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Abstract: The effect of supersonic air temperature on the mixing characteristics of liquid hydrocarbon
fuel injected into three different supersonic airflows elevated in three steps from 373 K to 673 K
was investigated numerically. Compressible Reynolds-averaged Navier–Stokes (RANS) equations
were solved together with species conservation equation using ANSYS Fluent for two-phase flow
simulations including fuel droplet breakup and evaporation. The turbulence model needed to close
the RANS equations used the Shear Stress Transport (SST) k-ω model. The Eulerian–Lagrangian
model was employed to track fuel droplets in mainstream air, and the Kelvin–Helmholtz and
Rayleigh–Taylor (KH-RT) models were used to simulate the droplet breakup process. Numerical
solutions were validated using experimental data. The higher the air temperature, the stronger the
streamwise vortices downstream of the pylon. When the air temperature was 373 K, the liquid fuel
hardly evaporated, but as the air temperature increased, and the mass fraction of the vaporized fuel
and the mixing efficiency increased linearly downstream of the pylon. At air temperatures of 523 K
and 673 K, the mixing efficiencies were 10% and 51% at the combustor outlet, respectively. The total
pressure loss decreased slightly due to droplet evaporation as the temperature increased from 373 K
to 673 K.

Keywords: numerical simulation; liquid fuel; mixing efficiency; scramjet; pylon fuel injector;
supersonic crossflow

1. Introduction

In a supersonic combustion ramjet (scramjet) flying at hypersonic speeds of Mach 5
or greater, the airflow is maintained at supersonic speed in the combustor. Deceleration
from hypersonic to subsonic speeds results in more total pressure loss and excessive static
temperature increase. Therefore, it is more advantageous to maintain supersonic flow
within the scramjet to avoid undesirable flow losses due to compression and deceleration
to subsonic speeds [1–3]. Because the residence time of the airflow in a scramjet combustor
is only a few milliseconds, rapid fuel mixing and uniform fuel distribution in supersonic
airflow are important to improve the combustion efficiency of the scramjet [4–6]. Much
research activities on the scramjet have been focused on scramjet engines using hydrogen
fuel, which facilitate verification of hypersonic flight feasibility due to hydrogen properties
such as high heat of combustion, excellent ignition characteristics and high cooling capac-
ity [7–10]. However, liquid hydrocarbon fuels are easier to store and handle than hydrogen
fuels and have high energy densities per unit volume, but since additional time is required
for atomization and evaporation before ignition, fast and uniform fuel/air mixing within
the supersonic combustor using liquid fuels is quite difficult [11–13]. Hydrogen-fueled
scramjets are considered space access vehicles, while liquid hydrocarbon fuels are used in
volume-limited hypersonic cruise missiles [14,15].

Mixing in a supersonic shear layer is highly dependent on the compressibility effect
as well as the density and velocity ratios in the shear layer [16,17]. Among the various
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methods for mixing enhancement in supersonic flows, streamwise (axial) vortices generated
by physical devices such as ramps [18,19], pylons [20,21] and struts [22,23] are very effective.
Because streamwise vortices are axially oriented vortex structures in the mainstream air,
they are less susceptible to compressibility effects and are more effective in compressible
regions than incompressible ones [24,25].

Because the pylon and strut are structures that protrude from the wall, fuel is injected
into the core stream away from the combustor wall, fully utilizing the mainstream air. The
pylon and strut have the advantage of improving both the penetration and spreading of fuel.
The trailing-edge configurations of the pylon and strut can induce streamwise vortices that
enhance mixing and combustion [26]. However, these intrusive fuel injection devices, such
as the pylon and strut, cause unwanted total pressure losses due to streamwise vortices
and shock waves. Devices that introduce streamwise vortices to improve fuel and air
mixing in supersonic flow are called hypermixers [27]. Doster et al. [28,29] performed
experimental and computational studies on the effect of three different trailing-edge pylons
on the mixing characteristics of hydrogen fuel and supersonic air. They found that the
ramp pylon and the alternating-wedge pylon introduced streamwise vortices into the flow,
greatly increasing fuel/air mixing compared with the basic pylon without ramps or wedges
at the trailing edge.

