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To investigate the relationship between the thrust performance and combustion mode in a scramjet
combustor, the acceleration process of a symmetrical tandem-cavity combustor is numerically investigated
based on previous experiments. The numerical results are essentially in agreement with the experimental
results through high-speed photography and wall pressure comparisons, which verifies the reliability of
the numerical method. Then, three groups of simulations with different equivalent ratios are designed
under the condition of inlet flow Mach numbers 2.4, 2.5, 2.6, 2.7, and 2.9. Complete combustion
efficiency and specific section thrust are defined to measure the combustion efficiency of kerosene and
thrust performance. Four combustion modes are defined and observed in simulations, i.e. strong ram
mode, weak ram mode, dual-mode ram mode, and scram mode. The simulation results show that the
combustion modes in the former and the later cavities for this tandem-cavity scramjet combustor are
related to each other. Combustion modes have a significant impact on the thrust performance of the
combustor and the specific section thrust mutation is caused by mode transition. Under different inlet
Mach numbers, appropriate equivalent ratio settings can improve thrust performance for this tandem-
cavity supersonic combustor. Two ideal combustion modes realized by different injection schemes are
proposed for better thrust performance of symmetrical tandem-cavity supersonic combustor.

© 2022 Elsevier Masson SAS. All rights reserved.
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studied the processes of mode transition of the combustor under
different total temperatures (T;) and total pressures (P;). The lower
the total temperature of the incoming flow is, the more easily the
shock train is to disturb the upstream of the isolator. The more
backward position of the choked thermal throat is, and the closer
the combustion tends to the ram mode [8]. The dimensionless
peak pressure of the combustor when mode transition occurred
were 0.25, 0.41, and 0.5, and did not change with the change of
the total pressure of the inflow [9]. Cao [14] studied the effects of
geometry, heat release distribution, wall temperature, wall friction,
and incoming flow components on the combustion mode transi-
tion boundary. The results show that: increasing of combustion
chamber area expansion rate, reducing the heat release rate of the
combustion chamber, the more water molecules in the incoming
air, the lower the wall temperature of the combustion chamber, the
smaller the friction of the combustion chamber wall, the engine is
easier to work in scram mode. Conversely, the engine is easier to

1. Introduction

For hypersonic airplanes, dual-mode scramjet is a promising
choice [1,2] to work over a wide Mach number range with a sim-
ple structure [3]. However, unsteady combustion is a very common
phenomenon [4,5] which brings trouble to the control of scramjet
[6]. Beside this, proper combustion mode is also critical to main-
taining the superior performance of the scramjet combustor dur-
ing flight. The thrust performance mutation of dual-mode scramjet
which is unfavorable for thrust control is inevitable during accel-
eration because of mode transition.

Previous studies have shown that combustion mode depends
on the inflow condition [7-9], fuel scheme [10-13], and combus-
tor design [14-16]. The influence of most adjustable parameters
on combustion mode has been widely recognized. Li et al. [8,9]
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work in ram mode. Zhang et al. [17] developed a Laval nozzle with
an alterable throat area to change the incoming flow Mach num-
ber in the isolator entrance, and a ram-scram transition had taken
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Nomenclature
T: Total temperature
P Total pressure

Yo,, Yu,0, YN, Mass fraction of O3, H0, N3

ER1, ER, Equivalence ratio of jetl,jet2
n Complete combustion efficiency
Fe/my  Specific section thrust

place when the incoming flow Mach number variation. In sum-
mary, heat release and gas expansion during combustion are the
most important factors to affect combustion mode, the combus-
tion tends to be ram mode when heat release and gas expansion
are promoted.

For combustion mode classification, there are several ways to
classify combustion mode [18]. Zhang et al. [19] classified the com-
bustion modes based on the flow field structure, namely scramjet
mode, weak ramjet mode, and strong ramjet mode. The scram-
jet mode operation is characterized by supersonic combustion flow
with no large-scale flow separation and combustion-induced pres-
sure rise downstream of the primary fuel injection site. In contrast,
the ramjet mode operation is characterized by subsonic combus-
tion flow with large-scale flow separation and combustion-induced
pressure upstream of the primary fuel injection site [20]. Then,
Zhang et al. [19] proposed a simple judgment method for the com-
bustion modes monitoring according to monitor pressure. Xiao et
al. [21] established a quantificational distinguish criterion of com-
bustion mode using wall pressure pgo of outlet and p; of the inlet
for isolator. The combustor works in scram-mode when the pres-
sure ratio is less than 1.5, while it is in ram-mode when the value
of po/p; is over 1.5. Tian et al. [22] associated the combustion
mode with flame stabilization mode. Flame stabilization mode of
scramjet mode was cavity shear layer stabilized combustion, and
that of ramjet mode was combined cavity shear layer/recircula-
tion stabilized combustion. Similarly, Cai et al. [10] obtained two
combustion modes named the cavity shear-layer stabilized mode
and the combined cavity shear-layer/recirculation stabilized mode
with different fuel equivalence ratios. Masumoto et al. [23] ob-
tained four combustion modes in a directly connected wind tunnel,
namely non-ignition, weak combustion (reaction was active in the
mixing layer between the airflow and fuel jet), supersonic com-
bustion, and dual-mode combustion. By the comparison between
schlieren photographs with different equivalence ratios, Zhang et
al. [12] observed the intense oblique shock wave generated in the
pure scram mode disappears, and the bifurcated shock wave occurs
with the increase of the equivalence ratio. Then, the shock waves
are pushed into the upstream isolator in the dual-mode ram mode.

