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Abstract  

Computational fluid dynamics (CFD) approach has become a crucial part of the design and 

study of modern high-speed space vehicles in recent years. In this work, a transient three-
dimensional nonequilibrium CFD solver HiSCFOAM-NonE is developed in OpenFOAM to 

accomplish the computation of the hypervelocity reacting flows invovled in high Mach number 

scramjet engines. By coupling with the state-of-the-art thermal-chemical non-equilibrium 
package Mutation++, this solver is capable of simulating the chemical-reacting flow in 

scramjets operating in wide flight Mach numbers ranging from 8 to 15. The solver was primarily 
validated against a set of elementary benchmarks including zero-dimensional heat bath, high 

Mach number cylinder flow as well as complex shock-dominated flow in a model scramjet, 

wherein satisfactory agreements were obtained with the currently available experimental data. 
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Nomenclature 

uppercase letters 

Ma – Mach number 

Ms – species molar weight 
Ru – universal gas constant 

Ttr – translational-rotational temperature 
Tve – vibrational-electronic temperature 

Ys – species mass fraction 

lowercase letters 
cp

tr – translatinal-rotational specific heat 

capacity at constant pressure 

cp
ve – vibrational-electronic specific heat 

capacity at constant pressure 

kB – Boltzmann’s constant 
p – static pressure 

xs – species molar fraction 
Greek 

δij – Kronecker delta 

μ – dynamic viscosity 
ρ – density 

ρs – species partial density 
 

1. Introduction 

Computational fluid dynamic (CFD) approach has become a crucial part of the design and study 

of modern high-speed space vehicles in recent years. The complex flow fields surrounding 

these vehicles require the combination of different simulation tools. Particle-based direct 
simulation Monte Carlo (DSMC) [1] has been developed to solve for rarefied flows, which is 
characterized by the high Knudsen Number ( 𝐾𝑛 > 0.05~0.1 ) .  On the other hand, the 

conventional CFD simulations based on solving the Navier-Stokes equations remains capable 
when the 𝐾𝑛 falls below 0.005 [2]. To extend the capability of the CFD approaches to solve 

hypersonic flows, more concerns should be taken to handle the effects of thermochemical 

nonequilibrium which is usually caused by the strong shock wave. Typically, thermochemical 
nonequilibrium effect becomes nonnegligible when the flow characteristic timescale is 

comparable to the thermal relaxation timescale and the chemistry characteristic timescale. In 

another word, the flow does not have enough time to reach the equilibrium state and the flow 
properties at these states would deviate a lot from that of the equilibrium state [3]. As a result, 

modeling these nonquilibrium effect in the continuum flow region is the key aspect of 

implementing the appropriate CFD simulation. 

At high temperature, the total energy contained in the gas can be decomposed into different 
energy modes, namely the translational, rotational, vibrational and electronic modes. Each 

mode is designated to a corresponding temperature. Energy modes relax toward the thermal 
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equilibrium state via molecular collision. Generally, translational and rotational energies require 
very few collisions to reach equilibrium while for vibrational and electronic energies this number 

is much larger. As a result, it is reasonable to classify their corresponding temperatures into 
two groups, which forms the two-temperature model [3]. There have been some research 

codes that implemented this model, including the DPLR [4], LAURA [5], LeMANS [6, 7] and 

US3D [8, 9] . However, most of them are not open to public access. Other approaches can be 
found including the work made by Adhikari and Alexeenko [10] to implement the two-

temperature model in Ansys Fluent, as well as the open-source nonequilibrium solver hy2Foam 
[11, 12] developed at the university of Strathclyde. Nevertheless, the work of Adhikari and 

Alexeenko is limited to the simulation of air flows while the implementation of hy2Foam is 
rather complicated which requires careful tuning of the model settings. The task of developing 

a robust solver which could deal with nonequilibrium hypervelocity flows especially for 

combustion with easy-to-use configrations is still needed. 

