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Nomenclature 

 
p [Pa] Pressure 

T [K] Temperature 

 

Subscripts 

s Species 

v Vibrational 

e Electron 
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1 Executive summary 

 

This document covers the activities of Work Package WP6.1 in the frame of the SACOMAR study: 

The purpose of the work described in this document is a review of the existing thermochemical 
models for the Mars atmosphere's gas mixture including transport, dissociation, ionization and 
surface catalysis and the related validation status / associated uncertainties. Suggestions for 
further improvements of the modelling serve as basis for further careful discussion within WP1 and 
WP4, so as to refine the further course of action regarding implementation of the most promising 
modelling and the related experimental conditions rebuilding. 

 

2 Introduction 

 

The atmosphere of Mars consists of approximately 97% CO2 and 3% N2 by volume. In the high 
temperature flow fields behind the bow shock of a Martian entry vehicle the gas heats and the 
constituents species undergo chemical reactions including dissociation and possibly ionization.  
 
CO2 as main component of the Martian atmosphere is a nonlinear polyatomic species, lacking fully 
validated thermal and caloric models. This represents a major difficulty in correctly modeling the 
aerothermodynamics of Mars entry vehicles. Also, a typical entry path is characterized by a low 
pressure/low density environment facilitating dissociation and ionization at low temperatures 
(compared to Earth entry) and leads to raising chemical relaxation times/freezing. Surface 
chemistry and wall heat fluxes are affected by these aspects, therefore correct thermodynamic, 
kinetic, transport and catalysis models are needed for simulating the flow field. 

Typically, this flow field is modeled in thermo-chemical non-equilibrium where in addition to the 
conservation equations for momentum and total energy, balance equations are solved for each 
species in the dissociated shock-layer and for the composition's vibro-electronic energy. 

The purpose of the work described in this document is a review of the existing thermochemical 
models for the Mars atmosphere's gas mixture including transport, dissociation, ionization and 
surface catalysis and the related validation status / associated uncertainties. An area going beyond 
the scope of the current study concerns gas radiation modelling.  

 

The report is divided into separate sections dealing with the Modelling of Thermal State, of 
Chemical Kinetics, of Transport Properties and of Surface Catalysis. 

 

For each of theses areas a short assessment of the current status as reflected in recent/relevant 
publications is followed by suggestions for further improvements of the thermochemical Mars 
atmospheric mixture modeling in the frame of the SACOMAR study. 

A further section specifically deals with the requirements on experimental conditions rebuilding. 

These suggestions are intended as a starting point for further careful discussion over the duration 
of the project within WP1 and WP4, so as to refine the further course of action regarding 
implementation of the most promising model improvements and the related experimental 
conditions rebuilding. 
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3 Modelling of Thermal State 

Sources: 

[1] – [12], [39]  

 

Current Status: 

Regarding the computation of the thermodynamic properties of the Mars atmospheric mixture 
different databases are readily available: 

 Database by Gordon and McBride (NASA) [1], [2]  

 Capitelli et al. [3]  

 Tables by Gurvich [4], 

 Data from the MUTATION library [5],  

 

Thermodynamic property computation between the newer databases (NASA database by Gordon 
and McBride [1],[2] and database by Capitelli et al. [3]) has been found in the past to yield largely 
identical results. 

However, Capitelli’s data include a greater number of excited states in the electronic partition 
function and extend the NASA Database toward significantly higher temperatures (beyond 
10000K). 

The low density of the upper Mars atmosphere in combination to high entry velocities lead to 
conditions requiring non-equilibrium modelling of the shock layer flow 

The non-equilibrium thermal state of species models may be subdivided into various subclasses, 
see e.g. Gnoffo[6]. 

The "simplest" and probably most widely used model for Mars entry (e.g. as implemented in [7]) is 
the two-temperature model.  

