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Abstract: In this study, numerical simulations were conducted to confirm the possibility of improved
mixing performance by using a fluidic oscillator as a fuel injector. Three-dimensional URANS
non-reacting simulations were conducted to examine air–fuel mixing in a supersonic flow field
of Mach 3.38. The numerical methods were validated through simulations of the oscillating flow
generated from the fluidic oscillator. The results show that the mass flow rate and momentum are
reduced at the outlet because the total pressure loss increases inside the fluidic oscillator, which
means that higher pressure needs to be applied to supply the same mass flow rate. The simulation
showed that the flow structure varies over time as the injected flow is swept laterally. With lateral
injection, the fuel distribution is long and narrow, and asymmetric vortexes are generated. However,
with central injection, the fuel distribution is relatively similar to the case of using a simple injector.
Compared to the simple injector, the penetration length, flammable area, and mixing efficiency were
improved. However, the total pressure loss in the flow field increases as well. The results showed
that the supersonic fluidic oscillator could be fully utilized as a means to enhance the mixing effect,
however a method to reduce the total pressure loss is necessary for practical application.

Keywords: fluidic oscillator; supersonic flow field; penetration length; flammable region;
mixing efficiency

1. Introduction

A scramjet engine is a next-generation engine that can be operated in the hypersonic regime.
Many studies have been conducted since the concept of supersonic combustion was presented by
Ferri [1], but scramjets have not yet been developed to the stage of practical application due to technical
difficulties. One of the main difficulties is related to the proper mixing of the air–fuel. The air from the
intake flows at supersonic speed, so the fuel and air have a very short residence time in the combustion
chamber. To overcome this issue, many studies have been conducted on more efficient and faster
air–fuel mixing techniques, which are largely divided into passive and active methods [2].

Passive methods use a specific structure inside the combustion chamber or change the configuration
of the wall to form a vortex and recirculation zone in the flow, which result in improved air–fuel
mixing performance for higher combustion performance. Various methods have been studied, such as
pylons [3–6], cavities [7–14], hyper-mixers [15–21], injector locations [22], angles [23,24], and outlet
shapes [25]. A pylon is a slim structure on the wall of the combustion chamber that generates a
recirculation zone and vortex to promote air–fuel mixing and stabilize the flame. Studies have been
conducted on the mixing efficiency and flow characteristics according to the shape of the pylon [3–5]
and to derive an optimal shape [6].
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It is relatively easy to improve the mixing efficiency, but there is a disadvantage of significantly
increasing the total pressure loss at a high Mach number. The cavity has been studied because it helps
to mix the air–fuel and it can more effectively hold the flame in empty space where a recirculation
zone can be formed on the wall [7–14]. A number of studies have been conducted on experiments
or numerical simulations to observe the interaction of the cavity with flow fields in the combustion
chamber [13] and derive the optimum cavity shape [7–9]. Recent studies have been conducted to find
ways to improve the mixing performance through more diverse attempts, such as variable cavities and
pylons and double cavities [10,11,14].

Using the cavity, a scramjet engine can efficiently mix the air–fuel and hold the flame more easily
with less total pressure loss. However, combustion instability can occur due to acoustic interference,
and additional systems may be needed to compensate for this. A hyper-mixer is a system where a
part of the wall of a combustion chamber has a form such as a ramp or a step. The shape generally
induces a counter-rotating vortex, which helps to improve the mixing efficiency and expansion of the
mixed area [15–21]. Studies have been carried out on adjusting the angle, arrangement, and shape of
the injector [23–25] and using a swirler or counterflow nozzle [26,27].

Unlike passive methods, active methods actively intervene in the flow of combustion chambers.
Pulsed injection [28–33] and the Hartmann–Sprenger (H-S) tube [34,35] are examples of ways to directly
affect the flow through various control methods. In pulsed injection, the flow field is changed by
repeated injection and shutdown of the fuel at regular intervals. Pulsed injection flow-through devices
such as orifices and valves have been studied, and the unsteady flow and mixing characteristics have
been reported [28–33]. The results showed that the unsteady flow field near the injector improves
the penetration length and mixing performance. However, the disadvantage is that the mass flow
rate of the injection gas is lower than in continuous injection under the same total pressure conditions
of the injector inlet. Increasing the pressure at the inlet to overcome this causes another problem:
over-expanding of the flow at the injector outlet.

