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The rocket-based combined-cycle (RBCC) engine is regarded as one of the most viable propulsion 
systems for single-stage-to-orbit launch vehicles. Because of the relatively low total temperature of 
the incoming flow, it is difficult to maintain sustained and efficient subsonic combustion when the 
rocket engine is turned off. Mode transition and its control have also become critical techniques in 
the RBCC study. In the current work, it is proposed for the first time to improve the performance of 
RBCC engines in mode transition by using plasma combustion support. The numerical simulation and 
validation were conducted on the full path configuration of the RBCC engine, which is suitable for 
wide range operation. The impact of multi-channel gliding arc (MCGA) plasma-assisted combustion 
technology on the flow field was investigated during the transition phases from RBCC ejector/ramjet 
mode to ramjet/scramjet mode. The results show that: Adding arc plasma into the cavities at low 
Mach numbers promotes the heat release of the fuel, expanding the high-temperature flame range 
in the combustor. Although it weakens the ability of some air inlet to capture air, it overall increases 
engine thrust and diminishes aerodynamic drag during the transition process from ejector/ramjet 
mode. At high Mach numbers, the fast incoming flow speed results in the inability of the fuel to mix 
and burn with air in a timely manner, resulting in poor heat release and work performance. However, 
the addition of arc plasma for combustion support using the same mode transition method reduces 
the thrust fluctuation of the RBCC engine during the ramjet/scramjet mode transition process, greatly 
reducing the time required for mode transition, reducing engine resistance, and significantly improving 
engine thrust.
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The rocket-based combined-cycle (RBCC) engine is acknowledged as a highly promising propulsion system for 
single-stage-to-orbit launch vehicles1. The propulsion mode of this combined cycle can switch the engine to a 
more favorable working mode according to different incoming flow conditions, making the overall performance 
of the whole flight trajectory optimal. Combined with its wide speed range and the characteristics of multi-
mode integrated structure design, RBCC engine has become a potential research power for advanced aircraft in 
the new era, such as aerospace vehicles, near space surveillance platforms, high mobility fast response missiles, 
Additionally, its associated technology has emerged as a focal point in both domestic and international research 
on advanced propulsion technologies1,2.

The mode transition on ejector-to-ramjet is an important technology in the working process of RBCC 
engine, the rocket ejection mode (takeoff to Ma∞ = 2.5 ~ 3) is the most critical stage to determine whether the 
RBCC engine can meet the expected performance requirement3. Ejector mode starts from RBCC engine taking 
off at zero speed on the ground, the incoming flow get into the engine under the dual effect of speed ram and 
injection suction, the engine generates the required thrust through the combustion combined with rocket and 
the secondary fuel in the downstream afterburning chamber4. When the flight speed increases to Ma∞ = 2.5 ~ 3, 
the engine gets into the ramjet mode. In this mode, the mass flow of the air captured by the inlet increases, and a 
strong combustion area is generated in the upstream of the injection, which causes a strong shock train structure 
area by the pressure rise. The flow will be further compressed to the subsonic speed to organize a violent subsonic 
combustion. For the sake of reducing the excessive fuel depletion of RBCC in the ejector mode, it is necessary 
to transition to the ramjet mode at the lowest possible Mach number5–8. Such as a few representative RBCC 
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engines were devised to complete the mode transition at Ma∞ = 2.59,10. ISTAR plans to conduct mode transition 
experiment when Ma∞ = 3.511. GTX-RBCC is a single stage to orbit research program using hydrogen fuel 
combined cycle propulsion hosted by NASA Green Research Center (GRC), the performance of GTX-RBCC 
under ejector and IRS (Independent Ramjet Stream) operating modes was studied through a large number of 
numerical calculations in literature7–10. A plan for numerical simulation of the transition process from ejector to 
ramjet mode was proposed, the related experiment was planned under the condition of Ma∞ = 2.511. In 2012, the 
mode transition12–15 technology was selected as a critical skill in the RBCC engine study in the next ten years16.

As the aircraft ascends, operating at extremely low speeds leads to a substantial heat load on the engine walls17. 
Typically, RBCC engines undergo the transition from ramjet mode to scramjet mode when the Mach number 
(Ma∞) is in the range of 5.5–618–20. The elevated inlet flow rate poses challenges for effective fuel–air mixing, 
resulting in a decrease in combustion efficiency. Therefore, how to improve the fuel combustion efficiency of 
RBCC in the scramjet mode and meet the thrust requirements of the engine has become a research difficulty 
in transitioning from ramjet mode to scramjet mode. In investigating the performance of the RBCC engine at 
high Mach numbers, Chun et al.21 conducted experiments to observe the variations in performance parameters 
with changes in fuel equivalence ratio during the transition from ramjet to scramjet mode. and introduced 
the concepts of weak combustion and strong combustion. Through direct connection experiments, Sullins et 
al.22 found that the separation of the boundary layer caused by increasing combustion back pressure and the 
formation of the corresponding pre-combustion shock wave system were the cause of mode transition. Doolan 
et al.23 conducted experiments and demonstrated that thermal throats were more easily formed in the equal area 
cross-sections for subsonic combustion mode. Kanda et al.24,25 also conducted direct connection experiments 
in a scramjet model engine, and two combustion modes were obtained by changing the fuel injection position.

