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Shock-Layer Radiation Insights Available
Through Flowfield Property Binning

Christopher O. Johnston*
NASA Langley Research Center, Hampton, VA 23681

This paper introduces a method for assessing similarity between available shock-layer ra-
diation measurements and the radiative heating to a vehicle of interest. This method will be
referred to as flowfield property binning (FPB). The challenge in developing this approach is
that radiometer measurements from a surface normal line of sight, observed radiation mea-
surements of the entire shock-layer from a distance, or measured shock-tube nonequilibrium
profiles are notably different geometrically than the radiative flux to a vehicle surface. There-
fore, the relative contributions of various regions of the shock-layer to the measurement, and
how these relative contributions compare with the radiative heating to a vehicle of interest,
are unclear. By tracking the radiation contribution from each flowfield location, and then
grouping this contribution based on two local flowfield properties, these geometric differences
are removed. This provides a two dimensional group, or bin, distribution that represents the
radiation environment in the same format for various types of radiation simulations, such as
observed radiation or radiative flux to a vehicle surface. In the limits of optically-thin radiation
transport and thermochemical equilibrium flow, the choice of pressure and temperature as the
binning flowfield properties is shown to provide a bin distribution that uniquely defines the
radiation simulation. This concept is found to be sufficient for establishing similarity between
two cases even when the optically-thin radiation transport and thermochemical equilibrium
assumptions are not satisfied. A simple metric of comparison between bin distributions from
different cases is provided by the histogram intersection algorithm. This algorithm results
in a histogram intersection factor (H) between 0 and 1, which represents the fraction of the
radiation that is similar between the two cases. Therefore, if H evaluated between bin distribu-
tions for two completely different radiation problems is near 1, then they represent essentially
the same radiation problem. This means that they depend on the same weighting of various
radiation modeling parameters evaluated at the same pressure and temperature. If one of these
cases agrees well with a radiation measurement, then the matching bin distributions provide
justification for applying this experimental validation to the other case. Even for H values
as low as 0.2, the measurement case could be considered relevant if there are no other useful
measurements. This approach allows observed radiation measurements to directly inform
radiative heating simulations, which allows NASA’s past and future investments in observed
radiation measurements to directly inform the radiative heating uncertainty or margins for
future vehicle design. This FPB approach is also used to determine shock-tube conditions
for informing backshell radiative heating simulations, where the normal shock velocity and
Lagrangian time from the shock are used for the binning variables instead of pressure and
temperature.

Nomenclature
Energy, eV, equal to 1.2398x10% [A(nm)]™!
Histogram intersection factor, which represents the overlap between two bin distributions
Emission coefficient at line-of-sight location n along line-of-sight k, W/cm3-sr-nm
Equilibrium emission integrated over a given spectral range, W/cm?3-sr
Normalized contribution of bin i, j to the total radiative flux or intensity
pressure, atm

Wall-directed radiative flux integrated over a given spectral range, W/cm?
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s Distance along a ray, cm

Tve Vibrational-electronic-electron temperature, K

tshock  Lagrangian time from the shock along a streamline, s

VN .shock Normal shock velocity that a streamline crossed the bow shock, m/s

AL,k Radiative intensity contribution from the line-of-sight point 7 along line-of-sight k, W/cm?-sr
AQy Solid angle factor for line-of-sight &

Agnx  Radiative flux contribution from the line-of-sight point n along line-of-sight k, W/cm?

Asp i distance increment at line-of-sight point n along line-of-sight k, cm

Kn.k Absorption coefficient at line-of-sight location 7 along line-of-sight k, cm™!

Subscript

i bin index

Jj bin index

k Line of sight index

n Index along a line of sight, where the radiation is computed in the direction of increasing n
Superscript

bin Indicates the bin limits for quantities such as T, and p

L. Introduction

This paper addresses two challenges of utilizing shock-layer radiation measurements to inform the radiative heating
uncertainty or margin for a NASA entry vehicle. These two challenges, described in the following paragraphs, led to a
convenient framework for interpreting shock-layer radiation simulations, which also has applications beyond addressing
these two challenges. The goal of this paper is to present this framework, which will be referred to as flowfield property
binning (FPB), and to provide examples of its application.

The first challenge that motivated this work was the goal of using available “observed” radiation measurements [!]
to inform the radiative heating uncertainty or margin for future entry vehicles. These measurements consist of a single
spectrum emitted from the entire shock-layer and wake, and are referred to as “observed” radiation measurements to
distinguish them from measurements of the radiation to the vehicle surface. NASA has made significant investments
into obtaining high quality observed radiation measurements of reentry vehicles, such as Stardust, Hayabusa, etc. [2].
While a number of simulations have been performed to compare existing models with the measurements [3—5], no direct
link between the observed radiation measurements and reducing the radiative heating uncertainty for future designs
has been available. This link is challenging because of the geometric differences between the observed radiation and
the radiative heating to the vehicle surface. The radiative heating to the surface is most strongly dependent on the
shock-layer directly above the respective surface point, while the observed radiation is dependent on the total flowfield
within the measurement field of view. Figure 1 illustrates this difference by presenting examples of the rays required for
each of these computations. Even if the simulation tools reproduce the observed radiation measurements within the
measurement uncertainty, it is not clear which part of the flowfield is providing the dominant contribution. Therefore, it
is difficult to determine the flight condition and surface location for a future vehicle that contains a similar enough
radiative environment for the observed radiation measurement to inform the vehicle’s radiative heating uncertainty or
margin [6].

The second challenge that motivated this work is determining the most relevant velocities for shock-tube radiation
measurements with the aim of assessing the radiative heating to a given location on a flight vehicle surface (for a given
trajectory). These shock-tube measurements obtain the post-shock emission profile, as shown in Fig. 2, and are typically
obtained in the NASA Ames EAST facility [7, 8]. This challenge is related to the previously developed shock-tube
informed (STI) bias approach [9], which provides a method for directly informing radiative heating simulations with
shock-tube measurements. This STI bias approach utilizes the reduced normal shock velocity resulting from streamlines
crossing the oblique shock away from the stagnation point. Therefore, for surface locations near the forebody shoulder
or on the backshell, shock tube measurements at velocities lower than the vehicle’s free-stream velocity provide the most
relevant validation data. A goal of this work is to provide an automatic quantitative approach for determining these
velocities. In addition to providing target conditions for future shock tube tests, knowledge of this velocity provides
insight into the physics that dominate the radiative heating, which are easier to interpret in terms of a normal shock
velocity and time from the shock.
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Fig.1 Comparison between an observed radiation measurement and a radiative heating simulation.

