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Abstract

:

Operation modes are an important topic in the research of Rotating Detonation Chamber (RDC) as it can affect the stability of RDC. However, they have not been discussed in detail due to the limitation of measurement means in experiments. The aim of this research is to investigate the mechanism of different operation modes by numerical simulation. In this paper, a numerical simulation for RDCs with separate injectors is carried out. Different operation modes and mode switching are analyzed. There is a series of reversed shock waves in the flow field. It was found that they have great effects on operation mode and mode switching in RDCs. A reversed shock wave can transit into a detonation wave after passing through isolated fresh gas region where fresh gas and burnt gas distribute alternatively. This shock-to-detonation transition (SDT) phenomenon will influence the ignition process, contra-rotating waves mode and mode switching in RDCs. SDT makes the number of detonation wave increases, resulting in multi-wave mode with one ignition. Moreover, quenching of detonation waves after collision and SDT after passing through isolated fresh gas region are the mechanism of contra-rotating waves mode in RDCs with separate injectors. In addition, when the inlet total temperature increases, a shock wave is easier to transit into a detonation wave. The distance that a shock wave travels before SDT decreases when temperature increases. This will result in mode switching. Therefore, SDT determines that there is a lower bound of detonation wave number.
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1. Introduction


Rotating Detonation Engine (RDE) is one of future engine concepts. It has many advantages, such as high thermal efficiency, adjustable quantity of flow, simple structure and so on. So it has attracted the attention of many researchers. The structure of Rotating Detonation Chamber (RDC) is always an annular cylinder or a hollow cylinder. Gas flow into the chamber by micro-nozzles. Rotating detonation waves spread in circumference direction, burning gas and generating thrust.



The rotating detonation wave was first achieved by Voitsekhovskii [1] in the 1960s in a disk-shaped chamber. In the 1990s, Bykovskii et al. [2] carried out experimental research on RDE with different fuels. From then on, more experiments on RDCs were carried out in many different countries. Recently, RDCs with different fuels have been realized in experiments [3,4,5]. Pressure signal in RDCs can be get by high-frequency pressure sensors [6,7,8,9,10,11,12,13,14]. Wave information in RDCs could be get from pressure signal. Currently, visualization technologies have been applied in research of RDCs using high speed camera. High speed OH* chemiluminescence images can show the instantaneous reaction progress in RDC [15,16].



However, due to the limitation of measurement means, the detailed flow field cannot be visualized in experiments. Therefore, numerical simulations for RDCs were carried out [17,18,19,20,21,22]. Some phenomena discovered in experiments were reproduced in simulation and their mechanisms were explained, such as reinitiation [12,17] and delay time after ignition [7,13,16]. In convection simulations for RDCs, gas is injected through the whole injection wall, but the actual condition is that gas is injected by micro-nozzles distributed on the injection wall. Numerical and experimental research shows that RDCs with separate injectors have many phenomena different from RDCs with full-face injection, such as isolated fresh gas region, more likely to form multiple wave mode, complex wave structure and so on. Because of these features, RDCs with discrete injectors are suitable for studying mode switching.



Operation modes can affect the stability of RDC and therefore are an important topic in RDC research. Anand et al. concluded four operation modes in RDCs [8]. They are single wave mode, multiple wave mode, contra-rotating waves mode and colliding waves mode. Mode switching means change between different operation modes and change in the number of detonation waves existing in the RDC responding to sudden change in working condition, such as switch from one wave mode to two wave mode [8,23]. Mode switching in RDCs has already been discovered in experiments [8,13,23]. However, the mechanism and process of mode switching is difficult to be revealed by experiments. Batista et al. carried out simulation to explain the mechanism of Descending Modal Transition(DMT) process [24]. They found that critical reactant mixing height is an indicator of detonation wave viability. The Wolanski criterion implies an upper limit on the number of sustainable detonations in RDCs. However, the mechanism of other operation modes and mode switching have not been explained.



In this paper, different operation modes and mode switching are analyzed by numerical simulation for RDCs with separate injectors. It is found that reversed shock waves and shock-to-detonation-transition (SDT) have great effects on operation modes and mode switching in RDCs. These effect are discussed in detail. This research can shed insights on the understanding of stability in RDCs.




