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Abstract

In the context of the development of computational gas dynamics, selecting the most ac-
curate solver for high-speed flow simulation is a pressing issue. This paper presents a detailed
comparative study of four OpenFOAM solvers for simulating the formation of a chain of
oblique shock waves. The study focuses on assessing the solvers' ability to accurately repro-
duce complex flow structures characterized by multiple shock waves. Detailed tables are pre-
sented comparing error norms for pressure, density, and velocity magnitude fields. The re-
sults indicate that the rhoCentralFoam solver demonstrates superior accuracy. The obtained
data can be utilized by engineers and researchers for selecting optimal solvers.

Keywords: comparative accuracy assessment, computational fluid dynamics, supersonic
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1. Introduction

The study of aerodynamic phenomena related to shock wave propagation represents a fun-
damental problem in the field of gas dynamics and computational fluid dynamics. Scenarios
where the interaction of shock waves with geometric obstacles leads to the formation of com-
plex wave structures, such as reflected shock waves and shock wave chains, are of particular
interest. Such phenomena are critical for understanding and designing a wide range of engi-
neering systems. Numerical simulation of these processes is becoming an indispensable tool
for detailed study of flow dynamics, parameter distribution, and shock wave characteristics
that are difficult or impossible to investigate experimentally [1—3].

In recent decades, computational experimentation has become an indispensable tool in the
arsenal of engineers and researchers working on aerodynamic problems. The ability to model
complex flows on a computer allows for detailed analysis that is often inaccessible or prohibi-
tively expensive when relying solely on laboratory or full-scale experiments. Computational
experiments enable the investigation of a wide range of parameters, variation of geometry,
study of unsteady processes, and acquisition of detailed information about flow parameters at
any point within the computational domain. However, simulating high-speed flows with
shock waves presents a particularly challenging task for numerical methods. Shock waves are
characterized by sharp gradients, requiring the use of high-precision numerical schemes ca-
pable of correctly resolving these discontinuities without significant artifacts such as oscilla-
tions or artificial smoothing. An incorrect choice of numerical approach can lead to
misdetermination of shock wave position, intensity, and distortion of other important flow
characteristics. This underscores the importance of careful selection and testing of solvers
used for such tasks [4, 5].
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Numerical simulation of such processes requires the application of robust and accurate
computational methods capable of adequately describing the discontinuous solutions charac-
teristic of shock waves. The OpenFOAM software package [6, 7], being a powerful open-
source tool, offers a wide range of solvers, each with its own characteristics in terms of accu-
racy, stability, and computational efficiency for solving different types of problems. The selec-
tion of a suitable solver is critically important for obtaining reliable results, especially in
shock wave problems where high resolution and accurate reproduction of shock wave fronts
are required. Understanding the advantages and disadvantages of each solver in the context
of this problem will allow for recommendations of the most suitable tools for further research
in aerodynamics where shock waves occur.

This work is a continuation of a series of the authors' publications. Previously, reference
problems considered included: the formation of a shock wave [8], the formation of a two-
dimensional expansion wave [9], and the flow past a cone with a spherical nose [10]. Through
the application of a generalized computational experiment [11, 12], practitioners gain the abil-
ity to confidently navigate the broad spectrum of developed numerical methods. This allows
them to select the most accurate and efficient solutions for their calculations. The methodolo-
gy itself involves studying a problem by discretizing its defining parameters within a specific
range, followed by parametric analysis and visualization of multidimensional results.

