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A B S T R A C T   

The purpose of this study is to quantitatively investigate the influence of diffusion characteristics and equiva-
lence ratios (ERs) of gaseous/liquid kerosene on transient combustions in a three-dimensional cavity-based 
scramjet combustor using Improved Delayed Detached Eddy Simulation (IDDES) with a 19 species and 54 re-
actions kerosene/air mechanism. Additionally, the similarities and differences between gaseous and liquid 
kerosene supersonic combustion are identified based on the pressure, mixture fraction, temperature, and heat 
release rate distributions. The findings indicated that the injection velocity of liquid kerosene is an order of 
magnitude lower than that of gaseous kerosene; however, the residence time of liquid kerosene in the cavity was 
amplified by two orders of magnitude. The results also highlighted the substantial differences in the reaction heat 
release position between gaseous and liquid kerosene combustion. For a combustion process of liquid kerosene at 
an ER of 0.215, there is no obvious boundary layer separation in the isolator. The combustion process is 
controlled by the mixing efficiency of the shear layer, and the mode of combustion is cavity shear-layer stabilized 
combustion. When the ERs are 0.27 and 0.43, the flame propagates upstream of the cavity and forms boundary 
layer separation and oblique shock waves. Then, the combustion process is controlled by the fuel transportation 
in the cavity recirculation zone, and the mode of combustion is the cavity recirculation-zone stabilized 
combustion.   

1. Introduction 

Compared with hydrogen, hydrocarbons are more practical fuels for 
scramjet operating in for lower hypersonic flight regime (Mach number 
< 8)[1,2]. As a common fossil fuel, liquid kerosene is a desirable fuel for 
scramjets due to its high volumetric energy density among hydrocarbons 
and ease of handling. During the last two decades, experimental studies 
were conducted to investigate the feasibility of kerosene as a scramjet 
fuel through examining its characteristics of ignition [3-5], flame sta-
bilization[5-7] and propagation[8,9]. The influences of different designs 
of fuel injectors[3,4], pilot flame[7,8], and cavity flameholders[6,7,10- 
13] are compared based on the measurements of wall pressure, wall heat 
flux, fluorescence and chemiluminescence intensity. 

Although plenty of experimental studies have been conducted to 
investigate the combustion characteristics of liquid kerosene in scramjet 

[7,14,15] , knowledge on the mixing, ignition, and combustion process 
inside the combustor is still limited due to the difficulty in diagnosing 
supersonic internal flow. Therefore, computational fluid dynamic (CFD) 
has been frequently applied to understand the internal flow character-
istics of supersonic combustion[16,17]. However, for supersonic com-
bustion based on liquid kerosene, both experimental diagnosis and 
numerical modeling are especially difficult, as two phases are involved 
and interact with the shock waves, turbulence, and combustion during 
the droplet breakage and vaporization. The chemistry is also much more 
complex for hydrocarbons than hydrogen, resulting in huge computa-
tional cost that scales with the power of species number. To alleviate the 
modeling cost of liquid kerosene combustion, most of the previous 
modeling studies use gaseous surrogates[10,18] and global mechanisms 
[2,19-22], which assume that liquid kerosene has been completely 
vaporized before combustion and the chemistry reaches equilibrium 
immediately after ignition. However, the rapid vaporization and fast 
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chemistry predict a more concentrated heat release, unphysical thermal 
chocking[23], and higher peak pressure with errors up to 35–56%[21] . 
Compared with detailed chemistry, the global mechanism cannot 
accurately reproduce the auto-ignition and progressive burning[24] , 
which are important to describe the kerosene combustion with a com-
parable chemical time scale to the residence time of supersonic flow. 

In addition to the simplifications of gaseous kerosene and global 
mechanism, Reynolds-averaged Navier–Stokes (RANS) modeling is 
frequently applied to kerosene modeling[20,25-29] as it requires lower 
computation cost. However, large unsteadiness exists in the supersonic 
combustion field of kerosene since the time scale ranges of supersonic 
flow, chemistry, and evaporation overlap. Ignorance of the influence of 
fluctuations on mixing and chemical reactions will lead to erroneous 
predictions on combustion performance. 

High-fidelity Large Eddy Simulation (LES)[30] that directly resolves 
unsteady flow motions were employed for gaseous kerosene and 
revealed important unsteady mixing and combustion characteristics. 
LES could capture dynamic combustion characteristics more accurately. 
However, LES simulation that incorporate skeletal mechanisms and 
gas–liquid phase transition is difficult to accept due to limited 
computing resources. IDDES is a hybrid RANS/LES method which uses 
the Spalart-Allmaras turbulence model for the near wall RANS regions 
and LES for the freestream calculations. Accurate descriptions of the 
vaporization of liquid droplets into gaseous kerosene and the pyrolysis 
of kerosene into smaller hydrocarbons are especially important to 

reproduce the combustion behavior in a scramjet, as their slow process 
relative to the supersonic crossflow will typically cause a delayed igni-
tion and a further downstream flame stabilization[21,31,32]. In order to 
balance the calculation cost and capture the accuracy of reaction char-
acteristics, IDDES with the skeletal mechanisms is selected for numerical 
simulation. 

