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Abstract

:

This paper reports on the effect of structural materials on heat loss-associated propulsion performance degradation of monopropellant thrusters in the micro scale. In order to address the effect of fabrication materials on heat loss, propellant flow characteristics, and propulsion performance, a conjugate heat transfer numerical study has been conducted considering several practical substrate candidates for microthrusters. The results were analyzed with respect to the thermal diffusivity of the materials, which revealed different propulsion performance characteristics and inner nozzle flow characteristics due to varying amounts of heat loss, depending on the microfabrication materials used and propellant enthalpies. Regardless of propellant enthalpies, however, there was a dramatic degradation in the amount of the thrust produced with respect to thermal diffusivity, particularly in the range of low thermal diffusivity. Glass, among the material types compatible with fabrication processes in regard to microthrusters, exhibited a 4% degradation in thrust performance for the 50 mN class microthruster considered, with the least degradation, while copper, with 7% degradation, exhibited the greatest amount of degradation among the materials considered. With varying chamber pressure and Mach number at the nozzle exit depending on structural materials, the results also indicated the necessity of heat loss consideration in a microthruster design process.
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1. Introduction


One of the most innovative aspects of today’s space technology has stemmed from micro-electro-mechanical system (MEMS) fabrication technology, which has contributed to the miniaturization of spacecraft, once considered very costly due to their weight and the expenses associated with launch vehicles. MEMS technology has expanded the horizon of miniature satellites in space missions, including contemporary deep space missions involving nanosatellites [1,2,3,4,5,6], which weigh less than 10 kg. As satellites become smaller, propulsion subsystems should also be downsized accordingly, for attitude control, orbit maintenance, and orbit transfer of miniaturized satellites. In fact, a micro-propulsion system is a prerequisite for the successful operation of downsized satellite systems on various space missions, particularly in terms of affecting compatibility with multiple satellites on constellation operations, as well as in regard to improving revisit time (i.e., time taken between observations).



There are various types of space propulsion, which are normally classified as either chemical or electric. In chemical propulsion, there are the following propellant types: monopropellant, solid propellant, hybrid propellant, and bipropellant. Electric propulsion types include electrothermal, electromagnetic, and electrostatic propulsion. While electric propulsion relies on an electric energy source to produce thrust by accelerating charged particles of ionized gas or conductive liquids using an electrostatic field, electromagnetic field, or thermal energy converted from the electric energy, most chemical propulsion utilizes chemical energy stored in a propellant as its main energy source, and only a limited amount of electric energy is required for its operation. Thus, for a miniature satellite without a sufficient electric energy source, chemical propulsion represents a good option in terms of securing attitude control and orbit maneuvering capabilities.



In order to engender compatibility with nanosatellite systems such as CubeSat and PocketQube, the micro-propulsion system configuration is expected to be systematically simple, with appropriate functions for thrust generation, such as reignition and throating ability. Monopropellant-type thrusters require a propellant to be decomposed via a catalyst to enable the conversion of chemical energy, stored in a propellant, to thermal energy, and generate thrust by accelerating a high-temperature and -pressure decomposed gas product through a nozzle. Such thrusters have reignition and throttling capabilities, with a simple system configuration consuming only one propellant, and thus it is believed they are among the most optimal systems to downsize into the micro scale and make compatible with miniaturized satellites. Efforts have been made to miniaturize monopropellant thrusters in various manufacturing processes, particularly the MEMS process, which involves different material substrates for thruster fabrication. Those materials are required to endure high-temperature and -pressure environments in the thruster chamber, and they have mainly been silicon, glass, and ceramics, different from some materials compatible with other microfluidic devices such as micropumps [7,8] based on polymers.



Numerous studies [9,10,11,12,13,14,15,16,17,18,19] have proved that several materials utilized in other fabrication processes present no issues in terms of meeting the need for chemical robustness without any potential adverse reactions with propellants. However, these materials inevitably possessed different performance characteristics in terms of thermal energy loss. As chemical propulsion involves energy conversion from chemical energy to thermal energy and then to kinetic energy for thruster generation, it is naturally affected by heat transfer characteristics, particularly in the micro scale, where there is excessive heat loss due to the large surface-to-volume ratio, which has been one of the main causes of performance degradation in propulsion systems in such scale. Furthermore, monopropellant thrusters are even more likely to compromise propulsion performance in the micro scale due to them having a catalyst in a catalyst bed, the reactivity of which is also affected by surrounding temperatures. From this point of view, both the compatibility of the materials with different micro-manufacturing processes and the thermal energy conservation and heat transfer characteristics of the materials are important factors in the development of downsized propulsion systems. However, despite numerous studies having attempted various fabrication processes and materials for microthrusters, little research has been conducted investigating how fabrication materials affect the propulsion performance of thrusters downsized to the micro scale.



In this work, heat transfer and the corresponding propulsion performance characteristics of thrusters in the micro scale have been investigated. MEMS fabrication processes and materials that had been reported as compatible with a microthruster fabrication process were considered as structural materials for a numerical comparative propulsion performance analysis. In order to detail the thermal flow characteristics of propellant through a microchamber and supersonic micronozzle, as well as the heat transfer across microthruster structures, which affected propulsion performance depending on the properties of the materials used, a numerical heat transfer and microfluidic flow estimation was conducted. Propellants with different weight percentages (and enthalpies) were also considered to determine the effect of the amount of chemical energy stored in a propellant on propulsion performance while experiencing heat energy loss. In order to provide a useful reference for downsized space propulsion system development in regard to excessive heat energy loss in such a scale, the results of the simulation were analyzed, which included an examination of the thermal diffusivity of each material and the heat loss and inner nozzle flows with their different sensitivities to thermal diffusivity.




2. Materials for Microthruster Fabrication


Micro-propulsion systems, which produce thrust in the range of sub-micronewton to sub-millinewton, generally have components in the micro scale, such as the microinjector, microchamber, and micronozzle. For example, 50 μm was the smallest dimension for a microinjector design in [20], and 30 μm was the smallest dimension for a micronozzle throat in a previous study [9]. Those dimensions are out of the manufacturing capability of conventional machining, and the MEMS fabrication technology is essential to downsize space propulsion systems to this scale. Various photolithography techniques for the MEMS fabrication processes have been employed to experiment with different substrates for microthruster manufacturing.



