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Abstract. The most important step in the correct solution of discrete 

analogs of the equations of gas dynamics for the high-speed flow of a 
compressible chemically active gas using grid methods is to ensure 

sufficient grid resolution of regions with high gradients of gas-dynamic 

parameters, that is, the region of the departed curvilinear shock wave 

compressed and boundary layer. In this work, the grid independence of the 
main flow parameters on the dimensionality of the computational grid was 

checked on the problem of flowing a sphere by a high-speed flow of a gas 

mixture. The dependences of gas-dynamic flow parameters on the grid 

resolution along the normal to the sphere surface are revealed. The 
conclusions about the sufficiency of the grid resolution for a particular 
problem have been made. 

1 Introduction 

Among the tasks facing modern science, one of the most important is the task of the most 

accurate prediction of the parameters of heat and mass exchange on the surfaces of high-

speed atmospheric aerial vehicles at the stage of their design. The successful solution to this 
problem will allow optimizing its trajectory, geometric, weight, and layout parameters 

already at the stage of design, and, accordingly, to form requirements for the thermal 

protection of the vehicle, as well as to choose the composition of the necessary materials 

for this purpose, based on the study of their properties [1-53]. For high-speed aircraft, it is 

especially important to determine the thermal conditions of such most heat-stressed surface 

areas as the fuselage nose, leading edges of wings, edges of inlet devices, etc., which, as a 

rule, have the shape of blunted bodies. 

Depending on the speed of the aircraft flight is accompanied by a certain degree of 

intensity of aerodynamic heating of its surface. In the process of such heating, the 

temperature of the most heat-stressed elements of the aircraft structure can exceed the 

maximum permissible, which threatens the destruction of the entire aircraft structure. 

The most important step in solving the discrete analogs of the gas dynamics equations 

for a high-speed airflow is to provide sufficient grid resolution of areas with high gradients 

of gas-dynamic parameters. Within the framework of this work, studies of the grid 
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independence of the solution of the gas dynamics equations and determination of the main 

criteria for the sufficiency of the grid model were carried out on the problem of flowing 

around a sphere. 

It should be noted that the work did not aim to check the overall reliability of the results 

obtained, as this issue requires a separate study of the mechanisms of chemical kinetics, 

radiant heat transfer, etc. The mathematical model used in this work, based on the solution 

of the system of Navier-Stokes equations discretized by the finite volume method for the 

model of five-component (N2, O2, N, O, NO) chemically nonequilibrium air, has been 

described in detail and tested on a large number of blunt bodies at different parameters of 
the incoming flow [54-60]. At the same time, the dependence of the accuracy of the 

obtained results on the number of solution iterations, and the computational grid thickening 

parameters was evaluated [61]. The accuracy criterion, in this case, is the energy integral. 

2 Task statement 

The analysis of the influence of the computational grid structure on the accuracy of 

simulation results was carried out during the study of heat and mass transfer processes 

when a high-speed gas mixture flow flows around the frontal part of the sphere with radius 

R = 0.03048 m. In this case, the sphere should be perceived as a blunted part of the heat-

stressed element of the aircraft, rather than as an independent aircraft. The speed of the 

incoming flow corresponded to the Mach number 29,45М  , parameters of the 

incoming flow: temperature – 196.7 K, pressure – 12.21 Pa taken from the work [62]. In all 

calculations, it was assumed that the sphere has a wall with temperature 300wT K , and 

infinite catalytic activity wk  . 

The grid independence of the solution was investigated on two-dimensional structured 

computational meshes, which have certain advantages over unstructured meshes when 

modeling high-speed flows [63]. To save computational resources, the problem was solved 

in the axisymmetric formulation, i.e. it was assumed that the flow is identical in all 

meridional sections of the sphere, which allowed modeling in only one section.  

The effect of changing the size of the cells along the normal to the sphere surface on the 

flow parameters along the normal to the breaking point was investigated on the 

computational grids, the parameters of which are presented in Table 1. At the same time, 

the size of the computational domain and the block structure remained unchanged. 

Table 1. Parameters of computational grids. 

Mesh number Mesh dimensions Number of cells 

1 40 х 80 3200 

2 60 х 80 4800 

3 80 х 80 6400 

4 100 х 80 8000 

5 120 х 80 9600 

As an example, Figure 1 shows a computational grid No. 1 of size 40x80 cells with the 

coordinate system applied to it. The breaking point is taken as the origin of the coordinate 

system, and the abscissa axis coincides with the velocity vector of the incoming flow. 
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Fig. 1. The computational grid of 40x80 cells. 