In this model it is assumed that the thermal state in a mixture containing several species may be 
defined by two temperatures and the effect of cross-mode coupling are approximated [6]. The 
translational and rotational energy content of all heavy particles is defined by temperature T. The 
vibrational energy content of all molecules is defined by temperature TV (sometimes called a 
lumped vibrational temperature model) [6]. The electronic and free-electron translational energy 
modes are usually assumed to be in equilibrium with the vibrational modes at temperature TV [6]. 
The chemical reactions proceed at a finite rate, governed by the two temperatures. The energy 
exchange between the translational-rotational and vibrational-electronic modes is modeled using a 
Landau-Teller formulation assuming simple harmonic oscillators. Vibrational relaxation times can 
be obtained from Millikan and White [9] for most species. Relaxation times for the vibrational 
modes of CO2 are given in Camac [10], and those for CO and can be taken from Park [11]. 
Because CO2 and CO relax very quickly and are dominant shock layer species, the level of thermal 
non-equilibrium in the flow-field is usually small, nevertheless for completeness it should be 
included in the modelling [8]. Thermodynamic properties of the component species can be taken 
e.g. from Gordon et al. [12]. 

Another subclass is the three-temperature model.  This model is similar to the two temperature 
model except that the electronic and free-electronic translational energy partition is defined by a 
third temperature Te.  
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The third subclass is the multi-temperature model which is similar to the two-temperature model 
except that each molar species s retains it own vibrational temperature Tv;s. For details about the 
three and multi-temperature model see e,g.[6]. However, in general the additional source terms 
required by such models are poorly characterized, and thus can introduce additional uncertainty 
into the final model [8].  

 

 

Suggestions/Recommendations:  

 

The selection of engineering models presented above has been applied in many studies of the 
past. 

For the current study it is suggested that the consortium selects the thermodynamic property data 
of Capitelli et al. [3] since these data cover a wider temperature range above 10000K than the 
original data set of Gordon, McBride et al. [1], [2]. 

A standard two-temperature model could be used considering one rotational-translational and one 
vibro-electronic temperature employing the Landau-Teller V-T transfer model and Millikan and 
White relaxation times (utilizing the parameters given in Park[11] and Camac[10]). The utilization of 
a more complex multi-temperature model seems to offer not much benefit with respect to the 
application to real case simulations due to the poor characterization of these models' additional 
parameters and the considerably less efficient implementation in CFD. 

Numerical testing against the experimental work (Task 5) foreseen should help to confirm/further 
identify the most reliable combination of temperature model/thermal data set to be used depending 
on flow conditions. Task 6.3 (DLR-AS) will address this problem area and will work on the creation 
of a library containing updated model parameters and the relative documentation. 

Related recommendations regarding the experimental rebuilding work foreseen in the study (Task 
5) are summarized in Para 7 below. 

 

 

4 Modelling of Chemical Kinetics 

 

Sources: 

[8], [11], [13] – [18], [34], [35], [39] 

 

Current Status: 

Dissociation/ recombination and ionization of the gas mixture is usually treated via Arrhenius type 
reaction rate relations. A number of chemical reaction schemes of differing complexity (differing in 
number of species incorporated, number of elementary reactions used, Arrhenius parameters for 
each reaction) are available in the literature and employed to differing flow conditions as deemed 
appropriate. 

 

Non-equilibrium chemical kinetics of a shock heated mixture of CO2 and N2 has been reviewed and 
presented in Park et al. [11] for an 18-species gas (CO2, NCO, CO, CO+, CN, NO, NO+, N2, O2, O2

+ 
, C2, N, C, C+, O, O+, Ar, e-) with ionization. A 33-reaction mechanism to be used for high velocity 
Mars entries is proposed. Other reaction schemes proposed in the literature include e.g. Gökçen 
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[13], Losev[14], McKenzie [15]. The choice of the chemical kinetic model can potentially have large 
influence on the results of the heat flux computations. This is especially true for non-catalytic or 
low-catalytic walls. Dissociation or recombination reaction rates are often computed from one 
another using the equilibrium constant. This computation then depends also on the quality of the 
thermodynamic data used for the computation of the equilibrium constant.  

 

For merely economic reasons often reduced reaction mechanisms are used if deemed adequate 
for the flow conditions considered. 

A reduced 8-species (CO2, CO, NO, N2, O2, N, C, O) 13-reaction mechanism that neglected 
ionization and several other trace species is proposed by Mitcheltree [16].  

 

For a pure CO2 flow a 5-species (CO2, CO, O2, C, O) 6-reaction mechanism ([11]) was used for 
numerical modeling by McLean [17] and Wright [18].  

