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Abstract

:

Hybrid rocket motors have great development potential due to their outstanding thrust adjustment flexibility and long-term operation ability. However, nozzle erosion during the motor operation can cause an increase in the throat area of the nozzle, which leads to a decrease in combustion chamber pressure and nozzle efficiency. Therefore, a performance prediction model for hybrid rocket motors considering nozzle erosion has become a key technology that must be addressed when developing hybrid rocket motors. This study uses dynamic grid technology to simulate the regression of the combustion surface and nozzle erosion, which fits well with experimental values. The behavior of high-energy particles in the combustion chamber is simulated through a discrete phase model. Notably, distinctive behavior is observed in Al and Mg droplets, with Al droplets exhibiting incomplete vaporization in the combustion chamber while Mg droplets completely vaporize. A ground firing test using the Φ336 mm hybrid rocket motor lasting 200 s is conducted. The results show that the dynamic numerical simulation, accounting for nozzle erosion, substantially enhances performance prediction accuracy. The average deviation in motor thrust remains below 1.8%, and the combustion chamber pressure deviation stays under 2.6%, confirming the precision of the model. Ultimately, both simulation and experimental outcomes indicate a gradual decrease in specific impulse and characteristic velocity over the long-term operation, attributed to the gradual deviation of the oxygen-fuel ratio. This research provides valuable insights for guiding hybrid rocket motor design and optimizing design parameters to improve overall performance. This model can achieve long-duration and high-precision performance predictions for hybrid rocket motors.
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1. Introduction


The hybrid rocket motor, characterized by a relatively low regression rate, exhibits the capability for long-term operation, which can be applied in sounding rockets, launch vehicle propulsion, and space engines [1,2,3,4]. After the design of the hybrid rocket motor is completed, the expensive firing test is carried out. In order to determine the working conditions of the firing test, the performance parameters are generally predicted by zero-dimensional or one-dimensional numerical simulation. However, due to the additions of high-energy additives and serious nozzle erosion in long-duration operations, the performance prediction accuracy of zero-dimensional or one-dimensional numerical simulation is relatively low. Therefore, it is necessary to carry out long-duration dynamic numerical simulations in hybrid rocket motors with higher performance prediction accuracy, which can provide an important basis for the determination of the working conditions and the program modification, guide and optimize the design of the hybrid rocket motors, and significantly reduce the cost. However, during the long-term operation of hybrid rocket motors, significant variations in performance parameters and flow field structure occur as a result of the substantial regression of the combustion surface. Additionally, the complex nature of non-premixed diffusion combustion, coupled with strong transients, renders the long-duration dynamic numerical simulation of hybrid rocket motors challenging.



At present, a large amount of steady simulation has been carried out for hybrid rocket motors, which has greatly promoted the research of hybrid rocket motors. However, there are few transient simulations of HRMs that consider the regression of the fuel surface using dynamic mesh technology. Mangeot developed a model based on the CFD-ACE, which utilizes mesh deformation to follow regression [5]. The model shows nice stability within 10 s. Zhang conducted a study of hybrid rocket motors with a diaphragm, utilizing a two-dimensional model that implements dynamic mesh technology [6]. The simulation duration was limited to 10 s due to the significant grid deformation. Di Martino established a model coupled with an improved interface treatment, which aligns well with experimental measurements during ignition tests [7]. Li studied the regulation of oxidizer mass flow in HRMs within 3.0 s using dynamic mesh technology [8]. The results indicate a positive correlation between the regression and oxidizer mass flow rates. In our earlier research, we created a 2D simulation model using dynamic mesh technology and integrated the Butterworth filter, which was utilized to smooth the interface and prevent severe grid deformation [9,10]. The simulation duration reached 40 s. Concurrently, these motors face severe nozzle erosion during prolonged operation, with nozzle erosion displaying characteristics of prolonged nonlinearity and spatial non-uniformity [11,12]. The expansion of the nozzle throat area leads to a decrease in combustion chamber pressure and nozzle efficiency [13,14]. Kamps developed a nozzle-throat reconstruction technique to obtain a nozzle–throat–erosion history, varying by nine static-firing tests, which is the first experimental result to obtain a hybrid rocket nozzle erosion history [15]. Yu investigated the ablation characteristics of graphite nozzles in HRMs utilizing star grains were investigated [16]. The study revealed that the geometry of the fuel directly influenced the erosion of the nozzle, and the primary oxidizing species responsible for thermochemical erosion were identified as OH and H2O. Kamps further conducted 44 static-firing tests to obtain an empirical model, which treats the combustion gas as a bulk oxidizing agent in the nozzle throat. The predicted results showed good agreement with experimental results. The model effectively predicted the erosion rate based on a quantitative clarification of the nozzle erosion mechanism [17]. Zhang investigated the combined effects of chemical ablation and mechanical erosion by numerical simulation [18,19]. The findings demonstrated that the erosion rate was primarily governed by both chemical ablation and mechanical erosion in the downstream region of the converging section and upstream of the throat. To the best of our knowledge, dynamic numerical simulations that consider both nozzle erosion and combustion surface regression simultaneously are rare in HRMs at present. In addition, it is worth noting that the above simulations are all based on laboratory-level hybrid rocket motors. Long-term simulations (over 200 s) of large-sized, practically hybrid rocket motors considering nozzle erosion have not been found.



In this work, a dynamic numerical simulation model considering nozzle erosion is developed based on dynamic numerical simulation models from our previous works. It takes into account the melting and evaporation of aluminum and magnesium particles as well as their interaction with the flow field. The behavior of the aluminum and magnesium particle flow field is simulated using a discrete phase model. The developed model is based on the hybrid rocket motor of the “Beihang-4” sounding rocket, which is used to detect meteorological parameters at high altitudes. By employing a dynamic mesh model with a filter, a dynamic numerical simulation with a duration of 200 s is achieved. This model can achieve long-duration and high-precision performance prediction of hybrid rocket motors. The accuracy of the simulation is validated through large-scale ground firing tests of hybrid rocket motors. At the same time, this study can also lay the foundation for the trajectory prediction of long-duration flight, which is not available in the short-duration simulation.




