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Abstract
Currently, the in�ow conditions used in the study of oblique detonation engines are ideal premixed in�ow,
and there are few studies on non-premixed in�ow. The fuel mixing process in the �ow �eld structure and
mixing degree for forming oblique blast waves has essential signi�cance. This paper uses a combination
of theoretical analysis and numerical simulation to study the inlet section of the oblique detonation
engine. The governing equations are the inviscid Euler equations coupled with chemical reaction source
terms, and the second-order TVD scheme is used to solve the equations. First, this paper compared the
in�uence of the single hydrogen nozzle parameters on the �ow �eld structure and the hydrogen mole
fraction distribution at the outlet, optimized the hydrogen jet structure, and analyzed the coupling effect
between the incoming �ow and the jet. The closer the nozzle location is to the supersonic inlet, the lower
the Mach number, and the higher the equivalence ratio of hydrogen to oxygen, the better the fuel and air
mixing effect. And too large or too small hydrogen injection angle will make the hydrogen too
concentrated on the wall and insu�cient penetration depth, which reduces the mixing of hydrogen.
Secondly, while maintaining the same fuel mass �ow rate as the single hydrogen nozzle, this paper
increases the number of hydrogen nozzles, thereby increasing the obstruction to the incoming �ow and
improving the fuel mixing effect. Finally, because the physical ramp and aerodynamic ramp as a method
of increasing mixing will lead to fuel concentration on the wall, which is not conducive to the subsequent
combustion, this paper proposes an optimization model of the strut injection method. The results show
that strut injection can effectively improve the mixing degree of hydrogen and air at the exit and solve the
problem of fuel concentration at the wall by using the staggered jet and baroclinic effect of hydrogen.
This paper reveals the law of fuel injection in the inlet and provides essential data support for studying
oblique detonation engines in a non-premixed environment.

1. Introduction
The scramjet has the disadvantages of low combustion e�ciency and short combustion time, and it is
di�cult to burn su�ciently and achieve adequate or higher propulsion e�ciency. Therefore, the
combustion mode of higher e�ciency for the propulsion system-detonation engine is proposed[1–4]. The
detonation engines include pulse detonation engines, rotational detonation engines, and oblique
detonation engines (ODE)[5–7]. The oblique detonation wave is generated by self-ignition caused by the
fuel compression by a leading shock wave. The fuel is injected at the front end of an air inlet of the
aircraft, the detonation of the oblique detonation wave is induced by a shock wave generated by a wedge
surface at the lower end of a combustion chamber, and the energy is rapidly released and accelerated
through the expansion of a tail nozzle to generate strong thrust (Fig. 1 shows)[8, 9]. The ODE has attracted
extensive research; its post-wave chemical reaction is more intense and full, with a better diffusion
combustion rate and high propulsion potential of nearly isovolumetric combustion[10, 11]. The detonation
of an oblique detonation wave involves strongly coupled nonlinear problems with multiple parameters
such as excitation and combustion, and the conditions required for experimental studies are extremely
high. It is di�cult to control the combustion process effectively. Therefore, numerical simulations to study
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the detonation mechanism of oblique engines are becoming a cost-effective method. In most previous
studies, work has been carried out on the wave system structure of the detonation, the detonation
mechanism, and the stability of the detonation wave[5, 8, 10, 12, 13]. Most of the current research uses the
gas �ow prerequisites are ideal premixed incoming �ow, so the non-premixed incoming fuel mixture for
the study of the formation mechanism of the oblique detonation wave and the �ow �eld structure is of
great importance.