MCGA plasma is another way to increase combustion intensity, it is evolved from the gliding arc plasma 
discharge technique26. MCGA plasma can generate a large amount of heat and active substances to enhance 
the combustion intensity in the combustor27,28. A. Klimov et al.29 conducted a dual power plasma combustion 
experiment. The results implicate that plasma combustion can accelerate the fuel transportation speed and 
enhance the stability of fuel combustion. Rodney Meyer et al.30,31 carried out the experiment of discharge plasma 
combustion support. The experimental results show that the use of discharge plasma combustion support 
technology can provide a large number of chemically active particles for combustion reaction, thus improving 
the combustion stability. Feng et al.32 used (MCGA) plasma to suppress combustion mode transition in scramjet 
combustor, the results show that the high temperature heat source generated by MCGA can increase the back 
pressure and make the fuel and air better mixing and combustion. Recently, many researchers began to pay 
attention to the investigations on the plasma addition in scramjet combustion33–36.

For RBCC engines, mode transition is a sudden change in flow path pressure, posing a huge challenge to 
engine thrust and overall aircraft control. Many physical phenomena and parameters, such as aerodynamics, 
thermodynamics, chemical reaction, fuel and oxidant characteristics, need to be considered in the numerical 
simulation of smooth transition and combustion characteristics of RBCC mode transition process. In previous 
studies, changes in fuel heat release position, rocket mass flow rate, and engine configuration were commonly 
used to achieve a smooth transition of mode transition. Although plasma combustion supporting technology 
has been extensively applied in ramjet, there is little research on the use of plasma in RBCC mode transition. 
Therefore, this article combines the MCGA assisted combustion technology with RBCC engine mode transition 
for the first time to improve the fuel combustion efficiency under high-speed incoming flow conditions and 
alleviate thrust fluctuations during the mode transition process. In the present study, three-dimensional 
numerical simulations were conducted for the RBCC full flow path configuration under the conditions of 
Ma∞ = 3.0 (transition from ejector to ramjet mode) and 5.5 (transition from ramjet to scramjet mode). The aim 
was to explore the dynamic characteristics of the flow field during the mode transition process. Subsequently, 
the numerical investigation delves into the impact of multi-channel gliding arc (MCGA) on the performance 
of the RBCC engine during the mode transition process. Firstly, the simulation method was introduced and 
the accuracy of numerical calculations was analyzed to verify the simulation method. Next, the combustion 
organization characteristics during the ejector/ramjet mode transition process of RBCC engine at Ma∞ = 3.0 
were analyzed without plasma interaction. Then, while in other conditions unchanged, the numerical simulation 
results after the introduction of arc plasma are compared in detail. Finally, a comparison was made between the 
dynamic characteristics of the flow field during the ramjet/scramjet mode transition process with and without 
plasma interaction at Ma∞ = 5.5.

Integrated RBCC combustor model
In this investigation, the RBCC configuration utilized the experimental model from the China Aerodynamics 
Research and Development Center, with Ma∞ = 5.5 being the designated operating point37. Geometric parameters 
of the RBCC model are illustrated in Fig. 138. The hypersonic inlet adopts a hybrid compression configuration 
with external compression angles of 8.3° and 9.8°, respectively. Boundary layer relief blocks are employed to 
mitigate combustion-induced airflow separation. Model parameters are normalized by the inlet throat height 
(His) and central strut width (W). The strut rocket adopts a single thrust chamber and dual nozzle configuration, 
with a nozzle expansion ratio of 6 (The expansion ratio is the area ratio between the end of the nozzle and the 
throat). Furthermore, two cavities are employed to create a recirculation zone with low velocity to stabilize the 
flame. The cavity’s aspect ratio (L/D) is set at 3.0. The first part of the combustion chamber has a volume ratio of 
1.2, while the second part has a ratio of 1.8, allowing for flexibility to meet various performance requirements of 
RBCC engines. Three locations for kerosene fuel injection are incorporated in the engine: the isolator, the fuel 
strut (I0), and the upstream walls of the second pair of cavities (I1). Adopting a staggered structure, the struts 
facilitate accelerated fuel diffusion in the mainstream, enhancing mixing efficiency39. A total of 24 fuel nozzles, 
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each with a diameter of 0.5 mm, are distributed on both sides for each fuel strut. Liquid kerosene is injected from 
the fuel strut in a direction perpendicular to the airflow.

Numerical methodology and validation
Numerical methodology
The three-dimensional RANS equations with chemical reactions are used to simulate the reacting viscous flow 
in the model RBCC engine by using Fluent40 as the following:
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where hm, Ym, Dj,m, ρ, σd, and σt are the component enthalpy, mass fraction, diffusion coefficient, fluid-phase 
density, and correlation coefficients, respectively. The shear stress tensor and energy term are addressed using 
the Menter Shear Stress Transport (SST) k–ω model. This model has undergone testing and demonstrated its 
applicability in the domain of supersonic flow.

When the droplet crosses the control volume, the changes in momentum, mass, and energy between gas phases 
and droplet during the period can be described as follows40:
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where ud, u, CD , CP d, mdin, mdout, Tdin, Tdout, ρd, dd, ∆t and Re are the velocity of the kerosene droplet, 
velocity of the flow fluid, drag coefficient, specific heat of the control volume, its temperature on the entry and 
exit, its temperature on the entry and exit, droplet’s density, droplet’s diameter, time step, relative Reynolds 

Fig. 1.  Model diagram of the RBCC engine integrated model38.
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number, respectively. This numerical simulation method for scramjet engine has been validated in previous 
typical researches41,42.

The laminar finite rate model relies on solving the component transport equation and simulating the reaction 
through a customized chemical reaction mechanism. Therefore, this model is employed to simulate chemical 
reactions in this study. The kinetic model for chemical interactions adopts a reduced twelve-step reaction43. The 
validation of this kinetic model will be confirmed in the subsequent sections.

