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A new method for the identification of the peak temperature of the heat shield based on

remote spectral irradiance measurements is proposed and tested through analysis of results

from the Hayabusa sample return capsule. To identify the peak temperature of the heat shield,

a parameterised empirical model for the surface temperature distribution on the geometry is

developed, and is then used to simulate spectra for optimised fitting with a measured spectral

radiance. This new peak temperature identification method is shown to be insensitive to

the wavelengths resolved, the view of the geometry, and to measurement noise. The peak

temperature of the Hayabusa capsule geometry at the representative condition considered

(3330 K) was resolved to within 20 K for the three instruments investigated, while the effective

temperature varied by around 600 K depending on which instrument was used. The error in the

peak temperature model is also shown to be an order of magnitude less sensitive to measurement

noise than the effective temperature approach. The new peak temperature method facilitates

the direct comparison of results from instruments with different bandwidths and/or different

view angles of the capsule, which was previously not possible.

I. Nomenclature

𝐴𝑣 = visible area

𝐵 = spectral radiance

𝑐 = speed of light

ℎ = Planck constant

𝐼 = Intensity

𝐼noise = Intensity of noise

𝐼syn = Intensity signal generated from results of numerical studies

𝐼Teff = Intensity signal generated using an effective temperature
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𝐼T(s) = Intensity signal generated from the peak temperature model

𝑘𝐵 = Boltzmann constant

𝑞 = heat flux

𝑞0 = stagnation point heat flux

𝑞𝑟 = radiative heat flux

𝑅𝑏 = cone base radius

𝑟𝑐 = radius at start of cone frustum

𝑅𝑛 = spherical nose radius

𝑠 = wetted length

𝑠𝑐 = wetted length to cone frustum

𝑇 = temperature of surface

𝑇0 = temperature of surface at the stagnation point

𝑇𝑒 = temperature of the environment

𝑇eff = effective temperature of the geometry deduced through analysis

𝑇max = maximum temperature of the geometry specified a priori

𝑇peak = peak temperature of the geometry deduced through analysis

𝜖 = emissivity

𝜃 = angle around spherical nose

𝜃𝑐 = nose half-angle

𝜆 = wavelength

𝜎 = Stefan-Boltzmann constant

𝜏 = transmission

𝜙𝑐 = local body angle

II. Introduction

From the earliest days of flight testing, visual observation and photographic records have played a critical role in

the analysis of performance, verification of achievements, and documentation of failures. A photographic image

showing the Wright brothers’ first powered flight is preserved in a range of formats [1], demonstrating acquisition of

ground-based optical data at the outset of powered, heavier-than-air flight. With the commencement of hypersonic flight

testing, five ‘chase aircraft’ were commonly used during flights of the X-15 [2] and provided the X-15 pilots real-time

visual confirmation of control surface attitudes and landing gear status and alerting test pilots to other potentially

life-threatening problems such as fuel leaks. Photographic and video records from the Challenger and Columbia
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Space Shuttle accidents contributed compelling evidence to subsequent forensic investigations [3, 4]. More recently,

access-to-space missions by SpaceX and others companies have been thoroughly documented through surface-based

and airborne videography. Such documentation enables broad public engagement and, when failures occur, assessment

of the video records can also contribute to rapid system improvements.

Remote flight observation missions have been performed to assess turbulent heat transfer on the Space Shuttle

tiles through spatially-resolved thermal imaging on multiple occasions [5–7]. Remote observation missions have

also acquired spectral signatures during hypervelocity space capsule reentries including Genesis [8], Stardust [9],

Hayabusa [10, 11], and Hayabusa2 [12–14]. Spectral signatures from hypervelocity geometries and the surrounding gas

contain encoded information about high-temperature gas kinetics, thermal protection material response, and energy

dissipation rates and processes [12]. Meteorites are also of interest, but embedding additional sensors in the object is

not possible, so remote observation plays an important role in meteoritics and studies in the aerothermodynamics and

demise processes that are needed to model the hazards associated with the debris field [15, 16]. Mitigating hazards

and managing the environmental impact arising from the entry of space hardware is also important and further data

are needed to improve the modelling of destructive reentry, so remote observation of such events is also an active

area [9, 17, 18].

During scientific airborne observations, the high speed objects are generally so distant that is frequently impractical

to use large enough magnification to directly provide spatial resolution; the objects appear as point sources on the

imaging sensor [8–10, 12, 19]. When emissions from the shock layer are present, they appear on the imaging sensors as

superimposed on emissions from the capsule surface. However, if the radiation signature is acquired with sufficient

spectral detail, prior analyses have demonstrated that it is possible to distinguish gas-phase and capsule surface

effects through the use of radiation models for the gas species and the capsule surface. By fitting multi-parameter

zero-dimensional models to the experimental data, prior work has identified effective temperatures for the gas species

and the capsule surface [20–22].