The fuel residence time is in the millisecond range for supersonic or hypersonic incoming �ows. The
incompressible shear layer created by the �ow �eld results in a much slower mixing rate between the
�uids than incompressible �uids. Suppose the atomization and evaporation processes of liquid hydrogen
fuel and the conditions of the inlet tract and combustion chamber are taken into account. In that case, it
is even more di�cult to achieve the ideal fuel mixture with the incoming �ow. Active and passive mixing
enhancement techniques have been proposed by domestic and foreign scholars and summarized in a
review by domestic scholars[14]. The physical ramp is an effective device to enhance blending. Abdel-
salam [15] et al. found that increasing the slope back-swept angle can increase the mixing e�ciency while
increasing the incoming Mach number will lead to a decrease in mixing e�ciency. However, because the
physical ramp surface must be ultra-high heat resistant and geometry dependent, it is gradually replaced
by pneumatic ramps in more demanding theoretical studies. Pneumatic ramps are mainly used to
enhance the blending e�ciency by arranging the array of fuel holes on the wall and using the obstruction
effect of multiple holes on the incoming �ow. Commonly, there are four-hole and nine-hole pneumatic
ramp con�gurations. Fuller[16, 17]studied the structural properties of a nine-hole pneumatic ramp in a
Mach number 2 �ow �eld and found that the mixing e�ciency of a pneumatic ramp in the near �eld is
better than that of the physical ramp when the dynamic pressure ratio is the same. If the dynamic
pressure ratio of the pneumatic ramp nozzle is increased, the mixing effect in the far-�eld can be similar
to that of the physical ramp. In addition to the above mixing enhancement techniques based on �ow
vortex, concave cavity mixing enhancement[18] techniques, mixing enhancement techniques with lateral
curvature, and active mixing enhancement. Despite the advantages and disadvantages of various
complex doping techniques, in most current research, physical ramp and aerodynamic ramp
enhancement are still the most respected techniques. The simple con�guration and uniform grid
distribution of the slope reinforcement structure are bene�cial to the numerical simulation study in this
paper.

The current domestic and foreign scholars for oblique detonation research mainly focus on premixed
incoming �ow environment, and non-premixed environment is less studied. Fusina G [19] studies the non-
ideal incoming �ow of non-stationary problems and analyzes the impact characteristics of wavefront
perturbation of oblique detonation waves. While for the non-homogeneity of fuel mixing[20, 21], Sicilian J P
[22] studied the structure of oblique detonation waves in two con�gurations of oblique detonation engines
with non-uniform premixing.[23, 24]. Fang Yishen studied the variation of the initiation zone of oblique
detonation wave and its in�uence on the position of the downstream wave surface in view of the non-
uniformity of equivalence ratio of the incoming �ow and found that the wall equivalence ratio mainly
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affects the length of induction zone and the variation of equivalence ratio of main �ow �eld mainly
affects the position of wave surface[25]. Studying oblique detonation engines under non-premixed
incoming �ow conditions is of excellent value.

In this paper, hydrogen is used as a fuel, which has a simple chemical formula for combustion compared
to methane and acetylene and has a very low content in the air, which facilitates the differentiation of air
and the observation and analysis of the basic structure of the �ow �eld. Secondly, the density of
hydrogen gas is very low, and the speed of sound is very high. With equal mass �ow rate and Mach
number, the jet's momentum is higher, the penetration depth is greater, and the intensity of the resulting
surge is stronger. In this paper, through the establishment of the forward port model of the oblique
detonation wave engine, considering the in�ow conditions at a relatively real altitude of 30 km/H,

according to the equivalence ratio of hydrogen and oxygen, the position of the fuel nozzle, the injection
angle and the Mach number of incoming �ow, the complex �ow �eld structure, and the mixing effect of
fuel are discussed and studied.

2. Physical Model And Numerical Methods
This paper addresses the oblique detonation engine intake as the object of study (Fig. 1); the study
selected air incoming Mach numbers of 5, 7, and 9, respectively. The calculation area as shown in Fig. 2,
the red dotted line within the region, the coordinates of the calculation domain to match the schematic,
the direction of air incoming �ow for the positive direction of the x-axis, and the y-axis is perpendicular to
the direction of air incoming �ow up.