2. Problem Statement
A high-speed gas flow with Mach number M flows from left to right (Fig. 1).

FLOW DIRECTION

Figure 1. Flow schematic
Let's denote the free stream region as zone “0”. The flow encounters a wedge “a” with an
angle B and generates an oblique shock wave; the region behind this shock wave is denoted as
zone “1”. The flow in zone “1” is parallel to the wedge “a”, and conditions are set by the
oblique shock relations, for example, as given in [13]. The oblique shock then strikes a solid
wall and reflects from it, creating a new shock wave. The flow behind the reflected shock wave
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is denoted as zone “2”. Since the flow in zone “1” is parallel to the wedge “a”, it impinges on

(P2

the solid wall at an angle “a”, as shown by the dashed white line. The flow in zone “2” is paral-
lel to the solid wall, and conditions in zone “2” are determined by the oblique shock relations,
with upstream conditions corresponding to those in zone “1”. The reflected shock wave itself
reflects off the wedge, creating a chain of shock waves in the channel formed by the wedge
and the solid wall. With each shock wave passage and reflection, the flow Mach number de-
creases. Eventually, the Mach number in some region becomes too low for an oblique shock
wave to form, and a final, normal shock wave is generated.

The defining parameters of the problem in terms of the generalized computational experi-
ment are the Mach number M and the wedge angle 3. The Mach number varied from 1.8 to

2.0 with a step of 0.1, and the wedge angle 3 from 5° to 10° with a step of 2.5°.



3. Computational Setup

Four solvers participated in the comparison: two standard solvers — rhoCentralFoam and
sonicFoam, as well as two custom ones — pisoCentralFoam [14] and QGDFoam [15]. The lat-
ter two solvers were developed by teams from the Institute for System Programming of the
Russian Academy of Sciences and the Keldysh Institute of Applied Mathematics of the Rus-
sian Academy of Sciences.

These solvers differ significantly: rhoCentralFoam uses the Kurganov-Tadmor scheme, a
central-upwind Godunov-type scheme [16]; sonicFoam uses the PIMPLE algorithm, which
includes a splitting method [17]; pisoCentralFoam is a hybrid method using both the Kur-
ganov-Tadmor scheme and the PIMPLE method [18]; QGDFoam is based on the quasi-gas-
dynamic system of equations [19, 20].

The computational domain is divided into cells. The OpenFOAM package requires specifi-
cation of boundary and initial conditions for solving. At the inlet boundary “inlet”, parame-
ters of the undisturbed incoming flow are specified (pressure P = 101325 Pa, temperature
T = 300 K, x-component of velocity Ux varies from 625.05 m/s to 694.5 m/s, y-component of
velocity Uy equals 0 m/s). At the outlet boundary “outlet”, boundary conditions of zero deriv-
atives of gas-dynamic functions normal to the boundary are specified. At the wedge boundary
“wedge” and at the upper boundary “top”, a zero gradient condition is specified for pressure
and temperature, and a “slip” condition is specified for velocity, corresponding to the no-
penetration condition for Euler equations. For the front “front” and back “back” boundaries, a
special “empty” condition is used. This condition is specified in cases where calculations in
the given direction are not performed, since we are solving a two-dimensional problem. The
computational domain scheme for a wedge with angle = 10° is shown in Fig. 2. It should be
noted that in the indicated image, for clarity, the mesh is coarser than in actual calculations.
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Figure 2. Computational domain layout

The number of mesh cells depends on the inclination angle, since the number of oblique
shock reflections depends on it: 50000 for 8 = 5°, 32500 for = 7.5°, and 25000 for § = 10°.
Initial conditions correspond to boundary conditions at the inlet face, i.e., incoming flow pa-
rameters are used as initial conditions. In the QGDFoam solver, a smoothing coefficient
a = 0.1 over the entire computational domain was also specified as an initial condition. Molar
mass M = 28.96 and specific heat capacity at constant pressure Cp = 1004 were also specified.

OpenFOAM stands out among other software packages in that simulation management is
performed through text files. This method provides significant flexibility: it allows easy auto-
mation of calculation launches, adjustment of modeling parameters, and analysis of obtained
data.