The 5-species model was used since the analysis required comparison to experimental data 
obtained using pure CO2 test gas; however, the model offers no particular benefit other than a 
reduced number of equations. The reaction rates for any reaction common to [11] were taken 
directly from that source. For entry velocities below about 8 km/s, the level of ionization in the flow-
field will be small. Therefore, it is expected that the heat flux computed using the 8-species model 
[16] should be sufficient to simulate the major characteristics of the flow-field. However, for higher 
entry velocities and if communication black-out [34], [35] is to be investigated the proper inclusion 
of ionized species is indispensible. 

Therefore, the more detailed 18-species model should be employed for cases with significant 
shocklayer radiation, because it includes CN (a significant radiator), as well as free electrons, 
which are efficient at collisional excitation of atoms and molecules [8]. As indicated in Wright [8] the 
rates proposed by Park et al. [11] were the best available at the time, however, the rates of many 
of these reactions have not been directly measured at conditions relevant to Martian entry. Some 
are estimated from indirect observations, while others are pure estimates, which make them to 
potentially significant sources of uncertainty.  

 

 

Suggestions/Recommendations:  

 

As already suggested by TAS-I in WP4.1 (Requirements on Modelling and Simulation), Park’s [11] 
widley used set of coefficients for 18 species with 33 elemantary reactions to describe the chemical 
kinetics properties of the Mars atmosphere should be updated with Gökçen’s data [13] to achieve a 
23 species model., which then provides a comprehensive baseline reaction mechanism for use by 
the SACOMAR consortium: 

 
C2, C, N2, N, CO, O, CN, CO2, NO, O2, NCO, CN+, N+, N2

+, C+, O+, Ar, Ar+, e-, C2
+, O2

+, CO+, NO+. 
 
Within Task 4.1 (TAS-I) the required rate coefficients as used for calculation with the usual 
Arrhenius-type formula have been provided and can be used by the partners as a reference  
(Table 1). 
 
The experimental work foreseen in the study (Tasks 5) will deliver, among other parameters, direct 
measurements for surface heat flux, serving as a powerful indirect indicator for the quality and 
validity of the temperature model/thermal data set. 
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Numerical testing against the experimental work (Task 5) will provide a basis to confirm/further 
identify the best possible combination of reaction schemes (selection of species considered, 
selection of elementary reactions included, Arrhenius parameters for each reaction) for different 
entry flow conditions. Exchange of different related reaction schemes currently in use by the 
partners allow for sensitivity analyses. 

Related recommendations regarding the experimental rebuilding work see Para 7. 

 

 

 

Table 1 EXOMARS Reaction Set and Arrhenius Parameter as provided by TAS-I (WP4.1) 
 



SACOMAR                              Del. No. D 6.1     Review of Physico-Chemical CO2 Modelling -Page 6 of 14 

 

5 Modelling of Transport Properties 

 

Sources: 

[5], [8], [19] – [26], 

 

Current Status: 

Capable models for the calculation of the transport properties (thermal conductivity, viscosity, 
diffusion coefficients) of a multispecies reacting gas mixture are necessary in the diffusion-
dominated boundary layer flow regions to ensure accurate predictions of surface properties, 
especially heat transfer and shear stress [8].  
 
The computation of single species transport properties is possible via collision-integrals based 
formulations (e.g. Lennard-Jones  for viscosity and modified Eucken relation for thermal 
conductivity [19]), Because of  the availability of updated collision integrals, e.g. by Wright et al. 
[25], [26] this approach is preferable over temperature dependent curve fits (Blottner’s law).  
The transport properties of the gas mixture as typically modeled using the binary collision-integral 
based mixing rules such as Wilke’s or Gupta’s rules [19], have been shown to be reasonable 
approximations of the more accurate Chapman-Enskog relations [20], [21]. 
Thermal and pressure diffusion effects are generally small in comparison to ordinary diffusion and 
could be neglected. 

For the computation of species diffusion coefficients the self-consistent effective binary diffusion 
(SCEBD) method [22] implemented as described in [23] or [24] is employed. 

This method ensures accurate modelling of the variations between the diffusion coefficients of 
different species at the same time fulfilling the requirement that the diffusion velocities sum 
identically to zero. In [24] the method is demonstrated to model the true multicomponent diffusion 
velocities accurately. The ambipolar diffusion assumption can be used if the flow is only weakly 
ionized. However, an additional correction to the diffusion fluxes is then necessary to satisfy the 
requirement of zero current density in the flow [22]. Collision integral data for each binary 
interaction in the gas mixture provide the input for each of these transport property expressions. 
Available values for the required collision integrals have been provided as tabulated functions of 
temperature in [25] (Mars and Venus Entries) and [26] (Air Species) for all binary interactions in the 
mixture. These publications contain recommended values for each interaction and also estimated 
uncertainties. 