To gain an in-depth understanding of the characteristics of super-
sonic combustion fueled by liquid kerosene, a high-resolution IDDES 
with high-fidelity physical and chemical models is conducted in this 
study. The combustion chemistry is based on a skeletal mechanism with 
19 species and 54 reactions[18]. Section 2 introduces the two-phase 
Euler-Lagrange framework for the transport and evaporation of liquid 
kerosene droplets. Section 3 describes the modeling of turbulence- 
chemistry interaction via Dynamic Zone Flamelet Model (DZFM) and 
hybrid RANS/LES approach. The combustion modeling based on 
gaseous and liquid kerosene under the same equivalence ratio is inves-
tigated as well. 

2. Numerical methods and setup 

2.1. Computational approach 

2.1.1. Governing equations and IDDES model 
The numerical simulation is based on the unsteady three- 

dimensional compressible Navier–Stokes equation, and the continuity 

Nomenclature 

A Droplet surface area 
Cp Specific heat 
Da Damköhler number 
Dα Average species α diffusion rate 
dw Distance to wall 
DT Average thermal diffusion rate 
Dξ Mixture diffusivity 
e0 Specific stagnation internal energy 
Gf Drop flash vaporization rate 
h Specific static enthalpy 
h0 Specific stagnation enthalpy 
hmax Grid largest length scale 
hwn Length scale in wall-perpendicular direction 
Ka Karlovitz number 
kres Turbulent kinetic energy of the resolved motions 
kt Unresolved turbulent kinetic energy 
ṁf Total kerosene mass flow rate 
ṁf ,mix Mixed kerosene mass flow rate 
ṁp Volumetric phase change rate 
〈

ṁp

〉

zone Zone-average phase change rate 

p Static pressure 
P(η) Instantaneous mixture fraction 
Prt Turbulent Prandtl number 
Qα Characterization mass fraction 
Q′

α Local zone mean pulsation 
qj Heat flux vector 
Sij Strain rate 
Sct Turbulent Schmidt number 
Tb Particle temperature 
TL Local boiling temperature 
Tt Local total temperature 
Tt,∞ Inlet total temperature 
Tt,ideal Ideal total temperature 

ui Velocity component of direction 
U→ Velocity vector 
ν Kinematic viscosity coefficient 
Vα,j Diffusion velocity for species 
νsgs Turbulent viscosity 
W Chemical reaction rate 
xi Coordinates of i in the x-direction of the Cartesian 

coordinate system 
Yα Instantaneous mass fraction 
Y′

α Conditional mean pulsation of the instantaneous mass 
fraction 

Yl,α Mass fraction of species α in the liquid phase 

Greek symbols 
αmix Mass fraction of mixed kerosene 
αs Overall heat transfer coefficient 
αst Kerosene stoichiometric mass fraction 
χ Scalar dissipation rate 
δij Kronecker delta 
ε Turbulence dissipation rate 
η Sampling variable in the mixed fractional space 
ηc Combustion efficiency 
ηmix Mixing efficiency 
μl Molecular viscosity 
ρ Density 
ξ Instantaneous mixture fraction 
ξl Liquid composition expressed in mixture fraction 
ωα Average mass production rate of chemical species α 
τc Chemical time scale 
τij Strain rate tensor 
τk Kolmogorov time scales 
τt Taylor time scale 
υ̃ Kinematic eddy viscosity 
Ψα,j Turbulent species diffusion flux 
Δgrid Subgrid length scale  
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equation is as follows: 

∂ρ
∂t

+
∂ρui

∂xj
= 0 (1) 

where ui and ρ are the velocity components of direction and pressure, 
respectively. 