2. Transient Simulation Models


Based on the aforementioned content, the current long-duration dynamic numerical simulation of hybrid rocket motors is constrained by severe deforming of the combustion surface mesh and the absence of consideration for nozzle erosion. In this paper, the issue of severe mesh deformation during the long-duration simulation process by employing the burning surface mesh optimization technique introduced in our previous work [9]. The simulation is based on the Φ336 mm hybrid rocket motor, capable of continuous operation for 200 s with a maximum thrust of 3 kN.



2.1. Gas Governing Equation


The two-dimensional governing equations governing the axisymmetric flow field can be succinctly expressed as elucidated in the literature [20,21,22]:


    ∂ ρ Φ   ∂ t   +   ∂ ( ρ u Φ )   ∂ x   +  1 r    ∂ ( r ρ v Φ )   ∂ r   =  ∂  ∂ x     Γ   ∂ Φ   ∂ x     +  1 r   ∂  ∂ r     r Γ   ∂ Φ   ∂ r     +  S Φ   



(1)




where  ρ  represents the density,  t  is the time,  x  is the axial position,  r  is the radial position,  u  and  v  refer to the axial and radial velocity, respectively,  Φ  denotes the general variable,    S Φ    represents the source item, Γ refers to the diffusion coefficient.




2.2. Turbulent Model


The realizable k-ε model has better accuracy in pipeline flow and flat plate flow, so it is widely used in numerical simulation of the flow field. The realizable k-ε model is adopted in this project as follows [8]:


   ∂  ∂ t     ρ k   + ∇ ⋅   ρ v k   = ∇ ⋅     μ +    μ t     σ k      ∇ k   +  G k  − ρ ε  



(2)






   ∂  ∂ t     ρ ε   + ∇ ⋅   ρ v ε   = ∇ ⋅     μ +    μ t     σ ε      ∇ ε   +  G ε  − ρ  C 1     ε 2    k +   v ε      



(3)




where  k  represents the turbulence kinetic energy,  ε  refers to the turbulence dissipation rate,  μ  is the viscosity coefficient,    μ t    is the turbulent viscosity coefficient,    G k    is the generation of turbulence kinetic energy,    G ε    is the generation of the dissipation rate,    σ k    and    σ ε    are the Prandtl number for  k  and  ε .




2.3. Gas–Solid Coupling Model


The solid fuel surface maintains the conservation of mass and energy, which can be expressed as follows [23,24,25,26]:


   ρ g  u = −  ρ f   r ˙   



(4)






  −  λ g        ∂ T   ∂ r      g  =  ρ f   r ˙     h g  −  h s     



(5)




where    ρ g    and    ρ f    refer to the density of pyrolysis gas and solid fuel, respectively,   r ˙   is the regression rate,    λ g    is the thermal conductivity of gas,    h g    and    h s    denote the enthalpy of pyrolysis gas and solid fuel.




2.4. Solid Fuel Pyrolysis Model


In previous literature [27,28], it has been believed that the regression rate of metal additive propellant mainly depends on the regression rate of polymer (HTPB). The average regression rate predicted by simulation was 2.64% higher than the test data [28], which indicates that the accuracy of the simulation model is acceptable. The prediction model in the form of the Arrhenius formula is used to solve the regression rate of solid fuel, which can be given as follows [29,30]:


   r ˙  = A exp ( −  E a  / R T )  



(6)




where  A  represents the pre-exponential constant,    E a    is the activation energy,  R  is the universal gas constant. For HTPB, when T < 722 K, Ea = 55803.0 J/mol, A = 3.9640 m/s; when Ts ≥ 722 K, Ea = 20,523.8 J/mol, A = 0.01104 m/s [31].




2.5. Chemical Reaction Model


In the simulation, the hybrid rocket motor utilized 98% H2O2 as the oxidizer and an HTPB-based solid fuel with a formulation of 60% HTPB, 28% Al, 10% Mg, and 2% C as the propellant. After catalysis, the main products from 98% H2O2 were a mixture of water vapor and oxygen, with a temperature of 1224 K, which was obtained through thermodynamic calculation software Rocket Propulsion Analysis (RPA v.1.2) [32]. The primary pyrolysis product of the HTPB-based fuel is C4H6. Given the high combustion temperatures in the combustion chamber of hybrid rocket motors and the burning surface temperature significantly exceeding the melting points of Al and Mg, it was assumed that Al and Mg particles were introduced into the flow field in the form of liquid droplets. The content of C particles is minimal and neglected in this simulation. And the 2% C was substituted with 2% HTPB in the simulation. In thermodynamic calculations, it was found that the characteristic exhaust velocity deviation of the two fuel formulations was less than 0.1%. Thus, it is believed that this treatment method is reasonable. The chemical reactions in the hybrid rocket motor can be simplified into a 15-reaction combustion model involving 13 components: oxidizer O2, and fuel components C4H6, Al, and Mg [33,34]. After entering the flow field, Al and Mg droplets evaporated into Al and Mg vapor under the influence of high-temperature gases in the combustion chamber, as represented by the following equation:


   Al (  l ) →  Al (  g )  



(7)






   Mg (  l ) →  Mg (  g )  



(8)







Aluminum (Al) and magnesium (Mg) vapors underwent further combustion reactions with oxygen, resulting in the generation of aluminum oxide. The combustion mechanism of micron-sized aluminum fuel reacting with oxygen is summarized in Table 1. Reaction rate calculations employed the eddy-dissipation model.




