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3rd Annual SU2 Developers Meeting 
September 16th-18th, 2018 
University of Strathclyde, Scottish Universities Insight Institute (SUII) 
Glasgow, Scotland, UK 
Meeting Agenda for Sunday September 16th  

 
0900 – 0915: Welcome & Agenda  

0915 – 1045: Introduction to developing in SU2: Covering high level class design, how to modify the code, working with GitHub (branching, PRs, regressions), etc.  

1045 – 1615: Hack session: Separate groups working on various problems (lunch and snacks/coffee offered in the room while working) 
1615 – 1700: Wrap-up Presentations: Two-slide presentations on major progress for the day, including discussion 
1730 – open: Social at “The Counting House”, 2 St Vincent Place, G1 2DH 

Meeting Agenda for Monday September 17th  

 
0800 – 0830: Welcome & Year in review, T. Economon (Bosch), J.J. Alonso (Stanford) 
0830 – 0900: SU2-NEMO - Thermochemistry and high-Mach aerothermodynamics, M. Fossati (U. of Strathclyde), T. Magin, J.B. Scoggins, M. Pini,  P. Colonna, 

                  R. Sanchez, T. Economon, D. Mayer, N. Beishuizen,  C. Garbacz-Gomes, W.T. Meier, J.J. Alonso, T. van der Stelt 
0900 – 0930: Toward optimization for reactive flows in SU2, N. Beishuizen (Bosch), D. Mayer, T. Economon  
0930 – 1000: Conjugate heat transfer problems and computing coupled discrete adjoints using AD, O. Burghardt (TU Kaiserslautern), T. Albring, N. Gauger  
1000 – 1030: Coffee break 
1030 – 1100: Physics-based RANS model-form UQ in SU2, J. Mukhopadhaya (Stanford), A. Mishra, J.J. Alonso, G. Iaccarino 
1100 – 1130: Aeroacoustics prediction and optimization capabilities in SU2, B. Zhou (NIA/NASA-Langley), T. Albring, N. Gauger, C. Ilario, T. Economon, J.J. Alonso, 
                        L. V. Lopes, H. Yao, S. Peng, L. Davidson 
1130 – 1200: Higher-order SU2: DG-FEM solver and WENO-FV solver with LES/ILES/WMLES applications, E. van der Weide (U. of Twente), J.J. Alonso, D. Drikakis,  

  K. Singh, P. Urbanczik, E. Molina, J.H. Choi 

1200 – 1300: Lunch 

1300 – 1330: Unsteady optimization with SU2: application to turbomachinery design, A. Rubino (TU Delft), M. Pini, N. Anand, P. Colonna  
1330 – 1400: Preliminary results on rotor-fuselage aerodynamics using SU2: status and challenges, M. Morelli (Politecnico di Milano), G. Gori, A. Guardone  
1400 – 1430: Anisotropic mesh adaptation with the INRIA AMG library, A. Loseille (INRIA), V. Menier, B. Munguia, J.J. Alonso 
1430 – 1500: Coffee break 
1500 – 1530: Simulation and adjoint-based design for variable density incompressible flows with heat transfer, T. Economon (Bosch) 
1530 – 1600: Implementation of pressure-based Navier-Stokes for wind energy applications, A. Ravishankara (ECN part of TNO), H. Ozdemir, E. van der Weide 
1600 – 1630: SU2-IDS: International Developers Society, T. Albring, R. Sanchez (TU Kaiserslautern), T. Economon, F. Palacios 

1630 – 1700: Wrap up, J.J. Alonso (Stanford) 
 

In order to participate (in-person or virtually), please register for the meeting by following the link on the SU2 home page (https://su2code.github.io).  