3 Properties of the components of the air mixture 

Air was considered a mixture of five components: N2, O2, NO, N, O. 

The density of the mixture as a function of pressure and temperature was calculated 

using the ideal gas formula: 

𝜌см =
𝑃ст

𝑅𝜇𝑇∑
𝐶𝑖
𝑀𝑖
𝑖

, (1) 

where стP  – local static pressure; 8,314 / ( )R J K mol    – universal gas 

constant; T – local static temperature; iC  – mass concentration of the i-th component; iM  

– a molar mass of the i-th component; 

The specific isobaric heat capacity сp,i of each i-th component was set by the piecewise 

linear law as a function of temperature [64].  

The average specific heat capacity of the gas mixture was calculated using the ratio: 

𝑐𝑝,см = ∑ 𝐶𝑖
𝑛
𝑖=1 ⋅ 𝑐𝑝,𝑖 , (2) 

where ,p ic  – specific isobaric heat capacity of the i-th component. 

The thermal conductivity coefficient λi of each i-th component was calculated using the 

relation from the kinetic theory of gases [65]: 
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𝜆𝑖 =
15

4

𝑅𝜇

𝑀𝑖
⋅ 𝜇𝑖 [

4

15

𝑐𝑝,𝑖⋅𝑀𝑖

𝑅𝜇
+

1

3
], (3) 

where Mi – a molar mass of the i-th component; i  – dynamic viscosity of the i-th 

component, function 𝜇i(T); cpi – specific isobaric heat capacity of the i-th component. 

The thermal conductivity of the gas mixture was calculated using the ratio: 

𝜆см = ∑ 𝐶𝑖
𝑛
𝑖=1 ⋅ 𝜆𝑖, (4) 

where i  – heat transfer coefficient of the i-th component [64]. 

The dynamic viscosity of each component was calculated as a function of static 

temperature according to the well-known Blottner correlation [66], and then the dynamic 

viscosity of the gas mixture was calculated: 

𝜇см = ∑ С𝑖𝜇𝑖
𝑛
𝑖=1 , (5) 

where i  – dynamic viscosity of the i-th component [66]; 

The molar masses of all components, entropy, and enthalpy values under normal 

conditions ( 101325 P Pa , 298.15T K ) are taken from [64]. 

4 Chemical kinetics 

Taking into account the characteristic flow times and chemical processes, the model of 

nonequilibrium chemistry was used in modeling. A model consisting of five basic non-

equilibrium chemical dissociation-recombination reactions was used, three of which are 

realized with the participation of third bodies (M) (Table 2). 

Table 2. Major nonequilibrium chemical reactions. 

1 O2+M2O+M 

2 N2+M2N+M 

3 NO+MN+O+M 

4 N2+ONO+N 

5 NO+OO2+N 

 

For each of the components of the gas mixture, a separate mass transfer equation was 

solved as: 

𝜕

𝜕𝑡
(𝜌𝑖𝐶𝑖) + 𝛻 ⋅ (𝜌𝑖𝑢𝐶𝑖) = −𝛻 ⋅ 𝑔𝑖 +𝜔𝑖 (6) 

where ig – diffusion flux of the i-th component; i  – the rate of formation of the i-th 

component in chemical reactions; 

The velocity i . was calculated by the formula: 

   

E3S Web of Conferences 371, 04005 (2023) https://doi.org/10.1051/e3sconf/202337104005
AFE-2022

4



𝜔𝑖 = 𝑀𝑤,𝑖∑ 𝑅̂𝑖,𝑟
𝑁𝑅

𝑟=1
, (7) 

where ,w iM  – a molar mass of the i-th component; NR – the number of chemical 

reactions involved in the process and the calculation; ,i rR – is the molar rate of formation 

(decay) of the i-th component in reaction r, calculated using the chemical kinetics equation 

for the rate of formation of the i-th component during a nonequilibrium chemical reaction. 

The molar rate of formation (decay) of the i-th component in the nonequilibrium 

chemical reaction r, was represented as: 

 𝑅̂𝑖,𝑟 = Г(𝜈𝑖,𝑟
′′ −𝜈𝑖 ,𝑟

′ )(𝑘𝑓,𝑟∏ [𝑋𝑗,𝑟]
𝜂𝑗,𝑟
′

− 𝑘𝑏,𝑟∏ [𝑋𝑗,𝑟]
𝜈𝑗,𝑟
′′𝑁

𝑗=1

𝑁

𝑗=1

),               (8) 

where Xj,r – is the molar concentration of component j in the reaction r (Kmol/m3); η’j,r 

– degree index for reagent j in the reaction r; ν’j,r – the stoichiometric coefficient for 

reagent j in the reaction r; ν’’j,r – the exponent for product j in reaction r (always equal to 

the stoichiometric coefficient of the reaction product); Г – coefficient taking into account 

the effect of third bodies on the reaction rate; kf,r – rate constant of direct reaction; kb,r – rate 

constant of the reverse reaction. 