After analyzing different combustion mode classifications, Huang
et al. [24] believe that the weak combustion mode corresponds to
the scram mode, while the intensive one is the ram mode, and
the subsonic zone appears in the combustor chamber [12]. Then,
the supersonic combustion mode and the dual-mode supersonic
combustion mode defined by Tian et al. [22] belong to the weak
combustion mode, and the dual-mode subsonic combustion mode
and the subsonic combustion mode belong to the intensive com-
bustion mode.

Many studies [25-27] have shown that the combustion mode
has a significant impact on the performance of the combustor. Un-
der the assumption of inviscid flow, Yang et al. [28] developed a
series of equations to identify combustion mode transition ana-
lytically and hold the view that combustion mode transition is a
nonlinear and unstable process. Zhang [29] used a direct-connect
supersonic combustion test facility to study the influence of the
historical adjustment direction of the equivalent ratio on the thrust
of the supersonic combustor. Compared with the historical equiv-
alent ratio decrease path, the thrust mutation on the equivalent
ratio increase path is greater. Cao et al. [27] analyzed the com-

bustion mode transition with the thermodynamic cycle analysis
method and found that the Ram-mode cycle enjoys a significant
specific thrust advantage over the Scram-mode cycle when the free
stream Mach number is less than 6. But the result is the oppo-
site when the free stream Mach number is greater than 7. Turner
and Smart [11] obtained two combustion modes by increasing the
equivalence ratio, namely “supersonic” combustion and “separated”
combustion. Further, the combustion in the separated mode proved
to generate higher thrust levels than the supersonic combustion
mode, even at the relatively high Mach number of eight. Numerical
demonstration by Kouchi et al. [25] indicated that the installation
of auxiliary igniters on the sidewalls improved ignition capability
and delivered higher thrust at a low equivalence ratio. The auxil-
iary igniters prevented the sudden change in the thrust that was
unfavorable for engine control. Meng et al. [30] experimented to
explore the acceleration process of the scramjet combustion cham-
ber and found that when the mode transition occurs upstream,
the downstream ramjet mode can eliminate the instability, which
means that the overall thrust performance of the engine is stable.
When the transition mode occurs downstream, the thrust fluctu-
ates, indicating that the mode transition is an unstable process.

The dual-mode scramjet is designed to work over a wide Mach
number range, while most previous studies were in a specific
condition with a fixed Mach number. Meng et al. [30] provide
an experimental technique in which the flow Mach number can
be changed continuously. The present study simulated five typi-
cal working conditions during the acceleration process of refer-
ence [30] by three-dimensional compressible Reynolds-Averaged
Navier-Stokes (RANS) simulation to further explore the effect of
combustion mode on thrust performance. The numerical method
in this paper has been fully verified by comparisons between nu-
merical results and experimental high-speed photography and wall
pressure. This study focuses on the overall performance and one-
dimensional information of scramjet combustor. Consequently, the
quasi-steady RANS simulation results can provide enough infor-
mation. Different from reference [30], all combustion modes of
cavities in tandem are analyzed and more detailed flow field struc-
tures are displayed. The flow field characteristics of different com-
bustion modes are analyzed in detail. Different equivalent ratio
allocations are designed because it is a key setting for the combus-
tion modes of this scramjet combustor with tandem injections. For
this scramjet combustor with tandem cavities and injections, the
combustion efficiencies of kerosene are measured by the complete
combustion efficiency of injections (1) and the complete combus-
tion efficiency (7). Combustion efficiency is regarded as the link
between combustion mode and thrust performance, and the rela-
tionship between mode transition and thrust variation is revealed
in this study.

2. Experimental description and numerical method
2.1. Experimental setup and grid simplification

Experiments were conducted using the variable Mach number
direct-connect supersonic combustor of Institute of Mechanics Chi-
nese Academy of Sciences [30]. The heater combusts air, hydrogen,
and oxygen, and the oxygen mole fraction is 21% after combus-
tion. The Mach number at the nozzle can be varied from Ma 1.7 to
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Fig. 1. Front (a) and top (b) view of scramjet combustor.

(a) Scramjet combustor in Experiment

Inflow boundary

Outflow boundary
Periodic boundary
conditions

(b) Computational domain in simulation

Fig. 2. Schematics diagram of scramjet combustor (a) and computational domain (b).

