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An axisymmetric model scramjet assisted with cavity flameholder is numerically investigated. Three-dimensional Reynolds-
averaged Navier-Stokes simulation is carried out to reveal the fuel mixing and combustion characteristics. The simulation results
show reasonable agreements with experimental data. The analysis indicates that the axisymmetric and rectangular scramjet has
some similarities to the cavity shear layer in the nonreacting flow field. The configuration of the cavity shear layer changes
hugely due to the significant chemical reaction and heat release in the reacting flow field. Typically, two more configurations
with different cavity aft wall angles are compared with the experimental configuration to optimize the configuration of the
cavity. When the cavity aft wall angle is small, the cavity shear layer bends to the cavity floor and more fuel enters into and stays
in the cavity, which results in poor fuel mixing performance. With the increase of the aft wall angle, the fuel distributes more
uniformly and the fuel mixing efficiency improves. In the reacting flow field, the volume of the cavity full of hot products and
free radicals increases while the interaction between the cavity and main flow decreases with the increase of the aft wall angle.
The improved combustion efficiency shows that larger cavity volume weighs more than reduced interaction between the cavity
and main flow. The combustion is more violent in the case with a larger aft wall angle. Therefore, a proper increase of the aft
wall angle is beneficial to the performance of cavity-assisted axisymmetric scramjet when designing the cavity flameholder.

1. Introduction

Hypersonic vehicles have the ability to fly at Mach 5 in near-
space. The air-breathing scramjet engine, which is the main
part of the propulsion system of hypersonic vehicles, has
drawn wide attention because of its excellent performance
[1]. The researches on scramjet with rectangular cross-
section have provided detailed and useful information for
the development of hypersonic vehicles [2]. However, Bul-
man and Siebenhaar [3] emphasized the advantages of circu-
lar or axisymmetric cross-section scramjet (expressed as
“axisymmetric scramjet” for simplicity in the rest of this arti-
cle), such as good strength, light weight, small friction, and
total pressure loss. The axisymmetric scramjet has been pro-
moted to become an international consensus.

With the development of the experimental and numerical
technology [4], some fundamental studies of the axisymmetric

cross-section scramjet were carried out, and the mechanism of
the flow and combustion in the scramjet was gradually
revealed. Peterson et al. [5] numerically investigated the fuel
distribution in an axisymmetric inlet-fueled scramjet and
found that some extra and beneficial vortices formed and
improved the fuel mixing efficiency remarkably. Landsberg
et al. [6] improved the performance of a rectangular-to-
elliptical shape-transitioning scramjet. Employing a special
“manipulator jet,” the vortices inside the circular scramjet
were changed and the fuel mixing and combustion efficiency
improved, which implied that the length of the scramjet could
be reduced. The experimental research of axisymmetric
scramjet has also made some progress. Liu et al. [7] experi-
mentally investigated the effect of single or dual jet injection
in an axisymmetric scramjet with the variation of the injector
Mach number. They found that the shape of the flame showed
similarity when the injector Mach number changed. The
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penetration depth of the parallel dual jet increased because of
the blockage effect of the first jet, and the distance between two
jets should be optimized.

Due to the complexity of applying the flameholder in the
axisymmetric scramjet, most of the studies focused on the field
of high flight Mach number. Under this special condition, the
flameholder could be removed. However, the flameholder,
such as cavity [8] and strut [9], is essential under Mach 5 flight
condition. The cavity flameholder [10], which evolves from
the backward-facing step [11], has advantages over other fla-
meholding schemes due to its low resistance and structural
simplicity. The characteristics of the cavity have been exten-
sively studied for the rectangular cross-section scramjet [12].
Although there are many difficult problems with the study of
the cavity-assisted axisymmetric scramjet, there are still sev-
eral studies in recent years. Vanyai et al. [13] carried out an
experiment on the axisymmetric combustor assisted with the
cavity at flight condition of Mach 7-8 and found that the flame
structure became pretty different with the variation of the
equivalence ratio. An axisymmetric scramjet with a cavity
was experimentally and numerically studied by Denman
et al. [14]. The experiment showed that the ethylene and
hydrogen could be ignited and achieve stable combustion,
while methane led to the extinguishment of the flame. Liu
etal. [15] carried out experiments on the scramjet with an axi-
symmetric cavity at Mach 4.5. The experimental results
showed that the existence of a cavity could promote the
growth of a flame structure and enhance fuel mixing. Com-
pared with the configuration without a cavity, the wall pres-
sure increased significantly in the cavity-assisted scramjet.

In order to optimize the performance of the scramjet,
various parameters, including cavity length-to-depth ratio
[16], injection scheme [17], cavity position [18], and cavity
aft wall angle [19], have been studied. However, most of the
studies about the parameters are based on the rectangular
scramjet due to the tricky problem existing in the axisymmet-
ric scramjet. Only a few studies investigate the effect of the
cavity parameters on the axisymmetric scramjet. Jeyakumar
et al. [20] carried out a series of experiments to reveal the
supersonic flow characteristics of an axisymmetric cavity
without fuel injection. The effect of the aft wall angle was
studied, and they found that the cavity drag could be reduced
with the decreasing of the aft wall angle. Yao et al. [21]
numerically investigated the differences between the elliptic
and axisymmetric scramjet combustors and found that the
special convex elliptic section played the role of a large open
cavity, which would improve the fuel combustion efficiency.
Liu et al. [22] experimentally investigated a typical model axi-
symmetric scramjet with the variation of wall divergent angle
through experiments. The study showed that there existed a
state where the heat release and the wall divergent angle
reach the balance, and the flame could be quenched when
the wall divergent angle became too large.