While effective temperatures can be deduced by fitting the spectral data acquired from capsules with zero-dimensional

radiation models, alternative approaches have also been demonstrated using multi-dimensional computational simulation

methods including radiation models with the viewable emissions summed over the computational domain for direct

comparison to the experimental data. Effective temperatures can then be determined using virtual spectrometers or,

since the distance, atmosphere and geometry are defined, a Planck curve can be fitted to the radiance at one or more

wavelengths to determine the apparent temperature of the capsule. Using a multi-dimensional computational approach

further enables the comparison of the high-order model with the measured data to investigate material response and

thermochemistry in the shock-heated gas surrounding the capsule, provided that the real trajectory and view angles of

the capsule can be accurately determined, and the heat shield material properties can be reasonably estimated [19, 23].

The remote spectral measurement of hypervelocity events is important to the understanding of such events and the
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design of tools to better model hypervelocity flight and associated phenomena. To date, no spatially resolved data from

remote spectral observations of super-orbital reentry events has been acquired because the necessary magnification

has not been practical. High-order numerical methods have been used to generate spectral irradiance results from

spatially resolved surface temperature and radiating gas fields, however these simulations currently produce results that

differ from the experimental data markedly and are reliant on knowledge of the often proprietary heat shield material

properties and object trajectory [19].

Sample return capsules are of sphere-cone (or similar) geometry, and this shape is also representative of the nose

geometry of sustained hypersonic flight vehicles. The largest amount of publicly available experimental data and

numerical results in the form of spectral signatures exists for the Hayabusa sample return capsule reentry [10, 23]

and therefore forms the example case for this work. In this present work, a method for resolving surface temperature

distributions on hypersonic sphere-cone geometries from remote spectral measurements is developed. This method

overcomes the wavelength dependence of the effective temperature method and does not require detailed knowledge of

the heat shield material properties.

III. Remote Spectral Imaging of Hypervelocity Events
The typically large distances required for the remote scientific observation of high speed objects, combined with the

limited practical magnifications of the instruments used, results in the object of interest appearing as a point source

on the imaging sensor. Therefore the raw image data lacks spatial resolution– for a measured spectral irradiance of

an object travelling at hypersonic speeds, the gas radiation from the shock layer is superimposed on emissions from

the capsule surface. The significance of the near-wake contributions to the spectral irradiance from the capsule are

generally considered negligible when the angle between the sight vector and velocity vector of the capsule less is than

the half-angle of the body [19, 20, 23]. The irradiance is attenuated by an intervening atmosphere between the capsule

and the measurement location. When the capsule trajectory is defined, these atmospheric effects can be modelled and

therefore compensated for in later data analysis.

The spectral emission of the hypervelocity body and the high-temperature gas surrounding it contains information

about high-temperature gas kinetics, the response and performance of thermal protection systems, and energy dissipation

rates and processes. Typical scientific objectives for remote observations of reentry events include: (1) the identification

of thermal protection system properties via an effective temperature measurement; (2) radiance measurements of atomic

and molecular line emission from the shock-heated air in the stagnation region; (3) assessment of rates of molecular

recombination and species relaxation in the wake region; and (4) the detection and characterisation of ablation species.

To achieve these objectives, a diverse range of spectral instruments can be deployed from ground-based and airborne

observation platforms. The diversity of spectral instrumentation deployed for the airborne observation of the Hayabusa

and Hayabusa2 reentries is illustrated using Figure 1 which shows the bandpass and spectral resolution of a selection of
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instruments.

It must be noted that the bandpasses shown in Figure 1 are used to show the extent of the wavelengths for which

useful data may be collected, however the actual bandpass width for any one frame may be practically limited by the

sensor size and position of the capsule in the spectrometer field of view. Much of this instrumentation diversity can be

attributed to the need to resolve atomic and molecular line emissions and characterise ablation species. Where line

emissions and narrowband absorptions are present, these wavelengths can be masked from curve fitting routines to

determine the effective capsule temperature [14]. Regardless of the instrument bandpass and spatial resolution, every

instrument will record information that enables an effective temperature of the capsule to be determined if the instrument

is well calibrated, inclusive of the effects of aircraft windows, and a reliable model for atmospheric absorption can be

defined.
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Fig. 1 Spectrometer dispersion and resolution for selected instruments used in the remote observation of the
Hayabusa and Hayabusa2 capsule reentries.