Table 1

Isolator inlet boundary conditions.
Condition Ma T[ (K) P[ (MPG) Y02 (%) YHZO (%) YN2 (%)
(Cases)
F1(A1,B1,C1) 2.4 1228 147 2437 8.69 66.94
F2(A2,B2) 2.5 1363 1.57 24.59 10.08 65.33
F3(A3,B3,C2) 2.6 1493 1.55 24.78 1145 63.78
F4(A4,B4) 2.7 1591 1.66 24.87 12.50 62.63
F5(A5,B5,C3) 2.9 1686 1.98 25.01 13.57 61.43

3.2. The inlet total temperature and mass flow rate are changed by
varying the hydrogen, oxygen, and airflow rate. The typical isola-
tor inlet boundary conditions as a reference in the simulation are
shown in Table 1.

The combustor is symmetrical and has a rectangular cross-
section. The size of the supersonic combustor in experiments is
shown in Fig. 1. There are two symmetrically distributed cavi-
ties for flame stabilization as shown in Fig. 1 (a). CH* observation
window is performed only in the first cavity. The fuel is room-
temperature kerosene RP3, the jet is vertically sprayed. Two groups
of symmetrically distributed fuel jets are both 60 mm upstream
of the cavity. The fuel jet diameter of the first group is 0.6 mm
while the second is 1 mm, and the spacing between adjacent jets
is 13.3 mm. The first groups of cavities and fuel jets are marked
as Cavity1 and Jetl, and the second groups are marked as Cavity2
and Jet2. The fuel was injected into the combustor at sonic veloc-
ity. The injection pressures were given according to the mass flow

rates of the isolator inlet (F1~F5 in Table 1) and the equivalence
ratios of Jet1 and Jet2. More details are seen in reference [30].

To reduce the calculation time, 1/6 of the scramjet combustor is
selected as the computational domain. Fig. 2 shows the selection of
the computational domain. A no-slip, no-penetration, and adiabatic
condition is set at the upper and lower wall. Both sides of the
computational domain are set as periodic boundary conditions as
shown in Fig. 2(b). Inflow and outflow boundary conditions are
imposed at the entrance and exit.

2.2. Governing equations and numerical setups

The RANS simulation has been widely used in engineering ap-
plications and academic research because it can capture the main
characteristics of the flow field with small calculation efforts. For
the combustion process, the density changes with the heat release
process, so the Favre-averaged method is convenient in simulation.
The governing equations of the compressible Navier-Stokes equa-
tions together with the species transport equations [31] can be
written as below

% , 2Pk 1)
at 0X;

opui 9 (plity) _ 9p 0%y 9% 2
at axj  Ax o 0xj  0xj

o(pE) o (phi)) o

o T o%; Za—xj(ui(mj-i-fij)—Qj) (3)
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Here, u(T) and v; are molecular and eddy viscosities, respec-
tively, (T) heat conductivity, ‘-’ and ‘~’ the temporal averaging
for RANS and the Favre filtering, respectively, and Favre filtering is
defined by

o PO pg

= 9
S p(tydt P ®)

¢ =

The in-house code employed with the finite volume method
had shown excellent performance in solving the above equations
[32]. The SST k-w turbulent model [33] is employed to calculate
the turbulent viscosity for its good performance in the supersonic
combustion process. 4 steps 2nd order Runge-Kutta method [34] is
applied for time advancement. The Courant-Friedrichs-Lewy (CFL)
number, which controls the speed of the calculation, is set to 0.1
firstly and improved to 0.2 to avoid numerical divergence. The flow
field is considered reaching the quasi-steady state when the mass
flow rate of the inflow and fuels jet approximately equals that of
the outflow with an error below 1%.

The flamelet-progress variable (FPV) combustion model was im-
planted into the code to calculate the supersonic turbulent com-
bustion which has been verified previously [35-38] since it has
a low computational cost. Gaseous n-dodecane was injected into
the combustor as a substitute for kerosene and the equivalence ra-
tios in simulations were consistent with that in the experiments.
The combustion reaction mechanism [39] of n-dodecane which
contains 369 species and 2691 elementary reactions was used to
simulate the kerosene combustion process.

The steady flamelet equations were solved by the FlameMaster
V3.3.9 software package [40]. The laminar flamelet databases were
generated with the assumption that the Lewis number of all com-
ponents is 1. The reference pressure is 3atm, and the temperatures
of oxidant and fuel were set as 1000 K and 300 K respectively. 59
laminar flamelet databases were generated, and turbulent flamelet
databases [41,42] were obtained by averaging ensemble employed
with the presumed-PDF method [43] based on laminar flamelet
databases.

2.3. Numerical method verification

To verify the numerical results, the pressure ratio of experiment
A3 (Ma = 2.6) is compared with the numerical result. Simula-
tions based on coarse (8.134 million), medium (12.39 million), and
refined (18.16 million) grids are conducted and compared with
the pressure ratio as shown in Fig. 3. The wall pressures of the
medium and refined grids are almost similar to each other while
the result of the coarse grid is greatly deviating. The coarse grid
cannot calculate the wall pressure at the cavities accurately. To en-
sure sufficient accuracy in simulation, the refined grid is selected
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Fig. 3. Comparison of wall pressure ratios between numerical and experimental re-
sults along the centerline on the upper wall of the scramjet [30].
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Fig. 4. Comparison of wall pressure ratios between experimental (left) and numeri-
cal (right) along combustor path with different inlet flow Mach number.

to perform the simulation. All grids are refined near the wall and
injection orifices. The inflow condition was changed continuously
in the experiment [30], therefore it is difficult to restore the real
inflow condition at Ma = 2.6. The experimental data in Fig. 3 is a
reference for case A3.

