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To explore the combustion performance of nonrectangular supersonic combustors, the flow and combustion

characteristics in the round and round-to-elliptic shape-transition scramjet combustorswere compared, based on the

measurements and the improved delayed detached-eddy simulationmodelings. The global equivalence ratiowas kept

at 0.8, whereas two inletMach numbers of 2.5 and 3.0 were tested. To reduce the computational cost, four versions of

skeletal mechanisms (respectively, 48 s∕197 r, 39 s∕153 r, 28 s∕92 r, and 19 s∕54 r) have been developed for China

RP-3 kerosene; and the latest onewas used. The predicted static pressure profiles along the streamwise directionwere

first validated against the measurements. Then, the aerodynamic fields were analyzed for the two combustors to

compare their flow, mixing, and combustion performances. The three-dimensional wave structures inside the

nonaxisymmetric elliptic combustor were revealed for the first time to show the influence of shape transition.

Specifically, the time evolution of the flame structureswas analyzed, anddominantmodeswere extracted by the aid of

proper orthogonal decomposition.

Nomenclature

A = cross-section area
ai�t� = proper orthogonal decomposition mode

coefficient
Cmix = model constant
cααck = model constant
cα = molar concentration of species α,mol∕m3

D = diameter or ellipse axes, m
Dααm

2DT = thermal diffusivity, m2∕s
dDDES = length scale in delayed detached-eddy

simulation, m
Dα = mass diffusivity of species α, m2∕s
H = absolute enthalpy, J∕kg
HMa = height of Mach disk, m
Ht = total absolute enthalpy, J∕kg
J = jet-to-crossflow momentum flux ratio
kf;β, kr;β = forward and reverse rate constants of the

βth-elementary reaction
kt = turbulence kinetic energy, m2∕s2
L = species number
l0lk = dissipative scale, m
l0 = length scale of the mean flow, m
M = reaction number
Ma = Mach number
_mfuel;mixed = mass flow rates of the mixed fuel, kg∕s

_mfuel;total = mass flow rates of the total fuel, kg∕s
N = mesh cell number
Pr∕Prt = laminar or turbulent Prandtl number
p∕Pt = static or total pressure, Pa
Pr∕Prt Qair∕Qfuel = flow rate of the air crossflow or the fuel jet,

g∕s
qi = heat flux in the ith direction, W∕m2

R = gas constant, J∕�kg ⋅ K�
Re = Reynolds number
Ru = universal gas constant; ≈8.314J∕�mol ⋅ K�
Sij = strain rate tensor, m∕s
Sct = turbulent Schmidt number
T∕Tt = static or total temperature, K
TPOD;i = proper orthogonal decomposition mode of

the temperature field, K
t = transient physical time, s
ui = velocity in the xi direction, m∕s
u 0
i = velocity fluctuation in the xi direction,m∕s

W = molecular weight, g∕mol
xi = Cartesian coordinate in direction i
Y = mass fraction
Yf;react = fuel mass fraction that can be reacted
y� = nondimensional wall distance
γα = third-body coefficient for species α
ε = small quantity to avoid zero division;

usually 1 × 10−30

ϵ = turbulence dissipation rate, m2∕s3
ηc = combustion efficiency
ηmix = mixing efficiency
ηcηt = total pressure loss
λi = eigenvalue of the autocovariance of the

snapshot matrix
ν = kinematic viscosity, m2∕s
νeff = effective kinematic viscosity, m2∕s
νt = turbulent viscosity, m2∕s
νeffν

0 0
α;k, ν

0
α;k = forward and reverse stoichiometric coef-

ficients of the kth reaction
ρ = density, kg∕m3

τc = chemical timescale, s
~τijτij = Reynolds stress tensor, kg∕�m ⋅ s2�
τcτk = Kolmogorov timescale, s
τmix = micromixing timescale, s
~τij = viscous stress tensor, kg∕�m ⋅ s2�
ωααΦ = global equivalence ratio
ΨT;j = turbulent enthalpy flux, W∕m2

Presented as Paper 2017-2190 at the 21st AIAA International Space
Planes and Hypersonics Technologies Conference, Xiamen, P.R. China,
6–9 March 2017; received 10 April 2017; revision received 29 September
2017; accepted for publication 29 September 2017; published online Open
Access 16 November 2017. Copyright © 2017 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. All requests for copying
and permission to reprint should be submitted to CCC at www.copyright.com;
employ the ISSN 0748-4658 (print) or 1533-3876 (online) to initiate your
request. See also AIAA Rights and Permissions www.aiaa.org/randp.

*Associate Professor; also School of Engineering Science, University of
the Chinese Academy of Sciences, 100049 Beijing, People’s Republic of
China; weiyao@imech.ac.cn. Member AIAA.

†Assistant Professor; yuanym@imech.ac.cn. Member AIAA.
‡Postdoctor; also Chinese Academy of Sciences; lixiaopeng@iet.cn.
§Senior Engineer; also Chinese Academy of Sciences; wangjing@imech.

ac.cn.
¶Ph.D. Student; also Chinese Academy of Sciences; wukun@imech.ac.cn.
**Professor; also Chinese Academy of Sciences, School of Engineering

Science, University of the Chinese Academy of Sciences, 100049 Beijing,
PRC; xfan@imech.ac.cn. Lifetime Member AIAA (Corresponding Author).

772

JOURNAL OF PROPULSION AND POWER

Vol. 34, No. 3, May–June 2018

D
ow

nl
oa

de
d 

by
 C

H
IN

E
SE

 A
C

A
D

E
M

Y
 O

F 
SC

IE
N

C
E

S 
on

 J
un

e 
5,

 2
01

8 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.B

36
72

1 

http://dx.doi.org/10.2514/1.B36721
www.copyright.com
www.copyright.com
www.copyright.com
www.aiaa.org/randp
http://crossmark.crossref.org/dialog/?doi=10.2514%2F1.B36721&domain=pdf&date_stamp=2017-11-20


Ψα;j = turbulent speciesdiffusion flux,kg∕�m2 ⋅ s�
ωα = mass production of species α, kg∕�m3 ⋅ s�

Subscripts

air = quantity of the air crossflow
CO2 = carbon dioxide
f = fuel quantity
i, j = direction indices
Inlet = quantity on the inlet plane
st = quantity at stoichiometric condition
x = location in the streamwise direction
α = species index
β = reaction index

Superscripts

˜ = Favre-averaged quantity
– = averaged quantity

I. Introduction

T RADITIONAL scramjet combustors are usually designed to be
rectangular in the cross section to enable a tight integration of

the hypersonic inlet with the planar vehicle body, which is desirable
because the flow angle approaching the inlet will then be less affected
by the vehicle angle of attack. Although nonrectangular combustors,
such as those with axisymmetric and elliptic burner cross sections,
also have unique advantages and are receiving increasing research
interest. Compared with traditional rectangular combustors,
nonrectangular combustors can avoid the influence of corners on
the development of boundary-layer and wave structures, improve the
contact area between the transverse fuel jet(s) and the air crossflow,
and contribute to the structural strength and weight reduction of the
combustor. To gain both the advantages of the rectangular inlet and
nonrectangular combustor, a practical approach is to combine them
with a smooth transition part. One example is the concept of
rectangular-to-elliptic shape transition, whichwas proposed in [1–4].
To date, most of the reported supersonic combustor studies have been
for rectangular scramjet combustors; whereas the flow, mixing, and
combustion characteristics in nonrectangular combustors have been
poorly understood and still not enough research efforts have been
dedicated to this area. Possibly the earliest experimental tests on
round and elliptic supersonic combustors were reported in the 1960s
[5]; however, an in-depth analysis on the aerodynamic and
combustion characteristics was an unattainable goal without the help
of computational fluid dynamics modeling at that time. Then, with
the advance of experimental and computational techniques, optical
visualization of the internal flowpath and high-fidelity modelings
became available. In recent years, the experimental and modeling
studies of round [6–9] and elliptic [1–4] scramjet combustors
regained new attention by independent research entities.
The change in the cross-section shape of the flowpath influences