Therefore, in the present work, a transient three-dimensional nonequilibrium CFD solver is 

developed to accomplish the computation of hypervelocity reacting flows invovled in high Mach 
scramjet engines. The theory of nonequilibrium reacting flows and the basic modules which 

form the base of this solver will be briefly described in the following. And primilary results 

including zero-dimensional heat bath, high Mach number cylinder flow as well as complex 

shock-dominated flow in a model scramjet will be present for numerical validation. 

2. Governing equations and physical models 

The nonequilibrium Navier-Stokes-Fourier equation in its conservative form is described as: 

 𝜕𝒰

𝜕𝑡
+ ∇ ∙ (𝐹𝑖𝑛𝑣 − 𝐹𝑣𝑖𝑠) = 𝜔̇ (1) 

for the vector of conservative quantities 

 𝒰 = (𝜌, 𝜌𝑠, 𝜌𝑢, 𝜌𝑣, 𝜌𝑤, 𝐸𝑣𝑒 , 𝐸)
𝑇 (2) 

where (𝑢, 𝑣, 𝑤) is the velocity vector, 𝐸𝑣𝑒  and 𝐸  are respectively the vibrational-electronic 

energy and the total energy. The total energy 𝐸 is the combination of kinetic energy and the 

internal energy 

 
𝐸 =  

1

2
𝑢2 +∑𝑌𝑠𝑒𝑠

𝑠∈𝑆

 (3) 
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in which 𝑆 stands for the set of all species, and 𝑒𝑠 is the specific internal energy which can be 

decomposed as 

 𝑒𝑠 = 𝑒𝑠
𝑡 + 𝑒𝑠

𝑟 + 𝑒𝑠
𝑣 + 𝑒𝑠

𝑒 + 𝑒𝑠
0 (4) 

Respectively, the translational, rotaional, vibrational, electronic and formation energy are given 

by  

 
𝑒𝑠
𝑡 =

3

2

𝑅𝑢
𝑀𝑠
𝑇𝑡𝑟 (5) 

 
𝑒𝑠
𝑟 = {

𝑅𝑢
𝑀𝑠
𝑇𝑡𝑟  𝑠 𝑖𝑠 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

0   𝑠 𝑖𝑠 𝑎𝑡𝑜𝑚

 (6) 

 

𝑒𝑠
𝑣 = {

𝑅𝑢
𝑀𝑠
∑

𝜃𝜐,𝑠
𝑣

exp (
𝜃𝜐,𝑠
𝑣

𝑇𝑣
) − 1𝜐

  𝑠 𝑖𝑠 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

0                𝑠 𝑖𝑠 𝑎𝑡𝑜𝑚

  (7) 

 

𝑒𝑠
𝑒 =

𝑅𝑢
𝑀𝑠

∑ 𝑔𝑖,𝑠𝜃𝑖,𝑠
𝑒 exp (

−𝜃𝑖,𝑠
𝑒

𝑇𝑣
)𝑖

∑ 𝑔𝑖,𝑠 exp (
−𝜃𝑖,𝑠

𝑒

𝑇𝑣
)𝑖

  (8) 

where 𝜃𝜐,𝑠
𝑣  is the characteristic vibrational temperature of species 𝑠 and vibrational Special 

formatting mode 𝜐. 𝜃𝑖,𝑠
𝑒  is the characteristic electronic temperature of species 𝑠 at energy level 𝑖 

and 𝑔𝑖,𝑠 is the digeneracy temperature. 

The inviscid flux 𝐹𝑖
𝑖𝑛𝑣 is written as 

 

𝐹𝑖
𝑖𝑛𝑣 =

(

 
 
 
 

𝜌𝑢𝑖
𝜌𝑠𝑢𝑖

𝜌𝑢𝑖𝑢 + 𝛿𝑖1𝑝
𝜌𝑢𝑖𝑣 + 𝛿𝑖2𝑝
𝜌𝑢𝑖𝑤 + 𝛿𝑖3𝑝

𝑒𝑣𝑢𝑖
(𝑒𝑠 + 𝑝)𝑢𝑖 )

 
 
 
 

