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Abstract

:

The dust storm on the surface of Mars is a severe threat to Mars exploration missions. Taking adequate measures to avoid the impact of the harsh wind-blown dust environment is indispensable. Ground simulation of the Martian high-speed windblown dust environment is helpful for analysis of the environmental effects and evaluations of the suitability of the components and materials. In this paper, a novel reflux subsonic low-density dust wind tunnel is presented to simulate the high-speed windblown dust environment of the Martian atmosphere with a velocity of more than 100 m/s. The sand and dust are fed into the wind tunnel through the ejector assembly together with the compressed gas, resulting in high uniformity of particles in the test section. The construction design of the Mars wind tunnel is introduced. The key parameters, which are the nozzle parameters and the contraction curve, are discussed in detail. The convergent nozzle is most suitable for the ejector assembly. Moreover, the bicubic curve is selected as the contraction curve. The gas-particle two-phase computational fluid dynamic (CFD) simulations demonstrate the rationality of the wind tunnel design.
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1. Introduction


Humans are able to conduct close exploration of the Martian surface with the help of Mars rovers and helicopters. As of October 2022, the Mars rovers still in operation include NASA’s Curiosity rover [1], Insight rover [2], and Perseverance rover [3,4], as well as China’s Zhurong rover [5]. Future Mars exploration will focus on more challenging missions, such as the Mars sample return [6] and the human mission [7,8,9,10].



The surface of Mars is covered with dust and sand [11]. These particles with different sizes, under the influence of Aeolian transport [12] and atmosphere activities, could saltate [13] and suspend in the atmosphere. The dust in the atmosphere is usually suspended in the form of dust aerosol for a long time and migrates with the wind [14]. The sand and dust are serious threats to Mars exploration activities. The sharp edges of the particles would wear the outer surface of a mechanical structure, resulting in damage or failure [15,16]. Dust accumulation on the solar panels reduces energy conversion efficiency and even causes the solar panels to be unable to function [17]. The transport of sand on the surface of Mars has received extensive attention and research [18,19,20,21,22]. This is helpful for analyzing the geological phenomena [18] of Mars and revealing the geomorphic characteristics [20] and climate evolution of Mars [22]. Additionally, sand/dust prevention is another research hotspot. An extensive amount of research focuses on the existing methods of sand/dust prevention and removal [23,24]. Many studies also exist on the mechanism of dust adsorption [13,25,26].



Although most of the observed wind speed near the Martian surface does not exceed 30 m/s [27,28,29], there are observation data demonstrating that the moving speed of dust storms can be much higher [30]. Mariner 9 data indicate that dust storms move at velocities in excess of 200 km/h (56 m/s) with gusts of 500~600 km/h (nearly 170 m/s) [31]. Therefore, it is necessary to consider the possible impact of the high-speed dust storms and take essential countermeasures when conducting Mars exploration missions or future concept designs [32,33].



The dust wind tunnel is an important means of studying atmospheric and dust activities. The Mars wind tunnel provides a simulated environment similar to the real environment, in which to study the Martian atmosphere and provide ground test support for Mars exploration. The most famous and most powerful dust wind tunnel is the Mars Surface Wind Tunnel (MARSWIT) facility at NASA Ames Research Center [34,35]. It is an open-circuit wind tunnel powered by a high-pressure nozzle ejector system. The main test section is 1.2 m × 0.9 m. The internal gas pressure can be reduced to about 380 Pa. CO2 is selected as the medium gas. Although the simulated wind speed in the MARSWIT can be controlled within the range of 20~180 m/s, due to the open circuit construction, the simulated wind speed and the simulated gas pressure are inversely correlated. A hopper, through which the basaltic dust is fed into the MARSWIT, is located upstream of the test section entrance [36,37]. This sand feeding method may cause the spatial distribution of sand concentration to be uneven in the test section. Another famous Mars simulation wind tunnel is the Aarhus Wind Tunnel Simulator II (AWTSII) [38,39], which is an improvement of the ATWS [40]. The AWTSII is a closed-return wind tunnel with a 2 m × 1 m test section. Two fans drive the gas to circulate in the wind tunnel. The simulated pressure can be controlled within the range of 600~1000 Pa. The minimum simulated temperature can reach −120 °C. The facility is equipped with an aerosol injection system, allowing for the suspension of particulates (dust and sand) in the wind flow. This wind tunnel is capable of reproducing a wide range of environmental temperatures, pressures, humidities, and airflow conditions in a system large enough to allow high degrees of stability, uniformity, and control. However, due to the fan-drive mode, the simulated wind speed can only reach about 20 m/s. Furthermore, this close-return construction would lead to dust deposition, and it is difficult to maintain the concentration of the dust for a long time.



