F Barato 
  
E Paccagnella 
  
G Venturelli 
  
D Pavarin 
  
F Picano 
  
J-Y Lestrade 
email: jean-yves.lestrade@onera.fr
  
Numerical Simulations of an Isochoric Hybrid Rocket Combustion Chamber and Comparison with Tests

Conventional hybrid rocket motors are not suitable for low thrust, very long burning time spacecraft applications because of the time-dependent shift in mixture ratio and associated variations in grain shape. In the Framework of the European Commission's H2020 HYPROGEO program, an innovative combustion chamber has been proposed to explore the application of hybrid propulsion as a replacement for current liquid propellant apogee engines. Such a combustion chamber, which is isochoric, has a length-to-diameter ratio of the order of one. This unconventional hybrid rocket is based on an end-grain solid fuel burning axially in conjunction with a lateral swirled injection of oxidizer. To support the development of this new architecture of hybrid engine a customized commercial CFD code has been used by University of Padua to perform multiple simulations with the aim of understanding the combustion behaviour in the isochoric chamber and predicting the main motor parameters like regression rate and wall heat transfer. Meanwhile, an experimental campaign on the new motor design has been prepared and executed by ONERA. The paper will consequently present the numerical simulations performed and the comparison with the experimental tests. The result of the investigation is that the isotropic turbulence model chosen for the standard simulations is not fully compatible with the selected swirled injection, while more advanced models can describe better the local flowfield, particularly at the axis of the combustion chamber. However, the isotropic model is still able to predict with reasonable accuracy the global performance of the motor.

Introduction

Conventional hybrid rockets are not suited for low thrust-very long burning time applications because of too high O/F shift and unreasonable grain shape. To extend the application of hybrid propulsion as replacement of current liquid apogee engines an isochoric combustion chamber solution has been proposed by Airbus Defence & Space and ONERA. This unconventional hybrid rocket, based on a solid fuel burning axially and a lateral oxidizer injection, has been developed in the frame of the H2020 HYPROGEO program [START_REF] Hyprogeo | EC H2020 Project Number 634534, Hybrid Propulsion Module for Transfer to GEO Orbit[END_REF][START_REF] Odic | HYPROGEO Hybrid Propulsion: Project Objectives and Coordination[END_REF][START_REF] Lecossais | HYPROGEO Hybrid Propulsion: Potential Applications & Technical Challenges[END_REF]. The role of University of Padua in HYPROGEO was to perform the numerical simulations to support the other partners in the design of the motor. In Work Package 2 UNIPD was responsible to perform the numerical simulations of the HYPROGEO hybrid motor combustion chamber. UNIPD has used a commercial software customized by UNIPD for the specific purpose of simulating hybrid rocket motor combustion [START_REF] Faenza | Hybrid Rocket Motors Regression rate Prediction trough CFD Simulations[END_REF]. These numerical tools have been previously validated with experimental results of classical hybrids, mainly Carmicino et al. [START_REF] Carmicino | Investigation of the Fuel Regression Rate Dependence on Oxidizer Injection and Chamber Pressure in a Hybrid Rocket[END_REF][START_REF] Carmicino | Role of Injection in Hybrid Rockets Regression Rate[END_REF][START_REF] Carmicino | Influence of a Conical Axial Injector on Hybrid Rocket Performance[END_REF][START_REF] Carmicino | Basic Aspects of the Hybrid Engine Operation[END_REF]. These tools have been used in HYPROGEO to simulate the so-called ONERA piston concept in order to understand the internal fluidynamic and optimize the design, particularly the injection scheme. The piston concept foresees an end burning cylindrical grain that is continuously pushed axially in order to keep a constant combustion chamber volume (i.e. isochoric chamber). In principle, this concept overcomes the typical difficulties incurred by classical hybrids for very long burns providing constant burning conditions with time. The great challenge of this configuration is to obtain a high combustion efficiency together with a very low regression rate necessary to obtain a reasonable grain length to diameter ratio. The regression rate has also to be spatially uniform to guarantee constant burning conditions with time. A previous paper addressed the preliminary simulations of the isochoric combustion chamber for ONERA critical design progress [START_REF] Barato | Numerical Simulation of an Isochoric Combustion Chamber for Hybrid Rocket Propulsion[END_REF]. At the beginning, several simulations have been performed with the aim of understanding the behavior of the combustion in the proposed isochoric chamber. Preliminary simulations have been done imposing the fuel mass flow according to the target regression rate. Several injection positions and parameters have been studied. Straight lateral injection (config. C) produces too low efficiencies but also a low thermal load for the chamber walls because the flame is located in the central part of the combustion chamber. On the opposite, central injection (config. A) induces higher efficiencies but very high heat transfer to the chamber walls because of the flame position on the outer periphery. Adding a swirled flow always increases the efficiency and heat transfer. Moreover, the efficiency increases with the inlet oxidizer flux. Finally, simulations have been performed without imposing the fuel regression rate, this quantity being calculated with a user-defined function from the heat transfer on the grain surface. Variations of performances with scale and throttling of the oxidizer mass flow have been also investigated. The preliminary simulations of the piston concept performed by UNIPD in the first year of the HYPROGEO program were useful to understand the basic combustion flow and performance of the engine and compare different configurations and parameters. At the end of this preliminary investigation, the lateral swirl injection has been determined to be the best solution has a trade-off between efficiency, thermal load, regression rate uniformity and injector complexity. In order to reduce the computational time, the initial simulations of the HYPROGEO combustion chamber for the piston configuration were performed using a 2D axisymmetric condition. In this case, the oxidizer was injected in a small ring on the lateral chamber surface near the fuel surface. However, the real injector had a more complicated design that is not fully axisymmetric even if it keeps a certain periodicity. In order for DELTACAT and ONERA to define the more suitable injector design, some specific simulations have been performed by UNIPD in the second year of HYPROGEO. In this case, fully 3D computations have been executed. Those CFD calculations were needed to explore the quality of the flow within the combustion chamber, in particular the variation of the flame and the heat flux on the fuel grain along the circumferential and radial directions caused by the specific injector geometry. After that, other 2D and 3D simulations were performed by UNIPD to help the design of the final breadboard. In particular, some simulations were executed in order to determine the heat transfer to the chamber walls for different selections of some motor parameters. These simulations were needed in order to help VKI/ONERA in determining the temperature reached by the combustion chamber walls and verify the thermal design. The results of the heat transfer analyses are presented in section 3. Finally, after the first experimental campaign performed by ONERA on the initial breadboard the numerical results have been compared to the ones retrieved by the ONERA experimental tests. Some discrepancies, particularly in the local values of fuel consumption behavior have been found and investigated in the last year by means of 2D and 3D simulations, finally determining that they were related to the selected turbulence model. However, the original model showed to be still able to predicts the global performance of the motor. The results of the comparison are presented in section 4.