𝑓𝑜𝑟 𝑖 = 1,2,3 (9) 

where 𝑝 is calculated by the Dalton’s law 
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𝑝 =∑𝑝𝑠

𝑠∈𝑆

=∑(𝜌𝑠𝑅𝑢/𝑀𝑠𝑇𝑡𝑟)

𝑠∈𝑆

 (10) 

The viscous contribution to the flux is 

 

𝐹𝑖
𝑣𝑖𝑠 =

(

 
 
 
 

0
𝒯𝑠,𝑖
𝜏𝑖1
𝜏𝑖2
𝜏𝑖3
−𝑞𝑣𝑒,𝑖

−𝜏𝑖𝑗𝑢𝑗 − 𝑞𝑡𝑟,𝑖−ℎ𝑠𝒯𝑠,𝑖)

 
 
 
 

𝑓𝑜𝑟 𝑖 = 1,2,3  (11) 

where 𝜏𝑖𝑗 represents the viscous stress tensor 

 
𝜏𝑖𝑗 =  𝜇 (

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜇
𝜕𝑢𝑖
𝜕𝑥𝑗

𝛿𝑖𝑗 (12) 

and ℎ𝑠 = ∫ 𝐶𝑝,𝑠
𝑇𝑟𝑑𝑇

𝑇𝑡𝑟
𝑇𝑟𝑒𝑓

 denotes the enthalpy of species 𝑠 . 𝐶𝑝,𝑠
𝑇𝑟  is the translational-rotational 

specific heat at constant pressure for species 𝑠. 

The spatial heat conduction vector 𝑞𝑣𝑒,𝑖 and 𝑞𝑡𝑟,𝑖 can be calculated with the Fourier’s law 

 
𝑞𝑣𝑒,𝑖 = 𝛼𝑣𝑒

𝜕𝑇𝑣𝑒
𝜕𝑥𝑖

𝑤𝑖𝑡ℎ 𝛼𝑣𝑒 =
𝜅𝑣𝑒
𝑐𝑝
𝑣𝑒 (13) 

 
𝑞𝑡𝑟,𝑖 = 𝛼𝑡𝑟

𝜕𝑇𝑡𝑟
𝜕𝑥𝑖

𝑤𝑖𝑡ℎ 𝛼𝑡𝑟 =
𝜅𝑡𝑟
𝑐𝑝
𝑡𝑟 (14) 

Correspondingly, 𝜅𝑣𝑒  and 𝜅𝑡𝑟 are respectively the thermal diffusivity of the vibrational-

electronic and translational-rotational energies. 

The diffusion flux 𝒯𝑠,𝑖 is govened by the Fick’s law: 

 
𝒯𝑠,𝑖 = −𝜌𝐷𝑠

𝜕𝑌𝑠
𝜕𝑥𝑖

 (15) 

with the effective diffusive coefficient of species 𝑠 
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𝐷𝑠 =

1 − 𝑥𝑠
∑ 𝑥𝑗𝐷𝑠𝑗𝑗≠𝑠

 (16) 

and 𝐷𝑠𝑗 is the binary diffusive coefficient [13] 

 
𝐷𝑠,𝑟 =

𝑘𝐵𝑇𝑡𝑟
𝑝Δ𝑡𝑟

 (17) 

in which Δ𝑡𝑟 is the binary collision integral. 

Finally, the source term 𝜔̇, can be written as  

 𝜔̇ = (0, 𝜔̇𝑠, 0,0, 0, 𝜔̇𝑣𝑒 , 0)
𝑇 (18) 

where the species source 𝜔̇𝑠 is usually refered to the chemistry reactions 

 
𝜔̇𝑠 = 𝑀𝑤,𝑠∑(𝑣𝑠𝑟

′′ − 𝑣𝑠𝑟
′ ) [𝑘𝑓,𝑟∏𝜌𝑠

𝑣𝑠𝑟
′

− 𝑘𝑏,𝑟∏𝜌𝑠
𝑣𝑠𝑟
′′

𝑠𝜖𝑆𝑠𝜖𝑆

] Θ𝑟
𝑟∈𝑅

 (19) 

where 𝑣𝑠𝑟
′  and 𝑣𝑠𝑟

′′  is correspondingly the forward and backward reaction stoichiometry 

coefficient, 𝜌𝑠 is the molar density, 𝑘𝑓,𝑟 is the forward reaction rate and 𝑘𝑏,𝑟 is the backward 

reaction rate. The forward reaction rate 𝑘𝑓,𝑟 is determined by the modified Arrehenius’ law and 