Although the investigation of the axisymmetric scramjet
assisted with a cavity has been launched gradually, the detailed
flow characteristics have not yet been explained clearly. The
effect of the parameters, especially the cavity aft wall angle,
on the flow field is very essential to determine a suitable cavity.
A detailed study of the characteristics of the flow field and the
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effect of aft wall angle will lead to a more thorough under-
standing of the axisymmetric scramjet assisted with cavity
and then provide some references for the engineering applica-
tion. In this article, a model axisymmetric scramjet assisted
with cavity is numerically investigated and the cavity aft wall
angle is optimized to find a better configuration. Three-
dimensional compressible flamelet-based Reynolds-averaged
Navier-Stokes (RANS) simulation is employed to show the
details of the flow fields with or without combustion. The cor-
responding experiments carried out by Liu et al. [23] are com-
pared to show the reliability of the simulation. The simulation
is basically consistent with the experiment, and then, the anal-
ysis of the flow field is conducted, and the effect of the cavity
aft wall angle is investigated.

2. Description of Numerical Approach

The in-house code in this article is a three-dimensional
flamelet-based RANS simulation solver. The code is designed
to solve the internal supersonic combustion problem in the
scramjet, which contains complex supersonic turbulent react-
ing flow. The code has been verified in previous studies [24]
for the supersonic mixing process. In this article, the flamelet/-
progress variable (FPV) combustion model is implanted into
the code to simulate the supersonic combustion process, and
the following analysis will prove that the code can solve the
problem properly. Although the RANS simulation omits some
details of the flow field, the important characteristics can still
be captured. In this article, it is the overall performance that
we should focus on, and the resource for the RANS simulation
is pretty acceptable for parameter study. For the present study,
the results can provide enough information, and the previous
study [25] has proved that the flamelet-based RANS simula-
tion is capable of calculating the supersonic combustion flow
field. Therefore, the flamelet-based RANS simulation is
applied in the current study.

2.1. Governing Equations for Flamelet-Based RANS
Simulation. For supersonic turbulent combustion, the gov-
erning equations for flamelet-based RANS simulation can
be written as follows:
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where the averaged heat flux vector is as follows:

q;= (/\ +c Prt)

In order to simplify the complex calculation, the follow-
ing algebraic model for the variance of the mixture fraction
is applied in our code, in which & is the turbulent dissipation
rate:
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In the above equations, p, i, E, Z, C, and 7" are the
averaged density, velocity, total energy, mixture fraction,
progress variable, and variance of the mixture fraction. c,, A
, and y are specific heat capacity, thermal diffusivity, and
laminar viscosity. The first two variables can be computed
by Sutherland’s law while ¢, is calculated using quartic poly-
nomial. D with different subscripts are the diffusion coeffi-
cients for different processes, and Sc are the corresponding
Schmidt numbers. Pr, is the turbulent Prandtl number. @,
is the source term of C, which equals the sum of the produc-
tivity of H,0O and CO,.

To calculate the turbulent viscosity 4, and the Reynold
stress Tl] the shear stress transport (SST) k — w model with
excellent performance [26] in the supersonic flow is
implanted into the code, and the turbulent model has shown
good performance in the supersonic mixing flow field in the
previous study [24]. For more information about the turbu-
lent model, refer to the study of Li et al. [27].

2.2. Combustion Model and Numerical Schemes. The super-
sonic turbulent combustion process that occurred in the
scramjet is quite difficult to stimulate due to the complex
combustion process. A huge computational resource must
be paid to simulate the real combustion process. However,
the flamelet combustion model [28, 29] is able to reduce
the computational cost by making a table early no matter
how many steps of the reaction mechanism. One of the fla-
melet combustion models, the FPV model, takes the non-
steady state effect into account when generating the tables
and can handle the problem of the local flame quenching
and reigniting [30]. Due to the above advantages, the FPV
model is widely used, and it is implanted into our code.

In this study, the reaction mechanism of ethylene-air
combustion is the San Diego main hydrocarbon mechanism
[31] developed by the combustion research group of the Uni-
versity of California, San Diego (UCSD). The mechanism,
which contains 39 species and 173 elementary reactions, is
a large collection consisting of various detailed chemical-
kinetic mechanisms existing in previous studies and can
model the combustion of hydrocarbons quite precisely. The
mechanism has been widely verified in a lot of studies [32].
Firstly, the laminar flamelet databases are generated by the
FlameMaster software [33], and then, the corresponding tur-
bulent flamelet databases can be obtained by statistical aver-

aging of the laminar flame surface ensemble. In the current
study, ethylene is selected as the fuel, and the progress vari-
able is the sum of the mass fraction of H,O and CO,. The
species boundary parameters for the oxidizer and fuel side
are shown in Table 1. The temperature boundary condition
for the fuel side is 264 K, which is the same as the static tem-
perature in Table 1. Due to the compression of the inlet and
the effect of the boundary layer, the temperature boundary
condition for the oxidizer side is set to 1000 K. The reference
pressure is 3 kPa based on the wall pressure measured in the
experiment.

