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Abstract A dual-mode scramjet can operate in a wide
range of flight conditions. Higher thrust can be generated
by adopting suitable combustion modes. Based on the net
thrust, an analysis and preliminary optimal design of a
kerosene-fueled parameterized dual-mode scramjet at a cru-
cial flight Mach number of 6 were investigated by using
a modified quasi-one-dimensional method and simulated
annealing strategy. Engine structure and heat release distrib-
utions, affecting the engine thrust, were chosen as analytical
parameters for varied inlet conditions (isolator entrance
Mach number: 1.5–3.5). Results show that different opti-
mal heat release distributions and structural conditions can
be obtained at five different inlet conditions. The highest
net thrust of the parameterized dual-mode engine can be
achieved by a subsonic combustion mode at an isolator
entrance Mach number of 2.5. Additionally, the effects of
heat release and scramjet structure on net thrust have been
discussed. The present results and the developed analytical
method can provide guidance for the design and optimization
of high-performance dual-mode scramjets.
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1 Introduction

During the past 50 years, the dual-mode scramjet has
become a promising engine for hypersonic propulsion sys-
tems [1]. It can operate and maintain desirable performance
within a wide range of flight conditions. Theoretical [2]
and experimental efforts [3,4] have been made to gain
varied heat release and structure schemes for dual-mode
combustion.However, an efficient analyticalmethod applica-
ble to the whole process of dual-mode combustion and
to the optimization of engine performance is demand-
ing.

Previous design and analytical methods [5–10] were
mostly concentrated on a supersonic combustion mode. In
the 1960s, the integral analytical approach was initially used
to analyze engine cycle aerothermodynamics in scramjets
[5]. In this approach, the enginewas divided into four compo-
nents: inlet, isolator, combustor, and nozzle. Each component
was analyzed separately but quasi-one-dimensional repre-
sentation of flow for defined control volumes can be made
in a global manner. This integral quasi-one-dimensional
approach has been largely developed and can be classi-
fied into two categories according to the type of equations.
Due to the high efficiency, quasi-one-dimensional aerother-
modynamic ordinary differential equations (ODEs) have
been widely adopted in the combustor section with differ-
ent energy release models. These models can be obtained
from pre-given experimental data or theoretical assumptions,
such as the Crocco power law relationship [6–8]. Alterna-
tively, the energy release is linearly related to the fuel-air
mixing rate of normal injections [9,10]. However, analyti-
cal models based on the ODEs cannot be applied to solve
subsonic combustion, as the problem of singularity exists
in the original formalism. Although the unsteady quasi-1D
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model based on Euler equations [11] can capture the posi-
tion of normal shock automatically, normal shock is not
favored in the dual-mode system due to the inclination of
inlet unstart. However, the oblique shock train, which ismore
common in the dual-mode scramjet, cannot be predicted by
the unsteady quasi-1D model. As such, a reliable analytical
model is required to offer consistent solutions for dual-mode
combustion.

The analytical method adopted in the present work tends
to overcome the shortcomings of previous analytical mod-
els by proposing an X-shock model as a strength-adaptable
isolator model and combining it with the quasi-1D combus-
tor flow calculation (ODEs) through matching combustion
back pressure automatically [12]. It was validated by a series
of experimental data [13] and can be applied as a tool
to analyze the engine performance in different combustion
modes.

The key for maintaining high performance for a dual-
mode scramjet within a wide flight range is that it can
produce high thrust by operating in different modes. It is
known that subsonic combustion can offer higher thrust
at a flight Mach number of 4–6, as compared to super-
sonic combustion; while the thrust of the latter can exceed
that of the former at a flight Mach number greater than 6
[14]. Hence, an analytical study focusing on the flight Mach
number of 6 is of great importance in understanding the dual-
mode combustion process and also in practical applications
[15].

Targeted at the maximum engine net thrust, optimization
approaches including the genetic algorithm and the simu-
lated annealing algorithm have been used to achieve optimal
heat releasing schemes and engine geometries for dual-mode
scramjets [16–18]. However, most previous studies simply
choose the design point of inlet for the corresponding flight
condition and use the designed inlet parameters as initials
of combustor calculations without a thorough analysis. In
addition, the trend of heat releasing schemes and engine
geometries with the variation of inlet conditions has yet to
be studied.

