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Abstract A “swallowtail” cavity for the supersonic com-
bustor was proposed to serve as an efficient flame holder
for scramjets by enhancing the mass exchange between the
cavity and the main flow. A numerical study on the “swallow-
tail” cavity was conducted by solving the three-dimensional
Reynolds-averaged Navier–Stokes equations implemented
with a k–ε turbulence model in a multi-block mesh. Turbu-
lence model and numerical algorithms were validated first,
and then test cases were calculated to investigate into the
mechanism of cavity flows. Numerical results demonstrated
that the certain mass in the supersonic main flow was sucked
into the cavity and moved spirally toward the combustor
walls. After that, the flow went out of the cavity at its lateral
end, and finally was efficiently mixed with the main flow.
The comparison between the “swallowtail” cavity and the
conventional one showed that the mass exchanged between
the cavity and the main flow was enhanced by the lateral
flow that was induced due to the pressure gradient inside the
cavity and was driven by the three-dimensional vortex ring
generated from the “swallowtail” cavity structure.
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1 Introduction

It is well known that supersonic mixing, combustion ignition
and flame-holding have been the challenging topics in hyper-
sonic researches for decades, especially for liquid hydrocar-
bon fuels. The methods for ignition and flame-holding in
subsonic combustors are not generally applied to supersonic
combustors because of their lower aerodynamic efficiency.
Several concepts have been proposed to promote air/fuel mix-
ing, combustion ignition and flame-holding in supersonic
flows, such as swirling jets, the thin plate for fuel injec-
tion, cavities embedded in combustor walls, ramp injectors
and stream-wise vortex generators [1–7]. Each concept has
its own merits and limitations when used in the propulsion
system of supersonic air-breathing vehicles; however better
understanding on these topics was gained from these kinds
of studies and the hypersonic research benefits.

For flame-holding in supersonic flows, the cavity embed-
ded in combustor walls is regarded as a simple and effective
structure for supersonic combustors. The pioneer work on
supersonic flows over a cavity was reported by Krishnamurty
in his doctoral thesis [8]. Since then many researchers have
been attracted to this topic for decades. In the 1990s, the
cavity was used as a flame holder in the supersonic combus-
tor and related tests were carried out in the CIAM (Central
Institution of Aviation Motors). Its performance for flame-
holding was well demonstrated. It is understandable that the
low speed circumfluence region in the cavity plays an impor-
tant role in flame-holding, and the combustion ignition in
supersonic flows can be enhanced by the mass exchange that
mainly depends on the self-sustained acoustics resonance
between the flame holder and the main supersonic flow. This
sort of acoustics resonance is influenced by shear layers, vor-
tex structures, shock waves and turbulence. However, intro-
ducing a cavity into the supersonic combustor also results in
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gas dynamic drag increase and the total pressure loss, there-
fore, the study on the high performance cavity is of significant
importance in order to get higher thrust provided by scramjets
for hypersonic vehicles which is reasonable in theory.

Two-dimensional cavities were widely used in supersonic
combustors for scramjet research, in which the flow in the
cavity moved with a low lateral velocity, and the exchange of
mass, momentum and energy between the cavity and the main
supersonic flow was limited because the two-dimensional
vortex structure in the cavity was self-closed. The self-closed
vortex is useful for flame-holding, but the low mass exchange
is not helpful for combustion ignition. Therefore, creating
lateral flows in cavities to enhance the mass exchange rate is
essential to improve the ignition efficiency in the condition
that the gas dynamic drag and the total pressure loss can still
be reasonable low. A promising research work is to apply a
three-dimensional cavity into the supersonic combustor for
scramjets. Torda and Patel [9] studied flow features of a trian-
gular-shaped cavity; Davis [10] numerically investigated the
cavity with a slight configuration change in its lateral direc-
tion and his results showed that there was little performance
improvement on supersonic mixing because the lateral flow
thus created is weak; Huang and Xu et al. [11] reported a per-
formance study on a two-dimensional cavity with diagonal
slots and the better performance gain was demonstrated.