Park’s coefficients [14] 

 
𝑘𝑓,𝑟(𝑇) = 𝐴𝑇𝑐

𝑛exp (−
𝑇𝑎
𝑇𝑐
) (20) 

where 𝐴, 𝑛 and 𝑇𝑎 are correspondingly the reaction rate constant, the exponent coeffiecient 

and the activation temperature which are obtained from the experimental data. The controlling 
temperature 𝑇𝑐 is determined by the following table. 

Table 1. Controlling temperature depending on the type of reactions 

Type of Reaction Dissociation Exchange 

𝑇𝑐 √𝑇𝑡𝑟𝑇𝑣𝑒 𝑇𝑡𝑟 

The backward reaction rate 𝑘𝑏,𝑟 can be calculated from  
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𝑘𝑏,𝑟 = 

𝑘𝑓,𝑟

𝐾𝑐
 (21) 

where 𝐾𝑐 is the equilibrium constant determined by the Gibbs free energy. 

The energy transfer source 𝜔̇𝑣𝑒 is the sum of the contrbution from the vibrational-transirotional 

energy relaxation and that from the the coupling between chemistry reactions and vibrational 

dissociation 

 𝜔̇𝑣𝑒 = 𝜔̇𝑉−𝑇 + 𝜔̇𝑉−𝐶 (22) 

where in 𝜔̇𝑉−𝑇 can be evaluated with Landau–Teller Equation [15] by assuming that the energy 

transfer among vibrational-electronic energy modes can be modeled as hamonic oscillator 

 
𝜔̇𝑉−𝑇 = ∑𝜌𝑠

𝑠∈𝑆

𝑒𝑠
𝑣(𝑇𝑡𝑟) − 𝑒𝑠

𝑣(𝑇𝑣𝑒)

𝜏𝑚
 (23) 

where 𝜏𝑚 is the molar-averaged relaxation time 

 
𝜏𝑚 =

∑ 𝑋𝑠𝑠≠𝑒

∑ 𝑋𝑠/𝜏𝑚−𝑠𝑠≠𝑒

 (24) 

which can be evaluated as the summation of Millikan- While emperical formular [16] and the 

Park’s correction [14]. 

 𝜏𝑚−𝑠 = 𝜏𝑚
𝑀𝑊 + 𝜏𝑚

𝑃  with 

𝜏𝑚
𝑀𝑊 =

1

𝑝
exp [𝐴𝑚,𝑠 (𝑇

−
1

3 − 𝐵𝑚,𝑠) − 18.42] 

𝜏𝑚
𝑃 =

1

𝑁𝑠𝜎𝑠√
8𝑅𝑢𝑇𝑡𝑟

𝜋𝑀𝑠

 

 (25) 

where 𝑋𝑠 is the molar fraction, 𝑁𝑠 is the number density and 𝜎𝑠 is the effective cross section 

for vibrational relaxation. 

𝜔̇𝑉−𝐶  denotes the change of vibrational-electronic energy due to the construction or destruction 

of species, assuming a non-preferential dissociation model and given by 
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 𝜔̇𝑉−𝐶 = 𝜔̇𝑠𝑒𝑠
𝑣 (26) 

3. Computational framework and numerical methods 

To solve Eqs. (1) to (26), a finite-volume solver, named HiSCFOAM-NonE, is developed within 
the platform of OpenFOAM V7 [17, 18] which possesses a single temperature solver for high-

speed compressible flows named rhoCentralFoam [19]. The rhoCentralFoam solver adoptes 

the central-upwind interpolation scheme of Kurganov et. al. [20] which is proved to be 
successful in non-reacting supersonic flow simulations, thus they are also inherited to the 

present hypersonic solver. 