The effective temperature of a reentry capsule is a somewhat limited metric— it is a function of the surface

temperature distribution on the capsule, the geometry of the capsule, and of the angles at which the geometry has

been imaged. If the instrument does not have an absolute calibration, or there are uncertainties therein, then the

effective temperature is also a function of the wavelengths that have been resolved. The limitations of the effective

temperature approach are demonstrated in Figure 2 using published results from ground and airborne observations

of the Hayabusa reentry. Note that all data presented in Figure 2 were published with no, or incomplete, corrections

for atmospheric extinction. Analysis of results from the ground-based CID instrument from 20 s onwards resulted in

significant deviations from to the airborne results and other ground-based instrument shown (S2000). The effective
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temperature identified from the S2000 instrument results agreed comparatively well with the results from the airborne

instruments. The magnitude of the effective capsule temperature varies by several hundreds of degrees at all times,

even when the outlying temperatures are neglected. Around peak heating, which occurred between 20 s and 25 s on the

illustrated time scale, the variability of effective temperature of the capsule was around ±250 K when the CID data is

excluded. The time rate-of-change of effective temperature is in good agreement for the AUS and CCO instruments,

but this time rate-of-change agreement does not extend to the JASMIN-1 instrument [24]. Some of the discrepancy

in the apparent temperature results could be attributed to the quality of the experimental data, especially for the CID

dataset. However, for the other results shown in Figure 2 it is likely that the different view angles and the resolved

wavelengths have contributed to the variation of effective temperature identified from each instrument, a dependency

which is demonstrated in Section VII.A.
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Fig. 2 Effective temperature (atmospheric extinction effects not considered) of the Hayabusa capsule during
reentry as measured using instruments of varying bandpasses from airborne (shown with × symbols) and
ground-based platforms (shown with • symbols).

The dominant uses for effective temperature measurements are the qualitative comparison of data obtained from

different instruments and for comparison with simulated spectral radiance and spectral irradiance for model validation.

To produce high fidelity simulated spectral intensity signals which contain the radiation from the capsule surface,

knowledge of the surface temperature distribution on the heat shield surface is critical. However, many heat shield

materials are proprietary so modellers must assume materials and material properties [19]. If the state of the boundary

layer on the heat shield can be assumed, the self-similar normalised surface distribution on bodies in the hypersonic

regime can be leveraged. Once the stagnation point temperature is determined, the temperature distribution over the

heat shield surface is defined [19]. The method developed in this paper leverages the same self-similar temperature
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distribution assumption as in [19] to identify surface temperature distributions on heat shield surfaces.

By identifying the temperature of the heat shield at the stagnation point remote spectral measurements can be

compared with onboard data, provided that the onboard instrumentation suitably located for this comparison or suitable

thermal models can be developed. In the case of Hayabusa2, nine thermocouples were present but only one was located

in the heat shield [24].

IV. Surface Temperature of Sphere-Cone Geometries

A. Arrangement and Assumptions

The objective is to develop a model for the thermal emission signature of a generic object during hypersonic flight,

and the geometry of the flight object being considered is illustrated in Figure 3. The end requirement of the procedure

is a parameterised description of the surface temperature on a known geometry. This n-dimensional description can

then be used as the basis function to identify the surface temperature distribution on the geometry from a measured

radiance signal via a fitting optimisation routine. In the present model development work, we use empirical correlations

to establish a parameterised surface temperature distribution function. Higher-order models such as the results from

CFD could be used to develop this function, however as an independent source of higher-fidelity synthetic data for

assessment could not be identified, the empirical form was used.

Development proceeds by introducing a model for the heat flux around the surface, from which local surface

temperature and local spectral radiance can be estimated. The model thermal signature for the object is then obtained

through integration across the viewable surface. The heat flux and other distributions around the sphere-cone are

assumed axisymmetric, thus the assumed capsule angle of attack is 0°. A specific example is then considered: the

Hayabusa capsule (defined in Table 1) is representative of blunt Earth-entry bodies and has been selected for the analysis

in the present work due to the extent of publicly available experimental data and results from high-order simulations.

Fig. 3 Illustration of the generic sphere-cone arrangement.
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Table 1 Geometry of the specific sphere-cone geometry presented herein.

Parameter Hayabusa
Nose radius, 𝑅𝑛 200 mm
Base radius, 𝑅𝑏 200 mm
Cone half angle, 𝜙𝑐 45°
Nose half angle, 𝜃𝑐 90◦ − 𝜙𝑐

Radius of cone frustum, 𝑟𝑐 𝑅𝑛 · sin (𝜃𝑐)
Angle from nose, 𝜃𝑖 0◦ ≤ 𝜃𝑖 ≤ 𝜃𝑐

Wetted distance from nose, 𝑠 0 ≤ 𝑠 ≤ 𝑠𝑐 + 𝑅𝑏−𝑅𝑛 ·cos 𝜙𝑐

sin 𝜙𝑐

Wetted length to cone frustum, 𝑠𝑐 𝑅𝑛 · 𝜃𝑐

B. Parameterised Model Development

The local surface temperature of a geometry can be related to the heat flux around the geometry as a grey body such

that that radiative emission is given by

𝑞𝑟 = 𝜖𝜎

(
𝑇4 − 𝑇4

𝑒

)
where 𝜖 is the surface emissivity, 𝜎 is the Stefan-Boltzmann constant, and 𝑇 is the local surface temperature and 𝑇𝑒 is

the environment temperature. For simplicity we treat the emissivity as a constant, and we expect that 𝑇 >> 𝑇𝑒. Invoking

the equilibrium assumption in which the heat flux from the flow to the surface 𝑞 is equal to the radiative heat loss from

the surface, 𝑞𝑟 = 𝑞, we have an expression for the relative variation of surface temperature