The momentum equation is defined as: 

∂ρui

∂t
+

∂ρuiuj

∂xj
= −

∂p
∂xi

+
∂τij

∂xj
(2) 

where τij is the viscous stress tensor, , expressed as: 

τij = 2μl

(

Sij −
1
3

∂uk

xk
δij

)

(3) 

where μl is the molecular viscosity and δij is the Kronecker delta. The 
strain rate is defined as: 

Sij =
1
2

(
∂ui

∂xj
+

∂uj

∂xi

)

(4) 

The energy equation is given by: 

∂ρe0

∂t
+

∂ρujh0

∂xj
= −

∂qj

∂xj
+

∂τijui

∂xj
(5) 

where qj is the heat flux vector. The specific stagnation internal en-
ergy e0 and specific stagnation enthalpy, h0 , are defined as: 

e0 = h −
p
ρ+

1
2

uiui (6)  

h0 = e0 +
p
ρ (7) 

The species transport equation is defined using the species mass 
fraction: 

∂ρYα

∂t
+

∂ρujYα

∂xj
= ω̇α −

∂ρVα,jYα

∂xj
, α = 1,…,Ns − 1 (8) 

where Yα is the reaction rate for species α. Vα,j is the j component of 
the diffusion velocity for species α. 

The IDDES model used in the present study is based on the one 
equation Spalart–Allmaras (SA) turbulence model[33]. The turbulent 
viscosity is computed by the SA model, which solves a transport equa-
tion for the kinematic eddy viscosity υ̃. 

D(ρυ̃)
Dt

= cb1S̃ρυ̃ − cw1fwρ
( υ̃

d

)
2 +

ρ
σ
{
∇[υ + υ̃]∇υ̃ + cb2(∇υ̃)2 } (9)  

S̃ = S+
υ̃

Re∞κ2l2
hyb

fv2, fv2 = 1 −
χ

1 + χfv1
(10)  

fv1 =
χ

χ + c3
v1
, χ =

υ̃
υ , fw = g

[
(1 + c6

w3)

(g6 + c6
w3)

]1/6

(11)  

g = r+ cw2(r6 − r), r =
υ̃

Re∞S̃κ2d2
(12) 

The equations for LES can be obtained by applying a filter to the 
instantaneous governing equations. Although Favre filtering is concep-
tually different to the Favre averaging process and the resulting system 
of equations has a different physical meaning, they are visually identical 
to the RANS equations. The only modification required is the way in 
which the turbulent viscosity is calculated, and more details can be seen 
in our previous work[34]. In IDDES, the subgrid length scale[35] is used 
by 

Δgrid = min{max[Cwdw,Cwhmax, hwn], hmax} (13) 

where dw and hmax is distance to wall and the grid largest length scale. 

hwn is the length scale in wall-perpendicular direction and the coefficient 
Cw = 0.15. The LES model is closed by the Spalart-Allmaras one equa-
tion model through setting the length scale as CDESΔgrid in the LES region, 
where CDES = 0.65. IDDES hybrid turbulent length scale[35] is given as: 

LIDDES = f̃ d

(

1 + f̃ e

)

LRANS +

(

1 − f̃ d

)

LLES (14)  

LRANS = dw, LLES = CDESΔgrid (15) 

Blending functions ̃fd and ̃f e are given as: 

f̃ d = max{(1 − fdt), fB} (16)  

fdt = 1 − tanh[(8rdt)
3
] (17)  

rdt =
νt

k2d2
wmax

{[
∑

ij

(
∂ui

/
∂xj

)
20.5

]

, 10− 10

} (18)  

fB = min{2exp(− 9α2), 1.0},α = 0.25 − dw/hmax (19) 

The model constants are:  
κ  cb1  cb2  cw2  cw3  σ  cv1   

0.41   0.1355   0.622   0.3   2.0   0.6667   7.1   

2.1.2. Combustion model 
The combustion model used in this study is the dynamic zone 

flamelet model[36]. The flamelet variable is defined as the conditional 
mean over a zone: 

Qα = 〈Yα|ξ(x, t) = η, x ∈ zone 〉 (20) 

where η is the sampling variable in the mixed fractional space, 
subscript zone indicates the conditional average within the zone and ξ 
represents the instantaneous mixture fraction. 

The relation between instantaneous mass fraction Yα and condi-
tionally averaged mass fraction Qα is as follows: 

Yα(x, t) = Qα(η = ξ(x, t), x ∈ zone, t) +Y
′

α(x ∈ zone, t) (21) 

Y′

α represents the fluctuation of the instantaneous value deviating 
from Qα. Since the conditional average of Q′

α =
〈
Y′

α|η, x ∈ zone
〉
= 0, the 

mean mixture fraction can be obtained as follows: 

Ỹα =
1
ρη

∫

ρηQαp(η)dη (22) 

in which P(η) is the probability density function (PDF) describing the 
instantaneous mixture fraction, and ρη = 〈ρ|η, x ∈ zone〉 is the zone 
conditional average of density. Through refining and dynamically 
updating the zone division based on multiple flow variable indices, e.g., 
mixture fraction, temperature, pressure, and reaction progressive vari-
able, a local statistically homogeneity of conditional variables can be 
assumed, i.e., their spatial terms in physical space can be ignored within 
the zone, and the fluctuation is considered to be small Ỹα→0. 

