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In this study, the numerical analysis of the three-dimensional flow fields of a series of tandem-
arranged equal-strength hydrogen jets injected into a Mach 8 hypersonic crossflow is presented. The 
study comparatively analyzes the flow field similarities and differences between different configurations, 
namely, single, double, and quadruple jets. The results indicate that downstream jets do not have a 
significant effect on the first Mach cell and only slightly lift the bow shock at downstream compared 
with the single jet case. Additionally, high-temperature regions in all cases are in close proximity to 
the hydrogen stoichiometric equivalence ratio interface, making the fuel more prone to pre-ignition. 
Moreover, flow patterns in inter-gap regions and vortex structures are compared casewise. In addition, 
hydrogen injected from each orifice is traced, and the mass fraction distribution contributed by each jet 
on the symmetry plane and the inter-gap region is analyzed to derive the mixing characteristics.

© 2023 Elsevier Masson SAS. All rights reserved.

1. Introduction

Oblique detonation engines (ODEs) do not have to carry oxidizer and have a high combustion efficiency and heat release rate due to the 
characteristics of the oblique detonation wave (ODW), granting them a great prospect of application in hypersonic vehicle engines [1,2]. 
Recent years have seen much progress in the research on detonation wave mechanisms and detonation engine characteristics. However, 
a common assumption in the existing studies is the mixed fuel-air inflow condition, especially in ODW or ODE modeling and numerical 
simulations [3–6]. However, the successful establishment of the ODW at the inlet of the combustor demands a high degree of fuel-air 
mixing conditions [7–9]. If these conditions are not satisfied, the ODE might fail to work. Therefore, seeking an efficient and feasible 
fuel-air mixing method for the actual ODEs has become an urgent task.

Two significant problems exist in the mixing process of ODEs: achieving a high penetration depth and a sufficient mixing process 
and avoiding pre-ignition at the inlet. The first problem stems from the high Mach number in the ODE inlet. As detonation is premixed 
combustion, the fuel must be injected at the inlet instead of the combustor in scramjets. Since the operating Mach number of ODEs is 
in the range of 6-22 [10], the freestream at the inlet is still hypersonic even though slowed down by the compressing oblique shock at 
the lip of the inlet, which could inhibit fuel penetration and dispersion [11,12]. Intrusive mixing devices [13], such as the cantilevered 
ramp, are widely used in scramjet combustors. However, the severe aerodynamic heating brought by the hypersonic crossflow can erode 
the geometry of such intrusive devices and thereby diminish their vortex generation ability, namely the mixing efficiency. The increasing 
complexity of the cooling system is also not beneficial for hypersonic vehicles [14]. Additionally, the wave drag and high total pressure 
loss can also reduce ODE performance [15]. Therefore, the common fuel injection scheme does not apply to ODEs.

Since the detonation is premixed combustion, pre-ignition should be avoided as much as possible because it does affect ODW establish-
ment and stabilization. However, in Veraar and Mayer’s experimental investigation [16], where a wall-mounted hydrogen jet was injected 
into the Mach 3.25 crossflow with the stagnation temperature of 1450 K, pre-ignition still existed in the boundary layer separation zone 
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and the flow field outside of the boundary layer despite of the relative low incoming Mach number. Gamba and Mungal [17] draw a sim-
ilar conclusion by experimentally investigating the transverse hydrogen jet in a Mach 2.4 supersonic crossflow with a total temperature of 
3000 K. Through OH planar laser-induced fluorescence imaging, they found that at a higher jet-to-crossflow momentum flux ratio J, the 
reaction region is in the near wall region and the shear layer. Therefore, compared with intrusive mixing devices, the wall-mounted injec-
tion method is more likely to pre-combust in the boundary layer and downstream of the bow shock as the high stagnation temperature 
brought by the intrusive mixing devises is not blocked.