In this paper, a novel reflux subsonic low-density wind tunnel is presented to simulate the dust storm environment of the Martian atmosphere with a gas speed exceeding 100 m/s. This Mars wind tunnel refers to the construction of the AWTSII and the driving mode of MARSWIT. The purpose of this wind tunnel is to simulate the high-speed windblown sand environment, and to provide a stable high-speed blowing test environment for test pieces. The wind tunnel is housed inside a vacuum chamber. Gas can circulate in the chamber. Moreover, the wind tunnel is driven by a high-pressure gas source. The particles and gas are blown into the wind tunnel through the ejector assembly simultaneously. The low pressure inside the wind tunnel is maintained using the vacuum pump assembly.



This paper is organized as follows: In Section 2, the system design and structural parameters are provided. Section 3 discusses the detailed parameters of the wind tunnel, including the selection of the nozzles and the contraction curve. Numerical simulation of the gas-solid two-phase flow is carried out in Section 4. Section 5 outlines the conclusions.




2. System Design


The determination of the structural parameters of the wind tunnel depends on the test conditions. Unlike the common dust wind tunnel, this wind tunnel is designed to simulate the high-speed sandstorm weather on Mars. The main simulated environmental parameters are shown in Table 1 [41]. Carbon dioxide (CO2) is selected as the gas medium of the wind tunnel, as the atmosphere is primarily composed of CO2 (about 95%) [42]. Although there are other gas components in the Martian atmosphere, it is believed that this approximation will not have any adverse effects on the windblown sand simulation. The simulated gas pressure and temperature are based on the Martian climate, while the simulated wind pressure is designed to reach 170 m/s.



Due to the low pressure of the simulated environment, we design the wind tunnel driven by a pressure gradient rather than a conventional fan. The gas holder provides high-pressure gas, while the vacuum pump assembly is used to reduce the gas pressure in the wind tunnel. The ejector assembly is used to provide a relatively uniform gas flow. To save gas consumption, we design the wind tunnel as a semi-open-loop layout. Sand distribution in the wind tunnel is the key index to evaluate the wind tunnel, so we introduce a Venturi feeder to control the sand feeding rate. The sand is fed into the Venturi feeder and ejected into the wind tunnel through the ejector assembly, and circulates in the wind tunnel. A part of the sand is pumped out of the wind tunnel. The wind speed in the test section is determined partly by the mass flow of the compressed gas but is also related to the ejection effect of the ejector assembly. For the sake of the safety of the vacuum pump assembly, a sand separator (cyclone separator) is utilized to collect the excess sand. The cyclone separator is a separation device that uses the principle of inertia to remove particulate matter from flue gases. It is specially designed for the Mars wind tunnel. Furthermore, heat sinks cover the inner wall of the wind tunnel and are designed to cool down the temperature.



Based on the discussion above, the construction of the Mars wind tunnel is designed as shown in Figure 1. Compressed gas is discharged from the gas holder and flows through the Venturi feeder. Then, the compressed gas mixes with the sand and flows into the vacuum chamber. The vacuum chamber, in which the main structure of the wind tunnel is located, is 5 m long and 1.8 m in diameter, and is vacuumized by the vacuum pump assembly. The compressed gas carrying sand is ejected into the settling chamber by the ejector assembly. After being ‘straightened’, the gas stream enters the contraction to accelerate and then flows into the test section (0.4 mW × 0.4 mH × 0.6 mL). Finally, the gas stream decelerated by the diffuser is directed back to the front of the wind tunnel by the secondary ejector assembly. Another portion of the gas is extracted by the vacuum pump assembly.