Recently, due to powerful computers and robust numerical algorithms, computational
fluid dynamics (CFD) plays an important role in comprehensive understanding of com-
plex physical phenomena that cannot be experimentally confirmed in supersonic flows.
Manna et al. [30] numerically analyzed the flowfield of a strut-based liquid-kerosene-fueled
scramjet combustor using CFX-TASCflow. A Lagrangian dispersed-phase analysis was per-
formed on fuel-droplet evaporation and mixing in supersonic streams. Parametric studies
were conducted to investigate the effect of combustor-inlet Mach number and total pressure
on the flow development process. Simulations were also performed to investigate the effect
of two types of fuel injection struts (namely, five-faced diamond struts and swept-back
struts) on scramjet combustor performance. Kumaran et al. [31] investigated the mixing
and combustion characteristics of liquid kerosene in a strut-based supersonic combustor
using ANSYS Fluent. For the nonreacting flow with fuel injection, the fuel droplet trajectory,
kerosene vapor mass fraction, degree of mixing, and mixing efficiency along the combustor
length were presented. The contours of kerosene vapor mass fraction showed that the
concentration of kerosene vapor was high in the low-velocity wake region behind the struts
and then spread out toward the combustor sidewalls. Dharavath et al. [32] performed
both nonreacting and reacting flow simulations for a kerosene-fueled scramjet combustor
using ANSYS CFX-11. The three-dimensional RANS equations were solved with the k-ε
turbulence model. A single-step chemical reaction with the Lagrangian particle tracking
method was used for the combustion of kerosene fuel. The top wall pressures were found
to agree fairly well with the experimental data for both nonreacting and reacting flows.

Liquid fuel injection in supersonic airflow involves a complex fuel/air mixing process
due to the breakup and evaporation of the liquid compared with gaseous fuels such as
hydrogen. Additionally, it is difficult to numerically simulate the two-phase flow of liquid
and air, including the breakup and evaporation of droplets. Therefore, studies on the
mixing of liquid fuels in supersonic airflow have been limited compared to gaseous fuels.
Previous studies on the mixing characteristics of liquid fuels in supersonic airflows have
been conducted at room temperature or high ignition temperatures. Studies of the effect of
supersonic air temperature on fuel/air mixing characteristics such as streamwise vortices,
mixing efficiency, and total pressure loss have not been performed. Therefore, in this
study, numerical simulations were performed in supersonic airflows of Mach 1.8 with
preheated air temperatures of 373, 523, and 673 K. Two-phase flow simulations including
injection, breakup, and evaporation of liquid fuel were performed using ANSYS Fluent.
The Eulerian–Lagrangian model was used to track the fuel droplets in mainstream air and
the dynamic drag model was employed to determine the drag coefficient of the droplet.
The numerical solutions were validated through comparison with the experimental data.
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2. Mathematical Formulation and Numerical Simulation
2.1. Model Geometry and Physical Parameter

Figure 1 shows a schematic diagram of the computational domain including the
alternating-wedge pylon. There is a two-dimensional convergent-divergent (CD) nozzle
in front of the combustor to accelerate the air elevated to 374–673 K to Mach 1.8. A large
exhaust duct is also located behind the combustor to ensure that the flow downstream of
the pylon is not affected by the combustor outlet. The configurations of the combustor,
nozzle and alternating-wedge pylon are the same as those investigated experimentally
by Hwang et al. [33]. The pylon includes four expansion wedges in the aft area of the
pylon to enhance turbulent mixing and widen the vortex zone. The wedge of the pylon
has an expansion angle of 36◦ and itself has a forward compression half angle of 7◦ to the
mainstream air. The expansion wedge forms a lower pressure region and flow spills into
the region, creating streamwise vortices downstream of the pylon [34].
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Figure 1. Schematic diagram of the computational domain including the alternating-wedge pylon
(all units in mm).