2.6. Discrete Phase Model


The initial diameters of the Al and Mg liquid droplets were 2 μm and 20 μm, respectively. The initial outer diameter of the particles was measured by electron microscopy scanning before the experiment. The simulation took into account the evaporation of these liquid droplets. The state parameters of the Al and Mg droplets, including mass flow rate     m ˙   al     and     m ˙   mg    , velocity    v  al     and    v  mg    , and temperature    T  al     and    T  mg    , were determined by the following equations [33]:


    m ˙   al   =  w  al   /  ρ f   A f   r ˙   



(9)






    m ˙   mg   =  w  mg   /  ρ f   A f   r ˙   



(10)






   v  al   =  v  mg   =  w  HTPB    r ˙   ρ f  /  ρ g   



(11)






   T  al   =  T  mg   =  T f   



(12)







The evaporation control equation for droplets can be expressed as follows:


    d  T d    d t   =   h  A d     T ∞  −  T d       m d   c d                                                           T d  <  T  evap      



(13)






   m d   c d    d  T d    d t   = h  A d     T ∞  −  T d    +   d  m d    d t    h  vap                            T d  ≥  T  evap    



(14)







In the equation, T∞ is the gas-phase fluid temperature, Tevap is the metallic oxide evaporation temperature, h is the convective heat transfer coefficient, Ad is the surface area of the droplet, md is the mass of the droplet,    c d    is the specific heat of the droplet,    h  vap     is the heat of vaporization of the droplet, and   d  m d  / d t   is the rate of change of particle mass during the evaporation process, calculated using the convective/diffusion-controlled model:


    d  m d    d t   =  k c   A d   ρ ∞  ln ( 1 +  B m  )  



(15)






   B m  =    Y  i , s   −  Y  i , ∞     1 −  Y  i , s      



(16)







Here,    k c    is the mass transfer coefficient,    ρ ∞    is the density of the gas-phase fluid,    B m    is the Sparling mass number,    Y  i , s     is the liquid droplet surface evaporative mass fraction, and    Y  i , ∞     is the evaporative mass fraction in the gas phase. It is noteworthy that in two-dimensional numerical simulations, the Surface Injection method cannot be coupled with dynamic grid technology. Therefore, the Group Injection method is employed, and injection points were set 1 mm away from the burning surface using a user-defined function.




2.7. Mesh Grid


In this simulation, a Φ336 mm hybrid rocket motor was used with a grain length of 949 mm and an internal diameter of 183 mm, as illustrated in the schematic diagram of the combustion chamber in Figure 1. Other key dimensions are provided in Table 2. Figure 2 displays the computational grid for the hybrid rocket motor. Near the burning surface and the nozzle wall, unstructured triangular grids with boundary layer regions were employed to facilitate dynamic grid changes. It is noteworthy that, near the burning surface, due to the inclusion of source terms and the injection of discrete-phase particles, the boundary layer region grid was relatively thin. The use of enhanced wall treatment can improve the calculation accuracy near the wall; thus, the first layer grid height was set to 0.01 mm to ensure a y+ value of approximately 1 to meet the requirement of the enhanced wall treatment. In the calculation domain away from the burning surface, a structured quadrilateral grid was employed to enhance computational speed. An interface boundary condition was applied between unstructured and structured grids. As mentioned earlier, the injection points for Al and Mg droplets were set 1 mm away from the combustion surface, evenly distributed along the axial direction. By comparing the simulation results with previous experimental results, it was found that the 1 mm position was more suitable, in which the simulation and experimental results were in good agreement. If the distance is further reduced, it will cause instability in the regression rate of the grain.




2.8. Dynamic Mesh Model


In order to solve the problems of severe mesh deformation and difficulty in updating discrete phases on the combustion surface, this dynamic mesh model with filter considering the discrete phase model is proposed, as shown in Figure 3. The regression of the combustion surface was controlled by the filtered regression rate, which can prevent the issue of extreme mesh deformation. The method of discrete phase injection was Group Injection, which can couple the dynamic mesh model. After the convergence of the internal flow field calculation, the injection point position was obtained through user-defined functions, and the discrete phase droplets were added to the flow field.




2.9. Boundary Conditions


In this simulation, a two-dimensional axisymmetric model was employed with the central axis set as the symmetry axis boundary condition. The oxidizer inlet used a mass flow inlet boundary condition. Due to system limitations in experiments, the tank pressure slightly decreased during the operation. To align with the experiments, the oxidizer mass flow rate was set to vary from 1.22 kg/s to 1.02 kg/s over a period of 200 s. The boundary condition for the burning surface of the fuel grain was a temperature wall boundary condition, and the specific temperature value was calculated using a user-defined function. Other solid wall surfaces used adiabatic and no-slip wall boundary conditions. The nozzle exit was set as a pressure outlet boundary condition. The pressure of the nozzle outlet was extrapolated from the inner domain when the flow inside the nozzle was supersonic.



The erosion rate was obtained in the previous experiment. The nozzle erosion rate was calculated by the reconstruction method described in Ref. [35]. The oxidizer-fuel ratio (O/F) is first assumed in the process of solving the regression rate, and the characteristic exhaust velocity can be obtained under specific combustion chamber pressure and O/F. Then, the total mass flow rate can be obtained by the combustion chamber pressure, nozzle-throat area, and characteristic exhaust velocity, and the mass flow rate of fuel can be further obtained. Therefore, the O/F at this time can be obtained by the mass flow rate of oxidizer to the mass flow rate of fuel, and the actual O/F can be gradually approached through iterative solving of the O/F. When the calculation of the O/F converges, the regression rate can be further obtained. After obtaining the regression rate, the nozzle-throat area in the calculation can be changed to make the combustion chamber pressure closer to the test value. The nozzle erosion rate can be obtained by the change of the nozzle-throat diameter to time step. During the initial 50 s of operation, little erosion occurred in the nozzle throat; from 50 to 110 s, the nozzle throat experienced erosion at a rate of 0.028 mm/s; from 110 to 200 s, the nozzle throat erosion rate increased to 0.064 mm/s. After obtaining the nozzle erosion rate through previous experimental data, it was set as a simulation condition in this simulation. Although the nozzle erosion rate in this simulation was obtained through experiments, when the changes in the nozzle material, O/F, and combustion chamber pressure are small, the model has a certain degree of predictability. In order to further enhance the application scope of the model, it was necessary to conduct experiments and simulations on different materials, O/F, and combustion chamber pressures, explore the mechanical and chemical erosion mechanisms of the nozzle throat, obtain the erosion law of the nozzle throat, and guide the ablation of the nozzle throat in this model.