𝑇

𝑇0
≈
(
𝑞

𝑞0

) 1
4

. (1)

where subscript 0 denotes stagnation point properties. There are numerous empirical forms to describe the heat flux

around the spherical nose 𝑞 relative to the stagnation point value 𝑞0. In this work we take an empirical correlation of the

form presented in [26]

𝑞

𝑞0
= 1 + 𝐴𝜃2 + 𝐵𝜃4 (2)

where 𝐴 and 𝐵 are constants that depend on the flight Mach number, and for compressible flow conditions, 𝐴 = −0.73,

𝐵 = 0.16 are reasonable approximations over the range 0 ≤ 𝜃 ≤ 86.54◦ based on data produced in a shock tube from

Mach 7.6 to Mach 13.5 [27].

Along the conical frustum for wetted length 𝑠 ≥ 𝑅𝑛𝜃𝑐, the heat flux is expected to decrease with increasing 𝑠 unless
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laminar-to-turbulent transition is a significant feature. For 𝑠 ≥ 𝑅𝑛𝜃𝑐, and provided 𝜃𝑐 ≤ 86.54◦, we use the model

𝑞

𝑞0
=

(
1 + 𝐴𝜃2

𝑐 + 𝐵𝜃4
𝑐

) (𝑅𝑛𝜃𝑐

𝑠

)𝑁
(3)

In the case of a laminar boundary layer, we expect that 𝑁 = 0.5.

The equilibrium approximation will not correctly relate the heat flux and temperature distributions during rapid

changes of vehicle attitude or speed; nor will it be applicable when surface ablation effects are non-negligible. However,

the value of the approximation to the present work lies in the capacity to characterise the relative temperature variation.

The accuracy of Equation (1) is investigated using the spatially resolved heat flux and surface temperature results for

the high-order simulation of the Hayabusa sample return capsule at 10.4 km s=1 (13:52:20 UTC) [28]. The maximum

relative error resulting from Equation (1) on the spherical section of the Hayabusa forebody is Δ = 0.022, and Δ = 0.032

at the rear of the conical section, based on the simulations in [28].

Proceeding on the basis that Equation (1) is a useful approximation at all conditions of interest, Equation (1) can be

combined with Equations (2) and (3) to show that

𝑇 (𝑠)
𝑇0

=

[(
1 + A · 𝜃2

𝑐 + B · 𝜃4
𝑐

)] 1
4
, for {0 ≤ 𝑠 ≤ 𝑅𝑛 · 𝜃𝑐} (4)

𝑇 (𝑠)
𝑇0

=

[(
1 + A · 𝜃2

𝑐 + B · 𝜃4
𝑐

) (𝑅𝑛 · 𝜃𝑐
𝑠

)𝑁 ] 1
4

, for {𝑅𝑛 · 𝜃𝑐 ≤ 𝑠 ≤ 𝑠𝑐 +
𝑅𝑏 − 𝑅𝑛 · cos 𝜙𝑐

sin 𝜙𝑐

} (5)

which forms the basis of the surface temperature curve fitting process presented in Section VI.

The suitability of the empirical model for normalised surface temperature distribution across a broader range of

conditions is demonstrated using Figure 4 through a comparison to surface temperature distributions on the forebody

of the Hayabusa sample return capsule as simulated in [23]. Strong agreement is found on the spherical nose of the

capsule with a typical relative error of Δ = 0.0128, with agreement found on the conical frustum to within Δ = 0.0344.

This agreement demonstrates that the surface temperature distribution on a sphere cone can be reasonably defined by

its peak value, provided that the parameters A, B and N from Equations (4) and (5) are suitably defined. For all of

the present work, 𝐴 = −0.73, 𝐵 = 0.16, and 𝑁 = 0.5. Agreement with numerically-determined surface temperature

distributions may be improved through parameter tuning or further empirical model development in future studies– the

focus of the present work is method development and demonstration using published results from a high-order model.

Such empirical models could include effects such as turbulent heating, if relevant to the geometry of interest.

The empirical model developed herein makes no attempt to model the hot shoulder of the capsule, which begins

at 𝑠 ≈ 210 mm in Figure 4. The hot shoulder is not prominent in the work of [23] which justifies neglecting the hot

shoulder in empirical model development. Through simulation of the Hayabusa2 emission spectral signature, the hot
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Fig. 4 Comparison of the normalised surface temperature distribution on the Hayabusa heat shield as calculated
by [23] including material response and the empirical model presented in Section IV.B.

shoulder was found to increase the amplitude of irradiance with view angles (see Figure 5) from 0° to 5° as a greater

proportion of this annular region comes into view, followed by a subsequent decrease after 5° [19]. However, the effect

on neither the shape of the radiance curve nor the effective temperature was described. Additionally, the empirical

model developed and presented herein makes no attempt to model the aft section (past maximum diameter) of a capsule

geometry as the radiance is likely to be relatively small [19].