*Please note that all stated times are British Summer Time (BST). **The presenter author is underlined 
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Hackathon topics
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1. Driver structure

2. Input/Output structure reformatting

3. Heterogeneous restart (e.g. RANS from an Euler and mesh 
mapping/interpolation)

4. Incompressible solver

5. Multiple config files and meshes multi-point optimization 

6. General definitions for objective functions

7. SU2-NEMO thermochemistry structure and libraries interfaces



SU2-NEMO (Non-Equilibrium MOdels): 
Thermochemistry and high-Mach flows

M. Fossati, C. Garbacz-Gomez, J.J. Alonso, W.T. Maier, R. Sanchez, M. Pini, P. Colonna, T. 
van der Stelt, T. Magin, J.B. Scoggins, T. Economon, D. Mayer, N. Beishuizen
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Ambition and objectives
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“Enhance the multi-physics characteristics of SU2 and extend 
the spectrum of applications, with a focus on design”

• Define the roadmap for a coordinated development 
of thermochemistry and nonequilibrium models

• Incorporate advanced models for finite-rate chemistry 
and thermal nonequilibrium

• Consolidate the implementation and use of advanced 
thermodynamic models

• Reboot under a new perspective the modelling of 
high-temperature effects
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People and selected applications, to date
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• High-Mach and high-enthalpy external  
aerothermodynamics

• Laminar to turbulent transition in highly-
compressible regimes

• Non-ideal gas dynamics of complex fluids 
departing from ideal gas laws

• Laminar premixed combustion for 
domestic heating

• Combustion in industrial processes

• From atmospheric entry and meteor to 
biomass pyrolysis

Academia

Industry

Research
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Outline
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1. Some background equations and models

2. Mutation++, Cantera and FluidProp

3. Internal gasdynamics:          and FluidProp

4. External aerodynamics:         and Mutation++

5. The road ahead

SU2
SU2
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s = ẇsev,s

Qt�v
s = ⇢s

e⇤v,s � ev,s
< ⌧s >

< ⌧s >=

P
j XjP

j Xj/⌧s,j
⌧s,j = ⌧s,j (P, T, ✓v,s,Mj ,Ms)⇢

P = ⇢RT
e = cvT

8
<

:
⌧ij = µ

✓
@ui

@xj
+

@uj

@xi

◆
� 2

3
µ�ijr · ~u

~q = �krT
⇢ev =

P
s ⇢sev,s

~qv = �kvrTv

ev,s =
R

Ws

✓v,s
exp (✓v,s/Tv)� 1
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⇢e~u+ P Ī · ~u� ⌧̄ · ~u+ ~q

�
= r · (�

P
s hs⇢s~ud,s)�r · ~qv

@⇢ev
@t

+r · (⇢ev~u+ ~qv +
P

s ev,s ⇢s~ud,s) = ẇ
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Some background equations and models: where were 
we?
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• continuum, steady, viscous, multi-component, gas 
mixture in thermochemical nonequilibrium 

• Fast coupling assumptions

• Rigid-Rotator-Harmonic-Oscillator (RRHO) 
thermodynamics 

• Transport properties
• Diffusion — Fick’s Law w/ closure terms (Sutton, 1998)
• Viscosity — Newtonian fluid w/ Stokes’ Hypothesis
• Thermal Cond. — Fourier’s Law

• Transport coefficients: Blottner/Eucken + Wilke’s semi-
empirical mixing rule 

• Landau-Teller vibrational relaxation with Park’s limiting 
cross section 

• Finite-rate chemistry (Arrhenius-type) 

Initial efforts by Sean Copeland (PhD, 2015, Stanford University): 

“A Continuous Adjoint Formulation for Hypersonic Flows in 
Thermochemical Nonequilibrium“

RAM-C test article (Jones, 1972)



SU2 NonEquilibrium MOdels

Some background equations and models: where were 
we?
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• Derivation of continuous adjoint system, boundary 
conditions & surface sensitivities for steady, 
viscous, NE flow environments

• Implementation (in           ) of flow and adjoint 
equations

• Adjoint equations formulated in a general way to 
support substitution of other thermochemical 
models 

• All contributions in feature_TNE2 and 
feature_AdjTNE2, 

SU2

SU2… but has continued to evolve…new 
and more general implementation needed!

Mars entry vehicle, M = 7.7
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⇢e~u+ P Ī · ~u� ⌧̄ · ~u+ ~q

�
= r · (�

P
s hs⇢s~ud,s)

⇢ =
P

s ⇢s

⇢e =
P

s ⇢scv,sT +
P

s ⇢sh
0
s

P =
P

s Ps =
P

s ⇢s
R

Ws
T

µ =
P

s

µsXs

�s
, k =

P
s

ksXs

�s

µs = 0.1exp [(AslnT +Bs)lnT + Cs]

ks = "µscv,s, �s = �s(Xs, Ys, µs)

cv =
P

s Yscv,s, cp =
P

s Yscp,s

Xs = Ms/
P

s Ms, Ys = ⇢s/
P

s ⇢s

cp,s =
R

Ws

P5
k=1 Ak,sT k�1

cv,s = cp,s �R/Ws

8
>>>>>><

>>>>>>:

...