2. Methodology


In 2-dimensional simulation, the chamber is regarded as an infinitely thin cylinder, ignoring the variety in radial direction. The chamber is 2 cm in diameter and 5 cm in length, as shown in Figure 1. A one dimensional detonation wave is used for ignition. The initial pressure distribution is shown in Figure 1. The pre-mixed fuel is injected into the chamber through the micro-nozzles on the head end wall. As shown in Figure 2, micro-nozzles and solid walls are distributed alternatively on the injection wall. Solid lines represent solid walls. Dashed lines represent injection zones. Similar injection pattern has been used by Fujii et al. [21]. Gas is injected into the chamber at Laval nozzles through injection zones, the area ratio of injection zone to throat is around 3.7. The length of an injection zone is LI, the length of a solid wall is LS. A combination of an injection zone and a solid wall is called an injection unit. N denotes the number of injection units on the injection wall. The length of one injection unit is L/N, in which L is the circumference. The ratio of length of an injection zone to length of an injection unit is called injection ratio, represented by k.



2-dimensional Euler equations with source term is used as governing equations. Diffusion is ignored according to the work of Oran et al. [25]. Two-step chemistry model [26,27] is used for the stoichiometric hydro-oxygen reaction. The equations are shown as follows:


    ∂ U   ∂ t   +   ∂ F   ∂ x   +   ∂ G   ∂ θ   + S = 0  



(1)






   U =  [     ρ          ρ u       ρ v               ρ E       ρ α       ρ β          ]    ,   F =  [      ρ u           ρ  u 2  + p       ρ u v               ρ E u + p u       ρ u α       ρ u β          ]    ,   G =  1 r   [      ρ v           ρ u v       ρ  v 2  + p               ρ E v + p v       ρ v α       ρ v β          ]    ,   S = −  [  −    0         0     0              q   w ˙  β          w ˙  α          w ˙  β           ]    



(2)






p = ρRT



(3)






  E =  p   (  γ − 1  )  ρ   +  1 2   (   u 2  +  v 2   )   



(4)







In which ρ is the density, u and v represents axial and circumferential velocity, E is energy per unit mass, including thermal energy and kinetic energy, α and β are reaction progress parameters of induction zone and heat release zone, respectively. In the two-step chemistry model [26,27], the reaction rate is:


    w ˙  α  = −  k 1  ρ  e  −  E 1  / R T    



(5)






    w ˙  β  =  {      −  k 2   p 2   (   β 2  exp  (  −    E 2    R T    )  −    (  1 − β  )   2  exp  (  −    E 2  + q   R T    )   )    α < 0       0                 α ≥ 0        



(6)







The flux terms are treated by the fifth-order WENO scheme. Third-order Runge–Kutta method is used for time integration. The extrapolated outflow boundary condition is used [18,28]:


   Y b  =  Y 1   (  1 − r  )  +  Y ∞  r  



(7)




where    Y b    are the boundary values,    Y 1    are the current values in the first cell near the boundary,    Y ∞    are the values of the ambient fluid parameters, r = 0.05. The ambient pressure    p ∞    is 1 atm. When the local pressure on the inflow boundary is larger than the stagnation pressure of the pre-mixed fresh gas or a solid wall is set here, the fresh gas cannot be injected into the chamber, the reflection boundary condition is used. Elsewise gas is injected into the chamber by Laval nozzles.



The grid size used in this paper is around 0.157 mm. Simulation with different grid sizes are carried out for the validation of the feasibility of the results and the grid independence. For one-dimensional detonation tube problem, the grid sizes of the calculation examples are 0.0785 mm, 0.157 mm and 0.314 mm respectively. The detonation tube is 0.314 m long, filled with stoichiometric hydro-oxygen mixture, pressure of 0.2 MPa and temperature of 400 K. As shown in Figure 3, the pressure curves of different grid sizes are basically consistent. The detonation velocity is 2847 m/s, almost the same as the C-J velocity 2852 m/s. This proves that simulate for detonation wave is accurate with these grid sizes.



Figure 4 shows the pressure contours and temperature contours in RDCs with separate injectors with different grid size. In this case, N = 20, k = 0.75, inlet total pressure P = 30 atm, inlet total temperature T = 800 K. In Figure 4a, the grid size is around 0.157 mm. In Figure 4b, the grid size is around 0.0785 mm, half of that in (a). In the results with different grid size, there are both 2 detonation waves in the flow field. The wave structure and temperature distribution are also nearly the same. We can see observe reversed shock waves in both results, and number of reversed waves are the same. As a result, we adopt the grid in Figure 4a in this paper.