Based on the pros and cons of intrusive structures and wall-mounted injectors, a combination of these two methods has led to the 
design of the aerodynamic ramp. The aerodynamic ramp proposed by Cox et al. [14] was constituted of nine injectors arranged in a 3 × 3
matrix. The transverse angles of the three rows of injectors were 15◦ , 30◦ , and 45◦ designed to generate vortical interactions and enhance 
mixing. Such an arrangement could utilize the injector spacings, yaw angle, injector transverse angles, and dynamic pressure ratios to 
enhance the mixing process [18,19]. Fuller et al. [20] experimentally demonstrated that in a Mach 2 crossflow, the 3 ×3 aerodynamic ramp 
had less total pressure loss and better mixing performance in the near-field compared with the physical ramp. Although the physical ramp 
has better far-field mixing under lower momentum flux ratios, the mixing performance of the aerodynamic ramp could be compensated 
by a higher J. Despite the demonstrated advantages of applying the aerodynamic ramp as a probable solution for the fuel injection method 
of ODEs, there still lacks a principal guidance to direct the injection scheme design.

The aerodynamic ramp could be regarded as a set of multiple injectors that could be optimized in terms of injector positions, mass flow 
rates or momentum flux ratios, and injection angles [21]. To simplify the problem, multiple injectors could be represented by tandem- and 
parallel-arranged multijet. Further, the parallel-arranged multijet could be simplified into a single jet with periodic boundary conditions 
in simulation. Considering the complex interaction between the adjacent jet and the synergistic effect induced by the upstream jets, the 
tandem-arranged multijet is a more suitable model for multiple jets. Lee [22,23] investigated the characteristics of two equal-strength 
jets in supersonic crossflow, including the basic flow structures, vortex structures, interaction between two jets, and how the burning of 
upstream injections affects the flow field structures. The optimum spacing based on the penetration depth is related to the momentum 
rate of each jet. However, the definite relationship between spacing, penetration depth, and momentum rate still requires further study.

Characteristics of single jets [24–26], pulsed jets, staged, and double jets [27–29] were comparatively investigated numerically and 
experimentally which provide basic physical insights into the jet supersonic crossflow interaction flow field. Multiple jets and micro-jets 
were also used to diminish the fraction and enhance the mixing process, significantly improving the mixing process compared to the 
baseline cases [30]. Although various fuel delivery strategies have shown promising characteristics in mixing enhancement, the theoretical 
mixing mechanism has not been fully understood and thoroughly revealed [21]. Therefore, the mechanism of the tandem-arranged multijet 
as a basic model still needs to be ascertained.

To reveal the mixing enhancement mechanism of multi-jet in the hypersonic crossflow, three-dimensional flowfields of the tandem-
arranged multijet with different configurations, i.e., single, double, and quadruple jets, injected into the Mach 8 hypersonic crossflow were 
comparatively analyzed in this study. In Sec 2, numerical methods and computational setup were introduced. Numerical validation and grid 
resolution analysis were presented in Sec 3. Results and discussions, including flow structures associated with the interaction patterns, 
vortex structures, temperature distribution, fuel mass fraction distribution and construction were detailed in Sec 4. Finally, conclusions 
were presented in Sec 5.

2. Numerical details

2.1. Physical and mathematical models

Three-dimensional compressible Navier-Stokes (N-S) equations combined with the two-equation shear stress transport (SST) turbulence 
model [31] and multi-component non-reaction model in the integrated form are used to simulate the hypersonic transverse jet interaction:
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Q is the dependent variable vector; F1, F2, and F3 are the inviscid flux vector components; G1, G2, and G3 are the viscous flux vector 
components; and Ṡ is the source term vector. These are calculated as follows:
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where ρ, p, u, v, w, k, ω are density, pressure, velocity components in the x, y, and z directions, the turbulent kinetic energy, and the 
specific dissipation rate; Yi is the mass fraction of component i; ns is the number of the component; e is the total internal energy of 
mixed gas per unit mass, and

e = h − p

ρ
+ 1

2
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)
+ k (3)