However, the mixture rule computation can induce large errors in the high temperature range. 
MUTATION, a FORTRAN library developed at the VKI [5], computes all thermodynamic, transport, 
chemistry and energy relaxation terms appearing in the systems of equations for 
aerothermochemistry. The MUTATION library generates the diffusion fluxes directly by solving the 
StephanMaxwell equations and represents a state-of-the-art reference model for the computation 
of the transport properties. 

 

 

Suggestions/Recommendations:   

 

For the current study it is suggested that the consortium uses as baseline a Collision integral 
based approach employing the most recent data of NASA Ames Research Center (most recent 
updates of Wright et al. 2007 [25]) for 17 species employing the Lennard-Jones model for viscosity 
calculation and the modified Eucken relation for the thermal conductivity determination. 
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One of the consortium partners (DLR-AS) has a modelling based on the MUTATION library data 
implemented as option in its CFD code and could provide related results for comparison to mixture 
rule based CFD results.. 

Task 6.2 (TsNIIMASH) addresses this problem area and will develop an improved library of 
thermodynamic and transport properties for the Mars atmosphere gas mixture by working out 
appropriate thermodynamic information for constituent species and related interaction potentials for 
the calculation of collision integrals.  

Related experimental rebuilding work see Para 7. 

 

 

6 Modelling of Surface Catalysis 

Sources: 

[8], [27] – [33], [40] - [45] 

 

Current Status: 

Correct modelling of the Gas-Surface Interaction is highly important in view of correct analysis 
results for the aerothermal heat fluxes. However, no fully validated model for the treatment of 
partially catalytic TPS surfaces under Martian atmospheric conditions currently exists. 

During entry the dissociated atoms in the shock layer reach the surface of the body and tend to 
recombine at the surface releasing the dissociation energy which contributes to the overall heat 
flux into the Thermal Protection System. The mechanisms governing catalytic recombination are 
still poorly understood, in part due to difficulties in performing surface diagnostics at realistic 
pressure and temperature conditions [8]. 

One commonly used model assumes the limiting case of a non-catalytic surface. This assumptionl 
leads to the lowest possible heating rates, and therefore is not often employed for design purposes 
due to its non-conservative nature. The ‘supercatalytic’ wall model, in which the gas composition at 
the wall is forced to be equal to its freestream chemical enthalpy state, represents an upper limit 
regarding calculated aerothermal surface heat flux rates. However, since finite-rate surface 
reactions are not modelled, this model has no proper physical basis. Nevertheless, the super-
catalytic assumption is useful in providing a limiting case because it is conservative: regardless of 
the actual chemical composition in the boundary layer all of the available chemical enthalpy in the 
dissociated boundary layer is essentially recovered at the wall [8]. Another (physically better 
founded) approach consists of a fully-catalytic modelling of the gas mixture at the wall to local 
thermochemical equilibrium. 

Sometimes partially-catalytic modelling with the possibility to consider different recombination 
efficiencies for the chemical surface reactions is employed. This requires the proper selection of 
values for different recombination probabilities. As demonstrated by Marshall [27], [28] under test 
conditions at room temperature, for recombination on quartz, platinum, constantan, stainless steel 
and chrome surfaces, atomic oxygen recombination O+O to molecular oxygen is the dominant 
mechanism, while other models consider only CO+O recombination or both recombination 
processes occurring at the same time but with different efficiencies. 

 

The 'diffusion limited' Mitcheltree catalysis model [29], developed during the Mars Pathfinder 
program, was also widely employed in the past. The Mitcheltree models CO2 recombination at the 
surface as a two-step reaction involving CO molecules and O atoms. Two parallel paths are given 
by: 
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O + (s) → Os ; CO + Os → CO2 

CO + (s) → COs ; O + COs → CO2 

In the reaction equations above (s) is a surface adsorption site, the subscript s indicates an 
adsorbed species. The mechanism assumes an Eley-Rideal process, in which an incident gas-
phase species directly recombines with a previously adsorbed atom or molecule. The 
recombination rate of is limited by the diffusion rate of the required reactants O and CO to the 
surface; the rate-limiting step is given by the slower of these two processes. The Mitcheltree model 
will predict heat transfer rates close to that predicted by the super-catalytic wall for the case where 
the dominant boundary layer species are O and CO, but lower heat transfer rates will result in the 
presence of O2 [8]. 