The closure of the governing equations requires an efficient method to calculated the 

thermodynamic, transport and chemical kinetic properties, as well as the source terms in Eqs. 

(19) and (22). This task is accomplished by linking the current solver to Mutation++ [21], an 
open-source library developed at the von Karman Institute for Fluid Dynamics. The basic code 

structure is schematizied in Fig. 1. During each time step, the fluid flow quantities, including 
the density 𝜌, the species mass fraction 𝑌, the vibrational and internal energy (or temperature 

for 𝑡0) are calculated by HiSCFOAM-NonE by solving Eq. (1), and provided to Mutation++ to 

evaluate the gas state. As a feedback, the thermochemical properties and associated source 

terms are transferred back for the closure of the governing equations. 

 

Fig 1. Diagram of the fracture of the HiSCFOAM-NonE solver showing the coupling between the 

OpenFOAM solver and Mutation++ library 
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4. Results and Discussion 

Three computational baselines were conducted to assess the accuracy of the present solver. 

The first case considers the heat bath of nitrogen in thermal nonequilibrium. The vibrational 

heating (𝑇𝑣
0 < 𝑇𝑡𝑟

0) and vibrational cooling (𝑇𝑣
0 > 𝑇𝑡𝑟

0) cases are set according to the work of 

Boyd and Josyula [22]. The results of the solver are compared to the published data of LeMANS 
and MONACO [22] in Fig. 2. Excellent agreements are obtained with the present solver in 

comparison with the available published data. 

 

Fig 2. Relaxation of Vibrational and Translational Energy towards equilibrium of a 𝑵𝟐 heat bath. 

(a) vibrational heating 𝑻𝒗
𝟎 = 𝟏𝟎𝟎𝟎 𝑲, 𝑻𝒕𝒓

𝟎 = 𝟏𝟎𝟎𝟎𝟎 𝑲 and 𝒑𝟎 = 𝟏 𝒂𝒕𝒎; (b) vibrational 

cooling 𝑻𝒗
𝟎 = 𝟏𝟎𝟎𝟎𝟎 𝑲, 𝑻𝒕𝒓

𝟎 = 𝟑𝟎𝟎𝟎 𝑲 and 𝒑𝟎 = 𝟏 𝒂𝒕𝒎. 

Another two-dimensional simulation of reacting flow past a circular cylinder at Mach 8.78 [23] 
is performed for further validation. Following the experimental condition of Hannemann et. al. 
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[24]. The chemical mechanism [25] used and other simulation settings are illustrated in Table 

2 and Table 3.The simulation was performed for two flow-through time. 

Table 2. Gas mixture and mechanism [25] 

No. Reactions 
Rate coefficients 

(𝑨, 𝒏, 𝑻𝒂) (𝐜𝐦 ∙ 𝐦𝐨𝐥−𝟏 ∙ 𝐬−𝟏, −, 𝐊) 

Third body efficiency 

(N2, O2, NO, N, O) 

1 O2+M=2O+M (2.0 × 1021, -1.5 , 59500) (1.0, 1.0, 1.0, 5.0, 5.0) 

2 N2+M=2N+M (7.0 × 1021, -1.6, 113220) (1.0, 1.0, 1.0, 4.286, 4.286) 

3 NO+M=N+O+M (5.0 × 1015, 0.0, 75500) (1.0, 1.0, 1.0, 22.0, 22.0) 

4 N2+O=NO+N (6.4 × 1017, -1.0, 38400) - 

5 NO+O=O2+N (8.4 × 1012, 0.0, 19450) - 

Table 3. Simulation condition of circular cylinder flow [24] 

Inlet 𝑻𝒕𝒓 

(K) 

Inlet 𝑻𝒗 

(K) 

Inlet U 

(𝐦 ∙ 𝐬−𝟏) 

Inlet p 

(Pa) 

Wall 

Temperature 

(K) 

Inlet Mass fraction 

(N2, O2, NO, N, O) 