The rate constant of each direct reaction r was calculated using the Arrhenius 

expression: 

 𝑘𝑓,𝑟 = 𝐴𝑓,𝑟𝑇
𝛽𝑓,𝑟𝑒−𝐸𝑓,𝑟/𝑅𝜇𝑇, (9) 

where ,f rA  – pre-exponential factor; ,f r  – temperature index; ,f rE  – reaction 

activation energy. 

The empirical coefficients involved in the Arrhenius expression for the direct reaction 

and the efficiency values of each chemical component as a third body were refined from 
[63]. 

The rate constant of the reverse reaction kb,r in equation (8) was calculated through the 

Gibbs free energy change [67]. 

5 Analysis of the results 

In the course of the calculations, it was found that a decrease in the cell size along the 

normal to the sphere surface at the point of braking leads to a refinement of the 

thermodynamic parameters of the shock wave. 

Figures 2 - 4 show the distribution of the dimensionless static temperature T T T , 

density     and excessive static pressure 
2/ ( )P P V    along the normal to 

the surface of the sphere at the breaking point. On the abscissa axis the dimensionless 

coordinate X X R , where R – the radius of the sphere. 
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Fig. 2. Distribution of the dimensionless static temperature at the breaking point along the normal to 
the sphere surface. 

 

Fig. 3. Density distributions at the breaking point along the normal to the sphere surface. 
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Fig. 4. Distribution of excess static pressure at the breaking point along the normal to the sphere 
surface. 

Figures 2 - 4 show that the position of the shock wave and its thermodynamic 

parameters differ at different grid resolutions of the computational domain in the vicinity of 

the head compaction jump. This is explained by the fact that when using grids with finer 

cells, the gradients of gas-dynamic parameters are determined more reliably. It is seen that 

the change in the number of cells along the normal to the sphere surface affects mainly the 

distribution of the static temperature and its maximum value in the receding shock wave. 
It is seen that the dependence tends to a certain limit, which can be considered the final 

solution. Note that each subsequent increase in the number of cells has less and less 

influence on the results obtained. 

The nature of the dependence of the maximum dimensionless temperature maxT  on the 

number of cells along the normal to the sphere surface is shown in Figure 5 (The numbers 

on the graph indicate the numbers of calculated grids according to Table 1). It can be seen 

that this dependence is limited from above by some limiting value and tends to it with an 

increasing number of partition cells, and each following increase in the number of cells has 

less influence on the value of maximum temperature. 
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Fig. 5. Dependence maxT of the maximum temperature in the receding shock wave on the number of 

cells of the partitioning of the computational domain along the normal to the sphere surface. 

Figure 6 shows the dependence of the heat flux density at the front critical point on the 

number of cells along the normal to the sphere surface. 

 

Fig. 6. Dependence of the heat flux density normal to the sphere surface on the number of cells 

partitioning the computational domain along the normal to the sphere surface. 

The graph in Figure 6 shows that the dependence of the heat flux density with an 

increasing number of partitioning cells also tends to some limit value. The heat flux 

densities obtained on grids 4 and 5 differ by no more than 0.5%. However, in contrast to the 

dependence in Figure 5, this can be explained by a more reliable calculation of the 

temperature gradient not in the shock wave itself, but in the boundary layer near the sphere 

surface. Note the nonmonotonic nature of the dependence, which is associated with the 

complexity of the change in the effective thermal conductivity coefficient of a multi-
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component chemically nonequilibrium gas mixture, and needs to be studied in more detail 

[68-70]. 

6 Conclusions 

The paper analyzes the grid independence of the parameters of the high-speed flow of a 

mixture of gases flowing around the surface of the sphere. The dependences of the flow 

parameters along the normal to the sphere surface, as well as the heat flux density on the 

sphere surface itself, on the degree of discretization of the computational space, have been 

obtained. Numerical experiments have shown that with a certain number of cells the grid 

independence can be achieved, but the possibility of extrapolation of these data to other 

similar problems is not yet clear. 
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