Owing to the semi-open-loop layout, part of the gas flow discharged from the test section will return to the upstream of the wind tunnel and participate in the ejection. Thus, the gas consumption of this Mars wind tunnel could be relatively small compared with that of the open-loop wind tunnel. Here is a rough estimate to compare the gas consumption: Suppose that the mass flow rate of the test section is    m  t e s t    . For an open-loop wind tunnel, the gas supplement system is required to supply the gas with a mass flow rate of at least    m  t e s t    . However, for a semi-open-loop wind tunnel, the gas supply for the test section consists of two parts. The first part is the compressed gas ejected by the ejector assembly (mass flow rate is    m  c o m p r e s s    ). The other part is the gas that flows out of the test section, then returns to the upstream of the wind tunnel and is accelerated by the compressed gas flow (mass flow rate is    m  r e t u r n    ). Therefore, to provide gas with a mass flow rate of    m  t e s t     for the test section, the required mass flow rate of the compressed gas is    m  c o m p r e s s   =  m  t e s t   −  m  r e t u r n    .



The vacuum chamber, which provides a vacuum environment and circulates the gas flow, saves the floor space of the whole system. Furthermore, the pressure gradient drive mode helps to simulate a fairly wider wind speed range. Finally, the ejector-feed-sand mode helps to improve the uniformity of the sand.




3. Detailed Parameters Discussion


Essential computation of the structure is the basis of the preliminary design of the wind tunnel, which will not be discussed in this paper. We focus on the nozzle parameters and the contraction curve, which are important in improving the flow field quality of the test section.



3.1. Nozzle Parameters


The choice of the nozzle is directly related to the effect of injection and the quality of the flow field.



Many relevant studies were carried out in the China Aerodynamics Research and Development Centre [43,44,45]. In this paper, three different nozzles are selected to make a comparison of their ejection effects. These three alternative nozzles are provided considering the simulated environment and the wind tunnel structure. The parameters of the three nozzles are shown in Table 2.



To select the nozzle with the best ejection effect for this wind tunnel, a series of computational fluid dynamics (CFD) calculations are conducted. A group of nozzle inlet pressure is selected, and the static pressure at the outlet of the nozzle is set as 900 Pa.



It should be mentioned that although the nozzles are used to spray the two-phase flows composed of particles and compressed gases, only the single-phase flow simulations are carried out to evaluate the nozzles. The first reason for this is that particle concentration is a variable that varies with working conditions. The other reason is that the mass flow of the particles is relatively small compared with the mass flow of the compressed gas. Therefore, the single-phase flow comparison is an unavoidable trade-off but provides valuable guidance.



The area enclosing the nozzle and its external cylinder is set as the flow field. The 3D structured grid is generated. The grid near the nozzle wall is processed to increase the density. The grid-independence analysis is carried out, and the total numbers of grid cells reach to 3,710,000, 4,990,000, and 5,410,000 for the 1#, 2#, and 3# nozzle, respectively. The realizable k-epsilon viscous model is employed. The inlet of the nozzle is set as the pressure-inlet, and the pressures are set to 0.01 MPa, 0.05 MPa, and 0.1 MPa. The bottom surface of the cylinder, except the nozzle, is set as the pressure-inlet with the pressure of 900 Pa, and the other bottom surface is set as the pressure-outlet with the pressure of 900 Pa. The solver is set as the pressure-based Navier-Stokes solution algorithm. The solver is selected as the pressure-based coupled-implicit Solver.



The velocity distributions of the three different nozzles are shown in Figure 2, Figure 3 and Figure 4. As can be observed from the figures, the gas flows are under supercritical conditions. After exiting the nozzle, the supersonic gas continues to expand and eventually becomes a subsonic gas flow after acceleration and deceleration. Comparing the two convergent nozzles as shown in Figure 2 and Figure 3, the increase of the outlet aperture increases the mass flow of the ejected air and the expansion area. This results in more adequate mixing of the gas. Moreover, the axial attenuation of the gas flow is faster for the nozzle with a larger outlet aperture. In contrast, as shown in Figure 4, the gas flow from the Laval nozzle is more stable, and the axial velocity gradient of gas flow is relatively small. Thus, it implies a longer settling chamber.