where h is the total enthalpy per unit mass. The stresses and strains are as follows:
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where μl and μt are the laminar viscosity and the turbulent viscosity of the mixture. ϑ is the dilatation, which can be expressed as 
follows:
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Heat transfer rates are as follows:
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where κl and κt are the laminar and turbulent heat transfer coefficients of the mixture, and Dl and Dt are the laminar and turbulent 
diffusion coefficients of the mixture. In this study, the N-S equations are solved using the finite volume method. The Harten-Lax van Leer 
contact (HLLC) approximate Riemann scheme [32] with the min-mod limiter [33] is used to compute the second-order convective flux 
Fi . The viscous flux Gi is computed using a simple second-order average of all vertex polynomials. Time advancement is performed by 
implicit backward Euler integration with multi-grid acceleration and dual time-stepping methods [34].

2.2. Computational details

To investigate the flow pattern and the mixing mechanism of tandem-arranged jets in a hypersonic flow field, this study conducted 
three cases, namely, a single transverse jet as the baseline, tandem-arranged double jets, and tandem-arranged quadruple jets. Sonic jets 
are used and hydrogen is injected transversely. In all three cases, the jet diameter d j = 2 mm, Ma j = 1, p0 j = 0.5 MPa, Toj = 300K . The 
ODE is expected to be operated at an altitude of 30 km, and therefore the atmospheric condition at 30 km is adopted with the freestream 
static pressure p∞ = 1197 Pa and static temperature T∞ = 226.5 K. A Mach 8 crossflow is used to simulate the hypersonic flow condition 
3



J. Wang and G. Han Aerospace Science and Technology 139 (2023) 108383
Table 1
Inflow and jet conditions.

Inflow Jet

Ma∞ = 8 Ma j = 1
p∞ = 1197 Pa p0j = 0.5 MPa
T∞ = 226.5 K T0j = 300 K
Re∞ = 2.96× 106 /m J = 3.45

Fig. 1. Schematic of the computational domain and boundary conditions in the tandem-arranged quadruple jets case.

Table 2
Inflow and jet conditions in previous experiments 
[35].

Inflow Air jet

Ma∞ = 1.6 Ma j = 1
p0∞ = 241 KPa p0j = 0.48 MPa
T0∞ = 295K T0j = 295 K
Re∞ = 58.8× 106 /m J = 1.7

at the inlet of the ODE. The corresponding jet momentum ratio J = γ j p j Ma2
j

γ∞ p∞Ma2∞
= 3.45 and the unit Reynold number is Re∞ = 2.96× 106

/m. Flow conditions used in this paper are listed in Table 1.
The schematic of the computational domain and boundary conditions of tandem-arranged quadruple jets are shown in Fig. 1. To save 

computational resources, only half model is computed by using the symmetry plane in y = 0, and the boundary layer solution at 0.08 m 
from the leading edge solved by the numerical method described in Sec 2 with the incoming flow condition in Table 1 is assigned to the 
inflow boundary condition. In all three cases, the origin is set at the center of the most upstream jet and 0.105 m from the leading edge of 
the flat plate. Therefore, the inflow boundary condition is 0.025 m (12.5dj) upstream of the first jet, which could completely contain the 
separation region before the first jet. In tandem-arranged jet cases, the interval between the two jets L is 8dj, which could well capture 
the recirculation flow pattern in the gap. An isothermal wall condition is adopted and set as 300 K. The computational domain extends 
in the spanwise direction from y = 0dj to y = 20dj and in the wall-normal direction from z = 0dj to z = 30dj, which could completely 
contain the general flowfield structures. Supersonic outflow conditions are set at the slice of z = 30dj, y = 20dj, and x = 32dj.

3. Validation and grid resolution analysis

To validate the computational method, velocity and pressure distributions in the experiment of Santiago and Dutton [35] are used 
for comparison against the numerical solution obtained using the numerical methods in this paper. In their experiment, a sonic air jet 
with d j = 4 mm was injected transversely into the Mach 1.6 supersonic crossflow, and the boundary layer thickness at x/d j = −5 is 
δ99 = 0.775d j . Flow conditions in Santiago and Dutton’s experiments are listed in Table 2.

