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A B S T R A C T   

To investigate the effects of slot inlet configurations on premixed vapor kerosene/air rotating detonation engines, 
a series of cases with different injection patterns, including baseline inlet, outer slot inlet, middle slot inlet, and 
inner slot inlet, are simulated by solving three-dimensional reactive Euler equations. Stable rotating detonation 
waves were obtained in the baseline and the outer slot inlet cases. Instead, an unsteady triple-wave mode was 
obtained in the middle slot inlet case and a decoupled detonation was observed in the inner slot inlet case. A long 
supersonic injection zone was observed in the outer slot inlet case and the main total pressure loss was found in 
the buffer zone. The propagation mechanism analysis demonstrates the crucial role of the outer wall in the 
propagation of rotating detonation waves, where the detonation waves near the outer wall tend to be over-driven 
and contributes to the stable propagation of detonations. A positive mass average total pressure gain of 48.0% 
was obtained in the baseline, confirming the total pressure gain ability of the kerosene/air rotating detonation 
engines. The simulation results indicate the area ratio between the outlet and the inlet is of great importance for 
obtaining the positive total pressure gain.   

1. Introduction 

Rotating Detonation Engine (RDE) has attracted more and more 
attention over the past two decades because of its higher thermody-
namic efficiency, continuous presence of detonation waves without 
multiple ignition, and compact engine geometry [1–3]. At present, most 
RDE research is based on hydrogen [4–9], and ethylene [10–13]. Rela-
tively little attention has been given towards kerosene/air RDE. Due to 
space constraints and safety considerations, kerosene is deemed an ideal 
fuel for aviation engines [14,15]. Therefore, it is necessary to investigate 
kerosene/air RDE to achieve fundamental understandings for its po-
tential applications, such as ramjet [16,17] and turbojet [18,19] 
engines. 

Up to now, the successful initiation of kerosene/air rotating deto-
nation in experiments remains challenging. For instance, Bykovskii et al. 
[20] investigated kerosene/air/oxygen rotating detonations and re-
ported that rotating detonation waves can be obtained only by 
increasing the oxygen/nitrogen mass ratio to 1:1. Their subsequent 
research [21] focused on the addition of active fuels, e.g. hydrogen or 
syngas, to obtain the self-sustained rotating detonation waves with 
kerosene. MBDA France [22] conducted experiments on kerosene-fueled 

RDE by heating the kerosene. The RDE combustor was connected to a 
ramjet test facility, which can provide up to 1 kg/s kerosene heated up to 
a maximum temperature of 800 K. Wu et al. [23] successfully obtained 
cracked kerosene/oxygen-enriched air rotating detonations with an 
oxygen mass fraction of 30%. Zheng et al. [24] investigated 
kerosene/oxygen-enrich air (35% oxygen) rotating detonations under a 
high total temperature (620K-860 K). From the foregoing literature, one 
may see that pre-vaporized kerosene can reduce the negative impacts 
from droplet breakup and evaporation [25–30] on the mixing and 
combustion. Hence vapor kerosene is expected in experiments to realize 
kerosene/air rotating detonation avoiding the addition of oxygen or 
hydrogen. The pre-vaporized process could be done by the hot wall of 
RDE or the high total temperature inflow or a precombustion chamber. 
Furthermore, a high injection total temperature can also promote the 
kerosene detonation and approach the practical operation condition for 
air-breathing engines. 

Under high injection total temperature conditions, the inlet config-
uration should be deliberately designed to prevent the flashback, 
decrease the total pressure loss, and also maintain stable propagation of 
rotating detonation waves. Recently, Wu et al. [16] performed numer-
ical research on H2/air rotating detonation ramjet engine with a Laval 
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inlet. Two flow instabilities, i.e., backflow and strip-type fresh fuel layer, 
were analyzed while the potential effects of inlet configurations on RDE 
performance were not explored in their work. Wang et al. [31] numer-
ically studied inlet area ratios on the performance of kerosene/air RDE 
by two-dimensional simulations. However, three-dimensional simula-
tions are more relevant to practical problems such as the effects of inlet 
or chamber configurations. Betelin et al. [32] simulated the cylindrical 
RDE with an inner body extending out of the nozzle and thrust perfor-
mance was analyzed. Bach et al. [33,34] experimentally investigated the 
total pressure gain performance of RDE. The total pressure gain per-
formance was found to be a function of three variables, including 
injector area ratio, outlet area ratio, and combustor mass flux. Matsuoka 
et al. [35] measured the inlet blockage ratios on RDE with an axial outer 
slot inlet configuration. Their results imply that a reduction in the hy-
drodynamic blockage ratio while maintaining the geometric blockage 
ratio is required for stable RDE operation and total pressure gain. Zheng 
et al. [36,37] simulated the initiation process of a hydrogen/air RDE 
with three slot injection patterns. Their attention was paid to radial slot 
inlet configurations. While the axial slot inlet patterns that were 
commonly used in experiments [10,35,38] has not been investigated. 
With an axial slot inlet, the fresh mixture tends to accelerate to the su-
personic conditions, which may cause uncertain consequences, e.g., 
reactant property change, total pressure loss, or even detonation failure. 
Also, the detonation propagation mechanism may vary a lot with 
different locations of the slot inlet. These potential effects play impor-
tant roles in practical applications but are still not well understood now. 