Arc plasma governing equation
The meaning of the momentum conservation equation is: within a specific time, the increment of momentum in 
the micro-element body is equal to the sum of various forces acting on the micro-element body44. Its expression 
is as follows:

	
∇ ·
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ρ
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V

→
V
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Among them, F represents the various forces acting on the micro element.
Considering that the fluid microelements are subjected to viscous dissipation force (caused by relative 

motion between particles), frictional force, volume force of ions and electrons, thermal force (caused by electron 
temperature) and the centrifugal force of ions in the arc is much greater than that of electrons during MCGA 
discharge. The centrifugal force, the mass of the electron is much smaller than the mass of the ion, ignoring 
the viscous stress of the electron, the centrifugal force on the electron, the submass flow rate and the inertial 
component, the momentum equation can be obtained:

	 ∇ · (ρiuu) = −∇(Pe + Pi) + j × B + ∇ · [τij ]i + ρiω × (ω × r),� (9)

where B is the interpole magnetic induction intensity.

For MCGA, the ion temperature is much smaller than the electron temperature, and under the action of the 
external electric field, the electron gains kinetic energy and converts it into thermal energy; Ions, on the other 
hand, rely on elastic collisions between electrons and ions to obtain energy, while ionic heat terms can be ignored. 
In the supersonic vacuum arc, the arc current value is not high, and the radiation phenomenon of electrons and 
ions can be ignored while the influence of electronic viscous stress work on the electron temperature can be 
ignored. Combined with the above assumptions, the equation for conservation of electron and ion energy is as 
follows44:

	 ∇ · (ν (ρiCP eTe + pe)) = −∇ · qe + Qei + Se,� (10)

	 ∇ · (u (ρiCP iTi + pe)) = −∇ · qi + Qie + ϕi,� (11)

where CP e is the isobaric specific heat of electrons, CP i is the specific heat of ion isobaric heat, qe and qi are 
electron and ion heat flux respectively; ϕi is the ion viscosity dissipation work; After electrons collide with ions, 
Qei is the energy lost by electrons, and Qie is the energy absorbed by ions; Se is the heat term of electrons.

There is a coupling relationship between the electric field and the magnetic field of MCGA, which has a non-
negligible influence on the flow trend of sliding arc plasma and plasma characteristic parameters. The current 
density j and magnetic induction intensity B can be obtained from Maxwell’s equations and generalized Ohm’s 
law. Maxwell’s equations are as follows:
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where ρe is the charge body density; µ0 is vacuum permeability.

Unlike ordinary metals, in the plasma arc is affected by both temperature and pressure gradients, electromagnetic 
fields, etc., so the generalized Ohm’s law for fully ionized gases is as follows:
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In summary, as shown in Fig. 228, arc plasma mainly achieves the combustion support effect on fuel through 
three methods. (1) By transferring energy and considering the influence of Joule heat, the temperature of the 
flow field is increased to strengthen the chain reaction. (2) Generate active free radicals. (3) Under the influence 
of magnetic and electric fields, the Lorentz and Coulomb forces generated by plasma alter the flow velocity and 
turbulence intensity of nearby fluids, thereby improving the mixing efficiency between air and fuel.

Boundary conditions and mesh
In this study, the full flow path configuration of RBCC engine structure is symmetric. In order to save calculation 
cost, the total grid cell is set at 2.05 million and half of the configuration is selected for calculation (Fig. 3).

Taking into account the impact of thermal protection and the reactivity of the secondary kerosene fuel, the 
oxygen-to-fuel ratio is established at 0.87. The initial total mass flow rate and entry temperature of the rocket are 
set at 0.2 kg/s and 1943 K, respectively. The mass fractions of high-temperature rocket gas are computed using 
the Chemical Equilibrium with Applications (CEA) code44: H2: 0.044, H2O: 0.246, CO2: 0.13, and CO: 0.58. The 
initial total equivalence ratio of the secondary fuel is 1.0. The pressure outlet condition is specified at the RBCC 
engine exit, with characteristic parameters set to ambient values, and the walls are designated as no-slip adiabatic 
wall boundaries. In this study, Ma∞ = 3.0 (ejector to ramjet mode) and 5.5 (ramjet to scramjet mode) are chosen 
as the research points. The flight conditions involve the boost phase (Ma∞ = 0–8) flight trajectory45.

Fig. 3.  Mesh of RBCC model.

 

Fig. 2.  Principle of arc plasma combustion support28.
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Mesh sensitivity and validation
The validation data for the model is derived from free-jet test data conducted by the China Aerodynamics 
Research and Development Center at Ma∞ = 5 and an altitude of 21 km. The total equivalence ratio of kerosene 
fuel employed in the test is 0.9, with a focus on the I1 injection location38.

Independence verification is conducted using three mesh sizes: 426,000 (coarse), 1,260,000 (medium), and 
2,050,000 (fine). The grid resolutions of 300 × 52 × 26, 440 × 75 × 38, and 513 × 88 × 45 are explored for the three 
density cases. To maintain a surface y + of the combustor less than 1, the distance of the first grid point off the 
wall is set to 1 × 10–4 mm.

