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5.1 INTRODUCTION 

Spacecrafts experience significant heat loads during atmospheric entry maneuvers. This is due to the 
considerable entry velocities and the corresponding mass specific enthalpies that have to be dissipated along 
the entry path through the atmosphere of the concerned celestial body. To withstand these loads,  
the vehicle requires a Thermal Protection System (TPS). In contrast to the amount of work done in the field 
of mechanical properties characterization and engineering development less experimental work has been 
conducted to characterize the catalytic and optical properties of such materials. However, these properties are 
of great importance because they are determining the thermo chemical behavior of the TPS during a given 
re-entry trajectory of a vehicle. Due to the high gas velocities in the entry phase, e.g., for Earth, the Oxygen 
and the Nitrogen molecules passing through the bow shock become at least partly dissociated. Depending on 
the environmental conditions (e.g., pressure and temperature of the TPS material) these atoms will 
recombine at different rates following different mechanisms. In any case, the released recombination energy 
of this exothermal chemical reaction results in an additional heat flux on the TPS and the gas phase in the 
boundary layer. The increase in heat flux can be as much as three times for an Air system, comparing a non-
catalytic to a fully catalytic material [1], [2]. Correspondingly, at least two portions of heat flux have to be 
considered: The convective heat flux which does not directly depend on the material and the recombination 
heat flux which results from the chemical recombination of atoms, a process, which directly depends on the 
material of the space vehicle surface. If the ratio of the variable recombination and convective heat flux to a 
fully catalytic heat flux is taken a trend as shown in Figure 5-1 is obtained. 

 

Figure 5-1: Normalized Heat Flux Depending on Increase of Recombination (as an example). 
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The impact of recombination is evident and the quantitative values of both minimum and maximum as well 
as the position of the heat flux increase depend on the catalysis properties of the surface material and on the 
conditions of the incident flow. In particular, the steep slope regime is of interests as the potential to 
manipulate the heat flux is most significant. In an overall consideration the process itself happens through the 
transport of atomic species (Oxygen and Nitrogen atoms in case of Air) to the material surface. Here, either 
at least one or more of the chemical precursors experience chemisorption. In a third step usually either the 
adsorpts react with each other (i.e., Langmuir-Hinshelwood mechanism) or one adsorpt reacts with a 
precursor that is still in the gas phase (i.e., Eley-Rideal mechanism). After that the resulting products  
(the molecules) are desorpted from the surface and then leave the surface zone [3], [4]. A more detailed 
description of these mechanisms is given in reference [5].  

First theoretical investigations were performed by Fay and Riddell and Goulard leading to the formulation 
of algebraic formulations based on boundary layer models [6], [7]. It is interesting that such models are 
still quite powerful and still find their application within the group of the boundary layer based 
methodologies to derive the catalytic behaviour of candidate materials. From the understanding of the 
dominant mechanisms the importance of both the transported species and the fraction of these species 
recombining at and/or near the material surface become evident. Correspondingly the definition of the 
recombination coefficient γi as: 
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related to the species can be defined. Here, the index recom is assigned to the respective number of 
recombining species while the index tot is assigned to the total number of particles that flow to the surface 
per second. Therefore, γ is always between 0 (non-catalytic) and 1 (fully catalytic). Correspondingly, and in 
consistence with the gradients in Figure 5-1, the following regimes can be defined: 

• γ < 1: materials of low catalysis; 

• 0.01 < γ <0.1: materials in with medium catalysis; and 

• γ > 0.1: materials of high catalysis. 

These considerations, however, still ignore the aspect of energy accommodation, i.e., the answer to the 
question which fraction of the heat flux derived from the recombination processes is experienced by the 
surface as it is evident that the other fraction still could stay with the molecule which is not necessarily in 
equilibrium with the surface. Correspondingly, the energy accommodation coefficient β defined as: 
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has to be taken into account and, eventually, the product of both γi and β. The aforementioned motivation 
of understanding the boundary layer and relevant parameter additionally necessitates knowledge on 
additional material properties such as, e.g., the emission coefficient and on the environmental conditions 
which usually leads to the operation of a set of adequate measurement techniques as well. This can be 
exemplarily outlined by the consideration of catalysis, the emission coefficient and the potential interaction 
between catalysis and other reaction schemes of a TPS material. 

The heat flux onto a spacecraft itself becomes indirectly dependant on the TPS surface temperature. In case 
of common Silicon-based TPS materials, the raised temperatures may trigger another surface phenomenon, 
which interacts with catalysis: passive and active Oxidation along with a further rapid temperature increase 
and consequently a much higher mass loss rate.  
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This overall interaction between emissivity, catalysis and reaction schemes is in principal shown in  
Figure 5-2. It becomes clear that methodologies to assess surface reaction schemes require the precise 
knowledge of other material related properties. The emissivity is one of the most important of these 
parameters.  

 

Figure 5-2: Catalysis, Emissivity and Reaction Scheme Interaction. 

In order to develop and weight-optimized TPS for future, it is absolutely necessary to determine related 
material properties and closely investigate these surface phenomena and their interaction in ground tests 
and flight experiments. A promising assessment is the successful combination of experimental, in-flight 
data from the ballistic capsule MIRKA and numerical models as performed in Ref. [8]. In a further step,  
a critical consideration of catalysis data with respect to the different methodologies to determine catalysis 
has to be performed.  

Through this motivation the works within RTO has been motivated with the aim to consolidate and to assess 
the theme of catalysis. The outcome will be incorporated to an RTO report which is currently in 
development. The paper gives an extraction of this report showing the facilities and capabilities world wide 
to assess catalysis data. A corresponding summary for the modelling activities can be found in reference [9]. 

For ballistic entry vehicles the altitude of maximum thermal load can be estimated by: 
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where HB = 6700 m is the reference altitude, ρB = 1.752 kg/m3 is the reference density, β is the ballistic 
coefficient of the vehicle in kg/m² and γE is the entry angle. Typically, the highest thermal loads of orbital 
as well as super-orbital re-entry vehicles arise at about 60 km of altitude or above. At such altitudes 
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chemical but also thermal non-equilibrium play an important role concerning vehicle heating. As an 
example, the temperatures along the stagnation line of the MIRKA re-entry capsule for peak heating 
conditions are shown in Figure 5-3. 
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Figure 5-3: Temperature Distribution Along the MIRKA Stagnation Line for Peak Heating 
Conditions Employing the URANUS Non-Equilibrium Navier-Stokes Algorithm. 