The instantaneous equations for mass, mixture fraction, and species 
considering phase exchange are as follows: 

∂ρ
∂t

+ ∇⋅
(

ρU→
)
= ṁp (23)  

∂ρξ
∂t

+∇⋅ξl

(
ρU→ξ

)
=

(

ρ ∂ξ
∂t

+ ρU→⋅∇ξ
)

+ ξ(
∂ρ
∂t

+ ∇⋅
(

ρU→
)
) − ∇⋅

(
ρDξ∇ξ

)

= ṁpξl

(24)  
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∂ρYα

∂t
+∇⋅

(
ρU→Yα

)
= (ρ ∂Yα

∂t

+ ρU→⋅∇Yα)+Yα(
∂ρ
∂t

+ ∇⋅
(

ρU→
)
) − ∇⋅(ρDα∇Yα)

= ṁpYl,α + ρWα

(25) 

U→ is the velocity vector, Dα is the diffusivity of species α, Dξ is the 
mixture diffusivity, and W represents the chemical reaction rate. ṁp is 
the volumetric phase change rate, Yl,α is the mass fraction of species α in 
the liquid phase, ξl is the liquid composition expressed in mixture 
fraction given by ξl =

∑
Yl,α with species α corresponding to the fuel 

species. 
Differentiating Eq. (21), substituting it in Eq. (25), and then 

combining with Eq. (23) and (24), the final conditional equation that 
incorporates the phase change effect can be written as: 

ρη
∂Qα

∂t
+
〈

ρU→|η
〉

zone⋅∇Qα +

〈

ṁp

〉

zone(Qα − Yl,α +
∂Qα

∂η (ξl − η)) =

ρη
Dα

Dξ
〈χ|η〉zone

∂2Qα

∂η2 + ρη

(
Dα

Dξ
− 1

)

Mη ∂Qα

∂η + ρη〈Wα|η〉
(26) 

where the third term on the left-hand side represents the contribu-

tion from the phase exchange, 
〈

ṁp

〉

zone is the zone-average phase 

change rate. For pure liquid droplets, it has a value of ξl = 1. The scalar 
dissipation rate is modeled using the amplitude mapping closure model 
[37]. Conditional temperature and conditional diffusion are obtained 
from a historical statistic method [37]. 

2.1.3. Liquid phase model 
The Euler-Lagrangian approach is used to model the liquid kerosene 

jet, whose breaking is rapid in supersonic flow. Two-way interaction is 
modeled through coupling the source terms of Lagrangian droplets and 
flow field for mass, momentum, species, enthalpy, and radiation. The 
volume of Lagrangian droplets is assumed to be constant before the 
complete evaporation. The distorted sphere drag model[38] is used to 
simulate the force acting on the droplets. Stochastic dispersion Reynolds 
Averaged Simulation model[39] is used to simulate the turbulence 
dispersion effect. The Kelvin-Helmholtz Rayleigh-Taylor[40] model is 
used to simulate the jet breakup. Phase change is simulated by the liquid 
evaluation boil model[41], where the droplet flash vaporization rate Gf 

is given as: 

Gf =
αs
(
Tp − Tb

)
A

L(Tb)
(27) 

In Eq. (27), A is the droplet surface area, Tb is the particle temper-
ature, and TL is the local boiling temperature. αs is an overall heat 
transfer coefficient from the droplet interior to the droplet surface 
correlated as: 

αs =

⎧
⎨

⎩

0.76(TL − Tb)
0.26 0⩽TL − Tb⩽5

0.027(TL − Tb)
2.33 5⩽TL − Tb⩽25

13.8(TL − Tb)
0.39 25⩽TL − Tb

(28) 

Based on the analysis by Ran Marshall[42], the local interaction 
model is adopted for the wall treatment method. The inlet, outlet, and 
kerosene injection inlet are set as the escape boundary, while all other 
walls are set as rebound walls. 

2.1.4. Chemical reaction mechanism 
Kerosene is surrogated by a three-component model composed of 

28.8 % iso-octane, 62.4 % n-decane, and 8.8 % n-propyl cyclohexane. 
The modeling parameters for liquid kerosene injection are listed in 
Table 1. The skeletal mechanism for kerosene pyrolysis and combustion 
consists of 19 species and 54 reactions, which have been extensively 
validated under scramjet conditions [37]. To speed up the solving of stiff 

chemistry, Zonal Dynamic Adaptive Chemistry (Z-DAC) and Zonal In 
Situ Adaptive Tabulation (Z-ISAT) are used [43]. Both Z-DAC and Z- 
ISAT firstly partition the flow field dynamically according to the local 
thermo-chemical state parameters, such as mixture fraction, tempera-
ture, pressure, and reaction progress variables, and then reduce different 
subset mechanisms and build separate ISAT tables for each zone. Since 
the thermo-chemical state of each zone is relatively stable and homo-
geneous, such zone-based DAC mechanism and ISAT table can be more 
targetable and remain valid for a long time. 

