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ABSTRACT The shock wave phenomenon has been very common in the high-pressure fuel spray. In this
paper, the effect of the shock waves on the spray development and the variations of the flow field parameters
were investigated using the Schlieren imaging coupled with a numerical simulation. Results showed that
the shock wave contributed to the increase in the spray tip penetration. The mixing characteristics of the
spray also improved in the shock-wave state. Numerical simulations were used to investigate the flow
characteristics of the shock wave and the effect of the shock wave on the flow field parameters. Results
showed that the simulated shock wave characteristic parameters were consistent with the experimental
data. In addition, the flow field parameters were affected by the shock wave propagation. The maximum
density ratio, pressure ratio and temperature ratio after and before the shock wave are 2.46, 2.01 and 1.15,
respectively, under the fuel injection pressure of 320MPa.

INDEX TERMS Diesel spray, shock wave, propagation characteristic, numerical simulation, Schlieren
imaging.

I. INTRODUCTION
To meet the stringent emission regulations, a high pressure
fuel injection pressure is considered to be an effective means
to improve the combustion and emission performance of
an engine [1]–[3]. With the continuous increased injection
pressure, the speed of the diesel spray at the nozzle exit
increases. In addition, the application of pre-injection and
the low temperature combustion technology produce a low
sound speed. Therefore, the supersonic fuel spray becomes
inevitable in a modern diesel engine [4]–[6]. Shock waves
are generated around the spray when the spray is supersonic.
It is considered that the atomization of the spray is affected
by the shock wave propagation [7]–[9].

Researchers have studied the generation and propagation
characteristics of the shock waves using modern testing tech-
nology [10]–[15]. In the early 1990s, Nakahira et al. first
observed the shock waves during the fuel injection process
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using the Schlieren imaging method. It was found that the
shock wave has a positive effect on the spray breakup,
and the detached shock wave propagates at the speed of
sound [10]. MacPhee et al. pointed out that the gas density
after the shock wave increased by 15% based on an X-ray
technique [11]. Pianthong et al. set up an ultra-high pres-
sure fuel injection device to study the types and propagation
characteristics of the shock waves. The results showed that
the Mach number of the jet determined the shock wave
types [12]. Jia et al. found that the leading shock wave had
two propagation modes under an ultra-high fuel injection
pressure. In recent years, a numerical simulation was used to
analyze the propagation behavior of the shock wave induced
by the supersonic diesel spray [13]. Im et al. studied the
dynamic behaviors of shock waves using numerical simu-
lation. It was found that the shock wave caused a complex
gas disturbance around the spray [14]. Quan et al. stud-
ied the interaction between the shock wave and the spray,
and the simulation results were in good agreement with the
experiments [15].

70472
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0002-5745-9774


Y. Li et al.: Experimental and Numerical Investigation of Shock Wave Induced

The effect of shock waves on the development of the
fuel spray was further studied in recent years [16]–[21].
Pianthong and Milton et al. found that the propagation of
the shock waves contributed to the diffusion and combus-
tion of the spray [16]. Payri et al. investigated the evolution
of the spray macroscopic structures in N2 and SF6 envi-
ronments. It was found that the shock wave promoted the
development of the spray tip penetration. Shock waves lead to
a 6% increase in the spray tip penetration [17]. Furthermore,
the effect of shock waves on the mixing characteristic of the
spray was analyzed by Song et al. The results showed that
the shock waves promote the mixing effect of the spray [18].
Jia et al. found that increasing the fuel injection pressure had
a positive effect on the spray atomization [19]. Huang et al.
proposed a prediction model of the jet tip penetration consid-
ering the shock wave. The simulation results are consistent
with the experimental data [20], [21].

However, previous studies havemainly focused on the gen-
eration and propagation characteristics of the shock waves.
The characteristics of shock waves induced by supersonic
fuel injection and the control mechanism of shock wave in
the cylinder are still unclear, which has become an urgent
problem to be solved in the optimization of the fuel injection
system. At present, it is considered that the generation and
propagation of the shock wave affect the breakup and devel-
opment of the spray, but the impact degree has not been fully
grasped. Therefore, the influence of the shock wave on the
spray development is needed for further research. In addi-
tion, the effect of the shock wave on the flow field param-
eters in the cylinder has rarely been investigated. Based on
the above analysis, this paper investigated the evolution
of the supersonic fuel spray and the induced shockwave using
the Schlieren imaging and numerical simulation. The present
paper has three objectives: (1) Analyze the spray devel-
opment and mixing characteristic in the shock-wave state,
(2) Understand the variations of the flow field parameters
under different fuel injection pressures during shock wave
propagation, and (3) Study the flow characteristics of the
shock wave using large eddy simulations.

II. EXPERIMENTAL METHOD
The experimental setup is shown in Fig. 1. The Schlieren
technique determines the density gradient in the flow field.
It is suitable for capturing the spray profiles and the shock
waves. The detailed experimental setup information has been
described in a previous publication [18].