Thus, the present work focuses on the engine perfor-
mance at the flight Mach number of 6. Instead of pre-given
inlet parameters, the current work includes a simplified
2D inlet model to generate different inlet conditions. Aim-
ing at the maximum net thrust, the simulated annealing
algorithm is adopted to optimize the thrust result, which
is obtained from the modified quasi-1D analytical model
developed by the authors [12]. An optimal combustion
mode and inlet condition has been finally chosen for the
given flight condition. The trend of heat releasing distri-
butions and engine structures with varied inlet conditions
has been discussed. The results can provide guidance for
the future design of high-performance dual-mode scram-
jets.

2 Model description

For the dual-mode scramjet studied in the present work, the
length in the spanwise direction is kept the same, and thus the
engine can be simplified as a 2D model, as shown in Fig. 1.
The engine consists of inlet, isolator, combustor, and nozzle.
The total length and nozzle height are labeled as Le and
He, respectively. The inlet height is chosen to be half of the
nozzle height for the present scramjet model. All horizontal
and vertical structural parameters have been normalized by
Le and He, respectively.

As illustrated in Fig. 1, the preliminary analysis for the
dual-mode scramjet in the present work consists of two parts,
which are redrawn in Figs. 2 and 3, respectively. Part I is the
calculation of inlet parameters. As shown in Fig. 2, the cal-
culation is based on a four-wave simplified method with the
assumption that the first three oblique shocks focus at the
leading edge of the cowl and the wall friction is neglected.
Given the flight condition of the incoming flow and Mach
numbers at the exit of the inlet (i.e., the isolator entrance
Mach number MaIso), different inlet structural and aerody-
namic parameters can be obtained.

As illustrated inFig. 3, Part II includes isolator, combustor,
and nozzle. The initial flow conditions of Part II are obtained
from the outlet conditions of Part I (e.g., MaIso). Targeted at
the highest engine net thrust (Fint,hot), an optimization pro-
cedure based on the quasi-1D analysis model was conducted.

Fig. 1 Scheme of parameterized dual-mode scramjet engines

Fig. 2 Scheme of calculation of inlet parameters
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Fig. 3 Scheme of parameterized engine duct

Engine net thrust Fint,hot expressed as Eq. (1) represents the
difference of impulse functions between the inlet and outlet
of the engine,

Fint,hot = (ṁv + pA)e − (ṁv + pA)i, (1)

where the subscripts e and i represent parameters at the out-
let cross section of nozzle and inlet cross section of inlet,
respectively. stands for the flow rate of air flow. The flow rate
of fuel is much smaller than that of air and is thus neglected
in the calculation of the engine net thrust.

Additionally, specific impulse (Is), as an important indi-
cator of engine performance, as shown in Eq. (2), was also
calculated,

Is = Fint,hot/(ṁfg), (2)

where ṁf represents the flow rate of fuel flow.
The optimized structural and heat releasing parameters as

well as the optimal combustionmode for each inlet condition
(MaIso) can be obtained when the optimization process con-
verges. The quasi-one-dimensional analysis model adopted
in the optimization procedure is described briefly in Sect. 2.2.

Figure 4 shows the flowchart of the whole calculation.
Specifically, the calculation corresponding to Part I was
conducted straightforwardly, while the optimization process
for Part II involved interactions of parameters between the
quasi-one-dimensional model and the optimization method,

Fig. 4 Flowchart of the analytical process for parameterized dual-
mode scramjets

which is a simulated annealing algorithm in the present work.
Details of the methodology are addressed in Sects. 2.1 and
2.2.

2.1 Inlet model

Given the conditions of incoming airflow, flow properties at
the exit of inlet are calculated by a four-shock-wave strategy.
As mentioned earlier, the flight Mach number (Maflight) is
chosen as 6 in the present work. As shown in Fig. 2, the inlet
model contains five sub sections, named as 0 to 4. The gas is
assumed to be a perfect gas. Three other assumptions used
in the inlet calculation are as follows,

(1) The distance between fore-body leading edge and cowl
lip L I3 is fixed and the L I3/Le equals 0.320. As a result,
the intensity of the first wave separating section 0 and
1 has been designed beforehand based on engineering
experience (α1 =4.64);

(2) The second and third shock waves share the same com-
pression ratio of pressure;

(3) The fourth wave guarantees the designed isolator Mach
number (MaIso) and theflowafterwards turns to the orig-
inal streamwise direction.