This paper addresses the fuel mixing characteristics of a slant-detonation engine intake in a restricted
space and the structural complexity in engineering applications. The model is simpli�ed, retaining the
main structure of the intake tract, and constructed in two dimensions.

In order to ensure the grid quality and orthogonality, the blank area in the lower part of the wall in the red
dashed box in Fig. 1 is used as the computational domain, as shown in Fig. 2. The physical model is 620
mm in total length, 450 mm in x-direction projection of the �rst wedge, and 150 mm in x-direction
projection of the second wedge, and a 20 mm long computational domain is set at the front of the inlet to
re�ect the more realistic hypersonic incoming �ow, considering the escape of the incoming air into the
inlet. The angle between the �rst wedge surface and the x-positive direction θ1 is 15°, and the angle
between the second wedge surface and the x-positive direction θ2 is 30°. In the study of the mixing of
hydrogen and air with different parameters, the control variable method is used to change one of the
parameters of hydrogen-to-oxygen equivalent ratio, incoming Mach number, hydrogen nozzle position,
and hydrogen injection angle, and keep the other parameters constant.

When studying the degree of fuel blending, it is necessary to consider the basic parameters of the
operating environment (30 km altitude): the atmospheric temperature is T0 = 226.51 K, and the
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atmospheric pressure p0 = 1197.0 Pa. The sound velocity of the air in this operating environment can be
calculated according to the following Eq. 1:

αair = r ⋅ Rgair ⋅ T0

1

Where r is the speci�c heat ratio of diatomic molecules, i.e., 1.4; RgAir =R/M is the gas constant of air, R = 
8.314 J/(mol-K) is the ideal gas constant, and M = 0.02896 kg/mol is the molar mass of air. The speci�c
parameters are shown in Table 1.

Table 1
Atmospheric parameters at 30 km

H[km] T0 [K] P0 [Pa] ρ0 [kg/m3] α[m/s]

30 226.51 1197.0 1.84E-2 301.68

Depending on the incoming Mach number and the angle of hydrogen injection, the static pressure at the
hydrogen nozzle and the static temperature will also vary, and the static pressure at the hydrogen nozzle
will be different when using single, double, and triple hydrogen nozzles, which is calculated using the
controlled �ow method, i.e., the air �ow mass ṁair in the inlet tract is controlled by the Mach number of
the incoming air�ow Mair for a given inlet tract cross-section Lair, the required �ow rate at the hydrogen
nozzle is given by the number of moles of hydrogen required for the hydrogen-oxygen reaction and
combined with the equivalence ratio ERṁH2, and thus the total fuel pressure required in the sonic throat
is calculated as

ṁair = ρ ⋅ αair ⋅ Mair ⋅ Lair

2

ṁmax =
r
R

2
r + 1

r +1
2(r −1)

p0

T0
A ∗ = 0.01062

p0

T0
A ∗

3

Where ṁmax is the maximum hydrogen fuel �ow rate of the sonic throat, r and R are the adiabatic index
and gas constant of the fuel, respectively, p0 and T0 are the total pressure and total temperature of the
fuel, respectively, andA ∗  is the normal area of the acoustic throat, i.e., the hydrogen nozzle, and since the
model is a two-dimensional model, theA ∗  is replaced by LH2. By changing the de�nition of the incoming
Mach number and the hydrogen injection angle, the static pressure of the hydrogen nozzle can be
obtained for different incoming Mach numbers and injection angles. The conversion equations of static
pressure to total pressure and static temperature to total temperature are shown in Eqs. 4 and 5.

√

√ ( ) √ √
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The hydrostatic pressure at the hydrogen nozzle for an equivalent ratio of 1.2 is calculated as shown in
Table 2, and the angle of injection is the angle with the positive direction of the x-axis.