not only the injection depth but also the development of the viscous
boundary layer. In the elliptic combustor, the reduced depth in the
minor axis direction is favorable for the mixing between the
transverse jet and the crossflow. The shape transition from the round
inlet/isolator to the following elliptic burner section will cause a
nonequilibrium turbulent boundary layer because the shape factor
(the ratio of displacement thickness to momentum thickness) has
been changed by the local curvature [10]. Then, the resistance of the
boundary layer to the thickening and separation changes.
Accordingly, the wave structures in the upstream deform to affect
the downstream fuel injection, mixing, and combustion. The elliptic
section will especially produce nonaxisymmetric wave structures as
well as complex shock-wave/turbulent boundary-layer interactions,
which have been reported in [1,2]; but, their three-dimensional
structures have never been revealed. In addition, the nonuniformwall
heat flux distribution due to uneven fuel injections around the elliptic
combustors will give rise to great difficulty in the layout of cooling
channels. Therefore, the dominant flame patterns in the elliptic

combustor should be analyzed to forecast any local overheating. In
summary, a close observation of the effect of asymmetry on the
internal flow and combustion should be made first to facilitate the
design of combustors with shape transition.
In this study, two typical nonrectangular combustors in elliptic and

round cross sections, respectively, are modeled and validated against
the experimental tests. For each combustor, two cases at different
crossflow Mach numbers Ma of 2.5 and 3.0 are studied, whereas the
global equivalence ratio is kept the same. The crossflows at a raised
enthalpy both correspond to a flight Mach number Ma of 6.5.
Supercritical China RP-3 kerosene is transversely injected at
supersonic speed through a group of flush-wall circular injectors
circumferentially distributed upstream of the cavity. First, the static
pressure along the streamwise direction is compared with the
measurement to validate the modeling results. Then, the flow,
mixing, and combustion characteristics are compared and analyzed
for the elliptic and round combustors. The three-dimensional wave
structures inside the elliptic combustor are first shown to reveal the
influence of nonaxisymmetric cross-section on the shock train and
theMach numberMa field. The time evolution of the flame structures
is especially analyzed, and dominant flame modes are extracted by
the aid of proper orthogonal decomposition (POD).

II. Numerical models

A. Governing Equations

The unsteady and three-dimensional Favre-averaged compressible
Navier–Stokes equations are solved for multicomponent reactive
gasmixtures, which are represented by a set of conservative variables
(�ρ, ~uj, ~Ht, ~Yα):

∂�ρ
∂t

� ∂�ρ ~uj
∂xj

� 0 (1)

∂�ρ ~ui
∂t

� ∂�ρ ~uj ~ui
∂xj

� ∂ �p
∂xj

−
∂~τij
∂xj

� −
∂τij
∂xj

(2)

∂�ρ ~Ht

∂t
� ∂�ρ ~uj ~Ht

∂xj
−

∂
∂xj

�
�ρDT

∂ ~Ht

∂xj

�
−
∂ �p
∂t

−
∂ ~uj ~τij
∂xj

� −
∂ΨT;j

∂xj
(3)

∂�ρ ~Yα

∂t
� ∂�ρ ~uj ~Yα

∂xj
−

∂
∂xj

�
�ρDα

∂ ~Yα

∂xj

�
� −

∂Ψα;j

∂xj
� �ωα (4)

�p � �ρR ~T (5)

Here, the bar (-) and the tilde (˜) represent averaged or Favre-averaged
quantities, respectively; t denotes the time; xi is the Cartesian
coordinate in direction i; �ρ is the density; ~uj is the velocity component

in the xi direction (spatial dimension of i � 1; 2; 3); �p is the pressure;

~τij is the viscous stress tensor; ~Ht � ~H� 0.5 ~u2i is the total absolute

enthalpy defined as the sum of the absolute enthalpy ~H; the resolved

kinetic energy qi is the heat flux vector in the ith direction; ~Yα is the
mass fraction of species α (α � 1; : : : ; N, whereN is the total species
number); �ωα is the averagedmass production rate of chemical species
α;Dα is the mixture-averagedmass diffusivity of species α;DT is the

thermal diffusivity; and ~T is the temperature. The real-gas effect is
only accounted for in the very small amount of fuel in the injection
tube(s), whereas the density of the rest of the gas is calculated based
on the ideal gas law. For the ideal gas,R � Ru∕W is the gas constant,

Ru � 8.314 J ⋅mol−1 ⋅ K−1 is the universal gas constant, and

W �
 XN

k�1

Yα∕Wα

!−1
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is the molar weight of the multicomponent mixture. For the real gas,
R is calculated based on the principle of extended corresponding
states (ECSs). The Soret and Dufour effects are neglected in the
current modelings. The computable average momentum diffusive
flux is given by

~τij � �ρν� ~T�
�
2 ~Sij −

2

3
δij ~Skk

�
(6)

where the kinetic viscosity ν is a function of ~T, and the computable
strain-rate tensor of the resolved scales is formulated as

~Sij �
1

2

�
∂ ~ui
∂xj

� ∂ ~uj
∂xi

�
(7)

The Reynolds stresses τij and turbulent fluxes (Ht;ij and Φα;j) in

Eqs. (1–5) are unclosed and require specific modeling. The Reynolds
stress, defined as τij � �ρ�guiuj − ~ui ~uj�, ismodeled by theBoussinesq

hypothesis, where the Reynolds stresses are taken to be proportional
to the local strain rate of the resolved flow:

τij � −2�ρνt ~Sij �
2

3
δij �ρkt (8)

Here, νt is the turbulent viscosity given by an approximate turbulence
model, and kt is the unresolved turbulence kinetic energy.

The turbulent enthalpy fluxΨT;j � �ρ� gujHt − ~uj ~Ht� ismodeled by

a gradient diffusion assumption as

ΨT;j � −2�ρ
νt
Prt

∂ ~Ht

∂xj
(9)

where Prt is the turbulent Prandtl number.
The turbulent species diffusion fluxΨα;j � �ρ� gujYα − ~uj ~Yα� is also

modeled using the gradient diffusion assumption as

Ψα;j � −2�ρ
νt
Sct

∂ ~Yα

∂xj
(10)

where Sct is the turbulent Schmidt number.
The preceding Favre-averaged equations provide a uniform

framework for the modeling in Reynolds-averaged Navier–Stokes
(RANS) or large-eddy simulations (LESs), differentiating in that the
average operation is the Reynolds average in the RANSmode and the
spatial filter in the LES mode. The Reynolds stresses and turbulent
fluxes are slightly different in the two modes: for example, τij �
−�ρ gu 0

i u
0
j for RANS, but the subgrid-scale (SGS) stresses in the LES

are contributed by theLeonard stresses, the cross stresses and theLES
stresses because the turbulent fluctuations can be partially resolved
by the fine LES mesh. However, in the current versions of finite
volume method, the different terms in the SGS stresses are lumped
together and modeled in whole as a single entity by using the same
Boussinesq hypothesis. Both the turbulent viscosity in the RANS
mode and the SGS viscosity in the LES mode simulate the influence
of unresolved eddies to the resolved scales, which form the basis of
hybrid RANS/LES approaches. The numerical treatments in
resolving Eqs. (1–10) are the same for any turbulencemodels, and the
switch between RANS or LES is determined by which turbulence
model the eddy viscosity is calculated.
The thermodynamic and transport properties of the gas mixture

(such as the absolute enthalpy, the specific heat, the viscosity, and the
thermal and mass diffusivities) are calculated using the chemical
kinetics package CHEMKIN-II [11] based on the Joint U.S. Army/
Navy/NASA/Air Force (known as JANAF) thermochemical table
[12] and a CHEMKIN-format transport database. The viscosity,
specific heat, and conductivity are all independent of pressure but
only depend on temperature. The mixture-averaged viscosity and
thermal conductivity are calculated using the modified Wilkes law
[13] and combination averaging [14], respectively.Mixture-averaged
mass diffusivities are used, and the mass conservation is achieved by
setting the nitrogen as inert gas, for which the mass fraction is

computed simply by subtracting the sum of the remaining mass

fractions from unity. The thermal diffusivity is estimated as ν∕Pr
with a unity laminar Prandtl number (Pr � 1.0).

