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A B S T R A C T   

In this paper, effects of hydrogen jets in acetylene-air mixtures on the initiation characteristics of oblique 
detonation wave (ODW) are investigated, the two-dimensional (2D) multi-component NS equations considering 
detailed chemical reactions are solved. Influences of the transverse jet on flow field characteristics of the ODW 
are studied, including the initiation characteristics, the wave structures, and the state parameters. The existence 
of the jet changes the ignited mode of the ODW from double Mach interaction to single Mach interaction. Several 
wave configurations and their transitions induced by the jets are observed, including deflagration-to-detonation 
transition (DDT), jet-induced bow shock wave (BSW) in front of the transverse jet and rapidly develops into 
ODW, and ODW that generated directly in front of the transverse jet. The structure of these three wave systems is 
mainly influenced by the flow discharge of the hydrogen jet. When the hydrogen jet is small, no combustion is 
induced by the BSW in front of the jet. ODW is induced by the action of the deflagration wave and OSW. 
Increasing the hydrogen jet, BSW induces combustion and rapidly develops into ODW. When the hydrogen jet is 
large enough, the BSW disappears and direct detonation combustion occurs to produce ODW. Two types of 
relationships are obtained between the initiated position and the position of the transverse jet: the U-shaped 
curve at low flow discharge and the positive correlation at high flow discharge. When the flow discharge is small 
and no shock wave-induced combustion occurs, the initiated position is influenced by the position of the 
deflagration wave interacting with the OSW, which forms a U-shaped curve with the position of hydrogen jet. 
When the flow discharge is high and shock wave induced combustion occurs, ODW is rapidly developed behind 
the jet, resulting in a positive correlation between the initiated position and the position of hydrogen jet. 
Furthermore, the viscous effect has significant influence on the flow field characteristics of ODW, it promotes the 
transition between these initiation modes and shortens the initiation distance of oblique detonation. The findings 
of this study can better help understand the effect of transverse hydrogen jets on ODW initiation and contribute 
to theoretical studies and engineering applications of oblique detonation engines.   

1. Introduction 

Detonation is a highly efficient form of combustion with significant 
potential applications in hypersonic propulsion [1,2]. There are three 
types of detonation engines: pulse detonation engines (PDE) [3,4], 
rotating detonation engines (RDE), and oblique detonation engines 
(ODE) [5,6]. Hydrogen and hydrocarbon fuels are widely used in the 
field of aerospace propulsion, especially in the research of gaseous 

detonation. The oblique detonation engine (ODE) is a type of ramjet 
engine that is based on the ODW and is suitable for air-breathing hy
personic aircraft [7]. It has the advantages of wide flight Mach number 
range, low flight resistance, simple structure, and light weight [8–14]. 

Researchers have conducted extensive research on the wave system 
structure, transition characteristics, and stationary characteristics of 
ODW in recent decades [15–26]. Li determined the wave structure of the 
ODW in their numerical simulations, it consists of the oblique shock 
wave (OSW), the induction zone, deflagration waves, and the ODW 
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[15]. Following that, Viguier, Desbordes, and Kamel et al. performed 
experiments to determine the structure of the ODW, confirming the 
accuracy of Li’s numerical simulation [16–18]. Teng and Miao discov
ered that there are two types of transitions from the OSW to the ODW: 
the smooth transition and the abrupt transition [19,20]. Yang discov
ered that as the Mach number increases, the initial position of oblique 
detonation moves upstream, and the transition form changes from 
abrupt transition to smooth transition [21]. According to Liu’s research, 
there are two types of hysteresis in ODWs: upstream–downstream triple 
point hysteresis and smooth-abrupt pattern hysteresis [22]. Fang and 
Chen investigated the effect of equivalence ratio on the initiation of 
oblique detonation and discovered that the equivalence ratio which is 
too high or too low is not conducive to the initiation of oblique deto
nation [23,24]. Qin and Xiang investigated the structural evolution of 
ODWs in confined spaces, especially the effects of expansion and 
compression waves [25,26]. 

