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Results from flow and radiation simulations for the Hayabusa2 Sample Return Capsule along its best-estimated trajectory are presented. The simulated spectral irradiances are compared with those measured by instruments onboard two airborne imaging platforms.
I. Introduction
T
HE passage of an object at hypervelocity through a planet’s atmosphere makes the gas around it luminous due to the high temperature of the gas that is heated by the shock layer around the object. The luminosity of the object depends directly on its size and the magnitude of its velocity—the larger the object, the brighter it is, and the faster the object, the higher the temperature of the gases heated in shock layer. Passages of meteors are recorded by space-based assets of the US Government and the velocity and altitude at maximum brightness are reported (see e.g., https://cneos.jpl.nasa.gov). While these space-based observations are useful for modeling in meteor physics, the lack of precise information on the size and type of the meteor, its atmospheric entry velocity and entry flight path angle, all required to construct kinematic trajectories (at a minimum), render them not particularly useful in understanding and improving the design of atmospheric entry vehicles, which can be viewed as artificial meteors.
	The geometry and mass of atmospheric entry vehicles, and their atmospheric entry states, are known with certainty, which allows for the reconstruction of their flight trajectories in the atmosphere. Knowing the flight trajectories, models that best describe the thermochemical state of the shock layer around the vehicles and models for the response of the thermal protection materials to imposed aerothermal environments can used to estimate the luminosity of the shock-heated gases and the underlying thermal radiation from the vehicle surface. If, in addition, the luminosity of the vehicle can be measured either by ground-based instruments or by airborne ones, then the comparison of prediction and measurements can lead to: (a) improvements in modeling shock-layer physics, and/or (b) getting a better handle on the uncertainties in predictions.
These goals formed the basis for the pioneering and very successful airborne observation campaign [1,2] of the Stardust sample return capsule’s entry into Earth’s atmosphere on January 15, 2006. Using the best reconstruction of the flight trajectory [3], Liu et al. [4] developed an analysis framework to use the then available flow and radiation modeling and analysis tools —DPLR [5] and NEQAIR [6]— to predict the spectral radiance at various points along the flight trajectory and compare them to measurements made with various instruments onboard a DC-8 aircraft. While the comparisons replicated the general features and temporal trends of the observed spectral irradiance, discrepancies were attributed to: (a) the neglect of material thermal response in the simulations, and (b) poor knowledge of excitation rates for populating the electronic levels of atomic oxygen (O).
The demonstrated success of the airborne observation campaign for the Stardust SRC (sample return capsule) led to another for the Hayabusa SRC which entered Earth’s atmosphere on June 13, 2010. As with the Stardust campaign, the best-estimated trajectory was constructed [7,8] and computational tools—updated versions of DPLR [9] and NEQAIR [6]—were employed by Winter et al. [10] to compute the spectral radiance from the shock layer. While the methodology employed was the same as that developed for Stardust, in this round of analysis the materials thermal response solver FIAT [11] was used to determine the surface temperature distribution; the surface temperature distribution computed in DPLR is based on the assumption that there is no heat conduction into the thermal protection material and is higher than observation as a consequence. Furthermore, Winter et al. employed Modtran [12] to attenuate the spectral irradiance from the SRC to the observing aircraft (DC-8) to account for the intervening atmosphere. The level of agreement between flight and observation was improved compared to Stardust, but there were still some lingering modeling issues.  The lessons learned from the two airborne observation campaigns have been documented in the work of Winter [13].
The objective of the proposed paper is to compute the spectral irradiance from the Hayabusa2 SRC, which entered Earth’s atmosphere on Dec. 5, 2020. using the methodologies developed for the Stardust and Hayabusa airborne observation campaigns, and compare them against observations made with instruments on two airborne platforms— NASA 520 and NASA 992, both Gulfstream III aircraft. Recognizing that there are primarily two sources of radiance —the shock-heated plasma around the capsule and the capsule surface itself—the proposed paper will report results from the following lines of inquiry:
1. Impact of atmospheric composition: Typically one would assume Earth’s atmospheric composition to be primarily N2 and O2 (79%:21%, by volume). However, the trace amounts of Ar and CO2 in the atmosphere could also play roles in interpreting the measurements, which do show radiance from the CN violet band system. One would attribute the CN signature to ablation from the carbonaceous heatshield material. Establishing the impact of atmospheric CO2 could perhaps resolve some of the uncertainty in the comparisons of simulations and measurements. NASA’s PAET (Planetary Atmosphere Experiments Test) mission [14, 15] will be revisited with the existing thermochemical models to provide additional verification.
2. Impact of material thermal response: In the analysis of the first Hayabusa mission, material thermal response was considered only from the viewpoint of surface temperature. Inclusion of ablation products in the simulations could help explain the CN violet features, even if there are no distinct atomic carbon signatures in the spectrum.
3. Impact of ionization continuum: The shock layer around the capsule is expected to be significantly ionized for hyperbolic entry velocities. The contribution of the ionization continuum and its magnitude relative to the “black-body”-like continuum from the heated capsule surface will be explored. The initial source of free electrons in the shock layer is the associative ionization reaction—N + O  NO+ + e–— followed by charge exchange reactions. These reactions and their rates need closer examination.
4. Role of impurities: In the Stardust and Hayabusa observation campaigns, observed spectra showed signatures of alkali metals, notably Na. This signature is attributed to impurities/inclusions in the thermal protection material and to the manufacturing processes employed. This particular problem has been studied by Zhong and Levin [16] and worth revisiting in terms of the Hayabusa2 capsule. Strong emission from ablation products (including impurities) implies a hot boundary layer that occupies a substantial portion of the shock layer, which is possible for small size capsules such as Hayabusa. 