While the pressure and the density are sufficiently high to allow for nearly complete chemical relaxation in 
the flow field downstream of the shock, they are to low to allow for chemical equilibrium in the boundary 
layer near to the surface. Hence, the gas composition at the surface is significantly dissociated and a large 
amount of atomic species reaches the surface of the Thermal Protection System (TPS) of the re-entry 
vehicle. Depending on the catalytic properties of the TPS a part of the atomic species recombines at the 
surface. 

The limiting cases for the recombination coefficient are 0, if no recombination occurs (non-catalytic) and 
1, if all atoms recombine (fully catalytic). As a replacement for fully catalytic boundary conditions some 
CFD schemes apply so called super-catalytic boundary conditions where the composition at the inflow 
boundary is prescribed at the surface boundary.  

As can be seen from Figure 5-4 the catalytic properties of the surface have a major influence on the chemical 
composition of the gas in the boundary layer. 
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Figure 5-4: Mole Fraction Distribution versus Stagnation Stream Line for the MIRKA Re-entry 
Vehicle Under Peak Heating Conditions Comparing Non-Catalytic (top) and Fully  

Catalytic (bottom) Boundary Conditions Computed Employing URANUS.  

Since the recombination of atoms is an exothermal process, the recombination of atoms is associated with 
the release of the dissociation energy at the TPS surface. As a result, the catalytic recombination of atoms 
at the TPS surface leads to an increase in surface heat flux as compared with the non-catalytic assumption. 
If no other reactions than catalytic recombination reactions are important at the TPS surface, the fully 
catalytic and the non-catalytic surface assumptions mark the limits for the heat flux onto the surface.  
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As shown in Figure 5-5 the computed heat flux onto the MIRKA surface at peak heating conditions varies 
between 0.75 MW/m² and 2.4 MW/m² for non-catalytic and fully catalytic surface boundary conditions, 
respectively. For re-entry into the Earth atmosphere, a ratio of 3 between fully catalytic and non-catalytic 
heat flux is a typical value. 
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Figure 5-5: Comparison of Computed Surface Heat Loads for the MIRKA Vehicle at  
Peak Heating Conditions Employing Non-Catalytic and Fully Catalytic Surface  

Assumptions with Measurements of the HEATIN Experiment. 

As can be seen from Figure 5-5 the heat flux measurement results in roughly one third the heat flux value 
of the fully catalytic boundary condition. 

5.2 REALIZED EXPERIMENTAL METHODOLOGIES TO DERIVE 
CATALYSIS 

The following section outlines institutions that have developed facilities and methodologies to experimentally 
derive catalysis data. It concentrates rather on the methodologies and facilities developed. They are 
considered qualified such that the discussion of measured data is a future item, see also section IV. The first 
four of the described methods are dominated by concentration measurements while the methods that use 
plasma wind tunnel facilities are dominated by energy balances. However, it is not in the ambition of the 
authors to categorize too strictly as some of the methods combine the two categories or could at least have an 
improvement, e.g., if concentration data for the plasma wind tunnel based methodologies would be measured.  

5.2.1 Side-Arm Method 
The side-arm method was first developed by Smith [10] in 1943 and was widely used in the 1950s and 
1960s. Later the original measurement technique was modified and used by many others, e.g., 1959 by 
Greaves and Linnett [11], [12] or 1964 by Dickens and Sutcliffe [3]. It was one of the first procedures for the 
experimental determination of recombination coefficients.  



EXPERIMENTAL AND NUMERICAL TECHNIQUES TO ASSESS CATALYSIS 

RTO-TR-AVT-136 5 - 7 

 

 

The main part of the experimental setup consists on a quartz tube with a gas supply at the one side and a 
vacuum pump on the other side. Close to the vacuum pump connection a second tube diverged 
orthogonally from the main pipe. This second tube or side-arm gave the name for these kinds of apparatus. 
Between main pipe and second pipe the gas passes a plasma generator which generates dissociated and or 
ionized plasma. In literature side-arm reactors with electrodes and electrode-free plasma generators using 
high-frequency coils can be found.  

For achieving higher degrees of dissociation the gas was often, e.g., mixed with water vapour which of 
course represents a contamination of the plasma which was done by Dickens and Sutcliffe [3].  

By passing the side-arm the plasma diffuses towards the material sample in the measurement area of the 
side-arm. Depending on the type of side-arm reactor the isothermal properties of the measurement area in 
length can be up to a couple of decimeter. The recombination coefficient will be determined by measuring 
the decreasing amount of dissociated atoms along the material sample under inspection. The species 
concentration can be measured, e.g., using Pirani-Manometer, mass spectroscopy, laser induced fluorescence 
or other techniques. A principle scheme of a side-arm reactor can be seen in Figure 5-6 but represents only 
one possible configuration. Another method is to install several thermocouples with catalytic coatings.  
The greater the distance to the main pipe is the less is the concentration of the atoms in the side arm, hence, 
less atoms recombine at the surface of the catalytic coatings. This leads to a decrease of measured 
temperature along the side-arm. This type of side-arm reactor was used by Linnett and Marsden [13] as well 
as Greaves and Linnett [11], [12], [14]. 

 

Figure 5-6: Side-Arm Reactor of Greaves and Linnett [11]. 

When the material sample is additionally equipped with heating elements the recombination coefficient 
over temperature can be obtained. 

In the experimental setup in Figure 5-6 the material sample in the form of a hollow cylinder was installed 
inside the measurement area (lining in position). If the concentration of the atomic species is relatively low 



EXPERIMENTAL AND NUMERICAL TECHNIQUES TO ASSESS CATALYSIS 

5 - 8 RTO-TR-AVT-136 

 

 

and the temperature profile along the measurement area is isotherm, the catalytic property γ is given by the 
following equation: 
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Here, αA and αB are the atomic concentration at both ends of the material sample and Δx is the distance 
between them. The parameter K can be described as (4·S·D)/(Vav·D) with C as the circumference and S as 
the cross-sectional area of the side-arm. The size Vav is the average velocity of the atoms and D the 
coefficient of diffusion.  

Although the side-arm method is one of the first measurement techniques used for determine the catalytic 
behaviour of different materials, it is still in use even today, e.g., Stewart and also Marschall [15], [16], [17]. 

The disadvantages of this method are the direct dependency of the knowledge of the coefficients of 
diffusion and the relatively low temperature range (up to 1000°C) achieved in these kinds of apparatus. 
The catalytic property of the material used for the tubes and side-arms must be known or determined in 
previous tests before installing the material sample. Furthermore the pressure level must be low to 
minimize the number of collisions of the atomic species in order to reduce the recombination reactions in 
the flow. Typical pressure levels are 4 Pa. As the recombination coefficient γ depends on temperature and 
pressure the γ obtained in these reactors are not representative for conditions during real re-entries. 
Nevertheless these values are important for the calibration of theoretical catalytic models. 