@⇢e

@t
+r ·

�
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CFD 
• geometry / coord. sys. 
• numerical methods 
• boundary conditions

Mutation++ 
• physicochemical models, 
• algorithms, and 
• data

local state

physicochemical 
properties

• Accurate property evaluation 
• Efficient 
• Extensible 
• Interface to CFD 
• Self documenting DBs 
• Open source community

Objectives:

Mutation++

Mixture

Radiation

HTGR

LBL

HSNB

Thermo-
dynamics

Thermo-

dynamic

Databases

Multi-
Temperature

Lookup
Tables

Rigid-
Rotator

&
Harmonic-
Oscillator

NASA
Polynomials

State

Model

CR

Multi-T

Transport

Collision

Database
Algorithms

Kinetics

Reaction

Mech-

anisms

Rate Laws

Species

JacobianFinite-rate

Chemistry

Scoggins, Magin. AIAA Paper 2014-2966. 2014.

✐

✐

✐

✐

✐

✐

✐

✐
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This work, Eq. (4.54)
This work, Butler-Brokaw

Murphy [212]

Capitelli et al. [225]

D’Angola et al. [194]

Azinovsky et al. [226]

Figure 4.20.: Thermal conductivity of equilibrium air at 1 atm.

and Murphy [212] using the Butler-Brokaw formula, and the results obtained
experimentally by Azinovsky et al. [226]. Similar agreement is obtained as was
detailed for the result of Murphy. The difference between the experimental
data and the computation in the second peak around 7000K is due to the
N2 –N collision integral data based on more accurate calculations, as previously
discussed.

4.6. Chemical Kinetics

The goal of the chemical kinetics module in Mutation++ is the efficient and
robust computation of species production rates due to finite-rate chemical re-
actions. The derivation of the production rate of a species k ∈ S∗ due to
homogeneous chemical reactions was presented in Section 2.6.1. We consider
production rates in the form

ω̇k = Mk

∑

r∈R

νkrRr

= Mk

∑

r∈R

(ν
′′

kr − ν
′

kr)

[

kf,r(Tfr)
∏

j∈S∗

ρ̂j
ν
′

jr − kb,r(Tbr)
∏

j∈S∗

ρ̂j
ν
′′

jr

]

Θr,

(4.57)
where Θr =

∑

j∈S∗ αjrρ̂j if reaction r is a thirdbody reaction and Θr = 1
otherwise. The forward reaction rate is assumed to be a function of a sin-
gle, reaction-dependent temperature Tfr and the backward rate is determined
from equilibrium as kb,r(Tbr) = kf,r(Tbr)/Keq,r(Tbr) where Tbr is a reaction-
dependent temperature for the backward rate.

In principle, the evaluation of Eq. (4.57) is straight-forward. However, sev-
eral features of the chemical kinetics module are worth mentioning, regarding
the object-oriented and efficient solution of species production rates. A sim-
plified class diagram of the module is presented in Fig. (4.21). The module

J.B. Scoggins et al. / Aerospace Science and Technology 66 (2017) 177–192 187

Fig. 8. Comparison of equilibrium char blowing rates and wall enthalpies for a pure graphite surface in air at 0.1 atm computed with the detailed database and CEA. The 
theoretical diffusion limited blowing rate corresponds to a pyrolysis gas mass flux of zero.

Fig. 9. Differences in the computed B ′
c curves shown in Fig. 7 curves resulting from 

the detailed database and CEA for select values of B ′
g .

