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An idea of Mars exploration by aircraft has been considered as a new and attractive approach to obtain scientifically interesting data
about the Martian surface and atmosphere. The aircraft can get higher resolution data than orbiting satellites and can provide larger
spatial coverage than ground rovers. Several options for Mars aircraft have been proposed by many researchers. In view of these
advantages and disadvantages, it is considered that the airplane with a fixed wing is the most promising approach for Mars aerial
exploration. This approach, however, is facing challenging propositions in engineering viewpoint. The main feature of Martian
atmosphere is that the density and the temperature are lower than those of Earth and also the main atmospheric constituent is CO..
This means that a Mars airplane is required to fly in low Reynolds number (Re = 10*-10°) and high subsonic Mach number conditions.
The design criteria for conventional Earth airplanes cannot be directly applied to the design of Mars airplanes because the flight
condition in Martian atmosphere is very different from that in the earth atmosphere. To determine the optimal shape of a Mars airplane,
it is important to precisely predict its aerodynamic performance in low Reynolds number and high subsonic Mach number flow, but
the experimental airfoil data corresponding to the flight conditions of the Mars airplane is lacking. Numerical studies for the optimum
design of a Mars airplane have been also made. However, these computational results may not have satisfactory accuracy for
simulating the flow field on an airfoil of the Mars airplane because the flow field will become highly complicated with a strong
interaction of viscous effect and compressibility effect in low Reynolds and high subsonic flow. To simulate the actual flight condition
on Mars in wind-tunnel experiments, it is necessary to conduct airfoil tests on the basis of the similarity rule for Reynolds number,
Mach number and the specific heat ratio. To achieve similarity between the actual flow in the Martian atmospheric flight condition
and a flow in a wind tunnel, it is required to use a low density wind tunnel that can simulate flight condition on Mars. However, there

is no wind tunnel that is suitable for evaluation of the airfoil performance of Mars airplanes. In order to study the similarity rule for the
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low Reynolds number and high subsonic airfoil flow, it is required to construct a new wind tunnel specifically designed for this
purpose.

Therefore, our research was conducted for the following two purposes. One is to develop a low density wind tunnel that has a
capability to conduct airfoil tests in low Reynolds number and high subsonic flow. The other one is to investigate aerodynamic
characteristics and to study the similarity rule in a Martian atmospheric flight condition.

First, as a new type of low density wind tunnel, “The Mars Wind Tunnel (MWT)" has been developed. The MWT was designed
and constructed at Tohoku University in late 2007 for evaluating airfoil performance in low Reynolds number and high subsonic flow.
The shakedown tests started in early 2008. In these tests, initial operational performance was investigated, but the detailed operational
performance including flow qualities were unknown. Furthermore, this tunnel was driven only by air in the original design and could
not be operated by CO,. To satisfy the similarity rule for Reynolds number, Mach number and the specific heat ratio, the operation
system was firstly modified to allow for operation in CO, mode by installing a CO, supply system to the MWT. A great amount of
CO, is required to drive the MWT. Hence, for efficient operation, the CO, supply system was designed to use a liquid CO, as a gas
source. After this modification, the operational envelope and the flow quality in the test section were evaluated by comparing the
results in air and CO,. Use of CO, allows the tunnel to be operated at higher Mach numbers, because the molecular weight of CO, is
larger than that of air. The achieved Reynolds number range is from 2.6x10° to 1.1x10° with the Mach number range up to 0.74 in air.
On the other hand, the Reynolds number range is from 4.2x10° to 1.3x10° with the Mach number range up to 0.84 in CO, mode. In
the design stage of the CO, supply system, there was a concern for CO, solidification at the outlet of the ejector nozzle. In actual
condition, however, no noticeable effect of CO;solidification on the tunnel performance and operation was found, probably due to
heat addition from the mass of the gas supply line and the ejector and mixing with the surrounding gas. To clarify the effect of
boundary layer on the test section, the flow distribution and the static pressure gradient were measured. The flow velocity in the test
section is considerably uniform in all cases. The velocity deficit caused by the boundary layers near the walls is larger in air mode than
in CO, mode. The results of static-pressure gradient measurement in the test section show that the effects of boundary-layer
development along the test section can be controlled by adjusting the inclination angle of the both upper and lower walls. The residual
effects are small but, it was found that, when a drag measurement to one-count accuracy is required, the inclination angle must be
readjusted depending on the total pressure of the flow. The results of these experiments show that the Mars Wind Tunnel can simulate
the real flow condition of cruising flight of Mars airplanes. It should be emphasized also that the MW;F allows us to evaluate
individual effects of Reynolds number, Mach number and the specific heat ratio on airfoil performance on airfoil performance for
Mars airplanes.