The CO + O oxidation reaction has not been observed to occur in ground-based experiments at 
low temperature and the CO + O2 reaction mechanism is only known to occur on platinum group 
metals at temperatures around 250°C at Martian entry conditions. Hence, a model where CO2 
does not form on the surface of a TPS material and only homogeneous surface reactions are 
possible was also described in [8]. The model consists of the following surface kinetics 

O + O → O2 

N + N → N2 

Because the chemical enthalpy contained in CO molecules is not recovered at the wall this model 
predicts significantly lower heating than the Mitcheltree model. 

Although the Mitcheltree catalysis model and the catalytic N2-O2 surface model are available in 
numerical analysis, the uncertainties involved in the past resulted in the conservative super-
catalytic wall condition preferred in many design considerations such as in the Mars Exploration 
Rover Mission and it represented also the baseline for Mars Science Laboratory [8]. 

A simple parametric model bounding the previously mentioned catalysis model has been proposed 
by Bose and Wright [45], however not much data to adapt the parameters of this model to realistic 
TPS materials are available. 

 

A mechanism based modelling that incorporates all relevant surface interactions has been 
described by Deutschmann [30]. In this model the surface interactions is broken down into 
elementary steps, including adsorption, desorption, and Eley-Rideal and Langmuir-Hinshelwood 
recombinations. Howevver, the reaction rate data for many elementary reactions required by this 
model are hard to obtain by the available measurement methods in high enthalpy flow and are 
subjected to high uncertainties and are error prone[31]. Nevertheless the high degree of 
completeness of the physical approach [30] makes it to an attractive starting point for the surface 
catalysis modelling of real cases. 

The use of a computational approach known as Kinetic Monte Carlo (KMC) method is proposed by 
Thömel et al.[32]. The Kinetic Monte Carlo Method simulates the behavior of atoms and molecules 
on surfaces. Once steady-state is reached, spatial averages yield the surface coverages and 
reaction rates. The KMC method still requires the specification of activation energies and pre-
exponential factors for the relevant transitions. A list of events must be specified a priori, and 
therefore the method is not capable of predicting new or unexpected mechanisms [33]. To 
overcome this limitation a general finite-rate mechanism based catalytic wall boundary condition 
(FRCWBC) for the simulation of reactive flow is developed by Valentini et al. in [33]. The work by 
Valentini aims at characterizing the surface kinetics using atomistic simulations; particularly the 
transferable Quantum Chemistry based reactive empirical interatomic potential Reactive Force 
Field ( ReaxFF). However, given the limited time frame of the current study, these approaches are 
not at their current status of development considered as a basis for implementation in SACOMAR. 
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Suggestions/Recommendations:  

 

While the limiting cases of fully catalytic vs. non-catalytic surface modelling offer ways to obtain the 
upper and lower physically possible limits of the aerothermal heat fluxes, much more uncertainty 
exists in the quantitatively correct heat flux calculation of partially catalytic surface materials. 
Comparative analysis of the heat transfer data and catalycity determination for different surfaces 
(metals and quartz) in the frame of this study will help to improve the modeling quality and 
associated uncertainties for partially catalytic surfaces. Experiments using Quarz (SiO2), Ag, Cu 
and Steel surfaces are tentatively foreseen. 

As far as the modelling of fully catalytic surfaces is concerned, true fully catalytic modelling (in the 
sense of calculating equilibrium conditions at the surface) is recommended for use by the 
SACOMAR consortium over the supercatalytic model, because the latter (albeit more conservative) 
lacks physical basis. 

Surface chemistry and catalysis models will be studied in detail and proposed for use within the 
consortium in the frame of the experimental/CFD comparison work of IPM. An electronic library 
containing recombination coefficients and energy accommodation coefficients relevant for the 
surface reactions relevant to hypersonic re-entry flow fields in a CO2/N2 atmosphere will be worked 
out and provided to the consortium by IPM as part of WP6.4. 