A unified approach to conducting calculations is extremely important for comparing solv-
ers. It ensures that all of them will be tested under identical conditions, making the assess-
ment of their performance and accuracy objective. When calculation methodologies, meshes,



boundary conditions, and physical models are standardized, the obtained results become
comparable and trustworthy. This allows researchers to isolate the influence of extraneous
factors and focus on the characteristics of a specific solver. Moreover, uniformity in testing
helps better understand the advantages and disadvantages of each solver, which, in turn, fa-
cilitates the selection of the most appropriate tool for solving a specific engineering problem.

In working with OpenFOAM, we applied the same settings for the fvSchemes and fvSolu-
tion configuration files as in the authors' previous works.

4. Experimental Results

Flow patterns are presented in Figs. 3—5 as pressure, density, and velocity magnitude dis-
tributions in the computational domain. The presented pressure distribution was obtained
using the rhoCentralFoam solver. Solution breakdown was not observed for any of the solv-
ers, which indicates high stabilizing properties of all solvers participating in the study.

290405
[zwuou
— 200000

[

— 150000

" |
1.06405

Figure 3. Steady-state flow pressure field for the rhoCentralFoam solver, = 5°

Z X [14
1.2e+00

Figure 4. Steady-state flow density field for the rhoCentralFoam solver, § = 5°
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Figure 5. Steady-state flow velocity magnitude field for the rhoCentralFoam solver, § = 5°



We will construct error estimates relative to the exact solution over the entire computa-
tional domain using an L. norm analogue. For this purpose, we define the relative error Err
for the L. norm analogue as follows:

Err = JZ Y —y2l’S, / JZ

Here ym is the value of the investigated quantity (pressure, density and velocity magni-
tude), Vm is the cell volume. The values yme*act are obtained from the analytical solution of the
problem [1, 3]. The comparative accuracy analysis involved the solvers sonicFoam, QGD-
Foam, rhoCentralFoam, and pisoCentralFoam. Hereinafter in the tables, abbreviated desig-
nations are used for the solvers: rCF (rhoCentralFoam), pCF (pisoCentralFoam), sF (son-
icFoam), QGDF (QGDFoam). The values of deviation from the exact solution over the entire
computational domain are calculated for pressure p, density p, and velocity magnitude U and

2
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Y

are presented in Tables 1—3. The smallest values in each row are highlighted in bold.
Table 1. Errors for m=1.8

Value Wedge angle rCF pCF sF QGDF
Pressure 5° 0.017524 0.018371 0.030166 0.019833
7.5° 0.020764 | 0.021894 0.032143 0.021187
10° 0.023818 | 0.025003 0.032409 0.027019
Density 5° 0.012136 0.012755 0.020317 0.013353
7.5° 0.014737 0.015372 0.022233 0.014753
10° 0.016814 0.017542 0.021391 0.018078
Velocity 5° 0.007044 | 0.007791 0.012612 0.007834
magnitude 7.5° 0.008883 | 0.009536 0.014509 0.009206
10° 0.010027 | 0.010927 0.016055 0.011480
Table 2. Errors for m=1.9
Value Wedge angle rCF pCF sF QGDF
Pressure 5° 0.020155 0.021083 0.032724 0.022784
7.5° 0.023237 | 0.024518 0.035507 0.025689
10° 0.030908 | 0.031736 0.041045 0.032071
Density 5° 0.014082 | 0.014973 0.021985 0.015372
7.5° 0.016177 0.017247 0.023442 0.017129
10° 0.021463 | 0.022354 0.027843 0.021769
Velocity 5° 0.007136 0.007615 0.012983 0.008126
magnitude 7.5° 0.008970 | 0.009533 0.014623 0.009572
10° 0.012371 0.012842 0.017784 0.013131
Table 3. Errors for m=2.0
Value Wedge angle rCF pCF sF QGDF
Pressure 5° 0.020062 | 0.021357 0.034088 0.022215
7.5° 0.023178 0.024817 0.036381 0.025272
10° 0.027503 | 0.028304 0.035913 0.027800
Density 5° 0.013722 0.014783 0.022694 0.014851
7.5° 0.016411 0.017425 0.024615 0.017274
10° 0.019611 0.020549 0.024687 | 0.019223
Velocity 5° 0.006999 | 0.007851 0.011855 0.007567
magnitude 7.5° 0.008825 | 0.009572 0.013992 0.009229
10° 0.010848 0.011619 0.015648 0.011116

For table analysis, let us visualize the data as error surfaces. The result is presented in Figs.