5.2.2 Effusion Method 
The Effusion Method was introduced 1966 by May and Linnett [18]. Hereby the gas streams through an 
aperture inside the evacuated tank in which the material sample is installed. The pressure and density 
should also be very low. Before crossing the aperture the gas become dissociated by passing a high 
frequency coil. Behind the aperture the material sample is placed coaxial and orthogonal to the flow 
direction. One part of the atomic species recombines to molecules at the surface of the sample. 

Figure 5-7 shows a scheme of the arrangement of May and Linnett [18]. The sample under investigation 
consists of a thin Pyrex disc with the catalytic coating applied on one side of the disc. With known flow 
characteristics the total number of on the surface impinging particles can be calculated. The particle 
density can be measured similar to the techniques mentioned in the description of the side-arm method. 
Together with the temperature of the material sample and the total number of impinging particles the 
recombination coefficient can be determined. May and Linnett used resistance thermometers which were 
installed on the backside of the Pyrex disc. Like all measurement techniques which determine the catalysis 
by measuring the sample temperature and the heat flux respectively, the recombination coefficient and the 
energy accommodation factor cannot be separated but the effective recombination coefficient γ’.  
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Figure 5-7: Scheme of Effusion Method by May and Linnett [18]. 

In comparison to the Side-arm Method, the Effusion Method is independent of the coefficient of diffusion. 
Additional it is suitable for high catalytic materials γ > 0.1. 

Earlier versions of the Effusion Method were developed by Nakada [19] et al. in 1955. In their experiments 
metal samples were exposed to a partially dissociated hydrogen gas flow. In May and Linnetts assessment of 
these first experiments the driving force of the flow was not only related to effusion.  

5.2.3 Chemical Luminescence Method 
The method of species concentration measurements with the aid of chemical luminescence was introduced 
1991 by Wickramanayaka, Meikle, Kobayashi, Hosokawa and Hatanaka [20]. The type of chemical reaction 
presumes Oxygen as working gas. The Oxygen gas streams through a Pyrex tube and by passing a high 
frequency coil become dissociated, see Figure 5-8. Directly in front of the material sample Nitrogen 
monoxide (NO) were added to the gas flow. As a result the Nitrogen monoxide reacts with the atomic 
Oxygen to high excited Nitrogen dioxide (NO2) which, therefore, emits radiation: 

 νhNOONO +⎯→⎯+ *
2 . (5) 
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Figure 5-8: Scheme of Chemical Luminescence Method [20]. 

The number of reactions is proportional to the change of atomic Oxygen concentration, thus, it is a quantity 
for the determination of the recombination coefficient of the material sample, provided that at low pressures 
the number of chemical luminescence reactions in the gas phase is much smaller than the number of 
recombination reactions at the surface of the sample. 

One disadvantage of this method should be mentioned is the change of surface properties of the investigated 
material sample through the adding of Nitrogen monoxide into the gas flow. On the other side the key 
benefits of this method are the selectivity of the measurement principle which allows the measurement of the 
concentration of atomic Oxygen only. This leads to accurate statements of the recombination coefficient 
corresponding to the working gas, in this case Oxygen, because impacts of other gas species can be 
neglected.  

5.2.4 MESOX 
The MESOX (Moyen d’Essai Solaire d’Oxydation) [21], [22], [23], [24] solar furnace facility introduced 
by Balat, Czerniak and Badie [21] represents an experimental setup of a plasma generator and a solar 
oven. Material samples of 3 mm in depth and 25 mm in diameter can be investigated and are installed 
coaxially inside a glass pipe in such a way that the sample is in the focus of the solar oven. The solar 
radiation concentrator is used for the sample heating and a microwave generator for the generation of the 
Air plasma. The glass tube has is 500 mm long and has a diameter of 50 mm. In this setup a maximum 
heat flux of 5.0 MW/m² and temperatures of 2500 K can be achieved. For a thermal insulation the sample 
holder is made out of Zirconium dioxide (ZrO2). The plasma stream between inflow and vacuum pump 
system leads to a stagnation point flow to the material sample. The pressure level can be varied between 
100 Pa and 10000 Pa. The temperature increase is determined with optical reflectors at both sides by 
optical pyrometers. The principle setup can be seen in Figure 5-9. With the MESOX setup it is possible to 
measure simultaneously the thermal and chemical contributions of the atomic recombination on surfaces at 
high temperatures on the same setup which allows a good accuracy. 
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1 quarts chamber 
2 viewports 
3 sample holder 
4 flow meter 
5 pressure regulator 
6 vacuum pump 
7 pressure gauge 
8 microwave generator 
9 isolator 
10 refrigerated wave guide
11 three stubs tuner 
12 plunger 

 

Figure 5-9: Scheme of the MESOX Experimental Setup by Balat [21]. 

For the evaluation of the recombination coefficients it is referred to two different procedures, the mesoscopic 
and the microscopic approach. The first is based upon the balancing of heat fluxes onto the material sample 
and allows for the qualitative determination of catalysis effects. The second evaluation involves additionally 
the concentration of all species. These values are measured by means of actinometry. For this reason the 
recombination coefficients can also be determined quantitatively.  

For mesoscopic approach it is necessary to balance the heat fluxes for several conditions. For this purpose 
the circulation of the sample with Air, Air plasma, Argon and Argon plasma have to be performed, see also 
Figure 5-10. In every of these four series of experiments heat is conducted and radiated from the sample.  
But the energy impact onto the sample arises from different mechanisms. During Air and Argon tests the 
heating of the material sample is only affected by solar radiation. During Argon plasma tests an additional 
amount of heat will be released due to the microwave radiation producing ionized Argon plasma. A further 
test with Air plasma causes recombination reactions of the dissociated species, hence, the temperature of  
the sample increases further on. By comparing the energy balances of all four tests the thermal flux of 
recombination can be derived. 
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Figure 5-10: Heat Flux Balancing According to Balat [21]. 

The microscopic approach is used to measure the recombination coefficient quantitatively. The actinometry 
technique is used to identify the relative atomic concentration profile. This is done by introducing a small but 
known amount of Argon into the Air plasma. Then the ratio of the intensities of the dissociated species and 
an Argon line is measured. The ratio of these intensities is assumed to be proportional to the atom 
concentration. Further assumptions are needed for this measurement technique. The Argon should not 
disturb the Air plasma, the excited species must be solely produced by electronic impacts from ground state, 
the de-excitation of the species should be essentially by radiation and the cross-sections of the investigated 
atoms and Argon must be the same and the energy thresholds must be similar.  