In Fig. 4, the pressure variation along the centerline of the flow path is depicted, with Pi representing the 
reference pressure. It is noteworthy that, among the three grid configurations, the fine grids exhibit a more 
precise depiction of the shock train length in the isolator. In this study, the numerical simulation focuses on 
the internal flow field interaction within the inlet, isolator, combustor, and nozzle, utilizing a full flow path 
configuration. When investigating the dynamic characteristics of the RBCC flow field by altering fuel injection 
strategies, the parameters of the isolator and combustor undergo a continuously changing non-stationary 
process. Precisely capturing the starting and ending positions of the shock wave train in the isolator is crucial for 
accurately determining the extent of the high-pressure region in the combustor. Therefore, to ensure calculation 
accuracy, fine grids are employed in the numerical simulation research.

Results and discussion
Dynamic process of ejector/ramjet mode transition under Ma∞ = 3.0
Without plasma addition
This paper outlines a total of four designated working cases. Cases 1 and 2 are employed to analyze the dynamic 
characteristics of the flow field during the ejector/ramjet mode transition process of the RBCC engine, without 
and with plasma, respectively. Cases 3 and 4 are utilized to examine the flow field alterations during the transition 
process from ramjet to scramjet mode. The specific conditions for each case are detailed in Table 1.

Due to the low flow velocity and total pressure at Ma∞ = 3.0, the anti-backpressure ability of the air inlet is 
greatly reduced, so it is necessary to explore the interaction between the air inlet, isolator, combustor and tail 
nozzle in the RBCC engine during the mode transition process of the ejector/ramjet mode. To investigate the 
primary diffusion combustion flame structure, a valuable parameter known as the mixing ratio Z is utilized, 
providing insight into premixed combustion flames46. The representation of Z is as follows:

	 Z = (φYF /YF,0 − YO/YO,0 + 1) /(φ + 1).� (17)

Case Mach number Injection 0 ER Injection 1 ER Rocket (kg/s) Plasma

1 3.0 0.12 ~ 0.08 0.48 ~ 0.32 0.2 ~ 0.0 None

2 3.0 0.12 ~ 0.08 0.48 ~ 0.32 0.2 ~ 0.0 Turn on

3 5.5 0.2 ~ 0.08 0.8 ~ 0.32 0.2 ~ 0.0 None

4 5.5 0.2 ~ 0.08 0.8 ~ 0.32 0.2 ~ 0.0 Turn on

Table 1.  Mode transition laws under different cases.

 

Fig. 4.  Validation results.
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In Eq.  (17), Y represents the mass fraction, φ denotes the equivalence ratio, and its interpretation is 
φ = s · YF,0/YO,0. S signifies the mass ratio, expressed as S = vOWO/vF WF , where W denotes the molecular 
mass. The mixture fraction under stoichiometric conditions, Zst is defined as 0.0626. The remaining boundary 
conditions are outlined in Table 2.

Figure  5 illustrates the flame structure under Case 1 conditions, where the flame surface is defined by 
Zst = 0.0626, flooded by temperature. In Fig. 6, the pressure variation during the mode transition process is 
presented. It is observed that initially, the temperature on the flame surface is high and can propagate nearly 
throughout the entire combustor when the fuel equivalence ratio is large. By t = 2  ms, as the kerosene fuel 
equivalence ratio decreases and the rocket hot jet is turned off, the high-temperature zone on the flame surface 

Fig. 5.  Two-phase flame surface structure: temperature equivalent surface on the surface of mixing fraction 
Zst = 0.0626 in Case 1. (a) t = 0 ms; (b) t = 2 ms; (c) t = 8 ms; (d) t = 22 ms.

 

Parameters Value

Mach number 3.0

Static pressure (MPa) 0.0286

Static temperature (K) 226.4

O2 mass fraction 0.2031

N2 mass fraction 0.7969

Initial total equivalent ratio of kerosene 1

Table 2.  Inflow condition of RBCC engine under Ma∞ = 3.0/
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in the isolator diminishes. Additionally, the mixing layer formed by the rocket jet and the air at the back wall of 
the main strut gradually dissipates. The low temperature zone of the flame surface of the trailing edge of the fuel 
strut increases, but the high temperature flame surface can still exist stably in the cavity.

With the passage of time, by t = 22  ms, the flow field in RBCC is stable, the mode transition process is 
completed, and there is no high-temperature flame surface in the isolator. After losing the role of the high-
temperature jet of the rocket, kerosene is injected by the isolator with a lower equivalent ratio, cannot be 
effectively blended and burned with the incoming air in time, resulting in flame extinguishing. In contrast, the 
flame stabilization zone composed of the tail of the fuel strut and the first pair of cavities in the combustor can 
fully ignite the fuel. Although the high-temperature flame surface is reduced, it is always stable. On the pressure 
distribution curve, it can be clearly seen that the high pressure region first decreases and then increases in the 
process of mode transition, and the range of the high pressure region gradually shifts backward with time. 
Finally, the pressure at the fuel strut reaches a maximum of 4.6 Pi.

Figure 7 illustrates the Mach number contour at the z = 1His section, and Fig. 8 presents the average Mach 
number distribution along the x-axis under Case 1 conditions. In Fig. 7a during the ejector mode, the intensity 
of the shock train in the isolator is insufficient to withstand the back pressure increase in the combustor, resulting 
in its complete expulsion from the isolator. Additionally, flow separation on the wall surface is mitigated with the 
bleed block. At this juncture, the inflow enters the inlet at subsonic speeds, leading to the formation of a large-
scale subsonic region.