The wake will be of low significance to the signal for small view angles, but will increase in significance with

increasing view angle as the visible volume of the wake increases. In the work of [23], the wake was found to not

significantly contribute to the radiance and was therefore largely excluded from the radiation analysis (view angles

from 17° to 56°) such that computational resources could be allocated to the shock layer volume. Unless the wake is

significantly populated with ablated particles, the wake radiance is from low density and comparatively low temperature

gas emissions which will appear in discrete bands and, like the shock layer, masked from the analysis of experimental

data. Therefore the contribution of the wake to the radiance signal is also neglected in the present work.

V. Synthetic Spectral Intensity for Hypervelocity Vehicles
To investigate the performance of a method for the analysis of measured spectral irradiance, well defined test cases

are required. Because of the limited real data available and the uncertainties associated with this data, synthetic spectral

radiance and spectral irradiance are required. These synthetic signals allow the idealisation of spectral radiance and the

selectable inclusion or exclusion of complexities such as: (1) atmospheric effects between the source and observer; (2)

oblique viewing angles; (3) noise on the measured signals; (4) emissivity variations; and (5) shock layer and near-body
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wake radiation. The effects of (1), (2), and (3) are treated, but (4) and (5) are considered beyond the scope of the present

work.

The inclusion of wavelength and/or spatially varying emissivity (i.e material changes) could be readily considered

with a priori knowledge of these properties. The contributions from the shock layer are known to be line emissions

from the shock-heated gases, which can be readily identified and masked from studies of the surface temperature and

therefore can be excluded from the spectra generation process in this context. The near-body-wake contributions are

generally considered negligible when the angle between the sight vector and velocity vector of the capsule is less than

the half-angle of the body [19, 20, 23], so minimal errors should be present in the synthetic spectra for view angles less

than 23° for the Hayabusa sample return capsule.

The spectral radiance (𝐵) of a black body at temperature 𝑇 is given by

𝐵 (𝜆, 𝑇) = 2 ℎ 𝑐2

𝜆5
1

exp
(

ℎ 𝑐
𝜆 𝑘𝐵 𝑇

)
− 1

(6)

where 𝜆 is wavelength, ℎ is the Planck constant, 𝑐 is the speed of light and 𝑘𝐵 is the Boltzmann constant. For bodies

with a temperature that varies across the surface 𝑇 (𝑠) but with emissivity that is dependent only on wavelength 𝜖 (𝜆) and

a Lambertian surface, the spectral intensity of the body can be written

𝐼 (𝜆, 𝑇 (𝑠)) = 𝜖 (𝜆) 2 ℎ 𝑐2

𝜆5

∫
1

exp
(

ℎ 𝑐
𝜆 𝑘𝐵 𝑇 (𝑠) − 1

) d𝐴𝑣 (7)

where 𝐴𝑣 is the surface area that is visible when projected onto the imaging plane for a given view orientation.

The contribution of the surface temperature aft of the maximum body radius of a capsule geometry is likely to be

extremely small [19] and is therefore neglected herein, with the geometry therefore simplified to be only the geometry

forward of the maximum body radius. Atmospheric effects can be included by simple multiplication of the transmission

model with Equation (7).

By mapping the empirical surface temperature distribution to the simplified body representation, the view plane

can be arbitrarily defined about the geometry to produce spectral signatures of the capsule surface radiation for any

view angle. This imaging plane projection process follows the method of [19, 23] but excludes the radiating gases

surrounding the capsule. In the work of [19, 23], the flowfield and material response is coupled to determine the surface

temperature of the model. This approach is effective in the simulation of spectra, however, is computationally intensive

which precludes this approach being applied to the direct analysis of experimental data. Substitution of the coupled CFD

for a parameterised surface temperature model allows the analysis of experimentally acquired spectra while remaining

computationally inexpensive. In this work the parameterised non-dimensional surface temperature distribution is

described by the wetted length, 𝑠. The wetted length for the surface elements of a sphere-cone geometry can be readily
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calculated, however this is not the case for all geometries of interest. Therefore, the 3-dimensional sphere-cone geometry

considered in this work was imported as a standard triangle language file (*.stl) in preparation for the analysis of

more complex geometries where 𝑠 and the surface normal angles require significant analysis of the geometry. It is

important to note that the *.stl file acts simply as a carriage for the geometry to the analysis script and therefore

can be simply replaced by another convenient means for importing the geometry for surface temperature mapping if

required. Although only sphere cones are being treated in the present work, the method can theoretically be applied to

any geometry for which a empirical normalised surface temperature model can be developed. Geometries can include

complex features which obscure the view of the dominant radiating surface such as on a hypersonic flight test vehicle.