Furthermore by neglecting convection and radial fluxes the concentration is only varying along the x-axis: 
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The boundary condition for this equation are the ratio IA/IAr is constant along the discharge and the at the 
surface sample, the mass balance in Oxygen atoms is established by the equality between the Oxygen 
arriving at the surface by diffusion and the atomic Oxygen recombined at the surface: 
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Here, v is the mean square velocity of atoms. Finally, the equation for the recombination coefficient can 
be derived: 
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with IA/IAr the ratio of the intensities respectively at the entrance of the reactor (x = L) and at the surface 
sample (x = 0), DA,Air the binary diffusion coefficient of the atomic species in Air and L the thickness of 
the concentration boundary layer. 

5.2.5 Catalysis Measurements Using Plasma Wind Tunnels (such as IPM RAS,  
VKI and IRS) 

The following section does not claim completeness in the sense that all available PWT facilities are covered. 

5.2.5.1  Analytical Evaluation of Boundary Layer (IRS) 

Measurements of recombination coefficients in Plasma Wind Tunnels (PWT) are another import method for 
the evaluation of catalytic phenomena. The advantage of using PWTs is that re-entry relevant conditions can 
be produced. First evaluations of the recombination coefficients utilizes the comparison of a fully catalytic 
material to the material to be investigated based on Goulard’s Theory [7]. This method was used by many 
started with Scott [25] in 1980 and later on with Stewart [16] and the authors of references [26], [27].  
As fully catalytic material reference material CuO was assumed to be close to being fully catalytic but this 
assumption of course contains some uncertainty. Further developments of this method avoid this assumption 
and will be described below. 

At IRS tests to determine catalysis, particularly the measurement of Oxygen recombination coefficient,  
are performed in the inductively heated plasma wind tunnel PWK3. This plasma source produces subsonic 
and supersonic flows and has many advantages regarding other plasma sources, especially for material 
tests. With inductively heated plasma it is possible to generate pure Oxygen plasmas. In arc jets atomic 
Oxygen would lead to a fast corrosion of cathodes which leads on the one hand to a fast degenerating 
cathode and on the other hand to a polluted plasma. To prevent corrosion additional gases like Argon 
and/or Nitrogen are mixed to the Oxygen plasma in this kind of plasma sources. With pure Oxygen the 
measured recombination coefficients are much more accurate.  

For employing Goulard’s theory of stagnation point heat transfer the boundary layer is assumed to be 
frozen, hence, all recombination reactions occur on the surface. Due to low pressure and high stream 
velocities in Plasma Wind Tunnel tests this assumption is reasonable. The following analytical approach is 
valid for supersonic flows. 
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Figure 5-11: Material Double Probe with Mini-Pyrometer Pyrex [26]. 

The total heat flux to a catalytic surface excluding radiation is given by: 

 recomc qqq &&& +=  (9) 

with cq&  the convective part from ordinary molecular conduction and the released heat by atoms 
recombination at the surface which are balanced by the atoms diffusing though the boundary layer.  
The convective heat flux can be expressed by following equation: 
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The heat flux by recombination is simply the multiplication of the reaction rate constant, the heat of 
recombination of the atomic species and the partial density at the wall, thus: 
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The correlation between the reaction rate constant and the recombination coefficient γ is: 
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so the recombination coefficient can be derived in case kw is known. 

The total heat flux can be obtained by measuring the temperature of the material sample in steady state 
condition. This has been done by pyrometric measurements. Following the heat flux can be achieved using 
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thermal analysis in combination with the relevant material properties such as, e.g., emissivity coefficient. 
Thus, by calculating the convective heat flux and subtracting the result from the total heat flux to the 
surface, the reaction rate constant yields: 
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The frozen enthalpy seh  is given by: 

  21( ,0)
2se tot e R eh h x u h c= − − . (14) 

From Newtonian theory for the velocity gradient β follows: 
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with Reff the effective nose radius. For a supersonic plasma flow the Mach number can be derived by the 
well-known Raleigh-Pitot equation and the plasma temperature for example or by the use of relevant 
measurement techniques such as conical probes. 

The density at the wall ρw in equation (9) which is needed for the evaluation of the reaction rate constant 
kw is itself depending on the species concentration at the wall; hence both parameters must be calculated 
simultaneously by an iterative procedure.  

The Prandtl and Schmidt numbers and viscosity values in equation (10), (11), (13) were calculated 
according to Fertig et al. [28]. Finally with equation (5) and (7) the recombination coefficient can be 
derived.  

Furthermore, the partial pressure of the dissociated species, which is the driving force for the chemical 
reaction. Generally a chemically reaction rate is calculated by the multiplication of a reaction rate constant 
and the species concentration of the concerning species or any collision partner. 

 [ ]f i jk c cω ⎡ ⎤= ⎣ ⎦&  (16) 

With the heat flux caused by catalytic reactions at the surface and the recombination coefficient it 
becomes possible to determine the species concentration at the wall. The diffusion part of the total heat 
flux is simply the net atom mass flux to the wall jw multiplied with the heat of recombination hR: 

  D R w R w w wq h j h k c ρ= =& . (17) 

Since the mass fraction and the molar fraction are connected by: 
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the partial pressure of the atomic species which is the driving force for the catalytic reaction is obtained by: 
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 A Ap pψ=  (19) 

Further quantities like absolute numbers of atoms hitting the wall and absolute number of recombining 
atoms as well as the atomic concentration gradient at the wall can be easily obtained: 
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This method allows the determination of recombination coefficients depending on temperature and the 
partial pressure on the surface. 

5.2.5.2 Numerical Evaluation of Boundary Layer to Derive Recombination Coefficients 

Similar measurement techniques as described in the previous chapter with a stronger application of CFD 
simulations for numerically rebuilding of the free stream plasma, computation of non-equilibrium multi-
component boundary layers and modelling of reacting plasma and gas flows within plasma torch and 
around sensor probes were performed by Kolesnikov [29], [30]. In their PWT tests with pure Oxygen and 
Nitrogen as well as CO2 and Air were performed.  

Measurements at the plasmatron facility at the VKI [31], [32] were performed and evaluated by means of 
numerical calculations with a boundary layer code. This PWT mainly uses Air plasma; hence, an effective 
recombination coefficient for Air is calculated. The recombination coefficients therefore of the single 
species Oxygen and Nitrogen are, therefore, difficult to distinguish.  

The advantage of numerical evaluations is the deeper insight into single processes of hypersonic boundary 
layer flows. Nevertheless the numerical rebuilding of plasma wind tunnel flows around different sensor 
probes at different inflows still remains a difficult and time-consuming task. Also the use of numerical 
boundary layer codes only does not avoid assumptions such as chemical and thermal equilibrium at the 
edge of the boundary layer. 