The shock wave angle and shock wave penetration of
oblique shock wave are indicated in Figure 2. The temper-
ature of the experiment is 298K. The fuel injection pressure
is set from 60MPa to 160MPa.

III. NUMERICAL APPROACH
A. NUMERICAL METHODOLOGY
The governing equations for the simulation involve the
conservation of mass, momentum, energy and species.

FIGURE 1. Schematic diagram of experimental setup.

FIGURE 2. Definition of shock wave characteristic parameters.

The equations are listed below.
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where ρ, u, P and T are, respectively, the density, velocity,
pressure and temperature of the mixture, ρm is the density of
species m, σij is the viscous stress tensor, sm is the source
term, D is the mass diffusion coefficient, e is the specific
internal energy, Ym is the mass fraction of species m, k is the
conductivity, and hm is the species enthalpy.
In the simulation, the Volume of Fluid (VOF) method is

used to simulate the spray and the shockwave. This is because
the VOF method is a numerical technique used to locate and
track the free surface in the flowfield [15]. Both the liquid and
gas flow are assumed to be compressible. The parameter α
represents the void fraction of a cell, which is presented
as (5)

α =
mg/ρg

mg/ρg + ml/ρl
(5)

where the subscripts g and l represent the gas phase and the
liquid phase, respectively, m is the total mass fraction, ρ is

VOLUME 9, 2021 70473



Y. Li et al.: Experimental and Numerical Investigation of Shock Wave Induced

the density in the cell. α = 0 represents the cell containing
only liquid, 0 < α < 1 represents the cell containing both a
liquid and gas and α = 1 represents the cell containing only
gas. The global density is presented as (6)

ρ = αρg + (1− α)ρl (6)

The Pressure Implicit with Splitting of Operators (PISO)
Algorithm was used to solve the conservation of mass and
momentum equations. The energy and the species equations
can also be solved after the calculations of themomentum and
pressure have been completed.

B. SIMULATION SETUP AND VALIDATION
The simulation geometry and the grid setting are shown
in Fig. 3. The simulations were carried out in a wall-bound
closed system. The system contains a high-pressure fuel tank
(Pinj) and a low-pressure ambient gas tank (Pb) at Pb =
0.1MPa. The initial gas temperature (Tb) remained constant
at Tb = 300K. D is the diameter of the injector, which
is 0.14mm. The five simulated fuel injection pressures were
P0 = 120, 140, 160, 240 and 320MPa.

FIGURE 3. The simulation geometry and the grid settings.

The computational domain is a cylindrical box with the
diameter of 30mm and the height of 80mm.Adaptive Mesh
Refinement (AMR) was used to generate the highly refined
grid to accurately and precisely simulate the high-pressure
diesel spray and the shock wave phenomenon. Large eddy
simulation (LES) was used as the turbulence model to capture
the liquid and gas flow states. The simulation was carried
out in CONVERGE software. In this paper, the hexahedral
grid was used. The base grid size is 2.56∗10−3m. The fixed
embedding grid scale is 3 and the grid size is 3.2∗10−4m.
AMR was used to capture the high density gradient gas
interface and the grid scale is 5. The minimum grid size
is 8∗10−5m. The total number of grids is 7 million.

C. MODEL VALIDATION
The visualization experimental data were used to verify the
simulation calculation accuracy. The simulation results and
the visualization images are shown in Fig. 4 and Fig. 5. The
fuel injection pressure was 120MPa, 140MPa and 160MPa,
and the ambient pressure was 0.1MPa. It can be seen from

FIGURE 4. Simulation of the spray and shock wave.

FIGURE 5. Visualization images of the spray and shock wave.

the figure that the simulation of the spray and the shock
wave are in good agreement with the Schlieren images. The
comparison of the spray and the shock wave parameters are
analyzed below.

simulation geometry and the grid setting are shown
in Fig. 3. The simulations were carried out in a wall-bound
closed system. The system contains a high-pressure fuel tank
(Pinj) and a low-pressure ambient gas tank (Pb) at Pb =
0.1MPa. The initial gas temperature (Tb) remained constant
at Tb = 300K. D is the diameter of the injector, which
is 0.14mm. The five simulated fuel injection pressures were
P0 = 120, 140, 160, 240 and 320MPa.

The comparison of the spray tip penetration and the shock
wave angle are shown in Fig. 6. As shown in Fig. 6(a), the
simulation spray tip penetration at the time of 0.16ms after
the start of the injection (ASOI) is 55.40mm, 58.83mm and
64.07mm at the fuel injection pressures of 120MPa, 140MPa
and 160MPa, respectively. The corresponding experimen-
tal data are 53.55mm, 56.93mm and 61.02mm. The maxi-
mum error of the spray tip penetration for the different fuel
injection pressures is 5.1%. The comparison of the shock
wave angle at the different fuel injection pressures is shown
in Fig. 6(b). The maximum error of the shock wave is 3.3%.
It can be seen that the simulation results are consistent
with the experimental results. The simulation can be used
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FIGURE 6. The comparison of the characteristic parameters between the
experiment and simulation.

to analyze the effect of the shock waves on the flow field
parameters.