VI. Methodology
The development and testing of the peak temperature identification method proceeds by producing synthetic spectral

radiance signals using the method described in Section V for the Hayabusa sample return capsule. The synthetic spectral

signatures were analysed using three virtual spectrometers that imitate the AUS [11], Hyper-IR [14] and SWIRSPEC [12]

instruments which have been used to image the Hayabusa and Hayabusa2 reentries (see Figure 1). The full width of

the sensor for each virtual instrument was assumed to capture a useful spectral intensity signal, representing the best

possible case for a reentry observation. Since the quoted spectral bandwidth of the Hyper-IR instrument exceeds what

can be resolved on the physical sensor for a single frame, the virtual Hyper-IR instrument was reduced to 600 nm to

968 nm with the 0.187 nm spectral resolution preserved. The entire resolvable spectral signature can be imaged in one

frame for the AUS instrument so the virtual instrument matches the physical AUS instrument. The sensor matrix for the

SWIRSPEC instrument was not identified so, for the purposes of a comparative analysis, the full reported spectral width

for the SWIRSPEC instrument was used.

The limitations of effective temperature was established in Section III in the context of the remote observation

of the Hayabusa sample return capsule. The primary task is to apply the peak temperature method to the analysis of

synthetic spectral signatures (𝐼syn) generated using the surface temperature distribution on the Hayabusa capsule surface

from [23]. This process tests the ability of the peak temperature model based on empirical relations (Equations (4)

and (5)) to accurately identify peak temperatures from spectral signatures created using an independent temperature

profile. The 51 km dataset (see Figure 4) was selected as representative of a high surface temperature condition where

𝑇max = 3330 K. Results for two synthesised cases are presented:

(a) an idealised theoretical case with no intervening atmosphere or noise (Section VII.A); and

(b) signals containing random noise and atmospheric effects (Section VII.B).

For all cases the slant and tilt angle ranges (see Figure 5) were 0° to 90° respectively, which is a sweep of all view

angles from a ‘front-on’ view to a ‘side-on’ view perpendicular to the velocity vector of the vehicle. For practical

measurements, wake signal effects are minimised at small view angles and the back-shell of a sphere-cone is not visible
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until the view angle exceeds the cone half angle. Therefore, although a high-temperature radiating shock layer is present,

the region of greatest certainty in the present analysis is for view angles less than the cone half-angle. Analyses at

larger view angles are presented to demonstrate the potential of the proposed peak temperature method, however further

studies using well-defined spectral signatures inclusive of the entire radiating volume on and around the geometry are

required, especially for large view angles.

Fig. 5 Definition of tilt and slant angle.

To demonstrate the signal intensity curve fitting and resulting identification of the capsule surface temperature for

the existing effective temperature model and for the new peak temperature model, a noise-free intensity signal (𝐼syn) was

generated. This idealised noise free signal used a published surface temperature distribution for the Hayabusa capsule

(the 51 km dataset from [23]) to define the surface temperature distribution– a process which is detailed in Section VII.A.

Two curve fits were completed for every 𝐼syn: (1) 𝐼𝑇eff an effective temperature curve fit using Equation (7) where

𝑇 (𝑠) is a constant; and (2) 𝐼𝑇 (𝑠) , described herein as the peak temperature method, which uses Equation (7) where

𝑇 (𝑠) is described by Equations (4) and (5). The objective of the curve fitting process is to minimise the quantities∑
all 𝜆

(
𝐼𝑇eff − 𝐼syn

)2 and
∑

all 𝜆
(
𝐼𝑇 (𝑠) − 𝐼syn

)2 for the effective temperature (𝑇eff) and peak temperature (𝑇peak) models

respectively.

The normalised signal intensity for the front-on view (0° tilt and slant angles) is presented in Figure 6a, along with the

error of the curve fitting for the effective temperature and peak temperature models. Relative to the effective temperature

method, the error of the signal intensity fitting step is significantly reduced by new peak temperature identification

method for each instrument tested. The identified surface temperatures from the cases in Figure 6a are presented

in Figure 6b and compared to the surface temperature distribution used to generate the intensity signal. Figure 6b shows

13



that: (1) the empirical method is a suitable approximation for the surface temperature data from [23]; and (2) that the

sensitivity of the effective temperature approach to the wavelengths which are resolved can be largely overcome using

the peak temperature method. The wavelength dependence for each model is further explored in Section VII. The

maximum surface temperature of the capsule was well resolved by the peak temperature model, with the resolution

along the wetted length primarily limited by the empirical models (Equations (4) and (5)).
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Fig. 6 Signal intensity and the identified capsule surface temperature for a front-on view of the Hayabusa
capsule at 51.0 km altitude. The surface temperature distribution of the capsule was defined from the simulated
51.0 km altitude results in [23].

VII. Results

A. Case 1- Intensity Signals without Noise or an Intervening Atmosphere

The performance of the effective temperature and peak surface temperature models is first investigated in the ideal

situation of a noise-free measured spectral irradiance signal with no intervening atmosphere. Such a case is physically

unrealistic, however it forms a benchmark performance level which is built upon in Section VII.B. The radiance signal

was generated for slant and tilt angles from 0° to 90° using the 51 km dataset from [23] where 𝑇max = 3330 K, which is

shown in Figure 6b. The ideal spectral intensity signals were processed for three virtual spectrometers using Equation (7)

at the known view angles to determine the ideal response for the effective temperature and peak temperature models as

presented in Figure 7.