In this work, we aim to numerically investigate the premixed vapor 
kerosene/air RDE with different axial slot inlet configurations, including 
a baseline inlet, an outer slot inlet, a middle slot inlet, and an inner slot 
inlet. The rest of the paper is organized as below. In Section 2, the 
governing equation and physical model are presented. The numerical 
results are shown and discussed in Section 3. Finally, the main conclu-
sions are summarized. 

2. Governing equations and physical model 

2.1. Governing equations 

Three-dimensional Euler equations for multi-component reacting 
flows are solved, i.e., 

∂U
∂t

+
∂E
∂x

+
∂F
∂y

+
∂G
∂z

= R (1)    

where t, x, y, and z are time, x-, y- and z-direction coordinates, respec-
tively. Yi is the mass fraction of ith specie, ns is the number of species, ρ is 
the total mass density and calculated fromρ =

∑ns
i=1ρYi, u, v, and w are 

the velocity components in the x-, y- and z-directions, respectively, and p 
is the pressure. The total energy E is defined as 

E= ρh − p +
ρ
2
(
u2 + v2 +w2), (3)  

h=
∑ns

i=1
Yihi, (4)  

where hi is the enthalpy calculated by the thermochemical relation [39]. 
The production rate of ith specie due to chemical reactions, ωi, is 

calculated by 

ωi =Wi

∑nr

k=1

(
v′′ki − v′

ki

)

RPk, (5)  

where nr is the number of elementary reactions, v′′k and v′

k are the stoi-
chiometric coefficients of reactants and products respectively, and RPk is 
the reaction rate of the kth elementary reaction. 

2.2. Numerical method and boundary conditions 

In this study, an in-house three-dimensional Space-Time Conserva-
tion Element and Solution Element Method (CE/SE method) based on 
unstructured hexahedral meshes is employed to solve the governing 
equation. A κ-CNI scheme [31] is used to improve the shock capture 
abilities. The computing efficiency is improved by an MPI + OpenMP 
parallel strategy [40]. The source term is solved by a third-order total 
variation diminishing (TVD) Runge-Kutta method [41]. 

For the inlet boundary, an isentropic flow boundary condition [42, 
43] is commonly used in RDE simulations. The local pressure and tem-
perature at the head end are assumed as ph and Th. The injection total 
pressure and temperature are p0 and T0. The critical pressure is pcr =

p0

(
2

γ+1

) γ
γ− 1

. The inlet boundary condition is divided into three cases: 

When ph> p0, the slot inlet is treated as a solid wall and therefore it 
has 

p= ph, T = Th,w = 0. (6) 

When p0>ph > pcr, the flows at the inlet are not choked and therefore 
it has 
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p= ph,T = T0
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When pcr> ph, the flows at the inlet are choked and therefore it has 
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Besides, a non-reflective boundary [43] based on local Mach number 
is employed on the outlet. A slip wall boundary condition is developed 
and adopted in chamber walls. These boundary conditions are 
commonly used in RDE simulations. 

2.3. Chemical reaction mechanism and validations 

A two-step kerosene/air chemical reaction mechanism [44] is 
employed in this paper. The kerosene is referred as KERO and it is a 
linear combination of C10H22, C9H12, C9H18. The chemical reaction 
mode contains six species (KERO, O2, CO, CO2, H2O, N2) and is 
composed of two reactions corresponding to the fuel oxidation into CO 
and H2O, and CO–CO2 equilibrium. The two reactions are 

KERO + O2⇒CO + H2O
CO + O2 ⇔ CO2

, (9)  

where the forward reaction rates are written as 

kf 1 = A1f1(φ)e(− Ea,1/RT)[KERO]
nKERO [O2]

nO2 ,1

kf 2 = A2f2(φ)e(− Ea,2/RT)[CO]
nCO [O2]

nO2 ,2
. (10) 

The coefficients of the two reaction rates are shown in Table 1 [44]. 
It should be noted that f1(φ) and f2(φ) corresponding to equivalence 
ratio φ are correction functions to adjust the flame speed, which can be 
found in Ref. [44]. 

The numerical method and chemical reaction model have been 
validated with one-dimension detonation waves in our previous work 
[31,40]. Since the one-dimensional detonation speed of the two-step 
chemistry has been well validated with Jet-A fuel within an equiva-
lence ratio of 0.8–1.4 in our previous work [40], here we continue 
validating the two-step kerosene/air chemistry from theoretical pre-
diction with a detailed mechanism JetSurf 2.0 [45]. A theoretical pre-
diction tool SDToolbox [46] is employed to compute the ZND structures 
with the two mechanisms. The detonation properties between the 
two-step chemistry and detailed chemistry at p = 1 MPa and T = 800 K 
are shown in Fig. 1(a)-(c). This condition is close to that in the fresh 
mixture layer of the RDE in this work. It can be found that the differences 
are generally small. For example, the difference in the von Neumann 
pressure is less than 3%. Fig. 1(d) shows the ignition delay time vali-
dation with experiments of Zhukov at al. [47], Dagaut et al. [48], Zhang 
et al. [49], and Dean et al. [50] with stoichiometric KERO/air mixture at 
initial pressure 10 atm. The result indicates the ignition delay time 
agrees well with the experiments. These results demonstrate that the 
two-step chemistry is reasonable for kerosene/air detonation simula-
tions. Besides, it is worth noting that this two-step chemistry has also 
been validated with experimental detonation speed by Ren et al. [51] 
and successfully applied in oblique detonation simulations [52]. 