In the present work, varied inlet conditions are consid-
ered for the flight Mach number of 6. In order to find the
best designed isolator entrance Mach number and evaluate
the whole process of dual-mode combustion, the isolator
entrance Mach number ranges from 1.5 to 3.5, as listed in
Table 1.According to the four-wavemethod, the structure and
flow properties in the inlet can be determined for each MaIso.
Additionally, as the viscosity is considered in the analysis of
a downstream combustor, the thickness of boundary layer has
been considered to be a tenth of the inlet length for the sake
of simplification of the analysis. HIso and HI,vis represent the
isolator entrance height with and without the consideration
of flow viscosity, respectively. Hence, the four-wave system
provides different initial flow conditions for the quasi-one-
dimensional optimization and analysis of Part II downstream.

Table 1 Normalized structural parameters of inlet at Maflight = 6

MaIso L Inlet/Le HIso/He HI,vis/He

1.5 0.331 0.028 0.050

2.0 0.336 0.031 0.054

2.5 0.345 0.040 0.063

3.0 0.360 0.055 0.079

3.5 0.382 0.078 0.105
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2.2 Quasi-1D optimization and analysis

For each inlet condition calculated above, the optimal engine
net thrust has been obtained from the optimization process
based on the simulated annealing algorithm. Optimized para-
meters for engine heat releasing distributions and structural
configurations are described inSect. 2.2.1. The quasi-1Dana-
lytical model adopted to calculate engine net thrust is briefly
introduced in Sect. 2.2.2.

2.2.1 Parameters for optimization

As shown in Fig. 3, the isolator is a straight section and the
length is labeled as L Iso. It is followed by a two-section com-
bustor and nozzle with different divergence angles. The total
length, the height of the isolator entrance, and the height of
nozzle exit are fixed. The heat release, occurring in the two-
section combustor, is assumed to be uniform for each section
and has the same length as the combustor section. The aim
of the optimization is to provide the heat releasing as well as
structural parameters that could generate the highest engine
net thrust. Hence, nine parameters are evaluated during the
optimization procedure. They are the length of the isolator
(L Iso), the length and divergence angle of combustor sec-
tion one (LC1 and θ1), the length and divergence angle of
combustor section two (LC2 and θ2), the length and diver-
gence angle of the nozzle (LNoz and θ3) and the equivalent
combustion efficiencies for two combustion sections (ηeq1,
and ηeq2). During the process of optimization, several restric-
tions were applied to guarantee rational solutions, as written
in Eq. 3. The seven optimal normalized structural parameters
for the combustor and nozzle in the current study are listed
in Table 2.

The simulated annealing algorithm [19] was adopted as
the optimization method in this work. It is a Monte-Carlo
method, simulating the physical process of annealing. The
most global optimal result with modified probability of
acceptance was adopted in this process.

LIso + LC1 + LC2 + LNoz = Le − L inlet,

LC1 × tanθ1+LC2 × tanθ2 + LNoz × tanθ3=He − HI,vis,

0 ≤ θ1 ≤ θ2 ≤ θ3,

Table 2 Normalized structural parameters of inlet at Maflight = 6

MaIso
LIso
Le

LC1
Le

θ1
LC2
Le

θ2
LNoz
Le

θ3

1.5 0.187 0.127 1.238 0.041 2.842 0.315 23.035

2.0 0.175 0.116 0.922 0.052 1.338 0.321 22.836

2.5 0.136 0.132 0.504 0.088 0.560 0.299 24.255

3.0 0.255 0.065 0.822 0.029 0.927 0.291 24.559

3.5 0.239 0.053 6.100 0.051 7.049 0.275 23.378

ηeq1 + ηeq2 ≤ 1,

0 ≤ ηeq1 ≤ 1,

0 ≤ ηeq2 ≤ 1. (3)

2.2.2 Quasi-1D analysis model

A modified quasi-1D analytical method proposed by the
authors [12] has been adopted in this work. First, it is based
on aerodynamic quasi-one-dimensional conservation equa-
tions of mass, momentum, and energy as well as the equation
of state andthe Mach number definition equation. These are
a series of original ODEs. However, the main characteristic
of the modified method is that it includes the X-shock model
to simulate the behavior of the shock system in the isolator to
facilitate the calculation of the whole process of a dual-mode
scramjet. In addition, restrictions on heat release have been
used to avoid overestimating heat release in the optimization
process.