4. Development of reduced models

The full database presented in the previous section provides an 
extensive list of more than 1200 species which may be formed 
at equilibrium for a wide range of conditions. In practice, many 
species in the detailed list have equilibrium concentrations which 
provide a negligible contribution to mixture thermodynamic prop-
erties. In general, the computational effort to compute a single 
equilibrium composition is small, even when including more than 
1200 species. However, the use of equilibrium models in conjunc-
tion with CFD to model the response of thermal protection systems 
subjected to high-enthalpy flows may require tens of thousands of 
these calculations during the iteration process which can quickly 
dominate the CPU cost of the simulation when many species are 
considered. For mixtures with constant elemental compositions, ta-
bles of precomputed properties versus temperature and pressure 
can be used to virtually eliminate this cost. However, this is rarely 
the case for carbon–phenolic mixtures due the mixing of pyrolysis, 
ablation, and atmospheric gases, as shown in Sec. 2.2.3.

The goal of the reduction procedure detailed in the following 
sections is to provide a reduced set of species out of the full set 
which provide accurate equilibrium mixture thermodynamic prop-
erties over the temperature, pressure, and composition range of 
interest. Beyond improving the CPU costs of computing equilibrium 
properties, the reduced species sets also highlight the most impor-
tant species and can serve as a guide for future thermodynamic 

database improvements as well as a starting point for developing 
finite-rate chemistry mechanisms for carbon–phenolic mixtures.

4.1. Reduction methodology

Previous model reduction studies for carbon–phenolic ablation 
in air have used either mole fraction tolerances for simulated py-
rolysis gas flows in or out of equilibrium [30,74,75] or tolerances 
on computed B ′

c values [76] to trim species from the detailed 
model. Typically, these reduced sets are only valid for a limited 
number of conditions which were used in the reduction process, 
and usually incorporate additional species based on the authors’ 
best judgment to account for specific reaction dynamics or import 
radiators. Such approaches do not take into consideration the mix-
ture thermodynamic properties of the reduced sets, and therefore 
risk inaccurate predictions of mixture bulk properties. In addition, 
it is difficult to extend these approaches to other gases or condi-
tions of interest such as atmospheres rich in CO2. In the following, 
a consistent method is proposed which ensures mixture thermody-
namic properties are accurately reproduced by the reduced model 
over all conditions of interest. The method is then applied to gen-
erate reduced species sets for all the elemental composition, tem-
perature, and pressure spaces of interest.

4.1.1. Reduction spaces
A reduction space, denoted R, is first defined as the region of 

interest in the temperature, pressure, and composition space for 
which a reduced species set should be determined. In general, all 
reduction spaces are subsets of the following space:

R =
{

P = (T , p, xe) : T , p, xe
k ∈ R+ ∀ k ∈ E and

∑

k∈E
xe

k = 1
}
.

(17)

In other words, temperatures, pressures, and mole fractions must 
be non-negative with elemental mole fractions summing to unity. 
Note for a given point, P , all equilibrium thermodynamic functions 
are completely defined.

Three discrete reduction spaces are considered in this work, 
though the proposed methodology could be extended to other 
spaces as well. Each reduction space uses the same temperature 
and pressure distribution consisting of 50 temperatures ranging 
linearly from 500 K to 5000 K and 10 pressures varying logarithmi-
cally from 0.001 bar to 10 bar. Three different compositions spaces, 
consisting of 1000 composition points, were used to form the three 
reduction spaces. Each reduction space then consists of every com-
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RRHO model and the NASA polynomials above 12 500K. However, this trans-
lates into negligible differences in the computed speeds of sound as is shown in
Fig. (4.5d).
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(b) Specific heat ratios.
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Figure 4.5.: Mixture thermodynamic properties of equilibrium air at various
pressures.
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Figure 4.20.: Thermal conductivity of equilibrium air at 1 atm.

and Murphy [212] using the Butler-Brokaw formula, and the results obtained
experimentally by Azinovsky et al. [226]. Similar agreement is obtained as was
detailed for the result of Murphy. The difference between the experimental
data and the computation in the second peak around 7000K is due to the
N2 –N collision integral data based on more accurate calculations, as previously
discussed.