As seen in Fig. 7c, with the time to 8 ms, the weakening of the combustion intensity in the combustor leads 
to a decrease in the pressure. The flow separation zone near the bleed block nearly vanishes, and the backward-
tilted shock wave is reflected by the wall and approaches the inlet lip. Furthermore, the deceleration and boosting 
effect are diminished, resulting in an enhancement of the Mach number at the combustor inlet. Although a 
small area close to the speed of sound appears in the central area at the entrance of the isolator and the average 
Mach number in the isolator has slightly increased, it still runs through the entire isolator at subsonic speed. 
The inlet is still in an unstart state. When the mode transition is completed, as seen in Fig. 7d, at t = 22 ms, the 
flame in the isolator is extinguished due to the loss of the rocket’s high-temperature jet, and the heat release 
position of the fuel moves back, causing the high-pressure area in the combustor to move downstream. It can 
be seen that the flow separation area near the bleed block has completely disappeared, and the backward shock 
wave formed due to the influence of flow separation has also disappeared. The pre-combustion shock train is 
stable in the isolator, except for the small boundary near the wall. The air inlet is in a start-up state. The inlet of 
the combustor exhibits a supersonic/subsonic mixed flow state dominated by subsonic flow. It can be seen that 
although the mass flow rate of the fuel has been significantly reduced, there is only a slight change in the average 
Mach number distribution in the combustor of the RBCC engine during the mode transition process, which 
further demonstrates the importance of the starting state of the inlet for the performance of the RBCC engine 
at low Mach numbers.

Enhance of Arc plasma on combustion
To improve the performance of RBCC engine, arc plasma is added to the RBCC mode transition process in Case 
2. In order to prevent a large degree of overflow caused by the poor anti-backpressure capability of the air inlet at 
low Mach number, as shown in Fig. 9, it is only installed in the rear of the combustor, that is, in the second pair 
of cavities, and the boundary condition adopts 10000 V DC power supply.

Figure 10 shows the temperature distribution contour on the plane of y = 1His during the process of ejector/
ramjet mode (the upper half is Case 1 without plasma combustion support, the lower half is Case 2 with arc 
plasma added in the second pair of cavities). Figure 11 shows the temperature contour of the x-axis sections 

Fig. 6.  The pressure distribution curve in Case 1. (Data extracted from the line: X = 0–112His, Y = 0.86His, 
Z = 0.025His).
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at the center of two pairs of cavities under two cases. It can be seen that at t = 2 ms, a high temperature zone of 
3000 K has been established in the second pair of cavities in the combustor due to the temperature rise in the 
plasma interaction area. Although the range of the high pressure zone does not increase significantly, the high 
pressure value reaches 4.5Pi, which is about 0.5Pi higher than the Case 1(without plasma). At t = 16 ms, the 
stability of the flow field means the completion of the mode transition process, and the entire transition time 
is shortened by 6 ms, indicating that under the action of arc plasma combustion support, the engine can adapt 
more quickly to the decrease in combustion intensity caused by fuel reduction in the flow field, and.

reorganize stable combustion. From the analysis of the pressure curve (Fig. 12), it can be seen that under 
the action of plasma, the pressure fluctuation of the flow field is small during the mode transition process, and 
the stability of the flow field is improved. After the flow field is stabilized, although the maximum value of the 
flow path pressure remains at about 4.6Pi, the range of the high-pressure area is extended to x = 32His-50His. It 

Fig. 7.  Mach number distribution of section z = 1His. (a) t = 0 ms; (b) t = 2 ms; (c) t = 8 ms; (d) t = 22 ms.
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Fig. 10.  Temperature distribution contour on the plane of y = 1His in Case 1 (upper half) and Case 2 (lower 
half).

 

Fig. 9.  Arc plasma action area in Case 2.

 

Fig. 8.  The average Mach number distribution curve of the x-axis in Case 1.
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Fig. 12.  The pressure distribution curve in Case 2. Data extracted from the line: X = 0–112His, Y = 0.86His, 
Z = 0.025His.

 

Fig. 11.  Temperature distribution contour of two pairs of cavity central x-axis sections.
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can be seen that the range of the high-pressure area in the first section of the combustor has been significantly 
improved, and the heat release range of the fuel in the front is expanded. Although the kerosene fuel injected 
into the isolator cannot be effectively ignited upstream after the mode transition is completed, the propagation 
of downstream flames in the spanwise direction is enhanced under the action of the plasma high-temperature 
region in the second pair of cavities, and the diffusion ability of high-temperature flames is also improved.

Figure 13 is the contour of the mass fraction distribution of intermediate product OH on the plane y = 1His in 
Case 1 (upper part) and Case 2 (lower part). It can be seen from that at t = 2 ms, the increase in OH distribution 
after the addition of arc plasma is mainly reflected in the area between the first pair and the second pair of 
cavities. Over time, the OH distribution gradually diffuses downstream, and finally forms a distribution trend 
that starts from the fuel strut and gradually fills the entire combustor.

Figure 14 is the contour of the Mach number distribution on the plane y = 1His in Case 1 (upper part) and 
Case 2 (lower part). Figure 15 shows the Mach number distribution contour of the x-axis sections at the isolator 
inlet during the mode transition process under two working cases. It can be seen that when the plasma starts to 

Fig. 14.  Mach number distribution contour on the plane of y = 1His in Case 1 (upper half) and Case 2 (lower 
half).