3. Experimental System


To validate the accuracy of the dynamic numerical simulation model, experiments were conducted based on the Φ336 mm hybrid rocket motor.



3.1. Hybrid Rocket Motor


To meet the technical requirements for achieving long-duration operations in hybrid propulsion, the fuel adopted a tubular grain configuration, as illustrated in Figure 4. The rocket motor consisted mainly of the oxidizer collection cavity, liquid injection panel, annular igniter, solid grain, combustion chamber casing, combustion chamber ablative layer, and nozzle. The propellant grain had a thickness of up to 70 mm, enabling stable combustion for over 200 s at an oxidizer flow rate of 1 kg/s. The combustion chamber casing was constructed from 30CrMnSiA material, ensuring excellent strength and pressure-bearing capabilities. The ablative layer of the combustion chamber utilized ethylene propylene diene monomer (EPDM) rubber. The physical structure of the hybrid rocket motor is depicted in Figure 5.



3.1.1. Motor Head Structure


To achieve effective oxidizer atomization, an axial flow injection panel structure was employed as the head design for the hybrid rocket motor. In order to ensure reliable ignition of the motor, a fireworks-inspired annular igniter structure was utilized. Furthermore, to facilitate efficient, stable combustion during motor operation, a circular insulating plate was employed to provide thermal protection for the edge region of the liquid injection panel. The schematic representation of the head structure is depicted in Figure 6.



The annular igniter, requiring sufficient ignition energy and duration, utilized a solid propellant-based igniter, as depicted in Figure 7. It primarily consisted of an ignition head, boron/potassium nitrate igniter, solid propellant, insulating layer, and igniter casing. During the ignition process, the ignition head first ignited the boron/potassium nitrate igniter, subsequently initiating the combustion of the solid propellant. The high-temperature products of the solid propellant combustion were expelled through the ignition ports into the combustion chamber, thereby achieving the heating of the oxidizer and fuel columns and providing ignition energy. Ground ignition tests verified that this annular igniter meets technical requirements and can maintain an ignition duration of at least 6 s.




3.1.2. Motor Nozzle


To achieve prolonged and effective operation of the hybrid rocket motor nozzle, a multi-interface nozzle was employed, combining the characteristics of different materials, which is demonstrated in Figure 8. The insulating layer utilized a high silicon-oxygen phenolic resin material, the convergent and divergent sections used carbon–ceramic composite materials, and the throat employed tungsten-infiltrated copper high-temperature alloy. The silicon–oxygen phenolic had a low density and excellent insulation properties, the carbon–ceramic composite material had low specific gravity and high hardness, and the tungsten-infiltrated copper high-temperature alloy exhibited excellent high-temperature resistance and achieved a sweating-like cooling effect. This design significantly reduced the nozzle erosion rate. The nozzle throat diameter was 36 mm, the expansion ratio was 10.38, and based on previous experience, the convergent angle for the nozzle convergent section was chosen as 45°.





3.2. Ground Test System


The schematic diagram of the ground test system for the hybrid rocket motor is illustrated in Figure 9. It primarily consisted of components such as a high-pressure nitrogen source, pressure regulator, manual valve, H2O2 tank, tank safety valve, pneumatic valve, filter, buffer tank, Venturi tube, solenoid valve, pressure sensor, thrust sensor, measurement and control system, and computer.



The pressure regulator reduced the pressure of the upstream high-pressure nitrogen source before delivering it to the oxidizer tank. The tank safety valve ensured that the pressure in the tank did not exceed the safety threshold. The pneumatic valve controlled the on–off state of the transport pipeline through pneumatic effects, providing a rapid response. The Venturi tube throttled the oxidizer using the saturation vapor pressure, ensuring that the upstream pressure corresponds to the oxidizer mass flow rate within the cavitation range. The solenoid valve possessed favorable structural dimensions and rapid response. The experimental measurement and control system employed a programmable logic controller for sequence control, including ignition command triggering and valve switching. The measurement system had a sampling frequency of up to 1000 Hz. The pressure sensor used a splatter membrane-type pressure sensor with a measurement range of 0 to 10 MPa and an accuracy of 0.02 MPa. The thrust sensor used an S-type force sensor (BK-1) with a measurement range of ±30 kN and a measurement accuracy of 30 N.





4. Results and Discussions


4.1. Grid and Time Step Independence Verification


In order to verify the accuracy of dynamic simulation results, grid independence verification and time step independence verification were conducted.



4.1.1. Grid Independence Verification


The standard mesh was the same as that presented in Figure 2. The total mesh number was 129896. The total cell numbers of the comparison mesh were 260816. It can be found that the simulated regression rates were close with different meshes, as shown in Figure 10. Therefore, the influence of computational grids can be ignored.




4.1.2. Time Step Independence Verification


According to Ref. [36], the simulated time step corresponded to the convective time in the fluid, which was about 1 × 10−5 s in this simulation. However, the dynamic simulation was conducted over a long period corresponding to the time scale. Therefore, a bigger time scale (0.01 s) was proposed and compared with the smaller one. It can be found that the simulated combustion chamber pressures were close with different time steps, as shown in Figure 11. Therefore, the influence of the time step can be ignored.