4.6. Chemical Kinetics

The goal of the chemical kinetics module in Mutation++ is the efficient and
robust computation of species production rates due to finite-rate chemical re-
actions. The derivation of the production rate of a species k ∈ S∗ due to
homogeneous chemical reactions was presented in Section 2.6.1. We consider
production rates in the form

ω̇k = Mk

∑

r∈R

νkrRr

= Mk

∑

r∈R

(ν
′′

kr − ν
′

kr)

[

kf,r(Tfr)
∏

j∈S∗

ρ̂j
ν
′

jr − kb,r(Tbr)
∏

j∈S∗

ρ̂j
ν
′′

jr

]

Θr,

(4.57)
where Θr =

∑

j∈S∗ αjrρ̂j if reaction r is a thirdbody reaction and Θr = 1
otherwise. The forward reaction rate is assumed to be a function of a sin-
gle, reaction-dependent temperature Tfr and the backward rate is determined
from equilibrium as kb,r(Tbr) = kf,r(Tbr)/Keq,r(Tbr) where Tbr is a reaction-
dependent temperature for the backward rate.

In principle, the evaluation of Eq. (4.57) is straight-forward. However, sev-
eral features of the chemical kinetics module are worth mentioning, regarding
the object-oriented and efficient solution of species production rates. A sim-
plified class diagram of the module is presented in Fig. (4.21). The module
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Fig. 8. Comparison of equilibrium char blowing rates and wall enthalpies for a pure graphite surface in air at 0.1 atm computed with the detailed database and CEA. The 
theoretical diffusion limited blowing rate corresponds to a pyrolysis gas mass flux of zero.

Fig. 9. Differences in the computed B ′
c curves shown in Fig. 7 curves resulting from 

the detailed database and CEA for select values of B ′
g .

4. Development of reduced models

The full database presented in the previous section provides an 
extensive list of more than 1200 species which may be formed 
at equilibrium for a wide range of conditions. In practice, many 
species in the detailed list have equilibrium concentrations which 
provide a negligible contribution to mixture thermodynamic prop-
erties. In general, the computational effort to compute a single 
equilibrium composition is small, even when including more than 
1200 species. However, the use of equilibrium models in conjunc-
tion with CFD to model the response of thermal protection systems 
subjected to high-enthalpy flows may require tens of thousands of 
these calculations during the iteration process which can quickly 
dominate the CPU cost of the simulation when many species are 
considered. For mixtures with constant elemental compositions, ta-
bles of precomputed properties versus temperature and pressure 
can be used to virtually eliminate this cost. However, this is rarely 
the case for carbon–phenolic mixtures due the mixing of pyrolysis, 
ablation, and atmospheric gases, as shown in Sec. 2.2.3.

The goal of the reduction procedure detailed in the following 
sections is to provide a reduced set of species out of the full set 
which provide accurate equilibrium mixture thermodynamic prop-
erties over the temperature, pressure, and composition range of 
interest. Beyond improving the CPU costs of computing equilibrium 
properties, the reduced species sets also highlight the most impor-
tant species and can serve as a guide for future thermodynamic 

database improvements as well as a starting point for developing 
finite-rate chemistry mechanisms for carbon–phenolic mixtures.

4.1. Reduction methodology

Previous model reduction studies for carbon–phenolic ablation 
in air have used either mole fraction tolerances for simulated py-
rolysis gas flows in or out of equilibrium [30,74,75] or tolerances 
on computed B ′

c values [76] to trim species from the detailed 
model. Typically, these reduced sets are only valid for a limited 
number of conditions which were used in the reduction process, 
and usually incorporate additional species based on the authors’ 
best judgment to account for specific reaction dynamics or import 
radiators. Such approaches do not take into consideration the mix-
ture thermodynamic properties of the reduced sets, and therefore 
risk inaccurate predictions of mixture bulk properties. In addition, 
it is difficult to extend these approaches to other gases or condi-
tions of interest such as atmospheres rich in CO2. In the following, 
a consistent method is proposed which ensures mixture thermody-
namic properties are accurately reproduced by the reduced model 
over all conditions of interest. The method is then applied to gen-
erate reduced species sets for all the elemental composition, tem-
perature, and pressure spaces of interest.

4.1.1. Reduction spaces
A reduction space, denoted R, is first defined as the region of 

interest in the temperature, pressure, and composition space for 
which a reduced species set should be determined. In general, all 
reduction spaces are subsets of the following space:

R =
{

P = (T , p, xe) : T , p, xe
k ∈ R+ ∀ k ∈ E and

∑

k∈E
xe

k = 1
}
.