Next, we compare the ejection characteristics of the three different ejector nozzles. The detailed data are shown in Table 3.



Compared with the other two nozzles, the Laval nozzle has the largest ejection coefficient under supercritical conditions. Since the gas has accelerated to the sound velocity before reaching the outlet of the nozzle, the mass flow rate of the nozzle is directly limited by the size of the cross-sectional area of the outlet. For the convergent nozzle, the increase of the throat area is helpful for increasing the ejected gas flow rate but reduces the ejection coefficient.



To demonstrate the stability of the gas flow ejected by the three nozzles, (1) the static pressure distribution and (2) the Mach numbers along the nozzle outlet axis are plotted as shown in Figure 5 and Figure 6.



For the convergent nozzles, the static pressure changes are similar, and both reach a relatively stable value at x = 0.05 m. Due to the high upstream pressure, the gas flow reaches the sound speed at the throat of the nozzles, and then forms the supersonic flow. Combined with the velocity distribution shown in Figure 2, Figure 3 and Figure 4, it can be found that the supersonic flow is decelerated by the shock waves at the outlet of the nozzle. For the Laval nozzle, the change of the ejected gas flow is the most stable compared to the other two nozzles, but the gas flow requires a longer distance to stabilize.



At the same upstream pressure, the outlet gas velocity changes of the three nozzles are not the same. There are two main reasons for this: (1) the difference in the mass flow rate of the mixed flow, and (2) the difference in the radial flow distribution. The 2# nozzle has the largest mixed gas mass flow rate with a relatively small axial velocity. This means that the mixed gas flow of the 2# nozzle has the best diffusion effect in the radial direction and its gas flow mixing is the most uniform.



After a comprehensive comparison, the 2# nozzle is considered to be the most suitable for this Mars wind tunnel.




3.2. Contraction Curve


Generally, there are three alternative curves that are available for the contraction section: the Witozinsky curve, the bicubic curve, and the quintic curve [46]. Figure 7 shows the profiles of the three contraction curves. Considering the application of the Mars wind tunnel, the inlet and the outlet of the contraction should be relatively stable with a small gradient to stabilize the gas flow. From Figure 7 we can find that the gradient of the inlet of the Witozinsky curve is large and the outlet is small, and it is just the opposite for the bicubic curve and the quintic curve. However, the question of which of these curves is most suitable for the Mars wind tunnel presented in this paper needs further discussion. Thus, we carried out a series of CFD simulations to compare these curves.



Figure 8 is a symmetrical diagram from the ejector assembly to the test section. The inlet of the contraction is 0.8 m × 0.8 m squared. The distance from the ejector assembly to the contractions is 0.9 m, the contraction is 0.6 m long, and the test section is 0.6 m long.



The mesh model of the above sections is shown in Figure 9. Since the structure is axisymmetric, only a 1/4-size model is built. Figure 10 shows the inlet nozzles of the Mars wind tunnel. Based on the previous discussion, we utilize the 2# nozzle here. Comparing the flow field of the 2# nozzle and the size of the contraction, we distribute the 64 nozzles (8 × 8) evenly at the inlet of the tunnel, and the spacing between each nozzle is 0.1 m. As the mesh model in Figure 9. is 1/4 of the actual size, only 16 nozzles are shown in Figure 10.



Hexahedral structured mesh is used in the fluid domain, and the mesh at the wall is refined. The grid-independence analysis is carried out, and the total number of grid cells is 1,210,000. The realizable k-epsilon viscous model is employed. The inlets of the nozzles are set as the pressure-inlet. The inlet of the wind tunnel, except the nozzles, is set as the pressure-inlet with a pressure of 900 Pa; the outlet of the test section is set as the pressure-outlet with a pressure of 900 Pa. The solver is selected as the pressure-based coupled-implicit solver.



We calculate the velocity distribution of the three wind tunnels with different contractions, then analyze the velocity uniformity and velocity stability of the test sections to find the optimal contraction curve.



Figure 11 shows the velocity distribution on the symmetry plane of the three wind tunnels. The velocity distribution in the test section seems uniform and can be maintained at about 120 m/s, while the velocity in the contraction with the Witozinsky curve changes more slowly than the others. This helps to uniform the velocity distribution in the radial direction of the test section. Comparatively, the gas velocities in the bicubic curve contraction and the quintic curve contraction change mildly, resulting in poor velocity uniformity in the test section.