VN,shock

| |
TTTvv vy iy

Shock-Tube Intensity
Profile Measurement,

J(tshocr) (W/em?2-sr)

Fig.2 Schematic of shock-tube radiative intensity profile measurements.

While the two challenges identified in the previous paragraphs may appear unrelated, addressing them has led
to a general framework for interpreting shock-layer radiation simulations. This general framework is based on the
idea of tracking how much each point in the flowfield contributes to the radiation to a given surface point or to the
observed radiation (and in a given spectral range), and then distributing this contribution among a set of groups (or
bins) based on the local flowfield properties, such as temperature, pressure, streamline normal shock velocity, etc. The
application and justification for this FPB approach is presented in Section II, which also presents a metric of comparison
between flowfield property bins called the histogram intersection factor. The simplest application of FPB is presented
in Section III for the Fire II stagnation point radiometer, where the single surface normal line of sight simulation is
compared with the radiative heating to a Mars Sample Return (MSR) Earth Entry System (EES) case. Section IV then
relates a Hayabusa observed radiation simulation to this MSR EES case using FPB. Finally, Section V uses FPB to
determine the most relevant shock tube measurements for assessing the backshell radiative heating for a Titan entry case.

I1. Overview of the Flowfield Property Binning Concept

The FPB approach is based on the idea that if the radiative flux contribution from various locations in the flowfield
can be grouped together based on two sets of local flowfield properties, such as pressure and temperature, then the
resulting bin distribution provides a geometrically independent “fingerprint” of the radiative flux. The merit of this bin
distribution is that it may be evaluated for simulations of experimental measurements, which may then be compared with
the bin distribution from a flight case simulation. The degree of similarity between the measurement case and flight
case bin distributions establishes the relevance of the measurement to the flight case. This FPB process is described in
subsection II.A, while subsection II.B presents a straightforward approach for comparing bin distributions that results in
a single factor H. Subsection II.C provides justification for using flowfield property bins, and the resulting H value, to
establish similarity between two cases. Finally, subsection II.D briefly discusses why scaled spectra cannot be used
instead of FPB.
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Fig. 3 Overview of the flowfield property binning approach.

A. Evaluation of Flowfield Property Bins
The FPB process is illustrated in Fig. 3. This figure shows that each point in a given flowfield contributes to the
radiative flux (to a surface location or external observer location) based on the product of two factors, the change in
radiative intensity, A/, and the solid angle factor, AQ. The product of these two factors is the radiative flux increment,
Agq, which is written as:
Agn ik = Al AQ (1)

where n specifies the location along a line of sight (LOS) and k specifies the LOS. The bin distribution shown on the
right-hand side of Fig. 3 is the sum of Agy, x increments at all points n along this LOS, as well as all LOSs % in the field
of view of the target location. For a given LOS, AQ is constant, while A/ varies for each point n along the LOS as
follows:

Al = (’"’k - n_l,k) (1 - emsnetons) @)
Kn,k

where Asy,, « is the length of this increment, j,  is the emission coefficient, «, « is the absorption coefficient, and 1,1 x

is the intensity at the previous spatial location (meaning in the direction opposite the intensity computation). The total

radiative flux is obtained by summing over all LOS increments n along all LOSs k:

9= Adnk (3)
nk

where g is the radiative flux at the target location, which again may be either a surface location on the vehicle or a point
external to the shock-layer.

The flowfield property binning approach is enabled by writing ¢ in terms of Ag,, «, since Ag,, x isolates the radiative
flux contribution from individual points in the flowfield defined by n and k. This allows Ag,, x to be grouped based on
the flowfield properties at n and k. Note that the above equations are written assuming a single wavelength value for
simplicity, but are applied in practice by integrating Eq. (1) over the wavelength range of interest prior to binning. Also
note that for optically thick cases, locations of strong absorption will produce negative Ag, x values.

The grouping of Ag, x into flowfield property bins will be discussed through the remainder of this subsection.
To start this binning process, the two flowfield properties for binning must be chosen and the discretization of these
properties into a two-dimensional grid must be performed. This discretization requires choosing upper and lower bounds
for the binning variables and the number of increments, or bins. Figure 3 shows this grid set up based on 7}, /1000 and
logio[p(atm)]. Both the selection of two dimensions for binning and these two variables, which will be referred to as
pressure-temperature binning, will be justified in subsection II.C. The choice of the upper and lower variable bounds
depends on the problem, and should be set to capture both forebody and wake contributions. For the present Earth entry
cases with pressure-temperature binning, the temperature range of 1,000 to 12,000 and log;o[p (atm)] range of -4 to 0 is
sufficient. The choice of the number of bins, or size of each bin, requires a more nuanced discussion because the limits
of both a single and infinite number of bins are not appropriate for establishing similarity through FPB. Obviously, a
single bin will contain all the radiation and will therefore always compare exactly between cases. Conversely, in the limit
of an infinite number of bins, slight differences in flowfield temperatures and pressures will result in no matching bins
between two cases that may actually be very similar. Therefore, for the purpose of establishing similarity between two
cases using FPB, the bin sizes should not be too large or too small. Instead, the most meaningful bin sizes are chosen so
that each bin roughly covers the variable range over which the radiation model is not expected to break down within. In
other words, the bins should be large enough that emission from flowfield regions that are ‘close enough’, meaning
validation of one is considered validation of the other, are grouped together. This reasoning is based on the goal of



FPB, which is not to show that two cases are exactly the same, only that they are similar enough for the experimental
validation of one case to apply to the other. In temperature-pressure space, these increments are chosen as 500 K for
temperature and -0.2 for logo[p (atm)], which is based on radiation modeling experience. These bin increments will be
used throughout this work, except in Section III, which demonstrates the drawbacks of smaller increments.