IV. RESULTS AND DISCUSSION
A. EXPERIMENTAL RESULTS
The effect of shock wave on the spray macroscopic structure
are shown in Fig. 7. The evolution of the spray and shock
wave in the SF6 gas are shown in Fig. 7(a) and Fig. 7(c).
The images in the N2 environment under the same injec-
tion condition are presented in Fig. 7(b) and Fig. 7(d). The
fuel injection pressures are 60MPa and 140MPa respectively.
Detailed experimental conditions are listed in the previous
literature [18].

The effect of shock wave on the macroscopic structure of
the spray are shown in Fig. 8. It can be seen that the shock
wave promotes the spray tip penetration development. But it
is worth noting that the shock wave has an opposite effect on
spray tip penetration before tASOI = 0.1ms. This is because
the generation of the shock waves consumes the spray
energy. The increased gas density after the shock wave also
inhibits the development of the spray. The result shows that
the shock wave contributes to the development of the spray.

Fig. 9 shows the entrained gas quantity and the spray aver-
age equivalent ratio curves when Pinj = 60MPa. As shown in
Fig. 9, the shock wave (SW) promotes the air entrainment
quantity. This is because the shock wave carries energy.

FIGURE 7. Evolution of the spray macroscopic structure.

FIGURE 8. Comparison of the spray tip penetration.

The turbulence in the cylinder increases with the spread of the
shock waves. The average equivalent ratio in the shock-wave
state is 35.1% lower than that in the non-shock-wave state
at tASOI = 0.2ms. The curves presents that the shock wave
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FIGURE 9. Comparison of the air entrainment quantity and the average
equivalence ratio.

improves the mixing effect of the spray, which improves the
combustion and emission performance of the engine.

B. NUMERICAL RESULTS
The effect of the shockwave on the variations of the flowfield
parameters in the shock-wave state was simulated based on
the validated simulation model. The fuel injection pressures
are 240MPa and 320MPa. The simulation results are shown
in Fig. 10.

FIGURE 10. Simulation results of the induced shock wave.

Seventeen sampling points were selected on the shock
wave surface to study the variations of the flow field param-
eters. The selected sampling points are shown in Fig. 11. The
flow field parameters before and after the shock wave are
analyzed below.

A direct comparison of the variations in the temperature
and the density at the shock wave surface at the fuel injection
pressures of 240MPa and 320MPa is shown in Fig. 12. It can
be seen that the impact of the shock wave on the flow field
parameter is different at the different positions. For the posi-
tion at the top of the spray, the high temperature gradient and

FIGURE 11. Spatial distribution of the sampling point on the shock wave
surface.

FIGURE 12. Effect of shock wave on temperature and density field.

density gradient are caused by the shock wave. The impact
on the parameters becomes small on the outside of the shock
wave surface. In addition, there is a low density area behind
the leading edge shock. This explains why the shock wave
promotes the development of the spray tip penetration.

Figure 13 indicates the variations of the density field,
pressure field and temperature field at tASOI = 0.08ms.
The subscripts 1 and 2 represent the parameter before and
after the shock wave, respectively. The pressure, density
and temperature ratio distributions are similar. P2/P1, ρ2/ρ1
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FIGURE 13. Variations in flow field parameters on the shock wave
surface.

and T2/T1 have the highest values at the central position of
the shock wave. This is because the shock wave at the center
position can be considered as the normal shock wave. The
ratios of the flow parameters decrease from the center to
both sides. The maximum density ratio, pressure ratio and
temperature ratio are, respectively, 2.46, 2.01 and 1.15 at
Pinj = 320MPa. The maximum density ratio, pressure ratio
and temperature ratio at the fuel injection pressure of 320MPa
are 52.9%, 31.7% and 5% higher than those for the fuel
injection pressure of 160MPa. The results indicate that the
shock wave can increase the temperature in the cylinder,
which can shorten the fuel ignition delay period and improve
the ignition characteristic. The increase in the density behind

the shock wave will suppress the increase of the spray tip
penetration as mentioned above. This result is consistent with
the experimental result in Fig. 8. In addition, the pressure dis-
turbance promotes the spray mixing effect as shown in Fig. 9.

V. CONCLUSION
In this paper, the effect of the shock waves on the spray
development and the variations of the flow field parameters
were investigated using the Schlieren imaging coupled with
a numerical simulation. The experimental results indicate
that the macroscopic structure and the mixing of the spray
improves with the action of shock wave. The impact of shock
wave on the spray atomization in the cylinder should be
considered in the design of the fuel injection system. The
numerical results presents that the maximum density ratio,
pressure ratio and temperature ratio are, respectively, 2.46,
2.01 and 1.15 at Pinj = 320MPa. The maximum density ratio,
pressure ratio and temperature ratio at the fuel injection pres-
sure of 320MPa are 52.9%, 31.7% and 5% higher than those
for the fuel injection pressure of 160MPa. The variations of
the parameters are directly related to the spray development
and the mixing effect.
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