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Abstract

:

Rotating detonation engines (RDEs) are a promising propulsion technology featuring high thermal efficiency and a simple structure. To adapt the practical engineering applications of ramjet RDEs, rotating detonation combustion using a liquid hydrocarbon and pure air mixture will be required. This paper presents an experimental study on the propagation characteristics of rotating detonation waves with a liquid hydrocarbon and high-enthalpy air mixture in a hollow cylindrical chamber. The parameters, such as the equivalence ratio and inlet mass flux, are considered in this experiment. The frequency and the propagation velocity of rotating detonation combustion are analyzed under typical operations. The experimental results show that the peak pressure and propagation velocity of the rotating detonation wave are close to the C-J theoretical values under the inlet mass flux of 400 kg/(m2s). Both the propagation velocity and peak pressure of the rotating detonation wave decrease as the mass flux and equivalence ratio are reduced while the number of detonation wavefronts increases. Detonation wave instability tends to occur when the inlet mass flux decreases. There is a transition progress from thermo-acoustic combustion to rotating detonation combustion in the experiment under the condition of mass flux 350 kg/(m2s) and the equivalent ratio 0.8. The static pressure in the chamber is higher during detonation combustion than during thermo-acoustic combustion. These experimental results provide evidence that rotating detonation waves have the potential to significantly improve propulsion performance. The findings can serve as a valuable reference for the practical engineering application of rotating detonation engines.
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1. Introduction


Combustion processes occur in two primary modes: deflagration and detonation. Deflagration wave propagation depends on the mass and heat transfer of the combustible mixtures, which travel at subsonic speeds, leading to a constant pressure combustion mode. In contrast, detonation waves propagate at supersonic speeds, facilitating self-ignition combustion behind the leading shock, and this characteristic aligns detonation closely with constant volume combustion. While the majority of current chemical aerospace propulsion systems operate using a constant pressure combustion cycle, enhancing their performance has become an increasingly challenging task. Due to its high thermal efficiency, detonation engines present a novel concept that holds promise for improving engine performance. There are various types of detonation engines, including pulsed detonation engines (PDEs) [1,2], rotating detonation engines (RDEs) [3,4], oblique detonation engines (ODEs) [5,6,7], and detonation hybrid engines [8,9].



Rotating detonation engines (RDEs) have garnered significant attention and have been the focus of extensive research by scientists worldwide. Earlier studies have successfully observed rotating detonation waves in annular combustion chambers, providing further evidence for the feasibility of RDEs [10,11]. Additionally, Tang et al. [12] conducted numerical simulations demonstrating the continuous rotation of detonation waves within a hollow RDE combustion chamber. Almost simultaneously, researchers [13,14] successfully demonstrated the experimental realization of a stable rotating detonation wave in a cylindrical rotating detonation engine (RDE) [15]. Rodriguez et al. [16] conducted an experiment using a curved chamber without a center body and observed the propagation of multicellular detonation at velocities higher than the Chapman–Jouguet (C–J) value. They found that the overdriven detonation occurred due to the irregular reflection of the initially oblique front as the outer wall tilted in relation to the front. Yokoo, R. et al. [17] conducted an experimental study confirming that the length of a cylindrical rotating detonation chamber can be shorter compared to an annular rotating detonation chamber. By removing the inner tube, a more compact rotating detonation chamber was achieved, resulting in a smaller thermal protection area. This advantage holds significant potential for the engineering application of rotating detonation engines. Therefore, this study focuses on investigating rotating detonation combustion within a hollow chamber.



Rotating detonation combustion has predominantly been studied in the context of rocket-type engines. However, there is a growing interest among researchers worldwide in the ram-mode detonation engine. This type of engine, designed for air-breathing applications, has gained significant attention. Cycle analysis of the air-breathing detonation ramjet model has been reported, examining its performance and characteristics [18]. This study revealed that the performance of the air-breathing detonation ramjet gradually decreases as the flight speed increases. However, it demonstrated that achieving a flight Mach number of Ma 5 is feasible within the capabilities of the engine. Frolov, S. M. et al. [19] conducted experiments using an air-stream approach with a Mach number of 5.7. The ramjet model achieved maximum thrust and specific impulse values at an equivalence ratio (ER) of 1.25. The thrust was estimated to be 1550 N, while the specific impulse was measured at 3300 s. Liu et al. [20] designed a continuous rotating detonation ramjet model engine specifically for a free jet test with a flight Mach number of 4.5 and an altitude of 18.5 km. Hydrogen was utilized as the fuel in this design, and the maximum fuel-based specific impulse achieved was 2510 s, despite using an unoptimized nozzle configuration. These findings suggest that the ram-mode rotating detonation engine holds significant promise for engineering applications.