In this paper, a new three-dimensional cavity, referred to
as “swallowtail” cavity, was proposed to enhance the mass
exchange in supersonic combustors by creating stronger lat-
eral flows. Numerical investigation was carried out by solving
the Reynolds-averaged Navier–Stokes equations and the k–ε

two-equation turbulence model based on the accepted gov-
erning equations to simulate turbulent mixing. Doing so is
because that numerical simulations are now more and more
important in studying supersonic mixing [12,13], as well
as that the numerical work can give details which are diffi-
cult to be measured in experiments and moreover very help-
ful for the previous design of experiments. Physical models
and numerical algorithms were validated first. Then several
test cases were calculated to investigate into the mechanism
underlying the cavity flows. Finally the cavity performance
as a flame holder was discussed in detail.

2 The “swallowtail” cavity and problem specification

The three-dimensional cavity is schematically shown in Fig. 1
where the cross-section of the cavity in the symmetric plane
is the same as the conventional cavities, but the cross-sec-
tion area is gradually reduced to zero in Z -direction. The
cavity configuration looks much like a swallow tail, there-
fore, is referred to as the “swallowtail” cavity. The top angle
of the cavity is 30◦ and the inclined angle of its back wall
is also 30◦, as labeled in Fig. 1. It is expected that a three-

Fig. 1 Configuration of the “swallow-tail” cavity and problem
specification: A–A: symmetric plane (unit: m)

dimensional vortex will be generated in the cavity when the
supersonic flow sweeps over it. As a result of that, a strong
lateral flow can be induced in the cavity for reasons that a low
pressure region can be created in the top of the cavity, and
the supersonic flow will be sucked into the cavity, moving
toward combustor walls. Once the flow in the cavity goes out
of the cavity at its lateral end, it will finally be mixed with the
main supersonic flow. It is believed that the thus-created flow
motion can enhance the mass exchange between the cavity
and the main flow, and improve the cavity performance as
a flame holder. The dimension of the “swallowtail” is illus-
trated in Fig. 1 in meter.

3 Governing equations and numerical algorithm

3.1 Governing equations

Considering the boundary layer instability, turbulent mixing,
shock/boundary-layer interactions in the combustor cav-
ity flow, the three-dimensional Reynolds-averaged Navier–
Stokes equations for compressible fluid are applied for
numerical investigation and written as

∂UUU

∂t
+ ∂FFF

∂x
+ ∂GGG

∂y
+ ∂HHH

∂z
= ∂FFFv

∂x
+ ∂GGGv

∂y
+ ∂HHHv

∂z
+ SSS, (1)

where UUU is the conservative unknown variables, FFF , GGG, HHH are
the convex fluxes, and FFFv , GGGv , HHHv are the viscosity fluxes
in x , y, z-directions, respectively, SSS stands for turbulence
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source term. These vector fluxes are defined as

UUU = [ρ, ρu, ρv, ρw, ρE, ρk, ρε]T,

FFF = [ρu, ρu2 + p, ρuv, ρuw, (ρE + p)u, ρku, ρεu]T,

GGG = [ρv, ρuv, ρv2 + p, ρvw, (ρE + p)v, ρkv, ρεv]T,

HHH = [ρw, ρuw, ρvw, ρw2+ p, (ρE + p)w, ρkw, ρεw]T,

FFFv = [0, τxx , τxy, τxz, uτxx + vτxy + wτxz

+ qx , (µ + µT /σk)kx , (µ + µT /σε)εx ]T,

GGGv = [0, τyx , τyy, τyz, uτyx + vτyy + wτyz

+ qy, (µ + µT /σk)ky, (µ + µT /σε)εy]T,

HHHv = [0, τzx , τzy, τzz, uτzx + vτzy + wτzz

+ qz, (µ + µT /σk)kz, (µ + µT /σε)εz]T,

SSS = [0, 0, 0, 0, 0, Sk , Sε]T,

where ρ, p, E denote density, flow pressure and total energy,
and u, v, w are the velocity components in x , y, z-directions,
respectively. K and ε are the turbulence kinetic energy and
the turbulence kinetic energy dissipation rate. τxx , τxy , τxz ,
τyz are the shear stresses, and qx , qy , qz are the heat fluxes in
x , y, z-directions, respectively. Sk and Sε are the source terms
of the turbulence kinetic energy and the turbulence kinetic
energy dissipation rate. µ and µT are the laminar and turbu-
lent viscous coefficients. σk and σε are the constants of the
turbulence model. The shear stresses and the heat fluxes are
given by