To simplify the remaining discussion on constructing bins, pressure-temperature binning is assumed. This pressure-
temperature binning is applied for all examples presented in this paper, except for Section V, where Lagrangian time
from the shock (fsnock) and the normal shock velocity (Vv snock) are applied as the two binning variables. The process
of binning to tsp0cx and Vv snock, OF any other two quantities, is exactly analogous to the pressure-temperature binning
presented here with a simple replacement of the variables of interest. Representing the bounds of temperature group i
by Tfei"’i and pressure group j by p”"™/ allows the binning process to be written as:

Agn.k
Fpin,i,j = Z Tn 4

bin,i in.i
Tve,n,,k ETve sPn,k epbln"l

which simply means that if 7, « is within the bounds of temperature bin i, Tvbei"’i, and py, « is within the pressure
bin j, pbi"’f , then Ag,, « /q is added to this bin. The normalization of the bin distribution Fy,;,, ; ; by the total radiative
flux ¢ means that the sum of Fp;, ; ; over all bins equals unity. The value of this normalization will be discussed in
subsection C. Note that the process of evaluating Fp;,,;,; described in this section is the same for radiative flux to
the surface, surface normal intensity, or observed radiative flux computations. These two different computations are
distinguished by the choice of LOSs and the solid angle factor AQ.

B. Metric of Comparison between Flowfield Property Bin Distributions

Once the binning process described in the previous subsection is applied to two cases, the similarity in the radiation
simulation between the two cases is assessed by comparing the two bin distributions. To provide a quantitative metric
for this comparison, the histogram intersection algorithm developed by Swain and Ballard [10] for image recognition
(based on binning pixels and their color) is utilized. This algorithm requires simply taking the minimum value between
the two bin distributions at each bin increment (defined by i and j). This is written as:

. A B
H = Z min (Fbin’i’j’ Fbin,i,j) ”
L.

where A and B distinguish the two cases to be compared, where A could be the simulation of a measurement case and B
could be a future flight case simulation. The resulting histogram intersection factor, H, varies between 0 and 1, where 0
indicates that the two bin distributions are completely dissimilar, and 1 indicates the two bin distributions are exactly the
same. As the name “histogram intersection factor’” suggests, the simple algorithm represented by Eq. (5) computes the
intersection, or overlap, of the two bin distributions. Values of H between 0 and 1 represent the fraction of the radiation
that overlaps between the two cases. When using the agreement between a measurement and its simulation to inform the
radiative heating for a future flight vehicle, this H value may be used to weight the contribution of this measurement
comparison to the radiative heating design margin of the vehicle.

For the goal of assessing the similarity between two distributions, this algorithm is superior to other approaches, such
as simply evaluating the sum of differences or root-sum-square of the differences between two distributions. These two
approaches track the differences between the distributions (instead of the similarity), which results in double counting
because the overprediction of one bin will lead to an identical underprediction in another bin. This double counting
results in a meaningless comparison factor other than 0 and 1, indicating no agreement or perfect agreement. Another
alternative comparison factor that may be considered is the centroid values for the bin pressure and temperature, which
may be compared between the two distributions. However, these centroid values provide limited utility because bimodal
distributions resulting from forebody and wake emission will result in centroid values that are meaningless to both the
wake and forebody emission.

C. Justification for Flowfield Property Binning as a Metric of Similarity

The final step in developing the FPB approach is to justify why similar flowfield property bin distributions indicate
that two radiative flux environments are similar. This justification step was saved for last so that the equations and
concepts presented in the previous subsections for the binning approach are established. Note that two assumptions



(optically-thin and thermochemical equilibrium) are made in the following discussion. This does not mean that these
assumptions are made for any results presented in this work, only that they allow the similarity provided by flowfield
property bins to be derived exactly. The validity of this similarity even when these assumptions do not hold will be
discussed.

The first assumption made in this discussion is that the radiative flux in the wavelength range of interest is
optically-thin. Most radiation measurements are made behind a window or through a long length of atmospheric gas,
which means that the more optically-thick vacuum ultraviolet (VUV) region of the spectrum is not captured. Therefore,
this assumption is not too restrictive (since the binning process is only applied over the measured wavelength range),
even when non-VUYV atomic lines or molecular bands may become optically-thick over narrow spectral ranges. The
optically-thin assumption implies that k, xAs, x << 1, which simplifies Eq. (2) to the following

AIn,k = jn,kAsn,k (6)

The valuable consequence of this assumption is that the I,,_; x term in Eq. (2) drops out. This is valuable because
now Al x is independent of previous points along the LOS, which removes the requirement that the LOS is ordered
in a specific manner and makes A7, ; only dependent on the local flowfield properties. Further insight is achieved by
assuming the flowfield is in thermochemical equilibrium, which means that j, x in Eq. (6) is completely defined by the
temperature and pressure (assuming a given elemental composition). This allows Eq. (6) to be written as:

AIn,k = E(pn,ka Tve,n,k)ASn,k (N

where E converts the pressure and temperature to number densities and includes the radiation modeling parameters that
convert these number densities to emission coefficients. This E function is the quantity that requires validation when
considering radiation modeling. The remainder of this derivation aims to show that the closer a given bin matches
between two cases, the closer the relative contribution of E to the total radiative flux becomes, therefore establishing
similarity.

Combining Egs. (1)—(4), the flowfield property bins assuming optically-thin radiation and thermochemical equilibrium
are written as:

Z E(pn,k» Tve,n,k)Asn,kAQk
q

®)

Fpinij =

bin,i in,j
Tve,nk€lye sPn,k prm"'

This equation may be simplified further by recognizing that E, which is only a function of temperature and pressure,
is essentially constant for all flowfield points within a given pressure-temperature bin (this becomes exact as the bin
spacing becomes infinitely small). This allows Eq. (8) to be written as

Asn’kAQk
Fpini,j = Eij Z Y &)

bin,i in,j
Tvenk€lve sPn,k prm"'

where E; ; is the nearly constant value of E for bin 7, j. This equation shows that when comparing the values of Fy;,, ; ;
for two different flowfield cases, the term in the summation is actually the quantity being compared, since E; ; is the
same. This summation term can be thought of as the weighting factor for each bin. The key characteristic of Eq. (9) is
that this weighting factor is independent of the flowfield properties and radiation model, except for g, which simply
scales the bin values so that they sum to 1. Therefore, when the Fy,;,, ; ; values match between two flowfield cases, the
radiative flux computation of both cases have the same relative dependence on the radiation model, or E; ;, evaluated
at the bin pressure and temperature. This implies that the radiative flux computations for the two cases require the
same relative contribution of E evaluated at a range of temperatures and pressures, and are therefore the same radiation
problems. Of course the two bin distributions are not expected to match exactly, and therefore, the H factor defined in
Eq. (5) provides a means for quantifying the agreement by taking only the overlapping bin component from the two
cases.