(17)

In other words, temperatures, pressures, and mole fractions must 
be non-negative with elemental mole fractions summing to unity. 
Note for a given point, P , all equilibrium thermodynamic functions 
are completely defined.

Three discrete reduction spaces are considered in this work, 
though the proposed methodology could be extended to other 
spaces as well. Each reduction space uses the same temperature 
and pressure distribution consisting of 50 temperatures ranging 
linearly from 500 K to 5000 K and 10 pressures varying logarithmi-
cally from 0.001 bar to 10 bar. Three different compositions spaces, 
consisting of 1000 composition points, were used to form the three 
reduction spaces. Each reduction space then consists of every com-
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RRHO model and the NASA polynomials above 12 500K. However, this trans-
lates into negligible differences in the computed speeds of sound as is shown in
Fig. (4.5d).
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(a) Specific heats at constant pressure.
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(b) Specific heat ratios.
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(c) Enthalpy.
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Figure 4.5.: Mixture thermodynamic properties of equilibrium air at various
pressures.
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Figure 4.20.: Thermal conductivity of equilibrium air at 1 atm.

and Murphy [212] using the Butler-Brokaw formula, and the results obtained
experimentally by Azinovsky et al. [226]. Similar agreement is obtained as was
detailed for the result of Murphy. The difference between the experimental
data and the computation in the second peak around 7000K is due to the
N2 –N collision integral data based on more accurate calculations, as previously
discussed.

4.6. Chemical Kinetics

The goal of the chemical kinetics module in Mutation++ is the efficient and
robust computation of species production rates due to finite-rate chemical re-
actions. The derivation of the production rate of a species k ∈ S∗ due to
homogeneous chemical reactions was presented in Section 2.6.1. We consider
production rates in the form

ω̇k = Mk

∑

r∈R

νkrRr

= Mk

∑

r∈R

(ν
′′

kr − ν
′

kr)

[

kf,r(Tfr)
∏

j∈S∗

ρ̂j
ν
′

jr − kb,r(Tbr)
∏

j∈S∗

ρ̂j
ν
′′

jr

]

Θr,

(4.57)
where Θr =

∑

j∈S∗ αjrρ̂j if reaction r is a thirdbody reaction and Θr = 1
otherwise. The forward reaction rate is assumed to be a function of a sin-
gle, reaction-dependent temperature Tfr and the backward rate is determined
from equilibrium as kb,r(Tbr) = kf,r(Tbr)/Keq,r(Tbr) where Tbr is a reaction-
dependent temperature for the backward rate.

In principle, the evaluation of Eq. (4.57) is straight-forward. However, sev-
eral features of the chemical kinetics module are worth mentioning, regarding
the object-oriented and efficient solution of species production rates. A sim-
plified class diagram of the module is presented in Fig. (4.21). The module
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Fig. 8. Comparison of equilibrium char blowing rates and wall enthalpies for a pure graphite surface in air at 0.1 atm computed with the detailed database and CEA. The 
theoretical diffusion limited blowing rate corresponds to a pyrolysis gas mass flux of zero.

Fig. 9. Differences in the computed B ′
c curves shown in Fig. 7 curves resulting from 

the detailed database and CEA for select values of B ′
g .

4. Development of reduced models

The full database presented in the previous section provides an 
extensive list of more than 1200 species which may be formed 
at equilibrium for a wide range of conditions. In practice, many 
species in the detailed list have equilibrium concentrations which 
provide a negligible contribution to mixture thermodynamic prop-
erties. In general, the computational effort to compute a single 
equilibrium composition is small, even when including more than 
1200 species. However, the use of equilibrium models in conjunc-
tion with CFD to model the response of thermal protection systems 
subjected to high-enthalpy flows may require tens of thousands of 
these calculations during the iteration process which can quickly 
dominate the CPU cost of the simulation when many species are 
considered. For mixtures with constant elemental compositions, ta-
bles of precomputed properties versus temperature and pressure 
can be used to virtually eliminate this cost. However, this is rarely 
the case for carbon–phenolic mixtures due the mixing of pyrolysis, 
ablation, and atmospheric gases, as shown in Sec. 2.2.3.