Silicon has been one of the most commonly used materials in the MEMS process. Hitt et al. [9] manufactured a silicon microthruster using a deep reactive ion etching (DRIE) process. This was a monopropellant thruster fueled by a hydrogen peroxide propellant to produce 500 μN of thrust, with a microchamber filled with diamond-shaped pillar structures to increase the reaction surface of the catalyst, and it was coated with silver, a catalyst active material conducive to propellant decomposition. Silicon was also used by Miyakawa et al. [21] who reported a microthruster manufactured in the DRIE process using silicon with a platinum thin film, which functioned as an integrated resistance temperature detector and a heater and enabled propellant decomposition. The silicon structure for the microthruster was found to be sufficiently robust when the temperature sensor and the thin film heater were in operation. Takahashi et al. [22] utilized porous silicon processed with a bulk etching in the fabrication of a microthruster. The microthruster chamber was coated with platinum, an active catalyst material for propellant decomposition. The robustness of the porous silicon was proved in experimental tests, despite a part of the catalyst having been lost due to insufficient adhesiveness between the catalyst and the silicon structure. Yuan et al. [23] manufactured a silicon microthruster using inductively coupled plasma etching. The silicon surface of the thruster was coated with titanium to protect the material from the corrosive propellant, hydrazine, which was supplied through a multichannel distributor before it reached the catalyst bed. Iridium, an active catalyst material, was coated on circular pillars that filled the thruster catalyst bed to increase the reactive surface of the catalyst. Kundu et al. [10] also utilized silicon for a microthruster, with a microheater to increase the decomposition efficiency of a propellant while it was decomposed by the catalyst, manganese dioxide in the form of nanowires, in the condition of excessive heat loss due to the large surface-to-volume ratio in the micro scale. These studies demonstrate the feasibility of the material in the construction of a microthruster using a MEMS fabrication process, as well as their robustness and compatibility with propellants that involve chemical reactions. However, as reported in the silicon-based studies, there was evidence of propellant decomposition efficiencies occasionally necessitating the preheating of the catalyst chamber to compensate for the large heat loss in the micro scale. Accordingly, it has not yet been demonstrated that the material is the best for conserving thermal energy in the micro scale.



Other materials employed in different MEMS fabrication processes were also examined, such as low-temperature co-fired ceramics (LTCCs), high-temperature co-fired ceramics (HTCCs), and glass, which have much lower thermal conductivities than silicon and thus are more desirable for thermal energy loss suppression. Wu and Yetter [24] employed low-temperature co-fired ceramic (LTCC) tape technology in the fabrication of a planar monopropellant microthruster. The thruster was manufactured with a commercial LTCC tape and tested using the monopropellant hydroxylammonium nitrate (HAN), and a DC voltage potential was applied across electrodes in order to initiate decomposition of the propellant, generating approximately 150 mN of thrust for a pulse operation. Despite the occasional structural failure (in the case of rapid ignition), the feasibility of the material in a monopropellant microthruster fabrication was demonstrated. Cheah et al. [25] utilized high-temperature co-fired ceramic (HTCC) zirconia tape to fabricate a microthruster, the material of which tends to endure a higher working temperature than that of the LTCC (the latter softening at a temperature of approximately 800 °C). Although the yttria-stabilized zirconia (YSZ)-based microthruster was not tested and evaluated with regard to propulsion performance, the established fabrication process was determined to be successful, and its accuracy was evaluated favorably. Khaji et al. [11] also utilized HTCC to manufacture a hydrogen peroxide monopropellant microthruster with an integrated heater and temperature sensors. Despite its limited interest in thruster propulsion performance, the study proved the feasibility of HTCC for hydrogen peroxide monopropellant microthruster fabrication, and it reported that the material was able to endure the working temperature. Huh and Kwon [20,26], reporting on a 50 mN class microthruster manufactured using glass in the photolithography process and tested with 90 wt% hydrogen peroxide as the monopropellant and platinum as the catalyst for propellant decomposition, established the advantages of the insulating effects of glass for the successful decomposition of the propellant.



As discussed and summarized in Table 1, various materials have been applied to different micro-propulsion system designs and fabrications, validating their feasibility in the manufacturing process. However, these studies mainly focused on the MEMS fabrication process itself, as well as the compatibility of certain materials with the manufacture of a microthruster, as opposed to the characteristics of the materials themselves and their effects on propulsion performance in the micro scale.



The effects of microthruster structural materials on propulsion performance are of particular importance in light of the excessive heat loss experienced by miniaturized propulsion systems, which is due to the large surface-to-volume ratio in the micro scale, and the tendency for greater heat loss as the systems are further downsized. In addition, the monopropellant thruster, which is one of the chemical propulsion systems most conducive to miniaturization, requires a catalyst in its microchamber to effect propellant decomposition, itself affected by the surrounding temperatures, which are generally degraded by the excessive heat loss in the micro scale. Therefore, despite the various studies which have been conducted on the development of micro-propulsion systems using different fabrication processes and materials, further studies are essential to investigate their effects on heat loss and corresponding propulsion performance degradation.



In this research, different materials used in previous studies have been considered and compared in order to address propulsion performance, heat loss, and propellant flow characteristics through a micronozzle depending on the structural materials, such as silicon, LTCC, HTCC, and glass for MEMS-based propulsion and stainless steel and copper for conventional machining-based propulsion. Additionally, the effects of propellant enthalpy on heat loss and material sensitivity have been examined with respect to propulsion performance degradation for different fabrication materials.



As there are numerous potential thruster profiles that could be incorporated into a microthruster design depending on material type and fabrication process, an appropriate design reference should be considered for the investigation. We chose a planar design for a monopropellant microthruster, as reported in [20], which detailed the successful operation of a microthruster using hydrogen peroxide as a propellant to produce 50 mN thrust. The designed profile of the microthruster is shown in Figure 1, which has five different layers regarding the design profiles of a microinjector, microchamber, and micronozzle.




3. Numerical Comparative Performance Analysis


3.1. Governing Equations


A conjugate heat transfer (CHT) analysis was conducted in a steady state to qualitatively and quantitatively understand the heat loss which led to performance loss, assuming the entry of a fully decomposed gas mixture from different wt% liquid phase hydrogen peroxide into the chamber. The conjugate heat transfer between the fluid and the solid is generally modeled by a coupling of Navier–Stokes equations in the fluid and a heat equation in the solid. The Navier–Stokes equations consist of continuity equations for the conservation of mass, momentum, and energy, complemented by the equation of state and constitutive relations. In this work, a two-equation-based turbulence model was added to the governing equations and solved along with Navier–Stokes equations. The set of governing equations in a time-dependent and conservative form is summarized below without the turbulence equations for simplicity.