An H-S tube is an acoustic device that produces high-frequency sound and is used in flow
excitation. Parametric studies have observed the effects of the shape of the H-S tube on the frequency
and amplitude. The injection flow through an H-S tube generally increases the penetration length, and
the total pressure loss is relatively low [34]. Recently, the effects of H-S tubes have been reported in
regard to the turbulence strength, jet shear layer, and the correlation between the turbulence strength
and mixing efficiency [35]. In addition, actuators, acoustic devices, and nozzles with a flip have been
studied [36–39].

Another device used in active methods is a fluidic oscillator, which controls the flow using the
Coandă effect. This effect is the tendency of a fluid to stay attached to a convex wall. Figure 1 shows
the internal flow of a fluidic oscillator. Part of the main flow is turned upstream through the feedback
channel, pushes the main flow away from the wall, and forms a recirculation zone. The zone pushes
the main flow to the opposite wall. There are no driving parts inside the fluidic oscillator, so there is no
mechanical loss, and it is structurally robust.

A fluidic oscillator involves continuous injection rather than pulsed-injection, so there is less total
pressure loss due to overexpansion of the outlet under the same total pressure conditions. It also has a
larger jet area than a typical nozzle due to the sweeping jets. Studies have been conducted on the flow
characteristics for different fluidic oscillator configurations and inlet conditions of the injector [40–42],
and one study applied it to a supersonic flow field [43]. Gokoglu et al. observed the flow variation
induced by a fluidic oscillator with respect to the supply conditions and suggested that the sweeping
jet of the fluidic oscillator plays an important role in mixing inside the combustion chamber [42].
There are many studies for subsonic fluidic oscillators as a means of controlling flow, whereas it is very
difficult to find the study for supersonic fluidic oscillators. In particular, although the possibility was
mentioned by some researchers [42,43], it is rare to find a study in which supersonic fluidic oscillators
are applied to the supersonic combustor for the performance of mixing or combustion.
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Figure 1. Fluidic oscillator with feedback channel.

In this study, numerical simulations were conducted to confirm that air–fuel mixing can be
increased when a fluidic oscillator is applied to a supersonic flow field. The numerical methods were
validated through a previous study on fuel injection in a supersonic flow field [25]. The numerical
methods were also validated again for the oscillating flow induced by the fluidic oscillator through
comparison to experimental results [40]. The fluidic oscillator was then applied to a supersonic flow
field to inject fuel (gas H2). The distribution of the fuel was observed, and the mixing performance
was evaluated. The numerical results were compared with experimental results and other numerical
results obtained using a simple injector [25,44].

2. Numerical Approach

2.1. Numerical Methods

Three-dimensional URANS (unsteady Reynolds-averaged Navier–Strokes equations) simulations
were performed using STAR-CCM+ (ver. 14.02.010). The averaged form of the Navier–Stokes equations
was used as the following:
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where ρ is the density, v is the mean velocity, I is the identity tensor, T is the mean viscous stress
tensor, E is the mean total energy per unit mass, and TRANS is the stress tensor. AUSM+ (advection
upstream splitting method) and MUSCL (monotonic upwind scheme for conservation laws) were
used as interpolation methods with third-order accuracy to calculate the inviscid flux. The mixing
characteristics were observed using a multi-species mixture composed of hydrogen, oxygen, and
nitrogen. The thermodynamic properties of the mixture were calculated with a mass-weighted method.
A non-reacting flow simulation was done to observe the distribution of fuel and flow structure
more clearly.
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The k-ω SST model was applied as a turbulence model. The transport equations for the kinetic
energy k and the specific dissipation rate ω are:

∂
∂t
(ρk) +∇·

(
ρk

¯
v
)
= ∇·[(µ+ σkµt)∇k] + Pk = ρβ∗ fβ∗(ωk−ω0k0) + Sk (5)

∂
∂t
(ρω) +∇·(ρωv) = ∇·[(µ+ σωµt)∇ω] + Pω − ρβ fβ

(
ω2
−ω2

0

)
+ Sω (6)

where µ is the dynamic viscosity, σk is model coefficient, Pk and Pω are production terms, fβ∗
is the free-shear modification factor, fβ is the vortex-stretching modification factor, Sk and Sω
are the user-specified source terms, k0 and ω0 are the ambient turbulence values that counteract
turbulence decay.

