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This research addresses a numerical analysis on the effects of flow compressibility on the characteristics of droplet dispersion,
evaporation, and mixing of fuel and air according to the simulation of the spatially developing supersonic shear flows laden with
evaporating n-decane droplets. A sixth-order hybrid WENO numerical scheme is employed for capturing the unsteady wave
structures. The influence of inflow convective Mach number (Mc), representing the high-speed flow compressibility, on the two-
phase mixing is analyzed, in which Mc is specified from 0.4 to 1.0. It is found that the shearing vortex is compressed spatially as
Mc increases, associated with the alternate distributions of compression and expansion regimes in the flow field. The flow
compressibility changes not only the vortex structures but also the aerothermal parameters of the shear flows, and further
influences the dispersion and evaporation of droplets. The two-phase mixing efficiency is observed to decrease as Mc increases.

1. Introduction

Supersonic shear layer laden with dispersed fuel droplets is
considered as the physical model for the supersonic c-based
engine [1–4]. The research on supersonic two-phase flow
includes the dispersion of sprayed droplet, the droplet evapora-
tion, and the mixing between fuel vapors and air in the carrier
phase, which are very important and complicated scientific
issues for supersonic multiphase flow and combustion.

The unsteady entrainment due to the vortex dynamics
promotes the fuel-oxidant mixing in supersonic shear flows.
The velocity difference between the two parallel shearing
flows results in the momentum transfer from the high-
speed flow to the low-speed side, associated with the mass
and heat transfer. The motion of vortices control the mixing
process, and chemical reaction will not begin until the mixing
reaches the molecular level. Therefore, the studies on the
features of vortices with multiscales and their influence on
combustion are of importance for engineering applications.
Brown and Roshko [5] first found that the unsteady vortices

have coherent structures when they experimentally studied
the incompressible shear layers. The large-scale vortices
formed in the shearing have a significant on the energy
transport and mixing of species [6]. There are various sizes
of flow structures in the shear layer. The Reynolds number,
Re, dominates the scale of the eddy structure. As Re increases,
the small-scale vortex structures are found to be more and
more abundant. For the compressible shear layers, the flow
compressibility is of importance for the flow dynamics, and
the convective Mach number, Mc = ΔU/ða1 + a2Þ, character-
izes the flow compressibility (where a1 and a2 are the sound
velocity of two streams). In addition, there are parameters,
such as density ratio of two shear flows, gradient of velocity
and pressure, and heat release, which are found to have an
effect on the dynamics of the shear layer.

For the compressible shear layer, the variation of convec-
tive Mach number influences the development of the shear
layer [7]. Clemens and Mungal [8] experimentally studied
the compressible flow. They found that the shear flow
develops more slowly with the increase of Mc, and the flow
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with higher speed has a more significant suppression. Kourta
and Sauvage [9] and Vreman et al. [10] applied numerical
simulations and indicated that the initiation of vortex shedding
is depressed as the flow compressibility is intensified. In partic-
ular, as the Mc rise above 1.2, the pairing process of vortices
cannot be formed. Wang et al. [11] investigated the mixing
process of supersonic shear layers by numerical simulations
and focused on the influence of flow compressibility and gradi-
ents of velocity and density on themixing efficiency. The results
showed that the growth rates of shear layer and mixing
efficiency are reduced with the increase of Mc. The increasing
density ratio enlarges the shear layer thickness but has a nega-
tive effect on themixing efficiency. Themixing efficiency is pro-
moted but the shear layer thickness decreases with the increase
of velocity ratio. In addition, the level of turbulence fluctuations
represents the strength of turbulent eddies, and the previous
researchers investigated the influence of flow compressibility
on the turbulence fluctuations. Elliott and Samimy [12] applied
the experimental studies on the compressible shear layer with
High Re and showed that the fluctuating velocities and Reyn-
olds stresses are reduced with the increase of Mc. Olsen and
Dutton [13] used particle image velocimetry (PIV) for obtain-
ing the velocity fields of the shear layer with weak compressibil-
ity. They found that the fluctuation of transverse velocity and
Reynolds shear stress is reduced but the fluctuation of stream-
wise velocity remains constant, as compared with the incom-
pressible flow. Pantano and Sarkar [14] numerically analyzed
the turbulent shear layer with subsonic and supersonic speeds
and found that the decrease of pressure-strain term contributes
to the reduction of the turbulent fluctuation and the decreasing
growth rate of the shear layer. Atoufi et al. [15] measured the
compressible shear flow by large eddy simulations and studied
the kinetic energy exchange. Their results showed that the
production term is suppressed with the enhancement of flow
compressibility, which results in the deceleration of the shear
layer growth rate. The turbulent viscous dissipation term is also
suppressed due to the increase of the flow compressibility.