We note in passing that flow and radiation computations for the Hayabusa2 capsule were used for an early nominal trajectory and the focus of those simulations was to establish the dependence of spectral irradiance on view angle— the angle between the sight vector and the capsule velocity vector, anticlockwise if V is right-to-left. 

II. Methodology
The methodology is conceptualized in Fig. 1 and is essentially the same as the one adopted for Hayabusa2 simulations. Briefly, the source of radiation, i.e., the heated capsule surrounded by shock-heated gases, radiates into the field of view of the instrument onboard the airborne platform. This spectral radiance upon attenuation by the intervening atmosphere is measured as spectral irradiance on the instrument, i.e., the solid angle (of the field of view) is integrated out.
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	(a) Observation a/c and SRC
	(b) Radiance and irradiance

	Figure 1. (a) Schematic overview of the imaging process—exaggerated scale. Emissions from the shock-heated gases and surface re-radiation within the field of view contribute to the radiance observed from the aircraft. (b) Radiance (units of W.cm-2.µm-1.sr-1) from the object is captured on the imaging plane (surface of a sphere whose radius is the slant length of the sight vector) and the view angle is the angle the sight vector makes with the velocity vector of the spacecraft.  




	The radiance (units of W.cm-2.µm-1.sr-1) over the imaging plane is homogenized to a point source, which is what the spacecraft appears to the observing aircraft. The homogenized radiance is attenuated by absorbance of the atmosphere between source and instrument. The instrument measures irradiance (units of W.cm-2.µm-1). The imaging plane is discretized by a large number of lines of sight with some lines of sight that intersect the capsule surface terminating at the intersection point.
	The various steps of the methodology are briefly described in what follows.

A. Step 1: Trajectory
The best-estimated trajectory (BET) for Hayabusa2 was provided by Yamada and Yoshihara [2]. The altitude-velocity maps of Hayabusa2 and Stardust are shown in Fig. 2a. The thick black lines overlaid on each trajectory represent the observation period, and the closed symbols on the Hayabusa2 trajectory are points selected for flow and radiation computations. It is assumed that the view angle and slant range at each of the discrete locations are available.
The two flight trajectories are compared in Fig. 2b with altitude (of peak brightness) vs. velocity (estimated) of fireballs that have been observed by space-based assets. For simplicity, only data up to 14 km/s for fireballs are shown. Lines of constant stagnation pressure (proportional to  where  is the ambient density and  is the velocity) are also shown. The various regions of the atmosphere are shown along with the ozone and metal vapor layers. Interestingly, most fireball data are from the stratosphere while the Stardust and Hayabusa2 trajectories achieve peak brightness in the mesosphere of the atmosphere. Furthermore, the observing aircraft operate below the ozone layer, which means the VUV (vacuum ultraviolet) portion of the spectrum is inaccessible. The VUV portion is the energetic portion and relevant to hyperbolic entry velocities (entry velocity > 11.5 km/s). To access this region, the observing platform has to be either in the stratosphere or space based.
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	(a) Hayabusa2 & Stardust trajectories
	(b) Flight trajectories & fireball data