2.1.5. Numerical method 
The solver adopts the compressible density-based supersonic com-

bustion solver Amber [43] developed based on OpenFOAM framework. 
The nonlinear inviscid convective flux is calculated by a hybrid scheme 
combining the second-order semi-discrete central Kurganov-Tadmor 
scheme and a second-order central scheme [44]. A third-order spatial 
accuracy for primitive reconstruction on unstructured mesh is realized 
using the scale-selective discretization scheme [45], and the time inte-
gration is based on the second-order Crank-Nicholson scheme. 

2.2. Calculation setup 

The experimental case of scramjet combustor fueled by liquid kero-
sene was conducted by Yu et al.[7]. As shown in Fig. 1. the inlet of the 
combustor is a rectangle of 30.5 × 30 mm, and the combustor can be 
divided into three sections. The first section is 266 mm long with a 
divergent angle of 1◦, the second section is 300 mm long with a diver-
gent angle of 3◦, and the third section is 336 mm long with a divergent 
angle of 4◦. The cavity is located 115 mm downstream of the inlet. The 
cavity length is 45 mm, and the depth is 8 mm. The diameter of the fuel 
injection porthole is 0.4 mm, which is 5 mm away from the rear wall of 
the cavity. 

Four cases configurated as Table 2 were modeled to reveal the in-
fluence of equivalence ratios and the initial jet status on the supersonic 
combustion characteristics. The parameters for air crossflow on the inlet 
are shown in Table 3. The computational domain is 1/5 times the width 
of the combustor with periodic conditions on the lateral walls. Open 
boundary condition with zero gradients for all variables is applied to the 
outlet. The combustor walls are all set to adiabatic no-slip walls. 

2.3. Grid independence verification 

Fig. 2 compares the wall pressure predictions under different mesh 
resolutions with total cell counts of 10 million (10 M), 26 million (26 M), 
59 million (59 M), and 104 million (104 M). The predictions by 26 M, 59 
M, and 104 M meshes are closer to the experimental measurements, 
while the 10 M prediction differs in the cavity position. Compared to the 
previous predictions[2,25,32] in the literature, the current predictions 
of shock wave position and peak pressure agree better with the experi-
mental data. The peak pressure of gaseous kerosene combustion is 
significantly lower near the cavity than the experimental data. All cal-
culations were performed on a high-performance computing cluster in 

Table 1 
Kerosene injection parameters.  

Parameter Value 

Density (liquid) kg/m3 728 
Cp J/ (kg K) 1961 
Temperature K 800 
Mass Flow kg/s 0.00109 
Equivalence ratio 0.43 
Velocity (gas) m/s 162.32 
Velocity (liquid) m/s 11.926 
IC8H18 mass fraction 0.288 
NC10H22 mass fraction 0.624 
PCH mass fraction 0.088  
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the Para Cloud, where 128 cores (AMD EPYC 7452 2.35 GHz) were used 
for each case. Typical runtimes to form a steady flow were proximately 
12-, 32–, 50- and 90-days wall-clock time for cases with total cell counts 

of 10 million, 26 million, 59 million, and 104 million. The 26 M result is 
selected for the other cases’ modeling to reduce the computational cost. 

3. Results and discussion 

3.1. Comparison between gaseous kerosene and liquid kerosene at ER of 
0.43 

3.1.1. Non-reacting case 
The jet penetration characteristics are especially important for the 

subsequent mixing and combustion. Due to the smaller density, the in-
jection velocity of gaseous kerosene is 13 times higher than that of liquid 
kerosene under the same mass flow rate (see Table 1). From the mixture 
fraction distributions in Fig. 3, the gaseous fuel jet flushes out the sub-
sonic cavity flow directly and is less affected by the recirculation flow 
inside the cavity. From the streamlines in Fig. 4, the high-momentum 
fuel jet isolates the cavity flow on the two sides. Due to the low mo-
mentum, the penetration depth of liquid kerosene is much lower and can 
be easily distorted by recirculation flow. Hence, a large number of 
droplets are entrained into the recirculation flow and have little chance 
to contact the outer layer. The gathered droplets evaporate and cause a 
higher concentration of gaseous kerosene inside the cavity. 

For the convenience of analysis, the combustor is divided into six 
regions as labeled in Fig. 5 The existence time (ET) of kerosene droplets 
can be divided into three stages: 1) ET < 1 ms, 2) 1 ms ≤ ET ≤ 1.5 ms, 

Fig. 1. Structural parameters of the combustor.  

