by using the shoulder
expansion waves. The throat section is selected as the outlet section to evaluate the inlet performance.
Considering the engineering requirement, the stream should turn to horizontal direction at the throat.
So, the deflection angles of each wedge must meet:

0,+6,+6;,=0,+0y (1)

The flight conditions from Mach 8 to 15 are involved in the present study. It is assumed that the air is
made of nitrogen and oxygen, with mass fractions of 0.77 and 0.23, respectively. The free stream is
assumed to be in a thermal equilibrium state. All flight altitudes correspond to a dynamic pressure of
50 kPa, which falls within the flight envelope appropriate for high Mach number scramjet. The detailed
incoming parameters are presented in Table 1.

Table 2
Values of the design constraints
Maoo Mar,design Hc/m

8,10,12,15 0.3, 0.325,0.35,0.375, 0.4, 0.45, 0.5 0.125,0.25,0.5,1,1.5, 2

The values of the design constraints are shown in Table 2, including 168 cases. Currently, there is no
definitive principle regarding the compression level of inlet for the supersonic combustion. In the design
of conventional hypersonic inlet, the outlet Mach number is often set at approximately half of the flight
Mach number [18,19]. Whereas, this design constraint is not conducive to the effective organization of
downstream combustion for engines operating at high Mach number. For instance, the outlet Mach
number of the inlet will achieve 6 when the flight Mach number is 12, which is almost impossible for
the efficient mixing and combustion. Additionally, the extremely high compression level may cause
strong dissociation in the boundary layer, thereby reducing the heat release of combustion. Taking
these factors into account, the upper limit of the ratio of outlet Mach number to the flight Mach number
(M@, gegign ) is set as 0.5, the lower limit is set as 0.3.

Since non-equilibrium effects are jointly determined by the thermochemical processes and flow
evolution, the impact degree of the thermal non-equilibrium is very sensitive to the inlet length. When
Ma,, and Ma, 4, are given, the capture height H. determines the length of the inlet. Therefore, the

scale effects of thermal non-equilibrium are assessed by varying H,. In present study, H, ranges from
0.125 to 2 m, encompassing most of the length scales of inlets in the wind tunnel tests and real vehicles.

As described above, the design constraints for a given flight Mach number are H_, Ma, .4, and Eq.

(1). The optimization goal is maximizing the total pressure recovery. The gas dynamic functions [6,20]
under CPG assumption and sequential least squares quadratic programming (SLSQP) [21] are employed
to solve this multi-constrained nonlinear optimization problem. The similar design procedures have been
applied in a number of studies [18,19,22,23], which are not described in details here. The optimal
configuration of the three external compression shock and the two internal compression shocks both
satisfy the principle of equal strength [24], which shows good agreement with the design results
proposed by Smart [22].

2.2. Gas models and numerical method
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The calorically perfect gas (CPG) and thermal non-equilibrium gas (TNG) model are used for simulating
the inviscid flow of the inlets to obtain the impacts of thermal non-equilibrium on the inlets. Under the
CPG assumption, the energy transfer between the different internal energy modes is neglected. Only
the translational-rotational energy mode is taken into account and the specific heat ratio is treated as
a constant value of 1.4. Under the CPG model, the inviscid flow can be solved by the basic gas dynamic
relations [20,25] across the shock waves.

As for the flow condition in this study, the possible thermal non-equilibrium processes primarily contain
rotational-translational (R-T) energy transfer, vibrational-translational (V-T) energy transfer, and
vibrational-vibrational (V-V) energy transfer. Given that the timescales of R-T energy transfer are only
a few nanoseconds, the translational energy mode and rotational energy mode are assumed to be in
equilibrium and can be characterized by a translational-rotational temperature T, (static temperature).