To quantify the flow uniformities and flow stabilities of the test sections of the three different wind tunnels, we select nine points in a test section and measure some key parameters. The nine measuring points, named ‘A~H’ and ‘O’, are shown in Figure 12. The test section (0.6 m long) is divided into three cross sections: x = 0.1 m, x = 0.3 m, and x = 0.5 m.



We introduce the velocity inhomogeneity (VI) and the dynamic pressure inhomogeneity (DPI) to describe the flow uniformity—velocity uniformity of the test section. The velocity inhomogeneity (VI) is defined as:


   η i  =  |     v i    v ¯   − 1  |   



(1)




where i represents the nine measuring points A, B, C…,    v i    is the velocity at each measuring point, and   v ¯   is the average velocity of the nine points.



The dynamic pressure inhomogeneity (DPI) is defined as:


   μ i  =  |     q i    q ¯   − 1  |   



(2)




where    q i    is the dynamic pressure at each measuring point, and   q ¯   is the average dynamic pressure of the nine points.



The maximum    η i    and    μ i    of the three wind tunnels with different contraction curves are shown in Table 4. It is evident that the trends of VI and DPI for the three test sections are the same. The flow uniformity in the test section with the Witozinsky curve contraction is the worst. This reflects the poor rectification effect of the Witozinsky curve on low-density flow. By contrast, the rectification effect of the bicubic curve and the quintic curve is relatively satisfactory.



As for the flow stability, the axial static pressure gradient (ASPG) is introduced to describe the velocity stability of each test section. The test section is divided into n equal parts along the axis direction. The axial static pressure of the j = 1, …, n part is defined as:


  C  p j  =   Δ  P j     1 2  ρ  u j 2     



(3)




where the ΔP is the static pressure difference of the part, ρ is the average density, and u is the axial gas velocity. The axial static pressure gradient is defined as:


  ∇ C p =  1  n − 1     ∑   j = 1   n − 1    |    C  p j  − C  p  j + 1      L n     |   



(4)




where L is the length of the test section. The ASPGs of three different test sections are illustrated in Table 5. Under the test condition of 0.05 MPa inlet pressure, the ASPGs of the test section with the Witozinsky curve and the bicubic curve are relatively close, while the quintic curve has poor flow stability.



After comprehensively comparing the flow uniformity and the flow stability of the three different test sections, the bicubic curve is considered the best choice for the contraction.



To investigate the rectification effect of the bicubic curve at different flow velocities, CFD studies are carried out under the inlet pressures of 0.01 MPa, 0.05 MPa, and 0.1 MPa. The calculated index parameters for the test section are shown in Table 6.



As shown in Table 6, changes in VI and DPI are positively correlated with the changes in gas velocity in the test section. Furthermore, the increase in gas velocity reduces the flow uniformity. ASPG is more stable compared with flow uniformity. Overall, the flow uniformity in the test section is acceptable under different working conditions when using the bicubic curve as the contraction curve.





4. Two-Phase Flow Simulation


The parameters of the Mars wind tunnel discussed in this paper are determined based on the single-phase gas CFD simulations. In this section, gas-particle two-phase flow CFD simulations are carried out to demonstrate the performance of the Mars wind tunnel under the design of the contraction and the multi-nozzle ejector assembly.



The geometric model of the wind tunnel is derived from the previous section. Since the two-phase flow is complex, the grid near the nozzle wall is processed to increase the density. Under the grid-independence analysis and the consideration of the computational load, the hexahedral structured grid is utilized in the test section and contraction. Meanwhile, the unstructured grid is generated in the ejector assembly and the settling chamber. The total number of the grid cells is 5,420,000. The gas selected is the ideal gas CO2. Since the composition of the dust is complex, we choose SiO2, which is commonly used in the dust wind tunnel, as the particles in this wind tunnel. The diameter distribution function is selected as the commonly used Rosin-Rammler distribution function. The realizable k-epsilon turbulence model is used to solve the gas phase control equation, while the Discrete Phase Model (DPM) is used to solve the trajectory of the particles. The nonspherical model, which assumes that the particles are not spheres, is used to calculate the drag force. The shape factor, which is the ratio of the surface area of a sphere having the same volume as the particle to the actual surface area of the particle, is set to a common value of 0.8 [47]. The rotational lift, shear lift, pressure gradient force, and virtual mass force of the particles are taken into consideration. The turbulent diffusion effect of the particles is also considered. To show the work of the Mars wind tunnel as realistically as possible, gravity is also added to the model.