(1) X-shock model

As shown in Fig. 5, the flow calculation consists of three
parts: the upstream is a 2D shock structure (X-shock) in
order to balance the shock and combustion interaction, the
downstream is a quasi-1D continuous flow with heat releas-
ing model to simulate combustion. Conservations of mass,
momentum, and energy are applied for the transition from
the 2D X-shock model to the 1D heat releasing flow. The
X-shock model consists of two pairs of oblique shocks with
symmetry in the vertical direction that simulates the precom-
bustion shock train structure originated in the isolator. The
parameters in the X-shock region are resolved by equations
of conservation laws and the shock strength is determined
due to the back pressure of combustion downstream. The
length of the precombustion shock train is obtained through

Fig. 5 Sketch of the dual-mode scramjet engine and “X-shock” model
[12]
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experimental semi-empirical equations as described in Bil-
lig’s milestone work [20]. The interactive process between
X-shock and quasi-1D models guarantees the ability of the
present method to calculate the whole dual-mode combus-
tion process, ranging from supersonic combustion mode, to
dual-mode, and then to subsonic combustion mode.

(2) Heat release restriction model

In order to unify the scaling of heat release, the conception of
equivalent combustion efficiency (ηeq) was adopted [5] as an
optimization parameter instead of a combustion efficiency
(ηc). As shown in Eq. 4, equivalent combustion efficiency
(ηeq) equals the product of combustion efficiency (ηc) and the
equivalence ratio (φ), representing the combustion efficiency
at the stoichiometric fuel/air ratio.

ηeq = ηc × φ. (4)

To expedite the calculation, a one-step global reaction has
been employed as the combustion model and written as,

ηeq(fuel) + air → products + Q, (5)

where Q stands for the heat release generated by chemical
reactions.

Additionally, when the temperature is comparatively high,
the dissociation reaction of oxygen, nitrogen, and reaction
products can occur, resulting in a reduction of the whole
heat release. The effect of gas dissociation is included in the
present work by defining a new expression of heat release,
denoted as Q′. As shown in Eq. (6), Q′ relies on equivalent
combustion efficiency (ηeq) and static temperature (T ) and
also static pressure (p). Since the static pressure of combus-
tion studied in our work is in the range of 1 atm to 10 atm
(1 atm = 1.01 × 105 Pa) and the dependency on static pres-
sure (p) is modest, Q′ is linearly interpolated in the pressure
range, as written in Eq. (6). In particular, two sub functions
f p1(ηeq, T ) and f p10(ηeq, T ) corresponding to the upper
and lower limits of static pressure were fitted according to
the data calculated by CHEMKIN with dissociation reac-
tions included. For kerosene (C12H24) studied in this work,
f p1(ηeq, T ) and f p10(ηeq, T ) are shown as Eqs. (7) and (8).
This ad hoc model affects static temperature significantly in
intense combustion.

Q′ = f (ηeq, T, p)

= p

9
f p10(ηeq, T ) + (10 − p)

9
f p1(ηeq, T ), (6)

f p1(ηeq, T ) = (7.966 − 0.02192T − 3.553ηeq

+ 2.636 × 10−5T 2 + 0.01091Tηeq + 0.9845η2eq

− 1.482 × 10−8T 3 − 1.105 × 10−5T 2ηeq − 1.194 × 10−4Tη2eq

− 3.037η3eq + 3.909 × 10−12T 4 + 4.494 × 10−9T 3ηeq

− 8.943 × 10−7T 2η2eq + 3.534 × 10−3Tη3eq − 3.839 × 10−16T 5

− 5.964 × 10−13T 4ηeq + 2.598 × 10−10T 3η2eq

− 8.45 × 10−7T 2η3eq) (kJ/kg · K), (7)

f p1(ηeq, T ) = (5.028 − 0.01101T − 7.408ηeq

+ 1.183 × 10−5T 2 + 0.01564Tηeq + 5.265η2eq

− 5.976 × 10−9T 3 − 1.152 × 10−5T 2ηeq − 0.007284Tη2eq

− 2.452η3eq + 1.434 × 10−12T 4 + 3.581 × 10−9T 3ηeq

+ 2.88 × 10−6T 2η2eq + 0.002718Tη3eq − 1.29 × 10−16T 5

− 3.815 × 10−13T 4ηeq − 3.608 × 10−10T 3η2eq

− 6.067 × 10−7T 2η3eq) (kJ/kg · K). (8)