4.2. Experimental Results


The hybrid rocket motor achieved stable operation for 200 s, with the tail flame during the operation in Figure 12. Throughout the motor operation, the inlet pressure of the venturi tube, motor thrust, and combustion chamber pressure exhibited smooth variations, as depicted in Figure 13. The final operational time of the motor was approximately 203 s, during which stable combustion and structural integrity were maintained. Both thrust and combustion chamber pressure gradually decreased in the working process. Two primary factors contributed to this trend. First, variations in the O/F led to a decrease in the thrust and combustion chamber pressure. Simulation analysis indicated a gradual reduction in O/F. Second, erosion of the nozzle directly led to a decline in combustion chamber pressure and nozzle efficiency. The maximum thrust achieved by the motor was 2.93 kN, and the maximum combustion chamber pressure reached 2.30 MPa. The essential performance data for the hybrid rocket motor during prolonged operation are summarized in Table 3.



The oxidizer mass flow rate during the experiment was calculated based on the inlet pressure of the Venturi tube using the following equation:


    m ˙  o  =  C v   A 0    2  ρ o     p i  −  p s       



(17)







Here, Cv represents the flow coefficient, A0 is the throat area of the Venturi tube, ρo is the density of the oxidizer, pi is the inlet pressure of the Venturi tube, and ps is the saturation vapor pressure of the oxidizer. The calculated oxidizer mass flow rate for the 200-s ground firing test of the hybrid rocket motor is illustrated in Figure 14. The oxidizer mass flow rate slightly decreased during the operational process, reducing from 1.22 kg/s at ignition to 1.02 kg/s.



The evolution of the fuel grain in the hybrid rocket motor before and after the 200-s firing test is depicted in Figure 15. It is evident from the image that the internal insulation layer of the motor melted after the test. The changes in the nozzle before and after the test are illustrated in Figure 16, revealing pronounced and asymmetric nozzle erosion. The throat diameter of the nozzle was measured at multiple points in the circumferential direction using an internal micrometer at the throat section, and the average values were calculated. The nozzle throat diameter was 35.87 mm before the test and increased to 50.49 mm after the test. The calculated nozzle throat average erosion rate was 0.036 mm/s. The nozzle exhibited satisfactory erosion resistance, meeting the requirements and aligning with the conditions set in the simulation. It is noteworthy that the observed asymmetry in the nozzle throat may lead to thrust eccentricity. Therefore, future research should delve into the mechanisms of nozzle erosion, employing more accurate models to predict thrust magnitude and direction more precisely.




4.3. Comparison Analysis of Long-Term Simulation and Experimental Data


The comparison between the combustion chamber pressure during the 200-s firing test and simulation for the hybrid rocket motor is illustrated in Figure 17. It is evident that there was a good fit between the simulated and experimental combustion chamber pressures. The average combustion chamber pressure during the test was 1.73 MPa, while the average simulated combustion chamber pressure was 1.685 MPa. The average deviation between the simulation and experiment was 2.6%. Meanwhile, the simulations using a one-dimensional model were also conducted, and the results showed that the deviation between the simulated and experimental combustion chamber pressures reached 9.2%. The main reason is that the regression rate in the one-dimensional model was uniform along the axial direction, resulting in a relatively small combustion surface. This indicates that the dynamic numerical simulation model for this hybrid rocket motor exhibits excellent accuracy. There was a slight initial increase in combustion chamber pressure during the ignition phase, which, according to relevant experience, may be attributed to the contraction of the metallic actual throat area due to heating in the initial stages of operation. With further operation, the sweating and cooling of the nozzle throat made of tungsten-infiltrated copper material became insufficient to maintain the nozzle throat dimensions. The nozzle throat area increased by chemical and mechanical erosion, leading to a reduction in combustion chamber pressure. The comparison between the thrust during the 200-s firing test and simulation for the hybrid rocket motor is depicted in Figure 18. The fitting between the experimental and simulated motor thrust was also good. The average thrust during the test was 2.36 kN, while the average simulated motor thrust was 2.318 kN. The average deviation between the simulation and experiment was 1.8%. This further demonstrates the excellent accuracy of the dynamic numerical simulation model for the hybrid rocket motor, laying a good foundation for precise thrust predictions in actual flight scenarios. The combustion chamber pressure exhibited a strong dependence on the nozzle throat diameter. The slope of the combustion chamber pressure reduction can be divided into three stages, corresponding to the three stages of nozzle erosion. The average characteristic exhaust velocity was 1378.3 m/s in the simulation and 1419.5 m/s in the experiment. The deviation of the average characteristic exhaust velocity between the simulation and experiment was 2.9%.




4.4. Flow Field Parameter Analysis in Long-Term Dynamic Numerical Simulation


The temperature distribution of the flow field in the 200 s long-duration simulation of the hybrid rocket motor is shown in Figure 19. The dashed lines in the figure represent the initial positions of the burning surface and nozzle throat. During the simulation process, the burning surface did not experience severe distortion, and all parameters met the convergence criteria (10−3), demonstrating that the numerical simulation model is capable of simulating the operation of the hybrid rocket motor for up to 200 s. In the first 120 s of operation, the radial position of the flame layer noticeably moved upward. This is primarily due to the continuous retreat of the burning surface, causing the radial position of the pyrolysis gas entering the flow field to move upward gradually. Consequently, the radial position of the mixed combustion of oxidizer and fuel also moved upward. From 120 to 200 s, the radial position of the flame layer changed less significantly. This is because the radial position of the oxidizer inlet was fixed, and although the burning surface continued to retreat after 120 s, the radial position of the flame layer was essentially maintained at a certain distance above the maximum radial position of the oxidizer inlet. At this location, the mixing and combustion of oxidizer and fuel were more thorough, resulting in higher combustion temperatures. After 160 s of operation, the burning surface gradually took on a “trapezoidal” shape. This is mainly because the adiabatic layers at the front and rear ends of the grain were thick, as shown in Figure 1. To simulate this feature, the regression of the burning surface was restricted after reaching the adiabatic layer, and it no longer moved. Therefore, the burning surface exhibited a “trapezoidal” shape in the simulation. Additionally, it is noteworthy that the gas temperature in the pre-chamber was relatively high throughout the entire operation, indicating a more severe thermal environment in the pre-chamber. Therefore, a ring-shaped insulating plate was used in the experiment to ensure the reliable long-term operation of the hybrid rocket motor.