In the validation, the computational domain size is designed according to the wind tunnel’s test section with 36 mm high and 72 mm 
wide. The total element is 2.6 million with the first layer spacing of mesh is 2.5e-5 m. In addition to the experimental data, numerical 
results in [36,37] based on LES and ILES turbulent models are also used for comparison in this paper. Fig. 2 demonstrates the streamwise 
velocity profiles solved in this paper using the SST turbulent model and the comparison with experimental data in [35], Kawai and Lele’s 
LES numerical results [36], and Rana et al.’s ILES numerical results [37] at x/d j = −1.5, 2, 3, 4, 5. Despite the discrepancies between 
all numerical results and the experimental data, the flow feature capturing capacities of the three numerical methods appear consistent. 
Fig. 3 shows the pressure distribution on z/d j = 0, 1, 2 and the comparison with experimental data in [35], Kawai and Lele’s LES numerical 
results [36], and Rana et al.’s ILES numerical results. In Fig. 3(a) the differences between numerical results and experimental data in the 
4
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Fig. 2. Comparisons of streamwise velocity profiles at x/d j = −1.5, 2, 3, 4, and 5 in experiments [35] (blue dot) and numerical results of the numerical methods in this paper 
with the SST turbulent model (solid line), Kawai and Lele’s numerical results with the LES turbulent model [36] (dashed line), and Rana et al.’s numerical results with the 
ILES turbulent model [37] (dash-dot line). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Fig. 3. Comparisons of pressure distributions at z/d j = 0, 1, 2 in experiments [35] (green dot) and numerical results of the numerical methods in this paper with the SST 
turbulent model (solid line), Kawai and Lele’s numerical results with the LES turbulent model [36] (dashed line), and Rana et al.’s numerical results with the ILES turbulent 
model [37] (dash-dot line).

upstream separation region may be caused by the high unsteadiness [37,38] of the jet in supersonic crossflow; the pressure distribution in 
the downstream recirculation region agrees with the predictions of the numerical results. From the distribution of the pressure data curves, 
it can be seen that the numerical method used in this study can accurately capture the pressure distribution at different spanwise positions 
and agrees relatively well with the numerical results of Kawai (LES) and Lele and Rana et al. (ILES). Based on the above comparisons, it 
can be concluded that the numerical methods used in this paper are appropriate for subsequent investigations.

The tandem-arranged double jets with the geometry in Fig. 1 and the initial condition listed in Table 1 in three meshes with different 
resolutions are used to verify grid independence. The height of the first grid �s in the wall-normal direction (z direction), the correspond-
ing z+ , the number of nodes in the three directions (nx, ny, and nz), and the total elements in each mesh are listed in Table 3. Details 
of the medium grid in tandem-arranged double jets are demonstrated in Fig. 4. Both structured and unstructured grids are used on the 
wall. Nodes are clustered around the jet exit and set uniformly in the gap between the two jets. In the wake region, the nodes gradually 
5



J. Wang and G. Han Aerospace Science and Technology 139 (2023) 108383
Table 3
Parameters of three different meshes.

Mesh �s/m z+ nx ny nz Total elements

coarse 5.0e-5 < 5.0 440 70 120 10.64e+6
medium 1.0e-6 < 1.0 652 100 276 21.28e+6
fine 1.0e-6 < 1.0 800 150 276 37.11e+6

Fig. 4. Grid construction details of double jets: full-size figure of grids and the zoomed-in figure of grid arrangement around jet orifice and near-wall region.

Fig. 5. Pressure distributions on the wall of symmetry plane predicted by coarse grid (black solid line), medium grid (red dashed line), and fine grid (blue dot-dash line). 
Regions through jet orifices are colored red.

become sparse to the outlet to reduce the total elements. Elements in the outer flow region are generated by extruding the wall grid in 
the wall-normal direction.