Recently, many numerical simulation studies have used LES (Large eddy simulation) or DES
(Detached eddy simulation) methods to observe turbulent flow characteristics more clearly [45,46].
However, these methods require significant computational cost. Therefore, simulations using RANS
equations have been widely conducted. The results are comparable with experimental results and
show complex flow characteristics such as separation, recirculation zones, bow shocks, and vortexes
near the injector [47,48].

The implicit temporal integration method with 2nd order accuracy was also applied with the
Gauss–Seidel scheme. Preconditioning with dual time stepping was used, and the time step between
1E-6 and 1E-7s was used to simulate the unsteady flow for different analysis conditions. The calculation
was confirmed for a long enough time to ensure that the flow is repeated at a constant interval.
One oscillation of jets was defined as one cycle, and the mixing characteristics were compared with
those of a simple injector.

2.2. Boundary Conditions

The same total pressure and mass flow rate conditions were applied as in the previous results of a
simple injector to evaluate the mixing characteristics. In particular, the mass flow rate at the outlet of
the fluidic oscillator was set so that the mean value for one cycle over time would be the same as in
the simple injector. Figure 2 shows the geometry and boundaries used for the numerical simulations.
Trimmed mesh grids with a size of about 100 µm were applied for the main flow region near the
injection hole, which is referenced from the grid refinement results from previous studies [25,49].
To resolve the boundary layer properly, a prism layer was applied on the wall, and Y+ of about 1.0 was
maintained. Additionally, about 0.5 million grid elements were applied inside the fluidic oscillator.
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Freestream conditions were applied for a supersonic flow of M = 3.38 as the inflow conditions.
The flow was assumed to consist of 76.5% N2, and 23.5% O2 based on the mass fraction. The fluidic
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oscillator is located on the bottom of the wall that is used to simulate the flat plate that was used in the
experiments. Hydrogen is injected vertically through a circular injection hole with a diameter of 2 mm,
as in previous studies [44]. In addition, the front area of the injection port was extended to simulate
the 0.75 mm thick boundary layer that was observed in the experiment.

In Figure 2, the boundary conditions of Inflow, Wall, and Outflow are respectively marked in green,
dark blue, and beige. The inflow and INJ region are the inlet of the flow fields and the fluidic oscillator,
respectively. The flow conditions of Inflow and injected fuel are given in Table 1. Extrapolation
conditions were applied as the boundary conditions of the outflow to simulate the supersonic flow
conditions at Outflow. Finally, no-slip and adiabatic temperature conditions were adopted at Wall.
Total pressure (P0), total temperature (T0), and momentum flux ratio (J) applied to the interface are
calculated as follows.

P0 = P
(
1 +

γ− 1
2

M2
) γ
γ−1

, T0 = T
(
1 +

γ− 1
2

M2
)

(7)

J =
ρ f u2

f

ρau2
a

(8)

where T is the static temperature, P is the static pressure, γ is the specific heat ratio, ρa and ρ f is the
density of fuel and air, ua and u f is the velocity of fuel and air.

Table 1. Flow conditions of Inflow and injected fuel (H2).

Inflow Conditions (Freestream)
Injection Conditions (INJ)

Reference [25] Present Study Using the Fluidic Oscillator

Mach number 3.38 J = 1.4 J = 1.1 J = 1.4

Total temperature (K) 4237 295

Total pressure (bar) 20.81 9.28 9.275 @ inlet 11.92 @ inlet

Mass flow rate (g/s) 1.82 1.42 (time averaged) 1.82 (time averaged)

Reynolds number 2.2 × 105 1.5 × 105 7.0 × 104 @ outlet 9.0 × 104 @ outlet

When the same total pressure conditions are applied to the inlet of the fluidic oscillator, the mass
flow rate and momentum at the outlet vary continuously over time, and the total pressure, mass
flow rate, and momentum decrease due to the loss of total pressure. It described more specifically
in Section 3.1. Therefore, the amount of fuel consumed in one cycle was set as equal for adequate
comparison, and the mixing performance was compared with previous results. For comparison to the
simple case, the condition of J = 1.1 is the case where the total pressure is the same at the inlet of the
fluidic oscillator, and the condition of J = 1.4 is the case where higher total pressure is applied to match
the average mass flow rate of fuel being injected.