The wedge induced ODW has the disadvantages of long initiation 
distance and is easy to result in the failure of oblique detonation. 
External assistance should be considered to speed up the initiation of the 
ODW and obtain a steady ODW. In the recent years, many studies have 
examined the use of extra jets to improve the initiation of the ODW 
[3,27–32]. Qin investigated the effect of co-flow hot jets on the initiation 
of an ODW and discovered that the strength of the first and second jet 
shock waves is greater than that of the leading shock wave, resulting in a 
significant reduction in the initiation length of the ODW [27]. Cheng 
presented a new approach for facilitating the creation of the precursor 
shock wave and the flame propagation speed in a deflagration wave in a 
stoichiometric methane-oxygen mixture utilizing a non-reactive gas jet 
[28]. According to Wang’s research, the hot jet with larger strength was 
more favorable to detonation initiation [29]. According to Li’s research, 
the transition from inert OSW to ODW occurs precisely near the position 
of hot jet injection, and consequently the length of the combustor can be 

reduced [30]. Additionally, there are other studies that have found 
similar conclusions [31,32]. In the numerical simulation research, due 
to the hydrogen chemical reaction model is simple and can save a lot of 
time and computing resources, most investigations of the ODW are 
based on hydrogen-air mixtures [33,34]. However, in practical engi
neering, because of the high reaction sensitivity of hydrogen, it is easy to 
cause safety problems. Hydrogen as a fuel has many disadvantages, such 
as storage and transportation difficulties [35]. Therefore, based on 
hydrogen fuel, researchers have studied the ODW induced by many 
other fuels, such as hydrocarbon fuels and kerosene. [36–42]. Fang and 
Zhang studied the ODW induced by acetylene and observed the initia
tion characteristics and wave structure of ODW in acetylene-oxygen 
mixture under argon dilution [36,37]. Zhang simulated that the deto
nation wave in methane propagates in six different modes in tubes of 
varying diameters, and he conducted experimental research on the 
relationship between the detonation limit and cell size [38–41]. 
Furthermore, due to hydrogen’s activity, it had been added in the 
fuel–air mixture to examine the detonation wave [4,42]. According to 
Xi’s findings, adding hydrogen to methane can shorten the length of the 
induction zone. And when the hydrogen content increases, the initiation 
length decreases nonlinearly [42]. Fig. 1 presents the general sketch of 
the problem under study. Therefore, in this paper, the ODW induced by 
hydrogen jets in acetylene-air mixtures is investigated in conjunction 
with previous studies, and the accelerated initiation of ODW is achieved 
by hydrogen jets. 

In this paper, numerical studies on oblique detonation induced by 
hydrogen jets in acetylene-air mixtures are performed. Based on the 
detailed chemical reaction, the effects of transverse jet on the oblique 
detonation initiation of premixed acetylene-air mixture are studied by 
solving the two-dimensional Navier-Stokes equation. In this paper, three 
wave structures of ODWs in acetylene-air mixture under hydrogen jet 
were observed, two relationships between the initiation position and 

Nomenclature 

T0 initial temperature 
P0 initial pressure 
M Mach number 
U conservation variable vector 
F convective flux vector in x-direction 
G convective flux vector in y-direction 
S source item vector 
Fv viscous flux vector in x-direction 
Gv viscous flux vector in y-direction 
τ shear stress 
u velocity in x-direction 
v velocity in y-direction 
ρ density 
p pressure 

T temperature 
h specific enthalpy 
R0 universal gas constant 
ω molecular weight 
qx heat flow capacity in x-direction 
qy heat flow capacity in y-direction 
k thermal conductivity coefficient 
cp specific heat 
Pr Prandtl number 
μ viscosity coefficient 
LJ position of jet nozzle 
LS length of oblique shock wave 
Ri gas constant of species i 
cpi constant pressure specific heat of species i 
Yi mass fraction of species i 
Wi mole mass of species i  

Fig. 1. General sketch of the problem under study.  
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transverse jet were obtained, and the influence of viscous effect was 
studied. First, the ODW induced by hydrogen jets with different flow 
rates and positions are numerically simulated in inviscid conditions. 
Second, the numerical simulations are performed in viscous conditions. 
Finally, the obtained simulation results are analyzed and discussed. As 
shown in Fig. 2, the specific workflow is compiled into a flowchart. 
Section 2 introduces the mathematical and physical model. Section 3 
investigates the effects of the transverse jet on oblique detonation, 
including the position and flow discharge of the transverse jet, the 
viscous effects. Section 4 gives the conclusion of this paper. 