Simulation set-up

All the simulations had the following characteristics. Simulation type: steady state, pressure based, coupled; Discretization mode: second order; Turbulence model: K-𝜔 SST (except in the last section where there are also simulations using the Reynolds Stress equation Model, RSM); Combustion model: eddy dissipation (suitable when kinetics is fast compared to mixing [START_REF] Bellomo | Numerical Investigation of the Effect of a Diaphragm on the Performance of a Hybrid Rocket Motor[END_REF]); Chemical reaction:

392 𝐶 2 𝐻 4 + 1049 𝑂 2 → 188 𝐶𝑂 + 128 𝐻 2 + 594 𝐻 2 𝑂 + 124 𝑂𝐻 (1) 
Boundary conditions: outlet at nozzle exit, fuel inlet at the grain surface (with or without UDF), oxidizer inlet at the base of the injectors and adiabatic or fixed temperature walls for the chamber walls. The adiabatic wall condition was used for the basic understanding of motor behavior/performance, while the fixed temperature condition was used specifically to determine the heat transfer to the chamber walls.

Both the oxidizer (Hydrogen Peroxide) and the fuel (Polyethylene) were injected as their decomposed gaseous products (Oxygen and Water, Ethylene, respectively) at 1223 K and 800 K, respectively. In case the UDF (User Defined Function) is used, the fuel inlet temperature is determined by the code.

The UDF uses the following equations. Heat balance at the fuel surface:

𝑟̇= 𝑄 ̇𝑤𝑎𝑙𝑙 𝜌 𝑓 ℎ 𝑣 ⁄ (2) 
And pyrolysis of the fuel:

𝑟̇= 𝐴𝑒 -𝐸 𝑎 𝑅𝑇 𝑠 ⁄ ( 3 
)
Where Ts is the fuel surface temperature and:

ℎ 𝑣 = ℎ 𝑣 (𝑇 𝑠 ) (4) 
It is worth noting that if 𝐸 𝑎 → ∞ ⇒ 𝑇 𝑠 , ℎ 𝑣 → cost and only the first equation is needed as it is done in simplified approaches. However, the complete set of equations is used in this case.