The pressure and streamlined distribution of the flow field in the 200 s long-duration simulation of the hybrid rocket motor is shown in Figure 20. The combustion chamber pressure gradually decreased with working time, and there was no flow separation at the nozzle exit during the operation. It can be observed that a vortex was consistently present in the pre-chamber during the operation, promoting thorough mixing and combustion of oxidizer and fuel, leading to a relatively high gas temperature in the pre-chamber. The variation range of the combustion chamber pressure was approximately 2.2–0.9 MPa, which was consistent with the experimental data. After the 200 s long-duration simulation, the computed grid near the burning surface and nozzle throat is shown in Figure 21. The boundary layer grid near the burning surface consistently maintained a small thickness (approximately 0.01 mm), consistent with the initial simulation, ensuring the accuracy of boundary layer calculations.



The distribution of aluminum particle residence time during the operating process is shown in Figure 22. The particle residence time is defined as the residence time of particles staying in the flow field, and its trajectory is shown in the figure. The particles are generated from the combustion surface and added to the flow field, moving to the corresponding positions in the figure. Some aluminum particles will completely vaporize in the combustion chamber, and their residence time is the time it takes for vaporization; another part of the aluminum particles is not completely vaporized, and their residence time is the time it injects out from the nozzle outlet. The residence time was calculated using the discrete phase model considering the evaporation effect. It can be observed that aluminum droplets find it challenging to completely evaporate inside the combustion chamber, and some particles are expelled from the nozzle exit. Overall, disregarding the condition at 120 s of operation, the longest residence time of aluminum droplets gradually increased from 0.08 s to 0.22 s during the 200 s of operation. The main reasons are twofold: first, the continuous retreat of the burning surface caused the injection position of aluminum droplets to move farther from the nozzle exit. The motion path of Al droplets significantly increased over 200 s. Second, the retreat of the burning surface results in a gradual decrease in the regression rate during the operation. According to Equation (11), the droplet injection velocity decreases with the reduction in the regression rate. Therefore, the longest residence time of droplets gradually increases with the increase in working time.



An analysis of the condition at 120 s revealed that the longest residence time of droplets occurred in the pre-chamber, which is different from other moments. By tracking droplets expelled from the nozzle exit, it was found that the longest residence time was approximately 0.15 s at 120 s, following the general trend of increasing residence time with working time. A comparison with the previous flow field structure and temperature distribution indicates that, at 120 s, the diameter difference between the pre-chamber and the grain port was small. Al droplets were more likely to be drawn into the pre-chamber, and the high-temperature region in the pre-chamber was relatively small compared to the condition at 80 s. Consequently, Al droplets were more challenging to evaporate, resulting in the longest residence time of 0.23 s. Further analysis of the mass fraction distribution of Al2O3 during the long-duration simulation is shown in Figure 23. This distribution aligned with the aforementioned flow field temperature distribution and aluminum droplet residence time distribution. In the first 80 s of operation, the evaporated amount of aluminum droplets in the pre-chamber was relatively small, resulting in a lower mass fraction of Al2O3 in the pre-chamber. After 120 s of operation, the evaporated amount of aluminum droplets in the pre-chamber was significant. The combustion reaction between the evaporated aluminum droplets and oxidizer generated Al2O3, leading to a higher mass fraction of Al2O3 in the pre-chamber.



The distribution of magnesium particle residence time during the operating process is shown in Figure 24. It can be observed that Mg droplets completely vaporized in the combustion chamber, which was entirely different from the situation with Al droplets. Analysis revealed that the boiling point of Mg was 1363 K, with a vaporization heat of 127.4 kJ/mol, while the boiling point of Al was 2767 K, with a vaporization heat of 290.8 kJ/mol. Therefore, Mg droplets were more prone to vaporization, resulting in significantly lower residence times in the combustion chamber compared to Al droplets. The longest residence time of Mg droplets was approximately 0.01–0.06 s, increasing with working time over 200 s of operation. There are two main reasons for this trend. First, the regression rate gradually decreased during the working process, and according to Equation (11), the droplet injection velocity decreases with the reduction in the regression rate. This causes Mg droplets to reach the high-temperature region more slowly. Second, the injection position of Mg droplets gradually moved with the retreat of the burning surface during the working process, increasing their distance from the high-temperature flame layer. Therefore, the longest residence time of Mg droplets gradually increased with the extension of working time. Further analysis of the mass fraction distribution of MgO during the long-duration simulation is shown in Figure 25. Since Mg droplets completely vaporize in the combustion chamber during the working process and further undergo combustion with O2 to generate MgO, the mass fraction distribution of MgO in the flow field was essentially consistent with the temperature distribution.