The in-house code employs a finite volume method to
solve the flow field of the supersonic turbulent combustion.
A completely structured grid and the van Leer limiter are
used to avoid numerical divergence. The difference scheme
in the current research is the widely used advective upstream
splitting method (AUSM) scheme. The final results are
obtained by a 2"-order time stepping method from the ini-
tial flow field. The Courant number is used to control the
speed of calculation. It is set to 0.1 in the beginning and then
doubles in the process of simulation to avoid divergence. The
mass flow rate and the residuals are monitored as indexes of
simulation convergence. When the residuals decrease by a
thousand times and the total mass flow rate decreases to
0.1% of the inlet mass flow rate, the flow field is converged.
To ensure the stability of simulation, the nonfuel flow field
is calculated firstly, and then, the fuel nozzles are turned on
to get the nonreacting flow field. The reacting flow field is cal-
culated by patching an area near the fuel injector and cavity,
where the pressure is high, the progress variable is 0.5, and
the equivalence ratio is 1. The quasisteady nonreacting and
reacting flow fields are computed through enough iteration
steps and then analyzed.

2.3. Computational Grids and Boundary Conditions. The
configuration in this article is the axisymmetric model
scramjet investigated in a previous study [23]. As shown in
Figure 1, the axisymmetric model scramjet consists of an
inlet, isolator, fuel injector, cavity, and combustor. The fuel
injector contains 16 sonic nozzles uniformly distributed on
the wall. The diameter of nozzles is 0.75 mm, and the fuel is
injected into the main flow at a 45° inclination angle to a
streamwise direction. The divergent angle of the combustor
is 5°. For simplicity, only a quarter of the scramjet is calcu-
lated and the symmetry boundary is applied, and the circular
nozzles in the experiment are replaced by the rectangular
nozzles in order to reduce the size of the mesh as much
as possible. Previous research [34] has proved the effect
of injector configuration that can be omitted, especially
the difference between the circular and rectangular noz-
zles. It is reasonable and low-cost to replace the circular
nozzles with rectangular ones. As Figure 1 displays, three
different angles 22.5° (case-22.5), 45° (case-45), and 90°
(case-90) are taken into consideration for the investigation
of the aft wall angle 0 of the cavity. The whole mesh is a
structure mesh whose size is approximately 9.4 million.
The mesh is significantly refined near the wall and the
jet nozzles. The size of the mesh keeps constant with the
variation of the aft wall angle.
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TaBLE 1: Inlet and fuel nozzle boundary conditions [23].
Parameters Inlet Fuel nozzles
Mach number, Ma 4.5 1.0
Total temperature, T, (K) 2196 300
Static temperature, T(K) 444 264
Total pressure, P,(kPa) 164.7 57.1
Static pressure, P(kPa) 0.55 31.4
Mass fraction of O,, Y, (%) 23.30 6.99
Mass fraction of N, Yy (%) 76.70 23.01
Mass fraction of C,Hy, Y g (%) 0 70.00

The nonslip boundary condition is applied to the wall of
the scramjet. The temperature condition of the wall is iso-
thermal and set to 450K, which is very similar to the static
temperature of the inflow. It should be noted that the adia-
batic and the room-temperature conditions are both not
completely suitable because they are too extreme. And the
condition in this article is determined through several
numerical tests. The inlet and fuel nozzles are treated as the
pressure inlet, and the parameters are shown in Table 1.
For the outlet, the parameters can be calculated by the inter-
nal cells because of the supersonic feature. The previous
study [35] has shown that the RANS method cannot simulate
the mixing process between the main flow and the fuel jets
very properly in the supersonic flow field. The author mixed
some air into the fuel jet to achieve the same mixing level in
the experiment [35]. In this study, the same method is
applied. For the sonic fuel nozzles, 70 percent of the jets is
ethylene while the rest is air. The overall equivalence ratio
is 1.06, the same as the experiment. The premixing of the fuel
can promote the mixing process and overcome the short-
coming of the RANS method to a certain extent. In order
to keep the injection pressure constant, the area of each noz-
zle is enlarged to 1.43 times of the original nozzle. The whole
flow field is initialized by the inlet flow variables.

2.4. Mesh Independence Verification. To verify the mesh
independence, three structural meshes of case-22.5 are
employed to simulate the flow field without fuel injection.
The sizes of the coarse, medium, and refined meshes are 6.0
million, 9.4 million, and 13.4 million, respectively. As shown
in Figure 2, the experimental data is also displayed for com-
parison and the simulation displays reasonable agreements
with the experiments for medium and refined meshes.
Comparing the results of different meshes in Figure 2, it
is obvious that the wall pressure of medium and refined
meshes shows almost complete agreements with each other
while the coarse mesh has some discrepancy compared to
the medium and refined ones. The coarse mesh underesti-
mates the pressure hugely inside the cavity. For the position
of interaction between the shock and boundary layer near
the cavity aft wall, the wall pressure predicted by the coarse
mesh is much higher than the other two meshes. It can be
inferred that the coarse mesh does not capture the shock pre-
ciously. The medium mesh can simulate the flow field with
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enough accuracy while its computational cost is relatively
low. Finally, the medium mesh with a size of 9.4 million is
selected in this study, and the mesh keeps the same size
among cases with different cavity aft wall angles.