To verify the numerical results under different inlet conditions,
the wall pressure of five cases (A1~A5) was compared with the
pressure during acceleration in Fig. 4. It can be found that the sig-
nificant pressure rise position moves backward and the pressure
ratio at Jetl gets lower with the increase of Mach number, and
the experimental data also show the same law. The pressure ratio
peaks in Cavity2 and drops in the expansion section for both simu-
lation and experiment. After Jet2, the higher the Mach number, the
higher the pressure ratio. In the expansion section, the pressure
of the simulation is higher than that in the experiment. However,
since the combustion mode in cavities is not affected, the differ-
ence does not affect the reliability of this study. In general, the
simulation and experiment show the same pressure variation law
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Fig. 5. Numerical temperature contours and time-averaged CH* luminescence images of three different combustion modes.
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during acceleration, and the wall pressure comparison also shows
that simulation can predict the flow field precisely.

Fig. 5 shows three combustion modes observed in simulations
and experiments. Combustion mode is the central issue in this ar-
ticle. Different combustion modes are important objects that need
to be simulated in this study. The combustion region of the weak
ram mode (A1) is smaller than the dual-mode ram mode (A3) be-
cause the total temperature of A1 (Ma = 2.4) is lower than A3
(Ma = 2.6). For scram mode, the combustion region mainly exists
in the cavity and its shape is affected by the interaction of oblique
shock waves. There are some differences between the numerical
results and CH* luminescence images. Flame exists in the center of
the combustor due to various small structural defects in the exper-
iment which changed the structure of the combustion flow field. In
both experiments and simulations, the size of the combustion re-
gion is closely related to the combustion mode. The flame region
becomes smaller and moves downstream when combustion mode
is transformed from weak ram mode to scram mode.

On the other hand, the inlet and injection conditions in the ex-
periments are constantly changing. While in the simulations, some
specific moments in the experiment are selected and restored by
RANS simulation method. In addition, the transient CH* lumines-
cence images are different from the temperature contours in sim-
ulations.

3. Analysis of combustion flow field and thrust performance of
the dual-mode scramjet combustor

In section 2.3, the reliability of the numerical method in sec-
tion 2.2 has been verified, and the following simulations are based
on the same numerical method. In this section, three groups (A, B,
and C) were designed to study the relationship between combus-
tion mode and thrust performance for the multi-cavity scramjet

combustor. In section 3.1, group A with a fixed equivalent ratio was
firstly simulated based on full verification. Group B with a continu-
ously changing equivalent ratio of Jet2 was designed. Group A and
B were analyzed to research the mode transition and the change
of thrust performance during acceleration. In section 3.2, group C
with an adjusted equivalent ratio allocation of Jet1 and Jet2 was
compared with groups A and B to study the effect of equivalent
ratio on combustion mode and thrust performance under different
inflow conditions.

3.1. Mode transition and thrust change during acceleration

For this multi-cavity supersonic combustor, the combustion
flow field presents a similar structure during acceleration. Fig. 6
displays the typical flow field structure by taking A1 as an exam-
ple. The inlet Mach number of A1 is 2.4 and the flow field structure
is symmetrically distributed. The bow shock waves are formed in
front of the iso-surface of the fuel mass fraction. Flow separation
occurs near the upstream wall and a stable recirculation zone is
formed upstream of Jet1 which helps fuel mixing and stabilize the
flame. Strong oblique shock waves are formed upstream of cavities
and intersect in the center of the combustor. The shock train gen-
erated by the intersection of oblique shock waves exists up to the
downstream of Cavityl and produces discontinuous high-pressure
zones in the center of the combustor. The pressure in the com-
bustor peaks near Cavity2 and falls downstream of Cavity2. The
combustion mode in Cavityl is weak ram mode and heat release
exists upstream of Jetl. It can be seen in the temperature contour
that the combustion in Cavity1 is the cavity shear-layer stabilized
combustion mode while the combustion in Cavity2 is jet-wake sta-
bilized combustion mode. Three main recirculation regions can be
seen in cavities and upstream of Jetl from Fig. 6, and a small re-
circulation region exists downstream of Jet1. The fuel iso-surfaces
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Four combustion modes classification for supersonic combustor with tandem cavities.