Although the thermochemical equilibrium assumption was required for the above derivation, note that this assumption
can break down without ruining the utility of the FPB approach. The thermochemical equilibrium assumption was
required to make E completely defined by the bin variable of pressure and temperature, therefore allowing the
simplification from Eq. (8) to Eq. (9). However, this simplification still holds if flowfield regions where thermochemical
equilibrium breaks down only emit strongly for pressure-temperature bins that do not contain significant equilibrium
emission. When these equilibrium and nonequilibrium contributions are in separate pressure-temperature bins, the



comparison of the equilibrium bins is justified as discussed. The nonequilibrium bins will result from post-shock
nonequilibrium or wake regions, where the contribution from these two regions will also be separate in pressure-
temperature space. Numerical experiments show that in the narrow pressure-temperature space that post-shock or wake
nonequilibrium bins appear, the assumption that E is uniquely defined by the nonequilibrium pressure and temperature
is valid for flowfield regions that contribute noticeably to the radiative flux. In simpler terms, when nonequilibrium
regions appear in two bin distributions, they tend to match when they should. Similarly, when only one bin distribution
shows a nonequilibrium region, the resulting reduction in H accurately captures the disagreement in the nonequilibrium
contribution between two cases. These observations suggest that flowfield property binning remains a valid approach
for assessing radiation similarity for cases with moderate nonequilibrium emission. For cases that are completely
nonequilibrium dominated, such as Titan or Mars entry cases, pressure-temperature binning is abandoned in favor of
Lagrangian time from the shock (¢s40c1) and the normal shock velocity (Vi shock)- This approach will be discussed in
Section V.

D. Spectral Comparisons as an Alternative to Flowfield Property Binning

The previous subsection showed that if optically-thin emission and thermochemical equilibrium is assumed, then
matching flowfield property bins between two radiation cases indicates that they are equally dependent on E evaluated
at the same pressure and temperatures. Therefore, if one of the cases matches well with experimental data, then the E
values at these temperatures and pressures may be considered validated for the other case. While this matching of bins
is a promising approach, perhaps there is a simpler method that requires just comparing the scaled spectra between
two cases. Given the same assumptions of optically-thin emission and thermochemical equilibrium, can the same
similarity established in the previous subsection using FPB be established using comparisons of the scaled spectra, and
specifically comparisons of this scaled spectra (scaled spectra means a spectra divided by its frequency integrated value
or the spectral range of interest) over a set of frequency integrated spectral ranges? The answer is, no, this similarity
cannot be established using the scaled spectra. The reason is that there are an infinite number of different pressure and
temperature combinations that can produce nearly identical scaled spectra. For example, consider a case that only has
atomic line emission from a single atomic species. If the radiative flux integrated over each atomic line is tracked, and
scaled by the total radiative flux, these values will not change with changing pressure for a fixed temperature (assuming
thermochemical equilibrium). The changing pressure will change the total radiative flux and the line broadening, but
this line broadening will not impact the frequency integrated values for optically-thin cases. These two different pressure
cases at the same temperature represent two different radiation problems, since the E values defined in the previous
subsection are being evaluated at different pressures, even if the radiation spectra are similar. The flowfield property
binning approach would correctly identify these as two different problems, and is therefore a superior approach. Note
that although matching scaled spectra do not guarantee matching bin distributions, matching bin distributions do imply
that the scaled spectra should match.

I11. Application of Flowfield Property Binning for Relating Fire II Radiometer

Measurements to EES

Perhaps the most straightforward application of flowfield property binning is narrow view angle radiometer
measurements. The narrow view angle, which results from the radiometer sitting deep in a cavity, provides a radiative
intensity measurement (in W/cm?2-sr) of essentially the normal line of sight from the surface. This is in contrast to a
radiative flux (or heating) measurement (in W/cm?), which captures the intensity integrated over the full field of view.
The intensity measurement is simulated by computing only the radiative intensity along the body normal line-of-sight.
When applying the flowfield property binning approach in Section IIA to this radiative intensity computation, the AQ
values in Eq. (1) are equal to 1.0.

To demonstrate the application of the FPB approach to a radiometer measurement, this section considers the Fire II
stagnation point radiometer measurement [ | 1] at 1640 s and considers its relevance to a peak radiative heating MSR EES
radiative heating simulation. The Fire II vehicle had a free-stream velocity and density of 10.97 km/s and 3.86x10™*
kg/m?, respectively, while the EES case has a free-stream velocity and density of 10.83 km/s and 5.06x10™* kg/m>. The
heatshield geometries and relative sizes are compared in Fig. 4.

For brevity, the details of the Fire II radiometer measurements and their comparisons with simulations are not
discussed in detail here (see Johnston et al. [12], among others, for details). All that is required for the present discussion
is to note the radiometer, which measured the radiative intensity along the body normal LOS, captured only wavelengths
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Fig.5 Comparison of Fire II and EES stagnation line temperatures and pressures.

above 200 nm (or below 6 eV). Furthermore, the present simulations agree with this measurement at 1640 s within 8%, so
this case would provide valuable radiative heating validation to the EES case if similarity can be established. Therefore,
the goal of this FPB analysis is to assess the relevance of this radiation measured at 1640 s to the stagnation-point
radiative heating for EES. FPB is required to make this assessment for three main reasons. The first is that the Fire II
case is at a (slightly) different free-stream condition than the EES case, the second is that the Fire II and EES have
different geometries, and the third is that the Fire II measurement only considers the normal LOS while the radiative
heating to EES considers the entire field of view. Figure 5 illustrates these issues by comparing the stagnation-line
temperature and pressure distributions resulting from the two cases. Note that the shock standoff is three times larger for
the Fire II case due to the different geometries, and the pressure and temperatures through the shock-layer are different
due to the different free-stream conditions. This figure does not show that some of the rays for the EES radiative flux
simulation, which are not limited to just the surface normal LOS as the Fire II measurement is, see lower temperature
and pressure conditions downstream of the stagnation point. The FPB analysis captures the impact of these downstream
regions, which are not included in the simulation of the Fire II measurement.