The Park’s two-temperature model [26] is selected to model the V-T energy transfer. The V-V energy
transfer is neglected and the vibrational energy mode of each molecular species is characterized by a
single vibrational temperature T,. Consequently, the V-T energy transfer is the main difference between

the TNG and CPG model. Besides the basic Euler equations, an extra equation for vibrational energy is
involved in the governing equations for TNG model:

De,
_ 2
POt = (2)

where p and e, are the density and specific vibrational energy, respectively. The vibrational energy
source term e, is calculated following the Landau-Teller model [27]:

n e —

a)v — Zps V,S (Tt) eV,S (TV) (3)
s=1 Ts

where 7, represents the vibrational relaxation time, which can be calculated by the semi empirical

formula summarized by Millikan and White [28].

For diatomic molecules, the specific internal energy can be calculated using the following formula:
€ =€ s TEs 4)

where the specie’s translational-rotational energy and vibrational energy per unit mass can be
expressed as:

5
€rs = E Ry (5

4, R
€s = T (6)
exp(d, s /T,) -1

where R, is the gas constant for species s. The vibrational characteristic time is represented by 9, ,

with values of 3371 K and 2256 K for nitrogen and oxygen, respectively. The specific heat at constant
volume involves the parts of translational-rotational energy mode and vibrational energy mode that can
be calculated as:

5

Curs) = E R (7)
deV,S l9V,52 RS exp(lgv,s /TV) 8
Q) = daT. T2 2 (8)
T\/ Tv (exp(’-gv,s /Tv) _1)
The specific heat at constant pressure for species s can be calculated by:
Cps =Cys TRy 9)

For the gas mixture, the total thermodynamic properties are the weighted average of mass fraction for
each species:
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b=V, (10)

s=1

where Y, represents the mass fraction of specie s, ¢ involves the energy modes, specific heat at
constant volume and specific heat at constant pressure.

The method of non-equilibrium characteristic (MONC) [29] is used to solve the inviscid flow with thermal
non-equilibrium process for its high fidelity and efficiency. In the previous study, MONC was rigorously
validated against non-equilibrium flow scenarios encompassing curved compression surfaces, blunted
wedges and internal nozzle flows. The validation results indicated that MONC is capable of predicting
numerical results with a deviation of less than 2% from computational fluid dynamics (CFD) results
obtained by hy2Foam [30,31].

3. Results and discussion
3.1. Thermal non-equilibrium flow characteristics under a typical condition

To recognize the fundamental characteristics of the inlet flow, the inlet flow with Ma,, =12, H,=1m,
and Ma, g4, =0.4 is analyzed first. Fig 2. illustrates the temperature distribution of the inlet flow. The

shock waves and streamline are represented by the solid lines in red and black, respectively. The
parameters along the streamline are shown in Fig. 3. The symbol SWi is used to represent the shock
wave. Since the static temperature is just around 520 K, the collision frequency of the molecules is not
enough to make an evident change on the vibrational energy mode in such a short flow time, the
vibrational temperature remains the same with the freestream in the upstream region the third shock
wave. The Mach number and static temperature calculated by CPG and TNG model are highly consistent

here. Downstream of the third shock wave, the static temperature reaches 780 K , the vibrational

temperature increases along the streamwise, achieving 412 K. While the Mach number and static
temperature keep unchanged. The difference between the results on the streamline obtained by CPG
and TNG model is below 0.5%.

In the downstream region of the first internal compression shock wave, a considerable part of the
internal energy is gradually transferred from the translational-rotational mode to the vibrational mode,
so the vibrational temperature and Mach number gradually increase along the flow direction, and the
translational-rotational temperature gradually decreases along the flow direction. Upstream of the
second internal compression shock, the static temperature along the streamline computed by TNG
model shows a 0.7% reduction compared to the CPG assessment, while the Mach number increases by
approximately 1%. Downstream of the final shock, thermochemical nonequilibrium effects intensify
substantially. At the outlet position, the TNG computation shows approximately 4.4% reduction in static
temperature and 4.9% increase in Mach number compared to evaluation based on CPG model.