6-8.
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Figure 8. Error surfaces of the considered solvers for velocity magnitude



Analysis of the presented tables allows drawing a number of important conclusions regard-
ing their accuracy and dependence on input parameters. First and foremost, it should be not-
ed that the rhoCentralFoam solver consistently demonstrates the smallest error values for
both pressure and density calculations in all considered scenarios without exception, which
unambiguously indicates its superiority in accuracy compared to other investigated solvers.
This superiority manifests in absolute error values, but not in relative stability to changes in
problem conditions. Considering the dependence of solver accuracy on wedge angle, a clear
general trend can be traced: with increasing wedge angle, numerical solution errors for all
solvers tend to increase. This is a natural phenomenon due to flow physics: increasing wedge
angle leads to higher flow parameter gradients, formation of more intense shock waves, and,
consequently, to problem complexity for numerical methods. The sonicFoam solver, however,
demonstrates the smallest absolute error increase with increasing wedge angle. For example,
at M = 1.8, transitioning from 5° to 10° wedge angle for pressure leads to an error increase of
0.006294 for rhoCentralFoam (from 0.017524 to 0.023818), while for sonicFoam this in-
crease is 0.002243 (from 0.030166 to 0.032409), and for QGDFoam — 0.007186 (from
0.019833 to 0.027019). This emphasizes its greater stability to geometric changes. A similar
pattern is observed for density calculations, where sonicFoam also demonstrates the smallest
error growth.

The influence of Mach number on solver accuracy is also significant. As can be seen from
the tables, increasing Mach number leads to increased errors for all solvers. This is due to the
increasing role of flow compressibility, which requires more accurate numerical schemes for
adequate description of phenomena such as shock waves, especially at high speeds. The rho-
CentralFoam solver, despite the growth of absolute error values with increasing Mach num-
ber, as in the case with wedge angle, maintains its accuracy advantage.

Comparing the remaining solvers, it can be noted that pisoCentralFoam shows results very
close to rhoCentralFoam, but typically with somewhat higher errors. It also demonstrates a
similar tendency to increase errors with increasing Mach number and wedge angle. QGD-
Foam occupies an intermediate position; its results are often comparable to pisoCentral-
Foam, but in some cases it may be inferior to it in accuracy. The sonicFoam solver systemati-
cally demonstrates the highest errors among all investigated solvers. It is also important to
note that errors in velocity magnitude calculations are generally lower, followed by errors in
density calculations, and maximum errors occur in pressure calculations, for all solvers and
under all conditions. This may be related to the magnitude of parameter changes (for M = 2
and 3 = 10°, pressure increases by a factor of 2.8, density by 2.08, and velocity magnitude de-
creases by a factor of 1.55).

Thus, based on detailed analysis of the presented data, it can be concluded that the rCF
solver is the most reliable and accurate choice for solving the wedge flow problem in the con-
sidered parameter range, due to its consistently low error and lower sensitivity to increases in
Mach number and wedge angle.

5. Conclusion

This work confirmed the possibility of successful application of OpenFOAM for modeling
oblique shock wave chains. Comparative evaluation of solvers showed that rhoCentralFoam is
the most preferable choice for achieving high accuracy, although other investigated solvers
also solve the posed problem. The research results contribute to understanding the applica-
bility of CFD methods in aerodynamic calculations. The obtained data have important practi-
cal significance for engineers and researchers working in the field of aerodynamics. This
study will help them make informed decisions when choosing numerical methods for their
tasks, and opens the way to further development and application of OpenFOAM in advanced
areas of science and technology.
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