The previous research provides a wealth of information on
the characteristics of the shear layer thickness and the fluctua-
tions of turbulence in the compressible shear layer flow. In
general, the growth rate of the supersonic shear layer thickness
is suppressed with the enhancement of the flow compressibil-
ity. The increase of Mc leads to the suppression of pressure
fluctuations, which prohibits the momentum transfer between
the vortices, associated with the decrease of entrainment rates.
In addition, the reduction of the production terms from the
turbulent kinetic energy correlates with the suppression of
the turbulent diffusion. However, it is noteworthy that the
studies are absent for the influence of the flow compressibility
on the droplet evaporation and two-phase mixing in super-
sonic shear flows despite its importance for understating the
physics of the spray combustion in the supersonic flow. The
previous research has shown that the high-speed flow com-
pressibility affects the flow dynamics, which can expect to
influence the dispersion and evaporation of droplets and
fuel-air mixing. Furthermore, the ignition and flame will be
altered in the supersonic combustor of the scramjet. The
related physics should be revealed.

The present study is aimed at evaluating the impact of
flow compressibility on the two-phase mixing in a supersonic
shear layer laden with fuel (n-decane, C10H22) droplets. The
numerical simulations with high order schemes are applied
to mimic the unsteady two-phase flow. The convective Mach
number (Mc) increases from 0.4 to 1.0. The remainder of this
paper is organized as follows. The governing equations,
numerical methods, and validations are introduced in
Section 2. The results are presented in Section 3, including
the effects of flow compressibility on the carrier flow, and
the features of droplet dispersion, evaporation, and fuel-air
mixing. Finally, the concluding remark and discussion are
drawn in Section 4.

2. Governing Equations and
Numerical Methods

2.1. Governing Equations for Fluid Phase. In this paper, the
motion of inertial evaporating fuel droplets is considered in
the compressible shear layer. The governing equations,
comprising the equations of mass, momentum, and energy
and transport equations of three chemical species (C10H22,
O2, N2), supplemented by the equation of state for the ideal
multispecies gas, are solved in the following form:
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where ρ is the density, ui is the velocity in the ith direction, P
is the static pressure, and T is the temperature. R is the
universal gas constant. et is the total energy (kinetic energy
plus internal energy) and is defined as

et = 〠
NS

k=1
Yk

ðT
T ref

cp,kdT + h0f ,k

 !
−
P
ρ
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2 : ð6Þ

cp,k is the specific heat capacity at constant pressure, and h0f ,k
is the specific chemical formation enthalpy at the reference
temperature, Tref . The values of cp,k are calculated by a
fifth-order polynomial [16]. τij is the Newtonian viscous
stress tensor, and μ is the viscosity. Yk is the mass fraction
of the kth species. Vc j is the correction velocity. NS is the
total number of the chemical species, andWk is the molecule
weight of the kth species. For the transport properties, the
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kinetic theory [17] for a gaseous mixture is utilized. In partic-
ular, the Lennard-Jones potentials are used to obtain the
intermolecular forces. The heat conductivity of each species
is calculated by using the modified Eucken model. The
dynamic viscosity and the binary diffusion coefficient are
from the Chapman-Enskog theory.
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ffiffiffiffiffiffiffiffiffiffi
WkT

p
σ2kΩv,k

, ð7Þ
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Here, σk is the hard-sphere diameter of the kth species.
DAB is the diffusion coefficients for the binary gas A and B,
WAB is the combined molecular weights of A and B. σAB is
the characteristic length of the intermolecular force law,
andΩD is the collision integral for diffusion. The semiempir-
ical expressions proposed by Wake and Wassiljewa are used
to calculate the dynamic viscosity, μ, and heat conductivity,
λ, of the gaseous mixture. The right-hand side terms Sm,
SF,i, and SQ describing the interphase couplings of mass,
momentum, and energy, respectively, and they are calculated
via summating the total number of droplets N , existing in the
grid, ΔV , of the gas phase calculation,
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Here, md and _md are the droplet mass and the mass
change rate, respectively. ud,i is the droplet velocity. hV,sf is
the evaporated vapor enthalpy at the droplet surface.