5.2.6 Catalysis Measurements Using Shock Tubes (CUBRC) 
Besides Plasma Wind Tunnels (PWT), shock tubes can be used to determine the recombination coefficients 
of sample materials. At CUBRC, finite rate surface recombination coefficients are determined based on 
fitting numerical predicted heat fluxes to experimentally gained heat flux values. Currently the experiments 
are performed in the LENS-I and LENS-II facilities of CUBRC. The facilities represent reflected shock 
tunnels creating very high enthalpy flows. The capabilities of the LENS facilities are shown in Figure 5-12. 
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Figure 5-12: Velocity-Altitude Duplication Capabilities of CUBRC LENS Facilities [34]. 

For measurements reported in [34], the facilities were operated with Nitrogen, Air and Carbon Dioxide as 
test gas. The enthalpy was varied between 5 MJ/kg and 15 MJ/kg. All tests were performed using test articles 
made of stainless steel or aluminium, which represent the typical materials for shock tube testing.  
The investigated test articles were either in the shape of a spherical capsule or a sphere cone. In addition 
cylindrical test articles were tested. To measure the heat flux on the test article, they are equipped with heat 
flux sensors from type thin-film, coaxial thermocouple or calorimeter. In addition, pressure gauges in the test 
article are part of the experimental setup. 

The measured heat flux is compared to numerically predicted heat flux curves computed under variation of 
the finite rate surface recombination coefficient. The tool used for the numerical predictions is the DPLR 
code of NASA Ames Research Center. The code solves reacting Navier-Stokes equations including finite 
rate chemistry and finite rate vibrational non-equilibrium effects. A limitation of the code is that only 
homogeneous surface reactions are considered. Therefore, besides the variation of the recombination 
coefficient for the homogenous surfaces reactions, a further case, the super-catalytic wall, is considered. 
The super-catalytic wall is defined by their characteristics of recombining completely O2/N2 and CO2. 

Exemplarily, the results for the spherical capsule model in a 10.3 MJ/kg Nitrogen flow are shown in 
Figure 5-13. Besides the measured pressure and heat flux distribution, the figure reports the numerically 
calculated pressure and the numerically predicted heat flux under variation of the recombination 
coefficient. It is evident that the numerically obtained results for γ = 0.01 fits best to the measurement. 
This showcase illustrates the finding of MacLean and Holden, who report that in all their test cases in 
Nitrogen, the catalytic recombination probability was fount to be most likely between 0.001 and 0.01. 
Unlike for Nitrogen, for Air the numerical predictions show best agreement with the experiment in case of 
the super catalytic wall assumption. This conclusion is limited to the test cases with lower enthalpy  
(5 MJ/kg), because the CFD results of MacLean and Holden rebuilt the high enthalpy flows only 
insufficient, e.g., wrong bow shock stand-off. For reliable results improvement of the CFD computations 
is required. Similar conclusion is drawn from the CO2 test cases. 
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Figure 5-13: Nitrogen, 10.3 MJ/kg, Spherical Capsule [34]. 

5.2.7 Comparison  
In the last years several analytical solutions have been introduced to model recombination probabilities,  
e.g., Fertig [35]. The main advantage of these much more sophisticated methods is obvious. With the 
knowledge of recombination coefficients only a global modelling of heat flux predictions due to atomic 
recombination is possible because the recombination coefficients are the result of the summation of several 
physical intermediate steps. With detailed analytical models it becomes possible to model these elementary 
reaction steps like adsorption, desorption, Eley-Rideal-Chemistry and also Langmuir-Hinshelwood-
Chemistry directly. The problem occurring with such detailed modelling is the need of a good database to 
correlate parameters which are introduced by these models and which are unknown a priori or have a wide 
fluctuation range. In other words the analytic models need a calibration with measurement data.  
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Figure 5-14: Analytical Calculated Partial Pressure Dependency of γER and γLH [35]. 

Nowadays there are only few materials which provide such a good database which is suitable for this 
calibration. Such materials are SiC or SiO2 for example, which are widely investigated in the past.  
In literature recombination coefficients were usually presented with a dependency only on temperature. 
This information is not adequate enough because recombination probabilities also depend strongly on 
partial pressures. Additional information like absolute reaction rates or chemical heat fluxes would also 
help creating such a database to calibrate analytic models. 

In the figure below Oxygen recombination coefficients on SiO2 can be seen as an example of comparison. 
Depending on the temperature the deviation of data which can be found in literature differs up to two 
orders of magnitude. This is mainly due to missing information of pressure data, energy accommodation 
coefficients and differences of the crystalline structure of the used SiO2 material. 

 

Figure 5-15: Comparison of Oxygen Recombination Coefficients of SiO2. 
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Table 5-1: Comparison of Different Experimental Measurement Techniques. 

 Category 
Temperature 

Level /°C 

Pressure 
Level 
/Pa 

Recombination 
Coefficient /- 

Energy 
Accommodation 

Factor /- 
Measurement 

Technique 
Energy 
Balance 

Concentration 
Measurement 

Side-Arm – X RT – 1200 < 4  X X 

Effusion X – RT – 1700 < 4 X – 

Chemical 
Luminescence – X RT – 1200 < 100 X – 

Mesox (X) X Up to 2500 100 – 
100000 X X 

PWT X – 500 – 2500 10 – 
50000 X – 

Shock Tunnel X – RT 1000 – 
10000 X – 

5.2.8 Recommendations  
During the past two decades several institutions have gathered extensive expertise in the field of 
recombination and/or chemical accommodation coefficient measurement techniques. This document gives a 
first preliminary review of the facilities and the accompanying methodologies. This in turn is then a basis for 
the later evaluation of collaboration potential enabling an improvement of the overall catalysis measurements. 
A sufficiently detailed review of the reported recombination coefficient data has not been performed so far 
and still requires an open exchange of data.  

In a first step a combination of the existing expertise would lead to a creation of confidence in the 
methodologies and, in addition, to a potential improvement of the discussed methods. Methodologies that 
make use of boundary layer models often lack in detailed experimental and numerical characterization of the 
boundary layers and, in addition, they often use equilibrium derived parameters which somehow contradicts 
the situation of investigating a non-equilibrium effect (i.e., catalysis). In addition, the representation of the 
data has to be evaluated religiously as, e.g., a majority of the published data neglects the necessity to include 
both the wall temperature and the pressure information within the data sets.  