 

Fig. 13.  OH distribution contour on the plane of y = 1His in Case 1 (upper half) and Case 2 (lower half).
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act, because the combustor is long and the action position is far away, the back pressure generated by combustion 
has not propagated upstream, and the Mach number distribution of case 1 and case 2 is very similar. But when 
the time reaches 8 ms, the high back pressure caused by the plasma combustion assistance propagates upstream, 
and the low subsonic region in the central flow of the combustor continues to expand. However, the position of 
the thermal chocking remains unchanged and stabilizes at the leading edge of the second pair of cavities. After 
the flow field is stabilized, the region at the entrance of the isolator still maintains subsonic. The difference is 
that in Case 1, the supersonic velocity area appears near the two sides of the wall. The reason for this difference 
is that in the absence of plasma assisted combustion, the local pressure rise caused by liquid kerosene injection 
in the isolator does not affect the upstream region through the low-speed region of the boundary layer, thus 
increasing the Mach number at the entrance of the isolator. It can be seen from the previous analysis that when 
the fuel equivalent ratio is reduced, the combustion intensity in the combustor is greatly reduced, resulting in the 
disappearance of flow separation near the wall and the resumption of the start-up state of the air inlet.

Obviously, although the arc plasma arrangement has been placed at the rear of the combustor, the overflow 
phenomenon will still occur due to the poor anti-backpressure resistance of the air inlet, resulting in a reduction 
in the mass flow rate of captured air in the inlet. Therefore, although the arc plasma has obvious effect on fuel 
combustion, which helps to extend the range of high-temperature flame, promote the chain reaction, and 
improve the combustion efficiency of fuel. It is necessary to combine the configuration of the engine and the 
actual flight situation, and give different arrangement schemes according to different flow conditions to meet the 
matching of RBCC performance.

Figure 16 depicts the thrust curves during the RBCC mode transition in Case 1 (kerosene equivalent ratio 
reduced from 0.6 to 0.4, rocket total mass flow rate from 0.2 kg/s to 0 kg/s, without plasma) and Case 2 (kerosene 
equivalent ratio reduced from 0.6 to 0.4, rocket total mass flow rate from 0.2 kg/s to 0 kg/s, arc plasma added 
to the second pair of cavities). Comparing with Case 1 (without plasma action), in Case 2, although the net 
thrust generated by the rocket wall quickly diminishes to near zero after the main rocket is shut down under 
the influence of plasma, the thrust produced by the tail nozzle increases from 1100 to 1300 N. The total thrust 
trough (lowest value) is 3000 N, indicating an increase of 500 N. Although there is still an overflow in the air 
inlet and the mass flow rate of captured air quality is reduced, the net thrust generated by the combustor after 
the flow field is stabilized remains at about 1800N and has not decreased. During the whole mode transition 
process, the thrust fluctuation of the combustor is small in Case 2, and the lowest value reaches 1750N. On the 

Fig. 16.  Thrust variation curves during mode transition.

 

Fig. 15.  The Mach number contour of the x-axis sections at the entrance of the isolator during the RBCC 
mode transition in Case 1 and Case 2.
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contrary, although the wall flow separation area is greatly reduced in Case 1, the minimum thrust value in the 
mode transition process is reduced to 1500N in about 5 ms, and the thrust fluctuation amplitude is relatively 
large. It can be seen that the performance of RBCC engine under low Mach number needs to be considered by 
comprehensive flow conditions and fuel heat release. The introduction of arc plasma promotes the heat release 
of fuel, and improves the reaction ability of fuel. Although it weakens the ability of part of the air inlet to capture 
air, it generally improves the thrust performance of the engine. Therefore, the engine passes the thrust instability 
stage in the mode transition more smoothly in the process of reducing the fuel equivalent ratio.

Figure 17 illustrates the resistance curves during the RBCC mode transition in Case 1 (kerosene equivalent 
ratio reduced from 0.6 to 0.4, rocket total mass flow rate from 0.2 kg/s to 0 kg/s, without plasma) and Case 2 
(kerosene equivalent ratio reduced from 0.6 to 0.4, rocket total mass flow rate from 0.2 kg/s to 0 kg/s, arc plasma 
added to the second pair of cavities). Figure 18 shows the pressure distribution contour on the first section of 
the combustor in Case 1 and Case 2(z = -0.6His). Although the arc plasma is only arranged in the second pair of 
cavities, located downstream of the combustor, due to the low flow velocity and long combustor, the incoming 
air and kerosene fuel have sufficient time to mix, even if there is no effect of plasma, the main heat release area 
of the combustor is still stabilized near the first pair of cavities. The high pressure area is maintained at about 
400000 Pa. After applying plasma, the position of the main heat release zone did not change, but the pressure in 
the cavity significantly increased, resulting in a small range of pressure zone of about 440,000. The reaction zone 
in the mainstream was expanded to a larger area by the plasma, which means that the combustion intensity in the 
combustor is enhanced, and a larger reaction zone will lead to higher back pressure. From the resistance change 
curve during the mode transition process, it can be seen that without the assistance of plasma, the resistance in 
the combustor shows an upward trend after fuel throttling, ultimately reaching 200N. The resistance in the tail 
nozzle has hardly changed, so the fluctuation of total resistance is mainly generated by the combustor In Case 
2, after adding plasma, the resistance generated in the combustor remained almost unchanged, stable at around 
150N, a decrease of 25%, and the total resistance fluctuation is stable. Compared with Case 1, it decreased from 
325 to 275N, a decrease of 15.4%.

Fig. 18.  Contour of pressure distribution on the plane of z =  − 0.6His of the first combustor in Case 1 (upper 
part) and Case 2 (lower part).

 

Fig. 17.  Resistance variation curves during mode transition.
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Dynamic process of ramjet/scramjet mode transition under Ma∞ = 5.5
At a high Mach number, it is mainly aimed at the problems of low fuel mixing efficiency and insufficient heat 
release. In order to improve the heat release capacity of the fuel and increase the thrust of the RBCC engine 
during the mode transition process, simultaneously set arc plasma domains of the same size at the first and 
second pair of cavities in the combustor, and a 10000 V DC power supply is used as the boundary condition. The 
boundary conditions of the incoming flow are listed in Table 3.