2.2. Governing Equations for Droplet Phase. The dispersion of
individual droplet in the supersonic flow is tracked by using
the Lagrangian trajectory model. The droplets are considered
as sparsely dispersion, and the droplets do not influence each
other. The drag force due to the interphase slip velocity
acting on the droplet is modeled, and the heat convection is
calculated. Under the assumption made as such, the position
(xd,i), velocity (ud,i), temperature (Td), and mass (md) of a
single droplet are controlled by the following equations [18]:
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where ui@d and T@d are the velocity and temperature of
carrier flow at the droplet position. cp is the specific heat of
gas surrounding the droplet, cL is the specific heat of the
droplet, and LV is the latent heat from evaporation. The
momentum response time, τd , is as follows,

τd =
ρdd

2
d

18μ , ð18Þ

where dd is the droplet diameter. For the drag force, the
correction function, f FðRedÞ, for the influence of droplet
Reynolds number, Red , is
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24

24
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� �
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ð19Þ

Red = ∣ui − ud,i ∣ dd/ν is based on the slip velocity between
the droplet and the local gas. Pr = μcp/λ and Sc = μ/ρD are
Prandtl and Schmidt numbers, respectively. The Nusselt
and Sherwood numbers are Nu = 2 + 0:552 Re1/2d Pr1/3 and
Sh = 2 + 0:552 Re1/2d Sc1/3, respectively. The evaporation rate
of droplets is calculated according to the mass transfer
number, BM = ðY sf − YVÞ/ð1 − Y sf Þ. YV is the fuel mass
fraction on the far-field, and Y sf is the fuel mass fraction at
the droplet interface, which is obtained directly from the
surface molar fraction (χsf ) based on a nonequilibrium evap-
oration model [19],

Y sf =
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χsf + 1 − χsfð ÞW/WV
, ð20Þ
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ScP : ð22Þ

W is the molecular weight of the carrier gas, WV is the
molecular weight of the fuel vapor, Patm is the atmospheric
pressure, and TB,L is the liquid boiling temperature at Patm.
Lk is the Knudsen layer thickness.

2.3. Numerical Methods. The supersonic shear flow laden
with droplets is simulated by our in-house code, which has
been utilized for the studies of supersonic flow and two-
phase reacting flow [18, 20]. The numerical methods are
summarized below. A finite difference methodology is
performed. The convection fluxes are calculated by an
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adaptive central-upwind sixth-order WENO (WENO-CU6)
scheme [21] for obtaining the smooth turbulent fields and
for capturing the eddy shocklets and complex waves in the
supersonic flow with strong compressibility. The viscous
terms are discretized according to a sixth-order symmetrical
compact difference scheme. For the time advancement of the
governing equations for the gas phase, a third-order explicit
Runge-Kutta method is applied. A third-order Adams
approach is used for the time advancement for the droplet
equations. In order to obtain the velocity, temperature, and
other properties of the flow around the droplet, a fourth-
order Lagrangian interpolation method is utilized. The
dispersed droplets are treated as point sources, and the influ-
ence of the droplets on the carrier flow is modeled by adding
the source terms, S, to the grids around the droplets, namely,
the particle-source-in cell (PSI-CELL) model.

2.4. Numerical Setup and Simulation Parameters. The sche-
matic diagram of the present computational configuration
is depicted in Figure 1. As shown, the shear layer is formed
by the upper and lower streams moving in a same direction
with different speeds UA1 and UA2. The letters x and y refer
to the streamwise and transverse directions, respectively.
The streamwise and transverse domain lengths are Lx and
Ly, respectively. Lx is set to 3000δ0 and Ly is set to 750δ0.
The initial mixing layer thickness is δ0. By setting Lx = 4Ly,
the transverse domain size is large enough to have minimal
influence on the main interaction region of the droplet-
laden shear layer. Stream 1 and 2 are both air (T = 700K, P
= 0:1MPa) as a mixture of nitrogen (N2) and oxygen (O2)
with (in terms of mass fraction) YN2

= 0:77 and YO2
= 0:23.