Conservation of mass:


    ∂ ρ   ∂ t   +   ∂   ∂   x   k       ρ   u   k     = 0  



(1)







Conservation of momentum:


    ∂   ∂ t     ρ   u   i     +   ∂   ∂   x   k       ρ   u   i     u   k     = −   ∂ p   ∂   x   i     +   ∂   τ   i j     ∂   x   i     + ρ   F   i    



(2)







Conservation of energy:


    ∂   ∂ t     e +   1   2     u   i     u   i     +   ∂   ∂   x   k       ρ   u   k     e +   1   2     u   i     u   i       = −   ∂   ∂   x   i       p   u   i     +   ∂   ∂   x   i         τ   i j     u   j     +   ∂   ∂   x   i       k   ∂ T   ∂   x   i       + ρ   F   i     u   i    



(3)




where


    τ   i j   = μ       ∂ u   i     ∂   x   j     +     ∂ u   j     ∂   x   i       −   2   3   μ     ∂ u   k     ∂   x   k       δ   i j    



(4)




where   e   is the internal energy,   k   is the thermal conductivity, and     τ   i j     is the viscous stress tensor. The heat equation governing heat conduction in the solid is as follows:


  ρ   C   P     ∂ T   ∂ t   =   ∂   ∂   x   i       k   ∂ T   ∂   x   i        



(5)







A fluid flow in microsystems might fall in the free molecular flow regime when the characteristic length approaches the mean free path of molecules. To ensure the continuum assumption is valid in current simulations, the Knudsen number (Kn), was obtained using the following equation and checked to ensure it is within the continuum flow limit:


  K n =   M   R e      γ π   2     



(6)




where M is the Mach number, Re is the Reynolds number, and γ is the specific heat ratio. Two Knudsen numbers at the nozzle throat and exit were calculated for 90 wt% hydrogen peroxide adiabatic simulation without the heat transfer at the wall. The Knudsen numbers were 2.964 × 10−4 and 2.161 × 10−4 at the nozzle throat and exit, respectively, which were far lower than the continuum flow threshold of 0.01, as reported in [35]. The Knudsen numbers in other simulations were not significantly different from the adiabatic case, and accordingly, all simulations were within the continuum flow limit.



A piece of commercial CFD software, ANSYS FLUENT, was used to solve the governing equations. The turbulent flow motions were described by the SST k-omega turbulence model since it can effectively model different turbulence scales at the near wall and free stream simultaneously.




3.2. Geometry and Computational Domain


The computational geometry was modeled with dimensions identical to those of the experimentally tested chamber and nozzle geometry. The cuboid chamber had a length of 5 mm in an axial direction, with a cross-sectional geometry of 4.35 × 3.56 mm. The dimension of the nozzle inlet was 0.35 × 3.56 mm, the dimension of the nozzle throat was 0.35 × 0.23 mm, and the dimension of the nozzle exit was 0.35 × 0.35 mm. The converging section half angle was 45 degrees, and the diverging section half angle was 12 degrees. The total length of the nozzle was 2.05 mm. A rectangular channel with vertical and axial lengths of 1 and 0.5 mm, respectively, was attached to the upper and lower chamber surface where the chamber meets the nozzle. This channel was used to install a metal screen, employed to hold the catalyst bed in the chamber during the experiments, the details of which can be found in [13]. The void geometry of the domain implied that the gas mixture entered this channel and the flow was retained, as the channel was located away from the midplane and long in a perpendicular direction to the free stream.



The majority of the heat transfer occurs at the contact region between the fluid and the solid, and thus the contact area is a major factor in estimating where there is the most heat transfer. A 3D geometry was created for the simulation, which took account of the heat loss from the chamber wall by using a large interface area to enable heat transfer. Assuming a fully decomposed flow entering the chamber, the geometry of the catalyst bed was neglected in the modeling. A higher thrust level than recorded in the experiments was expected in the simulation, as decomposition efficiency and the pressure loss of the gas flowing through the catalyst bed were ignored. The computational 3D geometry is shown in Figure 2. Geometrically, a quarter of the experimentally tested microthruster was considered in the simulation to reduce computational cost.



In order to lower the computational cost even further, and also to obtain a higher solution accuracy, hexahedral elements were used in the fluid domain. The boundary layer was resolved in a finely spaced grid placed in a normal direction, to capture the viscous effects at the near-wall regions accurately. The value of y+ of the grid was kept below 3 for the entire flow field. Tetrahedral elements were used in the solid domain to compensate for the computational costs incurred by the smaller time scale of the heat transfer process in the solid domain. A non-conformal mesh interface was also used since the dense grid created by the conformal meshing at the near-contact region in the solid domain increased the computational costs dramatically. Figure 3 illustrates the fluid domain with hexahedral elements and the solid domain with tetrahedral elements. The total number of mesh elements in each domain was 936,400 in the fluid domain and 116,419 in the solid domain.




3.3. Gas and Materials Properties


The decomposed gas mixture entering the chamber and the nozzle was assumed to be homogeneous and to follow the ideal gas law, as the adiabatic decomposed temperature was sufficiently high. The performance of the microthrusters operating with gas mixtures created from the decomposed hydrogen peroxide of 85, 90, and 95 wt% was assessed. The mole fractions of O2 and H2O were 0.273 and 0.727 for the 85 wt% hydrogen peroxide decomposed gas mixture, 0.292 and 0.707 for the 90 wt%, and 0.313 and 0.687 for the 95 wt%. In order to attain a higher level of accuracy, 6-degree polynomials were employed for the properties considered in the simulation as follows:


    C   P , m i x t u r e   =  ∑    x   i       C   p , i    



(7)






    k   m i x t u r e   =    ∑    x   i       k   i         M   i       1 / 3      ∑    x   i           M   i       1 / 3      



(8)






    μ   m i x t u r e   =    ∑    x   i       μ   i         M   i       1 / 2      ∑    x   i           M   i       1 / 2      



(9)




where     x   i     is the mole fraction,     C   p     is the specific heat capacity,   μ   is the dynamic viscosity, and   M   is the molar mass. The polynomials were calculated from temperature-dependent gas properties of O2 and H2O, ranging from 400 to 1000 K, with the NIST Chemistry Webbook [36] as a reference. Table 2 summarizes the polynomial coefficients obtained from the curve fitting of a 6-degree polynomial equation to the property dataset.



For the simulation, six structural materials, namely glass, silicon, low-temperature co-fired ceramic (LTCC), high-temperature co-fired ceramic (HTCC), stainless steel, and copper, were considered. The first four materials were chosen since they have a wide range of applications in the engineering field of microsystems. The last two materials, common materials in engineering, were selected for comparison purposes. With regard to the HTCC and LTCC, as they have varying properties depending on material combinations and fabrication processes, commercially available materials [37,38,39,40] and properties were considered as an example of such materials. Table 3 summarizes the properties of the solid materials used in the simulation.




3.4. Computational Scheme and Boundary Conditions


A density-based coupled implicit solver was used to solve the governing equations. A second-order upwind discretization method was used in Navier–Stokes equations, and a first-order upwind discretization method was used in turbulence equations. Convergence was evaluated by comparing the inlet and outlet mass flow rates. The variation in solution residuals was monitored and used to check the convergence as well.