Figure 6 compares the resulting flowfield property bins in temperature (7, )-pressure space for the Fire II and
EES cases. Both cases consider only the radiation above 200 nm to be consistent with the measurements. These bin
distributions appear similar, which is confirmed by the resulting H value of 0.88. This H value of 0.88 indicates that
only 12% of the radiative heating to the EES stagnation point (above 200 nm) is not captured by the Fire Il radiometer.
This suggests that the three differences noted in the previous paragraph (different flight condition, geometry, and angular
space) are limited to this 12% impact.

To confirm the relevance between the Fire II and EES stagnation point radiation, Fig. 7 compares the radiative
intensity spectrum at the stagnation point, normalized by the integrated value above 200 nm (or below 6 eV). While
differences are apparent in the spectrum due to line broadening differences (which do not impact the frequency integrated
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Fig. 7 Comparison of Fire II and EES stagnation line radiation.

value in this essentially optically-thin environment, so are not of interest), the frequency integrated values shown by the
dashed cumulative curve show excellent agreement. Recall that, as discussed in Section II.D, this comparison of the
normalized spectrum does not provide sufficient insight into the similarity between two radiative environments (because
there are infinite combinations of flowfield properties that will produce similar normalized spectra). However, if the H
factor between two cases is near 1.0, the normalized spectra should be similar (but not vice versa), as confirmed in Fig. 7.

Note that this analysis used 20 equally spaced bin increments in temperature space ranging from 1,000 to 12,000 K,
as well as 20 equally spaced bin increments in logarithmic pressure space ranging from -4 to 0. These relatively wide
temperature and pressure ranges are used throughout this work for Earth entry cases, and are chosen to capture both
high pressure and temperature forebody emission and low pressure and temperature wake emission, which become
important for the cases presented in the next section. For the current stagnation region case, however, this choice of
bins may appear to lack sufficient pressure and temperature resolution. To show that this relatively coarse set of bins
is actually desired for the present goal of assessing the similarity between a measurement case and a flight vehicle
case, as discussed in Section II.A, consider the refined bins presented in Fig. 8. This figure presents the same case as
presented in Fig. 6 but with the temperature and pressure ranges greatly reduced while maintaining 20 bins in both
directions. Because the stagnation point is considered in this case, the pressure is limited to a narrow range for each
case, and these narrow ranges are offset slightly due to the different free-stream conditions, which results in an H value
of only 0.3. By considering a trajectory point slightly earlier in the EES trajectory at 10.9 km/s and 4.06x10™* kg/m?,
the EES bins shift to lower pressures, as shown in Fig. 9. These refined bins overlap the Fire II bins with a histogram
intersection value of 0.6, while the coarser bins retain the value of 0.88 seen for the nominal trajectory point. This shows
that coarser bins prevent slight trajectory variations from impacting H. Since the goal of this analysis is to assess the
radiation modeling similarity between the Fire Il measurement and EES, and not to show that the cases are necessarily
exactly the same, this lower sensitivity of the coarser bins is desired. As discussed in Section II.A, this approximate
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Fig. 8 Comparison of Fire II stagnation point radiometer and EES stagnation point bin distributions with
smaller bin increments.
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Fig. 9 Refined bin distribution for a slightly different EES free-stream condition.

treatment is acceptable because the radiation modeling is not expected to break down within the range of each coarse
pressure-temperature bin, so these larger bins are sufficient for establishing similarity. In other words, the coarser bins
provide a more meaningful assessment of the similarity in the radiation modeling than finer bins that require that two
cases are nearly identical. Note that this sensitivity to refined bins is exaggerated for this stagnation region case because
the dominant temperatures and pressures are limited to a relatively narrow range of values.

IV. Application of Flowfield Property Binning for Relating Observed Radiation
Measurements to EES

As discussed in the Introduction, the FPB approach was originally developed to leverage NASA’s growing database
of observed radiation measurements [ ], with the goal to inform the radiative heating uncertainty or margin to future
vehicles. This database of measurements includes Stardust, Hayabusa 1, Hayabusa 2 (not yet published), and the
upcoming Osiris-Rex entry. Additionally, there are numerous observed radiation measurements of meteors [13, 14],
which could be utilized for improving planetary defense modeling.

To demonstrate the application of FPB to observed radiation measurements, with the goal of informing EES radiative
heating, this section considers the Hayabusa 1 measurement [15]. The purpose of this section is not to provide a detailed
comparison between the measurement and simulation, but rather to demonstrate the relevance of these measurements to
EES as an example application of FPB.

The Hayabusa 1 case at 58 km, which is near peak radiative emission, is considered in this analysis [16]. The
free-stream velocity and density are 10.7 km/s and 4.4x10~* kg/m?, respectively. The view angle of the measurement
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Fig. 10 Comparison of Hayabusa and EES flowfields.

was 28.6 degrees from the capsule’s velocity vector. The 700 - 900 nm wavelength range is considered to focus the
analysis on the atomic line dominated region of the measured spectrum. Figure 10(a) presents the simulated temperature
and pressure profiles through the shock-layer and wake for the Hayabusa case, while Fig. 10(b) presents the same for the
forebody shock layer for the EES case. This EES case is the same as that considered in the Fire II analysis (10.83 km/s
and 5.06x107* kg/m?). The contour bounds in these figures are set to the same bounds as the bin distributions to be
presented.

The resulting flowfield property bins for the Hayabusa observed radiation simulations are presented in Fig. 11. Note
that this radiation value is the result of over 1000 rays passing through the shock-layer and wake at the view angle, as
shown in Fig. 10(a). The shock-layer contribution is clearly represented by the temperatures above 8,000 K and log;o[p
(atm)] values above -1, while the weak wake contribution is seen below 6,000 K and log;o[p (atm)] values below -2.