The velocity ratio of two flows, UA2/UA1, equals to 0.6. At
the inflow boundary, the streamwise velocity distribution is
specified as a hyperbolic tangent profile by using a supersonic
inlet boundary condition as follows,

u x = 0, yð Þ = U1 +U2
2 + U1 −U2

2 tanh y
2δ0

� �
,

v x = 0, yð Þ = 0:
ð23Þ

The transverse perturbations are added to the inlet velocity
in order to excite the growth of spanwise disturbances, and the
random perturbations are added to the transverse component
of the inflow velocity based on the most-unstable frequency in
the flow field [22],

v′ x = 0, yð Þ = U1 −U2ð ÞG yð ÞA sin 2πf t + ξð Þ,
u′ x = 0, yð Þ = 0,

ð24Þ

whereGðyÞ is the Gaussian function,A is the amplitude, and f
is the most unstable frequency. The random phase is ξ. The
most unstable frequency is usually obtained by means of the
flow stability analysis based on the base flow profile given by
Eq. [15]. The nonreflecting boundary conditions are set in
the transverse directions [23]. At the outlet, the boundary con-
ditions are zero-gradients that are interpolated by assuming
first-order derivatives of all flow parameters.

Pure n-decane spray is injected at the centerline with a
width of 5δ0. The droplets are initially randomly seeded, with
the same size. The initial droplet velocity is identical to the
local gas velocity, and the initial droplet temperature is Td
= 298:15K. The liquid fuel is preatomized, and the droplets
are considered without further breakup process, since the
Weber number based on the slip velocity (the initial velocity
between the two phases is zero) is quite small for the
concerned droplets in this study.

Table 1 provides the inlet parameters for the present
simulation cases. Since the velocity ratio, UA2/UA1, has an
important effect on the development of the shear layer flow,
the velocity ratio is the same for all the simulation cases
and the inflow Mach numbers of two streams; MA1 and
MA2 are changed to study the influence of the flow compress-
ibility and to exclude the interference of other factors. The
convection Mach number, Mc, increases from 0.4 to 1.0 in
the four simulation cases, associated with the strength of flow

Fuel
droplet

UA1

UA2

Lx

Ly

y

x

𝛿

Figure 1: Schematic of the supersonic shear layer laden with
droplets released from the inlet center.

Table 1: Simulation cases.

Case Mach number, MA1, MA2 Convective Mach number, Mc

0.4 Mc 2.0, 1.2 0.4

0.6 Mc 3.0, 1.8 0.6

0.8 Mc 4.0, 2.4 0.8

1.0 Mc 5.0, 3.0 1.0
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Figure 2: Comparison of the simulation results with experiment
data for a supersonic shear layer.
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compressibility. Generally, the shear flow is considered to
have strong compressibility with compression waves or
shocklets, and the corresponding convection Mach number
is Mc > 0:8. The present flows in this study consider both
weak and strong flow compressibility. The cold droplet is
injected into the hot stream to evaporate. The spray equiva-
lence ratio, Φ0, is defined as Φ0 ⋅ ðF/OÞst = _mspray/ð _mairYO2

Þ.
Here, (F/O)st is the stoichiometric fuel-to-oxidizer ratio.
_mspray and _mair are the mass flow rates of fuel and air, respec-
tively. The highΦ0 means that more fuel enters the flow field,
which causes the influence of the dispersed phase on the local
carrier flow (turbulence modulation). In the present study,
the effects of flow compressibility are considered, and a low
Φ0 (Φ0 = 0:1) is selected for all simulation cases. The inflow
velocities in these cases are different, and if the initial diame-
ter of the droplets in each case is the same, the residence time
of the droplets in the flow is expected to be different. In order
to ensure the same residence time of the droplets in different
cases, the Vaporization Damköhler number [24], Davapor, in
the four cases keeps the same, and the expression of Davapor
is as follows,

Davapor =
tr
tv

= LP/�UA

ρdd
2
dcp

� �
/12λ

∝
1

�UAd
2
d,0

: ð25Þ

Here tr is the residence time of the droplets in the super-
sonic flow, which is estimated as the ratio of the living
distance LP of the droplets to the averaged inflow velocity,
and tv is the evaporation time of the droplets [25]. Although
the residence time and the evaporation time of the droplets
are different in each case, the Davapor is the same and hence
the simulation cases become comparable. Therefore, the
influence of flow compressibility on the droplet phase can be
studied.