3. Results and Discussion


Figure 4 shows one typical results of RDCs with separate injectors. In the flow field, fresh gas is separate by several segments of burnt gas. We call this isolated fresh gas. There is a series of reversed shock waves. We found that reversed shock waves can transit into detonation waves. This SDT phenomenon plays an important role in operation mode of RDE. The formation and stability of reversed shock waves, SDT after passing through isolated fresh gas region and its specific effects on operation modes in RDCs are discussed then.



3.1. Formation and Stability of Reversed Shock Waves


There is a series of reversed shock waves in typical flow field of RDCs with separate injectors. They are caused by discontinuity in isolated fresh gas region in front of detonation waves [22]. When a detonation wave step into fresh gas from burnt gas, a reversed shock wave will be produced. The reversed shock wave will be strengthened after colliding with a detonation wave. Therefore, reversed shock waves can spread lastly in the flow field.



Reversed shock waves have also been discovered in experiments [9,15]. Fabian Chacon et al. found three types of counter propagating secondary waves using circuit wave analysis. They are detonation wave, counter propagating fast wave and counter propagating slow wave pair. They also visualized counter propagating waves in high speed OH* chemiluminescence images.



When the flow field in RDC is stable, number of reversed shock waves remains constant, which means that no new reversed shock waves are produced. So, it requires that a detonation wave collides with a shock wave while it steps into fresh gas region, as shown in Figure 5. Using this relation, we can calculate the average velocity of shock waves. In the result in Figure 4, there are 13 reversed shock waves and 20 micro-nozzles. The average distance between two shock waves shown in Figure 5 is L1 = L/13. The length of one injection unit is L2 = L/20. When the detonation wave pass through a distance L1, the distance a shock wave pass through is L3 = L1 − L2, therefore the average velocity of reversed shock wave is L3/L2·D = 7/13·D, in which D is the speed of detonation wave. The average velocity of reversed shock waves nears to the sound speed of detonation products, which is consistent with the experimental results [9,10].




3.2. SDT after Passing through Isolated Fresh Gas Region


There is a feature of shock waves that can influence mode switching in RDCs. When a shock wave passes through a distance of isolated fresh gas region, it may develop into a detonation wave, as shown in Figure 6. This SDT phenomenon is the direct factor on operation modes and mode switching. It is similar with the experiment by Burr et al. [29]. The process will be discussed in detail.



When a shock wave passes through a contact surface, it will produce a new reversed wave, the wave maybe a shock wave or a rarefaction wave, which is depended on the specific heat ratio and specific volume in two sides. This interaction between shock wave and contact surface can be theoretically proved using Rankine-Hugoniot relation [30].



As shown in Figure 7 the shock wave travels from left to right. Γ and V0 denote specific volume and specific heat ratio of gas in the left side, respectively. γ and v0 denote specific volume and specific heat ratio of gas in the right side, respectively.



Considering the condition that a shock wave passing though isolated fresh gas, when a shock wave steps into low temperature fresh gas from high temperature burnt gas, the temperature in front of wave decreases to around one eighth while the pressure keep constant. So the specific volume also decreases to around one eighth, V0 ≈ 8v0. The change of specific volume in this case is much larger than that of specific heat ratio, so   Γ /  V 0  < γ /  v 0    and    (  Γ + 1  )  /  V 0  <  (  γ + 1  )  /  v 0   , therefore the reflected wave is always a shock wave. In this condition, we can get the relation p2 > p1, in which p2 and p1 are the pressure of the shock wave after and before passing through the contact surface, that is to say, the shock wave is enhanced. Reversed shock waves produced by detonation wave in RDC is because of same reason.



By contract, when a shock wave steps into high temperature burnt gas form fresh gas,   Γ /  V 0  > γ /  v 0    and    (  Γ + 1  )  /  V 0  >  (  γ + 1  )  /  v 0   , the reflected wave is always a rarefaction wave. This interaction between shock wave and contact surface is a main factor for SDT.