There are two fuel injection orifices with a diameter (d) of 0.32 mm per side of the
pylon. Liquid hydrocarbon fuel was injected vertically onto the pylon surface in the
mainstream air. The hydrocarbon fuel is exo-THDCPD (C10H16) with a purity of 99.0% by
weight. The boiling point of the fuel is 460 K at atmospheric pressure and the fuel density
is 940 kg/m3 at 288 K [35,36].

The fuel-to-air momentum flux ratio is the main controlling parameter to describe the
physics of fuel jets in crossflow air [37]. The momentum flux ratio (q), defined as the ratio
of the dynamic pressure of the injected fuel to the crossflow air, is expressed as follows [29]:

q =
ρ f u2

f

ρa u2
a
=

γ f Pf M2
f

γaPa M2
a

(1)

where ρ f and ρa represent the fuel and air densities, respectively, u f and ua are the corre-
sponding velocities, γ f and γa are the corresponding specific heat ratios, Pf and Pa are the
corresponding pressures, and M f and Ma are the corresponding Mach numbers.

In the simulation, the fuel-to-air momentum flux ratio was maintained constant at 15
to compare the mixing characteristics of the liquid fuel according to the air temperature



Energies 2023, 16, 496 4 of 17

change. The fuel temperature was constant at 288 K, but the air temperatures were adjusted
from 373 K to a maximum of 673 K above the fuel boiling point (460 K).

2.2. Numerical Simulation

Since the computational domain contains the pylon with complex three-dimensional
configuration, it was built as a hybrid mesh including hexagonal and tetrahedral meshes
using ICEM-CFD. The interior of the computational domain was mostly hexagonal mesh,
with some tetrahedral mesh placed near the pylon or walls. A prism mesh was used to
properly simulate the effect of boundary layers near the walls and pylon. The mesh layer
increased in size by 1.2 times as it moved away from the walls and pylon, resulting in a total
of 20 layers. It was confirmed that the wall y+ was maintained in the range of 1.0–1.5. In
the simulation, the 3D compressible turbulent Reynolds-averaged Navier–Stokes (RANS)
equations were solved together with the species conservation equation using ANSYS Fluent
V19.2. The turbulence model needed to close the RANS equations used Menter’s Shear
Stress Transport (SST) k-ω model [38]. The SST k-ω model takes advantage of both the
standard k-ε model in the detached region and Wilcox’s k-ω model in the near-wall region.
This model performs relatively well in adverse pressure gradients and separated flows
compared with the k-ω or k-ε models. At the same time, when predicting the mixing
layers and jet flows, the SST k-ω model provides relatively better results than other one-
and two-equation RANS turbulence models [39]. The Eulerian–Lagrangian model [40]
was employed to track fuel droplets in the mainstream air, and a two-phase analysis was
performed taking into account the coupling between air flow and fuel droplets. For the drag
coefficient required in the equation of motion of the droplets, the dynamic drag model [41]
was used. The KH-RT model [42,43], which combines the effects of Kelvin–Helmholtz
(KH) waves driven by aerodynamic forces and Rayleigh Taylor (RT) instabilities due to the
acceleration of shed droplets ejected into the air flow, was chosen to simulate the droplet
breakup process.

The advection terms of governing equations were discretized by the second-order
upwind (SOU) scheme [44] to more accurately capture the flow characteristics. The Green-
Gauss Node-Based Gradient method [45] was employed for the gradient of the scale at the
cell center, and the convective fluxes across cell boundary were discretized by advection
upstream splitting method (AUSM) [46] to better capture the oblique or bow shocks.

