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Detection of a hypersonic vehicle

Start and target location are selected randomly
Globe created with MATLAB function geoglobe

Atmosphere

BM Flugbahn
HGV Flugbahn
Erkennung Satellitensensor
Erkennung Bodensensor

Sensor
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Methodology

PARADECFD

Stationary CFD 
simulation to get
- temperature(s)
- number densities
- grid

Definition of
vehicle Spectral 

absorption 
coefficient

Spectral 
emission 

coefficient

 

 

                              

      

     

      

 

 

     

     

     

    

    

    

    

    

    

    

  

 

     

    

    

    

    

    

    

    

    

    

    

    

    

    

    

Photon Monte Carlo Method

Ray tracing: 
▪ transmission
▪ absorption
▪ emission
▪ reflection
▪ scattering

Results are readily available Focus of this work

FIRE II image modified from
1965, “Project FIRE – Integrated Post Flight Evaluation Report” – Flight No. II, REPORTNO.GDCIBKF65-04, NASA CR66000
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1 Sensor

Setup

Sampling for Backward Method

2 Photon Monte Carlo Method

Ray Tracing Algorithm

Intersection

Absorption

Spectral Binning

3 Results

Forward PMCM

Backward PMCM

Agenda

∇𝑞𝑟𝑎𝑑

𝑞𝑟𝑎𝑑
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Setup

Sampling for Backward Method

1   Sensor



Sep 9, 2024, Oxford  D. James, Prof. Ch. Mundt 6

Institut für Thermodynamik LRT 10
Prof. Ch. Mundt, Prof. L. Zigan

10th International Workshop on Radiation of High Temperature Gases for Space Missions

Sensor – Setup

1.3 million pixels

Approximated 
as point

0.16% Zoomed in (1.65° half-opening angle)

7.5E-4% Zoomed out (24° half-opening angle)

Percentage of solid angle of 1 pixel for cone that covers FIRE II:

Pixels cover 63.7% of cone of light

Cone of 
“light”

… 500km …

Question: How much energy at what wavelength arrives at the sensor?
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Sensor – Sampling for Backward Method (1/5)

Vehicle geometry1

FIRE II image modified from
1965, “Project FIRE – Integrated Post Flight Evaluation Report” – Flight No. II, REPORTNO.GDCIBKF65-04, NASA CR66000
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Sensor – Sampling for Backward Method (2/5)

Vehicle geometry

CFD Simulation

1

2

Flow field 
from CFD
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Sensor – Sampling for Backward Method (3/5)

Vehicle geometry

CFD Simulation

Rotate

1

2

3
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Sensor – Sampling for Backward Method (4/5)

Vehicle geometry

CFD Simulation

Rotate

Cone Sampling

1

2

3

4
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Sensor – Sampling for Backward Method (5/5)

Vehicle geometry

CFD Simulation

Rotate

Cone sampling

Rectangular test

1

2

3

4

5

Miss flow 
field

Hit

Absorbed 
at wall

Just passing 
through Absorbed 

in gas 
phase

Hit

Miss 
rectangle

Forwarded 
to ray tracer

Only 10,000 samples shown

Very 
quick 
test

More 
expensive
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2 Photon Monte Carlo Method

Ray Tracing Algorithm

Intersection

Absorption

Spectral Binning
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Photon Monte Carlo Method – Ray Tracing Algorithm

Rotate: back into 2D plane, then
Move: Compute intersection

Hit boundary?

Absorbed?

New photon
bundle

Absorbed?