Table 2
Static pressure at the hydrogen ori�ce at an equivalent ratio of 1.2
Spraying

Structure

incoming �ow

Mach number [Ma]

Spraying

Angle

Static pressure

[Pa]

Single spray 5 90° 89367.9

  7 45°,165° 241699

    90° 125115

  9 90° 160862

Double spray 7 35°,175° 176670

    55°,155° 94004.5

    90° 62557.5

Triple spray 7 30°,180° 155642

    45°,165° 80566.3

    60°,150° 56969.3

    90° 41705

The calculated hydrostatic pressure at the hydrogen ori�ce for an equivalent ratio of 4 is shown in
Table 3.

( )

( )



Page 7/29

Table 3
Static pressure at the hydrogen ori�ce at an equivalent ratio of 4

Spraying

Structure

incoming �ow

Mach number [Ma]

Spraying

Angle

Static pressure

[Pa]

Single spray 5 90° 297659

  7 45°,165° 569254

    90° 416723

  9 90° 535787

Double spray 7 35°,175° 350889.5

    55°,155° 245695.5

    90° 208461.5

Triple spray 7 30°,180° 268349

    45°,165° 189751.33

    60°,150° 154931.33

    90° 138907.67

In this paper, we study the mixing of hydrogen in the supersonic incoming �ow in the two-dimensional
viscosity-free case, and we need to verify whether the mixing process occurs with combustion, so the
controlling equation of the �ow is the Euler equation with coupled chemical reaction source terms. The
equations are in the form of Eqs. 2–7 as follows.

∂U
∂t +

∂F
∂x +

∂G
∂y = S

6

Among them.

U =

ρ1

⋮
ρn
ρu
ρv
E

, F =

ρ1u
⋮

ρnu

ρu2 + p
ρuv

(E + p)u

,[ ] [ ]
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G =

ρ1v
⋮

ρnv
ρvu

ρv2 + p
(E + p)v

, S =

ω1

⋮
ωn
0
0
0

.

7

The subscript i represents the components in the primitive reaction, and n is the number of components; ρ
is the mixture density, which can be expressed as the sum of the component densities ρi. u and v are the
air�ow velocities in the x and y directions, respectively, and p is the pressure. E is the total energy per unit
volume, which can be expressed as

E = ρh − p +
1
2ρ u2 + v2

8

where h is the speci�c enthalpy. Where Ru is the universal gas constant, and Wi is the molar mass of
component i. ωi is the mass production rate per unit volume of the i-th component.

For the engine to work properly, in addition to considering whether there will be premature detonation in
the combustion chamber, it is equally necessary to investigate whether in the intake tract, where the
incoming air and hydrogen jets have been compressed by two wedge surfaces, the rise in the post-wave
temperature of the oblique excitation wave formed by the mutual coupling of the two and the bow-
shaped excitation wave formed by the two will cause premature fuel combustion to occur. The 9-
component 19-reaction of the Jachimowsk reaction model[26] was used in testing the presence of
premature combustion in the intake tract. The product of combustion of hydrogen with oxygen in water,
so it is possible to observe, based on the molar fraction distribution of each component in the calculated
results, whether there is premature combustion. The results are shown in Fig. 3. In the whole �ow �eld,
components OH and H2 O are not present, which can indicate that this model does not occur in the intake
tract of the possibility of premature combustion.

In this paper, the above equations are solved by a second-order TVD-type �nite volume method, where the
HLLC (Harten-Lax-van Leer Contact) approximate Riemann solver for the interface �uxes is used for
calculation. The time advance is performed by the fourth-order Runge-Kutta method, and the CFL number
controls the time step.

[ ] [ ]
( )



Page 9/29

In order to verify the grid independence, three grids with different coarse and �ne mesh numbers of
570000, 2280000, and 4560000 are used under the same initial conditions. From their pressure and
temperature clouds, the results obtained from numerical simulations using grids with two grid resolutions
of different coarseness and �neness are the same, so the small grid model is su�cient for calculation.