The increasing trend of Mach number downstream of the two internal compression shocks stems from
the reduced static temperature and specific heat ratio due to V-T energy exchange, which in turn
decreases the local speed of sound. Comparing the static temperature and vibrational temperature, it
can be found that the reduction in static temperature is significantly less than the increase in vibrational
temperature. This discrepancy arises from the fact that the translational-rotational energy mode of a
diatomic molecule has five thermal degrees of freedom, whereas the vibrational mode contains only
two thermal degrees of freedom. Therefore, vibrational temperature is more sensitive to the energy
exchange between the energy modes.
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Fig 2. Temperature distribution in the inlet flow (Ma, =12, H, =1m, and Ma, ygq, =0.4)

8
I SW,—_ _ - .
1500 eI P mm——e
/I — N~ | | L T T T T e
----------- T-CPG
—————— T 7 w
1200 v SW ’/S 3
I —
EA I / = i
L 900 / S o
) I /
I I i
]f sw4/ .
600 \SW /// 5_— - Ma-TNG
I L / I Ma-CPG
300 e R TING SW, —_ :
TR TSNS N N NI SO NN ! TR (TN (TR NI T SO TN NN SN SO TR ST S SN N SN S
6.4 6.6 6.8 7 7.2 4% 6.6 6.8 7 7.2
x/m x/m
(@) Temperature (b) Mach number

Fig 3. Temperature and Mach number along the streamline

The thermal non-equilibrium process can also lead to a non-uniform distribution of parameters along
the normal direction. The parameter distribution on the outlet section is given in Fig. 4 to obtain the
non-uniform distribution law. As the height increases, the Mach number exhibits a gradual rise from
4.28 to 4.46, while the static temperature gradually decreases from 1544 K to 1482 K, and the
vibrational temperature increases from 559 K to 1234 K. Notably, in the vicinity of the upper wall, the
discrepancies between the results of the two gas models are the highest, meaning that the impacts of
thermal non-equilibrium are the strongest. The relative discrepancies reach 6.2% in Mach number and
5.9% in static temperature. The non-uniform distribution of parameters is predominantly governed by
molecular collision frequency and post-shock flow distance. The larger the static temperature and
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density, the higher the molecular collision frequency. Additionally, a longer post-shock distance enables
more flow time for V-T energy transfer. At the region near the upper wall, the flow distance after the
two internal shock is the longest, and the static temperature is high. Therefore, the V-T energy transfer
is the most sufficient at the region near the upper wall, resulting in the largest discrepancy between
the results obtained from the two gas models.
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Fig 4. Parameters distribution on the outlet section on inlet.

To sum up, V-T energy transfer results in a higher Mach number and a lower static temperature
compared to the CPG-based evaluation. The impacts of thermal non-equilibrium accumulate rapidly
along the flow direction in the downstream region of the two internal compression shocks, with the
most significant impact observed on the upper wall side of the outlet section.

3.2. Effects of thermal non-equilibrium on outlet parameters

The mass-weighted average of parameters at the outlet section can be calculated as:

Lo
jA¢dA

where ¢ is the parameter at the outlet section; dA is the area element of the outlet section. For the

present two-dimensional flow, the differential length element is used in the integration. The relative
discrepancies in the mass-weighted average of parameters at the outlet section evaluated by the CPG
and TNG model is used to reflect the impacts of thermal non-equilibrium, which can be expressed as:

(11)

out

A¢0m _ |¢0ut,CPG - ¢out,TNG| %100%

¢out,CPG (1 2)

It's clear that a higher Ag,, means a stronger impact of thermal non-equilibrium on the inlet
performance.
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Fig 5. The relative discrepancies in outlet Mach number under different sets of design constraints
Fig. 5 depicts the AMa,,, under different sets of design constraints. When Ma, .., =0.5, the AMa,,

under all the design constraints are lower than 1%. This indicates that the CPG model can still be
employed in the inviscid design process when Ma, yegg, 20.5 . As Ma, 44, declines, the AMa,,
gradually goes up with an increasing rate. Selecting the curve with Ma,, =12 and H_, =1 m for instance,
the AMa,,, increases from 0.4% to 8.4% as Ma, g, declines from 0.5 to 0.3. Comparing the AMa,,

at different flight Mach number , one can find that the higher the flight Mach number, the larger the
AMa,,, . Under design constraints of H, =1m and Ma, 44, =0.3, an increase in flight Mach number

from 8 to 15 causes AMa,,, to rise from 7.6% to 10.4%. This increases in AMa,, caused by changes
in Ma, 4qqn @nd Ma,, can both be attributed to the rise of static temperature in the inlet flow. A higher

static temperature means a higher the collision frequency of molecules, which is conductive to the V-T
energy transfer.