For the boundary conditions of the computational domain, the total pressure and total
temperature of the air at the inlet of the domain were specified. All the flow variables at
the outlet boundary, including pressure, were determined from the inside of the domain
by extrapolation because the flow was supersonic [31,47]. For liquid fuel injection, mass
flow rate, temperature and pressure were specified. No-slip and adiabatic conditions were
applied to all solid surfaces (walls), and the droplets were allowed to reflect off the walls.

2.3. Mathematical Modeling
2.3.1. Eulerian Governing Equations

Mass conservation equation for the mainstream air [40]:

∂ρ

∂t
+

∂

∂xi
(ρui) = Sm (2)

where ρ and ui are the density and mean velocity components of the air, respectively.
The source term Sm is the mass added to the air from the droplets due to evaporation

of the droplets.
Momentum conservation equation for the mainstream air [40]:

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂
(
σij
)

∂xj
+

∂
(
τij
)

∂xj
+ S f (3)
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where p is the static pressure, S f is the momentum source term due to the effect of droplet
motion, and σij is the stress tensor due to the molecular viscosity (µ) defined by:

σij =

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)]
− 2

3
µ

∂uk
∂xk

δij (4)

and τij is the Reynolds stress tensor defined by:

τij = −ρ u′iu
′
j (5)

where u′ is the fluctuating velocity of the mainstream air. The Reynolds stress term is
appropriately modeled using the Boussinesq hypothesis [48] to relate the Reynolds stress
to the mean velocity gradients:

− ρ u′iu
′
j = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3

(
ρk + µt

∂uk
∂xk

)
δij (6)

where k is the turbulent kinematic energy and µt is the turbulent eddy viscosity computed
by the SST k-ω turbulent model.

Energy conservation equation for the mainstream air [40]:

∂

∂t
(ρE) +

∂

∂xj

[(
uj(ρE + p

)]
=

∂

∂xj

(
ke f f

∂T
∂xj
−∑

j
hj J j +

(
=
τe f f ·ui

))
+ Sh (7)

where E is the total energy, ke f f is the effective conductivity (k + kt, where kt is the turbulent
thermal conductivity), and J j is the diffusion flux of species j. The first three terms on
the right-hand side of Equation (7) represent energy transfer due to conduction, species
diffusion, and viscous dissipation, respectively. Sh is the energy source term resulting from
the heat transfer accompanied by the droplet dispersion.

In addition to the Navier–Stokes equations, the species transport conservation equation
for the mass fraction (Yj) of the fuel jet is solved to investigate the mixing between the fuel
and the mainstream air [40].

∂

∂t
(ρYk) +

∂

∂xi
(ρuiYk) = −

∂Jk
∂xi

+ Si (8)

where Si is the rate of generation by addition from the dispersed phase. Jk is the diffusion
flux of species k due to concentration and temperature gradients.

2.3.2. Lagrangian Model for Fuel Droplet Tracking

In the Eulerian–Lagrangian model, the mainstream air is considered as a continuum
in which the Navier–Stokes equations are solved, whereas the discrete phase is solved by
tracking the droplets. There is an exchange of momentum, mass and energy between the
continuum and discrete phases. Droplet–droplet interactions are included in the simulation.
However, this method requires the discrete phase to have a low volume fraction, while the
mass loading can be high [40].

Prediction of the droplet trajectory is possible by integrating the force balance for the
droplet written in the Lagrangian reference frame. This force balance equates the droplet
inertia to the forces acting on the droplet and can be written as

d
→
u p

dt
=

→
u −→u p

τp
+

→
g
(
ρp − ρ

)
ρp

+
→
F (9)
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where
→
u is the mainstream air velocity,

→
u p is the droplet velocity, ρ is the air density, ρp

is the droplet density,
→
(u−→u p)/τp is the drag force per unit droplet mass and τp is the

droplet relaxation time [49] calculated by

τp =
ρp d2

p

18µ

24
Cd Rep

(10)

where dp is the droplet diameter and Cd is the droplet drag coefficient. Rep is the relative
Reynolds number between the mainstream air and the droplets.