3. Results And Discussions

3.1 Flow �eld structure and mixing characteristics
When modeled as a single nozzle injected hydrogen structure, as shown in Fig. 4, the incoming �ow is
compressed by the wedge surface when it passes through the �rst wedge surface, forming an oblique
shock wave (OSW) with an increased pressure after the wave, after the jet hydrogen injected from the
sonic throat enters the engine intake tract, After the hydrogen is injected into the jet through the sonic
throat at the speed of sound, the local pressure of the hydrogen jet continuously decreases, which is
caused by the rapid expansion of the under-expanded sonic jet. The jet is compressed by the supersonic
incoming �ow after ejection and is re�ected in the positive direction of the x-axis. While the supersonic
incoming �ow is �owing at high speed along the x-axis, it is blocked by the hydrogen jet ejected from the
sonic throat, forming a Jet Shock Wave (JSW). Since the Mach number of the air incoming �ow is much
larger than the Mach number of the hydrogen jet, the surge receives a de�ection as it progresses
downstream, forming a bow-shaped surge at the windward end of the jet. The contour of Mach number 1
is marked in the �gure, and the area surrounded by the contour is the subsonic region with a Mach
number less than 1. Between the subsonic and supersonic regions, a supersonic jet is formed. In the
supersonic jet region after the oblique excitation wave, another transmission excitation wave is formed,
like the type IV excitation wave interference structure. While the generation of bowed excitation wave
leads to the pressure rise after the excitation wave, the hydrogen expands after the jet, and the
compression wave generated at the second wedge surface makes the mixed incoming �ow of hydrogen
and air expand again, which is favorable to the mixing of hydrogen and air.

When modeled as a dual-jet hydrogen injection, as shown in Fig. 5, at the front of the inlet tract, the
structure is the same as that produced by a single hydrogen jet. Unlike the single hydrogen nozzle, a
second jet surge is generated as the mixed �uid meets and couples with the hydrogen jet again when
passing through the second hydrogen nozzle. The pressure and temperature after the wave increase
again. The second surge has a negligible effect on the mixed �uid after the �rst, and the surging intensity
is slightly less than the �rst. Subsequently, the same as the single jet. And a low-temperature zone was
formed near the wall, which is because all the hydrogen is concentrated at the wall, and the hydrogen is
formed at a lower temperature.

When the grid is modeled as a triple ori�ce for hydrogen injection, as shown in Fig. 6, the �ow �eld
structure is the same as that of the double ori�ce.
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3.2 Effect of hydrogen nozzle parameters on mixing
characteristics
The position of the �xed hydrogen nozzle is located at the �rst wedge plane, 100 mm from the y-axis, and
the Mach number of the incoming air is 7. The angle of hydrogen injection is along the y-axis downward
and perpendicular to the incoming �ow direction, which is a transverse jet. The hydrogen to oxygen
equivalent ratio is set to ER = 1.2 and ER = 4, respectively.

As the hydrogen-oxygen equivalent ratio increases, the intensity of the resulting oblique excitation
increases. When the Mach number of the incoming air�ow is �xed, the angle of hydrogen injection is
�xed, and the rest temperature of hydrogen does not change, the hydrogen-oxygen equivalent ratio is
proportional to the resting pressure at the hydrogen nozzle.

The increase in the equivalent ratio caused an increase in the static and total pressure at the acoustic
throat, which enlarged the contact area between hydrogen and oxygen. It slightly increased the
penetration depth of hydrogen, enhancing the mixing e�ciency.

From the hydrogen mole fraction distribution curves of different equivalence ratios at the outlet (Fig. 8), it
can be proved that increasing the hydrogen-oxygen equivalence ratio is bene�cial to increasing the
mixing e�ciency of hydrogen with the incoming �ow and has a higher fuel penetration depth (Fig. 7).
Therefore, this paper will not consider the effect of the hydrogen-oxygen mixing equivalent ratio on the
combustion zone in order to facilitate the search for different fuel injection structures in the front intake
tract of the oblique detonation engine �ow �eld distribution pattern and the effect of the degree of
hydrogen mixing, the calculation after this section, the hydrogen-oxygen equivalent ratio is set to 4.