3. Results and Discussion

In this part, the major results of the simulation are analyzed
and the characteristics of the flow field are discussed. Firstly,
the fuel mixing and combustion characteristics of the exper-
imental configuration with an aft wall angle of 22.5° are
investigated and compared with the experimental data. Sec-
ondly, the effect of the aft wall angle on the fuel mixing flow
field is studied to explore the variation of fuel distribution.
Thirdly, the effect of the aft wall angle on the reacting flow
field is investigated, and the combustion characteristics are
compared among cases with different aft wall angles. Lastly,
the effect of the aft wall angle on fuel mixing and combustion
characteristics is summarized based on the numerical results.

3.1. Mixing and Combustion Characteristics of Cavity-
Assisted Axisymmetric Scramjet. The experimental scramjet
configuration with the cavity aft wall angle of 22.5" is numer-
ically investigated and analyzed to show the details of the
flow field. The results are compared with the experiments
to verify the simulation. The nonreacting and reacting flow
fields are analyzed, and the main attention is paid to the cav-
ity itself and the shear layer of the cavity.

The numerical and experimental results of wall pressure
and exit Mach number are compared in Figure 3. The wall
pressure varies with streamwise position X while the Mach
number varies with radial position R at the exit of the scram-
jet. The pressure contour, of which the upper and lower half
are nonreacting and reacting flow, respectively, is also dis-
played to show the flow structure. The simulation results dis-
play remarkable agreements with the experiments except for
one measurement point inside the cavity in the reacting field.
The slight discrepancy between the simulation and the exper-
iment may be caused by the experimental measurement error
or the numerical turbulent model. The numerical results of
the exit Mach number are consistent with the experimental
results except for the area near the wall, where the Mach
number is difficult to measure precisely. Therefore, it can
be concluded that the numerical simulation predicts the
experiment very well.

As the pressure contour in Figure 3 shows, an oblique
shock is induced by the inlet, which leads to the increase of
pressure. The pressure increases slowly in the isolator
because of the development of the boundary layer. The aft
wall of the cavity compresses the flow, and a strong shock is
induced. The combustion mainly exists downstream of the
fuel jets, and the heat release leads to the increase of pressure.
The pressure decreases due to the expansion of the divergent
combustor, and heat released from the reaction is trans-
formed into gas kinetic energy. The wall pressure of the react-
ing field is a little higher than that of the nonreacting field,
which is in agreement with the experiment. From the above
analysis, it can be seen that the simulation can accurately
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FIGURE 1: Schematic of (a) size of the axisymmetric scramjet [23] and (b) one-quarter of the three-dimensional configuration for simulation
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FiGURE 2: Comparison of wall pressure between experimental [23]
and numerical results with different meshes; the gray contour is
the numerical Schlieren to show the flow structure and illustrate
the variation of the wall pressure.

reflect the characteristics of the axisymmetric scramjet flow
field.

Figure 4 displays the distribution of C,H, in the non-
reacting and reacting flow fields by the streamwise slices.
The cavity shear layer is also displayed by the isosurface
(0U/OR =-15000s""), and only the isosurface around the
cavity is depicted to display the shear layer more obviously.
The streamline is colored by the local distance to the axis of
symmetry to illustrate the variation of the flow path. In the
nonreacting flow field, the fuel is injected from the orifices
and gradually diffuses in a circumferential direction. The fuel
distribution becomes almost uniform near the front wall of
the cavity. The cavity is full of C,H, because of the significant
mass exchange through the cavity shear layer. In contrast,

there is no fuel existing inside the cavity and most of the fuel
is consumed upstream of the cavity aft wall in the reacting
flow field. Comparing the nonreacting and reacting flow
fields, it is obvious that the reaction and heat release change
the flow field hugely. In the nonreacting flow field, the cavity
shear layer originates from the cavity leading edge and grows
gradually, which is the same as the cavity shear layer config-
uration in the rectangular combustor with a cavity [36]. The
streamlines bend to the cavity floor in the middle of the cav-
ity, and the expansion of the cavity results in the transforma-
tion of the shear layer. However, the effect of reaction and
heat release affect the cavity shear layer in the reacting flow
field. The cavity with high pressure is a source of heat, and
the main flow does not expand near the cavity. The cavity
shear layer, originating from the leading edge, keeps thin
and straight. The streamlines are straight and do not bend
to the cavity floor, because the heat release is violent and
the pressure is high inside the cavity. The decrease of pres-
sure due to the expansion of the flow tunnel is counterba-
lanced by the increase of pressure due to the reaction and
heat release.