In RDEs, gaseous fuels are frequently employed. Researchers have conducted investigations [21,22,23,24,25,26] on the effects of several factors on rotating detonation wave characteristics and have made efforts to control the propagation mode of rotating detonation. These factors include propellant mass flow rate, chamber outlet pressure, propellant pressure loss, and nozzle structure. Fuels such as acetylene, propane, and hydrogen have been utilized in these studies. Recently, there has been increasing interest in heterogeneous rotating detonation. Researchers have implemented various measures to achieve heterogeneous rotating detonation, including the use of oxygen-enriched air [27,28], heated air [29,30,31], and a mixture of kerosene/highly active fuels [32,33,34]. In addition, Le Naour et al. [35] utilized a fuel mixture of hydrogen and kerosene. However, when the liquid hydrocarbon fuel was injected separately, the propagation velocity of the detonation wave decreased significantly. This suggests that the specific fuel injection method can have a significant impact on the characteristics and behavior of the rotating detonation wave in heterogeneous systems. Researchers investigated the impact of periodic detonation wave impact on a liquid fuel jet in a rotating detonation combustor and obtained the dynamic response and recovery of liquid jets exposed to periodic detonations [36,37,38].



In consideration of factors such as fuel transportation and storage security, space constraints of flight vehicles, and the specific impulse performance requirements of the engine, the practical implementation of a ramjet RDE in engineering applications often involves optimizing liquid hydrocarbon as the fuel and using pure air as the oxidizer. Modern hypersonic aircraft typically operate at altitudes ranging from 30 to 100 km and Mach numbers ranging from 5 to 30. The ramjet rotating detonation engine holds potential as a propulsion system for hypersonic aircraft. Therefore, this study focuses on assessing the feasibility of rotating detonation combustion using a mixture of liquid hydrocarbon fuel and high-enthalpy air, where the total temperature exceeds the incoming flow temperature at a Mach number above Ma5 (1250 K).



The presence of deflagration within the rotating detonation chamber has a substantial effect on the behavior of the rotating detonation wave. The deflagration process contributes to the weakening of the detonation front and, from a thermodynamic perspective, reduces the cycle efficiency [39]. As more propellant is consumed by deflagration, less propellant remains to support the detonation wave. Furthermore, deflagration raises the temperature of the mixture ahead of the detonation wave, increasing the effective speed of sound and decreasing the detonation wave Mach number [40]. Researchers have examined the impact of the wall curvature and deflagrative losses. Their findings indicate that the detonation wave propagation velocity is lower than the C-J value in the non-premixed or premixed rotating detonation combustors [41,42]. The study investigates the effects of equivalence ratio and inlet mass flux on the propagation characteristics of the rotating detonation wave. The results of this investigation can offer valuable insights into the practical application of rotating detonation engines.



The non-ideal nature of the detonation wave significantly impacts the performance of rotating detonation engines. This paper presents an experimental study on the rotating detonation characteristics using a mixture of liquid hydrocarbon and high-enthalpy air. The research is conducted on a direct-connected experimental system, which is a common method for studying air-breathing rotating detonation engines. The experiments aim to understand the influence of incoming mass flux and equivalence ratio on the propagation characteristics of the rotating detonation wave. During the experiments, several unusual phenomena were observed, including the superposition of rotating detonation waves, pressure axial oscillation between the inlet and nozzle throat, and the transition between thermo-acoustic combustion and rotating detonation combustion. It is worth noting that the transition from thermo-acoustic combustion to detonation combustion occurred only once in the experiment, making it difficult to accurately explain the observed phenomena. The chamber was equipped with PCB pressure sensors and static pressure sensors, which limited the precision of the observations. Nevertheless, significant static pressure changes were observed in the combustion chamber when the transition from thermo-acoustic combustion to detonation combustion occurred under constant incoming flow conditions. The study also observed phenomena such as single-wave rotating detonation, co-directional double-wave, collision double-wave, and the superposition of pressure wave axial oscillation and the detonation wave in the combustion chamber. The research aims to establish the correlation between the occurrence of different combustion modes and the incoming flow conditions within the rotating detonation chamber.