As expected, for the three spectrometers assessed, the effective temperature model results in a temperature less than
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(c) 𝑇eff − 𝑇max (K), SWIRSPEC
(950 nm to 1650 nm).
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Fig. 7 Difference between the defined maximum surface temperature (𝑇max = 3330 K) of the Hayabusa sample
return capsule and the identified temperature using the effective temperature (𝑇eff) and peak temperature (𝑇peak)
models using ideal radiance measurements for three virtual spectrometers.

the defined maximum surface temperature as shown in Figures 7a to 7c. At front-on view angles, the AUS instrument

had the smallest difference from the defined maximum temperature (=225 K), however agreement across the different

instruments was within 85 K. For view angles less than 45° (the half-angle of the geometry), the effective temperature

of the capsule is between 91% and 94% of the maximum temperature of the capsule. Such agreement suggests that

it may be possible to produce a look-up table of corrections to apply to the effective temperature to better identify

the peak capsule temperature, however this is shown in VII.B to be a flawed approach for realistic spectral signatures.

The magnitude of the difference between the defined maximum temperature and effective temperature increases with

increasing view angle.

The peak temperature model (results shown in Figures 7d to 7f) was able to resolve the defined maximum temperature

of the capsule geometry (3330 K) to within a maximum error of 16 K which was for the AUS instrument at small view

angles. Excellent agreement was found across all three instruments used, demonstrating that the new peak temperature
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method may be a more suitable method than the established effective temperature method for reporting the surface

temperatures of hot bodies measured using remote observations.

B. Case 2- Radiance Signals with Noise and Atmospheric Effects

To further investigate the performance of the effective and peak temperature identification models, synthetic spectral

signatures with measurement noise and atmospheric effects were created. The spectral signatures were generated

were for the Hayabusa sample return capsule at 51 km, which is the same condition used in Section VII.A. Individual

spectral signatures were generated for each of the three virtual spectrometers so that the signal-to-noise ratio could be

independently set for each spectrometer.

Synthetic spectral intensity signals with noise (𝐼syn,n) were generated using

𝐼syn,n (𝜆) =
𝐼syn (𝜆) × 𝜏 (𝜆) + 𝐼noise

𝜏 (𝜆) (8)

where 𝐼syn is the ideal noise-free spectral intensity, 𝐼noise is Gaussian white noise added to the signal, and 𝜏 (𝜆) is

the atmospheric transmission. The intention of the noise addition is to introduce some representative noise at the

simulated detector such that a representative noise-to-signal ratio is obtained. Considering the limiting case of complete

extinction due to atmospheric absorption (𝜏 = 0), the noise-to-signal ratio will go to infinity which is demonstrating

more uncertainty when the atmospheric transmission is low.

In the cases presented herein, 𝜏 (𝜆) was the 51 km capsule altitude model presented by [23]. The amplitude of 𝐼noise

is defined such that when 𝜏 (𝜆) is set to unity the root-mean-square (RMS) noise level is approximately 10%. Due to the

lower intensity of the spectral radiance at ultraviolet wavelengths, the AUS instrument is likely to have a higher level

of measurement noise than the Hyper-IR and SWIRSPEC instruments; however the noise level is a function of the

instrumentation quality, instrumentation settings, optical path length, view angles, tracking quality, and other variables.

Therefore, although higher or lower noise levels may be encountered in practice, 10% RMS noise for all instruments

was selected for further analysis. Since the identified effective temperature and peak temperature changes with the noise

signal, the analysis was repeated 200 times to produce maps of the mean identified temperature and standard deviation

of this identified temperature, which are presented as Figure 8 (effective temperature) and Figure 9 (peak temperature).

In the presence of random noise and atmospheric effects, the effective temperature model produces significantly

different results from the ideal case (Figure 7). Because of the noise and atmospheric effects, the minimum wavelength

used for the AUS instrument was increased from 300 nm to 320 nm. The most pronounced changes in the results are for

the Hyper-IR instrument where the effective temperature is approximately 350 K lower than for the noise-free case; and

for the SWIRSPEC instrument where the effective temperature is approximately 430 K higher than for the noise-free

case. Such significant changes to the effective temperature in the presence of noise demonstrate that simply producing
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look-up tables of corrections to adjust the effective temperature is not a valid way to better understand the surface

temperature on the capsule, nor for comparing experimental data obtained from different instruments.