This Hayabusa simulation produces a radiative flux spectrum that agrees within 30% of the measurement for the
strong N and O lines between 700 - 900 nm. To determine how relevant the uncertainty bounds implied by this
comparison are to EES at peak radiative heating, the flowfield property bins for radiative heating (between 700 - 900 nm

T, /1000 (K) 2 log, [p (atm)]

Fig. 11 Flowfield property bins for Hayabusa observed radiation at 58 km.
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Fig. 12 Flowfield property bins for various EES surface points defined in Fig. 10(b).

to be consistent with the measurement) to four of the five EES surface locations presented in Fig. 10(b) are presented in
Fig. 12 (the bins for point 1 were already presented in Fig. 8(b)). These figures show that the bin distributions become
more widely distributed in temperature space moving away from the stagnation point. This is clearly apparent moving
from point 1 to 2, where point 2 has far more nonzero bins due to its field of view seeing both the stagnation region and
milder downstream region. For point 3, the high temperature gas flowing down from the stagnation region provides
the dominant radiation. Further downstream at points 4 and 5, this stagnation region gas has dropped below 8,000 K,
while the contribution from temperatures near 10,000 K is the result of the post-shock emission of the weaker (than the
stagnation region) oblique shock. To explain these distributions more precisely, Fig. 13 compares the surface normal
temperature and intensity profiles. Note that the radiative flux requires over 300 of these intensity profiles for a given
surface location, but nevertheless these body normal intensity profiles provide useful insight. Assuming these intensity
profiles are representative of the radiative flux, the derivative of the intensity profile is the quantity that is binned with
temperature and pressure. For example, the constant slope in the intensity for point 2 is centered around 10,000 K,
which agrees with the bins shown in Fig. 12(a). Similarly, beyond the small high temperature post-shock contribution,
the intensity for point 3 increases at normalized distances between 0.2 and 0.4, where the temperature is around 9000 K.
Finally, point 5 shows nearly equal contributions from the higher temperature post shock region and the rest of the lower
temperature layer, which explains the large temperature spread of the bins in Fig. 12(d).

The histogram intersection algorithm is applied to quantify the similarity between the EES bin distributions in
Fig. 12 and the Hayabusa bin distribution in Fig. 11. The resulting values of H are presented in Fig. 14 for the five
EES surface points. This figure shows that surface point 2 has the highest H, with a value of 0.49. This high H factor
for point 2 is not surprising based on a rough visual comparison between Figs. 12(a) and 11. Based on analyses of
other Hayabusa free-stream conditions, as well as Stardust cases, the maximum values of H seen for observed radiation
cases and radiative heating to a surface are no greater than 0.55. This is due to the temperature-pressure bins for the
observation cases being oriented essentially diagonally, from low pressure and temperature values to high values. This
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Fig. 14 H factors resulting from comparisons between the radiative heating to various EES surface points and
the Hayabusa observed radiation simulation.

distribution is the result of the stagnation region, flank regions, and wake contributing noticeably to the observed
radiation. A more exaggerated example of this behavior is seen for the Stardust capsule observation at 42 s. This case is
defined by Liu et al. [4] as having a free-stream velocity and density of 12.06 km/s and 5x1075 kg/m?, respectively, with
a view angle of 13.4 degrees. The resulting bin distribution is presented in Fig. 15(a) for the 700 - 900 nm range, which
is seen to be strongly diagonal in the pressure-temperature space. For comparison, the resulting bin distributions for an
EES case at similar free-stream conditions (11.7 km/s, 6.1x107> kg/m?) to Stardust is presented in Fig. 15 for surface
point 2. This surface point 2 again provided the largest H of the five surface points, with a value of 0.32. This H value
is limited by the EES radiative heating bins varying along temperature but not pressure, and therefore, unable to match
Stardust’s diagonal distribution.

Once a detailed comparison between Hayabusa and Stardust measurements is performed, which is beyond the scope
of this paper, the resulting disagreement factors may be weighted by the H value in the EES, or another vehicle’s,
margin assessment. This provides a quantitative link between these observed radiation measurements and future flight
vehicle design, which has not been available previously. Because of the difficulty and expense of obtaining radiation
measurements from radiometers or spectrometers located on a flight vehicle, this is a valuable capability that is enabled
by the FPB approach.
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Fig. 15 Comparison of Stardust and EES bin distributions.

V. Application of Flowfield Property Binning to Determining Relevant Shock-Tube

Conditions

The shock-tube informed (STI) bias approach presented by Johnston [9] enables shock-tube radiation measurements
to be mapped along the streamlines of a hypersonic flowfield solution based on the Lagrangian time from the shock
(tshock) and the normal shock velocity (Vi snock). This approach assumes either the streamline is essentially at a
constant pressure, or that the dominant emission occurs near the shock, meaning the dominant emission occurs prior to
pressure gradients along the streamline. These assumptions allow the post-shock emission profiles obtained in a shock
tube, which are at essentially a constant post-shock pressure, to be mapped to the vehicle flowfield. This approach is
especially useful for assessing Titan [17] and Mars [ 18] entry backshell radiation, where the dominant emission occurs
near the shock, and the separated wake flow region is not emitting or absorbing. These characteristics allow the STI bias
approach to be applied to inform the backshell radiative heating margins or uncertainty for Titan and Mars entry cases.
To enable the STI bias approach to be applied, however, the shock tube measurements at free-stream velocities that
match Vy snock for the backshell streamlines must be obtained.

The flowfield property binning approach developed in this work allows the appropriate free-stream velocities for the
STI bias analysis to be precisely determined for a given flight condition and surface point on the backshell. To enable
this assessment, the flowfield property binning is performed using #snock and Vi shock as the binning variables, instead
of temperature and pressure. Section II.C showed that matching pressure-temperature bins between two flowfield cases
meant that the two cases were exactly the same radiation problems, assuming optically-thin radiation and thermochemical
equilibrium. For #sp,0cx-VN,shock bins, the same conclusion is reached by making the optically-thin and constant pressure
assumption, which means the thermochemical equilibrium assumption is no longer required. These assumptions make E
in Eq. (8) a function of only fsx0ck and Vi snock, Which allows for the analogous simplification to Eq. (9). As discussed
with the pressure-temperature binning in Section II.C, the flowfield property binning approach remains useful when
these assumptions are not satisfied.