The non-dimensional wall pressure distribution on the wall of the symmetry plane derived from different meshes is shown in Fig. 5. 
The pressure distribution solved by medium and fine grids coincides well with each other, including the pressure rise at the boundary 
layer separation position, the pressure fluctuation in the separation region caused by the horseshoe vortex, the pressure distribution in the 
downstream recirculation region, and the pressure rise generated by the reflect shock-boundary layer interaction. Compared with medium 
and fine grids, the pressure distribution in the gap of the two jets predicted by the coarse grid is slightly higher, and the separation length 
is longer. In conclusion, to save computational resources, the medium grid is adopted in the subsequent computation.

4. Results and discussions

4.1. General flowfield structures

The main structures of flowfields in single, double, and quadruple jets are shown in Fig. 6 using the density gradient magnitude contour 
on the symmetry plane, including the separation shock, bow shock, jet shear layer, Mach cell, and Mach disk. The second jet in double 
and quadruple-jet cases has a complete Mach cell structure under L/d j = 8. Moreover, in multi-jet cases, the structure of the upper-most 
jet is not affected by downstream jets as the Mach cell of the upper-most jet in the two cases is nearly the same. Additionally, bow shock 
shapes in the three cases have nearly the same curvature according to the shock positions in the three cases extracted and compared 
in Fig. 7. Discrepancies between the three shocks and a slight lift brought by the increasing downstream jets only appeared after 12d j . 
Although the downstream jets do not affect the upstream structure in this paper, it can be speculated that with the increasing of J or 
the decreasing of the gap, the Mach cell of the downstream jet might interact with the upstream Mach cell and affect the bow shock 
6



Fig. 6. Flow structures in (a) single, (b) double, and (c) quadruple jets cases represented by |∇ρ| on the symmetry plane.

Fig. 7. Bow shock positions on the symmetry plane in single, double, and quadruple-jet cases.

structure. Also, disturbance generated by downstream jets might spread upstream through the subsonic region, mostly underneath each 
Mach cell. Mach contour on the symmetry plane in the quadruple-jet case is shown in Fig. 8.

4.2. Streamline patterns and vortex structures

In tandem-arranged jets, flow interactions between two jets can promote the fuel-air mixing process. Therefore, the streamline patterns 
and vortex structures are thoroughly analyzed to reveal the effect of the inter-hole recirculation region in promoting the mixing process.

To visualize the flow patterns, the non-dimensional pressure distribution on the symmetry plane and wall overlapped with two-
dimensional streamlines are presented in Figs. 9 to 11. Streamline patterns of the single transverse jet are relatively simple, dominated 
by two recirculation regions denoted as R1 and R2 in the upstream separation region, another recirculation region in the leeward of the 
Mach cell, and the wake region elongated into the far downstream. In addition to the high-pressure region behind the bow shock, another 
J. Wang and G. Han Aerospace Science and Technology 139 (2023) 108383
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Fig. 8. Mach contour on the symmetry plane in the quadruple-jet case.

Fig. 9. Non-dimensional pressure distribution on the symmetry and wall plane covered by two-dimensional streamlines in the single jet case.

Fig. 10. Non-dimensional pressure distribution on the symmetry and wall plane covered by two-dimensional streamlines in the case of double jets.

Fig. 11. Non-dimensional pressure distribution on the symmetry and wall plane covered by two-dimensional streamlines in quadruple-jet case.
8



high-temperature region on the wall is along the reattachment line in the separation region, which is generated by the fluid impingement 
between the two recirculation regions. Saddles and nodes on the wall are generated by the three-dimensional flow interactions. In the 
case of a single transverse jet, two obvious counter-clockwise focuses can be seen in Fig. 9. As shown in Fig. 9, the three-dimensional 
separation line behind the Mach cell on the wall spiraling into the counter-clockwise focus 1 indicates fluid rolling up from the wall into 
the outer flow. This separation is caused by the adverse pressure gradient in the leeward of the Mach cell. Further downstream, another 
three-dimensional separation line spiraling into the counter-clockwise focus 2 is generated by the interaction between two streams of 
fluid. One stream is derived from R2, and the other is from the side rim. These two streams wrapped around the Mach cell with different 
spinning directions meet downstream and interact.