Further analysis of the variation in the combustion surface and regression rate during the 200 s simulation is illustrated in Figure 26 and Figure 27, respectively. It can be observed that the burning surface exhibited good smoothness throughout the working process. It indicates that the dynamic mesh model can avoid the serious deformation of the combustion surface caused by regression rate oscillation and make the combustion surface smoother. Before 120 s of operation, the regression at the front of the grain was obvious. This is primarily due to the relatively thin boundary layer in this region, resulting in more intense heat exchange, which was consistent with the axial distribution pattern of the regression rate shown in Figure 27. As the working time extended further, the burning surface gradually took on a “trapezoidal” shape. During the operational period, the regression rate gradually decreased. The main reason for this is the expansion of the grain port, leading to a decrease in the oxidizer flux and a weakening of convective heat transfer within the channel. Additionally, it is worth noting that there was a peak in the regression rate at the front of the grain. This is mainly attributed to the enhancement of mixing and combustion of oxidizer and fuel in this region due to the presence of vortices. As the overall regression rate continuously decreases, this peak in regression rate also gradually diminishes.




4.5. Performance Parameter Analysis in Long-Term Dynamic Numerical Simulation


Based on the previous analysis of the flow field, further examination of the performance parameter variations in the 200-s long-term simulation of the solid rocket motor was conducted. The average regression rate and fuel mass flow rate variations over time in the simulation are illustrated in Figure 28. The regression rate and mass flux on the combustion surface correlated positively. Throughout the operational process, the average regression rate gradually decreased with the increasing operation time. Furthermore, the rate of decrease in the average regression rate also diminished over time. It is commonly believed that the regression rate is positively correlated with the oxidizer flux, which represents the mass flow rate of the oxidizer per unit area. Therefore, the main reason for the decrease in the regression rate was a reduction in the oxidizer flow rate. The fuel mass flow rate exhibited a gradual upward trend throughout the entire operational process. The primary reason for this increase is the gradual expansion of the burning surface area over time. Despite the gradual decrease in the regression rate during the operational process, the increased burning surface compensated for this loss and even caused the fuel mass flow rate to increase gradually.



In the simulation, the specific impulse (Isp) and characteristic exhaust velocity (c*) varied over time, as depicted in Figure 29. Throughout the operational period, both specific impulse and characteristic exhaust velocity gradually decreased, with a specific impulse range of 189.0 to 215.3 s and a characteristic exhaust velocity range of 1335.5 to 1465.1 m/s. The primary reason for this trend was the gradual reduction in the O/F during the operational process, as illustrated in Figure 30. The O/F decreased from an initial value of 4.00 to a final value of 2.35, primarily due to variations in the burning surface area leading to changes in fuel mass flow rate. It is not common for the O/F to decrease over time, which means that the exponent of oxidizer flux (Go) in the regression rate formula was less than 0.5. It is generally believed that the regression rate is directly proportional to the, and in many experiments, the exponent of Go was greater than 0.5. This is because the Blasius empirical formula applied to smooth tubes (obtained through flow experiments) was used in the theoretical derivation process, and the exponent of Go was obtained to be 0.8. However, the fuel pyrolysis gas and discrete phase metal particles were added near the wall in this simulation, which enhanced wall heat transfer and thus made the decrease in regression rate relatively small compared to the increase in the burning surface. This might result in the exponent of Go below 0.5, and an increase in fuel mass flow rate, and ultimately, a decrease in O/F. To analyze the impact of O/F changes on the performance parameters, the theoretical specific impulse was computed using RPA v.1.2 as shown in Figure 31. Six different combustion chamber pressures, as indicated in the figure, were chosen to broadly cover the combustion chamber pressure during the operational process. It is evident that, for this particular hybrid rocket motor, the optimal O/F was approximately 3.6. However, over the majority of the operational time, the O/F gradually deviated from the optimum, resulting in a decrease in specific impulse. Similarly, the O/F gradually deviated from the stoichiometric ratio (which corresponded to the highest combustion temperature, approximately 3.6 for this propellant), leading to a reduction in the c*.





5. Conclusions


Due to the addition of high-energy additives and serious nozzle erosion in long-duration operations, the performance prediction accuracy of zero-dimensional or one-dimensional numerical simulation is relatively low. Therefore, it is necessary to carry out long-duration dynamic numerical simulations in hybrid rocket motors with higher performance prediction accuracy, which can provide an important basis for the determination of the working conditions and the program modification and significantly reduce the cost. In this study, a comprehensive study on the long-duration dynamic behavior of the hybrid rocket motor was conducted. A numerical simulation model for the long-duration dynamic behavior of the hybrid rocket motor was established, considering nozzle erosion and discrete phase effects. The model successfully achieved a dynamic numerical simulation with a working time of up to 200 s, obtaining performance parameters and flow field variations during the long-term operation of the hybrid rocket motor. The accuracy of the model was validated through the ground firing test. The main conclusions drawn are as follows:




	(1)

	
The numerical simulation model provides insight into the distribution changes of internal flow field parameters during long-duration dynamic numerical simulations, guiding the hybrid rocket motor design. For example, the high-temperature region in the pre-combustion chamber poses a significant challenge to thermal protection, leading to the incorporation of a ring-shaped insulating plate at the head.




	(2)

	
The behavior of Al droplets and Mg droplets in the flow field differs significantly over the long-term simulation, with Al droplets unable to fully vaporize in the combustion chamber due to higher boiling points and vaporization heat. In contrast, Mg droplets, with lower boiling points and vaporization heat, can completely vaporize in the combustion chamber. The longest residence time of Al and Mg droplets in the flow field differs by approximately one order of magnitude.




	(3)

	
The dynamic numerical simulation study, considering nozzle erosion, significantly improves performance prediction accuracy. The average error in motor thrust is less than 1.8%, and the average error in combustion chamber pressure is less than 2.6% during the 200-s long-duration simulation, demonstrating the accuracy of the numerical simulation model, which lays a good foundation for accurate performance prediction of long-duration hybrid rocket motors.