Many droplet drag models assume that the droplet remains spherical throughout its
domain. With this assumption, the drag of a spherical object is determined as [41]:

Cd,sphere =


0.424 Rep > 1000

24
Re

(
1 + 1

6 Re2/3
)

Rep ≤ 1000
(11)

However, as an initially spherical droplet moves through the mainstream air, its shape
is distorted significantly when the Weber number is large. In the extreme case, the droplet
shape approaches a disk shape. However, the drag on a disk is much greater than that on a
sphere. Because the droplet drag coefficient is strongly dependent on the droplet shape,
the drag model that assumes the droplet shape is spherical is not satisfactory. The dynamic
drag model accounts for the effect of a droplet distortion, which linearly varies the drag
between that of a sphere and the value of 1.54 corresponding to a disk. The drag coefficient
is given by

Cd = Cd,sphere(1 + 2.632y) (12)

where y is the droplet distortion determined by the solution of

d2y
dt2 =

CF ρg u2

Cb ρl r2 −
Ck σ

ρl r3 y− Cd µl
ρl r2

dy
dt

(13)

where ρl and ρg are the densities of the droplet and air, u is the relative velocity between
the droplet and air, r is the undistorted droplet radius, σ is the droplet surface tension, and
µl is the droplet viscosity. The constants Ck = 8, Cd = 5, CF = 1/3, Cb = 1/2 [50].

The trajectory equations and all auxiliary equations describing heat or mass transfer
to/from the droplet are solved by stepwise integration over discrete time steps. Integration
of time in Equation (9) yields the velocity of the droplet at each point along the trajectory,
and the trajectory itself is predicted by

dx
dt

= up (14)

Equations (9) and (14) are a set of coupled ordinary differential equations, and
Equation (9) can be converted into the following general form [40]

dup

dt
=

1
τp

(
u− up

)
+ a (15)

Here, the term a includes accelerations due to all other forces except drag force. This
set can be solved for the constants u, a and τp by analytical integration or the Runge–Kutta
method [51,52].

2.3.3. Droplet Breakup Model

When the injected fuel interacts with the supersonic airstream, surface waves are
generated on the fuel column, resulting in droplet shear. The surface wave evolves and
the liquid column disintegrates, generating a large number of fuel ligaments. Under the
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influence of airstream, the fuel ligaments break down more and produce large droplets,
which subsequently break into smaller droplets called child droplets [53].

The wave breakup model of Reitz [54] assumes that the breakup time and consequent
droplet size are related to the fastest-growing Kelvin–Helmholtz (KH) instability. The
KH model assumes that the radius r of the newly formed droplets is proportional to the
wavelength of the fastest-growing unstable surface wave on the parent droplet of radius a.

r = B0 ΛKH (16)

where ΛKH is the wavelength corresponding to the KH wave with the maximum growth
rate (ΩKH). B0 is the constant for the drop size and is generally taken as 0.61. The rate of
change of droplet radius is given by

da
dt

= − (a− r)
τKH

, r ≤ a (17)

where τKH is the breakup time defined by

τKH =
3.726 B1 a
ΛKH ΩKH

(18)

where B1 is the breakup time constant and a value of 1.73 was recommended by Liu
et al. [41], but the value of B1 can be between 1 and 60 depending on the injector characteri-
zation [54,55].

The maximum growth rate (ΩKH) and the corresponding wavelength (ΛKH) are ob-
tained from Equations (19) and (20), respectively.