It is also worth mentioning that the ODEs were solved
by the ODE15s function of MATLAB based on the Gear
algorithm to avoid the stiffness. In addition, some posterior
conditions and mathematical treatments have been set into
the model in order to guarantee realizability. For instance,
the calculated length of the shock train should be shorter
than that of the isolator to avoid the engine unstart. Other
details of the multi-mode quasi-one-dimensional method are
available in Ref. [21] and Sect. 2 of Ref. [12].

3 Results and discussion

As mentioned in Sect. 2, the methodology can offer opti-
mal parameters for the parameterized engine under each inlet
condition. By comparing the results for different inlet con-
ditions, the best inlet condition and optimal parameters can
be chosen for the flight Mach number of 6.

The key for the maximum thrust includes two points: high
efficiency of combustion itself and maximum transition to
thrust. The former is related to the heat releasing scheme and
the latter is to refer to the engine geometries. The combustor
is the core part, which ensures efficient combustion. The heat
release is highly coupled with the engine configuration, both
affecting the maximum net thrust.

The total length and height of the engine are fixed. The
length and divergence angle of each section are obtained from
the optimizations. The isolator is the component of drag,
which is used to balance the interaction between shock wave
and combustion. It is noted that the length of isolator should
be long enough to avoid the engine unstart.

3.1 Optimal parameters for varied inlet conditions

The results for five different isolator entranceMach numbers
(MaIso)were analyzed in order to understand the optimal heat
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release distributions and the corresponding geometries under
each inlet condition.

The distributions of static pressure and Mach number
along the engine axial direction for the optimal combustion
are shown in Fig. 6a, b, respectively. As shown in Fig. 6a, the
static pressure along the engine duct is normalized by the cor-
responding isolator entrance static pressure (pI). Inspection
of the figures reveals that theMaIso of 2.5 is the critical point.
When MaIso is lower than 2.5, the pressure rising position
propagates upstreamwith the increasingMaIso. The pressure
distributions have similar shapes but become plumper with
the increasing MaIso. Correspondingly, the subsonic com-
bustion tends to occur at a constant-Mach number near 0.6, as
shown in Fig. 6b. If MaIso increases further, the isolator can-
not afford to have the similar combustion mode occur. That
is, the isolator is not long enough to hold intense combustion.
Hence, the largest propagation distance of the shock occurs
at the MaIso of 2.5. Then the shock train retreats with the
increasing MaIso. When MaIso equals 3.0, the distributions
of pressure and Mach number are no longer uniform in the

Fig. 6 Optimal distributions for different MaIso. a Optimal pressure
distributions. b Optimal Mach number distributions

combustor section. The pressure distribution is rather sharp
although the subsonic combustion mode is still maintained.
When MaIso increases to 3.5, the length of the isolator can-
not support the propagation distance of the shock train for
subsonic combustion. Thus, there is no subsonic combus-
tion solution for this case, the optimal combustion mode is
supersonic combustion and the lowest Mach number in the
combustor section is near one.

In addition to the static pressure and Mach number dis-
tributions, the optimal heat release distributions and engine
geometries are also of great importance. As shown in Fig. 7,
equivalent combustion efficiency (ηeq1 or ηeq2) has been
normalized by the corresponding length of the combustor
section (LC1 or LC2). The ratio of ηeq/Lc can demonstrate
the intensity of combustion along the combustor. As shown in
Fig. 7, different combustion modes have diverse heat releas-
ing schemes. When MaIso is relatively low, ranging from 1.5
to 2.0, only an intense heat release in the second section can
form the thermal throat at the end of the combustor. The sub-
sonic combustion mode could provide efficient combustion
and the maximum thrust. This conclusion is also coincidence
with the concept of ramjet design. When MaIso goes up to
2.5, the heat release distribution is rather smooth, and the
length of heat release is much longer. When MaIso increases
to 3.0, the incoming flow speed is so high that only a very
sharp heat release could form subsonic combustion. For the
case with MaIso of 3.5, the heat release is rather stronger
in the first combustion section and, consequently, supersonic
combustion occurs. Comparing the five optimal heat release
distributions, the MaIso 2.5 case has the most feasible heat
releasing scheme with relatively low intensity (ηeq/Lc).