2.4. Physical model and grid independence 

The model RDE is a 3D annular combustor with different inlet con-
figurations, i.e., baseline (Fig. 2(a)), outer slot inlet (Fig. 2(b)), middle 
slot inlet (Fig. 2(c)), and inner slot inlet (Fig. 2(d)). In these configura-
tions, the outer and inner diameters of the RDE chambers are 72 mm and 
60 mm, respectively, which corresponds to a chamber width of 6 mm. 
Meanwhile, the axial length is 60 mm. As shown in Fig. 2(a), in the 
baseline case, the inlet width is equal to the chamber width. Fig. 2(b), 
(c), and 2(d) show the schematic of the outer slot inlet, middle slot inlet, 
and inner slot inlet, respectively. The slot inlet widths in these cases 
remain the same, i.e., 2 mm, which corresponds to one-third of the inlet 
width in the baseline. This slot width is close to that used in the RDE 
experiments [10,35,38]. Two probes installed on the inner and outer 
wall of the head end, i.e., Pinnerwall and Pouterwall, are used to monitor 
detonation waves in the four cases. 

To investigate the effects of inlet configurations, the injection con-
dition keeps the same for the four cases. Specifically, the premixed 
stoichiometric kerosene/air mixture is injected from the inlet into the 
chamber with a total pressure of 20 atm and a total temperature of 800 
K. This total pressure promotes a stable rotating detonation wave [40, 
53]. The total temperature is favorable to have full evaporation of the 
liquid kerosene and is in the reasonable range for an inflow heater in 
experiments [24,54]. 

The grid independence has been analyzed by one-dimensional det-
onations with different grid sizes, i.e., 0.1, 0.2, and 0.3 mm in our pre-
vious work [31,40]. Similar detonation velocity is obtained by the above 
grids. Reasonable results of the grid independence and C-J detonation 
velocity can be obtained with a grid of 0.2 mm. Hence the grid sizes used 
in the present paper are between 0.15 and 0.2 mm. 

Moreover, the computational domain is discretized with three reso-
lutions, i.e., 29 × 220 × 960 cells (coarse), 39 × 260 × 1200 cells 
(medium), and 49 × 310 × 1500 cells (fine), respectively. Note that the 
z-direction grids (i.e., RDE height direction) are stretched with ensuring 
that the grids near the head end are sufficiently fine. The simulation 
condition remains the same for the three meshes, i.e., at p0 = 20 atm, T0 
= 800 K, and φ = 1 with the baseline inlet model. Table 2 shows the 
computed detonation wave speed and height with the foregoing meshes, 
whilst Fig. 3 compares the overall flow structure from the three meshes 
at the same instant (t = 0.83 ms) when the detonation wave has prop-
agated over seven cycles. In general, the results from the above meshes 
are fairly close, which confirms that the flow structures are not sensitive 
to the mesh resolutions. Therefore, the medium mesh is used in the 
following analysis based on the acceptable computational cost and 
accuracy. 

3. Results and discussion 

3.1. The flow field in the baseline case 

Fig. 4 shows the internal flow field structure of the baseline case. It 
can be seen that a single-wave detonation wave propagates circum-
ferentially in the chamber. Upstream of the detonation wave, a trian-
gular fresh mixture layer is formed and bounded by the burned gas with 
an interface called deflagration surface. Downstream of the detonation 
wave, an oblique shock wave can be observed and followed by a slip 
line. The detonation front, deflagration surface, and oblique shock wave 
constitute a typical triple point structure in the chamber. Several re-
flected shock waves appear near the inlet surface behind the detonation 
front. With decreased pressure close to the head end, the fresh mixture 
begins to be injected behind the reflected shock waves. High-speed 
burned gas is exhausted from the outlet and thus generates thrust. 
These typical flow structures are similar to the 3D simulation results of 
Katta [55] and experimental observations of Rankin [38] and Anand 
[56], proving the rationality of our numerical simulations. 

Fig. 5 shows the detailed temperature, pressure, and numerical 

Table 1 
Reaction rate coefficients(mol,s,cm3,K,cal).   

KERO oxidation CO–CO2 equilibrium 

Activation energy 4.15 × 104 2.0 × 104 

Pre-exponential factor 8.00 × 1011 4.5 × 1010 

Reaction exponents nKERO 0.55 nCO 1.00 
nO2 ,1 0.90 nO2 ,2 0.50  
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schlieren (|∇ρ|) contours in the baseline case. The detonation wave has 
propagated over ten cycles and become fully developed. The flow field 
structure is observed to remain the same at different times, and the 
detonation wave is steady because of the ideal injection condition. As 
shown in Fig. 5, the peak pressure couples closely with the peak tem-
perature, indicating the typical characteristics of detonation waves. Due 
to the convergence effects of the outer wall, the thickness of the deto-
nation front on the outer wall is much larger than that of the inner wall. 
The difference in detonation strength on the inner and outer walls re-
sults in the appearance of the reflected shock waves downstream of the 
detonation front [55]. These reflected shock waves start from the inlet 
surface and extend to the detonation product downstream of the deto-
nation front, generating the secondary shock waves under the slip line. 
As shown in Fig. 5(d), the first reflected shock wave (I-RSW1) is very 
strong, which nearly approaches the detonation front on the inner wall. 