In the case of double jets, four recirculation regions denoted as R3 to R6 appear in the gap. Among them, R5 and R6 are in the corner 
flow and the secondary recirculation region. Though these two recirculation regions have complex near-wall interactions indicated by the 
streamline topology, they cannot affect the macro fluid structure. Flows in R4 bend around the second jet and then interact and mix with 
the wake of the second jet, which is demonstrated by the large stable limit cycle on the wall. Flows in R3 bend around the second jet too, 
but then stretch sideways and turn downstream, which is presented by the separation and reattachment lines on the wall.

In the case of quadruple jets, streamline patterns before the second jet are the same as in the double-jet case, i.e., four recirculation 
regions in the first gap. However, only one recirculation region close to the second jet’s Mach disk is shown in the second gap, and no 
recirculation region is shown in the third. The reason is the less interaction between the outer high-speed jet plum and the low-speed 
fluid in the inter-gap region. Blocked by the upstream Mach cell, the downstream under-expanded jet could expand in an environment 
with a lower crossflow Mach number and static pressure. As a result, the lower local momentum ratio leads to a large Mach cell and 
high penetration depth, making the fluid direction through the Mach disk closer to vertical so that it interacts less with the inter-gap 
fluid. In terms of fluid interactions, fluid in R3 stretch sideways, as in the double-jet case. Fluid in R4 wraps around the second jet and 
interacts with the inter-gap fluid in the second and third gaps, as demonstrated by the focus-saddle-focus combination topology with a 
three-dimensional separation line linking each critical point.

As streamlines cannot reflect the vortex structure well [39], the third-generation vortex identification method Liutex [40–43] is used 
for vortex identification, which is accomplished by using code LiutexUTA released by Chaoqun Liu at the University of Texas at Arlington. 
Liutex has been extensively verified and compared with other vortex identification methods [44–46] and used in compressible [47] and 
incompressible flows [48,49], where it demonstrated great advantages.

Liutex is defined as a vector �R = R�r. R represents the rotation intensity of the fluid element along the local rotation axis. �r = rxi +
ry j + rzk represents the direction of the local rotation axis of the fluid element in the origin reference frame. The Liutex criterion first 
finds a reference frame where the fluid element has rotational motion only in a plane orthogonal to the local Z -axis. Then, the motion 
of the fluid element is decomposed to analyze whether there is rigid rotation along the Z -axis. Finally, the value of the Liutex vector is 
defined as twice the rigid body rotational angular velocity of the fluid parcel along the Z-axis and can be calculated as follows:

Rz = 2ωrot =
⎧⎨
⎩

2(β − α), ifα2 − β2 < 0, β > 0
2(β + α), ifα2 − β2 < 0, β < 0

0, ifα2 − β2 ≥ 0
(7)
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)2

+
(
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∂ X
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)2

β = 1

2

(
∂V

∂ X
− ∂U

∂Y

) (8)

Where XYZ is the local reference frame of the fluid particle and U , V , W are velocity components of the fluid particle in the local reference 
frame. Since the Liutex vector is derived by decomposing the motion of fluid elements and coordinate transformation, without involving 
the compressibility of the fluid, it is applicable to both compressible and incompressible flow fields. Compared with the Q criterion, the 
Liutex criterion is less susceptible to shear contamination in compressible flow fields. Additionally, Liutex is a vector while Q is a scalar, 
making the Liutex criterion more intuitive for analyzing the direction of vortex rotation.

To understand these flow fields more comprehensively, vortex structures from the bottom view and the corresponding wall streamlines 
are presented in Figs. 12 to 14. Vortex structures generated by different jets and gaps are colored according to the streamwise position 
to distinguish among them, as visualized by Liutex iso-surface with Liutex magnitude |R| = 200000. For the single transverse jet, apart 
from horse-shoe vortexes in the separation region, three apparent trailing vortexes elongate downstream. According to the wall streamline, 
these vortexes are confined in a narrow gap close to the symmetry plane.