The hydrogen to oxygen equivalent ratio is set to 4, the Mach number of the �xed air incoming �ow is 7
Ma, and the hydrogen injection angle is a transverse jet along the -y axis perpendicular to the air incoming
�ow. Three separate hydrogen vents are set in this section. The hydrogen vents are located on the �rst
wedge surface, where the �rst hydrogen vent is 100 mm from the y-axis, the second hydrogen vent is 200
mm from the y-axis, and the third hydrogen vent is 300 mm from the y-axis. During the operation of one
of the vents, the other vents are set as non-stick wall surfaces.

The results are shown in Fig. 9. When the distance between the hydrogen nozzle and the supersonic inlet
increases, the hydrogen is mixing degree at the outlet decreases. This is because the closer the inlet, the
more hydrogen, and air can fully use the length of the inlet to complete the mixing.

The hydrogen to oxygen equivalent ratio ER is still 4. The hydrogen nozzle's position is at 100 mm from
the y-axis, and the hydrogen injection angle is a transverse jet along the -y-axis perpendicular to the
incoming �ow. The incoming Mach numbers are set to 5, 7, and 9, respectively.

As can be seen from Fig. 10, at smaller incoming Mach numbers, the hydrogen jet is more likely to reach
large penetration depths, thus affecting the molar fraction distribution of hydrogen at the outlet, as
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evidenced by Figs. 3–9, at increasing incoming Mach numbers, the molar fraction distribution of
hydrogen at the outlet is signi�cantly reduced.

The hydrogen-to-oxygen equivalent ratio and nozzle position are the same as in the previous section, the
incoming Mach number is set to 7 in this section, and the hydrogen injection angles are 45°, 90°, and
165° (clockwise from the positive direction of the x-axis).

The molar fraction distribution cloud of hydrogen in Fig. 11 illustrates that the fuel injection angle also
affects the de�ection of the hydrogen jet. A small injection angle brings the hydrogen �uid closer to the
wall. The decrease in injection angle also reduces the penetration depth. Therefore, a decrease in the fuel
injection angle directly leads to a decrease in the mixing of air and hydrogen. The large injection angle
also leads to the insu�cient penetration depth of hydrogen, which makes the mixing of hydrogen less
e�cient. This is also clari�ed by the molar distribution curve of hydrogen at the outlet in Fig. 11(d).

In this section, the mixed �ow �elds of single, double, and triple hydrogen nozzles are numerically
simulated with hydrogen jets located at 100 mm, 200 mm, and 300 mm from the y-axis, respectively. The
hydrogen-oxygen equivalent ratio is 4, and the incoming Mach number is 7. The hydrogen is injected
along the -y axis perpendicular to the incoming �ow, and the mass �ow rate of the controlled multi-
hydrogen nozzle is the same as that of the single-hydrogen nozzle, as shown in Fig. 12. The comparison
shows that the hydrogen distribution at the outlet of the triple hydrogen is signi�cantly better than the
latter two when it has the same total hydrogen injection �ow rate as the single hydrogen ori�ce and the
double hydrogen ori�ce.

3.3 The fuel/air mixing characteristics of strut injection
method
The hydrogen distribution at the exit of the wall injection shows that the mixing effect is not ideal,
especially for a high Mach number where the mixing effect is still limited. Both multi-jet and single-jet
hydrogen injections show a concentration of hydrogen at the wall due to its insu�cient penetration depth,
which makes it di�cult to mix uniformly and ideally with the incoming air�ow within a brief time and
short distance. In addition to wall injection, fuel injection in the mainstream can make the mixing not
limited by the penetration depth and thus achieve a better mixing effect. Sislian[26] et al. have conducted
more research on the injection of hanging rod arms, while the direct-connected experimental system of
the oblique detonation engine at the National Defense University of Science and Technology uses an
array of nozzles for fuel mixing[16]. Zhang Zijian[17] Numerical calculations also show that with the direct
injection of fuel in the mainstream through the strut transverse injector, after a period of time, the �ow
�eld is more uniformly distributed in the spreading direction, and the mixing effect is better, to facilitate
the subsequent design of the oblique detonation engine.