B. Turbulence Model

To properly resolve the turbulent boundary layer and alleviate the

huge computation cost, it is required that the RANSmode fully cover

the boundary layer. In the original detached-eddy simulation (known

as DES97) technique [15], the transition from RANS to LES was

solely determined by the mesh resolution. Thus, DES97 has strict

requirements on the near-wall meshing, i.e., the nondimensional

normal wall distance y� ∼ o�1� and the wall-parallel grid spacing

exceeding the thickness of the boundary layer. However, the

thickness of the boundary layer and the viscosity-affected sublayer is

usually unknown before the modelings. Thus, the near-wall meshing

may not guarantee the aforementioned requirements. To avoid the

aforementioned requirements on wall-normal and -parallel grid

spacing, the improved delayed detached-eddy simulation (IDDES)

[16] is employed in this study to enable an automatic determination of

the local boundary-layer thickness and weaken the influence of near-

wall meshing on the internal flowfields.
The spatial-filtered orReynolds-averaged equations are solved in a

uniform framework by equivalently treating the turbulent viscosity in

the RANS mode and the subgrid-scale viscosity in the LES mode.

The background RANS model in the IDDES approach is the one-

equation Spalart–Allmaras model [17]. Gradient diffusion models

with constant turbulent Prandtl Prt and Schmidt Sct numbers of 1.0

are used to account for the heat and mass diffusion due to unresolved

turbulent eddies.

C. Kerosene Mechanism Reduction and Turbulent Combustion
Modeling

The detailed kerosene mechanism (2815 s∕8217 r) proposed by

Dagaut et al. [18] was reduced under the typical working conditions

of scramjet combustors: i.e., equivalence ratio of 0.6–1.4, static

pressure of 0.5–3.0 bar, and static temperature of 300–3000 K. Four

versions of skeletal mechanisms [respectively, 48 s∕197 r [19],

39 s∕153 r [20], 28s∕92r [21], and 19 s∕54 r (Table A1)] have been
developed for China RP-3 kerosene by using the directed relation

graph with error propagation and sensitivity analysis method [22]

together with the manual path analysis.
Although the mechanism size has been significantly reduced, the

key kinetic properties (such as adiabatic flame temperature, total heat

release, ignition delay, and laminar flame speed) agree well with the

original detailed mechanism, as shown in Fig. 1. The adiabatic

flame temperature, total heat release, and ignition delay shown in

Figs 1a–1c were calculated in a closed homogeneous adiabatic reactor

under a constant pressure of 1 atm and an initial volume of 1 cm3. The

initial mixture temperature varied from 1200 to 2400 K for each

parameter study case. The starting gas mixture was a stoichiometric

mixture of kerosene (28.8% isooctane, 62.4% n-decane, and 8.8% n-

propylcyclohexane in mass fraction) and air [21% oxygen (O2) and

79%nitrogen (N2)]. The laminar flame speed in Fig. 1dwas calculated

for an adiabatic, atmospheric pressure, and stoichiometric kerosene/air

mixture at an initial temperature of 473 K and equivalence ratios from

0.7 to 1.5. In this study, the latest version of the reducedRP-3 kerosene

mechanisms (i.e., the listed one in Table A1 with 19 s∕54 r) will
be used.
In this study, the turbulence–chemistry interaction is accounted for

by the partially stirred reactor (PaSR) model [23]. The final averaged

reaction rate �ωα in the PaSR is mutually determined by the

characteristic timescales of chemical reactions τc and turbulent

micromixing τmix:

�ωα � τc
τc � τmix

ωα (11)

where ωα is the reaction rate over the current integration time step

calculated from the Arrhenius law:
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ωα �
XM
β�1

ωα;β

�
XM
β�1

Wα�ν 0 0
α;β − ν 0

α;β�
 
kf;β

YL
α�1

�cα�ν
0
α;β − kr;β

YL
α�1

�cα�ν
0 0
α;β

!
(12)

where ν 0 0
α;β and kf;β, respectively, indicate the forward stoichiometric

coefficient and the forward rate constant of the βth-elementary

reaction, whereas ν 0
α;β and kr;β are their reverse counterparts; and L

and M are, respectively, the total numbers of species and elementary

reactions. The rate constants follow the Arrhenius law, with the

Arrhenius coefficients given in Table A1; and cα is the molar

concentration of species α. An in situ adaptive tabulation table [24] is
constructed locally to each processor to speed up the solving of stiff

chemistry systems. The micromixing timescale τmix is defined as

τmix � Cmix�νeff∕ϵ�1∕2 withCmix � 1.0 [25]. The dissipation rate ϵ is
estimated as ϵ � 2νeff j ~Sijj2, with νeff � νt � ν and ck � 0.07.

Usually, the characteristic chemical timescale τc is calculated as the

reciprocal of the elements of the Jacobianmatrix �∂�ωα∕Wα�∕∂cα�−1,
for which the results of τc are essentially the samewith cα∕�ωα∕Wα�.
Different elementary reactions can have extremely different chemical

timescales varying by orders of magnitude, causing a stiff problem in

solving the chemistry and, on the other side, making difficulty in

determining an approximate overall chemical timescale for

multicomponent mixtures. In this study, the overall chemical

timescale is estimated as the ratio of the summation of species

concentrations to that of forward production rates:

τc �
X

cα∕max
�X

�ω�
α ∕Wα�; ε

�

with ε as a small quantity. Here, the forward production rates are

calculated by only considering the forward reactions and neglecting

all their reverse counterparts.

D. Test Facility and Case Setup

Both the round and elliptic combustors are tested in a continuous-
flow supersonic combustion test facility. The test facility can simulate
flight Mach numbers Ma of four to seven and altitudes of 16–28 km.
The vitiated air heater provides high-enthalpy incoming flow with
total temperatures of 900–2000 K and flow rates of 2.5–5.0 kg∕s
through burning hydrogen with oxygen replenishment in the
airstream. Liquid China RP-3 kerosene heated to supercritical status
by an electric ceramic heater is delivered to the test article as the fuel.
Figure 2a shows the schematics of the round and the round-to-

elliptic shape-transition (RdEST) scramjet combustors. The scramjet
combustors are composed of three sections: a 600-mm-long isolator
section with a 0.7 deg divergence angle, an 800-mm-long burner
section, and a 600-mm-long expander sectionwith a 4 degdivergence
angle. The inlet diameters of the isolator, burner, and expander
sections are 125, 132, and 170 mm, respectively. The diameter of the
expander outlet is 212mm. The burner section is changeable between
the elliptic and round modules. The elliptic burner section was
designed to have the same cross-section area, with the round one at
the same streamwise location. Figure 2b shows the schematic of the
elliptic burner section. In the elliptic burner section, the shortest
semiminor axis is 50 mm and the longest semimajor axis is
115.5 mm, which are both located on a cross section 425 mm
downstream of the burner inlet and between the upstream and
downstream cavities. There are two circumvented cavities assembled
in tandem in the burner section for flame anchoring and possible
reignition. The upstream and downstream cavities are at the same
streamwise locations for the elliptic and the round burners, i.e., 228
and 578 mm from the burner inlet, respectively, to the leading edges
of the cavities. Both the cavities have a depth of 15 mm and a length–
depth ratio of seven, and thus are classified as open cavities. The aft
walls of the cavities are at an angle of 45 deg relative to the cavity
floor. The fuel (supercritical RP-3 kerosene) is injected at 56 mm
upstream of the upstream cavity for both burner sections. Portholes
are reserved at the same distance before the downstream cavity for the
future tailored injection study. For the round section, the supercritical
RP-3 kerosene is injected from eight 2-mm-diam evenly spaced,
circular injectors. For the elliptic section, the number of injection
portholes is reduced to six, with no injection on the plane through the