Let us see the detailed process for SDT in Figure 8. At first, low-temperature fresh gas and high-temperature burnt gas distribute alternatively in front of a shock wave. After the shock wave passes through a distance, a detonation wave appears near interface of burnt gas and fresh gas and catch up with the original shock wave soon.



At 11 μs, the shock wave steps into low temperature fresh gas from high temperature burnt gas, a reversed shock wave is generated, and the original shock wave is enhanced, as analyzed above. At 24 μs, the reversed shock wave can also produce another shock wave that propagates in the same direction with the original shock wave. So there will be two shock waves propagate to each other after a while, as shown in Figure 8c. These two shock waves collide with each other and be enhanced. After passing through a distance, fresh gas may be ignited by shock waves and a detonation wave is generated.



From the analysis above, we can see that shock wave can transit into detonation wave after passing through a length of isolated fresh gas, because of the interaction between shock wave and contact surface, and collision between two shock waves.



The distance a shock wave travels in isolated fresh gas region before SDT is related to many conditions, such as temperature of fresh gas. Figure 9 shows the relation between distance for SDT and temperature of fresh gas. The distance decreases with increasing of temperature. When the temperature increases, the chemical reaction rate also increases, a shock wave is easier to develop into a detonation wave, the distance for SDT decreases.




3.3. Effects of Reversed Shock Waves in RDC


SDT process is discussed above. Reversed shock waves can influence operation modes in RDCs by shock-to-detonation-transition(SDT). Specific effects of SDT on self-organization after ignition, contra-rotating waves mode and mode switching is analyzed then.



3.3.1. Self-Organization after Ignition


In the simulation in this paper, a one dimensional detonation wave is used for ignition. However, in some cases, when the flow field is stable, there is more than one detonation wave in the RDC [31]. The reversed shock waves play an important role in the self-organization in RDC before the flow field becomes stable.



In the following case, N = 20, k = 0.6, total pressure P = 3 MPa, total temperature T = 800 K. Figure 10 show the detailed self-organization process. There is only one detonation wave (wave 1) in the flow field at first. After a while, isolated fresh gas region is formed, the initial detonation wave begins to produce reversed shock waves as shown in Figure 10a. Then, a reversed shock wave (wave2) transits into a detonation wave in Figure 10b, as introduced in Section 3.3. There are two detonation waves propagating in different direction now. In Figure 10c these two detonation waves collide with each other and quench, so there are no detonation waves in the flow field now. Similar phenomena have been observed both in numerical simulation [18] and experiment [7], detonation waves vanish in RDC after ignition for a while. However, there are still some shock waves, like wave 3 in Figure 10c. Length of fresh gas regions in front of these waves is enough for SDT, so these shock waves will transit into new detonation waves soon. Finally, when the flow field becomes stable, there are three detonation waves spreading in the same direction.



Though there are still some reversed shock waves, the distance between two detonation waves is not enough for shock waves to transit into detonation waves. Therefore, the flow field becomes stable, number of detonation waves keep constant.



From the analysis above, the initial detonation wave will produce reversed shock waves in RDCs with separate injectors. These reversed shock waves may transit into detonation waves. Therefore, when the flow filed is stable, there can be more than one detonation wave.




3.3.2. Contra-Rotating Waves Mode


Contra-rotating waves mode has been observed in experiments [14,16]. A couple of contra-rotating detonation waves spread in different direction collide with each other in RDC. In RDCs with separate injectors, this mode also relates to SDT.



In this case, k = 0.75, N = 20, inlet total pressure P = 9 MPa, inlet total temperature T = 800 K. We can see that in Figure 11a there is one detonation wave (wave 1) at first. After a while, a reversed shock wave develops into a reversed detonation wave (wave 2) in Figure 11b. These two detonation waves collide with each other and quench because fresh gas in front of these two waves is not enough. So they become shock waves in Figure 11c. However, after passing through isolated fresh gas region, wave 3 transits into a detonation wave. Soon another wave 4 also transits into a detonation wave in Figure 11d. They collide with each other again.



A couple of contra-rotating detonation waves transit into shock waves after colliding with each other and transit into detonation waves after passing through isolated fresh gas region. This progress repeats in the flow field. So contra-rotating waves mode can last in RDC.