ΩKH

√
ρla3

σ
=

0.34 + 0.38 We1.5
2

(1 + Z)(1 + 1.4T0.6)
(19)

ΛKH
a

= 9.02

(
1 + 0.45 Z0.5 )(1 + 0.4 T0.7)(

1 + 0.87 We1.67
2
)0.6 (20)

where Z =
√

We1 /Re1 is the Ohnesorge number and T = Oh
√

We2 is the Taylor number.
Also, We1 = ρl U2

r a/σ and We2 = ρgU2
r a/σ are the liquid and gas Weber numbers,

respectively, and Re1 = Ur a/νl is the Reynolds number. Ur is the relative velocity between
the fuel droplet and the mainstream air.

The KH-RT model [42], which combines the effects of the Kelvin–Helmholtz instability
and the Rayleigh–Taylor instability, assumes that a liquid core exists in the region near
the fuel injection orifice. Child droplets are shed from this liquid core and are subjected
to sudden acceleration when they are ejected into the airstream and Rayleigh–Taylor (RT)
instability becomes the dominant effect. The length of the liquid core is obtained from the
Levich theory [56]

L = CL d0

√
ρl
ρg

(21)

where CL is the Levich constant usually equal to 5.7 [54] and d0 is the orifice diameter.
Like the KH model, the RT model is based on the wave instability of the droplet

surface given the frequency of the fastest growing wave as

ΩRT =

√√√√ 2
3
√

3σ

[
−gt

(
ρl − ρg

)]3/2

ρl + ρg
(22)
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where gt is the droplet acceleration in the direction of droplet movement. The corresponding
wave number is

KRT =

√
−gt

(
ρl − ρg

)
3σ

(23)

The wavelength corresponding to the fastest wave growth rate is 2πCRT/KRT . If the
wavelength is smaller than the local droplet diameter, the RT waves are assumed to grow
on the droplet surface. Once waves begin to grow on the droplet surface, the wave growth
time is tracked. This time is then compared to the breakup time (τRT) defined by

τRT =
Cτ

ΩRT
(24)

where Cτ is the RT breakup time constant, usually equal to unity [57,58]. If the RT waves
have been growing for a time greater than the breakup time (τRT), the drop is assumed to
breakup. The radius of the smaller child droplets is calculated as follows:

rc =
π CRT
KRT

(25)

where CRT is an adjustable constant from 0.1 to 1.0 [42,57–59], with a default value of
0.1 [40].

2.3.4. Mesh Independent Study and Solution Validation

In order to perform grid independence in the simulation, three different grids were
applied: a coarse grid (1.70 million elements), a medium grid (4.30 million elements), and a
fine grid (8.68 million elements). As shown in Figure 2, the static pressure distributions
for the medium and fine grids were almost the same, but the coarse grid showed a slight
difference. Therefore, the simulations in this study were performed using the medium grid
(4.30 million elements).
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Figure 2. Comparison of static pressures along the center of combustor top wall for three different
grids with experimental data [33].

In Figure 2, the calculated static pressure distributions along the center of the combus-
tor top wall for an air temperature of 523 K were compared with the experimental data of
Hwang et al. [33]. Although the pressure variation around the pylon was severe due to
the shocks shown in Figure 3, there are no measurement data due to insufficient space to
install the pressure tap. However, the six static pressures obtained from the measurable
locations were in relatively good agreement with the calculated static pressures.
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Figure 3. Static pressure, Mach number, and static temperature contours in the combustor X–Z plane.

Figure 3 shows the static pressure, Mach number, and static temperature contours in
the X-Z plane at mid-height in the Y direction of the combustor for an air temperature of
523 K. It can be seen that an oblique shock was generated ahead of the pylon, which hit
the wall and generated reflected shocks. These shocks generated by the pylon were almost
symmetrical on both sides of the pylon, although slightly different due to the position of
the fuel injection and expansion ramps on the pylons in the Y direction of the combustor.
In addition, a bow shock was generated ahead of fuel injection, and expansion waves were
generated by the expansion ramps at the rear of the pylon, which increased the temperature
immediately behind the ramps as shown in Figure 3c.