2.3. Validation

To validate the numerical method applied to the fluidic oscillator, a numerical simulation was
performed. First, a simulation was conducted using the fluidic oscillator with the same size and
configuration as an experimental model [40] through the URANS method, and the results were
compared with the experimental results, as shown in Table 2. The frequencies and sweeping angles are
very similar to each other. Figure 3 presents the flow structures from the experimental and numerical
results, including an experimental Schlieren image, density gradient, Mach number, and pressure
distribution. In Figure 3, 1O shows the main flow in the fluidic oscillator, which stays attached to the
wall and flows to the outlet. 2O refers to the jet injected from the nozzle. The results show that the
experimental and computational results agree well with each other.
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Table 2. Oscillating characteristics of the flow using the fluidic oscillator.

Frequency (Hz) Sweeping Angle (◦)

Lee et al. [40] 600 20
Present result 599.94 20
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For the validation, computational simulations were done with the same numerical method [25]
and compared with experimental results [44]. The computational results were sufficiently comparable
with the experimental results, which confirmed that the flow characteristics agreed well with each
other. Both results presented the same tendency for the flow to expand right after injection and to be
recompressed through barrel shocks and Mach disks. The recirculation zones around the injector were
also very similar to the experimental results. Therefore, the methods could adequately simulate the
air–fuel mixing in the supersonic flow field. Further details are described in a previous study [25].

3. Results

3.1. Flow Characteristics of the Fluidic Oscillator

For a reasonable comparison with previous studies [25,44], the fluidic oscillator model was scaled
down to have the same diameter of 2 mm at the inject exit. As a result, the frequency of the oscillating
flow increased to about 5848 Hz, and the sweeping angle decreased to about 11.93 degrees. Only one
configuration was applied to observe the effect of the fluidic oscillator on the mixing performance.
Numerical simulations were conducted for the entire region where the model was applied. After the
oscillation stabilizes, the first moment of the lateral injection at the outlet is set to 0 ms. Next, the
results of 1 cycle (0.17 ms) are analyzed to observe the flow characteristics.

Figure 4 shows the mass flow rate and total pressure at the outlet of the fluidic oscillator for one
cycle, as well as the results of a simple injector. Figure 4a–d show the cases with J = 1.1. The mass
flow rate is lower than when using the simple injector due to total pressure loss in the fluidic oscillator.
The total pressure of the fluidic oscillator inlet is the same as that of the simple injector, but the fluidic
oscillator increased the total pressure loss by 12% and reduced the mass flow rate by 22% at the injector
exit. Figure 4e–h shows the cases with J = 1.4. This condition corresponds to the mass flow rate and
momentum flux ratio at the outlet of the fluidic oscillator being equal to those in the study using the
simple injector while increasing the total pressure of the inlet.
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Figure 5a–h shows the results for different injection directions of the fluidic oscillator outlet.
Figure 5a,c,e,g shows the moments when the outlet jet is tilted relatively laterally, which have low mass
flow rate and low total pressure at the outlet of the fluidic oscillator. Figure 5b,d,f,h shows the moments
when the outlet jet is relatively vertical. These moments have high total pressure and mass flow rate at
the outlet of the fluidic oscillator. These features are related to the generation of a recirculating zone
inside the fluidic oscillator, as presented in Figure 5, which shows the total pressure recovery (TPR)
inside the fluidic oscillator based on total pressure of the fluidic oscillator inlet of the over time.

In Figure 5a, the recirculation zone is located in the upper left, and a new recirculation zone begins
to develop in the lower right. The recirculation zone is further developed by the flow through the
feedback channel and moves downstream, as shown in Figure 5c. The total pressure at the outlet of the
fluidic oscillator is then reduced due to the discharge of the recirculation zone. The flow along the
opposite feedback channel meets with the main flow and forms a recirculation zone again, as shown in
Figure 5d. In addition to these losses, the directional change in the flow reduces the effective area of
the flow, reducing the mass flow rate. The outlet flow in Figure 5b is almost vertical, and the mass flow
rate is close to the maximum value. But the total pressure differs from the maximum moment by about
0.01 ms because the recirculation zone in Figure 5a still affects the outlet of the fluidic oscillator. The
total pressure of the injected fuel differs from Figure 5a–d, but Figure 5e–h with J = 1.4 shows a similar
tendency at the same time.