	Figure 2. (a) Altitude-velocity plots of the best-estimate trajectories of Haybusa2 and Stardust. The closed symbols on the Hayabusa2 BET represent points at which flow computations have been performed. The thick black lines overlaid on each BET is the approximate observation period for each imaging campaign. The small light line overlaid on the observation period is the approximate altitude-velocity interval at which radiative heating at the stagnation point peaks; (b) Comparison of flight trajectories with fireball data (from https://cneos.jpl.nasa.gov). Fireball data have been limited to 14 km/s in plot shown; there are observational data up to 30 km/s. The altitude for fireballs is the altitude of peak brightness, which need not correspond to radiative heating to the stagnation point and could be due to fragmentation also.



B. Step 2: CFD
Detailed flow computations are performed at points selected in Fig. 2a. Since the flight of Hayabusa2 is ballistic (i.e, a = 0°, ignoring small oscillations about this value), axisymmetric computations are sufficient. These computations are performed using v4.04 of the flow solver DPLR. An 11-sp (N2, O2, NO, N2+, O2+, NO+, N, O, N+, O+, and e–) air model is employed with the 2-temperature model and chemical mechanism/kinetics due to Park [18]. The surface (emissivity = 0.85) is assumed to be in radiative equilibrium and one that allows recombination of atomic species to reach completion and quenches cations of the atoms. Since the flow solver does not consider conduction of heat through the thickness of material, the surface temperatures resulting from the re-radiation boundary condition will be higher than observed. Thus, use of a materials thermal response solver such as FIAT [11] is indicated. Inclusion of ablation products in the flow computations may be necessary as well. In the present abstract, sample results are presented without accounting for material response. The axisymmetric flow solutions are converted into equivalent 3D solutions using the REVOLVE_GRID utility [19].
In addition to the standard 11-species air model, computations were also performed with a 30-species model which includes CO2 and Ar as atmospheric constituents and species related to material ablation. At the time of writing this abstract, computations (without ablation) had been completed for Hayabusa2 with this model, but the results when tested against results from calculations for the PAET probe turned out to be much higher than with the 11-species model. The reasons for this could be in the rates of some of the reactions, and investigations continue.

C. Step 3: Radiance
As shown in Fig. 2b, the radiance from flowfield is captured on an imaging plane (a small rectangular patch on a sphere whose radius is the slant distance between the observing aircraft and the SRC). The rectangular imaging plane is divided into small area elements, and lines of sight perpendicular to the imaging plane are constructed through each vertex of the rectangular elements. The plane is large enough to accommodate the entire 3D volume solution from flow computations. The lines of sight that intersect the body are terminated at the point of intersection, other lines of sight terminate at the outer boundary of flow volume grid, and the lines that miss the flow field are suppressed. The outer flow boundary is at ambient conditions. The initial value of radiance is either 0 at an ambient condition termination point, or  (black-body function evaluated at ) at a surface termination point. Radiance transport from the initial point to the imaging plane is computed using v15 of NEQAIR [20] for each line of sight. The number of lines of sight (the discretization of the imaging plane) is based on grid resolution studies and prior experience with the Stardust and Hayabusa2 computations. The computed radiance on the imaging plane is converted to an irradiance by , where  is the slant length/range and  is the area element.
Radiance computations are performed over a wavelength range of 300-1000 nm with very high resolution (even if expensive) of lines and bands of the relevant species, and associated continua (bound-free or free-free).

D. Step 4: Transmission
The irradiance computed in Step 3 does not account for attenuation in the intervening atmosphere between the spacecraft and the observing aircraft. Atmospheric absorbance is computed using MODTRAN. 