2. Experimental Facilities


The geometry structure and the three-dimensional model of the experimental facility for rotating detonation employed in this study are illustrated in Figure 1 and Figure 2, respectively. The experimental system comprises four main components: the supply system, control system, measurement system, and engine model. The supply system encompasses an air source, fuel supply, electromagnetic valve, and various piping accessories. The high-temperature incoming flow of 1250 K used in the experiment is provided by the three-component (kerosene/air/oxygen) vitiator, and the mass flow rate is adjusted within the range of 3 kg/s to 6 kg/s.



The air and oxygen mix and flow into the vitiator through a small throat, and there are 30 centrifugal nozzles installed on the spray panel to maintain the kerosene atomizing well. The high-enthalpy air retains the same mass fraction as pure air. The nozzles of the detonation chamber are direct injection nozzles at the entrance throat, the number of spray holes is 120 inside and outside of the throat, respectively, and the diameter of the spray holes is 0.3 mm. The inner and outer diameters of the entrance throat of the chamber are 250 mm and 284 mm, respectively; the length of the detonation chamber is 490 mm, and the radius of the nozzle throat is 170 mm. Therefore, the inlet throat area of the combustion chamber is 14,260 mm2, and the nozzle throat area is 22,698 mm2. In the experiment, the inlet mass flux of the chamber is adjusted by the different mass flow rates of the vitiator components, but the temperature remains unchanged.



A pre-detonation tube igniter is used for ignition within the combustion chamber. If the mixture and combustion chamber structure conditions are suitable, rotating detonation combustion can be initiated. Factors such as the high total temperature of incoming air and high airflow speed at the fuel injection position contribute to improved atomization and evaporation of kerosene. As the fuel/air mixture flows to the engine’s ignition position, it transitions to a gaseous phase, which is one of the key factors for initiating and sustaining a pure air/kerosene rotating detonation wave. The dynamic pressure data in the combustion chamber are collected via an acquisition system with 16 parallel channels, and an acquisition frequency of 2.5 MHz. The pressure peak of the rotating detonation wave is measured by PCB113B26 quartz dynamic pressure sensor. There are three dynamic pressure sensors installed on the wall of the detonation chamber, as shown in Figure 1. The sensors PCB1 and PCB3 are distributed at a 90-degree angle in the same section of the chamber wall. The sensor PCB2 is set downstream of PCB1. The static pressure data in the combustion chamber is collected by an acquisition system of frequency 100 Hz.




3. Results and Discussion


The total temperature of the incoming flow is maintained constant at 1250 K. The test conditions are presented in Table 1. Considering the practical engineering applications of ramjet RDEs, all tests are conducted under lean mixture conditions, with an equivalence ratio ranging from 0.5 to 0.8.