A mass flow boundary condition was used at the inlet of the fluid domain to ensure consistency with the experimentally tested propellant feed conditions. The specified mass flow rate of the gas mixture was 1.75 × 10−5 kg/s, a quarter of 7 × 10−5 kg/s, as the computational domain was a quarter of the microthruster experimentally tested. The temperature of decomposed gas mixtures at the inlet was set to the adiabatic decomposition temperature of hydrogen peroxide, which was 898.92 K for 85 wt%, 1021.61 K for 90 wt%, and 1144.23 K for 95 wt%. The turbulent intensity and turbulent viscosity ratio at the inlet were set to 2% and 5%, respectively. The pressure outlet boundary condition was specified at the sea level atmospheric condition. The wall was specified as a non-slip and smooth wall boundary with zero surface roughness. The symmetry boundary condition was used at the surfaces where the full microthruster geometry was divided into quarters.



At the outside surface of the solid domain, where the solid meets the air, the heat transfer coefficient was assumed to be 25 W/m2·K, considering both thermal radiation and free convection. The contact between the fluid domain and the solid domain was modeled as a coupled wall for the heat transfer between the two domains. Since the solid domain completely enclosed the fluid domain, the fluid domain met the solid domain at the inlet. At that location, the solid domain side wall was specified as an adiabatic wall with a zero heat transfer coefficient. This was inevitable to maintain a constant temperature at the inlet and prevent an invalid boundary condition setup, and accordingly, it was expected that the temperature distribution near this area would be somewhat unrealistic, as the fluid lost its heat at the fluid–solid interface next to the inlet. The geometric boundary conditions are illustrated in Figure 4.




3.5. Grid Convergence Study


Grid convergence studies were performed to ensure that steady solutions were not sensitive to grid refinement. In regard to the coarse computational domains, 394,000 hexahedral elements were used in the fluid domain, and 81,503 tetrahedral elements were used in the solid domain. In regard to the intermediate computational domains, 936,400 hexahedral elements comprised the fluid domain, and 116,419 tetrahedral elements comprised the solid domain. The dense computational domains were constructed using 1,736,000 hexahedral elements in the fluid domain and 399,672 tetrahedral elements in the solid domain. The glass microthruster with the gas mixture decomposed from 90 wt% hydrogen peroxide was used for the grid convergence study. The amount of thrust generated by the microthruster was first selected for comparison between the types of grid in the fluid domain, and then the averaged outside surface temperature of the solid was selected for comparison between grids in the solid domain. The results are summarized in Table 4. The variation in the amount of thrust produced from the intermediate grid to the coarse and to the dense grid was 0.081% and 0.067%, respectively, and likewise, the variation in the outside surface temperature was 0.031% and 0.020% respectively. It was apparent that the dense grid would yield more accurate results, but the dense grid cost almost twice as much computational time as the intermediate grid. After weighing the competing considerations of accuracy and practicality, the intermediate grid was selected and used throughout the simulations.





4. Results and Discussion


4.1. Heat Loss


The result of the simulation exhibited varying fluid temperatures as the working fluid flowed through the chamber inlet to the nozzle exit. Varying heat loss was also observed when investigating the temperature distribution across the microthruster chamber and the nozzle. Figure 5 summarizes temperatures at four different locations in the microthruster: the chamber inlet, nozzle inlet (chamber outlet), nozzle throat, and nozzle exit. These temperatures depended on the structural materials considered, as well as the propellant weight percentages. In regard to further investigations, additional temperature-related figures follow. To determine the structural effect on the performance of a microthruster, we chose thermal diffusivity as a thermal performance indicator of the materials. Thermal diffusivity is a measure of the ability of a material to transfer heat by conduction relative to the amount of heat stored per unit volume of a material. Accordingly, with a high thermal diffusivity, heat moves rapidly, as heat conduction occurs more quickly than storing heat in a material. The thermal diffusivity (α) is obtained from the following equation:


  α =   k   ρ   c   p      



(10)




where k is thermal conductivity,   ρ   is density, and     c   p     is specific heat at constant pressure.



Heat transfer coefficients at the fluid–solid interface are plotted in Figure 6 with respect to thermal diffusivity. The heat transfer coefficient of the microthruster using 85 wt% hydrogen peroxide decomposed gas mixture ranges from 246.14 to 284.80 W/m2·K, depending on the thermal diffusivity. It was from 261.80 to 300.89 W/m2·K for 90 wt% and from 281.91 to 320.32 W/m2·K for 95 wt%. As expected, the heat transfer coefficient increased when heat transfer occurred through the high-thermal-diffusivity material and the high-temperature working fluid (i.e., high-enthalpy propellant). However, there were different slopes representing varying sensitivity with respect to thermal diffusivity. The variation in the heat transfer coefficient was larger for the range of relatively small thermal diffusivity below 3.7 mm2/s, compared to that for the range above.



In order to identify the heat loss in the chamber affecting the temperature at the nozzle inlet, the amount of the heat loss in the chamber was defined as temperature variation in a chamber, and it involved a comparison between the chamber inlet and outlet temperatures, (Tchamber inlet − Tnozzle inlet)/Tchamber inlet, which equals nozzle inlet temperature variation compared to adiabatic case, (Tnozzle inlet adiabatic − Tnozzle inlet)/Tnozzle inlet adiabatic, and is provided in Figure 7 for the nozzle inlet. When the thermal diffusivity was below 3.7 mm2/s, heat loss ranged from 8.12 to 10.72% for 85 wt% hydrogen peroxide, from 8.69 to 11.53% for 90 wt%, and from 8.93 to 11.98% for 95 wt%. Above a thermal diffusivity of 3.7 mm2/s, heat loss rose to 11.13, 11.98, and 12.47% for 85, 90, and 95 wt%, respectively. A variation in the sensitivity of the heat loss in relation to thermal diffusivity was also observed. In regard to this figure, the chamber heat loss proportional to the thermal diffusivity was established in the following manner:


    q   c   ~       k   ρ   c   p         a    



(11)




where a is 0.124, 0.126, and 0.130 for 85, 90, and 95 wt% hydrogen peroxide, respectively, in the case of thermal diffusivity below 3.7 mm2/s, and 0.0111, 0.0113, and 0.0118 for 85, 90, and 95% hydrogen peroxide, respectively, in the case of thermal diffusivity above 3.7 mm2/s.



