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ABSTRACT

  

Some of the major shortcomings of current radiation 

modeling are discussed and DSMC as a potential long 

term solution is proposed. Recent developments in 

DSMC based flow and radiation modeling are briefly 

introduced and evaluated with respect to typical DSMC 

criticisms. It is concluded that DSMC can have a sig-

nificant impact on radiation research in the field of 

high enthalpy (re-)entry flows even at lower altitudes. 

Essential element will be the successful reduction of 

noise in the radiation signal. 

1. INTRODUCTION 

 

At (re-)entry velocities of interest radiation processes 

can dominate the heat flux to the TPS surface. It is 

crucial to understand these processes in order to not 

over- or under-design TPS subsystems. 

The typical computational setup in those design proc-

esses is as follows: A CFD code provides macroscopic 

quantities (e.g. temperature T and particle density n) 

for each species. The values are written into a file 

which serves as input for a radiation data base which 

computes local emission and absorption coefficients. 

Those are written into a file which serves as input for a 

radiation transport code which computes emission, 

radiation transport, and absorption of photons. The first 

is a consequence of non-vanishing emission coeffi-

cients, the middle is usually based on ray-tracing algo-

rithms, the last is usually based on Monte Carlo princi-

ples. Given this (loosely coupled) chain of calculation 

it is possible to estimate the radiative heat flux to the 

TPS surface.  

A more accurate result is obtained by using the ab-

sorbed photon energy as input for flow field correc-

tions, i.e. to adjust flow field properties. However, 

converging towards a steady solution is not only costly 

but obeys severe simplifications and estimations which 

cannot be circumvented as they are inherent to each 

individual solver: The CFD solver knows only equilib-

rium distribution functions in the (derivation of) rate 

coefficients as well as in the temperature calculation. 

The allowed deviations from these distribution func-

tions are only very small by mathematical nature. Us-

ing equilibrium properties like temperatures in the 

radiation data base must lead to radiation information 

which does not correspond to measurements made in 

highly non-equilibrium experiments which represents 

the general shortcoming of the Boltzmann population 

of excited states or levels. 

A popular attempt to circumvent this problem is the 

Quasi-Steady-State (QSS) model. However, QSS suf-

fers from several issues like data availability and con-

sistency. For further details please refer to [1]. 

Another attempt to improve radiation modelling is the 

use of state-to-state models embedded in CFD. How-

ever, it is unknown when a well optimised and verified 

state-to-state model will be running within a Navier-

Stokes code at practical computation times. On a long-

term perspective the state-to-state model could solve 

problems related to the energy distribution in rotational 

and vibrational degrees of freedom, the problem with 

the translational energy will remain.  

Another way to approach the radiation problem is to 

model the flow by a gas kinetic approach called DSMC 

(Direct simulation Monte Carlo). It is a probabilistic 

methodology which obeys two major principles in 

order to reduce computational need: the separation of 

particle movement and collision allows to reproduce 

collision rates making use of probability approaches. 

This reduces the quadratic dependency on the particle 

number to a linear  one. Secondly, each simulated 

particle represents a huge number of real particles 

which generally allows to reduce the amount of neces-

sary particles drastically. However, DSMC is suitable 

still only in the rarefied gas regime as the computa-

tional needs rise quickly with increased densities de-

spite the mentioned properties. For more details please 

refer to [2]. 

The objectives of this contribution are to discuss some 

of the more recent and relevant developments in parti-

cle based flow and radiation modelling as well as some 

aspects of particle discretisation induced noise in the 

radiation signal. The radiation is caused by the sponta-

neous emission of atomic particles. 



2. BRIEF REVIEW OF DSMC BASED RADIA-

TION MODELLING 

 

The main advantage of DSMC is the ability to avoid 

energy distribution functions in the collisional interac-

tions such that these distribution functions are an out-

come of the simulation and not inherently given as in 

CFD. Therefore, several attempts have been made to 

model radiation processes with DSMC making use of 

the intrinsic ability of DSMC to provide in principle 

arbitrary energy distribution functions as outcome of 

the simulation.  