Fig. 1 Kinetic property comparisons between different mechanisms for a) flame temperature, b) total heat release, c) ignition delay in logarithmic
ordinate, and d) laminar flame speed.
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major axis. The diameter of fuel portholes is enlarged to 2.5 mm for
the elliptic section to accommodate the reduction in number. Static
pressure is measured by Motorola MPX2200 pressure transducers
along the inner wall with 50 mm intervals.
The four tests are summarized in Table 1, with the incoming air

crossflows all corresponding to a flight Mach numberMa of 6.5. The
incoming vitiated air, which is supplied by burning hydrogen in the
air with oxygen replenishment, has a raised stagnation temperature of
1600 K and a mass flow rate of 3.6 kg∕s at the isolator inlet. The
compositions of vitiated air are N2 in 60.5% mole fraction, O2 in
21.7%, and H2O in 17.8%. The global equivalence ratio is kept at
Φ � 0.8 for all the cases,whereas the inletMach numberMa changes
from 2.5 to 3.0. The China RP-3 kerosene is preheated to above its
critical temperature of 630 K to reduce the gasification time and
enhance the mixing. The combustor walls are exposed directly to the
hot combustion gas without any active-cooling facility. However, no
significant melting damage to the wall surface was observed after the
27 s test, indicating that the wall temperature was still within the
thermal limit (∼1300 K) of the wall material. The time sequences of
the test procedures (e.g., vitiated air heating and injection, fuel
injection, hydrogen ignition, and final flush washing) and data
acquisition were automatically controlled.

E. AstroFoam Developed from OpenFOAM and Other Numerical

Details

The modeling is performed by the compressible reacting flow
solver AstroFoam, which was developed on the basis of the
compressible flow solver rhoCentralFoam distributed with Open-
FOAM Version 3.0.1 [26] mainly through adding the features of
multispecies transport and multicomponent reaction. AstroFoam,
together with the original rhoCentralFoam solver, was first validated

for various frozen flows, including the canonical shock tube problem,
forward step flow, hypersonic flowover a biconic, and supersonic jets

[26–29]. The solver was then applied for various scramjet combustor

cases [20,21] to examine its accuracy and robustness in the

engineering modeling of supersonic combustion.
The computational domain contains the isolator, burner, and

expander sections in their full size. Due to the bilateral symmetry of

the combustors, a one-eighth split domain (in the radial direction) for

the round combustor and a quarterly split domain for the elliptic

combustor are modeled with symmetrical boundary condition

applied to the splitting planes. Such an asymmetric boundary
treatment has been widely used in the LESmodeling of symmetric or

axisymmetric scramjet combustors [8,9,30,31], mainly to alleviate

the huge computational cost. The unstructured mesh is generated

using the Cartesian cut-cell method, which uses a patch-independent

volume meshing approach with the surface mesh automatically

created from the boundary of volume mesh. The Cartesian cut-cell

method can produce high-quality uniform hexahedral grid cells for

the most internal volume of the computational domain, whereas

tetrahedron, wedge, or pyramid cells are filled only in large-curvature

regions, e.g., near the borders or corners. The whole domain is

meshed first with uniform 1 mm cells, which are then adaptively
refined based on the local curvature and the size function. An

inflation layer consisting of 23 prism layers is laid on the wall

boundaries. The initial prism layer height closest to the wall is 5 μm,

which corresponds to a nondimensional cell size of y� < 1 on all the
wall surfaces for the examined combustor flows. The inflation layer

has an average thickness of 2 mm, with the last prism located in the

logarithmic layer. In addition to the inflation layer, the mesh in and

around the jet porthole is progressively refined to 1∕16th of the cell

size in themain domain, as shown inFig. 3. The currentminimumcell

Table 1 Summary of test configurations

Vitiated air crossflow RP-3 jet Injector Combustor

Pt;air Tt;air Qair Ma Pt;f Tt;f Qfuel ϕ Numbers Burner shape
MPa K g∕s MPa K g∕s
0.85 1615.5 3575.9 2.5 5.52 789 212.8 0.8 6 elliptic
0.85 1611.2 3602.7 3.77 788 212.6 0.8 8 round
13.66 1581.7 3578.9 3.0 5.77 784 218.1 0.8 6 elliptic
13.66 1661.1 3557.1 5.74 792 214.9 0.8 8 round

Fig. 2 Schematics of the (a - up) round and (a - down) elliptic scramjet combustors; b) schematic of the elliptic burner section.
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size of 62.5 μm is comparable to the Kolmogorov scale of 50 μm.

The total cell number in the split combustor domain is 10.65 million
for the round combustor and 27.43 million for the elliptic combustor.
For the elliptic combustor, 99.3% of the volume is meshed by

hexahedral cells, 96.85% of the volume has a skewness smaller than
0.1, and 97.13% of the volume has an orthogonal quality higher than
0.98. For the round combustor, 98.2% of the volume is meshed by

hexahedral cells, 96.02% of the volume has a skewness smaller than
0.25, and 97.63%of thevolume has an orthogonal quality higher than
0.9. The grid quality for the round combustor is still good, but it is not

as excellent as that of the elliptic one because plenty of prism layers
are generated to envelop the wedge geometry. The wide existence of
hexahedral cells and high cell orthogonality suggest that the mesh

sets have high interpolation accuracy and excellent numerical
stability. In the following analysis, the coordinate origin is located at

the center of the inlet plane of the isolator section viewed from
outside, with x denoting the streamwise direction.
The fixed pressure, temperature, and velocity on the isolator inlet

and the fuel inlets are set according to those listed in Table 1. For
China RP-3 kerosene, the ECS is used to calculate the fuel injection

velocity from the mass flow rate because the compressibility of
supercritical RP-3 kerosene cannot be described by the ideal gas law.
The real gas effect accounted for by the ECS is only included for the

fuel in the tube (cfuel ≥ 80%). Once the fuel has been injected into the
crossflow, it will be quickly diluted; and then the mixture is
considered to obey the ideal gas law. A RANS-type turbulent inlet

boundary condition is specified on the isolator inlet by fixing a
turbulence viscosity corresponding to νt∕ν � 1. The open boundary
condition is applied to the expander outlet, where a zero gradient is

used for outflow and ambient flow conditions for the temperature and
gas composition are specified should backflow occur. The inner wall
temperature along the streamwise direction is specified as a linear

function varying from 500 K at the isolator inlet to 1200 K at the
expander outlet.
The computations are performed in parallel at the National

Supercomputing Center of Tianjin (TH-1) using 240 CPU cores.

The time step is limited by both a maximum Courant number of 0.3
and a user-specified maximum time step of 5 × 10−8 s to avoid the
spurious undulating flowfields caused by excessive convection. The

maximum time restriction is chosen to be roughly 1∕10th∼1∕20th of
the chemical timescale to make the species variation in one time step
not cause large errors in estimating the flow properties. Each

modeling case costs about 150,000 CPU hours to ensure three

flushthrough times (FTTs) of ≈4 ms over the whole combustor
flowpath for data sampling and statistics before another three FTTs to
reach the quasi-steady flow status.