The transition time from the central injection to lateral injection is shorter than that of lateral to
central injection because the recirculation zone inside the fluidic oscillator is developed and the main
flow is transferred to the opposite wall in central injection. Therefore, the central injection has a short
duration compared to the lateral injection, and the time to change from central injection to lateral
injection period is shorter than when changing from lateral to central injection.
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3.2. Flow Structure

Figure 6 shows the fuel distribution and the flow structure on the yz-plane observed along the
x-axis direction. Figure 6 presents both the distribution of the mass fraction of hydrogen and the
velocity field to illustrate the flow structure. The direction of the injected fuel flow is represented by
solid arrows, and the flow direction around the fuel distribution area is expressed by dotted arrows.
In the results of the simple injector, fuel is injected laterally from the injection port at X/D = 0 and
penetrates the flow through a central vertical flow, thus generating a pair of counter-rotating vortexes.
Figure 6a–h shows the cases with the fluidic oscillator, Figure 6a–d shows results with J = 1.1, and
Figure 6 e–g are show results with J = 1.4. When the fluidic oscillator is applied, the flow structure
changes over time, and more complex flow structures are produced.
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The results were compared with previous simulation results obtained with simple injectors.
Figure 6a shows the moment of the lateral injection, which forms a narrow, tilted distribution of
fuel. At X/D = 4, the development of an asymmetric vortex structure results in another vortex at the
top, allowing fuel in the central area to penetrate higher. This tendency becomes stronger with the
development of the vortex structure as it develops more downstream (X/D = 8), resulting in longer
forms of fuel distribution. At the central injection moment in Figure 6b, this tendency disappears, and
a flow structure similar to the simple injector results is formed. However, the fuel distribution forms
an asymmetrical structure with the center plane due to the lateral injection.

Figure 6c,d show symmetrical structures of Figure 6a,b, respectively. These flow structures are
similar in the cases with J = 1.4, but some differences are observed due to the higher mass flow rate and
momentum at the outlet of the fluidic oscillator. In Figure 6e, fuel penetrates farther than in Figure 6a.
Similarly, the mass flow rate of fuel injected in Figure 6f is larger than that in Figure 6b, so the fuel is
more widely distributed from side to side. At X/D = 8, the fuel is lifted due to the counter-rotating
vortex moving sideways after meeting the supersonic flow field and falling back downwards, resulting
in a structure similar to that shown in the simple injector results. However, no symmetrical structure is
formed because the lateral injection starts again before stabilization.

Figures 7 and 8 present the streamlines and distributions of the fuel on the yz-plane and xy-plane.
The red and blue lines show the vortex on each side of the flow, and the green lines show the vortex on
the top, which occurs in only the lateral injection. A pair of asymmetrical vortexes was generated near
the injection port, as shown in Figure 7, and a small vortex can be seen at the top at the time of the
lateral injection. In Figure 7e–h with J = 1.4, the overall trend is similar, but the vortex structure is
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clearer. The streamlines on the xy-plane in Figure 8 show that the vortexes on both sides are relatively
symmetrical at the moment of the central injection. However, at the moment of lateral injection, there
is a clear difference between the left and right vortexes, and the flow is biased toward one of them.
At the same time, a new vortex is generated above the smaller vortex.Energies 2019, 12, x FOR PEER REVIEW 10 of 19 
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The TPR near the injector using the fluidic oscillator was observed to understand the flow structure
more clearly. Figure 9 shows the TPR distribution along the z-axis for the cases with J = 1.1 along
with the results of the simple injector. Bow shock and horseshoe-vortex were observed. When using a
fluidic oscillator, asymmetrical structures area observed throughout. A sudden change in the total
pressure recovery implies a boundary of a bow shock or injected fuel. In Figure 9a,b, the bow shock
forms behind the shocks obtained with the simple injector. This occurs because the injection flow rate
and momentum are lower at the injector outlet, and the injection is not concentrated in one place.

At Z/D = 0.1, differences in the location of horseshoe-vortex formation were observed. In addition,
the trajectory of the counter-rotating flow can be found from the pattern appearing from the injector.
However, at Z/D = 0.7, the difference in longitudinal distance disappears, and the bow shocks form
laterally wider in Figure 9a,b due to the sweeping jets. At this plane, Mach disc and barrel shock were
observed. At Z/D = 1, when using a fluidic oscillator, changes in the strength of the bow shock are
observed depending on the injection angle. Figure 10 presents the cases with J = 1.4. The overall
tendency is similar to that of J = 1.1. However, bow shocks form in front of the cases with J = 1.1
due to the higher mass flow rate and momentum of the injected fuel. The bow shock also extends
further laterally.
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3.3. Comparison of Mixing Characteristics

3.3.1. Penetration Length

The penetration length of the fuel is the maximum distance that the injected fuel reaches, and
length is one of the key factors in assessing mixing performance. The penetration length is defined as
the maximum height in the direction of the z-axis within a region with a fuel (H2) mass fraction of 1%
or more, as defined in previous studies [48].