The goal of the reduction procedure detailed in the following 
sections is to provide a reduced set of species out of the full set 
which provide accurate equilibrium mixture thermodynamic prop-
erties over the temperature, pressure, and composition range of 
interest. Beyond improving the CPU costs of computing equilibrium 
properties, the reduced species sets also highlight the most impor-
tant species and can serve as a guide for future thermodynamic 

database improvements as well as a starting point for developing 
finite-rate chemistry mechanisms for carbon–phenolic mixtures.

4.1. Reduction methodology

Previous model reduction studies for carbon–phenolic ablation 
in air have used either mole fraction tolerances for simulated py-
rolysis gas flows in or out of equilibrium [30,74,75] or tolerances 
on computed B ′

c values [76] to trim species from the detailed 
model. Typically, these reduced sets are only valid for a limited 
number of conditions which were used in the reduction process, 
and usually incorporate additional species based on the authors’ 
best judgment to account for specific reaction dynamics or import 
radiators. Such approaches do not take into consideration the mix-
ture thermodynamic properties of the reduced sets, and therefore 
risk inaccurate predictions of mixture bulk properties. In addition, 
it is difficult to extend these approaches to other gases or condi-
tions of interest such as atmospheres rich in CO2. In the following, 
a consistent method is proposed which ensures mixture thermody-
namic properties are accurately reproduced by the reduced model 
over all conditions of interest. The method is then applied to gen-
erate reduced species sets for all the elemental composition, tem-
perature, and pressure spaces of interest.

4.1.1. Reduction spaces
A reduction space, denoted R, is first defined as the region of 

interest in the temperature, pressure, and composition space for 
which a reduced species set should be determined. In general, all 
reduction spaces are subsets of the following space:

R =
{

P = (T , p, xe) : T , p, xe
k ∈ R+ ∀ k ∈ E and

∑

k∈E
xe

k = 1
}
.

(17)

In other words, temperatures, pressures, and mole fractions must 
be non-negative with elemental mole fractions summing to unity. 
Note for a given point, P , all equilibrium thermodynamic functions 
are completely defined.

Three discrete reduction spaces are considered in this work, 
though the proposed methodology could be extended to other 
spaces as well. Each reduction space uses the same temperature 
and pressure distribution consisting of 50 temperatures ranging 
linearly from 500 K to 5000 K and 10 pressures varying logarithmi-
cally from 0.001 bar to 10 bar. Three different compositions spaces, 
consisting of 1000 composition points, were used to form the three 
reduction spaces. Each reduction space then consists of every com-
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RRHO model and the NASA polynomials above 12 500K. However, this trans-
lates into negligible differences in the computed speeds of sound as is shown in
Fig. (4.5d).
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(a) Specific heats at constant pressure.
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(b) Specific heat ratios.
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(c) Enthalpy.
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Figure 4.5.: Mixture thermodynamic properties of equilibrium air at various
pressures.
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s = ẇsev,s

Qt�v
s = ⇢s

e⇤v,s � ev,s
< ⌧s >

< ⌧s >=

P
j XjP

j Xj/⌧s,j
⌧s,j = ⌧s,j (P, T, ✓v,s,Mj ,Ms)

P = P (⇢s, T )

e = e(Xs, T )
<latexit sha1_base64="c0vFv/aI0TVloi906s84Jj9HkCY="></latexit><latexit sha1_base64="c0vFv/aI0TVloi906s84Jj9HkCY="></latexit><latexit sha1_base64="c0vFv/aI0TVloi906s84Jj9HkCY="></latexit><latexit sha1_base64="c0vFv/aI0TVloi906s84Jj9HkCY="></latexit>

8
>>>>>><

>>>>>>:

...