3. Simulation Results and Discussion
3.1. Streamwise Vortex

In this study, the streamwise vortex (ωx) was defined as the axial component of the
curl of the velocity vector. Note that vortices are directional and have positive and negative
values. The absolute value of the streamwise vortex is used to integrate over a magnitude
parameter, which is always positive. The mass-weighted average integral of the absolute
value (Ωx) of the axial vortices is a measure of streamwise vortices. The relative magnitude
of streamwise vortices normalized to the maximum vortex value (Ωxmax ) from the data
globally at any axial location was calculated [29].

|ωx| =
∣∣∣∣(∇×⇀

V
)

x

∣∣∣∣ (26)

Ωx =

∫
|ωx| ρudA∫

ρudA
(27)

Figure 4 shows the streamlines and velocity contours near the pylon for three different
air temperatures of 373, 523, and 673 K. As shown in the figure, the higher the air tempera-
ture, the higher the velocity near the pylon. In the case of Figure 4a, where the temperature
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is the lowest, small vortices were generated between the wedges at the rear of the pylon
due to the low velocity. It can be seen that the streamlines downstream near the pylon
became slightly more entangled as the temperature increased.
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Figures 5–7 show the streamwise vortex contours at various axial locations down-
stream of the pylon for three different air temperatures of 373, 523, and 673 K, respectively.
In the figures, the X/d=constant planes downstream of the pylon were labeled alphabeti-
cally with letters A through I. That is, the letter B represents the cross section with X/d = 156,
and the letter E represents the cross section with X/d = 281. Figure 8 shows a comparison of
streamwise vortex magnitudes at 19 locations (X/d = 109.4–703.1) downstream of the pylon
for three different air temperatures. Here X is the axial distance downstream of the fuel
injection orifice in the pylon and d is the orifice diameter. It can be seen that the higher the
air temperature, the stronger the magnitude of the streamwise vortices downstream of the
pylon. At X/d = 109.4–140.6 adjacent to the pylon, the streamwise vortices were stronger
downstream of the pylon. However, after X/d = 140.6, the streamwise vortices gradually
weakened toward the downstream of the pylon due to the decrease in the influence of the
alternating-wedge of the pylon. Although the simulation conditions in this study and in
Doster et al. [29] were slightly different in pylon configuration, injectant (fuel) and injection
location, and supersonic air conditions, the trend of increasing and decreasing streamwise
vortices downstream of the pylon was similar.
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3.2. Mixing Efficiency

Mixing efficiency is used to quantitatively analyze the fuel dispersion in the main-
stream air. Because combustion is highly dependent on the mixing process, mixing effi-
ciency is one of the most important parameters to characterize the flow field in a scramjet
combustor. Here, the mixing efficiency (ηm) at any axial location is defined as follows [31]:

ηm =

.
mfuel, mixed

.
mfuel,in

=

∫
x αR ρudA

∑x
.

mfuel,in
(28)
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Here, the denominator is the total amount of fuel injected upstream of this location.
The quantity αR in the numerator is given by

αR =


α α ≤ αst

αst
1−α

1−αst
α > αst

(29)

where α is the local fuel mass fraction and αst is the stoichiometric fuel mass fraction
(0.071 for C10H16) corresponding to the oxygen mass fraction at that location. ρ and u
are the local density and axial velocity, respectively. Thus, mixing efficiency (ηm) is a
measure of the percentage of the fuel that is likely to burn under stoichiometric condi-
tions. 0< ηm < 1, where ηm = 1 indicates perfect mixing and ηm = 0 represents complete
separation of fuel and air.