2. Physical and mathematical models 

Fig. 3 shows the schematic of ODE (a) and the computational domain 
and coordinate system (b). As is shown in Fig. 3(a), the ODE consists of 
three parts: the inlet, the combustor, and the nozzle. First, the inflow and 
fuel are sufficiently mixed in the inlet and compressed by two OSWs. 
Then, the wedge of the combustor induces the OSW, it causes a high 

post-shock temperature and makes the chemical reaction occur, results 
in the formation of ODW. The specific computational domain is pre
sented in Fig. 3(b). The solid black line represents the wall of the 
combustor, which has a transverse jet nozzle. In Section 3.1, viscosity is 
not considered, and the wall condition is set to slip boundary condition. 
In Section 3.2, on the other hand, viscosity is considered, and the wall 
condition is set to non-slip boundary condition. The inflow air comes 
from the left, so the dashed line on the left is set as the inflow conditions. 
According to the flow trajectory, the mixed gas flows out to the above 
and right boundaries, so the dashed lines on the top are far-field con
dition and the right are set as outflow conditions. 

In this paper, the flight Mach number is M0 = 9. Flight conditions are 
standard atmospheric parameters at an altitude of 30 km (T0 = 226.51 K, 
P0 = 1197 Pa). The incoming gas is a well-mixed acetylene-air mixture. 
Among them, the stoichiometric ratio of acetylene, oxygen and nitrogen 
is 0.4:1:3.76. Two 9◦ wedges in the inlet compress the premixed flow 
before it enters the combustor. According to the oblique shock rela
tionship, after the inflow is compressed twice in the inlet, the temper
ature and pressure of the inflow at the combustor are T = 618 K, P =
22380 Pa. In addition, the angle between the wedge and the inflow is 
18◦. The direction of the transverse jet is vertical to the wedge surface, 
and the width of the jet nozzle is fixed at 2 mm. In this paper, the ve
locity of the transverse jet is set to Mach 1, and the total temperature of 
the transverse jet is fixed at 300 K. The total pressure of the transverse jet 
is not fixed, 50 KPa, 100 KPa, 200 KPa and 300 KPa are calculated as 
needed. In this paper, the length of the computational domain in × di
rection is 250 mm, while the length in y direction is 150 mm. The length 
of the wedge is 200 mm, and the distance from the front end of the 
wedge to the jet nozzle is denoted as LJ. To compare the initiation po
sitions of ODW under different conditions, the length of OSW is denoted 
as LS. 

In this paper, the two-dimensional multi-component Navier-Stokes 
equations considering elementary reactions are solved, i.e.: 

∂U
∂t

+
∂F
∂x

+
∂G
∂y

=
∂Fv

∂x
+

∂Gv

∂y
+ S (1)  

where U is conservation variable vector, F and Fv are convective flux 
vector and viscous flux vector in x-direction, G and Gv are convective 
flux vector and viscous flux vector in y-direction, and S is source item 
vector. Each vector is specified as follows: 

U =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ρ1
⋮
ρn
ρu
ρv
e

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

,F =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ρ1u
⋮

ρnu
ρu2 + p

ρuv
(e + p)u

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

,G =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ρ1v
⋮

ρnv
ρuv

ρv2 + p
(e + p)v

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

, S =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ω̇1
⋮

ω̇n
0
0
0

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(2)  

Fv =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0
⋮
0

τxx
τxy

uτxx + vτxy − qx

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

,Gv =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0
⋮
0

τyx
τyy

uτyx + vτyy − qy

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

, (3)  

[
τxx τxy
τyx τyy

]

= μ

⎡

⎢
⎢
⎢
⎣

4
3

∂u
∂x

−
2
3

∂v
∂y

∂u
∂y

+
∂v
∂x

∂u
∂y

+
∂v
∂x

4
3

∂v
∂y

−
2
3

∂u
∂x

⎤

⎥
⎥
⎥
⎦
, (4) 

In equation (2), the subscript i (i = 1,2… n) refers to the i-th sub
stances. The total specific energy e and total density ρ can be determined 
by 

ρ =
∑n

i=1
ρi, e = ρh − p+

1
2

ρ(u2 + v2) (5) 

Fig. 2. The specific workflow.  

Fig. 3. Schematic.  
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Fig. 4. Temperature field of the ODW at different grid sizes.  

Fig. 5. Temperature and pressure curve at different grid sizes.  
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where u is the velocity in the x-direction and v is the velocity in the y- 
direction. h is the specific enthalpy, which is defined as h =

∑n
i=1ρihi/ρ. 

The equation of state is p =
∑n

i=1ρi
R0
ωi

T, R0 is the gas constant, and ωi is 
the molecular weight of the i-th species. 