Bird introduced 1987 [3] a radiation model for thermal 

radiation on basis of bound-bound transitions. This 

work proved that DSMC is generally applicable to 

simulate radiation processes. At first, the model(s) was 

(were) heavily simplified, e.g. the plasma was assumed 

optically thin. The same holds for [4-6]. In 1995, Tay-

lor et al. [7] introduced an absorption model on basis of 

a linear interpolation between the emission location 

and the simulation boundary where it was assumed 

photons to be absorbed if not done before. This simple 

absorption model was further improved by Berghausen 

et al. [8]. In 1998, Boyd et al. [9] presented a loose 

coupling between a DSMC code and the radiation data 

base NEQAIR/QSS for the computation of UV radia-

tion. Essentially, CFD was replaced by DSMC in order 

to simulate the BSUV-2 experiment at 71, 80, and 

90 km altitude. Atomic level populations were obtained 

making use of QSS. Gimelsheim et al. [10] investi-

gated the impact of catalysis on glow radiation around 

an orbiting spacecraft in low earth orbit. Visible radia-

tion often originates from atmospheric, hypothermal 

O(
3
P) which recombines at the surface with adsorbed 

NO, yielding electronically excited NO2. An analytic 

tangent slab approximation was used to estimate the 

radiation. Some years later Ozawa et al. [11] presented 

a loose coupling between a DSMC code, a radiation 

data base (NEQAIR), and a particle based photon 

Monte Carlo method. The latter solves the radiative 

heat transfer equation and corresponds algorithmically 

very well to the DSMC methodology. In the same year, 

Sohn et al. [12] replaced the NEQAIR solver by effi-

cient data bases of emission and absorption coeffi-

cients. Level populations were obtained again using the 

QSS assumption. Nonlocal VUV radiation generated 

during Stardust re-entry at 81 km was calculated 2012 

by Sohn et al. [13]. Flowfield data was provided by a 

DSMC code, level population was obtained making use 

of the QSS assumption, and NEQAIR was applied to 

get emission and absorption coefficients. These tools 

were coupled with the particle based photon Monte 

Carlo method to solve radiation transport. 

The tendency in radiation modelling confirms that 

particle based Monte Carlo methods for the radiation 

transport match better with DSMC from an algorithmic 

point of view. However, QSS assumptions still repre-

sent a limitation especially since DSMC offers by na-

ture the ability to resolve level populations more ele-

gantly.  

3. DSMC CRITICISMS 

 

There are three main criticisms with respect to DSMC 

in the given context: DSMC is limited to (relatively) 

high Knudsen numbers, i.e. to high altitudes which is, 

in the re-entry cases of interest, above the main radia-

tive peak heating trajectory point. Also, some strongly 

radiating constituents of the flow typically exist at very 

low mole fractions what makes them trace elements. 

Standard DSMC cannot resolve trace elements without 

increasing the computational demand drastically. And 

finally, the DSMC embedded photon emission is ex-

tremely noisy if one would apply standard DSMC 

algorithms. These three issues are addressed in the 

following sections. 

 

3.1 Extending the Knudsen number regime 
 

The gas kinetic applicability of certain numerical ap-

proaches is defined by the Knudsen number Kn which 

relates the mean free path λ to a characteristic length 

scale L. For (formally) Kn < 0.01 the continuum as-

sumption holds and standard CFD (Euler or Navier-

Stokes equations) is the first choice for simulating the 

flow. However, the choice of L needs to represent or 

resolve local flow properties and cannot be of global 

nature. Even though radiative peak heating occurs at 

lower altitudes than simulated with a pure DSMC code 

certain areas behind the shock wave can be not only in 

a strong non-equilibrium mode, but also in a non-con-

tinuum mode. Therefore, a typical atmospheric (re-) 

entry case contains both continuum and non-continuum 

regimes. There are four general approaches to develop 

a code which is applicable to a wider Kn number re-

gime which go beyond state-to-state modelling: 

1) By repeating the derivation of the hydrodynamic 

equations but allowing for stronger deviation from 

equilibrium distribution functions one gets to ex-

tended hydrodynamics meaning that the governing 

equations are Burnett and Super Burnett equations. 

But also Grad’s moment equations belong into this 

class. However, these set of equations are still far 

away from being applicable to practical aerospace 

problems. 

2) The standard DSMC algorithms can be extended 

towards continuum regimes. This has been studied 

in e.g. [14, 15] and concerns mainly the way how 

post-collisional particle velocities are updated. Ac-

cording to [16] these so-called collision limiter ap-

proaches suffer from numerical diffusion such that 

accuracy is lower than in comparison with the 

standard CFD approaches.  



3) Continuum and non-continuum codes can be cou-

pled yielding a hybrid approach which allows 

simulating the whole Knudsen number regime. 