The chamber heat loss calculation based on the nozzle inlet temperature was followed by downstream heat loss calculation based on the nozzle throat and exit temperatures. With respect to nozzle throat heat loss, a similar form of equation was used, but for the nozzle throat, (Tnozzle throat adiabatic − Tnozzle throat)/Tnozzle throat adiabatic, which was the temperature difference at nozzle throat, for a range of thermal diffusivity, compared to the adiabatic case as a reference. Likewise, (Tnozzle exit adiabatic − Tnozzle exit)/Tnozzle exit adiabatic was used for nozzle exit thermal energy loss, as described in Figure 7 in the same scale for heat loss comparison between the measurement locations.



Comparing the thermal losses in relation to the different propellant enthalpies and, thus, different inlet temperatures, it was found that the thermal energy loss measured at the nozzle inlet was larger than that at the nozzle throat, particularly in the low thermal diffusivity range, meaning there was more loss in the chamber than elsewhere, at least down to the nozzle throat of the thruster design considered. The difference between the nozzle inlet and throat, however, was more marginal as the thermal diffusivity increased, resulting in more thermal loss near the nozzle throat in regard to the high-thermal-diffusivity materials. This phenomenon mirrored the trend for heat transfer in rockets which have the highest heat flux at the nozzle throat and a much higher velocity than that of their chamber. The thermal loss measured at the nozzle exit was similar to that of the nozzle inlet at low thermal diffusivity, but at high thermal diffusivity, the loss was greatest at the nozzle exit across the nozzle, reaching around 15% in the case of 95 wt% H2O2, meaning the thermal loss at the nozzle exit was more sensitive to variations in thermal diffusivity than was the case in regard to the nozzle inlet and the chamber.



Overall, the figure indicates a higher thermal energy loss with regard to the higher-enthalpy propellant, regardless of thermal diffusivity, and that the loss was greater between the propellants at higher thermal diffusivity and lower at lower thermal diffusivity.In other words, the thermal loss regarding the propellant enthalpies was more material-sensitive in the high thermal diffusivity range. It was also found that the thermal loss variation with respect to thermal diffusivity had different slopes, being more sensitive to thermal diffusivity variation in the low thermal diffusivity range.



Figure 8 compares the area-averaged temperature on the outside surface of the solid with the chamber inlet temperature. In the thermal diffusivity range covered, the outside temperature ranged from 469.23 to 580.56 K for 85 wt% hydrogen peroxide, from 510.00 to 648.13 K for 90 wt%, and from 553.28 to 720.64 K for 95 wt%. When these outer surface temperatures were compared with the chamber inlet temperatures, they reached the range of 48–65% of temperatures in Kelvin at the chamber inlet of the microthruster. Unlike the tendency for higher propellant weight percentages to record higher temperatures, the outer surface temperature, when compared to the chamber inlet temperature, was lower with the higher-weight-percentage propellant, regardless of thermal diffusivity. The outside temperature to chamber inlet temperature ratio was the smallest for 95 wt% hydrogen peroxide, as the heat transfer coefficient increased with the weight percentage of the propellant, although the difference between the ratios was smaller as thermal diffusivity increased.



The temperature contours in the solid domain, including the symmetry plane of the fluid domain, are illustrated in Figure 9. It was observed that the temperature gradient in the solid domain of glass and LTCC microthrusters was larger than that of the other microthrusters, due to low thermal diffusivity and conductivity. In the solid domain of the glass microthruster, the temperature varied from 800 K at the surface near the fluid domain to 450 K on the outside surface, where the solid domain was in contact with air. In contrast to the glass, the temperature in the copper varied between 625 K and 700 K. The temperature gradient was inversely proportional to the thermal conductivity, and thus the temperature gradient of a microthruster consisting of a material with high thermal conductivity was inevitably small.




4.2. Internal Flow


From the thrust equation, it is notable that the velocity and pressure at the nozzle exit affect thrust performance, and thus flow characteristics with respect to the structural materials and corresponding thermal diffusivity warrant further investigation. Mach number, which is a function of velocity and temperature, is largely affected by the temperature, and its characteristics differ from those of velocity. The contour of the Mach number, coupled with different structural materials, is illustrated in Figure 10. This has a sonic speed contour with a Mach number 1 and supersonic flows at the diverging section, with contours of Mach numbers 1.5 and 1.7. It was found that the location of the Mach number contours varied depending on the structural materials. For example, where Mach 1.7 contour was located for the adiabatic case was the most downstream, while the copper case had it at the most upstream, with other material cases being between them. This potentially indicates that depending on structural materials, different nozzle expansion ratios should be considered to meet a targeted Mach number at the nozzle exit and the corresponding amount of heat loss in the micro scale. In a low thermal diffusivity range, such as adiabatic, glass, and LTCC, there was a bigger distance between the Mach 1.7 contours compared to other cases. For example, as the thermal diffusivity increased, the contours converged to an extreme degree. Due to the structural material effect on the Mach number, the nozzle exit Mach number was the highest for the copper microthruster.



In regard to the 85, 90, and 95 wt% hydrogen peroxide, the Mach 1.7 contours of the materials closely converged in the case of the former but were divergent in regard to the latter two, with increasing weight percentages. With regard to the nozzle exit Mach number, it was observed to be the highest in the case of the 85 wt% propellant, mainly due to the temperature differences, despite having the lowest nozzle exit velocity. All the Mach 1.7 contours shifted in the downstream direction when the propellant weight percentage increased from 85 to 95 wt%, resulting in the lowest Mach number in the case of the 95 wt% propellant and a reduced likelihood of further expansion through the diverging section. With regard to Mach number 1 contours, they did not vary noticeably in relation to the different propellant weight percentages. In addition, the location of the sonic speed contours did not vary with respect to thermal diffusivity, indicating that the variation in the structural materials marginally affected the sonic speed contour near the nozzle throat.



The temperature distribution on the symmetry plane in the fluid domain is illustrated in Figure 11. Here, three simulations are compared: the adiabatic, the glass, and the copper microthrusters. In relation to the adiabatic thruster, heat loss in the chamber was demonstrably negligible, while the temperature was largely constant throughout the whole chamber. In regard to the glass and copper microthrusters, the temperature was constant at the chamber inlet, as given as a boundary condition. The temperature at the near-wall region decreased as the heat transfer occurred at the fluid–solid domain interface. The region with a temperature lower than the adiabatic temperature gradually developed as it moved downstream due to continuous heat loss. It was observed that the lowest temperature region inside the chamber was in the rectangular channel located where the chamber met the nozzle. This was attributable to the long retention of the fluid, with resulting heat loss. The low temperature of the fluid emanated from this region and further heat transfer through the nozzle wall, which reduced the temperature of the fluid even further in the downstream region. As a consequence, the lowest temperature on the symmetry plane of the glass and copper microthrusters was at the near wall in the diverging section of the nozzle as shown in Figure 11d,f.