In equation (3), τ represents shear stress, and qx and qy represent the 
components of heat flow in two coordinate directions, which can be 
expressed as 

qx = − k
∂T
∂x

, qy = k
∂T
∂y

(6)  

where k is the thermal conductivity coefficient, and the calculation 
formula is k =

μ⋅cp
Pr . Pr is the Prandtl number, here Pr = 0.72. The vis

cosity coefficient is μ = 1.458× 10− 6 T3/2

T+111, given by Sutherland for
mula. cp is the specific heat at constant pressure, and the calculation 
formula is cp =

∑ns
i=1Yicpi, where Yi is the mass fraction of species i and 

cpi is the constant pressure specific heat of species i. cpi is expressed as a 
function of temperature T through NASA’s empirical formula [43], 
which is calculated as 

cpi(T)
Ri

= ai1 + ai2T + ai3T2 + ai4T3 + ai5T4 (7)  

where the coefficients ai1 - ai5 are available from the literature [43]. Ri is 
the gas constant of species i, which is given by the universal gas constant 
R0 = 8.314 J/(mol⋅K) and Wi is mole mass of species i, and the calcu
lation formula is Ri = R0/Wi. 

The chemical reaction model used in this paper contains 15 species 
and 25 reactions [44]. This chemical reaction model is widely used to 
simulate acetylene-induced oblique detonation [36,37]. The discrete 

equations in this paper are in AUSMPW + format, which is good for 
capturing shock waves and obtaining quantitative results [45]. 

The independence verification of grid resolution is performed in this 
paper to eliminate the influence of grid resolution on numerical simu
lation results. Resolution studies in the numerical simulation of two- 
dimensional (2D) oblique detonation are typically performed with 
double refinement of the grid size [19]. In this paper, the grid sizes of 
0.1 mm * 0.1 mm and 0.2 mm * 0.2 mm are used to simulate the ODW 
when the position of the transverse jet is LJ = 100 mm and the pressure 
of the transverse jet is P0 = 100 KPa. Fig. 4 is the temperature field of the 
ODW at two grid resolutions. As can be seen in Fig. 4a, there is no dif
ference between the two wave structures, although the picture is slightly 
clearer at high resolution. Considering the instability of the transverse 
jet, more precise mesh sizes need to be verified. The grid size of 10 mm 
near the wall is encrypted to 0.05 mm * 0.05 mm, and the numerical 
simulation results obtained are shown in Fig. 4b (below). The temper
ature and pressure curves of the combustion chamber wall are shown in 
Fig. 5. For comparison, the solid line represents a 0.1 mm * 0.1 mm grid, 
the dotted line represents a 0.2 mm * 0.2 mm grid, the dash dot line 
represents a 0.05 mm * 0.05 mm grid, and the T and P are marked on the 
curve. As shown in Fig. 5, the temperature and pressure curves under the 
three grid resolutions are only slightly different, indicating that the grid 
resolution has no effect on the numerical simulation results. As a result, 
the grid resolution of 0.2 mm * 0.2 mm is used in the numerical simu
lation in this paper. 

LJ P0 

LJ P0 LJ P0 

Fig. 6. Temperature field of ODW at different conditions.  
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3. Results and discussions 

3.1. Effects of transverse jet on ODW 

In this section, the effects of the transverse jet on the initiation of 
ODW are investigated by varying the flow discharge and position of the 
transverse jet. The first step is to fix the position of the transverse jet to 
study the influence of the flow discharge of the transverse jet. The po
sition of the transverse jet is at LJ = 80 mm, when the pressure of the 
transverse jet is P0 = 100 KPa, P0 = 200 KPa and P0 = 300 KPa, three 
wave structures are obtained by simulation. Fig. 6 shows the tempera
ture field of ODW at various conditions. As is shown in Fig. 6, the wave 

structures of the flow field and the initiation position of the ODW have 
been changed due to the transverse jet. It has been changed from double 
Mach interaction (Fig. 6a) to single Mach interaction (Fig. 6b-d). The 
wave structure changes further as the flow discharge of the transverse jet 
increases. As the influence of the transverse jet for single Mach inter
action, three wave structures are obtained. Fig. 7 to Fig. 10 show the 
specific wave structures and provide a more detailed analysis of each 
wave structure. 

Fig. 7 shows the specific wave structure of the flow field without 
transverse jets. As shown in Fig. 7a, when there is no additional trans
verse jet, the deflagration wave is formed after the induction zone, 
which further develops into the normal detonation wave (NDW). 