To demonstrate the use of flowfield property binning for targeting shock tube conditions to inform specific non-
stagnation point environments, a Titan entry at a free stream velocity of 5.6 km/s, density of 6x10™* kg/m?, and
temperature of 160 K is considered. The geometry is the same scaled Genesis capsule considered by Johnston et al. [17].
The free-stream mass fractions are set to 0.9873 for N and 0.0127 for CHy, which results in a free-stream gas constant
R of 299.55 J/kg. This gas constant is convenient for converting the flight pressures to shock-tube conditions, while
maintaining the free-stream density. This conversion is required because the free-stream temperature is larger for the
shock-tube conditions. This conversion is pst = pfiigh: RTsT, where Tsy = 300 K, where the subscript ST indicates
shock-tube conditions.

The flowfield simulations are performed using the LAURA/HARA code using the models discussed by Johnston et
al. [17]. As a post-processing step to the flowfield simulations, the FPB approach is applied using fsnock-Vn,shock bins
for the CN Red dominated 600 - 1200 nm wavelength range. This spectral range provides the dominant contribution to
the backshell radiative heating for Titan entry. For reference, the Viy_snock flowfield distribution for this case is presented
in Fig. 16. Note that, as discussed by Johnston [9], these Vv snock Values are obtained by following each point in the
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Fig. 16 Flowfield distribution of the streamline normal shock velocity for the Titan entry case.

Normalized Radiative Flux Contribution
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Fig. 17 Radiative heating bin distributions for surface point (a) for the Titan entry case.

flowfield back along the streamline until the shock is reached, at which point Viy snock is evaluated based on the angle of
the shock relative to the free-stream velocity. Also shown in this figure are the backshell surface points considered in
this analysis.

When targeting shock-tube conditions using fsnock-Vn,shock binning, the fpocx binning is required to show that the
dominant emission occurs within the available test time in the shock tube measurement. For Titan entry conditions, this
test time extends to roughly logo[#snock (s)] = -3.2. For the present cases, this restriction is satisfied for most conditions,
and if it is not, then binary scaling of a higher pressure case can extend this time [9]. Therefore, the emphasis of the
present analysis will be on Vi snock. An example of the tspock-VN,.shock bin distribution is presented in Fig. 17 for
surface point (a). Only the last row of the logig[¢snock (5)] axis is beyond the above test limit, which is seen to provide
less than 3% to the radiative flux to this point.

By summing the bin contributions in the fs,,.x dimension, the #s0ck-VN shock bin distribution is reduced to a
function of Viy snock only. These distributions are presented in Fig. 18 for the four surface locations considered. The
10% Lower Bound limit shown in these figures omits 10% of the radiative flux at lower velocities. This bound is chosen
to represent the lower limit of the Viy snock values of interest for this case. Similarly, the upper bound is chosen so that
10% of the radiative flux is omitted at higher velocities. For many cases, however, the upper limit cannot omit this 10%
because of the highly populated upper bins. In this case, the upper limit captures the upper value of Vi snock With a
noticeable bin population (this is seen for all surface points in Fig. 18, except for (d)). These upper and lower bounds on
VN.shock Tepresent the recommended bounds for the shock-tube velocities, which is the goal of this analysis. Note that
these bounds avoid the tails of the bin distributions to focus the recommended velocities on the most impactful values.

Figure 18 shows that as the surface point moves from the forebody (a) toward the back of the vehicle (d), the bin peak
is redistributed toward the lower Vi snock Values. The cause of this redistribution is due to the aft points seeing more of
the weaker oblique shock above the shoulder, as shown in Fig. 16. The nonzero bin value in Fig. 18(d) near 5600 m/s,
which is the free-stream velocity, is due to the separated wake flow contribution. This separated flow region originates in
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Fig. 18 Radiative heating bin distributions for each surface point for the Titan entry case.

the stagnation region, and therefore has near free-stream values for Viy snock. Typically, this region provides a negligible
contribution to the radiative flux due to its low pressure and number density. This contribution is small for this case, but
it is mentioned here because its small contribution is seen in the bin distribution for surface point (d).

VI. Conclusions

The flowfield property binning (FPB) approach is developed to provide a quantitative method for establishing
similarity between shock-layer radiation problems. If one of these cases represents a measurement, then this similarity
analysis determines the relevance of the measurement to the other case. This measurement could include surface
normal intensity, observed radiation, or shock tube profile measurements. The FPB approach reduces the simulation of
these measurements into a set of bins based on local temperature and pressure or fspocx and Vy, shock. For matching
pressure-temperature bins between two cases, the dependence of the simulation on the radiation model evaluated at
a set of pressures and temperatures is exactly the same. Therefore, experimental validation for one of these cases is
considered relevant to the other case with matching bins. The histogram intersection algorithm is proposed to provide a
quantitative metric of agreement between the bin distributions, resulting in the histogram intersection factor H. The
closer H is to 1.0, the better the two bin distributions compare. This value of H may be used to weight the impact of the
experimental validation case to the radiative heating uncertainty or margin of the flight or design case. A benefit of this
FPB framework is that it allows observed radiation measurements, which represent a geometrically different radiation
problem, to be directly applied to radiative heating margin assessments. Even for H factors as low as 0.3 between an
observed radiation measurement and the radiative heating to flight vehicle, the experimental validation provided by
the observed radiation measurement is valuable due to the rarity of flight radiation measurements. This increases the
value of these observed radiation measurements, which provides further motivation for obtaining future measurements.
The FPB approach is also shown to allow shock-tube measurements to target velocities relevant to backshell radiative
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heating for Titan and Mars entry. These shock-tube measurements may then be used in the shock-tube informed bias
approach to directly inform the backshell radiative heating uncertainty or margin.

(1]

(2]

[3

—

[4

—

[5

—

[6

—_

[7

—

[8

—_—

[9

—

(10]

(1]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

References
Winter, M., “Airborne Observation of Re-entries - Lessons Learned and Future Perspectives,” AIAA Paper 2014-2806, 2014.
https://doi.org/10.2514/6.2014-2806.

Horvath, T., Kerns, R., Jones, K., Grinstead, J., Ruemmele, W., Schwartz, R., Gibson, D., Dantowitz, R., Taylor, J., and Tack, S.,
“A Vision of Quantitative Imaging Technology for the Validation of Advanced Flight Technologies,” AIAA Paper 2011-3325,
2011. https://doi.org/10.2514/6.2011-3325.