This chapter adds the strut for injection mixing based on the intake tract con�guration in the previous
chapter. Zhang Zijian performed numerical calculations for simultaneous injection mixing of three
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struts[27], but the literature[26, 27]. However, the experiments conducted in the literature only used single- or
double-strut injection mixing, and no relevant numerical calculations appeared. Therefore, in this section,
numerical simulations of the single-strut and two-strut injection mixing are performed to compare the
differences between the two, as shown in the following �gure.

According to Fig. 13, the hydrogen nozzle forms a stronger jet surge in front of it due to fuel injection in
both the upper and lower strut injection, and the surge formed by the strut is weaker and has less
in�uence on the jet surge. The stronger jet surge formed at the wall surface had a greater effect on the
�ow �eld, and the shape of the surge formed at the compression surface became curved. The �ow
direction also changed after the hydrogen jet passed through the surge. Because of the higher density
after the surge, the hydrogen jet becomes thinner visually from the hydrogen mass fraction cloud
diagram, as shown in Fig. 14. The cloud diagram of the molar fraction distribution of hydrogen also
shows that the hydrogen injected from the upper strut at the exit is more uniformly mixed, and the
diagram shows a lime green color between the blue air and the red color of hydrogen. In contrast, the
hydrogen at the exit of the lower strut appears to be more concentrated. This is because the fuel layer of
hydrogen injected from the upper strut is the �rst to interact with the main oblique excitation wave. The
oblique pressure effect produced by the oblique excitation wave and the density gradient has the effect of
enhancing the mixing. Secondly, the higher density within the main excitation layer can accelerate the
diffusion e�ciency of hydrogen in the air, which also belongs to the enhanced mixing.

In the case of simultaneous injection of two-struts, the �ow �eld is not only the primary oblique surge
formed by the compression of the two wedge surfaces in the inlet tract but also the secondary oblique
surge formed by the obstruction of the incoming �ow by the struts and the jet surge formed by the
injection of hydrogen into the incoming air�ow. The in�uence of the secondary oblique excitation on the
�ow �eld is weak compared with the other excitation waves, so it is di�cult to be shown in the �gure. It
can be seen from Fig. 15 that the hydrogen mixing effect of the double-strut injection is signi�cantly
better than that of the separate injection of the upper and lower struts. This is because when the upper
and lower struts are injected simultaneously, the hydrogen gas stream is staggered, i.e., the hydrogen jet
on the lower side of the upper strut is staggered with the hydrogen jet on the upper side of the lower strut,
which helps the mixing of hydrogen gas and air. Secondly, the high-pressure hydrogen gas is sprayed into
the low-pressure air, which expands rapidly, thus making the hydrogen gas have a better penetration
depth and mixing effect.

It can be seen according to Fig. 16 that the hydrogen mixing effect of the double-strut injection is
signi�cantly better than the separate injection of the upper and lower struts. The hydrogen gas at the
outlet is too concentrated in the lower strut injection, and the hydrogen gas distribution width �eld is
signi�cantly larger in the upper strut injection than in the lower strut injection. The hydrogen distribution
width is wider, and the mixing effect is better when the double-strut is injected simultaneously.

And the hydrogen molar fraction distribution curves at the outlet of single hydrogen nozzle, multiple
hydrogen nozzle, and strut injection are shown in Fig. 17. The mixing effect of strut injection is much
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greater than that of wall injection, and the problem of hydrogen concentration at the wall is effectively
solved.