The Mach number contour is displayed in several slices
in Figure 5. The streamlines and the isoline of sonic speed
are displayed to show the flow characteristics. The Mach
number increases near the cavity in the nonreaction field
because of the expansion of the flow tunnel. The subsonic
area inside the cavity is small, and the main flow compresses
the recirculation zone. An interesting phenomenon is the
normal shock near the axis of symmetry. A strong shock is
induced by the compression of the aft wall of the cavity,
and the main flow is reduced to subsonic. This is also cap-
tured in a previous study [14] and may cause a lot of loss of
total pressure. The shock near the axis of symmetry disap-
pears in the reacting field. The area of the subsonic area
inside the cavity increases, and the velocity of the main flow
keeps almost constant near the cavity. There exists a subsonic
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FIGURE 3: (a) Wall pressure and (b) exit Mach number comparison between numerical and experimental results [23] for the nonreacting and
reacting flow fields; the pressure contour is also displayed to show flow structures.

zone upstream of the cavity shown by the pink line due to the
separation of the boundary layer that induced the increase of
pressure in the cavity.

In the scramjet, the cavity can provide hot products and
radicals to the remaining mixture of fuel and air. The mass
exchange rate of the fuel occurs through the cavity shear layer
and is important to hold the flame. The fuel mass exchange
rate across the cavity shear layer has been studied by previous
research [37]. As shown in Figure 6, the exchange velocity V,
is the velocity perpendicular to the lip surface of the cavity.

The fuel mass exchange rate for both nonreacting and
reacting flow fields at the cavity lip surface is displayed in
Figure 6. The fuel mass exchange rate near the cavity shear
layer displays axisymmetric characteristics in the nonreact-
ing flow field. The value of fuel mass exchange rate in the
same streamwise direction almost keeps constant in the dif-
ferent circumferential places. Due to the flow expansion in
the front part of the cavity, a great deal of fuel enters into
the cavity through the cavity shear layer. At the end of the
cavity, the fuel exits from the cavity due to the effect of the
cavity aft wall. The mass exchange is violent, and the magni-
tude is on the order of one-tenth. In contrast, the mass
exchange is moderate, and the magnitude is on the order of
one-thousandth in the reacting flow field. There are two rea-
sons explaining this phenomenon. One is that a large part of
the fuel is consumed in the reacting flow field, and the other
is that the combustion and heat release affect the flow field

and change the characteristics of mass exchange through
the cavity shear layer. As shown in Figure 4, the configuration
of the cavity shear layer is changed by the reaction and heat
release in the reacting flow field. However, the fuel also enters
into the cavity in the front part of the cavity lip surface and
exits in the back part. Another interesting phenomenon is
that the fuel mass exchange rate near the cavity shear layer
displays nonaxisymmetric characteristics in the reacting flow
field. The areas where the fuel enters into the cavity concen-
trate to two main places in the circumferential direction, and
this may result in nonaxisymmetric combustion.

From the above analysis, it can be concluded that com-
bustion makes a great effect on the flow field. The cavity shear
layer of the axisymmetric cavity shows some similarities to
the rectangular cavity in the nonreacting flow field. However,
because of the reaction and heat release, the flow structures
change hugely in the axisymmetric reacting cavity flow. This
may result from the relatively bigger volume of the cavity in
the axisymmetric scramjet when the area of the inlet is the
same as the rectangular scramjet.

3.2. Effect of Aft Wall Angle on the Nonreacting Flow Field. A
series of optimizations should be carried out to find the most
advantageous configuration before a new scramjet is surely
applied to engineering. The effect of the aft wall angle of
the cavity on the nonreacting flow field should be investi-
gated to find an optimized cavity flameholder. As mentioned
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FIGURE 4: Fuel distribution of the (a) nonreacting and (b) reacting flow fields of case-22.5; the streamline is colored by the local distance to the
axis of symmetry, and the isosurface is defined as the surface where the partial derivative in the radial direction of streamwise velocity 0U/dR
equals -15000s™ to display the boundary of the cavity shear layer.

in Subsection 2.3, the label “case-angle” is used to indicate the =~ wall angle 0, is defined as the angle between the cavity aft wall
cavity aft wall angle in this article. For example, case-22.5  and the streamwise direction. Based on the original configu-
refers to the configuration with the cavity aft wall angle of  ration with the aft wall angle of 22.5°, two more configura-
22.5°. The way of changing the cavity aft wall angle is adopted ~ tions with different angles (45° and 90°) are investigated.
in previous research [36]. The only variable, the cavity aft ~ The cavity length L = 62 mm, defined as the maximal length
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in the streamwise direction, keeps constant with the variation
of the cavity aft wall angle.

In order to explore flow characteristics, the flow struc-
tures of configurations with different aft wall angles are dis-
played in Figure 7 by the Mach number contour. In each
figure, the upper half (labeled by “jet plane”) is the slice which
goes through the center of the injection orifice while the
lower half (labeled by “nonjet plane”) is the slice which goes
across the center between two injection orifices. The same
labels used in the rest of the article represent the same planes
in Figure 7. As shown in the figure, the nonreacting flow field
of case-22.5 is completely different from others. When the aft

wall angle of the cavity is small, the flow expands and speeds
up near the cavity seriously. The Mach number increases
near the center of the cavity, and then, a normal shock is
induced by the compression of the cavity aft wall. The same
shock structure was also observed in the simulation of axi-
symmetric cavity flow with the same aft wall angle in a previ-
ous study [14]. Due to strong normal shock, the main flow
slows down downstream of the cavity. For case-45 and
case-90, the Mach number of the main flow increases a little
near the cavity and decreases slightly after passing the cavity.
At the combustor, the flow speeds up for all cases due to the
expansion of the wall. The speed of the main flow of case-45
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FIGURE 7: Mach number contours of all cases in the nonreacting flow field; the black solid line is the isoline of sonic speed.

and case-90 is greater than that of case-22.5 between 400 mm
and 450 mm.