Winter, M., McDaniel, R., Chen, Y.-K., Liu, Y., Saunders, D., and Jenniskens, P. M., “Radiation Modeling for the
Reentry of the Hayabusa Sample Return Capsule,” Journal of Spacecraft & Rockets, Vol. 56, No. 4, 2019, pp. 1152-1164.
https://doi.org/10.2514/1.A34381.

Liu, Y., Prabhu, D., Trumble, K. A., Saunders, D., and Jenniskens, P., “Radiation Modeling for the Reentry of the Stardust Sample
Return Capsule,” Journal of Spacecraft & Rockets, Vol. 47, No. 5, 2010, pp. 741-752. https://doi.org/10.2514/1.37813.

Johnston, C. O., and Brandis, A. M., “Features of Afterbody Radiative Heating for Earth Entry,” Journal of Spacecraft &
Rockets, Vol. 52, No. 1, 2015, pp. 105-119. https://doi.org/10.2514/1.A33084.

Cruden, B. A., Brandis, A. M., and Johnston, C. O., “Development of a Radiative Heating Margin Policy for Lunar Return
Missions,” Journal of Thermophysics and Heat Transfer, Vol. 32, No. 1, 2018, pp. 303-315. https://doi.org/10.2514/1.
T5236.

Brandis, A. M., and Cruden, B. A., “Benchmark Shock Tube Experiments of Radiative Heating Relevant to Earth Re-entry,”
AIAA Paper 2017-1145, 2017. https://doi.org/10.2514/6.2017-1145.

Brandis, A. M., and Cruden, B. A., “Titan Atmospheric Entry Radiative Heating,” AIAA Paper 2017-4534, 2017. https:
//doi.org/10.2514/6.2017-4534.

Johnston, C. O., “Evaluating Shock-Tube Informed Biases for Shock-Layer Radiative Heating Simulations,” Journal of
Thermophysics and Heat Transfer, Vol. 35, No. 2, 2021, pp. 349-361. https://doi.org/10.2514/1.T6174.

Swain, M. J., and Ballard, D. H., “Color Indexing,” International Journal of Computer Vision, Vol. 7, No. 1, 1991, pp. 11-32.
https://doi.org/10.1007/BF00130487.

Cauchon, D. L., “Radiative Heating Results from the Fire II Flight Experiment at a Reentry Velocity of 11.4 Kilometers Per
Second,” NASA TM X 1402, Jul. 1967.

Johnston, C. O., Hollis, B., and Sutton, K., “Nonequilibrium Stagnation-Line Radiative Heating for Fire II,” Journal of
Spacecraft & Rockets, Vol. 45, 2008, pp. 1185-1195. https://doi.org/10.2514/1.33008.

Borovicka, J., Popova, O. P., Golub, A. P., Kosarev, 1. B., and Nemtchinov, 1. V., “Bolides Produced by Impacts of Large
Meteroids into the Earth’s Atmosphere: Comparison of Theory with Observations; II. Benesov Bolide Spectra,” Astronomy and
Astrophysics, Vol. 337, 1998, pp. 591-602. https://ui.adsabs.harvard.edu/abs/1998A&A...337..591B.

Johnston, C. O., Stern, E. C., and Borovicka, J., “Simulating the BeneSov bolide flowfield and spectrum at altitudes of 47 and 57
km,” Icarus, Vol. 354, No. 114037, 2021. https://doi.org/10.1016/j.icarus.2020.114037.

Jenniskens, P., Kozubal, M. J., Dankowitz, R. F., Breitmeyer, J., Winter, M. W., Grinstead, J. H., and Loehle, S., “Time-
Resolved Absolute Irradiance of the Hayabusa Sample Retun Capsule Reentry,” AIAA Paper 2012-1294, 2012. https:
//doi.org/10.2514/6.2012-1294.

Suzuki, T., Fujita, K., Yamada, T., Inatani, Y., and Ishii, N., “Postflight Thermal Protection System Analysis of Hayabusa Reentry
Capsule,” Journal of Spacecraft & Rockets, Vol. 51, No. 1, 2014, pp. 96-105. https://doi.org/10.2514/1.A32549.

Johnston, C. O., “Features of Afterbody Radiative Heating for Titan Entry,” AIAA Paper 2019-3010, 2019. https:
//doi.org/10.2514/6.2019-3010.

Sahai, A., Johnston, C. O., Lopez, B., and Panesi, M., “Reduced-Order Non-Boltzmann Modeling of Coupled CO,
Thermochemistry and Radiation in Mars Entry Wake Flows,” Physical Review Fluids, Vol. 4, No. 093401, 2019. https:
//doi.org/10.1103/PhysRevFluids.4.093401.

17


https://doi.org/10.2514/6.2014-2806
https://doi.org/10.2514/6.2011-3325
https://doi.org/10.2514/1.A34381
https://doi.org/10.2514/1.37813
https://doi.org/10.2514/1.A33084
https://doi.org/10.2514/1.T5236
https://doi.org/10.2514/1.T5236
https://doi.org/10.2514/6.2017-1145
https://doi.org/10.2514/6.2017-4534
https://doi.org/10.2514/6.2017-4534
https://doi.org/10.2514/1.T6174
https://doi.org/10.1007/BF00130487
https://doi.org/10.2514/1.33008
https://ui.adsabs.harvard.edu/abs/1998A&A...337..591B
https://doi.org/10.1016/j.icarus.2020.114037
https://doi.org/10.2514/6.2012-1294
https://doi.org/10.2514/6.2012-1294
https://doi.org/10.2514/1.A32549
https://doi.org/10.2514/6.2019-3010
https://doi.org/10.2514/6.2019-3010
https://doi.org/10.1103/PhysRevFluids.4.093401
https://doi.org/10.1103/PhysRevFluids.4.093401

	Introduction
	Overview of the Flowfield Property Binning Concept
	Evaluation of Flowfield Property Bins
	Metric of Comparison between Flowfield Property Bin Distributions
	Justification for Flowfield Property Binning as a Metric of Similarity
	Spectral Comparisons as an Alternative to Flowfield Property Binning

	Application of Flowfield Property Binning for Relating Fire II Radiometer Measurements to EES
	Application of Flowfield Property Binning for Relating Observed Radiation Measurements to EES
	Application of Flowfield Property Binning to Determining Relevant Shock-Tube Conditions
	Conclusions