Figure 19 shows the temperature distribution contour on the plane of y = 1His during the process of ramjet/
scramjet mode (the upper half is Case 3 without plasma combustion support, the lower half is Case 4 with arc 
plasma added in the cavities). Figure 20 shows the temperature contour of the x-axis sections at the center of two 
pairs of cavities under two cases. It can be seen that with the shutdown of the rocket, the fuel equivalent ratio 
decreases, the temperature distribution of the flow field at 2 ms is highly similar, and the flame in the isolator 
has not been extinguished, the difference is that a high temperature area of about 3100 K has been produced 
under the action of arc plasma in the cavity of the combustor in Case 4. The distribution of pressure curves in 
the combustor is consistent, it indicates that the combustion support effect of plasma on the fuel has not spread 
upstream in a short time, which has no significant effect on the internal flow field.

When the time comes to the 8 ms, the flame range has been reduced to the front edge of the fuel strut in 
Case 3 where the plasma is not added. Although the high-temperature flame area still decreases in Case 4, some 
high-temperature flame areas are still retained upstream of the first part of combustor. From the distribution 
range of the high-pressure zone (Fig. 21), under the action of plasma, the high-pressure zone has expanded to 
x = 38His-58His compared to Case 3, indicating that plasma has increased the pressure of the combustor and 
expanded the coverage range of the high-temperature flame zone. Finally, with the consumption of residual 
high-temperature rich combustion gas in the rocket, stable combustion is reorganized in the combustor. After 
the flow field stabilizes, a high-temperature flame is re-established upstream of the fuel strut in Case 3, and the 
combustion range expands upstream. On the other hand, the internal flow field characteristics in Case 4 show 
that during the mode transition process, the flow field fluctuation is relatively small. The mode transition process 
is completed at t = 15.5 ms in Case 4, and the distribution range of the high pressure zone is wider. This shows 
that the combustion support effect of arc plasma is of great significance to improve the working stability of the 

Fig. 19.  Temperature distribution contour on the plane of y = 1His in Case 3 (upper half) and Case 4 (lower 
half).

 

Parameters Value

Mach number 5.5

Static pressure (MPa) 0.0069

Static temperature (K) 216.65

O2 mass fraction 0.2031

N2 mass fraction 0.7969

Initial total equivalent ratio of kerosene 1

Table 3.  Inflow condition of RBCC engine under Ma∞ = 5.5.
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engine in the ramjet/scramjet mode transition process, which not only expands the range of high pressure zone, 
but also improves the fuel combustion efficiency and shortens the time required for the mode transition process.

Figure 22 is the contour of the mass fraction distribution of product CO2 on the plane y = 1His in Case 3 
(upper part) and Case 4 (lower part). This shows, at 2 ms, in Case 1 without arc plasma addition, the mass 
fraction of CO2 in the isolator and the reflux zone behind the rocket strut rapidly decayed. The CO2 between 
the rocket outlet and the fuel strut almost disappeared. Although the mass fraction of CO2 in the central flow 
decreased significantly in the downstream of the combustor, the distribution width did not decrease. However, 
in Case 4 with arc plasma addition, a small amount of CO2 is still retained in the isolator and the recirculation 
area behind the rocket strut. The overall reduction of the products in the central flow of the combustor is small. 
Therefore, after adding plasma for combustion in the same period of time, the RBCC combustion intensity 
decreases less, and the engine performance is more stable.

Fig. 21.  The pressure distribution curves. Data extracted from the line: X = 0-112His, Y = 0.86His, Z = 0.025His.

 

Fig. 20.  Temperature distribution contour of two pairs of cavity central x-axis sections.
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Although in Case 4, after the mode transition process is completed, the flame is extinguished due to a decrease 
in fuel combustion intensity in the isolator and the complete combustion product CO2 is almost non-existent in 
front of the strut, its propagation and diffusion ability are improved in the combustor, with a wider distribution 
range. The chain reaction of kerosene combustion is promoted, which extends the combustion reaction area and 
forms a higher intensity combustion reaction. Due to the low speed reflux zone formed in the cavities, fuel can 
be sucked into the cavity, resulting in a large distribution of fuel. Therefore, adding arc plasma to the cavities 
can more effectively utilize the flame stabilization advantage of the combination of fuel strut and cavities, better 
utilize the combustion organization characteristics of the shear layer.

Figure 23 is the contour of the Mach number distribution on the plane y = 1His in Case 3 (upper part) and 
Case 4 (lower part). Figure 24 shows the Mach number distribution contour of the x-axis sections at the isolator 
inlet during the mode transition process under two working cases. Figure 25 respectively display the average 
Mach number distribution of the x-axis sections of the flow path in Case 3 and Case 4. Unlike in the previous 
chapter at low Mach numbers, the inlet is consistently in the starting state during the transition from ramjet 

Fig. 23.  Mach number distribution contour on the plane of y = 1His in Case 3 (upper half) and Case 4 (lower 
half).