3.1. One-Direction Propagation Mode for the Rotating Detonation Wave


Figure 3 shows the pressure sequence and the Fast Fourier Transformation (FFT) results when the inlet mass flux is 400 kg/(m2s). As shown in Figure 3a, when the equivalence ratio is 0.8, the rotating detonation wave propagates in a fully developed single-wave mode. The average value of the detonation wave pressure peak is approximately 2 MPa, with a rotating detonation wave frequency of around 1814.4 Hz. The detonation wave propagation velocity can be calculated as 1710 m/s. As the equivalence ratio decreases, the detonation wave peak pressure decreases while the number of rotating detonation wavefronts increases. As shown in Figure 3b, the pressure sequences collected by PCB1 and PCB3 are similar, and the frequency of the rotating detonation wave is 3325 Hz, so it presents a two-wave, one-direction propagation mode for the rotating detonation wave when the equivalence ratio is 0.7. A three-wave, one-direction propagation mode of the rotating detonation wave appears when the equivalence ratios are 0.6 and 0.5, as depicted in Figure 3c,d, with the frequencies of the rotating detonation wave being 4810 Hz and 4701 Hz, respectively. The propagation velocity of the detonation wave is also provided in the pressure sequence figures. The detonation wave velocity is calculated by dividing the circumference of the outer cylinder of the combustion chamber by the time interval between two adjacent detonation wave peaks collected by PCB1. When the equivalent ratio decreases, the theoretical propagation velocity of the detonation wave decreases, and the decrease in the equivalent ratio is associated with a decrease in nozzle stiffness. This reduction in stiffness is influenced by factors such as decreased fuel injection pressure and diminished nozzle recovery time after the detonation wave passes. Consequently, the filling height of the subsequent cycle becomes insufficient, resulting in a decrease in detonation wave quality, peak pressure, and velocity. In the non-premixed chamber, a dual-wave system can emerge. This occurs when unburned reactants survive the leading detonation wave in the injector near field and are subsequently consumed within a trailing azimuthal reflected-shock combustion zone [39]. Furthermore, the trailing oblique shock wave reflects off the outer wall of the detonation chamber further downstream from the detonation wave. Since the detonation chamber lacks an inner tube structure, the unburned mixture begins to burn and gradually forms a new detonation front. Eventually, the system reaches a natural steady state of operation that balances mixture quality and wavefront quantity. Since the rotating detonation combustion cannot be initiated when the mixture equivalence ratio is lower than 0.5 in the tests, the equivalence ratio range is set between 0.5 and 0.8.




3.2. Transition of Tangential Thermo-Acoustic Combustion to Rotating Detonation Combustion


The rotating detonation wave becomes unstable when the inlet mass flux is 375 kg/(m2s), and the equivalent ratio is 0.8. The dynamic pressure sequence, along with the results of FFT and STFT, are displayed in Figure 4. In the dynamic pressure sequence diagram, the ignition time of the pre-detonation tube is at time zero. It can be observed that the basic frequency of the pressure wave is 1500 Hz during the first 4.2 s and 1750 Hz during the last 0.3 s. The frequency of 1500 Hz corresponds to thermo-acoustic combustion, while the frequency of 1750 Hz corresponds to rotating detonation wave combustion. A partially enlarged detail of tangential thermo-acoustic combustion is shown in Figure 5a. The total temperature of the incoming flow is 1250 K, and the mixture equivalence ratio is 0.8. Consequently, the total temperature of the burned gas can be estimated to be around 2610 K using the program developed by the research group. Since the Mach number of the gas flow is less than 0.3 in the chamber, the static temperature is close to the total temperature. Thus, the sound velocity of the burned gas can be estimated to be 959 m/s using the total temperature. With an outer diameter of 300 mm for the chamber, the tangential oscillation frequency in the combustion chamber is calculated to be 1425 Hz, based on the method introduced in the literature [43]. This presents a deviation of 5% when compared with the measured 1500 Hz in the test. Considering that there are errors in the test and calculation processes, the combustion mode during the first 4.2 s can be confirmed as tangential thermo-acoustic coupling combustion. The pressure sequence and propagation velocity of rotating detonation combustion are shown in Figure 5b. The average value of the detonation wave pressure peak is approximately 2 MPa, and the average velocity of detonation wave propagation is about 1610 m/s based on the frequency of 1750 Hz. Because the total temperature of the incoming air is as high as 1250 K, the kerosene quickly turns into steam in the high-temperature airflow. So, it assumes that the mixture in front of the detonation is gaseous, and the air and gaseous kerosene are mixed well. The C-J values of the pressure and the propagation velocity of the rotating detonation wave are computed by the NASA CEA [44]. The C-J theoretical velocity and pressure of the detonation wave are estimated to be 1694 m/s and 2.1 MPa, respectively. The measured velocity of rotating detonation wave propagation is slightly lower than the C-J theoretical value, as is the peak pressure. Since the deviation range is within 5%, it is confirmed that the rotating detonation wave is in the C-J detonation state during the last 0.3 s. Figure 6 displays the dynamic pressure and static pressure sequences of the combustion chamber when the combustion mode transitions from thermo-acoustic combustion to rotating detonation combustion. It can be observed that the static pressure in the combustion chamber increases from 0.368 MPa to 0.386 MPa. This results in a static pressure increase of about 5% for the rotating detonation combustion mode in the chamber. The pressure in the vitiator is higher than 2 MPa; meanwhile, the average pressure in the rotating detonation chamber is lower than 0.4 MPa, so the mass flow rate of the chamber is constant. According to the one-dimensional flow equation of   m = 0.04     P   *        T   *      q ( λ )  , the total pressure increases by 5%, so the total temperature should increase by about 10%. It can be concluded that the efficiency of rotating detonation combustion in the chamber is higher than that of thermo-acoustic combustion. The specific impulse of RDE is improved by more than 10%, demonstrating the superior performance of detonation combustion.