III. Results and Discussion

A. Comparison of Aerodynamic Fields

First, a grid sensitivity analysis is conducted for the elliptic case
operated at Ma � 3.0. The mesh with 27.43 million cells and a
maximum cell size of 1mm is used as the comparison base. Then, the
mesh in thewhole domain is refined to reach 36.25 million cells with
a maximum cell size of 0.8 mm and 46.17 million cells with a
maximum cell size of 0.65mm, respectively. A coarsermesh of 17.16
million cells with a maximum cell size of 1.2 mm is also made for
comparison. From the comparison in Fig. 4a, the prediction
discrepancies for the mesh sets with 27.43 and more million cells are
small and can be considered as almost identical in the whole
flowpath, whereas the mesh set with 17.16 million cells
underpredicts the overall pressure by a maximum of 10%. For
transverse jet flames, the jet penetration may have an important
impact on the overall jetmixing and then pressure rise. Thus, the local
mesh around the jet portholes is further refined to reach a minimum
size of 80 μm and a total cell number of 49.16million.However, from
the comparison, it seems that the pressure profile is insensitive to the
refinement. Figure 4b shows the variation of the peak pressure
normalized by the onewith 27.43million cells versus the characterize
mesh size defined conveniently as N−1∕3, with N as the cell number.
The discrepancy between those predicted by the finest mesh (46.17
million cells) and the base mesh (27.43 million cells) is 4.3%,
whereas the coarser mesh (17.16 million cells) produces an error of
8.3%. The locally refined mesh (49.16million cells) predicts a minor
discrepancy of 0.3% as compared with the mesh set with 46.17
million cells. In consideration of the complexity of the modeling of
scramjet combustors, the peak discrepancies within 5% and the
almost identical overall profiles are satisfactory. Thus, in the
following case calculations, the mesh sets configured with a
maximum size of 1 mm will be used to alleviate the computational
cost in the case studies.
Figure 5 compares the measured and predicted static pressure

along the streamwise direction. Three repeated measurements at
different times during the quasi-steady period are plotted. The data
were collected on the plane through the major axis for the elliptic
combustor. The predictions seem to be better for theMa � 3.0 case,
where both the pressure rise ratio and the initial pressure rise location

Fig. 3 Schematics of the cell distribution around the jet porthole for the a) round and b) elliptic combustors.

Fig. 4 Grid sensitivity of the time-averaged static pressure for the elliptic combustor at Ma � 3.0: a) overall profiles for different mesh resolutions,
b) normalized peak static pressure versus characterize mesh size.
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are well predicted, indicating that the flame anchoring location and
the distribution of wave structures inside the combustor are close to
the real situation. For theMa � 2.5 cases, the pressure rise ratios are
well predicted, but the predicted initial pressure rise locations, which
correspond to the feet of the first oblique shock waves, shift upstream
for about 10 cm. The location of the first shock wave is mainly
determined by the backpressure and the boundary-layer separation.
Because the predicted pressure rise ratio is in accordance with
the experimental data, the disagreement can only be attributed to the
uncertainty in the boundary-layer modeling. As observed, the
shifting distance of the shock train is roughly proportional to
the boundary-layer displacement thickness, which increases with the
increasing of Mach number Ma and decreases with the increasing
Reynolds number Re. At a lower inlet Mach number Ma (e.g., 2.5),
the Reynolds number Re decreases as well (the same flow flux but
higher static temperature). Thus, their effects counteract somewhat.
Note that some factors may not be taken into account in the current
modelings: for example, the wall roughness and the inflow
turbulence, which influence the initial pressure rise location through
changing the boundary-layer thickness. Further studies are needed to
examine the influencing factors for the initial shock train location.
Figures 6–9, respectively, compare the instantaneous fields of the

Mach number Ma, fuel mass fraction, static temperature, and
numerical shadowgraph for the elliptic and the round combustors

operated at different inlet Mach numbers Ma. The two-dimensional
contours are extracted on the plane through the injector for the round
combustor, as well as through the minor axis for the elliptic
combustor. The continuous regions enclosed by the black sonic lines
(Ma � 1) in Fig. 6 indicate that all combustors actually run in
scramjet mode. The subsonic regions on the shown planes are
obviously larger for the round combustors. As the Mach number Ma
rises from 2.5 to 3.0, the initial location of the shock train remains
almost the same for the elliptic combustor, whereas it considerably
slides downstream at a distance of 1Dinlet (Dinlet is the diameter of the
isolator inlet) for the round combustor. Because the downstream
mixing and combustion efficiencies are strongly influenced by the
sliding of the shock train, the elliptic combustor is supposed to have
better combustion stability. The change of the burner section from a
round to an elliptic cross section is to increase the mixing of the jet
with the air crossflow by using the shorter minor axis. However, from
Fig. 6 and the close-up view of the fuel jets in Fig. 7, it is evident that
the jet penetration depth decreases for the elliptic combustor cases.
The jets tilt heavily toward the wall for the elliptic combustor cases
while penetrating straightly and deeply into the crossflow for the
round combustor cases. The jet-to-crossflow momentum flux ratio J
of the round to the elliptic combustor cases is about 1.1 for each jet
porthole, according to the relationship HMa∕Df ∼ J0.656 [32]. The
penetration depth denoted by the height of Mach diskHMa should be

Fig. 5 Comparison of themeasured and the predicted time-averaged static pressure for a) the elliptic combustor atMa � 2.5, b) the round combustor at
Ma � 2.5, c) the elliptic combustor at Ma � 3.0, and d) the round combustor at Ma � 3.0.

Fig. 6 Instantaneous Ma contours for a) the elliptic combustor at inlet Ma � 2.5, b) the round combustor at Ma � 2.5, c) the elliptic combustor at
Ma � 3.0, and d) the round combustor atMa � 3.0.
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smaller for the round combustor cases because the diameter of the
fuel porthole Df has been increased for the elliptic combustor.
However, this is contrary to the observation of an obviously higher jet

penetration depth for the round combustor cases. The only
explanation is possible that themomentum flux of the local crossflow
has been changed significantly by the shape transition in the cross

section, as indicated by the narrower subsonic regions on the minor
axis plane for the elliptic cases.
From the static temperature distribution in Fig. 8, one obvious

observation is that the jet mixing is poorer for the elliptic cases, as the

undiluted fuel jet has not been completely dispersed in a significantly
longer downstream distance until reaching the downstream cavity.
The poor mixing can be explained by the shorter jet penetration
depth, which causes an insufficient macromixing between the jet
and the crossflow in the elliptic combustor cases. For the round
combustor cases, the mixing layer only extends slightly downstream
of the jet porthole, and the jet is completely dispersed before the
middle of the upstream cavity. It can be concluded that the current
elliptic combustor does not fulfill the initial design goal of increasing
the jet mixing. However, one important advantage of the elliptic
combustor is that the shrinkage in the minor axis direction of the
elliptic burner section acts as a physical throat, which anchors the
shock train in the isolator and provides relatively steady crossflow
conditions for the downstream combustion. Thus, the elliptic
combustor is supposed to have better combustion stability, which has
been confirmed by the relative steady static pressure profiles in Fig. 5
and the similar flame distributions as the crossflowMach numberMa
changes from 2.5 to 3.0. However, for the round combustor cases, as
the crossflow Mach number Ma increases, the shock train slides
considerably downstream, and the peak pressure in Fig. 5 drops from
2.0 to 1.3 bar.A strong shock train consisting ofmultiple shockwaves
is in favor of the downstream combustion through increasing the
temperature (to usually above 1200K), which can reduce the ignition
delay by several orders of magnitude, as shown in Fig. 1c. At
Ma � 2.5, the high-temperature gas above 2000 K not only fills the
whole upstream cavity but also propagates upstream to surround the
jet root, indicating that intense heat release occurs immediately after
the jet issued from its porthole. However, at Ma � 3.0, the leading
half-part of the upstream cavity has a relatively low temperature
(less than 2000 K). This is because those initial chain reactions
corresponding to the fuel pyrolysis are endothermic overall and the
chemical timescale approximately equal to the ignition delay [21]
increases by orders of magnitude at a relatively low temperature.
From the results, the upstream cavity plays the important role of fuel

Fig. 7 Equally enlarged contours of fuel mass fraction for a) the elliptic
combustor at Ma � 2.5, b) the elliptic combustor at Ma � 3.0, c) the
round combustor atMa � 2.5, and d) the round combustor atMa � 3.0.

Fig. 8 Instantaneous contours of static temperature for a) the elliptic combustor at Ma � 2.5, b) the round combustor at Ma � 2.5, c) the elliptic
combustor atMa � 3.0, and d) the round combustor atMa � 3.0.