 

Fig. 22.  CO2 distribution contour on the plane of y = 1His in Case 3 (upper half) and Case 4 (lower half).
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mode to scramjet mode at Ma∞ = 5.5 due to its robust anti-backpressure capability. Therefore, the addition of 
plasma does not influence the inlet’s ability to capture air. During the mode transition process, both Case 3 and 
Case 4 undergo a transition from subsonic to supersonic at the entrance of the combustor. However, in Case 3, 
with no plasma assisted combustion, after the rocket is shut down and the kerosene equivalent ratio is reduced, 
the combustion intensity of the fuel decreases significantly, resulting in a larger increase in Mach number. After 
the flow field is stabilized, the flow area at the entrance of the combustor is at supersonic speed, with an average 
Mach number of 1.8, and even a supersonic region with Mach number of 3 appears on both sides of the wall.

In Case 4, the arc plasma enhances the propagation and diffusion ability of high-temperature flames in the 
combustor, promotes the chain reaction of kerosene, and improves combustion intensity. After the flow field 
stabilizes, the combustor entrance presents a mixed region dominated by supersonic and subsonic velocities, 
with an average Mach number of only 1.1 at the combustor entrance. This further indicates that the plasma 
greatly improves the heat release of the fuel. The subsonic region near the fuel inlet in the isolator indicates that 
RBCC can still maintain small-scale combustion in the upstream part of the engine after shutting down the 
rocket and reducing the fuel equivalence ratio, which undoubtedly expands the heat release distribution area of 
the fuel.

Figure 26 illustrates the thrust profiles during the RBCC mode transition for Case 3 (kerosene equivalent 
ratio reduced from 1 to 0.4, rocket total mass flow rate from 0.2 kg/s to 0 kg/s, without plasma) and Case 4 
(kerosene equivalent ratio reduced from 1 to 0.4, rocket total mass flow rate from 0.2 kg/s to 0 kg/s, with arc 
plasma added to the cavities).

Compared with Case 3 without plasma action, it can be seen that under the action of plasma in Case 4, 
although the net thrust generated by the rocket wall rapidly decays to zero after the main rocket is closed, the 
thrust generated by the tail nozzle increases from 1400 to 1800N, and the total thrust trough (minimum value) is 
3300N, increasing by 1500N. During the entire mode transition process, the thrust in the combustor decreased 
from 2100N in the ramjet mode to 1450N in the scramjet mode. The thrust fluctuated smoothly during the mode 
transition process, and the transition time was shortened to 15.5 ms. On the other hand, Case3 without plasma, 
the thrust of the combustor decreases to around 500N during the scramjet stage after the mode transition is 

Fig. 25.  The average Mach number distribution curves of the x-axis.

 

Fig. 24.  The Mach number contour of the x-axis sections at the entrance of the isolator during the RBCC 
mode transition in Case 3 and Case 4.
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completed, with a significant fluctuation and a long transition time, which is extremely detrimental to engine 
performance.

Figure 27 shows the resistance curves during the RBCC mode transition in Case 3 and Case 4. Figure 28 
shows the pressure distribution contour on the section of the combustor in Case 3 and Case 4(z = -0.6His). 
Without the assistance of plasma, the resistance in the combustor shows an unstable state after fuel throttling, 
ultimately reaching 325N. The resistance in the tail nozzle remains almost unchanged, so the fluctuation of total 
resistance is mainly generated by the combustor. In Case 4, after adding plasma, the resistance generated in the 
combustor during the mode transition process remained almost unchanged, stable at around 280N, a decrease 
of 14%, and the total resistance fluctuated steadily. Compared with Case 3, it decreased from 500 to 450N, a 
decrease of 10%. From the pressure distribution contour in the cavities, it can be seen that after applying plasma, 
the pressure in the main heat release zone (the first pair of cavities) has significantly increased, with a large range 
of high pressure areas around 400000 Pa. The pressure growth in the downstream of the combustor (the second 
pair of cavities) is relatively small, and the reaction zone in the mainstream is expanded to a larger area by the 
plasma, which means that the combustion intensity in the combustor is enhanced. Larger reaction zone will 
result in higher back pressure in the burner, resulting in an increase in the net thrust generated by the combustor.

Conclusion
This research proposes to apply arc plasma to assist combustion in the mode transition process in RBCC engine. 
The detailed flow field and flame structure are obtained by numerical simulation. The following conclusions can 
be drawn:

Fig. 27.  Resistance variation curves during mode transition. (a) Case 3; (b) Case 4.

 

Fig. 26.  Thrust variation curves during mode transition.
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	1.	� The working state of the air inlet at low Mach numbers has a close impact on the combustion situation in the 
combustor. When the Mach number is 3.0, the inlet achieves a transition from non start to start during the 
ejector/ramjet mode transition process by shutting down the rocket and reducing the fuel equivalence ratio.

	2.	� At low Mach numbers, the performance of RBCC engines needs to be considered comprehensively based on 
the inflow conditions and the incorporation of arc plasma enhances the heat release and work output of the 
fuel, positively impacting the overall performance of the engine. Despite diminishing the air-capturing capa-
bility of certain air inlets, it results in a net improvement in thrust performance and a reduction in resistance 
from the combustor wall. This enhancement enables the engine to navigate through the thrust instability 
phase of the mode transition process more seamlessly.

	3.	� High Mach numbers lead to swift inflow velocities, impeding the timely mixing of fuel with air for combus-
tion. This, in turn, hinders efficient heat release and work performance. However, after adding arc plasma for 
combustion support, after the mode transition process is completed, the high-temperature flame propaga-
tion and diffusion ability is improved in the combustor, with a wider overall distribution range. The chain re-
action of kerosene combustion is promoted, which extends the combustion reaction area and forms a higher 
intensity combustion reaction. Significantly improved the thrust performance of the engine, alleviated the 
phenomenon of sudden thrust drop during mode transition, greatly shortened the time required for mode 
transition, and reduced engine resistance.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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