The development of an open data base enabling the comparison and evaluation data is of utmost importance. 
Such open data and the open discussion would at least minimize uncertainties resulting from the derivation 
of data out of respective data and documents. These assessments would be a prerequisite for a harmonization 
process which would lead to an evaluation, verification and validation of the data. In addition overlaps of the 
different methodologies (example: Comparison IRS Oxygen condition with data from moderate enthalpy Air 
condition from VKI was promising and approved convergence of the Kolesnikov model towards the IRS 
methodology) could be assessed. Correspondingly, the creation of a working group either on an international 
level (as a “continuation” of the RTO Task Group), an ESA level or an EU level which may even allow 
including partners from the Americas and Russia as well is very imperative.  

A further step is the comparison and/or (mutual) verification with numerical models and, most important,  
the development and realization of catalysis-based instrumentations within flight campaigns. One good 
example is MIRKA where heat flux data were successfully correlated to relevant plasma-surface interactions 
using the URANUS code. A very good occasion has to be seen in the non-equilibrium in-flight sensor systems 
aboard the European capsule EXPERT. The flight that can be expected from the junction experiment (VKI), 
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the catalysis-based experiment PHLUX and the overall on board heat flux sensors will enable rebuilding 
activities along the trajectory using the CFD codes that include plasma-surface modeling. These activities 
would then lead to a catalysis data base that is verified and validated to a maximum extend. 

In the section “Analytical Evaluation of Boundary Layer (IRS)” two improvements are outlined:  
One refers to the aforementioned derivation of pressure, i.e., the partial pressure, the second refers to the 
elimination of a highly catalytic reference material (such as in Smith’s methodology) to improve the 
accuracy. First data have already been derived and published. 

A further point is the energy accommodation. Only a minority of the referenced methodologies is capable  
to derive the energy accommodation coefficient. Therefore, an assessment of the significance of b as,  
e.g., in [33] and the qualification level of existing experimental data is strongly recommended. 

5.3 MODELLING APPROACHES FOR GAS-SURFACE INTERACTIONS 

This chapter has the following set-up: in the first sub-chapter we discuss the main catalysis processes,  
Eley-Rideal and Langmuir-Hinshelwood more in detail. Then surface oxidation processes of SiC-based TPS 
materials are focussed as they are typical example for the interaction between oxidation and catalysis. In the 
last section we present some numerical implementations which take into account modelling approaches such 
as finite rate surface reaction models as they are, e.g., implemented within the 2-D CFD code URANUS 
[36], electronic structure computations as, e.g., in reference [37] and kinetic Monte Carlo simulations such as 
in reference [38] and as, e.g., implemented in the IRS DSMC code LASVEGAS [38]. 

5.3.1 Catalysis Models / Dominant Processes (To Implement) 
Although the pressure at the luv side of the vehicle is relatively high, the collision frequency between the 
atoms in the boundary layer is too low to allow for their recombination, i.e., the boundary can be considered 
frozen concerning recombination under peak heating conditions. As already mentioned, the recombination of 
atoms might be catalysed by the heat shield material. Such heterogeneous catalytic processes consist of 
multiple elementary reactions. A general need for this kind of catalytic recombination is an increase of 
collision probability. 

This arises, if the atoms stick at the surface for some time which required a bond between atom and surface. 
The residence time of adsorbed atoms at the surface depends mainly on bond strength and temperature.  
At high temperature the thermal desorption becomes dominant such that the surface coverage reduces. 
Depending on the bonding type one distinguishes physisorption and chemisorption. Physisorption arises due 
to Van der Waals forces between adsorbed particles and the surface. The bond energy is typically in the 
order of 20 kJ/mole. Since no chemical bond is necessary, multiple layers of adsorbed particles are possible. 
However, due to the low bond energy adsorption becomes dominant at temperatures significantly below 
1000 K. For thermal protection systems under peak heating conditions which experience temperatures above 
1000 K the chemisorption is the more important process since the bond energy is in the order of 200 kJ/mole. 

The impact of recombination is evident and the quantitative values of both minimum and maximum as 
well as the position of the heat flux increase depend on the catalysis properties of the surface material and 
on the conditions of the incident flow. In particular, the steep slope regime is of interests as the potential to 
manipulate the heat flux is most significant. In an overall consideration the process itself happens through 
the transport of atomic species (Oxygen and Nitrogen atoms in case of Air) to the material surface.  
Here, either at least one or more of the chemical precursors experience chemisorption. In a third step usually 
either the adsorpts react with each other (i.e., Langmuir-Hinshelwood mechanism) or one adsorpt reacts with 
a precursor that is still in the gas phase (i.e., Eley-Rideal mechanism). After that the resulting products  
(the molecules) are desorpted from the surface and then leave the surface zone.  
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Figure 5-16: Eley-Rideal Mechanism. 

 

Figure 5-17: Langmuir-Hinshelwood Mechanism. 

5.3.2 Surface Oxidation Models 
For the development of re-entry vehicles, a detailed prediction of the surface loads during hypersonic 
flight is essential. In the high temperature areas of the surface temperature may exceed 2000 K. Therefore, 
TPS materials based on SiO2 such as RCG can not be used there. Ceramics based on SiC withstand much 
higher temperatures and have a high emissivity as well, which allows for an effective radiation cooling of 
the surface. As compared to SiO2-based materials the catalytic efficiency of SiC concerning Oxygen and 
Nitrogen atoms is significantly higher at high temperatures. Furthermore, SiC may react with Oxygen or 
Nitrogen forming the gaseous species SiO, SiN, CO and CN. If the surface temperature is sufficiently low 
and the Oxygen partial pressure is sufficiently high, a solid SiO2 layer may form at the surface, which acts 
as a protection layer for the underlying SiC. All of the reactions described so far are exothermal,  
i.e., chemical energy is transferred towards the surface. Therefore, a protective SiO2 layer is desirable at the 
surface since SiO2 not only protects the SiC from further oxidation but is also less catalytic. Ambient 
conditions leading to the formation of a protective SiO2 layer are called ‘passive’. Unfortunately,  
the protective SiO2 layer is removed from the surface in the temperature range of 1600 K – 2100 K 
depending on Oxygen partial pressure. As a consequence, the bare SiC is exposed to the highly reactive, 
partially dissociated gas flow. In this case, the reaction behavior is called ‘active’. 
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5.3.3 Brief Overview on Numerical Implementations 
Three major (basic) approaches can be identified for the description of surface chemistry models: 

• Finite rate surface reaction models as, e.g., described in reference [36]. 

• Kinetic Monte Carlo as, e.g., applied in reference [38]. 

• Molecular dynamics as, e.g., in reference [37]. 