Fig. 6 shows the pressure and temperature histories recorded by two 
probes located at the head end. As can be seen, after several cycles, the 
fluctuations in pressure and temperature peaks are small, indicating that 
a stable operation of RDE is achieved. As shown in Fig. 6, the peak 
pressure on the outer wall is approximately 14 MPa while it only reaches 
11 MPa on the inner wall. The peak temperature on the outer wall is also 
higher than that on the inner wall. This indicates the detonation strength 
near the outer wall is much higher than that near the inner wall. The 
calculated propagation frequency is 8547 Hz, which corresponds to an 
average detonation speed of 1771.3 m/s computed by the average radius 
of the inlet surface. The theoretical C-J detonation speed calculated with 
the parameters in the fresh mixture layer is 1856 m/s. Therefore, the 
mean detonation speed is 0.95VC-J. It is worth noting that the detonation 
speed on the outer wall is 1.04VC-J, which corroborates that the deto-
nation wave on the outer wall is slightly over-driven. However, the 
detonation speed is only 0.87VC-J on the inner wall. 

From the enlarged view (Fig. 6b and d), several pressure and tem-
perature jumps can be found behind the detonation front, which is 

Fig. 1. (a)–(c): comparison of von Neumann (vN) and Chapman–Jouguet (C–J) properties between the two-step and detailed chemical mechanisms, (d): comparison 
of ignition delay time with experiments using stoichiometric KERO/air mixture at initial pressure 10 atm. 

Fig. 2. Schematic of 3D RDE physical models: (a) baseline inlet, (b) outer slot 
inlet, (c) middle slot inlet, and (d) inner slot inlet. 

Table 2 
Mesh resolution effects on RDE operation performance.  

Mesh Total cell number Detonation height/mm Detonation speed/(m/s) 

Coarse 6,124,800 27.2 1762.4 
Medium 12,168,000 27.4 1771.3 
Fine 22,785,000 27.5 1775.8  
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caused by the reflected shock waves behind the detonation front. These 
reflected shock wave signals agree well with the experimental signals 
obtained by Wolański [57]. As can be seen, fuel injection is delayed due 
to the high pressures of the reflected shock waves. The pressure of the 
first reflected shock wave on the inner wall (I-RSW1) reaches 7.37 MPa. 
It decreases to 5.34 MPa for I-RSW2 and 3.61 MPa for I-RSW3. For the 
reflected shock waves on the outer wall, relatively lower pressure peaks 
are obtained, such as 6.2 MPa for O-RSW1, 4.6 MPa for O-RSW2, and 
2.6 MPa for O-RSW3. These reflected shock waves are responsible for 
the high-pressure region on the inlet surface blocking the fresh mixture 
injection. The fuel injection time occupies about 70% of the detonation 
propagation time in one cycle. Decreasing the pressure of these reflected 
shock waves can significantly increase the fuel injection occupation and 
decrease the flashback problem. 

3.2. The flow field in the slot inlet cases 

A slot inlet configuration is commonly used to accelerate the fresh 
mixture and prevent flashback problems. The propagation mode and the 
flow field structure with such configurations may differ from those in the 
baseline case. In this section, the rotating detonation flow field with 
different slot inlet configurations, including outer slot inlet, middle slot 
inlet, and inner slot inlet, are analyzed. 

3.2.1. Outer slot inlet 
Fig. 7 shows the internal flow field structure of RDE with an outer 

slot inlet. It is drawn with an iso-surface of density gradient magnitude 
overlaid with the temperature. To display the overall internal flow 

Fig. 3. Comparison of temperature contours from (a) coarse, (b) medium, and (c) fine meshes.  

Fig. 4. Internal flow field structure in the baseline case.  

Fig. 5. Contours in the baseline case: (a) pressure, (b) temperature, (c) nu-
merical schlieren (|∇ρ|). O-RSW1, O-RSW2, O-RSW3: the first, second, third 
reflected shock wave on the outer wall. I-RSW1, I-RSW2, I-RSW3: the first, 
second, third reflected shock wave on the inner wall. 
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structure, two views with θ = 0 ◦ and θ = 180 ◦ are presented. As can be 
seen, a single-wave stable detonation wave is obtained in this case. 
However, different features appear in this case. As shown in Fig. 7(b), a 
detached shock appears in the burned gas, which travels ahead of the 
detonation front. Although the detonation waves only exist near the 
outer wall, the leading shock of the detonation front still extends to the 
inner wall and a full-scale oblique shock is formed. 

Fig. 8 shows the detailed temperature, pressure, and numerical 

schlieren contours in the outer slot inlet case. The height of the deto-
nation wave is about 35 mm. The peak pressure and temperature reach 
15 MPa and 3591 K. The area blocked by the detonation front on the 
inlet is decreased compared with the baseline, which promotes the in-
jection of the mixture. The reflected shock waves are not observed 
downstream of the detonation waves. The location of the fresh mixture 
injection closely follows the detonation front, indicating that the outer 
slot inlet can significantly increase the fresh mixture injection 

Fig. 6. Time history of (a) pressure on the outer wall, (b) enlarged view of pressure and temperature on the outer wall, (c) pressure on the inner wall, and (d) 
enlarged view of pressure and temperature on the inner wall in the baseline case. 