.  

More information about the catalycity related experimental rebuilding work see the following Para 
7. 

 

7 Experimental Rebuilding 

A significant experimental rebuilding effort (task 5, led by DLR with contributions of several 
Russian and German test facilities) is part of the SACOMAR project and will serve to provide 
measurement data allowing to assess/improve the physico-chemical modelling considered in all of 
the areas described in Para 3 through 6 above. 

The related measurements are intended to provide experimental reference data for Martian 
atmosphere needed for the  thermochemical models validation and improvement. 

Short duration high enthalpy shock tunnels (High Enthalpy Shock Tunnel Göttingen HEG of DLR 
and Hot Shot IT-2 Wind Tunnel of TsAGI) allowing for hypersonic freestream conditions are used 
alongside long duration facilities subsonic (IPG-4 Plasmatron of IPM and U-13 Plasmatron of 
TsNIIMASH and supersoninc Arc Heated Facility L2K of DLR). The Plasmatron and arc heated 
facilities allow long duration measurements for flight relevant stagnation point heating conditions 
whereas the short duration high enthalpy facilities with higher Reynolds numbers allow to study the 
relaxation phenomena behind the shock at flight relevant conditions. 

 

In accordance to the requirements  to assess the physico-modelling to be implemented in the CFD 
codes as recommended within the work package group WP6, principal focus of the measurements 
task WP5 has been set to thermochemical relaxation phenomena and its influence on surface 
heating. 

The required measurements include measurements to show compliance with the test condition, 
heat flux measurements at the stagnation point and along the contour of the model and auxiliary 
measurements to characterize the free stream properties and the properties inside the shock layer. 
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Figure 1 “Standard ESA Geometry” of Test Models to be used in all Test facilities (out of D5.1) 

 

 

Corner stones of a test plan for the experimental activities in WP 5 fulfilling the SACOMAR 
requirements are: 

 

> A standardized shape will be used for heat flux measurements in all facilities (flat-faced 
cylinder models with rounded edges facilitating large shock stand-off distances; having to deal only 
with one standard shape also simplifies the numerical rebuilding task) 

 

 > Identification of a representative series of points defined along the EXOMARS entry 
trajectory  (WP4.1, TAS-I) that also allow for facility-to-facility comparison 

    - at identical total enthalpy conditions, 

    - at comparable free stream enthalpies in different thermochemical regimes. 

 

> Based on the experiences and capabilities of the facilities, the utilization of a broad range 
of measurement techniques shall be used: 

-Heat flux measurements: 

Surface heat fluxes strongly depend on the thermo-chemical state of the gas at the 
boundary layer edge. 

Influence of surface catalycity is to be investigated in the long-duration facilities where 
measurements are performed with different surface materials including 

                                     - a fully catalytic material: silver , 

                                     - a non-catalytic material: quartz, 

                                     - technical materials, copper and  stainless steel 
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-Free stream characterization and auxiliary measurements of flow field data: 

Numerical rebuilding of the experiments requires detailed information about the free stream 
conditions. 

The quality of numerical rebuilding improves with the number of parameters that can be 
deduced from measurements. Desirable data are 

                                  - flow velocity, 

                                  - chemical composition, 

                                  - translation, rotational, vibrational, and electronic temperatures. 

> Similar measurements in the shock layer represent extremely useful data for validation of 
the thermochemical models to be considered in WP6.2 thru 6.4 (beyond the purely indirect 
assessment of the models’ capability by comparing surface heat fluxes). As many data as 
possible shall therefore be obtained in the shock layer region, using non-intrusive 
measurement techniques whenever possible. 

 

 

 

8 Conclusions 

The current state of the art regarding physico-chemical modelling of the Mars atmospheric gas 
mixture has been reviewed with respect to: 

 

• Modelling of Thermal State 

• Chemical Kinetics 

• Transport Properties  

• Surface Catalysis 

 

Uncertainties related to the current models as well as the related directions within the experimental 
and numerical rebuilding work foreseen in the SACOMAR study are identified for each of these 
areas. 

The suggestions regarding the modelling are used as basis for careful discussion within WP1 and 
WP4, so as to refine the further course of action regarding implementation of the most promising 
model improvements and the related experimental conditions rebuilding. 
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