Upon the appearance of the second jet, the three trailing vortex structures in the single jet case disappear, and two strong vortex 
structures appear in the gap, corresponding to R3 and R4 in Fig. 11. As the vortex in R4 elongates around the second jet, another vortex 
stretches into the spanwise direction behind the large stable limit cycle, which is generated by baroclinic effect brought by the reflection 
shock-boundary layer interaction. This out-stretched vortex divides the wake region behind the second jet into two parts, each containing 
one trailing vortex. Additionally, the trailing vortex behind the out-stretched vortex is wider than that in the single jet case thanks to the 
larger Mach cell of the second jet.

Though more complex vortexes appear in the quadruple-jet case, the vortex structures are the least developed among the three cases 
due to the shrinking space of the downstream inter-region. Therefore, to improve the mixing efficiency, the spacing between the down-
stream gaps can be appropriately increased for the porous and equal-strength serial jet. Otherwise, under the constant spacing between 
jets, the strength of the downstream jet could be reduced.

4.3. High-temperature region and fuel distribution

To ensure the successful detonation wave establishment at the inlet of combustion in ODEs, premature fuel combustion should be 
avoided as much as possible. Therefore, the high-temperature region in the flow field should be reduced. The high-temperature region 
J. Wang and G. Han Aerospace Science and Technology 139 (2023) 108383
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Fig. 12. Vortex structures of the single jet case in the bottom view visualized by Liutex with |R| = 200000 with the corresponding wall streamline overlapped on the 
non-dimensional wall pressure distribution.

Fig. 13. Vortex structures of the double-jet case in the bottom view visualized by Liutex with |R| = 200000 with the corresponding wall streamline overlapped on the 
non-dimensional wall pressure distribution.

Fig. 14. Vortex structures of the quadruple-jet case in the bottom view visualized by Liutex method with |R| = 200000 combined with corresponding wall streamline 
overlapped on the non-dimensional wall pressure distribution.
10
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Fig. 15. High-temperature region above 900 K and hydrogen equivalent ratio isolines on the symmetry in (a) single, (b) double, and (c) quadruple-jet cases.

above 900 K and the hydrogen equivalent ratio (ER) isolines on the symmetry plane of the single, double, and quadruple-jet cases are 
shown in Fig. 15. According to the high-temperature region distribution, it is mainly generated by the separation shock and the bow shock 
also close to the interface of ER=1. Thus, advanced combustion may occur in the high-temperature region.

To further analyze the fuel concentration distribution in the flow field and the contribution of each jet, the distribution of hydrogen 
ejected from each jet is presented in Fig. 16 and Fig. 17 through component tracking. In both double and quadruple-jet cases, hydrogen 
ejected from the most upstream jet can be completely distributed in all regions behind the bow shock except the downstream Mach 
11
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Fig. 16. Hydrogen mass fraction distribution generated by each jet in double jets case.

Fig. 17. Hydrogen mass fraction distribution generated by each jet in quadruple jets case.

cell. Moreover, fuel ejected from the downstream jet can, at most, be transferred to the upstream inter-gap region between the two jets. 
Likewise, it can also cover the whole area after the downstream bow shock except the downstream Mach cell.

To quantitatively assess the contribution of each jet at the critical inter-region, we extract three vertical lines in each gap on the 
symmetry plane. In each line, the total mass fraction of hydrogen and that contributed by each jet in the quadruple-jet case are compared 
and demonstrated in Fig. 18.