Fig. 9 Instantaneous contours of numerical shadowgraph for a) the elliptic combustor atMa � 2.5, b) the round combustor atMa � 2.5, c) the elliptic
combustor atMa � 3.0, and d) the round combustor atMa � 3.0.
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mixer and flame ignitor because high-temperature gas remains there

all the way.
Figure 9 shows the instantaneous numerical shadowgraph

represented by the Laplacian of the density field,which highlights the

structures of the shockwaves, high-density fuel stream, and hot-layer

interfaces. The shock train consists of two shock waves, except for

the round combustor case atMa � 3.0, where most of the shock train

has been swallowed into the burner and only one shock wave can be

observed. At least two weaker shock waves reflected from the bow

shock of the supersonic jet can be observed for the elliptic combustor

cases. For the elliptic combustor cases, the penetration depth of the

fuel stream is confirmed again to be lower, and the unburned fuel

stream spreads further in the downstream than the round

counterparts. The weaker shock waves intersect with the unburned

fuel stream, which is helpful for the local fuel mixing through

strengthening vortex generations [33]. The coherent plumelike

interfaces in the expander are due to the interaction between the two-

layer flow structures, i.e., the cold core flow and the high-temperature

combustion gas attached to the wall.
The streamwise mixing and combustion efficiencies, as well as the

total pressure loss for the two combustors under different crossflow

Mach numbers Ma, are compared in Figs. 10 and 11. The mixing

efficiency is calculated as

ηmix �
_mfuel;mixed

_mfuel;total

�
R
Yf;reactρu dAR
Yfρu dA

(13)

with

Yf;react �

8><>:
Yf Y ≤ Yst

Yf;st

1 − Yf

1 − Yf;st

Y > Yst

where _mfuel;mixed and _mfuel;total are the mass flow rates of the mixed

and total fuel, respectively; Yf is the fuel mass fraction; Yf;react is the

mass fraction of the fuel that can be reacted; and Yf;st is the fuel

mass fraction at stoichiometric condition. The area integration is

conducted on each cross section at a different streamwise location.

The combustion efficiency is calculated as the ratio of the fuel that has

been completely converted to the final stable products [e.g., carbon

dioxide (CO2) and water (H2O)]. Due to the existence of H2O in the

incoming vitiated air, the definition of combustion efficiency based

on H2O for hydrogen combustion [34] is reformed to be based on

CO2 for hydrocarbon fuels:

ηc �
R
x
inlet�YCO2

ρu� dA∕WCO2

_mfuel;total∕Wfuel

(14)

where the subscript “inlet” denotes variables on the inlet plane; the

superscript x denotes the streamwise location; YCO2, ρ, and u, are,
respectively, the mass fraction of CO2, the flow density, and the

velocity; _mfuel is themass flow rate of the fuel; andW is themolecular

weight of the fuel orCO2 denoted by the subscript. The total pressure

loss is defined as [35]

ηt � 1 −
R �Pt;xρu� dAR �Pt;inletρu� dA

(15)

wherePt;x andPt;inlet are the total pressure at the streamwise location

x and on the inlet plane, respectively.
From Fig. 10, it can be seen that the fuel mixing distance in the

round combustor is much shorter than in the elliptic one, which is in

accordance with the longer jet dispersion distances for the elliptic

combustor cases shown in Fig. 7. Because the round combustor has

a better near-field mixing, the initial combustion efficiency is

higher than the elliptic combustor. However, the combustion

efficiency in the elliptic combustor exceeds the round one after

x � 1.2 m when sufficient fuel mixing has been accomplished.

Combustion efficiencies at the combustor exit for the elliptic and

round combustors are 76.7 and 59.7%, respectively, which both fail

to meet the general threshold of 80% required for a scramjet engine

to achieve net thrust. The total pressure losses have a small

difference over the flowpath for the two combustors, finally

reaching 71.1 and 64.4% at the combustor exit, respectively.

Fig. 10 Time-averaged (a) mixing efficiency, (b) combustion efficiency,
and (c) total pressure loss for the elliptic and round combustors at
Ma � 2.5.

Fig. 11 Time-averaged a) mixing efficiency, b) combustion efficiency,
and c) total pressure loss for the elliptic and round combustors at
Ma � 3.0.
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Because of the deeper penetration distance of the fuel jet in the
round combustor, the greater momentum exchange causes a larger
total pressure loss in the initial mixing stage before x � 1.1 m.
However, the subsequently more violent heat release in the
elliptical combustor aggravates its total pressure loss to beyond the
round one by the Rayleigh heating loss effect. The sacrifice in a
better near-field mixing is the usually a larger total pressure loss
because more entropy is produced during the intense momentum
exchange between the jet and the crossflow. Also, the excessive
drag force caused by the varied cross-section shape of the elliptic
burner section will generate more entropy and correspondingly
larger total pressure loss.
From Fig. 11, the fuel mixing efficiencies deteriorate with the

increasing of Mach numberM for the two combustors, as indicated
by the fully mixing distance. This can be explained by the decrease
in the jet-to-crossflowmomentum flux ratio as the crossflowMach
number Ma rises. As the Mach number Ma increases, the
differences between the two combustors diminish for both the
combustion efficiency and the total pressure loss. UnderMa � 3.0,
the combustion efficiency decreases by 5.1 to 71.6% for the elliptic
combustor; whereas it increases by 1.9 to 61.6% for the round one
as compared with those under Ma � 2.5. The decrease in
combustion efficiency for the round combustor is in accordance
with Figs. 6 and 8, where the shock train slides downward
considerably as the Mach number Ma increases, and the fuel jet is
thereby exposed to a colder crossflow. As observed from Fig. 7, the
fuel jet leans closer to the hot combustor wall without any active-
cooling protection forMa � 3.0, so the preheating by the wall and
the boundary layer can be the reason for the increase in combustion
efficiency for the elliptic combustor. Both the combustors suffer
larger total pressure losses at higher Mach number Ma, i.e., 81 and
77%, respectively, for the elliptic and round combustors. The
Rayleigh heating loss increases for the high inletMach numberMa,
even when assuming roughly the same heat addition and friction
effects. Actually, from the combustion efficiencies, the heat
addition does increase for the elliptic combustor, whereas it varies
little for the round one.

B. Wave Structures in the Elliptic Combustor

Due to the asymmetry of the elliptic cross section, the wave
structures may appear as a unique spatial distribution. Figure 12
shows the three-dimensional wave structures in the elliptic
combustor by the aid of intersected planes. Figure 12a shows that
the oblique shock waves on the two planes, respectively, through the
major and minor axes of the elliptic cross section are obviously
similar in the axisymmetric isolator section. In the following burner
section, the shock waves then deform differently in the two planes
because the flow is expanding in the major axis direction but is
compressed in the minor axis direction. The weak shock waves
reflected from the bow shock wave are only observed on the minor
axis plane because there is no jet injection on the major axis plane.
However, due to the volume expansion of the hot combustion gas
layer, one strong oblique shock wave and its weak reflection via the
shear layer can be observed in the supersonic core flow. Figure 12b
shows a close view of the main wave structures on the segment
covering the isolator and burner sections. As seen, the waves in the
shock train converge to one point on the axis, thus forming two pairs
of funnel-shaped wave structures opposite each other in the three-
dimensional tube. The shock train is then enveloped by a drum-
shaped detached boundary layer in the neck region connecting the
isolator and the burner. Figure 12c shows the Mach number Ma
distribution delimited by the sonic line on the enlarged segment. Two
cone low-Mach-number regions corresponding to the funnel-shaped
waves can be clearly identified. The fuel jet is exposed to the low-
Mach-number bay created after the second oblique shock wave in
only a short distance because the Mach number Ma in the core flow
then doubles quickly due to the shape expansion in the major axis
direction. The supersonic region is continuous along the whole
flowpath. The supersonic region gradually shrinks because of the
upstream cavity and reaches the minimum near the downstream
cavity; then, it expands again in the expander section. The current
modeling results reveal that a vast and continuous subsonic region
exists on the major axis plane, which is favorable for the mixing and
combustion. If there is an injection along themajor axis direction, the
penetration can be much deeper because the local crossflow

Fig. 12 Numerical shadowgraph for the elliptic combustor atMa � 3.0 on (a) the linked planes through the major andminor axes, and (b) an enlarged
segment covering the isolator and the burner; (c) three-dimensional Ma contour delimited by the black sonic line.
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momentum flux (dynamic pressure) has been significantly reduced
by the upstream shape transition. Therefore, in the future tests,
injections along the major axis should be investigated. It is also
interesting to note that the supersonic core region varies irregularly in
shape from one streamwise location to another in the burner section
due to the jet penetration and the heat addition.