Figure 9 shows the comparison of the vaporized fuel mass fraction contours at various
axial locations downstream of the pylon for three different air temperatures of 373, 523, and
673 K. At an air temperature of 373 K, there was almost no vaporized fuel downstream of
the pylon, but the vaporized fuel mass fraction increased as the air temperature increased.
At air temperatures of 523 K and 673 K above the boiling point of the fuel (460 K), the
vaporized mass fraction of the fuel injected from the two orifices per side of the pylon
increased further downstream of the pylon and spread laterally.
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Figure 10 shows the comparison of the mixing efficiencies downstream of the pylon
for three different air temperatures. When the temperature was 373 K, the mixing efficiency
was zero because there was no vaporized fuel as shown in Figure 9a. However, as the air
temperature increased, the mixing efficiency increased linearly downstream of the pylon.
At an air temperature of 523 K, the mixing efficiency was 10% at the combustor outlet
(X/d = 703), and at a higher air temperature of 673 K, the mixing efficiency reached 51%
at the combustor outlet. Therefore, it can be confirmed that the air temperature has a
significant effect on the mixing efficiency.
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3.3. Total Pressure Loss

The presence of the pylon for fuel injection inside the combustor causes flow dis-
turbance, resulting in total pressure loss. Therefore, estimating the total pressure loss is
important for fuel/air mixture studies. The total pressure loss (Λ) is calculated as the
difference between the mass-weighted averages of the total pressures at the inlet and outlet
of the combustor [29].

Λ = 1− PTout

PTin

(30)

PTout =

∫
PTout ρudA∫

ρudA
(31)

where PTout is the mass-weighted average of the total pressures at the outlet of the combustor.
Figure 11 shows the comparison of the total pressure losses downstream of the pylon

for three different air temperatures. The total pressure loss decreased with increasing air
temperature. It also decreased further downstream of the pylon, and the total pressure loss
at the combustor outlet (X/d = 703) was 20.90%, 19.95%, and 19.42% at air temperatures
of 373 K, 523 K, and 673 K, respectively. It seems that the lower the air temperature, the
larger and more fuel droplets exist in the flow field, resulting in a relatively high resistance
to flow and thus a greater total pressure loss.
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4. Conclusions

A two-phase flow simulation including the breakup and evaporation of fuel droplets
was performed to investigate the effect of air temperature on the mixing characteristics of
liquid hydrocarbon fuel in supersonic airflows. The supersonic air of Mach 1.8 preheated
to three different temperatures of 373, 523, and 673 K was supplied to the combustor inlet.
The fuel was injected into the supersonic airstream by means of an alternating-wedge
pylon and the fuel-to-air momentum flux ratio was kept constant at 15. For the turbulence
model required to solve the RANS equations, the SST k-ω model was used. The Eulerian–
Lagrangian model was used to track the droplets in the air flow, and the KH-RT model
to simulate the droplet breakup process. The numerical solution was validated through
comparison with the experimental data. The main conclusions are summarized as follows:

(1) The higher the air temperature, the stronger the magnitude of the streamwise vortices
downstream of the pylon. The streamwise vortices adjacent to the pylon became
stronger as it moved away from the pylon, but after X/d = 140.6, the influence of
the alternating-wedge of the pylon decreased and the streamwise vortices gradually
weakened toward the downstream of the pylon.

(2) When the air temperature was 373 K, the liquid fuel hardly evaporated, but as the
air temperature was higher than the fuel boiling point (460 K), the mixing efficiency
increased linearly downstream of the pylon. At air temperatures of 523 K and 673 K, the
mixing efficiencies were 10% and 51% at the combustor outlet (X/d = 703), respectively.

(3) The total pressure loss decreased slightly as the temperature increased from 373 K to
673 K, and the decrease was larger toward the downstream of the pylon. The total
pressure loss at the combustor outlet was 20.9% at air temperature of 373 K and 19.4%
at 673 K. This appears to be caused by the presence of smaller and fewer fuel droplets
as the temperature increases.
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validation, B.-J.H.; formal analysis, B.-J.H.; investigation, B.-J.H.; data curation, B.-J.H.; writing—
original draft preparation, B.-J.H. writing—review and editing, S.M. All authors have read and agreed
to the published version of the manuscript.
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