Fig. 7. Internal flow field structure in the outer slot inlet case. The iso-surface (geometry) is numerical schlieren (|∇ρ|) between 800 and 25,000 and the surface 
contour is temperature. 
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occupation with maintaining the stable propagation of rotating deto-
nation waves. It is found that the fresh mixture shows a non-uniform 
distribution on the inlet surface, which is not observed in the baseline 
case. As can be seen, the fresh mixture near the outer wall injects earlier 
because the detonation product has a lateral expansion effect towards 
the inner wall. Therefore, the pressure decreases fast and the injection 
begins earlier near the outer wall. The non-uniform injection is thus 
formed. Overall, the slot inlet leads to lots of unsteady phenomena and 
obtains a more complex flow field structure. 

Fig. 9 shows the pressure and temperature histories recorded by the 
two probes. It can be found that the detonation waves propagate stably 
for over ten cycles. The pressure peak on the outer wall reaches around 
13 MPa. For the probe located on the inner wall, only detached shocks 
are recorded, whose pressure peak is approximately 3.5 MPa. Fig. 9 also 
validates the continuous existence of the typical flow structure in the 
outer slot inlet case. The pressure peaks and temperature peaks are 
coupled closely. These features confirm the continued existence of a 
steady detonation wave in this case. From Fig. 9(b), it is found that the 
fuel injection time occupation reaches about 98%. Comparing the 
baseline with the outer slot inlet case, one can see that with decreased 
inlet area, the fuel injection occupation in one cycle increases, and the 
hydrodynamic blockage ratio decreases. This trend agrees well with the 
experiments by Matsuoka et al. [35]. These results indicate that an outer 
slot inlet can realize self-sustained rotating detonation waves and obtain 
a low hydrodynamic blockage ratio. 

The calculated average propagation frequency is 8811 Hz. The 

average detonation speed is 1937 m/s using the middle radius of the 
outer slot inlet surface, which corresponds to 1.04VC-J. The calculated 
detonation speed is 1.07VC-J on the outer wall and 1.01VC-J for the inner 
diameter of the outer slot inlet surface. Therefore, it can be found the 
detonation is fully over-driven in the outer slot inlet case. 

3.2.2. Middle slot inlet 
Fig. 10 shows the internal flow structure in the middle slot inlet case. 

Fig. 10(a) is an iso-surface of density gradient magnitude overlaid with 
the temperature. Similarly, Fig. 10(b) shows the Mass fraction of kero-
sene (MF kerosene) distribution overlaid with heat release rate(HRR). As 
can be seen, the main flow field structure includes the detonation waves, 
fresh mixture layer, unburned pockets, oblique shock waves, and 
deflagration surface. The fresh mixture layer shows a T-shaped struc-
ture, which agrees with the observation in the study by Zheng et al. [36, 
37]. Three counter-clockwise propagating detonation waves are 
observed, namely DW1, DW2, and DW3. Upstream of the DW1, a fresh 
mixture layer is formed, and the deflagration surface can be found on the 
interface between the fresh mixture layer and burned product. 

It is worth noting that there is some fresh mixture remaining existing 
downstream of DW1 due to the weakness of the detonation waves. The 
most intense heat release happens near the triple point, on top of which 
there is still some fresh mixture. As a result, the fresh mixture on top of 
the triple point is isolated from the major fresh mixture layer and be-
comes unburned pockets. These unburned pockets are engulfed into the 
expansion product and release heat far away from the leading shock. 
Furthermore, as shown in Fig. 10(b), the unburned pockets are burned 
with a considerable heat release rate in the expansion process, which 
tends to generate compression waves and thus form a reverse blast wave 
propagating towards the next shock wave. 

Fig. 11 shows the contours of temperature, pressure, heat release rate 
(HRR), and numerical schlieren in the middle inlet slot case. It can be 
found the flow field is complex due to the weak detonation waves and 
the reverse blast waves(RBWs). The peak pressure and temperature of 
the detonation waves are 5.2 MPa and 3069 K, which are far below the 
values in the baseline case. The fresh mixture can be injected from 
almost the whole slot inlet. An obvious RBW is observed downstream of 
the DW3. From the HRR and numerical schlieren contours, it can be 
found that several compressive waves and a considerable heat release 
rate can be seen from the triple point of DW3 to the RBW. This phe-
nomenon implies the generation mechanism of the reverse blast waves. 
These RBWs travel in the reverse direction of the shock waves and bring 
much disturbance and complexity to the internal flow field. 

Fig. 12 shows the pressure and temperature histories recorded by 
two probes. The propagation mode is unsteady. The enlarged views 
(Fig. 12(b) and d) present the pressure and temperature of the three 
detonation waves in two cycles. As can be seen, three unsteady deto-
nation waves namely DW1, DW2, and DW3 propagate periodically. The 
pressure peaks of the shock waves are relatively low and may split into 
several sub-peaks due to the influence of the RBW. This phenomenon is 
more like the instability propagation mode measured by experiments 
[24]. The calculated average propagation frequency is 5353 Hz. The 
average propagating speed is about 1109 m/s, which corresponds to 
0.60VC-J. 

3.2.3. Inner slot inlet 
In this section, the RDE with an inner slot inlet is simulated. Fig. 13 

shows the pressure and temperature histories recorded by the two 
probes. It can be found that the detonation wave is extinguished after six 
cycles. The result indicates that the rotating detonation waves cannot 
propagate continuously with an inner slot inlet. The pressure peak of the 
detonation wave is around 10 MPa before it is decoupled. The pressure 
history on the outer wall also indicates there is a detached shock coupled 
with the detonation wave. 