τxx = 2

3
(µ + µT )

(
2
∂u

∂x
− ∂v

∂y
− ∂w

∂z

)
− 2

3
ρk,

τyy = 2

3
(µ + µT )

(
2
∂v

∂y
− ∂w

∂z
− ∂u

∂x

)
− 2

3
ρk,

τzz = 2

3
(µ + µT )

(
2
∂w

∂z
− ∂u

∂x
− ∂v

∂y

)
− 2

3
ρk,

τxy = τyx = (µ + µT )

(
∂u

∂x
+ ∂v

∂y

)
,

τyz = τzy = (µ + µT )

(
∂v

∂y
+ ∂w

∂z

)
,

τxz = τzx = (µ + µT )

(
∂w

∂z
+ ∂u

∂x

)
,

qx = (λ + λt )
∂T

∂x
,

qy = (λ + λt )
∂T

∂y
,

qz = (λ + λt )
∂T

∂z
.

In above expressions, λ and λT are the heat conductivity
coefficients of laminar and turbulent flow, and T is the fluid
temperature. The state equation of ideal gas can be written
as

p = ρRT, (2)

where R is the gas constant and taken to be 287.096J/(kg K)
for air.

3.2 The k–ε two-equation turbulence model with the
low-Reynolds modification

The k–ε two-equation turbulence model based on the
Reynolds-averaged compressible Navier–Stokes equation is
used in this paper to simulate the turbulent mixing flow. With
this model the lower grid resolution is required than the large
eddy simulation of turbulence. In the two-equation turbu-
lence model, the source terms of Sk and Sε in Eq. (1) are
defined as the follows:

Sk = Pk − ρε + Ek,

Sε = ( f1Cε1 Pk − f2Cε2ρε̃)T −1
l + Eε,

(3)

where Pk is given as

Pk =
[
µt

(
∂Ui

∂x j
+ ∂U j

∂xi
− 2

3

∂Ul

∂xl
δi j

)
− 2

3
ρk

]
∂Ui

∂x j
. (4)

The vortex viscosity coefficient is calculated with

µt = fµCµρk2/ε. (5)

In Eqs. (3)–(5), Ek , Eε, f1, f2, Cε1, Cε2, fµ, Cµ are the con-
stants in the turbulence model. The Launder–Sharma (LS)
turbulence model is used [14] in this paper, and the closure
coefficients of the model Cε1, Cε2, Cµ, σk , σε and f1, f2,
Tl , Ek , Eε, fµ are specified in Tables 1 and 2. The turbulent
Reynolds number is defined as Ret = k2/(vε), where v is
the dynamic viscosity. Tl is the coefficient for compressibility
modification.

To overcome stiffness arising from the boundary con-
ditions of the k–ε turbulence model, the “point-implicit”
method is applied, that is, the source terms of the turbulence
model are implicitly solved with the following equation:

(III − �t · HHH)( ˆ̄UUU n+1 − ˆ̄UUU n) = �tSSSn, (6)

where HHH = ∂SSS/∂UUU , and can be expressed as

HHH = 			

[
2µt

k

(
∂UUUi

∂x j
+ ∂UUU j

∂xi
− 2

3

∂UUUl

∂xl
δδδi j

)
∂UUUi

∂x j

−2

3
δδδi j

∂UUUi

∂U j
,

2

3
ρδδδi j

∂UUUi

∂UUU j
· f1Cε1 − 2 f2

ε

k

]
. (7)