2.5. Model Validation.Here, the computation of a supersonic
shear layer without droplets is performed for the validation
of the ability to simulate the gaseous flow. The experiment
data for the supersonic shear layer conducted by Goebel
et al. [26] is used for the comparison. The self-similarity
profiles of the mean streamwise velocity and the standard
deviation of the streamwise velocity are found to be same
with the experimental measurements, as shown in Figure 2.
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This validation verifies that the present code has the ability to
mimic the supersonic shear flow.

For the droplet evaporation in the sparse spray, the
evaporation of single droplet is slightly affected by the
surrounding droplets. The numerical simulation is applied for
the experiments of a single droplet evaporation [27]. The com-
parisons between the numerical simulations and experiments
show that the nonequilibrium evaporation model used in the
present study can reproduce the temporal evolution of the
squared droplet diameter [18].

The grid scale should be carefully designed, and the study of
grid independence is applied. Three sizes of grids are utilized,
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Figure 5: Instantaneous distributions of Mach numbers: (a) 0.4 Mc, (b) 0.6 Mc, (c) 0.8 Mc, and (d) 1.0 Mc. Here, the black lines refer to
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and the grid numbers in the x and y directions are Nx ×Ny =
384 × 192, 512 × 256 and 640 × 320, respectively. Figure 3
shows the statistical results of the mean and r.m.s streamwise
velocities from the simulation using different grids, which
achieve the self-similarity. It is observed that the independence
results are achieved in different grid resolutions. The results
from 512 × 256 and 640 × 320 are found to agree well.

The study of the grid independence on the statistics of the
droplet-phase, including the mean streamwise velocity and
r.m.s streamwise velocity of the droplets, is applied, and the
results are illustrated in Figure 4. The profiles in different grid
resolutions are found to achieve independence as the grid sets
increase from 512 × 256 to 640 × 320. Based on the grid
independence study for both gas-phase and droplet-phase,
the computation grids are finally chose as 512 × 256 for the
next-step investigation, considering the calculation costs.

3. Results and Discussion

3.1. Effects of Flow Compressibility on the Flow Features.
Figure 5 shows the instantaneous distributions of Mach
numbers, MA, for the cases with Mc increasing from 0.4 to
1.0 without droplet laden. The black lines refer to the dimen-
sionless spanwise vorticity ðΩz/ðΔUA/δ0Þ = ½−0:02,−0:005�
and indicate the shape of large-scale vortices in the shear

layer. For the case with Mc = 0:4, it is found that the super-
sonic flow loses the stability due to the shearing of the two
streams, and the Kelvin-Helmholtz (K-H) instability. The
flow processes of vortex rolling, shedding, pairing, merging,
etc. in the shear layer occur, and the vortex structure is
similar to that in the incompressible flow. With the increase
of the flow compressibility, the streamwise location where
the large-scale vortex begins to shed becomes far, and the
shear layer flow is found to become difficult to lose its
stability. From the results of the instantaneous flow fields, it
is found that the vortex starts to shed at around the dimen-
sionless streamwise distance x/δ0 = 900 for case 0.4Mc, while
for case 1.0 Mc, the obvious shedding occurs until x/δ0 =
1300. At the same time, the increasing flow compressibility
results in the obvious change of vortex shape from the regular
near-circular structure (Mc = 0:4) to the strip-shaped flat
structure stretched along the streamwise direction (Mc = 0:8
and 1.0) with a thinner shear layer thickness. From the spatial
distributions of MA, it is observed that the compression and
expansion wave structures appear in the flow field with the
increase of Mc, as shown in Figure 5(c) with Mc = 0:8, and
the shocklets around vortices occur. When Mc increases to
1.0, although the vortex shape becomes flatter, the structure
of shocklets becomes more conspicuous, and their intensity
is also found to be enhanced. In particular, Figure 6 shows

P
/P

0

–0.05 –0.04 –0.03 –0.02 –0.01 0.00 0.01
0.0

0.5

1.0

1.5

2.0

𝛺z/(ΔUA/𝛿0)