6 Summary
In this paper, the inlet of the oblique detonation engine is taken as the research object. The fuel mixing
and �ow �eld structure are analyzed and discussed through the numerical simulation method and
theoretical analysis. The law of the in�uence of the change of jet structure and parameters on the �ow
�eld and fuel mixing is obtained. The main results are summarized as follows:

(1) According to the analysis of the structure of the single hydrogen nozzle set on the upper wall, it is
found that when the equivalence ratio of hydrogen to oxygen is changed, the static pressure of the
hydrogen nozzle is increased, and the dynamic pressure ratio of the hydrogen nozzle to the incoming �ow
is increased, so that the penetration depth is more profound, the e�ciency of momentum exchange is
higher, and the fuel mixing is better; When the position of the single hydrogen nozzle is changed to be
close to the air inlet, the hydrogen is diffused more su�ciently due to the utilization of the length of the
air inlet, so that the hydrogen mixing effect is better; when the incoming �ow Mach number is changed,
the dynamic pressure ratio between the hydrogen nozzle and the incoming �ow is large due to low
incoming �ow Mach number, so that the penetration depth of hydrogen is deep, and the mixing effect is
better; When changing the angle of the hydrogen nozzle, if the angle is too large or too small, the
hydrogen will be more likely to cling to the wall, resulting in excessive concentration of hydrogen, and will
reduce the penetration depth of hydrogen, thus reducing its mixing effect.

(2) The discovery of the aerodynamic method of setting multiple hydrogen nozzles on the upper wall.
Multiple jet shock waves are formed by the obstruction of air by multiple jets. Under the condition of
keeping the same hydrogen mass �ow rate with a single nozzle, the more nozzles are set, the more jet
shock waves are generated, and the rise of pressure, density, and temperature behind the shock waves is
bene�cial to increasing the diffusion e�ciency of hydrogen so that the fuel mixing condition at the outlet
is improved

(3) The installation of the nozzle on the walls always results in a concentration of hydrogen on the walls,
which plays a crucial role in the mixing of hydrogen. Therefore, in this paper, two strut injectors parallel to
the incoming �ow are set at the front end of the inlet. Therefore, in this paper, two strut injectors parallel
to the incoming �ow are set at the front end of the inlet. The staggered hydrogen jets from the strut
injectors increase the momentum exchange between hydrogen and air. The hydrogen near the wall is
affected by the oblique shock wave generated by the compression with the wall. The baroclinic effect
generated by the great density gradient between hydrogen and air is also bene�cial to enhance fuel
mixing. The most important point is that the problem of hydrogen concentration on the wall is solved by
setting the strut injection at the front of the inlet, and the hydrogen mixing at the outlet of the double strut
injection is obviously better than that of other examples.
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Figures

Figure 1

Physical model
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Figure 2

Schematic diagram of the computational domain



Page 18/29

Figure 3

Flammability assessment chart
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Figure 4

Flow �eld structure of single hydrogen nozzle
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Figure 5

Flow �eld structure of double hydrogen nozzle
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Figure 6

Flow �eld structure of triple hydrogen nozzle

Figure 7

Effect of hydrogen to oxygen equivalent ratio
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Figure 8

Molar fraction distribution curve of hydrogen with different hydrogen to oxygen equivalent ratios at the
outlet
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Figure 9

Effect of hydrogen vent location
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Figure 10

Effect of incoming Mach number
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Figure 11

Effect of hydrogen injection angle
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Figure 12

12 Effect of the number of hydrogen vents
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Figure 13

Flow �eld structure of the upper and lower branch plate with separate injection
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Figure 14

Distribution of hydrogen gas injected separately from the upper and lower branch plates

Figure 15

Flow �eld structure and hydrogen distribution of double-branch plate injection
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Figure 16

Hydrogen molar fraction distribution curve at the outlet during branch plate injection

Figure 17

Hydrogen molar fraction distribution curve at the outlet of single hydrogen ori�ce, multiple hydrogen
ori�ces and branch plate injection