C. Time Evolution of Wave and Flame Structures

Figure 13 shows the time average and the time evolution of the
Mach number Ma contours over a certain quasi-steady period. From
the mean Mach number Ma distribution, the subsonic region mainly
distributes inside the convex part of the burner section, whereas the
Mach number Ma in the supersonic core decreases to the minimum
near the downstream cavity and then increases in the expander
section again. The flowMach numberMa is extremely low inside the
two cavities and the backward-facing step (backstep) region
immediately following the round-to-ellipse transition point. Those
low-Mach-number bays should be favorable for the flame anchoring
because the flow residence time is longer and large-scale vortices are
produced in a similar manner to in the backstep problem. In the
instantaneous fields, the subsonic region shrinks or expands
considerably with a wavelike sonic interface. However, the initial
position of the shock remains quite stable around the anchoring point,
which is slightly before the shape-transition point. Actually, the
shock train slides only slightly even under different crossflow Mach
numbers Ma, as shown in Fig. 9. This is possible because the
shrinkage in the minor axis direction when transitioning from round
to elliptic cross sections acts as a converging throat, which raises the
backpressure by compressing the supersonic flow, and hence anchors
the upstream shock train. The flow then seems to accelerate
intermittently in the expander, exhibiting as a discontinuous
distribution of high-Mach-number regions. This indicates that large-
scale coherent structures exist there and the turbulent flow is far from
isotropic, even when approaching the combustor exit.
Figure 14 shows the time average and the time evolution of flame

structures corresponding to the times in Fig. 13. Although the flame
structure transforms its shape all the time, the time-averaged
temperature field shows that two steady flame stabilization regions
are the shear layer extending from the transition point and the mixing
layer around the downstream cavity. The shape transitions from
round to ellipse at the upstream and from ellipse to round at the
downstream, respectively, from backstep- and frontstep-type flows,
which can entrain oxygen from the crossflow through creating large-

scale streamwise vortices. The oxygen enrichment and the lowMach

number Ma are possibly the two main reasons for the flame
stabilization there. Referring to Fig. 13, the flame regions mostly

overlap with the subsonic regions but, still, a certain amount of
combustion occurs under the supersonic condition. From the

instantaneous fields, the flame resides along the shear/mixing layer

because of the first shape-transition point, and then violent
combustion occurs when approaching the next shape-transition

point. The convex elliptic section seems to play the role of a large
open cavity, which similarly provides a low-Mach-number bay and

induces vortices to entrain air from the adjacent supersonic flow.
Much weaker combustion occurs in the bottom of the “cavity,”

possibly because the convex depth limits the transport of enough

oxygen to there. The striplike unburned fuel stream shown in Fig. 8
sometimes penetrates laterally and is observed as small low-

temperature spots in Figs. 14c–14f. The core crossflow in low
temperatures is gradually eroded by the expanding hot combustion

layer in the burner section. The hot upper layer is entrained with the
core flow, forming intermittent large-scale plume structures as the

flow approaches the combustor exit.
A POD analysis [36] is conducted for the time evolution of

temperature fields over the quasi-steady period to reveal the dominant

patterns of coherent flame structures. Three hundred and eighty-three

snapshots of the temperature field with a time interval of 20 μs are
used to construct the least-order expansion of the snapshots:

T �
XI
i�1

ai�t�TPOD;i (16)

where the time coefficient ai�t� is computed as the inner product
(projection) between the snapshot and the spatial mode TPOD;i, and

TPOD;i is linearly combining the snapshots using the eigenvectors of
the autocovariance of the snapshot matrix. Here, the eigenvectors are

arranged in decreasing order of the corresponding eigenvalues as

λ1 ≥ λ2 ≥; : : : ;≥ λI . The POD eigenvalue spectrum calculated as
λi∕

P
λi represents the relative amount of the total energy captured by

the current PODmode. Figure 15 shows the relative energy percentage
of the first 36 POD modes, where the first four modes have relatively

higher energy, and are thus shown in Fig. 16. Mode 1 and mode 2 are
visually similar for the high-temperature striplike region along the

shear/mixing layer, which confirms the observation in Fig. 14 that the

main combustion reactions occur along the interface between the cold

Fig. 13 a) Time-averaged and b–i) instantaneous Ma contours at 0.1 ms intervals with the black sonic line on the major axis plane.
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core flow and the hot near-wall layer. Inmode 1, the postshock regions
also have relatively high temperatures. Also shown in mode 1 is a thin
hot layer attached to the wall, whereas another high-temperature
striplike region distributes along the core flow in the expander,
suggesting a distinct stratification phenomenon there. Mode 3 and
mode4 showdiscontinuous flame regions in the front part of the burner
section and confirm the large attached flame region around the

downstreamcavity. The discontinuity indicates that the flamealong the
shear/mixing layer is intermittent during the time evolution. Mode 4
shows a longer attached flame region, even to the upstream cavity,
implying that, during certain period of time, the flame also propagates
upstream to there. Stratified high-temperature regions are also shown
for the upper layer and the beneath-core flow, respectively, in modes 3
and 4. From the four modes, the flame in the expander exhibits a clear
oscillation pattern, which corresponds to a collection of vortices due to
the entrainment of the two stratified layers.Moreover, the layer closely
attached to the expander shell always has a high temperature above
1300 K, implying that an additional cooling facility should be applied
to protect it from melting if long-time operations are required.

IV. Conclusions

To explore the combustion performance of nonrectangular-type
supersonic combustors, the flow and combustion characteristics of
round and round-to-elliptic shape-transition supersonic combustors
were compared, based on the measurements and the improved
delayed detached-eddy simulation modeling results. Four cases with
the same global fuel equivalence ratio of 0.8 but different inlet Mach
numbers Ma of 2.5 and 3.0 were compared for both of the
combustors. The modelings were based on a newly developed
19 s∕54 r skeletal kerosene mechanism, which was even simpler
than the previously used 28-species mechanism but agreed even
better with the original 2185-species detailed mechanism in the key

Fig. 15 Relative energy of the first 36 POD modes.

Fig. 14 a) Time-averaged and b–i) instantaneous temperature contours at 0.1 ms intervals on the major axis plane.

Fig. 16 The first 4 POD modes, a) mode 1, b) mode 2, c) mode 3, d) mode 4.
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kinetic properties. A grid sensitivity analysis was conducted to assess

the influence of global and local mesh resolutions on the pressure

predictions.

The predicted and measured time-averaged static pressure in the

streamwise direction agree reasonably for the two key aspects (i.e.,

the pressure rise ratio and the initial pressure rise location), indicating

that the flame anchoring location and the distribution of wave

structures inside the combustor are close to the real situation. The

initial location of the shock train is insensitive to the inlet Mach

number Ma for the elliptic combustor, but it slides downstream

considerably and the peak pressure drops almost by half for the round

combustor as the Mach number Ma rises from 2.5 to 3.0. The near-

field mixing performance is better for the round combustor, but the

final combustion efficiency is higher for the elliptic combustor.As the

Mach number Ma increases, the mixing distances of the both

combustors extend; the combustion efficiency increases for the

elliptic combustor but drops slightly for the round one. The total

pressure losses are close for the two combustors, and both increase

considerably as the Mach number Ma increases.