Fig. 7. Specific wave structure of the flow field without transverse jet.  

Fig. 8. Specific wave structure of the flow field with transverse jet (LJ = 80 mm, P0 = 100 KPa).  
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Subsequently, the NDW and the OSW interact to generate the ODW, and 
the Mach stem (MS) and the slip line (SL) will be generated at the same 
time. In addition, the interaction of the NDW and the deflagration wave 
generates a reflected shock wave that produces an irregular reflection at 
the downstream wall and generates second NDW, resulting in a sudden 
temperature rise at approximately × = 175 mm. Fig. 7b shows the 
pressure field and iso-Mach line, where an increase in pressure and a 
decrease in Mach number behind the compression wave is observed. The 
mass fractions of H radicals and OH radicals are plotted in Fig. 7c and 
Fig. 7d. The higher mass fraction of H radicals, the lower mass fraction of 
OH radicals behind the deflagration wave and MS, it indicates that the 
initiation of chemical reactions and fuel consumption occur more slowly 
behind the deflagration wave and MS. The lower mass fraction of H 
radicals but higher mass fraction of OH radicals behind NDW indicates 

that the initiation of chemical reactions and fuel consumption occur 
more rapidly behind NDW, resulting in higher consumption of H radicals 
and generation of OH radicals. The mass fractions of H radicals and OH 
radicals are both larger behind ODW, indicating that the chemical re
action initiation and fuel consumption are the fastest behind ODW, 
resulting in the generation of large amounts of H and OH radicals. 

The first wave structure of the ODW is the classical wave structure: 
the non-reactive OSW induced by the front wall of the combustor in
teracts with the deflagration wave to produce the ODW. Fig. 8 is the 
specific wave structure of the flow field with transverse jets at LJ = 80 
mm and P0 = 100 KPa. As Fig. 8a presents, since the transverse jet can be 
treated as a fluidic obstacle, a BSW is formed in front of the transverse 
jet. As the BSW is weaker enough and no shock-induced combustion 
occurs. In this situation, the deflagration wave is formed on the jet 

Fig. 9. Specific wave structure of the flow field with transverse jet (LJ = 80 mm, P0 = 200 KPa).  

Fig. 10. Specific wave structure of the flow field with transverse jet (LJ = 80 mm, P0 = 300 KPa).  
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boundary, and the downstream of the deflagration wave is coupled with 
the OSW to form the ODW. Currently, the ODW is induced by the action 
of the OSW and the deflagration wave, which is consistent with the ODW 
induced by the wedge. This initiation method is affected by the coupling 
position of the deflagration wave and the OSW. The difference in the 
flow discharge of the transverse jet leads to the difference in the mo
mentum. The initiation position of the ODW moves downstream as the 
flow discharge of the transverse jet decreases. In addition, due to the 
high flow velocity of the OSW afterward, the transverse jet cannot 
penetrate the main flow, and a jet boundary is formed near the wall 
boundary. Fig. 8b shows the pressure field, a clear BSW was generated in 
front of the transverse jet, and the pressure increased slightly behind the 
BSW, but the pressure did not continue to increase because the BSW does 
not induce combustion. Fig. 8c and Fig. 8d show the mass fractions of H 
radicals and OH radicals, and the type of flame structure produced by 
deflagration can be observed as a V-shaped flame structure from the 
mass fraction variation [46–48]. 

The second wave structure appeared as the flow discharge of the 
transverse jet increased. Fig. 9 is the specific wave structure of the flow 
field when the nozzle position of the transverse jet LJ = 80 mm and the 
pressure of the transverse jet P0 = 200 KPa. As Fig. 9a shows, compared 
with the previous case, the transverse jet can be treated as a fluidic 
obstacle and a BSW is produced in front of it. However, when the 
pressure of the transverse jet is increased to a certain extent, the BSW 

Fig. 11. Temperature curve at a distance of 3 mm from the wall at LJ = 80 mm.  