(a)

P
/P

0

–0.05 –0.04 –0.03 –0.02 –0.01 0.00 0.01
0.0

0.5

1.0

1.5

2.0

𝛺z/(ΔUA/𝛿0)

(b)

P
/P

0

–0.05 –0.04 –0.03 –0.02 –0.01 0.00 0.01
0.0

0.5

1.0

1.5

2.0

𝛺z/(ΔUA/𝛿0)

(c)

P
/P

0

–0.05 –0.04 –0.03 –0.02 –0.01 0.00 0.01
0.0

0.5
Dilatation

Compression

1.0

1.5

2.0

𝛺z/(ΔUA/𝛿0)

(d)

Figure 7: Scatter distributions of dimensionless pressure, P/P0, in the coordinates of dimensionless spanwise vorticity, Ωz/(ΔUA/δ0): (a) 0.4
Mc, (b) 0.6 Mc, (c) 0.8 Mc, and (d) 1.0 Mc.
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a shocklet for case 1.0 Mc, and the dashed line characterizes
the shocklet with the solid lines indicating the streamlines.
It can be found that the Mach number decreases as the air-
flow passes through the shocklet. The shocklet can be consid-
ered as a weak oblique shock wave. If the preshock Mach
number isM1, the flow direction is deflected after the oblique
shock wave and the postshock Mach number isM2. After the
measurement of the shock wave angle of the shocklet in
Figure 6, the angle is 71.9° and the pressure increase ratio
P2/P1 equals 3.5. For an oblique shock wave with angle 71.9°,
the pressure increase ratio Posw 2/Posw 1 is 40.3. Therefore,
the intensity of the shocklet is much smaller than the intensity
of the oblique shock wave with the same wave angle.

For the supersonic flows with high flow compressibility,
the compression waves (shocklets) and expansion waves in
the shear flow can lead to the obvious change of local
pressure and temperature, which affects the evaporation of
fuel droplets in the carrier flow. The distribution of tempera-
ture and pressure in the shear layers under the influence of
flow compressibility will be analyzed below.

Figure 7 gives the instantaneous distributions of the
dimensionless gas pressure, P/P0, in the coordinates of
dimensionless spanwise vorticity for the whole flow field.
For case 0.4 Mc, it is found that the maximum value of P/P0
is around 1.0 and the minimum value is about 0.5. These

indicate that the compression waves are quite weak in the
supersonic flow with low compressibility, and the pressure
rise resulted from the compression process is unobvious.
On the other hand, the expansion effect is relatively obvious.
As the flow compressibility increases, such as cases 0.6 Mc
and 0.8 Mc, the maximum pressure in the flow field increases
significantly, and the values are found to be mainly located in
the regions with low vorticity, namely, the high-strain vortex-
braids between the vortices, which has relatively strong
compression waves and even shocklets. It is also observed
that the minimum pressure decreases as Mc increases,
indicating that the strength of the expansion waves also
increases as the flow compressibility increases. For Mc = 1:0,
the compression and expansion in the supersonic shear
layer flow are further intensified, and the pressure peaks in
the high-strain, low-vorticity areas between the vortices is
approximately doubled, compared with P0, while the
minimum value is found to have no significant change with
that of case 0.8 Mc. A high Mc means that the acoustic time
scale, δ/a, is of the same order as the characteristic vortex
stretching time scale δ/ΔU. This leads to the gas pressure
to experience strong fluctuations during the turnover of the
large-scale vortex, which is of the same order as the dynamic
pressure and can also cause strong density fluctuations in the
shear layer flow.When the free supersonic stream is entrained
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Figure 8: Scatter distributions of dimensionless temperature, T/T0, in the coordinates of dimensionless spanwise vorticity, Ωz/(ΔUA/δ0): (a)
0.4 Mc, (b) 0.6 Mc, (c) 0.8 Mc, and (d) 1.0 Mc.
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into the shear layer, it can encounter the areas with the
decrease of velocity, even subsonic areas. Sometimes, these
conditions occur abruptly between vortices carrying super-
sonic and subsonic flows. These flow regions with strong
Mach number fluctuations were called as eddy shocklet [28]
or shocklet in the previous research, and the shocklets mainly
appear in the flows with higher Mach numbers, as shown by
the shocklets in the upper high-speed airflow of Figure 5.