The wall heat transfer is the sum of a convective and a radiative term:

𝑄 ̇𝑤𝑎𝑙𝑙 = 𝑄 ̇𝑐 + 𝑄 ̇𝑟 (5) 
The convective heat transfer to the wall surface is calculated by the CFD code from the temperature profile in the gas phase near the fuel surface:

𝑄 ̇𝑐 = -𝜆 𝜕𝑇 𝜕𝑦 | 𝑦=0 (6) 
A radiative term could be added as:

𝑄 ̇𝑟 = 𝜀 𝑓 𝜀 𝑔 𝜎𝑇 𝑔 4 (7) 
Where g refers to the gas and f to the fuel. However, the fuel emissivity is dependent on pressure and soot production. Polyethylene does not produce much soot as HTPB and the HYPROGEO motor is designed to work at low pressures so the radiative term has been considered negligible. This is confirmed by the very low regression rate measured in the experiments.

For the convergence of the simulations, both the variation of some average values on the domain and the value at some specific points are checked. If the values do not change anymore, the simulations are stopped. The simulation is considered successful if the fluid domain makes sense and residuals (RMS) are generally between 10 -5 -10 -7 depending on the variable. The equations are solved iteratively with some relaxations factor that are tuned to improve convergence.

Simulations for the determination of the heat transfer to chamber walls

UNIPD performed a series of 2D simulation for ONERA/VKI with the aim of determining the heat transfer to chamber walls in order to help in the design of the combustion chamber/nozzle assembly. The simulations considered different chamber diameters from 200 to 350 mm. Oxidizer mass flow rate was 70 g/s, oxidizer-to-fuel ratio was fixed to 7.4. Nozzle throat diameter was 12 mm for a theoretical pressure of 10 bar. For each geometry, UNIPD performed four simulations: one with adiabatic wall condition, the other three with fixed temperature condition: 900 K, 1000 K and 1100 K respectively. Those temperatures were in the range expected for safe motor operation with the selected materials. From the first simulation, it was possible to obtain the adiabatic wall temperature. From the other three, three different values of the wall heat transfer.

In this way, it was possible for VKI to infer the heat transfer coefficient α by the following equation:

𝛼 = 𝑄 ̇𝑤𝑎𝑙𝑙 (𝑇 𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐_𝑤𝑎𝑙𝑙 -𝑇 𝑤𝑎𝑙𝑙 ) ⁄ (8) 
The heat transfer coefficient resulted to be nearly independent on the wall temperature in the range considered. Based on this heat transfer coefficient estimation, VKI was able to calculate the expected wall temperature depending on the wall chamber thickness and material choice.

Table 1: Summary of the simulated cases for the heat transfer analyses 

Comparisons with ONERA experiments on MHYCAS engine

In the autumn of 2016, ONERA performed some experiments with the initial HYPROGEO breadboard called MHYCAS. After the test campaign of the MHYCAS engine there was the opportunity to compare the experimental results with numerical predictions. UNIPD performed a full 3D simulation of the intermediate breadboard engine with the same hypotheses used in all the previous simulations. The regression rate was calculated with the same User Defined Function (UDF) developed and validated by UNIPD before the HYPROGEO program for conventional geometry hybrid rocket motors. After calibration of the numerical model, it was found that the main discrepancy between the experiments and the simulations was related to the behaviour of the regression rate near the centre of the fuel surface. In the experiments the regression rate peaks at the centre of the fuel surface while in the simulation there is a minimum at the same place. The peak of regression rate is confirmed also by other experiments performed outside the HYPROGEO program for similar configurations (swirled injection engines with a flat fuel surface [START_REF] Chiaverini | Review of Solid-Fuel Regression Rate Behavior in Classical and Nonclassical Hybrid Rocket Motors[END_REF]). It is assumed that this behaviour is fluidynamic and related to a recirculation near the fuel centre. The UNIPD simulation catches the recirculation at the fuel centre, but this recirculation does not contain hot temperature combustion products so it does not produce an intense heat flux. The reason for this has been related to the turbulence model. The turbulence model used in all the simulations was the K-𝜔 SST. This turbulence model is widely used in engineering applications because of its general optimal compromise between accuracy, robustness and computational time. This model is called isotropic because it follows Boussinesq approximation where the turbulence viscosity is a scalar quantity not dependent on the direction (i.e. isotropic).