Figure 11 presents the penetration length along the x-axis, which is compared with the results
obtained with a momentum flux ratio (J) of 1.1 at the injector outlet [50–52]. The red line is for a case
with J = 1.1, with which the penetration length is approximately 7% higher than that of the simple
injector, even though J is lower. In addition, higher penetration lengths were observed when the
fluidic oscillator was used as an injector with the same momentum flux ratio at the injector outlet.
Figure 6 shows the cause of the increase in penetration length. In the simple injector, a symmetrical
vortex structure is formed near the injection port, and upward flows are formed. Figure 10a shows a
large vortex formation on one side, and the vortex on the other side is divided in two. As the flow is
deflected by the vortex, the components in the vertical direction are increased further, and the vortex at
the top leads the fuel to reach higher.Energies 2019, 12, x FOR PEER REVIEW 12 of 19 
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In addition, results obtained with the fluidic oscillators have higher penetration lengths on average
because the penetration length and duration during the lateral injection are longer than those of the
central injection. In the cases of J = 1.4 (blue lines), the increased mass flow rate and momentum
of the injected fuel result in much higher penetration length than at J = 1.1. The penetration length
was improved by about 17% compared to the result of the simple injector with the same momentum
flux ratio. Based on these results, better penetration performance can be expected under the same
momentum flux ratio when using the fluidic oscillator.

3.3.2. Area of the Flammable Region

The penetration lengths take into account the maximum distances and may not represent a
practical degree of mixing. For quantitative analysis of the mixing characteristics, Kim et al. [25]
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defined the flammable region as areas where the air–fuel mixture is not too lean or too rich to react.
The flammable region is defined as areas corresponding to mole fractions of 4%–75%, which is the
combustible limit of the fuel (H2) in the flow field. In this study, the area of the flammable region was
analyzed using the same method, and its variation along the x-axis was compared.

Figure 12 presents the area of the flammable region along the x-axis. Near the injection port (X/D
= 0), there is no significant difference in the area of the flammable region. However, the area of the
flammable region increases as the fuel flows downstream, and the difference from that of the simple
injector increases gradually. Compared with the value obtained using simple injector, the area of the
flammable region at X/D = 6 was increased by about 20% for J = 1.1 and by about 40% for J = 1.4.Energies 2019, 12, x FOR PEER REVIEW 13 of 19 
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Figures 13 and 14 present the flammable regions of the cases with J = 1.1 and J = 1.4 in two
and three dimensions. The results were compared with the simulation results obtained with the
simple injector. The main fuel region and a horseshoe vortex can be observed in the three-dimensional
images. The two-dimensional distribution of the flammable region shows the fuel distribution more
clearly. The area of the flammable region increases because the sweeping jet at the outlet of the fluidic
oscillator induces the mixing of the air–fuel, resulting in a larger area of fuel distribution than that of
the simple injector.

The cases with J = 1.1 and J = 1.4 show a similar structure, but a wider area occurs in the cases with
J = 1.4 because of the high injection flow rate and increased momentum. In addition, the horseshoe
vortexes in three-dimensional distribution develop and move further from the main fuel distribution
area, causing an increase of the area of the flammable region. At X/D = 4 and 8, the area of the
flammable region increases while air–fuel are mixed. The distribution at X/D = 8 also changes to a
more rounded and stable form than that at X/D = 4. This reduces the surface area in contact with air, so
the increase of the area of the flammable region is gradually reduced.
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3.3.3. Total Pressure Loss

Even if the mixing performance is increased, the larger total pressure loss in the flow field may
reduce engine performance. Therefore, the total pressure loss was compared:

Total Pressure Loss =
PTin − PT

PTin

× 100 (%) (9)
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where PTin and PT are the total pressure at the inflow and each section, respectively. Figure 15 presents
the variation in the total pressure loss along the direction of the x-axis.Energies 2019, 12, x FOR PEER REVIEW 15 of 19 
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When a fluidic oscillator is applied, the total pressure loss of the flow near the injection port was
increased compared with the results of the simple injector. In cases with a fluidic oscillator, the total
pressure loss increased by 79% (present, J = 1.1) and 93% (present, J = 1.4) at X/D = 0 compared to the
simple injector results. This occurs because the bow shock becomes wider when fuel is injected using
the fluidic oscillator. This can be seen in Figures 9 and 11. In addition, the increase in the area of the
flammable region contributed to the total pressure loss because the area of the fuel distribution has a
lower total pressure than the flow fields. In the case of J = 1.4, the increased momentum and flow rate
result in this tendency becoming larger and causing more losses.