Combustion zone Major factor Combustion mode

Shock train position and 1-D Mach number

Significant pressure rise position

Low Weak ram mode
Cavity1 Ma I
High Scram mode

Dual-mode ram mode

Upstream of Jetl
Near Jet1
Downstream of Jet1

Greater than 1

High Strong ram mode None Less than 1
Cavity2 ER; 1 Weak ram mode Upstream of Jet2
Low Dual-mode ram mode Near Jet2 Greater than 1
Table 3 | _WEEES
Simulation parameters for fixed equivalence ratio (A). Al Ma=24 T: 500 1000 1500 2000 2500 3000 3500
Case Ma T: (K) P: (MPa) ERq ER;
A1~A5 24~29 1228~1686 1.47~1.98 0.2 0.65

are contoured by the mass fraction of carbon dioxide. It is clear to
see that the combustion mainly occurs near the wall for Jet1 while
combustion mainly occurs in the jet wake of Jet2. Sonic lines at
Cavity1 are affected by shock trains and a thermodynamic throat
is formed at Cavity2 which is beneficial for the combustor to work
in strong ram mode.

Four combustion modes were observed and defined with differ-
ent characteristics as shown in Table 2. For group A, the combus-
tion mode at Cavity1 transitions from ram mode to scram mode,
and the combustion mode at Cavity2 is strong ram mode with
the increase of Mach number. For group B, the combustion mode
at Cavityl transitions from ram mode to scram mode, and the
combustion mode at Cavity2 transitions from strong ram mode to
dual-mode ram mode with the increase of Mach number. In this
section, such phenomena during acceleration will be described and
analyzed in detail.

3.1.1. Analysis of combustion flow fields and combustion modes with a
fixed equivalence ratio

Thrust change is the most concerned question for dual-mode
scramjet engines, while it is inevitable because of mode transition
during acceleration. Group A with a fixed equivalence ratio during
acceleration is simulated. Table 3 shows the simulation parameters
and injection schemes during acceleration, where T; is the total
temperature; P; is the total pressure; ER1 and ER, are the equiv-
alent ratios of the former and the later fuel injections, respectively.

Fig. 7 shows the changes of temperature contours, recircula-
tion zones, and sonic lines when the Mach number increases from
Ma = 2.4 to Ma = 2.9. Mass averaged one-dimensional Mach num-
ber distribution and wall pressure ratio along the combustor path
of group A are also drawn in Fig. 8 and Fig. 9. The inlet Mach num-
ber changes along the direction of the red arrow.

When the Mach number increases from 2.4 to 2.6, the recircu-
lation zone upstream of Jet1l is compressed and the recirculation
zone downstream of Jet1 plays a more significant role in fuel mix-
ing and combustion. As shown in Fig. 8, the shock train moves
back to the injection position which means the combustion mode
in Cavityl is dual-mode ram mode when Ma = 2.5, 2.6 accord-
ing to the definition in Table 2. The shock train and significant
pressure rise position continue to move backward with the in-
crease of Mach number. The recirculation zone downstream of
Jet1 disappears when the Ma = 2.7, then the recirculation zone
in Cavity1 bulges, and a new flame stabilization and mixing mode
is formed in Cavityl. By observing the relative position [20] of
the combustion-induced pressure rise position and the site of Jet1
(Fig. 9), it can be found that the ram-to-scram mode transition oc-
curs in Cavityl.

For Cavity2, the mass averaged one-dimensional Mach num-
ber is always less than 1 during acceleration as shown in Fig. 8.

Fig. 7. Temperature contours and Ma =1 lines in the center planes and streamlines
in recirculation zones with different inlet flow Mach numbers for group A.
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Fig. 8. Mach number distributions along combustor path with different inlet flow
Mach numbers for group A.
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Fig. 9. Pressure ratios along combustor path with different inlet flow Mach numbers
for group A.

The pressure ratio peaks in Cavity2 and shows a similar law with
the previous study [9] (The higher the total pressure, the lower
pressure ratio). The sonic line expands during acceleration which
means the thermodynamic throat area becomes smaller. The flow
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Table 4
Simulation parameters for continuously changing equivalence ratio of Jet2 (B).

Case Ma
B1~B5 2.4~29

T; (K)
1228~1686

P (MPa) ERy ERy
147~198 02  0.56, 0.53, 0.43, 0.36, 0.26

field structure in Cavity2 is unchanged and combustion remains
strong ram mode during acceleration.

3.1.2. Analysis of combustion flow fields and combustion modes with a
continuously changing equivalence ratio of Jet2

In this section, group B with the continuously changing equiva-
lence ratio of Jet2 during acceleration is simulated. Table 3 shows
the simulation parameters and injection schemes during accelera-
tion, where T; is the total temperature; P; is the total pressure;
ER: and ER; are the equivalent ratios of the former and the later
fuel injections, respectively. (See Table 4.)

Fig. 10 shows the combustion flow field of group B. Mass aver-
aged one-dimensional Mach number distribution and wall pressure
ratio along the combustor path of group B are also drawn in Fig. 11
and Fig. 12.

When the Mach number increases from 2.4 to 2.7, the recir-
culation zone upstream of Jetl is compressed and the recircu-
lation zone downstream of Jetl plays a more significant role in
fuel mixing and combustion. The shock train and significant pres-
sure rise position continue to move backward with the increase
of Mach number. Different from group A, the recirculation zone
downstream of Jet1 plays a significant role in fuel mixing, and the
bulge of the recirculation zone in Cavity1 is not formed when Ma
= 2.7. Meanwhile, the combustion-induced pressure rise site of B4
is upstream of Jetl which means mode transition does not occur
when Ma = 2.7. In addition, the phenomenon of sonic lines reat-
tachment appears in group B, which means the bow shock wave
in front of Jet2 will produce greater flow loss.