E. Step 5: Scan
The final step is to convolve the high-resolution spectral irradiance with the instrument slit function. It is assumed that the slit function is Gaussian. The full-widths at half maximum (FHWM) are provided by the various instrument PIs.
III. Sample Results
Sample results from some of the steps of the methodology outlined earlier are presented here. Although these are representative results, detailed comparisons will be provided in the final paper once radiation computations have been completed for points along the BET with the correct view angles. For the present, results from the t = 75 s point along the BET are presented.
Pitch plane contours of translational temperature and mole fractions of N2, N, O (the primary radiators) are shown in Fig. 3. Also shown in the figure are temperature profiles along the forward and aft stagnation lines. At t = 75 s, the thermal nonequilibrium region along the forward stagnation line is quite small relative to the shock standoff distance and a greater degree of thermal nonequilibrium exists in the wake. Depending on the view angle, nonequilibrium effects in the wake could influence the spectral radiance incident upon the imaging plane. The sensitivity of spectral radiance to view angle was established in pre-flight simulations and is not elaborated upon here. Needless to say, if the view angle is 0°, i.e., the SRC is viewed head on, the radiance gathered would be the maximum because it is entirely due to the hot gas cap.
The conversion of the axisymmetric solution to a 3D flow field is shown in Fig. 4 as iso-surfaces of 3 temperatures – 2,000 K, 5,000 K, and 10,000 K. Also shown are the imaging plane with conceptual lines of sight along which spectral radiance is computed using NEQAIR as the radiation transport code. The lines of sight have the imaging plane and the outer boundary of the computational volume mesh as termination points if they do not intersect the body. If they do, the surface intersection point is the termination point.
The surface distributions of pressure and temperature are shown in Fig. 5. At t = 75 s along the BET, the stagnation point pressure is ≈57 kPa (0.57 bar) and the temperature is ≈3,800 K. The high value of temperature is a consequence of the boundary condition employed in flow computations— heat loss through the material thickness is not considered. Therefore, if a large portion of the body contributes to spectral radius, the resulting irradiance will have a higher black-body pedestal. Material response must be included in the analysis. The final version of the paper will include material thermal response, both in terms of surface temperature as well as ablation products which could impact the computed radiance.
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	Figure 3. Pitch plane distributions of temperature (translational) and mole fractions of primary radiators at t = 75 s along the BET. Also shown are the translational and vibrational temperature profiles along the forward and aft flow stagnation lines. The imaging plane is large enough to accommodate the entire volume grid around the capsule.
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	Figure 4. Iso-surfaces of temperature (2000, 5000 and 10000 K) around the vehicle. The angle between the sight vector (anchored to the observing aircraft) and the velocity vector (anchored to the SRC) is the view angle. The radiance from the radiating volume is gathered on the imaging plane. The imaging plane is constructed to be large enough to cover the entire computational volume grid around the capsule.
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	Figure 5. Surface distributions of pressure and temperature at t = 75 s along the BET. The surface temperatures are computed in the flow solver assuming that the convective and diffusive heat flux imposed on the surface are re-radiated to a 0 K sink with the surface emissivity set to 0.85. The boundary condition does not consider heat loss through conduction into the thickness of the material.



Irradiance traces at t = 72.5 s, 75 s, and 80 s from the CALSPEC instrument [21] are shown in Fig. 6a. In the wavelength range of 600–900 nm, atomic lines are prominent as well as the telluric absorption bands of O2 at 686 nm and 760 nm. The results of simulations are compared directly against flight data in Fig. 6b, even though the simulated spectral irradiance has not been attenuated by atmospheric attenuation. A greater part of the disagreement is due to the fact that the surface temperatures are much higher than in reality. Inclusion of material thermal response will improve the comparison.
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	(a) Flight measurements from CALSPEC
	(b) Comparison with simulations at t = 75 s

	Figure 6. Surface distributions of pressure and temperature at t = 75 s along the BET. The surface temperatures are computed in the flow solver assuming that the convective and diffusive heat flux imposed on the surface are re-radiated to a 0 K sink with the surface emissivity set to 0.85. The boundary condition does not consider heat loss through conduction into the thickness of the material.



IV. Conclusions and Proposed Paper
The present abstract highlights the methodology for computing and comparing simulated spectral irradiance against measurements. The final paper will contain results from simulations over several trajectory points. The simulations will consider material thermal response and atmospheric attenuation for all the trajectory points. For the full set of trajectory points, the simulations will employ an 11-species air model with material thermal response confined to just the redefinition of surface temperatures. At a select set of trajectory points, the influence of trace species in Earth’s atmosphere will be considered, along with other chemistries (notably inclusion of ablation products) to assess their impact. The sensitivity of simulated irradiance to small variations in view angle will be established. 
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