By comparing the curves with different H_, one can conclude that the increase in H, results in larger
AMa,, when the other design constraints are the same. When Ma, =12 and Ma, g, =0.3, AMa,,

grows from 3.6% to 9.7% with increasing H,. This is because that a larger H, means a longer inlet
length, thereby increasing the flow time for V-T energy transfer. The more energy transforms from
translational-rotational energy mode to vibrational mode, the larger the AMa,, . This phenomenon

manifests the scale effects of thermal nonequilibrium on flow dynamics. Consequently, the influence of
thermal nonequilibrium scale effects must be prioritized in designing and evaluating inviscid flows within
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high Mach number inlets.
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Fig 6. The relative discrepancies in static temperature at outlet section under different design
constraints

As shown in Fig. 6, the influence regularities of design constraints on AT, ,, are similar to those of
AMa,, . Increasing the compression level, the flight Mach number or the capture height all lead to
larger AT, ;. When H =2 m, Ma, =15 and Ma, 44, =0.3, the AT,

11.4%. In the design and assessment of engines, using the CPG model may overpredict the static
temperature at the inlet outlet, potentially leading to errors in calculating fuel ignition and heat release

characteristics.
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Fig 7. AMa,, versus H, with different compression level (Ma, =12)

The variation curve of AMa,, with H, at flight Mach number of 12 is illustrated in Fig. 7 to further
investigate the thermal non-equilibrium scale effects in the inlet flow. As H_ goes up, the slope of each

curve gradually decreases, indicating that the influence of thermal non-equilibrium scale effects on the
flow weakens with an enhancing H.. To understand the underlining physics of such regularity, the

distribution of vibrational Damkohler number Da, and o, are analyzed in the following text. The
detailed calculation of Da, can be found in Refs. [8,32]. Fig. 8 depicts the distribution of Da, and w,
under the design constraints of Ma,, =12, Ma, g4, =0.35, and H, =1 m. In the downstream region

of the two internal compression shocks, @, decreases along the flow direction, meaning that the
excitation rate of vibrational energy gradually goes down as flow develops. The decrease of «, is mainly
caused by two factors. The first factor is that the difference between local vibrational energy and the
corresponding equilibrium vibrational energy decreases as flow develops downstream, meaning that
the gas is approaching thermal equilibrium state. The second factor is that the reduction of static
temperature along the flow direction leads to longer vibrational relaxation time for molecules. This
extend of the vibrational characteristic time reduces Da, as well, indicating that the flow is develops

towards a thermal frozen state. Overall, the increase in H, reduces the average excitation rate for

vibrational energy, which is the main reason for the weakening impact of thermal non-equilibrium scale
effects.

log(w) 72 7.8 84 9.0

£
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1
x/m 72
(a) Vibrational source term
log(Da) 08 12 16 2.0
£
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1
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Fig 8. Distribution of vibrational source term and vibrational Damkd&hler number in the inlet flow
(Ma, =12, Ma, jign =0.35, H, =1 m)

To better explain the relationship between the V-T energy transfer and the discrepancies in outlet Mach
number and static temperature, the state of internal energy distribution is characterized by the
vibrational energy fraction e, /e. The data of AT,,, and AMa,, versus e, /e is shown in Fig. 9. It can

be found that there is a linear relationship between AT, ., and e, /e. The expression can be obtained
by linear regression:

AT, o = 0.9915(%j +0.01665 (13)

The coefficient of determination ( R?) corresponding to the linear fitting formula is 0.9997. The slope
of the formula is very close to 1 and the intercept is close to 0, meaning that AT, ,, is almost equal to

the ¢, /e at the outlet section. The underlining physics can be summarized into two aspects. On the

one hand, the static temperature of diatomic molecules is proportional to the translational-rotational
energy. On the other hand, the increase in vibrational energy is almost entirely originated by the V-T
energy transfer. The increase in e, /e is equal to the decrease of ¢, /e.