The equivalence ratio of Jetl is not changed compared with
group A while the mode transition in Cavityl is different from
group A. As shown in Fig. 12, the pressure of B4 and B5 at Cav-
ity1 is higher than that of B3 which is different from group A. It is
noticed that the mode transition in Cavity2 leads to the reduction
of back pressure before Jet2 which is conducive to the heat release
and gas expansion in Cavity1. Therefore, the combustion in Cavity1
tends to be ram mode when combustion mode in Cavity2 is weak
ram mode. In summary, the combustion modes of the two cavi-
ties are not independent for the tandem-cavity combustor, and the
combustion mode of Cavity1 is affected by the combustion mode
of Cavity2.

For combustion in Cavity2, combustion mode is transformed
from strong ram mode to weak ram mode when Ma = 2.6. As seen
in Fig. 11 and Fig. 12, the mass averaged one-dimensional Mach
number is higher than 1 (Fig. 11) and the pressure ratio decreases
significantly upstream of Jet2 (Fig. 12) when Ma > 2.6. The shock
train reappears in weak ram mode and moves backward with the
increase of Mach number.

3.1.3. Analysis of combustion efficiency and specific section thrust

The combustion efficiencies of different combustion modes
are worthy of attention for the thrust performance of scramjet
combustors. The combustion efficiencies and the specific section
thrusts of group A and B are both analyzed and compared in this
section.

Pyrolysis of macromolecular hydrocarbons is inevitable under
high total temperatures. The combustion efficiency defined by the
mass flow rate of residual fuel is inapplicable to measure the per-
formance of the combustion chamber because the kerosene com-
bustion mechanism [39] used in this paper is a complex multi-step
reaction. To analyze the combustion efficiency of kerosene in the
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Fig. 10. Temperature contours and Ma =1 lines in the center plane and streamlines
in recirculation zones with different inlet flow Mach numbers for group B.
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Fig. 11. Mach number distributions along combustor path with different inlet flow
Mach numbers for group B.
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Fig. 12. Pressure ratios along combustor path with different inlet flow Mach num-
bers for group B.

scramjet combustor, the complete combustion efficiency is defined
by complete combustion products.

fA(x) pYco,udA

- (10)
kco, - Mfyel—jet

Nco, () =

where kcpy is the mass flow rate ratio of CO; to fuel jet after com-
plete combustion, kco, =3.106 when the fuel is C12Hos.

For the combustor with two injection positions, complete com-
bustion efficiencies of Jet1 and Jet2 are calculated respectively.
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Fig. 13. Total combustion efficiencies of injections along combustor path with dif-
ferent inlet flow Mach numbers for group A.
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Fig. 14. Total combustion efficiencies along combustor path with different inlet flow
Mach numbers for group A.

fA(xl)IOYCOZUdA

kco, - M fuel—jet1

fA(xz) pYco,udA — fA()q) pYco,udA
kco, - (mfuelf]et] + mfuelfjetZ)

Nyet1 (Xjet1 < X1 < Xjer2) =
(11)

Nyet2(X > Xjer2) =

The complete combustion efficiency is also calculated to ana-
lyze the overall performance of the combustor.

fA(X),OYCozudA
kco, - (mfuel—]etl +mfuel—]et2)

Ne(X > Xjer1) = (12)

Fig. 13 shows the complete combustion efficiencies of Jet1 and
Jet2. It can be seen clearly that there are great differences be-
tween ram mode and scram mode. Ram mode has higher com-
bustion efficiency than scram mode. There is an obvious mutation
in combustion efficiency in the process of mode transition (from
Ma = 2.6 to Ma = 2.7) as shown in Fig. 13. For combustion at
Cavity2, the higher the Mach number, the higher the combustion
efficiency. This phenomenon is considered as inflow with a higher
Mach number has a lower mass flow rate. Fig. 15 and Fig. 16
show the complete combustion efficiencies of group B. The com-
plete combustion efficiency of B5 is higher than 1 because some
fuel burned incompletely in Cavity1l is burned completely in Cav-
ity2. It is noticed that group B with decreased equivalent ratio has
higher combustion efficiency than group A, and the improvement
of combustion efficiency leads to the increase of temperature, as
seen in Fig. 7 and Fig. 10.

The previous study [11] showed that the ram mode proved to
generate higher thrust levels than the scram mode. To explore the
change of thrust performance during acceleration, specific section
thrust along the combustor path of groups A and B is calculated
and shown in Fig. 17 and Fig. 18. The specific section thrust is
suitable for evaluating the comprehensive efficiency of combustion
and flow in the combustor. Its calculation formula is as follows:
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Fig. 15. Total combustion efficiencies of injections along combustor path with dif-
ferent inlet flow Mach numbers for group B.
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Fig. 17. Specific section thrust along combustor path with different inlet flow Mach
numbers for group A.