The MWT employs the ejector driving system to induce the high subsonic flow in low pressure condition. There are few examples

in that ejectors are used as a driver of the low density wind tunnel. The driving performance of the ejector under low density condition
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has not been well understood and the evaluation method has not been established yet. For optimum design of the ejector driver of the
wind tunnel, it is necessary to derive an analytical evaluation methodology that can predict the Mach number in the test section from a
configuration of the ejector system and an operational condition. A new method to evaluate performance of supersonic ejectors under
low pressure condition has been proposed. In this method, the ejector drive parameter (EDP) that is based on the previous studies on
supersonic ejectors at one atmosphere is adopted as the correlation parameter. The results of experiments using a model ejector at low
pressure condition have indicated that the pressure ratio can be correlated with EDP very well even when ambient pressure, ejector
configuration, operational condition and a combination of test gas species are changed extensively. Furthermore, it was found that all
experimental results were in excellent agreement with the one dimensional analysis. It can be said that EDP is an effective parameter
to predict the pressure ratio of supersonic ejectors over the wide range of pressure. The results of model ejector tests were applied also
to evaluate ejector driving performance of the MWT. It was found that the pressure ratio of the MWT in air and CO, operation modes
can be expressed as a common function of EDP. The experimental results in the MWT agree well with the one dimensional analysis.
The results of the MWT tests and the model ejector tests can be fitted with a common function of EDP, meaning that EDP is a
universal parameter for predicting the pressure ratio of supersonic ejectors. The present methodology using EDP can be used to predict
the Mach number in the test section from the pressure ratio. The guidelines for improving the MWT’s ejector design have been
developed, particularly for future experiments under low temperature.

Finally, to evaluate the aerodynamic characteristic of airfoils in low Reynolds number and high subsonic flow, airfoil tests were
conducted in the MWT. Test models were a 5%-thick flat-plate and an NACA0012-34 airfoil. Aﬁommmnmt balance system and
Pressure-Sensitive Paint (PSP) technique have been developed for the MWT tests. Both the balance system and PSP technique have
proved to be an effective tool to measure lift and drag forces and pressure profiles on airfoil models in the MWT. Using PSP, pressure
distributions caused by laminar separation bubble were clearly visualized. For the flat plate, Reynolds number affects both the lift
slope and the drag characteristics of the flat plate, while Mach number effect does not have much effect on the aerodynamic
performance. PSP measurements show that the observed change in the aerodynamic characteristics is closely related to the behaviors
of leading-edge separation bubbles. The separation bubble behaves moderately and its length increases gradually with increasing
angle of attack. The separation bubble length is strongly dependent on Reynolds number at the zero angle of attack. It was found that
this phenomenon is caused by a change of the reattachment mode of the separated shear layer with Reynolds number. The separated
shear layer reattaches on the model surface in laminar state for Re < 6.1x10°. On the other hand, the reattachment occurs in turbulent
state for Re > 1.1x10*. For NACA0012-34 airfoil, both Reynolds and Mach number effects become more prominent compared with
the flat plate model. The lift curves are highly nonlinear and the drag polars show a complicated variation that is affected by the
behaviors of laminar separation bubbles in trans-critical conditions. The lift rapidly increases at the angle of attack where the separated

shear layer reattaches on the model surface. At the lowest Reynolds number of 4.1 x10°, the reattachment does not occur until a high
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angle of attack. A comparison of the results obtained at different Mach numbers has suggested that the compressibility has an effect of
stabilizing the shear layer and delaying separation and transition to turbulence. The specific heat ratio was also found to affect the
aerodynamic performance. This result is unexpected by the theory. In COcase, a stall occurs faster compared to the case in air. In
addition, at low Mach numbers, the drag in CO, becomes smaller than that for air. On the other hand, the difference of drag polar in air
and CO,is small in high subsonic flow. At this moment, PSP capable of measuring the pressure distribution on model surface in CO,
is not available. It is also suggested in the current work that unsteady phenomena such as vortex shedding occurs at large angels of

attack. In response to these, further development of PSP technique and unsteady measurements will be required.
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