Figure 13 shows the trajectory and velocity of the particles in the wind tunnel with the inlet pressure of 0.05 MPa and the particle mass flow rate of 0.04 kg/s. Figure 14 is the gas phase velocity distribution on the symmetry plane of the Mars wind tunnel. The particles are ejected from the nozzles along with the high-speed gas flow and then decelerate gradually after entering the setting chamber. Under the drag force of the high-speed gas flow in the test section, the particles accelerate and finally leave the test section. The velocity of the particles in the test section is maintained between about 50~70 m/s, which is much lower than about 120 m/s of the gas phase.



Figure 15 shows the axial static pressure of the Mars wind tunnel under different inlet particle mass flow rates (0.004~0.04 kg/s). The ‘Ws’ in the figure represents the mass flow rate of the SiO2 ejected into the wind tunnel. It is clear in the figure that the static pressure in the test section is stable under any Ws. At the inlet of the test section (x = 1.5), the maximum difference between the four curves is about 16 Pa. Compared with the target pressure of 900 Pa, the pressure fluctuation caused by the mass flow rate change is only 1.78%. With the increase of the Ws, the static pressure in the settling chamber decreases, while the opposite is observed in the test section. The particle mass flow rate affects the static pressure gradient in the settling chamber and the test section. This may be caused by the dissipation effect of the particle on the total pressure of the gas. The increase in the particle mass flow rate causes the dissipation effect to be significant. Moreover, the increase in the particle mass flow rate also reduces the gas flow velocity.



Figure 16 shows the axial turbulence intensity under different particle mass flow rates. Turbulence intensity is defined as the ratio of standard deviation of fluctuating wind velocity to the mean wind speed, and it represents the intensity of wind velocity fluctuation. The turbulence intensity near the exit of the ejector assembly increases significantly, and then decreases rapidly. The increase of the particle mass flow rate weakens the turbulence intensity, but it does not change the trend of the turbulence intensity. At the inlet of the test section (x = 1.5), the maximum difference between the four curves is less than 0.8%. Moreover, the turbulence intensity in the test section is essentially stable, and the difference between the import and the export is less than 10%.



Figure 17 shows the particle concentration at different sections of the test section. For the convenience of comparison, the 0.4 m × 0.4 m cross-section is symmetrically cut from the middle and displayed in the size of 0.4 m × 0.2 m. The particle concentration at the inlet of the test section is the maximum and decreases gradually along the radial direction. After entering the test section, the particles are accelerated by the drag force of the high-speed gas flow. This reduces the particle concentration in the test section.



The above analysis results reveal that the particle concentration influences the gas flow but the effect is not significant. This phenomenon, in turn, confirms that the previous single-phase flow simulations of the nozzles have reference values.



According to the simulation results of the two-phase flow, the design of the nozzle assembly and the contraction curve is competent to provide a satisfactory velocity field and particle concentration field for the test section of the Mars wind tunnel.




5. Conclusions


This paper introduces a novel Mars wind tunnel to simulate the high-speed dust storm environment on Mars. The structure of the Mars wind tunnel is presented. The selection and design process of the nozzle parameters and contraction curve are discussed in detail. Although the gas flow of the Laval nozzle is more stable than that of the other nozzles, it requires a longer distance to stabilize. The 2# convergent nozzle is more suitable for the wind tunnel discussed in this paper. The Witozinsky curve contraction is not good at flow uniformity, and the flow stability of the quintic curve contraction is not satisfactory. In contrast, it is advisable to choose the bicubic curve as the contraction curve. Simulation results show that this wind tunnel can provide a stable flow field and particle concentration field for the test section. This work will guide the construction of the new Mars wind tunnel and contribute to the research of the future Mars lander and spacecraft.