	(4)

	
Both simulation and experimental results indicated a gradual decrease in specific impulse and characteristic velocity over the extended operation period. The main reason for this is the gradual deviation of the oxygen-fuel ratio from the optimum ratio during the operation. The model can guide the design of hybrid rocket motors and optimize their design parameters. At the same time, this study can also lay the foundation for the trajectory prediction of long-duration flight, which is not available in the short-duration simulation.
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Figure 1. Diagram for the hybrid rocket motor combustion chamber. 






Figure 1. Diagram for the hybrid rocket motor combustion chamber.



[image: Aerospace 11 00318 g001]







[image: Aerospace 11 00318 g002] 





Figure 2. Two-dimensional computational region meshes of this motor. 
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Figure 3. Flow chart of dynamic mesh model with filter considering the discrete phase model. 
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Figure 4. Schematic of hybrid rocket motor. 
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Figure 5. Photograph of the hybrid rocket motor before the test. 
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Figure 6. Schematic of hybrid rocket motor head structure. 
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Figure 7. Schematic of hybrid rocket motor annular igniter. 
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Figure 8. Schematic of hybrid rocket motor nozzle. 
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Figure 9. Schematic of hybrid rocket motor ground test system. 
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Figure 10. Regression rate distribution with different meshes. 
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Figure 11. Combustion chamber pressure with different time step. 






Figure 11. Combustion chamber pressure with different time step.



[image: Aerospace 11 00318 g011]







[image: Aerospace 11 00318 g012] 





Figure 12. Hybrid rocket motor 200-s ground firing test. 
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Figure 13. Firing test data for hybrid rocket motor. 
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Figure 14. Oxidizer flow rate for the 200-s ground firing test. 
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Figure 15. Evolution of the propellant column before and after the 200-s firing test. 
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Figure 16. The changes in the motor nozzle before and after the 200-s firing test. 
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Figure 17. The comparison between the combustion chamber pressure during the 200-s prolonged test and simulation. 
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Figure 18. The comparison between the thrust during the 200-s prolonged test and simulation. 
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Figure 19. Temperature distribution of the flow field in the 200 s long-duration simulation. 
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Figure 20. Pressure and streamline distribution of the flow field in the 200 s long-duration simulation. 
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Figure 21. Computed grid near the burning surface and nozzle throat after the 200 s simulation. 






Figure 21. Computed grid near the burning surface and nozzle throat after the 200 s simulation.



[image: Aerospace 11 00318 g021]







[image: Aerospace 11 00318 g022] 





Figure 22. Aluminum particle residence time distribution during the operating process. 
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Figure 23. Al2O3 mass fraction distribution during the operating process. 
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Figure 24. Magnesium particle residence time distribution during the operating process. 
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Figure 25. MgO mass fraction distribution during the operating process. 
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Figure 26. Combustion surface variation during the 200 s simulation. 
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Figure 27. Regression rate distribution along the axial direction during the 200 s simulation. 
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Figure 28. Average regression rate, fuel mass flow rate and flux variations over time in the simulation. 
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Figure 29. Specific impulse and characteristic exhaust velocity variations over time in the simulation. 
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Figure 30. O/F ratio variations over time in the simulation. 
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Figure 31. Theoretical specific impulse under various O/F ratios and combustion chamber pressure. 
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Table 1. Reaction mechanism of C4H6 and O2.
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	NO.
	Reaction Model
	Arection
	Brection
	Erection/R (K)





	1
	    C 4   H 6  + 2  O 2  → 4 CO + 3  H 2    
	8.80 × 1011
	0.0
	15,200



	2
	    H 2     + O   2  ⇌ 2 OH   
	1.70 × 1013
	0.0
	24,100



	3
	   OH +  H 2  ⇌  H 2  O + H   
	2.19× 1013
	0.0
	2590



	4
	   2 OH ⇌ O +  H 2  O   
	6.02× 1012
	0.0
	550



	5
	   O +  H 2  ⇌ OH + H   
	1.80 × 1010
	1.0
	4480



	6
	   H +  O 2  ⇌ OH + O   
	1.22 × 1017
	−0.91
	8370



	7
	   H + O + M ⇌ OH + M   
	1.00 × 1016
	0.0
	0



	8
	   O + O + M ⇌  O 2  + M   
	2.55 × 1018
	−1.0
	59,400



	9
	   H + H + M ⇌  H 2  + M   
	5.00 × 1015
	0.0
	0



	10
	   H + OH + M ⇌  H 2  O + M   
	8.40 × 1021
	−2.0
	0



	11
	   CO + OH ⇌   CO  2  + H   
	4.00 × 1012
	0.0
	4030



	12
	   CO +  O 2  ⇌   CO  2  + O   
	3.00 × 1012
	0.0
	25,000



	13
	   CO + O + M ⇌   CO  2  + M   
	6.00 × 1013
	0.0
	0



	14
	   4 Al ( g ) + 3  O 2  ⇌ 2   Al  2   O 3  ( l )   
	9.70 × 1013
	0.0
	80.6



	15
	    2 Mg  ( g ) +  O 2  ⇌ 2 MgO ( l )   
	1.00 × 1015
	0.0
	12,000










 





Table 2. Structure parameters of this hybrid rocket motor.
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	Structural Parameters
	Value





	Combustion chamber outer diameter dc (mm)
	336



	Grain inner diameter df (mm)
	183



	Grain length Lf (mm)
	949



	Pre-combustion chamber inner diameter dpre (mm)
	274



	Post-combustion chamber inner diameter dpost (mm)
	274



	Nozzle throat diameter dt (mm)
	36



	Nozzle outlet diameter de (mm)
	116.6










 





Table 3. Essential performance data for the hybrid rocket motor.
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	Parameters
	Maximum
	Minimum
	Average





	Pressure of chamber (Mpa)
	2.30
	0.95
	1.73



	Thrust (kN)
	2.93
	1.69
	2.36
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