Fig. 14 shows the pressure and temperature contours at t = 0.62 ms 
and t = 1.22 ms. As can be seen, the detonation wave has not been 

Fig. 8. Contours in the outer slot inlet case: (a) pressure, (b) temperature, (c) 
numerical schlieren. 
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decoupled at 0.62 ms. However, it can be found that the unburned zone 
begins to appear near the upper end of the detonation waves. The 
appearance of the unburned cold mixture along the slip line would affect 
the generation of new transverse waves and thus quench the detonation 
waves [15]. As shown in Fig. 14(b), the detonation wave has decoupled 
t = 1.22 ms, and the fresh mixture is injected from the whole inlet. The 
frequency of the detonation wave before failure is 7589 Hz. The mean 

propagating speed is 1477 m/s calculated by the average diameter of the 
inner slot. The detonation speed only reaches 0.8VC-J. 

3.3. Reactant properties in the fresh mixture layer 

The inlet configurations are of great importance because it not only 
determines the stable propagation of rotating detonation waves but also 

Fig. 9. Time history of (a)pressure on the outer wall, (b)enlarged view of pressure and temperature on the outer wall, (c)pressure on the inner wall, and (d)enlarged 
view of pressure and temperature on the inner wall in the outer slot inlet case. 

Fig. 10. Internal flow field structure in the middle slot inlet case. (a) Iso-surface(geometry) is numerical schlieren (|∇ρ|) between 500 and 20000. Surface contour is 
temperature; (b) Iso-surface (geometry) is the mass fraction of kerosene between 0 and 0.062. Surface contour is the heat release rate(HRR). 
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directly affects the reactant properties and structures of the fresh 
mixture layer [36,37]. The reactant properties, such as the density, mass 
fraction of fuel, and temperature, would also influence the detonation 
strength in turn. Besides, a slot inlet configuration is always accompa-
nied with supersonic injection and shock waves. As a result, total pres-
sure loss is unavoidable. Investigations of the reactant properties can 
provide insights into the detailed evolution of flow dynamics and pro-
vide useful information for the practical RDE design. 

As we know, the height of the fresh mixture layer is largest imme-
diately before the detonation front. Hence, the reactant properties in the 
fresh mixture layer before the detonation front can be used to predict the 
final status of the reactants. Fig. 15(a)-(d) show the slice contours of MF 
kerosene, total pressure, Mach number, and temperature in the fresh 
mixture layer before the detonation front in the baseline case. The fresh 
mixture is injected with a subsonic speed and accelerates in the fresh 
mixture layer. The total pressure is uniformly distributed in the fresh 
mixture layer. Fig. 15(e) shows the distributions of total pressure, 
temperature, Mach number, and density along the extracted line (mid-
dle radius) in Fig. 15(a). As can be seen, the Mach number increases and 
the density decreases first, which means the fresh mixture undergoes 
acceleration when injected into the chamber. During this process, the 
total pressure and static temperature show a slight decrease because the 
fresh mixture does work while expanding. After that, the Mach number 
and density tend to be constant. The maximum total pressure loss rea-
ches approximately 5%. Due to the interaction of the fresh mixture and 
burned gas, the total pressure near the interface decreases fast. 

Fig. 16 shows the reactant properties in the fresh mixture layer 
before the detonation front in the outer slot inlet case. As we can see, due 
to the channel expansion in the outer slot inlet, the fresh mixture is 
injected with sonic speed and then accelerated to supersonic condition 
when entering the combustor chamber. The injection blows away the 

burned gas and forms a fresh mixture layer near the outer wall. As shown 
in Fig. 16(d), the total pressure in the fresh mixture layer can maintain 
about 2 MPa, except for the buffer zone. The total pressure in the buffer 
zone drops fast due to the interaction between the burned gas and fresh 
mixture jet flow. As shown in Fig. 16(e), due to the gas expansion, the 
fresh mixture is injected supersonically. Negligible total pressure loss is 
observed in the supersonic injection zone. The maximum total pressure 
loss was observed in the buffer zone, which is approximately 20%. As 
can be seen, the fresh mixture expands and does work in the buffer zone, 
which mainly accounts for the total pressure loss. It is worth noting that 
the fresh mixture injection has reached a choking condition while it only 
has a Mach number of 0.74 in the baseline. 

For the middle inlet slot case, an unsteady triple-wave mode is 
formed. Fig. 17 shows the reactant properties in the fresh mixture layer 
before the DW3. As can be seen, the fresh mixture is surrounded by 
burned gas. Deflagration tends to occur on the interface of the fresh 
mixture and burned gas, which thus influences the fresh mixture layer. 
The height of the fresh mixture layer is around 0.02 m, which is rela-
tively lower. Fig. 17(e) shows the parameters along the extracted line in 
Fig. 17(a). The total pressure decreases fast when the fresh mixture is 
injected, which reaches approximately 18%. It is observed that the 
density of the fresh mixture shows a similar tendency with the total 
pressure, which implies the decrease of total pressure may mainly result 
from the fresh mixture expansion. Besides, the fresh mixture expands to 
the two sides, which enhances the deflagration. 