The partial derivative in the radial direction of the
streamwise velocity dU/0R is displayed in Figure 8 to show
the variation of the cavity shear layer under different aft wall
angles. The cavity shear layer plays an important role in pro-
moting the mixing of the fuel and holding the flame in super-
sonic flow. For all cases, the configuration of the cavity shear
layer in the jet plane and nonjet plane is almost the same to
each other, which indicates that the fuel jets make little effect
on the cavity shear layer. However, the cavity shear layer
changes a lot with the variation of the aft wall angles. For
case-22.5, the cavity shear layer starts from the cavity front
wall and becomes thick in the middle of the cavity. The shear
layer bends to the cavity bottom because of the expansion of
the flow and separates from the aft wall because of the com-
pression. When the aft wall angle increases, the cavity shear
layer keeps almost straight and attaches to the cavity aft wall.
For case-45 and case-90, the cavity shear layer becomes thin
downstream of the middle of the cavity. An interesting phe-
nomenon is that there exists an isolated part of the shear
layer in case-45 as the boundary of the cavity shear layer
shows in Figure 8. It seems that a part of the cavity shear layer
falls off the main part when the aft wall angle increases. The
above phenomenon was also discovered in the rectangular
scramjet, and previous research [36] found that the cavity
shear layer bends more seriously to the cavity bottom with
the decreasing of the cavity aft wall angle.

For the cavity-assisted scramjet, the variation of the cav-
ity shear layer will affect the fuel distribution and then make a
difference to the combustion and the overall performance. It
is worthwhile to investigate the fuel mixing characteristics for
all cases. In Figure 9, four X-direction slices are contoured by
a mass fraction of C,H, to show the distribution of the fuel.

The isoline of the appropriate equivalence ratio is marked
by the black line while the blue circle is the lip line of the cav-
ity. For all cases, the cavity is full of fuel and the environment
is fuel-rich. The surplus fuel may lead to weak combustion
inside the cavity and weaken the effect of the cavity on flame-
holding. The fuel concentrates near the fuel jets on the slice
X =325mm and gradually diftuses to both sides of the cavity
lip in the downstream slices. The penetration depth of the
fuel is large in the first slice and then decreases in the second
and third slices. In the last slice, the penetration depth to the
main flow increases again. This phenomenon is very similar
to the results of jet in a supersonic cross-flow in a previous
study [38]. Comparing the fuel distribution of cases with dif-
ferent aft wall angles, it can be concluded that the smaller the
aft wall angle is, the higher the fuel concentration is inside the
cavity. This may be because the volume of the cavity
increases and the concentration of C,H, decreases, as the
aft wall angle increases. From this view, a large aft wall angle
may promote the mixing of fuel and make a benefit to the
combustion.

In order to investigate the fuel distribution quantitatively,
the mass fraction of C,H, at different lines in the jet plane is
shown in Figure 10. The dashed black line is the cavity lip,
and the red solid line is used to indicate the fuel boundary
where the mass fraction of C,H, equals 0.01. Corresponding
to Figure 9, the fuel concentration inside the cavity decreases
as the aft wall angle increases. However, the fuel concentra-
tion outside the cavity increases as the aft wall angle
increases. It can be concluded that as the aft wall angle
increases, the fuel distributes more uniformly around the
cavity. As the red solid line shows, the fuel penetrates more
deeply into the main flow when the aft wall angle increases.
The increase of fuel penetration depth is implicit in line X
=340mm and becomes very obvious in line X =360 mm
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and X = 380 mm. The above analysis shows that a large cavity
aft wall angle improves the mixing process of the fuel, and
this could result from the large volume of the cavity.

The combustion is controlled by the fuel mixing in the
scramjet, and the fuel mixing efficiency (#,,,,,) indicates the
mixing performance of the scramjet. #, . is the mass flow
rate ratio of the burnable fuel to the total fuel at a certain
streamwise slice. The strict definition of 7, exists in previ-
ous research [39]. Figure 11 shows the fuel mixing efficiency
for all configurations. The cavity is the main part to enhance
the mixing process of the fuel and hold the flame, so most of
the attention in this article is paid to the cavity and only the
mixing efficiency near the cavity is displayed in Figure 11.
It is very clear that with the increasing of the cavity aft wall
angle, the mixing efficiency improves gradually. This conclu-
sion is consistent with what is found in the simulation of the
rectangular combustor with a cavity in a previous study [36].
A larger cavity aft angle is able to induce the instabilities of
the cavity shear layer, which further results in a rapid mixing
process. This indicates that there are some similarities
between the rectangular and axisymmetric scramjets.

3.3. Effect of Aft Wall Angle on the Reacting Flow Field. Some
important phenomenon has been revealed by the detailed
investigation of the effect of the aft wall angle on the non-
reacting flow field. In order to further investigate the effect
of the aft wall angle on the combustion process, the reacting
flow fields of different cases are analyzed to show the effect of
the aft wall angle on the combustion and flameholding
characteristics.