Table 1 Closure coefficients for LS turbulence model

Cε1 Cε2 Cµ σk σε

1.44 1.92 0.09 1.0 1.3
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Table 2 Damping functions for
LS turbulence model

f1 f2 Tl fµ D Ek Eε

1 1 − 0.3 exp(−Re2
t ) k/ε̃ exp −3.4

(1+Ret /50)2 2ν
(

∂
√

k
∂n

)2
2ν

(
∂
√

k
∂xk

)2
2ννt

(
∂2U

∂xk∂xl

)2

Fig. 2 The multi-block mesh system distributed over the half of the
computational domain

3.3 Numerical algorithm of finite difference method

The governing equations are solved with the 2nd order NND
scheme of the finite difference method [15], and viscous
terms are calculated with the 2nd order central differenc-
ing. The convective terms of the governing equations in each
coordinate direction can be differentiated as

FFFconvetive = FFF+
i+ 1

2 ,L
− FFF+

i− 1
2 ,L

+ FFF−
i+ 1

2 ,R
− FFF−

i− 1
2 ,R

, (8)

where

FFF+
i+ 1

2 ,L
= FFF+

i + 1

2
min mod

{
�FFF+

i− 1
2
,�FFF+

i+ 1
2

}
,

FFF−
i+ 1

2 ,R
= FFF−

i+1 + 1

2
min mod

{
�FFF−

i+ 1
2
,�FFF−

i+ 3
2

}
,

where �FFF+ is the forward difference and �FFF− denotes the
backward difference. The minmod function is defined as

min mod(x, y) = sgn(x) · max{0, min[|x |, ysgn(x)]}. (9)

The computational domain is taken to be half of the phys-
ical region of interest, as shown in Fig. 2. A multi-block,
overlapped mesh system is used in the present numerical sim-
ulation. There are two mesh blocks, as shown in Fig. 2. The
grid size in z-direction of the two blocks is equal to each other.
In the overlapped grid, the data calculated in each time step
are exchanged between the two blocks with area-weighted
interpolation for the next iteration. The grid node number in
the main flow region is 121×35×31, and that in the cavity

is 61×35×31. The grid nodes are distributed more near the
wall to get higher resolution solutions for boundary layer and
the minimal grid size near walls is about 1.2×10−4m.

3.4 Initial and boundary conditions

Assuming that the flow over the cavity shown in Fig. 1 is
symmetric, all variables on the symmetric plane are speci-
fied with the mirror-reflection boundary condition. The inlet
boundary is taken to be the supersonic flow at Mach num-
ber 2 considering which as the inflow condition of scramjet
combustors. The outflow boundary is given by extrapolation
implemented with a low pressure to avoid the downstream
perturbation influence. As for the top boundary, all variables
are extrapolated from the internal flow field with a non-reflec-
tion requirement. On the bottom wall, the non-slip boundary
is applied with the adiabatic condition for temperature. As
the boundary conditions for the cavity flow, all the variables
in its boundaries are exchanged from the main flow field.
On the symmetric plane, the mirror-reflection condition is
applied to all variables. Other boundaries are taken to be the
non-slip wall and adiabatic conditions.

Initially for the present numerical simulation, the coming
supersonic flow was specified with Mach number M = 2.0,
the static pressure p0 = 100 kPa, and the static tempera-
ture T0 = 300 K. The other part of the flow field is given
with the same static pressure and temperature. The explicit
time marching method is used to approach the quasi-steady
solutions.

3.5 Physical model validation and code verification

The first case is selected to validate the turbulence model. The
physical model is a dual-combustor of scramjets as shown in
Fig. 3. The detailed experimental result [16] can be obtained.
In this test case, the air flow comes from the heater and enters
into the supersonic combustor at Mach number M2 = 2.09
with static pressure p2 = 0.0977 MPa and temperature T2 =
491.0 K. The hot gas flow comes from the subsonic combus-
tor and enters into the supersonic combustor through a noz-
zle at Mach number M2 = 1.25 with static pressure p1 =
0.1731 MPa and temperature T2 = 1771.9 K. Two super-
sonic flows are mixed together in the combustor, and then
the ignition takes place. Pressure variations along combustor
walls are recoded to monitor combustion processes during
both the experiment and CFD simulations.
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Fig. 3 The test case of the dual-combustor for scramjets