Yes, increase tally

no

Yes, increase tally

yes

no

no

Shock:
Cold, black

Outflow:
Cold, black

Symmetry:
Reflect specularly

Vehicle wall:
Gray wall

Start

Standard textbooks are:
Modest, “Radiative Heat Transfer”, 3rd edition (see chapters 8 and 21)
Howell, Mengüç, Siegel, “Thermal Radiation Heat Transfer, 6th edition (see chapters 7.9 and 12.6)
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Photon Monte Carlo Method – Intersection

0, 1 or 2 
intersections

4 boundaries
per cell

Quadratic formula

Travel distance

Rotation

𝑥

Procedure/formulas can be found e.g. in:
2022, Beyer, Pfeiffer, Fasoulas, “Non-equilibrium radiation modeling in a gas kinetic simulation code”, 
https://doi.org/10.1016/j.jqsrt.2022.108083
2012, Feldick, Modest, “A Spectrally Accurate Two-Dimensional Axisymmetric, Tightly Coupled Photon Monte Carlo Radiative Transfer 
Equation Solver for Hypersonic Entry Flows”, https://doi.org/10.1115/1.4007069

https://doi.org/10.1016/j.jqsrt.2022.108083
https://doi.org/10.1115/1.4007069
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Photon Monte Carlo Method – Absorption

“Classical” method = accumulate optical path & coin flip Energy partitioning = allow partial absorption
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Photon Monte Carlo Method – Spectral Binning

20,000 spectral points
2,000 bins

emission

absorption
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3.1   Results – Forward PMCM
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Forward PMCM – Results FIRE II

𝑇 [K]

Absorption 
coefficient 
[1/m] Emission 

coefficient 
[W/m3/sr]
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Forward PMCM – Results FIRE II

Length of grid

reflections

Histogram

Cell visits

# movements

C
o

u
n

t
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Forward PMCM – Results FIRE II
∇𝑞rad = out - in

𝑞rad,in [W/m3] 𝑞rad,out [W/m3] ∇𝑞rad [W/m3]
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Forward PMCM – Results HGV tip

∇𝑞rad [W/m3]

𝑇 [K]



Sep 9, 2024, Oxford  D. James, Prof. Ch. Mundt 22

Institut für Thermodynamik LRT 10
Prof. Ch. Mundt, Prof. L. Zigan

10th International Workshop on Radiation of High Temperature Gases for Space Missions

Comparison to StaRad

PMCM forwardStaRad

~2-3 times faster than 
StaRad despite GPU 

cluster vs. single core

∇𝑞rad [W/m3]
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3.2   Results – Backward PMCM
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Detection scenarios

Scenario 1: FIRE II from side Scenario 2: Generic HGV from above

FIRE II 1648s
5-species chemical nonequilibrium

𝐻 41.80 [km] 𝑀𝑎 25.56 [−]

𝜌 3.04E-3 [kg/m3] 𝑇wall 509 [K]

𝑣 8.2 km/s 𝑇∞ 267 [K]

same 
inflow 
conditions 
as FIRE II

500km

5
0

0
km
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Backward Photon Monte Carlo Method – FIRE II

Hot 
gas

Vehicle wall Hot gas Vehicle wall

1e7 bundles, 2,000 spectral points, 200 bins
1e8 bundles, 20,000 spectral points, 2,000 bins

(equidistant wavelength)
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Backward Photon Monte Carlo Method - HGV same inflow conditions as FIRE II

20240308-163417 case

Hot 
gas

Vehicle wall Hot gas Vehicle wall
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Conclusion and Outlook

• Forward method to compute divergent heat flux

• Backward method to compute radiation signature at sensor

• Future work:

• Validation (e.g. infinitely extended cylinder with 1-D tangent slab method)

• Consider attenuation in atmosphere between sensor and vehicle

• Consider background (e.g. uniform 20°C)

• Different trajectory points

• Explore different spectral binning methods

• Study of number of bundles (how much is needed)

• Parallelization, GPU

• Full 3D

∇𝑞𝑟𝑎𝑑

𝑞𝑟𝑎𝑑
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dominik.james@UniBw.de

https://www.linkedin.com/in/dominik-tobias-james

dominik.james@UniBw.de
https://www.linkedin.com/in/dominik-tobias-james 

Thank you!

mailto:dominik.James@UniBw.de
http://www.linkedin.com/in/dominik-tobias-james
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