3.3.4. Mixing Efficiency

Mixing efficiency is one of the most common quantitative indicators for assessing mixing
performance. The mixing efficiency (ηm) defined by Mao et al. [53] was applied:

ηm =

.
mH2,mix
.

mH2,total
=

∫
Aα=0

αRρudA∫
Aα=0

αρudA
, αR =

 α where α ≤ αS(
1−α

1−αS

)
αS where α > αS

(10)

where α is the hydrogen (fuel) mass fraction, αS is the stoichiometric mass fraction of hydrogen,
.

mH2,mix is the mass flow rate of mixed hydrogen, and
.

mH2,total is the total mass flow rate from flow
field integration.

However, the mixing efficiency generally relies on the momentum flux ratio of fuel, so it is difficult
to conduct a reliable comparison if the momentum flux ratios are different. Therefore, the mixing
efficiency obtained with a simple injector was compared with that obtained at J = 1.4 cases using a
similar level of the outlet momentum flux ratio.

Figure 16 presents mixing efficiency along the x-axis. The red and blue lines are the results
obtained with lateral injection and central injection, respectively. The green line is the average value for
one cycle. There is no significant difference between the value obtained with lateral injection and the
time-averaged value, but the value obtained with central injection shows significantly lower efficiency
than the other two values. This occurs because the duration of lateral injection, which has high mixing
efficiency, is longer than that of central injection.
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The time-averaged value of the mixing efficiency in cases with J = 1.4 improved by about 17%
compared to the result with the simple injector, meaning that higher efficiency can be expected under
the same momentum flux ratio conditions at the outlet. However, the mixing efficiency of the cases
with J = 1.1 decreases. This is due to the loss of total pressure in the fluidic oscillator, which reduced
the mass flow rate and momentum at the outlet. In conclusion, higher mixing performance can be
expected when using the fluidic oscillator with the same amount of fuel consumption. However, this
requires a higher-pressure supply compared to simple injectors, and the application of the same total
pressure at the inlet may reduce the mixing performance.

4. Conclusions

Numerical simulations were conducted to investigate the possibility of using a fluidic oscillator
as a fuel injection device in a supersonic flow field. The simulation results were compared with the
previous results to validate that the numerical methods, and fuel-injected in a supersonic flow field were
simulated to observe the flow structure, fuel distribution, and various mixing characteristics. The fluidic
oscillator was confirmed to improve the air–fuel mixing characteristics. However, oscillations of the
flow are related to the generation of the recirculation zone inside of the fluidic oscillator, which results
in losses of total pressure and momentum. When fuel is injected using the fluidic oscillator, the fuel
distribution continues to vary over time. The fuel distribution forms a narrow and long structure
when the fuel is injected laterally, but the result is similar to that of a simple injector when the injection
is transverse.

The bow shock was formed further downstream when using the fluidic oscillator, but it expanded
widely in the lateral direction. The size and shape of the horseshoe vortex varied with the injected
direction, and they were smaller than those obtained with a simple injection. The results showed that
the fluidic oscillator enhanced the mixing performance compared to that of a simple injector when
injecting the same mass flow rate of fuel. This means that the same amount of fuel is consumed. In this
case, the time-averaged penetration length and the area of the flammable region were largely increased.
Furthermore, the mixing efficiency increases. The results suggest that the fluidic oscillator can be
applied as an injector for a supersonic combustor to enhance the mixing efficiency.
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When a supersonic fluidic oscillator was applied as a fuel injector of a supersonic combustor, a
higher air–fuel mixing performance could be expected, but a disadvantage of increasing total pressure
loss was also observed. For more practical applications, it is necessary to verify the validity of the
computational simulation results through experimental studies. Furthermore, it is also necessary to
observe interaction phenomena when several fluidic oscillators are applied simultaneously.
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