As depicted in Figure 5-18 all numerical approaches have spatial and temporal domains in which they are 
valid or applicable. For the treatment of practical problems one needs to focus on large scales. The chemical 
and physical data for the implemented models is either obtained by experiments or by theoretical/numerical 
considerations at (much) smaller scales. From a technical point of view, the Molecular Dynamics (MD) and 
Kinetic Monte Carlo (KMC) methods are bridging technologies which enable an accurate treatment of 
realistic engineering problems by producing data needed as input parameters for other numerical tools.  
Due to the scope of the present work we limit ourselves to brief introductions of existing catalysis related 
MD and KMC investigations. For the sake of clarity, we start with the large scales which are the domains of 
macroscopic approaches represented by CFD and DSMC. 

 

Figure 5-18: Spatial and Temporal Scaling Classification of Different Numerical Methods. 

Reference [36] applies finite rate surface models to the situation of the atmospheric entry. In order to 
predict the thermal and mechanical loads during re-entry, the URANUS (Upwind Relaxation Algorithm 
for Non-equilibrium Flows of the University of Stuttgart) code has been being developed at the Institute of 
Space Systems (IRS) of the Universität Stuttgart. For the accurate determination of the thermochemical 
conditions, advanced thermochemical relaxation models for the gas-phase as well as sophisticated  
gas-surface interaction models have been developed. The Navier-Stokes equations for the 11-component 
Air flow which consists of N2, O2, NO, N, O, N+

2 ,O+
2 , NO+, O+, N+ and e have been derived by the 

Chapman-Enskog method from the Boltzmann equation. The linearized system of equations is solved fully 
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coupled and fully implicitly, employing Newton’s method. A global catalysis model, which assumes 
complete chemical energy accommodation at the surface, is presently used in the 3-D version of the 
URANUS code. The catalytic behavior of the implemented technical surfaces (SiC, SiO2) is modeled by 
overall recombination coefficients which were measured by Stewart in a large surface temperature range.) 
For design approaches, non- and fully-catalytic cases can also be simulated by the 3-D URANUS code.  
More advanced gas-surface interaction models, which allow for a detailed simulation of the elementary 
reactions as well as of active and passive oxidation of SiC, are available in the 2-D/axisymmetric code. 
Ceramics based on SiC withstand temperatures above 2000 K and have a high emissivity, which allows for 
an effective radiation cooling of the surface. Hence, the nose caps of the US Shuttle orbiter, X-38 and Hope-
X are all based on silicon carbide. In comparison to SiO2-based materials, the catalysis of SiC concerning 
Oxygen and Nitrogen atoms is significantly higher at high temperatures. Furthermore, SiC may react with 
Oxygen or Nitrogen, forming the gaseous species SiO, SiN, CO and CN. If the surface temperature is 
sufficiently low and the Oxygen partial pressure is sufficiently high, a solid SiO2 layer may form at the 
surface and acts as a protection layer for the underlying SiC. All of the reactions described so far are 
exothermal, i.e., chemical energy is transferred towards the surface. Therefore, a protective SiO2 layer is 
desirable at the surface since SiO2 not only protects the SiC from further oxidation but is also less catalytic. 

At sufficiently low pressures and/or at sufficiently strong disturbances the continuum hypothesis fails due to 
highly reduced particle interactions leading to a non-negligible reduction of collision-based relaxation 
processes. Accordingly, at high Knudsen numbers even small deviations from equilibrium lead to problems 
for continuum approaches. Macroscopic properties exhibit large statistical fluctuations. However, such high 
Knudsen regimes can be treated numerically by the use of DSMC methods. At the IRS, a 2-D axi-symmetric 
DSMC code with flexible chemistry was developed. Typical problems treated are atmospheric re-entry flows 
and nozzle expansion flows into a low pressure environment. A detailed description of the physico-chemical 
models are given in [39].  

Concerning the catalysis effect, focus is on the ER mechanism since Seward [41] showed that for TPS 
materials in Air the LH mechanism is negligible compared to ER as the relevant temperatures are in the 
range of 1000 K – 2000 K. In our DSMC code we modeled so-called active sites as surface elements 
which can be identified with the Si atoms. Recombination may occur only in case of an already adsorbed 
atom j. In such cases the recombination probability for an incoming atom i is given by: 

 [ ])exp(1 ,, jadijijrec NP −−= γ . (23) 

Here, Nad,j gives the number of adsorbed atoms j. However, as the main (i.e., critical) surface reactions are 
expected to occur at high pressure regions where DSMC in unfeasible compared to CFD codes the catalysis 
implementations are of minor importance. 

The second numerical methodology (Kinetic Monte Carlo – KMC) can be addressed via a statistical 
approach 3: The gas-surface-interaction that takes place in the chemically reacting flow around an 
atmospheric re-entry vehicle is investigated. It turns out that the currently very often used approach employing 
a recombination coefficient has a limited applicability. Serious concerns arise when the interaction model is 
extrapolated from ground to flight tests.  

The KMC approach can be facilitated in order to provide macroscopic rate coefficients which are obtained 
from such simulations. Contrary to the other particle methods, KMC is a zero-dimensional approach 
without any (typical) particle positions or velocities. Instead, surface areas are discretized and initialized. 
Each surface element is able to adsorb particles, i.e., to be covered by particles. The particles exist only as 
surface particles in case that a respective microscopic process or transition occurs. The master equation 
which governs the microscopic surface transitions is: 
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and can be derived from first principles or empirically, see, e.g., [40]. Here, α and β are surface 
configurations, Pα is the probability to find the system in configuration α, Wαβ is the (microscopic) rate 
coefficient of the process leading to configuration α which is usually given in Arrhenius form.  
An exception is the rate coefficient for the adsorption process which has the form: 
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with σ being the sticking coefficient. This quantity (σ) describes the probability of a gas-phase atom or 
molecule to stick to the surface element and can be obtained, e.g., by MD simulations. 

In a typical KMC simulation the surface elements are initialized as empty surfaces with a pre-defined 
temperature. After some simulation period a steady-state solution is obtained which, in combination with a 
spatial averaging process, leads to the macroscopic rate coefficients. Thömel et al. [38] extensively 
performed such simulations on basis of a platinum surface in a CO2 environment, see Figure 5-19.  

 

Figure 5-19: Steady-State Solutions as Functions of Platinum Surface Temperature T [37]. 
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By considering 12 different surface events including (dissociative) adsorption, ER mechanism,  
LH mechanism, desorption and even surface diffusion they showed that the widely used approach employing 
recombination coefficients for the different atomic gas-phase species has a limited applicability. This is a 
result of the effect of changing the gas phase condition by desorption processes. Since diffusion processes of 
particles to and from the surface are usually neglected in macroscopic approaches. In [38] the obtained rate 
coefficients were applied to a continuum viscous flow simulation showing that at high temperatures the LH 
mechanism for atomic Oxygen dominates the ER mechanism, see Figure 5-20. In case of CO, the ER 
mechanism is the dominating process. 