Table 2 
Parameters of different cases.  

Case Kerosene Equivalence ratio Total cell 

Case1 Gas  0.43 26 million 
Case2 Liquid  0.43 26 million 
Case3 Liquid  0.27 26 million 
Case4 Liquid  0.215 26 million  

Table 3 
Parameters of the combustor inlet.  

Parameter Value 

Static pressure bar 0.79 
Total pressure bar 13.5 
Temperature K 764.4 
Total temperature K 1720 
Mach number 2.5 
Velocity m/s 1423 
O2 mass fraction 0.2 
H2O mass fraction 0.134 
N2 mass fraction 0.666  

Fig. 2. Comparison of mean wall pressure a) liquid kerosene combustion with different meshes, and b) gaseous/liquid kerosene combustion compared with pre-
vious literature. 
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and 3) 1.5 ms < ET. The percent of kerosene droplets in different periods 
of existence in each region are shown in Fig. 6. The percent of vaporized 
kerosene mass in each region are 0.738, 0.101, 0.101, 0, 0.015, and 
0.045, respectively. Fig. 7 describes the gaseous/liquid kerosene 

diffusion mechanism in the cold flow field. The core flow time of gaseous 
kerosene from the injector is in the order of 10-5 s magnitude. It is less 
affected by the recirculation zones 1 and 2 because it directly flows into 

Fig. 3. Mixture fraction distribution of combustor symmetry plane and cross-section along the x.  

Fig. 4. Averaged streamlines colored by mean streamwise velocity for gaseous 
(upper) and liquid kerosene (lower). 

Fig. 5. Combustor division diagram.  

Fig. 6. Existence time (ET) distribution of kerosene droplets in six zones (liquid 
kerosene ER 0.43). 
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the combustor core flow. The droplet distribution of liquid kerosene is 
complex under the action of recirculation zone, shear layer, and 
combustor wall collision. The injected kerosene droplets enter Zone 2, 
part of which moves to Zone 3 along path 4, and the remaining move to 
Zone 1 along path 1 to break up and vaporize. The unvaporized kerosene 
droplets enter the shear layer along path 2 under the influence of 
recirculation-zone 1. There are many small vortexes in the shear layer 
and mass exchange occurs outside the cavity (path 3); hence, only a 
small number of kerosene droplets are present in different SMD entering 
Zone 5. A small number of kerosene droplets that did not participate in 
mass exchange and those that were initially shunted propagated 
downward along path 4 and collided with the rear wall of the cavity due 
to the influence of recirculation-zone 2. A part of the kerosene droplets 
after collision stays in Zone 3 along path 5 and vaporize. The remaining 
droplets enter Zone 6 along path 6. 

Fig. 8 shows the total pressure recovery efficiency, mixing efficiency, 
and mass average Mach number of the cross-section along the x-direc-
tion. The mixing efficiency is calculated as the maximum fuel ratio that 
can be consumed by the available oxygen[46]. The mixing efficiency is 
higher for gaseous kerosene after × = 0.16 m because the higher 
penetration depth aids the momentum exchange between the fuel jet 
and the air crossflow. Although the liquid kerosene droplets massively 
accumulate in the cavity, the mixing efficiency does not show an 
observable rise, as the low temperature does not promote evaporation. 
The entrainment effect of the high-velocity gaseous jet accelerates the 
recirculation, and therefore the mean Mach number is higher for the 
gaseous kerosene case. 

3.1.2. Reacting case 
Fig. 9 shows the Mach number, mixture fraction, and kerosene par-

ticle distribution on the symmetry plane. Similar to the cold field, the 

mixture fraction in the cavity is lower for the gaseous kerosene case than 
the liquid kerosene case. Fig. 10 describes the percent of liquid kerosene 
droplets in each zone after injection into the cavity. The percent of 
kerosene droplets in each zone are 0.8863, 0.05, 0.0126, 0.0076, 0.03, 
and 0.0135, respectively. Most of the liquid kerosene particles droplets 
injected into the cavity move to Zone 1 due to the influence of the 
recirculation zone of Zone 1 (recirculation-zone 1), and some particles 
droplets with larger SMD are broken up during the movement. 