However, the coupling of CFD codes with DSMC 

codes is algorithmically questionable due to the 

fundamental differences between both methodolo-

gies. Those differences affect not only issues like 

optimisation and parallelisation, but also numeri-

cal stability. For example, numerical stability is a 

key aspect in CFD, but not (at all) in DSMC. Al-

lowing for a two-way communication in the CFD-

DSMC solver one needs to translate fluctuating 

DSMC quantities into non-fluctuating CFD quan-

tities at the coupling boundaries of both domains. 

If not done properly, those fluctuations increase 

numerical instability of the CFD solver. If done 

properly, computational time is increased signifi-

cantly.  

As a consequence of these considerations one might be 

tempted to couple a DSMC code with a Lagrangian 

continuum solver as done e.g. in [16]. Given the 

amount of similarities between both methods it is algo-

rithmically much more efficient than the coupling 

between CFD and DSMC. In fact, this type of hybridi-

sation showed that a valid criticism of DSMC in terms 

of computational resources for flows at lower altitudes 

can be addressed effectively in the described way. The 

hybrid LD-DSMC code (LD…Low Diffusion) 

autonomously identifies gas kinetic regimes where 

different algorithms apply. In fact, collisions are not 

computed in the continuum regime. Communication at 

the domain boundaries are bidirectional. Fig. 1 shows 

the basic principle of the buffer zones autonomously 

established in order to provide communication between 

the different domains.  

 
Fig. 1. Schematic of domain decomposition in a LD-

DSMC code (nozzle flow as example). 

 

An own implementation of LD and its coupling to 

DSMC applied to a nozzle expansion flow is depicted 

in Fig. 2. 

 
Fig. 2. Exemplary LD-DSMC simulation of a nozzle 

flow expanding into a vacuum environment.  

3.2 Resolving trace elements 

 

In 1994 Bird introduced the concept of individual par-

ticle weights to DSMC [2]. Due to problems with the 

momentum and energy conservation Boyd  introduced 

1996 [17] the Conservative Weighting Scheme (CWS) 

which conserves momentum exactly over a collision 

with differently weighted particles, and energy on 

average over many of those collisions. In his example 

Boyd showed that the relative error per cell is very 

small such that the CWS approach is considered appli-

cable to flows containing important trace elements.  

Note that [17] considers only dissociation processes. 

Other processes in the gas phase or at the surface were 

neglected. In 2003, Wu et al. [18] extended the CWS 

approach according the adsorption and recombination 

processes at the surface. Verification was performed on 

basis of single cell simulations. Gimelsheim et al. [10] 

applied in 2000 a varying particle weight approach to 

dissociation and exchange processes in air. Recently, 

Petkow et al. [19] presented single cell based verifica-

tion simulations of dissociation and recombination 

processes in a N-N2 gas mixture. 

In conclusion, the accurate treatment of trace elements 

in the gas phase (as well as in surface chemistry) via 

DSMC is considered possible such that the related 

criticism is not valid anymore. 

 

3.3 Reducing noisy radiation signal 

 

To study and demonstrate the noise in a radiation sig-

nal treated with standard DSMC it is instructive to start 

from scratch. A single cell configuration was coded 

which contains a huge number of excited atomic parti-

cles. The initial distribution of excited levels can be 

either random or Boltzmannian, the latter serves verifi-

cation purposes. A probabilistic decay law according to  
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Was implemented. Eq. 1 contains the computational 

time step size ∆t as well as the mean life time 
lu
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which follows from the level related Einstein coeffi-

cients A for spontaneous emission from upper level u 

to lower level l. The decay probability is a number 

between zero and unity and is compared with an 

equally distributed random number R between zero and 

unity. Emission occurs if Pdecay > R. This model de-

mands the global time step size to be smaller than the 

shortest mean life time in order to resolve emission and 

population processes with high fidelity. 

The number of emitted photons and their correspond-

ing frequencies (or energies) are counted every time 

step and the new level populations are obtained accord-



ing to the level populations at the beginning of the time 

step. This allows also obtaining level populations as 

well as spectra (and intensities) over time. Fig. 3 de-

picts the initial level population plotted with a linear 

scale while Fig. 4 shows the initial level population 

plotted with a logarithmic scale.  

 

Fig. 3. Normalised level population of C atoms at 

40 000 K, linear scale. 

 

Population fluctuations at higher levels are mainly 

caused by scattering due to a limited total particle 

number of 10 000 as well as statistical weights larger 

unity. Level data was taken from PARADE [20]. 

 

Fig. 4. Non-normalised level population of C atoms at 

40 000 K, logarithmic scale. 