Figure 12 displays the Mach number contour of the react-
ing flow field for all cases. Affected by the combustion and
heat release of reaction, the reacting flow field is completely

different from the nonreacting flow field. Because of the heat
of the reaction, the speed of the main flow decreases down-
stream of the fuel jets. For all cases, the flow does not expand
to the cavity because the cavity itself is high-pressure and full
of hot production of the reaction. The area of the subsonic
zone around the cavity increases compared to the nonreact-
ing flow field. The speed of the main flow increases again
downstream of the cavity. The effect of the aft wall angle is
obscure in the reacting flow field, and all the Mach number
contours of different cases are the same as each other.

In the supersonic reacting flow field, the cavity shear layer
is of vital importance for flame stabilization and effective
combustion. Therefore, Figure 13 displays the fuel mass
exchange rate near the cavity shear layer of the reacting flow
field for all cases to show the interaction between the cavity
and the main flow. The black solid line is a boundary to mark
the area where the fuel mass exchange rate is higher than
0.0005kg-s'-m™. The distribution of the fuel mass exchange
rate shows some similarities among cases with different aft
wall angles, but the magnitude varies hugely with the increase
of the aft wall angle. It is obvious that the fuel mass exchange
rate decreases a lot when the aft wall angle increases. It is
indicated that with the increase of the cavity aft wall angle,
the cavity itself tends to become independent of the main
flow and the interaction between the cavity and the main flow
becomes weak. However, the cavity with a large aft wall angle
has a big volume, which can provide more free radical and
heat for the rest of the fuel-air mixture. Therefore, the react-
ing flow field should be investigated further to explore the
effect of the aft wall angle.

In order to show the effect of reaction heat release,
Figure 14 displays the temperature contours in the jet plane
and the nonjet plane for cases with different aft wall angles.
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FIGURE 9: X-direction slices of mass fraction of C,H, contour for all cases in the nonreacting flow field; the black and blue solid lines are the
isoline of the appropriate equivalence ratio and the lip line of the cavity, respectively.

For case-22.5, the high-temperature zone mainly concen-
trates in the aft wall of the cavity. The temperature in the
near-wall region downstream of the cavity is also very high,
because the product of the reaction flows out of the cavity.
In the region near the front wall of the cavity, the tempera-
ture is relatively low. This may be because excessive fuel
enters into the cavity owing to the strong interaction between
the cavity and main flow. As the aft wall angle increases, the
area of the high-temperature region inside the cavity
becomes bigger. For case-90, the temperature of almost the
whole cavity is pretty high, and this is beneficial to flame sta-
bilization and robust combustion. Although Figure 13 shows
that the interaction between the cavity and main flow tends
to be reduced with the increase of the aft wall angle, the tem-
perature of the cavity is higher for the case with a bigger aft
wall angle. Therefore, the effect of the cavity aft wall angle
on the combustion in the axisymmetric scramjet is not yet
very clear. Another interesting phenomenon is that the com-

bustion mode of the current axisymmetric scramjet is very
similar to the combined cavity shear-layer/recirculation sta-
bilized combustion mentioned in previous research [40].
The combined cavity shear-layer/recirculation stabilized
combustion is the most robust combustion mode in the rect-
angular scramjet [40], and this indicates that the axisymmet-
ric scramjet has some advantages over the rectangular
scramjet.

The combustion efficiency (7_,,) is a crucial quantitative
index to show the capability of the scramjet. 77 is the mass
flow rate ratio of the consumed fuel at different streamwise
planes to the total fuel from the fuel nozzles [18]. High com-
bustion efficiency means that the chemical energy of the fuel
is almost completely turned into internal energy of the gas.
The combustion efficiency of all cases is shown in
Figure 15. The main attention is also paid to the area near
the cavity. It is very obvious that the combustion efficiency
improves when the aft wall angle increases. It indicates that
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FIGURE 11: Variation of fuel mixing efficiency around the cavity for
all cases.

more chemical energy of the fuel is released, which results in
higher combustion efficiency, when the aft wall angle is
larger. The quantitative comparison shows that stronger
combustion happens in cases with larger aft wall angles.
The above analysis has shown that the fuel mass exchange

rate through the cavity lip surface decreases with the increase
of the aft wall angle. This may lead to a weak interaction
between the main flow and cavity and further do harm to
the combustion. However, the size of the high-temperature
area inside the cavity increases with the increase of the aft
wall angle as shown in Figure 14. The high-temperature cav-
ity can provide more energy for the unburned mixture of fuel
and air, and this can enhance combustion performance. The
above two factors compete with each other when the aft wall
angle increases. The improved combustion efficiency indi-
cates that the effect of the larger high-temperature area inside
the cavity (Figure 14) weighs more than the effect of the
weaker interaction between the cavity and the main flow
(Figure 13), when the cavity aft wall angle increases. From
this view, we can conclude that the combustion performance
improves when the aft wall angle increases. This conclusion
is the same as previous research of the rectangular cavity-
assisted scramjet with different aft wall angles [36]. This fur-
ther indicates that there exist some similarities between
scramjets with different inlet configurations.