Numerical results are plotted in Fig. 4 with the exper-
imental data together for comparison. Figure 4a shows the
pressure along the upper wall and Fig. 4b denotes the pressure
along the lower wall. From these two figures it is observed
that the computed pressure with the turbulence model agrees
well with the experimental data. The k–ε two-equation tur-
bulence model works better than the B-L turbulence model
embedded with Prentle mixing length does. Effectiveness of
the applied turbulence model was well demonstrated.

The second case was carried out for verification of the
numerical code. The model is a conventional cavity for super-
sonic combustors. The experiment was conducted by Yi
et al. with a supersonic wind tunnel at University of National
Defense Science and Technology, China. The Mach number
is taken to be 3.05 with the total temperature Tt0 = 300 K
and total pressure pt0 = 101.6 kPa. The cavity flow was
visualized with the NPLS (Nano-based Planar Laser Scatter-
ing) technology in which nano-particles are used as tracers to
demonstrate density variations in flow fields. The denser the
particle distributes, the higher the density variation there is.
Numerical simulations for the two-dimensional cavity were
carried out using the present three-dimensional numerical
code with the same inflow conditions as that in the experi-
ment. Both the numerical results and the experimental picture
are presented in Fig. 5 for comparison.

The numerical density contours and streamlines in the
symmetric plane of the cavity are plotted in Fig. 5a. The
experimental picture showing the flow on the same plane is
presented in Fig. 5b. From these results, it is observable that
the shock location, shear layer development and the low den-
sity area in the cavity look similar to each other, and therefore,
the numerical code was well verificated.

4 Numerical results and discussion

After solution validation and code verification, three-dimen-
sional cavity flows were simulated to investigate physical
mechanisms that affect the performance of the “swallowtail-
type” cavity as a flame holder. Figure 6a shows non-dimen-
sional pressure (p/p0) and Mach number distributions of the
flow field in the symmetric plane. Figure 6b shows these in
the plane near the end of the cavity. From these figures, it can
be seen that the flow field exhibits a strong three-dimensional
feature because the pressure distributions are obviously dif-
ferent at different locations in the cavity. In the symmetric
plane, there is a low pressure region in which the gas is sucked
into the cavity from the main flow and a lower shear layer
develops, as shown in Fig. 6a. The pressure at the end of the
cavity is higher than that in the main flow, so that the gas in
the cavity can be driven out into the main flow, which results
in the shear layer rising higher, as shown in Fig. 6b. The
shock wave induced by the cavity appears to be stronger in
the symmetric position, but weaker at the end of the cavity.
This phenomenon indicates that the vortex generated in the
symmetric plane is much stronger than that in other loca-
tions, which demonstrates that the three-dimensional vortex
does exist in the “swallowtail” cavity. Furthermore, it is the
three-dimensional vortex that induces a transverse flow along
the cavity which is helpful to promote supersonic mixing and

Fig. 4 Comparison of pressure
distributions numerically
predicted along combustor walls
with experimental results [16].
a Pressure distribution on the
upper wall; b Pressure
distribution on the lower wall

Fig. 5 Comparison between
CFD and experiments of
two-dimensional cavity flows
with Mach number of 3.05.
a Density contours and
streamlines of CFD results;
b NPLS photo from flow
visualization
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Fig. 6 The non-dimensional
pressure (p/p0) and local Mach
number distributions. a Pressure
(left) and Mach number (right)
distributions of the flow filed in
the symmetric plane; b Pressure
(left) and Mach number (right)
distributions of the flow filed
near the end of the cavity

Fig. 7 Streamlines starting
from the upstream boundary
layer in two numerical test cases
for comparison. a Streamlines in
the “swallowtail” cavity flow;
b Streamlines in the
conventional cavity

enhance the mass exchanges between the cavity and the main
supersonic flow. In addition, shock-induced perturbations are
also helpful for supersonic mixing.