4.3. Chamber Pressure and Thrust


The amount of thrust produced by thrusters is significantly affected in micro scale by viscosity and heat loss, and thus it is one of the most appropriate performance indicators for microthrusters. Thrust can be obtained from the following equation:


  F =   ∫    S   e x i t       ρ   u   a     u · n     d A +   ∫    S   e x i t           P   e   −   P   ∞       d A  



(12)




where ρ is density, ua is the velocity component in an axial direction, u is a velocity vector, Sexit is the area of the fluid outlet, A is the control surface, n is a unit vector normal to a plan A, Pe is the pressure at the fluid outlet, and P∞ is the ambient pressure. The first term represents the momentum thrust induced by the momentum change of the fluid through the nozzle exit, and the second term represents the pressure of the thrust generated by the pressure difference in the nozzle exit and the ambient.



In this work, a mass flow rate of 7 × 10−5 kg/s was specified at the fluid inlet, which was consistent in all simulations. The inlet pressure changed at each time step, and the ultimate pressure distribution was determined as the simulation solution was converged. The average chamber pressure was obtained from an arithmetic mean of the pressures at the chamber inlet and nozzle inlet, which is shown in Figure 12, with respect to thermal diffusivity. The average chamber pressure in the adiabatic simulation was 799.12, 850.73, and 901.40 kPa for 85, 90, and the 95 wt% hydrogen peroxide decomposed gas mixtures, respectively, while a chamber pressure for the materials considered was lower than that of the adiabatic case due to thermal loss. This phenomenon was attributable to the greater heat loss via the higher-thermal-diffusivity materials, which resulted in further temperature reductions and molecules with less kinetic energies, which in turn exerted less pressure on the chamber wall. There was a varying amount of pressure degradation, depending on the propellant weight percentages and thermal diffusivities, as shown in the figure. At a low thermal diffusivity, of around 0.39 mm2/s, the chamber pressure was approximately 96% of the pressure in the case of the adiabatic. The chamber pressure decreased as the thermal diffusivity increased, and it reached approximately 93% of the adiabatic pressure in the case of the 95 wt% propellant, and approximately 94% in regard to the 85 wt%, indicating a larger pressure degradation for the high-weight-percentage propellant. From the results, it was determined that there was a degradation of chamber pressure due to thermal loss, the amount of which differed depending on the thermal diffusivities. In addition, a greater degradation of chamber pressure was observed with respect to thermal diffusivity, in relation to the high-enthalpy propellant. It was also found that in a low thermal diffusivity range, below 3.7 mm2/s, the variation in pressure was larger compared to that in a higher thermal diffusivity range.



The amounts of thrust produced by the microthrusters with different thermal diffusivity materials, using 85, 90, and 95 wt% hydrogen peroxide, are compared in Figure 13. The thrust generated in the case of the adiabatic was 72.03, 77.16, and 82.12 mN for 85, 90, and 95 wt% hydrogen peroxide, respectively. The simulated thrust amount for 90 wt% hydrogen peroxide was greater than the targeted theoretical performance of the microthruster considered in the previous study [20], as shown in Figure 1, which reported the MEMS fabrication process of the H2O2 monopropellant microthruster and experimental performance tests aiming to produce 50 mN class thrust. The discrepancy was expected from the fact that a smaller nozzle throat area with a higher chamber design pressure than required was considered in the thruster design process of the previous study, which was to take into account the potential MEMS fabrication error, particularly through photosensitive glass wet etching process for the micronozzle and polishing process affecting the profile layer thickness and nozzle height. By comparing the simulation cases, it was found that regardless of propellant weight percentages, there was a dramatic degradation in the amount of thrust produced with respect to thermal diffusivity, particularly in the range of low thermal diffusivity up to 3.7 mm2/s, while the variation in the relatively large thermal diffusivity range from around 3.7 mm2/s to 105.8 mm2/s appeared to be marginal. The amount of thrust degradation in the thermal diffusivity range of up to 3.7 mm2/s was 5.6, 6.0, and 6.4%, with the adiabatic thrust as a reference point for 85, 90, and 95 wt% hydrogen peroxide, respectively. Further degradation with respect to thermal diffusivity, for example up to 105.8 mm2/s, was 6.1, 6.5, and 6.9% in the case of the adiabatic, for 85, 90, and 95 wt% H2O2, representing marginal thrust degradation of only about 0.5% in regard to all the propellants, for a thermal diffusivity range from 3.7 mm2/s to 105.8 mm2/s. Here, it was established that the variation in thrust was sensitive to the variation in thermal diffusivity in the low thermal diffusivity range, where there was greater variation in heat loss corresponding to the variation in thermal diffusivity. When thermal diffusivity was sufficiently high, the heat was conducted rapidly, and the structural material soon reached its thermal equilibrium state, resulting in a minor variation in thrust with respect to the variation in thermal diffusivity.



Figure 14 describes the amount of thrust produced from the microthruster with respect to microthruster fabrication materials and propellant weight percentages. As discussed earlier, it was found that there is a larger variation in thrust in the case of lower-thermal-conductivity materials, such as glass and LTCC. These materials are characterized by a relatively larger variation in thrust, and the performance is sensitive to such materials, while highly conductive materials, such as silicon and copper, do not yield a significant difference between them in terms of thrust. The varying performances of the microthrusters composed of different materials and propellant weight percentages are summarized in Table 5.



In order to further investigate the sensitivity of the structural material, the thrust of the simulated microthruster and the chamber pressure were compared with the adiabatic as a reference, and the normalized thrust and chamber pressure are shown in Figure 15. Among the material types compatible with fabrication processes in regard to microthrusters, glass, exhibiting an approximately 4% degradation in thrust performance in relation to the simulated microthruster, registered the least degradation, while copper, with 7% degradation, exhibited the greatest amount of degradation among the materials. In terms of chamber pressure, there was evidence of pressure degradation depending on the materials considered due to thermal energy loss. Figure 15 indicates that the propellants with higher weight percentage (i.e., higher enthalpy) lead to more degradation with regard to the two normalized performance parameters in all material cases considered except the adiabatic one and that they are more sensitive to the variation of structural materials. Based on the result, it is predicted that other monopropellant alternatives, such as ammonium dinitramide (ADN) or hydroxylammonium nitrate (HAN)-based propellant with higher decomposition temperature, are likely to have higher sensitivity on materials with a greater difference in propulsion performance between materials and more degradation of propulsion performance in actual cases compared to the adiabatic case.