Fig. 12. Comparison simulation with different temperatures (LJ = 100 mm, P0 = 200 KPa).  
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generated in front of the transverse jet is enough large to ignite the 
combustion, it is different from the previous results. The BSW rapidly 
develops into ODW and intersects with the main OSW to produce the 
main ODW. Due to the momentum of the transverse jet being large 
enough, the generated OSW directly induces combustion. Furthermore, 
the jet boundary is formed behind the transverse jet, and a 2nd shock 
wave (2nd SW) is obtained on the jet boundary. The pressure field is 
shown in Fig. 9b. Due to the rapid development of BSW into ODW, the 
pressure rises significantly behind ODW, but there is a clear low pressure 
zone behind BSW. Fig. 9c and Fig. 9d show the mass fractions of H 
radicals and OH radicals, no significant species change behind BSW, 
while the species change rapidly behind OSW, indicating that the exci
tation and combustion are coupled, i.e. this OSW is ODW. In addition, 

the higher mass fraction of OH radicals behind the main ODW indicates 
that the combustion behind the main ODW produced by the interaction 
of OSW and ODW is more aggressive. 

The wave structure of the ODW becomes the third one as the flow 
discharge of the transverse jet continues to increase and become large 
enough. Fig. 10a is the enlarged wave structure of flow field. When the 
flow discharge of the transverse jet is large enough, ODW is directly 
generated in front of the transverse jet. Subsequently, the ODW and 
OSW intersect to generate the main ODW. It indicates that the formation 
of the main ODW can be accelerated when the momentum of the 
transverse jet is large enough. The jet boundary is still present behind 
the transverse jet at this time, but no other waves are generated on the 
jet boundary in comparison to the second wave structure. Fig. 10b shows 

LJ LJ 

LJ LJ 

LJ 

Fig. 13. Temperature field of ODW with transverse jet at P0 = 100 KPa.  
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the pressure field. Compared with Fig. 9b, there is no obvious BSW in 
front of the transverse jet, and the low pressure zone behind the BSW is 
disappear. The mass fractions of H radicals and OH radicals are shown in 
Fig. 10c and Fig. 10d. The species change significantly at the transverse 
jet, indicating that the combustion initiates behind the ODW induced by 
the transverse jet. 

As the flow discharge of the transverse jet increases, the locations 
where the chemical reaction occurs move upstream in the three types of 
wave structures. As shown in Fig. 11, the temperature curves at 3 mm 
from the wall are extracted. When there is the first wave structure (P0 =

50 KPa and P0 = 100 KPa), as the positions of the deflagration wave are 
further downstream, the positions where the chemical reaction occurs 
are further downstream. The flow discharge of the transverse jet also has 
a significant impact on the position of the deflagration wave. In the 
second wave structure (P0 = 200 KPa), the OSW generated in front of the 
transverse jet induces combustion, and the temperature rises rapidly 
after the OSW. In the third wave structure (P0 = 100 KPa), the tem
perature jumps to the maximum within a short distance. This is because 
the ODW is generated directly in front of the transverse jet, and the 
combustion induced by ODW is supersonic combustion. 

Fig. 12 shows the flow field of ODW at the temperature T = 568 K. 
Fig. 12a shows the temperature field, as the initial temperature 

decreases, the wave structure of the flow field changes from the second 
wave structure (BSW - ODW to main ODW) to the first wave structure 
(deflagration wave to ODW). Suggesting that self-ignition plays a role in 
the change of wave structure to some extent. Fig. 12b shows the pressure 
field, the BSW does not induce combustion after lowering the temper
ature, and the pressure behind the wave surface is smaller. Fig. 12c and 
Fig. 12d show the mass fractions of H radicals and OH radicals, obvi
ously the position of initiation of combustion is more forward for shock 
wave induced combustion. The mass fractions of radicals behind the 
wave surface are similar for different wave structures, indicating that 
the wave structure has less influence on the intensity of combustion. 

The second step is to keep the flow discharge of the transverse jet 
unchanged and change the position of the transverse jet. In this study, a 
total of five nozzle positions of transverse jet are set: LJ = 70 mm, LJ =

80 mm, LJ = 90 mm, LJ = 100 mm and LJ = 110 mm. Since the char
acteristic length of the induction zone cannot be obtained on the wall 
due to the transverse jet, the influence of the transverse jet on the 
initiation position of the ODW is compared by the LS defined in Section 
2. 