3.4. Mixing and Combustion Characteristic Analysis. The
nonreacting and reacting flow fields of cases with different
aft wall angles have been discussed, and some interesting
and important characteristics of these fields have been
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uncovered above. In this subsection, the main fuel mixing  aft wall angle on the performance of the scramjet. As
and combustion characteristics of the current axisymmetric ~ Figure 16 shows, the upper half is the schematic of the non-
model scramjet are analyzed to summarize the effect of the  reacting flow field while the lower half is the schematic of
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the reacting flow field. It should be noted that the cavity is the
most important part of the cavity-assisted scramjet. There-
fore, the schematic mainly displays the characteristics of the
cavity.

For the fuel mixing process of the nonreacting flow field,
the cavity shear layer changes obviously with the variation of
the aft wall angle. When the aft wall angle increases, the
thickness of the cavity shear layer decreases. For case-22.5,
the center of the cavity shear layer bends to the cavity floor
and the main flow expands to the cavity. Therefore, most of
the fuel is entrained into the cavity and the mixing between
the fuel and the air of the main flow is reduced. As Subsection
3.2 shows, most of the fuel concentrates inside the cavity and
the mixing efficiency of the fuel are low. The performance of

the whole scramjet may become poor due to the bad mixing
process for case-22.5. For case-45 and case-90, the expansion
of the main flow decreases gradually. More fuel is entrained
by the main flow and mixed with the air. As a result of the
flow mechanism, the fuel distributes more uniformly around
the cavity and the mixing efficiency improves. In conclusion,
the fuel mixing performance of the scramjet improves as the
aft wall angle of the cavity increases. The phenomenon
uncovered in this article is very similar to the conclusion in
the previous study [36], but the latter investigates the flow
field of the rectangular scramjet.

For the combustion process of the reacting flow field, the
interaction between the cavity and the main flow decreases
with the increase of the aft wall angle. The cavity is the pool
of heat and free radical. Therefore, the reduced interaction
between the cavity and the main flow may result in poor
combustion performance. On the other hand, the volume of
the cavity increases when the aft wall angle increases. Bigger
cavity will provide more heat and free radical, and strong
combustion will be achieved. What is more, the numerical
results show that the temperature of the cavity will increase
and the area of high-temperature region becomes bigger.
Therefore, there exists competitive relation between the
reduced interaction and the larger volume of the cavity.
The quantitative indicator, combustion efficiency, shows that
the combustion performance will improve when the aft wall
angle increases. This implies that the effect of larger volume
of the cavity weighs more than the effect of the reduced inter-
action between cavity and main flow. The numerical results
of the reacting flow field in the current study are pretty the
same as the previous study [36] on the rectangular scramjet.

The above analysis shows that a larger aft wall angle
could improve the performance of the fuel mixing and com-
bustion process for the axisymmetric scramjet. Therefore, it
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could be better to enlarge the aft wall angle properly when
designing the cavity-assisted scramjet. Another interesting
phenomenon is that the current simulation indicates that
there exist some similarities between the rectangular and axi-
symmetric scramjets.

4. Conclusions

Numerical investigation is performed to explore the charac-
teristics of the flow field and the effect of the cavity aft wall
angle in an axisymmetric model scramjet. The simulation
results are verified by the experimental data, and the mesh
independency is tested. The fuel mixing and combustion

characteristics of the configuration with the cavity aft wall
angle of 22.5° are analyzed in details. And then, two more
configurations with cavity aft wall angles of 45" and 90" are
compared to optimize the configuration of the scramjet.
The main conclusions are as follows:

(1) The shear layer of the current axisymmetric cavity
shows some similarities to that of the rectangular cav-
ity in the nonreacting flow field. Both of them bend to
the cavity floor in the middle of the cavity. The rela-
tively larger volume of the cavity of axisymmetric
scramjet leads to violent reaction and heat release of
the combustion. The flow field, especially the cavity
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shear layer, is changed hugely by combustion in the
axisymmetric scramjet. The combustion in the react-
ing flow field also leads to the nonaxisymmetric fuel
mass exchange near the cavity shear layer

(2) In the nonreacting flow field, the thickness of the cav-
ity shear layer decreases and the cavity shear layer
becomes straight because of the reduced expansion
of the main flow, when the aft wall angle increases.
More fuel can be entrained and mix with the air of
the supersonic inflow. The fuel distributes more uni-
formly around the cavity and the fuel mixing effi-
ciency improves when the aft wall angle increases. It
is beneficial to the fuel mixing performance of the
axisymmetric scramjet to enlarge the aft wall angle
of cavity properly

(3) In the reacting flow field, when the cavity aft wall
angle increases, the interaction between cavity and
main flow decreases, but the size of the high-
temperature area inside the cavity increases. The for-
mer leads to poor fuel mixing and combustion per-
formance, while the latter results in strong
flameholding effect of the cavity. The combustion
efficiency shows that the combustion performance
improves when the aft wall angle increases. The com-
bustion performance improves with the increasing of
the cavity aft wall angle

(4) For the current axisymmetric cavity-assisted scram-
jet, a large cavity aft wall angle could improve the per-
formance of the fuel mixing and combustion. It is
recommended to increase the aft wall angle properly
to achieve ideal performance when designing the cav-
ity flameholder of scramjet
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