The effect of the materials on microthruster performance clarifies how much performance degradation is expected depending on the fabrication materials used for a micro-propulsion system with different propellant enthalpies. The performance degradation characteristics reported through this analysis were obtained focusing on the effect of materials on propulsion performance and are limited in terms of a simulation model without considering the case of insufficient catalyst reactivity under the working temperature lowered by the thermal energy loss. However, as can be found in relevant studies [13,16,41], which reported experimentally tested results of a 50 mN class thruster with an amount of thrust generation in the range of approximately 28 mN [16] to 48 mN [13], there is an influence of the catalyst on propellant decomposition efficiency affected by operating temperature in microthrusters. Thus, further degradation of propulsion performance is anticipated to occur due to the catalyst effect in thrusters in the micro scale, in addition to the structural material effect reported in this study. This is expected to provide a useful reference for the design and manufacturing process of a micro-propulsion system which is characterized by a large surface-to-volume ratio and excessive heat loss, as well as providing a clear understanding of the effect of structural materials on thermal energy loss and thrust generation performance in the micro scale.





5. Conclusions


Excessive heat loss in micro-scale propulsion has been a long-standing issue, particularly for monopropellant-type thrusters with a propellant that needs to be decomposed via a temperature-dependent catalyst. In order to provide a reference point conducive to the design of micro-propulsion systems and appropriate micro-scale fabrication materials, a numerical analysis was conducted to compare propulsion performance, considering the MEMS fabrication processes and materials used in previous studies on micro-propulsion systems. The result of the simulation was analyzed with respect to the thermal diffusivity of each material and propellant weight percentages to represent varying propellant enthalpies. From temperature distributions across the microthruster structures of different materials, the heat transfer coefficient and thermal energy loss were investigated, and different propulsion performances were identified. The thrust and chamber pressure degraded as thermal diffusivity increased; however, the rate of degradation depended on the amount of thermal diffusivity. The result indicates that in a high thermal diffusivity range, a change in structural materials only marginally affects the variation in propulsion performance, while in a low thermal diffusivity range, it has the opposite effect. Among the MEMS fabrication materials considered, glass exhibited the most favorable propulsion performance and the lowest heat loss, while the temperature distribution on its structural surface recorded the largest temperature difference among the candidate materials with a more insulating effect. Due to the non-negligible thermal energy loss from a thruster in the micro scale, there were varying propellant flow characteristics through the micronozzle causing correspondingly different propulsion performances with respect to structural materials. With the different nozzle exit Mach numbers depending on materials, the result indicated that the nozzle expansion ratio in the micro scale should be designed considering the thermal characteristics of structural materials used in order to achieve a targeted nozzle exit Mach number. The amount of degradation of thrust produced has been reported between 4 and 7% depending on materials for the 50 mN class thruster considered for the simulation, which is expected to be a good reference conducive to microthruster design and fabrication with various materials in different scales. However, as a catalyst embedded in a monopropellant thruster has propellant decomposition efficiency affected by its working temperature, further degradation of propulsion performance is expected to occur in a microthruster, in addition to the structural material effect reported in this study.
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Figure 1. Microthruster design profile [20] considered for numerical comparative performance study. 
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Figure 2. Microthruster computational domain for conjugate heat transfer analysis. (a) Left side view. (b) Right side view. 
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Figure 3. Microthruster computational domain. (a) Hexahedral element fluid domain. (b) Tetrahedral element solid domain. 
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Figure 4. Microthruster boundary conditions for the simulation. (a) Fluid domain—left side view. (b) Fluid domain—right side view. 
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Figure 5. Temperature at four different locations of the microthruster affected by variation in heat loss, depending on structural materials and propellant weight percentages (A: 95%, B: 90%, C: 85% H2O2). 
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Figure 6. Heat transfer coefficient of the microthruster with materials of various levels of thermal diffusivity and different propellant enthalpies (85, 90, and 95 wt% hydrogen peroxide). 
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Figure 7. Thermal energy loss across the microthruster with materials of different levels of thermal diffusivity and different propellant enthalpies (85, 90, and 95 wt% hydrogen peroxide). 
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Figure 8. Comparison of the average temperature on the outside surface and that inside the chamber inlet of the microthruster with materials of various levels of thermal diffusivity and different propellant enthalpies (85, 90, and 95 wt% hydrogen peroxide). 
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Figure 9. Temperature distributions on symmetry planes and outer surfaces of microthrusters with different materials, using 90 wt% hydrogen peroxide as the propellant (unit: K). 
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Figure 10. Mach number contours of a microthruster composed of different materials, using decomposed gas mixtures of 85, 90, and 95 wt% hydrogen peroxide (‘L’: left-hand side, ‘R’: right-hand side for the overlapped curves). 
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Figure 11. Temperature distribution on the symmetry plane in the fluid domain of the adiabatic, glass, and copper microthrusters, using 90 wt% hydrogen peroxide for the propellant (unit: K). 
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Figure 12. Chamber pressure of microthrusters with different thermal diffusivity materials and different propellant weight percentages (mass flow rate of 7 × 10−5 kg/s). 
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Figure 13. Thrust generation of microthrusters with different thermal diffusivity materials and different propellant weight percentages. 
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Figure 14. Estimated amount of thrust produced by microthrusters with different materials. 
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Figure 15. Normalized amount of thrust generation and chamber pressure of the microthruster in relation to various structural materials and propellant weight percentages. 
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Table 1. Summary of the fabrication materials used in previous micro-propulsion studies.
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Fabrication Material

	
Target Thrust † (mN)

	
Reference

	
Type

	
Propellant

	
Catalyst






	
Stainless steel (Machining)

	
850

	
[27]

	
Monopropellant

	
H2O2 90%

	
Ag




	
500

	
[28]

	
Monopropellant

	
H2O2 80–87%

	
MnO2/Al2O3




	
100

	
[29]

	
Monopropellant

	
H2O2 92%

	
Ag/flake




	
Silicon

	
13.5

	
[30]

	
Monopropellant

	
H2O2 87%

	
FeCl2 liquid




	
1

	
[23]

	
Monopropellant

	
Hydrazine

	
Ir/Ti, SiOx, Si




	
1

	
[10]

	
Monopropellant

	
H2O2 50%

	
MnO2 nanowire




	
0.5

	
[9]

	
Monopropellant

	
H2O2 90%

	
Ag




	
N/A

	
[21]

	
Monopropellant

	
Hydrazine

	
Metallic substrate




	
Silicon (w/Glass)

	
3.78

	
[31]

	
Cold gas

	
Nitrogen gas

	
N/A




	
~1

	
[22]

	
Monopropellant

	
H2O2 60, 90%

	
Pt




	
HTCC

	
N/A

	
[25]

	
Monopropellant

	
HAN

	
N/A




	
0.96

	
[11]

	
Monopropellant

	
H2O2 31%

	
Pt




	
360

	
[19]

	
Monopropellant

	
HAN based

	
Electrolytic ignition




	
LTCC

	
150

	
[32]