Fig. 11 describes the gaseous/liquid kerosene combustion mecha-
nism. Gaseous kerosene is injected into the cavity affected by the 
recirculation-zone 1, deflection diffusion, and core flow mixing reaction. 
Due to the increase in the heat release and backpressure of the cavity, 
the boundary layer is separated and oblique shock wave is formed up-
stream of the cavity. It is then reflected between the reacting layer, thus 
forming a series of reflected shock wave. The liquid kerosene droplets 
are the same as that in cold flow. Most of the kerosene droplets injected 
are broken up and vaporized along path 1, and unvaporized kerosene 
droplets enter the front of the cavity along path 2 due to the influence of 
recirculation-zone 1. Some kerosene droplets along path 3 participate in 
the reaction of the boundary layer separation zone and a small number 
of kerosene droplets participate in the vaporization and reaction in the 
reactioning layer of the flame. The remaining kerosene droplets propa-
gate downstream along path 6 and converge with droplets along path 7 
at the beginning. A part of the kerosene droplets after the collision is 
affected by the recirculation-zone 2 and vaporized along path 9 in Zone 
3, while the rest enter Zone 6 along path 10 and continue to propagate 
downstream of the cavity. The combustion process is controlled by the 
kerosene transportation of the cavity recirculation zone, which can be 
considered as the cavity recirculation-zone stabilized combustion. 

Fig. 12 shows the numerical schlieren for the gaseous and liquid 
kerosene cases. Due to combustion heat release, the higher backpressure 
in the cavity causes the detachment of the boundary layer upstream of 
the cavity, forming a separation zone and oblique shock waves. The 
initial oblique shock wave is then reflected between the wall and the 
shear layer. In addition, compression waves are formed by the cavity. 
The foot of the initial shock wave mores more upstream for the gaseous 
kerosene case. From Fig. 13, the temperature inside the cavity of gaseous 
kerosene is significantly higher than that of liquid kerosene. This is due 
to the absorption of laten heat during the vaporization of liquid kerosene 
(Fig. 14). The endothermic pyrolysis of kerosene into small hydrocar-
bons will also cause cold spots in the reacting field. The lower temper-
ature inside the cavity is caused by the vaporization and pyrolysis of the 
concentrated liquid droplets. 

Fig. 15 shows the combustion efficiency and mass average Mach 
number of the cross-section of the combustor along the x-direction. 

Fig. 7. Cold kerosene diffusion mechanism a) gaseous kerosene and b) 
liquid kerosene. 

Fig. 8. Total pressure recovery efficiency, mixing efficiency, and mass average 
Mach number of different sections. 
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Combustion efficiency ηc is defined as follows 

ηc =
Tt − Tt,∞

Tt,ideal − Tt,∞
(29) 

where Tt,Tt,∞ and Tt,ideal represent local total temperature, inlet total 
temperature and ideal total temperature. As shown in Fig. 15, due to the 
vaporization process of liquid kerosene, the combustion efficiency near 
the cavity is lower than that of liquid kerosene. It is consistent with the 
phenomenon that the overall temperature in the cavity is low due to the 
vaporization and heat absorption of liquid kerosene which is also shown 
in the temperature and heat release rate distribution. The combustion of 
escaped kerosene droplets in the downstream of the cavity intensifies 
the vaporization of liquid kerosene and further strengthens the 
combustion. 

Fig. 16 shows the turbulent chemical reaction interaction relation-
ship of kerosene combustion in scramjet combustor based on borghi 
diagram. Data of borghi diagram are attached to the appendix. Dam-
köhler number is defined as: 

Da = τt/τc (30) 

where τc is the chemical time scale and Taylor time scale τt is defined 
as 

Fig. 9. Mach number and mixture fraction distribution of combustor symmetry 
plane. a) Kerosene droplets color using SMD coloring, b) kerosene droplets 
color using existence time coloring, and c) averaged streamlines colored by 
mean × velocity. 

Fig. 10. Statistics of kerosene droplets in different zones ordinate is the mass 
fraction of kerosene droplets. 

Fig. 11. Kerosene combustion mechanism a) gaseous kerosene cavity 
recirculation-zone stabilized combustion, b) liquid kerosene cavity 
recirculation-zone stabilized combustion. 
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τt = (kres + kt)/ε (31) 

kres is the turbulent kinetic energy of the resolved motions, kt is the 
unresolved turbulent kinetic energy, and ε is turbulence dissipation rate. 
Karlovitz number Ka is defined as: 

Ka = τc/τk (32) 

where Kolmogorov time scales τk = (ν/ε)1/2. Reynolds number Re is 
defined as: 

Re = Da2⋅Ka2 (33) 

According to the relationship between Damköhler number, Karlovitz 
number, and Reynolds number, the turbulent chemical reaction ex-
change is divided into the following three modes: 1) Flamelet mode: 

Ka < 1,Da > 10, 2) Thin reaction mode:1 < Ka < 100,Da > 10, and 3) 
Slow chemistry mode:Ka > 100,Da < 10. From the statistical analysis of 
the working conditions, it can be seen that most of the zones are in the 
flamelet mode. Historical statistics show that the percentage of the 
flamelet mode decreases significantly from 64.7 to 49.6% when using 
the liquid kerosene, whereas the percentage of the slow chemistry mode 
increases from 20.9 to 39.1%. This could be because the Gaseous 
kerosene has stronger mixing ability; consequently, the chemical time 
scales increase along with the increase in Ka and decrease in Da. 