Future work includes:




	◆

	
Optimizing the connection point of the bicubic curve to improve the flow field quality;




	◆

	
Designing experiments to validate the CFD simulation results;




	◆

	
Selecting other special particles to offset the influence of the earth’s gravity;




	◆

	
Designing the system control scheme.
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Figure 1. General layout of the Mars wind tunnel. 
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Figure 2. Velocity contours of nozzle #1 at different inlet pressures (m/s). 
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Figure 3. Velocity contours of nozzle #2 at different inlet pressures (m/s). 
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Figure 4. Velocity contours of nozzle #3 at different inlet pressures (m/s). 
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Figure 5. Pressure distribution along the central axis. 
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Figure 6. Mach numbers along the central axis. 
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Figure 7. Alternative contraction curves of the Mars wind tunnel. 
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Figure 8. Schematic diagram of the length of each section. 
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Figure 9. Mesh model and its wall details. 
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Figure 10. Mesh model of the inlet nozzles. 
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Figure 11. Velocity distributions of three different wind tunnels (m/s). 
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Figure 12. Layout of measuring points in the test section. 
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Figure 13. Trajectory and velocity of particles (m/s). 
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Figure 14. Velocity distribution of the gas phase (m/s). 
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Figure 15. Axial static pressure under different inlet particle mass flow rates. 
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Figure 16. Axial turbulence intensity under different inlet particle mass flow rates. 
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Figure 17. Particle concentration at different sections of the test section (kg/m3). 
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Table 1. The main simulated environmental parameters of the Mars wind tunnel.
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	Items
	Parameters





	Gas medium
	CO2



	Test section speed
	60~170 m/s



	Static pressure
	600~1000 Pa



	Test section temperature
	173~293 K



	Particle diameter
	35~125 μm
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Table 2. Three nozzles’ geometries.
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	Nozzle Type
	Inlet Diameter
	Outlet Diameter
	Length
	Throat Diameter
	Convergent Angle
	Divergent Angle





	1#
	Convergent nozzle
	10 mm
	4 mm
	30 mm
	-
	11.8°
	-



	2#
	Convergent nozzle
	10 mm
	6 mm
	30 mm
	-
	7.9°
	-



	3#
	Laval nozzle
	10 mm
	20 mm
	30 mm
	4 mm
	11.8°
	7.2°
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Table 3. Ejection characteristics of the three ejector nozzles.
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Nozzle NO.

	
Inlet Pressure (MPa)

	
Nozzle Mass Flow Rate (kg/h)

	
Ejected Gas Flow Rate (kg/h)

	
Ejection Coefficient






	
1#

	
0.01

	
0.0004

	
0.0111

	
28.10




	
0.05

	
0.0020

	
0.0281

	
14.05




	
0.10

	
0.0040

	
0.0418

	
10.45




	
2#

	
0.01

	
0.0016

	
0.0237

	
14.60




	
0.05

	
0.0082

	
0.0643

	
7.84




	
0.10

	
0.0164

	
0.0802

	
4.89




	
3#

	
0.01

	
0.0004

	
0.0258

	
65.74




	
0.05

	
0.0020

	
0.0361

	
18.05




	
0.10

	
0.0040

	
0.0395

	
9.875
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Table 4. Flow uniformity indexes of three contraction curves.
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	Witozinsky Curve
	Bicubic Curve
	Quintic Curve





	Max VI (%)
	1.43
	1.16
	1.14



	Max DPI (%)
	0.76
	0.66
	0.64
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Table 5. ASPG of three different test sections.
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	Witozinsky Curve
	Bicubic Curve
	Quintic Curve





	ASPG (m−1)
	0.1376
	0.1342
	0.1845
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Table 6. Main index parameters for the test section with bicubic curve contraction.
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	Inlet Pressure (MPa)
	0.01
	0.05
	0.1





	Average velocity (m/s)
	82.9
	129.4
	167.6



	Max VI
	0.40
	0.66
	1.06



	Max DPI (%)
	0.74
	1.16
	1.62



	ASPG (m−1)
	0.1293
	0.1342
	0.1347
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