	
Monopropellant

	
HAN based

	
Electrolytic ignition




	
3

	
[33]

	
Monopropellant

	
H2O2

	
Ag




	
1

	
[34]

	
Bipropellant

	
Ethylene/argon–oxygen

	
Spark ignition




	
Glass

	
100

	
[17]

	
Monopropellant

	
H2O2 90%

	
Pt




	
50

	
[20]

	
Monopropellant

	
H2O2 90%

	
Pt




	
35

	
[12]

	
Monopropellant

	
ADN/H2O2

	
Pt/La/Al2O3








† maximum value.
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Table 2. Polynomial coefficients of the specific heat capacity, thermal conductivity, and dynamic viscosity of 85, 90, and 95 wt% hydrogen peroxide decomposed gas mixtures.
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f(T) = C6T6 + C5T5 + C4T4 + C3T3 + C2T2 + C1T + C0




	
Concentrations

	
Coefficients




	
C6

	
C5

	
C4

	
C3

	
C2

	
C1

	
C0




	
Cp: ×10−13

	
Cp: ×10−10

	
Cp: ×10−7

	
Cp: ×10−4

	
Cp: ×10−1

	
Cp: ×102

	
Cp: ×104




	
k: ×10−19

	
k: ×10−15

	
k: ×10−12

	
k: ×10−9

	
k: ×10−6

	
k: ×10−4

	
k: ×10−2




	
μ: ×10−24

	
μ: ×10−20

	
μ: ×10−17

	
μ: ×10−14

	
μ: ×10−11

	
μ: ×10−8

	
μ: ×10−6






	
95%

	
Cp

	
1.10128

	
−4.94483

	
9.16607

	
−8.98223

	
4.91171

	
−1.41838

	
1.83952




	
k

	
2.89022

	
−1.36077

	
2.67550

	
−2.83258

	
1.73078

	
−4.83433

	
7.24316




	
μ

	
5.01273

	
−2.70294

	
6.26318

	
−7.89123

	
4.97555

	
2.80154

	
2.48434




	
90%

	
Cp

	
1.14765

	
−5.15273

	
9.55068

	
−9.35823

	
5.11684

	
−1.47763

	
1.91276




	
k

	
2.99845

	
−1.41087

	
2.77169

	
−2.93117

	
1.78915

	
−5.02033

	
7.47042




	
μ

	
5.32318

	
−2.87547

	
6.68007

	
−8.46258

	
5.45069

	
2.58741

	
2.57703




	
85%

	
Cp

	
1.19401

	
−5.36055

	
9.93516

	
−9.73410

	
5.32189

	
−1.53686

	
1.98596




	
k

	
3.10478

	
−1.46009

	
2.86620

	
−3.02803

	
1.84651

	
−5.20307

	
7.69370




	
μ

	
5.62945

	
−3.04568

	
7.09135

	
−9.02626

	
5.91946

	
2.37615

	
2.66848








(1) T (K), (2) Cp (J/kg·K), (3) k (W/m·K), (4) μ (Pa·s).
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Table 3. Properties of the solid materials used in the CHT simulation.
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	Materials
	Thermal Conductivity

(W m−1 K−1)
	Specific Heat

(J kg−1 K−1)
	Density

(kg m−3)
	Thermal Diffusivity

(mm2 s−1)





	Copper
	385
	406
	8960
	106.8



	Silicon
	130
	700
	2330
	79.7



	HTCC
	20
	750
	3280
	8.1



	Stainless Steel
	15
	502
	7920
	3.7



	LTCC
	3
	729
	3100
	1.3



	Glass
	1
	1200
	2365
	0.4
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Table 4. Result of grid-independent study (90 wt% hydrogen peroxide, material: glass).
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	Grid
	No. of Elements in Fluid Domain
	No. of Elements in Solid Domain
	Thrust (mN)
	Average Temperature * (K)





	Coarse
	394,000
	81,503
	74.13
	509.84



	Intermediate
	936,400
	116,419
	74.19
	510.00



	Dense
	1,736,000
	399,672
	74.24
	510.10







* outside surface.
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Table 5. Summary of the simulation results in regard to the different materials and propellant weight percentages.
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Parameters

	
wt%

	
Adiabatic

	
Glass

	
LTCC

	
Stainless Steel

	
HTCC

	
Silicon

	
Copper






	
Thrust (mN)

	
95%

	
82.12

	
78.81

	
77.86

	
76.90

	
76.79

	
76.51

	
76.48




	
90%

	
77.16

	
74.19

	
73.35

	
72.51

	
72.41

	
72.17

	
72.14




	
85%

	
72.03

	
69.42

	
68.70

	
67.96

	
67.88

	
67.66

	
67.64




	
Heat transfer coefficient # (W m−2 K−1)

	
95%

	
N/A

	
281.91

	
292.31

	
311.41

	
313.63

	
319.52

	
320.31




	
90%

	
N/A

	
261.80

	
273.48

	
292.40

	
294.52

	
300.14

	
300.89




	
85%

	
N/A

	
246.13

	
258.56

	
276.86

	
278.86

	
284.10

	
284.80




	
Temperature outside surface * (K)

	
95%

	
N/A

	
553.27

	
622.81

	
691.45

	
698.73

	
718.04

	
720.64




	
90%

	
N/A

	
510.00

	
567.04

	
623.92

	
629.96

	
645.98

	
648.13




	
85%

	
N/A

	
469.23

	
514.94

	
560.95

	
565.84

	
578.82

	
580.56




	
Temperature nozzle inlet * (K)

	
95%

	
1144.00

	
1042.00

	
1022.7

	
1007.2

	
1005.8

	
1002.1

	
1001.6




	
90%

	
1021.40

	
932.83

	
916.71

	
903.84

	
902.65

	
899.63

	
899.23




	
85%

	
898.69

	
825.96

	
812.96

	
802.58

	
801.62

	
799.19

	
798.87




	
Temperature nozzle throat * (K)

	
95%

	
1026.6

	
951.48

	
931.41

	
911.73

	
909.66

	
904.2

	
903.47




	
90%

	
908.55

	
845.64

	
829.01

	
812.52

	
810.78

	
806.19

	
805.57




	
85%

	
795.75

	
744.52

	
731.06

	
717.56

	
716.14

	
712.4

	
711.9




	
Temperature nozzle exit * (K)

	
95%

	
831.55

	
757.99

	
738.37

	
719.09

	
717.01

	
711.60

	
710.89




	
90%

	
730.29

	
669.17

	
653.08

	
636.82

	
635.12

	
630.61

	
629.98




	
85%

	
634.83

	
585.48

	
572.50

	
559.32

	
557.93

	
554.33

	
553.83








* area averaged/# theoretical decomposition temperature as a reference.
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