It is well known that the low speed circumfluence region
in a cavity embedded into a combustor wall can act as a flame
holder and the mass exchange rate of the hot gas from the
cavity into the main flow stands for the flame holder perfor-
mance. The results above show that the “swallowtail” cavity
actually enhances the mass exchange, therefore, it is a prom-
ising configuration as a flame holder for scramjet.

Streamlines starting from the upper stream boundary layer
were plotted in Fig. 7a where the arrows stand for the local
flow direction. It can be seen that the flow is trapped into the
cavity, moves along the cavity toward combustor walls, and
then spirally goes out of the cavity at its lateral end. This kind

of flow feature with the “swallowtail” cavity is very helpful
to promote the mass exchange between the cavity and the
main supersonic flow. For comparison, the streamlines start-
ing from the upper stream boundary layer in a case with a
two-dimensional cavity is also presented in Fig. 7b. Inflow
conditions and the geometric sizes in the symmetric plane are
the same as those in the case with the “swallowtail” cavity.
It is observed that the gas flow in this type of cavity is rather
enveloped. Obviously, the “swallowtail” cavity is more effi-
cient for enhancing the mass exchange between the cavity
and the main flow than the conventional cavity.

Figure 8a shows non-dimensional pressure distributions
on the bottom wall of the “swallowtail” cavity, where the
non-dimensional pressure p/p0 is defined as the ratio of the
local pressure to the inflow pressure. In the symmetric plane,
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Fig. 8 The pumping effect and
the particular flow pattern
generated from the
“swallowtail” cavity. a Pressure
distributions on the combustor
bottom wall; b Flow pattern
generated due to the
“swallowtail” cavity

the pressure on the bottom wall of the cavity is lower than
that in the main flow. So the pressure difference helps the
cavity to suck the gas from the main flow. At the lateral end
of the cavity, the pressure is higher than that in the main
flow so that it is helpful to drive the gas in the cavity into
the main flow. The process of this physical phenomenon is
the so-called “pumping effect” of the “swallowtail” cavity,
which derives from the three-dimensional vortex generated
in the cavity. If the vortex can be organized effectively, the
pumping phenomenon will be utilized to enhance the mass
exchange between the cavity and the main supersonic flow
so that the more efficient flame holder could be designed.
The pressure rising downstream in the cavity is clear which
is believed to be induced by shock waves. The high pressure
at this location drives the transverse flow to move along the
cavity and the three-dimensional vortex is thus generated.

By summarizing what was discussed before, the flow pat-
tern particularly generated due to the “swallowtail” cavity is
schematically shown in Fig. 8b. The gas in the main super-
sonic flow near the symmetric plane is trapped into the cavity,
spirally moves along the cavity in the lateral direction, then
rushes out at the end of the cavity, and finally be mixed effi-
ciently with the main flow with the further help of shock
waves, as shown in Fig. 8b. Such the flow motion develops
into a three-dimensional vortex which promotes the mass
exchange between the cavity and the main flow, therefore
the flame holder performance will benefit.

5 Concluding remarks

The mechanism of the three-dimensional flow motion gen-
erated by the “swallowtail” cavity was numerically inves-
tigated by solving the three-dimensional Reynolds-averaged
Navier–Stokes equations implemented with a turbulence
model in a multi-block mesh system. It is observed in the
numerical results that the “pumping effect” exists in the
three-dimensional flow motion due to the “swallowtail” cav-
ity configuration. Because of the “pumping effect”, more

gas from the main supersonic flow is trapped into the cav-
ity where the gas moves transversely along the cavity, then
flows out at its lateral end, and finally is efficiently mixed
with the main flow. The flow mechanism in this phenome-
non is very useful to enhance the supersonic mixing between
the cavity and the main supersonic flow. The present study
demonstrated that the “swallowtail” cavity works well as an
effective flame holder for scramjets because it could provide
with a low speed circumfluence region as well as the intensive
mass exchange rate between the cavity and the main flow.
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