Additionally, the optimal results of engine configurations
for the five inletMach numbers are shown in Fig. 8. Since the
combustor section is relatively shorter in our results, differ-
ences among the five cases are modest in a view of the whole

Fig. 7 Equivalent heat release distributions for different MaIso
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Fig. 8 Normalized engine structures for different MaIso

Table 3 Optimal combusting parameters for different isolator condi-
tions at a flight Mach number of 6

MaIso ηeq1 ηeq2 Is(s−1) Mode

1.5 0.286 0.694 1140 Subsonic

2.0 0.232 0.748 1180 Subsonic

2.5 0.435 0.545 1193 Subsonic

3.0 0.323 0.657 1171 Subsonic

3.5 0.608 0.372 1123 Supersonic

engine structure. However, different divergence angles of the
combustor walls can be readily observed. In particular, the
divergence angle of the combustor in the supersonic combus-
tionmode ismuch larger than that in the subsonic combustion
mode in order to accommodate more energy release. Fur-
thermore, the divergence angle slightly decreases with the
increase ofMaIso. It can be explained by different heat releas-
ing characteristics between supersonic and subsonic flows.
The flow speed increases with the divergence angle, resulting
in a high thrust in the supersonic combustor; while a subsonic
combustor with a smaller divergence angle could guarantee
more intense heat release and the formation of the thermal
throat.

3.2 Optimal net thrust

Table 3 lists the optimal results for the five inlet conditions,
including the equivalence of combustion efficiency for the
two heat-releasing regions, the specific impulse, and the cor-
responding combustion mode.

In order to choose a desirable combustion mode and iso-
lator entrance condition, five optimal net thrust values are
compared in Fig. 9. In addition to the assumption of viscous
flow with modified heat release (see Sect. 2.2.2) adopted in
the above calculation, two more simplified cases (inviscid

Fig. 9 Comparison of specific impulse for different MaIso

flow, viscous flow without modification on heat release) are
included for comparison. As shown in Fig. 9, the overall ten-
dency is the same despite different assumptions. The highest
net thrust occurs when MaIso equals 2.5. The viscous bound-
ary layer and heat release restriction model, which simulates
dissociation effects, both cause extra heat loss in combust-
ing flows. Hence, the case considering both of these effects
offers the lowest net thrust distribution. On the other hand, in
order to estimate more accurate engine performance, these
two effects cannot be neglected in the optimization process.

To sum up, the parameterized dual-mode scramjet at the
flight Mach number of 6 is suitable to operate at subsonic
combustion when the isolator entrance Mach number ranges
from 1.5 to 3.0; while supersonic combustion should be
chosen when the isolator entrance Mach number equals to
3.5. Comparing the optimal net thrusts, adopting the isola-
tor Mach number of 2.5 is the most desirable for the current
flight condition.

4 Conclusions

An optimization process of a dual-mode scramjet at the flight
Mach number of 6was carried out by applying the simulation
annealing algorithm and the modified 1D analytical model.
The modified quasi-1D model includes an X-shock model to
simulate the effect of the shock train and the iterative mech-
anism between the shock system and combustion guarantees
the calculation of different combustionmodes in a dual-mode
scramjet. Different inlet conditions were obtained based on
the four-wave assumption. During the optimization process,
the engine net thrust was chosen as the target function, para-
meters of heat release distributions, and engine structures
were investigated.

The results show that the current analytical method can
obtain optimal results for different isolator entrance Mach
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numbers. The trend of heat release and combustor structures
for the maximum net thrust can be determined. When the
aircraft is operated at a flight Mach number of 6, where the
performance of supersonic and subsonic combustion com-
pete, the optimal combustion mode changes from a nearly
constant-Mach subsonic combustion mode to supersonic
combustion mode with the increase of the isolator entrance
Mach number (MaIso). Based on the present results, the
engine can achieve the highest net thrust at the isolator
entrance Mach number of 2.5. It is also noted that the heat
release scheme for MaIso 2.5 case is comparatively realistic
for practical applications.

The analytical method used in the present work can offer
a consistent analysis of the performance of dual-mode com-
bustion. The present results provide useful guidance for the
design and optimization of dual-mode scramjets.
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