3.3.3. Mode Switching


Reversed shock waves also play an important role in mode switching in RDCs with separate injectors when the injection conditions change suddenly. We use the result in Figure 4 as the initial flow field. Then raise the inlet total temperature to 1.3 times. We can observe mode switching in the RDC. From Figure 12, we can see at 13 μs, after colliding with a detonation wave, the shock wave is strengthened. It ignites the fresh gas and develops into a detonation wave (wave 1) whose propagation direction is opposite to other detonation waves. At 22 μs, shock waves spreading in different direction collide with each other and, causing another new detonation wave, denoted by wave 2. Reversed shock wave 1 goes extinct after colliding with another detonation wave. At 121 μs, there are three detonation waves in the RDC. However, the flow field is still unstable now. Transitions between shock waves and detonation waves still happen. Finally, 4 detonation waves spread in the RDC stably.



In this case, when intel total temperature increases, shock waves transit into detonation waves after passing through isolated fresh gas. This phenomenon leads to mode switching, number of detonation waves increases to 4.




3.3.4. Influence on Detonation Wave Number


From the analysis above, a shock wave will transit into a detonation wave after passing through isolated fresh gas region. The distance for SDT is related to many conditions such as total temperature, total pressure and so on. When the inlet total temperature increases, a shock wave is easier to develop into a detonation wave. The distance that shock wave travels before SDT decreases with temperature increasing. Distance between two neighboring detonation waves in RDCs with separate injectors must be smaller than the distance for SDT. Otherwise, reversed shock waves will transit into detonation waves. This will make the flow field unstable and result in mode switching. Therefore, SDT determines that there is a lower bound of detonation wave number. When the flow field is stable, the wave number must be larger than this value.






4. Conclusions


Two-dimensional numerical simulation for Rotating Detonation Chambers (RDCs) with separate injectors have been carried out. It is found that reversed shock waves play an important role in operation mode and mode switching in RDCs with separate injectors. A reversed shock wave can develop into a detonation wave after passing through isolated fresh gas region where fresh gas and burnt gas distribute alternatively. This shock-to-detonation-transition (SDT) phenomenon plays an important role in operation mode and mode switching in RDCs with separate injectors.



In the self-organization after ignition, the initial detonation wave will produce shock waves after isolated fresh gas region is formed. These reversed shock waves may transit into detonation waves, resulting in multi-wave mode.



Contra-rotating waves mode also relates to SDT. A couple of contra-rotating detonation waves transit into shock waves after colliding with each other and transit into detonation waves after passing through isolated fresh gas region repeatedly.



When the inlet total temperature increases, a shock wave is easier to develop into a detonation wave and result in mode switching. SDT is one of the immediate causes of mode switching.



Distance between two neighboring detonation waves in RDCs with separate injectors must be smaller than the distance for SDT. Therefore, SDT determines that there is a lower bound of detonation wave number. The lower bound increases with the increasing of temperature.
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Figure 1. Sketch for the simulation region. 
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Figure 2. Sketch for the simulation region [22]. 
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Figure 3. Pressure curves of different grid sizes for one-dimensional detonation tube problem. Time t = 120 μs. (a) Whole figure. (b) Local figure. 
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Figure 4. Pressure contours and temperature contours with different grid size. (a) 0.157 mm. (b) 0.0785 mm. 
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Figure 5. Pressure gradient magnitude contour for two collisions. Regions surrounded by black lines represent fresh gas regions. 
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Figure 6. SDT after passing through isolated fresh gas region. (a) before SDT; (b) after SDT. 
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Figure 7. Sketch for the interaction between shock wave and contact surface. 
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Figure 8. Detailed progress for SDT. (a) 11 μs to 12 μs; (b) 24 μs to 25 μs; (c) 33 μs to 34 μs. 
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Figure 9. Distance for SDT varies with temperature. 
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Figure 10. Pressure gradient magnitude contours. (a) 137 μs; (b) 155 μs; (c) 160 μs; (d) 230 μs. Regions surrounded by black lines represent fresh gas regions. 
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Figure 11. Pressure gradient magnitude contours. (a) 296 μs; (b) 303 μs; (c) 309 μs; (d) 321 μs. Regions surrounded by black lines represent fresh gas regions. 
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Figure 12. Pressure gradient magnitude contours. (a) 13 μs; (b) 22 μs; (c) 121 μs; (d) 504 μs. Regions surrounded by black lines represent fresh gas regions. 
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