For each of the three instruments tested, the effective temperature is insensitive to view angle when the view angle is

less than 45° (the Hayabusa capsule half angle) as shown in Figures 8a to 8c. However, the effective temperature is a

function of the wavelengths which are resolved by the instrument. The standard deviation of the datasets are shown

in Figures 8d to 8f show the sensitivity of the effective temperature to signal noise. The standard deviation for the

AUS instrument (Figure 8d) remains less than 20 K and exhibits no trends with varying view angle. For the Hyper-IR

instrument, the highest standard deviations tend to occur at small view angles, with magnitudes up to 60 K, which is

about 2% of the effective temperature (2740 K) at small view angles. For the SWIRSPEC instrument, the standard

deviation was between 50 K and 100 K with no trends apparent.
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(320 nm to 470 nm).
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(320 nm to 470 nm).
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(e) Standard deviation, Hyper-IR
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(950 nm to 1650 nm).

Fig. 8 Difference between the known maximum surface temperature (𝑇max = 3330 K) and effective temperature
for the Hayabusa capsule as measured from three virtual instruments using synthetic spectral signatures
generated using the 50 km altitude surface temperature data from [23] with 10% RMS measurement noise.

The same spectral signatures analysed using the effective temperature method were analysed using the new peak

temperature identification method to produce the maps shown in Figure 9. The maximum difference between the known

maximum surface temperature and identified peak temperature is for the AUS instrument at 17 K which is an error of
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0.5% relative to 𝑇max. This error further reduces for the Hyper-IR and SWIRSPEC instruments. For all instruments,

the difference between the minimum and maximum peak temperature for view angles from 0° to 90° was an order of

magnitude smaller than for the effective temperature method.

The identified peak temperature is consistent across all three instruments, which is a significant improvement over

the established effective temperature method which cannot be used to compare the results from different instruments and

view angles with any certainty. For all instruments, the standard deviation for the 200 peak temperature datasets was

significantly lower than for the effective temperature method. The small standard deviations for the peak temperature

method suggest that the method is robust.
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(a) 𝑇peak − 𝑇max, AUS
(320 nm to 470 nm).
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(b) 𝑇peak − 𝑇max, Hyper-IR
(600 nm to 968 nm).
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(c) 𝑇peak − 𝑇max, SWIRSPEC
(950 nm to 1650 nm).

 0  15  30  45  60  75  90

Slant angle (°)

 0

 15

 30

 45

 60

 75

 90

T
ilt

 a
n
g
le

 (
°
)

 1

 1.2

 1.4

 1.6

s
ta

n
d
a
rd

 d
e
v
ia

ti
o
n
 (

C
)

(d) Standard deviation, AUS
(320 nm to 470 nm).
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(e) Standard deviation, Hyper-IR
(600 nm to 968 nm).
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Fig. 9 Difference between the known maximum surface temperature (𝑇max = 3330 K) and identified peak
temperature (𝑇peak) for the Hayabusa capsule as measured from three virtual instruments using synthetic spectral
signatures generated using the 50 km altitude surface temperature results from [23] with approximately 10%
RMS measurement noise.

C. Current Limitations

The present investigation of the performance of the peak temperature method has shown that the method is robust

and can be used to identify the peak temperature of a 45° degree half angle sphere-cone (the Hayabusa sample return

capsule) using similar assumptions that are made for the established effective temperature method. An investigation of
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the performance of the peak temperature model should be completed for other geometries that are of interest where

temperature distributions can be defined from high-fidelity simulations.

The validity of the assumption that emissions from the shock layer, wake, and rear surface of the geometry can be

neglected should be investigated using high-order models to generate synthetic spectral signatures through a range of

view angles. Using high-order methods to create synthetic spectral signatures inclusive of gas effects is currently used to

compare the results of numerical simulations to experimentally measured spectral irradiance from remote observations,

so this is a clear development opportunity.

The time-invariant scaling of the surface temperature distribution is noted as a limitation of numerical studies [19].

As shown in Figure 4, the present empirical correlations are suitable for the Hayabusa geometry, however studies should

be made to identify for what geometries the empirical models may require time dependence to be included.

VIII. Conclusions
Remote observations of real hypervelocity events are critical to the understanding of the associated aerothermal

environment and the subsequent development of safe and efficient materials and geometries. However, the analysis of

experimental data from these rare observations is currently limited. The common and established method for reporting

surface temperature results from remote observations is the effective temperature method which was shown to be

unsuitable for quantitative comparison from different instruments due to its sensitivity to the view angles, resolved

wavelengths and measurement noise. A new method which identifies the peak surface temperature on a body was

developed and investigated using a published surface temperature on the forebody of the Hayabusa sample return capsule.

The next step in the method development and validation is to apply the method to spectra generated from high-fidelity

CFD for complete and specific geometries and gas fields, which would then allow the confident application of the

method to real measured data. This peak-temperature method can be used to directly compare the results obtained from

different instruments and view angles, which overcomes a significant limitation of the effective temperature method.

The ability of the peak temperature method to identify the maximum surface temperature on a body is valuable for

numerical studies which require knowledge of often proprietary heat shield materials for the best results. Through

experimental identification of the peak temperature on a geometry, simulation specialists have a key parameter for

comparison with their assumed or known material.
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