E _ (rheve + PeAe) — (ThoVo + PoAo)

(13)
mo mo

where F, is inner thrust at section e, mg is the mass flow rate of
the inlet.

Fig. 17 and Fig. 18 show the specific section thrust along the
combustor path during acceleration. As we can see in Fig. 17, the
specific section thrust goes through a decline process in the equiv-
alent sections and rises rapidly in combustion zones and expan-
sion sections. By observing the specific section thrust in Cavity1 of
group A, the difference between A1~AS5 is mainly caused by the
combustion mode in Cavityl. Combustion in ram mode can bring
a faster specific section thrust increase than combustion in scram
mode. For dual-mode ram mode, the specific section thrust curves
of A2 and A3 along the combustor path are almost coincident. In
general, the specific section thrust decreases with the increase of
Mach number, and mutation occurs during mode transition.

The specific section thrust along the combustor path with a
continuously changing equivalence ratio is shown in Fig. 18. Com-
pared with the specific section thrust of group A, the specific
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Fig. 18. Specific section thrust along combustor path with different inlet flow Mach
numbers for group B.

Table 5

Simulation parameters for adjusted equivalent ratio allocation.
Case Ma T: (K) P (MPa) ERq ER,
C1 2.4 1228 1.47
c2 2.6 1493 1.55 0.4 0.45
C3 2.9 1686 1.98
Cl, Ma=2.4: T: 500 1006 1500 2000 2500 3000 3500 Ma=1

0.3 0.4 0.5 0.6 0. 8 0.9 1 1.1 1.2

7 0.
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Fig. 19. Temperature contours and Ma =1 lines in the center planes and streamlines
in recirculation zones with different equivalent ratios for group C.

section thrust of group B decreases when the equivalence ratio de-
creases. While the specific section thrust of B2 (Ma = 2.5) is also
almost unchanged, the combustion modes of Cavityl and Cavity2
do not change when the equivalence ratio is decreased. The rea-
son for this phenomenon is that the reducing equivalent ratio of
Jet2 improves the combustion efficiency as shown in Fig. 14 and
Fig. 16. By analyzing the combustion modes and specific section
thrust in Fig. 17 and Fig. 18, it is easy to find that the more vari-
ations of combustion mode, the greater change of specific section
thrust.

In summary, the specific section thrust is sensitive to the com-
bustion mode. The specific section thrust changes very little when
mode transition does not occur, and the thrust mutation is always
accompanied by mode transition.

3.2. Effect of equivalent ratio allocation on thrust performance

As an easily adjustable setting during acceleration, the effect of
equivalent ratio allocation on thrust performance is concerned for
this multi-cavity scramjet combustor. Table 5 shows the simulation
parameters of group C with adjusted equivalent ratio allocation.
The inlet conditions and total equivalent ratio of group C and group
A are the same.

Fig. 7, Fig. 10, and Fig. 19 show the combustion flow field of
A1, B1, and C1 (Ma = 2.4) with different equivalent ratios respec-
tively. For case A1, the combustor works in weak ram mode at
Cavity1 and strong ram mode at Cavity2. As shown in Fig. 19, the
combustion mode changes a little while the sonic line changes sig-
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Fig. 21. Specific section thrust along combustor path with different equivalent ratios
for Ma =2.6.
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Fig. 22. Specific section thrust along combustor path with different equivalent ratios
for Ma=2.9.

nificantly when the equivalent ratio is changed. When the equiva-
lent ratio of Jet2 is adjusted to 0.56, the sonic line expands which
means thermal throat area expansion. For C1 with an adjusted
equivalent ratio allocation, thermal choke happens near two fuel
injection positions. Through the comparison among A1, B1, and C1
in Fig. 20, it can be found that the adjusted equivalent ratio al-
location (C1) cannot bring a higher specific section thrust when
Ma =2.4.

Fig. 7, Fig. 10, and Fig. 19 show the combustion flow field of A3,
B3, and C2 (Ma = 2.6) with different equivalent ratios. The com-
bustor works in strong ram mode in Cavity2, while the combustion
mode in Cavityl changes when the equivalent ratio allocation is
adjusted. As shown in Fig. 19, when the equivalent ratio of Jet2 is
adjusted to 0.43, the phenomenon of sonic lines reattachment ap-
pears between Cavity1l and Jet2. The combustion mode in Cavity1
of C2 is changed from dual-mode ram mode to weak ram mode
after the equivalent ratio allocation is adjusted to ER{=0.4 and
ER; = 0.45. Meanwhile, the thermodynamic throat area of C2 is
smaller than A3, although ER; of C2 is lower than A3.

Fig. 21 shows the specific section thrust along the combustor
path of A3, B3, and C2 (Ma = 2.6). C2 with adjusted the equivalent
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ratio allocation has a higher specific section thrust than Al. Similar
to the previous conclusion, combustion mode is regarded as the
most important factor affecting the thrust performance of scramjet
combustor. Weak ram mode in Cavityl can provide a large flow
separation zone which contributes to strong ram mode forming
in Cavity2. Therefore, adjusting the equivalent ratio allocation is a
good choice to improve thrust performance when the inlet Mach
number is 2.6.