The oblique shock waves on the planes through the major and

minor axes of the elliptic cross section are obviously similar in the

axisymmetric isolator section, but the shock waves deform

differently on the two planes because the flow is expanding in the
major axis direction but compressed in the minor axis direction. The
shock train waves converge to one point on the combustor axis and
form two pairs of funnel-shaped wave structures opposite to each
other. The supersonic region is continuous along the whole flowpath
and shrinks to the minimum near the downstream cavity.
The initial position of shock train remains quite stable from time to

timeandevenunder different crossflowMachnumbersMa, suggesting
that the shrinkage in the minor axis direction when transitioning from
round to elliptic cross sections anchors the shock train. The shape
transitions from round to ellipse, and then to round again, to form
backstep- and frontstep-type flows, which stabilize the flame by
providing a low-Mach-number bay and inducing vortices to entrain air
from the adjacent supersonic flow; thus, the convex elliptic section
actually plays the role of a large open cavity. Such anchoring effects in
the shock train and the flame explain the better combustion stability of
the elliptic combustor. A proper orthogonal decomposition analysis
confirms the main combustion reactions along the mixing interface,
discontinuous flame regions in the front part of the burner section, and
the distinct stratification phenomenon in the expander.

Appendix: Skeletal Mechanism of Kerosene/O2

Table A1 List of the reactions involved in the skeletal mechanism of kerosene/O2

combustion (19 species and 54 steps) and coefficients for the calculation of rate constantsa

No. Reaction A n E

1 NC10H22 → 2C3H6 � 2CH3 � C2H4 1.000 ⋅ 1013 0.00 21,000.0
2 IC8H18 → 2C3H6 � 2CH3 1.000 ⋅ 1013 0.00 21,000.0
3 PCH → 3C2H4 � C3H6 1.000 ⋅ 1013 0.00 21,000.0
4 H� H�M ⇌ H2 �M 1.000 ⋅ 1018 −1.0 0.0

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75; H2 � 2.50
5 H� O2 ⇌ OH� O 1.900 ⋅ 1014 0.0 16,812.0
6 H� O2 �M ⇌ HO2 �M 8.000 ⋅ 1017 −0.80 0.0

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75; H2 � 2.50
7 H� OH�M ⇌ H2O�M 3.000 ⋅ 1022 −2.0 0.0

Third-body efficiencies: H2O � 16.25; CO � 1.875;CO2 � 3.75; H2 � 2.50
8 H2 � O2 ⇌ OH� OH 1.700 ⋅ 1013 0.0 47,780.0
9 O� H2 ⇌ OH� H 1.30 ⋅ 1004 2.80 5,922.0
10 H2 � OH ⇌ H2O� H 2.160 ⋅ 1008 1.5 3,430.0
11 O� O�M ⇌ O2 �M 1.140 ⋅ 1017 −1.0 0.0

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75; H2 � 2.50
12 O� H�M ⇌ OH�M 6.200 ⋅ 1016 −0.6 0.0

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75; H2 � 2.50
13 H2O� O ⇌ OH� OH 1.500 ⋅ 1010 1.14 17,260.0
14 HO2 � OH ⇌ H2O� O2 1.450 ⋅ 1013 0.0 −497.0
15 HO2 � O ⇌ OH� O2 2.440 ⋅ 1013 0.0 −446.0
16 H� HO2 ⇌ H2 � O2 2.140 ⋅ 1013 0.0 1,411.0
17 H� HO2 ⇌ OH� OH 8.400 ⋅ 1013 0.0 875.0
18 H� HO2 ⇌ H2O� O 3.010 ⋅ 1013 0.0 1,721.0
19 CO� HO2 ⇌ CO2 � OH 1.150 ⋅ 1005 2.30 17,550.0
20 CO� OH ⇌ CO2 � H 4.400 ⋅ 1006 1.50 −740.0
21 CO� O�M ⇌ CO2 �M 2.830 ⋅ 1013 0.0 −4; 540.0

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75; H2 � 2.50
22 CO� O2 ⇌ CO2 � O 2.530 ⋅ 1012 0.0 47,700.0
23 HCO�M ⇌ H� CO�M 2.300 ⋅ 1017 −1.0 17,090.0

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75; H2 � 2.50
24 HCO� OH ⇌ CO� H2O 1.000 ⋅ 1014 0.0 0.0
25 HCO� O ⇌ CO� OH 3.000 ⋅ 1013 0.0 0.0
26 HCO� O ⇌ CO2 � H 3.000 ⋅ 1013 0.0 0.0
27 HCO� H ⇌ CO� H2 7.220 ⋅ 1013 0.0 0.0
28 HCO� O2 ⇌ CO� HO2 7.580 ⋅ 1012 0.0 410.0
29 HCO� HO2 ⇌ CO2 � OH� H 3.000 ⋅ 1013 0.0 0.0
30 HCO� HCO ⇌ CH2O� CO 1.200 ⋅ 1013 0.0 0.0
31 HCO� HCO ⇌ H2 � CO� CO 3.000 ⋅ 1012 0.0 0.0
32 CH3 � OH ⇌ CH2O� H2 7.390 ⋅ 1014 −1.13 14,551.0
33 CH3 � O ⇌ H� CH2O 8.430 ⋅ 1013 0.0 0.0
34 CH3 � O → H� H2 � CO 3.370 ⋅ 1013 0.0 0.0
35 CH3 � O2 ⇌ CH2O� OH 6.620 ⋅ 1011 0.00 14,188.0
36 CH2O� OH ⇌ HCO� H2O 1.716 ⋅ 1009 1.18 −447.0
37 CH2O�M ⇌ HCO� H�M 5.850 ⋅ 1014 0.00 64,200.0
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Table A1 (Continued.)

No. Reaction A n E

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75; H2 � 2.50
38 CH2O� O ⇌ HCO� OH 1.810 ⋅ 1013 0.00 3,088.0
39 CH2O� H ⇌ HCO� H2 1.100 ⋅ 1008 1.80 3,000.0
40 CH2O� O2 ⇌ HCO� HO2 1.230 ⋅ 1006 3.00 52,000.0
41 C2H4 � H2 ⇌ CH3 � CH3 3.767 ⋅ 1012 0.83 84,710.0
–– Reverse efficiencies 1.000 ⋅ 1014 0.00 32,000.0
42 C2H4 �M ⇌ C2H3 � H�M 2.970 ⋅ 1017 0.00 96,560.0

Third-body efficiencies: H2O � 16.25; CO � 1.875; CO2 � 3.75
43 C2H4 � OH ⇌ C2H3 � H2O 2.024 ⋅ 1013 0.00 5,936.0
44 C2H4 � O ⇌ CH3 � HCO 1.200 ⋅ 1008 1.44 530.0
45 C2H4 � H ⇌ C2H3 � H2 1.000 ⋅ 1014 0.00 15,009.0
46 C2H4 � O2 ⇌ C2H3 � HO2 4.220 ⋅ 1013 0.00 57,629.0
47 C2H3 � O2 ⇌ CH2O� HCO 9.275 ⋅ 1025 −3.96 7,043.0
48 C2H3 � HO2 → CH3 � CO� OH 3.000 ⋅ 1013 0.00 0.0
49 C2H3 � O ⇌ CH3 � CO 1.500 ⋅ 1013 0.00 0.0
50 C2H3 � HCO ⇌ C2H4 � CO 9.034 ⋅ 1013 0.00 0.0
51 C2H3 � CH2O ⇌ C2H4 � HCO 5.420 ⋅ 1003 2.81 5,862.0
52 C3H6 ⇌ C2H3 � CH3 1.100 ⋅ 1021 −1.20 97,720.0
53 C3H6 � O ⇌ C2H4 � CH2O 7.020 ⋅ 1007 1.57 −628.0
54 C3H6 � H ⇌ C2H4 � CH3 7.230 ⋅ 1012 0.00 1,302.0

aNote that 1) the rate constant is given by the Arrhenius formula k � ATb exp�−E∕RT�; 2) when third-

body reactions are involved, the rate constant is multiplied by the third-body concentration given as

�CM � �
P

L
α�1 γα �Cα � with γα as the third-body coefficient for species α; and 3) the units for A and E are

centimeters, mole, seconds, Kelvin, and cal/mole, respectively.
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