 

Figure 5-20: Catalysis of CO and O Over Temperature [37]. 

A catalysis-based KMC approach needs as input several parameters as, e.g., adsorption and recombination 
coefficients which can be obtained by Molecular Dynamics simulations. We have to distinguish between 
the classical MD approaches and the ab initio MD methods. The former uses a given, i.e., predefined,  
set of potential parameters in order to solve the Hamiltonian of a many body system, the latter additionally 
resolves the electronic structure (e.g., by Density Functional Theory – DFT), thereby delivering the 
potential information.  

In [37] the authors studied N2 creation of adsorbed N atoms at a Silica surface with T = 1000 K by use of 
semi-classical MD simulations. The fitted potentials of the interactions between N and N2 and SixOy 
clusters were pre-computed by DFT calculations on basis of a size-scalable approach. Semi-classical MD 
means here that additionally to the classical MD scheme surface phonon excitations of the crystal structure 
were quantum-mechanically self-consistently treated. Focus was set on the ER mechanism: 

 EgNgNsN Δ+→+ )()()( 2 . (26) 

The key question was the energy share of ΔE after the recombination and desorption process in terms of 
internal and translational energy of N2(g) and the energy transferred to the surface. The results are given in 
Figure 5-21. 
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Figure 5-21: Theoretical Recombination Probability (top) and the Energy  
Fractions (bottom) as a Result of the Semi-Classical MD Simulations  

of Nitrogen-Based ER Mechanism at a Silica Surface [36]. 

The recombination probability for the discussed reaction is depicted over the kinetic energy of  
N2(g). Obviously, a non-vanishing recombination probability exists only in the range between 
0.02 eV < Ekin < 0.55 eV. A trajectory analysis showed that the most favourable condition for the  
ER mechanism exists when the adsorbed N atom desorbs in the gas-phase into the direction of the 
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incoming N atom. Averaging the impact energies of the incoming atoms over a Boltzmann distribution at 
Tgas = Ts = 1000 K yields a theoretical recombination coefficient of γ = 3.99.10-2. Due to the lack of 
comparable experiments an adequate validation of these results is still difficult. 

The bottom image of Figure 5-21 shows the total energy partitioning as a function of the kinetic energy of 
the incoming atoms. Here, Etr, Evib, Erot and ΔEph represent the translational, vibrational and rotational 
energies of the created N2 molecule as well as the phonon modes of the lattice atoms. One can see that at 
lower energies the largest energy part (approx. 40%) is absorbed by the surface. The trajectory analysis 
showed that the recombination is very close to the surface such that the coupling between phonon 
excitations and particles is strong. At higher energies the largest fraction is transferred to the translational 
mode. Over a large energy range the vibrational energy friction is about 20% while there is nearly no 
transfer to the rotational degree of freedom.  

Similar computations were performed by Sayòs et al. [42]. Instead of Nitrogen they investigated the gas-
surface interaction between atomic and molecular Oxygen and a Silica surface. They chose two 
temperatures, 300 K and 1000 K. Unfortunately; most published results are based on the low temperature  
(in combination with O2) such that for our discussion here only the results given in Figure 5-22 are of 
practical interest. 

 

Figure 5-22: Reflection, Sticking and Dissociation Probability of Incoming  
O2(v = 0, j = 1) Over its Kinetic Energy at Ts = 1000 K [36]. 

The probability coefficient for different processes shows that surface dissociation increases with increasing 
kinetic energy. The same behaviour is observed for the sticking probability while the reflection probability 
decreases.  
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Typical MD and KMC simulations initialize the surface as a plane element. However, real surfaces are not 
plane at all such that advanced modelling of surface roughness [43], [44] is expected to improve the fitting 
of numerical results according to experimental measurements. 

5.4 CONCLUSIONS AND WORK PLAN CONSIDERATION 

In principal, three quite diverse assessments of methodologies are available to enable the numerical 
calculation of catalysis. Often these assessments are hybridized and the evaluation of these methods and 
their respective validation is difficult as relevant non-equilibrium flight data are rare. However, some 
attempts were performed successfully, e.g., using the MIRKA flight data (not shown here, but published).  

Having in mind all these results we claim that it is generally possible to drastically improve macroscopic 
catalysis models by a stepwise increase of the temporal and spatial scale of the applied numerical tools as 
depicted in Figure 5-18. Future work must be dedicated towards an exchange between the different 
communities and respective comparisons. The corresponding activities are at their very beginning and should 
be addressed within a working group of international level. 

Figure 5-23 gives an overview on the present situation (without pretension of completeness). However,  
all of the shown examples in the three regimes “Modeling”, “Ground Tests” and “Flight Experiments” 
belong to well-documented research groups/projects such that they somehow identify the basis for a future 
multi-year work plan to assess catalysis. The overall ambition has to be seen in a set of activities assigned 
to a maximum of verification and validation of relevant catalysis data which is more or less a synthesis 
activity for the examples given in Figure 5-23.  

• Establishment of an international catalysis working group. This group will give an umbrella for the 
following activities and, in addition, informal meetings will allow the identification of potential 
advancements in both fields (experiment and model) and, e.g., definition of reference test cases and 
conditions. 

• Correspondingly, a first research proposal could be the realization of a relational data base for 
experimental catalysis data- at least as long as the catalysis data (recombination coefficients and 
energy accommodation) have not already been established, e.g., in the models by the use of 
measured recombination coefficients. For this the review in this report has to be used in order to link 
the origin of the data, the methodology, i.e., how the data were measured and relevant issues such as 
assumptions, measurement technique used and modelling support. This will guarantee a traceability 
of the data and statements of their relevance on the theme of atmospheric entry. 

• A similar assessment has to be performed with models that derive catalysis data. Of, course flight 
data have to be included within the combined data base. 

• The obtained data bases have to be cross-linked in order to have a verification tool. 
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Figure 5-23: Motivation Scheme for the Proposed Work Plan. 

For all of the three aforementioned fields a first step programmatic for research projects is needed:  
This should consist of the development of a relational data base on catalytic coefficients including the data 
themselves, the methodology used, the (reviewed) reference of the data, a field identifying the verification 
and validation levels achieved through cross-links and comparisons. An analogue assessment should be 
performed for flight data and experimental data which are then to be linked to the aforementioned data 
base. Overall in a following step a metrological analysis of the methodologies should be performed. 
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