Fig. 7, Fig. 10, and Fig. 19 show the combustion flow field of
A5, B5, and C3 (Ma = 2.9) with different equivalent ratios. The
combustor works in scram mode in Cavity1, while the combustion
mode in Cavity2 changes when the equivalent ratio allocation is
adjusted. As shown in Fig. 7, Fig. 10, and Fig. 19, when the equiv-
alent ratio of Jet2 is decreased, the phenomenon of sonic lines
reattachment appears between Cavityl and Jet2. The combustion
mode in Cavityl is scram mode even though the equivalent ra-
tio of Jetl is ERy = 0.4. When Ma = 2.9, increasing the equivalent
ratio of Jetl cannot realize mode transition in Cavity1l to provide
a large flow separation zone. The combustion mode of Cavity2 is
mainly decided by the equivalent ratio of Jet2.

Fig. 22 shows the specific section thrust along the combus-
tor path of A5, B5, and C3 (Ma = 2.9). A5 has a higher specific
section thrust than B5 and C3. Combustion mode in Cavityl is
mainly decided by the inlet Mach number. Therefore, increasing
the equivalent ratio of Jet2 is a suggested choice to improve thrust
performance when the inlet Mach number is 2.9.

Based on the previous analysis in Sections 3.1 and 3.2, two ideal
combustion modes at different Mach numbers are proposed for
the symmetrical tandem-cavity scramjet combustor, named weak
ram-strong ram mode for low Mach number and scram-strong ram
mode for higher Mach number respectively. As shown in Fig. 23
and Fig. 24, the main difference between these two combustion
modes is in the former cavity. It is noticed that the phenomenon
of sonic lines reattachment does not appear in these two combus-
tion modes, thermodynamic throat is formed at the later cavity.
Previous results show that the combustor in these two combustion
modes has a higher specific section thrust.

When the inlet Mach number is lower than 2.7, the combustion
mode in Cavity1 is mainly decided by the equivalent ratio of Jetl.
With the increase of inlet Mach number, increasing the equiva-
lent ratio of Jet1 can help to stabilize the combustion in weak ram

10

mode which is good for the thrust stability of the scramjet com-
bustor. However, if the equivalent ratio of Jet1 is too high, the ther-
mal choke will appear in Cavity1 which is unfavorable to the thrust
generation of the scramjet combustor. Therefore, there should be
an appropriate functional relationship between inlet Mach number
and equivalence ratio allocation.

When the Mach number is higher than 2.7, the combustion
mode in Cavityl is mainly decided by the inlet Mach number.
The combustion mode in Cavityl is scram mode, and increasing
the equivalent ratio of Jet1 has little effect on the mode transition
in Cavityl. It is suggested to increase the equivalent ratio of Jet2
to make sure that the combustion mode in Cavity2 is strong ram
mode which can help to maintain a better thrust performance.

4. Conclusion

The effect of the combustion mode on thrust performance dur-
ing acceleration in a symmetrical tandem-cavity scramjet combus-
tor is investigated numerically. The change characteristic of the
combustion flow field in the combustor during acceleration is re-
vealed, and it is found that the thrust performance of the com-
bustor changes as combustion mode transition. Under different
inlet Mach numbers, the effect of equivalent ratio allocation on
the combustion modes of the tandem-cavity combustor is sum-
marized. The relationship between combustion modes and thrust
performance of tandem-cavity scramjet combustor is analyzed. The
main conclusions are as follows:

For symmetrical tandem-cavity scramjet combustor, mode tran-
sition during the acceleration is characterized by the backward
shift of shock train and significant pressure rise position. Strong
ram mode, weak ram mode, dual-mode ram mode, and scram
mode are observed and defined with different characteristics. The
specific section thrust becomes higher when combustion mode
transforms from scram mode to ram mode. While the thrust per-
formance of the combustor will deteriorate when thermodynamic
choking forms in the combustor. Mode transition among four com-
bustion modes will cause thrust mutation of the scramjet combus-
tor.

For scramjet combustors with tandem cavities, the combustion
modes in the former and the later cavities are related to each
other. If the combustion in the former cavity is ram mode, the
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combustion in the later cavity tends to be strong ram mode. It is
believed that the ram mode in the former cavity can provide a
large flow separation zone which contributes to the fuel mixing
and combustion in the later cavity.

For scramjet combustors with tandem cavities and injections,
the inlet Mach number is the most important factor affecting the
combustion mode in the former cavity, and the equivalent ratio
settings play a significant role in the mode transition of the later
cavity. Under different inlet Mach numbers, appropriate equivalent
ratio settings can improve the thrust performance of this tandem-
cavity scramjet combustor. Two ideal combustion modes realized
by different injection schemes are proposed for better thrust per-
formance, named weak ram-strong ram mode for lower Mach
number and scram-strong ram mode for higher Mach number re-
spectively.
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