12 12 a8
n =
= MONC e
10F Linear fitting 1o * Ma =10
o Ma=12
8r _ 8- * Ma=15
;\? § Power fitting
— 6f < 6F
E )
M~
Sl =Ml
2+ 2+
OF OF
0 2 4 6 8 10 12 0 2 4 6 8 10 12
e, /e (%) e, /e (%)
(@) AT, .versus g, /e (b) AMa,, versus e, /e

Fig 9. The discrepancies in outlet static temperature and Mach number varies with ¢, /e

As shown in Fig. 19(b), the increasing rate of AMa,, declines as e, /e increases. Remarkably, all data
points collapse onto a single curve exhibiting a power-law trend. The fitted relationship between AMa,,
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and e, /e can be expressed as:
e 0.7663
AMag, :1.593(?VJ (14)

This equation also has a high R? of 0.997, indicating that a power-law correlation exists between
AMa,,, and e, /e. Such power-law correlation can be explained by the equation of local speed of sound:

a:A/yRTt . First of all, AMa,,, is mainly due to the relative discrepancy in the local speed of sound
calculated by CPG and TNG model. There is a power-law relationship between a and T, . Secondly,
AT, o and e, /e exhibit a linear relationship. As shown in Fig. 10, e,/e and Ay,, approximately

satisfy a power-law correlation as well. Therefore, the relative discrepancy in the local speed of sound
and e, /e follow a power-law relationship. Based on the above relationships, one can inferred that

AMa,, and e, /e follow a power-law correlation. To sum up, the relationships among AMa,, AT, .,
and e, /e further clarifies that the AMa,, and AT,

t,ou

. is originated from the differences in the
distribution of internal energy modes due to the V-T energy transfer.
8

2
kK
IS = Ma,=8
= s Ma,=10
2k o Ma=12
¢ Ma =15

Power fitting

0 3 6 9 12
e, /e (%)

Fig 10. Variations of Ay, with e, /e.

4. Conclusions

To reveal the impacts of thermal non-equilibrium effects on the flow field and inlet performance, the
inviscid flows of two-dimensional multi-stage compression inlets with the various design constraints are
numerically predicted by using the CPG and TNG models. The key conclusions are summarized below:

(1) The V-T energy transfer downstream of the shock waves results in the increase of Mach number,
and the decline of static temperature along the flow direction. The thermal non-equilibrium effects
have greater impacts in the flow near the upper wall than the flow near the lower wall, since the
gas molecules undergo a long time under high temperature.

(2) The difference on the distribution of the internal energy modes is the origin for the discrepancies
in outlet Mach number and outlet static temperature calculated by the TNG and CPG model. The
results suggests that AT, ., shows a quasi-equal relationship with e, /e at the outlet section, while

AMa,,; exhibits a power-law correlation with e, /e at the outlet section.
(3) The increases of capture height, compression level and flight Mach number intensify the impacts

of thermal non-equilibrium on the outlet Mach number and static temperature. For inlet with
Ma, =15, Ma g =0.3and H, =2 m, the thermal non-equilibrium can induce 10.4% increase

in outlet Mach number and 11.4% decline in outlet static temperature.

(4) The scale effects of thermal non-equilibrium have evident impacts on the outlet parameters. For
inlets with Ma,, =15, Ma, 44, = 0.3, the discrepancy in outlet Mach number rises from 4% to 10.4%

as the capture height increases from 0.125 to 2 m. In addition, the impacts of scale effects of
thermal non-equilibrium weaken with a increasing capture height.
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