Figure 8 shows the instantaneous distributions of the
dimensionless gas temperature, T/T0, in the coordinates of
dimensionless spanwise vorticity for the whole flow field.

For the shear flow with low Mc (Mc = 0:4), it is found that
the temperature decrease caused by the flow expansion effect
is more pronounced than the temperature increase from the
compression effect. As the flow compressibility increases, the
temperature rise caused by the compression effect becomes
obvious. In particular, for cases 0.8Mc and 1.0Mc, it is clearly
observed that the scatters with the temperature higher than T0
are mainly concentrated in the regions with low-vorticity.
When the free supersonic stream enters the shear layer, the
high-speed compressibility causes the kinetic energy of the
free stream to be converted into internal energy. Hence, the
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Figure 9: Instantaneous distributions of fuel droplets (color corresponding for the dimensionless droplet temperature Td/Td,0): (a) 0.4Mc, (b)
0.6 Mc, (c) 0.8 Mc, and (d) 1.0 Mc. Here, the black lines refer to dimensionless spanwise vorticity ðΩz/ðΔUA/δ0Þ = ½−0:02,−0:005�.
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local gas temperature is increased by about 1.2 times than the
temperature of the free stream, T0, even if there is no chemical
reaction. In addition, for the reactive flows with high com-
pressibility, it is clear that a large part of the temperature rise
in the flow field is due to the compressibility. The local high-
temperature or low-temperature zone due to the flow com-
pression or expansion effects will heat or cool the local fuel
droplets, further affecting the evaporation, and these effects
will be detailed in the following part.

3.2. Effects of Flow Compressibility on the Droplet Dispersion,
Evaporation, and Fuel-Air Mixing. From the above analysis,

the flow compressibility affects the structures and dynamics
of vortices in the supersonic shear layer, and the expansion
and compression waves in the flow field are found to influ-
ence the spatial distributions of the aerothermal parame-
ters, such as pressure and temperature, of the carrier flow,
which affects the dispersion and evaporation of the laden
droplets.

Figure 9 gives the spatial distributions of fuel droplets in
the supersonic shear flow. The selected vorticity indicates the
vortex, and the dots represent the evaporating droplets with
colors for the dimensionless droplet temperature Td/Td,0.
After the cold droplets disperse in the hot air stream, the heat
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Figure 10: Instantaneous distributions of fuel vapor mass fraction YF: (a) 0.4 Mc, (b) 0.6 Mc, (c) 0.8 Mc, and (d) 1.0 Mc.
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is transferred from the surrounding gas to the droplets, asso-
ciated with the increase of droplet temperature. For the shear
flow with low compressibility (Mc = 0:4), the vortex structure
is relatively regular, and the evaporating droplets tend to
accumulate in the periphery of the vortices as well as the
vortex-braids after the vortices are rolled up and shed. After
the droplet temperature increases gradually from Td, 0 to
the saturation temperature, it remains almost unchanged in
the downstream region. With the increase of flow compress-
ibility, the temperature of the carrier flow in the vortex-
braids is found to be increased, and it is observed that the
temperature of droplets in the vortex-braids is much higher
than that around the vortices. The increase in droplet tem-
perature promotes evaporation. However, the flow expan-
sion in the vortex cores causes the local gas temperature
to decrease, associated with the decrease of the droplet
temperature, which inhibits the evaporation. The increase
of flow compressibility results in the compression of the vor-
tex structure along the transverse direction, and hence the
distribution of droplets entrained by the vortex is found to
be narrow.