In lines x = 2d j and 4d j , the hydrogen mass fraction distribution is dominated by the injection from the first jet. The injection from 
the second jet only concentrates in the lower half of the whole hydrogen plum and contributes a little fraction. The overlapped region 
in Fig. 18 demonstrates the mixing between different jets, where the hydrogen from the first and second jets in lines x = 2d j and 4d j

mix with each other comprehensively. As lines x = 6d j and 10d j pierce through the second jet’s Mach cell, hydrogen from the second jet 
dominates the center part of the construction of the whole plum. Nevertheless, injection from the first jet still dominates the upper and 
lower parts of the whole hydrogen plum. In the second gap, from the outer region into the wall, line x = 12d j goes through the plums 
of the first and second jets. It is worth noticing that, though the plum of the second jet contributes most of the mass fraction, hydrogen 
from the first jet still dominates the lower half of the whole jet plum. Lines x = 14d j and 18d j pierce through the third jet’s Mach cell, 
and the mass fraction contributed by the first and second jets show a double-peak distribution along the two lines. In the upper half of 
x = 14d j , injection from the second jet contributes more than the first. In the near wall region, the first jet contributes twofold more than 
12
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Fig. 18. Constitution of each jet in the tandem-arranged quadruple-jet case at different locations.

the second. However, as x = 18d j is far downstream, the contribution of the first jet in the near wall region is diminished and surpassed 
slightly by the second jet. This situation maintains till the last extracted line. Interestingly, from the outer region to the inner side, line 
x = 20d j goes through the jet plum originating from the first jet to the fourth in sequence. Except for the large contribution of the fourth 
jet, the hydrogen mass fraction from the first and second jets has nearly the same distribution along the lower half of the whole jet plum. 
Also, their contributions are greater than that of the third jet, though the third jet is closer to the third gap than the first and second jets.
13
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In conclusion, injection from the first jet contributes most of the near wall hydrogen mass fraction except the far downstream line 
x = 18d j and mixes with all the other hydrogen from each jet. Additionally, injection from the third jet does not sufficiently spread into 
the upstream and downstream gap. Therefore, the upper-most jet could be replaced by an air jet to enhance the fuel-air mixing, and the 
third jet could be removed or relocated to a farther downstream location.

5. Conclusions

Sufficient fuel-air mixing is critical in the applications of ODEs. Premixed combustion, the main characteristic of detonation combustion, 
has two additional requirements compared with the fuel-air mixing in scramjet engines: pre-ignition prevention and sufficient fuel-air 
mixing in the hypersonic crossflow. To approach those goals, tandem-arranged equal-strength jets, viewed as the basic model of aero-
ramp, were investigated numerically in this study. Three cases were conducted, including a single transverse jet and tandem-arranged 
double- and quadruple-jet, which ejected hydrogen transversely into a Mach 8 crossflow. The conclusions are as follows:

1. Jets downstream could not affect the Mach cell shape of the uppermost jet and the upstream bow shock curvature in the inter-gap 
ratio of L/d j = 8. More jets in the downstream direction only slightly lifted the bow shock trajectories downstream.

2. Four recirculation regions appeared at the inter-region in tandem-arranged double-jet and quadruple-jet cases, including two strong 
recirculation regions and two secondary recirculation regions. Based on the streamline patterns, trailing vortex structures in the single 
transverse jet were replaced by two strong vortexes in the gap of the double-jet case, where the trailing vortex structure also widened. 
Vortex structures in the quadruple-jet case were not sufficiently developed.

3. High-temperature regions in the three cases were generated by the temperature rise brought by the separation shock and bow shock, 
which was also in the jet shear layer region and near the hydrogen stoichiometric equivalence ratio isoline ER=1 in the three cases, 
thus prone to pre-ignition.

4. By tracing the hydrogen ejected from each jet and comparing the mass fractions contributed by each jet in the quadruple-jet case, 
injection from the uppermost jet could cover the whole area behind the bow shock except the downstream Mach cell region, which 
also dominated the near wall hydrogen mass fraction construction within a long distance.

Based on the above conclusions, improvements could be made by replacing the first hydrogen jet in the quadruple-jet case with an air 
jet. In this way, the air ejected from the first jet could block the high-temperature region from the hydrogen, thus reducing the possibility 
of pre-ignition.

Though flow patterns were identified and improvements were made in tandem-arranged jets, a physical model is still needed to predict 
the basic parameter distributions in the flow field of multijet hypersonic crossflow interaction and direct the jet establishment, including 
jet position and strength. These tasks will be completed in our subsequent works.
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