Keeping the pressure of the transverse jet remain at P0 = 100 KPa and 
changing the position of the transverse jet. The results are shown in 
Fig. 13, as the position of the transverse jet moves downstream from LJ 

Fig. 14. Temperature curve at a distance of 3 mm from the wall at P0 = 100 KPa.  
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= 70 mm to LJ = 100 mm, the initiation position of the ODW moves 
upstream. When the position of the transverse jet continues to move 
downstream to LJ = 110 mm, the initiation position of the ODW moves 
downstream. This trend of the ODW initiation position indicates that 
when the flow discharge of the transverse jet is small and the ODW is 
generated by the i the DDT transition, there is a particularly suitable 
location for the transverse jet to initiate the ODW. The same conclusion 
can be obtained when the pressure of the transverse jet is P0 = 50 KPa. 

Extracting the temperature curve from the temperature contour at 3 
mm beyond the wall, the temperature changes as the position of the 
transverse jets are changed. In Fig. 14, due to the influence of transverse 
jets, the temperature curves rise slightly and then decrease. The chem
ical reactions begin as soon as the deflagration wave is generated, and 

the temperature rises dramatically. In addition, when the position of the 
transverse jet is LJ = 100 mm, the temperature curve begins to rise 
earlier. As the position of the transverse jet moves forward or backward, 
the upward trend of temperature curve moves rearward. This change 
demonstrates that there is an optimal position of transverse jet in this 
wave structure. This is consistent with the conclusion of Fig. 13. 

When the pressure of the transverse jet is increased to P0 = 300 KPa, 
the temperature field of the third wave structure is obtained in Fig. 15. 
As shown in Fig. 15, when the flow discharge of the transverse jet is large 
enough, ODW is generated in front of the transverse jet. Since the ODW 
and the OSW intersect at a point to generate the main ODW, the deto
nation position of the main ODW is linearly related to the position of the 
nozzle of the transverse jet. This result indicates that the position of the 

LJ LJ 

LJ LJ 

LJ 

Fig. 15. Temperature field of ODW with transverse jet at P0 = 300 KPa.  
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transverse jet plays a dominant role in the initiation of the ODW when 
the flow discharge of the transverse jet is large enough. In the same way, 
when the pressure of the transverse jet is P0 = 200 KPa, the initiation 
position of the ODW is also linearly related to the position of the 
transverse jet nozzle. 

Fig. 16 is the temperature curve at 3 mm from the wall at P0 = 300 
KPa. As shown in Fig. 16, since the ODW in front of the transverse jet 
induces supersonic combustion, the temperature curves quickly rise to 
the maximum temperature. And the position where the temperature 
curve rises is positively correlated with the position of the transverse jet. 
The changing trend of temperature and the analytical results of the 
temperature field are consistent. 

To represent the relationship more intuitively between the initiation 
position of the ODW and the transverse jet position, the LS and the 
corresponding LJ in the same coordinate system are given in Fig. 17. As 
shown in Fig. 17, the four colored polylines represent the correspon
dence between the position of the transverse jet LJ and the initiation 
position LS of the ODW under different pressures of the transverse jet. 
The solid black line is the detonation position of the ODW when there is 

no transverse jet, and the dashed black line is the straight-line repre
senting y = x. When the pressures of the transverse jet are P0 = 50 KPa 
and P0 = 100 KPa, the value of LS first decreases and then increases with 
the increase of LJ, and the relationship between the LS and LJ is a U- 
shaped curve. There is a minimum value of LS within a certain range, 
indicating that there is a theoretically most suitable position when the 
flow discharge of the transverse jet is small. Furthermore, compared to 
the results without the transverse jet, the initiation distance of ODW is 
shortened in only a few cases. This shows that when the flow discharge 
of the transverse jet is small, it may not necessarily accelerate the 
detonation of the ODW. When the pressures of the transverse jet are P0 
= 200 KPa and P0 = 300 KPa, the value of LS increases with the increase 
of LJ. And the change trend of LS and LJ is close to y = x, indicating that 
the correlation between LS and LJ is a positive correlation. 

3.2. Viscous effects on ODW 

In the flow of real gases, the effect of viscosity cannot be ignored. 
Viscosity causes boundary layers to develop on the walls in hypersonic 
flight. Numerical simulation results show that the viscosity leads to the 
creation of the boundary layer, which increases the temperature near 
the wall. Fig. 18 shows the specific wave structure of the flow field under 
viscous conditions. In Fig. 18, the boundary layer is generated on the 
wall in front of the transverse jet, but the wave structure does not change 
and remains the three wave structures in Section 3.1. However, the in
crease in temperature results in a decrease in the flow discharge required 
for wave structure transformation. In viscous conditions, when the 
pressure of the transverse jet is P0 = 100 KPa, the wave structure 
changes from the first to the second. When the pressure of the transverse 
jet is P0 = 200 KPa, the wave structure changes from the second to the 
third. 