Figure 10 shows the instantaneous distribution of the fuel
vapor mass fraction YF in the supersonic shear layer. The
spatial distribution of the fuel vapors depends on the
injection position of the droplets as well as the dispersion
characteristics of the evaporative droplets. The droplets are
initially injected in the central region of the shear layer inlet
before the vortex starts to shed, and the fuel vapors are
enriched in the central region. For case 0.4 Mc, the droplets
segregate in the central region of the shear layer before the
vortex shedding, and the fuel vapors are enriched locally.
After the vortex is shed, the vortex entrains vapors in the
vortex cores. The turbulent motion of the vortex entrains
the droplets, resulting in the preferential accumulation of
droplets in the periphery of the vortex as well as the vor-
tex-braid, and it is found that a large number of fuel
vapors exists around the vortex. With the increase of flow
compressibility, the vortex is compressed along the trans-
verse direction and the structure becomes narrow, and
the dispersion region of droplets is also narrowed, result-
ing in the concentrated distribution of fuel vapors. For
case 1.0 Mc, it is observed that the fuel vapors are mainly
concentrated inside the vortices. There are twomain reasons
attributed to this phenomenon. On one hand, the flow
becomes difficult to lose the stability with the increase of flow
compressibility, and the location for the rolling-up and shed-
ding of vortices is found to move downstream. The droplets
have evaporated to form many fuel vapors before the vortex
shedding. Since the droplets segregate in the central region
of the shear layer, the fuel vapors are concentrated in the shear
layer center. As the vortex is shed, most of the fuel vapors
accumulate inside the vortices. On the other hand, the flow
compressibility affects the dynamics of vortices, the droplets
entrained by the vortices distribute in the central region of
the shear layer, and hence the fuel vapors are concentrated
in the shear layer center.

In order to analyze the mixing degree of fuel vapors with
air, the spatial mixing deficiency (SMD) [29] is used, which

measures the ununiform distribution of chemical compo-
nents. The expression is as follows,

SMD = RMSplane �Yi

� �
Avgplane �Yi

� � , ð26Þ

where RMS is the root mean square of the time-averaged
species at a certain plane, �Yi,

RMSplane �Yi

� �
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

mplane − 1 〠
mplane

i=1
�Yi −Avgplane �Yi

� �� �2
vuut ,

ð27Þ

and Avg is the mean value of �Yi,

Avgplane �Yi

� �
= 1
mplane

〠
mplane

i=1
�Yi

� �
: ð28Þ

mplane is the number of grids on this plane. As SMD
equals to 0, it represents a complete mixing at this plane.
For the mixing process in the supersonic shear layer, three
transverse planes along the streamwise direction are selected,
and x/δ0 is taken as 900, 1800, and 2700 for the evaporating,
the completion of evaporation, and the downstream regions,
respectively. Figure 11 shows the distributions of SMD at
different streamwise locations. It is found that the mixing is
gradually completed with the development of the shear layer,
and the SMD decreases. For the same streamwise location,
the SMD increases with the increasing Mc, which indicates
that the mixing is insufficient and demonstrates that the
increase of flow compressibility inhibits the mixing of the
chemical components.

4. Conclusions

In the present study, we present a systematic investigation for
the influence of high-speed flow compressibility on the dis-
persion and evaporation of droplets, and two-phase mixing
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Figure 11: The distribution of SMD along the streamwise direction.

11International Journal of Aerospace Engineering



in supersonic shear layers. The fuel droplets interact with the
turbulent shear flows through the two-way coupling model,
and the Eulerian-Lagrangian point source approach is
adopted. The convective Mach numbers of the carrier flows
increase from 0.4 to 1.0.

The overall features of the aerothermal field of the super-
sonics shear layer are first analyzed, and the effects of the flow
compressibility are discussed. The compression and the
dilatation in the compressible flow are found to be spatially
intermittent, which is attributed to the high-speed flow com-
pressibility, and they result in the switching between thermal
and kinetic energies during the turnover of the large-scale
vortices. The flow compressibility influences the carrier flow,
which affects the dispersion, evaporation, and mixing of
droplets. On one hand, the shear vortices are compressed
along the transverse direction, and their sizes reduce as the
flow compressibility increases. Therefore, the dispersion
range of the fuel droplets transported by the local vortices
becomes narrow, associated with the reduced distribution
of fuel vapors from evaporation. On the other hand, it is
found that the intermittent spatial distributions of the expan-
sion zone with low temperature and the compression zone
with high temperature occur due to the high flow compress-
ibility and affect the heat and mass transfers from the carrier
gas to the droplets. The strengthen of the flow compressibil-
ity reduces the mixing degree of fuel droplets. Generally, the
increasing convective Mach number is found to suppress the
dispersion, evaporation, andmixing. However, the increasing
temperature of the carrier gas due to the flow compressibility
is expected to contribute to the ignition and combustion, and
the effects on combustion are worth further investigation.
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