694 694 (4776,0,0) 687 (300,300) 
(0.736, 0.134, 0.051, 

1ⅹ10-9,0.08) 

The flow field calculated by HiSCFOAM-NonE is compared with that of another hypersonic 
nonequilibrium flow solver, named hy2Foam with the contour plots illustrated in Fig. 3. A good 

agreement of the flow field is obtained by the present solver in comparison with hy2Foam 
solver. Additionally, in Fig. 4(a), the density distributions along the stagation line obtained by 

these solvers are compared with the available data ,   both solvers captures the shock position 

with a little discrepency to the reference data. The comparison of pressure distribution along 
the cylinder wall is shown in Fig. 4(b), remarkable consistency is observed when comparing to 

the experimental data. 

The last validation case considers the three-dimensional nonequilibrium flow in a model scamjet 

engine [26]. The structure of the engine is shown in Fig. 5. The computational mesh contains 

694246 hexahedra grids. 
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Fig 3. Comparison of contour plots of flow fields obtained with hy2Foam and HiSCFOAM-NonE 

for reacting flow past circular cylinder at Mach 8.78. 

The simulation condition is listed in Table 4. 

Table 4. Simulation conditions of the Lorrain scramjet engine [26] 

Inlet 𝑻𝒕𝒓 

[K] 

Inlet 𝑻𝒗 

[K] 

Inlet U 

[𝐦 ∙ 𝐬−𝟏] 

Inlet p 

[Pa] 

Wall 

Temperature 

(𝑻𝒕𝒓, 𝑻𝒗𝒆) 

[K] 

Inlet Mass 

Fractions 

(N2, O2, NO, N, O) 

260.68 640.32 (2734,0,0) 1877.99 (300,300) 
(0.76, 0.223, 0.0168, 

5.7ⅹ10-8,0.0) 
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Fig 4. Comparison of (a) density along the stagnation line (b) pressure along cylinder wall 

obtained by HiSCFOAM-NonE and hy2Foam with the reference data obtained by 

Hannemann [24] for reacting flow past circular cylinder at Mach 8.78. 
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Fig 5. The model scramjet of Lorrain [26] 

 

Fig 6. contour plots of flow fields obtained with HiSCFOAM-NonE in the Lorrain scramjet engine  

A steady state simulation was adopted and the flow field is considered to become steady after 
executing the simulation for more than four flow-through time. The Reynolds-averaged SST 

model was employed to handle the turbulent influence. Fig. 6 illustrate the flow field contours 

obtained by HiSCFOAM-NonE. 
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It is clear that the sequence of shock waves is well-captured. The normalized pressure along 
the bottom wall obtained by HiSCFOAM-NonE and hy2Foam were compared with the 

experimental data as shown in Fig. 7. From the comparison, it is clear that HiSCFOAM-NonE 
captures the peak value of the normalized pressure (𝑝/𝑝0) better than hy2Foam in this case. 

 

Fig 7. Comparison of the normalized pressure along the bottom wall obtained by HiSCFOAM-

NonE and hy2Foam with the experimental data [26] for Lorrain scramjet engine. 

5. Concluding remarks 

In this work, a transient three-dimensional nonequilibrium CFD solver HiSCFOAM-NonE is 

developed in OpenFOAM to accomplish the computation of hypervelocity reacting flows 
involved in high Mach number scramjet engines. The solver was designed to broaden the 

capability of the CFD simulations by incorporating a two-temperature model which describes 
the nonequilibrium energy relaxation. It is capable of simulating thermo-chemical 

nonequilibrium flows in scramjets operating in wide flight Mach numbers ranging from 8 to 15. 
Compared to the currently available open-source solvers, this solver is more robust and efficient 

by virtue of the introduction of an open-source nonequilibrium thermodynamic package named 

Mutation++. The validity of this solver is evaluated by a set of elementary tests including zero-
dimensional heat bath, high Mach number cylinder flow as well as complex shock-dominated 
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flow in a model scramjet. Results show satisfactory accuracy compared to the currently 

available experimental data. 
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