Fig. 19 shows the correspondence between LS and LJ in viscous 
conditions. When the pressure of the transverse jet is P0 = 50 KPa, LS first 
decreases and then increases with the change of LJ, and the change trend 
of the curve is a U-shaped curve. When the pressure of the transverse jet 
increases to P0 = 100 KPa, LS still increases first and then decreases. 
However, when the position of the transverse jet is LJ = 90 mm, LJ = 100 
mm and LJ = 110 mm, at this time, LS and LJ are positively correlated. 
From the above analysis, this is because the viscosity has changed the 
wave structure. When the pressure of the transverse jet is P0 = 200 KPa 
and P0 = 300 KPa, the value of LS increases with the increase of LJ. And 
the change trend of LS and LJ is close to the line that expresses y = x, 
indicating that the correlation between LS and LJ is a positive correla
tion. This is consistent with the previous analysis results. 

For the transverse jet with low pressure, the viscosity has a signifi
cant influence on the wave structure. In Fig. 20, for lower pressure at P0 
= 50 KPa and P0 = 100 KPa, the detonation distance is obviously 
affected by the viscosity. The viscous boundary layer increases the 
temperature near the wall, and the position of the deflagration wave 
moves upstream at the first wave structure. The increase in temperature 
also causes the second wave structure to appear earlier, resulting in a 
further acceleration of the detonation distance. For higher pressures at 
P0 = 200 KPa and P0 = 300 KPa, the viscous boundary layer also ac
celerates the transition from the second wave structure to the third wave 
structure. Since the initiation positions of these two wave structures are 
close to the position of the transverse jet, the viscous boundary layer 
moves the initiation positions slightly forward. 

4. Summary and conclusions 

In this paper, the effects of the transverse jet on the initiation char
acteristics of ODW are investigated by solving two-dimensional multi
component Navier-Stokes equations considering chemical reactions. 
The following conclusions are drawn from the analysis and discussion of 
the numerical simulation results: 

Fig. 16. Temperature curve at a distance of 3 mm from the wall at P0 =

300 KPa. 

Fig. 17. LS - LJ relationship diagram.  

Z. Yichen et al.                                                                                                                                                                                                                                  



Fuel 350 (2023) 128787

13

(1) The addition of the transverse jet will change the original wave 
structure of the ODW. And according to the flow discharge of the 
transverse jet, three wave structures will be generated: First, like 
the wedge-induced ODW, the wave structure mainly includes 
OSWs, deflagration waves, and ODWs. Second, BSWs are gener
ated before the transverse jet and rapidly develop into ODWs. The 
wave structure mainly includes BSWs, ODWs, OSWs, and main 
ODWs. Third, ODWs are generated directly before the transverse 
jet, and the wave structure mainly includes ODWs, main OSWs, 
and main ODWs.  

(2) The initiation of the ODW is affected by the position of the 
transverse jet. When the flow discharge of the transverse jet is 

small, the detonation distance of the ODW is longer, and the 
relationship between the detonation distance and the position of 
the transverse jet is a U-shaped curve. The detonation distance of 
the ODW is shorter when the flow discharge of the transverse jet 
is large, and the detonation distance is positively correlated with 
the position of the transverse jet.  

(3) If the viscous effect is considered, the viscous boundary layer is 
created on the wall. The boundary layer increases the tempera
ture near the wall and accelerates the generation of deflagration 
waves, OSWs, and ODWs near the transverse jet in the above 
three wave structures. And it can accelerate the transformation of 

P0 P0 

P0 P0 

Fig. 18. Specific wave structure of the flow field with transverse jet (LJ = 100 mm).  

Fig. 19. LS-LJ relationship diagram.  
Fig. 20. Comparison of inviscid results and viscous results.  
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three wave structure and shorten the initiation distance of obli
que detonation. 

In this paper, the accelerated initiation of ODW is achieved by adding 
a hydrogen jet. The initiated position of the ODW and the jet position are 
positively correlated at high flow discharges, which is a good way to 
achieve the goal of accelerating the initiation of the ODW in the desired 
position. And compared to the ODW induced by blunt bump, the 
hydrogen jet also avoids losses due to thermal damage. Of course, like 
the problems encountered with blunt bump-induced ODW, the resis
tance caused by the hydrogen jet is also a pressing issue. 
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