Figure 9: Previous experiment of a similar hybrid motor configuration (from [START_REF] Chiaverini | Review of Solid-Fuel Regression Rate Behavior in Classical and Nonclassical Hybrid Rocket Motors[END_REF]). The results of the two simulations are similar far from the axis of the engine. As the centre is approached, the tangential (swirl) velocity has to increase for the conservation of angular momentum. At the axis, the inviscid flow predicts a singularity of infinite velocity. In the real case, the fluid viscosity dampen the flow and the velocity reaches a peak near the axis before going to zero exactly at the axis. However, in the isotropic turbulence model this happen too early due to an overestimated viscosity as the swirl approaches the axis. On the contrary, the RSM model is able to catch the strong rotational flow near the axis and the final thin rotational boundary layer very near the engine axis. The fact that the K-𝜔 SST model destroys the swirl component in the recirculation zone determine the absence of a sufficient turbulence and mixing of reactants and the consequent low temperature and heat flux to the fuel surface. On the contrary, the RSM model predicts correctly a strong peak of the heat flux in the region where ONERA and the previous researchers found a peak of regression rate. The simulations with the standard K-𝜔 SST model are able to determine chamber pressure with an accuracy of +/-6%. The average regression rate is predicted by the UDF with an accuracy of +/-10%. Due to the low robustness of the RSM model and the improvement of the computational capabilities, it is suggested that the best solution for the future should be to shift to a LES type of turbulence treatment.

Conclusions

Conventional hybrid rocket motors are not suitable for low thrust, very long burning-time spacecraft applications because of the time-dependent shift in mixture ratio and associated variations in grain shape. In the Framework of the European Commission's H2020 HYPROGEO program, an innovative combustion chamber has been proposed to explore the application of hybrid propulsion as a replacement for current liquid propellant apogee engines. Such a combustion chamber, which is isochoric, has a length-to-diameter ratio of the order of one. This unconventional hybrid rocket is based on an end-grain solid fuel burning axially in conjunction with a lateral swirled injection of oxidizer.

The design and the development of this new architecture of hybrid engine require the knowledge of the internal flow field. A customized commercial CFD code has consequently been used to perform multiple simulations with the aim of understanding the combustion behaviour in the isochoric chamber and predicting the main motor parameters like regression rate and wall heat transfer. The numerical tools used have been previously validated for conventional hybrid rocket motors. However, the HYPROGEO motor characteristics depart significantly from those of a classical hybrid, both in terms of geometry, fluid flow behaviour and operating conditions. Therefore, these numerical simulations present new challenges especially in the application of new physics within the numerical model. A new test rig, based on the same design that the one considered for the hybrid engine compatible with the satellite requirements, has been manufactured and tested in order to assess dedicated point such as ignition, operating conditions, etc. and to provide a dedicated experimental database to validate the numerical simulations. The results of the investigation is that the isotropic turbulence model chosen for the standard simulations is not fully compatible with the selected swirled injection. The numerical simulations completely failed to predict a peak of the regression rate in the centre of the fuel grain as shown by the experiments. Later simulations with a non-isotropic turbulence model were able to catch the peak of the heat flux in that region. The standard isotropic model produces too much viscosity and too less turbulence near the centre compared with the non-isotropic model. However, the results of the two types of simulations are similar far from the axis of the engine. The standard simulations were still correct in predicting the global behaviour and performance. The simulations with the standard turbulence model were able to determine chamber pressure with an accuracy of +/-6%. The average regression rate was predicted with an accuracy of +/-10%. Due to the low robustness of the RSM model and the improvement of the computational capabilities, it is suggested that the best solution for the future should be to shift to a LES type of turbulence treatment.
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 23 Figure 2: Lateral swirl injection, velocity (left) and temperature (right) profiles
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 4 Figure 4: Full three dimensional simulation of the HYPROGEO hybrid motor
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 56 Figure 5: Adiabatic wall temperature calculated from UNIPD simulations
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 101112 Figure 10: Description of previous experiments of a similar hybrid motor configuration (from [11]).
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 14 Figure 14: Swirl velocity, comparison between different turbulence models: K-𝜔 SST (left), RSM (right)
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 15 Figure 15: UNIPD simulation with conventional k-𝜔 SST model, note the presence of the central recirculation on the fuel surface, but its low corresponding regression rate.
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 16 Figure 16: Heat flux on the fuel surface, comparison between different turbulence models.

  

  

Case Oxidizer flow (g/s) Experimental chamber pressure (bar) CFD pressure w/o UDF (bar) CFD pressure with UDF (bar) Experimental regression rate (mm/s) CFD regression rate (mm/s)

  

	MHYCAS 16	36.15	7.67	7.35	7.69	0.102	0.110
	MHYCAS 17	30.60	7.02	7.27	7.42	0.137	0.139
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