3.4. Propagation mechanism of rotating detonation waves 

The simulation results indicate the inlet configurations significantly 
affect the RDE operation mode. In this section, the propagation mech-
anism of the rotating detonation wave in different inlet configurations 

Fig. 11. Contours in the middle slot inlet case: (a) temperature, (b) pressure, (c) HRR, and (d) numerical schlieren (|∇ρ|).  
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will be analyzed. Figs. 18–21 show the temperature, pressure, and nu-
merical schlieren contours on the head end in the four cases. 

As shown in Fig. 18, the detonation front is slightly inclined in the 
baseline case. The detonation front on the inner wall moves ahead of 
that on the outer wall due to the expansion effect of the inner wall and 
the compression effect of the outer wall [55]. The compression effect of 
the outer wall enhances the detonation near the outer wall and thus 
forms the over-driven Mach detonation [58]. The Mach detonation is 
followed by a reactive reacting zone with strong heat release. Moreover, 
there is also an oblique shock wave connected with the Mach stem, 
which propagates towards the inner wall. 

As shown in Fig. 19, the wave structure in the outer slot case consists 
of a strong Mach detonation wave propagating along the outer wall, a 
detached shock propagating in the burned gas, and a transmitted shock 

wave connecting the detonation wave and detached shock wave. Such a 
shock structure is similar to the layered detonation problems [59], 
where detonations propagate through a layer of reactant that is bounded 
by an inert gas. The reason accounting for the appearance of the leading 
detached shock and the transmitted oblique shock is the low acoustic 
impedance between the burned gas and reactant. As discussed by Houim 
[59], the detached shocks can contribute to the generation of new triple 
points that are necessary to the propagation of detonation waves. 
However, a low acoustic impedance can lead to the insufficient gener-
ation of triple points and thus cause detonation failure. In this 3D case, 
strong confinement is provided by the outer wall. Due to the conver-
gence effects of the outer wall, the detonation near the outer wall is 
developed to be an over-driven Mach detonation [58,60]. Therefore, 
despite of the low acoustic impedance of 0.51 between burned gas and 

Fig. 12. Time history of (a) pressure on the outer wall, (b) enlarged view of pressure and temperature on the outer wall, (c) pressure on the inner wall, and (d) 
enlarged view of pressure and temperature on the inner wall in the middle slot inlet case. 

Fig. 13. Time history of (a) pressure and temperature on the outer wall, and (b) pressure and temperature on the inner wall in the inner slot inlet case.  
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reactant, the rotating detonation wave can still stably propagate. This 
result demonstrates the crucial role of the outer wall in the RDE design. 
Moreover, the rotating detonation can also appear in a hollow 
combustor [61–63]. That is to say, such a detonation structure can be 
self-sustained. Most of the detonation product expands to the inner wall 
direction, leading to an increase in the pressure and temperature in the 
burned gas. 

As shown in Fig. 20, the three detonation waves and the reverse blast 

waves can be captured in the middle slot inlet case. It can be found that 
the shock wave near the outer wall is stronger than that on the inner 
wall. However, there is no reactant near the outer wall. Hence the shock 
waves are lacking in enough support of the reacting zone. As a result, the 
detonation strength is very weak. The incomplete coupling of the lead-
ing shock and reaction zone brings disturbances and instabilities, such as 
the reverse combustion waves, to the downstream flow. 

Fig. 21 shows the flow field contours in the inner slot case at t =0.62 
ms when the detonation wave still exists. The typical structure is similar 
to the one in the outer slot inlet case. The difference is that the two sides 
of the detonation wave exhibit poor confinement, which cannot support 
the stable propagation of detonation waves. Compared with the outer 
slot inlet, the main detonation region in this case is near the inner wall. 
However, on the inner side, the inner wall provides an expansion effect 
for the propagation of detonation waves. On the outer side, the burned 
gas works as a weak confinement, which is also insufficient to reflect or 
generate enough transverse waves. The acoustic impedance ratio is 
approximate 0.51. Such a low acoustic impedance ratio exhibits poor 
confinement compared with the solid wall. The situation gets worse 
especially when the detonation propagates along a circular channel in 
which strong confinement is needed from the outer side to continuously 
change the detonation direction. 

3.5. RDE operation performance analysis 

To explore the operation performance of vapor kerosene/air RDE, 
the mass flow averaged outlet total pressure ptotal,outlet, total temperature 
Ttotal,outlet, outlet Mach number Maoutlet, and outlet mean flow angle 
αoutlet are calculated according to [64]. 

ζoutlet =

∫

outletρwζdA
∫

outletρwdA
(11) 

Note that the mass flow averaged value is a surface integral per-
formed on the outlet surface. 

Mass flow averaged total pressure gain is computed by 

Fig. 14. Temperature and pressure contours in the inner slot inlet case. (a) t =
0.62 ms (Detonation has not decoupled). (b) t = 1.22 ms (Detonation is 
extinguished). 