3.3. Axial Pressure Pulsation Superimposed on Rotating Detonation Combustion


When the inlet mass flux is 350 kg/(m2s), the total temperature of the incoming flow is 1250 K, and the equivalent ratio is 0.8, the peak pressure of the rotating detonation wave is lower than 0.8 MPa, and there is a low-frequency pulsation superimposed on rotating detonation combustion, as shown in Figure 7. The low-frequency pulsation with a period of about 5.7 ms is likely caused by pressure wave oscillation between the heater acoustic throat and the nozzle acoustic throat. As shown in Figure 1, the distance from the heater acoustic throat to the PCB1 sensor is 1510 mm, the distance from the PCB1 sensor to the combustion nozzle throat is 490 mm, and the total temperature of incoming flow is 1250 K. Because the Mach number of the incoming flow in the inlet section is less than 0.3, the static temperature is close to the total temperature, and the sound velocity is estimated to be about 709 m/s based on the total temperature. Therefore, it takes about 4.26 ms for the pressure wave to propagate from PCB1 upstream to the heater throat and back to PCB1. When the total temperature of the burned gas in the combustion chamber is about 2610 K, and the velocity of sound in the chamber is about 959 m/s, then it takes about 1.02 ms for the pressure wave propagating from PCB1 to the nozzle throat and back to PCB1. It shows the pressure sequence measured by the dynamic pressure sensor and the filtered results in Figure 7a, and a period of the filtered pressure sequence is enlarged in Figure 7b. In the figure, the compression wave propagates upstream through the dynamic pressure sensor PCB1 and then reaches the heater acoustic throat at moment 1, and the reflected expansion wave propagates downstream; the expansion wave reaches the dynamic pressure sensor PCB1 at moment 2 and then propagates to the nozzle acoustic throat reflecting a compression wave; the compression wave reaches the dynamic pressure sensor PCB1 again at moment 1′. It takes about 4.4 s from moment 1 to 2, longer than the estimated time of 4.26 ms, probably because the intake ducting absorbs the heat of the incoming flow, the total temperature drops, and the velocity of sound is also reduced. It takes about 1.3 ms from moment 2 to 1′, also longer than the estimated value, probably because that (1) the actual combustion efficiency is less than 1, and the total temperature of burned gas in the combustion chamber is less than the total theoretical temperature of 2610 K, and (2) it takes some time for the heat release of combustion progress, so the gas would reach the maximum temperature at the end of the combustion chamber. Therefore, the average velocity of sound for the burned gas in the combustion chamber is also less than 959 m/s. In general, the period of axial pulsation propagation of the pressure wave is longer than the estimated value.



The dynamic pressure FFT results in Figure 8 show two main frequencies: one of 176 Hz corresponding to the axial pressure pulsation, and the other of 3532 Hz corresponding to the two-wave rotating detonation in one-direction propagation mode. As shown in Figure 7b, the peak pressure of the rotating detonation waves changes with the axial pulsation pressure, i.e., the maximum value for detonation wave pressure is about 1 MPa, and the minimum value is about 0.2 MPa, which is due to the different initial pressure of the mixture in front of rotating detonation wave.