 

Noise in DSMC comes primarily from particle discreti-

sation where each simulated particle represents W real 

particles. In typical DSMC simulations this number is 

very high, W = 10
10

 is not unusual. Due to particle 

discretisation DSMC obeys an “all or nothing” princi-

ple: For whichever processes, if P > R the real equiva-

lent of W processes happen at the same moment in 

time, otherwise nothing happens. In the given context 

this means that if Pdecay > R one photon is emitted car-

rying the energy of W real photons. Of course, this 

photon is emitted only in one (randomly chosen) direc-

tion. Radiation is measured only if, by chance, a sensor 

is in the direction of the photon ray, otherwise nothing 

is measured. But in case of a measurement the intensity 

of W real photons is measured. Consequently, this 

approach demands heavy averaging in order to obtain a 

less noisy radiation signal. The influence of particle 

discretisation on radiation noise can be seen in Fig. 5. 

 
Fig. 5. Relative intensity error with respect to 10

6
 ex-

cited particles (with W = 1), ∆t = 10
-9

 s. 

 

The reference is a system of 10
6
 excited particles. The 

discretisation factor W is increased stepwise by a factor 

of ten, thus reducing the simulated particle number 

without reducing the physical particle number. Fig. 5 

shows that for W = 10
4
 the relative intensity error (over 

time) reaches already 40 %.  

 

Fig. 6. Excited particle in level 5, three potential decay 

paths are defined. 

 

In the given example the signal was not averaged 

which would have reduced the noise level. However, 

the curve in Fig. 5 represents the relative error with 

respect to the total intensity, i.e. a spatial resolution 

would aggravate the situation drastically. 

The “all or nothing” principle can be explained accord-

ing to the following example: A particle with 

W = 1000 is excited in level 5 which can de-excite to 

levels 2, 3, or 4, see Fig. 6. Since only one level per 



particle is defined only one of these levels can be 

reached. Therefore, an algorithm would evaluate all 

three decay probabilities P5-2, P5-3, and P5-4. If none of 

them is larger than a random number R than nothing 

happens. Otherwise the corresponding lower level is 

populated and a photon with an energy of W x ∆E will 

be emitted where ∆E is the energy gap between levels 

u and l. 

To reduce the noise significantly let’s assume the fol-

lowing: P5-2 = 0.3, P5-3 = 0.01, and P5-4 = 0.15. The 

“all or nothing” principle can be avoided by allowing 

every time step emission to occur. Given these prob-

abilities one would get  

W2 = W x P5-2 = 300, 

W3 = W x P5-3 =   10, 

W4 = W x P5-4 = 150. 

Not only that every time step radiation is produced 

despite the particle discretisation, but also the amount 

of photons per decayed particle is increased. The price 

to pay for this noise reduction is the increase of simula-

tion particles as this model (which is still only concep-

tual) yields in the given example three more particles 

additionally to the original particle which is still ex-

cited in level 5 but with W = W5 = 540 now. Obvi-

ously, the evolution of simulation particle numbers 

needs additional control. 

4. CONCLUSIONS 

 

Given the DSMC model developments reported in the 

preceding chapters it is concluded that the three main 

criticisms of DSMC with respect to the modelling of 

radiation processes occurring in high enthalpy re-entry 

flows are not valid anymore, at least for the first two:  

The purely particle based one-code solutions for the 

whole Knudsen number regime are young but promis-

ing numerical efforts which deserve further scientific 

interest. 

The varying particle weight models for the resolution 

of trace elements in DSMC show significant reduction 

of simulation time or, if measured in signal quality, a 

very strong improvement. A general approach covering 

all gas phase reactions dissociation, exchange, and 

recombination is still lacking although the individual 

reaction types have been proven to work efficiently 

with trace elements already. 

The noise reduction in the radiation signal is discussed 

and shows conceptually a significant potential to im-

prove the radiation information signal although further 

modelling, verification, and validation activities need 

to be performed. 

5. OUTLOOK 

 

On a short-term, the collision modelling of differently 

weighted particles in DSMC will be improved further. 

This concerns e.g. the modelling of exchange reactions 

in neutral flows.  

On a mid-term, the capabilities of the Low Diffusion 

approach need to be extended towards differently 

weighted particles in order to enable fully coupled LD-

DSMC simulations. 

On a long-term, the fully DSMC-embedded modelling 

of radiation processes need to be fostered. To start 

from scratch as discussed in the preceding chapter is 

recommended. 
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