@⇢e

@t
+r ·

�
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http://www.asimptote.nl/software/fluidprop

Thermophysical property calculator for 

arbitrary fluids: 

• entire thermodynamic plane liquid 

and gas phase 

• easily switching between all 

equations of state

• accurate properties also close to 

critical point

• multicomponent mixtures

• computes “real” critical points of 

mixtures

• advanced methods for phase 

equilibria

• Look-up tables (under development)

thermodynamic state

Thermophysical

properties

Fluids

Inorganic (CO, CO2, H2S, SO2, O2, N2, … )

Hydrocarbons (linear, branched, cyclic, methane, toluene, …)

Alcohols, ketones (methanol, propanol, acetone, …)

Refrigerants (incl. recently developed, R12, R123, PP80, …)

Siloxanes (linear, cyclic, MM, MdM, MD6M, …)

Equations of state

water/steam IAPWS-

IF97, 

absorption cooling

LiBr/H2O

TPSI, NIST REFPROP 
10

Peng-Robinson 

variants PRSV and  

iPRSV

SAFT based EoSs, like 

sPC-SAFT, PC-SAFT, 

PCP-SAFT

Fluid 

specific

multi-

para-

meter

Cubic
Stat. 

mech

http://www.asimptote.nl/software/fluidprop
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Shock-induced flow with complex fluids 
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• Fluid: siloxane MM 
• Fully turbulent, Roe scheme
• FluidProp-SW
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Flow Past Supersonic ORC Turbine Cascade
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• Fluid: siloxane MM
• Fully turbulent, Roe scheme
• Comparison FluidProp-SW vs FluidProp-LuT

Numerical SchlierenDensity Deviations
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Thermodynamic Models: Computational Cost
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External aerodynamics: Double wedge at M7.11
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MachFS 7.11

Unit Reynolds [m-1] 55,880

TemperatureFS [K] 191

PressureFS [Pa] 391.735

TemperatureW [K] 300

Fluid N2O2

Temperature contours [K]. Calorically perfect (left), thermally perfect (right)

Numerical Schlieren @ 150 µs. Calorically perfect (left) thermally perfect (right)

q1 / q2 30o / 55o 
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External aerodynamics: Edney IV interaction
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Mach 8.03 / 5.25

Unit Reynolds [m-1] 6.75 106

Temperature [K] 111.56 / 238.04

Pressure [Pa] 985.01 / 6,996

TemperatureW [K] 294.44

Fluid N2O2

Impinging shock [deg] 18.1114
Thermally perfect gas. Temperature (left), pressure (right)

Numerical Schlieren
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External aerodynamics: Proximal bodies

23

Mach number

Mach 10

Temperature [K] 111.56

Pressure [Pa] 985.01

Fluid N2O2

DP/DS 18.1114

y/DP 1.088

x/DP 4

Mach number contours. Inviscid flow BGK scheme
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The road ahead …
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• Define and implement a smart 
thermochemistry interface

• Augment the library of schemes for improved 
robustness with high Mach (including MUSCL)

• Extend the BC formulations to account for 
radiative equilibrium and potentially slip flow 
(for high-Mach)

• Formulate and implement models for the 
finite-rate energy exchange (i.e. multiple 
temperatures and energy modes)

• Ensure consistency with the algorithm 
differentiation for adjoint formulation 

• Treatment of the Jacobian matrix of source 
terms

• Consolidate the multispecies and finite rate 
chemistry models with attention to the 
stiffness of the problem

• Introduce compressibility effects for turbulence 
modeling

• Transition modeling in highly compressible 
flows

• Coupling with conjugate heat transfer 
approach

• Coupling with Maxwell to account for MHD

… and counting
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Thank you,
Happy to take any questions
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Hackathon topic(s)
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Q: What would be a “smart” interface for the thermodynamics and chemistry libraries 
(e.g. look-up tables, more integrated connection)?

Q: What is smart and what level of flexibility (i.e. plug-and-play) do we want to 
ensure/consider?

Q: What would be the impact on the config. file wrt to the thermodynamic models?

FLUID_MODEL
­ STANDARD_AIR Perfect ideal gas model for air, i.e. R =287.058 J/kgK, g = 1.4 etc.

­ USER_DEFINED† Mainly anything else for which more details are required

if (FLUID_MODEL == USER_DEFINED){ more options might be needed

THERMAL_EOS (Ideal_gas, Van_der_Waals, Peng_robinson, etc.)

CALORIC_EOS (Perfect_gas, NASA_fit, etc.)

COMPOSITION (Mass/Molar fractions of species)

}

CHEMISTRY (Frozen, Equilibrium, Finite-rate)

if (CHEMISTRY == Equilibrium){ even more options might be needed}

if (CHEMISTRY == Finite_rate){ a lot of options might be needed}