Fig. 15. Reactant properties in the baseline case: (a) kerosene mass fraction, (b) temperature, (c) Mach number, (d) total pressure. (e) Total pressure, temperature, 
Mach number, and density distributions along the dashed line in (a). 
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ptotal,gain =
ptotal,outlet − ptotal,inlet

ptotal,inlet
. (12) 

Table 3 shows the RDE performance of the four simulated cases. For 
the total pressure gain performance, a positive pressure gain of 48.0% is 
obtained in the baseline. It is an inspiring result that proves the pressure 
gain ability of a vapor kerosene/air RDE. As predicted by Braun [64], 

mass flow averaged total pressure gain of a H2/Air RDE can reach 130% 
in their baseline case without nozzles. The present simulation result is in 
a reasonable range because the reactivity of kerosene is significantly 
lower than H2. In the outer slot inlet case, the total pressure gain ability 
decreases to − 19.1%. Since the total pressure gain is computed by the 
mass flow averaged method, it can be found that the differences mainly 

Fig. 16. Reactant properties in the outer slot inlet case: (a) kerosene mass fraction, (b) temperature, (c) Mach number, (d) total pressure. (e) Total pressure, 
temperature, Mach number, and density distributions along the dashed line in (a). 

Fig. 17. Reactant properties in the middle slot inlet case: (a) kerosene mass fraction, (b) temperature contour, (c) Mach number, (d) total pressure, and (e) total 
pressure, temperature, Mach number, and density distribution along the dashed line in (a). 
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Fig. 18. Temperature, pressure, and numerical schlieren contours in the baseline case.  

Fig. 19. Temperature, pressure, and numerical schlieren contours in the outer slot inlet case.  

Fig. 20. Temperature, pressure, and numerical schlieren contours in the middle slot inlet case.  

Fig. 21. Temperature, pressure, and numerical schlieren contours in the inner slot inlet case at t = 0.62 ms (before detonation failure).  
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result from the use of slot inlet. Due to the use of slots, the inlet area 
decreases while the outlet area remains the same. Hence the ratio of 
outlet area/inlet area significantly increases. The injection flow expands 
and does work in the combustion chamber, which causes total pressure 
loss and leads to the negative total pressure gain. Therefore, the positive 
total pressure gain is expected to be obtained, for example, by 
decreasing the outlet throat area or increasing the injection area. The 
critical area ratio between the outlet and the inlet for obtaining the 
positive total pressure gain and maintaining the stable detonation is of 
great importance. It is also worth noting that the total pressure gain 
shows a notable decrease in the unsteady triple-wave mode compared 
with the stable single-wave detonation case. Such a result indicates that 
it is necessary to ensure the stable propagation of the detonation waves 
and reduce the reverse blast waves to improve self-pressurization ability 
of RDE. 

The total temperature can be used to indicate the energy that can be 
extracted from the outlet. As can be seen, the total temperature remains 
high without the nozzle. The Mach number in the baseline is 0.87, while 
it decreases to 0.66 in the outer slot inlet. These results also predict 
decreasing the inlet area would cause lots of drawbacks such as a lower 
outlet Mach number and a lower total pressure gain. Besides, the flow 
angle in detonation cases is significantly lower than that in deflagration 
cases, predicting that there is much more circumferential velocity 
component in the detonation cases. Therefore, fully utilizing the mo-
mentum in the RDE outlet would be a key factor to improve the pro-
pulsive performance. 

4. Conclusion 

In this paper, the effects of various slot inlet configurations on the 
premixed vapor kerosene/air RDE were numerically studied. A two-step 
kerosene/air chemistry was adopted and the stoichiometric kerosene/ 
air mixture was injected. The detonation structure, reactant properties, 
propagation mechanism, and the operation performance were analyzed. 
The main conclusions are summarized as follows. 

A stable single-wave rotating detonation was obtained in the base-
line and the outer slot inlet case. An unsteady triple-wave mode was 
obtained in the middle slot inlet and a decoupled detonation was 
observed in the inner slot inlet case. In baseline, the injection speed of 
the fresh mixture is subsonic with a total pressure loss of 5.2% and a 
fresh mixture injection occupation of 70.4%. For the outer slot inlet, 
supersonic injection of the fresh mixture was observed. There is a rela-
tively low total pressure loss in the supersonic injection stage and the 
fresh mixture injection occupation reaches 97.6%, which predicts the 
optimal inlet configuration design. The total pressure loss is 18.6% in the 
middle slot inlet and the fresh mixture was injected almost on the whole 
inlet surface. 

The outer wall plays a crucial role in the self-sustained propagation 
of rotating detonation waves. Due to the compression effect of the outer 
wall, the detonation near the outer wall tends to be over-driven and thus 
forms a Mach detonation. The burned gas and the inner wall exhibit poor 
confinement and cannot support the stable propagation of rotating 

detonation waves. A positive total pressure gain of 48.0% is obtained in 
the baseline, which confirms the total pressure gain ability of kerosene/ 
air RDE. However, a negative total pressure gain is obtained in the slot 
inlet cases. The simulation results indicate the critical area ratio between 
the outlet and the inlet is of great importance for obtaining the positive 
total pressure gain. 
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Table 3 
RDE operation performance.   

Baseline Outer slot 
inlet 

Middle slot 
inlet 

Inner slot 
inlet 

Propagation 
Mode 

Single- 
wave 

Single-wave Triple-wave Decoupled 

Frequency/Hz 8547 8811 5353 – 
V/(m/s) 1771.3 1936.7 1109.8 – 
V/VCJ 0.95 1.04 0.60  
ptotal, gain 48.0% − 19.1% − 27.5% – 
Ttotal, outlet/K 2684.1 2585.9 2614.6 – 
Maoutlet 0.87 0.66 0.58 – 
αoutlet/degree 71.7 70.3 81.0 –  
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