3.2. Effect of equivalence ratios 

Figs. 17 and 18 show the temperature and numerical schlieren dis-
tributions under two ERs. The flame is stabilized in the cavity for ER =
0.215. The unvaporized kerosene droplets gradually fill the whole cav-
ity, then spill out and propagate downstream along the combustor wall. 
The combustion is dominated by the mixing inside the shear/mixing 
layer along the droplet trajectory (see Figs. 19, 20) and can be consid-
ered as the cavity shear-layer stabilized combustion [47]. For ER = 0.27, 
the combustion is controlled by the evaporation of kerosene in the cavity 
recirculation zone (see Figs. 19, 20) and can be considered as the cavity 
recirculation-zone stabilized combustion[47]. The boundary separation 
position oscillates forward and backward in accordance with the peri-
odic heat addition in the cavity. 

As shown in Fig. 21, for low ER, the flame is stabilized in the cavity. 
The kerosene droplets affected by the recirculation-zone 1 continue to 
propagate downstream along path 5 after path 2 and converge with the 
kerosene droplets that have just begun to propagate along path 7. Some 
of the combined kerosene droplets continue to collide with the wall 
behind the cavity along path 8 while the remaining droplets directly 

Fig. 12. Schlieren distributions of symmetry plane.  

Fig. 13. Temperature distributions of combustor symmetry plane and cross-section along x-direction (line shows cross-section position along x-direction × = 0.08, 
0.1, 0.12, 0.14, 0.16, 0.18, and 0.2 m). 

Fig. 14. Heat release rate distributions of symmetrical plane.  

Fig. 15. Combustion efficiency, and mass average Mach number of 
different sections. 
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enter the downstream of the cavity along path 11. The combustion 
process is controlled by the cavity shear layer which can be considered 
as the cavity shear-layer stabilized combustion. 

4. Conclusions 

In the process of numerical simulation, gaseous kerosene is often 
used as a replacement for liquid kerosene. This study focused on 
analyzing the similarities and differences between gaseous and liquid 
kerosene properties based on diffusion and combustion characteristics in 
a cavity-based scramjet combustor using IDDES with the kerosene/air 

19 species and 54 reactions mechanism. The supersonic combustion 
processes of gaseous and liquid kerosene were numerically simulated 
using the same ER, physical model, and numerical methodology. The 
combustion process of liquid kerosene at different ERs was also 
compared. 

The peak pressure of gaseous kerosene combustion near the cavity 
calculated numerically was significantly lower than the experiment 
data, while the liquid kerosene combustion exhibited better peak pres-
sure. The injection velocity of gaseous kerosene was an order of 
magnitude higher than that of liquid kerosene. Liquid kerosene was 
mixed with the core flow rapidly leaving the cavity, and the residence 

Fig. 16. Borghi diagram for a) gaseous kerosene and b) liquid kerosene combustion.  

Fig. 17. Temperature distributions of liquid kerosene, a) ER 0.215 and b) 0.27.  
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time of liquid kerosene in the cavity was calculated as two orders of 
magnitude higher than that of gaseous kerosene. In addition, the tem-
perature of liquid kerosene in the cavity was much lower than that of 
gaseous kerosene due to the vaporization of liquid kerosene in the 
cavity. The high-temperature zone and shock wave predominantly 
propagated upstream in the combustion process of gaseous kerosene. 
This indicated that even in skeletal mechanism, the use of gaseous 

kerosene instead of liquid kerosene combustion will have a large gap in 
the reaction heat release position. 

For the combustion process of liquid kerosene at ER of 0.215, no 
obvious boundary layer separation in the combustor was observed, 
flame was stabilized in the cavity, and kerosene droplets gathered in the 
cavity. The combustion process was controlled by the mixing efficiency 
of the shear layer and the mode of combustion was identified as cavity 

Fig. 18. Schlieren distributions of symmetry plane a) liquid kerosene, ER 0.215, and b) 0.27.  

Fig. 19. Mixture fraction and streamwise velocity distributions.  
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shear-layer stabilized combustion. When the values of ER were 0.27 and 
0.43, the flame entered the upstream of the cavity and formed boundary 
layer separation and oblique shock wave. The liquid kerosene droplets 
were significantly affected by the recirculation-zone 1. The combustion 
process was controlled by the kerosene transportation of the cavity 
recirculation zone. This mode of combustion was identified as cavity 
recirculation-zone stabilized combustion. 
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