3.4. Rotating Detonation Combustion Mode of Two-Wave Collision


When the mass flux is reduced to 300 kg/(m2s), the rotating detonation wave in the detonation chamber tends to be a two-wave collision mode. When the equivalent ratio is 0.8, it can be seen that the time interval of the pressure peak appears alternately in the time sequence of PCB1, which is a typical two-wave collision propagation mode of the rotating detonation waves. When the equivalent ratios are 0.7 and 0.6, it can be seen from Figure 9b,c. The number of pressure peaks collected by PCB3 is about twice that of PCB1, so the collision point of the rotating detonation waves is near the PCB1 sensor, and the peak pressure measured by PCB1 at the equivalent ratio 0.7 is higher than that of equivalent ratio 0.8. In Figure 9, when the equivalent ratio changes, the propagation frequency of the collision rotating detonation waves changes slightly, and the propagation speed is much lower than the C-J theoretical value due to the process of developing from transmit shock to the rotating detonation wave each period after collision.





4. Conclusions


In conclusion, this study has experimentally investigated the propagation mode of rotating detonation waves for liquid hydrocarbon fuel and high-enthalpy air mixtures in a hollow cylinder chamber. The main findings of this study are:



	(1)

	
With the use of liquid hydrocarbon fuel, a fully developed rotating detonation wave can be achieved under conditions of high incoming air total temperature of 1250 K.




	(2)

	
The stability of the rotating detonation wave is more favorable at higher inlet mass flux. In the tested engine structure, the rotating detonation pressure peak and velocity in single-wave mode are close to those of C-J theoretical values at an equivalent ratio of 0.8 when the mass flux is 400 kg/(m2s).




	(3)

	
When the mixture equivalent ratio decreases from 0.8 to 0.5 at the same inlet mass flux, the quantity of rotating detonation waves in the combustion chamber increases while the pressure peak of the detonation wave and its propagation velocity decrease.




	(4)

	
A transformation from thermo-acoustic combustion to rotating detonation operation is observed. This effect shows an increase in mean chamber pressure and Isp of the engine—both of which indicate a potential for higher performance of an engine from detonative operation.




	(5)

	
At an inlet mass flux of 350 kg/(m2s), axial pressure pulsation is observed superimposed on rotating detonation combustion in the combustion chamber, indicating a positive correlation between the pressure peak of the detonation wave and the change in static pressure in the combustion chamber.




	(6)

	
In collision mode, the rotating detonation wave undergoes a transition process from transmitted shock to detonation wave during each period, resulting in the propagation velocity significantly lower than the C-J theoretical velocity.
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Figure 1. Geometry structure of RDE experimental set (not to scale). 
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Figure 2. Three-dimensional model of the RDE. 
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Figure 3. Pressure sequence and FFT results of rotating detonation wave in combustion chamber as the inlet mass flux is 400 kg/(m2s). 
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Figure 4. Analysis results of STFT and FFT for the measured pressure wave at an equivalence ratio of 0.8 as the inlet mass flux is 375 kg/(m2s). 
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Figure 5. Two combustion modes in the combustion chamber at an equivalence ratio of 0.8 as the inlet mass flux is 375 kg/(m2s): (a) thermo-acoustic combustion; (b) rotating detonation combustion. 
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Figure 6. Dynamic pressure and static pressure in combustion chamber at an equivalent ratio of 0.8 as the inlet mass flux is 375 kg/(m2s): (a) dynamic pressure in combustion chamber; (b) static pressure in combustion chamber. 
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Figure 7. Dynamic pressure and the filtered results in combustion chamber at an equivalent ratio of 0.8 as the inlet mass flux is 350 kg/(m2s): (a) dynamic pressure and the filtered results; (b) enlarged partial view. 
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Figure 8. Dynamic pressure in combustion chamber and the FFT results at an equivalence ratio of 0.8 as the inlet mass flux 350 kg/(m2s). 






Figure 8. Dynamic pressure in combustion chamber and the FFT results at an equivalence ratio of 0.8 as the inlet mass flux 350 kg/(m2s).



[image: Aerospace 10 00682 g008]







[image: Aerospace 10 00682 g009 550] 





Figure 9. Dynamic pressure sequence and the FFT results as the inlet mass flux is 300 kg/(m2s). 
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Table 1. Test conditions for the rotating detonation combustion.
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	Condition No.
	Inlet Mass Flux kg/(m2s)
	Equivalent Ratio Range





	1
	400
	0.5~0.8



	2
	375
	0.5~0.8



	3
	350
	0.5~0.8



	4
	300
	0.5~0.8
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